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ABSTRACT

A colour difference equation based on CIELAB is developed. It includes not only lightness, chroma and hue weighting functions, but also an interactive term between chroma and hue differences for improving the performance for blue colours and a scaling factor for CIELAB a* scale for improving the performance for grey colours. Four reliable colour discrimination data sets based upon object colours were accumulated and combined. The equation was tested together with the other advanced CIELAB based equations using the combined data set and each individual data set. It outperformed CMC and CIE94 by a large margin and predicted better than BFD and LCD. The equation has been officially adopted as the new CIE colour difference equation.

INTRODUCTION

Colour difference research has been active over three decades. The aim is to develop a single number shade pass/fail equation for evaluating the small to medium colour differences typically used in the surface colour industries. The CIE (International Commission on Illumination) recommended two colour difference formulae for industrial applications in 1976, the CIELAB and CIELUV formulae [1]. The former was mainly used for the surface colour industries. The latter was used for TV and illumination industries. CIELAB was actually a simplified version of the ANLAB [2], which includes a fifth order polynomial and requires an iterative procedure for calculation of E. (ANLAB was derived to fit the Munsell colour spacing in 1944 and was adopted by the International Standardisation Organisation (ISO) for textle applications in 1971.) The available colour difference formulae were tested by Rigg and McLaren [3] in 1976. There was not much difference between most of them. This was mainly caused by the limited sets of colour discrimination data based on surface colours and small number of sample pairs in each set. After 1976, considerable progress in colour difference research has been made not only in deriving new formulae, but most importantly in generating reliable colour discrimination data sets. 

In 1974, McDonald [4] derived a simple colour difference equation based on ANLAB given in eq. (1).
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where CANLAB is the ANLAB chroma for the standard of the pair considered.

The above equation including a simple modification of the E calculated for differences in the chroma direction made a significant improvement over the ANLAB formula.  The concept is now well established and has been used to derive many CIELAB based colour difference equations. In the 1970s, McDonald accumulated two data sets based upon textile thread samples: one included 640 sample pairs surrounding 55 colour centres, and another included over 8454 pairs surrounding 600 colour centres. They were assessed 5 times by 8 professional colourists, and once by one observer (a dyehouse manager), respectively. These were used to derive the JPC colour difference equation [5-7]. The formula was later modified by the members of the Colour Measurement Committee (CMC) of the Society of the Dyers and Colourists (SDC) due to the fact that some anomalies were found for colours close to neutral and black. The modified equation is named CMC(l:c) [8] and became the ISO standard for textile applications in 1995.

Luo and Rigg [9] accumulated most of the available experimental data relating to small to medium colour differences of surface colours. (The data accumulated included various surface media: textile, paint, ink, etc and two data types: perceptibility and acceptability.) Over 120 colour discrimination ellipses were fitted from these data sets and were first investigated in CIE x,y chromaticity diagram. It was found that the ellipses formed a consistent pattern in terms of their shapes and orientations, but not sizes. This was mainly caused by different psychophysical methods and different anchoring pairs being used in various perceptibility experiments, and the different commercial tolerances used in different acceptability experiments. (The perceptibility data are described in terms of visual differences (V), which are proportional to the perceived colour differences. The acceptability data are described in terms of percentage acceptances.) Luo and Rigg then prepared over 600 pairs of wool samples close to these colour centres, and carried out psychophysical experiment using the grey scale method. Each pair was assessed by a panel of 20 observers. The data was used to adjust the sizes of the ellipses obtained earlier. Note that the adjustments merely altered the visual scale used in one data set relative to the other data sets. This has no effect on the shape and orientation of ellipses derived from the data, nor on the relative size of differences (and ellipses) within any one data set. Finally, a consistent pattern of ellipses was generated. Fig. 1 shows these ellipses plotted in the CIELAB a*b* diagram.

Fig. 1 clearly indicates that CIELAB is a poor uniform colour space at least where small colour differences are concerned. For a perfect agreement between experimental data and CIELAB space, all ellipses should be constant size circles. Some clear trends in Fig. 1 can be found: ellipses close to neutral colours are the smallest; ellipses are larger and longer when chroma is increased; most ellipses point towards the neutral point except for those in the blue region. Two combined data sets, BFD-Perceptibility (BFD-P) and BFD-Acceptability (BFD-A), were formed by adjusting the raw data between each individual data set. They included 2776 and 1613 pairs of samples, respectively. The results indicate that there was little difference between perceptibility and acceptability data for chromatic differences, but lightness differences appear relatively larger for perceptibility data than that for acceptability data. Both data sets were used to derive the BFD(l:c) colour difference formula [10, 11].

Berns at el [12, 13] in collaboration with the DuPont company also conducted visual assessments based upon glossy paint samples using the pair comparison method.  A data set, named RIT-DuPont, including 156 pairs (19 colour centres) perceptually equivalent to a near-grey anchor pair of 1 CIELAB E unit was generated. The data was used to derive a relatively simple colour difference equation, named CIE94, which was recommended for field trials by CIE in 1994 [14]. The chromatic ellipses for the 19 colour centres were also fitted by Melgosa et al [15] and are plotted in Fig. 2. This plot shows the same trends as found in Fig. 1. These figures representing the two most comprehensive sets of experimental data agree well with each other.
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Fig. 1 Luo and Rigg experimental colour discrimination ellipses plotted in a* b* diagram

Kim and Nobbs [16] also conducted psychophysical experiments to investigate the parametric effect for evaluating colour differences. Their experiment was based upon glossy paint samples. The Leeds data includes 243 and 104 pairs using grey scale and pair comparison methods, in which each pair was assessed by 10-12 and 12-15 observers, respectively. The experimental results together with the others were used to derive the Leeds Colour Difference (LCD) equation. 

In 1978, CIE published guidelines [17] to co-ordinate researchers studying colour differences. Five colour centres were recommended for study. The guideline has been extremely useful for data gathering purpose, i.e. many researchers such as Strocka et al [18], Witt [19,20], Cheung and Rigg [21], Berns et al [12-13] and Witt [22] conducted experiments corresponding to the 5 colour centres.  The results from different data sets agree well with each other [23]. The former 3 data sets were already included in the BFD-P data. The latter data set [22] was used to study the geometrical effects (magnitudes and directions of colour differences). There were 418 pairs, each assessed by a panel of 10-15 observers using the grey scale method. This data set is denoted as Witt data set in this paper.
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Fig. 2 RIT-DuPont colour discrimination ellipses plotted in a* b* diagram

Although the CMC colour difference formula was standardised by the ISO for textile applications, colour difference equations such as CIE94, BFD and LCD, perform equally well or better than CMC. Hence, there is a strong desire by industrialists to find a single reliable colour difference equation suitable for a wide range of industries. 

All the advanced formulae have a common feature: they were derived by modifying the CIELAB equation. A generic formula given in eq. (2) represents all these formulae.


[image: image4.wmf]*)

H

*

C

(

f

R

R

where

)

2

(

R

S

k

*

H

S

k

*

C

S

k

*

L

E

T

2

H

H

2

C

C

2

L

L

D

D

D

D

D

D

D

D

=

+

÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

=


where ∆L*, ∆C* and ∆H* are the CIELAB metric lightness, chroma and hue differences respectively calculated between the standard and sample in a pair, R is an interactive term between chroma and hue differences. The SL, SC and SH are the weighting functions for the lightness, chroma and hue components respectively. The values calculated for these functions vary according to the positions of the sample pair being considered in CIELAB colour space. The kL, kC and kH values are the parametric factors to be adjusted according to different viewing parameters such as textures, backgrounds, separations etc. for the lightness, chroma and hue components respectively. For CMC and CIE94, an interactive term between the hue and chroma differences, RT, is set to zero. For CIE94, SL equals one. The BFD formula has its own lightness formula derived by Coates et al [24] together with the RT function to allow chromatic ellipses in some regions of the a*b* plane to be rotated. Hence, it can fit the experimental data much better than CMC and CIE94 in the blue region (see the ellipses in blue region of Figs. 1 and 2). The LCD equation has a different RT function.

The advanced equations have some large discrepancies between themselves and some shortcomings. Firstly, they have different methods for predicting lightness differences. The SL functions of CMC and BFD agree reasonably well, but they disagree with the L* scale used in the CIE94 equation. Secondly, they also have different methods for predicting hue differences. The CIE94 and LCD equations have hue weighting functions, SH, which are independent of hue angle. Furthermore, the hue dependent functions for BFD and CMC equations are quite different. Thirdly, the CMC and CIE94 equations, but not the BFD and LCD equations, give large errors in predicting chromatic differences for saturated blue colours. Figs. 1 and 2 show that all ellipses in blue region (particularly around a*=10, b*=-40) do not point towards the origin. This disagrees with what is predicted by the CMC and CIE94 equations. This is the reason why a function is required to rotate these ellipses as included in BFD and LCD equations. Finally, all formulae wrongly predict chromatic differences between neutral colours, i.e. for the majority of colour centres close to neutral, the chromatic ellipses from experimental data sets are orientated towards around 90o, not constant-diameter circles as implied by all the advanced equations. This can be seen in Fig. 3, which includes all ellipses close to the neutral axis derived from the BFD, Leeds, RIT-DuPont and Witt data sets. Note that Fig. 1 includes ellipses based on acceptability experiments. These are excluded from the BFD data set as agreed by TC1-47. For these ellipses the mean ratio of the major- to minor- axis length is 1.7 to 1, implying a 70% discrepancy between the equation and experimental results.

With this in mind, a CIE Technical Committee 1-47, ‘Hue and Lightness Dependent Correction to Industrial Colour Difference Evaluation’, was formed in 1998. It is hoped that a generalised and reliable formula can be achieved. The TC tasks have been divided into four areas: to accumulate the existing reliable small to medium colour difference data sets, and to study the existing SL, SH and RT functions. The latter three tasks were assigned to different research groups. The aim is to develop new weighting functions by fitting available data sets and to construct a new CIE colour difference equation. The TC members have agreed that the chroma weighting functions from all the advanced equations agree well with each other. Hence, the one used by CIE94 is adopted as shown in eq. (3). Additionally, it was agreed that the arithmetic mean between the standard and sample of a pair should be used for calculating all weighting functions, rather than using the geometric mean or the standard of a pair. 
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In the CIE Division 1 Meeting at Warsaw in 1999, the research group reported their findings. Based on these findings, the need to standardise a new colour difference equation was agreed. The basic structure of the equation should be the same as given in eq. (2). The equation should fit well to the four data sets: BFD-P, Leeds, RIT-DuPont and Witt. New lightness and hue dependent weighting functions were also proposed. 
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Fig. 3 Experimental ellipses close to the neutral axis plotted in a* b* diagram. The BFD, Leeds, RIT-DuPont and Witt ellipses are plotted in black, red, green and pink colours respectively.
DERIVING INDIVIDUAL COLOUR DIFFERENCE COMPONENTS 

SL Weighting Function

One of the major differences between CMC and CIE94 concerns lightness differences. It was decided that new data on lightness differences was required in order to determine which formula was correct.

In the Warsaw meeting, a new SL function given in eq. (4) was proposed by Nobbs [25].
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 is the arithmetic mean between the L* values for the standard and sample of the pair considered.

Recently, Chou et al [26] generated a new set of experimental data including 280 pairs of near neutral matt and glossy paint samples exhibiting mainly lightness differences. Each pair was assessed 20 times by a panel of 14 observers using the grey scale method. The results showed that the lightness difference formula based upon eq. (4) gave an accurate predictions to the visual results and much better predictions than those from the CMC and BFD equations. Fig. 4 shows the fit between the experimental data in terms of E*ab/V and 3 lightness difference formulae: a best fit polynomial, eq. (4) and the CIE94 (or CIELAB) function plotted in dotted, solid and double-dashed lines respectively. For perfect agreement between the experimental data and CIE94 or L* scale, all points should lie on a horizontal line. Obviously, this is not the case. A V or U shape function is required to fit the data. This indicates that the L* scale gives too large L* values for lightness differences for dark and light samples. Eq. (4) gave a quite good fit to the data and performed almost the same as the best fit polynomial. The main difference between these 2 formulae is the predictions for lightness differences where L* is greater than 100, which frequently occurs for metallic coatings for angles of viewing less than 30o from the specular reflection direction of the sample. The best fit polynomial could under-estimate the lightness differences in comparison with eq. (4) by 40% for a pair of samples around L* of 150.
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Fig. 4 The E*ab/V values plotted against L* scale for the data set accumulated by Chou et al. The lightness weighting functions of eq. (4), the best fit polynomial and CIE94 equations are also plotted using the solid, dotted and double-dashed lines.

SH Weighting Function

A new hue SH function developed by Berns [27] as shown in eq. (5).
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where  
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 is the mean of the hue angles for standard and sample in degree.

The eq. (5) as shown in Fig. 5 (provided by Berns) was derived to fit 5 data sets exhibiting mainly hue differences. These include Luo-PhD (already included in the BFD-P data set), Qiao et al’s data [28], Luo-Rigg’s ellipses [9], RIT-DuPont and Witt. Fig. 5 also shows the data from each set plotted against CIELAB hue angle. The data were normalised, first, by dividing the ∆V by (Sc in eq. (3)), and second, dividing by the average for each data set. Thus each data set has a normalised average of unity. Fig. 5 shows that there is very good agreement between data in different data sets and eq. (5) fits well to most of the data points. 
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Fig. 5 The normalised hue data plotted against CIELAB hue angle for the Luo-Rigg, Luo-PhD, Witt, RIT-DuPont, Qiao et al’s data sets. The T functions of eq. (5) is also plotted.

RT Function

As mentioned earlier, the RT function is intended to improve the performance of a colour difference equation for fitting chromatic differences in blue region. New functions have been developed in this section by the authors.  

Combined experimental data set: COM

Table I summarises the 4 data sets accumulated by the CIE TC 1-47: RIT-DuPont, Witt, Leeds and BFD-P. Each data set is described by number of pairs, mean CIELAB E and the material used. BFD-P is the largest data set including 2776 pairs and has many more colour differences than the others. It was found to be advantageous to merge all data sets to form a combined data set (named COM) for deriving or testing colour difference equations. A scaling factor was calculated for each data set to adjust the visual results (V) on to a common scale, the same as that of BFD. (The Leeds data set includes two subsets: those conducted using pair comparison (104 pairs) and grey scale (203 pairs) methods. Two factors, 0.79 and 0.93, were used to adjust these two subsets respectively.)

Table I  A summary of RIT-DuPont, Witt, Leeds, BFD-P and COM data sets.

Data
No. of
Mean
Weighting
Adjustment
Material

Sets
Pairs
E
Factor
Factor for V


RIT-DuPont
156
1.0
18
0.93
Glossy paint

Witt
418
1.9
7
0.43
Glossy paint

Leeds
307
1.6
9
0.79 and 093
Glossy paint

BFD-P
2776
3.0
1
1.00
Various materials but relative scales of individual sets adjusted using textile samples

COM
3657
2.6
11273
-
All above

The PF/3 as given in eq. (6) used by Guan and Luo [29] was again used as a measure of fit for deriving or testing colour difference formulae.



PF/3 = 100 [(-1)+VAB + CV/100]/3

(6) 

where the coefficient variation (CV) and , were described by Alder et al [30] and VAB derived by Schultz [31].  For a perfect agreement between the E values predicted by a particular equation and visual results, V, PF/3 should equal zero. A PF/3 of 30 indicates a disagreement of about 30%.

For deriving or testing colour difference formulae using the COM data set, a weighting factor was applied to each individual data set. This allows each data set to be equally weighted by having more or less same number of pairs (see weighting factors in Table I). This avoids the derived equation being unduly biased towards the BFD-P set, which has more pairs than those of the other data sets. For example, each pair in the RIT-DuPont set was weighted 18 times to have effectively about same number of pairs as in the BFD-P set. Hence, the total number of pairs apparently increases from 3657 to 11273, NiFi where Ni and Fi are the number of pairs and weighting factor for i data set.

A ‘Blue data set’ was also used. This was formed by extracting from the COM data set 807 pairs all with the hue angles between 230o and 320 o, and showing mainly chromatic differences, i.e. those pairs for which the rotation term would be significant.

Deriving a function to improve the fitting for blue colours

A new colour difference equation was first established by using eqs. (3) to (5) in eq. (2) and setting RT equal to zero. This is called the M equation. The M formula provides a base line to indicate the extent of improvement by introducing different functions to rotate the ellipses in the blue region (see Figs. 1 and 2). 

The method proposed by Kuehni [32] was first investigated by replacing the X tristimulus value by X’ = c0X-(c0-1)Z. This method does not need a separate RT function, but could break the balance between the lightness, chroma and hue differences in eq. (2) due to the change of the CIELAB a* scale. Hence, it was decided to optimise the c0 together with kL and kC to fit the COM data set (the kH was set to one) and the Blue data set. It was found that c0 =1.20 gives the best fit to the Blue data set and c0 =1.1 gives the best fit for the COM data set. The equations are named MR1a and MR1b respectively. (Using a c0 of 1.2 instead of 1.1 to the COM data set increases the PF/3 values by 0.6 PF/3 units.) The testing results are given in Table II including the original equation (kL=kC=kH=1) together with the optimal equations (with the optimised kL and kC values and kH=1). The results show that both MR1a and MR1b equations gave a more accurate prediction than the M equation, and MR1a performed better than MR1b for COM set, and the opposite for the Blue data set. This implies that the Kuehni’s approach is quite effective for predicting colour differences in blue region.

Table II
Performance (PF/3) of colour difference equation with different rotation functions.

Formula


M
MR1a

(c0 =1.1)


MR1b

(c0 =1.2)
MR2a
MR2b
MR2c



Combined Data Set (3657Pairs)



COM
36.8
34.6
35.2
34.6
34.2
34.0

kL
1.00
1.02
1.02
1.05
1.06
1.06

kC
0.96
0.96
1.02
1.00
0.99
0.97

Optimised kL and kC
36.8
34.6
35.2
34.5
34.1
33.9

Blue Data Set (807 Pairs)

Blue
41.9
34.8
32.8
33.9
32.6
31.8

kL
0.85
0.87
0.93
0.99
1.01
1.02

kC
0.99
0.88
1.02
1.03
0.99
0.95

Optimised kL and kC
41.4
34.4
32.7
32.9
32.6
31.6

The second approach was to apply RT functions such as those used by the LCD and BFD colour difference equations. It was found that the performances of these two RT functions were almost identical in terms of PF/3 measure. The LCD version given in eq. (7) was used for further study because of its simplicity. This resulted in a new colour difference equation, MR2a, including eqs. (3) to (5) and (7). The test results are also given in Table II. It can be seen that the MR2a performed better than MR1a for both COM and Blue data set, and better than MR1b for COM data set, but slightly worse for Blue data set.
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It was later realised that there is a shortcoming associated with eq. (7) as shown in Fig. 6. This shows that the Rc function in eq. (7) predicts an increase of the rotation effect from neutral (C* of zero) until reaching a maximum at around C* equal to 10 and a gradual decrease to the high chroma region. By observing Figs. 1 and 2, we expect that the rotation effect should not decrease for the high chroma region. Hence, a new Rc function was developed as given in eq. (8). 
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The equation is also plotted in Fig. 6 and is of a type used in the CMC and BFD colour difference equations. As can be seen in Fig. 6, the curve corresponding to eq. (8) starts with a Rc value of zero at a C* value of 0.0 and ends with a Rc value of 0.5 for C* values ranging from about 20 upwards. The power factor in eq. (8) (6 in this case) can be adjusted to change the slope of the curve.  The three coefficients in eq. (8) (0.5, power value of 6 and a constant, 106) were optimised to fit the COM data set. The colour difference equation including eq. (8) is named MR2b.  Its performance is also given in Table II. By comparing the PF/3 measures in Table II, it can be seen that MR2b outperformed the MR1a, MR1b and MR2a equations. However, a shortcoming was later found in that the MR2b equation has a problem in calculating colour differences for high chroma colours, i.e. as chroma increases, SC and SH increase and the C and H terms decrease, but the R may not. This may result in negative value for the E2. Hence, E can not be calculated. A new equation, MR2c was derived to overcome this problem by replacing C* and H* by C*/ SC and H*/ SH respectively. The latter terms can maintain the balance between the C* and H* terms and the C*H* term, i.e. no negative value for E2.  A new RC equation given in eq. (9) and in Fig. 6 was also derived to fit the COM data set. The test results are also given in Table II. The MR2c equation performed slightly better than the MR2b equation and has no problem in calculating differences for saturated colours as can be seen from Fig. 7, where ellipses corresponding to a constant colour difference according to the MR2c equation are plotted. It was selected as the best equation including the rotation effect.


[image: image15.wmf]0

0.5

1

1.5

2

2.5

0

20

40

60

80

100

C*

MR2a

MR2c

MR2b


  EMBED Word.Picture.8  
[image: image17.wmf]0

0.5

1

1.5

2

2.5

0

20

40

60

80

100

C*

MR2a

MR2c

MR2b



Fig. 6 The RC functions for the MR2a, MR2b and MR2c equations plotted in dashed, solid and dot-dashed lines respectively.
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Fig. 7 Chromaticity discriminatic ellipses corresponding to constant E according to the MR2c equation.
Deriving a function to improve the fitting for neutral colours
As mentioned earlier, all advanced CIELAB based formulae gave a poor fit to the chromatic differences close to neutral, because they all assume that the ellipses in the a*b* diagram are circles. As shown in Fig. 3, all experimental chromatic ellipses close to neutral are ellipses with an orientation around 90o. Attempts were also made to improve the MR2c equation (the best colour difference equation so far). The obvious approach is to re-scale the a* axis. This would stretch the a* scale to make these ellipses become circles. A scaling factor of 1.4 was obtained by minimising the PF/3 measure to fit the COM data set. This leads to another new colour difference equation, named M2a. 

Another method was derived to allow for scaling the a* axis but with a large effect for colours close to the neutral region and a smaller or no effect for higher chroma colours. Again, the type of equation used in eq. (8) was used to fit COM data set. This leads to eq. (10), which was integrated with MR2b to become a new colour difference equation, M2b.  
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G varies from 0.5 at C*=0, through G = 0.30 at C*=20, to G = 0.06 at C*=30. The performance of the M2a and M2b equations are tested using the COM and a Grey data set, in which all pairs with C* less than 10 (662 pairs) were extracted from the COM set. These results are given in Table III. 
Table III
Performance (PF/3) of colour difference equations with different modified a* scales.   

Formula
MR2c
M2a
M2b

Combined Data Set (3657 Pairs)

COM 
34.0
34.6
32.6

kL
1.06
0.91
1.00

kC
0.97
0.92
0.95

Optimised
33.9
34.4
32.6

Grey Data Set (662 Pairs)

Grey  
35.0
32.1
32.1

kL
1.24
1.02
0.98

kC
0.95
0.86
0.85

Optimised
33.1
31.5
31.6

The results show that both the M2a and M2b equations performed better than MR2b. M2b is preferred to M2a because M2b gives a better fit to the COM data set. The optimised kL and kC values are so close to 1.00 that there was no need to rescale the chroma and lightness scales. The full colour difference equation M2b is given in the Appendix.

TESTING THE M2b COLOUR DIFFERENCE EQUATION

The M2b colour difference equation developed in the earlier sections includes not only the lightness, chroma and hue weighting functions, but also an interactive term between chroma and hue differences for improving blue colours and a scaling factor for the CIELAB a* scale for improving grey colours. Its performance is compared with 5 other colour difference equations (CIELAB, CMC, CIE94, BFD and LCD) using the COM set together with subsets which represent different characteristics of colour differences: mainly lightness, mainly chroma, mainly hue, blue region and grey region differences. The latter two subsets were used in the previous sections. The former three subsets included the pairs of samples having |L*/E*ab|, |C*/E*ab|, and |H*/E*ab| larger than 0.9 in the COM set respectively. The testing results in terms of PF/3 are summarised in Table IV. The equation performed the best in each data set is underlined to ease comparison. 

Table IV Testing colour difference equations using COM data set and its subsets.


CIELAB
CMC
CIE94
BFD
LCD
M2b

COM Set Lightness Difference (1511 Pairs)Lightness Difference (1511 Pairs)







PF/3, kL=1
56.3
37.9
38.1
34.9
35.2
32.6

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
52.0
37.9
36.7
33.3
34.6
32.6

Lightness Difference (370 Pairs)

PF/3, kL=1
35.6
37.6
35.3
34.8
32.5
31.9

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
35.5
37.7
35.2
35.0
32.4
31.9

Chroma Difference (821 Pairs)

PF/3, kL=1
53.9
33.3
33.4
31.2
31.6
30.4

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
52.9
33.3
33.8
30.8
31.7
30.4

Hue Difference (577 Pairs)

PF/3, kL=1
46.8
40.2
37.6
33.3
36.8
33.9

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
46.8
40.1
37.6
33.2
36.8
33.9

Blue (807 Pairs)

PF/3, kL=1
54.3
38.3
40.0
30.0
32.3
30.5

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
49.7
38.2
40.3
29.8
31.5
30.6

Grey (662 Pairs)

PF/3, kL=1
41.6
37.8
42.3
36.7
36.8
32.1

kL
0.61
0.96
1.26
0.78
1.17
1.02

Optimised kL
57.6
37.9
37.5
35.5
34.5
32.0

For each test, the original formula with kL=kC=kH=1 together with the optimal equations with the optimised kL and kC= kH=1 were tested. The optimised kL value from COM set was used for all subsets. Comparing colour difference equations excluding M2b using COM set and its subsets, the BFD and LCD equations outperformed CMC and CIE94 with CIELAB the worst. This indicates that the inclusion of a rotation function, RT, is effective for improving the prediction of Blue subset (see Blue subset in Table IV).  There is not much difference between each equation’s performance for lightness differences (see Lightness subset); in fact the CMC scale performed the worst due to poor predictions for some very dark lightness differences. All equations gave a much more accurate predictions to chroma differences (see Chroma subset) than CIELAB. This implies that the SC correction is more effective than the other corrections. For predicting hue differences, BFD performed better than the others. (Its hue dependent equation was also integrated with the other components to form another colour difference equation. It was found that its performance was not better than that of M2b equation.) It is encouraging that the M2b equation derived here performed either the best or the second best amongst all the equations investigated. In addition, it has a kL value close to one implying a well balance structure between each individual colour difference components. Finally, the improvements from CMC or CIE94 to M2b is considered to be very significant. This clearly demonstrates that it is possible to standardise a new improved CIE colour difference equation for different applications such as paint and textile. 

Fig. 8 plots the BFD and RIT experimental ellipses in Figs. 1 and 2 together with the corresponding ellipses predicted by the M2b colour difference equation. It can be seen that a good agreement between the experimental and equation predicted ellipses, especially in saturated blue region. Note that all ellipses in the blue region predicted by CMC and CIE94 equations will only point towards the neutral origin. This results in large prediction errors.
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Fig. 8 RIT-DuPont and BFD experimental chromaticity discrimination ellipses (in red) compared to the corresponding ellipses from the M2b equation (in black).

All formulae were also tested using the four original data sets: RIT-DuPont, Witt, Leeds and BFD-P. The results are given in Table V. This clearly shows that M2b again performs either the best or second best of all the equations. It is quite encouraging that it predicts even more accurately than some formulae which were derived from their own data sets such as CIE94 with the RIT-DuPont data set and LCD with Leeds data set. Again, there is a large improvement from the CIE94 or CMC to M2b for all each individual data sets. 

Table V Testing Colour Difference equations using 4 individual data sets.

Formula
CIELAB
CMC
CIE94
BFD
LCD
M2b

RIT-DuPont
22.1
28.1
19.4
24.6
16.9
19.0

kL
0.88
0.96
1.14
0.67
1.02
0.82

Optimised kL
21.7
28.1
18.8
19.8
16.9
17.4

WITT
70.3
46.3
41.6
44.3
41.4
38.4

kL
0.43
0.68
0.95
0.59
1.42
0.80

Optimised kL
61.0
43.4
41.5
38.9
41.2
37.3

Leeds
46.7
28.1
34.0
28.0
26.6
23.1

kL
0.72
1.00
1.35
0.79
1.19
1.06

Optimised kL
43.9
28.1
31.0
25.8
25.4
23.0

BFD
56.2
39.7
42.7
34.4
39.5
37.2

kL
0.72
1.18
1.55
0.99
1.44
1.27

Optimised kL
54.9
39.1
38.9
34.4
36.7
36.1

BIT
43.4
48.8
41.1
36.0
40.8
34.1

kL
0.82
1.60
1.70
1.10
1.61
1.36

Optimised kL
42.3
43.4
32.3
35.7
33.9
31.1

To some extent, it was expected that the M2b equation would perform better than the others because it was derived from the above data sets. Finally, it together with the other equations was tested using a newly accumulated independent data set, BIT [23]. This is based upon CRT colours in a study the effect of changes in viewing parameters on perceived colour differences. The experiment was divided into 16 phases according to different viewing conditions: sample sizes, backgrounds, frames, and widths and colours of separations between pairs of samples. For each phase, 134 pairs of colours with an average of 2.7 CIELAB E units were displayed on a CRT. Each pair was assessed 20 times by a panel of observers using the grey scale method. In total, 2144 pairs are included in this data set. The results are also given in Table V. It is nice to see that the M2b equation again gave the most accurate prediction of all the colour difference equations. Hence, it has been officially adopted as the new CIE 2000 colour difference formula: CIEDE2000 or E00.

CONCLUSION

A colour difference equation based on CIELAB is developed following the procedures agreed by CIE TC1-47. It includes not only lightness, chroma and hue weighting functions, but also an interactive term between chroma and hue differences for improving the performance for blue colours and a scaling factor for the CIELAB a* scale for improving the performance for grey colours. Four reliable colour discrimination data sets based upon object colours were accumulated and combined. The equation was tested together with the other advanced CIELAB based equations using the combined set and also each individual data set. It outperformed CMC and CIE94 by a considerable margin and predicted better than BFD and LCD. It has been officially adopted as the new CIE 2000 colour difference formula: CIEDE2000 or E00.
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APPENDIX 1. The CIEDE2000 colour difference equation

Step 1. Calculate the CIELAB L*, a*, b*, and C* as usual
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Step 2. Calculate a’,C’ and h’
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where  
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 is the arithmetic mean of the 
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  values for a pair of samples.
Step 3. Calculate L’, C’ and H’
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Step 4. Calculate CIEDE2000 E00
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Note that 
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 values for a pair of samples. For calculating the 
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value, caution needs to be taken for neutral colours having hue angles in different quadrants, e.g. a standard and a sample with hue angles of 90o and 300o would have a mean value of 195o, which differs from the correct answer, 15o. This can be obtained by checking the absolute difference between two hue angles. If the difference is less than 180o, the arithmetic mean should be used. Otherwise, 360o should be subtracted from the larger angle, followed by calculating of the arithmetic mean. This gives 300o -360o =-60o for the sample, and a mean of (90o -60o)/2=15o in this sample. 

APPENDIX 2. The worked examples

Note: X0=94.811, Y0=100.00, Z0=107.304

Pair
X
Y
Z
L’
a'
b'
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G
T
SL
SC
SH
RT
E00

1
19.4100
28.4100
11.5766
60.2574
-34.0678
36.2677
49.7590
133.21
0.0017
1.3010
1.1427
3.2946
1.9951
0.0000
1.2644


19.5525
28.6400
10.5791
60.4626
-34.2333
39.4387
52.2238
130.96








2
22.4800
31.6000
38.4800
63.0109
-32.6195
-5.8663
33.1428
190.20
0.0490
0.9402
1.1831
2.4549
1.4560
0.0000
1.2630


22.5833
31.3700
36.7901
62.8187
-31.2542
-4.0864
31.5202
187.45








3
28.9950
29.5800
35.7500
61.2901
5.5669
-5.3901
7.7488
315.92
0.4966
0.6952
1.1586
1.3092
1.0717
-0.0032
1.8731


28.7704
29.7400
35.6045
61.4292
3.3643
-4.9620
5.9950
304.14








4
4.1400
8.5400
8.0300
35.0831
-44.3939
3.7933
44.5557
175.12
0.0063
1.0168
1.2148
2.9105
1.6476
0.0000
1.8645


4.4129
8.5100
8.6453
35.0232
-40.3237
1.5901
40.3550
177.74








5
4.9600
3.7200
19.5900
22.7233
20.1424
-46.6940
50.8532
293.33
0.0026
0.3636
1.4014
3.1597
1.2617
-1.2537
2.0373


4.6651
3.8100
17.7848
23.0331
15.0118
-42.5619
45.1317
289.43








6
15.6000
9.2500
5.0200
36.4612
47.9197
18.3852
51.3256
20.99
0.0013
0.9239
1.1943
3.3888
1.7357
0.0000
1.4146


15.9148
9.1500
4.3872
36.2715
50.5717
21.2231
54.8444
22.77








7
73.0000
78.0500
81.8000
90.8027
-3.1244
1.4410
3.4407
155.24
0.4999
1.1546
1.6110
1.1329
1.0511
0.0000
1.4440


73.9351
78.8200
84.5156
91.1528
-2.4651
0.0447
2.4655
178.96








8
73.9950
78.3200
85.3060
90.9257
-0.8108
-0.9208
1.2269
228.63
0.5000
1.3916
1.5930
1.0620
1.0288
0.0000
1.5381


69.1762
73.4000
79.7130
88.6381
-1.3477
-0.7239
1.5298
208.24








9
0.7040
0.7500
0.9720
6.7747
-0.4362
-2.4247
2.4636
259.80
0.4999
0.9556
1.6517
1.1057
1.0337
-0.0004
0.6378


0.613873
0.6500
0.851025
5.8714
-0.1477
-2.2286
2.2335
266.21








10
0.2200
0.2300
0.3250
2.0776
0.1192
-1.1350
1.1412
275.99
0.5000
0.7827
1.7246
1.0383
1.0100
0.0000
0.9082


0.093262
0.1000
0.145292
0.9033
-0.0954
-0.5514
0.5595
260.18
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