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Abstract

Different large magnitude colour-difference (LCD) data sets
were accumulated. A uniform colour space based upon
modification of CIELAB was developed to fit each data set.
These spaces were then compared to reveal the differences
between the different data sets. The results showed that all
LCD data sets have fairly similar characteristics to each
other except for the Munsell data due to the incorrect
balance between the lightness and chromatic data within the
latter data set. The present results show that a one unit of
Munsell Value appears larger than one unit of Munsell
Chroma by a factor of 1.25.

Introduction

Uniform colour spaces (UCS) are essential for colour
imaging applications such as colour management, gamut
mapping, image compression, etc. Almost all spaces have
been developed to fit some particular experimental data sets.
However, it was found that there are large disagreements
between different data sets from the authors’ earlier
studies."” In the earlier experiment,' five types of scales in
CIELAB colour space were investigated: hue, lightness,
chroma, a light series and a dark series using CRT colours.
Observers were asked to adjust colours along 24 vectors in
CIELAB colour space as shown in Figure 1. These included
one lightness, five chromas along different hue angles, eight
hues with two chromas in each of the four hue quadrants, 5
mixtures of lightness and choma from white to full colour
(called light series) and five from black to a full colour
(called dark series). The data were then used to test different
colour difference formulae and uniform colour spaces
(UCSs). The results clearly show that the models’
performances are largely different according to the data sets
used to develop these formulae or spaces. They can be
categorised into three: those fitted to data with large
magnitude of colour difference (named LCD), with small
magnitude of colour difference (SCD), and the Munsell
data. This was further supported in the authors’ later study’
using all available data sets.

The present study aims to test various formulae or
UCSs using seven available LCD data sets and to reveal the
differences between them. The SCD data sets were excluded
because almost all UCSs have been developed based upon
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LCD data sets. Guan and Luo’ discovered that a model with
a general structure based upon CIELAB® can fit well to
many data sets. The same structure is adopted here to fit
each individual data set. Hence, the differences of lightness
or chroma scales between different models represent the
differences between different data sets.
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Figure 1. (a) The lightness scale, chroma scale, light series and
dark series studied. (b) The hue scales studied

Testing Different Colour Models’ Performance
Using LCD Data Sets

Seven LCD data sets were used in this study: CII-Zhu,'
Guan,” Munsell,”® OSA, BFB-Textile’ and Pointer’
including 144, 292, 844, 128, 238 and 1308 and having
average AE*“b values of 9.9,11.4,10.2,14.3,11.7 and 8.9
respectively. Nine uniform colour spaces or colour
difference formulae were tested using the above six data
sets in terms of the PF/3 measure, which was developed by
Luo and Rigg."” For example, a PF/3 of 30 indicates that
there is a 30% disagreement between a model’s predictions
to the visual results. These spaces and formulae were
selected for particular reasons. The CIEDE2000" represents
formulae fitted to SCD data. The other spaces were
developed to fit LCD data, i.e. CIELAB,' Kuehni,” SVF"”
and NC_ITIC" fitted to the Munsell data, OSA’ space fitted
to OSA data, GLAB’ for the combined OSA, BFB-Textile
and Guan data, and also IPT" fitted to a number of data sets.
The Munsell data used here correspond to the physical
samples used in the original experiment,’ not the full set of
the Munsell Renotation system.’ Many extremely colourful
and bright samples are included in the latter, but they were
extrapolated from the original data set.’ The colour
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difference pairs were formed between the neighbouring
samples along Munsell Value, Chroma and Hue scales. The
visual differences were set to two and one for Value and
Chroma respectively (see later). The Munsell Hue
differences vary according to the Chroma of given samples.
CAMO97s2" is a modified version of the CIE colour
appearance model, the CIECAM97s,"” for predicting colour
appearance under different viewing conditions. For each

These results show a fairly small difference between
original models, i.e. the mean PF/3 values ranged from 25
to 30 except for the worst CAM97s2 (34). The difference is
even smaller between k, formulae (3 units). As expected, all
k, formulae improved from the original formulae by 1 or 2
units especially for CAM97s2 due to large difference of k,
values from unity. In addition, all models require a larger k,
value to fit the Munsell data set than those for the other data
sets by a factor of 1.5. CIEDE2000, developed for fitting
small colour differences, performed the worst for almost all
LCD data sets. This indicates a large difference between
SCD and LCD data. Overall, GLAB gave an overall better
performance than the other models. This demonstrates the
effectiveness of modifying CIELAB space to fit a
combination of reliable data sets. It can also be found that
some models performed best for a particular data set but
predicted the worst for the other data set. For example,

model, two tests were carried out: the original model and
the original model optimised with a lightness parametric
factor (k,), which are designated below as original and k,
models, respectively. The results in PF/3 values are
summarised in Table 1 for the original and the k, models
together with optimum k, values in brackets. The mean
values for each model were also calculated.

NC_IIC developed to fit the Munsell data gave the worst fit
for the CII-Zhu, OSA and Guan data sets. This indicates
that the LCD data sets are inconsistent between themselves.

Developing Colour Models to Represent Each
Data Set

It is valuable to understand the detailed differences between
the different data sets. However, it is difficult to compare
two data sets because the colour difference pairs between
two data sets are different. The strategy used here is to
derive colour models having the same generic structure to
fit different data sets. These models can then be compared
to reveal the real differences between different data sets.
The first generic model developed is a modification of
CIELAB having a structure similar to that of GLAB.
Tolerances in colour space are commonly presented with an
ellipsoid. The general form is defined as follows.

AC*

i 2 2 .V
AE = AL — | + — | + AH_ (1)
kp(A+BpL*) kc(1+BcC*) (1+ByC*

Table 1. Testing Colour Models’ Performance Using Different LCD Data Sets.

Model\Data | CI-Zhu | OSA [ BFB-Textile | Guan | Munsell | Pointer |  Mean
Original model (k,=1)

CIEDE2000 31 25 21 21 38 41 30
GLAB 26 19 23 16 33 34 25
OSA 29 20 28 18 28 34 26
IPT 27 24 32 19 25 33 27
CIELAB 29 27 34 27 18 35 28
Kuehni 39 26 33 29 18 36 25
SVF 34 22 28 19 19 33 26
NC_IIIC 38 27 32 27 15 36 29
CAM97s2 37 26 35 37 28 40 34
Optimised Formula with varying k,

CIEDE2000 29(0.8) 25(0.8) 20(0.9) 21(1.0) 30(1.5) 38(0.6) 27
GLAB 26(1.0) 19(1.0) 23(1.0) 16(1.0) 23(1.6) 34(1.0) 24
OSA 29(1.1) 20(1.0) 27(1.1) 18(1.1) 16(1.6) 34(1.1) 24
IPT 27(1.1) 24(0.9) 32(1.0) 19(1.0) 19(1.4) 33(0.9) 26
CIELAB 28(0.8) 24(0.6) 30(0.7) 19(0.6) 18(1.0) 34(0.7) 26
Kuehni 35(0.6) 22(0.6) 28(0.6) 19(0.6) 17(0.9) 34(0.6) 25
SVF 33(0.8) 21(0.8) 27(0.8) 17(0.8) 17(1.2) 33(0.8) 25
NC_IIIC 36(0.6) 25(0.6) 29(0.7) 21(0.7) 15(1.0) 35(0.7) 27
CAMO97s2 29(0.5) 23(0.4) 26(0.5) 21(0.5) 27(0.8) 34(0.4) 27

Note: For each data set, the best model is underlined and bold, and the worst model is in italic and bold.
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where k,, k., B, B.and B, are five coefficients optimized to

give the best fit to each data set in terms of the PF/3

measure. Equation (1) is named as S5CLAB below,
indicating the five coefficients were optimised in modifying

CIELAB. In addition, a three coefficients model, 3CLAB,

was also developed by setting k=1 and ,=0 for each data

set. The optimised coefficients together with PF/3 value for
each data set are given in Tables 2 and 3 respectively. The
results can be summarised below:

* Equation (1) (SCLAB) fits the data quite well with an
average of about 22 PF/3 units. The largest error occurs
for the Pointer data set due to the larger noise in this
data set compared to the others.

*  The PF/3 measures for the SCLAB and 3CLAB models
are very similar (within 2 units). This indicates that k.
and B, are not as important as the other coefficients.

*  The model-coefficients for the different data sets are
very different, i.e. for the 3CLAB models, the k,, and 3.
values vary by factors about 2 and 6 respectively.

Table 2. 5SCLAB Coefficients and PF/3 Values for Each
Data Set

Data PF/3 k, B, ke B B,

CII-Zhu 22 1.3 0.0016 2.2 0.0036 | 0.0186
OSA 19 0.9 -0.0022 1.1 0.0117 0.0014
BFB-Textile 21 0.4 0.0210 0.8 0.0389 | 0.0029
Guan 15 0.5 0.0100 0.9 0.0123 | -0.0012
Munsell 17 1.2 -0.0018 0.9 0.0083 0.0039
Pointer 33 0.8 -0.0028 0.9 0.0079 | -0.0022

Table 3. 3CLAB Coefficients and PF/3 Values for Each
Data Set

Data PF/3 k, B B,

CII-Zhu 24 0.75 0.0092 -0.0003
OSA 19 0.74 0.0155 0.0005
BFB-Textile 22 0.93 0.0281 0.0061
Guan 15 0.72 0.0107 -0.0007
Munsell 17 1.19 0.0068 0.0057
Pointer 33 0.74 0.0048 -0.0004

Comparing Scales between Different Models

A quantitative method was used to compare the different
colour models corresponding to different data sets. Each
3CLAB model’s coefficients were used to construct an UCS
as given in equation (2). The B,, coefficient in equation (1)
was excluded due to fact that their values are quite small
and also by removing them the UCS becomes much
simpler.

L’ =L*
C’ = (k, /BJIn (1 + P, C*) 2)
a’ = C’Cos (h)
b’ = C’ Sin (h)

The k, values in Table 3 indicate the differences in
lightness weighting (compared to chroma and hue
differences) between different data sets. The k, value of

1.19 for Munsell is the largest, followed by BFB-Textile
(0.93) with the others (around 0.75). This implies that for a
pair of samples exhibiting only lightness differences, the
UCSs derived from the Munsell and BFB-Textile data sets
predict a smaller difference than the other UCSs.

Comparing different UCSs’ chroma scales, the C’ scale
in equation (2) was used. They are plotted against the
CIELAB C* scale as shown in Figure 2. The results clearly
show that the C’ scales from all models had a reasonably
good agreement except for that of Munsell, which agrees
best to the CIELAB C#* scale, i.e. closest to the 450 line.
The chroma scale shows the largest discrepancy between
the Munsell and the other data sets. Note that the equation
for C’ involves k, as well as .. Much of the difference
between the different C’ scales is caused by the lightness
weighting factor k,.
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Figure 2. The C’ scales developed from different data sets are
plotted against the CIELAB C* scale.

Munsell Data Set

Figure 2 shows that the C’ scale of the Munsell model is the
most different from those from the other models. This is
caused by a larger k, value than those of the others.
However, its B, value is not very much different from those
of the other models as shown in Figure 3, in which C’’ scale
for each model calculated using (1/8,) In (1 + B.C*) are
plotted. It clearly shows that Munsell C’’ is quite similar to
the other C’’ scales. The discrepancy between Munsell C”’
and C’ is caused by the balance between lightness and
chromatic differences within the data. Although a careful
literature survey was conducted, very little information was
found regarding this balance. Almost all researchers assume
that one unit of Munsell Value appears twice of one unit of
Munsell Chroma."™" Hence, the models developed to fit the
Munsell data had a k, value close to one (see CIELAB,
Kuehni, SVF and NC_IIIC in Table 1). The present results
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show that the characteristics of the Munsell data are similar
to those of the other LCD data sets. Considering the k, value
of 1.19 and 0.74 for the Munsell data and the average from
the other data sets excluding BFB-Textile, one unit of
Munsell Value should be preceived 1.25 times of one unit
of Munsell Chroma in order to have a good agreement
between the Munsell and the other LCD data sets.
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Figure 3. The C’’ scales developed from different data sets are
plotted against the CIELAB C* scale.

Conclusions

Various large colour-difference data sets were accumulated.
A uniform colour space based upon modification of
CIELAB was developed to fit each data set. These spaces
were then compared to reveal the differences between the
different data sets. The results showed that the Munsell data
disagreed with the other data sets due to the incorrect
balance between the lightness and chromatic data within the
data set. The present results show that a one unit of Munsell
Value is equivalent to 1.25-units of Munsell Chroma. In
conclusion, all LCD data sets have fairly similar
characteristics to each other.
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