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ABSTRACT

Three experiments were carried out to investigate how different parameters affected the color difference evaluations. In each
experiment, 450 pairs of printed samples, with the chromaticities surrounding nine CIE recommended color centers, were pre-
pared, and the color difference of each pair was evaluated by a group of observers. The results suggested that the experienced
observers were more sensitive to color differences, and the observers were more sensitive to color differences in the standard
viewing booth with the directional illumination. The performance of two widely used color difference metrics (i.e., CIELAB and
CIEDE2000) was evaluated using the experiment results, and optimizations were then performed on the k|, k., and k;, factors,
respectively. It was found that an optimized value of k;; in the CIELAB formula and those of k; and k;; in the CIEDE2000 formula
can significantly improve the performance, suggesting that the observers were much more sensitive to differences in the hue
dimension. Threshold values for color difference and hue difference were proposed based on the experiment results.

1 | Introduction conditions, in comparison to those recommended by CIE [8]
and CY/T3 1999 [9].

Color measurement and color quality evaluation are critically

important to a wide range of industries related to color, such
as display, printing, and textile. The evaluations on product
quality are typically performed based on perceived color dif-
ference [1-4]. Though color difference metrics and formulas
have been developed, it is commonly found that the threshold
of calculated color difference does not also match the perceived
color difference. For example, a pair of color samples may have
the calculated color difference below a certain value, but the
color difference is visually unacceptable. Some past studies
(e.g., [5-7]) suggested that such phenomena could be due to
the different tolerance of color difference in different regions
in a color space. It could also be due to the different viewing

Color perception involves three different factors—the observer,
the light source, and the object. Any change in one of these three
factors could introduce differences in color perception and color
difference judgments. Most studies only focused on one of these
three factors, such as experienced versus inexperienced observ-
ers [3], different light sources [10-12], and different light levels
[13]. Some studies also proposed color difference thresholds for
different types of samples [3, 12, 14-17].

In this study, we focused on printed color samples, but we in-
vestigated how experienced and inexperienced observers and
types of light source affect the judgment of color difference. A
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total of 450 pairs of printed color samples were carefully pre-
pared, with the color difference ranging between 1.0 and 3.0
CIELAB units.

2 | Methods
2.1 | Preparation of Color Samples

An EPSON Stylus Pro 7980 inkjet printer on a substrate with
a gloss level of 40 units measured at an angle of 75° by a TC-
108DPA gloss meter was used to prepare color samples with a
size of 5.0cm X 5.0cm. The spectral reflectance distributions of
the samples were measured 2 weeks after the preparation, in the
0°:45° geometry using an X-Rite eXact spectrophotometer, so
that the colors were stable. A total of 450 samples, with 50 sam-
ples around each of the nine color centers recommended by the
CIE [18], were prepared. A total of three experimental sessions
were carried out. In order to avoid color fading and rubbing
during the experiment, we prepared three sets of the 450 color
samples, with each set used for an experimental session.

The color samples were designed and prepared to have a color
difference from the corresponding color center, ranging from 1.0
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to 3.0units in CIELAB (AE* ) using the CIE Illuminant D65
and the CIE 1964 10°Color Matching Functions, with the dif-
ference from lightness (AL*), hue (AH* ), or chroma (AC* ).
Figure 1 shows the distribution of the nine color centers for the
three sets of samples, and Figure 2 shows the distribution of the
color differences for the 150 color samples for the red color cen-
ter (i.e., Center No. 2). Table 1 summarizes the minimum, max-
imum, and average values of AL*, AH* ,, and AC* ,. Figure 3
shows the histogram of the color difference values. The percent-
ages of the samples with the differences in the three attributes,
such as AL* AH* ;, and AC*, in the three experiments were
33%, 33%, and 34%; 30%, 39%, and 31%; and 37%, 32%, and 31%,
respectively, suggesting the samples were uniformly distributed.

2.2 | Experiment Design

The experiment was designed into three sessions. Exps. I and II
were designed to compare the differences between two groups of
observers under daylight illumination, with Exp. I carried out at
Beijing Institute of Graphic Communication (BIGC) with student
observers and Exp. II carried out at Suining Kuanzhai Printing
Co. Ltd. with the professional employees having at least one-year
experience in quality inspection. Exps. I and III were designed
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FIGURE1 | Distributions of the nine color centers of the three sets of color samples, and the CIE recommended color centers, in the CIELAB color

space. (a) a*,-b* , plane. (b) L*, -C plane.
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FIGURE2 | Distributions of color differences for the 150 color samples for the red color center (i.e., Center No. 2) for the three sets of color samples

in the CIELAB color space. (a) Aa*,,-Ab* , plane. (b) AL -AC* 1

plane.
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TABLE1 | Summary of the color differences of the color samples in each set.

Exp.1 Exp. 11 Exp. IT1
Max Min Mean Max Min Mean Max Min Mean
AE*, 3.88 0.27 1.91 3.92 0.21 2.04 4.33 0.13 2.00
AL* 3.33 0.00 0.94 3.17 0.00 1.02 3.53 0.00 1.05
AC*, 3.35 0.01 0.98 3.90 0.00 1.08 3.93 0.00 1.00
AH* 3.16 0.00 0.92 2.94 0.01 0.95 3.50 0.00 0.90
sl Ty was carried out in a multichannel LED viewing booth with

Number of sample pairs

<1 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 >3

Magnitude of color difference

FIGURE 3 | Histogram of the magnitude of color differences of the
three sets of color samples.
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FIGURE 4 | Relative spectral power distributions (SPDs) of the illu-
mination in the three experiment sessions.

to compare the differences between two different types of light
sources.

Figure 4 shows the average spectral power distribution of the
illumination of the three experiment sessions, as measured
using a PhotoResearch PR-670 spectroradiometer through the
period of the experiment. In particular, Exps. I and II were
carried out in a daylight space under sunny days, with a hor-
izontal illuminance between 570.8 and 980.51x, a correlated
color temperature (CCT) between 5972 and 6433K, and a
color rendering index (CRI) between 95.0 and 99.5. Exp. III

an illuminance of 6401x, a CCT of 6407K, and a CRI of 95.1.
The viewing conditions were designed according to the rec-
ommendations in CY/T3 1999 [9].

2.3 | Evaluation of Color Difference

The evaluation of the color difference between a pair of color
samples was performed with a dark gray background having a
relative luminance Y; of 5.04. The samples were placed next to
each other without a gap between them. The viewing distance
was around 25-30cm, so that each sample had a field of view
(FOV) greater than 10°.

Before the formal experiment, several pairs of color samples
having different magnitudes of color difference were pre-
sented to the observers to let them have an idea about the
range of the differences they would experience. The evalua-
tions were made on a 3-point rating scale, with the following
instructions provided to the observers. Such descriptions were
developed based on the practical rules used for quality inspec-
tion of products.

« Rating 1—No color difference: The color appearance of the
two samples is the same.

« Rating 2—Acceptable color difference: The color difference
between the two samples is perceptible, but the difference is
very small and can be considered acceptable if it appears on
products.

« Rating 3—Unacceptable color difference: The color differ-
ence between the two samples is too large, and it cannot be
accepted if it appears on products.

In data analyses, the judgments of Rating 1 and Rating 2 were
classified as “acceptable color difference” and those of Rating 3
were classified as “unacceptable color difference.”

2.4 | Observers

Table 2 summarizes the information of the observers in the
three experiment sessions, with all the observers passing the
Ishihara Color Vision Test. Each pair of samples was evaluated
51 times in each experiment session. In Exp. I, all the 17 observ-
ers made the evaluations three times; in Exp. II, 25 observers
made the evaluations twice; in Exp. III, 7 observers made the
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evaluations three times and the other 15 observers made the
evaluations twice.

3 | Results
3.1 | Observer Variations

The observer variations, in terms of inter- and intra-observer
variations, were characterized based on the wrong decision
(WD%) [3, 12, 19, 20]. The inter-observer variations were char-
acterized by comparing the judgments made by each observer
and by an average observer (i.e., the judgments made by more
than 50% of the observers), with the different judgments clas-
sified as “wrong decisions.” The intra-observer variations were
characterized based on the repeated judgments made by each
observer on the same pair of color samples, with the different
judgments classified as “wrong decisions.” Table 3 summarizes
the intra- and inter-observer variations for the three experiment
sessions, with Figure 5 showing the boxplots of each color cen-
ter. In general, the observer variations were comparable to those
in previous studies [19, 20]. In particular, the variations in Exp.
ITI were smaller than those in Exp. I and Exp. III, which were due
to the involvement of the experienced observers.

3.2 | Comparisons Among the Three Sessions

The results from the three experiment sessions were compared.
As shown in Figure 6, the color difference values AE* , of the
450 pairs of samples were linearly correlated in the three ses-
sions, but the judgments made by the observers, as character-
ized using the probability P% of unacceptable color differences,
were not linearly correlated. In particular, the P% values in Exp.
II were the highest, suggesting the higher sensitivity of the expe-
rienced observers to the color differences.

Moreover, the comparisons among the three sessions can also be
made based on the chromaticity ellipses for acceptable color dif-
ferences. The judgments made by the observers were converted
to the probability P of “unacceptable color differences” and then
into a z-score using Z = (Pi - 1_3) /S, where P, is the probability

TABLE 2 | The information of the observers in the three experiments.

of “unacceptable color difference” for each of the 450 pairs of
samples, P is the average of the 450 pairs, and S is the standard
deviation. The perceived color difference AV was calculated as
AV=Z7+3.1, with all the AV values greater than 0 [21, 22]. An
optimization was performed to minimize the STRESS value be-
tween the perceived color difference AV and the calculated color
difference AE'} =by; Aa*? +2b;, Aa* Ab+ by Ab*? + by AL*
for each color center. The chromaticity ellipses for acceptable
color differences were then plotted for the P% value of 50%,
which is considered as the threshold of acceptable color differ-
ences. Figure 7a shows the derived ellipses using all the 450
pairs of samples (“chromaticity ellipses”); Figure 7b shows the
ellipses only using the pairs that were judged as acceptable color
difference by more than 50% of the observers (“acceptable el-
lipses”), with the parameters of the ellipses, such as the semi-
major axis (A), semi-minor axis (B), orientation angle (6), and
ellipse area (S), summarized in Table 4.

It can be observed that all the ellipses had the major axes toward
the origin of the a*-b* plane, suggesting that the observers gen-
erally had a greater tolerance for chroma difference. The chro-
maticity ellipses were similar for the three experiment sessions.
The acceptable ellipses for Exp. IT, however, were different from
those for the other two sessions, suggesting that the experienced
observers were more sensitive to hue differences.

4 | Discussion
4.1 | Performance of CIELAB and CIEDE2000

Both CIELAB and CIEDE2000 are widely used in the surface color
industry to characterize the color differences. They can be ex-

pressed in the format of AE = a x (\/(£)2+(ﬁ)z+(%&’)z+AR>b,

ky, ke

where AL*, AC* ,, and AH* , are the lightness, chroma, and hue
differences; k; , k., and k;; are the lightness, chroma, and hue para-
metric factors; and AR is the rotation term to characterize the
chroma-hue interaction in CIEDE2000. For better characterizing
the contributions of the lightness, chroma, and hue differences,
Nobbs used a splitting method and revised the format to

Experiment session Number of observers Age range Average age SD of age
I (students at BIGC) 17 (12 females and 5 males) 22-27 23.4 1.5
II (quality inspection employees) 26 (24 females and 2 males) 23-41 29.9 5.3
111 (students at BIGC) 22 (12 females and 10 males) 19-27 21.0 2.4

TABLE 3 | Summary of the intra- and inter-observer variations in the three experiment sessions.

Exp. I Exp. I1 Exp. III
WD%  Intra-variation Inter-variation Intra-variation Inter-variation Intra-variation Inter-variation
Mean 23.1 21.6 16.5 15.7 19.9 18.0
Max 32.3 41.6 30.7 34.4 27.3 32.4
Min 16.1 15.9 7.6 8.3 13.6 12.4
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FIGURE 6 |

| Boxplots of the intra- and inter-observer variations for each color center in the three experiment sessions. (a) Intra-observer varia-
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Correlation of the measured color differences and perceived color differences for the three experiment sessions. (a) Measured color

differences as characterized using AE* , in CIELAB. (b) Perceived color differences.

b

2 2 2

AEy =ax \/<%> +<%) +<%> , with the values
L C H

of k;, ke, kyy» a, and b recommended to be set to 1 under the refer-
ence conditions.

Here, we used the standardized residual sum of squares
(STRESS) and F values to evaluate the performance of CIELAB

and CIEDE2000 in characterizing the perceived color differ-
ences, with a smaller value suggesting a better performance. In
addition, optimizations were also performed on kL, kc, and kH
individually, with the value of a simultaneously optimized for
scaling purposes, to minimize the STRESS and F values (note:
the STRESS value does not change with the value of a). Table 5
summarizes the results of the STRESS and F values, and the cor-
responding parameters.
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FIGURE 7 | Threshold of acceptable color differences for the three experiment sessions. (a) Chromaticity ellipses derived based on all the judg-

ments. (b) Acceptable ellipses derived based on the judgments of acceptable color differences.

TABLE 4 | Parameters of the ellipses for the different color centers in the three experiment sessions.
Chromaticity ellipses Acceptable ellipses

Exps. Colors A A/B 0 S A A/B 6 S
I Gray 1.07 1.67 71.71 2.14 1.53 3.12 95.79 2.37
Red 1.27 1.57 49.23 3.23 1.72 1.67 39.38 5.55
Orange 1.18 1.74 68.61 2.53 1.22 1.85 50.58 2.54
Yellow 1.28 1.80 88.22 2.84 1.61 2.37 98.66 3.45
Y-green 0.93 1.33 101.90 2.04 1.17 1.70 117.88 2.54
Green 1.71 2.31 170.51 3.97 1.66 2.31 171.26 3.74
B-green 1.00 1.35 35.22 2.32 0.93 1.33 46.95 2.06
Blue 1.63 2.40 113.52 3.48 1.83 2.90 103.98 3.60
Purple 1.15 1.39 121.72 3.01 1.22 1.72 132.02 2.72
II Gray 1.06 1.43 83.64 2.45 1.66 3.95 78.93 2.20
Red 1.83 2.58 41.10 4.10 4.86 11.30 30.21 6.60
Orange 1.16 1.45 57.25 2.93 2.67 5.68 55.78 3.94
Yellow 1.32 1.67 98.23 3.26 1.31 1.96 96.32 2.77
Y-green 1.05 1.44 123.26 2.42 1.78 3.49 121.97 2.85
Green 1.25 1.74 2.85 2.84 0.98 1.63 155.22 1.86
B-green 1.00 1.28 73.08 2.44 2.53 5.27 33.95 3.83
Blue 1.78 2.51 102.16 3.95 2.23 4.21 103.44 3.72
Purple 1.29 1.84 128.85 2.82 1.27 2.05 115.83 2.48
111 Gray 0.99 1.43 79.35 2.14 1.52 2.98 102.30 2.44
Red 1.05 1.22 37.92 2.85 1.37 1.49 21.89 3.96
Orange 1.43 2.13 77.61 3.02 1.39 2.11 63.99 2.90
Yellow 1.46 2.21 86.08 3.01 1.99 3.02 93.63 4.11
Y-green 1.26 1.59 108.54 3.14 1.02 1.09 103.11 3.00
Green 1.28 1.71 174.42 3.01 1.57 1.96 29.70 3.94
B-green 0.93 1.21 50.94 2.23 1.65 2.62 77.73 3.24
Blue 1.65 2.43 113.01 3.51 1.38 1.97 109.89 3.05
Purple 1.37 2.08 137.82 2.83 2.07 3.57 136.82 3.80
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TABLE 5 | Summary of CIELAB and CIEDE2000 in characterizing the perceived color difference, with the optimized values of a, b, k, , k.., and
ky; listed. The critical value of F is 0.83, with the confidence level of 97.5%, which is labeled with *.

Experiment session Evaluations a b k, k ky STRESS F
(a) CIELAB
Exp. 1 Reference — 1 1 1 1 1 34.0 1.00
Optimization A 1.13 1 1.60 1 1 31.8 0.87
B 1.05 1 1 1.16 1 33.8 0.99
C 0.79 1 1 1 0.57 29.3 0.74*
Exp. II Reference — 1 1 1 1 1 33.1 1.00
Optimization A 1.09 1 1.36 1 1 32.2 0.94
B 1.09 1 1 1.29 1 32.4 0.95
C 0.80 1 1 1 0.57 28.7 0.75*
Exp. IIT Reference — 1 1 1 1 1 35.9 1.00
Optimization A 1.15 1 1.60 1 1 33.5 0.87
B 1.04 1 1 1.12 1 35.8 0.99
C 0.80 1 1 1 0.56 31.1 0.75*
(b) CIEDE2000
Exp. 1 Reference — 1 1 1 1 1 33.6 1.00
Optimization A 1.27 1 1.49 1 1 24.9 0.55*
B 0.90 1 1 0.81 1 32.0 0.91
C 0.77 1 1 1 0.76 28.8 0.73*
Exp. II Reference — 1 1 1 1 1 32.7 1.00
Optimization A 1.25 1 1.42 1 1 26.5 0.66*
B 0.91 1 1 0.83 1 31.4 0.92
C 0.80 1 1 1 0.78 29.4 0.81*
Exp. II1 Reference — 1 1 1 1 1 37.7 1.00
Optimization A 1.34 1 1.57 1 1 26.5 0.49*
B 0.88 1 1 0.77 1 35.6 0.89
C 0.73 1 1 1 0.71 30.7 0.66*

It can be found that both CIELAB and CIEDE2000 with the pa-
rameters as the reference condition had similar performance
for the three experiment sessions. More importantly, the perfor-
mance of the two formulas can always be improved by optimiz-
ing the value of k; to be smaller than 1, but not by optimizing
k. and k;, which was never performed in past studies [3, 23-26].
This clearly suggested that in CIELAB formula, the observers
were more sensitive to the differences in the hue dimension and
a greater weighting factor should be placed to the hue difference.
Moreover, in CIEDE2000 formula, the observers were less sen-
sitive to the differences in lightness and more sensitive to the
differences in hue, and the results can be significantly improved
through an optimization.

4.2 | Improving the Consistency Between
Calculated and Perceived Color Differences

In order to develop a method for industries to effectively evalu-
ate the color difference of printed color samples, the thresholds
of the color differences that were calculated using the different
methods listed in Table 6 were analyzed. The consistency was
defined as the calculated color difference beyond the AE. (or
AHp), with the P% larger than 50%, or the calculated color dif-
ference less than the AE,, with the P% smaller than 50%. The
optimizations were performed by varying the threshold values
of the color differences for maximizing the percentages of the
consistency (Cons.%), with the results listed in Tables 6 and 7. It
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can be found that the results in Tables 5 and 6 were similar, with
the optimizations made on hue (for CIELAB) or lightness (for
CIEDE2000) leading to the best performance.

The comparisons among the original methods and the various
optimized methods were made for color difference, as shown in
Figure 8, and hue difference, as shown in Figure 9. It can be
observed that the distributions of the color difference of Exp. II
and Exp. III were similar, which were different from that of Exp.
I. This clearly suggested the difference between the experienced
and inexperienced observers.

Moreover, the results of the 1350 pairs of samples included in
the three experiments were used to find the upper and lower
limits of the color difference and hue difference thresholds using
a Z-test method, as expressed in X = u — Zo / /n, where y is the
maximum consistency result, o is the standard deviation of all
the consistency results, n is the number of consistency results,
and Z is the critical value with the significance level of 0.05. In
the calculation, the values of AE* ,, AE,, ), and AH values ranged
between 0.3 and 2.5, 0.3 and 2.0, and 0.3 and 1.0 respectively,
with an interval of 0.01, and the corresponding n was 221, 171,
and 71. The upper and lower limits can then be calculated, as

TABLE 6 | Color difference thresholds of the original CIELAB, CIEDE2000 formulas, and the different optimized methods, together with the

corresponding maximum consistency (%).

AE* AE,,

Exp. Original A B C Original A B C

(a) Color difference threshold

I 1.46 1.43 1.35 1.33 1.12 1.29 1.08 1.07

I 0.82 1.10 0.76 1.02 0.76 0.86 0.77 0.68

III 0.89 1.14 0.83 1.34 0.72 0.83 0.77 0.87

Combined 1.09 1.14 0.94 1.33 0.76 0.96 0.91 0.95

(b) Maximum consistency (%)

1 70.9 74.2 70.7 75.1 72.4 77.1 71.8 76.2

I 82.2 82.9 82.2 84.0 82.9 84.0 82.0 83.6

111 75.3 77.3 75.1 77.3 75.8 80.0 76.4 75.6

Combined 74.8 77.0 74.7 78.7 75.1 79.3 75.6 77.0
TABLE 7 | Performances of Hue differences AH* , and AH,, in terms of the maximum consistency (%).

Exp. Threshold Cons. (%) Threshold Cons. (%)

I (AH*,;);=0.65 76.4 (AH,,);=0.45 77.3

I (AH*,);=0.53 82.4 (AH,),=0.34 82.9

111 (AH*,),=0.55 74.2 (AH,)),;=0.39 76.0

Combined (AH*,),=0.37 78.1 (AH,p),=0.42 77.6%

: b)CIEDE2000
oo(@CIELAB 9% )
85 = 85 .
DR
80 80
g 75 g 75
&} Q
70 70
65 65
60 O | 60 1 PSR |
03 06 09 12 15 1.8 21 24 0.3 0.6 0.9 1.2 1.5 1.8
Thresholds Thresholds
= Exp.I Original ~ eeeee Exp.I Method C (or Method A) e Exp.II Original
----- Exp.II Method C (or Method A) === Exp.III Original +++++ Exp.IIl Method C (or Method A)

FIGURE 8 | Relationship between the percentage of consistency versus the threshold of color difference calculated using different methods for
the three experiment sessions. (a) CIELAB color difference. (b) CIEDE2000 color difference.
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FIGURE 9

90 (2)AH',, 90 (b)AH,,
Expl Exp.
85 e 8 I e
80
ES
= 75
o
Q
70
65
60 1 L 1 L 1 1 60 1 1 1 1 1
0.3 04 05 0.6 0.7 0.8 0.9 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Thresholds Thresholds

| Relationship between the percentage of consistency versus the threshold of hue difference calculated using different methods for the
three experiment sessions. (a) CIELAB hue difference. (b) CIEDE2000 hue difference.

TABLE 8 | Summary of the upper and lower limits of the thresholds for the different methods calculated using a Z-test method.
AE* AE,
Methods A C A B AH*,, AH,,
M 74.8 78.7 75.1 79.4 78.1 77.6
n 221 221 171 171 71 71
o 9.12 7.96 11.40 10.24 3.78 5.65
X 73.6 77.7 73.4 77.7 77.3 76.3
Lower 0.75 1.24 0.56 0.77 0.30 0.30
Upper 1.20 1.39 1.00 1.15 0.50 0.49
90 (a)CIELAB 90 (b)CIEDE2000 —
Original Original
&8sk e Method C sk 0 e Method A
60 1 R 1 .-'i L 60 1 1 1 L 1
03 06 09 12 15 18 21 24 0.3 0.6 0.9 1.2 1.5 1.8
Thresholds Thresholds
FIGURE 10 | Relationship between the percentage of consistency versus threshold of color difference calculated using different methods for the

three experiment sessions. (a) CIELAB color difference. (b) CIEDE2000 color difference. Note: The vertical lines show the lower and upper limits.

FIGURE 11
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| Relationship between the percentage of consistency versus threshold of hue difference calculated using different methods for the

three experiment sessions. (a) CIELAB hue difference. (b) CIEDE2000 hue difference. Note: The vertical lines show the lower and upper limits.
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summarized in Table 8, with the changes of percentage of con-
sistency with color and hue differences shown in Figures 10
and 11.

5 | Conclusions

A total of 1350 pairs of printed color samples were prepared
for color difference evaluations, whose chromaticities were
around the nine color centers recommended by the CIE
and had color differences ranging between 0.13 and 4.33
(mean=1.98) CIELAB units. Three experiments were carried
out to investigate how experienced versus inexperienced ob-
servers and how different light sources affected the color dif-
ference evaluations.

It was found that the experienced observers were more sensitive
to the color differences, especially to the hue differences for the
color centers of red, orange, blue-green, and blue. Optimizations
were performed on the CIELAB and CIEDE2000 color difference
formulas, with an optimized value of k;; in the CIELAB formula
and an optimized value of k; in the CIEDE2000 formula introduc-
ing the most significant improvements to predict the perceived
color differences. For practical applications, thresholds of color
difference and hue difference in the CIELAB and CIEDE2000
formulas were also proposed to classify whether the color differ-
ence between two printed samples is acceptable or not.
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