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ABSTRACT

The effects of the two physical parameters, background and gap, on the perception of small
colour differences (AE" < 5) were investigated by use of 248 colour-difference pairs around 21
colour centres made from painted samples. Each pair was assessed by an average of 30 times
under each viewing condition using a grey-scale method and/or a paired-comparison method.
From the visual data, colour-difference ellipsoids (ellipses) or tolerances were determined by use

of a logistic or a probit maximum-likelihood analysis model, or by a least-square method.

The perceived tolerance sizes along the three colour-difference directions AL®, AC” and AH' in
the CIELAB space were found to be little influenced by a change of lightness of the grey
background but significantly influenced (i.e., decrease in tolerance size) by a 0.5° gap between a

pair of samples. The gap factor for the lightness component was greater than that for chroma or

hue components, both the latter having similar magnitudes. This could be an explanation for the

increase of the lightness relative tolerance £ (or parametric factor K1) by a factor of 2 in the three
modified CIELAB formulae (CMC, BFD and CIE94) for acceptability judgements, in which
textile samples, having an unclear dividing line between them, are mainly used. In addition, the

value of the relative tolerance £ used is thought to be practically the ratio between the lightness

and chroma tolerances.

The experimental uncertainties from non-physical parameters were also quantified. The
degrees of precision (1.e., standard error) of colour measurements and observer judgements were
found to be good (£4% and 17%, respectively). The different methods of scaling and data

analysis were found to have little impact on the results.

The hghtness, chroma and hue tolerances with respect to the standard colour position in the
CIELAB space were studied in detail using the various existing datasets and the set from this
study. The lightness tolerance showed a clear dependency upon the metric lightness for medium
to light colours, but in the case of dark colours there was a discrepancy between the datasets.
Both the chroma and hue tolerances showed dependency upon both the chroma and hue-angle

and not the single dependency upon the metric chroma, as assumed in the CIE94 formula.

New weighting functions were derived from the above experimental evidence, and finally a

new formula, LCD (Leeds Colour Difference) was proposed. The LCD formula is nearly as
simple and flexible as CIE94 but smoothes the individual weighting functions compared to CMC
and BFD, especially for lightness tolerances for light colours and chromaticity discrimination
near the blue region. It was also found that the reliability of the BFD formula is improved when
the size of the chroma weighting function is increased by 1.5 times and the form of lightness
weighting function is made parallel to those of the other modified CIELAB formulae.
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1. INTRODUCTION

Colour-difference has long been a subject of interest to the colour scientist. The aim of a
colour difference formula is to give a close correlation between visually perceived colour
difference and that quantified from instrumental measurement. In the surface colour

industries, it is typically used for colour tolerance control, fastness testing, shade sorting

and quantification of metamerism.

The Standard Observers (colour matching functions) were established by the CIE
colorimetry system [1], but the “Standard Colour-Difference Observer” data has never
been achieved. It illustrates the complexity and difficulty of the problem and the need to

quantify and control the inherent experimental uncertainties, such as parametric effects,

in colour-difference evaluation.

In this introductory chapter, the basics of colorimetry (colour specification,

appearance, and difference) and the psychophysical methods of colour-difference

assessment are reviewed.

1.1 Colour Specification Systems

Two major colour specification systems are in common use. The first one i1s based on
the colour order system (or colour atlas) which uses collections of colour samples
arranged in systematic order of hue, lightness and colourfulness. The second method,

the CIE system, defines colours in terms of colorimetric responses of the eye.

1.1.1 Colour order system[2,3]

Among many colour order systems, the most widely known system is the Munsell
system[4]. It has served as the main standard for many years since it was first

introduced. The Natural Colour System (NCS) [5,6], based on Hering’s opponent

colour theory, is another representative.

The DIN system [7] by Deutsches Institut fiir Normung and the OSA-UCS system 8]

by the Optical Society of America are the other two comparable systems to Munsell and

NCS (e.g., lightness scale).

The Pantone collection is an example of a practical system not based on a colour order



system, in the sense that the colour samples are arranged in a logical order, but a mixing

system where a calibrated set of printing inks are mixed in sequence.

1.1.1.1 Munsell system

The Munsell system has been an important model for the formulation and solution of
many colorimetric problems. For example, the judgements condition used in deriving 1t
(viewing samples against a neutral grey background of luminance factor of 20%) [2] 1s
still valid for the scaling of colour and colour-difterence.

The arrangements of samples are depicted in Fig.1-1. As can be seen, it follows
three perceptual attributes: lightness (value), hue, and chroma. The value axis is located
in the centre of the Munsell colour solid. It constitutes the grey scale with white at the
top designated Munsell value 10, black at the bottom zero, and the greys having values
from 1 to 9 as they become lighter. Around the value axis is the hue circle. There are
five principal hues: red denoted as Munsell hue 5R, yellow 5Y, green 5G, blue 5B, and
purple 5P, and also five intermediate hues (SYR, 5GY, 5BG, 5PB, and SRP). Between
each hue is divided by 10 fine steps but finer divisions are also possible using decimals.
The Munsell chroma is represented by the distances of the samples from the neutral
value axis.

The full Munsell designation consists of hue, value, / (a slash), and chroma: for
example, 2.5YR 5/10. At chroma value 5, one value step corresponds to 2 chroma steps
and also 3 hue steps. The CIE trstimulus values of the Munsell chips (Munsell
Renotation System) were reported in 1943 [10].

1.1.1.2 Natural colour system (NCS)

The NCS was developed in Sweden by Hard and Sivik and adopted in 1982 as Swedish
National Standard. The basis of the NCS 1s that colour cannot be measured objectively,

1.e., in terms of spectral composition, but colour is a subjective visual phenomenon. In

this system, the colour is described in the terms of six elementary attributes:

whiteness(w), blackness(s), redness(r), green-ness(g), yellowness(y), and blueness(b).

The principles of quantification are as follows:
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Figure 1-2. Arrangement of colours on a white (W) -black (S) - red (R)
plane of the NCS [2].



For every surface colour,

(a) The sum of the elementary attnibutes always adds up to 100.

(b) The colour can have up to 4 attributes simultaneously.

(c) The colour can also have at the most 2 chromatic elementary attributes and these

cannot be an opponent pair.

In architecture, the NCS blackness is said to be more readily perceivable than the
Munsell value (lightness). The NCS unique red corresponds to Munsell hue SR, NCS

unique yellow to Munsell 5Y, NCS unique green to Munsell 5G, and NCS unique blue
to Munsell 7.5B [2). '

Some advantages of using colour order systems include the following: First, they
are easy to use and to understand. Second, the spacing and number of samples can be
adopted for different purposes. Whereas, there are a number of disadvantages that occur
when they are used. First, as there are several colour order systems in use, there 1s no
simple means of transferring results from one system to another. Second, there are large
gaps (colour differences) between the samples, and it means that interpolation has to be
used to determine the specifications of the samples. Third, the visual comparison
between colours and the samples is valid only if it is done using the same illuminant and
geometric arrangement as originally adopted in defining the system. Fourth, different
observers may make different matches on the same colour (so called “observer
metamerism”, see section 1.2.4). Fifth, some colours may lie outside the gamut of the

samples available in the system.

1.1.2 CIE system[11,12]

The CIE colour specification system was first established in 1931 by the Commission
International de I’Eclairage (CIE). It specifies colours in a numerical and objective way,
and i1s used with instrumental measurements. It has been made possible by the
development of Standard Observers, Standard quluminants and Sources, and standard

viewing/illumination conditions. It is based on the rules of colour matching by additive

colour mixing which were elucidated by Grassman [13].

The Grassman’s laws of colour mixing are:



(a) Tnchromacy - all colours can be matched by a suitable mixture of three different
stimuli. The restriction to the primary stimuli chosen is that no one of them may be
matched in colour by any mixture of the other two.

(b) Metamenism — stimuli evoking the same colour appearance produce identical results

in additive colour mixing, regardless of their spectral composition.

(c) Additivity — if one component of a colour mixture changes, the colour of a mixture

changes correspondingly.

From the contributions of Wright’s and Guild’s independent work in the 1920’s and
30’s, the real practical primaries for colour-matching were chosen. They are the
monochromatic light of spectral centroids of 700 nm (red), 546.1 nm (green) and 435.8
nm (blue). The amounts of these three primaries are called the tristimulus values: R, G,
B. If we match the spectrum colours and the power (Watts) of each spectrum colour 1s
the same, then the relative amounts of three primary lights are called the spectral

tristimulus _functions: r, g, b (Fig.1-3). Prior to the CIE 1931 recommendation, the

average T, E, b data obtained from a small number of observers formed the basis of the

Standard Observer.

1.1.2.1 CIE tristimulus values

The problem of RGB functions, i.e., real primaries, is that at least one negative term
might be produced in the calculation. This reflects the fact that in practice it is not
possible to match all the practical primaries with mixtures from three real light sources.
It leads to errors, thus the CIE adopted tristimulus specification based on the imaginary
primaries that cannot be negative. The tristimulus values for these imaginary primaries

are symbolised by X, Y, Z and are called the CIE tristimulus values.

For surface colours, the CIE tristimulus values are obtained by combining the
spectral reflectance factor, R(A), covering the visible spectrum, with the relative spectral
power distribution of the illuminant, S(A), and with each of the colour matching
functions x(A), y(A), z(A).

X= kX R(A) S(A) x(1)
Y=k XR(@)S(A) y(A) (1-1)
Z=k2XR(A)SH) z(A)



0.4
o
=
®
>
3 0.2
-
E
2
-
400 700 |
' ' Wavelength/nm
435.8nm 546.1nm 700nm
2\
1.5

4

o

E 7

g A

> 1.0 o

3 "\

2

E

@

‘T

=

5
400 500 800 700

Wavelength/nm

Figure 1-3. CIE spectral tristimulus functions: (a) r, g, b for colour matching
with monochromatic lights of 435.8, 546.1 and 700.0 nm, and (b) ;x, Sf-x, Z

for colour matching with imaginary primaries [11].



Where k =100/ X S(A) y(A), a scaling factor that ensures the Y value of the perfect
reflecting diffuser be always equal to 100.

Two different summation methods have been used: the weighted-ordinate method

and the selected-ordinate method. The main difference is that in the weighted-ordinate
method the summation is done at equally spaced wavelengths but in the selected-

ordinate method the wavelength intervals are not equal. (For detailed computational

procedures, see MacAdam[14].)

1.1.2.2 CIE Standard Observers (colour matching functions)

The colour matching functions are defined as the relative amounts of tristimulus values
needed by the ‘Standard Observer’ to match a colour of a given wavelength in an equal

energy spectrum. The CIE has recommended two Standard Observers for different
purposes. The CIE 1931 Standard Colorimetric Observer, also referred to as 2°
observer, is originally intended to represent an average observer of normal colour vision
when attending a stimulus that subtends 2° diameter in visual subtense. This observer
may satisfactorily be used for stimuli whose diameters subtend visual angles up to 4°.

The 10° observer, the CIE 1964 Supplementary Standard Observer, is intended to

represent an average observer when attending a stimulus that subtends 10° diameter. It

i1s for stimuli with diameters greater than 4°,

In colour-difference assessments, the stimuli generally subtend an angle equal or
greater than 4° to the eye, the 10° observer is preferred. However, in colour reproduction

- application, as most of the elements in the visual field are less than 2°, the 2° observer is

preferred.

1.1.2.3 CIE Standard Illuminants and Sources

The CIE has made a distinction between illuminants and sources. An illuminant refers to

a specified aim spectral energy distribution, while a source refers to a physical emitter of
light such as the sun or a lamp. Thus, an illuminant can readily be specified but may not
be realisable. Onginally, the CIE recommended only real sources in 1931 but since 1963

illuminants have also been recommended to which no real source exactly corresponds.



In order for colorimetric specifications to be comparable, the particular illuminant used

should always be recorded.

The CIE has standardised the following light sources:

(a) Source A - a tungsten filament lamp operating at a colour temperature of 2856°K.
(b) Source B - direct sunlight with a colour temperature of 4874°K.

(¢) Source C - average daylight (sunlight + skylight) with a colour temperature of
6774°K. ’

Because Sources B and C are deficient in ultra-violet content, CIE recommended a
series of daylight illuminants based on the studies of spectral power distribution of
typical daylight [15]. They represent average daylights having colour temperatures
between 4000 and 25000°K. Amoﬁg them, the Illuminant D65 simulating a colour
temperature of 6500°K is now most widely used. Although not being recommended by
the CIE, a three-band fluorescent lamp, e.g., TL84, has special high efficiency and gives

good reference for comparing metameric properties of surface colours.

1.1.2.4 CIE standard viewing / illumination conditions

The CIE has recommended a set of illumination and viewing conditions for opaque

reflecting samples. They are:

(a) 45/0 (45° illumination / normal viewing )
(b) 0/45 ( normal illumination / 45° viewing )

(c) d/0 ( diffuse illumination / normal viewing )

(d) 0/d ( normal illumination / diffuse viewing )

The 45/0 geometry is the original CIE recommendation. The opposite mode (0/45)
gives the same result. The d/0 and 0/d geometry were additionally recommended to
accommodate the use of spectrophotometers with an integrating sphere. (In 0/45 and 0/d
geometries, the axis of the illumination beam need not be exactly normal to the sample
surface.) In d/O or 0/d geometries and for samples of incomplete diffuse reflections, a
gloss trap is incorporated in the sphere to reduce the influence of specular reflections.

Thus, 1f a gloss trap 1s used, specularly reflected light is excluded (SPEX), but if a gloss
trap 1s not used, specularly reflected light is included (SPIN).
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Figure 1-4. Spectral energy distributions of CIE Illuminants A, B, C, D65[11].

Figure 1-5. CIE recommended illumination and viewing conditions for

reflectance measurements [12].
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According to McLaren [16], the reflectance is the same if the directions of
illumination and viewing are interchanged. Therefore, there are only 3 fundamental
illumination / viewing geometries: 0/45, 0/d (SPIN), 0/d (SPEX). As the 0/d (SPIN)
geometry approximates well to the reflectance measurements, the SPIN mode is
recommended for computer match prediction. However, for the comparison of

instrumentally measured colour differences with those from visual assessments, the
SPEX mode is preferred [17].

1.1.2.5 CIE chromaticity diagrams

It 1s not easy to correlate the tristimulus values of an object to the colour appearance.
The colour appearance depends not only on the stimulus itself but also on the surround
(or background) and the response of the eye. The Y stimulus value is regarded as the
lightness attribute of an object, if we consider the colours of the same lightnesses, then
we need to deal with only two dimensions at a time. The chromaticity diagram is
facilitated if the colour is defined in terms of chromaticity co-ordinates x, y, z and plot y

against x (i.e., unit plane of tristimulus space).

Xx = X/(X+Y+2)
y=Y/(X+Y+2) (1-2)

z=2/(X+Y+2Z)
and

x+y+z =1 | (1-3)
The line joining the chromaticity co-ordinates of the spectral colours (horse shoe-

shaped curve) is known as the spectrum locus. The straight line joining the ends of the
spectrum locus is called the_purple line (or purple boundary). The area enclosed by the

spectrum locus and the purple line represents a maximum chromaticity gamut within

which the chromaticities of all real stimuli are found (Fig.1-6).

The dominant wavelength and punty, an alternative set of co-ordinates in the CIE

system, correlate more nearly with the visual aspects of hue and chroma. However, still
they are not sufficient to be easily interpreted for practical use, and thus there have been

attempts to provide a more uniform system, e.g., by linear transformation. These will be

reviewed later.
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Figure 1-6. CIE 1931 chromaticity diagram [3].

1.2 Colour Appearance Phenomena [11,16,18]

In the previous section, two colour specification systems are reviewed. Both physical
and numerical systems provide some basic attributes of colour appearance, but the
complex aspects of colour vision phenomena are not satisfactorily explained. At the
present time, there does not exist an internationally adopted colour appearance model
equivalent in usefulness to the CIE system for specifying colour stimuli. Among the

many colour appearance phenomena reported and studied, those tliought to be important

to this research subject are reviewed here.
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1.2.1 Colour constancy

The colour appearance of objects does not change under a considerable range of
illuminating conditions. If the illuminant is changed, not only does the observer become

accustomed to the new illuminant but also knows well that the object is not changed.

So, it is more appropriate to use the terms “object-colour constancy” or “discounting the

itlluminant”,

The observer’s adaptation to a new illuminant is usually incomplete, there remains a
difference between the colour perceived in one illuminant and that perceived in another
illuminant. The resultant colour shift after the observer is adapted to the new illuminant
is a combination of colorimetric shift and adaptive colour shift. The colorimetric shift is
simply due to the change of the spectral distribution of illuminant and can be calculated
by standard colonmetric procedures. The adaptive colour shift is caused by the

chromatic adaptation of the visual mechanism. (See Section 1.2.3)

Aspects of object-colour constancy also arise in the effect known as achromatic
induction and/or chromatic induction, which seek explanations for such phenomena as

lightness contrast, lightness constancy and colour contrast.

1.2.2 Achromatic and chromatic induction

Achromatic or chromatic induction is a visual process that occurs when two or more
colour stimuli are viewed side by side, the colour appearance of one particular area is
markedly affected by the colour of adjacent area. The change in appearance can be in

any combination of the three attributes of colour perception (hue, brightness and

colourfulness).

The effect of achromatic and/or chromatic induction is also referred as simultaneous
contrast. It is virtually instantaneous process while the chromatic adaptation develops
slowly. Simultaneous contrast effects are the visual system’s method of enhancing
contrast (differences) boundaries, with the retina behaving like a small differential
amplifier. That 1s, these effects are due to lateral inhibition (or interaction) between
adjacent wavelength-coded receptive fields within the neural network of the retina.
Under the conditions when simultaneous contrast is greatest, the lateral inhibition is

“maximised. Lateral inhibitions therefore govern the physiological responses generated

by the different stimuli in the retina.
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Various parameters affect simultaneous contrast (e.g., the stimuli sizes, shapes,
separation, etc.), but there is one exception to simultaneous contrast effects. Instead of
contrast enhancement the colours of adjacent areas become more alike, which 1s known
as the assimilation or spreading effect. It is prominent when a chromatic object of small
visual field (usually < 1°) is viewed against a large area of different chromaticity.

Explanations of assimilation effects are made in terms of scattered light within the eye,

but are not wholly satisfactory.

1.2.3 Chromatic adaptation

Chromatic adaptation is a process where either sensitivities of the fundamental visual
response mechanisms are altered by exposure to light or modification of the wvisual
response is brought about by a chromatic (adapting) stimulus. Many extensive studies
have been performed in relation to the modelling of colour appearance, among them the

notable ones are that of Hunt [19], Nayatani [20], Fairchild (RLAB) [21], and Luo
(LLAB)[22].

Methods of characterising chromatic adaptation are included in all the above
workers’ colour appearance models, but the first one was proposed by von Krnies (1905).
He suggested that when the observer becomes chromatically adapted to a second
illuminant, the sensitivity of each of the cone mechanisms is altered by a constant factor.
These factors, known as the von Kries coefficients are then used to calculate tristimulus

values under the second illuminant [16].

R'=aR
G=BG (1-4)
B'=+vB

where R, G, B refer to the original fundamental primaries, and R’, G’, B’ to the altered

primaties.

Other chromatic adaptation transforms have the similar principles. That is, it is

assumed that a sample represented by a given set of chromaticities under the reference

condition would match in colour appearance under a new adaptation condition. This is
illusttated in Fig.1-8.
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Figure 1-8. Colour appearance diagram for Dg¢s adaptation (solid dots) and

for A adaptation (open triangles) [23].

1.2.4 Metamerism

For clanty, the distinction between colour constancy, chromatic adaptation, and
metamerism is stated again. Firstly, colour constancy is a property of a single sample,
while metamerism refers to a pair of sample colours. Secondly, colour constancy refers

to the original properties of objects, while chromatic adaptation refers to our eye’s

compensation for the change of illuminant.

Metamerism is the phenomenon that occurs when two colours match under one set
of conditions but fail to match under a second set of conditions. There exist the

following types of metamerism[11]:

(a) illuminant metamerism
(b) observer metamerism
(¢) geometric metamerism
(d) field-size metamerism

(e) instrument metamerism

Illuminant metamenism occurs when a pair of colours matches under one illuminant but

does not match under second illuminant, and is more important than any other types of
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metamerism. Also, in the case of illuminant metamerism, there exist three or more
cross-over points in the reflectance curves of two test colours (Fig.1-9). Geometric
metamerism can occur when the viewing geometry changes. A pair that matches when
seen at a distance (small field of view) may no longer match when closer to the eyes
(large field) is an example of field-size metamerism. Instrument metamerism occurs in

accordance with the instrument used for measurement of the colour parameters.

Tergel
ceans Malch

Aeflectance, %

400 500 $00 700
Wavelength/nm

Figure 1-9. Reflectance curves of a target and

an attempted match showing metamerism{[11].

1.3 Colour-Difterence Formulae[3,12,24,25]

Colour-difference formulae have been developed in association with the progress of
colour vision theories and uniform colour spaces. Some formulae progress from a

purely empirical approach. They can be divided into three groups according to their

methodology and history.

(a) Formulae based on the Munsell system
(b) Formulae based on the empirical approach

(c) Formulae based on the theoretical approach
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The above classification is, of course, not absolute. Some have aspects of both empincal
and theoretical approaches, i.e., composite or hybrid type. The principal trend of recent
advanced colour difference formulae is that the colour difference is evaluated by
weighted AL", AC’ and AH’ values.

1.3.1 Formulae based on the Munsell system

A series of colour difference formulae based on the Munsell colour system have been

developed. The first formula is the Nickerson Index of Fading [2] (1936). It is based on
the city-block model, in which the distances (differences) in the three directions are

simply added. The formula in terms of Munsell units of hue, value and chroma is:

AE =-25-CAH +6AV +3AC (1-5)

If C =5, the coefficients of AH, AV, and AC are 2, 6, and 3, respectively. Their inverses
give the relative sizes of these steps, 3H= 1V = 2C. |

Balinkin (1941) altered this formula to correspond to Euclidean geometry, in which

the distance between two points is the square root of the sum of the squares of each co-

ordinate:
1/2

AE=[(—§-CAH)2 + (6AV)* +(—%2AC)2] (1-6)

7T

Since the Nickerson formula, there has been little consideration of the city-block

model and colour space is generally assumed to be Euclidean.

Because of the difficulty of calculating Munsell co-ordinates from CIE tristimulus

values, these formulae and later modifications are no longer used.

1.3.1.1 CIELAB [26]

The CIE 1976 (L'a'b’) colour space is intended to be an approximate uniform colour
space representing perceptual colour magnitudes in terms of opponent colour scales. In

this colour space, the total colour difference AE ., between two colours is calculated

from
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AE'w =[(AL")? +(8a")? + (Ab')’]l/z (1-7)
where
13
L*= 116 Y - (1-8)
1/3
a*= 500{ } (1-9)
1/3
b*= 200|V ] (1-10)
Y Z
for — > 0.008856, > 0008856, and ——>0.008856.
Yl'l n z!l

The rectangular colour co-ordinates, L', a, b’, are calculated for each colour sample
from the X, Y, Z tnistimulus values of the sample and the X,, Ya, Z, tristimulus values of

a perfect reflecting diffuser with respect to a specified illuminant and observer.(Tablel-1)

Procedures for calculating L', a’, b" when X/X, or Y/Y, or Z/Z, are less than or

equal to 0.008856 are also given in CIE recommendations. (Pauli extension [27])

L*= 903.3(-‘5-) for —— < 0008856 (1-11)
Y Y

n

Seve [28] also suggested a set of simplified equations for CIELAB that eliminate the

separate equations for low luminance levels. For example,

Y 1 V3
L=116| 20 ——— | _16 (1-12)
Y ' 381(1+180Y/Y,)

n

The perceptual correlates of lightness, chroma, and hue are defined fromL’,a, b’

CIE1976 lightness Eqs. (1-8) and (1-11)
¥ * $ 2
CIE 1976 a.b chroma C'w =[@") + (b )2]" (1-13)
CIE 1976 a,b hue-angle h, = tan'l(-lg;-) (1-14)
a

The Euclidean distance in AL’, Aa, Ab’ rectangular co-ordinates is identical to the

Euclidean distance in the rotated rectangular co-ordinates AL’, AC s, AH . That is,

AE'w =[(AL')? +(AC"w)? +(AH"w)?]" (1-15)
Hence, CIE 1976 a b hue-difference is
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AH' o, =[(AE'".1:>)2 - (AL")? -(AC"al.-.)Z]I/2 (1-16)

The sign of the hue difference is taken as the same as the sign of the hue-angle

difference, Ah,,, between the colour-difference pair. Alternative expressions for AH
which make a direct computation of hue difference have been proposed {29-31].

Alternative equation for AH , [31]:

AH.ab — al bz _az bl 2 (1-17)

[O.S(C'ab,lc'ab,z + al'a; + bl‘b;)]

The CIELAB space now almost serves as a base colour space, and the conversion of
CIELAB co-ordinates to (or from) XYZ tristimulus values 1s very common. The reverse

transform fromL", a’, b to X, Y, Z (for Y/Y, > 0.008856) [3] is

. 3
x=x,,[L +16+_§__)
116 500

- 3
Y=Y,,[L +16)
116
L+16 b )
116 200

(1-18)

Table 1-1. Tristimulus values and u’, v’ co-ordinates of perfect reflecting diffuser [32].
(Y, =100 1n all cases)

Mluminant | Observer | Xo | Zn | u’ | v
A 0.5243
100 0.5242

C

08.074 0.4609
97.285 0.4626
05.047 0.4683
94.811 0.4696

99.63 63.544 0.2226 0.5027

TL84 "
102.304 64.368 0.2279 0.5013

(* From Appendices 5 and 6 of Ref.[11])

2
2

O
o
20
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1.3.2 Formulae based on the empirical approach

The empirical apj)roach relies on the linear transformation of the CIE system. Judd was

the first who tried to this method [25]. In 1939, he defined colour difference by using
the distance formula in his triangular UCS diagram.

AE? = AL? + AC? (1-19)

where L = lightness and C = chromaticity.

Hunter (1942) suggested the modified version of Judd formula. This formula, the

NBS formula, is based on Hunter’s rectangular co-ordinate “o-B” chromaticity diagram:

1/2

AE s = (3{[221('3?)“’4 (8a? +2p?)" 2]2 + [P(Ayfﬂ)]’} (1-20)

where o and f are calculated from CIE x,y co-ordinates, G is a gloss factor, and P 1s a

proximity factor. As can be seen, NBS is the first formula that includes parametric

factors, 1.e., gloss and gap.

1.3.2.1 CIELUV

CIELUYV is another CIE 1976 recommendation for a new colour space and colour

difference formula. In this formula the L’ function was combined with u, and v,.

AE'w =[(AL')? +(8u")? +(z:w")’]'/2 (1-21)
where L’ is the same as that of CIELAB.
u" =13L"(u'-u,')
v =13l (v'-v_') (1-22)
, 4X 4x
and Hve— -
X+15Y+3Z -2x+12y+3
v oY 0y (1-23)

T X+15Y +3Z  —2x+12y +3

The quantities u,’ and v, refer to u’ and v’ values for the reference white (Table 1-1).

Also the reverse transform between u’,v’ and x, y is possible:

4.5u’ 2V

X = ————ree y e ———————
3u'-8v'+6 3u'-8v'+6

(1-24)



21

As similar to the CIELAB, the components of the CIELUV formula can be divided
into the perceptual attributes of lightness, chroma, and hue. In the CIELUYV, however,

one more term 1s defined. This 1s the correlate of psychometric saturation (su):

Suv = 13[(u'-u.r.')2 + (v'—vm")Z]I/2 (1-25)

The advantage of CIELUV to CIELAB is that CIELUV has an associated
chromaticity diagram, i.e., linear transform of the CIE x,y diagram. Those who work in

the fields such as monitors and video displays prefer to use the CIELUV space and
formula.

Cev
constant |L°® A gy

constant , qd

Suv

4* constant .‘ 00 o ;‘. \\gﬂ
&

oo Nt

5100
~3o
r‘-’Q so de
S {004
Jd - ‘o
A * 0.
| 3

Figure 1-10. CIELUV colour space[1].

1.3.3 Formulae based on the theoretical approach

The line element [33] provides alternative method of colour-difference calculation. It
could be used even when the colour space 1s not Euclidean, that 1s, all line elements are

assumed to have the Riemannian form that defines the colour difference'by an ellipsoid

equation (quadratic equation). The distance, AE, between two points Py(x, y, Y) and

P,(x+Ax, y+Ay, YF+AY) in Riemannian is:
AE? =g, Ax? + g,,Ay? + g,,AY? +2g,,AxAy +2g,,AXAY +2g,;AyAY (1-26)

The methods of determination of the ellipsoid coefficients are divided into two. One

1s purely from the colour vision theory, and the other is based on the standard deviation

of colour matching which starts from the MacAdam ellipses [34].
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MacAdam (1942) published results of experiments that were designed to measure the
distance in the X, y diagram for equal threshold colour-difference. Simon and Goodwin

(1957) prepared graphic charts for rapid hand computation of colour-difference based on
the MacAdam ellipses [35]:

1/2
AE = [_I!(- (g“Ax2 +2g,,AxAy + gzzﬁ\y2 + GAYZ)] (1-27)

where gii’s are the constants which depend on x and y, and G and K are the constants

which dependon Y.,
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Figure 1-11. MacAdam ellipses plotted on a CIE chromaticity diagram [3].

(The axes of the plotted ellipses are ten times their actual lengths.)

1.3.3.1 FMC[36,37]

FMC colour space and colour-difference formula were developed by collaborated works
of Friele, MacAdam and Chickering during the 1960s. FMC space was claimed to be

more nearly perceptually uniform than the CIE 1931 space in terms of the MacAdam
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1942 ellipses. However, the correlation between calculated difference and perceived

difference 1s not well established and thus, unless confirmed by visual observations, it is

not recommended for use. Though it is still included in the American Society for

Testing and Materials (ASTM) Standard [38], it is now rarely used.

Other studies related to theoretical approaches were done by Friele [39] (1978) and
Seim and Valberg [40] (1986). Friele developed the FCM (Fine Color Metric) formula
which 1s based on the line element concept and is established with various sets of

perceptibility and acceptability data of physical samples. Seim and Valberg developed a

new theoretical formula of the opponent LAB type.

1.3.4 Advanced colour-difference formulae

Since the CIE recommended two colour-difference models, CIELAB and CIELUYV, in
1976, there has been a continuous search for better ones. This led to the development of

advanced colour-difference formulae such as CMC[41], BFD [42], and CIE94 [26].

1.3.4.1 CMC, BFD and CIE9%

CMC, BFD and CIE94 are all based on the CIELAB space and are similar in most
respects. Superior performances of these formulae to CIELAB for srhall to moderate
colour differences originate from the use of different weightings for AL’, AC” and AH'
according to the position of the colour in CIELAB space. Thus, the colour spaces
associated with these formulae are not Euclidean, and the wvisual tolerance volume

around a standard is defined as an ellipsoid in CIELAB space.

The CMC formula was developed by the Colour Measurement Committee (CMC) of
the Society of Dyes and Colourists (SDC) on the basis of McDonald’s experiments [43],
in which skilled colourists carried out wvisual pass/fail (acceptability) decisions on
polyester thread samples. After more than 10 years of experience, CMC has gained the
wide acceptance, especially in textile coloration industries, and is now used extensively.
It has been adopted as the British Standard (1988) [44], the American Association of

Textile Chemists and Colorists (AATCC) Test Method (1992), and the International
Standards Orgamization (ISO) standard (1995).
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(For convenience, the parameters AE ., AC s and AH',, will be denoted by AE’, AC’

and AH' in the remainder of the thesis.)

CMC(Z4:¢c) Formula {41}

ALY (act) (amt)']
e K‘rs“‘] (&) -5 ] -

where S, =—&(M—-ng—-—f§-— unless L'ys <16 when Sy = 0.511
1+001765L g4
Sc =ﬂ§§.§9_1j_+ 0638
1+00131C a4

Su= ({fT +1 -1)Sc

£ = (C*sld ) V2
(C"sa)* +1900

T=036+ ‘0.4 cos(h’ag + 35)] unless 164° < h%4<345° when

and

T=056+[02cos(h’ss +168)

{=c=1 for perceptibility of colour differences

£=2,c=1 for pass/fail (acceptability) decisions

Luo and Rigg combined many earlier acceptability and perceptibility data sets and
conducted additional experiments using wool serge samples and the grey-scale
method[45]. They used these results to derive a new colour-difference equation, the
BFD formula. BFD has the following major differences to CMC: (a) the addition of a

new term which accounts for the rotation of chromaticity ellipses in the a'b’ diagram,
and (b) the use of a different lightness scale (Fong lightness scale [46], Eq.1-30) and
resulting different AL” weighting function.

BFD(4:c) Formula [42]:
ALy) (ac’)’ (an*) act )]
AEgp = ( B“’) +( ] +[ J +RT(————-—-——C ) (1-29)
4 cD Dy D.Dy
where Lem=354.6 log(Y +1.5)-9.6 (1-30)
(For the full specification of BFD, see Appendix 4.)

The CIE94 formula (formerly TC1-29) has recently been recommended by CIE for

industnial colour-difference evaluation work. But, as clearly stated in the CIE
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report[26], it does not have the status of a CIE standard. The base of CIE94 is the RIT-
Dupont data [47] which used paint samples, paired-comparison method and probit
analysis to produce visually equivalent tolerances. There has been little work published
so far on the comparison of the performance of CIE94 with those of other formulae but
in one study [22] it gave the similar performance as CMC or BFD despite its simpler

form.

CIE94 Formula [26].
. \ 2 . \ 2 . \27V2
AE 94 = (AL ) +[AC ) +( aH ) (1-31)
kpSy keSc KpSy
where Sp=1

Sc=1+0.045C"
Su=1+0.015 C'std

and kp =kc=ky=1 for most applications

k=2, ke=ky=1 for the textile industry

1.3.4.2 DCI-95[48]

Rohner and Rich of Datacolor International have developed a metnc, the DCI-95

formula, which is based on logarithms and matches the performance of existing advanced

colour-difference models. DCI-95 features:

(a) Logarithmic compression to CIELAB L" and C

(b) Metric hue weighting via C asa’/b” axes are derived from weighted C" and h,
(c) Better uniformity in terms of Munsell hue and chroma spacing at value 5 than any

other industnal colour-difference formula evaluated so far

The equations are as follows:

L™ =G,log(1 +P,L")
C” =G,log(1 + P,C)
"= C" cos (hw)

d
b” = C sin (ha)
and
100

G1 = log.(1+ P,100)
- 100(1- 02jsin(h,y)])

G.=——>__ v 97 1-32
> log,(1+P,100) (1-32)
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The colour-difference AE™ is defined as CMC or CIE94 with specific tolerance and

parametric factors for lightness, chroma, and hue.

Further work continues to optimise P;, P, and three weighting functions, to improve

its uniformity throughout colour space, and especially to explain the behaviour of very

dark and very high chroma samples.

1.3.4.3 LLAB[22]

The LLAB model was developed by Luo and co-workers. Unlike other colour-
difference models, LLAB provides measures to colour appearance as well as colour
difference. It is in effect more close to a colour appearance model. The advantage of
LLAB is that it can cope with a wide range of viewing conditions such as change of light
source, luminance, and background. However, colour-difference evaluation and colour
appearance modelling are substantially different. Small colour differences, larger sample
size and a lot of experimental noise are involved 1in colour-difference work while colour
appearance model deals with large colour differences, smaller visual elements and a vast

change of viewing conditions. Therefore, the effectiveness of LLAB in conventional

industrial colour tolerance work is open to question.

Table 1-2. Summary of colour-difference formulae.

— Yorm | Commem | References
CIEXYZ Euclidean colour space 11,12
3

Nickerson index of The first colour-difference formula
fading Munsell type & city-block model

“ The only formula including gloss
and proximity factors
MacAdam ellipses The basts for ellipse formula 34
& SmonGoopen | o oretm ] 5
 SVF_ | ‘TheoreticalLABtype | 40
“
| AATCC Test Method
Logarithm-based formula 48
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1.4 Quantifying Visual Colour Difference
1.4.1 General introduction [18,49,50]

There are various scaling methods in visual colour-difference assessments. The terms
and definitions are often confused. Here, the types of scales are reviewed first, then the

basic concepts and laws of psychophysics and the scaling methods follow. The detailed

account of data analysis procedures is given in Chapter 2.

1.4.1.1 Types of scales

The choice of experimental method largely determines the kind of measurement scale.

Stevens [49] (1946) has classified scales into four: nominal, ordinal, interval and ratio

scales.

NOMINAL ORDINAL INTERVAL

=

N0

o’ g E
. 3 " =
NOWTERVALS B < =
NO 2£Ro < & 2
00. NUMBERS £ 2 <=
ON FOOTBALL S E =
PLAYERS ND ZERO E=
0., HARDNESS 3=
NO ZERO z
e.g. °F. =
— 2ERO
0.9.. LENGTH

Figure 1-12. Various measurement scales [49].

A nominal scale is the least powerful scale, i.e., it merely uses numbers instead of

names to distinguish among members of a group. Many people do not consider it to

form a scale.

An ordinal scale consists of an ordered progression of integers but gives no

information about the meaning of distances along it.

An interval scale determines order, but it also specifies ratios of differences, so equal

distances anywhere along the scale have the same significance.
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A ratio scale is an interval scale with a zero point, that is, it additionally defines ratios

of magmtudes. Equal ratios as well as equal intervals have the same meaning

everywhere along this scale.

1.4.1.2 Psychophysical methods

| Jn Ref,
According to Boynton[49], visual psychophysics concerns the study of lawful stimulus-

response relationship and theoretical concepts about explanatory mechanisms. The
psychophysical methods are originally defined by Fechner and are divided into three

major methods: the method of constant stimuli, the method of limit, and the method of

adjustment.

The method of constant stimuli, also called the method of single stimulus, yields
results as probability-of-seeing function that constitutes an indirect measure of response
magnitude at the bottom end of the sensation scale.

The method of hmit is used to get a rough estimate of threshold to determine the
range within which to choose the stimuli to use with the constant-stimulus procedure.
Here, the threshold is defined as the minimum stimulus or difference in stimuli that can
be distinguished as different from standard.

The method of adjustment is similar to the method of limits except that it is the
observer, rather than the experimenter, who controls the stimulus. An advantage of this
method is that the observer has something more interesting to do than just to say yes or

no. It has also been called the method of average error, the method of reproduction, or

the method of equivalent stimul.

1.4.1.3 Weber’s law

After he studied the sensitivities of the different senses to stimulus differences, Weber, an

anatomist and physiologist, formulated a simple stimulus relation (1834). This, Weber’s
law, stated that the difference between one stimulus and another that is just noticeably

different is a constant fraction of the first. That is,
— =k (1-33)

where Ax represents the stimulus increment, x is the original stimulus, and k is called

the Weber fraction (constant).
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Weber’s law was adopted by Fechner and he derived another relation known as

Fechner’s law.

s(x)=a+blog(x+xo) (1-34)

where s(x) is the sensation magnitude, a and b are constants, and X, is a threshold. It
expresses that sensation increases linearly as a function of logarithm of stimulus

intensity. [The Fong lightness scale (Eq.1-30) and the DCI-95 formula (Eq.1-32) follow
this form.]

The Weber’s law and the Fechner’s law play key roles in the basic concepts of
psychophysics.  Another important concept in psychophysical methods s the

Thurstone’s law of comparative judgement. The paired-comparison method follows
from it. (See Section 1.4.2.2)

1.4.1.4 Representation of data

It is generally assumed that the surface, which represents contours of equal perceived

colour-difference from a standard in colour space, is an ellipsoid. In CIExyY space, it is
given by Eq.(1-26). In CIELAB space,

AE? = b)1(Aa’) + by(Ab')? + bss(AL") + 2bj;Aa°Ab” + 2bj;Aa’AL" + 2buAb AL (1-35)

The assumption of this representation is justified for two reasons [50]. First, considering
the inherent variability of the judgements, it is sufficiently accurate for small colour

differences. Second, it is the only expression that can be handled easily by the standard

statistical techniques.

The data analysis on colour difference evaluation thus follows as ellipsoid ﬁtting, 1.e.,

deriving g or b coefficients, to optimise the measures of fit between visual difference and

calculated difference.

Unlike other data sets, RIT-Dupont data [47] was reported in the form of tolerance

vectors in CIELAB space. As the tolerance vectors could not be represented as a single

form like an ellipsoid equation, there is no way to compare their data with earlier ones

without ellipsoid fitting.
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1.4.2 Scaling methods [45,49]

1.4.2.1 Ranking method

The ranking method is easy to use when the number of stimuli is small, but with large
number of stimuli 1t becomes cumbersome. Some [51,52] tried this method in their
experiments but 1t has been rarely used in colour-difference assessments. The

observation procedure is normally as follows [51].

The observer was asked to compare each sample to the standard
and sort them according to the magnitude of the perceived colour
difference from the standard: Smallest difference first and largest

difference last. The ranking was recorded on the sheet.

From the raw data, the following three ranks are calculated: simple ranks,
comparative ranks, and normalised ranks. The simple ranks are the very ranks ordered
by the observer and used to derive comparative ranks and normalised ranks. The
comparative ranks determine the interval scale, i.e., visual scale, and the determination
follows the law of comparative judgement. (See Section 1.4.2.2.) The normalised ranks
also estimate an interval scale. The term ‘normalised’ means the normalised ranks are
assumed to form a normal distribution with respect to the scaled attnbute. (For a

detailed procedure of deriving visual scale, see Bartleson [49]).

1.4.2.2 Paired-comparison method

The judgmental mode in a paired-comparison experiment [53] is usually as follows:
“whether the colour difference is larger or smaller than a given standard difference”.
The perceptibility (or discrimination) and the acceptability (or pass/fail) judgements also
require similar judgements. ‘“Whether two colours are distinguishable or not” or
“whether the difference is perceptible or not” is the judgement in a perceptibility
experiment [54]. In an acceptability test [43], samples are judged to be acceptable or not

acceptable as matches to a standard. All of these experimental methods can be regarded

as the binary judgement method.

The law of comparative judgements plays a key role in the paired-comparison

method. It was set down by Thurstone [49] (1927) as an equation relating the difference
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between the two stimuli to the probability of one stimulus i being judged greater than the
other stimulus j. For instance, if we do the scaling experiment by the paired-comparison

method and postulate this process follows a normal distribution, then the equation for

the law of comparative judgements is
- 1/2
AE; ~ AE 4, = [N (P, )][‘ffi2 +Gqy" = ficicsm] (1-36)

where AE; and AE.q4 represent the colour-difference stimulus of the ith pair and the
standard pair, respectively. N~ denotes the inverse of cumulative normal distribution, P;

is the probability that the pair i is judged greater than the standard pair, ¢; and Gad

represent the standard deviations of AE; and AEg4, and r; is their correlation coefficient.

Eq.(1-36) represents the complete law of comparative judgement, but in practice it is

assumed that 6; =04 = G/\/E = constant and r=0. Thus

AE; — AEgs=c N'(P) (1-37)
Above case 1s stated as Thurstone’s Case V.

The transform process of visual data to an interval scale is illustrated in Fig.1-13.
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Figure 1-13. Transformation of visual data to an interval scale [55]: (lower left)

frequency matnix, (upper left) proportion matrix, (upper right) z matrix, and

(lower right) scale value.
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First, the raw data 1s converted into a frequency matrix. Next, it is converted to a
proportion matrix (The proportion P is determined as P=f/N, where N is the number of
observations). Then the values of the proportion matrix are converted to cumulative
normal distribution. It is called the z matrix . The scale values can be obtained by taking

the sum of each of the columns in the z matrix.

However, in general practice, the scale conversion process is omitted. Instead, the

coeflicients of Eqs.(1-26) or (1-35) are directly derived by ellipsoid optimisation.

1.4.2.3 Category method

The law of categorical judgements [49] (Torgerson, 1954) is an extension of Thurstone’s

law of comparative judgements. It is expressed as:
_ /2
AEJ- _AEk - N l(PJk)][sz +Gk2 -Zl'jkcjck] (1-38)

where AE; = the colour-difference stimulus of the jth pair
AEy = the mean colour-difference stimulus of the kth category
N = the inverse of cumulative normal distribution function
P;: = the probability that the pair j is placed below category boundary k
o; and oy = the standard deviation of AE; and AE,
rix = the coefficient of correlation between momentary positions of jth pair

and boundary k.

As can be seen from the expression, it is the same form of Eq.(1-36) and has the same
assumption of normal distribution. But the law of categorical judgement relates to the
relative positions of a particular colour-difference pair with respect to category

boundaries rather than with respect to another pair.

{

Morley [55] and Robinson [56] have undertaken category scaling experiments. Both
studies rated their samples to a six-point category, however Robinson analysed the data
by dividing the first three categories as acceptable and the last three as unacceptable.
Thus, Robinson’s study is, in effect, an acceptability experiment. Morley asked the

observer to assess the colour differences in terms of the following categories:

I. No difference

II. Just noticeable difference
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ITII. Noticeable difference
IV. Fairly large difference
V. Large difference

VI. Very large difference

However, they did not attempt to fit an ellipsoid as well.

There are two methods that determine scale values from the raw data: (a) mean-

category value method, and (b) categorical-judgement method. In the mean-category
value method, the category mean is simply obtained by taking the arithmetic means of
each column in the raw data sheet. The categorical judgement method is to derive an
interval scale by invoking the law of categorical judgements. The mathematical

technique 1s nearly the same as the paired comparison method.

1.4.2.4 Ratio method

The magnitude estimation is the most frequently used ratio method. In magnitude
estimation method, the observer is asked to match a number to the magnitude of the

perceptual attribute. In colour difference evaluation, visual assessments are carried out

as followming [57]:

The observer was presented with two pairs of samples, one pair
always being the standard pair and asked to express the colour
difference for the sample pair as a ratio of the difference for the

standard pair. Any multiple or fraction was allowed.

After the experimental data were recorded for a sample pair, they were averaged by

taking their geometric means.

av; =(mav;')" (1-39)

where AV is the mean of observed ratios (AV’), n represents the number of

observation, i stands for a particular stimulus, and I1 designates cumulative products.

Then, the true visual difference (AV) can be related to AV" by

AV=(aV*) (1-40)

where a varies with the particular group of observers. The value of a in Eq.(1-40) can

be estimated during the ellipsoid fitting.
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