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Abstract

Just-noticeable color difference (JNCD) is important in color specification and

characterization. The commonly referenced specification of JNCD (i.e., 0.004

or 0.0033 u0v0 unit) is thought to originate from the MacAdam ellipses, which

were derived using 2� color stimuli and characterized using the CIE 1931 2�

color matching functions (CMFs). However, there is no universally agreed or

clear definition of JNCD. Also, such a specification is widely used in various

ways based on an assumption that it is applicable regardless of the actual size

of the stimuli and CMFs. In this study, an experiment using a constant stimuli

method was carried out. The human observers evaluated a series pairs of test

and reference stimuli, with a field of view (FOV) of 2� or 10�. The chromatic-

ities of the test stimuli were carefully calibrated using four standard CIE CMFs

(i.e., CIE 1931 2�, 1964 10�, 2006 2�, and 10� CMFs). The results suggested that

the widely used specification of JNCD seems to be derived based on the one

standard deviation ellipses, the use of these four CMFs has little effect on the

specification, and the JNCD value for stimuli with an FOV of 10� is 0.0025–
0.0027 u0v0 unit depending on the CMFs.
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1 | INTRODUCTION

Color characterization and specification are important in
a wide range of applications, with the stimuli having the
same tristimulus values or chromaticities considered to
have matched appearances under the same viewing con-
dition. The tristimulus values and chromaticities are cal-
culated using the spectral power distribution (SPD) of the
stimulus and the color matching functions (CMFs).
The CIE 1931 2� CMFs is the most widely used set, which
was derived from two color matching experiments with

the color stimuli having a field of view (FOV) around 2�

by Wright1,2 and Guild.3 In order to characterize the
color matches for stimuli with a larger FOV, the CIE
1964 10� CMFs were developed.4 In 2006, a technical
committee in CIE developed a model based on physiol-
ogy, which led to two new sets of CMFs (i.e., the CIE
2006 2� and 10� CMFs) and also allowed the calculations
of CMFs for different FOVs and ages.5,6

Just-noticeable color difference (JNCD), commonly
specified using color difference or chromaticity difference
value, characterizes the threshold below which the color
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difference between two stimuli is not perceivable. It is
widely used to define specifications for product design,
engineering, and manufacturing. The most commonly
used JNCD value is thought to originate from the 25 Mac-
Adam ellipses in the CIE 1931 2� chromaticity diagram,
which were derived from an experiment with the stimuli
occupying an FOV of 2� in 1942.7 The ellipses are plotted
with the size being one standard deviation of the color
matching results, and it is claimed that JNCD is about
three times the standard deviation, which implies that a
JNCD is equivalent to 0.0033 unit of Δu0v0. No clear defi-
nition of JNCD, however, has been set in the past.

MacAdam ellipses and the concept of JNCD have
been widely used in color science research. For example,
the uniformity of the color spaces is commonly compared
based on the shape of the ellipses, with a better unifor-
mity making the ellipses closer to circles. The perfor-
mance of CMFs is also evaluated using JNCD, comparing
the color or chromaticity differences calculated using dif-
ferent CMFs for stimuli with matched color appearances
to the JNCD value. For instance, Csuti and Schanda8

compared the chromaticity differences calculated using
three different sets of CMFs for matched color stimuli
with an FOV of 2� � 3�. Li et al.9 carried out color match-
ing experiments with different FOVs and setups, and
compared the performance of various CMFs based on the
calculated chromaticity differences and one JNCD value.
Shi and Luo10 carried out a color matching experiment
using LCD and OLED displays with the stimuli size of 4�,
and used the calculated color difference to compare the
performance of different CMFs.

The analyses and findings in these studies were based
on two assumptions. Firstly, it was assumed that the
chromaticity differences or color differences calculated
using the different CMFs were directly comparable. This
was also assumed in IES TM-30-2011 when calculating
the color differences of color evaluation samples under
the sources. Some efforts have been made to mitigate the
possible failure of the first assumption when comparing
the performance of different CMFs, Wu et al.12 scaled the
calculated chromaticity differences using the chromatic-
ity difference between the D65 and D70 illuminants using
the corresponding CMFs. In contrast, Asano et al.13 pro-
posed to perform a simulation of color matching between
the reference and test stimuli using a certain set of CMFs,
and then calculate the chromaticity difference using the
CIE 1931 2� CMFs. Second, it was assumed that
the JNCD value derived using 2� stimuli was applicable
to those with other sizes. This, however, has never been
investigated in the past.

With the above in mind, this study was designed to
test the following hypotheses. Firstly, whether the JNCD
values for stimuli with FOVs of 2� and 10� are compara-
ble when characterized using the CMFs with the

corresponding FOV. Secondly, whether the performance
of the different CMFs can be directly compared regard-
less of the FOVs. It is worthwhile to mention that the
stimuli in this study were produced using the same dis-
play, which helped to isolate the effect of FOVs from the
spectral compositions.

2 | FURTHER ANALYSES OF THE
EXPERIMENT DATA IN WU
AND WEI

As mentioned above, the color or chromaticity differ-
ences calculated using the different CMFs have different
magnitudes.14 To illustrate this, the chromaticities of a
series of blackbody radiators having a CCT from 2000 to
10 000 K with an interval of 100 K were calculated using
the four standard CMFs (i.e., the CIE 1931 2�, 1964 10�,
2006 2�, and 10� CMFs). The chromaticity differences
Δu0v0 between the two illuminants having the adjacent
CCT values were then calculated using the four sets of
CMFs and scaled with those calculated using the CIE
1931 2� CMFs, as shown in Figure 1. It can be observed
that the four CMFs indeed have different scales, which
also depend on the chromaticities.

We did not consider such a difference in Wu and
Wei,14 but we considered such a difference by scaling the
chromaticity differences calculated using the different

FIGURE 1 Illustration of the different scales of chromaticity

differences calculated using the four standard CMFs, with the

chromaticity differences Δu0v0 between two blackbody radiators

with a CCT difference of 100 K calculated using the CIE 1931 2�,
1964 10�, 2006 2�, and 10� CMFs and scaled to those calculated

using the CIE 1931 2� CMFs.
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CMFs to that between the D65 and D70 illuminants
using the corresponding CMFs. Asano et al.,13 however,
proposed using the following method to compare the per-
formance of the different CMFs. In order to evaluate the
performance of a certain set of CMFs, a simulation of the
color matching is performed using this set of CMFs, by
adjusting the intensities of the primaries of the test stimu-
lus to have the same tristimulus values of the reference
stimulus. The SPD of the test stimulus derived from the

intensities of the primaries and the SPD of the test stim-
uli adjusted by the observers were then used to calculate
the chromaticity difference using the CIE 1931 2� CMFs.

Thus, we performed further analyses on the data we
collected in Wu and Wei14 using such a method, with the
calculated chromaticity differences shown in Figure 2.
This can be directly compared to the original analysis
(i.e., Figure 8 in Reference 14), with the scatter plot
showing the direct comparison in Figure 3. The

FIGURE 2 Chromaticity differences Δu0v0 calculated using the CIE 1931 2� CMFs between the average chromaticities of the test

stimulus adjusted by the observers and the test stimulus, which was derived using the four CMFs through simulations to produce the same

tristimulus values as the reference stimulus. (A) CIE 1931 2� CMFs; (B) CIE 1964 10� CMFs; (C) CIE 2006 2� CMFs; (D) CIE 2006 10� CMFs.

This figure can be directly compared with Figure 8 in Reference 14, and the JNCD values of 0.004 can be directly applied to all the

results here.

FIGURE 3 Comparisons of the

chromaticity differences between the test and

reference stimuli calculated using the four CMFs

directly, as in Reference 14, versus those

between the test stimulus, which was derived

using the four CMFs through simulations, and

the test stimuli adjusted by the observers using

the CIE 1931 2� CMFs.
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discrepancies can be easily observed, especially if the
JNCD value of 0.004 is used to evaluate the performance
of the different CMFs, though the stimuli used in the
experiment had an FOV around 20.2�. Such an analysis
clearly suggests the necessity to investigate whether the
same JNCD value can be used with different CMFs.

3 | EXPERIMENT METHOD

3.1 | Apparatus and setup

The experiment was carried out using an 8-bit EIZO dis-
play (CS2371), with dimensions of 60.0 cm (length) �
33.5 cm (width) and a resolution of 2560 � 1440. During
the experiment, the observer was seated with his or her
chin fixed on a rest, which helped to ensure the similar
viewing geometry experienced by all the observers. The
reference and test stimuli were shown vertically, with
the reference stimulus presented at the top and the
test stimulus presented at the bottom. The thickness of
the dividing line was set to around 0.04� FOV. The
background of the display was set to black. The sizes of
the stimuli were designed to produce two FOVs
(i.e., 2� � 2� and 10� � 10�). Figure 4 shows the experi-
ment GUI viewed by the observer during the
experiment.

3.2 | Color stimuli

The reference stimuli included five different color centers
(i.e., white, red, yellow, green, and blue), with the chro-
maticities listed in Table 1. In particular, the chromatic-
ities of the white stimulus were the same as the D65
chromaticities, and the chromaticities of the other four
were selected based on the CIE recommendation.

In order to investigate the magnitude of the JNCD,
the experiment was carried out using the constant stimuli
method. The observer viewed a series pairs of reference
and test stimuli for each color center, and judged
whether the test and reference stimuli in each pair had a
perceived color difference. The test stimuli were designed
to have the chromaticities uniformly distributed around

the corresponding reference stimulus in the CIE 1976 u0v0

chromaticity diagram, with an interval of 0.0015 u0v0 unit
and a range of ±0.01 u0v0 unit from the chromaticities of
the reference stimulus, so that the chromaticities of the
test stimuli formed a grid of 14 � 14.

When calibrating the display using the Gain-
Offset-Gamma model and the stimuli, we used the four
standard CMFs (i.e., CIE 1931 2�, 1964 10�, 2006 2�, and
2006 10� CMFs) to produce four sets of test stimuli, since
we aimed to investigate the JNCD using these CMFs.
However, it was found that the stimuli calibrated using
the CIE 2006 2� CMFs can make the chromaticities uni-
formly distributed around the reference stimuli when cal-
culated using the different CMFs, with the grids of the
chromaticities globally shifted. Therefore, we only used
the set of the 196 test stimuli and the five reference stim-
uli, with a luminance of 80 cd/m2, calibrated using the
CIE 2006 2� CMFs. The SPDs of the stimuli were mea-
sured, with Figure 5 showing the chromaticities and
Figure 6 showing the boxplots of the luminance calcu-
lated using the four CMFs. The luminance values were
generally within ±10%.

3.3 | Observers

Nine observers (five males and four females) between
25 and 29 years of age completed the experiment
(mean = 27, SD = 1.45). All observers had normal color
vision, as tested using the Ishihara Color Vision Test.

3.4 | Experiment procedure

Upon arrival, the observer completed an information
record form and the Ishihara Color Vision Test. Then the

FIGURE 4 Experiment GUI viewed

by the observer during the experiment.

The display was placed so that the

stimuli occupied an FOV of 2� � 2� and
10� � 10�. Left: 2� � 2�;
Right: 10� � 10�.

TABLE 1 Chromaticities of the five reference stimuli

calculated using the CIE 1964 10� CMFs.

Chromaticity White Red Yellow Green Blue

u0 0.198 0.315 0.209 0.147 0.174

v0 0.470 0.519 0.538 0.506 0.384

164 ZHAO and WEI
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experimenter explained the task to the observer, and
the observer was escorted to the display with his or her
chin fixed on the rest. The illumination in the laboratory
was then switched off, and the observer completed a
5-min dark adaptation. A pair of stimuli was shown on
the display and the observer judged whether the two
stimuli had a color difference, which was a forced choice,
by pressing one of the two keys on a keyboard to record
the judgment. After that, the next pair of stimuli were
shown. When making the judgment, the observer was
allowed to take as much time as he or she needed, but
the observers generally made the decision immediately.
The order of the pairs of the stimuli presented to each
observer were randomized. In order to evaluate the intra-
observer variations, five of the 196 pairs of the stimuli
were presented twice. Thus, each observer made 2010
judgments (i.e., 201 pairs � 5 color centers � 2 FOVs),
which took around 1 hour. Before the experiment, the
display was warmed up for an hour.

4 | RESULTS AND DISCUSSIONS

4.1 | Intra- and inter-observer variations

The intra-observer variations were characterized based
on the repeated judgments made by the observers, with
the repeated judgments made on 50 pairs of stimuli by

each observer and a total of 450 repeated judgments.
Among these 450 repeated judgments, 380 judgments
were the same (� 84.4%). The inter-observer variations
were characterized based on the difference between the
judgments made by each observer and judgments made
by an average observer (i.e., the judgments made by more
than half of the observers). In other words, if a pair of the
stimuli was judged by more than half of the observers to
have no color difference, this pair was considered to have
no difference, which was compared to the judgment
made by each observer. For each observer, 82.49% to
96.52% of the judgments, with a mean of 92.80%, were
the same as those made by an average observer. This
clearly suggested the consistent judgments made by the
observers.

4.2 | Derivation of JNCD ellipses

The experiment data collected through the constant stim-
uli method can be used to derive the JNCD ellipses. As
mentioned above, however, the concept of JNCD is not
clearly defined or agreed, which has been clearly stated in
CIE TN 001:2014.15 Different studies specified the JNCD
in different ways, including one standard deviation,16

three times the standard deviation,7 95% confidence,17 and
50% probability.18

Here, we followed the method in MacAdam19 and
Wyszecki20 to fit the standard deviation ellipses and
the 95% confidence ellipses, with the chromaticities of
the test stimuli that were judged to have no color dif-
ference to the reference stimuli used as the input. With
the Gaussian distribution, one and three standard devi-
ation ellipses correspond to 39.35% and 98.89% confi-
dence level; 95% confidence level corresponds to 2.45
SD, with Figure 7 showing the relationship among the
three ellipses. (Note: 50% confidence level corresponds
to 1.18 SD). It can be observed that these three types of
ellipses have different sizes, but the same shape and
orientation.

FIGURE 5 Chromaticities of the stimuli

calculated using the four CMFs in the CIE 1976

u0v0 chromaticity diagram. (A) Reference

stimuli; (B) test stimuli.

FIGURE 6 Boxplots of the luminance of the test stimuli

calculated using the four CMFs.

ZHAO and WEI 165
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For the 50% probability ellipse, a bivariate Gaussian
model was fitted using the chromaticities of all the test
stimuli and the percentage of the judgments that the
test and reference stimuli had no color difference using
Equations (1–3), with the 50% probability used to derive
the ellipse, as illustrated in Figure 8.

W u0,v0ð Þ¼ a1þa2� exp �1
2
�d2 u0,v0ð Þ

� �
; ð1Þ

d2 u0,v0ð Þ¼ X�Xcð ÞT �
X�1� X�Xcð Þ; ð2Þ

X ¼ u0

v0

� �
;Xc ¼ u0center

v0center

� �
; ð3Þ

where Σ�1 is the inverse of the covariance matrix, X and
Xc are the chromaticities of the stimulus and the

estimated center, respectively, a1 and a2 are the parame-
ters that need to be optimized to fit the distribution.

In total, 160 ellipses were fitted (i.e., 5 color
centers � 2 FOVs � 4 CMFs � 4 types of ellipses). Since
the one standard deviation ellipses, three standard devia-
tion ellipses, and 95% confidence ellipses have the same
shape and orientation, as illustrated in Figure 7, only the
one SD ellipses are shown in Figure 9. Figure 10 shows
the 50% probability ellipses. It can be seen that the ellip-
ses derived using the different CMFs had very similar
shapes and sizes for each color center and FOV. Thus,
Tables 2 and 3 only summarize the parameters of the
ellipses for the five color centers and the two FOVs using
the CIE 1931 2� CMFs, including the lengths of the semi-
major and minor axes (i.e., a and b), the size of the ellipse
(i.e.,

ffiffiffiffiffi
ab

p
), the orientation of the ellipse θ, and the shape

of the ellipse as characterized using b/a. Figure 11 shows
the fitted ellipses together with the MacAdam ellipses in
the CIE 1976 u0v0 chromatcity diagram using the CIE
1931 2� CMFs, providing a better illustration of the size
of the JNCD values in this study.

4.3 | Effect of CMFs, FOVs, and color
centers

Figure 12 shows the average
ffiffiffiffiffi
ab

p
of the five color centers

calculated using the four CMFs for the two FOVs. It can
be seen that the four CMFs did not introduce large differ-
ences in the size of the ellipses. Importantly, the ellipses
for the 2� FOV were consistently greater, with a scale
around 1.4, than those for the 10� FOV, suggesting that
the observers were more sensitive to the chromaticity dif-
ferences when viewing 10� stimuli. The orientations of
the ellipses for the two FOVs, however, were generally
similar, as shown in Figures 9 and 10.

Figures 9 and 10, together with Tables 2 and 3, show
that the ellipses for the five color centers had some differ-
ences, in terms of the size, shape, and orientation. In par-
ticular, the

ffiffiffiffiffi
ab

p
values for the blue center were always

FIGURE 7 Illustration of one and three standard deviation

ellipses, and 95% confidence ellipse for the same sets of input. With

Gaussian distribution, one and three standard deviation ellipses

correspond to 39.35% and 98.89% confidence level; 95% confidence

level corresponds to 2.45 SD. The data points shown in the figure

are the chromaticities of the stimuli that were judged to have no

color difference to the reference stimulus.

FIGURE 8 Illustration of the derivation of

the 50% probability ellipses fitted using a

bivariate Gaussian model. (A) Three-

dimensional bivariate Gaussian distribution

fitted using the experiment data; (B) Derivation

of the 50% probability ellipse.
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FIGURE 9 One standard

deviation ellipses derived using

the four CMFs for the five color

centers and two FOVs in the

CIE 1976 u0v0 chromaticity

diagram, with the

chromaticities of the reference

stimulus shifted to the origin.

FIGURE 10 50%

probability ellipses were derived

using the four CMFs for the five

color centers and two FOVs in

the CIE 1976 u0v0 chromaticity

diagram, with the chromaticities

of the reference stimulus shifted

to the origin.

TABLE 2 Parameters of the JNCD ellipses derived using the CIE 1931 2� CMFs for the five color centers and the 2� FOV.

Parameters a b
ffiffiffiffiffiffi
ab

p
θ (�) b/a

One standard deviation ellipse White 0.0041 0.0032 0.0036 78.4278 0.7904

Red 0.0054 0.0028 0.0039 3.386 0.5229

Yellow 0.0036 0.003 0.0033 9.8129 0.8296

Green 0.0039 0.0031 0.0035 128.8429 0.8020

Blue 0.0059 0.0025 0.0038 94.2391 0.4197

Three standard deviations ellipse White 0.0122 0.0097 0.0109 78.4278 0.7904

Red 0.0162 0.0085 0.0117 3.386 0.5229

Yellow 0.0108 0.0089 0.0098 9.8129 0.8296

Green 0.0117 0.0094 0.0105 128.8429 0.8020

Blue 0.0177 0.0074 0.0115 94.2391 0.4197

95% confidence ellipse White 0.0100 0.0079 0.0089 78.4278 0.7904

Red 0.0132 0.0069 0.0096 3.386 0.5229

Yellow 0.0088 0.0073 0.0080 9.8129 0.8296

Green 0.0095 0.0077 0.0085 128.8429 0.802

Blue 0.0145 0.0061 0.0094 94.2391 0.4197

50% probability ellipse White 0.0054 0.0023 0.0036 67.4805 0.4316

Red 0.0082 0.0033 0.0052 3.9944 0.3994

Yellow 0.0046 0.0032 0.0038 173.8979 0.6845

Green 0.0044 0.0037 0.0041 126.8177 0.8474

Blue 0.0096 0.0029 0.0052 95.8659 0.2997
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the largest, as found in various past studies,12,14 suggest-
ing the observers were the least sensitive to the chroma-
ticity differences in the blue region. Also, the b/a values

for all the five color centers were very different from
1 and the orientations of the ellipses significantly varied
with the color center, suggesting the non-uniformity of

TABLE 3 Parameters of the JNCD ellipses derived using the CIE 1931 2� CMFs for the five color centers and the 10� FOV.

Parameters a b
ffiffiffiffiffiffi
ab

p
θ (�) b/a

One standard deviation ellipse White 0.0028 0.0024 0.0026 85.3652 0.8358

Red 0.0046 0.0016 0.0027 4.1724 0.3442

Yellow 0.0025 0.0021 0.0023 43.8048 0.8196

Green 0.0031 0.0023 0.0027 3.8961 0.7579

Blue 0.0048 0.0022 0.0032 101.8703 0.4621

Three standard deviations ellipse White 0.0085 0.0071 0.0078 85.3652 0.8358

Red 0.0138 0.0048 0.0081 4.1724 0.3442

Yellow 0.0076 0.0062 0.0068 43.8048 0.8196

Green 0.0092 0.0070 0.0080 3.8961 0.7579

Blue 0.0143 0.0066 0.0097 101.8703 0.4621

95% confidence ellipse White 0.0069 0.0058 0.0063 85.3652 0.8358

Red 0.0113 0.0039 0.0066 4.1724 0.3442

Yellow 0.0062 0.0051 0.0056 43.8048 0.8196

Green 0.0075 0.0057 0.0066 3.8961 0.7579

Blue 0.0117 0.0054 0.0079 101.8703 0.4621

50% probability ellipse White 0.0034 0.0025 0.0029 104.3852 0.7384

Red 0.0065 0.0019 0.0035 3.5515 0.2902

Yellow 0.0034 0.0018 0.0024 24.0658 0.5258

Green 0.0030 0.0016 0.0022 22.397 0.5488

Blue 0.0060 0.0029 0.0042 103.0117 0.4730

FIGURE 11 Fitted ellipses based on the experiment methods using the CIE 1931 2� CMFs in the CIE 1976 u0v0 chromaticity diagram,

together with the MacAdam ellipses. (A) Experiment results with an FOV of 2�; (B) Experiment results with an FOV of 10�.
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the CIE 1976 u0v0 chromaticity diagram. The b/a values
for the white, yellow, and green color centers were
closer to 1.

4.4 | Specification of JNCD values

The average sizes of the different ellipses can be used to
specify the JNCD values, with Table 4 summarizing the
average

ffiffiffiffiffi
ab

p
of the four types of the ellipses derived using

the four CMFs for the two FOVs.
It seems to suggest that the widely used JNCD value

(i.e., 0.004 or 0.033 u0v0 unit) for a stimulus with an FOV
of 2� is derived based on the one standard deviation

ellipses, especially the
ffiffiffiffiffi
ab

p
value for the white center is

0.0036, as listed in Table 2. Based on this, the JNCD value
for a stimulus with an FOV of 10� should be specified as
0.0027, 0.0025, 0.0026, and 0.0026 u0v0 unit using each of
the four CMFs. If such a specification was used, the find-
ings and evaluations in many past studies would have
been changed.

4.5 | Variations among observers

Instead of only focusing on an average observer, we also
investigated the variations among the nine individual
observers, with Figure 13 showing the one standard

FIGURE 12 Comparison of the

average
ffiffiffiffiffi
ab

p
values of the four types of

ellipses derived using the four CMFs for

the two FOVs. (A) FOV of 2�; (B) FOV
of 10�. (1 SD: One standard deviation

ellipse; 3 SD: Three standard deviation

ellipse; 95% CI, 95% confidence ellipse;

50% PR, 50% probability ellipse).

TABLE 4 Summary of the JNCD values, in terms of the average
ffiffiffiffiffi
ab

p
values, of the four types of the ellipses derived using the four CIE

standard CMFs for the 2� and 10� FOVs, with the value derived using the 1 SD ellipse being the closest to the common specification

of JNCD.

CIE 1931 2� CIE 1964 10� CIE 2006 2� CIE 2006 10�

One standard deviation 2� 0.0036 0.0034 0.0036 0.0034

10� 0.0027 0.0025 0.0026 0.0026

Three standard deviations 2� 0.0109 0.0103 0.0107 0.0103

10� 0.0081 0.0076 0.0079 0.0077

95% confidence interval 2� 0.0089 0.0084 0.0087 0.0084

10� 0.0066 0.0062 0.0065 0.0063

50% probability 2� 0.0044 0.0041 0.0043 0.0042

10� 0.0030 0.0029 0.0030 0.0029

Note: The values derived from the one standard deviation, as highlighted in shaded cells, seem to be simliar to the specifications that are widely used.

FIGURE 13 One standard

deviation ellipses for each of the nine

individual observers derived using the

CIE 1931 2� CMFs for the five color

centers and the two FOVs, with the

chromaticities of the reference stimulus

shifted to the origin.
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deviation ellipses and Figure 14 showing the boxplots of
the

ffiffiffiffiffi
ab

p
values. In general, the variations among the

observers, in terms of the size and orientation of
the ellipse, were larger when the FOV was 10�.

5 | CONCLUSION

JNCD is important in color specification and characteri-
zation, but there is no clear or agreed definition of JNCD.
Also, the specification of JNCD was widely used in vari-
ous past studies in different ways, without considering
whether such a specification can be used with different
CMFs and for stimuli with different FOVs. In this experi-
ment, the human observers evaluated whether there was
a color difference between the test and reference stimuli.
The test stimuli were carefully calibrated using four CIE
standard CMFs, with the chromaticities uniformly dis-
tributed around the reference stimulus. The stimuli were
designed to have five color centers and two FOVs (i.e., 2�

and 10�). Different methods were used to derive the ellip-
ses for the JNCD specifications. It was found that the
widely used JNCD value (i.e., 0.004 or 0.0033 u0v0 unit)
seemed to be based on the one standard deviation ellip-
ses. The specification of the JNCD was found not affected
by using the four different CMFs. More importantly, it
was found that the specification of JNCD for stimuli with
an FOV of 10� is 0.0025–0.0027 u0v0 unit depending on
the CMFs.
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