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For calculating color differences, the CIEDE2000 and CIE94 equations are widely used and recommended. These
equations were derived more than a decade ago, based for a large part on the RIT-Dupont set of visual data. This
data was collected from a series of psychophysical tests that use the method of constant stimuli. In this method,
observers need to compare the color difference within a sample pair to that between a reference pair. In the current
investigation, we show that the color difference equation significantly changes if reference pairs are chosen in the
underlying visual experiments that differ from what was used when creating the RIT-Dupont dataset. The in-
vestigation is done using metallic paint samples representing two color centers, red and yellow-green. We show
that the reproducibility differs for three different reference pairs, and that for modeling the visual data for the
yellow-green color center, extra model terms are required as compared to the CIEDE2000 equation. Our results
suggest that observers differ in their ability to mentally convert a color difference recognized in a sample pair into
an equivalent color difference along the color difference direction represented by the reference pair. We also find
that in these tests the tolerance to lightness differences is widened by a factor of 1.3 to 1.6, and that for the red
color center the tolerance ellipsoid is rotated by 30° as compared to the CIEDE2000 equation. The latter ob-
servations are possibly due to the metallic texture in the samples used for the current experiment.  ©2015 Optical
Society of America

OCIS codes: (330.5510) Psychophysics; (330.1730) Colorimetry; (330.1690) Color.
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1. INTRODUCTION

For more than a decade, the CIEDE2000 and (to a lesser ex-
tent) the CIE94 equations have been the color difference equa-
tions for uniform colors recommended by the CIE [1,2,3]. The

is well known that color differences are not scalable over ranges
like AE*, < 10 or larger [6].

For the visual experiments that led to the RIT-Dupont data-
set, the psychophysical model of constant stimuli was used [5].

CIE94 equation was derived from a set of visual data that is
usually referred to as the RIT-Dupont dataset, and the same
dataset was also part of the data used for developing the
CIEDE2000 equation [4]. The RIT-Dupont dataset has sev-
eral advantages over alternative datasets that have been used in
the past to derive other color difference equations. For example,
the samples used in the tests underlying the RIT-Dupont data-
set form a consistent set of high-gloss paint samples [5]. The
numbers of sample pairs, color centers, and observers are larger
than for most other datasets. Finally, the color differences in-
vestigated are limited to AE”, < 5. This is important because it
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In this method, the observer is asked to compare the perceived
color difference within each sample pair to that within a (close
to) achromatic reference pair that remains the same for each
sample pair. In this way, the observer is forced to mentally con-
vert the differences that are observed in lightness and/or chro-
maticity and/or hue within the sample pair into an equivalent
color difference in the color difference direction that is repre-
sented by the reference pair. Since it is unlikely that every
observer has the same capability of doing this mental conver-
sion, this procedure may lead to relatively bad reproducibility of
visual assessments with this method [7]. Also, when using this
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method, one may expect a bias. For example, if the color differ-
ence within the reference pair is dominated by a lightness dif-
ference, one may expect that assessments for a sample pair with
a color difference that is also dominated by a lightness differ-
ence are easier to make for observers.

These problems may be avoided by choosing a different psy-
chophysical method, such as the two-alternative forced choice
(2AFC) method. We recently showed that the 2AFC method is
indeed to be preferred when investigating which of two color
differences is perceived to be smallest [8]. However, for devel-
oping color difference equations that improve predictions for
absolute color differences, the method of constant stimuli (or
the related method of gray scales) was found to be still preferable.

This leaves still open the question about the influence of the
chosen reference pair on the eventual color difference equation.
For creating the RIT-Dupont data that underlies the popular
AEy; and AE color difference equations, a reference pair has
been used with a color difference dominated by a chromaticity
difference and (to a smaller degree) a lightness difference [4]. In
the present investigation, we study the perceived color differ-
ence within sample pairs using the method of constant stimuli.
We use three different reference pairs, one of which corre-
sponds to the reference pair that has been used when creating
the RIT-Dupont dataset. The color difference equations that
best fit the visual data for each reference pair are compared with
each other to find out the effect of choosing a reference pair on
the resulting color difference formula.

In Section 2, we describe how we identified sample pairs for
this visual test for two color centers, which are referred to as the
red and the yellow-green color centers. In the same section, the
visual test setup is also described. Section 3 describes the results
that were obtained for both color centers, in terms of reproduc-
ibility, repeatability, and optimized models. In the final section
we summarize the main conclusion from this work.

2. EXPERIMENTAL
A. Samples for the Red Color Center

In the experimental method that led to the RIT-Dupont data-
set, a two-step procedure was used [4,5]. First, samples were
created around a color center along six to 14 different color
difference directions. Along each direction, the 50% tolerance
value was determined by probit analysis of the visual test data.
In the second step in the analysis, the 50% tolerance values along
the different directions were analyzed to determine the optimum
parameter values in the color difference equation. A similar two-
step approach was used in a more recent investigation [9].
From a methodological point of view, it is preferable to es-
timate model parameters directly on the visual data, rather
than through the two-step process described above. Also, it
is hardly possible to create physical samples that lie perfectly
on a straight line in color space. Therefore, we chose a different
approach: we aim at including sample pairs that represent all
color difference directions. We do not require one of the sam-
ples to be the same for all sample pairs, as was done for the
RIT-Dupont test. Instead, we require only that all the samples
are sufficiently close to each other, with a maximum AE,,,. =
6 (/ = 1.5, ¢ = 1). The sample set that we used indeed has a
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maximum AE,,,.
ing AE,,, <4.0.

Based on the availability of paint samples in our laboratories,
we selected a red color center that would allow the use of a
statistical design for the samples. This color center has CIELAB
coordinates L* = 20, #* = 39, and b* = 22 at the measure-
ment geometry with 45° aspecular angle, as calculated for the
10° standard CIE observer. This is the geometry that best cor-
responds to the lighting and observation angles in the visual test
for this investigation. All samples consist of high-gloss automo-
tive metallic paint on a steel substrate.

The aim of the present investigation is to study the meth-
odology for setting up a visual experiment to develop an impro-
ved color difference formula specifically for metallic coatings.
An investigation of the effect of texture differences on perceived
color differences was not part of the present study (see [10,
11,12]). For this reason, we chose a set of values for texture
parameters that would allow us to select samples with almost
no perceptible texture differences. By using definitions of tex-
ture parameters introduced previously [13], the texture values
for this color center are quantified by a texture value for diffuse
coarseness of 1.6, and values for glint impression of 4.8 (ata 25°
aspecular angle), 4.6 (at 45°), and 3.1 (at 75°). These values
characterize this color center as a relatively dark red color with
a fine coarseness under diffuse illumination conditions, and
with a substantial sparkle effect that remains visible until an
aspecular angle of at least 45°.

In this investigation, we aim for describing small color
differences. Therefore we require a set of sample pairs that all
have small mutual color differences, with AE*, < 2.5, and
with the color differences being uniformly distributed over
this range. We aim for a set of sample pairs for which the
color differences include contributions from all directions in
CIELAB space. This makes it possible to estimate different
quadratic interaction terms in a color difference formula:
AL, AC*, AH*2, AC*AH*, AL*AC*, and AL*AH*.

For the selected red color center, 55 samples were within the
specified range. This would make it possible to define 1485
(55 x 54/2) sample pairs. From these, 191 sample pairs have
a mutual color difference AEY, < 2.5. We require the per-
ceived mutual texture difference to be very small, with a maxi-
mum difference of 0.6 units on a scale that runs from 0 to 8,
which is close to the just noticeable difference in texture space
[13]. In this way, 50 sample pairs were left.

For these 50 sample pairs, the values for AL*, AC*, and
AH* were used to define a subset of sample pairs suitable
for developing a color difference formula with quadratic terms
and interaction terms, like the known formulas. Based on a
quadratic model with five additional samples to check the
model fit quality, a subset of 15 sample pairs was extracted that
ensures that the quadratic models can be estimated from the
data with least prediction variation. Another 10 sample pairs
were added, to make the distribution of color differences uni-
form. In an initial test, we made this sample selection uniform
in AE*,, but we found that in this way the sample design does
not guarantee that the test contains a sufficient number of
sample pairs with perceived color differences approximately
equal to the difference in the reference pair. For this reason,

= 5.9, with 95% of the sample pairs hav-
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Fig. 1. Distribution of color differences AE,,,. in sample pairs used
in the test for the (a) red and (b) yellow-green color centers.

we selected the sample pairs such that a uniform distribution in
AE,,, resulted, as illustrated in Fig. 1(a).

If we investigate the parameters AL*, AC*, and AH* for
the selected sample pairs, we find no correlation between AL*
and AH*, or between AC* and AH™ [see Fig. 2(a)]. We do
find a weak correlation between AL* and AC*. Upon inspec-
tion, we found that this correlation exists for all 1485 sample
pairs in our dataset, and, therefore, it could not be avoided.
This correlation is probably a result of the set of colorants used
for producing the set of samples. As a consequence, for the red
color center, the present investigation is not suitable to test the
inclusion of a AL*AC* term in color difference formulas.
Apart from this term, the five other quadratic terms were in-
cluded in the present study for the red color center.

B. Samples for Yellow-Green Color Center

Based on our experience with producing samples for the red
color center, we chose a different approach for the second color
center. We chose a metallic paint sample for which we know
the composition in terms of colorants and concentrations, and
that has CIELAB coordinates L* = 43, 2 = -3.6, and 6* =
6.9 at the 45° aspecular angle. The texture values for this sam-
ple are a diffuse coarseness of 3.7, and values for glint impres-
sion of 6.3 (at 25° aspecular angle), 7.1 (at 45°), and 6.6 (at
75°). This means that the sample has a yellow-green color of
medium lightness level, with medium coarseness under diffuse
lighting conditions and a high sparkle effect that is visible until
at least 75° from the specular angle.

With color formulation software, we changed the con-
centrations of the colorants such that we cover various color
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Fig. 2. Distribution of AL*, AC*, and AH* in sample pairs used
in the test for the (a) red and (b) yellow-green color centers.

difference directions within a distance of AE* = 3.0 from
the color center. In this way, we prepared 115 samples.
From this set, 33 samples were selected such that we could
combine each sample with the same reference sample, thus
forming sample pairs that represent all color difference direc-
tions and for which we expect a good balance between pairs
with a larger versus smaller perceived color difference with re-
spect to the reference pairs. The resulting distributions are

shown in Figs. 1(b) and 2(b).



2376 Vol. 32, No. 12 / December 2015 / Journal of the Optical Society of America A

C. Visual Test Setup

Ten experienced observers (eight male, two female, ages be-
tween 35 and 50) participated in the visual experiments. All
observers have normal color vision as confirmed by the Ishihara
color vision test and the Farnsworth—-Munsell 100 hue test. All
visual tests were executed with binocular viewing in a setup that
has been extensively described in Ref. [8], and that will be
briefly summarized here.

Each sample pair was placed on a vertical sample holder, as
shown in Fig. 3. The samples were illuminated mainly by a
spotlight, which provided 8170 lux of highly intense directional
light as measured on the samples, with color temperature
4700 K. The setup was designed such that both the sample
pair and the reference pair were uniformly illuminated by
the spotlight. Samples were also illuminated by fluorescent tube
lighting from the ceiling, with a color temperature of 6100 K.
Since this additional light produced only 140 lux in the vertical
plane at the position of the samples, its contribution to the il-
lumination of the sample pair and reference pair is negligible.

The spotlight was positioned to make the light incident
parallel to the surface normal of the sample pair, whereas the
observer was at 45° from the surface normal. In this way, we
imitate the 45° aspecular angle that is one of the measurement
geometries of common multiangle spectrophotometers, and
also because at this geometry the influence of small scratches in
the samples is small. As shown in Figure 3, the line separating

(b) . oo

Fig. 3. (a) Setup of the visual test, showing a sample pair and a refer-
ence pair, partly covered by a mount, with the position of the spotlight
and with the camera at the position of the observer. (b) Mount show-
ing sample pair and reference pair.
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the two samples that constitute the reference pair is parallel
(horizontal) to the plane formed by the spotlight, the observer,
and the sample. This is important, because a different choice of
orientation of the sample pair would lead to a slight difference
between the illumination and observation angles of the samples
on both sides of this separation line. For metallic samples such
as investigated here, a slight difference in observation geometry
can already lead to systematic color and texture differences be-
tween the samples.

For the yellow-green samples, the visual setup was slightly
changed by introducing a visor. This visor ensures that the
observation distance is fixed at 31 cm; for the red samples,
observers were free to choose the observation distance, leading
to values ranging between 35 and 45 cm.

To standardize the background and size of the sample pair,
we used special mounts prepared for this test (see Ref. [8]). This
ensured that, during observations, all samples subtended a vis-
ual field angle of 7°, with a well-defined, almost achromatic,
color of the background and immediate surround (L* = 56.5,
a* = -1.09, b* = 5.46, subtending 23° around the samples).
Every mount also contained the reference pair that is used for
the constant stimuli method. From Figure 3 it can be deduced
that the illumination and observation angles for the reference
pair cannot exactly correspond to the 45° aspecular angle, but
since the samples of the reference pairs are solid colors (i.e.,
their color does not change under slight variations in aspecular
angle), this is not considered to be a problem.

For this investigation we used three different reference pairs,
and separate mounts were prepared for each of them. All three
reference pairs show a color difference close to AE*, = 1.0.

Reference pair A has color difference components similar
(but not identical) to those of the reference pair that had been
used for producing the RIT-Dupont dataset [4]. For this refer-
ence pair, the color difference originates mainly from a differ-
ence in chromaticity, and some difference in lightness as well.
The corresponding numerical values are shown in Table 1.
Reference pair B represents the case of a reference pair where
the color difference is caused mainly by a difference in lightness,
whereas the difference in hue is predominant in reference
pair C.

During the visual test, each observer was asked to assess if
the color difference within the sample pair was perceived to be
smaller or larger than the color difference within the reference
pair. The order of sample pairs was randomly generated for each
observer. Separate test sessions were organized for each of the

Table 1. Specification of Color Differences and Color
Coordinates for the Three Reference Pairs Used in This
Investigation, and the Reference Pair Used for Creating
the RIT-Dupont Dataset [5]

A B C RIT-Dupont
AE?, 0.91 1.00 111 1.02
AL* 0.37 0.99 0.05 0.64
ACH 0.83 0.12 0.21 0.75
AH* 0.07 0.04 1.09 0.26
L* 49.26 49.60 48.95 49.53
a* -1.46 -1.52 -2.57 -0.08
b* -4.84 -3.59 -5.18 -5.65
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Table 2. Reproducibility and Repeatability of Visual
Assessments for the Red and Yellow-Green Color
Centers, Using Methods Explained in the Main Text, for
Reference Pairs A, B, and C?

A B C

Red Color Center

Reproducibility (average percentage of 69%  70%  64%
agreement)

Repeatability (average percentage of na.  72% na
agreement)

Yellow-Green Color Center

Reproducibility (average percentage of 67% 74% 70%
agreement)

Repeatability (percentage of agreement) 71%  67% 75%

“Entries with “n.a.” refer to cases that are not applicable, because no
repeatability data is available.

three reference pairs, where the order of the reference pairs was
also randomized for each observer. A period of one week sep-
arated test sessions for each observer, in order to avoid possible
memory effects. With a bar-code scanner it was verified that
observers used the correct reference pair and sample pairs dur-
ing each session.

3. RESULTS AND DISCUSSION
A. Red Color Center

1. Reproducibility and Repeatability

We express the reproducibility of the visual assessments as fol-
lows. First a comparison is made between the individual visual
scores that two observers give for each sample. We then calcu-
late the percentage of scores that are equal, and average this over
all samples and also over all combinations of observers. The per-
centage that results shows the average percentage of agreement.

We calculate this to be 69% for reference pair A. For reference
pairs B and C, the corresponding values are 70% and 64%, re-
spectively (see Table 2).

The results shown in Table 2 indicate that the reproducibil-
ity for reference pairs A and B are very similar, whereas we find
significantly worse reproducibility for reference pair C. A more
detailed analysis of the results showed that, for eight of the
10 observers, reference pair C indeed resulted in the smallest
average agreement percentage between the visual scores from
one observer and from the other observers.

For reference pair B, an additional slightly modified ex-
periment was conducted to investigate repeatability. This test
involved 17 from the 25 sample pairs of the main test.
Unfortunately, we could use only eight of the 10 observers
of the main test, and also a slightly different spotlight was used
that produced a slightly larger illuminance of 12,000 lux on the
samples. In this way, we find that individual scores agree for
72% on average, which is very close to the value of 70% found
for the reproducibility. This shows that the average agreement
in visual scores is very similar if an observation is repeated by
the same or by a different observer.

2. Optimized Model

We used the collected visual data to optimize with logistic
regression a model containing all quadratic terms and two-
parameter interaction terms in AL*, AC*, and AH*. In this
way we find that only the terms in AL*2, AC*?, AH*?, and
AC*AH* obtain coefficient values that differ significantly
from zero. For the red color center, none of the three reference
pairs led to a model with a significant value for the AL*AH*
term. For the red color center, the term with AL*AC* could
not be investigated in the present study, as explained in
Section 2.A. The optimized values for the various standardized
coefficients are shown in Table 3 (top).

Table 3. Standardized Coefficients for Optimized Models When Using Reference Pairs A, B, and C, for the Red and
Yellow-Green Color Centers?

A B C AE,, AE,,,.
Red Color Center
AL*? 0.27 0.51 0.18 0.48 0.61
AC*? 0.24 0.16 0.27 0.10 0.09
AH*? 0.48 0.33 0.55 0.42 0.30
AC*AH* -0.39 -0.35 -0.48 0.0 0.0
AL*AH* N.S. N.S. N.S. 0.0 0.0
Rotation angle 29.0° 31.6° 30.2° 0° 0°
Somers’ D optimized model 0.67 0.70 0.59 n.a. n.a.
Somers’ D CIEDE2000 0.56 0.61 0.45 n.a. n.a.
Yellow-Green Color Center
AL*? 0.12 0.11 0.13 0.28 0.16
AC*? 0.37 0.29 0.29 0.25 0.31
AH*? 0.51 0.60 0.58 0.47 0.53
AC*AH* 0.26 0.18 0.21 0.18 0.00
AL*AH* -0.15 -0.14 0.16 0.00 0.00
Rotation angle 149.2° 164.9° 162.0° 160.4° 0°
Somers’ D optimized model 0.69 0.76 0.69 n.a. n.a.
Somers’ D CIEDE2000 0.54 0.58 0.60 n.a. n.a.

“The corresponding values of the coefficients for the CIEDE2000 equation are also shown, as evaluated for the color center used in the experiment. The sixth row
shows the rotation angle of the tolerance ellipsoid in the AC*~AH™* plane. Entries with “n.a.” refer to coefficients that were found to not significantly contribute to the
model. The last two rows show Somers’ D coefficient for the optimized model, as compared to the value when the CIEDE2000 equation is used to evaluate the visual data.
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We analyzed if the coefficients for the models corresponding
to the three reference pairs are statistically different. In a log-
likelihood test we compared one overall model for the data
from all three reference pairs with and without a dedicated fac-
tor that describes the reference pair used in the test. This stat-
istical test showed that there is indeed a significant interaction
between the reference pair factor and the coefficient for the
AL*? term at the a = 0.01 level. This confirms that the opti-
mized models for the three different reference pairs are
statistically different.

In Table 3 (top), we also show the values of these coefficients
as evaluated for the red color center when using the CIEDE2000
equation (with k; = kc = kz; = 1) [2,3]. We note that, to
calculate these values, care should be taken to convert the
primed coordinates AL’, AC', AH' that are part of the defini-
tion of the CIEDE2000 equation into unprimed coordinates.

An important difference between the results obtained in
this experiment with the RIT-Dupont data underlying the
CIEDE2000 equation is that we find a coefficient value for
the AC*AH* term that differs significantly from zero. In the
CIEDE2000 model, this coefficient is zero for the red color
center. For all three investigated reference pairs, our results lead
to a rotation of the tolerance ellipsoid of approximately 30° as
compared to the tolerance ellipsoid orientation predicted by the
CIEDE2000 equation. The models for all three reference pairs
agree with each other in this respect. It is tempting to associate
the rotation of the tolerance ellipsoid that we find here with the
presence of metallic sparkle in the samples, but this hypothesis
would need to be tested further.

The model coefficients shown in Table 3 have been stand-
ardized such that the summed coefficients for AL*2, AC*2, and
AH*? add up to 1. This step is needed because there is no way
to compare an absolute threshold value obtained with one
reference pair with an absolute threshold value obtained with
another reference pair. For comparing the perceived color dif-
ferences between two reference pairs, one would need an ex-
pression for the color difference for different color difference
directions, but obtaining this expression is exactly the goal of
the experiment. For this reason, it makes no sense to compare
absolute model coefficients with each other. For the same rea-
son, the coefficients for AEy, and AE,,,. quadratic expansions
have also been standardized. In the analysis, we will compare
only the relative contributions from each term with each other,
i.e., the shape rather than the volume of the tolerance ellipsoid.

Table 3 (top) shows that the standardized values for the
model coefficients differ from those produced by the
CIEDE2000 equation (and also for the AE . equation) for this
color center. This confirms earlier results that showed that visual
tests on small color differences between metallic samples are
poorly predicted by current color difference equations [14].
As an example, the value for the standardized coefficient of
the AL*? term that we find for reference pairs A and C is ap-
preciably smaller than the value produced by the CIEDE2000
equation. This smaller value is probably due to a wider tolerance
to lightness differences, as caused by the presence of metallic
texture. This tolerance widening has also been found in earlier
publications on metallic samples and other textures [15,12,11].
In a previous publication, we reported that the tolerance on

lightness is widened by a factor of up to 1.6 in the presence
of metallic texture [12]. From the coefficients that we now find
for the AL*? term, we calculate that, with reference pair A, the
tolerance widening factor is 1.3, and for reference pair C we find
1.6. These values are, therefore, within the range reported before.

On the other hand, for reference pair B, the value for the
standardized coefficient of the AL*? term that is reported in
Table 3 (top) is not smaller than the corresponding value of the
CIEDE2000 equation. For this reference pair, the presence of
metallic texture does not lead to a widening of the tolerance for
lightness differences. Since reference pair B represents a color
difference dominated by a lightness difference, we speculate
that, for this reference pair, lightness differences within sample
pairs are relatively easy to compare with the lightness difference
in reference pair B, thus compensating for the widened toler-
ance for lightness differences that is due to the presence of met-
allic texture.

The standardized coefficients of the three models in Table 3
(top) show that the models for reference pairs A and C agree
quite well with each other, whereas the model for reference pair
B is different. This is also concluded from Fig. 4, where we
show how the predictions of the three models correlate with
each other. Clearly, the models for reference pairs A and C cor-
relate best with each other.

Table 3 also shows the values that we find for Somers’ D
parameter, which is a measure of the association between model
predictions and the visual scores [16]. According to the values
shown, predictions with the optimized models agree better with
the present visual data than when using the CIEDE2000 equation.

We can use the optimized model for each reference pair to
predict for each sample pair the probability that observers assess
it as having a larger perceived color difference than the reference
pair. In Figs. 5(a) and 5(b) we show that, for reference pairs A
and B, this predicted probability correlates well with the per-
centages of visual assessments that actually do rate the perceived
color difference as being larger than for the reference pair. For
reference pair C, Fig. 5(c) shows that the optimized model does
not estimate well if observers assess a sample pair as having a
larger color difference than the reference pair. This is why the
Somers’ D value for reference pair C is relatively small, as shown
in Table 3.

Figure 5(a) shows that, for reference pair A, the optimized
model is well able to separate the two main categories of visual
data for this reference pair: those sample pairs for which less
than 40% of observers rate the perceived color difference as
being larger than the color difference in the reference pair, ver-
sus those sample pairs for which this percentage is larger than
60%. Although this separation is well described by the opti-
mized model, the order of probabilities for sample pairs within
each category is not predicted well by the model.

Based on the optimized models for the three reference pairs,
we can plot the tolerance ellipsoids corresponding to predicting
a 50% chance for observers to assess a sample pair as having a
larger perceived color difference than the reference pair. For the
three different reference pairs, these tolerance ellipsoids are
shown in Fig. 6(a). To illustrate the different tolerances to light-
ness differences for the three models, the ellipsoids in Fig. (6)
are drawn for a plane in CIELAB-space with a lightness value
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Fig. 4. DPredicted percentages of visual assessment stating that the
sample pair has a larger perceived color difference than the reference
pair, for optimized models for the red color center using (a) reference

pairs A and C, (b) A and B, and (c) B and C.

one unit larger than the lightness value of the color center.
Models with a tighter tolerance for lightness will then show
up with a smaller ellipse.

As another illustration of the tolerance predicted by the op-
timized models, we use the models to predict the probability
that a hypothetical sample pair would be assessed as having a
perceived color difference that is larger than the reference pair.
This probability is calculated for the case that the sample pair
would have the color coordinates and texture values of the red
color center, and color differences AL*, AC*, and AH* equal
to the difference values of the reference pair. We find a prob-
ability of 17% for reference pair A. For reference pairs B and C,
the same procedure produces probabilities of 39% and 46%,
respectively. Since these percentages are all smaller than 50%,
the models consistently predict the average observer to be more
tolerant for color differences in the case of textured red samples
than in the case of samples with the same uniform gray color as
the reference pairs. From the data collected here, it is not pos-
sible to determine if this increased tolerance is caused by the
sample pairs having a surface texture, or if it is caused by
the color center being red.

B. Yellow-Green Color Center

1. Reproducibility and Repeatability

The reproducibility of the visual assessments that we find for
the yellow-green color center is very similar to the values for the
red color center, as demonstrated in Table 2. While for the red
color center we found very similar reproducibility for reference
pairs A and B, with reference pair C showing significantly worse
reproducibility, for the yellow-green color center all three refer-
ence pairs show significantly different reproducibility. Although
the average differences are relatively small, it is a consistent
finding for most of the observers separately.

For the yellow-green color center, we decided to introduce
additional visual sessions in order to better estimate the repeat-
ability of visual assessments. The visual sessions for each refer-
ence pair were repeated in another session by four of the 10
observers. For each reference pair, the repeatability of visual as-
sessments is expressed as the percentage of visual assessments
that is equal in both sessions. As shown in Table 2, we find
that the repeatability is very similar to the reproducibility. The
same conclusion was also found for the red color center.

2. Optimized Model

Before optimizing the model coefficients, we first calculated their
values when using the CIEDE2000 equation [2,3]. When
we optimize a quadratic model to describe the visual data, we
find that, for the yellow-green color center, the AL*AH* term
does obtain a value thatsignificantly differs from zero, in contrast
to what we found for the red color center. With log-likelihood
tests we found that, for each of the reference pairs, the addition of
the AL*AH* term is significant at & = 0.01. As shown in
Table 3 (bottom), the addition of the term in AL*AC*, which
could not be investigated for the red color center, was found to
not be significant for the yellow-green color center.

Similar to our analysis for the red color center, a log-
likelihood test showed that, also for the yellow-green color
center, the optimized models for the three different reference
pairs are statistically different. In this case, this is caused by a
significant interaction between the reference pair factor and the
coefficient for the AH*? term at the @ = 0.01 level.
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Fig. 5. Predictions by optimized models, compared to visual data, for the red color center and (a) reference pair A, (b) reference pair B, and
(c) reference pair C. For the yellow-green color center, similar graphs are shown for (d) reference pair A, (e) reference pair B, and (f) reference pair C.

Table 3 (bottom) shows that, also for the yellow-green
color center, the optimized models show smaller standardized
coefficients for the AL*? term than the corresponding value
from CIEDE2000. The values are even smaller than what we
found for the red color center, and in this case, the value for
reference pair B has also dropped considerably. The smaller
values of this coefficient for the yellow-green color center
may be explained by the stronger sparkle effect in this set of
samples. For this color center, the values shown in Table 3
(bottom) correspond to a widening in lightness tolerance of
1.5 to 1.6 for all three reference pairs. As mentioned before,

this is in the reported range of this factor due to the presence
of sparkle [12].

The values of the coefficients of AE,,. agree better with the
optimized model coefficients for AL*?, AC*?, and AH*? than
the corresponding local values in the CIEDE2000 equation,
but obviously they do not include the rotation terms AC*AH*
and AL*AH* that we do find in our optimized models.
Therefore, also for the yellow-green color center, our results
confirm earlier conclusions that current color difference equa-
tions do not well describe small color differences between
metallic samples [14].
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Similar to what we described for the red color center, we can
again use the optimized models to predict the probability that a
hypothetical sample pair would be assessed as having a per-
ceived color difference that is larger than the reference pair,
if the sample pair would have the color coordinates and texture
values of the yellow-green color center, and color differences
AL*, AC*, and AH* equal to the difference values of the refer-
ence pair. For reference pairs A, B and C we now find prob-
abilities of only 8%, 4% and 29%, respectively. With all these
percentages being substantially smaller than 50%, all these
models predict the average observer to be more tolerant for
color differences in case of textured yellow-green samples than
in case of samples with the same uniform gray color as the refer-
ence pairs. The same result was found for the red color center,
but it is more pronounced for the yellow-green center with its
stronger sparkle effect.

Figures 5(d)-5(f) show the correlation between the pre-
dicted probabilities of the optimized models versus the actual

probabilities observed in the visual tests, for each of the three
reference pairs. These graphs show that for the yellow-green
color center, this correlation is quite good for reference pairs
A and B, and worse for reference pair C. This is also indicated
by the values for the Somers’ D parameter, as shown in Table 3.
We note that for the red color center, we found the same result.

The tolerance ellipsoids that can be calculated for the yel-
low-green color center are shown in Fig. 6(b), for all three refer-
ence pairs. When compared to the tolerance ellipsoids for the
red color center [Fig. 6(a)], it becomes clear that for both color
centers the tolerance ellipsoid for reference pair B is the tightest,
followed by the ones for reference pair A and then reference pair
C. All these tolerance ellipsoids are plotted for the plane defined
by a lightness value 1 unit larger than the lightness value of the
color center. Therefore the relative sizes of these ellipsoids
shows that indeed using reference pair B leads to a tighter tol-
erance in lightness than when using reference pair A, which in
turn leads to a tighter tolerance in lightness than when using
reference pair C (as is also clear from the model coefficients in
Table 3). Further, Fig. 6 shows that the ellipsoids have different

rotation angles with respect to each other.

4. CONCLUSIONS

The main conclusion from this work is that current color differ-
ence formulas such as CIEDE2000 and CIE94 would change
significantly if a different reference pair would have been used
in the constant stimuli experiments underlying these formulas.
In other words, color difference formulas such as CIEDE2000
and CIE94 are less universal than what is often hoped for.
These equations have been derived from visual data, collected
with the psychophysical model of constant stimuli. In this
method, the perceived color difference within a sample pair
is compared to that for a reference pair. A particular choice
of reference pair was made when creating the RIT-Dupont data
that underlies the popular AEy, and AE, color difference
equations.

In the present study we have investigated how the coeffi-
cients in an optimized color difference formula depend on
the type of reference pair selected in the underlying constant
stimuli experiment. We selected three different reference pairs.
Reference pair A represents the reference pair used when creat-
ing the RIT-Dupont dataset. Reference pairs B and C represent
cases with predominant lightness and hue difference, respec-
tively. In all three cases, the absolute color difference within
the reference pair was very similar to the value used in the
RIT-Dupont experiments.

Our results show that for the models that are derived for
these three cases, the coefficients are significantly different
from each other. Therefore, we conclude that the choice for a
particular reference pair in the visual tests that produce the
experimental data on which the color difference formulas are
optimized, has a significant effect on the final expression.

Our results for the red color center show that reference pair
C leads to a significantly worse reproducibility. When using the
visual data to optimize the coefficients in a color difference
equation, we find that the resulting model for visual tests
with reference pair C do not predict the visual data well, with
a value of Somers’ D coefficient of 0.59. This was found to be
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significantly worse than for reference pairs A and B, which have
a value of Somers’ D coefficient close to 0.70. For reference
pairs A and B, the model predicts the visual data rather well.
The repeatability of visual assessments was found to be of the
same magnitude as the reproducibility.

For the yellow-green color center, it is reference pair A that
has the worst reproducibility. Based on the resulting value of
the Somers’ D coefficient, the visual data for reference pair
B lead to the most accurate model. Our results therefore imply
that visual data can best be modeled with a quadratic function if
reference pair B is chosen in the constant stimuli experiment.

For all three reference pairs, the resulting quadratic models
show the same terms to be significant. For the red color
center, these are exactly the same terms as known from the
CIEDE2000 color difference equation. The coefficients for
reference pairs A and C are very similar to each other. All three
models predict that the tolerance ellipsoid is rotated by approx-
imately 30° as compared to the orientation prescribed by the
CIEDE2000 equation. It is tempting to associate this rotation
angle to the presence of metallic sparkle in the samples, but this
hypothesis needs confirmation from additional visual tests. For
the yellow-green color center, the resulting quadratic model
adds a AL*AH™* term to the formula, which is not part of the
CIEDE2000 color difference equation.

Our results for both the red and the yellow-green color
center show that the tolerance to lightness differences in sample
pairs is widened by a factor 1.3 to 1.6. This confirms earlier
studies that showed that the presence of metallic texture widens
mainly the tolerance to lightness differences. Only for the red
color center and reference pair B we found no such influence,
possibly because in this reference pair the difference in lightness
dominates the overall color difference. For this reason, lightness
differences within sample pairs may be relatively easy to com-
pare to the color difference in the reference pair, thus leading to
a tightening of the tolerance to lightness differences. This can-
cels the widening of this tolerance due to the presence of met-
allic sparkle for the red color center. For the yellow-green color
center this cancellation is not found, possibly because the sam-
ples that we used for this color center have a stronger sparkle
effect than the samples we used for the red color center.

We already concluded that visual data can best be modeled
with a quadratic function if reference pair B is chosen in the
constant stimuli experiment. There are two possible explana-
tions for this result.

The first explanation is that that lightness differences are
easier to assess by observers than other components of color
differences (saturation and hue). This is already known from
earlier studies [17,18].

An alternative explanation uses the observation that refer-
ence pair B is the only reference pair for which the direction
of the color difference in CIELAB color space is included
explicitly in the quadratic models that we test. Visual data from
constant stimuli experiments in which the reference pair has a
color difference vector that is not included explicitly in the
quadratic terms of the model may show larger scatter, and
may therefore lead to models that describe the visual data less
accurately. For modeling such experiments, it might be better
to use quadratic models in component terms corresponding to
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color difference vectors parallel and perpendicular to the color
difference vector from the reference pair.

The latter explanation may help to explain why in our recent
study of the two-alternative forced choice (2AFC) method we
found that a quadratic model is not able to accurately fit the
visual data [8]. In a 2AFC experiment, observers are confronted
with three samples, A, B, and C, and they are asked to assess if
the color difference between samples A and B is larger or
smaller than between samples B and C. Since after every assess-
ment the three samples are replaced by three other samples, one
may consider this method as a constant stimuli experiment in
which the reference pair changes for every assessment. The con-
clusions obtained from the current investigation would predict
the visual data obtained with the 2AFC method to be not well
described by a single tolerance ellipsoid, which is indeed what
we found before [8].
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