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Three advanced CIELAB-based color-difference formulae, CMC, CIE94, and CIEDE2000, together with the 
basic CIELAB equation, were tested using large color-difference visual data (maximum average size was 12 
CIELAB A E units) produced in this study. The color-difference comparison experiment was carried out at 
CIE Gray and Blue centers by a panel of 6 normal color-vision observers using CRT-generated stimuli based 

on the psychophysical method of constant stimuli. The experimental data, processed via probit analysis, 
were well fitted to chromaticity ellipses with a high reliance according to the observer accuracy in terms of 

P F/3 measure. A detailed comparison was performed to analyze the agreement between predicted color 
differences from all formulae and their corresponding visual scales in all measurement planes of CIELAB 
space. The results show that the CIEDE2000 marginally outperformed the others at all color centers while 

CIE94 was the worst in original formulae or with optimized kL Value, but the CIELAB performed worst 
when the parametric factors of kL, kc , and kH Were all optimized, with the CMC always lying between these 

extremes. 

Key words: suprathreshold color difference, color-difference formula, color difference comparison, chromaticity ellipse, 
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1. Introduction 

Small color differences, including the color discrimination 

threshold, have been well studied since it is these differences 

that the color industries deal with primarily. However, in the 

field of color reproduction and industrial design concerning 

color image processing, the typical size of color difference 

could be more than 10 CIELAB AE units. Hence, Iarge 
color-difference applications are also important and deserve 
to be researched. To date there have been few studies on large 
color differences, 1~) and these with each other not agree very 

well. On the other hand, most of the existing color-difference 

formulae have been developed to evaluate small to medium 
color differences. Therefore, it is necessary to produce a new 

visual data set of large color differences and to estimate the 

performances of typical industrial color-difference formulae. 

For the fiexibility and ease of colorimetric characteriza-

tion compared to object-color devices used in visual exper-
iments 5~8) CRT-generated stimuli were used in this study 
as in the authors' earlier study on color discrimination 9) 

The aim of the present study was to test the CIELAB-
based color-difference formulae, CMC,10) CIE94,11) and the 

newest CIEDE2000,12) together with the basic CIELAB sys-
tem,13) using moderate to large color differences. The visual 

color-difference data were obtained from a specially designed 

psychophysical experiment carried out in the CIELAB color 
space based on the method of constant stimuli. 

2. Methods 

2.1 Apparatus and Stimuli 
The experimental observations were performed in a booth 

which was totally dark. The color stimuli, displayed on the 

CRT monitor of a Sony Multiscan G500, were viewed by ob-

servers from a distance of 500 mm. The CRT display was 
driven by a visual stimulus generator system of Cambridge 
Research Systems VSG 2/4 with 15-bit resolution. 

For comparison with the color discrimination study carried 
out previously,9) the CIE Gray and Blue centers,14, 15) the most 

basic color and the most difficult color for perceptual charac-

terization, respectively, were again selected as the test color 

centers. The CIELAB chromaticity parameters of these two 
centers are listed in Table I . 

The test stimulus pattern consisted of two color pairs, each 

of which included two 1' squares, in upper and lower posi-
tions, respectively, with a black frame of O. I ' at the center of 

a 6' background on the CRT display, as illustrated in Fig. I . 

The two color pairs, designated as reference and test pair re-

spectively, were presented, Ieft and right, separated by a 0.5' 

visual angle. The total visual subtended angle size of the test 

stimulus was about 2.3'(height) x 2.7'(width), Iess than 4' , so 

the CIE193 1 Standard Colorimetric Observer was used in cal-

culations. The reference color was selected as gray with the 

chromaticity of D65 and a lightness (CIE Y) of 30, the same 
as the CIE Gray. The color differences of the reference pair 

were only the luminance variations or so-called gray scales 
along +L* direction in CIELAB space. For the test pair the 
color differences were the selected color distances, according 

to a predetermined step size, along 12 directions every 30' 
in (a*, b*)-plane and 8 directions every 45' in (a*, L*)- and 

(b*, L*)-plane from the two tested color centers. Hence the 
test pair was formed by the center colors and those stimuli 

evenly distributed around them. The background was set as 
Munsell N5 neutral gray with the chromaticity of D65, and 
was surrounded by a bright border of 8' visual angle with 
a luminance (L*) of 100 cd/m2 and also the chromaticity of 

D65. This border was presented to define the white point for 
the test pattern, and all the reference and test stimuli studied 
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Table l. The CIELAB chromaticity parameters of the color cen-
ters studied. The CIE193 1 Standard Colorimetric Observer was used 
in c'alculations. 

Color center L* Cl '~' b~~t C~' h o 

Gray 

Blue 
6 1 .65 0.04 O. 1 2 20 O. I l 

35.60 -30. 1 8 30.56 279 4.8-~ 

Frg. 1. The arrangement of test paradigm used in the present 
color-difference comparison experiment. Two color pairs, each 
formed by two 1' squares with a O. 1' black frame, represented the 

reference and test pair, respectlvely, presented on a 6' background 

of N5, with a separation of 0.5' visual angle between them. The test 

stimuli were surrounded by an 8' bright border set as the white point 

of the pattern. 

here had a lower L* than the surround, so they could be de-

signed as simulated surface colors, as proposed by Indow et 
al., 16) or related colors rather than aperture colors. 

2. 2 Proced ure 

A modified temporal b•ap condition, as shown in Fig. 2, was 
adopted in the present study. One cycle began with a 200 ms 

gap and ended when the response was received from the sub-
ject; this was no limitation on the subject's judgment time, 
so the period one cycle lasted differed for individual subjects. 

During gaps only the reference and test pairs were shut off 

with black, while the surrounding border and background re-

mained so that the subject could maintain complete adapta-
tion to the white point and background throughout the entire 

experiment. 
Based on the principle of the psychophysical method of 

constant stimuli, the resultant data should be processed via 
the statistical method of probit analysis,17-20) thus the mea-

sured stimuli were chosen by pilot experiments 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.14) The reference pair of samples had the re-

quired visual scales of color difference, including 4.0, 8.0, 

and 12.0 CIELAB AE units, in detail, in the present study. 

(/) 
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Fig. 2. The modified temporal gap condition adopted in the present 

experiment. One cycle began with a 200 ms gap and ended with 
receipt of the subject's response. 

The task of the observer was to judge visually whether the 
color difference of the test pair was greater or less than that 

of the reference pair, and then to press one of the two keys 

on the keyboard which indicated his/her response; this stored 

the result and started the next trial. The judgments were 
repeated enough times to assign each test pair a probabil-
ity of being judged to have a color difference greater than 
the reference pair. An iterative algorithm called probit anal-

ysis, a maximum-likelihood model that relates experimen-
tal response functions to probability-of-occurrence 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 dif-

ference. Following the above procedure, the equal color-
difference contours for each of the reference visual scales, 

4.0, 8.0, and 12.0 CIELAB AE units, were determined to re-
sult in a new data set, which is analyzed below. 

The experiment for each color center was separated 
into three sessions, one for each measurement plane, i.e., 
(a*, b*)-, (a*, L*)-, and (b*, L*)-plane. Each session started 

with a 3-min dark adaptation and a 1-min background adapta-
tion and lasted about 20 min for most subjects. Each test pair 

was assessed 20 times, carried out in two separate sessions 
with random orders of color stimulus presentation, by three 
subjects for Gray and Blue centers, respectively, on a panel 

of 6 observers with normal color vision. All observers were 

students of Chiba University, most of whom had no experi-
ence in such a color-difference comparison experiment. Dur-
ing the experiment the stimulus arrangements of left and right 

and upper and lower positions of the reference and test pair 

were determined randomly by the computer program to avoid 
any judgment bias by observers. In every direction around 
each color center for each reference scale, 9 test pairs, cor-

responding to 9 points of color stimuli distributed in this di-

rection, were compared with the reference pair. Therefore, 
a total of 30,240 judgments were made by each subject: 2 
color centersx 3 reference scales x [12 directions in (a*, b*)-

plane+8x2 directions in (a*, L*)- and (b*, L*)-plane]x9 
test points for each directionx20 times assessrnent for every 
test pair. 
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Table 2. The parameters of chromaticity ellipses, fitted with AE metrics of CIELAB, CMC, CIE94, and CIEDE2000 
color-difference formulae in their original forms (kL = kc = kH = 1), for the visual scales of 4.0, 8.0, and 12.0 CIELAB 

AE units at CIE Gray and Blue color centers in (a*, b*)-plane of the CIELAB space. 

Color center AE formula Visual scale A A/B e (deg) f~ 
CIELAB 

4.0 

8.0 

12.0 

5.26 

9.04 

l I .98 

1 .95 

1 .98 

1 .9 l 

l 13 

1 15 

1 17 

6.67 

l I .38 

15.38 

Gray 

CMC 
4.0 

8.0 

12.0 

6.52 

9.90 

1 2.05 

l .76 

l .7 l 

1 .60 

1 14 

1 15 

1 16 

8.7 l 

J 3.43 

l 6.87 

CIE94 

4.0 

8.0 

l 2.0 

5.08 

8.64 

1 1 .37 

1 .93 

1 .96 

l .88 

1 13 

i 15 

l 17 

6.48 

l0.95 

l 4.7 l 

CIEDE2000 

4.0 

8.0 

12.0 

5,17 

8.32 

l O.5 l 

l .53 

l .56 

I .50 

l 32 

132 

1 35 

7.40 

l I .78 

15.19 

CIELAB 
4.0 

8.0 

12.0 

9. 14 

12.92 

16.84 

2.69 

2.58 

2.58 

121 

1 22 

1 19 

9.89 

14,26 

18,59 

CMC 
4.0 

8.0 

12.0 

4,99 

7.23 

9,16 

l .9 I 

1 .93 

l .85 

1 34 

136 

131 

6.39 

9,22 

1 1 ,92 

Blue 

CIE94 

4.0 

8.0 

12.0 

4. 1 5 

6.06 

7.77 

l .97 

l .99 

1 .92 

132 

135 

l 30 

5.24 

7.62 

9.94 

CIEDE2000 

4.0 

8.0 

12.0 

3.3 1 

4.74 
6. 1 8 

l .27 

l.19 

l.12 

33 

23 

63 

5.20 

7.7 1 

l0.36 

3. Results 

3. J Observer Variation 
The same performance factor (PF13)2i,22) as in the ear-

lier study9) was used to compare two sets of data [Eq. (1)]. 

A higher PF/3 value implies a worse agreement between 
data sets, and a PF/3 of 30 indicates a disagreement of about 
30~;~o. 

PF/3 = 100[(y - 1) + VAB + CV/100]/3• (1) 
In the color-difference comparison experiment, the visual 

observations were made by a panel of 6 subjects. The ob-
server accuracy was represented, in the PF/3 measure, by 
the average deviation between the individual and mean visual 

results. It was 14 PF/3 units ranging from 12 to 15 for the 
most and least accurate observers, respectively. This corre-
sponds to a typical error of about 6~:~o ( 14/V~). 

This observer variation was considered to be quite good 
compared with the earlier color discrimination study9) with a 

PF/3 of 30 and other suprathreshold color-difference stud-
ies.4,22~24) This is mainly due to the suprathreshold (large) 

rather than the threshold (very small) color differences being 

assessed, which are expected to result in higher accuracy es-

pecially when expressed as a percentage, and the pair compar-

ison based on the method of constant stimuli was used in this 

study. In the present experiment, only greater or less color-

difference judgments of the test pair compared with the ref-

erence pair were demanded from subjects which was much 
easier; thus more stable visual results could be obtained than 
by the gray scale method used by Guan and Lu0.4'22) 

3. 2 Color-Dlfference Formula Performance 
3. 2 . I Ellipse fitting 

The experimental visual results were first summarized 
and compared as chromatic ellipses, since it is appropri-
ate and effective to represent the contours of equally per-
ceived color differences around a given center as ellipses in a 

color space. 16, 25-27) In order to compare the color-difference 

metrics predicted by the advanced color-difference formu-

lae, CMC, CIE94, and CIEDE2000, equal color-difference 
ellipses were fitted not only in CIELAB AE units but also 
in the AE units of the three CIELAB-based formulae in their 

original forms, i,e., kL = kc = kH = 1 . The resultant el-

lipse parameters, corresponding to visual scales of 4.0, 8.0, 

and 12.0 CIELAB AE units around the CIE Gray and Blue 
centers in (a*, b*)-plane, are listed in Table 2, and involve 

the semi-major axis (A), ratio of semi-major and semi-minor 
axes (A/B), orientation angle (e), and the square root of el-

lipse area. 

The results of fitted ellipses are consistent with the study 

by Guan and Lu04) using large color differences of surface 

colors, except that the present ellipses are more elongated. 

This discrepancy is due to the different chromaticity parame-
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Table 3. The ellipse fitting accuracy in PF/3 measure, together 
with correlation coefficient (r), for CIE Gray and Blue color centers 

in respect to CIELAB AE metrics. 

Color center Gray Blue 

Plane Visual scale r PF/3 r PF/3 

(a*, b*) 

4.0 

8.0 

12.0 

A11 

0.973 

0.983 

0.994 

0.995 

6 

5 

3 

5 

0.972 

0.977 

0.975 

0.983 

8 

7 

7 

7 

15 ~~r~ ~l 

ie ~ 
5 -1----

~~ f o 1 ~ - --_ sLT___ i_ 
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lo 
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- ~ 15 
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_1 _ , 

(a*, L*) 

4.0 

8.0 

12.0 

A11 

0.780 

0.948 

0.965 

0.973 

14 

8 

7 

10 

0.936 

0.850 

0.696 

0.969 

5 

7 

10 

8 

.i. , 1 1, 

- 1 -- i 
5 10 l~ 

(b*, L*) 

4.0 

8.0 

12.0 

All 

0.397 

0.721 

0.796 

0.948 

14 

11 

8 

11 

o.546 

o.226 

0.625 

0.985 

6 

4 

5 

-Is -lo s ~:* 

(b) 

A11 planes 

4.0 

8.0 

12.0 

A11 

0.873 

o.938 

0.962 

0.977 

12 

8 

6 

9 

0.97 1 

0.97 1 

0.955 

0.982 

7 

6 

7 

7 

Fig. 3. Chromaticity ellipses fitted with CIELAB AE metrics in 
(a*, b')-plane for (a) CIE Gray and (b) CIE Blue color centers. 
From center to outer are threshold, visually equal color-difference 

contours corresponding to reference visual scales of 4.0, 8.0, and 

12.0 CIELAB AE units, respectively, with the raw data plotted in 
different symbols (filled circles for threshold, open circles for 4.0-, 

filled squares for 8.0-, and open squares for 12.0-visual scales in 

terms of CIELAB AE units). 

ters of color centers and the different psychophysical methods 

of color-difference comparison used in the two studies. The 

orientations of all ellipses for CIELAB, CMC, and CIE94 are 
almost the same, but rather different from that of CIEDE2000, 

especially in the blue region. Similar is the case of A/B 
values, in which the A/B values of CIEDE2000 are smaller 
by a considerable margin, especially at the Blue center, than 

those of other formulae. These differences indicate that the 

CIEDE2000 performed rather differently from other formu-
lae due to its rotation item and its relative uniform perfor-

mance for predicting visual color differences, which will be 
discussed further in the next section of this paper. In addition, 

it is shown for all color-difference formulae that the shapes 

(A/B) and orientations (O) of ellipses for all visual scales are 

very close except for CIEDE2000 at the Blue center, in which 

the values of A/B are near one, i.e., the shapes of contours 
are near circles (representing the ideal uniformity), so the ori-

entation angles (O) are not stable. Hence, the magnitudes of 
color-difference metrics predicted by all color-difference for-

mulae are, in general, related to the visual scales with some 

kind of proportion, for instance, on the basis of linear or sub-
additive relation to some degree as proposed by Witt28,29) for 

small color differences, though they are not the same for dif-

ferent directions. This relationship is obvious in Fig. 3, which 

involves the chromaticity ellipses fitted in (a* , b*)-plane with 

respect to the CIELAB AE metrics. The color discrimina-

tion threshold ellipses, measured by the method described 
previously,9) are also plotted in the figure for comparison. 

From center to outer are threshold, equally perceived color-

difference contours corresponding to reference visual scales 

of 4.0, 8.0, and 12.0 CIELAB AE units, respectively, with 
the raw data plotted in different symbols. The raw data were 
well fitted to the ellipses, shown in Fig. 3, which can be ver-

ified from the fitting errors in terms of P F/3 measure and 
correlation coefficients (r) Iisted in Table 3. 

In (a*, b*)-plane, the fitting accuracy for the Gray center 

was better than for the Blue center, but not in (a*, L*)- or 

(b*, L*)-plane. This would be due to the luminance compo-
nent making the ellipse fitting less accurate in (a*, L*)- and 

(b*, L*)-plane for the Gray center, but this influence was not 

as strong for the Blue center, and thus resulted in a little better 

total accuracy of ellipse fitting. For any single measurement 

plane of the Gray center, the fitting error for a large visual 

color-difference scale was smaller than for a small one, but 

was not as obvious for the Blue center. This is mainly because 

the P F/3 unit is a relative measure expressed as a percentage, 

and the same absolute error for large scales corresponds to a 

smaller P F/3 value. That means the absolute accuracy for 
the large visual scale was worse than for the small one in the 

case of the Blue center, which is consistent with the corre-
lation coefficients of ellipse fitting. Thus, in the blue region 

the determination of visual color differences is rather difficult. 

However, the total fitting errors of 9 and 7 P F/3 units for all 

three planes at the Gray and Blue centers, respectively, are 

good in comparison with the observer accuracy of 14 units, 
so the experimental results are reliable. 

3.2.2 Visual Comparison 
A11 the advanced color-difference formulae, as represented 

by CMC. CIE94, and the newest CIEDE2000, were derived 
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Table 4. 

centers . 

Summary of the color-difference formula performance evaluated in PF/3 measure at CIE Gray and Blue color 

Color center CIELAB CMC CIE94 CIEDE2000 

For different vrsual scales wrth kL kc = kH = 1 

Gray 

Blue 

Gray & Blue 

4.0 

8.0 

12.0 

4.0 

8.0 

12.0 

4.0 

8.0 

12.0 

26 

25 

24 

29 

26 

25 

28 

26 

25 

19 

17 

16 

27 

27 

30 

28 

28 

27 

27 

26 

25 

30 

30 

31 

32 

34 

33 

17 

16 

17 

16 

15 

18 

25 

26 

25 

For different measurement planes with kL = kc = kH = 1 

(a*, b*) 

Gray (a*, L*) (b*, L*) 

(a*, b*) 

Blue (a*, L*) (b*, L*) 

(a*, b*) 

Gray & Blue (a*, L*) 
(b*, L*) 

27 

31 

21 

41 

17 

18 

37 

25 

20 

26 

22 
21 

31 

27 

34 

35 

26 

32 

27 

32 

22 

33 

29 

36 

36 

33 

36 

21 

22 

22 

21 

17 

22 

30 

28 

28 

For all visual scales and measurement planes with kL = kc = kH = 1 

Gray 29 

Blue 32 

Gray & Blue 31 32 

24 

33 

37 

30 

35 

29 

22 

22 

For all visual scales and measurement planes with optimized kL 

kL 

Gray p F/ 3 
Blue kL P F/3 

kL 
Gray & Blue p F/3 

1 .02 

29 
0.79 

32 

O.93 

31 

1.19 

25 

1.15 

29 
1.17 

31 

1 .02 

29 

0.75 

46 
0.9 1 

39 

1.21 

21 

0.78 

29 
1 .06 

29 

For all visual scales and measurement planes with optimized kL, kc, and kH 

kL I .07 kc 0.86 Gray k H O. 3 1 
P F/3 27 

Blue kc I . 38 kH 0.68 P F/3 26 
kc I .03 Gray & Blue kH O.72 
PF/3 30 

l.16 

l .09 

1 .24 

24 
1.19 

0.84 

0.73 

26 
l,18 

1.11 

0.70 

28 

1 .07 

0.82 

O.3 1 

26 

0.80 

O.57 

0.48 

26 

0.96 

0.77 

0.45 

29 

l .23 

0.94 

0.89 

21 

0.82 

0.65 

0.69 

18 
1 .09 

0.95 

O.64 

25 

by modifying the CIELAB equation, so these formulae are 
called CIELAB-based color-difference formulae and have the 
following common structure: 

AE = 

and 

(kLSL + + kHSH + AR' (2) ( ( ) AC 
kc Sc 

AR = RT f(AC, AH), 

where AL, AC, and A H are the CIELAB metrics lightness, 
chroma, and hue differences AL*. AC*, and AH*, respec-
tively, calculated between the standard and sample in a color 

pair for CMC and CIE94 formulae; for the CIEDE2000 for-
mula, however, only AL is the same as AL*, and AC and 
AH are calculated differently as AC~b and A H.',b. Also, the 

interactive term AR between chroma and hue differences ex-
ists only in the CIEDE2000 system. The SL , Sc, and SH are 
the weighting functions for the lightness, chroma, and hue 
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components, respectively, to improve the perceptual unifor-

mity of CIELAB ; and the kL, kc, and kH are the paramet-
ric factors to be adjusted according to different viewing pa-

rameters such as textures, backgrounds, and separations for 

the lightness, chroma, and hue components, respectively. For 

c = kH = I under ref-CIE94, SL equals one, and kL = k 
erence condition when the color-difference formula is desig-

nated as the original form. 

In the present study, the three color-difference formu-
lae, CMC, CIE94, and CIEDE2000, together with the basic 
CIELAB system, were tested with respect to their perfor-
mance in predicting moderate to large visual color differences 

at CIE Gray and Blue color centers. The comparisons be-
tween color differences (A E) predicted by different formulae 

and the corresponding visual scales (AV) were carried out 
and resulted in the P F/3 units representing the visual pre-

diction performances of individual color-difference formulae. 

The evaluation was first made using the original forms of all 
1 . In this case, the agree-formulae, i.e., kL = kc = kH = 

ment accuracies between AE and A V were calculated sepa-
rately for different visual scales (4.0, 8.0, and 12.0 CIELAB 

AE units) and measurement planes. Then, for each formula, 
the parametric factors, kL, kc , and kH , were optimized for the 

data sets of Gray, Blue, and their combination, respectively, 

to account for the influence of the present experimental con-

ditions on perceived color differences. To compare with other 
studies4' 12,22, 24) and to analyze the relationship between light-

ness and chromatic differences of the four formulae studied, 

the optimizations were carried out by two methods: each for-

mula's kL value only was optimized with kc = kH = I to 
give the best fit to the visual scales; and kL, kc, and kH Of 

each formula were optimized at the same time to fit the vi-
sual color-difference scales. The test results are summarized 

in Table 4 with the best performance in each data set printed 

in bold font for ease of comparison. 

Corresponding to different visual scales, the P F/3 units 

of each formula are very close, which means the absolute 
visual prediction errors of all formulae increased with the 
magnitude of visual color difference. In (a*, b*)-plane, the 

CIEDE2000 outperformed all other formulae, but this was 
not the case in (a*, L*)- or (b*, L*)-plane. This indicates 
that the relationship between the lightness and chromatic dif-

ferences of the four formulae studied are quite different. For 

all visual scales and measurement planes, with the original 

forms of kL = kc = kH = I , the CIELAB, CMC, and CIE94 
performed better at the Gray center than at the Blue center, 

while the performance of CIEDE2000 was the same for the 
two centers and the best (29 PF/3 units) among all formu-

lae, followed by CIELAB (31) and CMC (32) with CIE94 
the worst (37). This implies that the inclusion of a rotation 

function, RT, m the CIEDE2000 is effective for improving 
the prediction in the blue region, and other modifications of 

CIEDE2000 for rescaling a* axis in the near neutral area, 
correcting lightness and hue weighting functions etc. make 
it outperform all other formulae in the whole gamut. The 
CIELAB was a little better than CMC as a whole but, in fact, 

the CMC performed better than CIELAB at the Gray center. 
This means the CIELAB is still usable in practice; since the 

CMC was originally developed for the textile industry it is 
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Fig. 4. Predicted color difference (AE) by CIELAB, CMC, 
CIE94, and CIEDE2000 color-difference formulae, with their orig-
inal forms (kL = kc = kH = 1), plotted against the visual color 
difference scale (A V) for (a) Gray and (b) Blue color centers. 

suitable for large color-difference prediction. The CIE94 has 

the simplest structure excluding CIELAB, and was defined 
as being for use in its original form only under its reference 

condition. The poor performance of CIE94 may be due to 
the present experimental parameters being different from its 

reference viewing condition. Figures 4(a)-(b) show the pre-
dicted color differences (AE) by four color-difference for-

mulae with kL = kc = kH = I against the visual cololor-
difference scales (AV) for Gray and Blue data sets, respec-
tively. It can be seen that the scatter from the CIEDE2000 
is narrowest among these four formulae. Although the scat-
ter of CMC at the Gray center is a little narrower than those 

of CIELAB and CIE94, the reference visual color-difference 
values from CMC were smaller, so a larger percentage error 
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in PF/3 units occurred for the CMC formula. The predicted 
color differences (AE) from CIE94 did not scatter wider than 

those of CIELAB and CMC, but their correlation with A V 
was worse (correlation coefficient r = 0.669) than those of 

CIELAB (r = 0.732) and CMC (r = 0.719). These analyses 
agree with the PF/3 values listed in Table 4. 

With the optimized kL and kc = kH = 1, none of the 
formulae improved their performance except for the CMC, of 
which the P F/3 value slightly decreased, but the CIEDE2000 
still outperformed others. In fact, the optimized kL Values 

are near one, i.e. 0.93, 1.17, 0.91, and 1.06 for CIELAB, 

CMC, CIE94, and CIEDE2000, respectively, for the com-
bined data set of the Gray and Blue centers. This indicates 
that the parametric effects of the present viewing condition 

on lightness difference were weak for all four formulae stud-

ied here. When the three parametric factors kL, kc, and kH 
were optimized at the same time, all formulae improved their 

performance. The CIE94 improved the most and CIELAB 
the least with CIEDE2000 and CMC Iying between them. At 
the Blue center, the P F/3 measure of CIEDE2000 was re-
duced to 18 units, much better than those of other formulae, 

which all performed the same. This shows the excellent vi-
sual prediction performance of the CIEDE2000 formula in the 
blue region as well as the gray region, due to its uniformity 

of color-difference metrics across the whole color space of 

this model. The CIE94 was sensitive to kc and kH, unply-
ing that the balance of chroma and hue weighting functions is 

not good; the P F/3 value of CIELAB remained almost un-
changed even with the optimized kL, kc, and kH, mdicating 
this formula does not have an appropriate structure to improve 

its performance on the basis of viewing parametric modifi-
cation for the condition of this study. The CMC could be 
improved by adjusting the parametric factors, but its balance 

of lightness, chroma, and hue weighting functions was worse 

than that of CIEDE2000, of which the optimized kL and kc 
were very near one, i.e. 1.09 and 0.95, respectively, for the 

combined data set of Gray and Blue centers, although its op-

timized kH (0.64) was somewhat smaller due to the influence 
of blue colors. With regard to the behavior of the interaction 

among lightness, chroma, and hue components in the color-
difference perception for the four formulae with optimized 
kL, kc, and kH Values, their performance ranks (from best 

to worst) changed from CIEDE2000, CIELAB, CMC, and 
CIE94 to CIEDE2000, CMC, CIE94, and CIELAB. These 
ranks are also different from that at the color discrimination 
threshold in the earlier study,9) where the CIEDE2000 and 

CIELAB performed better than CIE94 while the CMC was 
worst for the same Gray and Blue centers. This shows that 
the perception of large color differences is very different from 

that of small (including threshold) color differences. 

From the above comparison, a robust tendency is found 
that the CIEDE2000 outperformed all other formulae in all 
situations, with original forms or optimized parametric fac-

tors, across the whole gamut. The CMC performed better 
than CIE94 due to its ability to predict large color differences, 

while the CIELAB was not bad in its original form but could 
not be improved by optimizing kL, kc, and kH factors due to 
its poor formula structure. 
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4. Conclusions 

Based on the psychophysical method of constant stimuli, 
a color-difference visual comparison experiment was carried 

out using large color-difference (maximum average size was 
12 CIELAB AE units) stimuli on a CRT display. The resul-
tant equally perceived color-difference contours correspond-
ing to different visual scales were well fitted to chromaticity 

ellipses, which were found to extend in a regular proportion 
with the magnitude of increasing visual scale. 

The new data sets obtained in the present study were used 

to test the three advanced CIELAB-based color-difference 
formulae, CMC, CIE94, and CIEDE2000, together with the 
basic CIELAB equation. In terms of P F/3 measure, the 
CIEDE2000 formula performed best no matter its original 
form or with kL alone or all of kL, kc, and kH being op-

timized. With optimized kL and kc = kH = 1, the per-

formance ranks of all formulae were the same as those in 
their original forms, and there was no obvious difference 

between CIELAB and CMC, both of which outperformed 
CIE94. Due to the high sensitivity of CIE94 to the paramet-
ric factors, its performance was greatly improved to be bet-

ter than CIELAB with optimized kL, kc, and kH. The CMC 
formula was only inferior to CIEDE2000 and still better than 

CIE94, while the CIELAB performed worst since its poor for-
mation was hard to improve by optimizing parametric factors. 
It is confirmed that the CIEDE2000 outperformed, at the cost 

of complex calculation, other formulae much better in pre-
dicting suprathreshold color differences than color discrimi-

nation thresholds. 
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