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Colour-difference formulae -
recent developments

Although a colour-difference
formula should, ideally, be based
on a colour appearance model,
most formulae in common use are
empirically based. Of the many
proposed, none are completely
satisfactory, but advances have
been made in recent years. Bryan
Rigg considers the reliability of
these newer formulae,
concentrating on their surprising
dissimilarities with regards to
lightness differences.

Colour-difference formulae are intended to give
a single number {(denoted by AE) that is
proportional to the difference seen between a
pair of coloured samples. More importantiy, for
colour differences between pairs of samples of
separate colours or between pairs with the
differences in dissimilar directions for the same
colour, all differences seen to be the same
should have the same AFE value.

Ideally, a colour-difference formula would be
based on a colour appearance model, but, so
far, most colour-difference formulae in common
use are based on empirical fits to data.
Although they usually have an overall structure
that bears some resemblance to a colour
vision model, the details are generally
mathematical fits.

Many different colour-difference formulae
have been proposed over the years, but none
are completely satisfactory. A reliable formuia
must be based on a large body of accurate
experimental results from carefully constructed
experiments. Workers in the field have
consistently underestimated the amount of
work and care required. Experiments should
cover a comprehensive range of colours and
directions around each colour. Changes in

parameters such as nature of the surface, light
source, size of colour difference, size of
sample and the boundary between the
samples might affect the results.

in 1976, the CIE proposed that two
particular formulae should be adopted in the
interests of standardisation. These were CIE
L*a*b" (or CIELAB) and CIE L*u*v* (or
CIELUV). it was claimed that these formulae
were at least as good as any others available
at that time. Subsequent work has confirmed
the claim, but has shown that neither is really
satisfactory for colour tolerance work on
surface colours.,

Several new formulae have been introduced
since 1976, and the reliability of these newer
(better) formulae is considered in this paper.
There are serious differences between these
newer formulae, particularly when lightness
differences are involved. This is rather
surprising since lightness differences are the
simplest and most extensively studied part of
colour-difference formulae. Work on lightness
differences is therefore discussed in detail.

Progress since 1976
CMC formula

Strenuous efforts have been made to try to find
better formulae by modifying the CIELAB
formuia. McDonald's work at J&P Coats proved
to be a major advance, and led to the JPC79
formula, published in 1380. This seemed to be
very promising, but gave anomalous resuits in
some regions of colour space. Modification of
the formula to remove these anomalies led to
the CMC formula, published by Clarke,
McDonald and myself in 1984. Although the
JPC79 formula was based on visual
judgements by only one observer, the CMC
formula was tested extensively before
publication and was found to give a
considerably better fit to the available
experimental resuits than the CIELAB formula.
The latter gave resuits that were generally no
better than those that would be expected from
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visual judgements by a single observer. The
CMC formula was adopted as a British
standard, and is currently being considered by
ISO as an international standard.

BFD formula

In 1987, Ronnie Luo and | considered that, in
view of the origin of the CMC formula and the
disagreement between the formula and
experimental results, it should be possible to
obtain an appreciably better formula. We
combined experimental results from many
different sources ontc a common scale and
used the combined results to examine possibie
modifications to the CMC formula. The
methods adopted roughly followed those used
by McDonald, in that the different components
(lightness, chroma and so on) were examined
separately. In a number of cases, it was found
that the coverage of particular aspects was
unsatisfactory and extra experiments were
conducted to supplement the available data.
The final outcome was the BFD formula, which
modifies the CMC formula in several different
ways, resulting in a much more complicated
formula.

The agreement (or lack of it) between
formulae and experimental results can be
expressed in various ways. One simple
measure is the coefficient of variation (Gy),
which is similar to standard deviation but is
expressed as a percentage and is therefore
independent of the size of the AE values. G,
values for a number of colour-difference
formulae and the combined experimental
results are given in Table 1. The perceptibility
data are taken from ten separate studies
involving a total of 2776 pairs of samples, while
the combined acceptability data involve 1613
pairs of samples from seven separate studies.

It is clear that the newer formulae are in
considerably better agreement with the
experimental data. The BFB formula gives
particularly good agreement, but was
optimised to fit these data sets.

Table 1 G values for combined percep-
tibility and combined acceptability results

Formula Perceptibility  Acceptability
BFD 3N 29
CMC 38 32
JPC79 46 35
CIELAB 54 41
CIELUV 55 46
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CIES4 formula

In 1981, Berns and co-workers published new
experimental results based on very careful
experimental work under carefully controlied
conditions. One feature of their work was that
for each direction from each colour centre
studied, a series of differences of increasing
size was prepared. The differences were ail
compared with a standard pair. Since the
differences bracketed the standard pair, it was
possible to find very precisely the size of
difference corresponding to the standard pair
in any direction studied. This work led to the
CIE94 tormula. Again, the formula is derived
from the CIELAB formula, but the modifications
are very simple, particularly compared to those
in the BFD formula. The CIE committee
(TC1.29) consider that this formula is at least
as good as CMC and that extra complications
are not justified. The SDC Colour
Measurement Committee and 1SO TC 38 SC1
consider that the CMC formula is so well
established and has been used so successiully
for a number of years that it would be
inadvisable to change to the CIE formula.

Questions arising

Questions that seem to be important are:

*  Which of the formulae is best?

* How reliable are the best formulae?

* Are the differences between, for example,
CMC and CIE94 large enough to matter?

There is no clear answer to the first question.
The BFD formula is clearly the best as judged
by the results in Table 1, but the formula was
optimised using that data. It is possible that
some of the complications in the formula are
following anocmalous experimental results. The
CIE94 formula gives the best fit 1o the Berns
results, but again was optimised to fit those
results. The Berns data involve only 742 pairs
of samples, and far fewer directions in colour
space, but the experiments were all carried out
in a carefully controlled manner. Given that the
CMC formula is so widely used, there appears
to be no good reason to change at the
moment.

As to how good the formulae are, this can
he judged from C values such as those in
Table 1. A G, value of 30 implies that for AE
values in general, about 35% of these would
be in error by more than 30% and
approximately 5% would be in error by more



than 60%. Furthermore, the largest errors
would not occur randomly, but would occur for
differences in paricular directions in particular
regions of colour space. There is clearly room
for improvement!

Although the overall performances of the
BFD, CIE94, and CMC formulae are not that
much different, careful inspection shows that
there are significant differences between the
systems. Some of the largest occur for
lightness differences, and since these are the
simplest and best studied part of cclour-
difference formulae, the rest of this paper will
concentrate on this aspect.

Lightness differences

The CIE94 formula uses the L* scale from the
1976 CIELAB formula without any
modification. The CMC formula divides L™ by
5, where S, is given by:

S, =0.040975L*/(1 + 0.01765L")

The BFD formula uses a quite different L scale
(originally devised by Fong and co-workers in
1981), given by:

L=546log(Y+15)-96

The three scales can be compared by
imagining a series of pairs of samples differing
only in lightness and with constant AL, and
calculating AE (or AL) values from the other
formulae. The results for such a series of pairs
with L™ values of 10,11; 11,12; ... 99,100, are
plotted in Figures 1 and 2 for the CMC and
Fong formulae respectively.

Obviously, the CIiE94 formula gives AL
values equal to 1 in every case. For the CMC
formuia, the AL values vary from 2.0-0.7. Even
when restricting the L™ range to 20-90 (lower
and higher values are rare), the range is 1.7—
0.7.

Thus, for differences that one formula
considers to be the same, a second formula
gives AL values varying by a factor of two or
more! Both cannot be correct. If the CMC
formula is correct for two pairs of samples that
both have AE(CMC) values of 1.0, the
corresponding AE(CIE94) values could be 0.7
and 1.7. At least one of the formulae must give
seriously erroneous results when differences
similar to those considered occur in practice. It
is important to ascertain which, if any, of the
formulae is correct.
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Experimental studies of lightness
differences

As mentioned earlier, lightness differences are a
fundamental part of colour-difference formulae
and have been extensively studied. The L* scale
used in the 1976 CIELAB and CIE94 formulae
is based on the Munsell Value scale. This has
been in its present form for 50 years and is
generally accepted to be correct, at least for
differences of the order of ten L* units. Berns
and co-workers considered that the L* scale
was consistent with their experimental results.
For each colour centre studied, they established
the L* difference corresponding to their
standard pair. These differences are plotted (as
squares) against L* in Figure 3. Ideally, the AL"
values should be constant; a systematic
variation with L* would indicate a need to modify
the L* scale. If the CMC scale is correct, the
points should fit the line followed by the circles in
the figure. Ignoring the point at the lowest L*
value, the points fit the line moderately well, but
provide no convincing evidence for a need to
modify the L* scale.

The CMC &, function is based on
McDonald’s work. The lightness differences
found to be tolerable for sewing threads were
found to increase markedly with L*, particularly
at low L™
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AE(CMC) for
AL{CIE L*a*b*)
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Figure 2
AL(Fong) for
AL(CIE L*a*b")
=1
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The L scale in the BFD formula originated
from work by Fong and co-workers using
glossy paint samples showing small lightness
differences. A visual difference (AV) was
established for each pair. For an L scale to fit
these results, AE/AV should be constant.

Fong's results for grey pairs are plotted in
Figures 4, 5 and 6 for the L*, §; and Fong L
scales respectively.

For the L* scale, the AL/AV values increase
markedly at high L* values (0.7-2.2}. For the
CMC scale, the AE/AV values are particularly
high at low L* values.

In developing the BFB formula, Luo and |
examined pairs, extracted from the combined
data sets discussed earlier, that essentially
showed lightness differences. We found that
the Fong L scale gave the best fit to the results,
while the L* scale fitted particularly badly; the
AL" values being much too high at high L*.

Apart from the Munsell Value scale, all the
work discussed so far involved small colour
differences, usually around 1-2 AE units.

In 1986, Badu published studies of lightness
differences for a set of neutral samples with [*
values of 20, 25, 30 ... 90. Successive pairs
were viewed by a panel of observers under a
range of experimental conditions {white, grey
and black backgrounds; sampies touching or
separated) and using different methods to
guantify the differences seen (grey scale, ratio
and ranking methods). In aimost every case,
the Fong scale gave the best fit to the
experimental results, and the L* scale gave the
worst fit. G, values representing the agreement
between the various scales and sets of
experimental results are given in Table 2.

The Luo results are for textile samples
prepared to supplement the available data in
the work leading to the BFD formula. In each
case, the Fong scale gives the best fit, while
the L* scale gives the worst fit. The
exceptionally low C, values suggest that the

Table 2 Summary of C, values for lighiness
differences
Cy valves

Data set Fong Lscale CMC L*
Fong {43 pairs

including

coloured samples) 20 25 36
Luo (56 pairs) 11 16 24
Badu 13 19 30




experimental errors were particularly low,
adding confidence to the results.

Conclusions

Overall, the Fong L scale gives the best fitto a
range of experimental results. In particular, it
gives a very good fit to the two sets where the
primary objective was to make a systematic
study of lightness differences. However, the L*
scale is long established and is consistent with
Bern’s particularly careful work. Similarly, the
CMC §; function is based on extensive work
and has been widely used, apparently without
serious complaint. It is possible that the
different scales apply under different
expetimental conditions, although it is not at all
clear just what those conditions might be. In
view of the large differences between the three
scales, it is recommended that further
experimental work should be carried out. This
could be confined initially to relatively large
lightness differences {five or ten L* units)
between neutral pairs. Such work would
involve only a small number of pairs and
therefore allow a wide range of experimental
conditions to be used. The initial objective
would be to resolve the discrepancy between
the Fong and L* scales. Until the problems
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regarding lightness scales have been resolved,
there seems to be little point in trying to
investigate the other, much more complicated
parts of colour-difference formulae,

This paper is based on the lecture, Colour-
difference formulae — recent developments, pre-
sented by Bryan Rigg at the UMIST/NPL/SDC
International Conference, Colour communic-
ation, held from 19-21 April 1995 at UMIST, UK.

Bryan Rigg can be contacted at the
Department of Computing, University of
Bradford, Richmond Read, Bradford BD7
1DP, UK.
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