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Background

The requirement to be able to make a reliable decision about whether
two samples are a visual colour match is an important commercial
consideration for most textile production companies [1,2]. Traditionally
visual pass/fail analysis was carried out by trained colourists. However,
these visual decisions are subject to a number of problems which can
make them unreliable. Approximately 8% of the male population have a
colour vision deficiency (known colloquially as colour blindness) which
means that pairs of samples may be a visual match to them despite
appearing to be very different to other so-called normal observers [3].
Some variation in colour vision also is found in normal observers [4]
and the effect of the viewing environment can affect visual decisions.
Although the use of high-quality viewing cabinets can reduce variation
in pass/fail decisions even the colour of the background in the cabinet
against which the pair of samples are viewed can greatly affect the
magnitude of the visual difference (the ‘crispening’ effect) [5]. In 1953
an analysis of 287 pairs of samples were visually assessed by 8 trained
colourists [6] and a later analysis of these data showed that 24.5% of
the pairs that should pass were rejected and 13.3% of the pairs that
should be rejected were passed [1]. Several such studies have since been
carried out and it is widely understood that as many as 25% ‘wrong
decisions’ are made by professional colourists when making visual pass/
fail decisions [7]. This variability in the pass/fail decision is potentially
costly and instrumental methods have been available for at least 50
years. This paper considers the current state of instrumental colour-
difference evaluation and highlights some best practice.

The CIE System of Colorimetry

The CIE (Commission Internationale d’Eclairage) system of
colorimetry was introduced in 1931 [8]. It provides a mathematical
framework to allow measurements of spectral reflectance to be
converted into CIE XYZ tristimulus values given a standard relative
spectral power distribution for the illuminant. The principle of the CIE
system is simple; if two samples have the same XYZ values then they
will be a visual match to an average observer if the samples are viewed
in standardised conditions under the illumination that matches the
illuminant under which the XYZ values were calculated. However, in
practice this perfect scenario is never met and in the middle of the 20
Century a practical problem emerged, which was to decide on the pass/
fail tolerance (how close the XYZ values of two samples need to be for
the two samples to be deemed a visual match). Many studies revealed
that the CIE XYZ colour space (and its associated chromaticity diagram)
is not perceptually uniform. In other words, the same magnitude of
differences in X, Y and Z result in greater or smaller visual differences
depending upon the colours of the samples being considered (for
example, very small changes in the blue region may be barely noticeable
whereas much larger changes in the green region would not be visible).
The problem of visual uniformity was one of the reasons why the
CIELAB system was introduced in 1976 [9]. The CIELAB colour space
is a non-linear transformation of the original XYZ system and is notably
more visual uniform. Colour differences in CIELAB are expressed in
terms of a colour difference, AE, which is calculated as the Euclidean
distance in CIELAB space between the two points that represent two
samples (eqn. (1)). In eqn. (1) the AE is calculated from the differences

in L, a and b between the two samples (where L*, a* and b* are the
CIELAB colour coordinates).

AE=(AL?+Aa+Aa?+Ab?)%5. . (1)

Unfortunately, although CIELAB was a substantial improvement
on the CIE XYZ system it is only approximately visually uniform and
cannot be used for the Holy Grail of colour measurement - single-
number pass/fail colour difference (where a fixed tolerance, such as
AE=1, can be used as the pass/fail limit no matter what the colour of the
pair of samples being considered or the nature of the colour difference
between them) [9]. In fact, it has been stated that the performance
of the CIELAB colour-difference formula for instrumental pass/fail
would give results no better than what one would expect from a single
observer [9].

Colour Difference Equations

The last 50 years has seen substantial developments in instrumental
colour-difference evaluation and the introduction of many new
equations. The JPC79 colour-difference equation was introduced [10]
and was later modified to produce the CMC equation [11]. The CMC
equation, published in 1984, weights differences in lightness, chroma
and hue according to the colour of the standard sample of the pair
based upon an equation that was fitted to the visual performance of a
number of observers. Note that the CIELAB equation can be expressed
in polar coordinates rather than the Cartesian coordinates of eqn. (1), thus:

AE=(AL*+AC2+AH™)3 )

Although CIELAB colour differences can be calculated from either
Cartesian or polar coordinates, most of the optimized equations (such
as JPC79 and CMC) that have been developed since are based on
the polar representation of chroma and hue only. Eqn. (3) shows the
generic form of an optimized colour-difference equation:

AE =(( AL'/W )*+(AC/W )*+(AH/W, )?)°3 3)

where AE, is the optimized colour difference and W, W, and W, are
weighting factors that are calculated in various ways depending upon
the equation. The JPC79 and CMC colour difference formulae both
take the generic form of eqn. (3) but calculate the weighting factors
in different ways. A further advancement was made in 1987 with the
development of the BFD colour-difference equation which was a
refinement of the CMC equation [12]. Meanwhile, some researchers
doubted whether the complexity of the BFD equation was justified and
a much simpler equation, known, as CIE94 was introduced [13]. The
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CIEDE2000 colour-difference was published in 2001 by the CIE based
on extensive research [14,15]. In addition to the lightness, chroma
and hue weighting functions, CIEDE2000 includes an interactive term
between chroma and hue differences for improving the performance in
the blue region of colour space and a CIELAB a* term for improving
the performance for grey colours [14].

A number of studies have compared the relative performance of
the optimized colour-difference equations [16-19] and the outcome
can sometimes depend upon the dataset that is used for the evaluation
and the metric that is used to assess performance. However, for small
colour differences (which are defined as those where the CIELAB
AE<5) there is overwhelming evidence that modern formula such as
CIEDE2000 outperform CIELAB. The CIEDE2000 formula is widely
regarded as the most accurate colour-difference formula for small-
colour differences and in one study, for example, outperformed both
CMC and CIE94 by a large margin [14].

Best Practice and Outlook

The current CIE recommendation for the instrumental evaluation
of small colour differences is the CIEDE2000 formula and is officially
adopted as the CIE colour-difference equation [14]. For large colour
differences the recommendation is still CIELAB; in part, because of
the research that has been carried out to develop colour-difference
equations has been with small colour differences since these are the
differences that are most commercially significant. Rather less research
has been carried out with supra-threshold colour differences. Despite
the fact that the CIELAB colour-difference equation could be regarded
as technology that is more than 40 years odd, in the author’s experience
it is still widely used in industry and many quality control departments
are unaware of CIEDE2000 or unfamiliar with it. One factor that
may have inhibited the uptake of the optimized colour-difference
equations (from JPC79 to CIEDE2000) is that they are based on the
polar coordinates of CIELAB colour space rather than the Cartesian
coordinates. Cartesian geometry is so ubiquitous at school-level
education that it is barely necessary to refer to it by name. However,
an engagement with the polar coordinates of chroma and hue should
be encouraged. There is a reason why the optimized equations since
1976 have been based on chroma and hue rather than a"and b” and that
is that it is much easier to relate changes in the polar coordinates to
visual changes. Conversely, the coordinates a” and b" on their own each
confound the variables of chroma and hue [20].

Although the CIEDE2000 should be preferred to CIELAB as a
colour-difference equation for use in most industrial applications this
is no way suggests that CIELAB as a colour space is soon to be replaced.
CIELAB has been a standard colour space for more than 40 years and
remains so. Indeed, all of the optimized colour-difference equations
that have been discussed in this paper are based on CIELAB. Recent
research, however, is exploring other spaces (which are more uniform
than CIELAB) in which to base colour-difference metrics [20]. Unlike,
CIE XYZ, CIELAB is a colour-appearance space; however, it is not a
particular good one. Advances in colour-appearance research have led
to a number of new models such as CIECAMO2 which can describe
many colour-appearance phenomena that are beyond CIELAB. It is
likely that in the future we will see more colour-difference equations
based on CIECAMO2 and related colour spaces and that CIEDE2000
will not be the final word in instrumental evaluation of colour
difference.
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