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Development of colour-difference formulae

M Ronnier Luo

INTRODUCTION
The Commission Internationale de l’Eclairage (CIE) is
responsible for the development of international colour
standards. It first recommended a colour specification
system based on the XYZ tristimulus values in 1931 [1].
Although the system has been refined over the years, the
principle has remained unchanged. Based upon the XYZ
tristimulus values, more than 40 colour-difference
formulae have been developed, seeking a formula that
would provide (fully) objective colour decision-making to
many industries. The formula could also provide the basis
for accurate evaluation of colour inconstancy, quantifi-
cation of metamerism, shade sorting and grading results
of fastness testing. The ideal formula would allow for a
pass/fail (accept/reject) decision based on a single number
colour-difference value (∆E) from a standard, regardless of
the colour of the standard. This goal has been growing
closer via the latest CIE recommendation, the CIEDE2000

colour-difference formula [2]. This current paper reviews
the development of colour-difference formulae from the
earliest formula in 1936 to the present.

Many sets of experimental data have been used to
develop colour-difference formulae. These data sets play
an essential role because the formulae are essentially
optimised to those data sets. When the formulae are later
applied to other data sets, they may not perform as well.
Furthermore, data sets differ in viewing conditions,
materials, scaling techniques, colour difference magnitudes
and physical size of the samples. These differences lead
to some of the idiosyncrasies characteristic of the various
formulae. Table 1 lists most of the experimental data sets
produced [3–40]. These are listed in four main categories:
aperture mode and surface mode, which includes large
magnitude (perceptibility) and small magnitude (accept-
ability and perceptibility). Some of the important data sets
will be described later. Aperture mode data are typically

Table 1  A list of most of the experimental data setsa

Surface mode

Year Large Small-perceptibility Small-acceptability Aperture mode

1942 MacAdam [3]
1943 Munsell [4]
1949 Brown–MacAdam [5]
1953 Davison & Friede [6]
1955 DIN [7]
1957 Brown [8]
1969 Robinson [9]
1971 Kuehni [10],

  Kuehni Metropolitan [11] Wyszecki–Fielder [12]
1973 Jaeckel [13]
1974 OSA [14]
1975 MMB [15]
1978 VVVR [16] VVVR [16]
1979 ISCC [17] ISCC [17]
1980 J P Coats [18]
1981 Fong [19] Wardman [20]
1982 BFD-earlierb [21]
1983 Strocka [22], Witt [23],

  BFD–Elamin [24]
1986 BFD–Badu [25] Luo & Rigg [26],

  BFD–Cheung [27]
1987 Witt [28],

  BFD-perceptibility [29] BFD-acceptability [29]
1989 RIT–DuPont [30]
1991 RIT–DuPont [31]
1997 Pointer [32] Kim & Nobbs [33] Komatsubara [34]
1999 Guan & Luo [35] Witt [36]
2000 Chou et al. [37]
2001 Kim et al. [38],

  Xin et al. [39] Cui et al. [40]

a The data sets in bold are included in the BFD-perceptibility and BFD-acceptability data sets
b BFD-earlier data sets include the Bradford graduates of Alder, Chaing, Chong and Khalili
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Figure 1  Constant Munsell chroma loci and constant Munsell
hue curves at Munsell values of 5 plotted in the CIE chromaticity
diagram [from Billmeyer and Saltzman, Principles of Color
Technology, 2nd Edn (New York: John Wiley & Sons, 1981),
Copyright © 1981 John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.]

shown in Figure 2. There are large variations between
ellipses in different regions. The size of the ellipses in the
green and blue regions could differ by a factor of at least
10.

A colour-difference formula is normally derived to fit a
particular set of experimental data such as the Munsell or
MacAdam data. Thus the performance of a formula is very
dependent upon the reliability and practicality of
experimental data. More than 40 formulae have been
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Figure 2  MacAdam ellipses plotted in CIE chromaticity diagram
[from Billmeyer and Saltzman, Principles of Color Technology,
2nd Edn (New York: John Wiley & Sons, 1981), Copyright © 1981
John Wiley & Sons, Inc. Reprinted by permission of John Wiley &
Sons, Inc.]

generated using visual colorimeters. In such instruments,
light is provided to each side of a hole, and the two sides
of the hole make up the viewing field. Surface data are
more common, and typically use normal viewing con-
ditions and reflective samples.

Industry is most interested in acceptability data, in
which a sample is judged as commercially acceptable or
not (pass/fail) against a standard. The acceptability data is
presented in terms of percent acceptance (%A), e.g. %A =
30 means that 30% of observers accepted the sample
against the standard. Perceptibility data are generated using
different psychophysical techniques such as grey scale [26]
or pair comparison [30]. The grey scale method is to scale
the colour difference of a sample pair against a standard
pair formed by a fixed grey sample against another sample
chosen from a grey scale such as that used for assessing
textile fastness with respect to colour change. The pair
comparison method involves judging whether the colour
difference of a sample pair is larger or smaller than that
of a fixed standard pair. The experiments normally involve
many carefully prepared sample pairs assessed by many
normal colour vision observers. The raw perceptibility data
are then converted to visual difference (∆V) and should be
proportional to the ∆E values predicted by colour-
difference formulae. In the development of the inter-
national standard colour-difference formulae such as
CIELAB [1], CIELUV [1] and CIEDE2000 [2], only the
perceptibility data were used because acceptability data
involve commercial bias such as production costs and
customers’ opinions.

Early experimental results such as the MacAdam [3] and
the Munsell data [4] showed that the original CIE XYZ
tristimulus colour space has poor uniformity. This was not
surprising as the CIE system was designed to give a
numerical specification for a single colour. Two samples
looking the same should have the same specification. Two
samples having different specifications should look
different, but there was no consideration given as to the
relationship between differences in specifications and
differences in appearance. Some colour differences percep-
tually equal in size could be represented by distances
differing by a factor of 10 to 1 in the x,y chromaticity
diagram. Figure 1 shows the loci for samples having constant
Munsell chroma and curves for samples having constant
Munsell hue. Since the Munsell samples are based on equal
visual steps, for a perfect agreement between the Munsell
data and a colour space, all loci should be circles with a
constant increment between all neighbouring chroma steps.
Note that as can be seen in Figure 1, one step of chroma in
the blue region is at least five times shorter than one step
of chroma in the green region. Additionally, all iso-chroma
loci are far from being circles, and no iso-hue contours are
straight lines. These indicate that there is a very large
difference between the Munsell system and the original CIE
system represented by x,y chromaticity diagram.

Figure 2 shows the 25 MacAdam ellipses plotted in the
x,y chromaticity diagram. For each ellipse, colour differences
formed by the colour centre and the colours located on the
border of an ellipse have the same perceived colour
difference. For a perfect agreement between the experi-
mental data and a colour space, all ellipses should be
constant-radius circles. Obviously, this is not the case as
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developed since the earliest Nickerson’s index of fading in
1936. The development of colour-difference formulae can
be divided into three distinct periods according to their
performance. These are before, during and after 1976.

�� � � �ABPF 100( CV/100 )V r (2)

where r represents the correlation coefficient already given
in Eqn 1, CV and γ, proposed by Alder et al. [21], and VAB,
derived by Schultz [42], are given in Eqns 3–5,
respectively:
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where N is number of pairs, and Xi and Yi are values for
pair i.

However, previous studies [25,35] found that in some
cases the correlation coefficient was quite inconsistent
with the other measures, and in later work it was decided
to use only the remaining three measures. The PF/3 is
calculated using Eqn 6.

� ��� � � �ABPF/3 100 ( 1) CV/100 /3V (6)

For a perfect agreement between the ∆V and ∆E values, CV
= 0, VAB = 0, γ  = 1. A 30% error roughly corresponds to
CV = 30, VAB = 0.3 and γ = 1.3. It is desirable to consider
errors in percentage terms in this type of work. If one colour-
difference formula is identical to a second except that it
gives ∆E values twice as big, the absolute error in ∆E doubles
but the percentage error remains the same, consistent with
the fact that the equations are of equal merit.

Another measure used by Alman et al. [30] is to divide
the standard deviation of the distribution of tolerance by
the mean ∆E value similar to that of CV.

FORMULAE DEVELOPED BEFORE 1976
Table 2 lists the important colour-difference formulae
developed with their dates of publication [1,2,7,14,16,43–
73]. There were over 20 formulae derived before 1976
which can be grouped into three families. These are
formulae that are (i) derived to fit the Munsell data [4];
(ii) derived to fit MacAdam ellipses [3]; or (iii) transformed
linearly from the CIE tristimulus colour space.

METHODS FOR EVALUATING DIFFERENT
COLOUR-DIFFERENCE FORMULAE
A plot of ∆V against ∆E should be a straight line, although
some curvature would not matter. If ∆E is constant for pairs
with the same visual colour difference, and increases as
the visual difference increases, the equation would be
mostly satisfactory. In practice, there is considerable scatter
on all such plots. The smaller the scatter, the better the
equation is. Normal statistical methods for quantifying this
scatter about a straight line make assumptions which are
not valid in our case. For example, the errors are
considered to occur in only one of the variables, and to
be independent of the magnitude. Errors must occur for
both ∆V and ∆E, and increase with the magnitude of these.

Various measures have been developed to test the
performance of a colour-difference formula using percept-
ibility or acceptability data. The correlation coefficient, r,
widely used in the earlier studies [41], is given in Eqn 1:
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where Xi, and Yi are the instrumental data (∆E) and visual
data (%A or ∆V), respectively, for sample i, and N is the
number of pairs of samples. For perfect agreement between
the visual data and the instrumental data, r should be equal
to one.

A ‘wrong decision’ (WD) measure devised by McLaren
has also been used for testing a colour-difference formula’s
performance using acceptability data [41]. A sample for
which %A is more than 50 is taken to be a visual pass.
Using an arbitrary tolerance limit for ∆E, all samples
visually passed but with ∆E above the limit are counted
as WDs. Similarly, samples for which %A is less than 50
are taken to be visual fails and if ∆E is less than the
tolerance limit, these also correspond to WDs. A tolerance
in ∆E value of a particular formula is determined for a
given colour-difference formula by finding the value which
gives the minimum number of WDs. A formula with a
smaller number of WDs performs better than a formula
having a larger number of WDs.

At a later stage, many other measures were used for
testing the performances of different colour-difference
formulae. Many studies showed that applying different
statistical measures could lead to different conclusions.
Luo and Rigg devised the performance factor (PF) given in
Eqn 2 to overcome this problem by combining four
measures (suitably weighted) into one value [29]. The PF
also eases the comparison since one value is obtained, and
avoids making a decision as to which of the measures is
the best.
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Munsell-based formulae
The Munsell system was invented by A H Munsell and was
based on steps of equal visual perception. Any colour can
be defined as a point in a three dimensional Munsell
colour space. Its associated attributes are Munsell hue (H),
chroma (C) and value (V) which correspond to the per-
ceived hue, saturation and lightness, respectively. The
spacing of the colour samples was intensively studied by
the members in the Colorimetry Committee of the Optical
Society of America and the CIE tristimulus values of
ideally spaced samples were published in 1943 [4]. As
shown in Figure 1, the discrepancies between the Munsell
system and the CIE x,y chromaticity space ranged up to a
factor of 10.

The earlier Munsell-based formulae, such as the
Nickerson’s index of fading [44], as given in Eqn 7, and
Balinkin’s formula [46], are directly calculated using
Munsell H, V and C values with a weighting factor for each
component.

� � � � � � �Index of fading
2

6 3
5

E C H V C (7)

where ∆H, ∆V and ∆C are the Munsell hue, value and
chroma differences, respectively.

Table 2 lists colour-difference formulae developed to fit

Table 2  A list of most of the colour difference formulae

Year/ Linear transformation Modification of
Category Munsell data MacAdam data from XYZ CIELAB Other

Before 1976
1935 Judd [43]
1936 Index of Fading [44]
1937 MacAdam [45]
1939 Balinkin [46]
1942 JHNBS [47]
1943 Munsell Renotation [4]
1944 ANLAB [48]
1946 Saunderson & Milner [49]
1951 Godlove [50]
1955 DIN [7]
1958 Reilley cube root [51] Simon–Goodwin [52] Hunter LAB [53]
1963 CIE U*V*W* [54]
1965 Friele [55]
1967 FMC-I [56]
1969 Moton cube root [57]
1971 MLR [58] FMC-II [59]
1972 MCR [60]
1974 ∆Ea [61] OSA [14]

During 1976
1976 CIELAB [1] CIELUV [1]

After 1976
1978 FCM [16]
1980 LABHNU [63] JPC79 [62]
1984 ATD [65] CMC [64]
1986 SVF [66]
1987 BFD [67]
1991 KC-III [68]
1995 CIE94 [69]
1997 LCD [70]
1999 Kuehni [71] GLAB [73]
2001 Oleari [72] CIEDE2000 [2]

Munsell data together with those in the other two cate-
gories. The most successful formula in the Munsell family
is ANLAB, developed by Adams and Nickerson in 1944
[48] (Eqn 8):
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where I corresponds to X, Y or Z tristimulus values.
In Eqn 8, the terms of 40(Vx – Vy) and 16(Vy – Vz)

correspond to the ANLAB a (redness–greenness) and b
(yellowness–blueness) scales, respectively. By adding the
third scale Vy, ANLAB becomes a three dimensional colour
space. It was recommended by the Colour Measurement
Committee (CMC) of the Society of Dyers and Colourists
(SDC) in the UK and became an ISO standard in 1971 for
textile applications. A series of cube root formulae
[49,51,57] were also derived to simplify the ANLAB
formula which involves a cumbersome fifth-order poly-
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nomial function. This resulted in the CIELAB colour-
difference formula introduced in 1976 [1]. CIELAB units
include L*, a* and b*; the asterisk is used to differentiate
the CIELAB system from ANLAB which was the first
important formula to use the symbols, L,a,b. Since 1976,
work has continued on uniform colour spaces or colour-
difference formulae to fit the Munsell data. Examples are
ATD [65], SVF [66], KC-III [68], Kuehni [71] and Oleari [72].

MacAdam-based formulae
The MacAdam data [3] was published in 1942; 25 colour
centres as shown in Figure 2 were studied using a split
field visual colorimeter. One observer was asked to match
the target colour in one half of the field by adjusting the
trial colour in the other half using a single control. Five
to eight trial directions were used for each of the 25 colour
centres. Each trial direction was assessed 50 times.
Altogether about 10 000 judgements were made. The
results as shown in Figure 2 indicate the very poor uni-
formity of the CIE system. There are large variations
between these ellipses in sizes and orientations. This set
of data was used to develop the Simon–Goodwin graphic
chart [52], and the Friele [55], FMC-I [56], FMC-II [59]
colour-difference formulae. None of these formulae are
widely used now because large differences have been
found between the experimental results based on aperture
and surface modes.

Linear transformation of CIE chromaticity diagram
The formulae in this family have been widely used for
additive colour mixing such as that involving coloured
lights and emissive phosphor displays. They involve a
linear transformation from the tristimulus space. The major
advantage is that when mixing two coloured lights, the
resultant stimulus can be accurately predicted along the
straight line joining the chromaticity coordinates of the
lights. The early formulae of this type that were developed
include Judd’s [43] and MacAdam’s [45] chromaticity
diagrams, the Judd–Hunter NBS unit formula [47], and
Hunter LAB [53]. In fact, the Munsell data was also used
to fit the latter two formulae.

In 1964, the CIE recommended the CIE U*V*W* space
[54] to be used in industry. It was actually based on
MacAdam’s 1937 uniform colour scale (UCS) including u
(redness–greenness) and v (yellowness–blueness) plus a
uniform lightness scale (see Eqn 9). The CIE U*V*W* was
further refined to become CIELUV [1].

CIELAB AND CIELUV
In 1976, the CIE recommended two uniform colour spaces,
CIELAB (or CIE L*a*b*) and CIELUV (or CIE L*u*v*), for
industries concerned with subtractive mixture (surface
colorant) and additive mixture of coloured light (TV),
respectively. Both spaces have the same lightness scale, L*,
and opponent colour axes, approximately redness–
greenness versus yellowness–blueness.

The spaces were tested against the available experi-
mental data. Although the agreement was generally not
good, these spaces worked at least as equally well as any
of the alternatives.

CIE L*a*b* formula
The CIE L*a*b* formula is given in Eqn 10, where X,Y,Z and
Xn,Yn,Zn are the tristimulus values of the sample and a
specific reference white considered. It is common to use the
tristimulus values of a CIE standard illuminant or a light
source as the Xn,Yn,Zn values.

2 2 2
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Correlates of hue and chroma are also defined by
converting the rectangular a*,b* axes into polar coordin-
ates (see Eqn 11). The lightness, chroma and hue correlates
correspond to perceived colour attributes, which are
generally much easier to understand for describing colours.

1

2 2 1/ 2

tan ( */ *)

* ( * * )

ab

ab

h b a

C a b

�
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� �

(11)

Colour difference can be calculated using Eqn 12, where
the subscripts 1 and 2 represent the standard and sample
of the pair considered, respectively.

2 2 2 1 / 2

2 22 1 / 2

1 / 2
,1 ,2 ,2 ,1

2 22 1 / 2

* ( * * * )
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E L a b

E L C H
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H E L C
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� � �
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(12)

However, the second option for calculating ∆H*ab is not
able to give a negative sign, hence the former equation is
recommended for use.

Although this formula and the associated colour space
are far from perfect (see below) plots of a* against b* have
been widely used, mainly because it is relatively easy to
relate colours as seen with positions on the diagram. Note
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that colour is three dimensional and with all two dimen-
sional plots, some data are missing, in this case lightness
as quantified by the L* value. The ∆E*ab values are
calculations of the distance between the standard and
sample in the CIELAB colour space.

CIE L*u*v* formula
The CIE L*u*v* formula is given in Eqn 13, where u′,v ′,Y
and u′n,v ′n,Yn are the u′,v ′ coordinates of a sample and a
suitably chosen reference white, respectively.
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(13)

Comparing the u′ and v ′ in CIELUV (Eqn 13) with u and v
in CIEUVW (Eqn 9), the u′ and u are the same but v ′ is
larger than v by a factor of 1.5. This was done to improve
the uniformity of the colour space. The CIELUV colour
difference is calculated using Eqn 14:

� � � � � � �

� � � � � � �

� � � �
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uv uv uv

uv uv uv uv uv

E L u v

E L C H

H C C h h

where the subscripts 1 and 2 represent the standard and
sample of the pair considered, respectively. An additional
attribute, saturation (suv), is also provided for the CIE
L*u*v* colour space (Eqn 15).

2 2 1 / 213[( ) ( ) ]u n ns u u v v
�
� � � �� � � � (15)

Note that both CIELAB and CIELUV are colour-difference
formulae and also have an associated colour space. For
example, a plot of b* against a* gives a diagram in which
equal distances correspond to equal ∆E values. Many of the
later colour-difference formulae do not have an associated
colour space.

There is a difference between a colour space and a colour-
difference formula. A colour space has three axes, for
example, lightness, redness–greenness and yellowness–
blueness. Two different samples are represented by two
points in the colour space, and the geometric distance
between them represents the colour difference between the

two samples. However, many later colour-difference
formulae (e.g. CMC) were developed by modifying an exist-
ing colour space, usually CIELAB. These colour-difference
formulae generally do not have a directly associated colour
space. Hence, a colour space is automatically classified as
a colour-difference formula, but a colour-difference formula
may not have an associated colour space.

(14)

FORMULAE DEVELOPED SINCE 1976
As mentioned previously, the earlier formulae were mainly
derived to fit the Munsell and MacAdam data. The viewing
conditions applied in these experiments are very different
from those used in such industries as textiles and paints.
For the Munsell system, an adjacent pair along each of the
H, V and C scales has ca. 5–10 CIELAB colour-difference
units, which is about 10 times larger than is common in
typical industrial applications. In addition, the Munsell
samples are much smaller than those on which judgements
are typically made. A visual colorimeter was used in
MacAdam’s experiment. Only one observer took part in the
experiment and the viewing conditions were quite different
from normal industrial conditions.

Many sets of experimental results on colour discrimin-
ation have been published, mainly since 1976. Most of
them were conducted using large surface samples viewed
under typical industrial viewing conditions. These results
can be further divided into two groups according to the
size of colour difference being assessed: large and medium-
to-small for mean ∆E values larger and less than 5 ∆E*ab,
respectively. The large magnitude data sets include colour
order systems such as Munsell [4], OSA [14] (developed
by the Optical Society of America) and DIN [7] (developed
by the German Standard Institution). The formulae
developed from them are FCM [16], LABHNU [63], ATD
[65], SVF [66], GLAB [73] and Oleari [72]. The medium-
to-small colour-difference data sets show that CIELAB and
CIELUV formulae do not accurately quantify small to
medium size colour differences. Of these, the important
data sets in terms of larger number of observers and sample
pairs, smaller observer variations, are those accumulated
by McDonald [18], Luo and Rigg [26,29], RIT–DuPont
[30,31], Kim and Nobbs [33], Witt [36], Chou [37] and Cui
[40]. These data sets were used to develop more advanced
formulae based on modifications to the CIELAB formula
CMC(l:c) [64], BFD(l:c) [67], CIE94 [69] and LCD [70]. (In
general, one or two of these data sets were used to develop
each formula.) Finally, all these data sets were used to
develop the CIEDE2000 formula [2].

CMC(l:c) and the JPC79 colour-difference formulae
McDonald at the company J P Coats produced over 600
coloured polyester thread pairs surrounding 55 colour
standards [18]. The visual pass/fail colour matching assess-
ments were carried out by a panel of eight professional
colourists. In addition, a large amount of data was
accumulated involving over 8000 pairs around 600 colour
centres assessed by one single observer [74]. These visual
results were used to derive the JPC79 formula [62]. At a
later stage, the JPC79 formula was further modified by the
members of the Colour Measurement Committee (CMC) of
the SDC. The modifications were introduced to correct two
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anomalies: a discontinuity of chromatic differences close
to the achromatic axis; and the over-predictions of light-
ness differences close to black (L* < 16). The modified
formula is named CMC(l:c) [64] and currently is the ISO
standard for the textile industry. The formula is given in
Eqn 16 where L*ab,1, C*ab,1 and hab,1 refer to the ‘standard’
of a pair of samples.

A constant ∆E according to the CMC formula (Eqn 16)
can be considered as an ellipsoid equation in CIELAB L*,
C* and H* polar space with semi-major axes of lSL, cSC

and SH, respectively. Its chromaticity ellipse points towards
the achromatic axis. The ∆E value calculated is determined
by the position of the ‘standard’ in the pair considered. (A
pair consists of a ‘standard’ and a ‘batch’.) There is a
shortcoming in calculating CMC colour difference when
the ‘standard’ is interchanged in a pair. This would result
in different ∆E values. If the two samples have a large
colour difference, the ∆E values could be quite different.
The formula was intended to be used only for small
differences and in this case there is no significant problem.
The magnitude can always be checked by calculating the
∆E with both samples as the standard. In the later formulae
based on CIELAB, either the arithmetic or geometric mean
is used to calculate different weighting functions in order
to avoid this problem.

BFD(l:c) colour-difference formula
Luo and Rigg [26,29] at the University of Bradford (BFD)
accumulated the experimental data sets in bold in Table 1
relating to small-to-medium colour differences between
pairs of colours having a variety of materials such as paint,
textile, etc. to form two combined data sets (BFD-percept-
ibility and BFD-acceptability), which contain ca. 4000 and
2000 pairs of samples, respectively. Supplementary
experiments were conducted using over 500 wool textile
sample pairs. The new results were used to allow all the
previous published results to be brought onto a common
visual scale. A new colour-difference formula, BFD(l:c),
[67] was developed from these two sets of data. The new
formula (Eqn 17) is similar in structure to the CMC(l:c)
formula in most respects. However, it was found that a new
term was required to take into account the fact that when
chromaticity ellipses calculated from experimental data are
plotted in the CIELAB a*b* diagram, they do not all point
towards the neutral point as assumed in the CMC(l:c)
formula. This effect is most obvious in the blue region (see
Figures 3–5).
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The l (lightness weight) and c (chroma weight) were in-
cluded to allow different weights to be used depending on
the circumstances. The best l and c values have been found
to be 2 and 1, respectively, for predicting the acceptability
of colour differences for textiles. For predicting the
perceptibility of colour differences, l and c should equal
1.

The SC term modifies the CIELAB C* scale by a large
amount. SC varies from 0.638 (if C* = 0) to 3.4 (if C* =
100). The effect is that chroma differences which should
be constant according to CMC may vary by up to 500%
according to CIELAB! The SL and SH terms modify the
lightness and hue difference scales but by much smaller
amounts. For most colours, it is satisfactory to treat chroma
and hue differences separately. However for near neutral
colours, there is no clear distinction. The problem was
avoided in JPC79 by treating near neutral colours as a
special case. However this led to anomalies for pairs close
to the boundary. For two almost identical pairs, ∆E values
differing by a factor of almost three can be obtained. In
CMC, the effect of the f term is to make the transition
gradual, thus avoiding boundary problems. Extra terms
such as this have been used in later equations. The effect
is to make the structures of the formulae more complicated,
and critical readers might well ask how the particular
equation for f, for example, can be justified. In practice,
different structures of equations could be used and give
almost identical results. With modern computers, calcul-
ation time is rarely an issue, but formulae which include
extra terms rather than discontinuities are easier to
program and to test.
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Eqn contd on next page

R3206_Luo.pmd 08/10/02, 16:2834



© Rev. Prog. Color., 32 (2002)    35

ground, texture, separation, etc. For all applications except
for the textile industry, a value of 1 is recommended for
all parametric factors. For the textile industry, the KL factor
should be 2, and the KC and KH factors should be 1, i.e.
CIE94(2:1:1). The parametric factors may be defined by
industry groups depending on typical viewing conditions
for that industry.

LCD(KL:KCH) colour-difference formula
Kim and Nobbs [33] also conducted visual assessments
using glossy acrylic paint pairs using both grey scale and
pair comparison methods. Two data sets including 203 and
104 pairs of samples, respectively, were accumulated. A
formula was derived by modifying the CIELAB formula to
fit both new data sets together with BFD-perceptibility data
set. The formula is called the Leeds colour difference (LCD)
formula [70] and is given in Eqn 19, where L*ab,1, C*ab,1

and h refer to the standard of a pair of samples. When
neither of the samples in a pair is easily assigned as
standard, their geometric mean L*ab, C*ab and h° values
should be used instead. This formula is similar to that of
BFD in terms of structure. Both formulae also give quite
similar performance (see later).
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Contd.

The terms C
–
*ab and h

–
ab refer to the mean for the standard

and sample. To use the mean values to calculate different
weighting functions overcomes the shortcoming of CMC
as mentioned earlier. The l (lightness weight) and c
(chroma weight) should equal 1.5 and 1, respectively, for
predicting the acceptability of colour differences. For
predicting the perceptibility of colour differences, l and c
should equal 1.

CIE94(KL:KC:KH) colour-difference formula
Berns et al. [30,31] at Rochester Institute of Technology
(RIT) also conducted visual assessments using glossy
acrylic paint pairs. A data set including 156 visual colour
tolerances (19 colour centres) perceptually equivalent to
a near-grey anchor pair of 1 CIE L*a*b* unit was generated.
A colour-difference formula with a similar structure to that
of CMC(l:c) but having simpler weighting functions (Eqn
18) can fit very well to their own and BFD-perceptibility
data sets; they believed that the CMC formula was over-
complicated. (In fitting any formula to a particular set (or
sets) of experimental data it is always possible to obtain a
better fit by making the formula more complex. It is often
difficult to judge just how much complexity is justifiable.)
The formula was later recommended by CIE for field trials
in 1994 [69] and it is thus named the CIE94 colour-
difference formula (Eqn 18):
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where C*ab,1 refers to the C*ab of the standard of a pair of
samples. In some situations such as calculating colour-
difference for large magnitudes, the geometric mean is
suggested rather than using C*ab,1. The KL, KC and KH are
the parametric factors to consider for variation in
experimental conditions such as luminance level, back-

CIEDE2000(KL:KC:KH) colour-difference formula
After the development of the CIE94 formula, there were two
different colour-difference equations standardised by
different organisations, i.e. CMC(l:c) by ISO [75] and CIE94
by CIE [69]. However, these formulae were derived from two
main data sets, Luo and Rigg [29] and RIT–DuPont [31]. (BFD
was derived using only the Luo and Rigg data set and CIE94
was derived using both data sets with more weight on the
RIT–DuPont data set.) Figures 3 and 4 show the experi-
mental ellipses obtained from these two data sets. If the
CIELAB formula agrees perfectly with the experimental
results, all ellipses should be constant radius circles. Hence,
the patterns shown in these figures indicate a poor per-
formance by CIELAB. It can be seen that the patterns of
ellipses from the two sets are quite similar, e.g. very small
ellipses for neutral colours, an increase in the size of ellipse
sizes as chroma increases, and all ellipses for the blue region
pointing away from neutral. (Ellipses for all other colour
regions generally point towards the neutral point.) The latter
indicates that both the CMC and CIE94 formulae fit badly
to the experimental results in the blue region. (Note that the
ellipses representing both formulae all point exactly towards
neutral.) Detailed comparisons of these two formulae reveal
there are large discrepancies in predicting lightness differ-
ences, and both have errors in predicting colour differences
in grey and blue regions [76].

With this in mind, a CIE technical committee (TC 1-47)
on the ‘Hue and lightness dependent correction to
industrial colour difference evaluation’ was formed in
1998. It was hoped that a generalised and reliable formula
could be achieved. The members of TC 1-47 worked
closely together and a formula named CIEDE2000 was
published [2,77]. The committee is now developing a draft
standard based on the report. The computation procedure
of this formula is given in Eqn 20.
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Figure 4  RIT–DuPont colour discrimination ellipses plotted in
a* b* diagram
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Figure 3  Luo and Rigg (BFD) experimental colour discrimination
ellipses plotted in a*b* diagram
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The CIEDE2000 formula includes five corrections to
CIELAB: (i) a lightness weighting function (SL); (ii) a chroma
weighting function (SC); (iii) a hue weighting function (SH);
(iv) an interactive term (RT) between chroma and hue
differences for improving the performance for blue colours;
and (v) a factor (1 + G) for rescaling the CIELAB a* scale
for improving the performance for grey colours. The CIE94
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and CMC formulae only included the first three corrections.
Hence, they differ markedly from CIEDE2000 for chromatic
differences in the blue and neutral regions.

The formula was derived to fit the four most reliable
colour discrimination data sets. These were RIT–DuPont
[31], Witt [36], Kim and Nobbs [33] and BFD-perceptibility
[29] data sets including 156, 418, 307 and 2776 pairs of
samples, respectively. A combined set was formed and was
weighted by the number of sample pairs [2]. Table 3 sum-
marises the performance (in PF/3 units, see Eqn 6) of
CIEDE2000 in comparison with the advanced formulae
developed after 1976, with the bold figures indicating the
best equation to fit that particular data set. The results
clearly show that CIEDE2000 performs either the best or
second best of all the formulae for all the data sets. To some
extent, it was expected that the CIEDE2000 formula would
perform better than the others in the COMBINED data set
because it was derived from this data set. However, it is
encouraging that it predicts more accurately than some
formulae which were derived from their own data sets such
as LCD with the Leeds data set. Again, there is a consider-
able improvement from the current standard formulae
(CIE94 or CMC) to CIEDE2000 for all the individual data
sets.

The PF/3 values in Table 3 should be compared with
estimates of experimental error. Estimates can be made
from repeat measurements and considering the repeat-
ability of visual assessments, and checked by considering
the errors in fitting an ellipsoid to the results for individual
colour centres. For careful measurements and visual results
from a panel of 20 or more observers, the errors are found
to be no more than ca. 10% [21,30,31]. Other estimates
range up to 28% [67], but the highest values seemed to be
caused by particularly large errors in one of the earlier data
sets [15]. Removal of this set had no noticeable effect on
the overall pattern of results, but the performance of the
better formulae increased markedly.

It is obvious that CIEDE2000 is more complex than other
formulae. In considering whether the increased complexity
was justified, the committee used two criteria. Firstly,
whether any term was supported by evidence from different
studies and, secondly, whether the introduction gave a
statistically significant improvement. The fact that similar
evidence is found in studies in different laboratories is
particularly important. For instance the ellipses in the blue
region come from seven separate studies and all point in a
similar direction. It is most unlikely that this could arise
by chance. Most of the features present in the CMC and BFD
formulae reappear in CIEDE2000. However it should be

noted that a considerable amount of new data was available
to TC 1-47 and this provided more convincing evidence in
favour of some of the features.

The SL function in CIEDE2000 is considerably different
from those in earlier formulae. The functions in CMC and
BFD increase markedly as L* increases, implying that for
equal differences in L* the visual differences should be
largest in the low L* region. The CIE94 formula implies
that the L* scale is correct. New experiments were carried
out to try to resolve this discrepancy [37]. All the new
results showed that an SL function was required, but that
this needed to increase with L* only for L* > 50. For lower
L* values the SL scale needed to decrease as L* increased.
The new evidence was considered to be convincing and
the new SL scale constructed accordingly. The scale in the
CMC formula was based on acceptability assessment on
sewing threads [62], but the same trend was found in
experiments on the perceptibility of differences between
pairs of paint samples [19]. Why the results from the latest
studies should be so different is a mystery. The discrep-
ancies are many times larger than any likely random
experimental errors!

The fact that a minimum is found in the SL function ca.
L* = 50 could be due to a crispening effect in which
differences between a pair of samples are unusually large
when the samples are similar in colour (lightness in this
case) to the background against which they are seen.

Most of the experimental work referred to in this review
was carried out using fluorescent lamps for the visual assess-
ments and illuminant D65 for the calculation of tristimulus
values. It is well known that fluorescent tubes are not a close
approximation to illumuinant D65 in terms of spectral
power distribution. However in all the studies the samples
in each pair were made of the same material and were
produced using the same dyes or paints, i.e. the pairs were
non-metameric. Under these circumstances errors associated
with the use of fluorescent tubes should be minimal.

Figure 5 shows the CIEDE2000 predicted ellipses corres-
ponding to the colour centres of the BFD (Figure 3) and
RIT–DuPont (Figure 4) experimental ellipses. In general,
the agreement between the experimental and formula
ellipses is very good, especially for those ellipses in the
blue region. This gives strong confidence that the
CIEDE2000 is reliable.

Table 3  Testing colour-difference equations using four individual and the COMBINED data sets
in terms of PF/3a

Formula CIELAB CMC CIE94 BFD LCD CIEDE2000

RIT–DuPont 22.1 28.1 19.4 24.6 16.9 19.0
Witt 70.3 46.3 41.6 44.3 41.4 38.4
Kim & Nobbs 46.7 28.1 34.0 28.0 26.6 23.1
BFD-perceptibility 56.2 39.7 42.7 34.4 39.5 37.2
COMBINED 56.3 37.9 38.1 34.9 35.2 32.6

a The figures in bold indicate the best equation to fit that particular data set

FUTURE DEVELOPMENTS
After more than three decades since the first colour-
difference equation (Eqn 7), a very good colour-difference
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formula, CIEDE2000, has now been achieved. This great
breakthrough is mainly due to the accumulation of many
comprehensive and reliable data sets. The CIEDE2000
equation performed better than the current most widely
used formulae such as CIELAB, CIE94 and CMC. However,
colour-difference research will still be continued. Some of
the problems still to be tackled are described below.
– Almost all of the recent efforts have been spent on the

modifications of CIELAB. This has resulted in
CIEDE2000, including five corrections of CIELAB to fit
the available experimental data sets. It is desirable to
derive a formula based upon a new perceptually
uniform colour space from a particular colour vision
theory. A uniform colour space based upon a colour
appearance model, like CIECAM97s [78], could be an
ideal solution.

– All colour-difference formulae can only be used in a set
of reference viewing conditions defined by the CIE [69].
It will be valuable to derive a parametric colour-
difference formula capable of taking into account
different viewing parameters such as size of samples,
size of colour difference, separation, background,
luminance level, etc. [79,80].

– Almost all of the colour-difference formulae were
developed only to predict the colour difference between
a pair of large single objects/patches. More and more
applications require the prediction of colour differences
between a pair of pictorial images. The current formula
does not include the necessary components to consider
spatial variations for evaluating images. There is a need
to develop a formula for this purpose [81,82].

* * *
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Figure 5  CIEDE2000 predicted ellipses corresponding to the
colour centres of the BFD and RIT–DuPont experimental ellipses
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