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Abstract 
The degree to which people can discern differences in hue on a computer screen was explored in 
this study. A purpose-written program offered participants a colour swatch and a nearby panel 
to be matched by adjusting its hue by mouse or keyboard. Offered colours were defined with 
randomly-chosen values of R, G and B (red, green and blue values as the computer colour 
definition); and the lightness and saturation of the matching swatch were maintained at the 
values of the offered swatch while the participant attempted to match the hue. 

The test was taken by 329 participants from five geographic locations, yielding more than 
14 000 colour matches, and answers to 10 questions about their intrinsic and extrinsic 
sociocultural characteristics. 

It was found that typical hue discrimination averaged about 223 (distinguishable hues around 
the HSL hue circle). Discrimination (D) varied strongly at different hues, and peaked in the 
orange (at D = 370) and blue (D = 330), and was lowest in the red-magenta (D = 111) and cyan-
green (D = 120). Thus at some parts of the hue circle, participants could, on average, distinguish 
more than 3 times as many hues in a given numerical hue range as at other parts of the hue 
circle. 

The average direction of hue matching errors was much smaller than the size of errors, but was 
negative overall (i.e. participants tended to match counterclockwise of the offered colour). 
Between yellow and cyan-blue, matches were biased towards the green and appeared to be an 
artefact of the poor discrimination in the green 

Female participants had better discrimination than males, and this was especially marked in the 
magenta-red to yellow-green, but also in the cyan to magenta. Young participants had better 
discrimination than older participants, and discrimination fell from about 35 years onwards, 
although decline in discrimination appeared to be less for yellow hues.  

Differences in discrimination were found between participants living in different environments. 
Living in an environment with a subdued colour palette was associated with elevated 
discrimination — the difference (∆D) being +28 Discrimination units relative to participants 
living in a location with a flamboyant palette; the difference was especially marked in the cyan to 
blue hue segment. A similar difference was found for temperate vs more tropical locations 
where the former showed elevated discrimination (∆D = +66) and, although superior at all hues, 
the greater discrimination peaked in the green to cyan. These geographic differences in effect of 
location were better explained by current location than origin, indicating a considerable degree 
of plasticity in discrimination in response to environmental influences. 

Similar effects were found for the effect of broad cultural milieu (Eastern < Western, ∆D = –38) 
and postgraduate education. Weak effects of field of specialisation and experience working with 
colour were also found. 

The key finding here is that the HSL hue circle is far from perceptually uniform, and comparison 
with the NCS and Munsell hue circles revealed that, despite their foundation in observed colour 
differences, they too, appear to be perceptually anisomorphic. 
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Glossary of Terms 
Colour: this thesis is written using Australian English: the word ‘colour’ is spelt with  

the ‘-our’ with the exception of specific quotes or titles, where the American ‘-or’  
is actually used. 

Capitalisation: in this document, certain terms are written with capitalised, and at other times non-
capitalised, first letters (e.g. Hue and hue). In general, the capitalised word indicates 
a variable that has units and a quantum associated with it, while the non-capitalised 
version refers to a concept. Thus “Discrimination” is a variable that quantifies the 
number of hues that a person can discern around the hue circle, while 
“discrimination” is the concept that people can distinguish different colours, perhaps 
differing only by small amounts. 

The language of colorimetry includes a plethora of terms for colour and its ‘perception’, and, to 
avoid confusion, the CIE has defined a range of terms with the intent of guiding researchers into 
the use of a common language (Hunt 1978, CIE 2011), without the confusion and ambiguities of 
the imprecise usage that has occurred. Despite this exhortation, this thesis is not a study of 
colorimetry, but of the display of colours on a computer screen. As such, this thesis uses specific 
terms relevant to defining a colour or colour differences, and they are used carefully and 
precisely as defined below. These definitions may be at variance from the precise technical 
definitions promoted by the CIE. 

General Terms 

These are subjective terms, widely used in the thesis to refer to general concepts, without the implied 
rigour of objective terms. Note that these terms are used in lower case (except to begin a sentence). 

colour: a sensation relating to the appearance of a surface or source of light that is  
characterised by specific values of hue, saturation and lightness 

hue: the characteristic of a sensation of a colour that varies in the manner that  
the colour of a spectrum varies with changes in wavelength (e.g. red or  
orange or green, etc.) 

saturation: the characteristic of a sensation of a colour that varies with the purity of the 
hue, or that would vary if the hue was mixed with lesser or greater amounts  
of grey 

lightness: the characteristic of a sensation of a colour that varies with the amount of light  
present in the colour (i.e. light or dark, bright or dim) 

achromatic colour: perceived colour devoid of hue, i.e. a neutral grey 

bias: the tendency of hue matching to tend to positive or negative offset from the intended 
hue 

discrimination: the capacity of a person to discern subtly different colours 
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Study Terms 

These terms are objective, having precise meanings, and often numerical scales: numerically-
scaled terms are always used with a capitalised first letter. 

colour matching activity:  the section of the program or task involving the matching of randomly-
generated colours 

colour matching program:  the program used to describe the complete entity, including both the 
questionnaire and the colour match program 

colour matching questionnaire: the section of the survey or task that involves questions about the 
demography, cultural identity and colour involvement of the participant 

Discrimination:  the number of discernibly difference hues that could be distinguished in a stated 
segment of the hue circle, if the stated value was to apply at all hues in the segment; 
scaled as specified in section 6.8 of this thesis 

Bias: the average value of the offset between an offered hue and the matched hues 
selected by participants; scaled as specified in section 6.8 of this thesis 

Hue: the value (H) of a hue in the HSL colour scheme that has a numerical value, in the 
range [0 359]; calculated as specified in section 3.5.2 of this thesis 

Saturation: the value (S) of a saturation in the HSL colour scheme that has a numerical value, in 
the range [0 1]; when calculated as specified in section 3.5.2 of this thesis 

Lightness: the value (L) of a lightness in the HSL colour scheme that has a numerical value, in 
the range [0 1]; when calculated as specified in section 3.5.2 of this thesis 

Technical Terms 

Cartesian plot: a two-dimensional graph of variables in which each is plotted on a straight-line 
scale, at right angles to each other (cf. polar plot) 

Colour gamut: volume, area, or solid in a colour space, consisting of all those colours that are either: 
(a) capable of being created using a particular output device and/or medium; or 
(b) present in a specific scene, artwork, photograph, photomechanical, or other 
reproduction 

Colour solid: a construct which represents a colour space that contains surface and interior 
colours or colour definitions 

Colour space: a geometric representation of colour in space, usually of 3 dimensions 

Colour vision deficiency:  a defect in colour vision that creates a deficit in colour discrimination 
(abbreviated to CVD) 

Colour-matching: action of making a colour stimulus appear the same in colour as a given colour 
stimulus (i.e. in this study, attempting to match the offered swatch by adjusting the 
adjustable swatch) 

Contingency table: a table, usually two dimensional, in which the counts of two categorical variables, 
which both relate to a common set of subjects, are tabulated, and row and column 
totals are used to estimate the independence of the two variables 

Cross-tabulation: a table, usually two dimensional, in which the counts of two categorical variables, 
which both relate to a common set of subjects, are tabulated, and row and column 
totals are tallied 
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Data detrending: (as used here) the removal from the transformed data of the overall variation in 
discrimination around the hue circle, so that finer-scale differences in hue 
discrimination in subsets of the participants might be uncovered 

Data standardisation:  (as used here) the removal from the raw data of the effects of lightness and 
saturation, so that the effects on hue discrimination of differences in hue could more 
readily be discerned 

Data transformation: the re-scaling of data so that it more closely approximates a desired distribution — 
as used here, to reduce very large levels of skewness and kurtosis, and render the 
distribution close to normal (q.v.) 

Data validation: the process of examining a data set and identifying anomalous data, and the 
subsequent examination of those data to decide whether they should be retained or 
discarded 

∆D: a measure of the difference in Discrimination in a segment of the hue circle from the 
mean around the full hue circle (used in Chapter 10) 

∆E: a measure of the discernible difference between two colours, typically intended to 
scale to the smallest difference between two colours that a ‘standard’ observer 
would be just able to discern (cf. just-noticeable difference) 

Digital environment: (as used here) a display device that defines its colour in terms of R, G and B values 

Error rates: the risk of reaching a false conclusion in a statistical test — there are two types: 
type 1 (concluding that a real effect is present when none exists; usually set to 5%), 
and type 2 (failing to conclude that a real effect is present when one exists; usually 
ignored, and assumed to be small, but vulnerable to poor experimental design) 

Formative location: (as used here) the location that a participant spent the greater part of the first 20 
years of their life 

Harmonic curve-fitting: the procedure of fitting a pragmatic curve to a data set by fitting a series of 
harmonic (i.e. sine or cosine) curves to the data, each successive curve having one 
more cycle over the abscissal range (also called Fourier decomposition) 

HSL colour space: a cylindrical colour space (q.v.) that is characterised by a circular hue scale (H), a 
radial saturation scale (S), and a polar lightness axis (L), in which full saturation is 
possible at all lightness levels 

Hue circle: the range of hues (q.v.) expressed as a circular variable. As used in the HSL system, 
with 360 increments (from 0 to 359), with pure red at value zero; other numbers of 
increments are used in other systems 

Isometric: a scale that has increments which are equal in size in accord with a numerical scale 
(most scales are isometric: data transformation (q.v.) is, in essence, a process of 
rendering a scale non-isometric) 

Isomorphic: the property of a scale that has increments that are perceptually equal in terms of 
the variable that is scaled 

Isomorphism: the condition that a given perceptual difference in different parts of a range are 
equal in distance of physical or numerical separation when the range is scaled 

‘Just-noticeable difference’: the smallest difference between two colours that a standard observer can 
discern 

Kurtosis: a property of a data distribution that expresses the degree to which the data 
diverges from the normal distribution (q.v.) in terms of having many or few outliers 
and extremes  
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Main-effects ANOVA: a multi-variable analysis of variance which assesses each variable after the effects of 
all other variables have been assessed and removed — it is intended to assess the 
effects of each variable after ‘statistically controlling’ for all other variables 

Main-effects mean: the mean value estimated for a level of a variable in a main-effects ANOVA (q.v.): 
differences between levels should be adjusted for correlation between variables and 
imbalances in the number of cases in each level of the variables. 

Matching error: (specific to this work) the size of error that a participant makes when matching an 
offered colour, expressed in transformed units — matching error can be an absolute 
magnitude (size of matching error) or scaled (direction of matching error) 

Monochromatic: light the spectrum of which is restricted to a single, or very narrow band of, 
wavelength(s) — monochromatic light appears highly saturated (an intense colour) 

Munsell Color System: a numerical colour notation system based on a three-axis colour space and five 
primary colours:  it is intended to be perceptually uniform and entirely pragmatic in 
nature, being built on a foundation of rigorous measurement of human visual 
perception (Birren 1969) (cf. NCS Color System) 

NCS Color System: a system for naming and defining colours, especially in terms of CYMK specification 
for printing purposes. It is based on three pairs of opposed elementary colours and 
the expressed perception of colours by observers — it is intended to be partially 
perceptually-uniform (Hård and Sivik 1981) (cf. Munsell Color System) 

Normal distribution: a data distribution that is produced by taking the average of repeated samples from 
a variable population — it is also the underlying assumed theoretical distribution in 
parametric tests (t-tests and F-tests), and is assumed in most data analysis, such as 
averages and standard deviations 

Normative (participant): (as used here) a participant in this study who did not report a colour vision 
deficiency 

Polar plot: a two-dimensional graph of variables in which one is plotted on a straight-line scale, 
and the other on a circular scale, much like a radar display (cf. Cartesian plot) 

Polynomial regression (order): a (statistical) curvilinear regression technique which fits a line-of-best-fit 
to data in the form of a polynomial curve; a first order polynomial regression fits a 
straight line, a second order fits a parabola (a curve with one inflection), a third 
order fits a cubic curve (a curve with two points of inflection), etc. 

Predicted mean: a main-effects mean (q.v.) 

Primary colour: a colour that cannot be created by the mixing of any other colours; i.e. red, green and 
blue in the additive three-primaries system 

Proxy (measurement or value):  a value or measurement that stands in place of another value, for 
example (as used here), test location in place of cultural milieu 

RGB colour space: the native system for colour definition on digital displays, where all displayable 
colours are defined by the levels, in the range [0 255], of emitters that produce red, 
green and blue light 

Secondary colour: a colour that is made up of equal amounts of only two primary colours; i.e. yellow, 
cyan and magenta in the additive three-primaries system 

Šidák adjustment: a strategy to minimise the threat to type 1 error rates (q.v.) in a statistical analysis 
which involves multiple analyses of the same set of data — it involves computing an 
adjusted critical value against which to test computed probabilities (akin to a 
Bonferroni adjustment, but less conservative) 
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Skewness: a property of a data distribution that expresses the degree to which the distribution 
is symmetrical about its central tendency — typically it refers to the degree that a 
distribution, relative to the normal distribution (q.v.), is drawn out asymmetrically 
to the left or right 

Sociocultural: (as used here) the variables by which participants were classified and which relate 
to social and cultural aspects of their experience, e.g. their formative location, 
highest education level, experience in working with colour, etc. 

Swatch: (as used here) a patch or panel of a given colour; the two panels on the screen that 
participants manipulated, one an offered colour, the other a colour the hue of which 
they could change in order to try to match the offered colour 

Uncertainty Rating (UR): the inverse of the confidence participants rated their achievement in matching 
the offered swatch; it was easier to interpret this result in the form of its inverse, 
their Uncertainty Rating 

Uniform (colour space): (as used here) a property of a colour space, or hue circle, in which two colours 
or hues, with a given appearance difference, are located the same geometric distance 
apart, irrespective of the actual colours or hues  

 





Chapter 1: Introduction 

“Color is a deceptively complex domain, studied from a variety of different 
perspectives. Psychologists seek to understand how humans sense and perceive color 
whereas human factors experts codify this knowledge into simple, easy-to-apply 
design rules. Computer scientists and mathematicians build upon our understanding 
of color perception to create multi-dimensional color spaces that can be represented 
on the screen. Artists and designers work with the resulting color representations to 
explore color relationships and generate aesthetically appropriate colours for each 
individual subject”. 
 Jalal, Maudet and Mackay (2015), p. 2. 

There is a common (mis)belief that the Inuit people have over 200 words for the colour white, 
while other cultures have only a few words for white 1. Whether this is true or false, the Inuit 
live in a place with a limited colour palette and experience many shades of white (snow). Thus, it 
can be postulated that the Inuit would be able to distinguish fine differences in shades of white 
and grey. This notion leads to the question: Does geographical location, environment and culture 
affect or influence people’s perceptions of, and discrimination within, the colour spectrum or 
around the colour circle?  

Colour Perception 

Colour is a sensation, or perception. It is popularly regarded that objects have intrinsic colours, 
but their colour is a sensation created in the brain from a sequence of events. It starts with the 
particular spectrum (different levels of different wavelengths) of light illuminating the object. 
The next step is differential absorption and reflection by the object of different wavelengths of 
light. Then some of that light reaches the eye and passes through the lens and pupil, and then the 
content of the eye, through to the reception and absorption of that light in the receptors of the 
retina. Signals from three types of receptors, each with a different sensitivity to the wavelengths 
of light, are processed in the eye and fed through three channels to the brain, where the 
sensation of a colour is produced. Once rendered as a sensation, it seems probable that the 
brain’s higher neural activity further processes the sensation until it finally emerges as a 
perception, of which the viewer is aware (Berns 2000). 

Plasticity of Perception 

There are many places in this process where the difference between individuals may result in 
different sensations of, or sensitivities to, different colours. Further, various events impinge on 
some of these processes; and experience can alter an individual’s neural processing. Genetic 
differences between groups of people may also produce consistent differences in perception of 

 
1  This is, actually, apocryphal, a miss-telling of a myth: that there are many words for snow, not the colour white. 

The truth is that, due to the structure of the Inuit language, descriptors are joined to nouns (i.e. the translation for 
falling snow would be one word) (Steckley 2007). 

 Interestingly, Padgham and Saunders (1975) reported that “the eye” is especially sensitive to small changes of 
hue of near-white colours, so there might be some basis for this after all. 
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colour (Berns 2000), and Fairchild (2013) provided a long list of factors that might affect 
measurements of colour thresholds and scales, including age, experience, colour vision 
deficiencies, observer acuity, instructions given to observers, complexity of the task, controls, 
observer motivation and cognitive factors.  

There is at least anecdotal indications that experience can enhance colour acuity: De Grandis 
(1986) noted that the study of chiaroscural scales 2 improves the artist’s sensitivity to colours, 
having benefit in all the dimensions of tone, value and purity (hue, lightness and saturation), 
while Day (1969, without attribution) reported that aircraft pilots with deficient colour vision 
have been shown to improve their colour vision with practice. 

Fairchild (2013) noted that in the colour reproduction industry there is widely acknowledged 
cultural dependency of colour preferences, and that marketing of product can be influenced by 
choice of colour or palette. He further admits that such cultural biases are not well documented, 
but that such preferences may be, and probably are, learned responses, and are worthy of 
further study, and especially if such biases might change with changing cultural experience. 

Bornstein (2015), citing various authors, comments on the diversity of colour preference 
between individuals, cultures and geographies, and suggest that early in development colour 
preferences and underlying mechanisms might be universal, but modified by experience and 
environment, noting that preferences are modified throughout life, in response to experience or 
culture (e.g. Saito 1996 or Taylor et al. 2013). 

Webster (2015) reflected on long-term adaptation (months or seasons) to the palette of an 
observer’s environment, and suggested that, given the typical variations in natural 
environments over seasons or regions, different observers are likely to be adapted to different 
colour worlds. He gave the example of living in a lush or arid environment and the expectation 
that this might lead to a reduction in the salience of the dominant colours and increased 
awareness of novel colours. 

These studies point to the plasticity of our processing of colour, and, while largely based on 
preference, hint that ‘how we see’ colour may change with age or experience. Kuehni (2003, 
p. 337) observed that “… in industrial countries … we experience color today more often in 
unnatural as well as quasi elementaristic conditions (looking at a video screen or color 
television) than in natural conditions … Does it mean our color experiences are degraded? Does 
the color vision system of young children now develop differently from our grandparents? We 
do not know, but it is unlikely to be so.” 

In a similar vein, Hunt (2007, p. 356) noted that “Very little work has been carried out to see if 
there are differences in color-matching properties between observers of different gender, or 
from different races or cultures.”  

 
2  The use of judiciously-chosen levels of light and shadow to represent depth in two-dimensional art 

(https://www.britannica.com/art/chiaroscuro). 
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We might ask, for example, does the widespread use of bold, bright red in Chinese culture 
influence the capacity of Chinese people to discriminate hues of red, and does this red 
discrimination differ from other parts of the hue circle, or from discrimination of red hues by 
people of other cultural experience? 

Thus, the aim of this study, therefore, was to identify (working within the digital environment) 
whether people with different broad experiences, or from different geographic areas, taken as a 
proxy for cultural or formative colour experience, and other effects mentioned above, differ in 
their ability to distinguish or discriminate subtle differences between colours and, whether, in 
various parts of the colour space, that discrimination is fine or coarse.  

The Digital Environment 

In recent decades, digital technologies have changed how we communicate, learn, and entertain 
ourselves and others. The role of digital devices has changed from the notion that there would 
only ever be a need for five computers in the entire world (a prediction made by Thomas 
Watson, president of IBM, in 1943 3), to the present day when almost everyone has access to a 
computer of some form. 

Thanks to the continued development of CRT (cathode ray tube) monitors, personal computers 
with colour monitors became more widespread, and reasonably priced, towards the end of the 
1980s. By the early 2000s CRTs had been replaced by flat LCD (liquid crystal display) screens 
(Sharma 2003) using a fluorescent backlight. Subsequently the back-light has been replaced 
with white-light LEDs (light-emitting diodes), giving the name LED displays, although colour is 
still controlled by LCDs in the display panel. Larger displays (e.g. billboard displays) may be 
constructed from red, green and blue LEDs without LCD usage (e.g. 
http://www.billboardsaustralia.com.au/formats/digital-billboards). Very recently, some high-
end display panels for PCs have been offered with self-luminous LED panels (OLEDs) dispensing 
with the need for a backlight (e.g. https://www.asus.com/us/Monitors/ProArt-PQ22UC/, 
https://www.oled-info.com/oled-monitor).  

Full colour displays now vary greatly in size from the face of a smart watch (e.g. the Apple watch 
— 38.6mm by 33.3mm) or even smaller, to a 3660 m2 digital display 4 in Dubai. LCD and LED 
displays have permitted the production of a wider colour gamut and more faithful colour 
reproduction than was possible with CRT colour displays (De Vaan 2007). 

In Australia, 88% of the population had direct personal access to the Internet; with 14.7 million 
Internet and 27 million mobile handset subscribers at the end of June 2018. 93% of the 
Australian population uses the Internet every day (including some public access), while less than 
0.1% uses it less than once a month (table 1.1). The following statistics summarise adult average 

 
3  This has become folklore, although it was probably a mistaken message taken from an IBM AGM statement. 

http://www-03.ibm.com/ibm/history/documents/pdf/faq.pdf 
4  https://motherboard.vice.com/en_us/article/qkjw97/building-the-largest-led-screen-in-the-world [actually, 

since this was written, a larger screen (250 m × 30 m, total surface area of 7,500 m²) has been installed in Beijing 
(https://www.guinnessworldrecords.com/world-records/largest-led-screen#)] 
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usage per day in the digital environment: Internet in general 5 h 34 min; social media 1 h 39 
min; and television 3 h 1 min (ABS 2018a, ABS 2018b, We Are Social 2018). 

Table 1.1  Percentage of adult Australian population currently using digital devices (2018) 
(We are Social 2018) 

Digital Device % 

Mobile Phone (any type) 96 

Smart Phone 87 

Laptop or Desktop Computer 84 

Tablet Computer 56 

Television (any kind) 92 

Device for streaming Internet content to TV 24 

E-reader device 6 

Wearable Tech device (e.g. Smart Watch) 12 

The above discussion highlights the importance of digital colour devices in today’s society, with 
their significance relating to the intrusion of such devices into all aspects of society, both 
business and personal. To enhance our knowledge of how people perceive or discriminate 
colour on digital devices, this study investigates the ability of people to match or discriminate 
colours within the digital environment.   

Digital Colour 

The conceptualisation of colour, as it is perceived by people, is not straightforward, and many 
models have been proposed, and have currency, to explain how we see colour (a more in-depth 
explanation of this field is given in Chapter 2, section 2.3.1). 

A digital display is assembled from a large number of pixels (small ‘picture elements’), which can 
display colour (strictly, light of a particular mix of wavelengths) under control of a computer, via 
a ‘display adapter’. Typically, each pixel comprises three light-emitting patches or spots, which 
appear as red, green and blue points of light, and are thus called RGB displays. The level of these 
lights is specified by the program running on the computer and the display adapter translates 
the program’s specification into control signals for the display panel. In the current standard for 
colour specification the level of each colour in each pixel is specified digitally in the range zero 
(pixel is off, or ‘black’) to 255 (pixel is lit to the highest level specifiable) (Clark 1992). The RGB 
colour model is an additive colour model in which red, green, and blue light is added together in 
various ways to reproduce a wide range of colours. The additive colour paradigm is discussed in 
more detail in section 2.2.3. 

Three byte RGB is the native colour space for the digital environment 5. All colours seen on 
computer monitors, flat-screen televisions, tablets and mobile phones are encoded using RGB. 
The purpose of the RGB colour model is for the sensing, representation, and display of images in 

 
5  Wider colour-gamut colour schemes (e.g. 10, 14 and 16 bit colour, and camera RAW schemes) have recently 

come into increasing use, but they are not germane to this discussion. 
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electronic systems, such as computers, hand-held devices and televisions. The RGB colour model 
has a well-established theory behind it, based on human perception of colours (e.g. Young 1802, 
Maxwell 1856, 1860a, b). 

It is not a priori evident that specifying colours (i.e. light of a particular mix of wavelengths) by 
this means will necessarily produce colours precisely as expected by the program. For example, 
the monitor might not actually produce the intensity or brightness indicated by the RGB level 
specified, or the wavelength spectrum (the ‘colour’) of the three pixel colours might not be 
precisely the power spectrum assumed by any RGB standard (Clark 1992). These matters are 
considered in more detail in Chapter 2. 

In current computer systems, users usually have access to colour manipulation tools, but the 
triplet of RGB values used ‘inside the computer’ has little meaning to users. A more intuitive 
system is usually adopted, or at least available for users, which utilises the more meaningful 
concepts of hue, saturation and lightness (in their popularly-used connotations) (Schwarz et al. 
1987). All such intuitive systems use a hue scale that is circular (or at least polar) Douglas and 
Kirkpatrick (1999), and formal mathematical transformations exist to convert RGB values into 
hue, saturation and lightness values (Chapter 2, section 2.4.5.2).  

In an intuitive colour model such as HSL 6, which scales colour into some function of hue, 
saturation, and lightness dimensions, it is easier to specify colours and understand the 
relationships between colours. These are circular or cylindrical coordinate systems in contrast 
to the RGB cubic coordinate system. HSL is a convenient alternative to RGB because it offers a 
more natural or intuitive way of specifying colours. For example, users of a colour computer 
graphics application would have trouble specifying pink or brown with RGB controls. In a hue-
based system, pink is simply the hue red with high lightness; red is chosen with the hue control, 
the colour’s lightness is increased, and its saturation lowered if required. Brown is a difficult 
colour to specify in the RGB, but relatively easy to specify using HSL; a yellow/red hue is chosen 
with the hue control, the saturation lowered, and then it is darkened with the lightness control 
in HSL (Smith and Lyons 1996).  

It is widely acknowledged that transformations from RGB to HSL do not produce a uniform hue 
scale (see, for example, Appendix 11), although the extent of perceptual non-uniformity seems 
not to have been pragmatically quantified. Indeed, Kuehni (2003, p. 13, referring to colour 
models more broadly than RGB) observed that “there are no data of hue scaling around a hue 
circle at constant chroma and lightness that can be considered reliable and replicated”.  

A clear understanding of uniformity (or otherwise) in the HSL model is important to the 
effective development of computer graphics as a communication tool. For example, data 
visualisation workers use colour-coding to represent levels of, or values in, data, or to map data 
along meaningful dimensions, and to provide readily understood scale in pictorial 
representations of data. Non-linearity in HSL (and RGB) undermine the effectiveness of these 

6 HSL is one of several cylindrical coordinate systems that are derived from RGB to enable more intuitive 
interaction with colour on computer screens. It, and other intuitive colour models, are discussed at some length 
in section 2.4.5.2 and 3.5.3 and HSL is evaluated in Appendix 11. 
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goals, and quantification of such non-uniformity will assist in optimising such uses of colour 
(Jalal et al. 2015). 

Thus, one goal of this study is to quantify the degree of non-uniformity of the Hue circle in the 
HSL system, as drawn from the widely-used transformation of RGB implemented in Windows® 
for personal computers.  

Matching Colour Swatches 

Prior to the development of colour digital displays and the RGB colour space, colour chips were 
used in colour perception/discrimination studies. However, these chips had limitations as their 
perceived colours are dependent on the lighting under which they are viewed, and they can, 
through use, become dirty, discoloured or fade. These chips are also limited in their number, 
hues, saturations and lightnesses (Padgham and Saunders 1975). The use of high colour-fidelity 
LCD colour computer monitors offers an alternative, and perhaps better, method for conducting 
perception or discrimination studies; at the same time, however, it introduces a different set of 
concerns that are addressed in this thesis. 

In the current study, the data were collected using a purpose-designed computer survey. The 
participants were recruited from tertiary institutions (one within Australia and four 
internationally). The software comprised a colour-matching system, which offered the 
participants a pre-defined (called “offered”) swatch of colour on-screen, with a second swatch to 
be matched. The lightness and saturation of each swatch was maintained equal by the program, 
and only the hue of the second (called “matching”) swatch could or need be adjusted by the 
participant to match the offered swatch. The participants adjusted a hue-controller to match the 
offered colour with the matching colour swatch. This choice was made by adjusting the hue on a 
digital display using a mouse and/or keyboard. The results provided information on the 
participant’s matching ability (i.e. discrimination), which is the inverse of the error of the chosen 
matching hue values. The results provide new insights into colour discrimination in the digital 
environment, both in terms of the hue circle, and characteristics of the participants.  

For the latter, within the constraints of ethical standards, additional data were collected on 
factors that may affect colour discrimination, such as the participants’ demography, 
sociocultural identity, and experience in use-of-colour. To obtain this information, the study 
participants were asked to answer ten relevant questions; an in-depth description of the 
questionnaire is provided in Chapter 4, section 4.2. 

1.1 Research Aim and Objectives 

Derefeldt (1991, as reported in Fairchild 2015, p. 12) suggested that “color-appearance systems 
are the only systems appropriate for general use” and that they “… are defined by perceptual 
color coordinates or scales, and uniform or equal visual spacing of colours according to these 
scales”. Fairchild (2013, p. 416) then stated that there is “… need for more data. Many more 
studies on perceptual matching, adaptation, scaling, appearance, and thresholds are needed to 
provide the data to create more accurate and precise scales of appearance”.  
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Kuehni (2003, p. 199) noted that “… different sets of small color difference judgments vary 
considerably. A formula fitted to one set of data often does not fit another set well. Some of the 
reasons may have to do with different experimental conditions, often inadequately described. 
Other reasons may involve the composition of the observer pools used in the experiments and, 
possibly, cognitive components in the judgements of the observers. Clarification of the reasons 
behind the psychological variability is important for accurate model building.” 

Bearing these exhortations in mind, the formal goals of this research were to: 

• determine the 'real' shape of the digital hue circle, as defined by participants’  
hue discrimination abilities, and whether their ability to distinguish subtle differences 
between colours is fine or coarse in any particular hue range; and 

• determine whether a person’s sociocultural experience and geographic location affects 
or influences their discrimination of hue within the hue circle. This was achieved by: 

1. identifying if personal characteristics, such as age, gender, etc. affect the ability to  
discriminate between hues, as implemented in the digital environment, and 

2. identifying whether people from different geographic locations and/or cultural  
backgrounds are differently able to discriminate between hues, as implemented in 
the digital environment. 

In the language of Plataniotis and Venetsanopoulos (2000), this work is the development of a 
psychophysical colour model, not a colorimetric colour model, and crosses the boundary 
between device-oriented and user-oriented colour models. These authors say of the latter (p. 3) 
"User-oriented color models [e.g. HSL] are used to bridge between human operators and the 
hardware used to manipulate color information. Such models allow the user to specify color in 
terms of perceptual attributes and they can be considered an experimental approximation of the 
human perception of colour.” 

The research is, thus, a study in computer graphics, investigating a key aspect of the display of 
colour in the digital environment, and the way this may be perceived, or discriminated, 
differently in different groups of people. 

1.2 Thesis Structure 

This thesis comprises one large study and involved considerable work in developing suitable 
numerical methods; and a large amount of intermediate results, beyond the results and 
discussion of the central themes. These ‘peripheral’ components, and much of the detailed 
analysis, are allocated to appendices. The thesis itself comprises a series of chapters on the core 
topics. Below is a brief outline of each of the ten chapters and twelve appendices.  
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1.2.1 Chapters 

Chapter 1  Introduction introduces the study, the aim and objectives, and how these will be 
met. It provides an introduction to the colour construct underlying the study, and a 
brief overview of the thesis structure. 

Chapter 2  Light and Colour is both a literature review and presentation of the theory 
underlying the study. It explores the existing research and state of knowledge 
relevant to this study of colour discrimination, and addresses many of the decisions 
made in the design of the study. 

Chapter 3  Uniformity and Difference in Colour Models explores the isometry or uniformity of 
representation of colour in commonly-used colour spaces, and methods for making 
a quantitative estimation of the difference between two colours. 

Chapter 4  Experimental Design and Methods presents the practical methods of the study, such 
as plan and intent of the program used to implement the test 7, collection of the 
data, and details of the study locations, equipment used, etc. 

Chapter 5  Numerical Methods presents a step-by-step development of the numerical 
processing of the data, to yield a set of values that can be analysed to answer the 
questions about colour discrimination. It reports on data validation, 
standardisation, and transformation; defines the dependent variable and introduces 
the difficulties of working with hue, a circular variable. 

Chapter 6  Data Exploration examines the characteristics of the participants (drawn from 
extensive contingency tables in Appendix 7), and explores the interplay of a number 
of independent and dependent variables (i.e. matching error, experience with the 
test, time to match, uncertainty of the match when made, colour saturation, and 
colour lightness). It also explores the validity of retaining participants with self-
declared colour vision deficiencies and outlier cases. 

Chapter 7  The Hue Circle reports on the uniformity of the hue circle in terms of differences in 
discrimination of the average participant at different parts of the hue circle. This 
chapter includes and evaluation of hue uniformity in two widely-used 
psychophysical models of colour (Munsell and Natural Color System – NCS). This 
chapter includes both discussion and summary of its findings. 

Chapter 8  Analysis of Participants (Results) commences with articulation of several hypotheses 
that suggest association between certain partitions of the data set (i.e. values of 
participant variables) and hue discrimination. It follows with a consideration of the 
removal of uninformative variable from the data set before proceeding with further 

 
7  The word “test” is used to refer to the participant’s entire activity at the computer, i.e. matching swatches and 

answering questions. 
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analysis. The chapter then presents the results of analyses of the data to investigate 
the hypotheses with which is commenced. 

Chapter 9  Analysis of Participants (Discussion) considers the results obtained in Chapter 8, and 
assesses the support found in this study for the hypotheses articulated there. This 
discussion brings the various threads and themes of the sociocultural study 
together and reviews the results obtained in context of previously-published 
evidence in support of, or against, the results found here. 

Chapter 10 Conclusions and Recommendations provides a listing of the conclusions reached, 
with brief discussion of their context, limitations or significance. It follows with a 
series of recommendations arising from the need to address weaknesses in the 
experimental design, clarify perplexing results, or extend results beyond what has 
been possible with this study. 

1.2.2 Appendices 

Appendix 1  Miscellanea provides the various material needed to support this thesis, such as: 
details of the programming for the data collection, the ‘housekeeping’ documents, 
details of the computer and monitor used, the monitor calibration, and some 
conversion tables, etc. 

Appendix 2 Data Tables: the data tables for this study are much too large to print in this 
appendix, but the first two pages of both the initial (raw) data table, and the final 
(standardised, transformed, detrended and adjusted) data table used for most 
analyses are presented. The actual data tables, and the Excel™ 2016 template for 
segment and group comparisons, are provided in digital form accompanying this 
thesis. 

Appendix 3  Development of the Program: this appendix presents the proof-of-concept and pilot 
study which preceded the final specification of the study and its program. 

Appendix 4  Removal of Confounding Effects of Saturation and Light Values: the tables of 
regression coefficients and their significance, used in section 5.3, are provided here. 

Appendix 5  Circular Statistics: the analysis of hue, as a circular variable, is not straightforward, 
and hardly amenable to traditional statistical methods. In this appendix, a number 
of possible circular analyses are reviewed, and a custom analysis (‘weighted, 
segmented means’) is presented. 

Appendix 6  Significance Testing: given that the curve-fitting uses a non-standard method, it 
follows that significance testing would also require non-standard methods, and 
although the methods used are t-tests and ANOVA, the application is unique, and the 
manner in which particular classes of question are analysed and tested are 
presented in this appendix. 
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Appendix 7 Characteristics of Participants presents a large number of contingency tables that 
seek to determine whether there is fair representation of groups in the various 
subsets or partitions of the participants by the categorical predictor variables (e.g. 
gender, or disciplinary specialisation); i.e. whether the data table is balanced or not 
(it is very unbalanced), and identifies where over- or under-representation occurs 
in the cross-tabulations. 

Appendix 8  Participants with Self-Reported Colour Vision Deficiencies: a small number of 
participants reported having CVDs, and in this appendix their matching abilities are 
examined, and a case is made for retention or exclusion of the participants in or 
from the data set. 

Appendix 9 Analysing Partitions of the Participants presents the justification and method of 
detrending the data to remove the overall variation in discrimination around the 
hue circle, and the justification and method of controlling the detrended 
discrimination values for interacting effects of concurrent variables. 

Appendix 10 Selecting Influential Variables presents an analysis of the data, by participant and 
by individual match, to determine which variables had explanatory power and 
which did not. The purpose of this process was to identify a parsimonious model 
that enabled computation of effects with a minimum of extraneous and 
confounding predictor variable effects. 

Appendix 11  HSL Transformation into CIELAB: a number of charts are provided showing the 
non-uniformity of conversion of constant-value HSL colours into CIELAB 
coordinates. 

Appendix 12  The Hue Circle – Tables: this appendix provides tables of comparisons and 
conversions of HSL hue values for the various colour circles in Chapter 7. 



Chapter 2: Light and Colour 

It is not immediately obvious what colour “is”, although the physics of colour is understood, and 
aspects of its physiological and psychological perception are well documented (e.g. Wyszecki 
and Stiles 1982). However, as mentioned below, not all the details of the process from light 
impinging on the eye to a perception of which the subject is aware is yet settled. 

This chapter, therefore, provides a review of the literature on the nature of colour as perceived 
by an observer, through colour vision, colour models and colour space, colour psychology and 
colour discrimination studies, as relevant to the goals of this study. Specifically, the review 
investigates the theory of colour that underpins the present study into colour in the digital 
environment, colour discrimination, and cultural and geographic influences on colour 
perception. At the time of writing this thesis, only a few studies have investigated the 
sociological and demographic factors that influence colour perception in the digital environment 
(e.g. Roberson et al. 2009, Persaud et al. 2017). 

2.1 Basic Colour Theory 

2.1.1 Landmarks in Development of Colour Theory 

Although the ‘ancient’ Greeks sought to understand colour, and developed a degree of theory, 
the foundation of current understandings of colour (or at least its physics) was probably the 
work by Sir Isaac Newton (1672) in his experiments with sunlight and a prism. He found that 
white light could be broken down into an array of ‘monochromatic components’ or spectral 
colours and concluded that white light was light that contained all colours (Sharma and Trussell 
1997). He also showed that the spectral colours could not be further divided, but could, in 
suitable quantities, be recombined to produce white light. This gave a foundation to later 
theories of the physics of colour, namely, that the sensation of different colours occurring from 
the observation of light radiation is attributable to different wavelengths of that light. 

In the late 18th and early 19th centuries Palmer (1777) and Young (1802) addressed how people 
perceive colour. They hypothesized that light receptors in the human eye were of three different 
types, sensitive to different wavelengths of light, and it was the difference in their responses that 
created the sensation of colour. This provided the first suggestion that the perception of colour 
is a product of neural processing rather than an intrinsic characteristic of the physics of light. 
Grassmann (1854) and Maxwell (1856) were the first to clearly state that colour can be 
mathematically specified in terms of three independent variables (such as the relative activity or 
response of each of three types of light receptors in the eye). While not definitively 
characterising these “primary colours”, Maxwell demonstrated that any additive colour (i.e. 
mixture of primary colours) could be “equated” by suitable amounts of the three primary 
colours; a fact now referred to as trichromatic generalization or trichromacy (Swanson and 
Cohen 2003).  
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2.1.2 Colour and the Spectrum 

Colour theory was further expanded by the identification that visible light is electromagnetic 
radiation composed of wavelengths between about 380 nm and 720 nm 1 (figure 2.1) (Wyszecki 
and Stiles 1982). The blue/indigo end of the spectrum is produced by shorter wavelengths and 
red by longer wavelengths. Where the light from a source (e.g. reflected or emitted from a 
surface) has only a narrow band of wavelengths, it is perceived as being an intense colour, or 
saturated, or high chroma.  

 
  

Figure 2.1 Visible colour spectrum (wavelength in nm) (modified from https://www.giangrandi.org/optics/ 
spectrum/spectrum.shtml) 

Light comprising a wide range of wavelengths produces a ‘dull’ colour or low saturation or low 
chroma. Light comprising a suitable balance of all visible wavelengths produces a fully 
desaturated colour, which, depending on the viewing circumstances, is seen as ‘pure white’ or 
‘pure’ grey, and which is described as achromatic. Where high amounts of light are received, 
colours may appear to be light or bright, while with low amounts of light they appear dark, 
although such judgements are strongly affected by levels of background lighting (Berns 2000). 

2.2 Observations on Colour 

In order to progress with development of the theory of colour and vision that underpins this 
study, a brief review is given of some of the readily-observable features of colour that need to be 
accounted for in any theory or explanation of colour vision. Key points are the appearance of the 
spectrum, the mixing of colours, and the phenomenon of unique hues. 

To facilitate the unambiguous presentation of this material four definitions are provided, so that 
the text is clear on what concept is being discussed. Strict formal definitions of these four colour 
terms exist (Hunt 1978, Wyszecki and Stiles 1982 or CIE 2011), but here, for the purpose of a 
general introduction, the definitions refer to a popular understanding of the terms: 

• colour a sensation relating to the appearance of a surface or source of light that is  
 characterised by specific values of hue, saturation and lightness; 

• hue the characteristic of a sensation of a colour that varies in the manner that  
 the appearance (i.e. colour) of a spectrum varies with changes in wavelength  
 (e.g. red or  orange or green, etc.); 

 
1  The precise limits of human vision are uncertain, and may range from 360 to 850 nm (Schanda 2007) or even 

further, but people with ‘normal vision’ have very little sensitivity below 380 nm or above 720, and 
discrimination of colours outside this range is very poor or absent (Wyszecki and Stiles 1982). 
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• saturation the characteristic of a sensation of a colour that varies with the purity of the 
 hue, or that would vary if the hue was mixed with lesser or greater amounts  
 of an achromatic colour (i.e. grey); 

• lightness  the characteristic of a sensation of a colour that varies with the amount of light  
 present in the colour (i.e. light or dark, bright or dim). 

2.2.1 The Spectrum and Non-Spectral Colours 

The visible spectrum is seen (perceived) as a rainbow of ‘intense’, highly chromatic, or fully-
saturated colours (figure 2.1). It ranges from red at the long-wavelength end to blue (violet or 
indigo, to some judgements) at the short wavelength end. Colours grade into each other steadily, 
but perhaps not uniformly (see section 3.2). The most highly-saturated colours that can be seen 
are those from a narrow wavelength band of the spectrum (Wyszecki and Stiles 1982). 

The spectrum is, thus, a display of the most highly-saturated perceivable colours. Any normal 
scene or image is typically composed of less-saturated (duller, less ‘intense’) colours, and such 
colours are not present in the spectrum.  

Further, there are highly-saturated colours that are not present in the spectrum. The colours 
widely generally recognised as purple and magenta are absent from the spectrum, and are 
known as non-spectral colours. Mixing spectral colours can produce colours that are absent 
from the spectrum, such as colours between blue and red (i.e. magenta and purple), which are 
comprised of a mix of sensations from each end of the spectrum (i.e. red and blue). Mixing other 
spectral colours will produce low saturation colours, as is explored in section 2.4.4. 

2.2.2 Additive Colours 

Where two sources of light illuminate an achromatic surface, and we see the colour produced by 
the illumination from the lights, the spectrum of the light at that surface is the sum of the two 
spectra that illuminate it. If the two spectra are the same, the colour is simply lighter or brighter. If 
the two sources have different spectra (i.e. are of different colours, so to speak), the intensity at 
any given wavelength is the sum of the intensities of the two illuminations at that wavelength. 
Thus, the colour of the light on the surface is the sum of the two colours of the illuminating lights. 

This additive colour paradigm applies equally well if the light emanates from sources and is 
directly received by the eye, such as from a television or computer monitor screen. Illumination 
from an appropriate pair of three well-chosen primaries in suitable mixtures (i.e. levels) can 
generate all visible hues, including non-spectral hues in the purple region. Even with sources of 
the highest spectral ‘purity’, the colours obtained are usually less saturated than the colours of 
narrow bands of the spectrum. Adding light from a third suitable primary colour can generate 
low-saturation colours and white (or, relative to ambient light levels, grey). 

The widest range of highly saturated perceivable colours achievable from a mix of two-primaries 
is obtained when the primaries are chosen as red, green and blue, which are the primary colours 
used in all display screens (Giorgianni et al. 2003). The overlay of red and green (in suitable 
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quantities) produces yellow, a balance of red and blue produces magenta, and green and blue 
produces cyan. If all primaries are mixed at suitable levels, white is obtained (figure 2.2). 

  
Figure 2.2  The additive colour ‘wheel’. This figure might best be interpreted as an unilluminated white 

background lit with three overlapping circular coloured lights 2 (after Brainard and Stockman 2010).  

2.2.3 Subtractive Colours 

Painters have long known that with a suitable choice of three well-chosen (‘primary’) colours, 
mixtures can generate a wide range of mixed (or ‘secondary’) colours (Kuehni 2003). It is widely 
believed that the three primaries (red, yellow and blue) will suffice to generate, in suitable 
mixtures, any other hue, although limitations of pigments dictate that the colours so obtained 
are often of low saturation (Berns 2000). 

Almost all hues, but in a limited palette of lightness and saturation, can be obtained from just 
five paints red, yellow, blue, white and black, when mixed in suitable proportions. Colour 
printers use the subtractive colour paradigm, and their primary colours (the colours of the inks 
used) are yellow, magenta and cyan (figure 2.3).  

The subtractive colours paradigm is built on the notion that each colour absorbs a portion of the 
spectrum (e.g. a yellow dye or pigment absorbs colours complementary to yellow, and allows 
yellow and a balance of other wavelengths to be reflected or transmitted). Thus an overlay of 
yellow and magenta will absorb colours complementary to both yellow and magenta, and only 
reflect or transmit red (as in figure 2.3). If the absorbance spectrum is sufficiently wide for each 
dye or pigment, an overlay of all three primary colours will absorb all visible wavelengths, and 
reflect or transmit none, and the material will appear to be black. 

 
2  Colours in this, and other, coloured figures in this thesis, are defined by specific values of R, G and B, but their 

appearance on-screen is affected or limited by the gamut of the screen. When printed, limitations of printing 
RGB-defined colours on a CYMK printer may produce colours that are appreciably different to those defined or 
intended. 
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Figure 2.3  The subtractive colour ‘wheel’. This figure might best be interpreted as a white luminous background 

overlain with three overlapping circular coloured filters.  

2.2.4 Unique Hues 

The above observations suggest that hues have a characteristic order or sequence, in that either 
by subtracting or adding primary colours, we find that yellow lies between red and green, green 
between yellow and blue, etc. In an attempt to impose some order on the plethora of colours, 
painters and early colour theorists have assembled the hues into a circle or wheel (Kuehni 
2003), and usually put red and green opposite each other and yellow and blue also opposite and 
on an axis perpendicular to the red-green axis (e.g. figure 2.4). 

  
Figure 2.4  A ‘four primaries’ colour wheel 

Axes marked on the above colour wheel divide the hue circle into two sets of overlapping 
sectors. The blue-yellow axis divides the colour space into an upper half circle which has varying 
degrees of red, and a lower half circle with varying degrees of green. The other two sectors are a 
left-hand half circle with varying amounts of blue, and a right-hand one with yellow. Hues in the 
upper half are characterised by having purple and blues on one side and orange and yellows on 
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the other. Colours on the left side of the upper half could be described as bluish-reds or reddish-
blues, and on the right side as yellowish-reds and reddish-yellows. There is no influence of red 
below the blue-yellow axis, and no influence of yellow to the left of the red-green axis, etc. 

The colours red, yellow, green and blue seem to have a greater salience in colour vision than the 
intermediate colours on the hue wheel, in that each can be simultaneously perceived admixed 
with the two primary colours beside it on the colour wheel, but never with the colour opposite 
(Hering 1878). 

Hering suggested that there is a fundamental red that is neither bluish nor yellowish, or a yellow 
that is neither reddish nor greenish, and similarly for green and blue. Other colours do not have 
this property: for example it would seem unlikely that an orange that is neither reddish nor 
yellowish could be surmised to exist, as all colours in the red to yellow quadrant are reddish and 
yellowish to varying degrees. It is also impossible to conceive of a greenish-red or yellowish-
blue, so the colours red, yellow, green and blue have ‘special’ properties, and a particular, unique 
hue of each of these colours are known as unique red, yellow, etc. 

An observer can be given control of a hue-adjustable light source and asked to identify a yellow that 
is neither reddish nor greenish (“unique yellow”), or a green that is neither yellowish or bluish 
(“unique green”) etc. Most observers will readily succeed in this task (Webster 2015), although 
various people will identify somewhat different hues as ‘their’ unique hues (Ayama et al. 1987, Hård 
et al. 1996a, b). Such variations are independent of cone ratios (see below, section 2.3.1.2) (Brainard 
et al. 2000), and are surprisingly stable over changes in age (Schefrin and Werner 1990).  

The concept of unique red, yellow, green and blue seems almost natural to human colour vision, 
although there are well-documented consistent differences between populations of people, such 
as observers in America and India (Webster et al. 2002), and evident in results emerging from 
the World Color Survey (Webster 2015).  

2.3  Colour Vision 

This section addresses current ideas on how the electromagnetic radiation received by the eye 
translates into the perception of colour. It draws on hints and implications of the observations of 
colour discrimination presented in the above section.  

There is a very large amount of published research and theory about how the neurological 
processes in the retina, and downstream to the brain, convert signals from the retina to 
sensations of colour, but much of the physiology and neurology of vision is beyond the scope of 
this thesis. Here, the matters considered are limited to those that bear on the manner or degree 
to which observers can discriminate between colours, and largely to processes that occur in the 
eye and the neural systems immediately behind it. The further processes can be treated as a 
‘black box’ without undermining the design, or interpretation of results, of this work. 

The following subsections examine two areas of colour vision: light and normal vision (2.3.1), 
and colour vision deficiencies and differences (2.3.2). 
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2.3.1 Light and Vision 

Humans can discern colour better than most, perhaps all, other mammals, although many other 
vertebrates and some invertebrates apparently have superior colour vision (Jacobs 2009). In the 
entire animal kingdom, full colour vision (i.e. of a level comparable to, or superior to, humans) 
occurs in birds, reptiles, some fish, insects, spiders and some crustaceans, but only in a very few 
mammals, namely monkeys and apes (Osorio and Vorobyev 2008). 

2.3.1.1 Light 

The physical stimulus for colour is electromagnetic radiation, and wavelengths in the visible 
region of the spectrum are commonly referred to as “light” (figure 2.1). Colour perception is the 
way the human visual and awareness systems respond to the relative amounts of stimulus from 
particular parts of the electromagnetic spectrum (Sharma and Trussell 1997, Tkalcic and Tasic 
2003). In most basic terms, light with a particular spectrum of wavelength components travels 
from the surface of an object 3 to enter the eye of the observer, is absorbed by cells in the retina 
and stimulates a neural response. The predominant wavelengths of this light determine, to a 
large degree, the colour perceived. The perception of a colour (the sense of redness, for 
example) is not necessarily consonant with the ‘colour’ of the object being seen. According to 
Land (1977), the perception of a colour is a subjective experience which is influenced by 
numerous factors, which are considered below.  

The simplest case of a coloured object is a self-luminous object (say a glowing coal in a fire). 
Light, with a certain mix of wavelengths, is emitted by the object, and accounts for its perceived 
colour. For many such objects the wavelengths of the light (and to a great extent its perceived 
colour) is determined entirely by its surface temperature; thus coals may be red, orange or 
yellow, depending on their temperature (higher temperatures shift this thermal radiation 
towards shorter wavelengths). Some objects emit non-thermal radiation (such as a fluorescent 
material or a light-emitting diode), but in all cases the colour of the emitting object may, in a 
sense, be regarded as intrinsic to the object (Berns 2000). 

Most things that we see, however, reflect or transmit light from an extrinsic source and may 
modify the mix of wavelengths as the light interacts with the surface (for reflection) or bulk (for 
transmission or internal reflection) of the object. Thus, white light (containing “equal” 4 amounts 
of all visible wavelengths) may be rendered coloured by being reflected off a surface that 
absorbs some wavelengths and reflects the others, or passed through a coloured material, such 
as a coloured filter, that absorbs some and transmits the rest. The process is typically one of 

 
3  In colour research, strict distinctions are made between light reflected from a surface, transmitted through a 

material, or emitted by a luminous source (e.g. Fairchild 2013). For the purpose of this discussion, such 
distinctions are unimportant.  

4  There are many specifications of “white light”, and it might be taken to be the colour of sunlight (including light 
scattered in the atmosphere), i.e. CIE illuminant C. A commonly-used specification, to which the foregoing is a 
good approximation, is that it is an equal-energy mix of all visible wavelengths, i.e. that every wavelength band of 
any given width has the same amount of electromagnetic energy as any other band of the same width, i.e. CIE 
illuminant E (Schanda 2007). 
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reduction of intensity of certain wavelengths from the white light, to render it an unequal mix of 
visible wavelengths (Beck 1972). 

When light is received by the eye it stimulates a series of processes, some physical, some 
chemical, many neural, that lead to the perception of colour. The more strongly the balance of 
colours departs from an even spread across all visible wavelengths, the more strongly-coloured 
the light is perceived to be. Thus, an object illuminated with white light that appears intensely 
blue has absorbed all the wavelengths other than the blue wavelengths from the light source (or, 
for a less intense blue, many or all the wavelengths complementary to blue). It is this reflected or 
transmitted short-wavelength light that makes the object appear blue (Mulholland 1997). The 
subjective aspects of this depend on the structure of the eye and the nervous system.  

In the next sections the structure of the eye, trichromatic vision and opponent theory are reviewed. 

2.3.1.2 The Eye 

The structure of the human eye permits the reception of light, and detection of different balances 
(spectra) of light and, thus, embodies the first steps towards perception of the colour of that light. 
Light transmitted from an object is focused by the cornea (and to a lesser degree, the lens) on the 
retina located at the back of the eye. The retina possesses four types of light-sensing cells, three of 
which (called cones) are involved in colour vision 5 (Wyszecki and Stiles 1982). They absorb (and 
respond to) somewhat distinct wavelength ranges of light (see figure 2.5), and are called long (L), 
medium (M) and short (S) wavelength receptors. It is evident from figure 2.5 that the long and 
medium cones are sensitive to almost the full range of visible light, and only the short wavelength 
cones are distinctly selective of wavelengths after which they are named. 

 
Figure 2.5 Relative sensitivity of the long, medium and short wavelength pigments in the human eye (long is 

right-hand curve, short is left) (from Wyszecki and Stiles 1982, based on data from Judd 1949) 

 
5  The fourth type, cones, are active at low light levels, and may contribute to colour vision at certain (low) light 

levels, but are unimportant at normal levels, such as the subject of this study (Wright 1946). 
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M cones are typically more abundant than the other types, and S cones are the least abundant 
(Stockman and Brainard 2015). Their ratios vary dramatically between people but range around 
about 10:5:1 6 (Hofer et al. 2005), but it varies greatly: (1) in different parts of the eye (for 
example, S receptors are rare or absent from the fovea 7 (Williams et al. 1981); and (2) between 
individuals (Hofer and Williams 2014), although it seems that their ratios make very little 
difference to colour perception (Hofer et al. 2005) nor on the wavelengths of unique yellow 
(Brainard et al. 2000). The retina has ~125 M rods and 5 to 7 M cones, in all. Various locations in 
the retina have varying sensitivity to light; the fovea provides only limited colour discrimination, 
but outside the fovea, S cones and rods add to blue sensitivity, at the expense of acuity 
(Wyszecki and Stiles 1982). 

The fourth type of light-sensing cells is low-light ‘brightness’ receptors, called rods, that provide 
vision responses at levels 100 times more sensitive than cones 8: they are sensitive to a wide 
range of middle and short wavelengths; these provide vision at very low light levels (~1 cd/m2) 
and contribute to low light vision (<100 cd/m2), and have little or no role in vision at higher 
levels of light (Fairchild 2013, Stockman and Brainard 2015), as they are completely saturated 
(i.e. overwhelmed) at ~100 cd/m2 light levels (Aguilar and Stiles 1954).  

Within the eye, colour vision is affected by the structures through which light passes before the 
receptors, such as the cornea, lens and macula 9, and, in particular, the lens typically yellows 
appreciably with age (Mulholland 1997, Swanson and Cohen 2003). Individual differences in 
colour perception can be attributed to the differences in the physical and physiological make-up 
of an individual’s eye, and acquired effects such as an injury to the eye or head, or the aging 
process (Mulholland 1997, Ford and Roberts 1998, Bhurchandi et al. 2000, Swanson and Cohen 
2003).  

2.3.1.3 Trichromatic Vision Theory 

Long before the three cones types had been identified, a theory of colour vision postulating three 
types of colour receptors was expounded by Palmer in 1777 and, apparently independently, by 
Young in 1802, with subsequent strong support from Maxwell (1860a, b) and Helmholtz (1867). 
Their ‘trichromatic theory’, and the now well-documented and widely-accepted existence of 
three colour receptors in the eye, suggests a mechanism of colour vision that simply involves 
sending three signals to the brain, one from each of the three cone types, and the brain then 
processing different levels of each signal to generate the perception of the particular colour.  

 
6  40:20:1 according to Fairchild (2013). 
7  A depression in the retina that has a very high density of L and M cones (about 150 000 mm–2), that provides high 

visual acuity with a subtended angle of ~2°, while possessing very few S cones (Wyszecki and Stiles 1982). 
8  In sensitivity to light, individual rods appear to differ little from cones (in terms of quantal efficiency), but they 

are more numerous than cones in the extra-foveal retina, and the response of many rods is combined to send a 
signal to post-receptoral neurons, thus making their response more sensitive to light (Wyszecki and Stiles 1982). 

9  The macula is a patch of pigmented material in front of the retina in the middle of the field of vision (in front of 
the fovea), and apparently functions to improve visual acuity by reducing chromatic aberration (by reducing the 
range of wavelengths reaching the retina) (Reading and Weale 1974), and protecting this critical part of the 
retina from photodegradation (by filtering out the higher energy, shorter wavelengths, of light) (Kirshfeld 1982). 
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This theory suggests that the three channels of information transfer signals to the brain which 
encode levels of ‘red’, ‘green’ and ‘blue’, where the signals are compared; and a sensation of 
colour, depending on relative levels (and lightness, based on absolute levels) is generated.  

Neurological studies show that in the brain, the signals from three information channels, 
themselves based on responses from the colour-sensitive cones (in some circumstances, 
together with those from the rods), are integrated to provide a range of colour sensations 
(Mulholland 1997, Ford and Roberts 1998). 

2.3.1.4 Opponent Theory 

Well before the existence of three types of cones was demonstrated, Hering in 1878 published 
an opponent theory of colour response. After considering a range of subjective phenomena, such 
as (1) the observation that any hue can be described by a combination of redness or greenness 
and yellowness or blueness, (2) that colour vision deficiencies typically involve the loss of ability 
to discern these same colour pairs, and (3) some characteristics of after-images, he proposed 
that some process transformed the values of L, M and S cone signals to opponent values, 
specifically a red-green opponency and a yellow-blue score. Hering’s theory was generally 
ignored until the 1950s, when neurophysiological studies demonstrated that signals to the brain 
did, indeed, comprise opponent values (Jameson and Hurvich 1955, Svaetichin 1956, DeValois et 
al. 1958). 

Taking a simplistic model, opponent signals can be obtained by differencing the L and M 
receptor outputs to produce a red-green opponent channel, and differencing the S from the sum 
of L and M receptors to produce a yellow-blue opponent signal (as shown in figure 2.6).  

 
Figure 2.6 Opponent signals where post-receptoral processing creates a red-green channel and a blue-

yellow channel (from Wyszecki and Stiles 1982, based on data from Judd 1949) 

In 1930, Müller published a combined theory, taking initial L, M and S responses, which were 
then combined by neural processing into R-G, Y-B opponency values, and then further processed 
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neurally. Based on various lines of evidence (colour matching results, colour vision anomalies, 
unique yellow, production of achromatic stimuli, inter alia), Judd (1949) proposed numerical 
functions that differenced the L and M signals to produce R-G opponency, and differenced the S 
signal from a weighted combination of L and S to produce a Y-B opponent signal (as shown in 
figure 2.6). He also proposed that a linear combination of the L, M, S, R-G and Y-B signals 
produced a luminance signal (Boynton 1979, Wyszecki and Stiles 1982) (figure 2.7). 

 
Figure 2.7 Neurally-coded signals as postulated by Judd (1949), which are close to the signals transmitted  

by the three channels: R-G, Y-B and W-S (black line, normalised to a maximum value of 1) to the brain 
to elicit sensations of red, green, yellow, blue, white and black (S = schwarz, black) (from Wyszecki 
and Stiles 1982, based on data from Judd 1949) 

There is very good neurophysiological evidence for post-receptoral processes to mediate the 
sensations of colour as outlined above. Processing in the retina converts the raw L, M and S 
colour signals from the cones into a red-green channel, a yellow-blue channel, and a luminance 
(or brightness) channel (which includes signals from the rods) (Stockman and Brainard 2015). 
To a good approximation, both the trichromatic and opponent theories of retinal processes 
appear to be correct, and are now combined into what is known as the zone theory of colour 
vision at the retinal level (Wyszecki and Stiles 1982, Sharma 2003). 

This arrangement accounts for the phenomenon of unique colours, but using only three 
channels, also transmits much more distinct signals to the brain, with a considerably better 
tolerance of noise than would simply transmitting L, M and S levels (Wyszecki and Stiles 1982). 
The zone model of colour vision is the fundamental paradigm for various colour models, and is 
presented in section 2.4. 

2.3.2 Colour Vision Deficiencies (CVDs) and Differences 

Colour vision is the outcome of the processes that occur after light has reached the eye and 
through to the brain’s processing of neurological signals from the eye. The characteristics of 
colour vision vary widely from one person to the next. These differences arise from a number of 
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factors, including: colour vision deficiencies and diseases, change during development or aging, 
and the effects of language or culture (Barbur and Rodriguez-Carmona 2015, Stockman and 
Brainard 2015). Further, knowledge of colour vision impairment has enabled a greater 
understanding of colour vision theory and colour perception (e.g. Swanson and Cohen 2003). 

Colour vision can be impaired by either congenital or acquired defects. Congenital colour vision 
defects tend to be stable and affect both eyes equally, while acquired defects (including loss from 
a disease or an injury to the eye or head) are frequently progressive and may affect one eye 
more than the other. Simunovic (2010) and Parry (2015) state that congenital CVDs are one of 
the commonest inherited vision disorders, affecting about 8% of males and 0.5% of females in 
the population.  

Congenital colour vision defects, generally, fall into three types (Simunovic 2010):  

• Anomalous trichromacy: which occurs when individuals possess all three types of functional 
receptors, the absorption spectrum of one closely matches that of another, 

• Dichromacy: occurs when individuals possess only two functional cone types, and  

• Monochromacy: occurs when individuals possess either only a single functioning cone type, 
or no functional cones, and only intensity-sensing rods.  

Any of the three cone types may be involved in CVD, but red/green confounding is the most 
common deficiency in the population (~8% of males), while others are much rarer (some less 
than 1 in a million) (table 2.1). Monochromacy may involve only one functioning cone type (plus 
rods), or complete absence of cone function so only the rods contribute to vision, and tends to be 
accompanied by other profound visual deficiencies (Simunovic 2010, Parry 2015).  

Table 2.1  Nature and frequency of colour vision deficiencies (from Simunovic 2010, Hasrod and Rubin 2016) 

Condition %&   %% Cause Effect 

Protanomaly 0.01 1.1 Altered L action spectrum Poor discrimination from red to yellowish-green 

Deuteranomaly 0.21 4.6 Altered M action spectrum Poor discrimination from red to yellowish-green 

Tritanomaly 0.0001 0.0001 Altered S action spectrum Poor discrimination from yellowish-green to blue 

Protanopia 0.01 1.0 Faulty L cones No colour perception from red to green 

Deuteranopia 0.02 1.3 Faulty M cones No colour perception from red to green 

Tritanopia 0.03 0.001 Faulty S cones No colour perception from cyan to blue 

Cone Monochromacy ~0 ~0.001 Only one cone type functional Normally no colour discrimination 

Rod Monochromacy 0.002 0.002 Only rods functional No colour discrimination 

While individuals without function of one or more rod types are commonly described as being 
“colour blind”, they are more correctly described as colour vision deficient. The difference in 
frequency between males and females is attributable to genes for L and M opsins (the colour-
sensitive molecules that enable cone function) being found on the X-chromosome (Barbur and 
Rodriguez-Carmona 2015). People with cone anomalies have restricted colour discrimination to 
varying degrees, often sufficiently minor that they are unaware of any deficiency. The 
deficiencies typically arise from a genetic change that alters the wavelength spread, or more 
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typically, the wavelength of the peak sensitivity, of one opsin, so that it is less distinct from one 
of the other opsins, and so the opponent processing of colour signals is impaired (Bosten et al. 
2005). 

Eye damage to the outer retina can cause both the red-green and blue defects, and blue defects 
can also result from changes in pre-receptoral filters (including from the effects of age), from 
diseases of the optic nerve or glaucoma (Verriest 1963, Swanson and Cohen 2003, Parry 2015), 
and from exposure to a number of toxic chemicals (Aronson and Ford 1980, Paramei et al. 2004, 
Dick 2006), including some pharmaceuticals (Hasrod and Rubin 2016). 

In their research, Arden et al. (1988) described a computer-based method of assessing such 
deficiencies, based on just-noticeable differences. The current study extends this method, but 
uses colour matching, which may have further applications in the field of CVD research. 

Not all congenital colour vision effects are deleterious. There are two distinct alleles for the 
L opsin that can occur on the X chromosome, each has a distinct peak absorption spectrum 
(Granit 1945). In humans a non-trivial fraction of the female population (variously reported as 
somewhere between 2 and 50%) carry both forms (Neitz et al. 1998). This has the effect of 
broadening the bandwidth of the L cone response (Brainard and Stockman 2010), apparently 
with a small effect on colour discrimination (Neitz and Neitz 2011), but it could function as a 
fourth cone type and provide true tetrachromatic cone response (Jameson et al. 2001). 

It appears that, normally, the extra colour information available from this fourth type of receptor 
cannot be processed by the eye and brain, so notably enhanced colour discrimination is not 
found (Jordan and Mollon 1993). However, Jordan et al. (2010) and Webster (2015) recently 
reported that a very small number of tetrachromats have functional tetrachromacy and indeed 
do have significantly superior colour discrimination than typical trichromats. 

2.3.3. Synaesthesia 

Synaesthesia is a usually-congenital condition in which two distinct sensory systems overlap, 
and so the synaesthete may taste sounds or perceive a colour when hearing a sound or seeing 
(or contemplating) a letter, word or number (Simner 2012). A common form of synaesthesia is 
called grapheme-colour synaesthesia, in which letters or numbers trigger the sensation of 
specific colours. It has been found that colour synaesthetes (those for whom colours are a 
consequence of another stimulus) have typically superior colour discrimination than non-
synaesthetes, but poorer discernment of motion (Banissy et al. 2013). 

 

 

To understand the colour story further, the following sections discuss colour models and colour 
space, colour psychology, and discrimination studies relevant to the current study. 
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2.4 Colour Models and Colour Space 

Since Aristotle (around 350 BCE), people from a wide range of fields, from artists to chemists, 
have tried to understand how colour works (Kuehni 2003, Tkalcic and Tasic 2003, Silvestrini 
and Fischer 2011). Typically, in this endeavour, discernibly different colours have been 
assembled into a colour range, or colour space. However, generating a colour model is fraught 
with difficulties, and colour science, being an interplay of physics, physiology and psychology, 
remains an inexact science. This is also true of our understanding of colour perception, which 
requires considerable further development (Bratkova et al. 2009, Fairchild 2013), especially in 
terms of the psychophysical processes. Nevertheless, colour models and colour spaces provide 
the theoretical construct that underpins this colour discrimination study. 

Attempts to define the range of perceptible colours in one or two dimensions have been 
generally unsuccessful (Kuehni 2003). Such schemes fail to account for the rich diversity of 
colours that can be discriminated. Thus, researchers have resorted to three dimensions, with 
numerous and diverse attempts to characterise the actual metric in each dimension. It is 
unsurprising that colour perception needs three dimensions to be properly described 10, as 
(tetrachromats aside) colour is sensed in three relatively independent channels (e.g. S, M and L 
receptors). Consequently, an assembly of “all” colours is commonly achieved within the 
paradigm of a solid construct, usually regular, and predominantly with a polar dimension. Such 
representations are known as colour spaces. 

As introduced in the colour theory section (2.1), a colour is perceived as a multidimensional 
construct. Popular terms are used to describe colours as “light, intense blue”, or “dull, deep 
green”, etc. Such naming may be quite coarse-grained, but these names point to three perceptual 
dimensions of colour: (1) lightness (light or deep), (2) saturation or chroma (intense, dull), and 
(3) hue (blue, green, etc). However, names or descriptions such as these are not objective, and 
little consensus can be found about just what colours are described by such terms (Kay 2015). 
Additionally, cultural or experiential backgrounds may lead to differences in the meaning of 
descriptive colour terms (Kay et al. 2009).  

Berk et al. (1982) showed that a three-axis naming system could provide a complete notation of 
colours, albeit with coarse granularity. Human colour perception is a complex matter with 
people being reportedly able to discriminate approximately 7,500,000 colours (Day 1969, 
Masaoka et al. 2013). If each axis has a similar number of discernible levels (a little less than 200 
levels in each dimension), there are not enough existing words to describe the numerous 
different levels of lightness, saturation or hue. Naturally, assigning numerical values to a colour’s 
location on these three axes could accommodate 200 (or many more) levels of the axis’s metric. 
The manner in which such values are calculated or assigned is the basis of theories of colour 
space, the next section of this chapter. 

 
10  Mausfeld and Heyer (2003) argue that colour must have a higher dimensionality than 3, however 3-dimensional 

constructs will serve for the purposes of this study. 
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2.4.1  Colour Space as a Construct 

Many notation systems (or models) have been proposed, and are used, to represent colour; and 
they are generally (but not universally) based on a three-dimensional construct. In nearly all 
such models, the three axes scale against a lightness metric (a black to white range), a saturation 
metric (a grey to intense or pure colour range), and a metric of the hue or spectral location of the 
colour. A necessary arrangement of a colour space is that different colours occur in different, but 
predictable, positions in the space. Typically, colour space models describe a conceptual solid 
with a vertical axis from black at the bottom to white at the top, achromatic greys of varying 
lightness along the central axis, and increasing colour intensity or saturation along any radius 
perpendicular to the vertical axis. The hues of colours are located circularly about the polar axis 
of the solid, cycling in a spectral sequence from red, through orange, yellow, green, blue, violet, 
and back, through the non-spectral purples, to red. Thus, the prototypic colour space is a solid 
with a vertical lightness axis, a radial saturation axis, and a circular hue scale (e.g. figure 2.8).  

  
Figure 2.8 A representation of the 3-dimensional colour construct 

(https://commons.wikimedia.org/wiki/File:HSL_color_solid_cylinder.png. CC0) 

As shown in figure 2.8, the top surface of this colour space, drawn as a cylinder, shows no 
differences in colour (as it is uniformly white); the bottom, correspondingly, is uniform black. To 
ensure that one colour (white, for example) exists in only one location in the colour space, it 
would seem sensible, therefore, that the top and bottom faces be contracted to a point. Different 
colour spaces treat this requirement in different ways. One transformation of the cylindrical 
figure (e.g. figure 2.8) is the HCL (hue, chroma and lightness) space shown in figure 2.9. The 
notion that different positions in the colour space should uniquely represent different colours is 
achieved, with much work having been published on the definition of such spaces (e.g. 
Sarifuddin and Missaoui 2005). Hanbury and Serra (2002) concluded that a biconical digital 
space (e.g. HCL) derived from RGB was superior to a cylindrical space (e.g. HSL) on the grounds 
that: (1) In a cylindrical space colours which appear almost achromatic can receive high (or even 
maximal) saturation; (2) because the saturation normalisation depends on the brightness 
function (in a cylindrical space), these two coordinates are not independent; and (3) comparison 
between saturation values is meaningless (in a cylindrical space), as each saturation is 
normalised by a different factor. 

http://upload.wikimedia.org/wikipedia/commons/c/cb/HSL_color_solid_cylinder_alpha_lowgamma.png
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Figure 2.9 The biconical HCL space, which is a transformation of the cylindrical HSL space shown  

in figure 2.8 (https://commons.wikimedia.org/wiki/File:HSL_color_solid_dblcone.png. CC0) 

A further desirable property of a colour space is that it be perceptually uniform or isomorphic 11 
— that is that the Euclidean distance between the location of two colours be proportional to the 
perceptual difference between the colours, and that this be true for all pairs of colours 
(Mokrzycki and Tatol 2011). The HCL space (figure 2.9) is a first approximation to producing a 
perceptually-uniform colour space. Perceptually-uniform models 12 have a number of practical 
and theoretical advantages. They are more intuitive as colour selection tools; their colour space 
composition matches most people’s perception and understanding of colour; they allow the 
prediction and control of users’ movements through the colour space; and they may facilitate the 
accurate specified darkening or lightening of colours (Bauersfeld and Slater 1991). 

However, it is not a priori clear what shape of colour space would yield perceptually-uniform 
separations of colours within that space, but it is clear that the biconical space, as seen in figure 
2.9, is superior to the solid cylinder in figure 2.8. Colour researchers have generally assumed 
that, in the absence of other data, the space will be circular in cross section and, in the context of 
a globe, taper to the poles, as in figure 2.9. The simplest of such models are a sphere and a bi-
cone (Bauersfeld and Slater 1991).  

Much practical and theoretical work has been done to attempt to identify the shape of the 
perceptually-uniform (or at least regular) colour space. Probably the two most widely 
recognised and implemented of these are the influential work of Albert H. Munsell, and the 
Swedish Natural Color System (NCS), as reviewed in the next section of this chapter. 

2.4.2  The Munsell Color System 

The first modern and influential work on the shape of the perceptually-uniform colour space 
was undertaken by Munsell, starting in the late 19th century. The following Wikipedia entry 
provides a good overview of the Munsell Color System (http://en.wikipedia.org/wiki/ 
Munsell_color_system): 

 
11  A geometric model that provides a one-to-one correspondence with experience (Kuehni 2003). 
12  …if they exist in 3-dimensional space, à la Mausfeld and Heyer (2003) 

http://upload.wikimedia.org/wikipedia/commons/b/b3/HSL_color_solid_dblcone_chroma_gray.png
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“…the Munsell color system is a color space that specifies colors based on three color 
dimensions: hue, value (lightness), and chroma (color purity). It was created by 
Professor Albert H. Munsell in the first decade of the 20th century and adopted by the 
USDA as the official color system for soil research in the 1930s. 

Several earlier color order systems had placed colors into a three-dimensional color 
solid of one form or another, but Munsell was the first to separate hue, value, and 
chroma into perceptually uniform and independent dimensions, and was the first to 
systematically illustrate the colors in three-dimensional space. Munsell’s system, 
particularly the later renotations, is based on rigorous measurements of human 
subjects’ visual responses to color, putting it on a firm experimental scientific basis. 
Because of this basis in human visual perception, Munsell’s system has outlasted its 
contemporary color models…”  

Thus, Munsell’s colour space, first introduced in 1905, is a geometric solid, consistent with the 
above construct (Meyer and Greenberg 1980). A schema of the Munsell colour space is shown in 
figure 2.10.  

  
Figure 2.10 A radius from the Munsell colour space (https://commons.wikimedia.org/wiki/File: Munsell-

system.svg. CC0) 

Munsell worked with the concepts of “just-noticeable-difference” and perceptually equally-
spaced colours 13. He devised a system mixing colours in a precise manner, which involved use 
of spinning disks with alternating segments of chosen size and colour, which, when viewed while 
spinning rapidly, appeared to be a colour intermediate to the colour of the segments on the disk. 
He asked trained volunteers to advise the experimenter of differences in colours that were ‘just-
noticeable’ when viewing two disks with small differences in the size of the segments of a given 
colour. From these data he drafted a series of slices through the entire colour space, such as the 
example in figure 2.11, which showed equally distinct colours on the Value 14 (lightness) and 

 
13  It is important to note that participants in the current study did not assess just-noticeable-differences, but 

matching of colours, and by adjusting the hue variable only. In terms of its goal to examine the hue circle, it was 
designed to assess the uniformity of the hue circle, or, identify perceptually equally-spaced hues. 

14  The use by Munsell of the word “value” for a lightness scale is unfortunately confusing with the more 
conventional numerical meaning of the word. To avoid confusion, the word “Value” (uppercase “V”) will be 
reserved for its Munsell meaning, while “value” (lowercase “v”) will be used, as convention dictates, as meaning 
the numerical quantum of a variable. 
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Chroma (colour purity) axes, the latter from achromatic to maximally-saturated available 
colours (Birren 1969). Munsell’s slices through the colour space were taken through the vertical 
(Value) axis and they yield planes which ranged from one hue to its ‘opposite’ horizontally, and 
from black (at the bottom) to white vertically (e.g. figure 2.11). 

  
Figure 2.11 A 'slice' through the Munsell colour space (differences between colours are intended to be 

perceptually uniform) (Koplin, J. 2004. from https://www.codeproject.com/Articles/7751/Use-Direct-D-
To-Fly-Through-the-Munsell-Color-So). 

The Hue scale possesses five principal hues (red, yellow, green, blue and purple) and five 
intermediate hues (yellow-red, green-yellow, etc.). Notionally, these ten hues can be equally-
spaced (geometrically) around a circle, and the spacings will be perceptually uniform. Each of the 
ten segments are subdivided into ten notionally uniform subdivisions, yielding 100 units in the 
hue circle. Hue scales in 10 numerical steps between each of red, yellow-red, yellow, etc., while 
Value scales from 0 (black) to 10 (white) and Chroma from 0 (grey) to a high value (see below). 

Colours are notated as Hue Value/Chroma, so, for example, 5BG 7.0/5.2 is a blue-green colour 
(5BG) of moderately high lightness (7.0) and intermediate saturation (5.2).  

The Chroma axis is intended to portray perceptually equal steps on increasing chroma, from 
achromatic to the maximum saturation practicable with available pigments (theoretically, to 
spectral saturation). It is thus possible that further steps might be added on the Chroma axis if 
more highly-saturated pigments should become available. Nonetheless, it is acknowledged that, 
even if spectrally-pure pigments could enable extension of the Chroma scale, there would be 
different numbers of perceptually-equal Chroma steps from achromatic to fully-saturated for 
different hues, and the Value (lightness) at which the peak number of steps occur differs 
between hues, as illustrated in figure 2.11. 

Thus, the perceptually-uniform Munsell colour space is not circular, spherical nor symmetrical. 
As seen in figure 2.11, more ‘shades’ can be discerned in some Hues and Values, than in others. A 
sense of the shape of the overall Munsell colour space is shown in figure 2.12. 
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Figure 2.12 The general shape of part of the Munsell 1943 colour space (blue to red segment excised) 

(https://commons.wikimedia.org/wiki/File:Munsell_1943_color_solid_cylindrical_coordinates.png. CC0)  

Despite its design intent of producing a perceptually-uniform colour space, and its origin in ‘just-
noticeable-differences’, the Munsell system is not isomorphic. The perceptual steps are of 
different size on the Value, Chroma and Hue scales (Hunt 1998), being, on average, one step of 
Value equals (perceptually) two steps of Chroma, and at Chroma = 5, three steps (out of 100) of 
Hue (Nickerson 1936). Neither the Hue circle nor the Chroma scale is uniform (Kuehni 1999). 
The first Chroma step is larger than subsequent steps and there is anomalous spacing in the blue 
to purple sector (Indow 1988). Of particular relevance to this work, the assumption of five 
principal hues has received considerable criticism and there is some psychological support for 
the notion that purple is redundant, and a more uniform hue circle would be obtained if it was 
skipped (Padgham and Saunders 1975). 

The Munsell colour system is still in widespread use, although it has undergone several revisions 
since its introduction in 1905 (Kuehni 2003). It is an entirely experimentally-based colour 
notation system, and its longevity is probably attributable to its empirical foundations.  

2.4.3  The Natural Color System 

The NCS, a biconical and geometrically-regular colour system, was developed by the Swedish 
Colour Centre Foundation, and is promoted by the Scandinavian Colour Institute AB Stockholm 
(https://ncscolour.com/). It is a system for naming and defining colours and, like the Munsell 
system, was developed empirically. 

The underlying framework of the system is built on Hering’s notion of three orthogonal 
elementary colour axes: white↔black, yellow↔blue and red↔green, in acknowledgement of the 
opponent process of colour vision and the primacy of unique colours. The system has a 400-step 
hue circle in which green is set opposite red, and blue opposite yellow (figure 2.13). It posits that 
in each of the quadrants between these primary hues, the 100 hues are spaced uniformly, but 
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acknowledges that the discernible difference between adjacent hues may be different in each 
quadrant (Hård and Sivic 1981). 

 
Figure 2.13 The NCS Hue circle, illustrating opponent primary colours and ten steps between each primary. 

Blackness varies from 05 (from -Y90R to -G20Y) to 35 (at -R60B) and Chromaticness varies from 55 
(various colours between -B80G and -R50B) to 80 (from -R to -Y) (from NCS - Natural Color System 
2007). 

Colours are notated as S sscc-P1nnP2, where S designates that the colour is a standardised NCS 
colour sample (or definition), ss is the blackness, cc is chromaticness, P1 and P2 are letters 
designating the two primary colours adjacent to the colour in question (i.e. R, Y, G or B), and nn 
is the percentage of P2 out of the sum of P1 and P2 in the colour. Codes ss, cc and nn are usually 
presented in increments of 5 or 10. Thus, a light, low saturation, red hue (perhaps called ‘pink’) 
might be designated S 0530-Y80R (a standardised NCS colour, 5% black, 30% chromatic, and, 
for hue, comprising 20% yellow, 80% red). A primary hue (e.g. red) replaces P1nnP2 with simply 
P2, as it is ‘purely’ the one primary colour; so, a colour with the hue of primary red might be 
S 1080-R (NCS 2007). 

The scheme is published as an ‘atlas’ with pages of colour ‘chips’ for various hues arranged in a 
triangle with achromatic colours notionally at the left, the maximally chromatic colour of the 
particular hue to the right and ten steps from white to black down the figure and ten steps from 
achromatic to maximum chromaticness from left to right (figure 2.14). On each page the steps 
from one chip to its neighbour are intended to be perceptually equal, but the scheme 
acknowledges that the perceptual size of steps may vary for different hues. While in the Munsell 
system the maximal-purity colour may occur at a different Value (lightness) for different hues, in 
NCS the maximal-purity colour is always at the middle of the array of chips at the right-hand side 
of the page.  
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Figure 2.14   A page from the NCS colour atlas (achromatic axis, at left of figure, not shown) (NCS 2007) 

The most saturated colours in the NCS system have a chromaticness of 100, although work by 
Munsell (above) indicates that some hues have a greater number of discernible saturation steps 
from achromatic to spectral saturation than others (Kuehni 2003). Thus, saturation steps are not 
uniform at all hues. Further, Indow (2001) showed that the chromaticness scale is compressed, 
often severely, at high values: so saturation steps are not uniform at all levels of chromaticness. 

Thus, NCS distorts uniformity to achieve geometric regularity, while Munsell abandons 
geometric regularity for perceptual uniformity. 

2.4.4 CIE Colorimetric System 

Since 1913 the CIE 15 has published recommendations, specifications and reports on colour 
matters, forming a body of carefully deliberated theoretical work that forms a deep framework 
for both understanding colour vision and defining, measuring and comparing colour (Wyszecki 
and Stiles 1982 16). The CIE chromaticity diagrams and colour spaces, and their underlying 
understandings and specifications, are the most widely-used and influential paradigms for 
colour notation (Berns 2000). 

 
15  The International Commission on Illumination is abbreviated as CIE from its French title Commission 

lnternationale de I'Eclairage. The organization is devoted to international cooperation and exchange of 
information among its member countries on all matters relating to the science of lighting (Ford and Roberts 
1998). 

16  From which the greater part of this section was drawn. To avoid unnecessary repetition of this reference, the 
reader may presume that, if not attributed to another source, information here has been abstracted from 
Wyszecki and Stiles (1982). 
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In simplest terms, CIE specifies a diagram or space where all perceivable colours are included 
and defined by numerical coordinates. It is a device-independent specification of colour stimuli, 
subject to clearly articulated and usually quite strict conditions. An iconic figure from the CIE 
system is the 1931 (x,y) diagram (figure 2.15). In that diagram, all perceivable colours at a 
standardised lightness are specified, and notionally, shown 17. Spectral (i.e. fully-saturated) 
colours lie on the boundary (wavelengths are shown in blue text). The straight line across the 
bottom is the ‘purple line’ where fully-saturated non-spectral colours are located, and within the 
coloured figure, colours of reduced purity are located. The ‘white point’ at x = ⅓, y = ⅓ is the 
location of the equal-energy stimulus (achromatic, grey). 

 
Figure 2.15 CIE 1931 (x,y) chromaticity diagram (see text for explanation)  

(modified from https://commons.wikimedia.org/wiki/File: CIExy1931.svg. CC0) 

The CIE system is based on results from split-field matching of colours. A target colour is shown 
to an observer in one half field, and a mix of levels of three primary colours 18 (typically red, 
green and blue, but not necessarily so) in the other half field. The relative levels of the three 
intensity-adjustable primaries (called tristimulus values) provides the basic data for 
development of the CIE diagrams and spaces. To match any particular colour, different 
tristimulus values would be found for different field sizes, different observers and the use of 
primaries of different wavelengths.  

 
17  The figure shows colours at a lightness where portrayed saturation is high, but the lightness of the colours is 

undefined in this diagram. 
18  In this context, a primary colour is a highly, preferably fully, saturated colour that is a member of a triplet of 

colours that are independent of each other in the sense that no one of them can be created from any combination 
of the other two, e.g. red, green and blue, or cyan, magenta and yellow, etc. 
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To settle these matters, the CIE specifies a standard observer (the tristimulus values 19 as a 
function of spectral wavelength, found from averaging the test results of 17 observers, for 
matches of equal-energy narrow-band spectral colours) in a specified narrow visual field. 
Clearly defined primaries are required: for early work, primaries at 700 nm (red), 546.1 nm 
(green) and 435.8 nm (blue) were specified. The set of tristimulus values at various spectral 
wavelengths are called “colour matching functions” and are effectively a set of tristimulus values 
for spectral colours as seen by the average of these observers in the middle of their visual field, 
subtending a visual angle of 2° (Fairchild 2013).  

The 1931 standard observer was computed for colour matches made on narrow visual fields 
of 2°. This ensures that the colour matches were made with the densely-packed cones in the 
fovea of the eye, in which S cones are reduced or absent (so-called foveal tritanopia, which 
occurs in probably all observers) and colour discrimination is subject to macular absorption. In 
1964 a further set of colour matching functions (the CIE 1964 10° observer) were published, 
which excluded the central fovea and macular absorption. 

A property of the CIE 1931 (x,y) chromaticity diagram is that any combination or mixture of two 
colours lies at a weighted mean position along the straight line that joins them, and any 
combination of three colours lies at the weighted centroid of the three colours. Thus, using three 
primaries, a triangle is defined inside of which lie all colours that can be defined by any real 
mixture of the three primaries (e.g. figure 2.16). 

 
Figure 2.16 CIE 1931 (x,y) chromaticity diagram with triangle defined by 700, 546.1 and 435.8 nm  

primaries shown (modified from https://commons.wikimedia.org/wiki/File: CIExy1931.svg. CC0) 

 
19  For a given observer, there is a set of levels of the red, green and blue primaries that can match a certain spectral 

colour. This set is called the tristimulus values for that wavelength (and particular primaries, and observer). The 
magnitude of the tristimulus value for a given primary varies with wavelength of the spectral colour, and this 
function of magnitude over wavelength is the colour matching function for that primary (and observer). 



Chapter 2: Light and Colour 

34 

 

Thus, for any three real primary colours (i.e. any colours that lie within, or on the periphery of, 
the above coloured figure) there are colours that can be perceived that cannot be ‘made’ by 
mixing such primaries in any positive ratios. For example, in figure 2.16, to the left of the line 
that joins the green and blue primaries, there are many colours (green to blue) with saturation 
that lie outside the gamut of the triangle defined by these primaries. For such perceivable 
colours, it is necessary to subtract one primary (i.e. add a negative amount of it) to the mixture 
half-field in order to achieve the target colour 20. The rgb colour matching functions for the 1931 
standard (2°) observer and the 1964 supplementary (10°) observer are shown in figure 2.17. 
Note that for some wavelengths, a negative amount of any one of the primaries is required, but 
especially the 700 nm primary to match colours between ~435 and 530–550 nm.  

  
Figure 2.17 Colour matching functions for the 1931 standard colorimetric observer (2°, left), and the 1964 

supplementary observer (10°, right) for real primaries (data from Wyszecki and Stiles 1982) 

To avoid the seemingly nonsensical notion of subtracting monochromatic light from a mixture 
that actually has none of it, the CIE designated imaginary primaries that lie well outside the 
perceivable field, and within the triangle of which all spectral (and other less saturated) colours 
lie. These X, Y and Z 21 primaries lie at the unit values of the x and y axes of the CIE 1931 (x,y) 
diagram (Z is at 0,0, figures 2.15, 2.16). Thus all perceivable colours can be defined 
unambiguously by three non-negative (tristimulus) values of the three X, Y and Z primaries. The 
XYZ system colour matching functions for the CIE 1964 supplementary colorimetric observer 
are shown in figure 2.18. 

 
20  Of course, negative amounts of colours do not exist. Adding negative amounts of colour to the mixture half-field is 

equivalent to adding similar scale positive amounts to the target half-field, thus reducing its purity and bringing it 
‘within gamut’ of the mixture field. 

21  Although not particularly intuitive, x, y and z variables are distinguished here as: X, Y and Z (uppercase roman) 
represent the imaginary primaries; X, Y and Z (uppercase italic) are the tristimulus values of these primaries, for 
a given colour; x, y and z (lowercase roman) the axes of the chromaticity diagram (z is not used) and x, y and z are 
the values of a given colour scaled on the CIE 1931 (x,y) chromaticity diagram. 
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Figure 2.18 Colour matching functions for the 1964 standard colorimetric observer for imaginary XYZ 

primaries (data from Wyszecki and Stiles 1982) 

The X, Y and Z primaries were chosen so that X and Z contributed nothing to the lightness of a 
colour, and all the lightness is vested in the Y value. Although the underlying concept is a 
3-dimensional space (with the typical linear lightness axis, a radial saturation axis, and the 
circular hue scale), the notation is usually displayed as a projection of this figure, on axes x and y, 
which are scaled as the fraction of the total stimulus (X+Y+Z) that are provided by X and Y, as 
shown in figure 2.15 and 2.16 (above), and in accord with: 

𝑥𝑥 = 𝑋𝑋
𝑋𝑋+𝑌𝑌+𝑍𝑍

    and     𝑦𝑦 = 𝑌𝑌
𝑋𝑋+𝑌𝑌+𝑍𝑍

 . 

The chromaticity diagram (e.g. figure 2.15 above) is a mixture diagram in which the XYZ values 
are scaled to X+Y+Z = 1, so only two values (x and y) are required to show these colours. The 
chromaticity diagram defines colours as the sum of three ‘primaries’, irrespective of lightness. 
Fully saturated (pure, spectral) colours are located on the periphery of the figure, and saturation 
falls as one moves towards the white point at about x = y = z = ⅓. This diagram is thus a 
hue/saturation diagram: hue is represented as the angle of the colour around the white point, 
and saturation as the fraction of the distance from the white point to the periphery along which 
a particular colour lies.  

The diagram is not perceptually uniform. In 1942 MacAdam published research addressing the 
goal of uniformity in the CIE 1931 diagram. In his study, using constant lightness split-field 
colour matching, observers were asked to match colours at 25 points on the CIE 1931 (x,y) 
chromaticity diagram (analogous to figure 2.15). As might be expected, there was a region 
around each colour where the slightly different colours were indistinguishable to the observer. 
Macadam fitted ellipses to the “indistinguishable colours regions”, as shown in figure 2.19. 
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Figure 2.19 MacAdam ellipses plotted on the CIE 1931 (x,y) chromaticity diagram — ellipses are 10× actual size 

(https://commons.wikimedia.org/wiki/File:CIExy1931 MacAdam.png. CCO) 

Importantly, the ellipses were not circular, typically on an axis radiating from near the blue point 
(at about x = 0.15, y = 0) and were consistently different in size in different parts of the diagram. 
Further work (e.g. Wright 1946) extended this analysis of the chromaticity diagram (e.g. figure 
2.20), confirming that, if the diagram is to be scaled according to perceptually-uniform distances, it 
must be expanded in the lower region and contracted elsewhere, especially in the upper (green) 
regions. This outcome is also visually evident in figure 2.15 and 2.19, in that little differentiation of 
colour is evident in the large upper green area, while the blue appears to be strongly compressed. 

  
Figure 2.20 Colour confusion ranges between pairs of just-noticeably different colours in the CIE 1931 (x,y) 

chromaticity diagram — ranges are magnified for clarity (from Kuehni 2003, p 217) 
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In search of a perceptually-uniform colour diagram, in 1976, the CIE defined a transformation of 
the CIE (x,y) chromaticity diagram into a more uniform diagram, the CIE u’v’ diagram (figure 
2.21), known as the CIE 1976 Uniform Chromaticity Scale (UCS) diagram. The transformation 
compressed the upper left, stretched the lower and right sides of the CIE 1931 diagram, and 
rotated it to a certain degree (see figure 2.21). The outcome is a more perceptually-uniform 
diagram, showing consistency with the opponent or four-primaries paradigms of colour order, 
in which the y-axis approximates a yellow-blue opponency, and the x-axis red-green opponency. 

 
Figure 2.21 CIE u′ v′ chromaticity diagram, also known as the CIE 1976 UCS (uniform chromaticity scale) 

diagram (https://commons.wikimedia.org/wiki/File:CIE 1976 UCS.png. CC0) 

Nonetheless, it is readily apparent that a two-dimensional diagram that ignores lightness of a 
colour cannot portray all dimensions of the difference between two colours, unless they both 
have the same lightness. In recognition of this the CIE in 1976 introduced two colour spaces 
(with an explicit lightness axis) to provide more linearly accurate models: the CIELUV colour 
space and the CIELAB colour space.  

CIELUV posits a three-dimensional space with L*, u* and v* axes, representing lightness, redness-
greenness and yellowness-blueness, respectively. The coordinates of a given colour are based on 
a non-linear transformation of the Y value from the XYZ system to yield the lightness metric and 
linear transformation of the u’ and v’ coordinates of the CIE 1976 UCS diagram. 

CIELAB is also a three-dimensional space with L*, a* and b* axes, with the same metric for L*, and 
similar dimensions for u* and v*, respectively, and differing only in linearity and scale. 
Coordinates on the a* and b* axes are computed as a non-linear function of X and Y for a* and Y 
and Z for b*. Details of the functions are widely published, for example in Wyszecki and Stiles 
(1982). 
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It is often suggested that CIELUV is especially suitable for comparing the colours of luminous 
sources, while CIELAB for reflective surfaces; however both will suffice for either purpose (Berns 
2000), and in practice, CIELUV has largely fallen from use (Fairchild 2013). 

Taking account of the lightness difference between two colours must improve the quantification 
of colour difference, and the transformations used for CIELAB and CIELUV do considerably 
improve uniformity, compared to CIE 1931 (x,y) for example. It was hoped that, with the 
introduction of these spaces, a relatively simple space in which colour difference was adequately 
uniform would be produced (Berns 2000). It was suggested that simple Euclidean distance 
should suffice to calculate the quantitative difference between two (not greatly different) 
colours, i.e., for CIELAB: 

∆𝐸𝐸𝑎𝑎𝑎𝑎∗ = �∆𝐿𝐿∗2 + ∆𝑎𝑎∗2 + ∆𝑏𝑏∗2 

where ∆E* is a measure of colour difference (see section 3.1.2 for more discussion of ∆E), and 
∆L*, ∆a* and ∆b* are the differences between the two colours in their values of L*, a* and b* 
(various sources, e.g. Westland and Ripamonti 2004).  

The Euclidean assumption is not particularly valid (i.e. the spaces are not ‘flat’ or uniform), and 
numerous variations and increasing complexities in the above equation have been adopted to 
increase the accuracy of colour difference calculation. It is now apparent that no flat Euclidean 
field, such as the CIELAB space, can be perceptually uniform (Wyszecki and Stiles 1982, citing 
numerous sources). Present approaches to calculating ∆E rely on complex algorithms to take 
account of the numerous non-linearities in any particular colour difference system (e.g. 
CIEDE2000, Witt 2007). 

In 1940, the CIE 1931 tristimulus values for colours in the Munsell Book of Colour were 
measured. In a study of their perceptual spacing, forty observers made 3,000,000 colour 
judgements. The result was a redesignation of the Hue, Value, and Chroma specification for each 
colour sample, according to the human visual system (Meyer and Greenberg 1980, Ford and 
Roberts 1998) as guided by the CIE 1931 colour system. 

2.4.5 Colour Spaces in Computer Graphics 

NCS, the Munsell colour system and the CIE family of colour diagrams, spaces and transforms are 
empirically or theoretically rigorous, but they are not easy to use. In particular, the Munsell 
system indicates the complexity of colour in the real world, with a warning to the colour 
specialist not to expect simple representations of colour, if a perceptually-uniform system is 
required. Nevertheless, there is a growing need for colour notations or models that are easy to 
understand and conceptually straightforward, especially in specifying colours in a computer 
package. Even for users familiar with colour there is a notion that colour should be concisely, 
directly and accurately specified by a simple coordinate system (Douglas and Kirkpatrick 1999). 
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A user of Microsoft® Windows® is offered a degree of control over colour (text, or colours on a 
figure, for example), and two methods of specifying the colour are offered: RGB 22 and HSL. 
These are quite different colour spaces, but both involve specifying a colour in the digital 
environment by adjusting three scales in a bounded range. Conversion between RGB and HSL is 
easily achieved by relatively simple numerical transforms (section 3.5.2). The RGB space is 
considered in the next section (2.4.5.1), while HSL and similar spaces are discussed thereafter 
(section 2.4.5.2).  

2.4.5.1 The RGB Cube 

In specifying a colour (a deep, intense blue, for example), the colour is typically described by its 
characteristics, that is its hue, saturation and lightness (e.g. blue, intense, deep), on scales which 
depend on the scheme or colour space used. An agreed colour space permits a clear definition of 
the units and the scale of such variables. In contrast, coloured displays emit light of varying 
apparent colours. A variable-colour display, such as a computer monitor or colour television 
screen, has emitters (phosphors, plasma discharge cells or coloured filters over a white 
backlight) that emit controllable quantities of red, green and blue light. To emit a defined colour, 
the display sets the levels of emission of a pixel (picture element, comprising three coloured dots 
of red, green and blue) to predefined levels of these primary colours. Hence, these display 
technologies are known as ‘RGB’ displays (Ford and Roberts 1998). Thus, RGB forms a colour 
space of a monitor or television screen, which is defined in terms of intended levels of R, G and B 
emission. This model is a technical model, rather than theoretical or pragmatic.  

For a colour on a computer display or television screen, the levels of red, green and blue are 
specified by software for a given pixel, and an illumination system lights three colour points to a 
luminance consistent with providing the sensation of the desired colour by an observer. A colour 
point can achieve a range of luminance values, outside of which the point would be at the 
minimum possible luminance or above the maximum luminance. The range, therefore, is device-
dependent, and is generally dependent on the technology of the light generating system 
(Plataniotis and Venetsanopoulos 2000). This limitation is taken for granted in the formulation 
of RGB, and so in terms of actual function, it is a device-dependent colour system. A standardised 
RGB system, which assumes specific primaries (of defined position on a CIE chromaticity 
diagram and brightness performance), known as sRGB (or other RGB specifications, such as 
Adobe RGB), has been developed to enable RGB to be analysed and generalised in the manner of 
an objective colour space model (Fairchild 2015). 

For the display of a colour, the controlling software defines the desired colour using selected 
levels of R, G and B. In most computer systems three bytes (24 bits) are allocated to each pixel 
(one byte or 8 bits per colour channel) which can each encode 256 (i.e. 83) levels of luminance 

 
22  Note that this is not the RGB of the CIE colour system. The RGB referred to here and subsequently throughout this 

thesis is a specification of a display colour by a display adapter of a computer, in the bounds [0 255] with unit 
increments for each of the three red, green and blue channels. When considering the colour produced from an 
RGB specification a particular definition of primaries is necessary, such as sRGB (standard RGB) or Adobe RGB; 
but when considering the internal working of a computer display, and the specification of a colour to be 
displayed, RGB (capitalised) will be used. 
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per channel (whether the display device can show less or more levels is a matter outside the 
purview of the current discussion). Thus, the software can define 2563 (= 16.8 million) different 
colours, many of which may be indistinguishable by the display device and, even if they are 
displayable, may be indistinguishable by the observer (Pascale 2003). Recent advances in 
bandwidth have seen colour depth increase to 10, 12, 14 or 16 bits per channel (which can 
represent 1 billion, 70 billion, 4 trillion or 300 trillion distinct colours, respectively). 10 bit 
colour is becoming common in consumer computing (e.g. DisplayPort), while 14 and 16 bit 
colour is used in ‘prosumer’ and professional digital cameras for RAW encoding of images 
(Daalder 2015). 

When bytes encoding R, G and B levels are sent from the processor to the display device, the 
levels of luminance of the three primaries in each pixel are adjusted to optimise the display of 
the defined colour within the capabilities of the device by reference to a look-up table stored in 
the display device. The look-up table is defined by the manufacturer and is intended to linearize 
the display performance. Suitably ‘tuned’ pixels thus display the three primaries at luminance 
levels adjusted to achieve an optimised display of the RGB encoded colour (Jackson et al. 1994). 
The observer perceives the pixel as a single colour; the mix of levels determines the colour. 

The three signals provide the axes of a three-dimensional figure, which is unambiguously a cube, 
with one of each of the three dimensions for each colour component (red, green and blue), each 
having values from 0 to 255, as specified by a given colour’s definition. The eight vertices of the 
cube are thus white (255, 255, 255), red (255, 0, 0), yellow (255, 255, 0), green (0, 255, 0), cyan 
(0, 255, 255), blue (0, 0, 255), magenta (255, 0, 255), and black (0, 0, 0). A ‘wireframe’ of the RGB 
cube (figure 2.22) shows the central axis of wholly unsaturated colours (i.e. where the values of 
R, G and B are always equal), and the six vertices (corners) where fully-saturated primary and 
secondary colours are located.  

  
Figure 2.22 Edges and vertices of the RGB cube (modified from De Lama, O. 2014. 3D representation of the RGB 

model [Image]. Retrieved 25/08/2018, from http://www.odelama.com/photo/digital-photography-
definitions/. CC BY-NC 2.0.) 
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The RGB cube is, of course, not just a wirestick-like frame, but a solid which has nearly 
17 million different colour definitions (or, thinking of it as a colour space, then colours) on its 
faces and within it. Figure 2.23 shows the exterior of the cube, as seen from the white (255, 255, 
255) vertex. From the opposite side (end or vertex) of the cube, colours appear darker, with the 
vertex opposite the white being entirely black (0, 0, 0). 

When oriented so that the achromatic axis is vertical, the cube represents a colour space with 
lightness values from 0 (black) at the base to 1 (white) at the top, and increasingly lighter shades 
of grey along the polar axis (as illustrated in figure 2.22). The edges and vertices of the cube 
most distant from the achromatic axis are the maximally-saturated colours, and lighter and 
darker shades of these colours are found above and below these edges, with the less saturated 
colours inside the cube. 

  
Figure 2.23  Top view of the RGB cube, when oriented white (nearest vertex) to black at opposite end 

(modified from https://3dwarehouse.sketchup.com/model/f28fa4312fc010f1c7ecd65c510d37b4/RGB-
Color-Cube) 

Relatively simple mathematical transformations can convert points in this figure to coordinates 
in polar space, such as HCL or HSL space (see section 3.5.2 for algorithms). In the current study 
it was assumed a priori that HSL or HCL was conceptually more meaningful than RGB notations. 
For example, as a “thought experiment” consider what the RGB values for a middle brown colour 
would be; this is a relatively easy exercise for the HSL space. Further, research has shown that 
users attempting to match colours on an interactive computer screen achieve higher accuracy 
with much reduced mental effort with an HSL interface than RGB (Schwarz et al. 1987). 

2.4.5.2 Intuitive Colour Spaces for Computer Graphics 

The notion of a regular colour space with a lightness axis, a radial saturation scale and a circular 
hue scale is appealing, and most colour notations and models start from such a construct. In 
nearly all such schemes, one can imagine a sphere or at least a symmetrical three-dimensional 
solid which encompasses all possible colours (Kuehni 2003).  
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Typically, the polar axis of the colour shape is achromatic, and ranges from black at the south to 
white at the north, grading through levels of grey (e.g. figure 2.8 or 2.9). This axis is usually 
called a lightness axis but, depending on the model, may be called intensity, brightness, level, 
Value, blackness or whiteness. Each label usually represents lightness in a different way, and the 
linearity of the scale varies between measures, although a desirable metric would be that this 
scale maps linearly with the Value scale in the Munsell system, which has been shown to be very 
close to perceptually uniform (Kuehni 2003). 

The radius of a horizontal slice ranges from achromaticity at the polar axis to full saturation at 
the surface of the figure (e.g. figure 2.8, above). This scale may be called purity, saturation, 
chroma or chromaticness; the names denote different scaling and a possible range of the scale 
values. It would seem desirable that this scale parallel the chroma scale of a CIE chromaticity 
diagram, in that the scale should range from zero purity at the achromatic end to full purity (as 
far as practicable within the technology) at the outer end, and that the scale be linear on 
perceived purity — i.e. that a ‘half purity’ lie halfway along this scale (figure 2.24). 

Figure 2.24 The HLS model (http://www.spotimaging.com/resources/white-papers/color-space/) 

The angular position around any horizontal slice of the construct determines the hue of the 
colour at any given point, with less ambiguity for this variable. It is usually taken to be measured 
in 360 units (commonly, but not homologously, ‘degrees’ 23) with pure red at 0 (and 360), green 
at 120 and blue at 240 24 (Schwartz et al. 1987). Clearly, hue is a circular variable, and numerical 
processing requires the use of circular statistics (as in the current study, see Appendix 5). 

23  For example, the hue circle in Windows® is scaled from 0 to 255, where 0 ≡ 255 = ’pure’ red, and in some 
packages (e.g. Statistica) 0 to 240 or 0 to 100. 

24  In the NCS colour space, red is at 0, yellow at 90, green at 180, and blue at 270. This ‘four primaries’ arrangement 
is an attempt to produce a perceptually-uniform space with elegant simplicity, but it has not been entirely 
successful (Schwarz et al. 1987, Kuehni 2003), although it does position opponent colours opposite each other 
(red opposite green, yellow opposite blue, etc.). 

Image removed for copyright reasons 
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Within the limited gamut of colours that can actually be produced by technology, it seems clear 
that a hue comprising just a single primary (e.g. red) would be fully saturated, since there cannot 
be an even more ‘intense’ version of the hue (within available technology). Thus, the three 
primaries are fully-saturated hues. Equal mixtures of any pair of three primaries (while the third 
is zero) provide the secondary hues (yellow, cyan and magenta) at 60, 180 and 270, and would 
also be fully saturated. Most colour spaces place these hues, and any mixtures of only two 
primaries, as fully-saturated hues around the periphery of the colour space, typically, but not 
always, half-way between black and white on the lightness scale. 

Where a third primary is included in a colour, the colour is, therefore, not fully saturated, and if 
the three are present in equal amounts the colour is fully desaturated, achromatic, or a shade of 
grey 25.  

Douglas and Kirkpatrick (1999) listed 11 colour models (plus Munsell), and described how they 
process contributions of colour inputs, and what the axes of the colour space represent. For 
many of the models the differences are of fine distinction, such as whether light and dark 
versions of a hue, and with a certain proportion of ‘greyness’, should be described as having the 
same, or different, saturation.  

In terms of emitted colours, such as a computer monitor, high brightness colours are achieved 
by setting high levels of all three primaries. Thus, a maximally-saturated almost pure white 
would be achieved by high levels of all three primaries, and a maximum (255) level of one or two 
of them. Since such a colour has components of all three primaries, it cannot be maximally pure 
or fully saturated. Thus, the colour space must contract at high lightness. A cylindrical colour 
space, such as HSL (e.g. figure 2.8), therefore cannot be realistic, and a space that contracts the 
saturation levels at high lightness is clearly preferable (Schwartz et al. 1987).  

The shape below middle lightness can be similarly analysed. It is clear that fully saturated 
colours (comprising one, or mixtures of only two, primaries, even if in only low amounts) are 
located in this region, so full saturation does exist below the middle lightness colours, and on 
this consideration, contraction on the saturation scale is not required for dark colours. 
Nonetheless, users of colour would find that they can discriminate more levels of saturation in a 
middle-lightness colour than they could a similar hue at very low lightness, so a perceptually-
uniform colour space must contract both above and below middle lightness, as shown in figure 
2.24, above. 

A colour shape which meets the above criteria is the HCL (hue, chroma, lightness) body, as 
shown in Figure 2.9 (above), which is a bi-cone, or the HLS scheme (figure 2.24) used by Adobe® 
Inc. It is a hybrid between a sphere and a bi-cone (a sphere with poles extended), in an attempt 
to achieve greater perceptual uniformity. 

Other shapes have been developed, such as a single cone (point downwards) for a HCV (hue, 
chroma, value) model, a cylinder below the middle lightness and cone above for HCI (hue, 

25  Or, in a four-primaries model, an equal mix of any two complementary colours. 
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chroma 26, intensity), and numerous others (Douglas and Kirkpatrick 1999). They differ from 
each other in the manner in which they handle the interplay of lightness and saturation. Terms 
like chroma and saturation, value, intensity, luminance and lightness, are used somewhat 
arbitrarily to signify these differences (Plataniotis and Venetsanopoulos 2000). 

This family of colour spaces has grown from the HSV colour model, which was developed by Smith 
(1978) and the HSL model of Joblove and Greenberg (1978), specifically for computer graphics. It 
is user-oriented; based on the intuitive appeal of the artist’s tint, shade, and tone concepts; a 
convenient and meaningful way to interpret colour space, and to recognize the presence/absence 
of colours. It also specifies and describes the hue, saturation, and value (or luminance) of a colour. 
Colour spaces like HSV (and its alternatives, e.g. HSL — hue, saturation, lightness) are commonly 
used in image processing. They are thought of as natural representation colour models; that is, 
their triplet of values is close to the dimensions of colours understood by the human mind 
(Plataniotis and Venetsanopoulos 2000). Thus, the hue is congruent with the perceived dominant 
colour; the saturation matches the quantity of white, grey or black that is mixed with hue; and the 
value, luminance or lightness refers to the amount of light in the colour.  

It is widely acknowledged that the black-white axis is not perceptually uniform in these 
notations (Ford and Roberts 1998, Hanbury 2002, Sarifuddin and Missaoui 2005). An alternative 
scaling (intensity) represents lightness in a linearly perceptual scale more effectively (Alonso 
Pérez and Baez Rojas 2009). 

In a review of the HSL colour model, Jackson et al. (1994) observed that none of the axes in this 
model is uniform, and hue angle is the most non-uniform. On theoretical grounds they reported 
that perceived colours change slowly near the primary colour and rapidly near the secondaries. 
This is a matter of deep interest in this work. These authors also noted that the three axes are 
not independent, and, for example, at a fixed HSL lightness, perceived lightness changes 
dramatically between some hue angles, such as between green and blue, where apparent 
lightness varies about 5-fold (blue appears much darker than green) (see Appendix 11).  

In this current research, the cylindrical HSL colour space (figure 2.8, above) was used, despite 
certain shortcomings. Its most obvious failing is that at both the top and bottom of the figure a 
single colour (white and black, respectively) occupies a large number of locations. This space is 
used as it is the form implemented in both Windows® and Apple® computers, and that PC users 
will almost always use. The space is the only perceptual colour scheme recommended by the CSS 
Working Group of the W3C (World Wide Web Consortium) (W3C 2018). These matters 
presented compelling reasons to use it in this study.  

2.4.5.3 Summary of Digital Colour Spaces 

In summary, colour in computer graphics can be conveniently specified using three parameters, 
for example, red, green and blue (RGB), or hue, saturation and lightness (HSL). Some colour 

 
26  Note that although the term “chroma” is used equally in the HCL, HCV and HCI models, the numerical algorithm, 

and thus values obtained for a given RGB, are different in each of these models. 
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spaces are intuitive to use (for example, HSL), others non-intuitive (for example, RGB). It is 
relatively easy for a user to navigate within the HSL or HCI (or other similar) spaces, where the 
desired colours can be created relatively easily. It is much harder to work with colours in an 
additive space, such as RGB, which is confusing for the user, having parameters with abstract 
relationships to the perceived colour (Ford and Roberts 1998, Plataniotis Venetsanopoulos 
2000).  

As experienced by participants, the current study presented colour as a three-dimensional 
construct following the conical/cylindrical colour space implemented on personal computers. 
Colours offered to participants were selected in RGB, converted to HSL, and participants asked 
to match the hue, while the computer kept the saturation and lightness of the match constant 
and equal to that of the offered colour swatch. Thus, data obtained here concern the ability of 
participants to match hues, with lightness and saturation stabilised by the computer system. In 
this case, the choice of colour space is not critical, even if different colour spaces define lightness 
or saturation on quite different scales. Thus, a pair of colours (an offered swatch and a user-
defined swatch) with different hues, but common numerical lightness and saturation, will 
converge as hue is better matched, irrespective of the colour space used. 

2.5 Uniformity in Colour Space 

Ideally, the colour spaces should be perceptually uniform, i.e. a 10 unit change in stimulus would 
produce the same amount of change in perception, wherever in the colour space it was applied 
and irrespective of the axes involved. Computer graphics colour spaces, e.g. RGB and intuitive 
spaces, however, are non-uniform (Jackson et al. 1994); i.e. a given amount of change in stated 
level will produce a different change in perceived colour in different parts of the colour space, 
especially in the interplay of lightness and saturation. While the hue dimension in intuitive 
colour spaces is treated very similarly in the various intuitive colour models, limited diversity in 
its definition does not necessarily imply that this scale is perceptually linear, either. 

The matter of uniformity in colour space is addressed in detail in the next chapter (Uniformity 
and Difference in Colour Models). The following sections present a review of colour psychology 
and colour discrimination research, concluding with research relevant to the current study. 

2.6 Colour Psychology 

Colour is all around us, we see it all the time. It affects us continually; we are surrounded by it 
every waking moment. Our mood and emotions are consciously and unconsciously affected by 
colour (Pressman 2009). 

According to Beer (1994), once you encounter colour you cannot remain neutral about it. For 
this reason, our reaction or interaction with colour seems to be immediate, instinctive and 
emotional. As a result, Beer contends that, as soon as we perceive colour, it evokes a response, of 
sympathy or antipathy, pleasure or disapproval. 
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2.6.1 Influences on Colour Perception 

As expressed by Wright (2009, p1), it is “difficult to establish rules about response [to colour] 
based on a single [colour] or two colours”. Perhaps this is why colour psychology has been seen 
as being too subjective to predict or indeed to teach. From black to white, or any of the varying 
shades and tones and hues of the reds, greens or blues, colours themselves can be standardised. 
However, their meanings are interpreted uniquely by each of us (Kress and Van Leeuwen 2002). 

For humans, colours have both cognitive and emotional content. Thus, we do not just see colour, 
but also experience sensations or feelings about the colour. At the same time colours activate 
and impact upon what we perceive, to stimulate our cognitive abilities (Mahnke 1996). For 
example, when we say ruby red, we immediately associate the word ruby with the colour red 
and red with the precious stone, ruby.  

Importantly, this perception of colour always involves a range of effects related to the senses, 
the emotions, and the body, as well as the thoughts, understandings and meanings we attribute 
to colour (associations, synaesthetics and symbolism). Therefore, when ‘seeing’ colour, we also 
experience it. Further, an individual’s psychological state can affect how their brain interprets 
the signals from the eye, to transform it into the perception of colour. For example, the phrase 
‘seeing red’ is a psychological transformation that occurs when someone is angry or mad, and 
they actually perceive things to be redder than they would normally appear (Mulholland 1997). 
To counter this, a woman wearing red is more appealing to a man (Pazda and Greitemeyer 
2015), and it has been shown quite convincingly that wearing red enhances a female hitchhiker’s 
chance of getting a ride from male drivers (Guéguen 2010). There are many other such studies 
indicating deeper implications of particular colours in inter-gender signalling (Pazda and 
Greitemeyer 2015). 

To assist in understanding colour psychology Mahnke (1996) developed the ‘Colour Experience 
Pyramid’ (figure 2.25), which helps show the ways the main interrelated factors influence our 
experience of colour.  

Figure 2.25 Mahnke’s Colour Experience Pyramid (Mahnke 1996, p11) 

The pyramid consists of six sections, from the most ‘primitive’ base up: biological reactions; 
collective unconscious; conscious symbolism–associations; cultural influences; influences of 
trends; and personal relationships. The areas of cultural influences on colour discrimination, and 
conscious symbolism (associations) are of direct relevance to this study, and are discussed below. 

Image removed for copyright reasons 
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2.6.2 Cultural Influences and Associations 

“We see in essence not with two eyes but three: with the two eyes of the body and 
with the eye of the mind that is behind them. And it is in this eye of the mind where 
the cultural-historical progressive development of the color sense takes place.”  
 (Franz Delitzch 1878, quoted in Hurlbert and Owen 2015 p. 464) 

Cultural influence (the fourth level of the pyramid) and conscious symbolism (i.e. associations) 
(the third level of the pyramid) cannot exist without each other. They feed into each other and 
help form the perceptions and linkages that facilitate understanding and influence our emotions.  

Further, according to Ciotti (2014) “colour is too dependent on personal experience to be 
universally translated… [with] broader messaging patterns to be found in colour perceptions…” 
An important aspect of colour psychology relates to colour associations; that is, they change 
from place to place, from time period to time period, and from culture to culture. However, some 
potentially culturally specific reactions to colour appear to be universal. In the majority of 
languages/cultures the name for red can be traced back to the word for blood (Partridge 1988), 
and it is associated with anger in many countries and cultures (Meier 2015). In contrast, colour 
associations can be contradictory, such as the Chinese association of red with good fortune 
(Hurlbert and Owen 2015), and in western society where black is commonly the colour of 
mourning, while in China and India white takes this role (Feisner 2006). In the northern parts of 
Portugal brides traditionally wear a black gown, contrasting the white (the colour of purity) that 
brides wear in most other western societies (Kress and Van Leeuwen 2002). 

Thus, culture, defined by geography, can affect colour associations; that is, people who are 
exposed to one colour in a particular way tend to all have the same colour associations. In 
Queensland and New South Wales (Australia), if you ask someone about the blues and maroons, 
they will know exactly what you are talking about (the “State of Origin” football teams) 
(Gallaway 2003, Pearn 2012). However, ask the same question of someone from a different 
country, and they will not know what you are talking about. Such knowledge and association are 
thus geographically and culturally specific. 

According to Guild and Garger (1998), culture is involved in all our life experiences; we learn the 
value of culture from those around us. Thus, we appear to share cultural characteristics with 
others in our community. Stith-Williams (2009) defines culture as “learned traditions, principles 
and guides of behaviour that are shared among the members” of the community. Perhaps, as 
part of this learning process, we also share common colour perception and discrimination 
characteristics.  

Kuehni (2003) notes that natural hues are subdued in late Autumn in a temperate landscape, but 
may be “riotous” in a tropical forest; and further, that artificial coloration has expanded our hue 
experience. Jackson et al. (1994) observe that people’s colour associations and preferences are 
influenced by geographic and cultural factors. They cite that people in tropical regions generally 
choose bright, saturated colours for clothes and decoration, but in temperate regions much more 
subdued colours are preferred. For people in temperate regions, there is a varying palette with 
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the seasons, as suggested by these authors and listed in table 2.2. Presumably, people in tropical 
regions experience the Summer palette almost year-round. They also report that preferences for 
colour follow a predictable path as people age, with preferences away from bright, chromatic 
colours to neutrals, ‘earthy’ colours and shades of blue. 

Table 2.2  The colours of the seasons (from Jackson et al. 1994) 

Season Palette 

Spring Yellow, yellow-green, light pink, light blue, lilac 

Summer Vivid green, dark green, red, yellow 

Autumn Orange, brown, ochre, faded green, violet 

Winter White, black, grey, turquoise, pastels 

Eysenck (1941) found that, generally, people have a predictable and repeatable preference 
ranking for colours, with blue being highly preferred, followed by red, green, purple, yellow and 
orange. 

Researchers, such as Briggs-Myers and Myers (1995), confirm that learning patterns begin early, 
through the environment in which we grow, along with our socialization and culture, at both a 
family and community level. Indeed, the association of colour and emotion has been confirmed 
in children as young as five years old (Nakayama and Tsukumo 2009). We learn about values, 
customs, and beliefs, which impact upon how we live (Stith-Williams 2009). Put succinctly, 
culture appears to influence all aspects of our life and environment, while our life and 
environment also impact upon our culture. 

Gardner (1991) posits that we are “as much creatures of our culture as we are creatures of our 
brain”. In his Iceberg Concept of Culture, Weaver (1986) argues that our geographical origin and 
ethnicity impact on our cultural heritage, with many people being of “multiple ethnicities”. 
Indeed, there is a high level of interest in the impact of multiple ethnicities on all aspects of a 
person’s life, including social, political and economic. As a consequence, numerous studies have 
addressed typical learning patterns, for peoples living in the United States of America, with 
different ethnic backgrounds, such as African, Asian, Latin and Central American (Guild and 
Garger 1998). Therefore, it is postulated, for the current study, that where a person grows up is 
where they learn about colour perception and discrimination. 

Further, according to Webster (2015), we learn about how to perceive colour, and discriminate 
between colours, through our environment and our culture. When discussing culture and the 
classroom, Darling-Hammond et al. (2003) postulated that what we learn is always taken in a 
cultural context. It could be argued, therefore, that we bring this cultural context and 
understanding to how we perceive or discriminate colour.  

For example, when we speak, what we say has been filtered through our life experiences and 
culture. Thierry et al. (2009) reported that, while there is only one colour category in English for 
the blue region, in Greek there are two (ghalazio for light blue and ble for dark blue), and 
correspondingly, in their studies, Greek-speaking participants distinguished shades in this 
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region that English speakers could not. Countering this, Brown and Lenneberg (1954) found that 
absence of terms in the Zuni (Amerindian) language that distinguish between orange and yellow 
did not affect their ability to distinguish between such colours. 

Shade (1989) saw culture as being important in perceptual development, claiming that 
“perceptual development differs within various ethno-cultural groups”. Cummings (2001) also 
identified that individuals were “a mixture of cultures and experiences”. Further, Nieto (2000. 
p. 171) declared that: 

“Culture consists of the values, traditions, social and political relationships, and 
worldview created, shared, and transformed by a group of people bound together by 
a common history, geographic location, language, social class, and/or religion. 
Culture includes not only tangibles such as foods, holidays, dress, and artistic 
expression, but also less tangible manifestations such as communication style, 
attitudes, values, and family relationships. These features of culture are often more 
difficult to pinpoint, but doing so is necessary… (especially, if we want to gain a 
better understanding of colour perception and colour discrimination)”. 

Thus, families and ethnic or cultural groups can be said to build up, share and teach their 
cultural knowledge (Delpit 1995). For example, it is common for people to consistently define 
categories of colours (Levitin and Rogers 2005), assisted by the human visual system, which 
allows colour information to be grouped into the three colours of the cones (red, green and 
blue).  

In the World Color Survey (Berlin and Kay 1969, Kay et al. 2009), various cultures were found to 
have widely different numbers of names for different colours, and some researchers suggest that 
certain cultures do not even have the concept of colour (Davidoff 2015). Kuschel and Monberg 
(1974) reported on a Polynesian respondent who advised that his culture had little interest in 
colour. It might be the case that cultural differences in interest in, and labelling of, colour, such 
as this, might evince as culturally-dependent differences in colour perception, as might be 
quantified by hue discrimination.  

Ou et al. (2012) reported that preference for colour pairs was influenced by whether observers 
had a ‘design background’ or not. Observers with design backgrounds liked low chroma colour 
pairs, and colour pairs with small hue differences more than did observers with other 
backgrounds. Evidently, life-experiences can influence colour preferences, perhaps subtly, and 
preferences may translate into differences in discrimination. 

Thus, colour is more than a variation in wavelength of light; it is something with which we have a 
relationship, a relationship that is influenced by current and past trends and experiences, cultural 
settings, and time periods. The way we ‘see’ colour is, first and foremost, unique to each of us. 
Importantly our life experiences shape us and what we associate with a specific colour — each of 
our thoughts on colour is not a single idea, but an amalgamation of experience. This experience 
ranges from the biological to the collective unconsciousness of humans as a species, and to our 
conscious mind where associations and cultural influences affect our experience of colour. 
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2.6.3  Culture and Colour Discrimination in the Context of this Study 

In the current study, it was assumed that the shape of the HSL space (in terms of perceptually-
uniform distances) would not be regular, and might differ depending on the participants’ 
culture, etc. Indeed, it was postulated that there would be some commonality of such shapes 
amongst people with a common culture or life experiences (e.g. the Inuit myth which opened 
this work). Importantly, the literature review uncovered some research (e.g. Stith-Williams 
2009) indicating that culture does influence discriminatory capacities, but very little literature 
was available to quantify such effects. Asano et al. (2016) noted that colour vision acuity is, or 
probably is, affected by diabetes, smoking, diet, gender, race or ethnicity, but reflected that these 
effects were not adequately quantified to incorporate in colorimetric modelling, in contrast to 
age and field size, that have been well quantified (CIE 2006). 

The idea that colour discrimination may vary between groups of people seems probable, but 
there is little available data reflecting the quantum of such differences in discrimination. It is 
clear, for example from Abramov et al. (2012a and 2012b) and other authors, that females have 
better colour discrimination than males, especially in the red-green area, while males may have 
better discrimination of lightness differences (Bimler et al. 2004) 

Many studies have addressed the issue of the decline in discrimination between colours with 
aging (Barbur and Rodriguez-Carmona 2015). This decline tends to occur as a result of visual 
deficits, however, the age range for such a decline was unreported. In reviewing the Farnsworth-
Munsell 100-Hue test of colour vision (FM100), which is essentially a test of hue discrimination 
(see below, section 2.7.6.2), Verriest et al. (1962) noted that young groups showed increasing 
discrimination until about 20 years of age, and then discrimination fell slowly with further age. 
The ‘deficiency’ in young and aged groups was consistent with reduced discrimination at short 
wavelengths, attributed to incomplete development of the blue-yellow opponent system in the 
younger groups, and yellowing of the lens in the older. There would appear to be a very small 
contribution to deterioration of colour discrimination with age attributable to increased short-
wavelength absorption in the macular pigment, and decrease in optical density of the visual 
pigments in the retina (Zagers and van Norren 2004, CIE 2006), although there is evidence that 
higher level neurological deterioration is also involved (Owsley 2011). 

Woo and Lee (2002), also using the FM100 test, showed that there is a small difference in 
discrimination between Caucasians and Asians, attributable to differences in macular pigment, 
and Dain et al. (2004) demonstrated a difference between (brown-eyed) Asians and blue-eyed 
Caucasians, but not brown-eyed Caucasians. 

Specifically, no study appears to locate such discrimination to a colour model. The current study 
provided an opportunity to explore in detail some of these aspects of colour in the digital domain.  

Thus, in the sense of differences between groups of participants, the current study expected, for 
example, that (a) females would have better discrimination than males, and (b) older 
participants would have poorer discrimination than younger. Other intergroup differences, 
many of a more overtly cultural nature, were also explored in this study.  
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2.7  Colour Discrimination Research 

Previous studies of the manner in which observers perceive colour, or discriminate colours, 
have generally been based on matching or comparing two (or sometimes more) patches of 
colour. The source of the colour may be lights (even sunlight), painted cards, spinning discs or, 
more recently, CRT or LCD screens. The layout of the colours may be small or large spots, areas 
or panels of colour, and where two colours are being matched, compared or contrasted, the 
compared sources may be adjoining or separated. The observer’s task may be to identify or 
name a colour, match two coloured areas as precisely as possible, set one colour to the minimal 
difference from another than can be discerned, judge whether two patches match, or estimate 
the difference (qualitatively or quantitatively) between two or more colour patches. 

As a background to the layout used in this study, some of the prototypic studies are reviewed 
here. This is not intended to be a historical review of the development of colour science, rather a 
brief excursion through the design of key experiments. 

2.7.1 Early Pioneers of Colour Science 

Newton (1672) used a beam of sunlight, shining on a white surface in an otherwise darkened 
room. He split the light beam with a glass prism and noted the dispersion of ‘white’ sunlight into 
a spectrum of colours. He further noted that the colours could not be further dispersed with 
another prism, but they could be recombined to reinstate the original white light. 

Young (1802) reported that, with coloured glass filters, he could produce three beams of light of 
chosen colours, and overlap them on a ‘white’ surface. With a suitable choice of filter colours and 
beam ‘strength’, he could produce ‘white’ light, and, by varying the strength of the beams, 
produce a wide range of colours. He found that red, green and ‘violet’ filters worked best. In 
particular, he noted that overlap of similar amounts of red and blue produced a magenta colour 
(a reddish-blue), blue and green filters produced a greenish-blue, but red and green filters 
produced yellow, which to his judgment was neither reddish nor greenish, but a distinctly 
different colour (hinting at the later development of “four primaries” colour models). 

2.7.2 Colour Matching 

Half a century after Young, Maxwell (1860a, 1860b) advanced colour science dramatically with 
careful experiments to determine the amount of primary colours that need be mixed to match 
chosen target colours. He used overlapping discs cut from coloured papers of each primary 
colour, and a smaller disc of the target colour to be matched. He arranged the primary-coloured 
discs to be overlapped to an adjustable degree (and also some black or white for some matches) 
and put the smaller target disc in their centre. He then spun this compound disc to a speed 
where the annulus of adjustable colours merged into one mixed colour, and adjusted the extent 
that primary colours were exposed until the target colour was matched by the annulus at 
rotation speed. He was thus able to match the merged colours with the target and readily read 
the amount of each contributor to the successful mixture. 
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Maxwell (1860b) also built a contraption that displayed two adjacent circles of ‘coloured light’ to 
an observer. One circle was a desired target colour, obtained by passing white light through a 
transparent filter, and the other made up of chosen spectral wavelengths (obtained from that 
same white light by use of a prism) of variable intensity, so that the target spot could be 
matched. 

2.7.3 Munsell 

At the turn of the 20th century Albert H. Munsell set out to produce an entirely pragmatic colour 
atlas. He intended to produce an atlas of many colours, of all practicable lightness, saturations 
and hues, with equal perceptual steps between adjacent colours, although he did not aim for 
equivalence in perceptual step size on each of the three axes of his atlas i.e. Hue, Value 
(≈ lightness) and Chroma (≈ saturation). 

Munsell used segmented spinning discs, rather similar to that described above as used by 
Maxwell, but sought to identify colours that were a similar amount different from a target, rather 
than a match. This enabled him to produce an atlas of colours that were at least approximately, 
equally-perceptually spaced in hue, saturation and lightness (Birren 1969) 

2.7.4 Controlled Light Sources 

Recent work has, typically, involved the illumination of a ‘white’ surface by colour-controlled 
beams of light, or projection of colours directly into the observer’s eye, using a kind of telescope. 
Typically, a small round field is comprised of one half-field of a chosen target colour and an 
adjoining half field a colour the components of which can be adjusted by, or on behalf of, the user 
(Wyszecki and Stiles 1082). 

For example, in exploring the uniformity of the CIE 1931 (x,y) chromaticity diagram, MacAdam 
(1942) used a small (2°) split field, with a mechanism to ensure that both the target colour and 
the variable half-field would always have the same luminance. These studies usually involve 
either: 

(1) attempting to match the variable colour to the fixed colour, and the metric of success is the 
average error (e.g. König 1903) or the ‘root-mean-square’ error (i.e. standard deviation of 
error) (e.g. MacAdam 1942); or 

(2) adjusting the variable field’s colour until a just-noticeable difference in the split-field 
colours is obtained (e.g. Wright 1946). 

2.7.5 Coloured Panel or Card Matching 

In attempting to define a ten-step Value (≈ lightness) scale, Munsell asked experienced artistic 
painters to mix colours that they perceived to be halfway between two offered limiting colours. 
In this way he arrived at a scale of Value that was close to perceptually uniform, from painter’s 
black to a relative white (Fairchild 2013). 
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Similarly, Judd, Nickerson and Nimmeroff (reported in Judd 1965) used coloured tiles (Munsell 
colour chips) to explore the perceived differences between colours in order to develop a uniform 
hue scale for the Optical Society of America Uniform Color Scales. In these studies, the goal is 
usually to rank colours, but with suitable procedural control quantitative differences can be 
estimated (Kuehni 2003). 

2.7.6  Colour Testing with Digital Displays 

There would seem to be a great opportunity for increased productivity and reduced cost of 
colour research using RGB displays in place of filtered light or spectrally-derived primaries. The 
extremely versatile control of display of light on computer screens suggests that they should 
have great promise for colour research. In this section some of the published work on defined 
colour on computer screens is reviewed, and the exhortation by various researchers that more 
such work be done is presented (e.g. Widdell and Post 1992, Kuehni 2003). 

2.7.6.1 Colour Research 

Digital systems and CRT or LCD displays have been increasingly adopted for colour research, 
and early adopters were, for example; Krauskopf and Gengenfurtner (1992, colour 
discrimination and adaptation), Sankerelli and Mullen (1999, hue discrimination), Smith et al. 
(2000, chromatic contrast discrimination) and Song and Luo (2000, tests of colour difference 
formulae). Further examples are given in section 2.6.7.3 where research on colour-picker 
interfaces is reviewed. 

2.7.6.2 Colour Vision Testing 

Colour vision testing has a long history, at least over two centuries (Arden et al. 1988). Such 
testing has found that most individuals, with normally-functioning vision systems, can 
accurately discern fine colour differences. Numerous methods, usually involving matching of 
‘chips’ or identifying nearest-match colours on a printed ‘panel’ are in use (Dain 2004). For some 
colour vision deficiencies, specific methods of testing colour vision are required (Dain 2004), 
such as the Ishihara colour vision test 27 (figure 2.26), which is used to diagnose specific colour 
vision deficiencies (French et al. 2008). An on-line 24 plate version was produced by 
T.L.Waggoner under the name “PseudoIsochromatic Plate Ishihara Compatible (PIP) Color 
Vision Test” (http://colorvisiontesting.com/ishihara.htm, accessed 13/7/2018), and several 
iPhone implementations have been reviewed by Dain and AlMerdef (2016). 

 
27  The Ishihara colour vision test consists of a series of pictures of coloured spots, and is the test most often used to 

diagnose red–green colour deficiencies. A figure (usually one or more Arabic digits) is embedded in the picture as 
a number of spots in a slightly different colour, and can be seen with normal colour vision, but not with a 
particular colour defect (see figure 2.26). 
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Figure 2.26 Ishihara colour test figures. Persons with normal colour vision will see the numbers 7, 13, 16, 8, 12 and 

9, while persons with anomalous colour vision will see only some numbers or none at all (Heiting 2018). 

On the site, Waggoner makes the following disclaimer: 

“Due to the fact there are so many different monitor screens displaying different 
colors, the accuracy of this ‘on-line’ color vision test is limited. This webpage is for 
‘screening’ purposes only, not a ‘diagnosis’. For a diagnosis, you should see your 
vision care professional and be given the complete test using all 24 plates of the 
‘PIPIC’ under controlled testing conditions and the proper lighting.” 

The Farnsworth-Munsell 100 hue test (Farnsworth 1943, 1957) is a colour-sorting test which 
highlights dysfunctional colour vision and aptitude, not necessarily associated with specific 
colour vision deficiencies. Colour vision abnormalities and aptitude are detected by the ability of 
the test subject to place the colour caps in order of hue. The test is a highly effective (but easy-to-
administer only with computers) method for measuring an individual's colour vision. The 
original test consisted of four trays containing a total of 100 removable intermediate-saturation 
colour reference caps with incremental hue variation, spanning the visible spectrum.  

The test is built on relatively low Chroma colour caps or chips from the Munsell system. The 
original Farnsworth-Munsell 100 Hue test was a manual test. It used physical coloured cards and 
was exhausting to undertake and difficult to analyse (Parry 2015). The task for the subject has 
been eased by reducing the number of colour swatches to 85 28 (figure 2.27), and recent 
computer-implementations have made this test much more usable (French et al. 2008).  

 
28  Although initially based on Munsell’s 100 hues in a hue circle, Farnsworth found that the Munsell hue circle is not 

uniform and removed 15 hues that were too close to neighbouring hues, in order to make the hue spacing more 
uniform (Dain 2004). 
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Figure 2.27 A computer implementation of the Farnsworth-Munsell 100 Hue Test  

(https://commons.wikimedia.org/wiki/File:100 hue arrangement.jpg. CC0) 

Computer graphics systems are now used for ophthalmology testing as the quantitative results 
are obtained immediately, and computer-intensive numerical processing is practicable in real 
time (Lugo and Tiedeman 1986, Dain 2004). According to Arden et al. (1988), by the time the 
Farnsworth-Munsell 100-hue tests disclose abnormalities, gross deficiencies in the colour 
contrast threshold can be seen with a digital testing system that they have developed and 
promoted. Other computer-based tests, often implemented on dedicated hardware to avoid the 
problems of non-standard display gamuts, include the Cambridge Colour Test (Cambridge 
Research Systems, Ltd), Colour Assessment and Diagnosis test (UK Civil Aviation Authority), and 
the Cone Contrasts Test (USAF) (Parry 2015). 

In these applications, the matter of metamerism 29 is a concern for the validity of the tests. The 
original Ishihara and Farnsworth tests were based on printed or painted surfaces, with, 
presumably, a wide spectrum of colour emission/reflection, while the digital implementations 
are comprised of emission of just three primary colours (RGB, each, perhaps, with a relatively 
broad spectrum, Benzschawel 1992) in suitable ratios to effect the perception of the ‘same’ 
colour. Because the colours are necessarily metameric, it is not certain that they will be seen as 
intended by all observers. With careful analysis, it may well be that the metamerism between the 
physical colours and ‘faithful’ reproduction in RGB might be of little importance, or even salient 
to vision testing, and the different responses of observers with different CVDs may be validly 
revealed in the RGB environment (Dain and AlMerdef 2016). 

Nonetheless, despite these authors’ confidence in the gamut of various high-end digital display 
devices, Waggoner’s disclaimer or warning for his Ishihara Compatible Color Vision Test (above) 
may still be valid; device-dependent effects on colour discrimination may provide major 
confounding effects in studying colour discrimination in the digital environment. This matter 
received considerable attention in the design of the current study. 

 
29  Metamerism: the very common phenomenon that two “colours” appear identical to some observer under certain 

viewing conditions, but each is made up of a different mix of wavelengths of light. Such pairs of colours do not 
necessarily match for other observers or under different viewing conditions. 
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2.7.6.3  Experiments on Colour-Picker Interfaces 

Various researchers (e.g. Berk et al.1982, Schwarz et al. 1987, Douglas and Kirkpatrick 1999) 
have experimented with colour-picker interfaces (an example is shown in figure 2.28).  

  
Figure 2.28  The Colour-picker from Windows® Office® applications 

The earliest reported experiment with colour-pickers was conducted by Berk et al. (1982). They 
explored the capacity of participants to match five colours by choosing from a number of colour 
notations — RGB, HSL, and a colour naming system (CNS). The RGB and HSL systems 
represented colours as triplets of real numbers with a range of 0 to 1, controllable by a mouse-
like interface using data tablets (an input-device of the time). The CNS system was based on the 
natural language colour categories in English. Users specified colours more accurately using the 
natural language system. The authors found that specifying arbitrary colours using the RGB 
system appears to be of limited value. Further, due to the limited number of colour names 
available (about 600 combinations), it was impossible for their participants to exactly match the 
colours, even when the answers were correct. This experiment would be even more difficult for 
users today as display systems can display millions of distinct colour definitions rather than the 
limited number possible in 1982. 

The work of Berk et al. (1982) on colour selection tools has probably led to the now-common use 
of colour-pickers and other colour-selection systems in discrimination studies. The method most 
often used involves a colour-picker, a direct-manipulation colour selection tool. Such tools have 
three features: a visual representation of a colour model; a range of colours displayed in a two-
dimensional slice through three-dimensional space; a panel or swatch of the currently-selected 
colour; and a control mechanism to change the parameter values in the colour space (e.g. figure 
2.28). These features involve linking the mental models to the visual representations, which then 
identify the individual’s ability to modify an offered colour (Douglas and Kirkpatrick 1999, 
Koenderink et al. 2016).  
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Schwarz et al. (1987) performed a major empirical assessment into the effect of colour models 
on colour matching performance. The participants manipulated a mouse-like apparatus in either 
one or two dimensions (e.g. three separate operations to control for the three separate colour 
axes, or a two-dimensional process for two of the axes, and an operation for the other). Five 
colour models (RGB, Opponent, YIQ, a CIELAB approximation, and HSV) 30 were used for the 
notational representations of colour, to interactively match target colours displayed on a CRT 
screen. While the one-dimensional usage was more accurate, the two-dimensional usage was 
faster. Additionally, the data showed that, between the colour models, there were small, but 
significant, differences in the users’ ability to match the colours. While the RGB colour model 
was the quickest matching technique, it was also the least accurate (Judd and Wsyzecki 1975). 
In contrast, the users of the HSV colour model were relatively accurate, but they had the slowest 
matching times (Hurvich 1981, Schwarz et al. 1987). 

A number of authors (e.g. Bauersfeld and Slater 1991, Douglas and Kirkpatrick 1999, Wu and 
Takatsuka 2005) have found that inexperienced users can better match lightness (brightness) if 
the colour model has a luminance or lightness axis, and that significant learning occurred for all 
users except for the users of the RGB colour model. Also, the RGB and HSV models most often 
needed the luminance adjusted after the chroma was altered. 

In a similar, but more automated, study with a larger number of colours, Douglas and 
Kirkpatrick (1999) did not find any difference in matching time or accuracy between the RGB 
and HSV colour models. However, when there was effective visual feedback to the user, there 
was a significant effect on accuracy, but not on time.  

Interestingly, Schwarz et al. (1987) found that users improve their performance both in time and 
accuracy with increasing experience of the Opponent, LAB, YIQ, and HSV colour models, but no 
learning appeared to occur with colour matching based on the RGB model. It seems that users 
were unable to “get the hang of” RGB with increasing experience, and so were unable to improve 
their accuracy. Nevertheless, they either reached satisfactory matches quickly, without 
experience, or gave up readily. Unfortunately, the participants’ satisfaction with the matches that 
they made were not measured (an omission the current study avoided). 

2.8  This Study 

A valuable characteristic of a ‘useful’ colour space is isomorphism or perceptual linearity (e.g. 
Plataniotis and Venetsanopoulos 2000). The Munsell Colour Space is the result of a direct effort 
to identify a perceptually-uniform colour space. To-date, however, there appears to have been 
little work undertaken in identifying perceptually linear colour spaces in the digital 
environment. The diversity of perceptual spaces (such as HSL, HCL, HCI, HSV, etc.) provides 
conceptual spaces for various applications, but none of them is demonstrably uniform. This 

 
30  “Opponent” is a human vision-like system where the three channels are achromatic (luminance), red/green and 

yellow/blue (Hurvich 1981, Fairchild 2013), not far removed from CIELAB; and YIQ is the North American 
broadcast television colour encoding system, where the channels are luminance, blue-green/orange and yellow-
green/magenta (Judd and Wsyzecki 1975). 
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study’s first goal was to determine the degree of uniformity in the Hue metric in the digital 
space, via its conversion from RGB by the quantification that is almost universally used in all 
conceptual digital colour spaces. 

Despite the limitations of displays with different characteristics and colour-fidelity, computer-
based vision testing is becoming common, and offers the advantages of reproducibility, real-time 
data collection, and automated data processing, all of which are reasons for the renewed 
popularity of, and enthusiasm for, the Farnsworth-Munsell hue test (Dain 2004). The methods 
used in this study applied a distinctly different method of hue-matching assessment and 
provides a new approach to vision testing. 

In summary, colour is complex, and its definition involves a three-dimensional construct of 
colour in terms of hue, lightness and colour intensity (i.e. saturation). Its perception is mediated 
by a sequence of processes: 

• The primary entity is light constituted of certain amounts of electromagnetic energy in 
various parts of the visible light spectrum.  

• This light is absorbed by receptors sensitive to a range of wavelengths with peak sensitivity 
at long, medium and short wavelengths. 

• Post-receptoral neural processes convert raw receptor signals to two opponent signals and a 
lightness signal for transmission to the brain. 

• Transmission to the brain involves three channels of information as mediated by the post-
receptoral neural processes. 

• In the brain the three data channels are further processed by the optic system to produce a 
sense of colour. 

• Before the sense of colour becomes a perceived sensation, it is processed through a series of 
cultural and experiential moderators, to finally produce the sensation of a colour. This is 
what we see. 

Thus, the capacity to distinguish similar (but not identical) colours can be influenced by the 
structure of the eye, the receptors, retinal processing, cerebral optical processing, and cultural 
and experiential moderation. The current study was built on the capacity of participants to 
match (and, by extension, discriminate) fine degrees of differences in the hue of colours. This 
research afforded the opportunity to compare discrimination capacity between subsets of the 
participants, such as different age groups, or participants with different cultural backgrounds, 
and identify some of the physiological and cultural/experiential moderators of colour 
discrimination. 

In the next chapter, the concept of uniformity in a colour space is explored, and the extent of 
uniformity in some important spaces is reviewed, leading the a ‘state of knowledge’ position for 
HSL in the personal computer environment.  

In the subsequent chapter, the experimental design and methods used in the current study are 
outlined and explored. 



Chapter 3 :  Uniformity and Difference in Colour Models 

A theme running through the last chapter, and central to this study, is that a colour system should 
be perceptually uniform; that is, that any pair of colours that are the same geometric distance 
apart in the scheme should be perceived to be equally different to the typical observer (or the 
converse). This disarmingly simple statement hides a lot of complexity, as discussed below. 

By “colours”, here, it is meant points that can be unambiguously located within a defined colour 
space, and thus have clear, stable and known coordinates in that space. 

The concept of “distance apart” means (in a strong sense) colours that may differ in any or all of 
hue, saturation and lightness, and that such differences can be expressed in a quantitative 
manner in each dimension of the diagram or space. It has already been stated that colour spaces 
are probably never ‘flat’ or Euclidean (Wyszecki and Stiles 1982), so it is unlikely that pairs of 
colours a great distance apart can be meaningfully compared. The notion of uniformity, if 
attainable at all, would seem to apply only to colours that are not widely separated in the space. 

The concept of “perceived difference” 1 implies that an observer can observe the two colours, 
and discern that there is some difference between them, and scale that difference in a 
meaningful and repeatable manner. “Equal perceived difference” presumes that the observer 
can consider the difference between two colours, and compare that difference with the 
difference between another two colours, and arrive at a conclusion that the latter difference is 
less, the same or greater than the former. This, too, would seem to be impossible for pairs that 
are greatly separated in colour space, so again, only small differences (between the centroid of 
each pair) are likely to be meaningfully compared. 

It seems inescapable that different observers will see colours differently to some degree (Dain, 
2004, Brainard and Stockman 2010, Asano et al. 2016), and so achieving agreement between 
observers in “equal perceived difference” seems an elusive goal. Nonetheless, the notion of 
uniformity presumes that “typical observers” would agree, in overall terms, that two differences 
are similar or not. This requires the notion of a “standard observer”, perhaps the result of 
pooling the results of several or numerous observers, as was done for the CIE 1931 standard 
observer and the CIE 1964 supplementary observer (section 2.4.4). 

3.1 Measures of Small Differences 

Acknowledging these difficulties, typical research into uniformity or colour difference is usually 
limited to small differences, and methods often address minimal discernible differences. Once 
such minimal discernible differences are identified, the concept of uniformity is reconceived as 
the uniformity of small discernible differences over the space of the diagram or within the colour 
space — e.g. the work of MacAdam 1942 (section 2.4.4 of this thesis).  

 
1  It is desirable to avoid the complexities implied in this discussion by use of the words “perceive” or “perception”, 

in the sense that they are confounded with considerations of high-level cognitive processes (e.g. Kuehni 2003). 
The concept referred to here is better expressed as “discern” or “discernment”, and as far as practicable, the 
latter terms will be used in this thesis. 
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3.1.1 Experimental Measures 

The estimation or measurement of colour difference relies on knowledge of colour 
discrimination. In order to assess discrimination, early workers attempted to obtain ‘accurate’ 
matches and measured, repeatedly, the difference between the test colour selected and the 
standard to which it was matched (e.g. König 1903, MacAdam 1942).  

Where matches are conducted, the variation in the differences between test and standard 
represent the discernibility of small changes in colour at that colour. The variation may be 
summarised by the average error (�̅�𝑥, e.g. König 1903), standard deviation of error (σ, e.g. 
MacAdam 1942) or spread of a number of matches (s, e.g. Wright 1946). 

Alternatively, the observer may be tasked to adjust a test colour to be as close to the standard as 
possible but yet still be discernibly different — the method of Just-Noticeable-Differences (JND) 
(e.g. Martin et al. 1933, Wright and Pitt 1934). It is believed that the JND provides a systematic 
unit of discrimination, an “elementary sensation unit” (Wright 1946 p. 159). 

While these methods provide measures of discrimination on different scales, it is widely 
assumed that they correlate well with each other (e.g. Wright 1946) and differ only in 
magnitude. To convert matching measures to JND, the definitive measure of perceptual steps, as 
a ‘rule-of-thumb’, JND ≈ 4�̅�𝑥; ≈ 3σ (MacAdam 1943, Wyszecki and Stiles 1982); and 3.3s for a 
spread ranging from the 2.5th to 97.5th percentiles (Wright 1946). 

3.1.2 Numerical Measures 

Minimal discernible differences provide good evidence of local uniformity (or non-uniformity), 
but it may well be that over larger distances in colour space, such units are not linearly additive, 
and a colour space may still be non-uniform globally, even if everywhere uniform locally (Kuehni 
2003) In the present study, the subject of interest is local uniformity, based on matching errors. 

Simplistically, if two colours occupy different locations on a uniform colour diagram or in a 
uniform colour space, then a measure of their difference (∆E', Judd 1935) can be calculated as 
the Euclidean distance between the two locations. For example, if two colours on an x,y diagram 
have coordinates x1,y1 and x2,y2, then the difference on the diagram may be calculated as the 
simple Euclidean distance between them, i.e.: 

∆𝐸𝐸′ = �(𝑥𝑥1 − 𝑥𝑥2)2 + (𝑦𝑦1 − 𝑦𝑦2)2 

According to Mokrzycki and Tatol (2011), ∆E should scale as follows: 

 0 < ∆E < 1 the colour difference is unnoticeable 
 1 < ∆E < 2 the colour difference is only noticed by an experienced observer 2 
 2 < ∆E<3.5 the colour difference is noticed by an unexperienced observer 
 3.5<∆E < 5 the colour difference is clearly noticeable 
 5 < ∆E gives the impression that the two are different colours 

 
2  Note the assumption that experience enhances discrimination. 
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The concept of differences in colour, expressed as ∆E' may be restricted to a single dimension of 
colour, such as hue, or chroma, or lightness, but properly, a difference would normally include 
all three dimensions, and so the difference in colour space would normally be the metric of 
interest. In the case that the distance is measured in a colour space, and the equation can simply 
be augmented for a third dimension, e.g. for a polar H, S, L space: 

∆𝐸𝐸′ = �(𝐻𝐻1 − 𝐻𝐻2)2 + (𝑆𝑆1 − 𝑆𝑆2)2 + (𝐿𝐿1 − 𝐿𝐿2)2 

… where it may be presumed that hue is a circular variable and H is a function of hue that 
renders it commensurate with a Cartesian space. If ∆H is small the simple difference between 
polar Hue1 and Hue2 values may suffice. For larger differences a translation of Hue1 and Hue2 into 
Cartesian coordinates for H1 and H2 would be desirable or necessary. 

A measure of colour difference (∆E) should be scaled in meaningful units of, desirably, minimal 
discernible difference. After MacAdam (1942) introduced the concept of MacAdam ellipses 
(section 2.4.4, figure 2.19), he and other workers (e.g. Friele 1961, 1965, Chickering 1967) 
introduced a transformation of the XYZ coordinates that provided values for a Euclidean colour 
difference formula of the nature of the ∆E' equations above. A key feature of this equation was 
that for a given pair of colours, it yielded a ∆E value in approximate units of JND (Mokrzycki and 
Tatol 2011). Subsequent ∆E formulae (e.g. ∆E*ab, see section 3.3.3) have, to varying degrees, 
preserved this property of ∆E estimation. 

In the present study, while colours matched by participants had varied saturation and lightness, 
the task was only to match hue, as saturation and lightness were automatically matched by the 
program. Thus, in the following discussion, most attention is devoted to uniformity of hue, 
although the other dimensions are considered as appropriate. 

3.2 The Spectrum 

At first glance, it might seem that the spectrum should be the prototypic uniform colour scale. 
The spectrum provides a two-dimensional colour diagram, with hue (i.e. wavelength 3) and 
lightness (or brightness) scales. However, it is far from uniform, as in some areas little change of 
colour can be discerned with major change in wavelength, and in other areas the wavelength 
change is very readily discerned (see figure 3.1). In this diagram, the just-noticeable-difference 
(JND) in wavelength is plotted against wavelength, and the wavelengths at which the line is high 
are those where discrimination is poor. 

 
3  … or wave-number, but wavelength has been adopted as the standard measure of hue in the spectrum (Wright 

1946). 
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Figure 3.1 Hue discrimination (JND) across the spectrum for a 2° observer at moderate brightness. (Data 

from Wright and Pitt 1934, reported in Wright 1946, figure 96). Note that the wavelength scale is 
reversed so that, to avoid confusion with other scales used in figures here, red is at the left-hand end and 
blue at the right. 

Wright (1946) provided the data for the curve in figure 3.1 as their best data, but also reported 
results from numerous other researchers, which varied somewhat, but in general coincided with 
their results. They also noted that their curve was based on narrow-field (<2°) observations and 
speculated that a wide-field (>4°) observer would yield both some changes in the curve and 
considerably higher discrimination (two to three-fold, according to Wyszecki and Stiles 1982). 
In their seminal work on colour science, Wyszecki and Stiles (1982) provided more and similar 
results from other researchers, including limited data indicating that this curve might vary a 
small amount with different brightness. 

The curve might not be unduly surprising; poor hue discrimination (high values on the curve) at 
each end of the spectrum are at wavelengths where only one opsin is sensitive to light (see 
figure 2.5), so no opsin-ratio information is available to the visual system (see figure 2.6). Large 
values of JND at ~455 and ~535 nm are at wavelengths where the red-green and yellow-blue 
opponent curves are relatively flat. Thus, a change in wavelength would elicit little change in 
opponency signals. Similarly, the high-discrimination bands at ~480–520 and ~560–630 nm are 
at wavelengths where the signals from the opponency channels have opposite slopes with 
change in wavelength (figure 2.6) and, thus, ratios in these channels would have highest 
sensitivity to change in wavelength 4. 

3.3 CIE Chromaticity Diagrams and Spaces 

The CIE chromaticity diagrams provide coordinates of colours with numerous useful properties, 
such as definition or specification of all real colours, linear additivity of colours in some 
implementations, unambiguous demonstration of gamut for specific primaries, etc. The 

 
4  Actually, this argument would indicate that there is also a poor discrimination point (an upward kink in the curve 

in figure 3.1) at about 620 nm, which is not evident in data from Wright and Pitt (1934) nor Wyszecki and Stiles 
(1982), but is shown by Steindler (1906), Jones (1917), and Laurens and Hamilton (1923). 
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diagrams and spaces are, however, not uniform 5, although the 1976 UCS diagram and LAB/LUV 
spaces were intended to at least approach uniformity. 

3.3.1 CIE 1931 

The 1931 chromaticity diagram (e.g. figure 2.15) is clearly non-uniform, as judged by its 
presentation of colours, where the upper (green) section is dramatically expanded, while the 
red, and especially blue, regions are strongly compressed. It is also not uniform in its display of 
spectral colours, as shown in figure 3.2. This is obvious from inspection of figure 2.14, where, for 
example, the distance (or hue angle) between 600 and 610 nm on the spectrum locus is much 
smaller than between 490 and 500 nm, for example, and also in figure 3.2 which shows Wright’s 
(1946) equal-perceptual-difference steps around the spectral locus and purple line. 

 
Figure 3.2 10 nm wavelength increments around the spectral locus of the CIE 1931 (x,y) diagram (orange 

dots) and equal-perceptual-difference steps for each wavelength (blue segments). Steps are 
approximately 3 times the just-noticeable difference or 10 times the spread of 20 matches (from Wright 
1946, figure 112, also Judd and Wyszecki 1975) (2° observer, numbers next to curve are wavelengths 
in nm). 

The geometry of the spectral locus, as shown in figure 3.2, makes it a little difficult to discern if 
the hue angle subtended at the white point by the perceptually uniform steps might be similar, 
or not, for various wavelengths. Figure 3.3a plots the actual length of the steps (in the same units 

 
5  Padgham and Saunders (1975) state that no colour space based on discrimination data (i.e. a ‘uniform’ space) can 

be flat in 3-dimensional Euclidean space, but this does not undermine the value of a specification that is 
approximately so. 
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as the axes of the diagram), and figure 3.3b the hue angle subtended at the equal-energy white 
point by each step plotted in figure 3.2.  

  
Figure 3.3a Length of equal-perceptual-difference Figure 3.3b Angle subtended at the white point by 

steps along the spectral locus of the   equal-perceptual-difference steps around 
CIE 1931 (x,y) chromaticity diagram   the spectral locus and purple line in CIE
   (x,y). Note that angles 345° to 240° 
   approximate the spectral locus (numbers
   next to curve are wavelengths). 

Clearly, in terms of hue differences, this plane is far from uniform. Similar analyses apply to 
colorimetric purity (~saturation) (Wyszecki and Stiles 1982). Also, there is a very strong 
interaction between hue and number of equal perceptual steps from achromatic to 
monochromatic, with few (~5 just-noticeable) steps around λ = 570 nm (yellow) and many (>20) 
steps for colours at the ‘ends’ of the spectrum (λ <480, λ >630 nm) (Wyszecki and Stiles 1982). 

3.3.2 CIE 1976 UCS 

As discussed in section 2.4.4, non-uniformity in the CIE 1931 (x,y) chromaticity diagram was a 
matter of concern, which was quantified by MacAdam (1942) and other researchers (e.g. Wright 
1946). The CIE sought alternative implementations to obtain a more uniform diagram, and, in 
1976, introduced the CIE 1976 u’v’ UCS diagram (figure 2.21), which was defined for equal-
energy white and either (as specified in an application) the 1931 standard (2°) observer or the 
1964 supplementary (10°) observer.  

While this diagram was even titled a “uniform chromaticity scale”, and appears rather more 
uniform visually than CIE 1931 (compare figures 2.15 with 2.21), it is still far from uniform in 
terms of perceptual steps in hue (see below). 

The equal perceptual steps on the spectral locus and the purple line drawn from Wright’s (1946) 
data, as shown on the CIE 1931 diagram (figure 3.2), can be transformed into the coordinates of 
the CIE UCS diagram (figure 3.4). Simple inspection indicates that their length (∆E in the polar 
hue dimension, blue bars in figure 3.4) varies considerably around the figure, as plotted for the 
spectrum in figure 3.5a. If this diagram scaled hue uniformly around the polar hue scale, then 
perceptually uniform angle increments would be of similar size at all hues, but figure 3.5b shows 
that very large differences in ΔΘ exist at different hues. 
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Figure 3.4 10 nm wavelength increments around the spectral locus of the CIE 1976 UCS diagram (orange 

dots) and equal-perceptual-difference steps for each wavelength (blue segments), transformed  
from Wright’s 1946 data, as used in figure 3.2 (numbers next to curve are wavelengths) 

  
Figure 3.5a Length of equal-perceptual-difference Figure 3.5b Angle subtended at the white point by 

steps along the spectral locus of the  equal-perceptual-difference steps around 
CIE 1976 UCS chromaticity diagram  the spectral locus and purple line in CIE 
  UCS chromaticity diagram (numbers next to 
  curve are wavelengths) 

3.3.3 CIELAB 

In addition to CIE UCS, in 1976 the CIE recommended two notionally-uniform colour spaces, 
CIELAB and CIELUV. Both were intended to be ‘uniform’ and define colours with respect to a 
defined white, rather than necessarily equal-energy white. The CIE standard illuminant D65 
(close to ‘natural’ daylight, or 6500 K) is recommended (Schanda 2007). As mentioned in section 
2.4.4, CIELUV is little used and CIELAB has enjoyed wide use since its introduction, hence only 
CIELAB will be considered here. CIELAB was promoted as a uniform colour space and developed 
for the purpose of defining colour differences (CIE 1986). 
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The CIE 1976 L*a*b* (abbr. CIELAB 6) colour space is defined by the following relationships 7 for 
L* (lightness), a* (approximately a magenta-red↔green axis) and b* (approximately a 
yellow↔blue axis): 

𝐿𝐿∗ = 116 × �𝑌𝑌 𝑌𝑌𝑛𝑛�3 − 16 

𝑎𝑎∗ = 500 ∗ ��𝑋𝑋 𝑋𝑋𝑛𝑛�3 − �𝑌𝑌 𝑌𝑌𝑛𝑛�3 � 

𝑏𝑏∗ = 200 ∗ ��𝑌𝑌 𝑌𝑌𝑛𝑛�3 − �𝑍𝑍 𝑍𝑍𝑛𝑛�3 � 

… where X, Y and Z are the tristimulus values of a given surface colour or light source, and Xn, Yn 
and Zn are the tristimulus values of the reference white. If X, Y and Z are scaled so that Y is in the 
domain [0,100], then L* ranges from 0 to 100, and for spectral colours at L* = 100, a* and b* 
range from approximately –500 to +1200 and –1000 to +200, respectively. This scaling was 
chosen to enable approximation of increments on each of the L*, a* and b* axes (Fairchild 2013).  

CIELAB can be expressed as a ‘cylindrical’ colour space, with definitions for lightness (L*), 
chroma (C*ab) and primitive hue angle (hab) as follows: 

𝐿𝐿∗ as defined above 

𝐶𝐶𝑎𝑎𝑎𝑎∗ = �𝑎𝑎∗2 + 𝑏𝑏∗2 

ℎ𝑎𝑎𝑎𝑎 = tan−1 �𝑏𝑏
∗
𝑎𝑎∗� � 

hab is the hue angle, but the difference in hue angle between two colours (e.g. denoted 0 and 1) is 
not perceptually scaled by hab,1 – hab,0 (the simple difference in hue value between the two 
colours). A “correlate of the perceptual magnitude of a hue difference” (Witt 2007) between two 
colours is given by ∆H*ab: 

… where ∆𝐻𝐻𝑎𝑎𝑎𝑎∗ = 2 × �𝐶𝐶𝑎𝑎𝑎𝑎,1
∗ × 𝐶𝐶𝑎𝑎𝑎𝑎,0

∗ × sin �∆ℎ𝑎𝑎𝑎𝑎 2� � 

… and 𝐶𝐶𝑎𝑎𝑎𝑎,0
∗  and 𝐶𝐶𝑎𝑎𝑎𝑎,1

∗  are the chromas of the two colours being compared. 

On the assumption that the space is Euclidean (‘flat’) and the scales are similar (i.e. that the 
perceptual difference between two colours that differ by, say, 5 units is the same if the colours 
differ on the L*, a* or b* axes (and they were scaled so that this might be so), then the calculation 
of difference between two colours (that are not greatly different) is given by: 

… either ∆𝐸𝐸𝑎𝑎𝑎𝑎∗ = �(∆𝐿𝐿∗)2 + (∆𝑎𝑎∗)2 + (∆𝑏𝑏∗)2 

or ∆𝐸𝐸𝑎𝑎𝑎𝑎∗ = �(∆𝐿𝐿∗)2 + (∆𝐶𝐶𝑎𝑎𝑎𝑎∗ )2 + (∆𝐻𝐻𝑎𝑎𝑎𝑎∗ )2 

Because of the non-linear transformation from X, Y and Z to a* b*, colours are no longer additive (as 
was a feature of the CIE 1931 (x,y) and CIE 1976 u’v’ diagrams (Witt 2007). Mahy et al. (1994) state 

 
6  The asterisk suffix to these terms is intended to signify that they are on notionally uniform scales (Schanda 2007) 
7  Linear functions replace the cube-root function for very low lightness levels (below L*~0.01), lower than 

normally encountered in colour studies (Witt 2007) 
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that a ∆E*ab of ~2.3 corresponds to a JND, but do not specify viewing conditions, while Brainard and 
Stockman (2010) state that ∆E*ab of 1 corresponds to a JND under optimal viewing conditions. 

When the Munsell Value scale is scaled on the L* scale, an extremely good match is obtained (for 
values of Y above 0.008, see footnote 7) (Witt 2007). This gives confidence that under suitably 
controlled conditions, and at lightness levels above ‘very low’, perceived lightness follows very 
closely the logarithm of radiant energy.  

When the spectral locus is plotted in CIELAB, for an equal-energy spectrum, for L* = 100 8, and 
illustrating the Wright (1946) equal-perceptual step values along the spectral locus and purple 
line, a quite different figure to CIE u'v' is obtained (figure 3.6). 

 
Figure 3.6 Spectral locus plotted in CIE L*a*b* showing 10 nm increments in wavelength and Wright’s  

equal-perceptual-difference steps along the spectral locus and purple line (numbers next to  
curve are wavelengths) 

It is clear that Wright’s equal-perceptual-difference-in-hue steps do not map uniformly (i.e. of 
equal size) in this colour space. The finer details of the non-uniformity are illustrated in 
figure 3.7. Note, in particular, that anomalously high ∆H*ab values occur around λ = 480 nm. 

Kuehni (2003, p. 14) observed that CIELAB “is quite clearly not a good basis for color difference 
calculation”, and Witt (2007, p. 92) remarked that “CIELAB thus is a poor color space for 
calculating small color differences”. Kuehni (2003) further concluded that colour solids 
embodying any psychophysical colour space can be (numerically) regular, but cannot be uniform 
(or ‘flat’ in the Euclidean sense). 

 
8  Wright (1946) collected their data at a relatively low brightness, and a L* of 100 is not a realistic setting for this 

dimension. Nonetheless, the shape of the constant-luminance plane in CIELAB is reasonably similar for different 
values of L*, and the non-uniformities of their equal-perceptual-difference steps as plotted in figure 3.7 are 
insensitive to the setting of L* for the transformation from XYZ to CIELAB. 
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Figure 3.7a Length of equal-perceptual-difference Figure 3.7b Perceptual hue difference (∆H*ab) for 

steps (∆E*ab) along the spectral locus of  equal-perceptual-difference steps around 
the CIELAB colour space at L* = 100  the spectral locus and purple line in 
(numbers next to curve are wavelengths)  CIELAB at L* = 100 

Further effort to ‘tame’ the non-uniformity of CIELAB has been devoted to computing more 
complex difference formulae, rather than seeking a ‘flattening’ of the space. Two key outcomes 
of this process, for small colour differences, are CIE94 and CIEDE2000. For larger colour 
differences, as of 2004, the CIE was recommending that ∆E*ab (as above) be used (Westland and 
Ripamonti 2004), despite the non-uniformity shown in figure 3.7. 

3.3.4 CIE94 

Demonstrated non-linearity on the 𝐶𝐶𝑎𝑎𝑎𝑎∗ and 𝐻𝐻𝑎𝑎𝑎𝑎∗  scales, and interactions between the 𝐶𝐶𝑎𝑎𝑎𝑎∗  and the 
L* or 𝐻𝐻𝑎𝑎𝑎𝑎∗  scales has led to increasingly sophisticated (and complex) functions for computing 
colour differences in CIELAB (Witt 2007). One such function is ∆𝐸𝐸94∗  which is widely used for 
surface coatings (Chou et al. 2001, Datacolor 2008), LCD display calibration (Balasubramanian 
2003, Burosch 2009), and general colour difference quantification (Chromapure n.d.). The ∆𝐸𝐸94∗  
distance formula (below) conditions the ‘distance’ computed between two not-very-different 9 
colours for non-linear effects in the L*, 𝐶𝐶𝑎𝑎𝑎𝑎∗  and 𝐻𝐻𝑎𝑎𝑎𝑎∗  scales, by incorporation of moderating terms 
kL, SL, kC, SC, kH and SH. and the equation is as follows: 

∆𝐸𝐸94∗ = ��∆𝐿𝐿∗ 𝑘𝑘𝐿𝐿𝑆𝑆𝐿𝐿� �
2

+ �∆𝐶𝐶𝑎𝑎𝑎𝑎
∗

𝑘𝑘𝐶𝐶𝑆𝑆𝐶𝐶
� �

2
+ �∆𝐻𝐻𝑎𝑎𝑎𝑎

∗

𝑘𝑘𝐻𝐻𝑆𝑆𝐻𝐻
� �

22
 

… where 𝑆𝑆𝐿𝐿 = 1 

𝑆𝑆𝐶𝐶 = 1 + 0.045𝐶𝐶𝑎𝑎𝑎𝑎∗����� 

and 𝑆𝑆𝐻𝐻 = 1 + 0.015𝐶𝐶𝑎𝑎𝑎𝑎∗����� 

… where 𝐶𝐶𝑎𝑎𝑎𝑎∗����� is the geometric mean of the two values of 𝐶𝐶𝑎𝑎𝑎𝑎∗  that gave rise to ∆𝐶𝐶𝑎𝑎𝑎𝑎∗ , and under 
reference conditions 10, terms kL, kC and kH are taken to be 1 (Westland and Ripamonti 2004). 

 
9  Not more than 5 CIELAB units (Witt 2007). 
10  Observer with ‘normal’ colour vision, homogeneous surfaces (no texture or detail), bright (1000 lux) light levels, 

D65 ‘white’, neutral grey background with L* = 50, wide visual angle (>4°), little separation of colour ‘panels’, 
colour difference no greater than 5 CIELAB units (Witt 2007). 
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Acknowledging that this formula is only applicable to small colour differences, the Wright (1946, 
figure 112) data (figure 3.2, here) used to explore CIELAB and ∆E*ab were unsuitable for analysis 
of the effectiveness of the CIE94 algorithms. The Wright and Pitt (1934) spectral just-noticeable-
difference data (Wright 1946, figure 96) (figure 3.1, here) refer only to spectral colours, but 
were based on just-noticeable-differences, so should transform to ∆E values well below 5, 
suitable for analysis of CIELAB and ∆E*94 distance computations. 

When ∆H*ab and ∆E*94 are plotted against spectral wavelength (figure 3.8), good ‘behaviour’ and 
some semblance of uniformity of ∆E with wavelength (i.e. a constant value of ∆H* or ∆E*) is 
found from the red through to ~510 nm (green), but very large values of ∆E* (or ∆H*) are found 
in the blue (470 to 485 nm) (figure 3.8), more pronounced than that found for ∆H*ab (compare 
with figure 3.7). 

  
Figure 3.8a Calculated perceptual difference in hue Figure 3.8b Calculated colour differences (∆E*94) for 

angle (∆H*ab) of just-noticeable hue  just-noticeable hue differences at 5 nm 
differences at 5 nm increments around   increments around the spectral locus of 
the spectral locus of the CIELAB figure.  CIELAB figure. 
(if the computation rendered colour differences uniform, the plot would approximate a straight 
horizontal line) 

3.3.5 CIE DE2000 

Further research revealed that SL varied with lightness (and should be increased about 75% at 
both high and low lightness), SC was adequately quantified as above, and SH is a complex function 
of both hue and chroma. Furthermore, there is an anomaly in the chroma scale and hue scaling 
around 475 nm, that merited attention in a more sophisticated transformation of L*a*b* 
differences into a colour difference scale (Witt 2007). The CIE ∆E00 transformation was 
developed to address these deficiencies in CIE94. 

The equations are long and complex, but are published in numerous documents (e.g. Kuehni 2003, 
pp. 245–247; Sharma et al. 2005, p.22; Witt 2007, pp. 93–96) and are not repeated here. They are 
difficult to implement numerically, and Sharma et al. (2005) drew attention to the numerous 
published (Internet) implementations that produced incorrect results at certain points in the 
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colour space. Data reported here have been verified by the Microsoft® Excel® implementation 
available from Sharma’s website at http://www.ece.rochester.edu/˜gsharma/ciede2000/. 

When the just-noticeable-differences data of Wright and Pitt (1934) along the spectral locus 
(such as used for figures 3.8) are transformed according to CIEDE2000, and plotted against 
wavelength, little improvement over CIE94 in the computed uniformity is achieved (figure 3.9, cf. 
figure 3.8b). In interpreting figure 3.9 (and other similar figures) it is important to note that the 
source data was of colour differences of similar (putatively equal) size, so a valid difference 
metric applying in a uniform (Euclidean, flat) space would yield constant values of ∆E. In 
figure 3.8 the range of ∆E*94 values is 22.5, increasing to 26.3 for ∆E00 in figure 3.9. 

 
Figure 3.9 Calculated ∆E00 colour differences for just-noticeable hue differences at 5 nm increments along 

the spectral locus of the CIELAB figure  

Strictly, the CIEDE2000 transformations are restricted in application to the conditions specified 
for CIE94 (see footnote 10), and the Wright and Pitt (1934) data were collected for small angular 
fields (2° or less) of a light source, while CIEDE2000 should apply to an object surface and a wider 
visual field (>4°). It seems unlikely that the very large differences across the spectrum can be 
entirely attributed to these departures from reference conditions, but another set of data (the 
next section) may enable clarification. 

3.4  Munsell Color System 

The Munsell Color System was developed to identify and define colours with uniform 
perceptible differences between uniformly scaled (i.e. numbered) colours on painted cards or 
‘chips’ (see section 2.4.2), and would much better meet the reference conditions stated for use of 
CIEDE2000. Various researchers have reported that uniformity was well achieved in Value 
(~lightness), moderately well achieved in Chroma (~saturation), but not for colours very near 
the achromatic axis (Indow 1988), and moderately well achieved for hues at some angles and 
less so for others (Indow 1988, Kuehni 1999). Good behaviour of Munsell colour differences is 
typically demonstrated for relatively low Chroma values (e.g. Kuehni 2001). In the present 
study, interest lies in the uniformity of more highly saturated colours, and previous results 
presented here have been reported for spectral or maximally saturated colours. 
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XYZ values for Munsell colours at specified Hue, Value and Chroma levels are available 
(e.g. Centore 2013, or http://gluonics.com:85/converter.html), and permit the notionally equal-
spaced colours to be mapped into the L*a*b* (or other) colour space. If the space is Euclidean 
(uniform) or transformations can transform colours mapped into a non-uniform space into a 
uniform difference metric, then a suitable representation of colours into a uniform scale is 
available. Noting that interest here lies in the more highly saturated colours, Munsell colours 
(1943 renotations) were transformed into XYZ and then x,y and L*a*b* coordinates for 80 
colours around the Munsell Hue circle, and for all available Chroma values upwards from 12 at 
steps of 4 Chroma units for Value = 5. 

Figure 3.10 shows realisable Munsell colours in the CIE 1931 (x,y) diagram. The non-uniform 
diagram itself distorts the putative uniformity of the field of colours, with the expected 
expansion in the upper left and compression on the lower parts of the figure. 

  
Figure 3.10 Munsell colours converted to coordinates on the CIE 1931 chromaticity diagram.  

Left-hand figure: lines are colours of different Hue and constant Chroma (numbers on the diagram).  
Right-hand figure: lines are colours of fixed Hue (codes on diagram) and varying Chroma in steps of 
4 Chroma units, starting at 12 in the inside of the diagram.  
Spectral locus for CIE 1964 10° standard observer at L = 50, Munsell conversions for colours of Value 5, 
illuminant D65, and 10° observer. 

Figure 3.11 shows the same colours (and of course XYZ values) transformed into the CIELAB 
coordinates at L = 50, in the same style as figure 3.10. Relative to figure 3.10, the greatly improved 
circularity of the hue circles at lower Chroma values is immediately clear, but circularity and 
evenness of spacing of the constant-Chroma lines is quite poor at higher Chroma (left-hand 
diagram). The right-hand diagram shows that the constant-Hue lines are fairly straight (as they 
would be on a perceptually-uniform plane), but they are not evenly-spaced around the Hue circle, 
suggesting significant non-uniformity in Hue spacing, either in Munsell or CIELAB. 
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Figure 3.11 Munsell colours converted to coordinates in the CIELAB colour space.  

Left-hand figure: lines are colours of different Hue and constant Chroma (numbers on the diagram).  
Right-hand figure: lines are colours of fixed Hue (as noted on diagram) and varying Chroma in steps 
of 4 Chroma units, starting at 12 in the inside of the diagram.  
Spectral locus for CIE 1964 10° standard observer at L = 50, Munsell conversions for colours of Value 5, 
illuminant D65, and wide-field observer. 

At a particular lightness in the CIELAB space, a Hue/Chroma plane is obtained. Taking the plane 
at L = 50, as in figures 3.10 and 3.11, an analysis of the ∆E00 difference between adjacent Munsell 
Hues at a particular constant Chroma is effectively an adjusted (for the factors of which ∆E00 is 
cognisant) measure of ∆H*. If Munsell Hue was evenly mapped onto the CIELAB space at this 
lightness, a plot of ∆E00 against hue angle (hab) would yield a similar value at all hue angles. 
Figure 3.12 shows this plot for colour differences between Hues that differ by 1.25 Munsell Hue 
units, and it is clear that: (a) most hue differences are within the 5 ∆E units for which CIEDE2000 
is expected to be applicable; but (b) differences are not constant around the hue circle, and peak 
at about 40, 150 and 280°, and (c) non-uniformity increases considerably at higher values of 
Chroma, especially around hue 280 (which equates to a spectral wavelength of ~475 nm). 

 
Figure 3.12 CIEDE2000 ∆E00 values for 1.25 Munsell Hue increments (e.g. from 1.25GY to 2.5GY) around the 

hue circle at fixed Chroma in steps of 4 Chroma units from 12 upwards as plotted in CIELAB 
coordinates at L* = 50. 
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It seems clear that CIELAB is not uniform, and has particular difficulty with high saturation 
colours around hue 280 or dominant wavelength ~475 nm. One of the features of CIEDE2000 
was to suppress this behaviour in the blue region (Witt 2007), but it clearly is inadequate for 
high saturation colours. Indeed, the L*a*b* plane examined here consistently shows strong non-
uniformity in this spectral region, especially for the plotting of highly saturated and spectral 
colours. 

3.5  Digital Colour Spaces 

3.5.1 RGB 

As discussed in section 2.4.5.1, colour in personal computers is mediated by definitions in a 
three byte unit, with one byte allocated to each of the red, green and blue emitters of the display 
device (or larger bit counts for advanced applications, which are not the concern here). The RGB 
definition of a colour fits into a cube, with red, green and blue axes, scaled from 0 to 255 (e.g. 
figure 2.22). In a numerical sense, this cube is perfectly uniform, in that the numerical definition 
of the difference between two colours (R1G1B1 and R2G2B2) is uniformly calculated as the 
Euclidean distance between them in RGB space, i.e.: 

∆𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅′ = �(𝑅𝑅1 − 𝑅𝑅2)2 + (𝐺𝐺1 − 𝐺𝐺2)2 + (𝐺𝐺1 − 𝐺𝐺2)2 

Whether ∆E'RGB is perceptually uniform is another matter. Plataniotis and Venetsanopoulos 
(2000) state very clearly that it is not, and transformations of the HSL space to CIELAB in 
Appendix 11 demonstrate that it is not. To explore this matter, RGB values could be converted to 
a* and b* and plotted in the CIELAB space, or the differences between two colours specified in 
RGB could be assessed by calculating ∆E*94 or ∆E00. It is not clear, however, what values within 
the RGB space should equate to a uniform colour figure in CIELAB space (and the non-linearity of 
CIELAB, discussed above, must be acknowledged). An intuitive colour space, such as HSL, 
provides a much better basis for selecting digital colours for examination in CIELAB space. 

The various transformations from RGB to intuitive spaces, such as HSL, generally utilise the 
same hue transformation 11. If the hue values obtained from transformation of RGB to HSL, HCI, 
etc. lie on a uniform hue circle (in HSL or HCI space, etc.), then the perceptual difference between 
two hues at the same lightness and saturation should be proportional to the numerical 
difference between the hues, no matter where on the hue circle that they lie 12. 

 
11  Hanbury 2008 presented a prototypical ‘cylindrical’ colour space that is hexagonal in section, as would be 

expected from the projection onto a base plane of a cube raised on one vertex. Hue in the Hanbury space differs 
from those computed in HSL or HCL by up to 1.2°. 
The Hanbury space also had the property that if saturation is expressed as the Euclidean distance from the 
achromatic axis to the colour in question, then saturation can only reach 1 for primary and secondary colours at 
the equator. Other maximally saturated colours (i.e. other than when one of R, G or B is 255, another is zero, and 
the third is neither 0 nor 255) will have saturation less than 1 (as low as 0.87).  
The spaces considered here avoid these undesirable properties, and, in general, the Hanbury space seems to be 
little used (as attested by a review of the literature). 

12  Taking appropriate account of the 359–0 continuity, and at least for hues that are not ‘too far’ apart, 
acknowledging that global uniformity may not necessarily, and probably does not, accompany local uniformity. 
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Thus, the matter of interest in this study is the uniformity of hue, as obtained from conversion of 
RGB values into hue in the various implementations of RGB to intuitive colour spaces. In this 
study, for reasons given in section 2.4.5.2, the HSL conversion algorithms were used, although 
any commonly-used colour space will yield the same hue values for a given RGB set. 

3.5.2 Intuitive Colour Spaces 

On a priori grounds, a perceptually uniform colour space should contract to a point at minimum 
and maximum lightness (as argued in section 2.4.1, e.g. figure 2.9). The HCL (Hue, Chroma and 
Lightness) space has this property, while the more widely-used HSL space does not. This is a 
consequence of the different algorithms used to calculate their saturation metrics. As noted 
above, for hue, the same algorithm is used in both spaces. The conversions are given below 
(from Agoston 2005 and Hanbury 2008). 

The computation of hue as a polar coordinate of a circle in the range [0,360] is achieved by a 
piecewise conversion, depending on the relative values of R, G and B in the domain [0,1]. 

Thus, let M be the maximum value of R, G and B, and m the minimum of these three values.  
Further, let C be the difference between M and m.  

The computation of the lightness metric (L) is based on a simple combination of the values of M 
and m, as: 

𝐿𝐿 =
𝑀𝑀 + 𝑚𝑚

2
 

The value of hue (H) is then: 

𝐻𝐻 = 60 ×

⎩
⎪⎪
⎨

⎪⎪
⎧

undefined,       if 𝐶𝐶 = 0
𝐺𝐺 − 𝐵𝐵
𝐶𝐶

mod 6,    if 𝑀𝑀 = 𝑅𝑅
𝐵𝐵 − 𝑅𝑅
𝐶𝐶

+ 2, if 𝑀𝑀 = 𝐺𝐺
𝑅𝑅 − 𝐺𝐺
𝐶𝐶

+ 4, if 𝑀𝑀 = 𝐵𝐵

 

Saturation (SHSL for HSL, Agoston 2005), or chroma (CHCL for HCL, Hanbury 2008) is computed as: 

𝑆𝑆𝐻𝐻𝐻𝐻𝐿𝐿 = �
0,                    if 𝐶𝐶 = 0

𝐶𝐶
1 − |2𝐿𝐿 − 1| ,  otherwise 

𝐶𝐶𝐻𝐻𝐶𝐶𝐿𝐿 =  𝑀𝑀 −𝑚𝑚 

The surface of these spaces is plotted in figure 3.13, and pseudocode is presented in Appendix A1.1. 
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Figure 3.13 1,946 RGB points semi-evenly (regular with random jitter) spread across the surface of the RGB 
space and converted to HSL coordinates (left-hand charts) and HCL coordinates (right charts). 

In the orthographic projections of the HSL and HCL figures, in figure 3.13, only points on the 
surface of the figure are shown. When filled with points, evenly (or randomly) spaced in the 
parent RGB space, colours are sparse at the top and bottom of the HSL space, but constant in 
density in the HCL figure. These two figures use the same Hue metric and Lightness axis, but a 
different saturation metric. It seems clear that if interest lies in the uniformity of lightness or 
saturation, the HCL algorithms should be used (although Walraven (1992) argued that, for 
emitted colours, a cylindrical colour model was merited). In this study, only the Hue axis is of 
concern, and it is immaterial that, in other ways, the HSL figure is markedly inferior to the HCL. 

3.5.3 The HSL Space 

The monitor gamut of the RGB space 13 is plotted against the spectral locus on the CIE 1931 (x,y) 
diagram in figure 3.14. 

 
13  This is considerably larger than the sRGB space and slightly larger than the Adobe RGB space, as the monitor 

used in this study had a gamut slightly greater than Adobe RGB (figure A1.8.2). 
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Figure 3.14 The spectral locus (CIE 1964 10° observer) and gamut of the monitor used in this study plotted on 

the CIE 1931 (x,y) diagram for illuminant D65. Wavelengths listed are the dominant wavelength of 
the monitor’s primaries. 

The colours defined by Adobe RGB for maximum-saturation colours (i.e. RGB triplets where one 
of the R, G or B values is 255, and another is zero) have an HSL Lightness of 0.5 14, but differing 
lightnesses in CIELAB. Figure 3.15 plots the CIELAB L* value for maximum saturation Adobe RGB 
colours against HSL Hue values. There are very large departures from constant CIELAB lightness 
around the hue circle. 

 
Figure 3.15 Lightness of maximally-saturated hues in HSL calculated as HSL Lightness (blue plot and right-hand 

scale) and CIELAB Lightness (orange plot and left-hand scale) 

 
14  As Lightness in the HSL or HCL models is computed in the domain [0,1], but this equates to 50 in the domain 

[0,100] (of course). 
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When the spectral locus is computed in CIELAB for the lightness of the Adobe RGB colours at the 
same dominant wavelength, the CIELAB figure is somewhat distorted, as shown in figure 3.16. 
The Adobe RGB gamut lies well within the spectral locus (as it must) and in the region of the 
CIELAB figure where the saturation scaling is reasonably well-behaved (compare figure 3.16 
with figure 3.11). 

 
Figure 3.16 Gamut of Adobe RGB plotted with the spectral locus (10° observer) in CIELAB coordinates. 

Wavelengths on the locus and HSL hue values listed on figure. 

CIELAB saturation (C*ab) for the Adobe RGB colours at maximum saturation is irregular (figure 
3.17), as would be expected from an examination of figure 3.16. 

 
Figure 3.17 Saturation of maximally-saturated hues in HSL calculated as HSL Saturation (blue plot and right-

hand scale) and CIELAB C*ab (orange plot and left-hand scale).  
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In terms of hue increments, the CIELAB hue increments (∆H*ab) plotted against HSL hue (figure 
3.18) show that there are large departures in the notionally uniform CIELAB hue increments for 
fixed HSL hue value increments around the HSL hue circle. 

 
Figure 3.18 CIELAB hue differences (∆H*ab) for 5 HSL hue increments around the HSL hue circle.  

Finally, participants in the present study were tasked with matching two swatches of colour on a 
computer screen, and their matching ability would be influenced by possible differences in all of 
hue, saturation and lightness; given that for two hues with the same HSL lightness and 
saturation, when plotted in CIELAB, differences in L* and C*ab are evident. Thus, the simple 
difference in hue angle in CIELAB might not encompass all differences that might have informed 
the participant’s matching success. Figure 3.19 plots ∆E94, which accounts for colour differences 
in all three dimensions, against HSL hue for maximally-saturated colours in increments of 5 HSL 
hue units. 

 
Figure 3.19 CIELAB colour differences (∆E*94) for 5 HSL hue increments around the HSL hue circle.  

Thus, if maximally-saturated colours provide a guide, then small changes in HSL hue around hue 
values of 45 and especially 200 will be accompanied by large changes in perceived colour 
difference, while similar differences in hue values around HSL hues 120 and 245 will show little 
discernible colour difference. 
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If the units of ∆E*94 actually do represent JNDs (see section 3.1.2), then it is possible to read from 
figure 3.19 how many hues can be discriminated at any given hue value. Under this assumption, 
the right hand scale of figure 3.19 is calibrated in units of Discrimination (the number of distinct 
colours that could be discerned if the level of discrimination at a given colour was continued 
around the entire hue circle). Based on these assumptions, the average discrimination around 
the hue circle is 295 distinguishable hues.  

Thus, analysis by CIE ∆E*94 suggests that participants will distinguish ~300 hues around the HSL 
hue circle, and will show superior discrimination from around hue 20 to 80 and 170 to 235, and 
markedly poorer hue discrimination from hue 100 to 140 and 240 to 255 (see figure 3.19). 

3.5.4 ∆E in the RGB Space 

Mokrzycki and Tatol (2011) published a large number of ∆E formulae for various colour spaces 
and purposes. They provided three formulae specifically for application in the RGB space, and 
noted that RGB is not a uniform space. Nonetheless, their first formula computed a simple 
Euclidean distance in RGB space as a measure of difference (∆ERGB), which is the same as that 
reported above at the start of section 3.5.1. To follow their development, consider two RGB 
colour definitions, R1G1B1 and R2G2B2, so that: 

∆R = R1 – R2,    ∆G = G1 – G2, and    ∆B = B1 – B2 

Thus,  ∆𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = �(∆𝑅𝑅)2 + (∆𝐺𝐺)2 + (∆𝐵𝐵)2 

This equation provides an unambiguous measure of the numerical difference between the two 
colours in RGB-space, but makes no claim to represent or scale perceptible differences between 
colours as represented on an ideal display device. 

The authors note that “the human eye has a different sensitivity to changes in the light intensity 
of the R, G and B components, and changes in the intensity of the individual components produce 
different sensations” and provide a formula that takes account of this effect:  

∆𝐸𝐸′𝑅𝑅𝑅𝑅𝑅𝑅 = �3(∆𝑅𝑅)2 + 4(∆𝐺𝐺)2 + 2(∆𝐵𝐵)2 

… but they note that it still fails to yield useful measures of perceptible differences. They suggest 
a more sophisticated formula that accounts for “changes in the sensitivity of the eye caused by 
changes in brightness: changes in relatively dark colors are less noticeable for the observer than 
the same changes in a brighter color”. They provide the following as the superior equation: 

∆𝐸𝐸′′𝑅𝑅𝑅𝑅𝑅𝑅 = ��2 +
𝑅𝑅�

256�
(∆𝑅𝑅)2 + 4(∆𝐺𝐺)2 + �2 +

255− 𝑅𝑅�
256 � (∆𝐵𝐵)2 

where  𝑅𝑅� = 𝑅𝑅1+𝑅𝑅2
2

, i.e. the average of the two R components.  

The authors provide no source reference, nor guidance, as to how this equation was derived, nor 
discussion of what effects it should account for, but do advise that “Only this last formula gives 
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results suitable for use in graphics software”, and they say of all three formulae, including ∆E'', 
that they are “rough” and “not suitable for use in … colorimetry”. 

Nonetheless, the above equation predicts, and possibly quantifies, non-uniformity in the RGB 
space, and may well provide an expectation of non-uniformity in the HSL space, when RGB 
coordinates are converted to HSL. To explore the effects embodied in their third formula, pairs 
of colours with a unit difference in Hue in HSL coordinates were converted to RGB, and the 
above Mokrzycki and Tatol equation was used to compute ∆E''. Colour differences (∆E) were 
computed for 1 hue unit colour differences (at fixed lightness and saturation) at 12 hues in 
increments of 30 Hue units (15, 45, 75, etc.), and 11 Lightness values (0.02, 0.1 … 0.9 and 0.98) 
at Saturation 0.5, plus 11 Saturation values (0.02, 0.1 … 0.9 and 0.98) at Lightness 0.5. Thus, the 
∆E'' equation was used to predict ∆E for various hues at chosen levels of lightness and 
saturation. 

Figure 3.20 shows predicted ∆E for all 12 Hue values at a range of Saturation values and 
Lightness of 0.5. Figure 3.21 shows predicted ∆E for the 12 Hue values at a range of Lightness 
values and Saturation of 0.5. As might be expected, ∆E increases from low values at low 
saturation and reaches a maximum at the highest saturation (figure 3.20). Also to be expected, 
∆E has low values at both low and high lightness, and reaches a maximum at middle lightness 
(figure 3.21). Effects related to hue will be discussed later (after figure 3.23). 

  

Figure 3.20 ∆E'' values by Hue for Lightness of 0.5 Figure 3.21 ∆E'' values by Hue for Saturation of 0.5 
and Saturation from 0.02 to 0.98   and Lightness from 0.02 to 0.98 

Figure 3.22 shows the surface plot of ∆E'' by Lightness and Saturation, computed for all 
combinations of 11 Lightness values by 11 Saturation levels for unit ∆H averaged for the 12 hues 
evenly spaced around the hue circle. The plot shows that the ∆E values rise steadily with 
increasing Saturation, and rise and fall with increasing Lightness, peaking at Lightness = 0.5. 
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Figure 3.22 ∆E'' values surface for combinations of Saturation and Lightness, averaged around the hue circle  

Figures 3.23 and 3.24 plot ∆E'' against Saturation (figure 3.23) and Lightness (figure 3.24) for 
the same 12 hues around the hue circle (several response lines lie directly on top of each other, 
so the lines have been ‘jittered’ slightly so that each line is visible). The plots indicate that ∆E'' 
rises linearly with Saturation, and to a peak at Lightness = 0.5, falling linearly to zero at lowest 
and highest Lightness values. 

  
Figure 3.23 ∆E” values by Saturation for Lightness of Figure 3.24 ∆E” values by Lightness for Saturation of  

0.5 and values of Saturation from 0.02 to   0.5 and values of Lightness from 0.02 to 
0.98 for various values of Hue (legend is    0.98 for various values of Hue (legend is 
values of Hue for each plotted line)   values of Hue for each plotted line) 

The surfaces plotted in figures 3.20. and 3.21, and the lines in 3.23 and 3.24 all indicate the ∆E'' 
varies with Hue, for any given combination of Lightness and Saturation. Figure 3.25 plots ∆E'' for 
11 Saturation values at Lightness of 0.5 and all 360 integral hue values around the hue circle 15. 

 
15  These are the same dynamics shown in figure 3.20, but as multiple plots on a 2-dimensional representation, and 

computed to a much higher resolution on the Hue axis. 
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Figure 3.25 ∆E” values by Hue for Lightness of 0.5 and Saturation from 0.02 to 0.98 (legend is values of 

Saturation for each plotted line) 

∆E'' is highest from Hue = 0 to 60, and again from 180 to 240. ∆E'' is lowest at Hue = 119, 241 
and from 300 to 360/0 (e.g. figure 3.20). The ratio of highest to lowest ∆E'' around the hue circle 
is linearly, but weakly, dependent on saturation (minimum of 1.26 at zero Saturation, maximum 
of 1.41 at full Saturation). The ratio is also linearly and weakly dependent on the divergence of 
Lightness from 0.5, with maximum values (1.41) at Lightness zero and 1, and minimum (1.33) at 
Lightness = 0.5 (data not shown). 

Thus, if Mokrzycki and Tatol’s third equation provides a quantitative expectation of 
discrimination in the HSL space, then hue discrimination should vary with Hue, with a range of 
discrimination less than 1.5 between Hue regions with least and best discrimination. Further, 
best discrimination should occur between HSL Hue 0 and 60 and 180 to 240, and poorest 
discrimination just below 120 and above 240, as well as in the segment from 300 to 360/0. The 
authors admit that this equation for ∆E is only “rough” and do not claim that it generates a 
uniform ∆E in either the RGB or HSL spaces; so it can only be expected to ‘roughly’ predict 
differences in discrimination around the hue circle, if at all. 

3.6 Summary 

CIELAB and ∆E equations (e.g. ∆E*94) suggest that hue discrimination should peak between HSL 
Hues 20 to 80 and 170 to 235, while poorest discrimination should occur between 100 and 140, 
and 240 and 255. By contrast, Mokrzycki and Tatol (2011) suggest that the peak should occur 
from 0 to 60 and 180 to 240 (not greatly different from CIE94), while poorest discrimination 
should occur from 300 to 360/0 (quite different to CIE94). The first part of the results from this 
study Chapter 7) presents a detailed experimental examination of hue discrimination in the HSL 
colour space, and is intended to determine which, if either, prediction is supported by 
experimental evidence. 

 



Chapter 4: Experimental Design and Methods  

In the current study, data were collected on how well people were able to match hues on a 
computer screen. Data on characteristics that may affect a person’s ability to match/distinguish 
colours, such as pertinent personal, cultural and locational attributes, were also collected. The data 
were collected using a purpose-written computer program (ColourMatcher.exe, section 4.2) that 
incorporated colour matching activities (section 4.2.2) and a survey questionnaire (section 4.2.3). 

In the summary of “Color Space and its Divisions: Color order from Antiquity to the Present”, 
Kuehni (2003) argued for a research program that would resolve discrepancies in color 
attribute scaling, and color difference scaling results between different efforts, samples, 
observers and observations. In order to achieve independently replicable experimental results, 
he advocated for simulation of colour samples on a computer monitor, citing the capacity of such 
a setup to create replicable displays in different locations, if the surrounds can be duplicated or 
suitable masks arranged to surround the monitor. He underlined the critical need for suitable 
monitor calibration, but opined that this arrangement would enable the variability of results 
from different observer panels to be quantified. 

Kuehni suggested that the dimensions of the colour space should be assessed separately, and 
each dimension should be explored while the others are maintained at constant values, i.e. that 
the user adjust the monitor display of one attribute while the others are stabilised by the 
computer. Specifically, for hue scaling, he states that “the program should make automatic 
adjustments for perceived lightness and chroma as the observer makes changes of the perceived 
hue of the test field” (p. 356). He left open the choice to assess (say) hue at a range of lightness 
and chroma values, or at an average level for each. 

This work implements Kuehni’s suggestions, and to achieve a generalizable outcome with a 
suitable range of personal and cultural attributes, the data were collected within Australia and 
internationally (Asia-Pacific and North America). This approach ensured that the information 
that was gathered came from a wide variety of participants (325) from 54 different countries 
and cultures. 

4.1 The Colour Matching Task 

In simplest terms, participants were presented with a computer screen that showed two colour 
panels or swatches, one of a predefined colour and the other different. Their task was to adjust 
the second swatch, until its colour matched the former. The lightness and saturation of the two 
swatches were pre-matched by the program, so that the user had only to adjust hue to get as 
close to a perfect match as they were able. 

An early decision in the design of the participants’ task was that they should be expected to 
match the adjustable swatch to the offered swatch. Obtaining just-noticeably different (JND) 
‘matches’ might have enabled results here to compare with other work more easily, but 
matching has long and widely been used in colour perception research (e.g. MacAdam 1942, 
Wyszecki and Fielder 1971), and even underlies the CIE system of colorimetry (Johnson and 
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Fairchild 2003). Ultimately, consideration of four matters justified attempted exact matching 
rather than setting minimum discernible differences:  

(1)  the audience for this work is the computer graphics community, for whom there is no 
tradition of JND metrics, and match errors would be more readily understood;  

(2)  the task was intended for participants from a wide range of backgrounds, including those 
without English language skills, and it was deemed too hard to ensure that an adequate and 
consistent understanding of what comprises a JND could be achieved after translation of 
instructions to another language 1, while an attempted exact match was a simple and easily 
understood concept;  

(3) the matching task was fairly challenging, even when only hue was to be adjusted. It was 
presumed that achieving JNDs would significantly increase the demand on participants, 
which carried the risk of confounding visual discrimination with mental weariness; and  

(4) even if clearly understood, the notion of a JND may well be quite different for different 
participants (as per Wright 1946, p. 176), including the possibility that different groups of 
participants might have consistently different ideas of what constitutes ‘just noticeable’, 
which carried the risk of producing artefactual differences between the groups. Thus, the 
JND is unlikely to produce a unit change in perception in many cases (Padgham and 
Saunders 1975). 

Thus, adopting colour matching, rather than identification of JNDs, minimised any detrimental 
effects arising from “cognitive components in the judgements of the observers” (Kuehni 2003), 
as mentioned in section 1.1 of Chapter 1. 

It was expected that participants in this study were unlikely to have an intuitive understanding 
of the way that changing the values of R, G and B would affect the colour that they were trying to 
adjust (Plataniotis and Venetsanopoulos 2000); hence a more intuitive colour model was 
deemed to be required. It was surmised that participants would understand the concepts of 
lightness, saturation, and hue 2 (ibid.), as used in the cylindrical HSL (Hue, Saturation, Lightness) 
colour model (section 3.5.2); thus these concepts were the foundation of this study.  

For the operation of the data collection program, and the analysis of the data, it was necessary to 
convert the RGB values, chosen at random, into Hue, Saturation and Lightness values using the 
HSL model. In particular, when users were attempting to match the offered colour, the program 
maintained values of saturation and lightness fixed (and equal between the offered and matched 
swatches), by calculating all three (RGB) colour component values, so that hue was the only 
variable between swatches and changed by the participant’s input 3.  

A further benefit of pre-matching saturation and lightness was that it avoided some colour 
appearance phenomena, that otherwise would have greatly complicated analysis of the results.  

 
1  Participants were recruited in Australia, Indonesia, Brunei, Taiwan and USA: for the Asian locations, translation 

into three different languages was necessary. 
2  Using these terms in the popular sense as defined in the Glossary and section 2.2. 
3  It would appear that unskilled participants in a colour-matching task find the concept of hue readily 

understandable, have some difficulty with lightness and find saturation challenging (Melgosa et al. 2000). This 
experimental design allowed participants to match colours (i.e. only hues) in what they should find the easiest 
practicable manner. 
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The Bezold-Brücke hue shift is the phenomenon that the perceived hue of a ‘colour’ changes with 
its brightness (strictly, luminance) (Purdy 1931, Savoie 1973, Fairchild 2013). The perception of 
colours with a dominant wavelength around 520 nm shifts to bluer hues with a reduction in 
luminance, and perception of colours above ~570 nm shifts to redder hues, quite strongly for 
longer dominant wavelengths. Thus, when offered low lightness colours, participants may have 
‘perceived’ a slightly or somewhat different hue, but as the lightness of both swatches was 
matched, the nature and quality of the final colour match would be unaffected by this effect. 

The Abney effect is a similar phenomenon, where the hue perceived of a colour changes with 
changes in saturation (Abney 1909, Robertson 1970, Fairchild 2013). Roughly, colours with a 
dominant wavelength less than ~520 nm appear more blue with increasing saturation, while 
colours greater than ~520 nm are perceived as more red. Once more, while this effect must have 
occurred with colours of different saturation in the current study, the pre-matching of swatches 
to the same saturation ensured that the final colour match would be unaffected by this effect. 

It might be suggested that the notation of the hue for different saturation and lightness should 
have been adjusted, and the amended hue values used in the analysis, to make allowance for 
these effects. No such adjustment was made as the intent of this study was to quantify and 
understand the discernment of differences in hue, for specified values of hue, as defined by the 
RGB components sent to the computer monitor. Such an adjustment might have given results 
more coincident with colour perception, but less coincident with colour specification: the goal of 
this study. 

4.1.1 Basic Parameters 

Colour match data and user-supplied attribute values were collected by an in-house program 
kindly written by Mr Charles Hacker, (then) of the Griffith School of Engineering, Griffith 
University. The program was designed and developed by the author, while the software program 
was coded by Mr Hacker. 

The main function of the program was to collect data about the performance of participants in 
matching the hue of colour swatches on a colour-calibrated computer screen. A prototype, and a 
small-scale pilot study, were conducted prior to the main study. Some changes in the data 
collection system were made in light of the outcomes from the pilot. The main data discussed 
here include the data from the pilot study. The operation of the pilot, and development of the 
procedures and the program to implement them in the final study, are presented in Appendix 3.   

Initially, the software was written so that participants were required to adjust all of Lightness, 
Saturation and Hue, but it was clear that this task was beyond many participants, and mentally 
exhausting for all. Thus, lightness and saturation were pre-selected and fixed at the same value 
for the offered and matched swatches for each offered colour; thus, participants were only 
required to match hue, to the degree that they were able. 

Thus, when a colour was offered to participants to match, two swatches of colour were offered: 
one, the colour to be matched; and the other, a swatch of colour that had the same HSL lightness as 
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the offered colour. It was initially completely desaturated and, therefore, achromatic grey. In 
practice a notional hue of 0 was initially selected for each user-definable swatch (but since the 
saturation was 0, the offered swatch was achromatic).  The user attempted to match the offered 
colour, adjusting the hue of the match swatch by the use of a mouse and/or cursor keys. As soon as 
the participant adjusted the user-adjustable hue, the program displayed whatever hue they had 
selected (or adjusted to) at the same lightness and saturation as the colour in the offered swatch. 

In the second pilot of the program, 15 of the 45 colours offered to each participant were chosen 
at random from a pre-defined palette of 100 colours, and the remaining 30 at random from the 
entire RGB colour space; i.e. the colours were defined with a range of [0 255] for all three RGB 
colour components. In the definitive implementation all offered colours were drawn at random, 
but the range was trimmed to avoid two regions of colours for which matching was believed to 
be less than fully informative. Very dark colours had proven hard to match, and changes in room 
lighting carried the potential to interfere with the user’s matching, and were omitted. Similarly, 
very highly-saturated colours would seem to be rather too easy to match perfectly, so highly 
saturated colours were also omitted, allowing a denser palette of selectable colours with neither 
too-hard dark colours nor too-easy highly saturated colours. This was achieved by the expedient 
of setting minimum R, G and B values to 50, so that their range of intensities were [50 255] 
rather than [0 255]. 

4.2 The Colour Matching Program  

The Colour Matching Program is a self-contained purpose-written computer program that 
contains two interleaved tasks: (1) the colour matching activities; and (2) the associated 
questionnaire. Within the program three sets of 15 colour matching activities were separated by 
components of the questionnaire. This order allowed the participants to rest both their eyes and 
their mind between the sets of colour matching activities. The colour matching activities are 
explained in section 4.2.2 and the questionnaire is explained in section 4.2.3. Completing these 
tasks constituted “taking the test”. 

4.2.1 Overview of the Test  

Upon entering the study room, the participants were seated comfortably at a computer desk. 
The researcher explained the purpose of the study and how the computer program worked, as 
well as the colour matching process. Once a verbal agreement was made with the participant, 
they were then left to complete the program. The researcher remained in the room in an 
unobtrusive position so that, if the participant had any questions or issues, they could be 
addressed quickly. In addition, this allowed the researcher to observe the method or process 
that the participants used to create the matching colour. 

Figure 4.1 is a diagram of the structure of the program. The pink sections present the information 
given to the participants (at the beginning and the end of the test). The blue section shows the 
questionnaire, with its multiple-choice questions (divided into three sections with 4, 4 and 2 
questions, respectively). The green section represents the sets of colour matching activities, with 
each set containing 15 (program-generated randomly selected) colours to be matched. 
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Figure 4.1  Structure of Colour Match Program  
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Within the test the participants were presented, on-screen, with a number of questions related 
to having done the test before, colour vision, and colour experience. Next, they were presented, 
one at a time, with 15 colour swatches, each paired with an initially grey swatch, the hue of 
which they could adjust. The participants then proceeded to modify the adjustable swatch until 
it matched (as best they could manage) the pre-coloured swatch on the screen. After completing 
the 15 colour matches, to their own satisfaction, another set of questions were presented 
(related to the participant’s demography), which were then followed by another 15 pairs of 
colour swatches to match; and then the final set of questions (related to the participant’s area of 
study/work and their cultural identity) were presented, followed by the last 15 pairs of colour 
swatches to match. In total 45 hue-adjustable swatches were presented to be matched.  

The test pace was set by the participants and typically took 20 to 30 minutes. They used either 
the keyboard and/or the mouse when answering the questions and while undertaking the 
colour matching activities. The choice by the participant depended on their preference or 
capability.  

The following section outlines what the participants saw as they progressed through the 
program: 

1. Title screen: displays the words “Colour Match Program”. 

2. Information screen: displays information about the study and the program, including the 
ethical clearance reference number (reproduced in Appendices A1.2 and A1.3). 

3. Consent screen: displays the consent statement; if the participant agrees they start the test; if 
they disagree, they are taken to the “Thank you” screen (screenshot of consent screen 
presented in Appendix A1.4). In this case they were free to leave the test room without 
prejudice. 

4. Questionnaire Part 1: Questions 1 to 4.  

5. Colour match Part 1: 15 colour swatches (with randomly chosen R, G and B values between 
[50 255]). 

6. Questionnaire Part 2: Questions 5 to 8.  

7. Colour match Part 2: 15 colour swatches (as for step 5) 

8. Questionnaire Part 3: Questions 9 and 10. 

9. Colour match Part 3: 15 colour swatches (as for steps 5 and 7) 

10. Results screen: the participants were given basic, but specific, results about the size of their 
errors in the colour matching activity, namely: 

a. ‘x’ matches with less than 1 hue unit 4 error,  

b. ‘y’ matches with 1 – 5 hue units error,  

c. ‘z’ matches with 6 – 15 hue units error,  

d. ‘aa’ matches with 16 – 30 hue units error, and  

e. ‘ab’ matches with more than 30 hue units error. 

 
4  Hue is defined, and was represented, in 360 increments around the hue circle. 
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11. Comments/Feedback screen: the participants were able to give feedback about the study, the 
test, and how it was conducted. If they wished to know about the results of the study, they 
were invited to provide their email address. 

12. “Thank you” screen: the participants were thanked for completing the test; and the program 
ended. 

Generally, participants were happy to have taken part in the study, and many commented on 
having enjoyed their participation. A small number commented that some matches were 
difficult, but many more stated that they found the task to be interesting. 

4.2.2 Colour Matching Activities  

The colour match program offered the participants an on-screen pre-defined swatch of colour 
(the right-hand swatch). They were then asked to adjust a second on-screen, initially grey, 
swatch (left-hand swatch), until it matched the first coloured swatch. Figure 4.2 is a screenshot 
of the colour matching activities. 

 
Figure 4.2 Colour match program screenshot (hue selector on the left side; given swatch on the right; adjustable 

swatch in the middle; and the self-rating selection centred in bottom middle) 

Both swatches are 250 px (67.5 mm) square, separated by 200 px (54 mm). When viewing a 
single swatch from the standard viewing distance of 400 mm, the swatch subtended an angle 
approximately 9.5°, which is within the 10° angle where optimal colour vision is believed to 
occur in the retina (Berns 2000). 

Large swatches allowed the participant to view the colour with both their foveal and extra-
foveal vision, so that the task was akin to a typical colour-matching task that a graphics user 
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might encounter on-screen. Similarly, separating the swatches avoided any chromatic induction 
effects (Savoie 1973), and ensured that the task had some comparability to the typical colour 
selection task using a colour picker (see section 2.6.7.3), where the selected colour and the 
target location are separated, often by some distance. Large swatches also minimised the 
crispening effect where contrast between the swatch and background influences the perception 
of lightness of the swatch, and which is strongest for small fields (Kaneko 1964). 

The colour background to the swatch area is a light grey (RGB 209 209 209, assuming sRGB, 
then CIELAB L* 84.3, Munsell Value 8.4, HSL lightness 0.82), while the rest of the program 
background is Windows® 7 default grey (RGB 240 240 240, CIELAB L* 95.0, Munsell Value 9.5, 
HSL lightness 0.94). These values of grey were chosen to provide an achromatic background and 
to set a neutral grey surround for the coloured swatches. Relatively high lightness was chosen, 
as, at the time of program design, light backgrounds were typical of computer colour and image 
processing software 5. More recently, darker backgrounds have been more widely adopted in 
commercial software, more in accord with the recommendations of Hunt (1995), CIECAM97s 
(CIE 1998) and Johnson and Fairchild (2003). These implementations generally post-date the 
data collection of this study. 

The Hue knob (on the left, figure 4.2) controls the colour of the adjustable swatch; the angle of 
the pointer indicates the value of Hue chosen 6. The user could adjust the hue knob by ‘grabbing’ 
it with the mouse, or by use of the left and right arrow keys on the keyboard, each press of which 
effected unit decrements or increments in the hue of the adjustable colour (so, notionally, the 
keys operated at the top of the hue knob). The simulated adjustment knob remained grey at all 
times: changes in hue of the adjustable swatch gave the user immediate feedback on their hue 
choice. 

The adjustable (left) swatch initially was coloured mid grey (RGB 209 209 209) with a thin black 
outline. Immediately when the participant changed the hue value the outline was removed and 
the swatch changed colour to the hue selector setting, with the correct HSL saturation and 
lightness levels matched to the offered swatch. As the hue was changed, the saturation and 
lightness levels remained fixed at the same HSL values as the offered swatch, which only differed 
in hue. The on-screen colours were defined by HSL values, and then calculated as RGB values for 
screen display. The computer was sufficiently fast that response to adjustment of hue was 
effectively immediate. No latency was detectable. 

For each colour match the participants were given as much time as they wished to achieve each 
match (5% of matches were completed in 8 seconds or less, 95% were completed in 57 seconds 
or less, 1% took more than 90 seconds). Once they had completed each match, the program 
asked them to report how closely they thought their match was to the offered colour: i.e. 
“exactly”, “very closely”, “ok”, “roughly”, “badly” and “I give up, give me the next colour”. After 

 
5  High background contrast strongly reduces sensitivity to colour difference (Witt 2007), but detriment 

attributable to this effect was reduced in the experimental design used here, where dark colours (L* <20) were 
not used, 99% of colours were above L* = 28 and 90% above L* = 43. 

6  But this value was not of importance to the participant: their progress in the task, and all information required to 
complete it, was provided by the displayed and adjustable hue of the adjustable swatch (the left-hand swatch). 
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their choice was made the ‘next’ button, previously greyed, became active, and the next swatch 
was loaded. At the completion of each match the offered and matched colours in RGB, the 
participant’s judgement of matching success, and the commencement and completion time-
stamps were recorded to file. 

The process and procedure are very similar to that reported by Koenderink et al. (2016) who 
were also examining on-screen matching of panels of colour in a simulation of a colour-picker 
interface. 

4.2.3 Colour Matching Questionnaire  

The questionnaire collected two main types of data; details about the participants and 
information about their experience with colour. The questionnaire, with multiple-choice and 
short-answer questions, was in the style of an online questionnaire, with the questions written 
into the program in three parts. The answers were recorded by the program, along with the 
colour-matching results, for each participant (see Appendix A1.5 for question structure and 
details). 

As noted previously, the questionnaire was divided into three parts: Part 1, Questions 1 to 4, 
about confidence and experience with colour, and followed by the first set of 15 colour swatches 
to be matched; Part 2, Questions 5 to 8, which explored the participant’s personal attributes, and 
followed by another 15 pair of swatches; and then Part 3 with the last two questions, Questions 
9 and 10, about the participant’s circumstances, and was followed by the last 15 colour swatches 
to be matched. 

4.2.4 Data Recorded 

At the beginning of each session 7, a CSV 8 data file was created and all the data from each 
participant for the day’s session was saved into it. The data recorded were:  

• The test locations (set manually at the start of each session), date (year_month_day, set 
automatically), start time, and end time (using 24-hour time, set automatically) 9.  

• The answers for each question. 

• For each colour matched: 
(i) the offered RGB and HSL values,  
(ii) the chosen RGB and H values,  
(iii) the start time (first movement of the colour adjuster) and end time (moment of choice 

of the closeness-of-match response) for each colour match, and  
(iv) the ‘closeness of colour match’ self-rating selection. 

 
7  “Session”: i.e. each period of continuous time when the Colour Match Program was running and collecting data 

from several or numerous participants. 
8  A CSV (comma separated values) format that can be opened in Excel® for analysis. 
9  Local time at the test location. 
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4.3 Equipment and Facilities 

High quality graphics and computer equipment were essential to achieve defensible results. 
Hence, the current research required specialist equipment: a laptop (see Appendix A1.6 for 
technical specifications), a high quality colour monitor (section 4.3.1), and a screen colour-
calibration device (section 4.3.2).  

4.3.1 Monitor 

A high specification colour computer monitor was needed for the colour matching test. An Asus 
PA246Q P-IPS ProArt Series professional monitor was chosen for its combination of performance 
and affordability. The monitor was chosen because it had a wide colour gamut — much better 
than 100% coverage of the sRGB colour space and >100% of the Adobe RGB colour space 
(slightly better in the green, Appendix A1.7, figure A1.8.4). The factory colour calibration report 
that came with the monitor is reproduced in Appendix A1.7. The monitor had the capacity to 
display 10-bit colour (although 8-bit was used for this study), with a wide viewing angle (178° 
both vertically and horizontally) (Asus 2011). The DisplayPort® interface which supports up to 
16 bits per colour channel was used.  

Before each data collection session, the monitor was warmed up for at least 30 minutes, as 
recommended by the manufacturer to ensure colour fidelity.  

4.3.2 Screen Calibration 

The colours of a computer screen can drift over time, especially if the monitor is moved. For this 
reason, and as the test data were collected in several locations within Australia and overseas, it 
was necessary to use a colour calibration device to ensure that the monitor maintained the same 
settings (i.e. displayed the same colours) at each new location. The calibration device chosen for 
this purpose was the Spyder4™pro screen calibration system 10. The monitor was recalibrated 
using the defined settings every two weeks during data collection and at arrival at each new 
location. The monitor was set to 6500 K CCT, gamma of 2.2 and brightness of 120 cd·m–2. 

Sample screen calibration reports are given in Appendix A1.8. 

4.3.3 Physical Location 

The study was conducted in five different physical locations and, as such, the exact layout of the 
test room varied. However, the equipment was always setup in a quiet room with consistent 
continuous low lighting 11, and with no direct overhead lighting; if there was overhead lighting 
the lamp was removed or the luminaire was covered with black opaque panel or material. 
Figure 4.6 shows an example of the layout of the equipment within a room.  

 
10  Specifications and details about the Spyder4™pro can be found at http://spyder.datacolor.com/portfolio-

view/spyder4pro/. 
11  i.e. a room with no windows, or if windows, then with curtains or blinds that largely eliminated the external light. 
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Figure 4.3  Diagram of typical testing room layout 

The specific layout of the room always included the computer screen being set 40 cm from the 
front edge of the desk so that the participants were encouraged to be the same distance from the 
screen. However, beyond being advised to sit at (or close to) the desk edge, participants were 
also encouraged to make the seating comfortable for themselves. This meant that the individuals 
were seated at different heights and possibly distances in front of the screen, thus at different 
viewing angles. This was somewhat controlled as the monitor used had wide a viewing angle 
(178°) both horizontally and vertically.  

In most locations the monitor was backed against a wall, generally the colour of the of the wall, 
in combination with the low ambient light level, should have had little effect on the colours 
perceived on the screen. However, in two locations the wall colour was overwhelming 12 and 
would probably have altered the appearance of colours on screen. So that the wall colour did not 
affect the monitor’s perceived colours the problem walls were covered in black or grey fabric 
reducing any interference to a minimum.  

Other facilities required included: a desk to accommodate a laptop and large monitor (used by 
the participant); seating for two (participant and researcher); two power points/sockets (one 
for the laptop, one for the monitor); and internet service 13. 

4.3.4  Lighting 

As noted earlier, due to the multiple locations, lighting levels could not be precisely controlled. 
To minimise any effect that varying light levels would have on the data, effort was made to 
match the following conditions, to the greatest extent possible: 

 
12  In the space provided to conduct the research, in these cases, the monitor had to be placed against a bold blue 

pinboard and a brightly painted red wall. 
13  This was so that the data could be backed up to the Cloud after each session. 
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• the light level was kept low, typically under 20 lux 14, 

• curtains and blinds were kept closed, 

• doors kept closed (if entrance-way was lit by daylight or bright passageway lighting), 

• no light was permitted to shine directly on the monitor, 

• if the room had adjustable light levels, they were set on the lowest level, 

• if, in a large room, lights could be turned off, lighting above the monitor was turned off, and 

• in a windowless room with no lighting controls, the luminaire above and/or around the 
monitor (up to 2m laterally) was covered with opaque black panels, or the lamps removed. 

4.4  Ethical Clearance 

Before undertaking any research involving human participants, Griffith University requires the 
researcher to obtain an ethical clearance. An ethical clearance application was lodged with the 
university’s Human Research Ethics Committee (HREC), under the title “Mapping human colour 
discrimination in the digital environment” (GU Ref No: ICT/06/11/HREC).  

Ethical clearance was granted on 15 June 2011, with a classification as eligible for a ‘Human 
expedited review 1’. The authorisation for this research covered the period from 15 June 2011 to 
14 June 2016. A copy of the ethical clearance certificate is provided in Appendix A1.2. 

4.5  Data Collection 

Participants in the study were, in principal, any person with the ability to understand what was 
required, and who was willing to give their informed consent and time. In practice, the 
participants were generally limited to students and staff at selected tertiary education 
institutions, where the contacts were easily made, and personnel were very likely to have the 
basic skills needed to use the program. 

The participants were recruited using the following methods: (1) cold face-to-face contact, 
(2) familiar face-to-face contact, (3) introduced contact, (4) self-identification, and (5) lists of 
potential participants suggested by others. Contact was made both in person and via e-mail or 
Facebook®. Whatever the recruitment method, the researcher stressed that participation was 
voluntary, and that participants could withdraw at any time. 

Promotion of the study and the need for participants was achieved through guest presentations 
and/or seminars by the researcher, as well as distribution of both printed and digital 
promotional materials at the locations where data were collected.  

4.5.1  Study Locations   

As this study explored the effect of factors such as geographic location and cultural background 
on hue discrimination, it was desirable that the Colour Matching Program was run in multiple 

 
14  Measured using a DSE Q-1400 lux meter. 
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locations.  Contact was made by the researcher to many tertiary institutions worldwide in a wide 
range of locations. Replies were received from five locations (plus the host institution). Data 
were collected from five locations (table 4.1). A planned visit to a sixth location (the University 
of the South Pacific, Fiji) had to be cancelled due to a tropical cyclone causing extensive damage 
to the island days before the researcher was due to arrive.  

Table 4.1 Locations and contacts for study 

Location Longitude/ 
latitude 

Tertiary Institution Contact Dates Number of 
Participants 

Gold Coast, 
Australia 

28 °01' S /  
153° 25' E 

School of Information and 
Communication Technology,  
Griffith University 

Francis Wild Jul – Aug 2012 
Nov 2013 – Jan 2014 

Jun – Nov 2015 

17 
12 

102 

Depok/ 
Jakarta,  
West Java, 
Indonesia 

6° 24' S /  
106° 47' E 

Faculty of Computer Science, 
University of Indonesia  

Professor Umar-
Fahmi Achmad 
and Dr Heru 
Suhartanto 

Sep 2012 61 

Bandar Seri 
Begawan,  
Brunei 
Darussalam 

4° 53' N /  
114° 56' E 

Faculty of Arts and Social Sciences, 
University of Brunei Darussalam 

Dr Janet Marles  Aug 2012 34 

Taipei, 
Taiwan 

25° 05' N / 
121°33'E 

Department of Mass Communication, 
Chinese Cultural University 

Dr Vincent C. Sun Oct 2012 77 

Rochester, 
New York, 
USA 

43° 09' N /  
77° 36' W 

Munsell Color Science Laboratory, 
Rochester Institute of Technology 

Professor Mark 
Fairchild 

Feb 2016 26 

For the international locations, where English was not the primary language, all instructions and 
questions were translated into the native language 15 and were provided, as a printout, to the 
participants for reference while completing the Colour Match Program. 

The notion that the environment in which a person lives might affect their colour discrimination 
was an important component of the design of this study, so it is relevant to consider the broader 
environment of each location (summarised in the sections below). The information, including 
climate data, was obtained from personal observations at the locations, Wikipedia entries, key 
websites for the locations, and Google Earth mapping in early 2018 (table 4.2).  

Table 4.2 Summary of climate at study locations (source: Wikipedia, accessed December 2018) 

 Hottest Month Coolest Month Rainfall Sunshine 

Location Month Minimum Maximum Month Minimum Maximum Annual 
Total 

Number 
of Days 

Annual 
Hours 

Gold Coast January 21.8°C 28.7°C July 12.0°C 21.1°C 1274 mm 140 2800 

Jakarta Oct/May 23.3°C 31.1°C Jan/Feb 23.3°C 28.9°C 1816 mm 130 2977 

Brunei May 23.7°C 32.6°C January 23.3°C 30.4°C 2913 mm 205 2558 

Taipei July 26.3°C 34.3°C January 13.9°C 19.1°C 2405 mm 166 1405 

Rochester July 15.9°C 27.2°C January –8.0°C –0.2°C 871 mm 167 2300 

 
15  Translation of instructions and questions were translated by bilingual research assistants from within the host 

department. 
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Gold Coast, Australia 
28° 01' S / 153° 25' E 

Griffith University, Gold Coast campus, Queensland, Australia was the primary and the host 
location for the study. Established in 1990, it is the largest campus (more than 18,000 students, 
about 80% undergraduate) of Griffith University, which is a comprehensive university offering 
the full range of tertiary studies, from creative arts, through business, engineering and 
technology to sciences and medicine. It has about 20% international students with a wide range 
of ethnicities and cultures, but a particularly strong presence of east Asian students. 

Australia is a geographically large country with many different environments and an ethnically 
diverse population, especially on university campuses. The Gold Coast is a middle-sized (ca 
640,000 people) coastal tourist city with a strong beach and nightlife culture. Generally, the 
community is Western, but with notable East Asian, Pacific, and increasingly Middle Eastern, 
components. In the 2016 national census, 67% of respondents nominated Australia as their 
country of origin, followed by England (3.9%), New Zealand (2.2%) and China (2.2%).  

The Gold Coast campus is located at low elevation (<20 m) 5 km inland from (or west of) the 
Coral Sea (Pacific) coast of Eastern Australia, in the subtropical zone. It is characterised by high 
levels of sunshine all year round and a generally mild climate conducive to outdoor lifestyles 
(table 4.2). The study was conducted year-round at the Gold Coast campus of Griffith University. 

International 

To expand the generalisability of the study’s findings, the study was undertaken in four 
international locations. These locations can be split into two geographic areas: Asia (Taipei, 
Taiwan; Jakarta, West Java, Indonesia; and Bandar, Brunei), and the United States of America 
(Rochester, New York State). The Asian locations were chosen for their contrasting culture, 
environment and climate (from equatorial 5° N to subtropical 26° N). Rochester has a similar 
Western culture to Australia, but, at 43° N, it has a very different environment and climate, being 
typically cool temperate. 

Depok, Jakarta, Indonesia 
6° 24' S / 106° 47' E 

The University of Indonesia is a long-established (1924) large (nearly 48,000 students, 71% 
undergraduate, in 2010) comprehensive national university in the city of Depok in the Greater 
Jakarta area of Java in Indonesia. It is located in a very large conurbation of about 30 million 
people, 83% of whom identify as Muslim, which is the predominant cultural characteristic of the 
community. 

The university is located 28 km south of Teluk Jakarta bay on the Java Sea. Despite its distance 
from the coast (all of which is urbanised), the campus is under 100 m elevation. At 6° South 
latitude it is subject to an equatorial climate, with abundant sunshine, constant high 
temperatures and humidity, relatively few annual rainy days, and a mild, short annual dry 
season (table 4.2). The study was conducted in September: late dry season and close to the 
hottest time of the year, although seasonal variation in temperature is minimal (table 4.2) 
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Bandar Seri Begawan, Brunei 
4° 53' N / 114° 56' E 

The University of Brunei Darussalam is a small, young university (established 1985) with a 
comprehensive range of courses, and about 3200 students, predominantly (84%) 
undergraduate. It is located in the capital of Brunei, at low elevation (<20 m) close to (1 km 
from) the coast of the South China Sea, and caters to largely south Asian students. The 
environment around the capital is generally lightly cleared and settled equatorial rainforest or 
coastal vegetation. 

Brunei is a small country on the north coast of the island of Borneo, with a predominantly 
Muslim culture (66% Malay), but with a significant east Asian component of the population 
(11% Chinese) and appreciable numbers of ‘guest’ workers. The capital has a population of 
about 107,000 (2017), and the environment is typically equatorial, rainforest, with high 
temperatures and humidity, abundant sunshine and year-round rainfall (119 mm in driest 
month) on many rainy days (table 4.2). The study was conducted in August, intermediate 
between the ‘dry’ season and wet season, although Brunei has an almost seasonless hot, wet 
climate. 

Taipei, Taiwan 
25° 5' N / 121°33'E 

The Chinese Culture University (established 1962) is a large (~32,000 students) comprehensive, 
private university located in extensive natural forest and woodland on Yang Min mountain, at 
400 m altitude 10 km northeast of downtown Taipei City, and about 15 km from the coast of the 
southern limit of the East China Sea. Taipei is a city of about 2,700,000 people (2015) in close 
proximity to other urban areas with another 7 million people. Approximately 35% of the 
population identify as Buddhist and 32% Taoist, with Christianity the third most common 
religion. The city and country has an emphatically Chinese culture with Japanese and Western 
elements and influences. Taipei is the centre of the Taiwanese commercial focus, and is a 
wealthy city, based on manufacturing, particularly of electronics. 

The area is subject to the east Asian monsoon, with short, cool winters and long, hot, humid 
summers. Taipei is remarkably cloudy, and foggy in winter, with a relatively small amount of 
annual sunshine (table 3.2). Snow may fall on the mountain peaks to the north and south of the 
city, but never at lower altitudes. The visit was made in October, which is the end of summer 
when temperatures are mild, and the tail-end of the wet season. 

Rochester, New York, USA 
43° 9' N / 77° 36' W 

The Rochester Institute of Technology (established 1829) is a medium-sized private college of 
about 20,000 students (83% undergraduate, 11% international) located about 11 km southwest 
of downtown Rochester, at about 165 m elevation. It is 21 km south of the southern shore of 
Lake Ontario and 415 km from the nearest ocean (Lower New York Bay, on the Atlantic, to the 
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southeast of Rochester). The Institute hosts the Munsell Color Science Laboratory in the College 
of Science. 

Rochester is a city of about 210,000 people (2017), with an overwhelmingly Christian religious 
makeup and American (Western) culture. About 46% of the population identify as “white”, 41% 
African American, and 18% Hispanic. Rochester is a technology hub, located in the grain-
growing agricultural region in the north of New York State. 

At 43° N, Rochester has a highly seasonal, cool temperate climate with mild summers and cold 
winters, low winter and high summer sunshine hours. This is the only location visited where snow 
may fall, and it may occur from November to April, with daily falls of more than 25 mm, on 
average, 64 days per year. This location stands in stark contrast to the other “western” location 
(the Gold Coast) where snow is unheard of, and winter sunshine hours are almost the same as 
summer hours. The visit was in February, at the height of winter when the region was blanketed in 
snow and very cold temperatures were experienced, under cloudy skies and short days (table 4.2). 

4.5.2 Issues with Data Collection 

During the data collection in 2012 it was discovered that data collected from some participants 
was not being saved. Upon further investigation it was found that there was a quirk in the 
programming of the software. It meant that, if the program was not exited properly after each 
participant (and before the next participant), or if the program shut down without implementing 
procedures contingent on the exit button, the data were not saved to the CSV file. No data were 
confused between participants, but some or all data from up to 70 participants may have been 
lost. The issue was discovered before the international data collection was started. Some 
international data were still lost, but the number of incidents was much smaller (less than 10). 

In addition, there were a very small number of participants who evidently did not understand 
how the program worked, even after reviewing the instructions.  This resulted in some 
incomplete data collection, and anomalous results, as discussed in Chapter 6, section 6.3.  

4.6 Summary 

The colour matching program was developed based on several prototypes, to collect both details 
of the participant and their match data. Based on early experience, only hue matching was 
required of participants as matching all three dimensions of colour had proven too demanding. 
The task thus was one of hue discrimination rather than colour discrimination in a broader 
sense. 

329 participants and 14,644 colour matches were collected from five locations varying from 
Islamic through Asian to Western cultures, and from equatorial to cool temperate climates, in 
young or long-established institutions. This provided a large amount of data for analysis and a 
wide range of social and geophysical scales from which to draw participants, giving ample 
opportunity to explore the effects of such influences on hue discrimination. 
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The data set, here, is both very large and very complex. Its processing is not straightforward, and 
hardly amenable to traditional statistical methods. This section presents a step-by-step 
development of the numerical processing of the data, to yield a set of values that can be analysed 
to answer the questions about colour discrimination. It, in conjunction with Appendices 3 and 4, 
presents the numerical and statistical logic that underlies the analytical methods used in the 
later chapters. 

5.1 Colours Offered 

The program that generated colours to be matched was written to choose RGB values randomly 
in the range [50 255], independently for each of the R, G and B colour components. A plot of the 
colours selected, within the RGB cube, should thus show a random (i.e. with 14 644 colour 
points, approximately even) distribution of colour points. The 3-D cube is impracticable to 
present here, but the projections of all points onto the R/G, the B/G, and R/B planes, are shown 
in figure 5.1 (over page). 

The charts in figure 5.1 show that the distribution of points in the range [50 255] is 
approximately even; thus, the points were evidently well-chosen, and approximately at random. 
The few points at R, G or B values below 50 were points used in the pilot study, where colours 
drawn from the full range of R, G and B values were selected. 

5.2 Data Cleaning 

In the preliminary examination of the data set, it was found that participants selected a hue of 
exactly zero (i.e. pure red, of various lightnesses and saturations) much more often than any 
other of the 360 hues that were available to be selected. Examination of the programming 
indicated that, if the participant did not move the hue selector at all, the program would return a 
selected colour with a hue of zero, and saturation and lightness equal to that of the offered 
colour.  

This seemingly odd handling of the program by participants would be a natural outcome if 
either: (a) the participant felt that their task was to judge the match between the colour and 
offered match, and not adjust the matchable colour; or (b) felt that the match offered was so 
close that no adjustment was required. Noting that, in most instances of this matching outcome, 
these colours were the first matches in their sequence of 45 offered colours, and that the 
participant also reported that the colour match was poor, the former would seem to be the more 
common explanation.  

Thus 101 cases with this characteristic were removed from the data set; and the number of hue 
zero matches fell in line with other hue values. As a consequence, the number of ‘valid matches’ 
was reduced to 14 543. 
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Figure 5.1A  Figure 5.1B 

  
Figure 5.1C 

Figure 5.1A to C Projection of colour points onto the red/green (A), blue/green (B) and red/blue (C) planes 

5.3 Dealing with Saturation and Lightness 

Although the offered colours were of a range of different saturation and lightness values, for a 
given match the program kept these variables fixed (as noted earlier) and matched to the offered 
swatch, while participants attempted to match the offered colour by adjusting only the hue. The 
variable of interest was hue, and, although saturation and lightness will influence the 
participants’ capacity to match hue, these latter variables were not of principal interest in the 
study; rather they were to be controlled for. It might be asked why the program was set up to 
produce much more complex data, with a wide range of values of saturation and lightness, 
rather than simply set a standard and repeated or even a single fixed value for these variables. 
Given that the goal of the study was to determine the capacity of people to match (or conversely, 
discriminate) hues, it was judged appropriate that conclusions should be generalisable over a 
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range of saturation and lightness values for any given hue, and so data that could be generalised 
in this manner were generated. 

A plot of raw matching error (matched, minus offered, hue) against offered hue reveals that 
there were many close matches and some very poor matches (figures 5.2 and 5.3). Figure 5.2 
plots each case as its matching error against the offered hue, and figure 5.3 shows the number of 
matching errors of each size (i.e. number of hue units), from zero (a perfect hue match) to 180 
(where the chosen hue was exactly opposite the hue of the colour offered). 

 
Figure 5.2 Hue-matching errors plotted against offered hue 
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Figure 5.3 Number of hue-matching errors plotted against size of matching error (note the quasi-logarithmic 

scaling of the y-axis) 

It is clear that most matches were quite accurate; indeed 88% of matches had a matching error 
less than 4 hue units, and 95% less than 6. However, there were some remarkably large 
matching errors, with 0.8% of matches having a matching error greater than 15 hue units. 
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It was expected that participants would find highly-saturated, medium-lightness colours easier 
to match closely than low-saturation colours near grey, very pale colours near white 1, and very 
dark colours near black. Dark colours have already been dealt with (section 4.1.1), as they were, 
a priori, judged to be too difficult. The colour-generating program did offer very light and very 
low saturation colours, and it is likely that some or all of the very poorly matched results might 
be attributed to the offered colour having one or both of these characteristics, as discussed 
below. Figures 5.4 and 5.5 show plots of the hue-matching errors, plotted against saturation 
(figure 5.4) and lightness (figure 5.5) of the offered colour. 

 
Figure 5.4 Hue-matching errors plotted against Saturation of the offered colour: A, raw data (left);  

B, absolute matching errors, plotted on a logarithmic scale (right) 

 
Figure 5.5 Hue-matching errors plotted against Lightness of the offered colour: A, raw data (left);  

B, absolute matching errors, plotted on a logarithmic scale (right) 

In order to show detail in the close matches (i.e. small matching errors), the absolute size of the 
matching errors was plotted on a logarithmic scale in the right-hand charts (figures 5.4B and 

 
1  Although Padgham and Saunders (1975) note that “the eye” is especially sensitive to small changes in hue of 

near-white colours. 
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5.5B). Because of the logarithmic scaling, matching errors of zero (i.e. perfect matches) cannot 
be shown on these right-hand charts. It may be noted, however, that some matching errors 
plotted in these charts are less than 1, which is an artefact of the computation of hues of the 
offered and matched colours 2. 

It is likely that participants would, on average, make larger hue-matching errors at low 
saturation than high. There is some evidence of this in figure 5.4, especially when the matching 
errors are plotted on a logarithmic scale (figure 5.4B). Similarly, participants might be expected 
to make greater hue-matching errors at low and high lightnesses, as is evident in figure 5.5B. 

The goal of this study was to determine the matching error made by participants at different hue 
values, generalisable over a range of saturations and lightnesses. The next step in processing the 
data set, then, was to remove the effect of different values of saturation and lightness from the 
hue-matching error, acknowledging that at some saturation and lightness values, large matching 
errors were expected to occur (and indeed do seem to occur, judging from figures 5.4 and 5.5), 
and that suitable numerical treatment can control for the effect of the different values of these 
two variables. 

In principal, this was a very simple process; if average matching errors are larger at some 
saturations than others, the errors made in matching colours where saturation would cause 
large matching errors should be scaled downwards, and the matching errors made when 
saturation would lead to small errors should, correspondingly, be scaled upwards 3. If the 
function of matching error vs saturation is known, such adjustments can completely remove the 
effect that saturation has exerted on matching errors, leaving only the effect of hue to explain the 
size of the matching errors 4. Thus, if we know the function that best describes the size of 
matching errors at different saturations, and the corresponding matching error function for 
lightness, we can numerically control for these two variables. 

Upon examination of the data, a curious anomaly was found: just where poor hue-matching 
would be expected, the proportion of perfect matches increased. This counterintuitive effect is 
shown in figures 5.6 and 5.7 (over page), for saturation and lightness, respectively. 

 
2  Given that hue is computed and reported in 360 increments of a single unit, it might be expected that the 

minimum non-zero matching error would be 1, but computation of hue from RGB values, which are themselves 
fixed with unit increments, typically gives non-integral calculated hue values; and for the purposes of the data 
analysis, hue values were calculated and analysed to higher precisions (15 decimal places, from Excel®). 

3  Note that “scaled” upwards or downwards implies multiplication by some factor, which is itself a function of the 
value of saturation or lightness. 

4  Strictly, leaving lightness, hue and anything else to explain the size of errors, but we can remove the effect of 
lightness in this manner, too, and whatever those other things might be are not the subject of this ‘clean-up’ of 
the data set, but may be subject of further exploration later in this study. 
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Figure 5.6 Proportion of cases at each level of  Figure 5.7 Proportion of cases at each level of 

Saturation which were perfectly matched    Lightness which were perfectly matched 
(note that the x-axis is log-scaled) 

Thus, the proportion of perfect matches was unexpectedly high at very low saturation (figure 
5.6) and very high lightness (figure 5.7), precisely where a priori considerations suggest that 
matching should be poor. This is probably an artefact of the RGB specification of such colours. 
Consider, for example a colour that is an almost maximally light shade of red, with RGB values of 
(255 254 254). There are only two other colours that the RGB scheme can display at this 
lightness, i.e. (254 255 254) (very light green) and (254 254 255) (very light blue). Given that 
the program maintained the lightness and saturation of the matching colour, then the user could 
only select from three colours at this lightness, and they were 120 hue units apart. If the hue was 
chosen randomly, there is a ⅓ chance that the hue would be matched perfectly, even if the 
participant exercised no judgment. A similar argument applies to very low saturation colours. 
Thus, these perfect matches may contain little information on the effect of saturation or intensity 
on hue matching capacity of the participants. For this reason, the perfect matches were removed 
from the data when the saturation and lightness were controlled for (but retained for all 
subsequent analyses). 

The numerical approach to controlling for saturation and lightness was to compute a polynomial 
multiple regression on the size of the matching errors, as explained by the lightness and 
saturation values, and to save the residuals of this calculation, as the new, statistically-
controlled, colour-matching error values. This process simply removed the effect of lightness 
and saturation, and produced a new variable that preserved the scale and effects of hue (and any 
other relevant variables), but centred the new variable on zero. The mean of the data set was 
then restored. 

The use of a well-known statistical technique suggests that this is a statistical analysis, but it is 
not. It is simply using the well-known process of multiple regression to estimate a least-squares 
best fit to the data, and this function was used to adjust the value of each case to what it would 
have been if the matching had taken place at the average value of saturation and lightness. It is 
not important whether the terms in the multiple regression equation are statistically significant, 
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or not; this is just a mathematical processing of the data to remove the confounding effects of the 
use of different values of saturation and lightness. 

Noting that the desired adjustment is multiplicative, and that high leverage of very large 
matching errors was to be reduced, a logarithmic transformation of the matching errors 
produced data suitable for multiple regression, where the effect of the coefficients (additive in 
the scale of the regression analysis) was multiplicative in the scale of the raw data. Thus, the 
absolute matching errors were log10(y)-transformed before the analysis. A logarithmic 
transformation renders zero values undefined and so cannot handle zero values in the data; this 
was no problem here, as the zero values were removed from the data before this processing (see 
above). 

In defining the regression to calculate, it was clear that a simple linear (straight line) regression 
of matching error size on the level of either saturation or lightness would not suffice (see figures 
5.4B and 5.5B). A curve of some form was, therefore, required; and it was found that 4th order 
polynomial regressions fitted the distribution of the data to a satisfactory degree (figures 5.8 
and 5.9) 5. 

 
Figure 5.8  Matching error size vs Saturation with 4th order polynomial regression line-of-best-fit  

(black line) and 95% confidence bands on the regression line (red lines) 

 
5  It is noteworthy that the ‘typical’ matching error at high saturation was a little above 0 (log10 units), and about 1 

at lowest saturation, yielding average errors of about 1 and 10 (hue) units-of-measure. Kuehni (2003) reports 
that over the tenfold range of chroma from 10 to 100 on the CIELAB diagram, hue difference (∆E) increases ten-
fold, but when computed by ∆E*94, the factor is just 4.6, which would roughly approximate the value suggested in 
this figure. 
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Figure 5.9 Matching error size vs Lightness with 4th order polynomial regression line-of-best-fit  

(black line) and 95% confidence bands on the regression line (red lines). 

Thus, a multiple, polynomial regression of log10(abs|error|) on saturation to the fourth order and 
lightness to the fourth order was computed, and the residuals calculated, sign restored, and 
saved as the ‘clean’ data set for further analysis. This is the data set from which the effects of 
different levels of saturation and lightness have been removed. The statistical significance of this 
regression fit is not important to its use as a numerical control of the effects of saturation and 
lightness; nevertheless, the regression table is given in Appendix 2, tables A2.1 and A2.2. 

The effect of the standardisation of the data to a common value for each of saturation and 
lightness was to reduce the size of the hue-matching errors for many large matching errors, and 
increase the values for some small matching errors. Some small matching errors were further 
reduced, and some large matching errors were increased, so that some (10) matching errors 
exceeded 180 hue units. There were no grounds to adjust such matching errors to modulo(180) 
as these were simply rescaled matching errors and not polar coordinates of a hue value. Figures 
5.10 and 5.11 show the scale of matching errors vs saturation and lightness after this 
standardisation. Note the differences between these plots and figures 5.8 and 5.9 which show 
the unstandardized raw data. The most noticeable difference is that the high values at the 
extremes of saturation or lightness were reduced, sometimes greatly. The regression lines 
shown are fourth order polynomial lines-of-best-fit, which, being perfectly straight and of 
constant value across all values of the x-variable, indicate that the effects of saturation and 
lightness were completely removed. The process of standardisation for saturation and lightness 
removed 17% of the variance in the hue-matching data (i.e. adjusted R2 = 0.17), which otherwise 
would have obscured any effects that might explain errors in matching accuracy. 
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Figure 5.10 Standardised matching error size vs Saturation with 4th order polynomial regression  

line-of-best-fit (black line) and 95% confidence bands on the regression line (red lines)  
(compare with figure 5.8) 

 
Figure 5.11  Standardised matching error size vs Lightness with 4th order polynomial regression  

line-of-best-fit (black line) and 95% confidence bands on the regression line (red lines) 
(compare with figure 5.9) 

The data that were used to achieve this standardisation, and the standardised values, are given 
in Appendix 2.1. The analysis of the data is introduced in the next section. 

5.4 Data Analysis 

The main goal of this analysis was to examine and understand the errors made by participants in 
attempting to match the offered colour, which they did by adjusting the hue of a colour swatch to 
match, as closely as possible, the predefined swatch displayed. The error in hue match is an 
inverse proxy for the capacity to discriminate the offered colour. 
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The statistic of interest, therefore, is the size of the matching errors made by participants, either 
overall, or at certain positions around the hue circle. As discussed previously, when considering 
the standardisation of data with respect to the different saturation and lightness values offered, 
some transformation of the data were required in order to reduce the leverage of very large 
matching errors, and to resolve the differences in matching discrimination in the small matching 
errors that dominate the data. 

5.4.1 Transformation of the data 

Although the data set is large, and the application of statistical techniques to large data sets is 
moderately robust to departures from the assumption of normality of residuals (Hoel 1966), it is 
clear that a small number of cases had such high matching errors that they would exert undue 
leverage on the vast majority of cases that have small matching errors. It was desirable, 
therefore, to reduce this leverage by rescaling the data to a scale on which the majority of the 
data with small hue-matching errors provides the majority of the information. This is usually 
achieved by transformation of the dependent variable, by some means that compresses the large 
values and expands the small ones. Typically, this is achieved by some fractional power 
transformation or a logarithmic transformation (Statsoft 2005). 

To select the best transformation from a number of commonly-used algorithms, one thousand 
cases were drawn at random from the data set. Then the mean, skewness and kurtosis 6 of the 
distribution of the response variable in the data (matching errors) was computed. Table 5.1 
shows the characteristics of the raw and transformed data under a number of possible 
transformations. 

Table 5.1  Transformations trialled on data to render the raw distribution of matching error  
approximately 'normal' 

Transformation Algorithm Mean SE(mean) p(mean=0) Skewness Kurtosis 
Identity (raw data) y’ = y 0.119 0.247 0.63 -6.45 216 
Square root y’ = sign(y)×|y|1/2 -0.0085 0.052 0.87 -0.323 5.2 
Cube root y’ = y1/3 -0.0014 0.040 0.97 -0.055 -0.761 
4th root y’ = sign(y)×|y|1/4 0.0011 0.036 0.98 -0.025 -1.44 
Log 7 y’ = sign(y)×log10|y| -0.011 0.015 0.46 0.0039 1.08 
Log(|y|+1) y’ = sign(y)×log10(|y|+1) -0.0027 0.016 0.87 -0.033 -0.017 

 
6  The normal distribution (which the transformation is intended to approximate) is characterised by a number of 

parameters, two of which are skewness and kurtosis. Skewness is asymmetry of the distribution around the 
mean, and in the raw data, here, strong negative skewness (g1 = –6.5) indicates that the mode of the distribution 
is to the left of (smaller than) the mean. Kurtosis measures the degree that the distribution is clumped near to, or 
distributed widely about, the mean (relative to the standard deviation of the distribution). The raw data, here, is 
extremely leptokurtic (g2 = 216), i.e. it is extremely clumped around the mean, with a small number of very large 
positive and negative outliers. 

7  The log(y) transformation is included here only for comparison purposes. The logarithm of zero is undefined, and 
since the data set contains a considerable number of perfect matches (error = 0), all such cases would be 
excluded from any data analysis under such a transformation; yet such cases contain a lot of valuable information 
about hue-matching performance. In some fields (e.g.  biometry, ecology) the log(y+1) transformation is often 
implemented to achieve a ‘log-like’ transformation which handles zeros effectively, since log(0+1) = log(1) = 0 
(Sokal and Rolf 1969). 

 The log(y) transformation was previously used in the process of removing the effects of saturation and lightness, 
but zero cases were intentionally removed from the data for those calculations. 
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On the basis of suitable small values of skewness and kurtosis, the best transformation was the 
log10(|y|+1) transformation, which reduced skewness and kurtosis to very low levels and yielded 
a relatively normal distribution of values (table 5.1, figure 5.12). 

 
Figure 5.12 Frequency distribution of log10(|y|+1) transformed matching error based on a random sample 

 of 1000 cases 

Thus, in order to estimate the effect of the variables of interest in this study on the accuracy (or 
inversely, matching error) of hue matching, the matching error values (y) were transformed as 
y’ = sign(y)×log10(abs|y|+1). These are the numbers that are used in all analyses reported 
hereafter in this study. To be clear what data are referred to henceforth: (a) the raw matching 
values (offered Hue – matched Hue) are called “raw matching error”; (b) the values with effects 
of concomitant saturation and lightness removed are called “untransformed matching error”; 
(c) the transformed matching values are called “matching error”; and (d) where values such as 
means are scaled back to units of measure, the values are called “detransformed matching error” 
or “matching error in units-of-measure”. 

5.4.2 Hue: A circular variable 

The key data set obtained from this pre-processing of the data was the values of Hue, and 
corresponding values of the hue-matching error (adjusted for corresponding values of 
saturation and lightness), which, as above, are called “matching error”. Hue is a circular variable 
which varies from zero to 359, and then returns to zero once more. Matching error (in its 
sign(y)×log(|y|+1) form) is a linear variable, that varies from negative values of about –2.4 to 
positive values about +2.4, and is approximately normally distributed about a mean of 
approximately zero. Any analysis of matching error against Hue must account for the necessity 
that the estimated value of matching error at hue = 360 must be the same as the estimated value 
at hue = 0, since these are the same hue value. In Appendix 5, a number of approaches to circular 
data analysis are discussed. A weighted, segmented means approach was shown to have the 
most valuable characteristics for data comparisons made here. 
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5.4.3 The Response Variables: Matching Error 

The response variable in this data set is the hue-matching error; as standardised for associated 
values of saturation and lightness, and transformed to reduce undue leverage of a few very large 
matching errors; i.e. the variable “matching error”. This variable can have negative, zero or 
positive values. The sign of the matching error value provided information on the direction of 
the error, which, for some hues, might be predominantly negative, or positive. A negative 
matching error indicates that the matched colour was counter-clockwise around the hue circle 
(e.g. an orange ‘matched’ by a redder hue), and a positive matching error was clockwise (e.g. an 
orange ‘matched’ by a more yellow hue, etc.). The direction might be of some value in 
forthcoming analyses and, where used, will be called “direction of matching error”. It seems 
more likely that the simple size of the matching error is of greater value and, possibly, both more 
readily measured and more generalisable. 

If bias is the matter of interest, then the simple average of the relevant set of signed matching 
error values would produce a summary measure of this variable. Many colour researchers (as 
reported in Wyszecki and Stiles 1982, for example), when faced with matching data, have 
computed the standard deviation (often called “root mean square”) of their matching error data 
set. In the work reported here, for size of error, the simple mean of unsigned matching error (i.e. 
average deviation 8) was computed, in keeping with the scaling of bias.  

5.5 Summary 

Of 14 644 cases, 101 were removed due to anomalous treatment of the colour matching task, 
leaving 14 543 matches to be analysed. Although matches were made to offered colours of a 
wide range of lightness and saturation values, the effects of these variables were controlled for 
(i.e. removed) numerically. The resultant data were found to be strongly negatively skewed and 
extremely leptokurtotic (see footnote 6). A log(|y|+1) transformation of adjusted matching error 
values was found to yield relatively well-distributed data. 

While Hue matching error data are linear, and can be analysed by routine statistical methods 
(means, t tests, ANOVA, regression, etc.), Hue itself is a circular variable, and requires special 
methods. These methods are developed and described in Appendix 5. The data analysis also 
presents some unique challenges, and the method of analysis, and of statistical significance 
testing, are developed and presented in Appendix 6. 

The preliminary analysis of the data commences in the next chapter (Chapter 6) where the 
interactions between hue, saturation and lightness, and the effects of some participant 
characteristics, are explored. 

 
8  If the data are normally distributed (and this is so, roughly, with the data as prepared here), the average 

deviation (α) is linearly related to the standard deviation (σ) as σ ≈ 1.26×α. The major difference between 
average deviation and standard deviation is that the latter gives more weight (or leverage) to outliers: for data 
more than ~1.52 σ from the mean, standard deviation gives greater weight, and below ~1.52 σ gives less, than 
average deviation. At 1 σ from the mean, the relative weight of a datum (standard deviation/average deviation) is 
0.66, and at 2 σ from the mean the relative weight of a datum is 1.32. 



Chapter 6: Data Exploration 

This chapter covers data exploration in the following five areas: (1) the participants; (2) the 
relationship between size and direction of matching error; (3) benefit of experience with the 
test; (4) the relationship between time to make a match, uncertainty in the accuracy of the match 
and matching error; and (5) the effect of hue, saturation and lightness on matching time, 
uncertainty and error. 

6.1 The Participants 

Three hundred and twenty-nine participants took the test. Their characteristics are examined in 
detail in Appendix 7; this section serves only to highlight some of the key matters explored and 
reported in the appendix. 

Close to half the participants were of each gender (171 ♀, 158 ♂, pequal = 0.47, table A7.1). They 
were asked to categorise their age into one of 6 age-groups, but only 5 participants listed the 
youngest (less than 18 years), so the two youngest groups were amalgamated into a combined 
group of “less than 25 years”. Almost ⅔ of participants (209/329 = 64%) were in this youngest 
combined group and only 4% (13/329) were in the oldest group, 55 to 65 years (table A7.13). The 
gender ratio was similar in all age-groups (pindependent = 0.89, table A7.2). 

As noted previously, tests were conducted in five locations, with quite different numbers of 
participants recruited at each location (table A7.26): from 34 in Brunei, to 131 at the Gold Coast. 
The gender ratio did not differ significantly between locations (pindependent = 0.074 (critical value 

0.025), table A7.26), but age-group representations did differ between locations 
(pindependent = 1.7×10–16). There were fewer youngest age-group participants recruited at the Gold 
Coast (49/131 = 37%) than averaged over all locations (64%), and more youngest age-group 
participants in Taipei (72/77 = 94%). 

Participants were asked how confident they were when working with colour, and offered a choice 
of 5 answers (“no”, “not really”, “unsure”, “somewhat”, and “yes”). Most participants selected the 
“yes” answer (203/329 = 62%), and most of the others chose “somewhat” (85/329 = 26%) (table 
A7.38). Confidence was independent of gender (pindependent = 0.29, table A7.38), but varied with age-
group (low in under-25s and high in 34 to 44 year-olds, table A7.39), and location of the test (high 
on the Gold Coast, “somewhat” answers high at Brunei, table A7.40). 

A yes/no answer choice was offered to participants when asked if they worked routinely with 
colour. Almost identical numbers of participants chose each option (165 yes, 164 no, 
pequal = 0.96, table A7.49). Working with colour was independent of gender (pindependent = 0.17, 
table A7.50) and age (pindependent = 0.77, table A7.51), but strongly influenced by location: where 
25/26 participants (96%) at Rochester reported that they worked with colour, as did 52/77 (67%) 
at Taipei (table A7.52). At both these locations, the tests were conducted in a department that 
specialised in colour research or colour education. Somewhat surprisingly, the proportion of low 
or high confidence answers given by participants was independent of whether they worked with 
colour or not (pindependent = 0.52, table A7.53). 
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In order to determine the academic or employment specialisation of participants, they were 
asked to name their area of interest or specialisation. Participants offered 54 different answers 
to this free-text question, which were grouped into 8 categories (table A7.61): with from 10 
(medical and health science) to 90 (IT) participants in the categories. The numbers in these 
categories were not independent of any of the other 11 characteristics recorded for participants, 
but the cross-dependence was only weak for gender and confidence in colour; thus males were 
over-represented in IT (58/90 = 64%, overall average 27%, table A7.63). The many other 
interactions are explored and reported in section A7.6 of Appendix 7, and tables A7.62 to A7.73. 

When asked to nominate the highest level of education already completed, participants were 
offered 8 pre-chosen options. Only two participants had not completed secondary education, 
and these were grouped with 129 who had completed secondary education to form a combined 
group of “primary or secondary education”. Two participants chose the eighth option “other”, 
and the nature of their education was not revealed. As might be expected from a sampled 
population of university attendees, the greater number of participants had completed secondary 
school (131/329 = 40%, table A7.75), and the smallest a doctorate (24/329 = 7%). The level of 
completed education was independent of gender or whether they worked with colour, and only 
weakly interacted with their confidence in working with colour (table A7.74). It interacted 
strongly with all other characteristics recorded (see tables A7.75 to A7.86). 

Participants were asked if they were an international visitor to the location where they took the 
test. Only 56 participants (17%) acknowledged that they were a visitor. Being a visitor had no 
bearing on the likelihood that a participant would be of either gender, confident with working in 
colour, or actually did work with colour (table A7.86). Visitors were under-represented in the 
youngest age-group (17/209 = 8% vs an average of 17%) and more likely to be in the 25 to 34 
years age-group (29/64 = 45% vs 13%) (table A7.88). Visitors were under-represented at Jakarta 
0/61 = 0% vs 13%, and over-represented at Rochester (11/26 = 42%) (table A7.89). 

Thus 56, or 17% of, participants were international visitors to the location they took the test. All 
participants were asked how long they had resided at the location of the test, and were offered a 
choice of six periods of stay: “less than 1 month”, “1 month to less than 6 months”, “6 months to 
less than 1 year”, “1 year to less than 2 years”, “2 years or more”, and their “entire life”. There were 
so few participants in the international visitors meta-group that the first three groups were 
combined to form a new combined group of “less than 1 year”, representing 17 participants).  

Gender ratio, and whether the participant worked with colour, were independent of the period of 
time spent at the test location (i.e. “less than 1 year”, “1 to 2 years”, “more than 2 years but not 
entire life”, and “lifetime”); and the period of time spent at the test location had little bearing on 
the participants’ confidence with colour or the numbers choosing any particular disciplinary 
specialisation (tables A7.98, A7.102 and A7.104). All other variables interacted strongly with the 
period spent at the test location; these interactions are explored in detail in section A7.9 of 
Appendix 7. 

In order to be able to discern any effect of previous sociocultural experience on their 
performance in the colour matching test, participants were asked three free-text questions 
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about their background: (A) “where did you spend the greater part of your first 20 years of life?”, 
(B) “what is your home country?”, and (C) “what is your nationality?” The answers to each 
question were very similar (see figure A7.1) with 94% of participants nominating the same 
(grouped) location for each question (see next paragraph).  

Participants nominated 30 different formative locations (i.e. where they spent the greater part of 
their first 20 years), 26 different home countries, and 30 different nationalities. These diverse 
nominations were grouped into 10 early life categories (table A7.110), 8 home country regions 
(table A7.124), and 8 nationality groups (table A7.136). Each of these location variables 
interacted with all other variables. Generally each location variable interacted in the same 
manner: gender ratio varied only weakly with location variable values (i.e. locations, regions or 
nationalities nominated), but all other variables varied strongly (tables A7.111, A7.123 and 
A7.137). These effects are explored and reported in sections A7.10 to A7.12 of Appendix 7. 

6.2 Participants with Self-Reported Colour Vision Deficiencies (CVDs) 

A small number of participants reported having some deficiencies in colour vision — one with 
monochromacy, one with blue-yellow deficiency, one with red-green colour deficiency, eleven 
who stated that they had a deficiency but did not identify its nature, and one with synaesthesia 
(not a colour vision impairment).  

The matching performance of each of these participants is examined in Appendix 8. Participants 
with monochromacy, red-green deficiency and unstated nature of deficiencies showed 
significantly poorer matching than the participants who reported no deficiencies. The participant 
with blue-yellow deficiency matched well within the normal range, while the participant with 
synaesthesia exhibited superior colour discrimination. While the participant with monochromacy 
was removed from the data set, the others were retained, as explained in the appendix. 

As reported in Appendix 8, there was evidently appreciable under-reporting of colour vision 
impairment, and it would seem likely that there were at least small numbers of (perhaps a dozen) 
males with unreported red-green deficiency, based on typical incidence rates in a sample as large 
as that studied here. Since no CVD testing was performed, there was no way to determine which 
participants these may be, and their inevitable retention may have increased the average error 
rate of males in the sample to a small extent. To counter this, it seems apparent from the data 
(Appendix 8) that some people with CVD may have declined to participate in the test. 

6.3 Response Variables: Size vs Direction of Matching Error  

The study admits the possibility that, at the participant level, there may be a relationship 
between matching error size and direction (or “bias”). If all a participant’s errors were clockwise 
(i.e. the hue selected was always a larger hue number than the hue offered), then for any subset 
of the data, the average direction would be the same as the average size. If all matching errors 
were anticlockwise, they would all be negative, the average size would be the negative of the 
average direction. In practice, it seems likely that participants made both clockwise and 
anticlockwise matching errors, so, for any subset, the absolute value of the average matching 
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error direction would be smaller than the average error size. The extent to which participants 
may have matched with a clockwise (positive) or anticlockwise (negative) bias might be 
valuable information arising from this study.  

If bias arising from matching error is a random effect, then any bias by participants with large 
matching errors will also have large values, or alternatively, a participant whose matches were 
precise could not have large bias, even if their matches were routinely biased. Thus, plotting 
matching error against bias may well produce spurious effects. In the data here, there was a 
weak positive correlation between size of matching error and size of bias (r = 0.21, r2 = 0.043, 
p = 0.00017). To remove this confounding effect, the average size and direction of matching 
error was calculated for each participant, and the average direction of matching error, divided 
by average size of matching error for the same participant, was plotted against their average size 
of matching error (figure 6.1). 

 
Figure 6.1 Plot of direction of matching error against size of error (all participants) 

There are four notable outliers in figure 6.1, each marked with their case number. The point 
identified as #44 is the participant who reported having monochromacy, who was omitted from 
analysis. These four participants are profiled in table 6.1. 

Table 6.1 Profile of outlier participants 

Participant 
Average Size Error 1 

Deficiency Gender 
Age-

group Location Specialisation 
Raw Error Detransformed 

#26 93.1 66.2 none reported male 18 to 24 y Brunei Visual and creative arts 
#27 94.1 72.5 none reported female 18 to 24 y Brunei Visual and creative arts 
#44 8.2 5.34 monochromacy male 25 to 34 y Brunei Sociology 
#50 7.6 5.75 none reported female 25 to 34 y Brunei Education 

others 2.32 1.61 — — — — — 

 
1  Raw Error is the average of the absolute values of the raw matching errors, and Detransformed Error is the 

detransformed average of the transformed matching errors; due to the high skewness of the raw data, the latter 
is a better estimate of central tendency. 
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The two participants #26 and #27 had much greater errors than even the participant with 
monochromacy, and it must be that something anomalous has occurred to yield such differences. 
These two cases were omitted from the analysis, as it is not known what factors led to such 
enormous matching errors. Case 50 is more challenging. It is slightly further from the centroid of 
the plot than the participant with monochromacy (#44), but nothing was reported by this 
participant to suggest that they would yield outlier matches. Nonetheless, as the differences 
from the norm shown by participant #44 merited their omission, then #50 was omitted as well. 

The biplot of average ‘bias-divided-by-matching-error’ against average ‘size-of-matching-error’) 
for each participant was redrawn without these members, in figure 6.2. The ellipse is a 95% 
inclusion ellipse which shows the field in which there is a 95% chance that any additional case 
would fall, if drawn under the same conditions as the cases shown. There is a slight negative 
inclination of the major axis, but the inclination is not statistically different from a bivariate 
normal random allocation of points (r2 = 0.0017, p = 0.46). The plot and analysis indicate that 
there was no tendency for participants who made larger errors to make errors biased in either 
direction (or the converse). 

 
Figure 6.2 Plot of direction of matching error against size of error (outliers removed),  

with 95% inclusion ellipse on the distribution of cases. 

After omitting the participant with monochromacy, anomalous participants #26 and #27, and 
doubtful participant #50, the data set comprised 325 participants and 14 399 cases or colour 
matches. This is the data set that is the subject of analysis in the main (forthcoming) body of this 
thesis. 

6.4 Benefit of Experience with Test 

It seems likely that participants in this study might improve their performance with experience. 
There are two ways this can be examined in the data: (1) while nearly all participants (310) did 
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the test just once, some participants completed the test more than once (14 did it twice; one, the 
experimenter, 5 times); and (2) participants attempted matching of 45 colours, some matches 
(the first ones) with little previous experience, and some (the later ones) with up to 44 previous 
colour-matching experiences. 

6.4.1 Effect of Multiple Participations 

An ANOVA of size of matching error partitioned by number of previous experiences with the test, 
showed that size of matching error was significantly greater for naïve participants (mean 0.419 
± 0.0047 [mean ± 95% CI] 2) than participants with previous experience (0.383 ± 0.020) 
(p = 0.00052). There was no difference between matching by participants who had completed 
only a single previous test, and the tests done with three or four previous experiences (p = 0.90) 
(see figure 6.3). 

Clearly, there was little reason to partition the participants with one or more previous tests from 
each other. In untransformed units-of-measure, the average size of matching error for first 
attempters was 1.62 hue units (95% confidence limits 1.60 to 1.65), and for those with one or more 
previous attempts 1.41 (95% CLs 1.30 to 1.53) hue units. While this was a small and statistically 
significant difference attributable to benefit of previous experience, it was regarded as trivial, and 
these multiple-attempt cases were retained in the data and not treated in any special manner. 
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Figure 6.3 Means and 95% confidence limits for size of matching error for participants with various 

numbers of previous experiences with the test  

6.4.2 Effect of Number of Previous Matchings 

The previous section looked at the effect of taking the test more than once. This section looks at 
the effect of experience which increased with each match within a single test. 

 
2  That is, the mean of the group (as log(y+1) transformed matching errors adjusted for saturation and lightness) ± 

the range from that mean to the 95% upper or lower confidence limits. Thus, the upper and lower limits can be 
obtained by adding, or subtracting, this value from the mean. 
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6.4.2.1 Matching Success by Experience 

A simple linear regression of size of matching error on the number of the swatch to be matched 
(from 1 for the first to 45 for the last in the test) (figure 6.4) revealed that there was a just non-
significant increase in average size of matching error as participants progressed through the test 
(b = +0.00032, p = 0.073, adjusted R2 = 0.00015) 3. 
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Figure 6.4 Linear regression of size of matching error on swatch number (linear regression and  

95% confidence bands) 

It is a reasonable conclusion, therefore, that within a test, increasing experience with the test 
had negligible effect on success. The data provide little evidence that previous experience with 
the test improves matching performance, so this effect can be neglected in future analyses. 

6.4.2.2 Time-to-Complete by Experience 

When time-to-complete-a-match was regressed on swatch number, a very highly significant 
reduction in matching time was found with increasing ‘experience’, although the reduction was 
largely confined to the first 8 to 10 matches (figure 6.5). Higher order terms in a polynomial 
regression were highly significant, up to >8th order, but the 5th order polynomial shown in 
figure 6.4 will suffice to illustrate the dynamics. Average matching time started at ~50 s 4, and 
fell asymptotically over the following 4 matches to ~24 s. With increasing experience, matching 
time continued to fall, but linearly 5 at about 0.17 s per match, to an average matching time of 
~17 s for the final (45th) match. 

 
3  No polynomial effects were significant in this data set, so matching error apparently increased monotonically, if 

at all, with number of swatches matched. 
4  Computed from the 8th order polynomial, and thus slightly different to the indication in figure 6.5. 
5  Although the polynomial fitting in figure 6.4 suggests that there is some non-linearity in the swatch range 15 to 

35, a linear regression of matching time on swatch number in the range swatch # 5 to 45 provided 3.2% 
explanation of change in matching time, compared to 3.3% for the 8th order polynomial regression in this same 
range. The increased complexity of the polynomial model in this swatch range was emphatically unjustified. 
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Matching Time vs Swatch Number

 1 case
 2 cases
 3 to 4
 5 to 8
 9 to 15
 16 to 30
 > 30 

0 5 10 15 20 25 30 35 40 45

Swatch number

4

6

10

15

25

40

60

100

150

250

400

M
at

ch
in

g 
Ti

m
e 

(s
ec

on
ds

) (
lo

g 
sc

al
e)

 
Figure 6.5 Linear regression of time to achieve a match on swatch number (5th order polynomial regression 

and 95% confidence bands) 

In conclusion, participants improved their speed as they completed more matches, mainly over the 
first few matches (figure 6.5), however increasing speed (accompanying increased experience) 
was not accompanied by an increase in matching error, nor did increasing experience improve 
their matching performance (figure 6.4). 

6.5 Relationship between Time to Make a Match, Uncertainty  
in the Accuracy of the Match, and Matching Error 

Participants were asked to rate each match on a 6-point scale from 0 “This exactly matches” to 
5 “I give up, give me the next colour” (table 6.2). The scaling is actually the inverse of confidence, 
and might better be described as “uncertainty”, and will be titled as such here. The program also 
monitored the time taken to complete a match for each swatch. These data provided the 
opportunity to explore the relationships between: (a) time taken to reach a match; (b) accuracy of 
the match then achieved; and (c) the confidence that the participant had in the match achieved.  

Table 6.2 Uncertainty Rating values and prompts as offered to participants 

Uncertainty 
Rating 

Meaning of Rating Number 
of cases 

0 This exactly matches 4589 
1 This very closely matches 6751 
2 This match is okay 1855 
3 This roughly matches 1060 
4 This badly matches 124 
5 I give up, give me the next colour 20 

It may assist in simplifying the presentation and interpretation of the data to clarify the 
variables under study here. Participants were asked to rate the confidence that they had in their 
accuracy, but the scaling of the rating is inverse to accuracy (i.e. a high score reports low 
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confidence or high uncertainty). Further, the key dependent variable measured in the study was 
matching error, which is an inverse proxy of colour discrimination — i.e. error is taken as a 
manifestation of discrimination, but one is the inverse of the other. To avoid unnecessary 
confusion, all results are presented and discussed as error measures and Uncertainty Ratings 
(UR) (which should be directly proportional to each other). Thus, the reader should bear in mind 
that these are the inverse of accuracy, precision, confidence, success, or discrimination. 

6.5.1 Time to Make a Match vs Uncertainty  

There are two obvious reasons why a participant would take a longer time on one match or 
another. It may be because the match is difficult, or it may be that they are taking the time to 
achieve a good match; probably both explanations apply in many cases. Some insight may be 
obtained by an examination of the relationship between Matching Time and UR. Further insight 
may emerge from the subsequent section where the relationship between size of matching error 
and Matching Time is examined. 

Figure 6.6 plots the time taken to complete a match against UR reported, and figure 6.7 shows 
the means and confidence intervals for the matching time for each rating. The ANOVA that 
underlies figure 6.7 revealed that there was a very highly significant difference in matching time 
between uncertainty levels (F5,14393 = 86.0, p ~0). As may be discerned from figure 6.6, matches 
achieved with claimed certainty were achieved significantly faster (mean 17.9 s, 17.6 to 18.2 s) 6 
than those with less confidence (mean 21.9 s, 21.7 to 22.2 s) (p ~0), and matches made with 
increasing uncertainty took generally increasing time; with the exception of the “I give up” 
matches (i.e. uncertainty 5, mean time 20.4 s, 15.8 to 26.3 s), of which there were few, and their 
time estimated with poor precision. 
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Figure 6.6 Matching Times taken for various Uncertainty Ratings 

 
6  Scale-of-measure mean of log-scaled time (effectively geometric mean), followed by upper and lower 95% 

confidence limits on the mean, asymmetrical because of logarithmic transformation. 
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Matching Time by Uncertainty Rating
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Figure 6.7 Average Matching Time for each Uncertainty Rating (means and 95% confidence limits) 

Table 6.3 shows the Duncan’s multiple range test for this ANOVA. Matches that left the 
participant feeling that they had achieved only a UR 4 (“this badly matches”) took significantly 
longer (average 25.5 s, 23.1 to 28.1 s) than other matching URs, and matches where participants 
felt that their outcome was perfect took significantly less time than any other outcome, other 
than UR 5. 

Table 6.3 Duncan’s multiple range test (probability of difference between the rating categories) for  
Time taken to achieve a match partitioned by Uncertainty Rating 

Uncertainty Rating 0 1 2 3 4 
1 0.036     
2 0.0034 0.37    
3 0.011 0.61 0.65   
4 4.6×10–6 0.0049 0.042 0.018  
5 0.11 0.54 0.15 0.29 0.00073 

It is apparent that matches that participants felt confident about were, on average, achieved 
quickly, and the more doubtful matches took more time (figures 6.6 or 6.7). This strongly 
suggests that easy matches were done quickly and with confidence, and participants spent more 
time on matches in the outcome of which they had lower confidence. It might be presumed that 
these were more difficult matches, probably with offered colours of lower saturation or high or 
low lightness. 

The data really fall into three groups: (1) perfect matches, achieved quite quickly (~18s); 
(2) fair matches (UR 1,2, or 3, not significantly different), achieved in moderate time (~22 s); 
and (3) poor matches (UR 4), achieved in the longest time (~27 s). “I give up” matches were so 
few that their characterisation is subject to very great ‘uncertainty’. 

While it would be interesting to know how participants’ confidence or uncertainty varied with 
time spent attempting a match, the above analysis investigated the converse: how much time 
was taken for each level of matching confidence (or, uncertainty). Nevertheless, in addition to 
very small differences in matching time between UR ratings, there was great variation in 
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matching time within each uncertainty rating; the variation in uncertainty rating explained only 
2.7% of the variation in matching time (i.e. R2 for the ANOVA was 0.027). 

6.5.2 Size of Error vs Uncertainty 

The matching error was assessed against UR by one-way ANOVA. With such a large data set it is 
not surprising that significant differences exist between accuracy achieved at different levels of 
uncertainty (F5,14393 = 57.8, p ~0). More significantly, a plot of the means of matching error at 
each level of UR indicate a monotonically rising matching error with increasing uncertainty 
about the accuracy achieved (figure 6.8). 
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Figure 6.8 Plot of mean matching error at different levels of uncertainty about matching accuracy 

A post hoc test of difference in means (by Duncan’s multiple range test) revealed that mean 
matching error obtained at URs 0 to 3 (i.e. high confidence in success) did not differ significantly 
from each other at α = 0.05 (except that UR 0 differed from UR 3 at p = 0.025), but all other 
comparisons were strongly different (weakest p = 0.00017). Table 6.4 reports the average size 
of matching error at each UR level. The general conclusion is that the size of matching error is 
little different at URs which report high confidence (0 to 3), but rises appreciably (as would be 
expected) where confidence is low (4 and 5).  

Table 6.4 Matching error vs Uncertainty Rating (low Uncertainty Rating indicates high confidence) 

Uncertainty 
Rating 

Mean Matching Error 
Transformed Units of Measure 7 

0 0.384 1.42  (1.38 – 1.47) 
1 0.414 1.59  (1.55 – 1.63) 
2 0.457 1.87  (1.78 – 1.95) 
3 0.478 2.01  (1.89 – 2.12) 
4 0.625 3.22  (2.77 – 3.72) 
5 0.895 6.84  (4.94 – 9.37) 

 
7  Mean and 95% confidence limits in (detransformed) hue units. 
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The low level of correlation between self-assessed success and actual success for URs 0 to 3 
suggests that there was a number of participants who had high confidence in their success, 
without corresponding ability to achieve the level of match they self-reported. This could be a 
consequence of over-confidence, or that differences between the offered and matched colours 
were hard to discern; itself attributable either to limitation of the display medium (i.e. screen) or 
limitations in the participants’ colour discrimination capacities (i.e. their colour vision). 

The results of the analysis allow a quantitative treatment of uncertainty rating. In its raw form, it 
is scaled only as a ranking (i.e. UR 0 is better than UR 1 which is better than…); no indication of 
the metric scaling of these rankings is available. Having learned that UR 0, 1, 2 and 3 are quite 
similar, while UR 4 and especially UR 5 are considerably divergent, the rankings can be scaled by 
their average error. Thus the UR scale can be rendered scalar, by substituting average error at 
each ranking for the raw UR value. The substitutions are listed in table 6.5, where the new 
uncertainty scale (US) is scaled 0 to 5 in common with the raw scale. 

Table 6.5 Raw Uncertainty Rating and Uncertainty Scaling 

Uncertainty 
Rating (UR) 

Meaning of Rating Uncertainty 
Scaling (US) 

0 This exactly matches 0 
1 This very closely matches 0.293 
2 This match is okay 0.719 
3 This roughly matches 0.923 
4 This badly matches 2.362 
5 I give up, give me the next colour 5 

With this quantitative scaling, and appropriate care, analysis of how US varies with hue, 
saturation and lightness (section 6.6) is possible. 

6.5.3 Size of Error vs Time to Make a Match 

It might be more informative to explore how the achieved accuracy was related to matching 
time. Figure 6.9 shows a plot of matching error against time taken to achieve the match for each 
swatch offered. Lesser accuracy (larger matching error) was achieved with short matching 
times, but the actual success peaked (the fitted curve is lowest) at rather longer matching times 
— minimum error at 66 s (41 s to 280 s) seconds. There is no regression of error on time after 
25 seconds matching time, so participants increased their matching accuracy with increasing 
matching time up to about 25 seconds, and matches taking longer showed no improvement in 
accuracy, on average. 
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Matching Error vs Matching Time
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Figure 6.9 Actual matching error plotted against Matching Time  

(quadratic polynomial regression 8 with 95% confidence bands) 

6.6 Effect of Hue, Saturation and Lightness on Matching Time, 
Uncertainty and Error 

A matrix of the effect of Hue, Saturation and Lightness on Matching Time, US and size of 
matching error is presented in figure 6.10. The fitting on the charts for effect of Hue are 
produced by the weighted segmented means approach explained in Appendix 5, while those for 
effects of Saturation and Lightness are regression fits based on polynomial curve fitting. The 
line-of-best-fit is shown by the black line, while the red lines indicate the limits of the 95% 
confidence bands on the fitted curve. For the three plots against Hue (figures 6.10 A, B and C), 
the significance of the curve (relative to a common mean across all Hues) is stated, while for the 
polynomial curves (figures 6.10 D to I) the order of the highest significant polynomial term and 
the significance of that term are reported, in the caption. 

6.6.1 Effect of Hue 

The time to make a match was weakly affected by the hue that was offered (figure 6.10A). 
Matches were most quickly achieved (average about 18 s) at around hue 35 to 40 (orange) and 
around hue 280 (magenta, ~20 s). Matching took most time to achieve (22 to 25 seconds) at 
around hues 140 to 150 (green-cyan) and 320 to 330 (magenta-red). Clearly, then the effect of 
hue on matching time is very small. 

Similarly, there was only a small effect of hue on the confidence/uncertainty that participants 
had in the success of their match (figure 6.10B). Peak confidence (lowest Uncertainty Scale, 
about 0.3) was at hue 30 to 35 (orange) and 265 to 275 (magenta). The greatest uncertainty 
(about 0.37) was at hue 135 (cyan-green) and a secondary peak occurred around 325 to 335 
(magenta-red). These effects were very weak, however. 

 
8  Higher order polynomial terms were not significant. 
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Matching Time vs Saturation
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Matching Time vs Lightness
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 Figure 6.10A    Time by Hue (segmented means fit, p ~0) Figure 6.10D    Time by Saturation (5th order fit, p = 0.0019) Figure 6.10G    Time by Lightness (5th order fit, p = 0.0010) 
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Uncertainty Scale vs Saturation
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Uncertainty Scale vs Lightness
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 Figure 6.10B    Uncertainty by Hue (segmented means fit, p = 6.0×10–8) Figure 6.10E    Uncertainty by Saturation (4th order fit, p = 0.0011) Figure 6.10H    Uncertainty by Lightness (3rd order fit, p = 0.011) 
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Matching Error vs Saturation
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Matching Error vs Lightness
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 Figure 6.10C    Size of Error by Hue (segmented means fit, p ~0) Figure 6.10F    Size of Error by Saturation (6th order fit, p = 0.0083) Figure 6.10I    Size of Error by Lightness (5th order fit, P = 0.047)
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There is a strong effect of hue on size of matching error (figure 6.10C), which is to be expected, 
as this is the subject of the study. Peak errors occurred at 130 and 310 (cyan-green and red-
magenta), and best matching (minimum on curve) at 20 to 50 (scarlet to orange-yellow) and 210 
to 265 (cyan-blue to blue-magenta). The most interesting feature of this family of curves (figures 
6.10A, B and C) is that each curve displays much the same thing; where matching was quickest, 
confidence was highest, and error was lowest, etc. This result strongly suggests that participants 
found colours easy to match in the yellow-to-orange and blue, and hard in the cyan-green and 
red-magenta. 

6.6.2 Effect of Saturation 

Over a wide range of ‘middling’ Saturation values (0.15 to 0.65), Matching Time (~20 s) was 
almost unaffected by Saturation, however figure 6.10D shows that matching time increased at 
very low Saturation — rising to about 28 seconds at very low Saturation. This outcome is in line 
with expectations, as low saturations (colours near to achromatic, grey) would, presumably, be 
harder to match than highly saturated colours. There is some suggestion of increasing Matching 
Time at highest Saturation (>0.65, significant linear regression, p = 0.014), so participants spent 
more time achieving a match at high saturation (up to 28 s at highest saturation) than moderate 
levels (~20 s). 

The above result is reinforced by figure 6.10E which shows that Uncertainty is almost constant 
across the range of Saturation from 0.15 to 0.7, but, in that case, the similar increase at higher 
saturation is not statistically significant. Like Matching Time, Uncertainty increases significantly, 
but not greatly, with highly unsaturated colours. 

Effect of saturation on size of matching error (figure 6.10F) is a trivial result, as this effect was 
statistically removed in data preparation, as reported in Chapter 5, section 5.3. It might be 
expected that no effect at all would be found here, but the data set is somewhat different. In 
Chapter 5 the effect of saturation was removed after log10 transformation of the non-zero 
(matching error) cases (as log transformation of zero yields undefined values), but subsequently 
the best transformation identified was log10(|y|+1) (section 5.4.1), which enabled retention of 
zero (match error) cases. The residual effect found here is a result of reintroduction of the zero 
cases, and is unimportant. 

6.6.3 Effect of Lightness 

In the range of Lightness from 0.35 to 0.85 time to reach a match was largely unaffected by the 
lightness of the colour swatch offered (figure 6.10G), and in this range of lightness matching 
times averaged about 22.5 s, falling a little (-0.38 s per 0.1 increase in Lightness, p =0.00011), 
across this range, towards lighter colours. As might be expected, matching times increased for 
difficult, very light or very dark, colours, and averages were about 31 s (25.6 to 36.9 s) 9 for the 
very lightest colours presented. Matching time also increased with darker colours, and despite 

 
9  Mean in units-of-measure, and lower and upper 95% confidence limits on the mean. 
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the sparseness of data in this region of the graph, there is clear evidence of increasing matching 
time from Lightness 0.3 towards the darkest colours (p = 0.0013), where matching time was 
approximately 30 s (25.3 to 36.7 s). 

Participants were most confident about their matches (figure 6.10H) for Lightness above 0.4. 
Uncertainty increased appreciably and significantly with darker colours (below lightness 0.3). 

The actual errors made in matching offered colours at different levels of lightness is subject to 
the same considerations as the effect of saturation on error, discussed above. 

Considering just the high Lightness end of these distributions, where it might be expected that 
participants would have low confidence in the presumably difficult matches they had been asked 
to make, they took a longer time, but evinced no increase in uncertainty. A similar result was 
found for the effect of Saturation. 

6.7 Summary 

Four participants were removed from the data set, two for anomalous matching, one for 
monochromacy and another for matching as divergent as the participant with reported 
monochromacy. Participants with blue-yellow CVD, red-green CVD, and a number who stated 
that they had a CVD, but not what type, were retained. Analysis suggests that a further 10 to 12 
participants probably had unidentified CVDs, mostly red-green. The data set thus comprises 325 
participants and 14 399 matches. 

A plot of size of matching error against direction of matching error (average for each 
participant) showed that there was no association between bias and error; participants who had 
large, or small, average errors were no more likely to bias positively or negatively, although 
overall, bias tended to be slightly negative. 

There was no evidence that experience with the test improved matching accuracy, but 
participants improved matching time rapidly, halving the time to complete a match, over the 
first few matches and then continued to improve until about the 35th match, when they settled 
on an average matching time of ~17 s. 

Participants took longer to accept a match for which they were more uncertain, and, 
unsurprisingly, made larger errors with uncertain matches, although there was only a small 
difference in success for matches from “this matches perfectly” to “this roughly matches”. 

Matches made quickly tended to be less accurate than those over which participants took more 
time, but after 25 s of matching no further improvement in accuracy was seen. 

When matching time, matching uncertainty and matching error were compared with Hue, weak 
differences around the hue circle were found for matching time and matching uncertainty, but 
strong effects were evident for matching error. For all three response variables indications of 
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difficulty in matching were evident around hue 120 to 130 (green to cyan) and 300 to 330 
(magenta-red). 

Matching time and uncertainty were fairly constant across intermediate values of saturation, but 
both increased with more difficult colours at low saturation. Matching time and uncertainty also 
increased (unexpectedly) at high saturation, but the effect was not strongly significant for 
matching time and non-significant for uncertainty. 

Participants spent more time on low and high lightness colours than intermediate lightness, and 
showed a steady level of uncertainty about their matches of intermediate and light colours, but 
increased uncertainty for low lightness colours. 

Most of these effects, although statistically significant, were of relatively little practical 
significance, as variation between matches in time, uncertainty, and error were much larger than 
these effects. The significance of quite weak effects is a consequence of the very large number of 
cases in the data set. 

6.8  Preparing Data for Analysis 

A goal of this study was to determine if cultural or geographic background, training, or 
experience, influence a person’s capacity to discriminate hues of colour. The method used 
evaluated this discrimination in the hue of colours defined on a computer and displayed on a 
high-colour-gamut LCD screen; thus restricting the study to hue discrimination “in a digital 
environment”. The first step in achieving this goal was to identity the typical discrimination 
around the hue circle of participants, which provided an opportunity to assess the capacity of 
people to discriminate hues “in a digital environment” (Chapter 7). 

The dependent variable, discrimination ability, was analysed as a transformed measure of the 
difference in hue between a swatch of a predetermined hue offered to participants and the hue 
of an adjustable swatch (matched for saturation and lightness) that they were able to adjust on-
screen. Therefore, the data were collected and analysed as “hue matching error”, the inverse of 
hue discrimination. This variable was computed and analysed in two forms: (a) as the size of 
error made, either as an average of all hues matched by a participant, or at various locations 
around the hue circle 10; and (b) as the direction of error made, or bias, either as an average of all 
hues matched by a participant, or at various locations around the hue circle. The data were 
prepared in a manner such that negative errors indicated that the selected colour was biased 
anticlockwise from the offered hue (i.e. the matched swatch was a longer-wavelength colour 
than the offered swatch), and positive errors the converse.  

Although all the analyses were applied to the transformed matching error data, it was more 
meaningful to consider the size of matching error results as discrimination, on the 

 
10  Discrimination in selected segments of the hue circle was important to the analysis of differences between 

groups of participants, as reported in Chapter 8. It was not of concern in defining the ‘shape’ of the hue circle (the 
next chapter). 
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untransformed scale. Where practicable, therefore, results are presented as “Hue 
Discrimination”, a value that was obtained from the following equation: 

Hue Discrimination =  
360

10(�̅�𝐺+𝑂𝑂�) − 1
 

…where �̅�𝐺 is the mean matching error of the group under consideration, in the scale of 
 analysis, and  
 𝑂𝑂� is the overall mean matching error of all cases, which is added to restore the  
 overall mean that was removed in the detrending procedure 11. 

Thus, Hue Discrimination (hereafter just called “Discrimination”) is the estimated number of 
distinct hues that the participant (or group of participants) could discern around the entire hue 
circle, assuming that the average, for the segment for which it was calculated, applies at all hue 
values. 

The direction of matching error was also analysed as a transformed variable, but was directly 
proportional to the divergence of matched hue from offered hue. It too is best expressed in the 
units-of-measure, and so the detransformed direction of matching error is reported as “Matching 
Bias” (or just “Bias”), as follows: 

Matching Bias = sign[�̅�𝑔 + �̅�𝑜] × (10abs[𝑔𝑔�+𝑜𝑜�] − 1) 

…where �̅�𝑔 is the mean of the group under consideration, in the scale of analysis, and 
 �̅�𝑜 is the overall mean of all cases, which is added to restore the overall mean that was 
 removed in the detrending procedure. 

 
11  Appendix 9 presents the logic and process of detrending the data, so that comparisons between partitions of the 

participants could be computed. One step in this process was to remove the overall mean from the data set. It 
was, of course, necessary to restore this mean before any detransformation to units-of-measure could be 
effected. 



Chapter 7: The Hue Circle 

A goal of this study was to determine the “shape of the hue circle” as indicated by differential 
hue discrimination around the HSL hue circle. The method used evaluated this discrimination 
amongst the hue of colours defined as sRGB on a computer and displayed on a wide-colour-
gamut LCD screen; thus restricting the study to hue discrimination “in a digital environment”. 
The method was predicated on the notion that the inverse of errors made in matching two 
swatches of colour would be a measure of discrimination in that colour region. 

7.1 Methodological Considerations  

7.1.1 Matching vs Just-Noticeable Differences 

Previous work (e.g. reported in sections 3.1.1 and 4.1) assessing the capacity of people to 
discriminate colours, or to estimate a perceptually-uniform colour space has often used the 
method of “just-noticeable differences”, where the participant is asked to advise when 
divergence of a swatch from a matching swatch is minimally, but just-noticeable (e.g. ASTM 
E1808-96 2015). As explained in Chapter 4 (section 4.1), the method used here was to achieve 
the closest possible match, assuming that matching errors would often occur if the participant 
was unable to distinguish a difference between the two swatches, when they were of genuinely 
different hues (noting that saturation and lightness were matched by the program). The 
matching technique was used to provide the basis of CIE colorimetry and, thus, has a 
distinguished history (Fairchild 2013). 

The method used here is analogous to just-not-noticeable-difference (JNND), although the 
method in this work admits a proportion of accidental or unavoidable perfect matches, so 
average match error is likely to be smaller than JNND. Perfect matches, and fortuitous close 
matches, could well occur when the participant might actually not discern a match-difference 
even at a larger colour divergence. 

Countering this, the average matching error used here included matches where the participant 
was not satisfied with the match achieved, and the matching error was larger than they felt would 
be achievable (even though they could not achieve it). More precise estimates of the participant’s 
‘real’ discrimination might have been achieved by omitting the perfect matches and all matches the 
participant acknowledged were poor. However, judging from the relationship between 
Uncertainty Rating and actual matching error (figure 6.8), it is likely that only Ratings 4 (this badly 
matches) and 5 (I give up…) might merit removal, as the actual error differed little between Rating 
0 (this exactly matches) and 3 (this roughly matches) (table 6.4). The effect of this further pruning 
of the data was deemed to be small, as only 144 of the nearly 15 000 cases (1.0%) were rated 4 or 
5 for Uncertainty, and would have been omitted (see table 6.2 for more details). 

Nonetheless, this handling of the data does not constitute a failing in the experimental design or 
numerical analysis, as all hues were treated equally, and all participant contrasts were made 
with data collected and scrutinised under replicated conditions. The actual size of the average 
matching error might be larger, or smaller, if the perfect matches and/or low-confidence 
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matches were omitted, but this effect would be constant across all hues and all contrasts of 
groups of participants. Thus, the shape of the hue circle, and the differences between groups of 
participants, are independent of any decision to include, or exclude, such cases. 

7.1.2 Separated Panels of Colour vs Split Fields 

The task, here, was intended to be relevant to the work of a person at a computer monitor, 
choosing, adjusting and comparing colours displayed on that monitor. By choice of two 
moderately large separated fields, the participants’ matching task was much closer to that of a 
design task than would be a small fields and/or adjoining swatches layout. In that case the task 
is really to adjust the swatch until the boundary disappears, which is rather distant from a 
graphics operator’s tasks. Removing a boundary from adjoining swatches does not involve 
colour as a quality, nor short-term memory (Koenderink et al. 2016), which is a realistic 
component of the target audience’s requirements in a colour-matching task. 

The experiment, as conducted, required the participants to compare two moderately large 
swatches, and adjust one to match the other, using short-term memory and memory 
refreshment, as desired, in a manner much more like a normal interface, than the rather artificial 
situation of matching abutting patches. 

7.2 Matching Error Around the Hue Circle 

7.2.1 Size of Matching Errors 

Figure 7.1 shows the average size of matching errors around the hue circle based on data for all 
participants, while figure 7.2 shows Discrimination around the hue circle. The size of matching 
error could only be zero or positive and, thus, always significantly greater than zero; and here its 
mean was 0.417, while mean discrimination was 223 (table 7.1). 

 
Figure 7.1 Size of matching errors around the hue circle (all cases) — bold black line is the smoothed weighted 

means of the 360 bins, thin black lines 95% confidence limits on the smoothed curve, red line the overall 
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mean, and blue crosses the actual unsmoothed averages of each bin. 

 
Figure 7.2 Hue discrimination around the hue circle (all cases): explanation of chart elements as in figure 7.1 

Table 7.1 Mean size of matching error  

Group # of Cases Mean (± 95% CLs) Discrimination t df p (2 tailed) 
All cases 14399 0.4171 (0.4125 to 0.4216) 223 (219 to 227) 179.5 14398 ~0 1 

Judging from the great degree of departure of the fitted curve from the overall mean (the red line 
in figure 7.1) and the narrow 95% confidence band on the curve, the average size of matching 
error varied greatly around the hue circle, with maximum matching errors around Hue 132 
(cyan-green 2) and 310 (red-magenta), and minima around 39 (orange) and 226 (blue) 
(figure 7.1). Table 7.2 reports the ANOVA calculated from the curve-fitting for the full data set. 
The curve was an extremely significantly better explanation of the matching error size values 
than the mean. The limits of the curve shown in figures 7.1 and 7.2 are summarised in table 7.3. 

Table 7.2 ANOVA of the value of fitting the curve, relative to simply a fixed mean, for size of matching errors 

ANOVA       
Source SS df MS F p Amount of 

Explanation 
11.9% 

Fitted Curve 132.7 22.5 5.90 86.0 ~0 
Residual 986.4 14375.5 0.069   

Total 1119.2 14398     

 
1  i.e. less than 10–100. 
2  The equivalence of hue names and hue numbers are tabulated in Appendix A1.9 
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Table 7.3 Maximum and minimum mean matching error values around the hue circle 

Inflexion Point Hue Range 3 Mean Error 4 Discrimination 
Primary maximum 5 310 (red-magenta) 302 to 317 (red-magenta to magenta-red) 0.581 (0.557 to 0.606) 128 (119 to 138) 
Secondary maximum 132 (cyan-green) 121 to 141 (green to cyan-green) 0.573 (0.547 to 0.598) 131 (122 to 143) 
Primary minimum 39 (orange) 15 to   56 (scarlet to yellow) 0.298 (0.281 to 0.316) 365 (336 to 396) 
Secondary minimum 226 (blue) 206 to 260 (cyan-blue to blue-magenta) 0.330 (0.312 to 0.348) 316 (293 to 342) 

While it seems self-evident from figure 7.1 that the size of matching errors at some hues was 
significantly above, and at others, below, the average error size, it was deemed prudent to 
actually test these results. Table 7.4 reports the analysis of these segments. Departures of the 
fitted curve’s confidence bands from the mean value suggest that, in the segment where the 
bands do not overlap the mean, the response was significantly different from the mean. Thus 
figure 7.1 indicates that matching errors were greater than average from Hue 90 (yellow-green) 
to 182 (cyan), and also from 281 (magenta) to 347 (red). The matching errors were smaller than 
average from 352 (red) to 87 (yellow-green), and also from 185 (cyan) to 278 (magenta) 6. The 
significance of these departures from the overall average (taken as a fixed value without 
variance) are reported in table 7.4. In every case the mean of the segment was extremely 
significantly different to the overall mean. 

Table 7.4 Difference between average matching error size in a segment and the overall mean (0.4171) 

Segment # of Cases Mean Discrimination t df p (2 tailed) Critical value 7 
90 to 182 3720 0.5125 160 19.59 3719 2.3×10–81 0.013 

185 to 278 3838 0.3470 294 -18.35 3837 3.7×10–72 0.013 
281 to 347 2568 0.5109 161 16.04 2567 3.1×10–55 0.0094 
352 to 87 3852 0.3308 315 -22.49 3851 ~0 0.013 

Thus, it was concluded that participants showed better discrimination than the overall mean in the 
segments from red to yellow-green (Hue 352 to 87) and cyan to magenta (285 to 347), and much 
reduced discrimination than the overall mean in the segments from yellow-green to cyan (90 to 
182) and magenta to red (185 to 278) (figure 7.2). Put simply, there were very clear differences in 
discrimination at different hues. Peak hue Discrimination, around Hue 39 (orange), was 365 8, 
while a secondary peak occurred around Hue 226 (blue: 316). Minimum Discrimination occurred 
around Hues 132 (cyan-green: 131) and 310 (red-magenta: 128) (table 7.3). 

 
3  The range of hue values in which the upper 95% confidence band is above the maximum discrimination value 

(for a maximum discrimination value) or the lower 95% confidence band is below the minimum discrimination 
value. 

4  Mean matching error and (95% confidence limits) on the estimated matching error at this hue value. 
5  Maximum matching error (= minimum discrimination). 
6  These limits were taken from the point where the smoothed bin mean exceeds (positively or negatively) the 

overall mean by more than half a standard deviation of the bin mean. 
7  The Šidák-adjusted critical value for α = 0.05, based on the potential number of such tests that could be 

conducted on the data (see Appendix A6.3 for explanation of this adjustment). 
8  The discrimination values are the peak exponentially smoothed bin means, with a smoothing of stiffness = 15. 
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7.2.2 Direction of Matching Errors 

The plot of average direction of matching errors around the hue circle for the full data set is 
shown in figure 7.3. The direction of matching errors averaged a small negative value (–0.036), 
and there is a substantial variation in average direction of matching error at different hues 
which, on account of the extremely large number of cases, was statistically extremely significant 
(table 7.5). Bias is plotted in figure 7.4, with a mean value of –0.085 (i.e. the average bias was 
0.085 Hue units anticlockwise). 

 
Figure 7.3 Direction of matching errors around the hue circle (all cases): explanation of chart elements  

as in figure 7.1 

 
Figure 7.4 Matching Bias around the hue circle (all cases): explanation of chart elements as in figure 7.1 
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Table 7.5 Mean direction of matching error and Bias 

Group # of Cases Mean (± 95% CLs) Bias t df p (2 tailed) 
All cases 14399 -0.0356 (-0.0274 to -0.0438) -0.085 (-0.065 to -0.106) -8.53 14398 1.6×10–17 

The fitted curve in figure 7.3 shows that the average direction of matching errors varied 
significantly around the hue circle, with average matching errors being positive from yellow to 
green, rapidly changing to negative from green to blue, and varying irregularly at higher hues, 
although tending to positive from magenta-red to red. Table 7.6 shows that the fitted curve 
provided a much better explanation than the mean of all cases. 

Table 7.6 ANOVA of the value of fitting the curve, relative to simply a fixed mean, for direction of  
matching errors 

ANOVA       
Source SS df MS F p Amount of 

Explanation 
6.0% 

Fitted Curve 214.8 18.9 11.34 48.1 ~0 
Residual 3390.8 14379.1 0.236   

Total 3605.6 14398     

The matching error or bias profile from Hue 60 to 180 is interesting. In the range 60 to 110 
positive matching errors indicate that participants’ hue selections were biased towards a colour 
that was more green than the swatch offered and, in the range 120 to 180, the matching errors 
were negative so, again, the bias was towards colours more green than the swatch offered. 

Figures 7.3 and 7.4 (above) indicate that the average direction of matching error was positive 
from Hue 63 (yellow) to 102 (green), and from 291 (red-magenta) to 7 (red); notwithstanding a 
small segment from 307 (red-magenta) to 320 (magenta-red) where the lower 95% confidence 
limit fell below zero. Further, the average error was evidently negative from 30 (red-orange) to 
53 (orange-yellow), from 117 (green) to 206 (cyan-blue), and again from 230 (blue) to 271 
(blue-magenta). These effects are shown in table 7.7. 

Table 7.7 Difference between direction of average matching error in a segment and zero 

Segment # of Cases Mean Bias t df p (2 tailed) Critical value  
30 to 53 986 -0.0563 -0.138 -4.71 985 2.8×10–6 0.0033 
63 to 102 1557 0.1052 0.274 8.94 1556 1.1×10–18 0.0055 

117 to 206 3594 -0.2023 -0.593 -22.89 3593 ~0 0.013 
230 to 271 1754 -0.0620 -0.153 -6.38 1753 2.3×10–10 0.0058 
291 to 307 622 0.0925 0.237 3.68 621 0.00025 0.0023 
320 to 6 1889 0.0675 0.168 5.78 1888 8.6×10–9 0.0065 

Further examination of figure 7.3 suggests that the direction of matching error was appreciably 
greater than the mean direction of error from 273 (blue-magenta) to 31 (red-orange), from 50 
(orange-yellow) to 112 (green), and also from 213 (cyan-blue) to 235 (blue). Additionally, 
direction of error was evidently less than the mean from 115 (green) to 204 (blue-cyan), and again 
from 239 (blue) to 266 (blue-magenta). These effects are shown in table 7.8. 
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Table 7.8 Difference between direction of average matching error in a segment and the  
overall mean (–0.0356) 

Segment # of Cases Mean Bias t df p (2 tailed) Critical value  
50 to 112 2505 0.0698 0.174 11.13 2504 4.2×10–28 0.0088 

115 to 204 3594 -0.1984 -0.579 -18.20 3593 7.0×10–71 0.013 
213 to 235 1042 -0.0010 -0.002 2.73 1041 0.0064 0.0031 
239 to 266 1190 -0.0911 -0.233 -4.77 1189 2.1×10–6 0.0038 
273 to 31 4620 0.0420 0.102 10.13 4619 7.2×10–24 0.017 

Thus, the participants made positive matching errors in the segments of yellow to green 
(matching more green than the offered swatch), and magenta to scarlet (matching towards red 
or orange); and negative matching errors in the segments from green to blue-cyan (matching 
towards green), and in the blue to blue-magenta (matching towards blue). Maximum positive 
bias occurred around Hue 82 (yellow-green: Bias +0.347) and 350 (red: Bias +0.349), and 
maximum negative bias around Hue 138 (cyan-green: Bias –1.136). In summary, matches were 
strongly biased towards the green low-discrimination hues, and weakly biased away from the 
red-magenta low discrimination hues 

7.2.3 The Hue Circle Results 

These results are key outputs of the analysis, and provide a baseline for other analyses. The 
present results are summarised and illustrated as polar plots in figures 7.5 (size of matching 
error by Hue), 7.6 (Discrimination by Hue), 7.7 (direction of matching error by Hue), and 7.8 
(Bias by Hue) (following pages). The scales of these charts were chosen to display clearly the 
curves on the polar plots, and also to show as much data as possible. The number or proportion 
of cases outside the scale limits of the charts is reported in table 7.9. 

Table 7.9 Data not shown in figures 7.5 to 7.8 

Figure 
Number 

Data Values Scale Limits # of cases not shown Ppn of cases not shown 
Minimum Maximum Minimum Maximum < scale Min > scale Max < scale Min > scale Max 

7.5 0 2.34 -0.25 9 +1.25 0 78 0% 0.54% 
7.6 91 564 0 500 0 1 0% 0.28% 
7.7 -2.28 2.34 -1.25 +1.25 52 26 0.36% 0.18% 
7.8 -2.63 1.04 -1.5 +1.0 7 1 1.9% 0.28% 

Jackson et al. (1994) advised that the HSL hue circle was not uniform (section 2.4.5.2), and, on 
theoretical grounds, advised that low discrimination occurred near the primaries, and better 
discrimination between them (see figures 3.18 and 3.19, Chapter 3). If this were so, the 
discrimination curve (e.g. figure 7.2) would show minima around 0, 120 and 240, and peaks, 
perhaps broad, around 40, 200 and 340. There is little similarity between this theoretical 
expectation and the curve found here, where the minima are around 130 and 310, and peaks at 
30 and ~240. Comparisons with theory will be revisited in section 7.5. 

 
9  In the case of figure 7.5, there are no data below Size = 0, but the y-axis minimum was set to –0.25 so that the 

zero values would be discernible. 
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Figure 7.5 Polar plot of size of matching error by Hue offered (all data shown) (red line is overall mean, black 

closed figure is smoothed hue-specific mean matching error around hue circle with 95% confidence band 
on that mean, blue points are all 14 399 data points). 

 
Figure 7.6 Polar plot of hue Discrimination by Hue offered (bin means shown) (chart elements as in figure 7.5, 

black closed figure is Discrimination, blue points are bin means) 



  Chapter 7: The Hue Circle 

137 

 
Figure 7.7 Polar plot of direction of matching error by Hue offered (all data shown) (chart elements as in 

figure 7.5, black closed figure is direction of matching error) 

 
Figure 7.8 Polar plot of Bias by Hue offered (bin means shown) (chart elements as in figure 7.6) (black closed 

figure is Bias) 
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7.3 Comparison with Harmonic Curve-Fitting 

In Appendix 5, where circular statistics were considered and developed, the desirability of 
conducting a Fourier analysis of the response data was noted. The method was not adopted due to 
the challenge of computing confidence bands on such curves. Nonetheless, there are fundamental 
differences between harmonic curve-fitting and exponential smoothing, and it is instructive to 
compare the results of the two methods, if only to underline the validity of the methods used. 

A Fourier analysis was applied to the size and direction data, and terms up to the 20th order 
computed. All terms up to the highest statistically significant term (at α = 0.05) were retained 
(12th for size, 15th for direction), and the response curve reconstructed for the Fourier 
decomposition to these orders. Results are plotted in polar coordinates figure 7.9. 
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Figure 7.9 Polar plots of harmonic curve-fitting and weighted segmented means smoothing: matching error 

(upper left), error direction (upper right), Discrimination (lower left), and Bias (lower right). Black 
closed figure is harmonic fitted curve, 12th order for size and Discrimination, 15th order for direction and 
Bias; red lines are 95% confidence bands on the weighted segmented means smoothed line, stiffness 15 
for size and discrimination, 18 for direction and bias. (Note that the y-axis scales are not necessarily the 
same as in figures 7.5 to 7.8). 
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In figure 7.9 the black line is the harmonic curve, and the red lines are the 95% confidence limits 
on the weighted segmented means smoothed curve, with the same stiffness as used for figures 
7.5 to 7.8. It is particularly notable that the harmonic curve follows the same dynamics as the 
smoothed means, but the harmonic curve tends to ‘break out’ from the 95% confidence band at 
the extremes (i.e. lowest and highest values on the curve). 

The two approaches to curve-fitting describe and display the very same dynamics (of course), 
but the weighted means smoothing procedure used throughout this work is exactly that: a 
smoothing procedure. It tends to compress extremes, and regress to the mean (as mentioned in 
Appendix 10, footnote 10, section A10.2.1,). The Fourier analysis is a curve-fitting procedure, 
and better follows the curve at its extremes. The difference is only small (see figure 7.9), but the 
key point to bear in mind is that when extremes are reported for results of curve analysis in this 
work, the limits are probably compressed, and actual effects are likely to be a little stronger, and 
very unlikely to be weaker, than reported. 

7.4 The Shape of the Digital Colour Space 

7.4.1 Discrimination 

In section 7.1 the hue circle was reported, and figure 7.2 indicates that participants had 
appreciably better discrimination in certain hues than others. Peak discrimination of 365 (i.e. 
365 discernible hues around the hue circle, assuming that discrimination at all hues was the 
same as the hue where this discrimination occurred) was observed at Hue 39 (orange), while a 
secondary peak (316 Discrimination units) occurred at Hue 226 (blue). Minimum discrimination 
of 128 occurred at Hue 310 (red-magenta), and also discrimination of 131 at Hue 132 (cyan-
green). Table 7.10 reports the details and reliability of these values. 

Table 7.10 Maximum and minimum Discrimination values around the hue circle 10 

Inflexion Point Hue Range 11 Discrimination Range 12 
Primary maximum 39 (orange) 15 to   56 (scarlet to yellow)  365 336 to 396 
Secondary maximum 226 (blue) 206 to 260 (cyan-blue to blue-magenta) 316 293 to 342 
Primary minimum 310 (red-magenta) 302 to 317 (red-magenta to magenta-red) 128 119 to 138 
Secondary minimum 132 (cyan-green) 121 to 141 (green to cyan-green) 131 122 to 143 

Evidently, participants were able to discern much more hue distinction at some hues (orange 
and blue) than others (green and red-magenta). Curiously, these extremes are very nearly at 90° 
to each other (figure 7.6 and table 7.11). 

 
10  This table largely repeats the information in table 7.3. 
11  The range of hue values in which the upper 95% confidence band is above the maximum discrimination value 

(for a maximum discrimination value) or the lower 95% confidence band is below the minimum discrimination 
value. 

12  The 95% confidence interval on the estimated discrimination at this hue value. 
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Table 7.11 Angle between extremes in the Discrimination curve 

Inflexion Points compared Hue Values Difference 
Primary and secondary maxima 39 and 226 187° 
Primary and secondary minima 310 and 132 178° 
First maximum and first minimum 39 and 132 93° 
Second maximum and second minimum 226 and 310 84° 

Thus, the shape of the discrimination figure on the hue circle is somewhat like a number 8, 
rotated about 42 degrees clockwise, with maximum discrimination near to 42 and 222 degrees; 
and minimum discrimination at right angles, close to 132 and 312 degrees (figure 7.6). The 
effects are quite strong, with maximum discrimination (in the orange) nearly three times as 
great as the minimum (in the green and red-magenta). 

7.4.2 Bias 

Matching errors were consistently biased at some hues (e.g. figure 7.4), but bias did not vary 
strongly and reliably from about Hue 180 (cyan) to Hue 60 (yellow). In the relatively small 
segment from Hue 60 to 110, bias was positive (participants tended to match with a higher Hue 
value, i.e. the error was typically towards the green); in the greater segment from 110 to 190 the 
bias was negative (participants tended to match with a lower Hue value, i.e. the error was also 
typically towards the green) (table 7.12 reports the statistics of these effects). 

Table 7.12 Bias values in the Hue range from 40 to 240 

Inflexion Point Hue Range Bias Range 
Transition 1 56 (yellow) 50 to   61 (orange-yellow to yellow) 0 -0.064 to 0.069 
Maximum 82 (yellow-green) 66 to 100 (green-yellow to green)  0.25     0.16 to 0.34 
Transition 2 109 (green) 105 to 114 (green) 0  -0.092 to 0.103 
Minimum 138 (cyan-green) 128 to 155 (green to green-cyan) -0.95    -1.14 to -0.78 
Transition 3 13 224 (blue) 212 to 235 (cyan-blue to blue) 0  -0.089 to 0.046 

Thus, participants tended to show small, varying and inconsistent bias in their matching errors 
in the greater part of the hue circle, from about Hue 180 (cyan) through blue and red to Hue 60 
(yellow). From about Hue 60 to 180 the bias was at first slightly positive (tending towards 
green) peaking at 0.25 Hue units, and returning to unbiased close to Hue 109 (green). At higher 
Hue values, errors were increasingly negatively biased (tending towards green) peaking at 0.95 
Hue units, around Hue 138 (cyan-green), and returning to unbiassed close to Hue 224 (blue).  

Bias effects seem to be unrelated to the discrimination effects in that the major variations in 
discrimination are not mirrored in the bias curve. The Hue at peak discrimination does not 
coincide with any particular bias outcome; and while minimum discrimination in the green does 

 
13  The bias curve does not actually cross the zero (no bias) line at hue 224 (see figure 7.4), but from about hue 220 

bias values show no evident tendency to negative values. Hue 224 is where the curve stops approaching zero bias 
(0.020, –0.089 to 0.046, mean, and 95% CLs).  
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coincide with bias towards a more green match than the colour offered, the poor discrimination 
in the magenta has no evident counterpart in the bias curve (compare figures 7.6 and 7.8).  

Bias effects, although statistically significant, are only weak. At the point of peak bias (Hue 138) 
the bias was just less than 1 Hue unit (table 7.12), while the average matching error was 2.66 
(2.46 to 2.87: mean and 95% confidence limits) Hue units. Thus, even at peak bias, the bias was less than 
36% of the matching error for that Hue. The highest ratio of bias to matching error occurred at 
Hue 149, and was 0.365 (i.e. relative to average matching error for a given Hue, the maximum 
bias was little more than one third the size of the error). 

7.5 The Shape of the Digital Colour Space — Discussion 

In section 7.3.2 the discrimination curve was calculated and presented, and figure 7.6 illustrates 
the remarkably clear and reliable variation of discrimination around the hue circle, with much 
higher discrimination in the upper right (orange to yellow) and lower left (blue) quadrants than 
in the rest of the curve. 

7.5.1 Source of Effects 

This discrimination curve was the strongest effect found in the data, and indicates that, when 
assessing colours on the Asus ProArt PA246Q monitor, the participants could discriminate 
colours in the orange to yellow (average Discrimination 315) and blue (294) much better than in 
the green (160) or magenta (161) 14. As pointed out in section 7.4.1 (e.g. table 7.11), the 
inflexion points on this curve are remarkably close to 90° apart, and it may be instructive to 
consider why such a symmetrical curve should be obtained. 

There are three possible explanations for the ‘figure-of-eight’ result, and they are not necessarily 
mutually exclusive:  

(1)  the monitor had some unexpected quirk that displayed a range of hues in the green and 
magenta as visually indistinguishable colours, while in the orange to yellow and blue hues 
the monitor displayed clearly distinguishable colours (i.e. the monitor is at fault); or 

(2)  people, in general, cannot readily distinguish properly displayed nuances of hue in the 
green and magenta, but are much better distinguishing differences of hue in the orange to 
yellow and blue (which can be contrasted with spectral discrimination, as discussed in 
Chapter 3 section 3.2) (i.e. it is people who are at fault); or  

(3)  the definition of hue in the HSL system is non-uniform relative to discrimination of hue by 
an observer (as suggested by considerations in Chapter 3, sections 3.5.3 and 3.5.4) (i.e. it is 
the algorithms that are at fault). 

 These possibilities are explored in the following sections (7.5.1.1 to 7.5.1.3). 

 
14  Different values are given in, for example, Appendix 12, table A12.2, as these values are average over a range of 

hues (see table 7.12), while in the appendix values are quoted for each single hue increment. 
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7.5.1.1 Limitations of the Monitor  

The choice of a wide-gamut, high colour-fidelity monitor assisted in providing confidence that 
colours offered were close to those specified, which has some bearing on the likelihood that failings 
in the monitor would, or would not, have produced these varying discrimination results.  Sharma 
(2003) noted of even routine LCD displays available at that time, that colour errors were well 
below the acceptable range for imaging applications, although, at that time, not quite good enough 
for colour science. In this context, it is relevant that this work is much closer to imaging than 
colour science, despite the apparent focus on CIE models and spaces in this and Chapters 2 and 3. 

The monitor used here (an Asus PA246Q factory-calibrated high colour-rendition monitor) was 
chosen on account of its colour performance. It does not, of course, provide an exact display of 
RGB as ideal colours, as there are limits in colour reproduction even with professional-standard 
monitors: for example, the monitor gamut was (of course) considerably less than the visible 
gamut (Appendix A1.8, figure A1.8.4). Nonetheless, effort was taken to minimise such problems 
in this study.  

The monitor was regularly calibrated colorimetrically using a Spyder4™Pro, which set the basic 
level and gamma for each colour channel to maintain standard levels of colour and brightness. 
This calibration showed that the monitor’s colour gamut well-exceeded sRGB and exceeded 
Adobe RGB in all locations on the CIE 1931 colour plane (Appendix A1.8), and gamma was very 
nearly exactly 2.2, as desired.  

The monitor used was delivered with a unit-specific factory-calibration chart (Appendix 1.7), 
which indicated that its performance was considerably better than the “average ∆E*94 < 5” that 
the manufacturer specified as an acceptable minimum performance. The monitor calibration 
reported its performance at eight grey levels, and four levels of lightness for each of the three 
primary and three secondary colours (Appendix A1.7, table A1.7.1). Amongst the 24 colour 
calibrations reported for Adobe RGB, the average ∆E*94 for the colours was 1.74, and the worst 
performance was 3.2 in one of the blue colours.  

The monitor calibrations are of the fidelity of displayed colour according to a Minolta CA210 
Color Analyser used by the manufacturer and scaled by CIE ∆E*94. The colour difference 
reported for the primaries would be entirely in the lightness dimension, and in the secondary 
colours may well have occurred in either or both of lightness and hue. Nonetheless, differences 
were only small (table A1.7.1).  

Consider the implications of finding different discrimination in different segments of the hue 
circle, if it is assumed that the fault lies entirely in the performance of the monitor. This scenario 
assumes that: (a) the HSL hue circle is indeed uniform (i.e. the discernible difference between 
properly rendered hues x Hue units apart is quantitatively similar irrespective of where in the 
hue circle the segments lie); and (b) any departures from a uniform hue circle are caused by 
some fault in hue display in the monitor. 

Thus, in segments of the hue circle where discrimination is poor, displayed colours vary over a 
range of hues less than would occur if the rendering of colours was ideal. As a consequence, for 
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some or all hues, when a certain Hue is specified by the RGB to HSL conversion, the hue 
displayed is different to a faithful rendering, to a lesser or greater degree. This difference could 
be measured by a colour analyser such as that used to factory-calibrate the monitor. The 
question here is by how much should the intended and actual hues differ to produce the 
discrimination results found here (e.g. figure 7.6). 

If this were the source of the variation in discrimination around the hue circle, then in segments of 
the hue circle where discrimination is poor the actual hues displayed at different Hue values must 
be similar to each other, and their apparent differences (if any) hard to discern (hence the low 
discrimination). A colour analyser could be set up to report on the hue that was actually 
displayed 15; and this could be compared with the hue that was expected at that intended Hue 
value. In a segment of poor discrimination, the defined Hue values (i.e. the numbers sent to the 
monitor) for some range of hues would vary as intended and the measured Hue values would vary 
rather less. Correspondingly, in a segment in which the monitor displayed hues varying notably, 
the range of Hue values read by the analyser would be greater than the range defined from the HSL 
specifications 16. Over the entire hue circle, the average Hue increments, intended or measured, 
must be 1 Hue value per degree of the circle, of course, since the hue circle is a closed figure. 

With this foundation, the increments around the hue circle measured by an analyser, given 
assumptions (a) and (b) above, can be approximated from the matching error results obtained 
here (thereby using the match data as a proxy for a spectrocolorimeter). This was done to 
produce figure 7.10, where the outer (coloured) circle is the isometric hue circle as specified by 
the definition of HSL, and the inner circle is the same Hue values, re-spaced so that they are 
expanded in sections of poor discrimination (e.g. the green) and compressed in regions of 
superior discrimination (e.g. the orange to yellow). Thus, where a Hue of 64 (yellow) was 
defined and expected (outer circle), a Hue of 75 (yellow-green) would be displayed (inner 
circle), and at the intended Hue of 150 (cyan-green) a Hue of 146 is displayed (so, in this 
segment of the hue circle, specification ranges by 86 Hue units, but the colours displayed range 
by only 71). Discrepancies between intended and displayed colours, under this scenario, can be 
computed for all HSL Hue values, and are listed in table A12.1 of Appendix 12. 

It is not clear how the inner circle of figure 7.10 should be aligned with the outer (HSL circle). 
The assumption that Hue 0 (red) should be aligned is no better than assuming that Hue 120 
(green) or 240 (blue), or any other Hue, should be aligned. In the figure it was rotated clockwise 
7.7° so that the average offset of the 360 hues in the two hue circles was minimised. Apart from 
optimising the match between the two circles, there is no objective reason to use this, or any 
other, rotation between the two circles. This rotation has the advantage of minimising the 
overall difference between them. In the context of the discussion here, any other rotation would 
make the arguments to follow here stronger. 

 
15  …and this would have been a very useful input to this discussion. No such analyser or spectrocolorimeter was 

available at the time of this work, and so the following discussion addresses the fidelity of the monitor in absence 
of such evidence. 

16  Strictly speaking, “from the RGB specifications”, but these are unambiguously related to the HSL specifications, 
and thinking in HSL makes this argument easier to follow. 
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Figure 7.10 The displaced hue circle: colours are to assist in interpretation, but the calibrations are the key point of 

this figure. The outer circle is an isometric HSL hue circle, with colours set as defined by the standard HSL to 
RGB conversions. The inner circle scale is Hue values of the colours that would have been displayed for the 
adjacent outer circle scale expectation, if the differences in discrimination were attributable to limitations of 
the monitor. Diagonal lines indicate misalignment at 15° increments around the hue circle. 

To interpret figure 7.10, if the above argument holds, then when a colour is specified as RGB, it 
converts to a Hue value, as shown on the outer circle (as, for example, RGB [255,255,0] yields 
Hue 60, ‘pure’ yellow). In order for the degree of difference in discrimination around the hue 
circle found in this study to be attributed solely to limitations of hue display on the monitor, 
when a colour is specified, it must be mis-displayed, and the extent of mis-display is shown as 
the misalignment of the Hue numbers scaled on the outer and inner circles of figure 7.10. Thus, if 
‘pure’ yellow is specified (Hue 60; outer circle) the colour that appears on the monitor would be 
offset towards 90 (actually 70, green-yellow), as shown on the corresponding scale value on the 
inner circle (and listed in table A12.1), assuming that the degree of rotation used is correct. 

Discrepancies between Hue values on the isometric HSL hue circle and Hues on the putative 
displayed hue circle are sometimes very large; maximum displacement is +10 Hue units (at HSL 
Hue of 193 17) and –12 Hue units (at 78). 

So, if the monitor displayed colours misaligned in accord with the inner scale of figure 7.10, then 
a monitor calibration would find that displayed hues had CIELAB coordinates somewhat different 
from that expected from the RGB specification. For example, at a specification of HSL Hue of 60 
(yellow), the calibrator would find a Hue of 70 (green-yellow) displayed. 

 
17  Calculated as Hue–Angle’ from table A12.1 
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In the (highly unlikely) worst-case that the colour differences recorded in the factory calibration 
of the monitor for the secondary colours were entirely attributable to differences in hue, and 
lightness was not involved, the displayed Hue error for the secondary colours can be calculated 
from the factory calibration data. The ∆E*94 for the Hue displacement for the example here 
(yellow, specification Hue 60, displayed Hue 70) would be 4.1 to 7.3 depending on the lightness 
of the colour specified and if the difference was entirely in the hue. The actual ∆E*94 values 
reported for the factory calibration, averaged across lightness levels, were 1.9, and no value was 
greater than 2.4 (table A1.7.1).  

To summarise this effect, assuming that the colour error (i.e. ∆E*94 value) was solely attributable 
to Hue error, the ∆E*94 values for each level of each secondary colour were back-computed to 
Hue displacements from isometric HSL. They are listed in table 7.13, along with the actual 
displacements for the secondary colours. 

Table 7.13 Monitor calibrations for secondary hues, and offsets of displayed hues from specified hues, 
according to the argument that it is monitor limitations that created the differences in hue 
discrimination (∆Hue is the discrepancy in HSL Hue computed from the ∆E*94 values for factory 
calibrations of the monitor at the secondary hues; Offset is the necessary difference in Hue to account  
for variations in discrimination found around the hue circle at these hues). 

Colour ∆Hue Offset  Colour ∆Hue Offset  Colour ∆Hue Offset 

Yellow 1 3.7   Cyan 1 2.5   Magenta 1 6.2  
Yellow 2 3.2   Cyan 2 1.0   Magenta 2 5.7  
Yellow 3 2.2   Cyan 3 0.9   Magenta 3 1.6  
Yellow 4 1.5   Cyan 4 0.4   Magenta 3 1.3  

Average 2.64 –10.2  Average 1.18 +8.8  Average 3.70 –2.9 

Two of the three colour differences (offsets) are much larger than the limitations of the monitor 
(∆Hue), even under unlikely worst-case assumptions. Variations in the monitor calibration are 
quite inadequate to account for variations around the hue circle in discrimination by the 
participants. At the level of factory-calibration and operational calibration, the monitor was 
evidently not the source of variations in discrimination around the hue circle.  

7.5.1.2 Limitations in Colour Discrimination 

The second suggestion as to the origin of the variations of discrimination around the hue circle 
was that people, in general, might not readily distinguish properly displayed nuances of hue in 
the green and magenta, but might more readily distinguish differences of hue in the orange to 
yellow, and blue. 

In Chapter 3, section 3.2 discrimination across the spectrum, based on JNDs, was considered. 
Figure 3.1 showed JNDs for data from Wright and Pitt (1934) across the visible spectrum. 
Inverting the JND values (and assuming a visible spectral bandwidth of 380 nm) the 
discrimination across the spectrum can be calculated and plotted (the orange line in figures 7.11 
and 7.12). Other data on spectral discrimination were available (Stiles 1946, Bedford and 
Wyszecki 1958, Judd and Yonemura 1970) which permitted the calculation of discrimination 
from other datasets or theoretical considerations. These estimates of discrimination across the 
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spectrum are also plotted in figures 7.11 and 7.12. The curves have been ‘harmonised’ to a 
common mean discrimination to maximise the presentation of the overall dynamics and 
minimise distracting and unnecessary differences in absolute level between the curves. These 
data were all obtained from, or computed for, narrow field observers, and it must be 
acknowledged that the data collected in this present study was for broad-field observers. The 
major difference is that broad-field observers would discriminate colours more finely, especially 
in the short wavelengths (Wright 1946, Wyszecki and Stiles 1982).  

In order to facilitate comparisons with the results found here, the abscissa of figure 7.11 was 
converted to HSL Hue values (figure 7.12). The major effect was to expand the space occupied by 
colours between 490 and 515 nm (Hue values 115 to 180 — green to cyan). Colours above 
Hue ~285 (magenta to red) are non-spectral colours, and, for this analysis, no information is 
available for these colours. 

  
Figure 7.11 Discrimination by spectral wavelength,  Figure 7.12 Discrimination by HSL Hue value. Details 

based on inverse of JNDs for two sets of   as per figure 7.11 
observational data and two theoretical  
curves: average value of curves equalised.  

In order to obtain a representative curve from the spectral discrimination data that could be 
compared with the experimental discrimination curve found here, a 5th order harmonic-fitting of 
the data in figure 7.12 was calculated (no terms above the 5th order were statistically significant 
with the available data). This summary curve is shown in figure 7.13, and it can be compared 
with the experimental data from this study, as presented in figure 7.14. The similarities are 
obvious. The spectral curve (figure 7.13) predicts increasing discrimination from the red to 
orange, as is found in the experimental data (figure 7.14). Further, after peak discrimination in 
the yellow-orange, discrimination falls to the green, and then increases at lower wavelengths or 
higher Hue values. The curves are divergent in the cyan and blue, however, with the spectral 
curve (figure 7.13) predicting high discrimination in the cyan, but the experimental data (figure 
7.14) indicating a peak in the blue. It is important to not place too much weight on the blue end 
of the curve, however, as: (a) the spectral curve was obtained from generally foveal 
discrimination; and (b) the data underlying the spectral curve in the blue is quite divergent 
between sources (figures 7.11 and 7.12). 
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Figure 7.13 Average “discrimination” according to Figure 7.14 Discrimination by HSL Hue value as found  

5th order harmonic curve-fitting to data  in this work: curve drawn from 12th order 
of figure 7.12  Fourier analysis of matching data (see 
  Appendix 5, section A5.1 and figure A5.1)  

To summarise the similarities or differences between spectral discrimination and data found 
here, figure 7.15 plots the curves of figures 7.13 and 7.14 18, and the difference between the two 
curves 19. Similarities are high in the orange to yellow-green, but considerable differences exist 
in the red, cyan and blue. 

 
Figure 7.15 Overlay of curves from figure 7.13 (red line), harmonic curve-fitting to experimental data (green 

line), and difference between the two data sets (black line) 

In summary, differences in discrimination across the spectrum give good reason to expect that 
participants would have high discrimination of hues in the scarlet to yellow, and poor 

 
18  The y-scale of each curve was rescaled so that its mean and average deviation were the same (100, 25). 

Consequentially, the units of “Discrimination” are quite different to their original scale, but it is the dynamics of 
the curve, not its actual values, that is important, and comparison is facilitated by having the two curves on a 
similar scale.  

19  Upon inspection of figure 7.15, there is some indication that rotation of one curve relative to the other might 
achieve a closer fit between the two curves. An optimal rotation of the HSL curve 6° anticlockwise reduced the 
average difference between curves from 32.6 to 31.9 discrimination units. A much better fit was achieved by an 
anticlockwise clockwise rotation of 73° (average difference 25.8), but it is inconceivable that the HSL hue circle is 
displaced to such a degree. 
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discrimination in the green, even if the monitor displayed hues exactly as defined by RGB, and 
the resultant Hue values were approximately proportional to the spectrum. Variations in 
spectral discrimination do not, however, account for the high discrimination found here in the 
red and moderately low in the cyan. Differences in discrimination between the two curves in the 
blue are hard to quantify, given the manner in which the spectral discrimination was measured, 
and, of course, this comparison gives no information on discrimination in the magenta to red 
(along the “purple line” of the CIE 1931 diagram), which are non-spectral colours. 

Thus, some of the variation in discrimination around the hue circle would seem to be 
attributable to variations in the capacity of the human eye to discriminate changes in dominant 
wavelength. The eye apparently has high wavelength discrimination in the orange to yellow 
green, and low discrimination in the green, as was also found here in the experimental results. It 
appears, however, that variation in wavelength discrimination is not the source of all the 
differences found here. 

7.5.1.3 Non-linearity in the RGB/Hue Scale 

The third suggested explanation for variation in discrimination around the hue circle is that the 
definition of Hue in the HSL system may be non-uniform relative to a notionally uniform colour 
space, such as CIELAB, or as measured by CIE94 or CIEDE2000 (Chapter 3, sections 3.3.4 and 
3.3.5). This can be examined by plotting appropriate RGB specifications for chosen hues in a CIE 
space and calculating (and plotting) ∆E values by a suitable algorithm. The space to be used for 
this discussion will be CIELAB (section 3.3.3), and the colour difference algorithm ∆E*94 (section 
3.3.4). 

The first matter to be resolved is what level of lightness and saturation to be used. In this study, 
participants were offered colours to match (with pre-matched saturation and lightness) selected 
at random from the range [50,255] for each of R, G and B. As a result, mean saturation and 
lightness were not 0.5 and 0.5, but somewhat offset, as listed in table 7.14. 

Table 7.14 HSL Saturation and Lightness values used in this study 

Parameter Saturation Lightness 

Mean 0.345 0.595 
Standard deviation 0.166 0.141 

10th percentile 0.122 0.417 
25th percentile 0.214 0.498 
Median 0.342 0.595 
75th percentile 0.474 0.692 
90th percentile 0.569 0.776 

Since no single value of saturation or lightness could represent the range of values offered to 
participants, and which generated the data used here, CIELAB a*, b* and ∆E*94 were calculated 
for 5 Hue value increments around the HSL hue circle for all 25 combinations of the 5 percentile 
levels of each of saturation and lightness reported in table 7.14. The average values of a*, b* and 
∆E*94 at 5 Hue value increments, averaged over the 25 data sets, were calculated, as were the 
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a*, b* and ∆E*94 values for median saturation and lightness (Saturation 0.342, Lightness 0.595), and the 
combinations of saturation and lightness that yielded the smallest (Saturation 0.122, Lightness 0.776) 
and largest (Saturation 0.569, Lightness 0.498) colour figures in the a*, b* plot, and the smallest and 
largest overall values (averaged around the hue circle) of ∆E*94 (same values of Saturation and 

Lightness as the L*a*b* plot).  

The L*a*b* plot is shown in figure 7.16 and the ∆E*94 values around the hue circle in figure 7.17. 
Figure 7.16 demonstrates that the average of the a*, b* values, for the 25 combinations of 
saturation and lightness (black continuous line), are very close to the values computed simply 
for the medians of the offered saturation and lightness values (dotted line), and close to the 
middle of the extremes (blue and red figures) . This is reinforced by figure 7.17. It would be 
reasonable, thus, to suggest that either the mean of 25 data sets, or the set based on the single 
data set for median saturation and lightness, would adequately represent the dynamics in this 
system. For this discussion, the median HSL Saturation and Lightness was used. 

  
Figure 7.16 CIELAB plot of RGB colour space for Figure 7.17 CIE ∆E*94 values for hue differences of  

selected values of saturation and lightness  5 Hue units around the hue circle 

 Data shown for largest colour space (blue dotted line) and smallest (red dotted line), median HSL 
saturation and lightness (black dotted line) and average (of a*, b* or ∆E*94) for 25 sets of values 
calculated at all combinations of 10th, 25th, 50th, 75th and 90th percentiles of offered values of HSL 
saturation and lightness. The numbers on the blue polygon in figure 7.16 are Hue values at the  
inflexion points (Adobe RGB colour space, D65 illuminant). 

In common with the discussion of wavelength-specific spectral discrimination (e.g. figure 7.15), 
the ‘theoretical’ discrimination curve (based on ∆E*94 for 5 Hue value differences and calculated 
for 1 HSL Hue units increments) is compared with the experimental results obtained in this 
work (figure 7.18) 20. The similarities are remarkable from Hue 300 to 180, but appreciable 
differences exist between 180 and 300.  

 
20  As in figure 7.15 and 7.18, the ordinates of the two ‘discrimination’ curves were harmonised to a mean of 100, 

and average deviation of 25. 
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Figure 7.18 Overlay of curves from figure 7.17 (red line), mean ∆E*94 for median experimental saturation and 
lightness values, harmonic curve-fit to experimental data (green line), and difference between the 
two data sets (black line), calculated for hue differences of 5 HSL Hue steps 21. 

It would seem, thus, that mapping the HSL colour space into CIELAB provides a degree of 
explanation for the effects discovered here. CIE ∆E*94 predicts that discrimination will be high in 
the orange to yellow (peaking at Hue 34), and especially so in the cyan to blue (peaking at Hue 207), 
while it will be poor in the green (minimum at Hue 120) and from blue to magenta (Hue 260 to 300). 
The experimental results, here, are broadly in accord with this expectation, differing in that the 
highest discrimination occurred in the scarlet to orange-yellow, rather than cyan-blue. The 
experimental results also indicate good discrimination in the blue to blue-magenta, that is 
predicted to be poor by CIELAB. 

In Chapter 3 (section 3.5.4) a ∆E equation specifically implemented for RGB (Mokrzycki and 
Tatol 2011) was discussed. It imputed that ∆E would be low at high Hue values and close to 
Hue = 120, and largest ∆E would occur from Hue 0 to 60 and 300 to 360 (figure 3.24). In a 
similar manner to the comparisons above, harmonised colour difference values for Mokrzycki 
and Tatol’s ∆E''RGB and the experimental data were computed 20 for median Saturation and 
Lightness and plotted along with the difference between the two curves (figure 7.19, over page). 

 Although the theoretical ‘curve’ is obviously rough (as the authors admit), it matches the 
experimental data quite well, indicating that high and low discrimination are to be expected 
roughly where found, around the hue circle. There is some divergence at HSL Hue values 240 to 
270 (blue to blue-magenta) and at the numerous discontinuities on the theoretical ‘curve’, but 
the relatively simple algorithm coincides with observation to a remarkable degree, failing only in 
the blue to magenta, where all other algorithms have difficulty as well (e.g. see figure 7.18). 

 
21  It seems evident that an improved fit could be achieved by rotating the experimental curve anticlockwise about 

20°, but both the ‘theoretical’ and experimental data were drawn from clearly defined values on the abscissa and 
rotation in this case would seem not to be justified. 
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Figure 7.19 Overlay of curves of harmonised values of ∆E” according to Mokrzycki and Tatol (2011) (red line) 

and the harmonic curve-fit to experimental data (green line), and difference between the two data 
sets (black line), calculated for hue differences of 5 HSL Hue steps. 

In 1998 Ebner and Fairchild published an improved color space (called IPT, Ebner 1998) for 
application in image processing, and specifically intended to provide a simple formulation of 
improved uniformity in hue representation (Fairchild 2013). IPT Hue values were calculated at 1 
Hue value steps around the HSL hue circle for median Saturation and Lightness and ∆hIPT values 
computed for differences of 5 HSL Hue units. The ∆hIPT values were harmonised with the 
experimental results and these values and their difference are plotted in figure 7.20. 

 

Figure 7.20 Overlay of curves of harmonised values of ∆hIPT according to Ebner and Fairchild (1998) (red line), 
and the harmonic curve-fit to experimental data (green line), and difference between the two data 
sets (black line), calculated for hue differences of 5 HSL Hue steps. 

The ∆hIPT curve has discontinuities, sometimes large, at the primary and secondary colours, but 
the general form of that curve and the experimental data are remarkably similar. Even small 
dips in the experimental curve coincide with dynamics of the ∆hIPT curve. There are some 
appreciable differences, such as the theoretical curve predicts low discrimination around HSL 
Hue = 0 (red), which is not seen in the experimental data and green and blue discrimination does 
not fall to the very low values predicted by ∆hIPT. However, overall, the correspondence provides 
strong support for the reality and scale of the effects found here in the experimental data. 
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It is possible that underlying the experimental curve of discrimination around the hue circle is a 
fundamental response with some sharp variations in the curve, much as shown in the ∆hIPT 
curve in figure 7.20 (indeed this might even be the theoretical curve that underlies the 
experimental results). However, it is not practicable to uncover this underlying curve, as a 
consequence of the broadening of features that would arise from experimental ‘noise’, etc. 
Alternatively, the ∆hIPT curve could be smoothed to approximate the effects that might be 
created with an overlay of experimental noise. This has been done for figure 7.21, where the 
∆hIPT curve (red line) was smoothed in the same manner that experimental data were smoothed 
(e.g. Appendix 5, section A5.1.1), using a stiffness of 52. The similarities between the two curves 
are remarkable. 

 
Figure 7.21 Comparison of the experimental curve (green line) with the ∆hIPT curve, smoothed by the 

segmented means approach (red line) and their difference (black line) (same details as figure 7.20) 

The ∆hIPT curve has strong similarities to the CIE ∆E*94 “discrimination” curve (figure 7.18), but 
its match to the experimental data is much better in the magenta, where other ∆E algorithms 
have failed to account for the experimental results. 

Previously in this Chapter (section 7.4.1, figure 7.6, table 7.11) it was noted that the peaks and 
troughs of the discrimination curve are very close to 90° apart, although no explanation was 
offered. Figure 7.22 shows the maximum and minimum extremes of discrimination for the 
smoothed ∆hIPT curve, and the smoothed experimentally-derived curve of discrimination, by HSL 
Hue. The green cross (experimental result) is very close to orthogonal, as demonstrated in table 
7.11. The theoretical extremes (red ‘cross’) coincide with the experimental results very well in 
the first and fourth quadrants (differing by only 4°), but rather less well in the second and third 
quadrant (differing by 16 and 21°). Taking an average of the Hue values of the peaks, the 
experimental extremes are offset 42° clockwise from the origin, while the theoretical curve is 
offset 33°.  
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Figure 7.22 Peak and trough discrimination positions around the hue circle, ∆hIPT and experimental data.  

The straight lines indicate the peaks in the ∆EIPT (red) and smoothed experimental data (c.f. table 7.3) 
(green). The filled areas indicate a degree of confidence in the location of the ∆EIPT extremes (pale 
magenta) and the probable range of the Hue value for the extremes of the smoothed data (pale cyan). 
Overlap of the ranges is shown in pale blue.  

These results suggest that much of the variation in discrimination around the hue circle is to be 
expected from the principles embodied in the IPT colour space. These foundations make clear 
that the HSL hue circle is not uniform, and would not be expected to be uniform (Ebner 1998). 
The occurrence of maxima and minima of discrimination roughly orthogonally-spaced around 
the hue circle, and positively offset, is also to be expected.  

The CIELAB space does not predict observed variations in discrimination well in the cyan to 
magenta, but does so very well in the orange to green. The data match in IPT space is much 
better. The high hue discrimination in orange to yellow, and notably poor discrimination in the 
green arises, fundamentally, from differences in spectral discrimination in these wavelengths 
(e.g. figure 7.13), which are, themselves, attributable to opponency in the trichromatic model of 
colour vision (Wright 1946, Chapter 2, section 2.3.1.4 and Chapter 3, section 3.2). Reasons for 
such elevated discrimination in the blue and another region of poor discrimination in the 
magenta are not clear from the theory explored in this thesis. 

7.5.2 Bias 

The bias in matching shown by participants was relatively uninformative (section 7.4.2, figure 
7.8), and the only clear ‘signal’ was that in the yellow to green, matches tended to be biased 
towards green, and in the green to blue, matches tended, also, to be biased towards green. This 
effect is now understandable, as follows…  

Note that observers can distinguish fine shades of difference in orange to yellow-green, and also 
from cyan to blue, but large differences in Hue number are only poorly discriminated in the green 
(e.g.  figure 7.2). When a participant was matching a hue in the orange to yellow-green, they might 
err either to lower or higher Hue numbers. If they erred towards lower Hue numbers (towards the 
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red) they would discern notable difference in hue in only a small range of Hue values. If they erred 
towards higher Hue numbers (i.e. towards the green) there could be a wide range of Hue numbers 
over which they would discern little difference in hue. Thus, anti-clockwise errors would be small, 
but clockwise errors could be large. The average, thus, would be a bias towards the green. A 
corresponding argument holds for matches to hues in the cyan and blue. 

7.5.3 The Perceptually Isomorphic Hue Circle 

The data obtained in this study permit the creation of a uniform and pragmatic hue circle. In the 
pragmatic hue circle the width of each Hue unit is adjusted in accord with the discrimination 
found from participants. Figure 7.23 presents this circle. Thus, Hue units which are at hues 
where discrimination is high are expanded in width and where discrimination is low are 
reduced, taking discrimination values from the data that produced figure 7.2 (scaling data are 
reported in Appendix 12, table A12.2). The outer circle is the adjusted, discernibly isomorphic 
(or uniform), hue circle 22, and, for reference, the inner circle is the hue circle based on equally-
spaced (i.e. routine, isometric) HSL Hue values.  

In the broadest terms, the first and third quadrants are expanded, and the second and fourth are 
contracted; as would be a consequence of the discrimination differences shown in figure 7.6.  

The notion of some rotation or offset of the isomorphic hue circle from the isometric circle 
deserves consideration. Given that alignment of the two circles on Hue 0 also aligns almost 
perfectly on Hue 180 23, and this puts Hue 60 (yellow) at 90° seems to justify no rotation of the 
isomorphic circle. The isomorphic circle suggests that cyan and red are opposites, and also that 
yellow and magenta-blue (Hue ~255) are also opposites. These four colours constitute a 
‘perceptual’ four-primaries colour circle. 

The offset of colours from the isometric hue circle are plotted in figure 7.24. Clearly, almost all 
hues are rotated clockwise, in some cases by quite large amounts (>30°), from the HSL circle to 
the isomorphic circle, but as noted above, alignment of the red and cyan suggests net rotation to 
minimise offsets is not justified. 

 
22  Colours in the segments of the outer hue circle are graded from maximum saturation at the inner rim of the circle 

to lower saturation and higher lightness at the outer rim. Participants were offered a range of hues to match, with 
randomly chosen saturation and lightness values, and very few matches were made of maximally-saturated 
colours. The lightness and saturation at the outer rim of the figure are the median values offered across all 
14 399 matches (as reported in table 7.14), which represents the colours actually matched much better than the 
fully saturated colours on the inner rim of this circle.  
The isometric hue circle (inner circle) is presented in fully-saturated colours as is usually done for the HSL circle, 
and the colours on the inner rim of the outer circle are also maximally saturated in order to facilitate comparison. 

23  Presuming, of course, that the local uniformity in the pragmatic hue circle can be extrapolated to global 
uniformity — which Mausfeld and Heyer (2003) caution against, if the hue circle is a psychologically-derived 
scheme, as is the case here. Complementary colours do not plot opposite in the Munsell (psychophysical) 
diagram (Kuehni 2003). 
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Figure 7.23 The perceptually uniform HSL hue circle 24: the outer circle and calibrations are the hue circle in 

which Hue is scaled so that, on a local scale, difference in geometrical angle between two hues is 
proportional to the discrimination between them. The inner hue circle is the mathematically isometric 
hue circle in which the numerical difference between two HSL Hues defines the angular difference 
between them, and discrimination varies dramatically around this inner circle. 

 
Figure 7.24 Offsets of hues in the isomorphic hue circle from the same hues in the isometric HSL hue circle 

(positive values indicate the isomorphic hues are rotated clockwise from the HSL circle) 

Figure A1.9.1 (Appendix 1.9) shows the isometric HSL hue circle as derived from sRGB, with the 
hue names for various Hue values used in this study. The compression of names in the scarlet to 

 
24  Strictly, this hue circle will only display with defined colours on an ideal sRGB monitor, and some colour 

distortion will occur on any real monitor. When printed, much greater variations from ideal colours will occur, 
and reliance on the printed colours is likely to be misleading. The matter of significance is the offset of the 
isometric Hue numbers (inner circle) from the isomorphic Hues (outer circle), consideration of which is 
facilitated by the calibrations shown. 
This consideration also applies to all other colour circles presented in this chapter. 
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yellow-green suggests that people recognise more distinct hues in this hue segment than 
elsewhere; a phenomenon supported by linguistic studies, which show that in many languages 
there are more names in this segment than elsewhere around the hue circle (e.g. Gibson et al. 
2017). The expansion of this segment, justified by the results here, and shown in figure 7.25, 
renders colour segments more equal in size, although there seems to be a shortage of names for 
different hues in the blue, considering the discrimination results obtained here. 

 
Figure 7.25 The isomorphic hue circle with hue name boundaries shown (outer circle), and the isometric HSL 

circle with names at the same hue values (inner circle) (fully saturated colours displayed, but lower 
saturation was used to define the discrimination statistics) 

7.5.4 Other Perceptually-Uniform Colour Spaces 

The Munsell and NCS (Natural Colour System) colour spaces are intended to be perceptually 
uniform, and bear comparison with the work reported here. Both systems address uniformity in 
all three of the hue, lightness and chroma (or saturation) dimensions, but it is practicable only to 
compare the hue circle in those systems with the isomorphic hue circle above (outer circle of 
figures 7.20 and 7.22). 

7.5.4.1 The Munsell Color System 

The Munsell Color System was introduced in Chapter 2 (section 2.4.2). The Munsell colour circle 
is based on the notion of five equally-spaced principal hues (red, yellow, green, blue and purple), 
and five intermediate hues between each of the principals. The Munsell hue circle is commonly 
presented with three ‘perceptually’-equally-spaced hues between each primary and secondary, 
producing a notionally-uniform hue circle with 40 principal hues (e.g. 
https://munsell.com/color-blog/munsell-hue-circle/). The hues in the Munsell circle are based 
on a very large number of observational data, and are entirely pragmatic. With suitable 
numerical conversions, it was possible to find the HSL equivalents of the 40 equi-spaced Munsell 
hues for the median saturation and lightness used in this study, as outlined below: 
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(1) Seventy-two colours from the HSL circle, in 5 Hue value increments and at median saturation 
and lightness (as drawn from this study), were converted from sRGB to nearest Munsell 
colours  using “Conversions between the Munsell and sRGB Colour Systems” (Centore 2013), 
with cubic spline interpolation for RGB values not listed in the tables.  

(2) Optimal Munsell Value and Chroma values to match the median saturation and lightness of 
the colours used in this study were estimated for each of the 40 Munsell hues by harmonic 
interpolation of the Munsell V (Value) and C (Chroma) values, to yield HVC values for 40 
Munsell colours matched to the saturation and lightness of the median colours used in this 
work.  

(3) Finally, optimal RGB values were computed from available conversions using three-
dimensional quadratic interpolation of V and C values, to yield sRGB definitions of the 
40 Munsell colours matched to the median saturation and lightness used here.  

The Munsell hue circle is plotted with the isomorphic HSL hue circle in figure 7.26 (the data are 
tabulated in Appendix 12, table A12.3).The Munsell circle differs from the isomorphic circle in its 
expansion of the red to yellow and cyan to blue segments, and compression of the green, and 
especially blue to magenta. These effects are plotted in figure 7.27, which shows the offset of 
Munsell hues from the isometric HSL Hue values (blue line) and from the isomorphic hue circle 
(orange line in figure 7.27, as displayed in figure 7.26). Clearly, the Munsell circle is a much better 
match to the isomorphic hue circle than the isometric HSL circle. 

 
Figure 7.26 The Munsell hue circle (outer circle) and the isomorphic hue circle (inner circle). The Munsell codes 

for each colour, matched to the saturation and lightness of the median colours studied here, are listed in the 
colour segments (Hue Value/Chroma), and the HSL Hue values for the HSL colours are listed inside the 
isomorphic circle. The inner side of the Munsell circle, and outer of the isomorphic circle, are presented in 
reduced saturation and adjusted lightness in accord with the median values of the colours studied here. 
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Figure 7.27 Offset (in °) of Munsell colours from the isometric HSL hue circle (blue line), and from the 

isomorphic hue circle (orange line), plotted against the angle of the Munsell colours on the 
isomorphic hue circle 

Despite claims of uniformity (e.g. Centore 2013) and in accord with acknowledgement of non-
uniformity (e.g. Kuehni 1999, 2001) the Munsell hue circle, as computed here, is not uniform. 
The discernible difference between adjacent colours is minimal for some pairs (e.g. 10G 7.0/5.7 
and 2.5BG 7.0/5.5) and large for other pairs (e.g. 10PB 5.2/8.2 and 2.5P 5.3/8.0) (see figure 
7.26). This non-uniformity can be expressed as discernible colour differences within a given 
colour segment (or between the closer limits of the two segments each side of a given segment). 
This measure is plotted against Munsell Hue angle in figure 7.28. There are two colour regions 
(around colours 10GY6.9/8.0 and 2.5P 5.3/8.0 to 5P 5.6/8.5) where a single step encompasses a 
large discernible differences (>15), while discernibility in much of the rest of the hue circle is 
much lower (~5) (figure 7.28). 

 
Figure 7.28 Discernibly distinct hues within each colour segment of the 40-colour Munsell hue circle (i.e. as 

plotted in figure 7.26) according to the discrimination values obtained in this study 

The Munsell hue circle, at this intermediate level of Value and Chroma, is far from uniform. The 
circle, presented on a uniform scale of discrimination, is shown in figure 7.29.  
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Figure 7.29 The Munsell hue circle scaled to uniform hue discrimination and showing the location of the five 

Munsell primary colours — size of segment represents discrimination within that segment: expansion 
of some colours and contraction of others is clearly evident 

This analysis indicates that the goal of uniformity of hue in the Munsell color system has not 
been achieved. There is little uniformity within the five segments between each pair of adjacent 
primary colours. Uniformity is fairly good between red and yellow, poor between yellow and 
green, fairly good between green and blue, and very poor both between blue and purple (in 
accord with Indow 1988), and between purple and red (table 7.15). 

Table 7.15 Non-uniformity in the Munsell Hue circle 

Hue Segment Segment Width (°) 
(expected 72°) 

Smallest 
Segment (°) 

Largest 
Segment (°) Ratio L:S 

Red to Yellow 64 6.7 8.9 1.3 
Yellow to Green 100 7.9 21.3 2.7 
Green to Blue 38 3.9 5.7 1.4 
Blue to Purple 95 6.0 22.7 3.8 
Purple to red 63 5.3 17.4 3.3 

If local uniformity can be taken as a guide to global uniformity, then the five primary hues are 
not equally perceptually spaced, and especially the green and blue are considerably compressed 
(table 7.15). Kuehni (1999), reporting results from a range of methodologies, found similar, but 
less extreme, results, in that the relative perceptual spacing between the unique hues (5R, 5Y, 5G 
and 5B, as marked in figure 7.29) were R–Y, 75°; Y–G, 83°; G–B 80° and B–R, 122°. The 
compression of the green-to-blue segment found here is much greater than others have reported 
(see Kuehni 2003, table 4.1), but there is much variation between published results of these 
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values, especially in the R–Y and G–B segments. Kuehni summarises the situation (as of 2003, 
p. 146) with “Additional high-reliability hue-scaling experiments to provide a clearer picture of 
this important issue are very desirable.” This work adds to this ‘picture’ using a novel 
methodology. 

7.5.4.2 NCS (Natural Colour System) 

The NCS hue circle was introduced in Chapter 2 (section 2.4.3) and is based on four chromatic 
‘primaries’ with 100 “equally spaced” divisions between each primary (https://ncscolour.com/), 
and thus comprises a 400 unit hue circle. The spacing of hues within each pair of adjacent 
‘primaries’ is reported to be perceptually-uniform, while the setting of the ‘primaries’ 90° apart 
is admitted not to be perceptually-uniform (Hård and Sivik 1981).  

For analysis here, 40 principal colours around the hue circle (as shown for NCS in figure 2.13), at 
lightness and chroma values similar to the median lightness and saturation in the data collected 
here, were computed. They were based on the values and conversions to sRGB provided in the 
NCS (2007) publication “NCS Digital Atlas 1950” which provides CMYK and sRGB specification 
for 1950 principal colours within the NCS colour space. Based on the sRGB specifications for 
each NCS hue, they could also be converted to hue values in the HSL space used here, in a 
manner similar to steps 1 and 2 outlined for the Munsell Color System (above), but step 3 was 
not needed as the nearest defined NCS colour was identified, with ‘only’ 11 levels of each of 
chromaticness (analogous to saturation) and blackness (analogous to lightness) available. The 
data are tabulated in Appendix 12, table A12.4 

The NCS hue circle is plotted with the isomorphic hue circle in figure 7.30. It is clear that: (a) the 
NCS circle is far from consonant with the isomorphic circle, and (b) as converted to sRGB, it is 
not perceptually uniform. Hues in the orange to yellow, and cyan to blue, are strongly expanded, 
while the blue and magenta are heavily compressed. Figure 7.31 plots the offsets of NCS hues 
from HSL isometric and isomorphic hues, as found here. The offsets against the isomorphic hue 
circle are better than against the isometric HSL hue circle, but in both cases they are quite poor. 
The NCS hue circle is not uniform.  
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Figure 7.30 The NCS hue circle (outer circle) and the isomorphic hue circle (inner circle). The NCS codes for each 

of 40 equi-spaced NCS colours, matched as the nearest NCS blackness and chromaticness to the median 
lightness and saturation of colours studied here, are listed in the colour segments, and the HSL Hue 
values for the HSL colours are listed inside the isomorphic circle. The inner side of the NCS circle, and 
outer of the isomorphic circle, are presented in reduced saturation and adjusted lightness in accord with 
the median values of the colours studied here. 

 
Figure 7.31 Offset (in °) of NCS colours from the isometric HSL hue circle (blue line), and from the isomorphic 

hue circle (orange line), plotted against the angle of the NCS colours on the isomorphic hue circle 

Discernible differences between adjacent NCS hues are very variable. In the cyan (B80G to 
B30G) discrimination is less than 3 discernible hues per segment, while in the magenta (R60B, 
R50B) it reaches 20 hues per segment (figure 7.32).  
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Figure 7.32 Discernibly distinct hues within each colour segment of the 40-colour NCS hue circle (i.e. as plotted 

in figure 7.30) according to the discrimination values obtained in this study 

The NCS hue circle, at this intermediate level of blackness and chromaticness, is far from 
uniform. The circle, presented on a uniform scale of discrimination, is shown in figure 7.33.  

 
Figure 7.33 The NCS hue circle scaled to uniform hue discrimination and showing the location of the four NCS 

primary colours — size of segment represents discrimination within that segment: expansion of some 
colours and contraction of others is clearly evident 

The NCS hue circle is clearly not uniform, as judged by the isomorphic hue circle found above. 
Assuming local uniformity extrapolates to global uniformity, then the four NCS primary hues are 
not equally-spaced, as the system admits. The primary colours are neither equally-spaced nor 
orthogonal (table 7.16). Red and yellow are close to 90° as posited, and yellow and green are 90° 
apart, but blue is very widely misplaced (46° from green, 157° from red). This is consistent with 
recognised non-uniformity in the NCS system, where it is generally acknowledged (e.g. Fairchild 
2015, p. 15) that there are “more visually distinct hues between unique red and unique blue 
than between unique yellow and unique green, for example”.  Indow (2001) reported, for a hue 
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circle of constant blackness (20) and chromaticness (60), that the smallest ‘quadrant’ was 
between green and blue, and the largest between blue and red, but the colour circle found here 
is much more divergent than the data from Indow would suggest. 

Within the quadrants, however, uniformity is not achieved, either. In the red-yellow ‘quadrant’, 
uniformity of discernible difference is nearly achieved, but it is not close in the other colour 
‘quadrants’, especially the second (yellow to green) and fourth (blue to red). 

Table 7.16 Non-uniformity in the NCS Hue circle 

Hue Segment Segment Width (°) 
(ideal 90°) 

Smallest 
Segment (°) 

Largest 
Segment (°) Ratio L:S 

Red to Yellow 67 5.9 7.6 1.3 
Yellow to Green 90 6.1 14.1 2.3 
Green to Blue 46 3.8 7.0 1.9 
Blue to Red 157 7.5 29.4 3.9 

 

7.5.5 Summary 

As displayed on a computer screen, the sRGB to HSL Hue conversion does not produce a 
perceptually-uniform hue circle. Figure 7.2 shows how Discrimination varies around the hue circle, 
and figure 7.23 shows the isomorphic hue circle, contrasted with the isometric HSL hue circle. The 
very existence of the pragmatic NCS and Munsell colour spaces and hue circles attest that the 
uniformity of hue circles is more complex than a numerical computation (e.g. Chapter 3, section 3.5).  

The efforts made in Munsell and NCS produce quite different hue circles, and although both are 
portrayed as perceptually equally-spaced, neither matches with the other, nor with the 
pragmatic and strongly evidence-based hue circle found here. 

When portrayed on a high colour fidelity computer screen, Munsell, and particularly NCS, 
perform quite poorly in terms of perceptual uniformity (sections 7.4.4.1 and 7.4.4.2). Thus, it 
seems that the work done here challenges some of the assumptions underlying these colour 
spaces. However, it is not clear, from available information, whether the native colour 
definitions in those systems are non-uniform, or the fault lies in the algorithms used to compute 
the RGB equivalents. In any case, difficulties might be expected to occur with highly-saturated 
colours, due to different gamuts of: (a) the physical colour ‘chips’ used in the formal systems; 
and (b) the sRGB primaries. In this study the colours analysed here were of quite low saturation 
(0.34) and the colours were well within gamut limits. 

The quantification of the hue-specific discrimination found here permits the preparation of an 
isomorphic hue circle that displays, and permits the selection of, perceptually equally-spaced 
hues around the hue circle. Figure 7.34 shows 120 hues evenly spaced around the isomorphic 
hue circle, angles at 30° increments (outer ring of numbers) and the corresponding HSL Hue 
values for the numbered hues shown (inner ring of numbers). The data for this table, with HSL 
Hue values for all these 120 isomorphic hue values are given in Appendix 12, table A12.5. 
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Figure 7.34 The isomorphic hue circle, showing perceptually-equal increments of hue (outer scale) and the 

HSL Hue values of selected isomorphic hues (inner scale). 

7.6  Conclusions 

The HSL hue circle is not uniform, and is strongly expanded in the green and magenta, and 
compressed in the yellow-orange and cyan-blue. An isomorphic circle (e.g. figures 7.23, 7.34) is 
correspondingly expanded in the yellow-orange and cyan-blue and compressed strongly in the 
green and magenta. The degree of compression is quite large, as shown earlier in figure 7.6.  

The difference in discrimination around the hue circle is partly explained by the high 
discrimination of spectral colours in the red to yellow range, and low discrimination in the 
green, as a consequence of the opponent system of colour detection and coding. These effects are 
encoded in the CIE colour diagrams, and they provide a similar degree of ‘explanation’ of the 
results found in these hue segments. Poor discrimination in the magenta is not assessable in 
spectral discrimination (as magenta is not a spectral colour), and high discrimination in the blue, 
as found here, is not clearly suggested by either spectral discrimination or the CIE colour 
paradigm. The high discrimination in the blue (e.g. figure 7.6) and the poor discrimination in the  
magenta appear to be real effects, and are consistent with the IPT colour space of Ebner and 
Fairchild (1998). 



Chapter 8:  Analysis of Participants (Results) 

8.1 Introduction 

In Chapter 2, sections 2.4, 2.6 and 2.7, a number of factors that have been demonstrated to affect 
colour discrimination, or have been suggested might affect discrimination, were mentioned; for 
example the difference between males and females or young and older people. The data, as 
collected here, gives ample opportunity to explore such effects, both in terms of overall 
discrimination and in a hue-specific manner. 

Thus, a number of hypotheses may be suggested, and this chapter tests them systematically. The 
hypotheses that arise from the review of the literature (Chapter 2) and the execution of the study 
are as follows: 

1 Do females and males differ in hue discrimination and if so, is the difference itself hue-
specific (e.g. is the difference greater in the red-green, as reported by Bimler et al. 2004)? 

2 Does discrimination change with age and, if so, is the change hue-specific (e.g. does 
discrimination deteriorate more in the short wavelengths as reported, for example, by 
Verriest et al. 1962)? 

3 Does the overt environment in which a person lives affect their hue discrimination, where 
“environment” might refer to the general colour palette of their ‘world’ (e.g. Jackson et al. 
1994), or the ‘tropicalness’ of their location (e.g. Kuehni 2003)? 

4 Does some dimension of culture influence discrimination (e.g. Stith-Williams 2009), such 
as their cultural milieu (e.g. Bornstein 2015), expressed by, perhaps ethnicity (e.g. Asano 
et al. 2016), level of education, disciplinary specialisation or level of experience with 
colour from a professional perspective (e.g. Webster 2015)? 

8.2 Procedure 

In Chapters 2 and 3 it was argued that the colour space was three dimensional and, in the case of 
conceptual spaces, likely to be a body in the shape of a bi-cone or sphere, albeit probably distorted 
from a regular form. This study concentrated on the hue aspect of the colour space, which is 
typically regarded as a circular form, although the Munsell colour space clearly indicates that, 
although a closed form, circularity is not likely if the space is perceptually uniform in terms of 
Chroma (i.e. saturation) (section 3.4). The previous chapter (Chapter 7) found that the RGB-
derived hue circle is not spatially uniform, at least as calculated in a conversion from RGB to any 
of the commonly-used conceptual colour spaces, such as HSL, which is used here. This chapter 
explores the differences in hue discrimination in partitions of the set of participants, taking as a 
given that hue discrimination is non-uniform. 

In this study the data were first analysed to determine the overall relationship between matching 
errors and hue (i.e. Chapter 7), using methods developed in Appendices 5 and 6. The data were 
then detrended to remove this overall effect (as explained in Appendix 9, section A9.1), and then 



Chapter 8:  Analysis of Participants (Results) 
 

166 

the differences attributable to the independent variables, at the participant level, and around the 
hue circle were assessed.  

The next matter to consider is that simple means of (say) two partitions of the data may not 
properly represent the effects of the variable providing the partition. Consider the (hypothetical!) 
case that many young participants might be female, and most older participants male, and that 
furthermore: (a) females do have superior discrimination to males; and (b) age does not affect 
discrimination. Thus, simply partitioning the data set into younger and older participants will find 
that young participants have better discrimination than older ones, not because of an effect of age, 
but because young participants are predominately female, who have better discrimination. Note 
that this is a result of the posited malapportionment of males and females between age groups. 
Simple means will lead to spurious conclusions, if the data set is unbalanced, as in this example. 
The data set is very unbalanced, as reported in the many contingency tables in Appendix 7. 

The solution to this was to compute the effects of (say) age, while all other relevant variables were 
statistically controlled, in a main-effects ANOVA. To distinguish what means were being compared, 
the means calculated when other variables were controlled, as in the results of a main-effects 
ANOVA, are called “predicted means”, or “main-effects means”. The justification for this is 
discussed in Appendix 6, section A6.5, and the procedure described in Appendix 9, section A9.2. 

The next challenge was to determine which effects in the data should be retained in order to 
statistically control for some variables, while rejecting uninformative variables and exploring the 
effects of others. The method of identification of parsimonious models, by backwards stepwise 
main-effects ANOVA, is given in Appendix 10. 

Appendix 10 explores the effects of various partitioning variables on both matching error size and 
direction, but no variables had any significant effects on direction when ‘useful’ variables were 
explored. This chapter thus deals only with matching error or its inverse, Discrimination. 

The final (parsimonious) main-effects models are reported here in tables 8.1 and 8.2 (from 
Appendix 10, tables A10.3 and A10.8). 

Table 8.1 Final main-effects ANOVA (all variables): participants 

Source SS DF MS F p 
Intercept 0.0290 1 0.0290 4.22 0.041 

Test Location 0.4257 4 0.1064 15.5 1.5×10–11 
Age Group 0.1105 4 0.0276 4.02 0.0034 
Gender 0.0575 1 0.0575 8.37 0.0041 
Highest Education Level 0.0999 5 0.0200 2.91 0.014 

Residual 2.1035 306 0.00687   
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Table 8.2 Final main-effects ANOVA (all variables): individual matches 

Source SS DF MS F p 
Intercept 0.125 1 0.125 1.94 0.16 

Test Location 6.364 4 1.591 24.7 2.1×10–20 
Age Group 5.662 4 1.416 22.0 4.1×10–18 
Formative Location 3.617 8 0.452 7.02 2.7×10–9 
Gender 2.255 1 2.255 35.0 3.3×10–9 
Highest Education Level 3.069 5 0.614 9.53 4.3×10–9 
Work with Colour 0.367 1 0.367 5.70 0.017 

Residual 914.189 14195 0.0644   

8.3 Influences on Discrimination 

In the analysis reported in the forthcoming sections, the analysis was conducted in the following 
manner: (a) an analysis of discrimination on a participant basis (i.e. taking the average 
discrimination of each participant as the unit-of-measure) and comparing groups of participants; 
(b) on a hue-blind basis, simply looking at average discrimination on a match-by-match basis, also 
considering groups of participants; and (c) considering differences in discrimination around the 
hue circle, to discern any hue-specific variation on discrimination. In this last case, discrimination 
in one part of the hue circle may be compared with another part of the hue circle for the same 
group, or discrimination in one part of the hue circle may be compared with that of another group 
in the same segment. A fully-worked example of step (c) is given in Appendix 9, section A9.3. 

In the first two analyses, results are reported as average discrimination, but for hue-specific effects, 
results are reported as deviation from the average discrimination at the particular hue, or hue 
segment (i.e. ∆D). To report hue-specific effects as average discrimination in some hue segment 
makes the presumption that the baseline is a fixed, constant, hue-independent value. This is patently 
untrue for segments of the hue circle, where average discrimination (i.e. the baseline) varies 
dramatically, from ~140 to 352 at certain hues (see Appendix 9, section A9.4). 

8.3.1 Gender 

It is hypothesised that males and females may have different overall hue discrimination, and that 
differences between the two groups may be greater at some, and smaller at other, hues. 

The predicted mean matching error and Discrimination for females and males, at the participant 
level, are shown in figures 8.1 and 8.2. The differences are tested in table 8.1, and means reported 
in table 8.3. 

In summary, female participants showed slightly, but significantly (p = 0.0041, Table 8.1), better 
hue discrimination (D = 220) than male participants (D = 199). The predicted mean matching 
error averaged over all matches (repeating the above analysis, but at the match level) is plotted in 
figure 8.3, and the corresponding Discrimination in figure 8.4. Differences are tested in table 8.2, 
and the means reported in table 8.4. 
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Table 8.3 Predicted means and standard errors for size of matching error for female and male participants 

Gender # of cases Mean StErr Discrimination 
Female 166 0.0050 0.0101 220 1 
Male 155 0.0326 0.0105 199 

Size of Error by Gender
F1,306 8 .37, p = 0.0041
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Figure 8.1 Predicted means from main-effects error Figure 8.2 Hue Discrimination calculated from main-

analysis for gender of participant   effects analysis for gender of participant 
(horizontal bar is predicted mean, red bars    (participant data) 
are 95% confidence limits on mean) 
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Discrimination by Gender
F1,14195 = 35.0, p = 3.4×10–9
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Figure 8.3 Gender of participant: predicted mean Figure 8.4 Mean hue Discrimination for female and 

size of matching errors for female and  male participants (match data) 
male participants (match data) 

 
1  Because of some missing values in the data set, the main-effects analysis was not able to use the full data set, and 

compounded with the highly unbalanced data table, then for some partitions of the data the overall mean is not the 
same, from this analysis, as from the full data set. Thus, while the overall undetrended mean was 223, in the case of 
the data available for main-effects assessment of the effect of gender the mean is 210. 
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Table 8.4 Mean matching error size: difference between female and male participants  

Gender # of Cases Discrim’n Means Difference t df(difference) p 
Female 7490 234 -0.0129 

-0.0269 -5.92 14397 3.3×10–9 
Male 6909 212 0.0140 

The significance of any variations around the hue circle (i.e. local departures from a constant 
mean across all hues) is reported in table 8.5. 

Table 8.5 Significance of the curve relative to the mean size of matching error for female and male 
participants (each line is a separate ANOVA) 

Gender # of cases F df p Explanation 
Female 7490 0.49 9.7, 7479.3 0.90 0.1% 
Male 6909 0.50 9.5, 6898.5 0.88 0.1% 

There was no evidence of different hue discrimination ability in any particular hue segment, for 
either male or female participants, but while there may be no significant departure from the mean 
of a given partition of the participants, there may be significant differences in some hue segments 
between the two groups. Thus, the overlay plot of males and females is presented in figure 8.5, 
and a plot of the difference between the two groups is given in figure 8.6. 

  
Figure 8.5 Overlay plot of detrended hue Discrimin- Figure 8.6 Difference in match error between female 

ation for female and male participants  and male participants (black line is  
(controlled for other variables) (solid magenta  difference, red lines are 95% confidence limits 
or cyan lines in the middle of the bands are the  on difference, grey bands indicate hue 
smoothed mean Discrimination ‘curve’ and the  segments where the difference is statistically 
bands are the 95% confidence bands on the  significant at a = 0.05) 
curve fit; blue areas are overlap between the 
two curves’ confidence bands) 

Evidently (figure 8.6), the difference in discrimination between females and males was especially 
pronounced in the magenta-red to yellow-green (hues 327 to 78) and cyan to magenta (hues 191 
to 279). These segments are analysed in table 8.6, and the intervening segments, where 
discrimination might not differ between females and males, are analysed in table 8.7.  
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Table 8.6 Difference in mean size of matching error in selected segments of the hue circle contrasting 
female and male participants where difference is expected 

Participant Group Hue Segment 2 # of Cases ∆D Mean Difference t df p Critical p 
Female 

 327 to 78 
2387 +14 -0.0159 

-0.0339 -4.78 4480 1.8×10–6 0.016 
Male 2095 -14 0.0180 

Female 
191 to 279 

1909 +13 -0.0150 
-0.0318 -4.10 3612 4.1×10–5 0.012 

Male 1705 -13 0.0168 

Table 8.7 Difference in mean size of matching error in selected segments of the hue circle contrasting 
female and male participants where no difference is expected 

Participant Group Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Female 

 280 to 326 
901 +9 -0.0108 

-0.0220 -1.58 1772 0.11 0.0065 
Male 873 -9 0.0112 

Female 
79 to 190 

2293 +7 -0.0088 
-0.0180 -2.14 4527 0.033 0.016 

Male 2236 -7 0.0092 

The conclusion is that male participants had poorer hue discrimination than female participants, 
and this difference was statistically significant in the segments magenta-red to yellow-green, and 
cyan to magenta, where Discrimination differs by ∆D ~27. In the intervening segments the two 
groups differ by ∆D ~16; this difference was not statistically significant from no difference at all. 

8.3.2 Age of Participant 

It is hypothesised that younger participants may differ from older participants in terms of overall 
discrimination, and that differences between age groups may be greater at some, and smaller at 
other, hues.  

Participants were asked to identify with a relevant age group, but actual ages were not recorded. 
Age groups and their handling is discussed in Appendix 7 (section A7.2). The predicted mean 
matching error and Discrimination for participants in each age group are shown in figures 8.7 and 
8.8. The participant-level means are reported in table 8.8, and the differences are tested in table 
8.9. 

Table 8.8 Predicted means and standard errors for size of matching error across participant age groups 

Age Group # of cases Mean StErr Discrimination 
under 25 years 205 0.0024 0.0101 223 
25 to 34 years 62 -0.0234 0.0129 244 
35 to 44 years 25 -0.0011 0.0192 225 
45 to 54 years 17 0.0629 0.0217 179 
55 and over 12 0.0554 0.0256 183 

 
2  These hue values ranges were obtained as the segment within which the smoothed curves of the two groups 

differed significantly at α = 0.05. 
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Size of Error by Age Group of Participant
F4,306 = 4.02, p = 0.0034
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Figure 8.7 Predicted means for main-effects error Figure 8.8 Hue Discrimination for age groups of  

analysis for age group of participants  participants (participant data) 
(participant data) 

A post hoc test of differences between means (table 8.9, similar to a Bonferroni post hoc test, but 
using Šidák-adjusted critical values) revealed that only one pair of means differed significantly. 
The mean size of matching error differed significantly between participants ‘25 to 34 years’ and 
‘45 to 54 years’, and the differences between ‘25 to 34 years’ and ‘55 and over’ was close to 
significant. 

Table 8.9 Post hoc tests of significance of differences between participant age groups: size of matching error 
(critical significance 0.0051 3) 

Age Group under 25 years 25 to 34 years 35 to 44 years 45 to 54 years 

25 to 34 years 0.15     
35 to 44 years 0.95 0.32    
45 to 54 years 0.012 0.00054 0.016   
55 and over 0.051 0.0058 0.060 0.81 

When planned contrasts were computed between the groups, it was found that the three younger age 
groups were homogeneous, as were the two older age groups (table 8.9). These two subsets of the 
participants were also significantly different to each other in their matching ability (p = 0.00034). 

In summary, participants 45 years and over showed poorer hue discrimination than younger 
participants. Further, there was no meaningful difference in hue discrimination amongst 
participants up to 44 years of age, nor amongst participants 45 years of age or greater. 

 
3  Accounting for the number of parallel significance tests conducted here, the critical value required adjustment to 

avoid a multiple-comparisons error; this is the Šidák-adjusted critical significance level. 
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Figure 8.9 shows the predicted means, calculated from the match-level data, for the variable “Age 
Group”, and figure 8.10 the hue Discrimination for groups in this variable. Table 8.10 lists the means 
and their standard errors, and table 8.11 the post hoc test of differences between pairs of means. 

Size of Error by Age Group
F4,14195 = 22.0, p = 4.1×10–18
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Figure 8.9 Age Group: predicted mean hue-matching Figure 8.10 Age Group: predicted Discrimination 

errors (match data)  levels (match data) 

Table 8.10 Predicted mean size of matching error for the Age Group variable (detrended and controlled for 
other variables) 

Age Group # of Cases Discrimination Mean StErr 
Significance of 

Mean 4 
(0.010) 5 

under 25 years 9240 228 -0.0051 0.0027 0.0015 
25 to 34 years 2765 239 -0.0180 0.0046 4.4×10–5 
35 to 44 years 1127 219 0.0048 0.0074 0.52 
45 to 54 years 715 169 0.0779 0.0095 1.3×10–16 
55 years and more 552 177 0.0651 0.0111 1.6×10–9 

Table 8.11 Post hoc tests of significance of differences in size of matching error between pairs of age groups 
(critical significance 0.0051) 

Age Group under 25 y 25 to 34 y 35 to 44 y 45 to 54 y 

25 to 34 years 0.096    
35 to 44 years 0.37 0.031   
45 to 54 years 3.5×10–12 2.6×10–16 9.5×10–9  
55 years and more 2.0×10–7 4.7×10–10 2.4×10–5 0.39 

This analysis confirms the conclusions reached from the analysis at the participant-level that, 
partitioned by age, participants fell into two distinct and homogeneous age groups. Those less 

 
4  Significance of the difference between the mean overall matching error of this group and the average of all 

participants in all other groups. 
5  Critical value for α = 0.05, Šidák-adjusted for number of tests conducted. 
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than 45 years of age match notably better than those who were older. When these two meta-
groups were compared (analysis not tabulated), the difference was very highly significant 
(F1,14195 = 76.3, p = 2.7×10–18). 

Averaged around the hue circle, the relationship between age group and matching error was that 
participants in the three youngest age groups (‘under 25’ to ‘less than 45’ years) had similar hue 
Discrimination (D = 229), and older participants were also similar, but at a somewhat lower average 
Discrimination (D = 173, figure 8.10). Average matching errors made by the younger three groups 
were homogeneous; the 25 to 34 years group made slightly better matches than either those 
younger or older in this met-group (table 8.10), but the p-value for this comparison was larger 
than the critical value computed for this number of concurrent comparisons (table 8.11). 

Table 8.12 reports the value of curvilinear departures from a common mean size of matching 
error across all hues for each group in this variable. 

Table 8.12 Significance of the curve relative to the mean size of matching error for each age group  
(each line is a separate ANOVA) 

Age Group # of cases F df p Explanation 
under 25 years 9240 0.52 10.9, 9228.1 0.89 0.1% 
25 to 34 years 2765 0.81 6.4, 2757.6 0.57 0.2% 
35 to 44 years 1127 1.11 5.0, 1121.0 0.36 0.5% 
45 to 54 years 715 1.42 4.4,   709.6 0.22 0.9% 
55 years and more 552 1.49 4.2,   546.8 0.20 1.1% 

While there were significant differences between the age groups in average size of matching 
errors at all hues (table 8.10), there was no evidence that the size of error varies to any significant 
degree in any hue segments (table 8.12). The data supported the amalgamation of participants 
into two meta-groups of participants (young, vs older); the results of this amalgamation are 
reported in tables 8.13 and 8.14. 

Table 8.13 Mean matching error size: difference between combined age groups 

Age Group # of Cases Discrim’n Means Difference t df(difference) p 
under 45 years 13132 229 -0.0070 

-0.0793 -8.73 14937 2.7×10–18 
45 years and more 1267 173 0.0723 

Table 8.14 Significance of the curve relative to the mean size of matching error for each combined age group 
(each line is a separate ANOVA) 

Age Group # of cases F df p Explanation 
under 45 years 13132 0.16 13.8,13117.2 0.9998 0.0% 
45 years and more 1267 1.44 5.1,  1260.9 0.21 0.6% 

There was no evidence that Discrimination varied significantly anywhere around the hue circle 
(relative to the large differences found for the average participant) (table 8.12). However, to 
provide some indication of what degree of curvilinear effect might exist, figures 8.11 and 8.12 
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show the curves (and their 95% confidence bands) of each of the meta-groups, and figure 8.13 
shows the curves overlaid on a single plot. 

  
Figure 8.11 Size of matching error vs hue for Figure 8.12 Size of matching error vs hue for 

participants under 45 years of age  participants 45 years of age and over 
(blue line is mean, black line the smoothed hue-specific response, red lines 95% confidence limits on 
smoothed response) 

 
Figure 8.13 Overlay plot of detrended hue Discrimination for participants under, and over, 45 years of age 

Inspection of figure 8.13 suggests that the ‘deterioration’ in discrimination of older participants 
may be less in the orange to green segment of the hue circle, and by the criteria outlined in 
Appendix 9, footnote 1 (and summarised in footnote 6, over page), the segment Hue 49 (red-
orange) to 87 (green) was examined, and compared with the rest of the hue circle for older 
participants (table 8.15). 
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Table 8.15 Difference in mean size of matching error in selected segment of the hue circle for older 
participants (45 years and older) 

Hue Segment 6 # of Cases ∆D 7 Mean Difference t df p Critical p 
  49 to 87 138 -27 0.0355 

-0.0413 -1.79 1265 0.074 0.011 
rest of hue circle 1129 -53 0.0768 

Amongst the older participants, Discrimination in this segment was, indeed, better than elsewhere 
around the hue circle, but the reliability of the effect did not reach statistical significance, and so 
cannot be extrapolated to the population from which this sample was drawn. It seems that the 
effect was too likely to be fortuitous or spurious to give it much credence. 

Thus, young people (<45 years of age) displayed superior discrimination than older people 
(∆D ~56), and there was no convincing evidence that this difference was greater or less in any 
segment of the hue circle. 

8.3.3 Environment 

In the Introduction to this chapter, several aspects of “the environment” were proposed to have a 
possible effect on level or development of discrimination by people. Two suggestions were: 
(1) the general palette of the environment (as per table 2.2 in Chapter 2); and (2) the 
‘tropicalness’ of the environment (as suggested by Kuehni 2003). 

In collecting data in this study, the location where the participants spent the greater part of their 
first 20 years, and the location of the test, were recorded. If early environment influences colour 
discrimination, then effects might be discernible in partitions of participants by early-years 
location. If this condition changes with learning and experience, clearer effects might be found by 
partitioning by location of the test. 

On the presumption that the effects of early learning might be modified by subsequent life 
experience, the place where participants were living when they took the test might account for 
difference in discrimination, better than formative location. The data permitted testing of this 
hypothesis in an indirect manner, as explained below. 

Two hypotheses are proposed for the relationship that might exist between the participant’s 
environment and their hue discrimination, and each was tested with ‘environment of origin’ (i.e. 
where they spent the greater part of their first 20 years) and contemporary environment (i.e. test 
location): 

 
6  These hue values were obtained as the segment within which the smoothed curve diverged from its overall mean 

by more than one half of a confidence half-range on the curve (i.e. mean to the 95% confidence limit). 
7  i.e. the difference in average discrimination in this segment from the average around the entire hue circle for all 

participants. This statistic is preferable to a simple measure of actual discrimination (the detransformation of the 
detrended mean) as this really is the deviation from the actual discrimination in this hue segment, which was 
shown in Chapter 7 to vary strongly around the hue circle, i.e. from ~130 to 365 at various hues. It would be 
misleading to report an average discrimination, as such a value has no meaning in terms of actual discrimination in 
the segment. 
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(1) immersion in a flamboyant, bold, high chroma colour palette early in life may lead to different 
hue discrimination than immersion in a restrained, subdued colour palette, and this difference 
may be expressed more strongly in some segments of the hue circle than others; and  

(2) living in a season-free hot, humid, environment may lead to different hue discrimination than 
in a seasonal subtropical, or seasonal temperate environment 8, and this difference may be 
expressed more strongly in some segments of the hue circle than others. 

In order to plan these partitions, the relevant characteristics of these two types of locations 
needed to be evaluated. While backed by a degree of sound data, this grouping of locations was 
necessarily fairly subjective, and involved a certain degree of judgement that could be challenged 
by informed criticism. Nonetheless, this permitted at least a first approach to identifying 
‘environmental’ moderators of hue discrimination ability. Table 8.16 lists the partitions of location 
values to constitute the desired groups for this analysis. 

Table 8.16  Subjective categorisation of Locations by criteria that might indicate environmental influences 
on hue discrimination 

Criterion Variable Categories 

Colour Palette Formative Location Subdued Flamboyant  
  East Asia,  

Europe,  
Middle East,  
North America  

Australia/NZ,  
Latin America,  
Pacific Islands,  
South Asia,  
Southeast Asia 

 

 Location of Test Subdued Flamboyant  
  Rochester,  

Taipei  
Brunei,  
Gold Coast,  
Jakarta 

 

Tropicalness Formative Location Tropical Subtropical Temperate 
  Latin America,  

Pacific Islands,  
South Asia,  
Southeast Asia 

Australia/NZ,  
East Asia  

Europe,  
Middle East,  
North America 

 Location of Test Tropical Subtropical Temperate 
  Brunei,  

Jakarta 
Gold Coast,  
Taipei 

Rochester 

In the following analyses, the discrimination in each group of the data was examined, independent 
of the hypotheses, so that some characterisation of locations could be achieved. After that the 
hypothesis was articulated and then tested  

8.3.3.1 Characterisation of Formative Location  

At the participant level there was no significant difference in discrimination between participants 
grouped by formative location (table 8.1), so the analysis was limited to match-level results. 

 
8  It is not suggested that the climate of the location, per se, affects development or discrimination, only that some 

factor, associated with climate, might do so. If an effect of this partition is found, it will be necessary to speculate on 
what might correlate with climate that would influence the development of discrimination capacity. 
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Figures 8.14 and 8.15 show the means and their confidence limits for each location group, for 
matching error (figure 8.14) and Discrimination (figure 8.15). 

Several means were not estimated with great precision (table 8.17, and note the wide 95% 
confidence limits shown in figure 8.15), and the differences between most pairs of means were 
not significant (table 8.18). Hue discrimination was particularly poor amongst participants who 
grew up in Southeast or East Asia, and possibly Latin America. There were appreciable differences 
in means for participants who grew up in other locations, but the lack of precision in estimation of 
the means prevented any real differences that may exist from being demonstrated. It seems 
possible that participants who grew up in South Asia had rather better hue discrimination than 
others, but these differences were not statistically significant, mainly due to the small number of 
cases in each group (table 8.18). 

Size of Error by Formative Location
F8,14195 = 7.02, p = 2.7×10–9
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Discrimination by Formative Location
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Figure 8.14 Formative Location: size of matching Figure 8.15 Formative Location: hue Discrimination 

error (match data)  (match data) 

Table 8.17 Predicted mean size of matching error for the Formative Location variable (detrended and 
controlled for other variables) 

Formative Location # of Cases Discrimination Mean StErr Significance of 
Mean (0.0057) 

Australia/NZ 4113 250 -0.0301 0.0037 6.0×10–19 
East Asia 3667 193 0.0402 0.0043 4.4×10–28 
Europe 647 260 -0.0394 0.0094 6.9×10–5 
Latin America 135 207 0.0206 0.0022 0.35 
Middle East 479 245 -0.0244 0.0122 0.035 
North America 750 255 -0.0352 0.0022 0.00012 
Pacific Islands 90 241 -0.0204 0.0213 0.45 
South Asia 268 279 -0.0568 0.0141 0.00027 
Southeast Asia 4160 213 0.0130 0.0025 0.00011 
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Table 8.18 Post hoc tests of significance of difference in size of matching error between pairs of formative 
locations (critical significance 0.0014) 

Formative 
Location 

Europe Middle East South Asia SE Asia East Asia Pacific Is Australia/ 
NZ 

North 
America 

Middle East 0.38        
South Asia 0.37 0.10       
Southeast Asia 0.00025 0.024 0.00041      
East Asia 6.2×10–8 0.00025 7.6×10–7 0.051     
Pacific Islands 0.52 0.90 0.27 0.27 0.042    
Australia/NZ 0.41 0.70 0.13 0.00041 1.4×10–9 0.73   
North America 0.80 0.54 0.28 0.0056 2.3×10–6 0.63 0.72  
Latin America 0.017 0.086 0.0058 0.76 0.43 0.25 0.028 0.037 

8.3.3.2 Characterisation of Test Location  

Location of test (with five locations) proved to be a very strong predictor of discrimination ability. 
In both the participant-level and match-level analyses, it was the strongest predictor variable 
(tables 8.1 and 8.2). The predicted mean matching error and Discrimination for participant-level 
analysis at each test location are shown in figures 8.16 and 8.17. The means are reported in table 
8.19, and differences tested in table 8.20. 
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F4,306 = 15.48, p = 1.5×10–11
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Figure 8.16 Predicted mean size of matching error Figure 8.17 Hue Discrimination calculated from main- 

from main-effects analysis for locations  effects analysis for locations where tests 
where tests were conducted (participant  were conducted (participant data) 
data) 

The post hoc test of differences between means revealed that the mean size of matching error 
differed significantly between most pairs of locations, but was not significantly different between: 
(a) Jakarta and the Gold Coast; or (b) Jakarta and Taipei; or (c) Brunei and Taipei (table 8.20). 
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Table 8.19 Predicted mean size of matching error for the Test Location variable partitioned by ‘tropicalness’ 
of the location (detrended and controlled for other variables) 

Test Location # of cases Mean StErr Discrimination 
Gold Coast 128 -0.0060 0.0086 229 
Jakarta 30 0.0321 0.0150 199 
Brunei 61 0.0890 0.0180 163 
Taipei 76 0.0555 0.0147 183 
Rochester 26 -0.0766 0.0179 303 

Table 8.20 Post hoc tests of significance of differences between locations of test: size of matching error  
(critical significance 0.0051) 

Test Location Gold Coast Jakarta Brunei Taipei 

Jakarta 0.014     
Brunei ~0 9 0.0029    
Taipei 4.4×10–5 0.18 0.091   
Rochester 0.00021 1.1×10–6 ~0 ~0 

In summary, when the effect of other influencing variables was taken into account (figures 8.16 or 
8.16), the participants taking the test at Rochester showed significantly better hue discrimination 
than participants elsewhere, and those at Brunei poorer (although not significantly poorer than at 
Taipei). Participants taking the test at the Gold Coast showed poorer hue discrimination than 
those at Rochester, but better than elsewhere (although not significantly better than at Jakarta). 

When analysed at the match level, a slightly different picture emerges. Figures 8.18 and 8.19 show 
the means for match-level analysis, and table 8.21 lists the means for each group, the difference 
between which are listed in post hoc comparisons in table 8.22. 

Table 8.21 Predicted mean size of matching error for partitions of the Test Location variable (detrended and 
controlled for other variables) 

Test Location # of Cases Discrimination Mean StErr Significance of 
Mean (0.010) 

Gold Coast 5832 227 -0.0041 0.0032 0.12 
Jakarta 2723 225 -0.0026 0.0052 0.55 
Brunei 1349 177 0.0642 0.0075 4.8×10–22 
Taipei 3399 220 0.0038 0.0045 0.33 
Rochester 1096 285 -0.0625 0.0065 5.2×10–17 

Table 8.22 Post hoc tests of significance of differences in size of matching error between pairs of  
test locations (critical significance 0.0051) 

Test Location Gold Coast Jakarta Brunei Taipei 

Jakarta 0.91    
Brunei 1.1×10–8 1.2×10–13   
Taipei 0.50 0.67 3.9×10–5  
Rochester 2.5×10–6 0.00048 9.1×10–15 9.0×10–6 

 
9  i.e. less than 10–100. 
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Size of Error by Location of Test
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Figure 8.18 Test Location: predicted mean size of Figure 8.19 Test Location: predicted mean hue 

matching errors (match data)  Discrimination (match data) 

The means fall into three very clear groups: superior matching at Rochester, a meta-group of Gold 
Coast, Jakarta and Taipei with ‘average’ discrimination, and poorer discrimination in Brunei. 

8.3.3.3 Contrast 1A — Colour Palette at Formative Location 

The first contrast to test was restrained or subdued vs flamboyant environmental colour 
palette 10, and the first partition of this nature is by Formative Location. This involved testing the 
contrast in discrimination by participants whose formative location was East Asia, Europe, the 
Middle East and North America (subdued, see table 8.16) with those whose formative location 
was one of Australia/NZ, Latin America, the Pacific Islands, South Asia or Southeast Asia 
(flamboyant). 

When grouped as suggested by the colour palette hypothesis, no significant difference between 
the meta-groups was found. Participants whose formative location was classified as having a 
flamboyant palette had higher Discrimination (D = 227) than those classified as subdued (D = 218, 
but the difference was not significant at p = 0.18, table 8.23) 

Table 8.23 Mean matching error size: difference between subdued and flamboyant environmental palettes at 
the participant’s formative location 

Formative 
Location Group # of Cases Discrim’n Means Difference t df(difference) p 

Subdued palette 5498 218 0.0066 
0.0108 1.35 14217 0.18 

Flamboyant palette 8721 227 -0.0042 

 
10  By “environmental” palette, both sociocultural and natural environment is presumed. 
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Analysis of departures of the Discrimination value from a common mean around the hue circle 
revealed no hue-specific departures from common discrimination 11 (table 8.24).  

Table 8.24 Significance of the curve relative to the mean size of matching error for each combined 
environmental palette group (each line is a separate ANOVA) 

Formative 
Location Group # of cases F df p Explanation 

Subdued palette 5543 0.54 8.4,5533.6 0.83 0.1% 
Flamboyant palette 8766 0.40 10.6,8754.4 0.96 0.0% 

To finalise examination of this hypothesis, the overlay plot (figure 8.20) shows the discrimination 
response for these two meta-groups. Analysis of the difference between the two groups found no 
significant difference between the two groups in any hue segments. 

 
Figure 8.20 Detrended discrimination curves for participants whose formative locations were characterised 

by subdued or flamboyant environmental palettes. 

To summarise, participants whose formative location was characterised by a flamboyant colour 
palette matched better than those from locations typified by more subdued colours, but the 
difference was neither large enough, nor reliable enough, to conclude that this difference was 
meaningful. 

8.3.3.4 Contrast 1B — Colour Palette at Test Location 

The contrast of the subdued vs flamboyant cultural palette could also be tested by partitioning the 
data set by Location of Test. This involved testing the contrast in discrimination by participants 

 
11  Actually, “departures from the figure-of-eight variable discrimination around the hue circle”, but removal of this 

effect in the detrending simplifies the comparison to “departure from a fixed mean” (a point which applies 
throughout this chapter and will not be emphasised again). 
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who took the test in Rochester and Taipei (subdued, see table 8.16) with those whose test location 
was any of Brunei, Gold Coast or Jakarta (flamboyant). 

When grouped as suggested by the colour palette hypothesis, significant difference between the 
meta-groups was found, with participants who took the test in a location surmised to have a 
subdued palette having higher Discrimination (D = 243) than those classified as flamboyant 
(D = 215, different significant at p = 0.0038, table 8.25). This difference was opposite in sign to that 
found for the effect of Formative Location but, in this case, the effect was statistically significant. It 
may be concluded that participants taking the test at locations characterised by a subdued palette 
showed superior discrimination to those tested at a location with a more flamboyant environmental 
palette). 

Table 8.25 Mean matching error size: difference between environmental palette groups for test location 

Test Location Group # of Cases Discrim’n Means Difference t df(difference) p 
Subdued palette 4450 243 -0.0219 

-0.0318 -2.89 14217 0.0038 
Flamboyant palette 9769 215 0.0100 

Analysis of departures of the Discrimination value from a common mean around the hue circle 
revealed no significant hue-specific departures from common discrimination (table 8.26).  

Table 8.26 Significance of the curve relative to the mean size of matching error for each environmental 
palette group for test location (each line is a separate ANOVA) 

Test Location Group # of cases F df p Explanation 
Subdued palette 4495 0.86 7.7,4486.3 0.55 0.1% 
Flamboyant palette 9904 0.42 11.6,9891.4 0.96 0.0% 

When the curves for each partition of the participants were compared (e.g. figure 8.21, over page), 
there was an indication that those who took the test in locations with a subdued palette matched 
better than those tested elsewhere, in the cyan to blue segment, but not in other hues (figure 8.22, 
over page). These indications are tested in table 8.27. 

Table 8.27 Difference in mean size of matching error in selected segments of the hue circle for participants 
tested at locations with distinct environmental palettes 

Test Location Group Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Subdued palette 

 170 to 246 
982 +23 -0.0255 

-0.0376 -4.11 3167 4.0×10–5 0.011 
Flamboyant palette 2187 -10 0.0121 

Subdued palette 
247 to 169 

3513 +7 -0.0087 
-0.0125 -2.34 11228 0.019 0.039 

Flamboyant palette 7717 -3 0.0038 

To summarise, participants who took the test in a location that was characterised by a subdued 
colour palette matched better than those from locations typified by more flamboyant colours 
(∆D ~+16). This elevated discrimination was especially pronounced in the segment cyan to 
magenta-blue (∆D +33), and much less elsewhere (∆D +10). 



  Chapter 8:  Analysis of Participants (Results) 
 

183 

  
Figure 8.21 Overlay plot of detrended hue discrimin- Figure 8.22 Difference in match error between 

ation for participants taking the test at   participants taking the test at locations  
locations characterised as having a sub-  characterised as having a subdued or 
dued or flamboyant environmental  flamboyant environmental palette (chart 
palette (chart elements as in figure 8.5)  elements as in figure 8.6) 

8.3.3.5 Environmental Palette: Change of Location 

The effect of colour palette was a little inconsistent, in that results for the palette at the formative 
location indicated that a flamboyant palette was associated with enhanced discrimination (table 
8.23), but at the test location a flamboyant palette was associated with reduced discrimination 
(table 8.25). An interpretation of this result is that the environmental palette experienced in 
formative years is not important in determining hue discrimination, and it is the more recent, 
perhaps contemporary, experience with colour that affects hue discrimination.  

To test this, participants who changed locations were compared with participants who stayed at 
their formative location, and which was, thus, also their test location. Table 8.28 reports on 
matches made by participants who moved from a location classified as having a subdued 
environmental palette to one that was classified as flamboyant, while table 8.29 reports on 
participants who made the opposite move. In both cases the hue discrimination of those who 
moved matched (i.e. was not significantly different from) the discrimination at their test location, 
and differed significantly from their formative location. 

Table 8.28 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a subdued to flamboyant palette location, and those who had always lived at those 
locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Subdued palette resident 3836 228 -0.0061 -0.0215 -2.65 5196 0.0080 
Subdued to Flamboyant relocation 1362 211 0.0155     
Flamboyant palette resident 7465 219 0.0057 0.0097 1.28 8825 0.20 
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Table 8.29 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a flamboyant to subdued palette location, and those who had always lived at those 
locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Flamboyant palette resident 7465 219 0.0057 0.0394 2.64 7777 0.0082 
Flamboyant to Subdued relocation 314 254 -0.0337     
Subdued palette resident 3836 228 -0.0061 -0.0276 -1.83 4148 0.067 

Thus, the palette of the environment in which a person lives has some effect on their hue 
discrimination, and discrimination was better in locations with a subdued palette (D = 243) than 
locations classified as flamboyant (D = 215). While the palette at a person’s origin may have some 
effect on their contemporary hue discrimination, discrimination capacity was better explained by 
the contemporary palette than the palette experienced in a participant’s formative years, 
indicating a plasticity of discrimination in response to the environmental colour palette, in the 
sense of being subdued or flamboyant. 

8.3.3.6 Contrast 2A — Tropicalness at Formative Location 

The second contrast planned was of discrimination by participants whose formative locations could 
be classified as tropical, subtropical and temperate, as specified in table 8.16. A match-level data 
ANOVA tested the difference in discrimination between these groups and is reported in table 8.30. 

Table 8.30 ANOVA of predicted effects on matching error or Discrimination of partitioning data set by  
climate group 

Source SS DF MS F p 
Intercept 1.096 1 1.096 17.0 3.8×10–5 
Climate Group 0.425 2 0.213 3.29 0.037 

Residual 946.5 14306 0.066   

There was a weak, but significant, difference between the climate groups in Discrimination, which 
explored below. The means for each location group are reported in table 8.31, with the significance 
of their difference from the mean of all other participants. Participants from temperate locations had 
better hue discrimination than others. When differences between groups were examined (table 
8.32) the performance of the temperate formative location group was shown to be significantly 
different to (better than) subtropical or tropical, and the latter two did not differ significantly. 

Table 8.31 Predicted mean size of matching error for the Formative Location variable partitioned by 
‘tropicalness’ of the location (detrended and controlled for other variables) 

Formative 
Location group # of Cases Discrimination Mean StErr Significance of 

Mean (0.017) 
Tropical 4653 218 0.0065 0.0069 0.080 
Subtropical 7690 223 0.0003 0.0059 0.41 
Temperate 1876 238 -0.0174 0.0078 0.010 
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Table 8.32 Post hoc tests of significance of differences in size of matching error between pairs of formative 
location climate groups (critical significance 0.017) 

Formative Location Group Tropical Subtropical 

Subtropical 0.49  
Temperate 0.018 0.034 

Thus, participants whose early years were spent in temperate environments had better 
discrimination than those from subtropical or tropical environments. When partitioned as such, a 
trend towards increasing discrimination with decreasing ‘tropicalness’ was found (e.g. table 8.31). 

Table 8.33 reports the degree of curvilinearity around the hue circle for each climate meta-group, 
as an indication of possible hue-specific variations in discrimination. There was a significant 
variation in discrimination around the hue circle for participants whose formative location was 
characterised by a temperate climate, but none for those from subtropical or tropical climates. 

Table 8.33 Significance of the curve relative to the mean size of matching error for formative location  
climate groups (each line is a separate ANOVA) 

Formative 
Location Group # of cases F df p Explanation 

Tropical 4653 0.96 7.8,4644.2 0.47 0.2% 
Subtropical 7780 1.17 10.0,7769.0 0.30 0.2% 
Temperate 1876 2.56 5.7,1869.3 0.018 0.8% 

Participants with a temperate formative location matched significantly less well than their overall 
average in the segment from 354 to 50, and better in the segment 98 to 169 (table 8.34), as 
displayed in figure 8.23 (the yellow band). 

Table 8.34 Difference in mean size of matching error in selected segments of the hue circle for participants 
with a temperate formative location 

Location Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Temperate 354 to 50 324 0 -0.0005 

-0.0403 2.78 1874 0.0055 0.0080 
 rest of hue circle 1552 +38 -0.0408 

 98 to 169 380 +65 -0.0648 
-0.0388 -2.85 1874 0.0044 0.010 

 rest of hue circle 1496 +23 -0.0260 

 287 to 313 117 -13 0.0164 
0.0536 2.37 1874 0.018 0.0037 

 rest of hue circle 1759 +34 -0.0372 

Hue analysis (e.g. figure 8.24) indicates that, in the hue segment 264 to 56, participants of 
temperate origin matched no better than participants of subtropical or tropical origin, but in the 
range 57 to 263, their matching was much better than others, as demonstrated in table 8.35. 
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Figure 8.23 Detrended discrimination curves for  Figure 8.24 Difference in match error between  

participants whose formative locations   participants whose formative locations 
were characterised as tropical, subtropical   were characterised as temperate or  
and temperate (chart elements as in figure   aggregate tropical and subtropical   
8.5)  (chart elements as in figure 8.6) 

Table 8.35 Difference in mean size of matching error in selected segments of the hue circle for participants 
whose formative locations were temperate compared with others 

Formative 
Location Group 

Hue 
Segment # of Cases ∆D Mean Difference t df p Critical p 

Temperate 
 57 to 263 

1078 +45 -0.0474 
-0.0539 -6.35 8347 2.2×10–10 0.029 

other locations 7271 -5 0.0065 

Temperate 
264 to 56 

798 +14 -0.0156 
-0.0188 -1.95 5958 0.052 0.021 

other locations 5162 -3 0.0032 

To summarise, participants whose formative location was characteristically temperate matched 
considerably better (D = 254) than those whose formative location was subtropical or tropical 
(D = 219). The superiority of those from temperate locations was especially marked in the hue 
range from yellow through green to blue-magenta (∆D +50), and their relative discrimination 
peaked around cyan-green. 

8.3.3.7 Contrast 2B — Tropicalness at Test Location 

The hypothesis that ‘tropicalness’ might influence hue discrimination was tested by partitioning on 
the place where participants were living (as indicated by where they took the test). Test locations 
were classified as tropical, subtropical and temperate, as specified in table 8.16. An ANOVA testing 
the difference in discrimination between these groups is reported in table 8.36. 

Table 8.36 ANOVA of predicted effects on matching error or Discrimination of partitioning data set by  
climate group of the test location 

Source SS DF MS F p 
Intercept 0.014 1 0.014 0.21 0.64 
Climate Group 2.792 2 1.396 21.6 4.3×10–10 
Residual 917.8 14197 0.065   
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There was a highly significant difference in Discrimination between ‘climate at the test location’ 
groups, which is further explored below. The means for each location group are reported in table 8.37, 
with the significance of their difference from the average of all other participants. Participants at 
temperate locations had considerably better discrimination than others, and those taking the test at 
tropical locations, poorer. When differences between the groups were examined (table 8.38), the 
performance of the location groups was shown to be significantly different for all paired comparisons. 

Table 8.37 Predicted mean size of matching error for the Test Location variable partitioned by ‘tropicalness’ 
of the location (detrended and controlled for other variables) 

Test Location 
group # of Cases Discrimination Mean StErr Significance of 

Mean (0.017) 
Tropical 4072 198 0.0329 0.0112 7.6×10–9 
Subtropical 9051 228 -0.0062 0.0063 0.12 
Temperate 1096 296 -0.0714 0.0116 9.5×10–11 

Table 8.38 Post hoc tests of significance of differences in size of matching error between pairs of test location 
groups (critical significance 0.017) 

Test Location Group Tropical Subtropical 

Subtropical 0.00041  
Temperate 8.6×10–11 6.4×10–8 

This result mirrors that found for ‘tropicalness’ of formative location and environmental palette at 
the test location as, in each case, elevated discrimination was found in more temperate locations. 

Table 8.39 reports the degree of curvilinearity around the hue circle for each climate meta-group, 
as an indication of possible hue-specific variations in discrimination within each group. There was 
a modest (but non-significant) variation in discrimination around the hue circle for participants 
whose test location was characterised by a temperate climate, but none for those from subtropical 
or tropical climates. 

Table 8.39 Significance of the curve relative to the mean size of matching error for each test location  
climate group (each line is a separate ANOVA) 

Test Location 
Group # of cases F df p Explanation 

Tropical 4072 1.00 7.5,4063.5 0.44 0.2% 
Subtropical 9231 0.75 10.9,9219.1 0.69 0.1% 
Temperate 1096 1.93 5.0,1090.0 0.086 0.9% 

The overlay plot of Discrimination at these ‘climatic’ locations is shown in figure 8.25. There 
would seem to be some merit in examining the difference in curves for matching by participants 
who took the test in tropical and subtropical locations, and giving more attention to the curve for 
participants who took the test at the temperate location 12. 

 
12  Bearing in mind that the weighted means curve-fitting procedure tends to under-represent peaks and troughs, 

especially when the number of cases is small, as is the case for the temperate location, here. 
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Figure 8.25 Detrended discrimination curves for participants who were tested at locations characterised as 

tropical, subtropical and temperate (chart elements as in figure 8.5) 

Figure 8.26 shows the analysis of the difference between the discrimination curves for the tropical 
and subtropical locations, and figure 8.27 reports the difference curve for the contrast between 
the temperate and aggregate of tropical and subtropical locations. 

  
Figure 8.26 Difference in match error between  Figure 8.27 Difference in match error between 

participants who were tested at tropical  participants who were tested at the 
and subtropical locations (chart elements   temperate location and the aggregate of 
as in figure 8.6)  the tropical and subtropical locations 
  (chart elements as in figure 8.6) 

Discrimination at the tropical and subtropical locations would appear to be similar in the hue 
segment from 29 to 277, but better amongst participants tested at the subtropical location in the 
segment from 278 to 28 (magenta to red-orange) (figure 8.26). These indications are tested in 
table 8.40, where these indications are confirmed. 
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Table 8.40 Difference in mean size of matching error in selected segments of the hue circle for participants 
whose were tested at locations characterised as tropical and subtropical 

Test Location 
Group 

Hue 
Segment # of Cases ∆D Mean Difference t df p Critical p 

Tropical 
278 to 28 

1226 -24 0.0314 
0.0406 4.49 3982 7.4×10–6 0.016 

Subtropical 2758 +8 -0.0092 

Tropical 
29 to 277 

2846 -12 0.0144 
0.0122 2.10 9317 0.036 0.035 

Subtropical 6473 -2 0.0022 

Considering participants who took the test at the temperate location, curvilinearity analysis 
suggested no significant departure from a common discrimination around the hue circle (table 
8.39). Nonetheless, comparison with discrimination at other locations showed a significant 
difference at all hues (figure 8.27), comparison within the curve suggests that two segments of the 
hue circle were worthy of examination: (1) high discrimination in the Hue segment 122 to 188 
(green to cyan); and (2) relatively low in the segment 326 to 33 (magenta-red to orange. The 
segments are examined numerically in table 8.41. 

Table 8.41 Difference in mean size of matching error in selected segments of the hue circle for participants 
who took the test in a temperate location 

Location Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Temperate 122 to 188 199 +116 -0.1032 

-0.0497 -2.95 1094 0.0032 0.0094 
 rest of hue circle 897 +52 -0.0534 

 326 to 33 228 +30 0.0333 
0.0369 2.30 1094 0.022 0.0095 

 rest of hue circle 868 +71 -0.0701 

Discrimination by participants who took the test at a temperate location was notably high at all 
hues, but especially in the green to cyan, where, over the range of hues from 122 to 188, 
Discrimination averaged 116 above the average for all participants in this segment. Even where 
discrimination was poorest for this group, ∆D was still +30 (i.e. much better than the average 
participant. 

To summarise, participants whose formative location was characteristically temperate matched 
considerably better (D = 298) than those whose formative location was subtropical (D = 228) or 
tropical (D = 198); the superiority of those from temperate locations was especially marked in the 
green and neighbouring hues. Participants tested in a subtropical location matched better than 
those tested in a tropical location in the hue segment from magenta to red-orange, although this 
difference was much smaller than the superiority of participants tested at the temperate location. 

8.3.3.8 Tropicalness: Change of Location 

The analysis reported above, comparing (a) discrimination of participants who moved between 
origin and current locations with (b) discrimination at their origin and current locations, may 
reveal valuable insights into the ‘effect’ of tropicalness on discrimination. It is presented below, in 
a total of six tables. Tables 8.42, 8.44 and 8.46 investigate matches made by participants who 
moved to a more temperate climate location, and tables 8.43, 8.45 and 8.57 investigate 
participants who made the opposite move. 
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Table 8.42 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a tropical to subtropical location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Tropical resident 3802 208 0.0195 0.0074 0.69 4561 0.49 
Tropical to Subtropical relocation 761 213 0.0121     
Subtropical resident 6883 225 -0.0020 0.0141 1.47 7642 0.14 

Table 8.43 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a subtropical to tropical location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Subtropical resident 6883 225 -0.0020 0.0098 0.45 7016 0.65 
Subtropical to Tropical relocation 135 233 -0.0119     
Tropical resident 3802 208 0.0195 -0.0314 -1.31 3935 0.19 

Table 8.44 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a subtropical to temperate location, and those who had always lived at those 
locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) P 
Subtropical resident 6883 225 -0.0020 0.0463 2.45 7061 0.014 13 
Subtropical to Temperate relocation 180 269 -0.0483     
Temperate resident 616 290 -0.0663 0.0180 1.00 794 0.32 

Table 8.45 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a temperate to subtropical location, and those who had always lived at those 
locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Temperate resident 616 290 -0.0663 -0.0551 -4.48 1529 8.1×10–6 
Temperate to Subtropical relocation 915 233 -0.0112     
Subtropical resident 6883 225 -0.0020 -0.0092 -1.04 7796 0.30 

Table 8.46 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a tropical to temperate location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Tropical resident 3802 208 0.0195 0.0657 2.24 3890 0.025 13 
Tropical to Temperate relocation 90 267 -0.0461     
Temperate resident 616 290 -0.0663 0.0202 0.82 704 0.41 

Table 8.47 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a temperate to tropical location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Temperate resident 616 290 -0.0663 -0.1161 -5.45 749 6.9×10–8 
Temperate to Tropical relocation 135 187 0.0498     
Tropical resident 3802 208 0.0195 0.0302 1.25 3935 0.21 

These tables ‘paint’ an interesting picture: of the six possible relocations. In five instances the 
discrimination of the mover changed from that of the formative location to be more like the 
discrimination of permanent residents of the test location (their destination). In the instance 

 
13  The Šidák-adjusted critical value for α = 0.05 and six comparisons is 0.0085, so this p-value is not significant. 
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where this was not the case (relocation from a subtropical to tropical location, table 8.43), there 
were only three participants who made the move.  

Further, in four locations (not including the relocation from a subtropical to tropical location and 
its reciprocal, tables 8.42 and 8.43), the discrimination of the ‘movers’ was much closer to that of 
the destination residents than residents of their source location. In all four of these moves, there 
was a significant, or nearly significant difference between discrimination in the formative location 
and the ‘movers’, but a clearly non-significant difference between discrimination of the ’movers’ 
and the discrimination of residents at their destination location. The clearest effects were seen in 
participants who moved from temperate to subtropical and temperate to tropical locations (tables 
8.45 and 8.47). Relocation in the opposite direction showed clear change in hue discrimination of 
‘movers’, from the characteristic discrimination of their formative location to that of their 
destination but without creating a significant difference from their formative location (tables 8.44 
and 8.46). Moves where no clear ‘adaptation’ was detectable (tables 8.42 and 8.43) involved 
moves between tropical and subtropical locations. The difference in discrimination between these 
locations was quite small (∆D 17, tables 8.42 and 8.43), compared to the difference between 
subtropical and temperate (∆D 65, tables 8.44 and 8.45) or tropical and temperate (∆D 82, tables 
8.46 and 8.47). 

Thus, there is good evidence that participants who moved location evinced hue discrimination 
typical of the climate of their contemporary location, rather than their formative location. Further, 
hue discrimination at the test location was a better measure of this ability than discrimination 
computed by partitioning the data set by climate of their formative location. 

8.3.4 Cultural Milieu 

The third contrast to be tested, concerning location, was between test locations that were 
characterised by an Eastern, or Western, cultural milieu. Participants were grouped by either 
Formative Location or contemporary (Test) location as specified in table 8.48. Several formative 
locations were not classifiable into this dichotomy (Africa, Middle East, Pacific Islands), and 
participants from these locations were omitted from analysis of formative location. 

Table 8.48  Subjective categorisation of locations by criteria that might indicate cultural influences on hue 
discrimination 

Variable Categories 
Eastern Western 

Formative Location East Asia, 
South Asia, 
Southeast Asia 

Australia/NZ, 
Europe, 
Latin America, 
North America 

Location of Test Brunei, 
Jakarta, 
Taipei 

Gold Coast, 
Rochester 
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8.3.4.1 Contrast 3A — Cultural Milieu at Formative Location 

The third locational contrast explored was between formative locations that were characterised 
by an Eastern, or Western, cultural milieu. The country groups in each meta-group were as 
specified in table 8.48. When grouped by cultural milieu, a significant difference between the 
meta-groups was found. Participants whose formative location was classified as Western had 
significantly higher Discrimination (D = 247) than those whose origin was classified as Eastern 
(D = 209, p = 2.9×10–7, table 8.49). 

Table 8.49 Mean matching error size: difference between Eastern and Western origin groups 

Formative 
Location Group # of Cases Discrim’n Means Difference t df(difference) p 

Eastern milieu 8050 209 0.0182 
0.0443 5..13 13648 2.9×10–7 

Western milieu 5600 247 -0.0261 

Analysis of departures of the Discrimination value from a common mean around the hue circle 
revealed no significant hue-specific departures from common discrimination (table 8.50) and as 
shown in figure 8.28.  

Table 8.50 Significance of the curve relative to the mean size of matching error for each cultural milieu  
group (each line is a separate ANOVA) 

Formative 
Location Group # of cases F df p Explanation 

Eastern milieu 8095 0.63 10.3,8083.7 0.79 0.1% 
Western milieu 5645 1.11 8.6,5635.4 0.35 0.2% 

 
Figure 8.28 Detrended discrimination curves for participants whose formative locations were characterised 

as Eastern or Western (chart elements as in figure 8.5) 
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It would appear that these two partitions differed only in average value of their Discrimination. 
The overlay plot (figure 8.28) shows the discrimination response for these two meta-groups 
around the hue circle. Although the plot shows some variation with hue, they were, evidently, not 
statistically significant, and exploration of variation from the mean for each group revealed no 
significant departures (see footnote 6, in table 8.15, section 8.3.2 for explanation of method 
applied here). 

To summarise, participants whose formative location was characterised as Western matched 
better than those from locations with a characteristically Eastern cultural milieu (∆D +38). 
However, there was no evidence of any variation, in this difference, around the hue circle. 

8.3.4.2 Contrast 3B — Cultural Milieu at Test Location 

When grouped by cultural milieu, a significant difference between the meta-groups of test 
locations was found. Participants whose test location was classified as Western had higher 
Discrimination (D = 238) than those whose origin was classified as Eastern (D = 211, difference 
significant at p = 0.0026, table 8.51). 

Table 8.51 Mean size of matching error: difference between Eastern and Western test locations 

Test Location 
Group # of Cases Discrim’n Means Difference t df(difference) p 

Eastern milieu 7426 211 0.0159 
0.0332 3.02 14217 0.0026 

Western milieu 6793 238 -0.0173 

Analysis of departures of the Discrimination value from a common mean around the hue circle 
revealed no hue-specific departures from common discrimination (table 8.52).  

Table 8.52 Significance of the curve relative to the mean size of matching error for each cultural milieu  
group (each line is a separate ANOVA) 

Test Location 
Group # of cases F df p Explanation 

Eastern milieu 7471 0.51 9.7,7460.3 0.51 0.1% 
Western milieu 6928 0.77 9.5,6917.5 0.65 0.1% 

It would appear that these two partitions differed only in average value of their Discrimination. 
The overlay plot (figure 8.29) shows the discrimination response for these two meta-groups 
around the hue circle. Although the plot shows some variation with hue, they are, evidently, not 
statistically significant (table 8.52).  

A comparison of the two curves (figure 8.30) indicates that the two curves differed in some parts 
of the hue circle, but not in others. The ‘picture’ is a little complicated, but a general indication is 
that the curves may not be significantly different from about Hue 165 to 270, but differ outside 
this hue segment. This indication is tested in table 8.53. 
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Figure 8.29 Detrended discrimination curves for  Figure 8.30 Difference in match error between 

participants who were tested at locations   participants who were tested at locations 
characterised as Eastern or Western  characterised as Eastern or Western 
(chart elements as in figure 8.5)  (chart elements as in figure 8.6) 

Table 8.53 Difference in mean size of matching error in selected segments of the hue circle for participants 
taking the test in each cultural milieu 

Test Location Group Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Eastern milieu 

 271 to 164 
5242 -12 0.0147 

0.0311 5.88 10037 4.2×10–9 0.035 
Western milieu 4797 +14 -0.0163 

Eastern milieu 
165 to 270 

2229 -6 0.0068 
0.0133 1.84 4358 0.066 0.015 

Western milieu 2131 +5 -0.0065 

To summarise, participants who took the test at a location that was characterised as Western 
matched better than those from locations with a characteristically Eastern cultural milieu 
(∆D +27); but this difference was not statistically significant in the hue segment from green-cyan 
to blue-magenta. 

8.3.4.3 Cultural Milieu: Change of Location 

Just as the environmental palette and ‘tropicalness’ of location seems to affect hue discrimination, 
and this seems to change with experience, so that a person’s discrimination is better accounted 
for by contemporary conditions than their experience earlier in life (sections 8.3.3.5 and 8.3.3.8), 
so, too the apparent effect of cultural milieu on discrimination might change with the culture in 
which a person is immersed. 

To test this, the hue discrimination of participants who changed locations (partitioned by cultural 
milieu) were compared with participants who stayed at their formative location, and which was, 
thus, also their test location. Table 8.54 reports tests of matches made by participants who moved 
from a Western cultural milieu to one that was classified as Eastern, and table 8.55 reports tests on 
matches made by participants who made the opposite move. In both cases the hue discrimination of 
those who moved shifted from that typical of their formative milieu towards that of their destination 
milieu, but not so strongly or reliably as was attributable to palette or climate.  
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Table 8.54 Mean size of matching error: difference in test location Discrimination for participants who 
moved from a Western to Eastern location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Western cultural resident 4279 252 -0.0315 -0.0135 -0.91 4547 0.36 
Western to Eastern relocation 270 239 -0.0180     
Eastern cultural resident 7022 202 0.0271 -0.0452 -2.71 7290 0.0068 

Table 8.55 Mean size of matching error: difference in test location Discrimination for participants who 
moved from an Eastern to Western location, and those who had always lived at those locations 

Participant Group # of Cases Discrim’n Means Difference t df(difference) p 
Eastern cultural resident 7022 202 0.0271 0.0330 3.54 7959 0.00040 
Eastern to Western relocation 939 228 -0.0059     
Western cultural resident 4279 252 -0.0315 0.0257 2.96 5216 0.0031 

In the case of the relocation from a Western to Eastern milieu (table 8.54), the change in 
discrimination was only small (∆D –13). These participants retained discrimination quite different 
to their contemporary location (∆D +37). The hue discrimination of this small group was not 
significantly different to their formative (Western) origin. For the greater number of participants 
who moved from an Eastern to a Western milieu (table 8.55), their discrimination was 
approximately intermediate between that typical of their origin and destination milieus (∆D ~25), 
and significantly different to them both. 

Thus, the cultural milieu of the place where a person grows up, or lives, had some effect on their 
hue discrimination. Further, discrimination was better in culturally Western locations (D = 247) 
than culturally Eastern locations (D = 209). The cultural milieu at a person’s origin may have a 
stronger effect on their contemporary hue discrimination than the milieu at their contemporary 
location, although it seems that, where they differ, both formative and contemporary culture 
contribute to overall discrimination. Thus, discrimination was affected by cultural experience, and 
the effect of early experience seems less malleable than is the case for the effect of environmental 
palette or ‘tropicalness’ of the climate. 

8.3.5 Correlation of Locational Partitions 

Partitioning the data set by three different environmental variables showed that environment did 
affect discrimination or, at least, was associated with reliable differences in discrimination. A 
common picture emerges in that subdued environmental palettes, temperate climatic locations 
and Western locations were all associated with enhanced hue discrimination. Of course, these 
categorisation variables were not independent of each other, and there is a degree of correlation 
between them. 

The partitioning of cases by palette, climate or culture gave unique combinations of cases, as 
shown in tables 8.56 and 8.57. Although the same cases were relocated to the various partitions, a 
unique combination of cases constituted each meta-group. 
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Table 8.56 Number of cases (matches) from each formative location included in each of the environmental 
meta-groups for the analysis 

Formative Location 
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Partition Meta-Group 

Palette Subdued 647 479 0 0 3667 0 0 750 0 

 Flamboyant 0 0 268 4160 0 4113 90 0 135 

Climate Tropical 0 0 268 4160 0 0 90 0 135 

 Subtropical 0 0 0 0 3667 4113 0 0 0 

 Temperate 647 479 0 0 0 0 0 750 0 

Culture Eastern 0 0 268 4160 3667 0 0 0 0 

 Western 647 0 0 0 0 4113 0 750 135 

Table 8.57 Number of cases (matches) from each test location included in each of the environmental meta-
groups for the analysis 

Test Location 
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Partition Meta-Group 

Palette Subdued 0 0 0 3399 1096 

 Flamboyant 2723 1349 5832 0 0 

Climate Tropical 2723 1349 0 0 0 

 Subtropical 0 0 5832 3399 0 

 Temperate 0 0 0 0 1096 

Culture Eastern 2723 1349 0 3399 0 

 Western 0 0 5832 0 1096 

Although it is clear from tables 8.56 and 8.57 that each environmental meta-group contained a 
unique combination of cases, there remains the possibility that some partition of the data might 
have had a very similar selection of cases to another, so tables 8.58 and 8.59 (over page) report 
the number of cases in each meta-group that were also included in other meta-groups. The 
interpretation is that, for example, in partitions of the formative location (table 8.58), the partition 
of the tropical climate had many cases with a flamboyant palette, and none with a subdued 
palette, while the temperate partition had the opposite allocation of cases, etc. (see table 8.58). 
Thus, there exists an appreciable possibility that the effects attributed to environmental palette 
may actually be a result of climate, or the converse.  

Nevertheless, despite this malapportionment of cases, effects attributable to (say) environmental 
palette were not identical to effects attributable to locational climate. Thus, while tropical climate 
effects were drawn from cases that were entirely from locations that had a flamboyant 
environmental palette, the effects of a flamboyant environmental palette were based on a larger 
selection of cases, that had roughly as many cases from a subtropical location as from a tropical 
location (table 8.58 or 8.59). 
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Table 8.58 Number of cases in common between all pairs of environmental meta-groups for partitions of  
the formative location 

Formative Location Climate Culture 

Partition Meta-Group Tropical Subtropical Temperate Eastern Western 
Palette Subdued 0 3667 1876 3667 1397 

 Flamboyant 4653 4203 0 4428 4248 

Climate Tropical    4428 135 

 Subtropical    3667 4113 

 Temperate    0 1397 

Table 8.59 Number of cases in common between all pairs of environmental meta-groups for partitions of  
the test location 

Test Location Climate Culture 

Partition Meta-Group Tropical Subtropical Temperate Eastern Western 
Palette Subdued 0 3399 1096 3399 1096 

 Flamboyant 4072 5832 0 4072 5832 

Climate Tropical    4072 0 

 Subtropical    3399 5832 

 Temperate    0 1096 

Noting this differential selection of cases for each effect, tables 8.60 and 8.61 report the Cramér 
contingency coefficient (Zar 2010) for the commonality of cases between the three partitions of 
locations on environmental grounds. While small values are better, even the highest commonality 
of partition of cases (climate compared to palette for formative locations) reaches only 0.65, 
indicating a moderate degree of independence of cases between the two partitions. 

Table 8.60 Cramér coefficient for independence Table 8.61 Cramér coefficient for independence  
of allocation of cases to meta-groups  of allocation of cases to meta-groups 
of environmental partitions for   of environmental partitions for test 
formative location  location 

Formative Location Climate Culture  Test Location Climate Culture 

Palette 0.65 0.21       Palette 0.55 0.32 

Climate  0.61       Climate   0.63 

Nevertheless, not only does there remain the possibility that the difference in discrimination 
between temperate and more tropical locations, on the one hand, and subdued and flamboyant 
environmental palettes, on the other, are attributable to numerical confounding between the 
respective partitions, it is also credible to suggest that the reason a tropical location evinces lower 
discrimination is because it typically had a more flamboyant environmental palette. The data, as 
collected here, do not permit the teasing apart of such effects. 

8.3.6 Level of Education 

It was suggested at the start of this chapter that some cultural or experiential factors might 
influence (the development of) hue discrimination capacity, and level of education might be a 
proxy for some such cultural effect. Thus, participants were asked to advise their highest level of 
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completed education. Education-level groups and their handling is discussed in Appendix 7 
(section A7.7). This partitioning variable proved to have significant explanatory power, both at 
the participant- and match-level (tables 8.1 and 8.2). The predicted mean matching error and 
Discrimination for participants in each education group are shown in figures 8.31 and 8.32. The 
means are reported in table 8.62, and tests of the differences are reported in table 8.63. 

Size of Error by Highest Completed Education Level
F5,306 = 2.91, p = 0.014

School Post-Sec Bachelor Honours Masters Doctorate

Education Level

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

Pr
ed

ic
te

d 
M

ea
n 

Si
ze

 (d
et

re
nd

ed
)

 

Discrimination by Highest Completed Education Level
F5,306 = 2.91, p = 0.014

School Post-Sec Bachelor Honours Masters Doctorate

Education Level

0

50

100

150

200

250

300

350

400

D
is

cr
im

in
at

io
n

 
Figure 8.31 Predicted means from main-effects error Figure 8.32 Hue Discrimination calculated from main- 

analysis for participants with different  effects analysis for different levels of 
levels of completed education  completed education 

Table 8.62 Predicted means and standard errors for size of matching error across participant  
education levels 

Education Level # of cases Mean StErr Discrimination 
School 130 0.0169 0.0151 210 
Post-Secondary 28 0.0139 0.0183 212 
Bachelors degree 42 0.0176 0.0157 210 
Honours degree 64 0.0112 0.0152 215 
Masters 35 0.0693 0.0170 175 
Doctorate 22 -0.0162 0.0197 238 

Table 8.63 Post hoc tests of significance of differences between participant education levels: size of matching 
error (critical significance 0.0034) 

Education Level School Post-Secondary Bachelors degree Honours degree Masters 

Post-Secondary  0.88     
Bachelors degree 0.97 0.86    
Honours degree 0.72 0.89 0.71   
Masters 0.011 0.018 0.011 0.0031  
Doctorate 0.22 0.27 0.19 0.30 0.0012 

Post hoc testing of the differences between the predicted means (table 8.63) revealed that the 
mean size of matching error differed significantly between participants with a Masters degree and 
those with an Honours degree or a doctorate (the last two having better hue discrimination). No 
other significant differences were found.  
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At the match-level, this ‘picture’ was even clearer (figures 8.33 and 8.34), where it was evident 
that matching was homogeneous amongst participants with education lower than a Masters, and 
divergent for higher levels of education. These outcomes are reported numerically in table 8.64 
and tests of differences reported in table 8.65. 

Size of Error by Education Level
F5,14195 = 9.53, p = 4.3×10–9
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Figure 8.33 Education level: predicted mean size of Figure 8.34 Mean hue Discrimination of participants 
matching errors for subsets of Completed with different levels of completed 
Education variable (match data) education (match data) 

Table 8.64 Predicted mean size of matching error for the highest education level variable (detrended and 
controlled for other variables) 

Highest Completed 
Education Level # of Cases Discrimination Mean StErr Significance of 

Mean (0.0085) 
School (primary/secondary) 5796 222 0.0016 0.0034 0.55 
Post-Secondary 1245 232 -0.0101 0.0072 0.15 
Bachelors degree 1925 226 -0.0036 0.0058 0.51 
Honours degree 2832 229 -0.0071 0.0048 0.10 
Masters 1555 190 0.0445 0.0066 5.9×10–13 
Doctorate 956 261 -0.0403 0.0081 6.0×10–7 

Table 8.65 Post hoc tests of significance of differences in size of matching error between pairs of highest 
education level groups (critical significance 0.0034) 

Education Level School Post-Sec Bachelor Honours Masters 

Post-Secondary 0.21 
Bachelor 0.52 0.51 
Honours 0.24 0.75 0.66 
Masters 5.0×10–5 5.1×10–6 2.2×10–6 5.5×10–7 
Doctorate 0.0012 0.023 0.0031 0.0094 2.0×10–10 

Participants with less than postgraduate level qualifications (i.e. not a Masters or doctorate) all 
matched quite similarly, but those with a Masters matched rather worse (p = 5.9×10–13), and with 
a Doctorate somewhat better than others (p = 6.0×10–7). There would seem to be grounds to 
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create a meta-group of participants with “school or undergraduate” qualifications, to compare 
with these two ‘outlier’ groups. The contrast between these three groups is reported in table 8.66. 

Table 8.66 Mean matching error size: difference between pairs of participant groups with distinct levels of 
completed education  

Education Group # of Cases Discrim’n Means Difference t df(difference) p 
School or undergraduate 11798 225 -0.0026 

-0.0471 -6.76 13351 1.4×10–11 
Masters 1555 190 0.0455 

School or undergraduate 11798 225 -0.0026 
0.0377 4.36 12752 1.3×10–5 

Doctorate 956 261 -0.0403 

Masters 1555 190 0.0445 
0.0848 8.02 2509 1.6×10–15 

Doctorate 956 261 -0.0403 

Averaged around the hue circle, little change in hue discrimination was found for participants 
with non-postgraduate education (D ~225), but those with a Masters degree had notably lower 
discrimination (D = 190), and with a PhD much better (D = 261). 

Table 8.76 reports the value of curvilinear departures from a common mean size of matching 
error across all hues for the three meaningful groups in this variable. 

Table 8.67 Significance of the curve relative to the mean size of matching error for each education group  
(each line is a separate ANOVA) 

Education Group # of cases F df p Explanation 
School or undergraduate 11798 0.34 12.9,11784.1 0.987 0% 
Masters 1555 2.37 5.4,  1548.6 0.038 0.8% 
Doctorate 965 1.08 4.8,    950.2 0.37 0.5% 

While there were significant differences between education groups in the average size of 
matching errors averaged over all hues (table 8.66), there was no evidence that the size of error 
varied to any significant degree in any hue segments for participants with ‘school or 
undergraduate’ qualifications or a doctorate (table 8.67). 

Nonetheless, there was evidently a significant departure from constant discrimination around the 
hue circle for participants who had completed a Masters degree. The plot of their matching 
against hue is shown in figure 8.35 (over page). 

Hue analysis, as illustrated in figure 8.36, suggests that these participants showed matching error 
notably below their average in the Hue segment from 44 to 143 (yellow-orange to cyan-green), 
and above it in the segment 262 to 318 (blue-magenta to magenta-red). These indications are 
tested in table 8.68, which confirms that their matching was relatively superior in the green 
(∆D = –11, average –33) and poorest in the magenta (∆D = –62). 
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Figure 8.35 Detrended size of matching error vs Hue for participants whose highest completed education was 
a Masters degree (chart elements as in figure 8.11) 

Figure 8.36 Detrended discrimination curves for  Figure 8.37 Difference in match error between 
participants whose highest qualification   participants whose highest qualification  
was below postgraduate, and participants  was below postgraduate, and participants  
with a Masters degree (chart elements as   with a Masters degree (chart elements as  
in figure 8.5)  in figure 8.6) 

Table 8.68 Difference in mean size of matching error in selected segments of the hue circle for participants 
with a Masters degree 

Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
 44 to 143 424 -11 0.0134 

-0.0428 -2.88 1553 0.0040 0.028 
rest of hue circle 1131 -41 0.0562 

262 to 318 238 -62 0.0923 
0.0564 3.07 1553 0.0022 0.016 

rest of hue circle 1317 -27 0.0359 

When compared to the ‘reference education group’ (less than postgraduate qualifications) (figure 
8.36) overlap between the two groups was evident in the Hue segment ~40 to ~160, and the 
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discrimination of the reference group was clearly superior in the rest of the hue circle. Figure 8.37 
shows the difference in match error between participants in the reference group and those who 
hold a Masters degree. The difference was evidently statistically significant from Hue 156 to 41 
(green-cyan through magenta to yellow-orange), as reported in table 8.69. 

Table 8.69 Difference in mean size of matching error in selected segments of the hue circle for participants 
with a Masters degree compared with participants without postgraduate qualifications 

Education Group Segment # of Cases ∆D Mean Difference t df p Critical p 
Masters 

156 to 41 
1057 -42 0.0587 

0.0631 7.69 9107 1.6×10–14 0.034 
School or u’graduate 8052 +4 -0.0045 

Masters 
42 to 155 

498 -12 0.0146 
0.0132 1.01 4242 0.31 0.016 

School or u’graduate 3746 -1 0.0014 

Thus, relative to participants with school, post-secondary or university undergraduate degree 
qualifications (whose hue discrimination was almost the same as the average of all participants), 
participants who held a Masters degree showed significantly poorer matching in the broad hue 
segment from green-cyan through magenta to yellow-orange (∆D –42), but their discrimination 
was not significantly poorer than the reference group in the segment from yellow-orange to 
green-cyan (∆D –12). 

Participants with a doctorate matched better (D = 261) than the reference group (D = 225), but 
analysis of curvilinear departures from a common Discrimination at all hues did not reveal any 
significant departures (table 8.67). The plot of Discrimination by hue for this group and the 
reference group is presented in figure 8.38 (over page). There was some suggestion that the group 
may have elevated discrimination in the yellow to green and relatively reduced in the blue to 
magenta (figure 8.38). Hue analysis indicated that only a small hue segment from 240 to 264 (blue 
to blue-magenta) was likely to exceed the doctoral group’s overall mean, with any significance. 
Statistical testing of this indication is reported in table 8.70. 

Table 8.70 Difference in mean size of matching error in selected segment of the hue circle for participants 
with a doctoral degree 

Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
 240 to 264 73 -11 0.0139 

0.0586 1.93 954 0.054 0.0068 
rest of hue circle 883 +42 -0.0448 

The hue analysis (based on the smoothed curve) is not supported by segment analysis (based on 
actual match error values). Given the small amount of data in the segment under scrutiny, and the 
large variance amongst individual match error values, this outcome is not surprising. 

When the Discrimination curve was contrasted with that for the ‘reference education group’ 
(figure 8.39) there was a statistically significant difference in Discrimination from Hue 345 to 200 
(red to blue-cyan), as reported in table 8.71. 



  Chapter 8:  Analysis of Participants (Results) 
 

203 

  
Figure 8.38 Detrended discrimination curves for  Figure 8.39 Difference in match error between 

participants whose highest qualification   participants whose highest qualification  
was below postgraduate, and participants  was below postgraduate, and participants  
with a doctoral degree (chart elements as   with a doctoral degree (chart elements as  
in figure 8.5)   in figure 8.6) 

Table 8.71 Difference in mean size of matching error in selected segments of the hue circle for participants 
with a doctoral degree compared with participants without postgraduate qualifications 

Education Group Segment # of Cases ∆D Mean Difference t df p Critical p 
Doctorate 

345 to 200 
607 +52 -0.0539 

-0.0539 -4.93 7715 8.4×10–7 0.030 
School or u’graduate 7110 +0 0.0000 

Doctorate 
201 to 344 

349 +14 -0.0166 
-0.0101 -0.71 5035 0.48 0.020 

School or u’graduate 4688 +6 -0.0065 

Thus, in the hue segment from red to blue-cyan, participants with a doctorate exhibited 
significantly better hue discrimination (∆D +52) than participants in the reference group (∆D +0). 
In the remainder of the hue circle, however, their discrimination was not significantly superior 
(∆D +14 vs +6). 

So, to summarise, in the hue segment from green-cyan to yellow-orange, participants who had 
completed a Masters had significantly poorer hue discrimination (∆D –42) than participants with 
‘lower’ qualifications (∆D +4), and participants with a Masters degree were similar to those others 
in the rest of the hue circle. Participants with a doctorate had significantly better hue 
Discrimination (∆D +52) than non-postgraduate participants (∆D +0) in the hue segment from red 
to blue-cyan. Their Discrimination not significantly different to that of the reference group at 
other hues.  

8.3.7 Disciplinary Specialisation 

Participants’ disciplinary specialisation might serve as a cultural influence on hue discrimination, 
although the nature of an effect of any particular discipline was not immediately clear. None-
theless, the eight disciplines into which participants were classified (for details see Appendix 7, 
section A7.6) can be ‘distilled’ into three meta-groups, for the purpose of testing the hypothesis 
that training in a relevant field might influence discrimination — or facility with colour might 
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influence choice of field in which to specialise. Table 8.72 reports the partitioning of the 
disciplines into three meta-groups. 

Table 8.72 Discipline groupings 

Discipline group Included Discipline 
Arts Visual and Creative Arts 
Humanities Humanities 
 Business 
STEM 14 ‘Colour’ 15 

Information Technology 
 Engineering 
 Science including Environment 
 Medical and Health Sciences 

It could be argued that specialisation in ‘Colour’ (as reported by participants) or visual and 
creative arts might have a need for skills in discrimination of colour, while this may be less so for 
Humanities or other STEM; although it could also be argued that “creative arts” includes many 
sub-disciplines in which colour is unimportant, such as music and creative writing. It could also be 
argued that STEM may call on attention to detail, and precision, that might not be at the forefront 
in Humanities. In any case, these three meta-groups of disciplines might reveal some differences 
in hue discrimination. They are examined, below, after firstly examining the characteristics of the 
eight basic disciplines (figures 8.40 and 8.41). 

Size of Error by Disciplinary Specialisation
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Figure 8.40 Disciplinary Specialisation: predicted Figure 8.41 Mean hue Discrimination values for 

mean size of matching error for subsets  participants with different disciplinary 
of the variable (match data)  specialisations (match data) 

At neither the participant-level nor the match-level were significant differences found between 
these eight groups, as is clear from examination of figures 8.40 and 8.41. The means of the match-

 
14  Science, Technology, Engineering and Mathematics. 
15  The 13 participants who nominated ‘Colour’ as their specialisation nominated fields of Colour, Colour Science, and 

Colour Reproduction and Imaging Science (table A7.61) — this is clearly a sub-group of the Science discipline. 
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level data for each group, and significance of difference from all other participants, is reported in 
table 8.73. 

Table 8.73 Predicted mean size of matching error for various disciplinary specialisations (detrended and 
controlled for other variables) 

Disciplinary specialisation # of Cases Discrimination Mean StErr Significance of 
Mean (0.0064) 

‘Colour’ 540 215 0.0099 0.0093 0.36 
Visual and creative arts 1471 217 0.0079 0.0065 0.21 
Humanities 3639 218 0.0067 0.0043 0.066 
Business 765 212 0.0140 0.0097 0.12 
Information Technology 4019 231 -0.0096 0.0042 0.0048 
Engineering 927 225 -0.0024 0.0085 0.77 
Science including Environment 2062 227 -0.0050 0.0054 0.33 
Medical and health sciences 449 225 -0.0019 0.0111 0.88 

There was almost no difference in overall discrimination amongst these partitions of the data set, 
although there was a weak suggestion that practitioners of IT might have slightly higher 
discrimination (D = 231) than others (D = 220). However, the difference was so slightly significant 
that it was not be pursued further, but, of course, IT is evaluated below, in conjunction with other 
disciplines in the STEM group.  

Variation in discrimination around the hue circle was examined for each discipline group, and is 
reported in table 8.74. There would appear to be some hue-specific variation in discrimination for 
some of these groups, which might emerge as a significant effect when the meta-groups are 
examined. 

Table 8.74 Significance of the curve relative to the mean size of matching error for various disciplinary 
specialisations (each line is a separate ANOVA) 

Disciplinary Specialisation # of cases F df p Explanation 
“Colour” 540 4.69 4.2,   534.8 0.0010 3.6% 
Visual and Creative Arts 1471 1.99 5.3, 1464.7 0.077 0.7% 
Humanities 3639 1.35 7.1, 3630.9 0.22 0.3% 
Business 765 1.10 4.5,   759.5 0.36 0.7% 
Information Technology 4019 2.73 7.4, 4010.6 0.0079 0.5% 
Engineering 927 0.81 4.7,   921.3 0.55 0.4% 
Science or Environment 2062 2.16 5.9, 2055.1 0.044 0.6% 
Medical and Health Sciences 449 2.10 4.1,   443.9 0.080 1.9% 

The hypothesis that broad disciplinary specialisation (i.e. Arts, Humanities and STEM) might be 
related to hue discrimination was, in the first instance, tested in the ANOVA reported in table 8.75.  
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Table 8.75 ANOVA of predicted effects on matching error or Discrimination of partitioning the data set by  
discipline group 

Source SS DF MS F p 
Intercept 0.210 1 0.210 3.28 0.070 
Discipline Group 0.289 2 0.144 2.25 0.10 
Residual 875.6 13666 0.064   

There was no statistically significant difference between the discipline meta-groups in terms of 
overall discrimination. The means for each discipline group are reported in table 8.76, with the 
significance of their difference from the average of all other participants. Participants specialising 
in the STEM disciplines had better average discrimination than others, and those in the Arts and 
Humanities very similar discrimination. When paired differences between the groups were 
examined (table 8.77) the performance of the STEM discipline group was shown to be significantly 
different to both other groups, which did not differ from each other. 

Table 8.76 Predicted mean size of matching error for the data partitioned by Disciplinary Specialisation 
variable (detrended and controlled for other variables) 

Discipline Group  # of Cases Discrimination Mean StErr Significance of 
Mean (0.017) 

Arts 1471 217 0.0079 0.0065 0.21 
other Humanities 4404 217 0.0080 0.0039 0.013 
STEM 7997 228 0.0080 0.0034 0.0017 

Table 8.77 Post hoc tests of significance of differences in size of matching error between pairs of discipline 
groups (critical significance 0.017) 

Discipline Group Arts Humanities 

Humanities 0.99  
STEM 0.056 0.0043 

Table 8.78 reports the degree of departure from a common level of discrimination around the hue 
circle for each discipline group. There was a modest variation in discrimination around the hue 
circle for participants in the Arts group, but none for the other groups. 

Table 8.78 Significance of the curve relative to the mean size of matching error for each discipline group 
(each line is a separate ANOVA) 

Discipline Group # of cases F df p Explanation 
Arts 1471 1.99 5.3,1464.7 0.077 0.7% 
Humanities 4404 1.11 7.7,4395.3 0.35 0.2% 
STEM 7997 1.38 10.0,7986.0 0.18 0.2% 

The plot of matching error vs hue (figure 8.42) suggests that practitioners of the Arts had smaller 
errors (higher discrimination) in the red to yellow-orange, and larger errors (poorer discrim-
ination) in the magenta. Tests of these variations are reported in table 8.79 (where discrimination 
was tested between segments for the Arts group) and table 8.80 (where it was tested against the 
sum of other Humanities groups). 
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Figure 8.42 Detrended size of matching error vs Hue for participants who specialised in the Arts (chart 

elements as in figure 8.11) 

Table 8.79 Difference in mean size of matching error in selected segments of the hue circle for participants 
who specialised in the Arts 

Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
0 to 42 169 +20 -0.0225 

-0.0344 -1.70 1469 0.090 0.012 
rest of hue circle 1302 -10 0.0119 

253 to 316 267 -33 0.0435 
0.0435 2.60 1469 0.0094 0.018 

rest of hue circle 1204 -0 0.0000 

Table 8.80 Difference in mean size of matching error in selected segments of the hue circle for participants 
who specialised in the Arts compared with participants with other specialisations 

Specialisation Group Segment # of Cases ∆D Mean Difference t df p Critical p 
Arts 

0 to 42 
169 +20 -0.0255 

-0.0406 -2.12 735 0.034 0.0060 
other Humanities 568 -14 0.0181 

Arts 
253 to 316 

267 -33 0.0435 
0.0038 2.26 1023 0.024 0.0089 

other Humanities 758 -3 -0.0038 

The above analyses revealed that discrimination by Arts practitioners was significantly poorer in 
the magenta than elsewhere in the hue circle (∆D –33, table 8.79). No significant difference 
between Arts practitioners and those of other Humanities was evident anywhere around the hue 
circle (table 8.80). Arts practitioners showed no difference from other Humanities, as might be 
expected, noting that much of the field of Arts has nothing intrinsically to do with colour. 

When the matching by participants grouped by the finer-grained classification of ‘Colour’ was 
compared with that of other participants, no overall distinction was observed (D = 215 vs 224, 
difference not significant at p = 0.36, table 8.73). When variation around the hue circle was 
examined, a relatively strong effect (explanation 3.6%, p = 0.0010, table 8.74) was revealed. 
Judging from figures 8.40 and 8.41, the broader STEM meta-group, not including ‘Colour’, was 
quite homogeneous, while the ‘Colour’ group had slightly poorer discrimination. Table 8.79 
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compares the ‘Colour’ group with the rest of the STEM meta-group, and table 8.80 reviews the 
curvilinearity of the discrimination values around the hue circle. 

Table 8.81 Mean size of matching error: difference between ‘Colour’ and other STEM specialisations 

Specialisation # of Cases Discrim’n Means Difference t df(difference) p 
‘Colour’ 540 215 0.0099 

0.0169 1.48 7995 0.14 
other STEM 7457 229 -0.0070 

Table 8.82 Significance of the curve relative to the mean size of matching error for the ‘Colour’ and other 
STEM disciplines (each line is a separate ANOVA) 

Specialisation # of cases F df p Explanation 
‘Colour’ 540 4.69 4.2,  534.8 0.0010 3.6% 
other STEM 7457 1.15 9.7,7446.3 0.14 0.2% 

Analysis of departures of the Discrimination value from a common mean around the hue circle 
revealed a highly significant hue-specific departure from common discrimination for participants 
who specialise in ‘Colour’ (table 8.82), even though their average discrimination was not different 
to the reference group (table 8.79).  

The overlay plot of Discrimination vs Hue for specialists in ‘Colour’ and other STEM fields is shown 
in figure 8.43. Hue analysis suggests that their discrimination may be better in the yellow-green to 
cyan, and poorer in the red-magenta to scarlet. Compared to specialists in the other STEM fields, 
discrimination by specialists in ‘Colour’ was greater and less in the same areas (although the small 
number of cases makes the precision of the plotted curve rather low). The difference plot (figure 
8.44) indicates that the only segment of significant difference between these two groups was from 
Hue 290 to 20. Tests of these indications are reported in tables 8.83 and 8.84. 

  
Figure 8.43 Detrended discrimination curves for  Figure 8.44 Difference in match error between parti- 

participants whose specialisation was   cipants who specialised in ‘Colour’ and 
‘Colour’ or other STEM (chart elements as   other STEM disciplines (chart elements as 
in figure 8.5)  in figure 8.6) 
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Table 8.83 Difference in mean size of matching error in selected segments of the hue circle for participants 
who specialised in ‘Colour’ 

Specialisation Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
‘Colour’ 90 to 211 179 +34 -0.0368 

-0.0698 -3.56 538 0.00040 0.034 
 rest of hue circle 361 -25 0.0330 

 269 to 32 186 -43 0.0603 
0.0769 3.98 538 8.0×10–5 0.034 

 rest of hue circle 354 +14 -0.0166 

Table 8.84 Difference in mean size of matching error in selected segments of the hue circle for participants 
who specialised in ‘Colour’ compared with other STEM disciplines 

Specialisation Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
‘Colour’ 

 290 to 20 
128 -46 0.0638 

0.0697 2.82 1950 0.0049 0.013 
other STEM 1824 +5 -0.0059 

‘Colour’ 
21 to 289 

331 +14 -0.0163 
-0.0091 -0.64 4865 0.52 0.037 

other STEM 4536 +6 -0.0072 

To summarise, hue discrimination by ‘Colour’ specialists varied notably around the hue circle, 
with best discrimination in the yellow-green to cyan-blue (∆D +34) and poorest in the blue-
magenta to red-orange (∆D –43) (figure 8.43, table 8.83). Participants who specialised in ‘Colour’ 
revealed a similar degree of overall hue discrimination (D = 215) to those specialised in other 
STEM (D = 229, difference not significant), but discrimination by the ‘Colour’ specialists was 
inferior in the red-magenta to scarlet (∆D –51) (figure 8.44, table 8.84).  

A comparison of Discrimination by participants in the STEM fields (including ‘Colour’) against 
Humanities fields (including Arts) is reported in table 8.85. Practitioners in STEM fields had 
significantly better discrimination than practitioners of the Humanities. 

Table 8.85 Mean size of matching error: difference between ‘Colour’ and other STEM specialisations 

Specialisation # of Cases Discrim’n Means Difference t df(difference) p 
STEM 7997 228 -0.0058 

-0.0138 -3.13 13870 0.0017 
Humanities 5875 217 0.0080 

Analysis of the departures from a common level of match error around the hue circle (table 8.86) 
revealed no meaningful change in hue discrimination in any hue segment. 

Table 8.86 Significance of the curve relative to the mean size of matching error for the ‘Colour’ and other 
STEM disciplines (each line is a separate ANOVA) 

Specialisation # of cases F df p Explanation 
STEM 7997 1.38 10.0, 7986.0 0.18 0.2% 
Humanities 5875 1.30 8.8, 5865.2 0.23 0.2% 

Hue analysis suggested that there were some small segments of the hue circle in which 
practitioners of each of STEM and Humanities showed elevated or decreased hue discrimination, 
but the segments were only small, and were not analysed further. The curves are illustrated in 
figure 8.45. Comparison of the two curves (figure 8.46) revealed that in the hue segment from 88 
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to 148, there may be significant difference between the two groups, which was tested definitively 
as reported in table 8.87, where it is shown that discrimination by participants in the Humanities 
field was significantly poorer (∆D –16) than those in STEM (∆D +18, p = 0.00076). In the rest of the 
hue circle, the two groups did not differ in hue discrimination.  

  
Figure 8.45 Detrended discrimination curves for  Figure 8.46 Difference in match error between parti- 

participants whose specialisation was   cipants who specialised in STEM or the 
STEM or Humanities (chart elements as   Humanities (chart elements as in figure 8.6) 
in figure 8.5) 

Table 8.87 Difference in mean size of matching error in selected segments of the hue circle for participants 
who specialised in STEM compared with Humanities disciplines 

Specialisation Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
STEM 

 88 to 148 
1362 +18 -0.0207 

-0.0412 -3.37 2356 0.00076 0.0085 
Humanities 996 -16 0.0205 

STEM 
149 to 87 

6635 +2 -0.0028 
-0.0028 -1.75 11512 0.080 0.016 

Humanities 4879 -4 0.0054 

 

8.3.8 Experience with Colour 

The above analyses did not reveal a clear picture of any effect of experience with colour on hue 
discrimination. Nonetheless, participants were asked two direct questions about colour 
experience: (1) do you work with colour?; and (2) are you confident working with colour? While 
answers to these two questions might be expected to be strongly linked, the proportion of 
participants answering “yes” or “no” to each question was entirely independent (table A7.41).  

Thus, two hypotheses were purposed to underpin these questions:  

(1)  working with colour may be associated with increased hue discrimination (although, if an effect 
is found, it will be unclear whether: (a) working with colour increases discrimination; or 
(b) working with colour is the result of an interest in, or facility with, colour in a broader sense); 
and  

(2)  being confident in colour may be associated with facility with colour that is expressed as (inter 
alia, perhaps) elevated hue discrimination.  
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These hypotheses are explored below. Neither of these variables showed a significant effect in the 
participant-level analyses (table 8.1). Only “Work with Colour” had a significant effect in the 
match-level analyses, but its effects were only weak (table 8.2). 

8.3.8.1 Working with Colour 

Figure 8.47 shows the matching error means for the variable “Work with Colour” and figure 8.48 
the hue Discrimination means. Table 8.88 compares the main-effects means — no post hoc test 
was required as this variable had only two levels. Those participants who worked with colour 
were able to match hues slightly better (D = 228) than those who did not (D = 219, difference 
significant at p = 0.0093, table 8.88). 
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Figure 8.47 Work with Colour: predicted mean size Figure 8.48 Mean hue Discrimination of participants 

of matching errors for subsets of variable  who do, or do not, work with colour 
(match data)  (match data) 

Table 8.88 Mean size of matching error: difference between participants who worked with colour and those  
who did not 

Work with Colour # of Cases Discrim’n Means Difference t df(difference) p 
Yes 7158 228 -0.0056 

-0.0112 -2.60 14397 0.0093 
No 7241 219 0.0056 

The significance of any variations around the hue circle (i.e. local departures from a constant 
mean across all hues) is reported in table 8.89. 

Table 8.89 Significance of the curve relative to the mean size of matching error for participants who  
worked with colour and those who did not (each line is a separate ANOVA) 

Work with Colour # of cases F df p Explanation 
Yes 7158 0.84 9.5, 7147.5 0.58 0.1% 
No 7241 0.87 9.7, 7230.3 0.56 0.1% 
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There was no evidence of different matching ability in any particular hue segment, for either 
participants who worked with colour, or those who did not (table 8.89). A contrast between the 
two groups found indication that, in a small segment in the red (Hues 335 to 2), the two groups 
differed significantly (e.g. figure 8.49). A definitive test of this indication is reported in table 8.90, 
where it is shown that the two groups differ significantly in this hue segment. 

 
Figure 8.49 Difference in match error between participants who reported that they did, or did not, work with 

colour (chart elements as in figure 8.6) 

Table 8.90 Difference in mean size of matching error in selected segments of the hue circle for participants 
who worked with colour, or did not 

Work with Colour Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Yes 

 335 to 2 
575 +21 -0.0233 

-0.0512 -3.26 1062 0.0011 0.0038 
No 489 -22 0.0279 

Yes 
3 to 334 

6583 +3 -0.0041 
-0.0080 -1.79 13333 0.073 0.046 

No 6752 -3 0.0039 

It is concluded that working with colour was associated with a slightly enhanced overall hue 
discrimination (∆D +9), and this ‘superiority’ was largely accounted for by hue-specific elevation 
in discrimination in the small magenta-red to red segment of the hue circle (∆D +43). 

8.3.8.2 Confidence with Colour 

There was no significant association between level of confidence in working with colour and 
overall discrimination capacity in either the participant-level or match-level analyses (tables 8.1 
and 8.2). For sake of completeness, figure 8.50 shows the predicted mean matching errors and 
figure 8.51 the mean hue discrimination for each group of this variable. Table 8.91 lists the means 
and their standard errors for this variable. 
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Figure 8.50 Confidence in Working with Colour:  Figure 8.51 Hue Discrimination values according to 

predicted mean size of matching error  confidence in working with colour 
(match data)  (match data) 

Table 8.91 Predicted mean size of matching error for the ‘Confidence in Working with Colour’ variable 
(detrended and controlled for other variables) 

Confidence 
with Colour # of Cases Discrimination Mean StErr Significance of 

Mean (0.017) 
Low 1421 214 0.0117 0.0071 0.071 
Somewhat 3742 229 -0.0065 0.0043 0.074 
Yes 8845 223 0.0008 0.0027 0.61 

Participants with low confidence did, indeed have lower discrimination (D = 214, vs 224), but the 
difference was not statistically significant (p = 0.071, table 8.91) and may be simply spurious. 
Even if there were no overall differences between groups, it is possible that some differences 
might exist in some segments of the hue circle. Any such effects are examined in table 8.92. 
Neither those ANOVAs, nor hue analysis revealed any significant differences around the hue circle. 

Table 8.92 Significance of the curve relative to the mean size of matching error for participants with different 
levels of confidence in working with colour (each line is a separate ANOVA) 

Confidence 
with Colour # of cases F df p Explanation 

Low 1421 0.71 5.3, 1414.7 0.62 0.3% 
Somewhat 3742 1.31 7.2, 3733.8 0.24 0.3% 
Yes 8980 0.57 10.9, 8968.1 0.85 0.1% 

There was no evidence here that participants’ reported level of confidence in working with colour  
had any statistically significant relationship with hue matching ability, and no evidence that the 
hue of colour being matched had any bearing on the matching error that may occur.  

The conclusions that can be drawn from these analyses are discussed in the next chapter 
(Chapter 9). 
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Chapter 9:  Analysis of Participants (Discussion) 

In the last chapter a number of hypotheses about how hue discrimination might differ between 
people were evaluated by analysing discrimination for chosen subsets of the participants and, 
sometimes, certain segments of the hue circle. This chapter discusses those results by comparing 
findings with existing relevant knowledge, or delving deeper into the effects uncovered. This 
chapter, thus, provides an overview of findings related to the participants’ gender, age, 
environment, education discipline and experience with colour. 

9.1 Gender 

As expected from previously-published studies, females were found to have better hue 
discrimination (D = 234, 229–239 1) than males (D = 212, 207–217), and this difference was very 
reliable (p = 3.3×10–9, table 8.4). Based on previously-published work (Bimler et al. 2004), it was 
expected that the superiority of females would be more pronounced in the red to green, and this 
was found here (figure 8.6, table 8.6). In the data analysed, females and males also showed 
pronounced difference in the cyan to magenta, which seems not to have been reported previously. 
If this result is artefactual, it throws doubt on the red to green effect, as the results here indicate 
that the effects in each hue segment are of similar magnitude and reliability (table 8.6). 

Figure 9.1 summarises the discrimination of these two partitions of the participants, in terms of 
real (i.e. undetrended) Discrimination. It illustrates the difference between females and males 
and the variation in that difference around the hue circle. 

 
Figure 9.1 Female and male Discrimination: real undetrended hue-specific performance (solid magenta or 

cyan lines in the middle of the bands are the smoothed mean Discrimination ‘curve’ and the bands are 
the 95% confidence bands on the curve; blue areas are overlap of the two curves’ confidence bands) 

 
1  Mean, 95% confidence limits on mean 
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9.2 Age 

Participants fell into two meta-groups by matching ability, a young (less than 45 years, D = 229, 
225–233) and an older (45 years and greater, D = 173, 165–181) group (figure 8.11). Within each 
meta-group there were no statistically significant differences between age groups. This outcome 
is consistent with published results for deterioration of vision with age. However, the apparent 
step change at ~45 years is novel, but may be an artifact of the partitioning of ages into decadal 
groups. Further data exploration is merited to improve understanding of this finding. 

Examination of the means plot for discrimination (figure 8.11) suggests that discrimination may 
actually have been better in the 25 to 34 years group than amongst even younger participants; 
which is consistent with published results, e.g. Barbur and Rodriguez-Carmona 2015. 
Discrimination apparently peaked in the 25 to 34 years age group, and then steadily decreased 
in the 35 to 45 years and 45 to 54 years groups, but showed no further deterioration thereafter. 
Nonetheless, analysis indicates that such differences were not statistically significant (table 
8.11) and only the difference between the <35 and 35+ age meta-groups was significant. 

Inspection of figure 8.14 suggests that in a fairly narrow band (orange-yellow to yellow-green), 
older participants had better discrimination than at other hues, which is consistent with the 
expectation of retention of better discrimination in the yellow hues as the lens yellows with age 
(Verriest et al. 1962). Analysis revealed that this difference was not statistically significant (table 
8.15), and although a tantalising suggestion that intra-ocular light-path yellowing might account 
for the deterioration of hue discrimination with age, the effect was unconfirmed in these data. 

To summarise, the performance by younger and older participants, expressed as Discrimination, 
on the undetrended scale, is plotted in figure 9.2. 

 
Figure 9.2 Discrimination by young (less than 45 years) and older (45 years and over) participants: real, 

undetrended hue-specific performance (chart elements as in figure 9.1) 
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9.3 Environment 

Hypotheses tested concerning whether or how the environment of participants might affect hue 
discrimination involved the effect of: (1) the ‘environmental colour palette’ of their formative 
location or residential location (i.e. where they took the test); (2) the ‘tropicalness’ of these 
locations; and (3) the ‘cultural milieu’ of these locations. Each of these had a significant effect on 
discrimination. 

9.3.1 Environmental Palette 

Evidently, the palette of the environment in which a person lives (rather than where they grew 
up, section 8.3.3.5) has some effect on their hue discrimination; discrimination is better in 
locations with a subdued palette (D = 243, 236–250) than locations classified as flamboyant 
(D = 215, 211–219, table 8.25). As found in Chapter 8 (section 8.3.3.4), the difference between 
these two groups was not constant around the hue circle; the difference being notably enhanced 
in the cyan to blue segment (figures 8.21 and 8.22, table 8.27). 

To summarise, living in an environment with a subdued environmental palette was associated 
with increased hue discrimination, which is particularly enhanced in the cyan to magenta-blue 
segment of the hue circle. The difference between participants, at subdued and flamboyant 
locations, in Discrimination on the undetrended scale, is plotted in figure 9.3. 

 
Figure 9.3 Discrimination by participants who took the test in locations characterised by subdued, or 

flamboyant, environmental palettes (chart elements as in figure 9.1) 

9.3.2 Tropicalness of Location 

The climatic classification of location exhibited a strong relationship with the location in which 
the participant lived, and a weaker association with their formative location (section 8.3.3.8). 
The generalised outcome was that discrimination was better in more temperate climates, and 
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trends linearly from tropical (limited), through subtropical to temperate (superior), although 
with just three points on the ‘climate’ axis, the sequence might well be fortuitous. 

The overall conclusions of this analysis were: (1) that participants tested in temperate locations 
had much better discrimination (D = 296, 282–312) than those tested in subtropical (D = 228, 224–

233) or tropical locations (D = 198, 192–204; table 8.37); and (2) participants who moved location 
tended to acquire the discrimination typical of their destination location (section 8.3.3.8). 
Participants tested at subtropical locations showed better discrimination in the magenta to red-
orange (∆D +32) than those tested at tropical locations (table 8.40), while participants tested at 
the temperate location had generally superior discrimination, peaking in the green to cyan at 
∆D > +116. Even where their discrimination was poorest their ∆D was still above +30 (table 8.41). 

To summarise, the difference between participants, at the temperate and aggregate subtropical 
and tropical test locations, as Discrimination on the undetrended scale, is plotted in figure 9.4. 

 
Figure 9.4 Discrimination by participants who took the test in the temperate, and other characteristic 

climatic, locations (chart elements as in figure 9.1) 

9.3.3 Cultural Milieu 

Formative and test locations were classified as either Eastern or Western (a small number of 
participants had formative locations that did not fit this dichotomy and were not included in this 
analysis). The cultural milieu at their formative location better predicted differences in 
participants’ discrimination than did the culture at their test location (tables 8.49 and 8.51). 
Participants whose formative location was classified as Western had better hue discrimination 
(D = 247, 241–253) than participants from Eastern locations (D = 209, 205–214). There was some 
(weak) indication that this difference was hue-dependent, and the difference between the two 
groups was greatest in the blue-magenta to red-orange (figure 8.28). 
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When participants moved from a location with a Western to Eastern milieu, or vice versa, their 
discrimination tended towards the discrimination typical of their destination (section 8.3.4.3), 
but this effect was considerably weaker than in the case of moving between environmental 
palettes or climatic locations.  

To summarise, the discrimination of participants from Eastern and Western locations, in terms 
of Discrimination on the undetrended scale, is plotted in figure 9.5. 

 
Figure 9.5 Discrimination by participants whose formative years were spent in Eastern or Western cultural 

milieus (chart elements as in figure 9.1) 

9.3.4 Effect of Environment 

Analysis of discrimination in partitions of the data gave a fairly consistent story. Participants 
tested at locations characterised by a more subdued environmental palette, temperate climate 
or Western cultural milieu showed better discrimination than those tested in locations that had 
a more flamboyant palette, tropical climate or Eastern culture.  

In all cases, participants who moved from one meta-group to another showed a shift in 
discrimination towards that typical of the destination location; for relocations between 
environmental palettes and locational climate, the shift in discrimination was nearly complete, 
in that discrimination by visitors was much closer to that typical of their destination than their 
origin (sections 8.3.3.8 and 8.3.4.3). A rough calculation indicates that the average time visitors 
had spent at their test location was a little less than 3 years, and of the 71 such participants, 17 
had been at the test location less than one year (see table A7.99). Evidently, on the scale of a 
lifetime, adaptation to the palette or climate of a person’s environment occurs quite quickly, as 
suggested by Webster (2015). 

Where participants relocated between cultural milieus, the shift in discrimination still occurred, 
but the extent of ‘adaptation’ to their new milieu was much less than in the case of the other two 
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relocations. Typically, the discrimination of participants who were visitors to the test location 
was closer to that typical of their origin than their destination (tables 8.54 and 8.55).  

Such effects are perhaps understandable if it is assumed that discrimination fairly quickly and 
thoroughly adapts to the environment in which a person lives. A visitor to a new location cannot 
avoid being immersed in the colour palette and climate of their newly-adopted location, but 
people, such as visiting students at a tertiary education institution, tend to socialise and reside 
with others of a similar cultural background. In this manner their immersion in their newly-
adopted physical environment will be much more complete than exposure to their new cultural 
milieu. Colour discrimination was found to change precisely in accord with this postulate. 

Around the hue circle there were some differences in these meta-groups of participants. The 
superiority of participants residing in a location with a subdued environmental palette was 
largely confined to the hue segment from cyan to magenta-blue (i.e. blue hues, table 8.27), while 
the superiority of participants residing in a temperate climate was general around the hue circle, 
but especially pronounced in the green to cyan (i.e. green hues, table 8.41). Participants with a 
Western cultural milieu matched better than others at all hues, and there was some indication 
that this was more pronounced in the blue-magenta to red-orange (i.e. red hues, figure 8.28). No 
environmental hue-specific explanation was immediately apparent (e.g. the characteristic 
presence or absence of the significant hues in the particular environment), but further 
investigation of this effect is certainly merited. The data as collected would permit a much finer-
grained analysis of formative location (e.g. see table A7.110), but at the cost of often very low 
numbers of participants from many locations. Additionally, it has been established above that 
effects of formative location on hue discrimination were subsidiary to effects attributable to the 
current (i.e. test) location of the participant (for which no finer-grained partitioning was 
possible). 

One effect was clearly apparent: an environment characterised by cool, subdued colours is 
associated with higher hue discrimination, which is consistent with the suggestion of this effect 
by Webster (2015). Evidently, the everyday exposure to a limited and subdued palette enhances 
hue discrimination, rather than suppresses it. Unfortunately, this does not clarify the earlier 
suggestion (Chapter 1, section on Plasticity of Perception) that (say) widespread use of red in 
Chinese culture might enhance discrimination in the red. The data suggest that exposure to high-
chroma colours might suppress hue discrimination, but leave open the possibility that frequent 
exposure to a certain palette enhances discrimination within the gamut of that palette.  

There was a fair degree of correlation in the membership of cases to these three environmental 
partitions of the data set. The same cases were present in the subdued palette metagroup and 
the temperate climate metagroup, as well as the Western cultural milieu meta-group (tables 8.56 
and 8.57). This was not fatal to the analysis, as a substantial number of cases were allocated 
differentially, depending on the partition (same tables). Nonetheless, it is quite possible that 
these effects were all derived from a single quirk of the data set: i.e. discrimination at Rochester 
was much better than at other locations, while at Brunei it was substantially poorer (table 8.19). 
Further, Rochester cases dominated the temperate climate partition of the data set and were a 
major component of the subdued palette partition, while the Brunei cases were a major (but not 



  Chapter 9: Analysis of Participants (Discussion) 

221 

majority) component of the tropical and flamboyant partitions (table 8.57). It remains possible 
that at least some of the effects uncovered were a result of these anomalies, rather than direct 
effects of the partitions as planned. Countering this, the effects reported here were calculated 
from match-error values corrected for the levels of other contributing or interacting variables 
(the intent of the main-effects ANOVA that was used to select informative variables), and such 
effects should have been removed from the data. 

Of course, it is also possible that the partitions simply reassess the very same effect in different 
ways: tropicality and abundant sunshine may, in some psychosocial manner, lead to a favouring 
of bright colours, and the tropical locations studied here were almost all of Eastern culture 
(tables 8.58 and 8.58). The data may all be assessing the same physical effect: high levels of 
sunshine produce lowered hue discrimination (perhaps). The data did not permit a deeper 
analysis of this possibility, but it is certainly worthy of further investigation. 

9.4 Education 

A clear, if perplexing, picture was obtained from an analysis of the relationship between level of 
education and hue discrimination. No overt effect of education on hue discrimination was found 
for participants who had completed education up to an Honours degree (D = 225, 222–229), and 
these participants appeared to form a homogeneous meta-group (table 8.65). Participants with a 
completed Masters had notably poorer discrimination (D = 190, 182–199; table 8.64) than the 
first (or ‘reference’) group, and their deficiency was largely confined to the hue segment from 
blue to red (∆D –62), while participants with ‘lower’ qualifications had slightly elevated 
Discrimination (∆D +8, table 8.69).  

In contrast, participants with a doctorate showed notably better discrimination (D = 261, 245–

278; table 8.64), and their discrimination was fairly constant around the hue circle (table 8.67). 

This is an unexpected, and puzzling, outcome. There is no obvious explanation of why having 
one higher degree should lead to reduced hue discrimination while another increases it. It is 
probably true that participants with a Masters degree will have completed a coursework 
postgraduate qualification, and those with a doctorate a research qualification. One possible 
explanation is that it is possible that the task required of participants here rewarded a focus on 
precision and use of an instrument-like interface, which would be more prominent in the 
educational experience of a research degree rather than a coursework degree, and would thus 
account for elevated discrimination in those with a PhD. However, it is hard to make an 
argument for reduced discrimination as a result of completing a Masters by coursework, as the 
alternative. Relevant to this, in the undergraduate subset of the participants, 44 had completed a 
Bachelor’s degree (mainly coursework) and 65 had proceeded to complete an Honours degree 
(partially research). Their Discrimination was 226 (217–236) and 229 (221–238) respectively; in 
the right direction, but far too small to parallel the effects of postgraduate degrees. 

It might be suggested that maturity and patience with a technical task, as may accompany 
successful completion of a major research degree, may have enabled the doctorate-holding 
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participants to undertake the colour matching task more carefully, but, again, this provides no 
insight as to why Masters degree holders should have reduced discrimination. 

In order to gain some deeper understanding of this effect, the data set was explored in the 
context of these higher-degree effects. The typical participant in this study was fairly young 
(~25 years), and, unsurprisingly, those with a completed Masters were older (~32 years), and 
with a doctorate even older (~42 years, data abstracted from Appendix 7, table A7.76). As 
established above, age effects on discrimination would suggest that older participants should 
have poorer discrimination; the effect here is just the opposite. In any case, the education effects 
were drawn from data which was statistically-controlled for such effects; thus no age effect 
should be present in the data. 

Doctorate-holding participants were over-represented at Rochester (8 recruited, 2 expected 2, 
table A7.77), but no other significant malapportionment of qualifications with test location was 
relevant. Masters degree-holders were also more likely to be a visitor to the test location (6 
expected, 22 recruited) than participants with other qualifications (table A7.81), but the analysis 
reported above for discrimination by visitors offered no clue as to how being a visitor with a 
Masters should result in poorer discrimination. No other contingency tables identified any other 
significant under- or over-representation of participants with either postgraduate qualification. 

The inconsistent nature of the Masters/doctorate effect on discrimination suggests that some 
single anomalous partition of the data may be the source of this outcome; for example, 
participants at Rochester may have exceptionally good discrimination (table 8.21), and, noting 
that doctorates are over-represented at Rochester (table A7.77), this might produce an overall 
elevated discrimination by doctorate-holders. A similar explanation might account for 
anomalously low discrimination amongst Masters degree-holders. 

The data set was partitioned by all predictor variables used in the ANOVA that underpins the 
results in Chapter 8; the same unexpected differences in discrimination between education 
levels were found for almost all partitions, as reported in table 9.1 (over page). 

There were quite large differences in discrimination between various partitions of the data set, 
but the interest here was where the trend from intermediate discrimination amongst 
participants with less than a Masters degree, to low for participants with a Masters, and high for 
those with a doctorate was not followed. Statistically significant deviations from the overall 
trend for these partitions are highlighted in red in table 9.1. The two cases of low Discrimination 
of doctorate-holders in Jakarta and Southeast Asia (D = 107) are trivial, as they are based on 
only a single participant (the same one) and an incomplete test. Low Discrimination for 
doctorate-holders in Australia/NZ is based on a reasonable sample size, and does digress from 
trend appreciably, as is also the case for high Discrimination for participants from Europe with a 
Masters degree.  

 
2  The number of such participants actually in the data set, and the number expected if numbers in each education 

group were allocated independently and proportionately across test locations. 
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Table 9.1 Discrimination by participants in various partitions of the data set, for non-postgraduate,  
Masters, and doctorate-holders  
(For each education-level group, the first column is Discrimination, the second reports the 95% confidence 
limits on the Discrimination, and the third column, in italics, is the number of cases. Discrimination 
highlighted in red does not follow the overall trend of Discrimination for the level-of-education variable.) 

Variable Partition     Non-Postgraduate Masters Doctorate 

Gender Female 232 226-237 6457 206 192-222 629 335 305-369 314 

 Male 218 213-224 5321 180 170-191 926 233 215-252 642 

Age group <45 years 226 222-230 10991 194 185-203 1467 289 267-314 584 

 45 years and over 216 203-230 807 137 114-165 88 223 202-247 372 

Test Location Gold Coast 251 244-258 4399 193 181-206 850 266 245-290 538 

 Jakarta 217 209-226 2455 190 169-214 225 107   79-148 43 

 Brunei 183 174-193 1304 – – 0 200 158-261 45 

 Taipei 207 201-214 3159 126 111-143 180 158 109-241 15 

 Rochester 340 312-371 481 239 218-263 300 313 284-347 315 

Work with Colour Yes 232 226-238 5811 193 182-205 840 279 255-307 462 

 No 219 214-225 5987 186 174-200 715 245 225-267 494 

Discipline Humanities 217 211-222 5320 146 132-162 270 221 198-248 240 

 STEM 235 229-241 5951 201 192-212 1285 276 256-298 716 

 Arts 237 225-249 1426 158 125-204 45 – – 0 

 other Humanities 210 204-216 3894 144 128-162 225 221 198-248 240 

 STEM 235 229-241 5951 201 192-212 1285 276 256-298 716 

 ‘Colour’ 380 331-440 180 237 213-265 225 303 260-358 135 

 other STEM 232 226-238 5771 195 184-206 1060 270 249-295 581 

Formative Location Europe 234 213-257 378 262 224-308 135 296 253-350 134 

 Middle East 254  202-326 90 205 187-226 389 – – 0 

 South Asia  328 271-403 90 204 180-232 178 – – 0 

 Southeast Asia 206 200-213 3758 179 162-197 359 107   79-148 43 

 East Asia 203 197-210 3292 139 125-157 225 285 244-336 105 

 Australia/NZ 256 248-264 3530 199 174-229 179 219 199-243 359 

 Pacific Islands 242  191-314  45  – – 0 352 281-453 45 

 Latin America 211  174-260 90 7 196 154-255 45 – – 0 

 North America 331 305-360 480 205 166-260 45 311 275-354 225 

Noting that there were effectively 49 significance tests conducted here, the chance that four (or 
less) tests should be significant if there was no underlying real effect is ~90% (by binomial 
expansion). The presence of four significant departures (two trivial) from the overall trend is 
hardly compelling evidence of different relationships in some partitions of the data set. In any 
case, the intriguing variation in hue discrimination between participants was widespread in the 
data set, and present in females and males, young and older participants, nearly all test 
locations, all discipline groups, and nearly all formative location groups. 

This analysis illustrates the effect, but provides no hints of an explanation. Speculation on cause 
(above) drew on the possibility that the ‘experience’ of obtaining a coursework higher degree 
might differ sufficiently from the skills developed in completing a major research degree, but 
without more information, this must remain just that: speculation. The presence of the effect in a 
wide range of disciplines (table 9.1) seems to rule out any explanation drawing on the nature of 
the participant’s general professional duties. 
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To summarise this curious effect, figures 9.6 and 9.7 plot the undetrended Discrimination of 
participants contrasted between the reference ‘not postgraduate’ group and participants with a 
Masters degree (figure 9.6) and with a doctorate (figure 9.7). 

  
Figure 9.6 Discrimination by participants whose  Figure 9.7 Discrimination by participants whose 

highest qualification is undergraduate or   highest qualification is undergraduate or 
lower, and participants with a Masters   lower, and participants with a doctorate 
degree (chart elements as in figure 9.1) 

Beyond the perplexing difference in hue discrimination between participants with a Masters 
degree and a doctorate, there was a fairly similar hue-specific variation in discrimination around 
the hue circle (figure 9.8). A “first approximation” to the dynamics of each curve is that 
Discrimination, in both groups, is above the group’s average in the red to cyan segment (half) of 
the hue circle, and below in the cyan to red segment. This approximation is supported by 
analysis of curve dynamics in tables 8.68 and 8.70. 

 
Figure 9.8 Detrended Discrimination by participants who had completed a Masters (magenta curve) and 

doctorate (cyan curve). Horizontal lines are Discrimination averaged around the hue circle, paler fill 
marks areas above the average for the group. 
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In summary, participants with less than a postgraduate qualification showed discrimination 
much the same irrespective of their level education, and without hue-specific deviations from 
their overall discrimination. Participants with postgraduate degrees showed better 
discrimination in the ‘first half’ of the hue circle than the second half, and having a Masters was 
associated with notably reduced discrimination, while a doctorate was associated with 
considerably elevated discrimination. 

Thus, the hypothesis that some cultural or experiential factors might influence (the development 
of) hue discrimination capacity, with level of education being a proxy for some such cultural 
effect, would seem to have some credence; it was found that level of education is associated with 
significant changes in discrimination. The results, however, do not clarify this situation, but 
confound it, as there was no simple linear effect with increasing education and, further, the 
Masters/doctorate effect is baffling. Efforts to attribute this effect to some partition of the data 
set were fruitless, and no connection with a particular disciplinary area was found. The effect is 
clear and strong, and widespread in the data, but defies explanation with the information 
available. 

9.5 Discipline 

If speculation by various authors (e.g. Day 1969, De Grandis 1986) has foundation, it might be 
supposed that working with colour would be associated with enhanced discrimination ability. 
Alternatively, a technical interest in detail might lead to a technical precision in using an 
instrument-like interface like the colour matching program used here, and this might be 
reflected in enhanced demonstration of colour (hue) discrimination. While the characterisation 
of participants did not allow a direct evaluation of “technical interest in detail”, the field of 
specialisation may provide a proxy measure for such a characteristic. 

The analysis allowed these suppositions to be tested in three ways: (1) participants who 
specialised in the Arts were contrasted with others in the field of Humanities; (2) participants 
who specialised in ‘Colour’ were contrasted with those who specialised in other sciences 3; and 
(3) those who specialised in sciences (STEM 4) were contrasted with those who specialised in 
Humanities. The results are discussed below. 

9.5.1 Arts vs other Humanities 

The overall hue discrimination of practitioners of “Visual and Creative Arts” (D = 217, 207–227) 
was no different to those of other Humanities (D = 217, 211–223, p = 0.99; table 8.77), either 
overall or in any segment of the hue circle. This was not unexpected, as “the Arts” is much 
broader than the graphic arts and includes many interests that do not focus on colour-specific 
activities. 

 
3  Participants who nominated ‘Colour’ as their specialisation nominated fields of Colour, Colour Science, and 

Colour Reproduction and Imaging Science — this is clearly a sub-group of the Science discipline. 
4  Science, Technology, Engineering and Mathematics 
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9.5.2 Colour vs other STEM 

Participants who nominated ‘Colour’ as their specialisation had slightly, but not significantly, 
poorer discrimination (215, 201–230) than those in other STEM fields (229, 224–234; table 8.81). 
The ‘Colour’ group showed significant variation around the hue circle, with significantly superior 
relative hue discrimination in the yellow-green to cyan-blue segment (∆D +34), and significantly 
poorer relative hue discrimination in the blue-magenta to red-orange (∆D –43, table 8.83). 

Specialisation in ‘Colour’ was associated with a significant inferiority of hue discrimination 
relative to other STEM in the hue segment from magenta to scarlet (∆D –51, p = 0.0049), but the 
difference between the two groups was not statistically significant in other hues (table 8.84). 

To summarise, the discrimination of participants specialising in ‘Colour’ or other STEM, in terms 
of Discrimination on the undetrended scale, is plotted in figure 9.9. 

 
Figure 9.9 Discrimination by participants whose specialisation was ‘Colour’ or other STEM disciplines (chart 

elements as in figure 9.1) 

9.5.3 Humanities vs STEM 

Participants who reported a field within the Humanities (including Visual and Creative Arts) had 
lower discrimination (D = 217, 212–222) than those who reported a field in STEM (including 
‘Colour’) (D = 228, 223–233, p = 0.0017; table 8.85). The difference was largely attributable to 
notably poorer discrimination (∆D –34) for the Humanities group in the green and nearby hues 
segment of the hue circle (table 8.87, figure 8.45), as summarised in the undetrended scale of 
Discrimination in figure 9.10. 
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Figure 9.10 Discrimination by participants whose specialisation was a STEM discipline compared to 

Humanities (chart elements as in figure 9.1) 

9.5.4 Effect of Field of Specialisation 

There was no evidence that the hue discrimination of participants was in any way affected by 
working in the Arts (as classified here), compared with other Humanities. In contrast, there was 
a clear indication that working with colour was associated with a small (but non-significant) 
reduction in overall discrimination, compared to participants working or studying in other 
STEM. This difference was largely limited to the red and nearby hues, where the reduction in 
discrimination by ‘Colour’ practitioners was both strong (∆D –51) and statistically significant. 

Thus, while other workers mentioned above have suggested that working with colour may 
enhance hue discrimination, the evidence here is quite the opposite; i.e. that those who 
specialise in ‘Colour’ may have reduced discrimination, at least in a small hue segment around 
the red hues. This conclusion should be tempered with a consideration of the experimental 
design. The data provide no evidence of a change in discrimination with the adoption of a 
professional interest in colour; and the rather broad categorisations of participants by their 
expressed specialisation in colour has: (a) led to only a small cohort in the ‘Colour’ group (and 
thus only poorly estimated means and other values); and (b) created the possibility that 
participants who really do work with colour may have been classified in the ‘other STEM’ group, 
thereby reducing or confounding the contrast between groups. Nevertheless, despite the very 
large data set, and the fact that this analysis identified known hue discrimination effects, such as 
due to age or gender, no enhancement of hue discrimination has been demonstrated for a 
professional interest in colour. 

A limitation of the analysis as performed was that the partitioning grouped together people who 
had been working with colour for a long time (e.g. three with a PhD and two 45 years or older) 
with others for whom their work with colour was just beginning (one with no post-secondary 
qualifications and two under 25 years. A clearer signal, and an answer more in line with 
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expectations, might have been found if those with a longer professional association with colour 
had been selected. Unfortunately, there are too few participants with a demonstrably long 
association with colour in a professional capacity to enable an informative analysis to be 
conducted. 

It must be concluded that the analysis does not support the notion that specialising in colour is 
associated with enhanced hue discrimination. The failure to demonstrate the expected outcome 
may be because: (a) such an effect does not exist; (b) the participants were too few in number to 
provide a clear outcome; or (c) too many participants classified in the ‘Colour’ group were early 
in their career, and enhancement of hue discrimination takes some years to develop. The data 
here did not permit these alternatives to be evaluated. 

Participants who specialised in the fields of STEM showed enhanced discrimination compared to 
those in the Humanities. The two groups were generally quite similar in hue discrimination, but 
the STEM group had better discrimination in a small hue segment around the green (∆D +34). 
The significance of this was unclear, and a much deeper ‘drilling down’ into the data set, than 
was practicable here, would be required in order to identify the origin of this effect. 

9.6 Experience with Colour 

The outcome reported above, that participants who specialised in colour did not have superior 
hue discrimination to other participants, was contrary to expectation. Three suggestions were 
made as to why this may be so. The profiles of the participants gave an additional opportunity to 
assess the possible relationship between familiarity with colour and hue discrimination, as 
participants were asked to nominate whether they worked with colour, and also if they were 
confident in working with colour, irrespective of whether they did so professionally. 

These two variables were completely independent (tables A7.41, A7.53), revealing that “working 
with colour” did not confer increased “confidence in working with colour” — which might be 
expected as working with colour might elevate the expectation or demand to do so effectively, 
and thus suppress confidence and hide an overall increased capability. 

When overall hue discrimination was assessed for those who did, or did not, “work with colour”, 
the former group was found to have elevated discrimination (228, 223–233 vs 219, 214–224, 
p = 0.0093; table 8.88). This difference was largely located in the red hues, where the partici-
pants who worked with colour had Discrimination 43 higher (i.e. ∆D +43, table 8.90) than those 
who did not work with colour. There was little difference between these groups elsewhere in the 
hue circle (figure 8.49). The very weak effect is summarised on the undetrended scale of 
Discrimination in figure 9.11. Experience, as measured here, had very little effect on hue 
discrimination, and the data did not distinguish between which was cause and which was effect. 
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Figure 9.11 Discrimination by participants who reported that they worked with colour, and those who did not 
(chart elements as in figure 9.1) 

When confidence with colour was analysed similarly, there was no association between level of 
confidence and hue discrimination, and no evidence of any variations in Discrimination around 
the hue circle in any of the partitions. While participants reported widely different levels of 
confidence, these did not correlate with discrimination. 

9.7 Hue-Specific Discrimination 

Most contrasts analysed in these data found differences in discrimination around the hue circle, 
with significant superiority for one partition over another at some hues, and not at others. The 
differences found in Chapter 8 are summarised in table 9.2, where segments with significant 
differences are shown in a linear hue band from Hue = 0 to Hue = 360. In the case of the 
Temperate/Temperate and Arts/Arts contrasts in that figure, the differences are of 
discrimination in various parts of the hue circle for the group, where the band of superior 
discrimination is shown.  

There appears to be two distinct groups of participants, based on where around the hue circle 
their superior discrimination is located. One group has superior discrimination in the upper half 
of the hue circle (i.e. hues ~270 through to ~60, blue-magenta to yellow), and the other has 
superior discrimination in the lower half (hues ~80 to ~250, yellow-green to magenta-blue). 

‘Group 1’ partitions of the participants include those tested at a subtropical location (relative to 
tropical), with a Western cultural background, specialist in the Arts and ‘Colour’ and those who 
reported that they worked with colour. ‘Group 2’ partitions were those tested at a temperate 
location, or a location with a subdued environmental palette, and specialists in the disciplines of 
STEM. Participants with a doctorate had discrimination superior to others over such a wide hue 
range that they were hard to categorise in this manner, and females (relative to males) could be 
categorised in either (and therefore neither) group. 
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Table 9.2 Segments of the hue circle where one partition of the data showed significantly superior 
discrimination to a contrasted partition (hue segments with any level of significant differences shown 
— the strength or significance of the difference is not portrayed in this table/figure; the “reference” 
group is the non-postgraduate group by highest completed educational qualification) 

The significance of these similarities, differences and groupings is not clear, and no synthesis can 
be offered at this time. 

9.8 Summary 

Thus, it has been found that people differ in hue discrimination in expected ways, i.e. gender and 
age. Their hue discrimination also appears to be influenced by characteristics of where they live, 
and perhaps where they grew up, with good evidence that discrimination changes when a 
person changes environment. In some perplexing way, postgraduate qualifications seem to 
affect hue discrimination, and to a limited degree, the field of specialisation and experience with 
colour are associated with difference in hue discrimination. 

Many of the differences found are limited to only portions of the hue circle, so that some groups 
differ from others only in certain hue segments. It would appear that the environment, or 
experience, that influences discrimination often works in hue-specific ways, or only in certain 
segments of the hue circle, and this matter deserves further investigation. 



Chapter 10: Conclusions and Recommendations 

This study was an amalgam of people, colour perception, and the digital environment. As 
highlighted in Chapter 1, the world we live in is a digital one and, hence, the story given in this 
thesis is one of colour matching in the digital environment.  

The goals of this research were to: 

• determine the 'real' shape of the digital hue circle, as defined by participants’
hue discrimination abilities, and whether their ability to distinguish subtle differences
between colours is fine or coarse in any particular hue ranges (summarised here in
section 10.1.1); and

• determine whether a person’s sociocultural experience and geographic location affects
or influences their discrimination of hue within the hue circle. This was achieved by:

1. identifying if personal characteristics, such as age, gender, etc. affect the ability to
discriminate between hues, as implemented in the digital environment (section
10.1.2.1); and

2. identifying whether people in or from different geographic locations and/or cultural
backgrounds differ in their ability to discriminate between hues, as implemented in
the digital environment (section 10.1.2.2).

In the matter of sociocultural influences on colour (in the narrow sense, hue) discrimination, the 
study attempted to identify those influences that might create fixed, immutable levels of discrim-
ination, and distinguish them from those that may be plastic, and may change discrimination 
with experience. This was achieved by two designs: (1) a comparative investigation of the effects 
of participants’ origin and their current residence; and (2) a comparison of discrimination 
between participants with a certain experience and those without that experience. 

10.1 Conclusions 

10.1.1 The HSL Hue Circle 

As well documented within this thesis, the HSL colour space used in personal computers and 
mobile devices is neither flat (in a Euclidean sense) nor regular, and it is subject to many non-
uniformities and interactions between the variables forming each axis (e.g. Chapter 3, section 
3.5.3; and Appendix 11). Despite these ‘failings’, the very point of this work was to quantify and 
use the HSL model to investigate hue discrimination. 

The study showed that under the experimental conditions used here, the average participant 
could discern 223 ±4 (95% confidence limits) different hues around the hue circle. The HSL hue 
circle was heavily compressed in the orange and yellow, and cyan to blue, and strongly 
expanded in the green and magenta (figure 7.22). Discrimination (D, the number of hues that 
could be discriminated around the hue circle assuming that the average value in the segment to 
which the value applies was true for the whole hue circle), varied from D = 111 in the red-
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magenta (i.e. Hue 310) and 120 in the cyan-green (Hue 131) to D = 370 in scarlet (Hue 22) and 
330 in the blue (at 227) 1. The ratio of most to least discernible hues was ~3.3. 

When Discrimination was plotted in polar coordinates around the hue circle (e.g. figure 7.6) a 
clear ‘figure-of-eight’ was found, rotated 42° clockwise, as illustrated in figure 7.22. A visual 
representation of the real shape of the HSL hue circle is presented in figure 10.1. 

Figure 10.1 The shape of the HSL hue circle (12th order harmonic curve-fit) (All 360 integral hue values are 
shown in colours defined in RGB by the hue, with maximum saturation. The length of the bars is for 
illustrative purposes, and does not signify a confidence range. The circular scale marks the angle of HSL 
hue values for each bar and is set at the average value of Discrimination.) 

A first hint as to the reason for variation in discrimination with HSL hue is suggested by the 
variation in discrimination across the spectrum (compare figures 7.13 and 7.14), and is better 
implied by conversion of HSL hue to CIELAB (figure 7.18) as well as by the ‘rough and ready’ ∆E" 
algorithm of Mokrzycki and Tatol (2011) (figure 7.19). A much better correspondence of 
discrimination values exists between the ∆hue values in the IPT colour space of Ebner and 
Fairchild (1998) and the experimental results here (figures 7.20 and 7.21). As the latter figure 
shows, some differences remain (such as divergence around hues 120, 180 and 300), but the 

1 Based on 12th order harmonic curve-fitting. 

© 2020 Francis J Wild
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similarities of two curves (figure 7.21) gives: (a) reassurance that the experimental results here 
are quantitatively meaningful; and (b) an experimental confirmation of the IPT colour space. 

Using the isomorphic colour circle uncovered here, and generally-available algorithms to 
convert Munsell and NCS colours to and from sRGB and HSL, the Munsell and NCS systems were 
reviewed. Both were found to be quite divergent from isomorphy (figures 7.29 and 7.33). 
Although these conclusions are not new, and other workers (e.g. Indow 1988, 2001) have 
published similar concerns about these putatively uniform colour models, the current study to 
quantifies these anisomorphies more precisely than appears to have been previously reported. 

This study also investigated the direction of matching error; which provided little information 
(sections 7.4.2 and A10.1.2). It seems that there is little to be gained from pursuing it further. 
The focus should be on size of match error. 

10.1.2 Sociocultural Effects on Hue Discrimination 

In developing the research plan for this thesis, guidance was drawn from various researchers, 
which, when integrated, posited a sociocultural model of relevance to hue discrimination, as 
follows: 

(1) People are born with certain innate capabilities; such as the characteristically different
discrimination between males and females, and perhaps a genetic difference attributable to
ethnic origin (as hinted at by Hunt 2007);

(2) Cultural characteristics are developed through early learning and acculturation (as
suggested by Nieto 2000 and Hunt 2007);

(3) Further learning and cultural experience through life may then mould or change these
characteristics (in accord with postulates of Taylor et al. 2013 and Bornstein 2015); and

(4) Immersion in distinct environments might then cause or permit adaptation to those
environments (e.g. Jackson et al. 1995, Kuehni 2003, Webster 2015), with expression in
measurable capabilities, such as hue discrimination.

10.1.2.1 Intrinsic Factors 

Results from investigation of intrinsic factors that are known to be associated with reliable 
differences in discrimination, i.e. gender and age, were entirely within expectation based on 
previously-published results: 

(a) Female participants matched better than males (∆D +22) averaged around all hues. This
difference was attributable to major differences in the magenta-red to yellow-green
(∆D +28), as well as a narrow segment in the cyan to magenta (∆D +26). The two groups
did not differ significantly in other hue segments, but at all hues females had better (if
not significantly better) discrimination than males.

(b) Participants older than 45 years matched rather more poorly than did younger
participants (∆D –56). Non-significant effects in the data showed that: (a) discrimination
in the youngest group of participants (<25 years) was inferior to the next decadal group
(25 to 34 years); and (b) amongst the older meta-group (45 years and older)
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deterioration in their hue discrimination was less marked in the yellow hues. Both 
effects, which may be fortuitous, are consistent with previously-published results e.g. 
Verriest et al. 1962). 

10.1.2.2 Environmental Factors 

In terms of environmental factors, participants residing at different locations (as determined by 
where they took the test) showed dramatic differences in discrimination. The environmental 
palette and the ‘tropicalness’ of the location strongly influenced the discrimination at the 
location. Examination of discrimination by participants, who moved from one environmental 
group to another, indicated that their contemporary location was more important than the their 
origin. This effect was less marked when the relocation was from between distinct cultural 
milieus (e.g. Eastern and Western). Thus, environmental (including sociocultural environment) 
effects found were: 

(c) Participants who resided in locations with a subdued environmental palette or
temperate locations showed higher discrimination than those in locations with a
flamboyant palette or more tropical conditions (∆D +28 and +66, respectively). These
conditions may be confounded; both may be the result of the same environmental
difference. Nevertheless, the hues where peak discrimination occurred were cyan to
magenta-blue for participants living in a subdued environmental palette (∆D +33) and
green to cyan for participants in the temperate location (∆D +116).

(d) Participants who grew up, or resided, in locations with a Western cultural milieu showed
better hue discrimination than those in Eastern milieus (∆D +38 and +27, respectively).
Although those who moved from one milieu to the other tended towards the
discrimination of their destination milieu, the change was relatively small in magnitude
and tended to remain close to the discrimination of their origin milieu. Further, there
was relatively little difference between milieus around the hue circle

10.1.2.3 Experiential Factors 

In terms of experiential factors, solid evidence was found for differences in discrimination 
between participants with different educational attainment. A weak effect of disciplinary 
specialisation and increased discrimination associated with having experience with colour was 
also found. The experimental design here allowed only an assessment of association. Thus, it is 
not clear whether the latter effects are attributable to experience affecting discrimination or pre-
existing differences in discrimination affecting educational goals or disciplinary choices.  

The experiential effects found were: 

(e) Participants who had completed education qualifications below a Masters degree
showed no significant variation in discrimination from the norm of all participants,
between education levels, or round the hue circle.
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(f) Participants with a Masters degree had significantly poorer discrimination than those 
with lower qualifications (∆D –35). This diminution was most marked in the latter half of 
the hue circle, and peaked in the magenta (∆D –62).  

(g) Participants with a doctorate had markedly better discrimination than those without 
postgraduate qualifications (∆D +36). This difference was most marked in the first half of 
the hue circle and peaked in the green (∆D +57). 

(h) The general trend of hue-specific discrimination was similar for both Masters degree- 
and doctorate-holders: discrimination was better in the red to cyan half of the hue circle, 
and poorer in the cyan to red half. No explanation for this has been proposed. 

(i) Participants who specialised in ‘Colour’ had inferior discrimination to those who 
specialised in other sciences (∆D –14), but the difference was not statistically significant; 
and the difference was almost entirely confined to their poor discrimination in the red 
and nearby hues (∆D –51, p = 0.0049). 

(j) Participants who specialised in science had significantly better discrimination than those 
who worked in the humanities (∆D +11): the difference was almost entirely confined to a 
sharp difference in the green and nearby hues (∆D +34). 

(k) Participants who reported that they worked with colour exhibited slightly (but 
significantly) elevated hue discrimination relative to those who did not (∆D +11). The 
difference was fairly strongly confined to the red and nearby hues. 

So, to sum up, hue discrimination varies between people, in well-known and predictable ways 
(e.g. gender and age), and also in ways that seem to be environmental (e.g. palette of 
environment and climate in a broad sense), cultural (e.g. Eastern or Western culture), and 
experiential (such as working with colour and associated with certain disciplinary 
specialisations and levels of education). Drawing on results of this study, discrimination ability 
seems to be fairly malleable. Participants who moved between relevant environments evinced a 
shift in discrimination towards that typical of their destination; and those with certain levels of 
qualification and disciplinary specialisation showed distinct levels of discrimination that might 
be regarded as typical of the qualification or specialisation.  

Importantly, this study, as well as confirming other research findings, has highlighted new 
information in the field of colour discrimination and digital devices. This study has significance 
as the 21st Century will see the further digital globalisation of the world and its people, so there 
is a need to ensure that digital communication is accessible to all. 

10.2 Recommendations 

The international data set obtained and analysed in the study contains much more information 
than has been revealed in this research. Further analysis of the data may illuminate many of the 
unexpected, or expected, results reported in Chapters 8 and 9. Further work is indicated, both to 
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avail the opportunities afforded by the current data set and to further clarify some of the 
perplexing results uncovered here. 

Twelve recommendations are presented below: 

(1) Focus on size of match error: in the work done here, the direction of matching error
provided little information, and it seems that there is little to be gained from pursuing it
further.

(2) Partition the data set by levels of lightness and saturation of the colours offered and
assess the shape of the hue circle in (say) the lightest, or least saturated, third of cases
etc. While it is suspected that the hue circle uncovered here (e.g. figure 10.1) is
‘universal’ in the HSL space, the degree to which it is discernible at high and low
lightness and saturation should be explored. There are plenty of data to achieve this.

(3) Collect a moderate block of data on another wide-gamut monitor, to rule out (or
demonstrate) the role of the monitor in contributing to the hue circle obtained.

(4) Collect additional data at additional geographic locations, especially additional
temperate locations, and more locations with subdued palettes.

(5) Explore the apparent ‘band of superiority’ of discrimination of females over males in
the cyan to magenta, which has evidently not been reported previously. While
statistically significant in the data here, it may be spurious, and additional data are
required to confirm its true significance.

(6) Explore the apparent preservation, amongst older participants, of discrimination in the
orange to green, while discrimination in other hues deteriorates to a greater extent
with age. The effect here was tantalisingly consistent with yellowing of the ocular light
path with age, but not statistically significant. More data are required to clarify the
reality of this effect.

(7) Explore the apparent increase in discrimination between youngest age-group
participants and the majority 25 to 34 year-old group. The effect is reported in the
literature, but while observed here, was not statistically significant. More data are
required.

(8) Explore the effect of participants’ origin and current location in a more fine-grained
manner (with the current data, only practicable for their origin). Many different origin
locations were amalgamated into a few groups of distinctive locations. There is
opportunity to partition origin locations more finely, or differently, and further insights
may emerge. There may be enough data in the current data set to achieve this, but
some groups may be depauperate.

(9) Explore more deeply the anomalous results for participants with Masters degree and
doctoral qualifications. It may be possible to partition the current data set to provide
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some clarity on these effects, but the numbers of participants with each qualification 
are small and additional targeted data are probably required. 

(10) Partition the data set for participants who “work with colour” by age or any other 
proxy for how long they have worked with colour, and investigate whether the small 
effect of elevated discrimination increases with length of experience. 

(11) Recruit a cohort of future participants who have clearly-diagnosed colour vision 
deficiencies and collect their match data; this may demonstrate that this system has 
application in diagnosis of CVDs. 

(12) The colour matching program should be revised so that participants are offered some 
colours to match by adjusting only hues, others by adjusting only lightness and yet 
others by adjusting only saturation. The 3-dimensional ‘shape’ of the HSL space on all of 
the hue, saturation and lightness axes could then be quantified. This will, of course, 
require additional data. 

10.3  Final Summary 

This study has provided a new and wide-ranging overview of colour (hue) discrimination in the 
digital environment. It presents supporting data for existing research findings, such as effects 
attributable to gender and age, as well as the IPT hue circle. It also offers new information that 
demonstrates the effects of sociocultural origin and contemporary environment, and experience, 
on hue discrimination.  

This study has significance as the 21st century will see further digital globalisation and 
concentration as a communication medium, and it is essential that digital communication is 
accessible to all.  

Finally the current study provides a basis for further work on colour discrimination in the digital 
environment, and demonstrates the need for, and points the way to, future colour discrimination 
research. 
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Appendix 1: Miscellanea 
This appendix contains tables and documents which either provide ‘housekeeping’ background to the 
study (such as examples of the information provided to participants) or technical details which 
support aspects of the research. 

A1.1 Program code for RGB to HSL and HSL to RGB conversions 

The key technical content of the software that managed the colour-swatch and information-gathering 
program (ColourMatcher.exe) is the conversions between RGB and HSL. The modules (written in the 
Delphi IDE) are presented below. 

A1.1.1  RGB to HSL 

PROCEDURE RGBtoHSL(Rv,Gv,Bv:BYTE; VAR H,S,L:DOUBLE); 
VAR R,G,B,D,Cmax,Cmin:DOUBLE; 
BEGIN 
 R:= Rv/255; G:= Gv/255; B:= Bv/255; // Make RGB values 0 to 1 (0 to 255) 
 Cmax:= MaxValue([R,G,B]); 
 Cmin:= MinValue([R,G,B]); 
 // Calculate luminosity 
 L:= (Cmax+Cmin)/2; 
 IF (Cmax=Cmin) THEN // it's grey when Cmax-Cmin=0 
 BEGIN 

 H:= 0; // it's actually undefined 
    S:= 0 
 END 
 ELSE 
 BEGIN 

 D:= Cmax-Cmin; 
 // Calculate Saturation 
 IF (L<0.5) THEN S:= D/(Cmax+Cmin) ELSE S:= D/(2-Cmax-Cmin); 
 // Calculate Hue 
 IF (R=Cmax) THEN 

 H:= (G-B)/D 
 ELSE 

 IF (G=Cmax) THEN H:= 2+(B-R)/D ELSE H:= 4+(R-G)/D; 
 H:= H/6; 
 IF (H<0) THEN H:= H+1; 

  END 
END; 
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A.1.1.2 HSL to RGB  

FUNCTION HSLtoRGB(H,S,L:DOUBLE):TColor; 
VAR M1,M2:DOUBLE; 
   R,G,B:BYTE; 
    FUNCTION HueToColourValue(Hue: DOUBLE):BYTE; 
    VAR V:DOUBLE; 
    BEGIN 
       IF (Hue<0) THEN 
         Hue:= Hue+1 
       ELSE 
         IF (Hue>1) THEN Hue:= Hue-1; 
       IF ((6*Hue)<1) THEN 
         V:= M1+(M2-M1)*Hue*6 
       ELSE 
       BEGIN 
          IF ((2*Hue)<1) THEN 
            V:= M2 
          ELSE 
          BEGIN 
             IF ((3*Hue)<2) THEN V:= M1+(M2-M1)*(2/3-Hue)*6 ELSE V:= M1; 
          END; 
       END; 
       Result:= Round(255*V) 
    END; 
BEGIN 
  IF (S=0) THEN 
  BEGIN 
     R:= Round(255*L); G:= R; B:= R  // Its Grey R=G=B=L (from 0-1 to 0-255) 
  END 
  ELSE 
  BEGIN 
     IF (L<=0.5) THEN M2:= L*(1+S) ELSE M2:= L+S-L*S; 
     M1:= 2*L-M2; 
     R:= HueToColourValue(H+1/3); 
     G:= HueToColourValue(H); 
     B:= HueToColourValue(H-1/3) 
  END; 
  Result:= RGB(R,G,B) 
END; 
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A1.2 Ethical Clearance approval documentation 

Work of this nature, involving human subjects, and especially collecting information on sociocultural 
characteristics of participants, cannot ethically be conducted without prior consideration of the 
manner in which ethical matters will be managed. This work was approved by the Griffith University 
Human Research Ethics Committee, and the approval document is provided below. 

 

 

  

Signature of Rick Williams 
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A1.3 Information Screen content 

The first information presented to participants when commencing the study was an explanation and 
disclaimer, explaining the intent and nature of the study, and the participant’s options in undertaking 
the test. The document is reproduced below.  
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A1.4 Screenshot of Consent Screen 

Upon commencing the test, participants were asked to grant consent and to acknowledge that they 
understood the terms of their involvement. The consent screen is reproduced below. 

Clicking on “I Agree” constituted granting consent and proceeded to the tasks of the Colour Matching 
Program (see figure 4.1, Chapter 4) 
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A1.5 List of Questions 

The software contained the following set of 10 questions. After entry of an answer to each question 
the program automatically proceeded to the next question, unless a confirmation response was 
specified. Most participants would not have been presented with all questions, as which questions 
were offered depended on answers given to previous questions. As presented below, the italicised 
text shows which question follows from a given answer. 

 

Q1 Have you done this test before? 
  Yes        go to Q1a 
  No        go to Q2 

 Q1a How many times have you done it before? 
   Once (1) 
   Twice (2) 
   Three or more (3+)     go to Q2 

Q2 Do you have any known impairment of colour perception (i.e. colour blindness)? 
  Yes        go to Q2a 
  No        go to Q3 

 Q2a Has this impairment been classified or named?  
   Yes       go to Q2b 
   No       go to Q3 

 Q2b What type do you have? 
   Blue–yellow 
   Red–green 
   Monochromacy 
   Dichromacy - Protanopia (red deficient) 
   Dichromacy - Deuteranopia (green deficient) 
   Dichromacy - Tritanopia (blue deficient) 
   Anomalous Trichromacy - Protanomaly (red deficient) 
   Anomalous Trichromacy - Deuteranomaly (green deficient) 
   Anomalous Trichromacy - Tritanomaly (blue deficient) 
   other       go to Q3 

Q3 Are you confident in choosing and applying colour in your everyday life? 
  Yes 
  Somewhat 
  Not Really 
  No 
  Unsure        go to Q4 

Q4 Would you describe your work/study as “working with colour”? 
  Yes        go to Q4a 
  No         go to Q5 

 Q4a If so in what way? (open answer) 
   [ … … ]      first 15 colour matches 
          and then go to Q5 
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Q5 What is your age? 
  under 18 
  18-24 
  25-34 
  35-44 
  45-54 
  55-65 
  65+        go to Q6 

Q6 What is your gender? 
  Female 
  Male        go to Q7a 

Q7a What is your nationality? (open answer)     go to Q7b 
  [ … … ] 

Q7b Where (which country) did you spend the greatest part of the first 20 years of your life?  
 (open answer) 
  [ … … ]        go to Q8 

Q8 How many years of formal education have you completed?  (open answer)  
  [ … … ]       next 15 colour matches  
          and then go to Q9 

Q9 What is the main area of your study/teaching/research/work? (open answer) 
  [ … … ]        go to Q10 

Q10 Are you working/studying here as an international visitor?  
  Yes        go to Q10a 
  No        end of questions  
         then last 15 colour matches 

 Q10a What is your home country? (open answer)  
   [ … … ]       go to Q10b 

 Q10b How long have you been in this country? 
   less than 1 month 
   between 1 month and 6 months 
   between 6 months and 1 year 
   between 1 year and 2 years 
   more than 2 years     end of questions and 
         then last 15 colour matches 
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A1.6 Laptop specifications 

The hardware used for this study, especially the display apparatus, was critical to the results 
obtained and their reproducibility. Specifications are given below. 

System 

Hewlett-Packard HP EliteBook 8560p 

Total amount of system memory 4 GB RAM 

System type Windows 7 Enterprise 64-bit operating system 

Number of processor cores 2  

Storage 

Total size of hard disk(s) 232 GB 

Disk partition (C:) 141 GB Free  

Media drive (D:) CD/DVD 

Graphics 

Display adapter type Intel® HD Graphics Family (shared RAM) 

Total available graphics memory 1696 MB 

Dedicated graphics memory 64 MB 

Dedicated system memory 0 MB 

Shared system memory 1632 MB 

Display adapter driver version 8.15.10.2342 

Laptop monitor resolution 1366x768 

DirectX version DirectX 10 

Display interface Display Port 1 

Monitor 

Asus PA246Q P-IPS ProArt Series professional monitor 

Primary monitor resolution 1920×1200 (nominal 24 inches screen size) 

Equipped with 10-bit P-IPS panel that notionally provides 98% of Adobe RGB coverage and 1.07 
billion colours 

Pre-calibrated with a maximum ΔE94 of less than 5 

178° wide viewing angle 
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A1.7 Factory screen calibration 

The factory-supplied screen calibration chart (for this specific monitor) is reproduced here. 

  



Appendix 1: Miscellanea 

260 
 

Table A1.7.1 ∆E*94 Factory calibration values for Adobe RGB on the monitor used 

Greys Colour 
Difference 

 Primary 
Colours 

Colour 
Difference 

 Secondary 
Colours 

Colour 
Difference 

Grey 1 1.19  Red 1 2.28  Yellow 1 2.05 
Grey 2 2.58  Red 2 0.89  Yellow 2 2.40 
Grey 3 2.69  Red 3 0.89  Yellow 3 1.86 
Grey 4 2.30  Red 4 0.83  Yellow 4 1.38 
Grey 5 2.95  Green 1 3.00  Cyan 1 1.75 
Grey 6 3.48  Green 2 2.76  Cyan 2 0.92 
Grey 7 1.63  Green 3 2.54  Cyan 3 0.93 
Grey 8 0.09  Green 4 1.65  Cyan 4 0.46 

   Blue 1 2.78  Magenta 1 2.50 
   Blue 2 0.75  Magenta 2 2.99 
   Blue 3 3.17  Magenta 3 0.89 
   Blue 4 1.22  Magenta 4 0.78 
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A1.8 Screen calibration – Spyder4™Pro  

A typical set of calibration outputs from the Spyder4™Pro is provided below. The device calibrated 
the screen to Gamma 2.2, colour temperature of 6500 K, and brightness of 120 cd·m–2. 

 

Figure A1.8.1 Basic settings of monitor (brightness, contrast and white point) 

 

Figure A1.8.2 Colour temperatures of greys at selected brightness points 
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Figure A1.8.3 Gamma settings for screen calibration 

 

Figure A1.8.4 Colour gamut of display: 148% of sRGB, 112% of Adobe RGB 
— red triangle is display performance, purple triangle Adobe RGB  
     and green triangle sRGB 
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A1.9  Hue names table 

For precision in referring to hues in this study, 
the hue number in the domain [0 359] is 
normally used; however this is not necessarily 
informative to the user. For convenience, hue 
numbers were converted to meaningful names 
in accord with table A1.9.1. The boundaries 
were set somewhat arbitrarily, with a goal of 
maintaining the location of the primary and 
secondary colours and obtaining 
approximately equal-width ranges between 
the primary and secondary colours. 

The names are plotted on the HSL hue circle in 
figure A1.9.1. 

       Table A1.9.1     Hue names 

Hue Range Colour 

Lower Upper  

0 10 red 
10 25 scarlet 
25 33 red-orange 
33 40 orange 
40 45 yellow-orange 
45 55 orange-yellow 
55 65 yellow 
65 75 green-yellow 
75 95 yellow-green 
95 130 green 

130 155 cyan-green 
155 170 green-cyan 
170 195 cyan 
195 205 blue-cyan 
205 215 cyan-blue 
215 245 blue 
245 260 magenta-blue 
260 275 blue-magenta 
275 290 magenta 
290 315 red-magenta 
315 340 magenta-red 
340 0 red 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A1.9.1 Named hue circle (HSL isometric hue spacing) 
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Appendix 2: Data Files 

The data files for this study are very large, and cannot practicably be displayed in tabular format on 
paper. The basic data file is 52 columns wide and more than 14 500 rows long, and occupies 238 
pages when printed on A3 paper in 6 point print, which is necessary to fit all columns on a single 
(A3) sheet. The files are provided here as digital files (readable by Excel® 2016 or higher), and the 
first two pages are printed on A3 to show the nature of the layout. 

A2.1 Raw Data 

The primary data file (partially shown in table A2.1) shows all data as collected by the program, and 
a number of computed columns of data, such as the duration of the matching task for each match, and 
the intermediate steps in the process of computing the log10(y+1) transformed matching error (as 
explained in section 5.4.1) standardised for saturation and lightness (as explained in section 5.3). The 
file “Primary data.xls” contains the full data set. 

A2.2 Final Data 

The development of the analysis involved a long process of data standardisation (as above), 
detrending (section 8.2), and adjustment for concurrent levels of other variables (Appendix 6, section 
A6.5). The final data from these processes are given in the accompanying file “Final Data.xlsx”. The 
first two pages of the file are tabulated here in table A2.2. 

A2.3 Weighted Segmented Means Calculator  

The program that computed the weighted segmented means curve-fit, and the means and variances 
or standard errors for comparing segments of the hue circle, or subsets of the participants, is 
provided as the file “Bin smoother All effects (definitive).xlsm”, which is a macro-enabled Excel® 
calculator template. The template includes all the data in “Final Data.xlsx”. This file is provided for 
completeness, and, although a tutorial on its operation is not provided here, instructions for use are 
included in the file. The first page of its output sheet, including all useful outputs, is shown in 
figure A2.1. 
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Table A2.1a The first page (of 238) of the Primary Data file (Primary data.xls) 
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Table A2.1b The second page (of 238) of the Primary Data file (Primary data.xls) 
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Table A2.2a The first page (of 152) of the Final Data file (Final Data.xlsx) 
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Table A2.2b The second page (of 152) of the Final Data file (Final Data.xlsx) 
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Figure A2.1 The output screen from the Weighted Segmented Means curve-fitting calculator template 

 



Appendix 3: Development of the Program 

In this study, data were collected on how well people were able to match hues on a computer screen. 
Factors that may affect a person’s ability to match/distinguish colours, such as pertinent personal, 
cultural and locational attributes, were also collected. The data were collected using a purpose-
written computer program (Chapter 4, section 4.2), the development of which is reviewed here. 

A3.1 Pilot Test 

A pilot test was run from March to April of 2011, on the Gold Coast campus of Griffith University. 
Four participants were asked to match ten given colours, in Adobe® Illustrator™ using the program’s 
colour picker, in either the RGB or HSB (Hue, Saturation and Brightness) colour mode (figure A3.1 is 
a screen shot of Illustrator’s colour picker). The given colour swatch and a blank swatch were each 
80 mm square and set 80 mm apart. The participants were asked to re-colour the blank swatch, using 
the RGB or HSB slide controls. This proof-of-concept was undertaken to see how accurately the given 
colours could be matched, as well as to obtain feedback on how easily the activity could be 
undertaken.  

Figure A3.1 Screen shot of Adobe Illustrator’s RGB (left) and HSB (right) colour pickers (Adobe product 
screenshots 2012 reprinted with permission from Adobe) 

In the pilot test, no colours were matched exactly. The participants found that the HSB picker was 
more intuitive to use than the RGB picker. However, the major comment was that the lack of colour 
picker feedback made the process difficult, more difficult than expected. This feedback was 
important as the participants were a combination of people who were familiar, and unfamiliar, with 
using a colour picker system. 

A3.2 Small-Scale Prototype Test 

The next step was to design and implement a small-scale test of the HSL Colour Match Program 
prototype. It was run in February and March 2012 on the Gold Coast campus, with ten casually-
selected participants. Originally there were six interfaces available; however, after two participants 
had attempted to match the colours, it was found that trying to match the three independent HSL 
axes was too difficult and time consuming — taking several minutes for each colour. As the study was 
designed to collect data on as many colour matches as possible, the number of variables was reduced 
to one, only Hue.  

Using the hue-only interface, 10 participants each matched between 10 and 30 colours, randomly 
selected from a pre-defined set of 99 colours. Their initial colour and the matched colour values, and 
the time taken for each match, were recorded. 
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A3.2.1 Observations 

Despite having to match only the hue value, some participants found that matching more than 20 
colours in one session was tiring, and a little stressful. As a consequence, the program flow was 
altered. The 10 survey questions, which were to be originally answered at the beginning of the 
session, were separated into 3 parts (4 questions, 4 questions, and 2 questions, respectively). Each 
part was then followed by 15 colour matches.  

Participants’ typical approach to a colour match task was to make a quick rough colour match and 
then spend significantly more time refining the match. On average it took participants 33 seconds to 
find a match that they thought was satisfactory. Individual colour matching time varied from 4 to 287 
seconds.  

A3.2.2 Results 

A detailed analysis of the matching error of hue, for 181 matches by 10 participants, with each colour 
selected at random from 99 pre-defined combinations of hue, saturation and lightness, was 
undertaken to assess and develop a suitable analysis method for the final data set.  

The prototype analysis found that, for the combined effects of saturation and lightness, the hue-
matching-error was very high at low saturation and low lightness, and fell to very low levels with 
increasing lightness and increasing saturation (figure A3.2). Note, also, the small increase in 
matching-error at high lightness and saturation (the nearer part of the response surface). 

Hue-Matching Error v Lightness and Chroma
 Surface fit by Distance Weighted Least Squares

 100 
 80 
 60 
 40 
 20 
 0 

 

Figure A3.2 Distance-weighted least-squares surface fit to the average hue matching error by Chroma  
(i.e. HSL saturation) and Lightness 

Figure A3.3 shows the errors made at different offered hues; the average error size (the black circle 
at the scale value of zero) was scaled to zero. The red closed figure was the actual scaled (to a mean 
of zero) hue matching-error, as drawn from the data by harmonic curve-fitting (described in 
Appendix A5.1). The matching-error axis (any radius of the circle) was reverse-scaled so that, where 
the red line fell outside the black circle, the matching-error was small, and discrimination was higher 
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than in hues where the red figure fell inside the zero circle. The sum of the departures from the zero 
circle was statistically significant, but the hue range(s) at which the matching errors were 
statistically significantly different to the overall average were not analysed. It seems clear, though, 
that the larger departures would be the source of this significance (i.e. at Hue ~80 and ~330, and 
possibly at ~240). 

 

Hue-Matching Error v Hue

-2.0-1.5-1.0-0.50.00.51.01.52.02.5
Red
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Cyan
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Figure A3.3 Hue matching error at different Hues 1 (radial axis is reverse-scaled matching error in hue units, blue 
points observed data, black circle zero and average matching error, red closed figure a third order 
harmonic curve fit to the data) 

Thus, based on this prototype assessment of a small number of participants, discrimination in the 
yellow-green was better than average for all hues, while blue was readily discriminated, and 
discrimination was evidently poor in the magenta to red range (these results were confirmed in the 
main study with much greater precision). 

The colour matching program was developed with the benefit of this early experience, as laid out in 
Chapter 4, particularly section 4.2. 

  

 
1  In figure A3.3 the values of Hue = 0 and Hue = 360 (the same value), which is maximal red, is at the 3 o-clock 

position, in contrast to the normal portrayal of red at the 12 o’clock position. This is a quirk of the software that 
drew the figure. 
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Appendix 4:  Removal of Confounding Effects of  
 Saturation and Light Values 

In collecting match data, colours were offered to participants with randomly-chosen values of R, G 
and B, yielding colours with various values of hue, saturation and lightness. The interest in the study 
was to determine how participants matched (as a proxy for a measure of their discrimination) 
colours of various hues. To achieve this, the lightness and saturation of the offered and matched 
swatches were matched and kept fixed by the program as the participant adjusted only the hue. Thus, 
some colours were offered at easy-to-match levels of lightness and saturation, and others at difficult-
to match levels.  

Since it was intended that lightness and saturation be statistically controlled in the analysis, the 
effects of these variables were removed from the data by multiple polynomial regression as 
described in Chapter 5 (section 5.3). While the values and significance of the polynomial terms are 
unimportant to their use as a statistical control procedure, they are listed here for sake of 
thoroughness. 

Table A4.1  Multiple regression table for the analysis that removed the effects of Saturation and Lightness 

Effect SS DF MS F1,12492 p 
intercept 162.6 1 162.6 1127.5 ~0 1 
Saturation 46.8 1 46.8 324.4 ~0 
Saturation2 22.9 1 22.9 158.6 ~0 
Saturation3 14.1 1 14.1 98.0 ~0 
Saturation4 9.3 1 9.3 64.7 ~0 
Lightness 28.8 1 28.8 200.0 ~0 
Lightness2 14.1 1 14.1 97.9 ~0 
Lightness3 8.8 1 8.8 60.9 ~0 
Lightness4 6.3 1 6.3 43.5 ~0 
  error 1801.7 12492 0.144   

Table A4.2 reports the parameter estimates for the coefficients of the fourth-order polynomial model 
fitted to the data, although again, this is not important to the use of this technique as a statistical 
control. 

Table A4.2  Coefficients of the standardisation equation (adjusted R2 = 0.17) 

Effect Estimate St Error t12492 
intercept 2.818 0.084 33.6 
Saturation -6.77 0.38 18.0 
Saturation2 20.0 1.6 12.6 
Saturation3 -25.8 2.6 9.90 
Saturation4 11.5 1.4 8.04 
Lightness -10.45 0.74 14.1 
Lightness2 24.9 2.5 9.90 
Lightness3 -27.4 3.5 7.81 
Lightness4 11.2 1.7 6.60 

 
 

 
1  i.e. less than 10–100 
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Appendix 5: Circular Statistics 

The data here comprise numerous values of matching error at various values of offered hue. Hue is itself 
a circular variable, which increments from a value of zero (‘pure’ red) through to 359 and back to zero; 
although it is only a convention that red should have a value of zero. Thus, Hue 0 ≡ Hue 360. Extralimital 
values of Hue of 360 or higher are mathematically possible, as are negative values, but they are simply 
converted to conventional Hue values as Hue = Hue’ mod 360. 

A5.1 Circular Curve-Fitting 

Analysing such data requires acknowledgement of the circular nature of the Hue variable, especially, 
that any values (such as means or trends) fitted around Hue 359–0 must have continuity similar to 
values fitted anywhere else in the domain of Hue values.  

Any response (of matching error, for example) to some particular values of Hue, which is not constant at 
all values of Hue, implies that the response across values of Hue must rise and fall. Thus, a linear fitting 
of response to Hue fails on both continuity at Hue 359–0 and on the inability to model a rising and falling 
response.  

Polynomial curve-fitting also fails as it cannot assure continuity at the Hue 359–0 point. This technique 
is widely available in computer implementations, and can provide suitable confidence bands on 
estimated regression lines. It does not, however,  estimate a curve that has continuity on a circular 
x-variable, and is limited in the number of inflections (i.e. detail in the shape of the curve) that it can 
estimate. Although polynomial curve fitting will provide a pragmatic equation defining the shape of the 
curve, in the analysis here, a curve-equation is not required, as interest lies in the location of high or low 
points on the curve and no underpinning canonical curve is assumed, or required. 

Variations in response over values of Hue, with perfect continuity at 0/360, can be estimated with 
Fourier analysis (harmonic curve-fitting); i.e. the fitting of a series of harmonic curves in the form of sine 
or cosine curves with an integral number of wavelengths in a hue circle. Any harmonic can be fitted to 
these data in the form of: 

𝑦𝑦 = 𝑀𝑀 + 𝐴𝐴 × cos�(𝑥𝑥 − 𝑃𝑃) ×
2𝑛𝑛𝑛𝑛
360

� 

Where  y is the estimated value of the matching error, at a given value of Hue (x), 
 M is the mean value of the distribution of all matching errors, 
 A is the amplitude of the variation, from the mean, of the estimated values at their  
  maximum departure, 
 x is the value of the Hue, 
 P is the phase, the smallest value of Hue at which maximum departure occurs, and 
 n sets the number of wavelengths per cycle of 360 Hue units: n = 0 defines the mean,  
  1 defines the first harmonic (one cycle in the hue circle), 2 defines the  
  second harmonic (two cycles in the circle), etc. 

It is not difficult to compute a set of such curves and sum them for an arbitrarily close fit to the data, but, 
with the numerical software available, computing confidence limits on the fitted curves was not 
practicable. In the absence of such limits it is impracticable to assess the reliability of departures of the 
response from any postulated value (say the overall mean), and assessment of the significance of 
differences in responses at different parts of the hue circle is also unavailable.  
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Nonetheless, this method does fit a strictly analytical curve, based on a widely-used method of 
decomposition of harmonic data. In order to show the typical harmonics in the data, and to provide a 
baseline against which the actual method used in this study (to be presented next) can be compared, the 
method was applied to the matching error data (14 399 cases). 

Using non-linear estimation with a least-squares loss function, the first 20 harmonics in the data were 
extracted (table A5.1). 

Table A5.1 Harmonic decomposition of match error response around the hue circle 

Harmonic M A P Explained SS p(model) 

 

0 0.4171 – – 2504.7 ~0 
1 0 -0.0266 337.1 5.05 7.3×10–15 
2 0 0.1266 133.2 115.1 ~0 
3 0 -0.0155 18.9 1.73 3.8×10–6 
4 0 -0.0277 87.8 5.55 ~0 
5 0 -0.0121 58.5 1.03 0.00056 
6 0 0.0183 3.6 2.43 2.2×10–8 
7 0 0.0055 42.3 0.21 0.21 
8 0 0.0132 37 1.26 0.00010 
9 0 -0.0051 8.7 0.19 0.25 

10 0 -0.0139 8.0 1.40 3.7×10–5 
11 0 -0.0040 30.7 0.11 0.44 
12 0 -0.0081 25.4 0.48 0.030 
13 0 0.0029 0.5 0.061 0.64 
14 0 0.0007 2.5 0.0035 0.97 
15 0 0.0026 22.5 0.049 0.70 
16 0 -0.0007 21.6 0.0040 0.97 
17 0 0.0045 3.2 0.15 0.34 
18 0 -0.0034 3.1 0.086 0.53 
19 0 -0.0061 4.1 0.27 0.14 
20 0 -0.0068 2.6 0.33 0.086 

Residual SS 983.62  

The highest significant harmonic is the 12th, and so a 12th order harmonic curve was fitted to the data, 
using the parameters listed in table A5.1. The fitted curve is shown in figure A5.1.  

 
Figure A5.1 12th order harmonic curve fitted to match error data 
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For this work, a method was required that provided not only a pragmatic fit to the data, but an 
indication of the reliability of that fit, most usefully the 95% confidence limits on the value of the curve 
at any given hue. A novel method was developed to assess average responses at different Hue values, 
which yielded both means for each Hue value and confidence limits on those means. The method is 
presented below. 

A5.1.1 The Segmented Means Approach 

Hue was notionally offered to participants as any one of 360 distinct values, and although participants 
were presented with the colour, they were not advised of the value offered. As noted in Chapter 5, the 
actual Hue offered was not an integral value on this scale, due to the effects of converting a chosen set of 
Hue, Saturation and Lightness values into R, G and B values within the integral values of [0 255] for 
computer display. When data were recorded, the appropriate offered Hue value was computed from the 
actual values of R, G and B used. Thus, the offered Hue values are more or less continuous from 0 to 360, 
although within <0.5 Hue units of the value chosen to be displayed for the given swatch. It is reasonable, 
therefore, to group offered Hue values into 360 integral groups or ‘bins’ (e.g. group or bin 4 is all offered 
Hue values from 3.5 to less than 4.5). 

Within each bin, the mean matching error can be calculated, as can be the standard error of that mean, 
and 95% confidence limits on the estimated mean. Figures A5.2 and A5.3 shows these values for size of 
matching error for all responses in the data set. Figure A5.2 shows just the values for bins from Hue 0 to 
Hue 60 (where the individual means and limits are discernible), and figure A5.3 shows all 360 bins 
(where the whole data effect is shown, but individual effects are lost in the detail). 

  
Figure A5.2 Segmented mean size of matching error (black bars) and 95% confidence limits (red bars)  

for each Hue value from 0 to 60 



Appendix 5: Circular Statistics 

280 

 
Figure A5.3 Segmented mean size of matching error (black bars) and 95% confidence limits (red bars)  

for each Hue value from 0 to 360 

If we take the method used to produce figures A5.2 and A5.3 as a response-fitting procedure, there is 
good evidence of overfitting, or ‘fitting-to-the-noise’ rather than fitting-to-the-signal. The responses that 
are of interest in this study are of rather broader scale than those revealed in figures A5.2 and A5.3, 
where there is obviously a lot of variation in the means from one Hue value (or bin) to the next, and 
which a suitable curve fitting or smoothing procedure would remove. It is unlikely that the average of 
participants would reveal small matching errors at a particular Hue and large matching errors at a 
contiguous or nearby Hue. A smoothing procedure should estimate a mean matching error for a 
particular Hue based on not only the matching error values in the bin for that Hue, but taking account of 
values of matching errors in nearby Hue bins (i.e. nearby Hues) as well.  

A solution would be to use larger increments around the hue circle, say 5 or 10 Hues in a given bin. 
Figure A5.4 shows the same data as in previous figures where the data are partitioned into 72 bins of 
5 Hue units, with the first bin centred on Hue zero. Note that the same overall response curve is shown; 
there is continuity from 359 to 0 Hue units, and the confidence limits on the estimated means are rather 
narrower, as a result of a larger number of observations being included in each mean. In principal, larger 
bins (say 10 or 20, or even 45 Hue units per bin) could be used, but even though it would allow even 
finer discrimination of differences in the mean size of the response, it would progressively remove 
discrimination of where, on the hue circle, a given response occurs (e.g. figure A5.5, where the bins are 
45 Hue units wide).  
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Figure A5.4 Segmented mean size of matching error (black bars) and 95% confidence limits (red bars)  

for Hue values in increments of 5 Hue units from 0 to 360 

 
Figure A5.5 Segmented mean size of matching error (black bars) and 95% confidence limits (red bars)  

for Hue values in increments of 45 Hue units from 0 to 360 

The actual choice of starting value (i.e. where the first bin is located around the Hue circle) can hide or 
emphasise the dynamics in the response curve, and its location is quite arbitrary. Further, there is no 
objective way to settle the trade-off between discrimination on the y-axis and discrimination on the 
x-axis. 

Effectively, this ‘binning’ process is assigning an equal value to the matching errors for the Hue on which 
the bin is centred and all other Hues in the bin. A more sophisticated, and somewhat more satisfactory, 
method would be to use small bins and include values in bins further away from the central Hue value, 
but to give matching errors in distant bins progressively less weight in determining the mean and 
confidence limits on the estimation of the mean (and values of the confidence limits, themselves) for the 
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‘home’ bin. This is a weighted smoothing procedure, where a reduced weight is given to data further 
away (on the x-axis) from the key or central datum. Figure A5.6 shows the result of a weighted 
smoothing procedure where data are allocated to 360 bins and all responses are smoothed by inclusion 
of all data within their own bin and data from neighbouring bins, with progressively reduced 
contribution the further those bins are from the ‘home’ bin. 

 
Figure A5.6 Segmented mean size of matching error (black bars) and 95% confidence limits (red bars) for Hue 

values weighted 5:1 (total of weighted bins relative to the home bin) for each of 360 Hue values  

The weighting procedure used for figure A5.6 was effectively an inverse exponential weighting, where a 
fractional weighting parameter was raised to the power of the distance of the contributing bin from the 
home bin. The mathematics are as follows: 

A weight (P) is chosen as the weighting parameter. This is always a number less than unity. Responses 
(i.e. matching errors) in bins are weighted as: 

𝑊𝑊𝑑𝑑 = 𝑃𝑃𝑑𝑑 

… where Wd is the weight to apply to each case in a given bin, and d is the count (or offset) from the 
home bin to the one being weighted. Thus d is zero for the home bin itself, and its weight is P0 = 1. For a 
bin either side of the home bin (offset = 1), the weight is P, and for the next bins away (offset = 2), it is 
P2, etc. 

P may be thought of as a stiffness parameter, and its value set arbitrarily. If strong focus on the home bin 
is desired, P should be chosen as a small value (providing low stiffness in the fitted curve), and if many 
neighbouring and even distant bins are desired to contribute to the estimated mean of the home bin, 
then P should be close to 1 (producing high stiffness). If P is specified as: 

𝑃𝑃 =
1

1 + 2
𝑛𝑛

 

… then n can be any number greater than zero. This specification of P has the desirable property that 
the total weight of bins above and below the home bin is n, relative to the home bin’s weight of 1. A 
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small number for n gives a narrow ‘window’ on the data, and a large value a wide window. In the case of 
figure A5.6, the value chosen for n was 5. Figure A5.7 shows the weights applied to bins of size 1 Hue 
unit around the hue circle for values of n = 5 and n = 30. 

  
Figure A5.7 Amount of weighting of y-values in bins distant from the home bin, for n = 5 (left-hand chart)  

and n = 30 (right-hand chart) 

Where specification of n is required, it will be called “the stiffness parameter” as a small value gives a 
loose or variable fitted line, and large values a much stiffer line (e.g. figure A5.8).  

  
Figure A5.8 Effect of different values of the stiffness parameter on smoothed segmented mean matching error: 

left chart n = 5, right chart n = 30 — 95% confidence limits (red lines) and overall mean (blue line) 

The leftmost chart in figure A5.8 shows the same data and values as does figure A5.6, but the bars for 
each bin in figure A5.6 have been replaced by a line in figure A5.8, in accord with the notion that there is 
some degree of continuity between means in adjacent bins, since they include much the same data.  Note 
that larger values of stiffness give not only a smoother line, but narrower confidence bands, as would be 
expected from the fact that, with increased stiffness, each mean includes matching error information 
from a larger number of cases. As with the larger-bins solution (e.g. figures A5.4 and A5.5), the increase 
in resolution on the y-axis is at the cost of reduced resolution on the x-axis. 

Choosing a suitable value for the stiffness parameter is subjective. Large values give more precise 
estimates of the mean matching error over a given range of Hue, but hide detailed changes in the range 
of Hue values. Low values of stiffness provide more detail of mean matching error across the Hue range, 
but they leave the precision of the fitting poorly defined (i.e. the confidence bands are wider). For the 
full data set, stiffness values of 10 to 15 provided a reasonable balance between resolution on both axes 
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(e.g. figure A5.9). Experience with the smoothing procedure with different numbers of cases gave some 
guidance to desirable values of stiffness, and it was found that more stiffness was required for direction-
of-error plots than size-of-error. A reasonable compromise between resolution and overfitting was 
found with the following pragmatic functions: 

 for size-of-error plots   stiffness = 206 – 43.9×log10(n) 

and  for direction-of-error plots  stiffness = 232 – 48.6×log10(n) 

where n is the number of cases being analysed. 

 
Figure A5.9 Size of matching errors estimated by weighted segmented means method, with stiffness of 12 

To provide a sense of how this procedure works to smooth and summarise the data that produced the 
curves above, figure A5.10 (over page) shows the fitted curve and the data that were used. 

It would have been more precise to have computed the smoothed curve based on each case, separately, 
however the computational task was too great for the available software (Microsoft® Excel® 2016). Even 
with just 500 cases, Excel required more than 1.5 million equations and evaluations to calculate and 
smooth the curve based on individual cases, and the size of the implementation rose with the square of 
the cases count. The binned approach completed the calculations with less than 320,000 equations and 
evaluations, irrespective of the case count. Nonetheless, a casewise system was developed for small data 
sets; and for 500 or less cases, the casewise approach was used. When each implementation was used on 
a 500 cases data set the curve obtained was identical, and the explained sums of squares differed by less 
than 0.1% — the difference attributable to trivial loss of information as a result of the binning process. 
This proportional loss would be even smaller with larger numbers of cases. 
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Figure A5.10 Full data set (14,543 cases) and fitted curve of weighted segmented means with 95% confidence 

bands on the location of the means (stiffness = 12) 

The effectiveness of this approach is demonstrated by comparing figure A5.9 with figure A5.1. The two 
methods reveal the very same dynamics in the data, with relatively narrow peaks at Hues 130 and 310, 
and broad troughs at 20 to 50 and 210 to 260. On this basis the weighted segmented means ‘curve 
fitting’ was used with confidence to explore the matching performance of participants. 

A5.2 Polar Plots 

The charts shown above (figure A5.10, for example) improperly represent the Hue variable as a linear 
variable in the range [0 360]. Hue is circular, and not linear as shown in charts drawn on Cartesian 
coordinates. The proper representation of a circular variable is on a polar plot, where the x-variable is 
wrapped around a circle. Figure A5.10 is redrawn, below, on a polar plot (figure A5.11) which better 
presents the circular relationship in these data 1.  

If there was no relationship between the values plotted (on the y-axis) and Hue (on the x-axis), the line 
drawn (black in figure A5.11) would be a circle centred on the origin. Figure A5.11 shows a clearly non-
circular line, which encloses a space that is not necessarily centred on the origin.  

The curve indicates that size of matching error values is small from Hue 0 to 70 (red to green-yellow), 
high from about 90 to 180 (yellow-green to cyan), low again from 190 to 230 (blue), and then high from 
290 to 330 (red-magenta to magenta-red). The largest errors occur at around Hue 132 (green, matching 
error 0.59) and 310 (red-magenta, 0.63), while the smallest errors are around Hues 38 (orange, 0.29) 
and 226 (blue, 0.32). 

 

1  The y-axis (size of matching error) scale has been set to –0.5 to +1.5 — there are no data below 0, but this setting 
allows the data at zero (i.e. perfect matches) to be shown as a circle near the origin of the plot, while the upper limit of 
1.5 allows the response curve to be large enough to exhibit its dynamics, at the cost of hiding a small number (86 of 
14543 = 0.6%) of the data points. 
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Figure A5.11 Polar plot of full data set and fitted line of weighted segmented means 

A5.2.1 Interpretation 

The correct way to display a circular variable is in a polar coordinate plot like figure A5.11. The 
continuity of effect from the end x-value (359) to the start x-value (0) can only be displayed in this 
manner. A Cartesian coordinate plot (e.g. figure A5.10) falsely portrays the x-axis as a linear scale and 
denies the necessity of continuity from one end to the other. For this reason, results of analyses on the 
Hue variable should be presented as polar plots. 

Nonetheless, it is easier to discern effects of hue on matching error in a Cartesian plot (compare figures 
A5.9 or A5.10 with A5.11). Where intermediate results are to be presented, or to display the non-
significance of an effect, or to discern where on the hue circle an effect has a value of interest, Cartesian 
plots will usually be presented, and polar plots used for final results. 



Appendix 6: Significance Testing 
Several different comparisons may be made within these data. For example:  (1) “does some partition 
of the data set (say male participants) have a different matching error profile to another partition 
(say female participants)”; or (2) “do the departures from the overall mean shown by the fitted curve 
provide a significantly better explanation of the size and location (around the hue circle) of matching 
errors than does the overall mean”; or (3) “is the mean matching error in some segment of the hue 
circle different to the mean in another segment”? 

The way each of these questions is dealt with, in terms of statistical significance testing, is described 
below. 

A6.1  Does one partition differ significantly from another? 

Despite the apparent complexity of these data, and the added sophistication of applying a smoothed 
segmented means curve-fitting procedure to the data, in order to visualise the effects therein, the 
comparison of any two subsets of the cases is straightforward and simple. If there are two groups to 
be compared, a routine t-test is applied to the standardised, transformed matching error values; and, 
if there are more than two, a one-way ANOVA will suffice. 

Thus, to determine if the average size of matching error is different between female and male 
participants (at the participant level), a t-test was applied, as in table A6.1 

Table A6.1 Difference in size of matching error for male and female participants (t-test) 

Group # of Cases Means Difference t df(difference) p 
Female 169 -0.0109 -0.0217 -2.07 323 0.039 Male 156 0.0107 

If there are three or more groups to be compared, an ANOVA provided appropriate analysis, as in 
table A6.2. 

Table A6.2 Difference in size of matching error for participants in different age groups (ANOVA) 

Source SS df MS F p 
Intercept 0.0112 1 0.0112 1.30 0.25 
Age Group 0.1386 4 0.0347 4.02 0.0034 
Residual 2.7581 320 0.00862   

The ANOVA, of course, reports that a difference exists (or not) in the means of the groups under 
analysis, but it does not report on where any such differences occur. To determine the location of 
differences, a post hoc test of differences was required, such as Duncan’s multiple range test (tables 
A6.3 and A6.4) 

Table A6.3 Mean size of matching error for participants in different age groups (ANOVA) 

Age Group # of Cases Means St Error 
under 25 years 207 0.0124 0.0065 
25 to 34 years 62 -0.0304 0.0118 
35 to 44 years 25 -0.0415 0.0182 
45 to 54 years 17 0.0129 0.0225 
55 years and more 13 -0.0002 0.0257 
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Table A6.4 Post hoc test of mean size of matching error for participants in different age groups  
(Duncan’s multiple range test) 

Age Group under 25 years 25 to 34 years 35 to 44 years 45 to 54 years 
25 to 34 years 0.12    
35 to 44 years 0.056 0.67   
45 to 54 years 0.98 0.13 0.060  
55 years and more 0.63 0.24 0.13 0.64 

The post hoc test of all pairs of means indicates that no mean differs significantly from any other, 
although participants 35 to 44 years are close to significantly different to participants under 25 years 
(p = 0.056) and 45 to 54 years (p = 0.060).  

In many instances, meaningful comparisons may be made between one group and a meta-group of all 
or some other groups; for example, between participants under 25 years and all others (table A6.5), 
or between a meta-group and another meta-group; for example, between young (under 44 years) 
and older participants (45 years and more) (table A6.6) — t-tests serve well for such comparisons. 

Table A6.5 Difference in size of matching error for matches made by participants under 25 years  
and older participants (t-test) 

Group # of Cases Means Difference t df(difference) p 
under 25 years 9240 0.0123 0.0345 7.69 14397 1.6×10–17 older participants 5159 -0.0221 

Table A6.6 Difference in size of matching error for matches made by younger and older  
participants (t-test) 

Group # of Cases Means Difference t df(difference) p 
under 44 years 13132 -0.0011 -0.0129 -1.70 14397 0.089 older participants 1267 0.0118 

It is important to note that when analysing the match level data (e.g. tables A6.5 and A6.6), which is a 
large data set, the residual df will always be very large. As a consequence, very small residual mean 
squares are thus produced, and very small effects can be statistically significant. For example, in table 
A6.5, a mean matching error difference of only 0.0345 (corresponding to a difference in matching 
error of only 0.21 hue units in units-of-measure) is significant at 2 parts in 1017. However, very small 
effects may be trivial, even if statistically significant as a consequence of the very large data set. It is 
important, thus, to assess the actual size of the effect, and in some cases, a statistically significant 
effect might turn out to be unimportant in practice (i.e. not ‘meaningfully’ significant). In the example 
of gender here (table A6.1), the average matching error for each gender, rescaled to units of hue 
measurement, are 1.55 hue units for females and 1.68 for males, and the amount of explanation is 
just 1.3%. 

A6.2 Is the curve significantly better than the overall mean? 

This question is equivalent to asking “is the sum of squared deviations of each observation (or 
y-value) from the value of the fitted curve at the x-value of that observation significantly smaller than 
the sum of squared deviations of each observation from the mean of all observations?” It is a 
reasonably simple matter to compute these squared sums of deviations and, for the full data set for 
size of matching error (as illustrated in figures A5.9 and A5.10), the values are as listed in table A6.7, 
where these sums are presented as an Analysis of Variance (ANOVA). 
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Table A6.7 ANOVA of the value of the curve, relative to simply a fixed mean 

ANOVA       
Source SS df MS F p Amount of 

Explanation 
12.0% 

Fitted Curve 134.28 27.7 4.849 70.7 ~0 
Residual 984.88 14370.3 0.0685   
Total 1119.16 14398     

Table A6.7 reports that the curve explains 12% of the variation about the overall mean of all 
observations, and that improvement in the model is very highly significant (F27.7,14370.3 = 70.7, p ≈ 0). 
The degrees of freedom for the fitted curve are fractional, as much information is shared between 
adjacent bins, and they are, therefore, not independent of each other, and involve only a fractional 
degree of freedom for each. The actual df of each bin is calculated as: 

𝑑𝑑𝑑𝑑 =
1
𝑤𝑤𝑤𝑤

 

Where wt is the total weight of all bins included in the weighted mean for each bin. 

A6.3 Comparing one part of the response curve to another 

The mean value of matching error in one segment of the hue circle was compared (by t-test) with the 
mean in another segment. This comparison may, for example, seek to discover if the mean size of 
matching error differs between the average for primary colours (red, green and blue) and secondary 
colours (yellow, cyan and magenta). After deciding what hue values constitute each colour group, the 
data can be selected, means computed and differences tested, with statistically valid results. Validity 
is only assured, however, if the hypothesis to be tested, as in this example, is formulated a priori 
(before the segmented means analysis).   

If, for example, based on inspection of figure A6.1, it is suggested that matching errors for hues in the 
range 115 to 150 were different (larger, perhaps) than in the range 295 to 325, it is straightforward 
to conduct a similar analysis of means. Numerically, a t-test of this difference, based on an analysis of 
all the relevant data, is simple; but as the segments were chosen after the curve was examined, any 
result is fraught with statistical difficulties. The post hoc selection, of which groups or data to 
compare, calls for great care in the statistical analysis of any such comparison (Hoel 1966). If 
responses around the hue circle are inspected, and then large ones are identified to compare with 
small ones that are found in that same inspection, significant variations may be found purely as a 
result of the selection of extreme sections of the data (i.e. significant differences may readily be found 
even if the data were purely random numbers 1). This is a special case of the multiple comparisons 
problem in statistical analysis. 

 
1  The process described is akin to taking a large set of random numbers, ranking them from smallest to largest, then 

choosing a group from each end of the range, and testing if the means of the groups differ. A very strong 
significance would be required before a conclusion of significance of the difference found in the group means was 
justified. 
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Figure A6.1 Size of matching errors estimated by weighted segmented means method 

A solution to the multiple comparisons problem was to analyse, as proposed, and to effect an 
adjustment to the critical value, in accord with the number of comparisons possible. In the example 
given, the segment sizes were 45 (160 – 115) and 30 (325 – 295) hue units wide. The hue circle can 
be divided into 8 segments, 45 units wide, and 12 segments, 30 units wide. Any pair of these could be 
compared (but we chose a special pair that “caught our attention”). There are 44 comparisons 
possible between 8 and 12 such separate segments, as follows: 

… let n be the number of comparisons possible, s be the smaller number of segments that could be 
compared, and l the larger number (8 and 12 in this example), then: 

𝑛𝑛 =
𝑠𝑠 × (𝑙𝑙 − 1)

2
 

… where multiple comparisons were possible (or carried out) an adjustment (α' ) to the critical value 
(α) was made to ensure that significances, when found, were reliable. The Šidák procedure (Šidák 
1967) provided a suitable adjustment for comparisons that were made here. Thus: 

𝛼𝛼′ = 1 − (1 − 𝛼𝛼)
1
𝑛𝑛 

For the example given and a critical α of 0.05, the adjusted critical value will be α = 0.0012; and for 
the example given, the data, when worked, were as shown in table A6.8. 

Table A6.8. t-test of differences in size of matching error between hue ranges 115 to 160 and 295 to 325 

t-test        
Hue Range # of Cases Means Difference t df(difference) p (2 tailed) Critical p 
115 to 160 1860 0.5521 -0.0303 -2.63 3011 0.0085 0.0012 295 to 325 1153 0.5824 

Thus, the p value obtained (0.0085), while small, was larger than the critical value with the Šidák 
adjustment (0.0012), and so the two segments did not differ significantly at α = 0.05. 
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A6.4 Is a difference between two partitions in a segment of the  
Hue Circle significant? 

As an example of a more complex comparison, the difference in size of matching error at the same 
hues for two different groups may be assessed. The example is the direction of matching errors made 
by participants under 45 years or 45 years and over (figure A6.2). Inspection of the chart suggests 
that participants 45 years and over might make matching errors that are more strongly negative than 
younger participants in the hue range from 215 to 295 hue units. The analysis involved calculating 
mean direction of matching error for all data in this hue range, separately for each group of 
participants, and comparing means and variances by t-test (table A6.9). 

 
Figure A6.2 Direction of matching errors (curve and 95% confidence bands), fitted separately for  

young (<45 years) and older participants 

The segment was 80 hue units long, and so 4.5 segments of this size exist on the hue circle, and 4.5 
different such comparisons were possible; n for the Šidák adjustment was thus 4.5, and critical p was 
0.011. The test in this segment is reported in table A6.9.  

Table A6.9. t-test of differences in direction of matching error between female and male participants in 
the hue segment from 215 to 295 

t-test — segment from 215 to 295 hue units     
Group # of Cases Means Difference t df(difference) p (2 tailed) Critical p 
under 45 years 3014 -0.0107 0.0635 2.36 3293 0.018 0.011 45 years and more 281 -0.0742 

The analysis thus reports that, despite the difference in the curves in this hue segment in figure A6.2, 
the curves did not differ significantly, which is as might be expected, judging from the wide 95% 
confidence bands shown in the figure. 
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A6.5 Simple vs Main-effects Means 

Participants in this study were invited to supply answers to several questions about their 
circumstances (such as gender or age group, confidence in working with colour, where they grew up, 
etc.). Data about the test (such as location where it was conducted) amounted to 12 variables by 
which participants could be partitioned. Thus means could be calculated for various exclusive groups 
of participants, such as different countries for their nationality, their gender, and different locations 
where they took the test, etc. 

The simplest way to estimate the effect of levels of these variables is to analyse each one separately 
and individually, with an ANOVA for each variable. If all variables are independent (i.e. their values 
are not correlated with values of other variables) this will yield fair, unbiassed and informative 
results. If, however, variables are not independent, the effects of one variable may be seen in the 
means for the groups of another variable, and so the results may be misleading.  

For example, suppose that persons who work routinely with colour have developed better 
discrimination than people who do not. Furthermore, suppose that, all other things being equal, 
participants who work with colour are a minority at all test locations other than Rochester, where 
they are the great majority. If these suppositions hold, then a simple ANOVA partitioning on “work 
with colour” will find, correctly, that people who work with colour have better hue discrimination. An 
ANOVA on location will also find that participants who took the test at Rochester have superior hue 
discrimination, falsely attributed to the test location, when it is properly attributable to the high 
proportion of participants at that location who work with colour and, for that reason, not the location 
of the test, have superior hue discrimination. 

This problem can echo through other variables, as well. For example, a large majority of participants 
who took the test at Rochester grew up in North America, so, in this scenario, an analysis of hue 
discrimination, partitioned by location where the participants grew up, is also likely to falsely 
attribute superior hue discrimination to having grown up in North America. 

Thus, simple means and a simple one-way ANOVA for each variable may lead to false conclusions. The 
solution was a main-effects ANOVA, in which all variables were analysed simultaneously, and the 
effect of each variable (i.e. the significance of differences between the means of the various levels of 
the variable) was calculated after the effect of all other variables had been accounted for (and 
removed). Main-effects means were thus means of levels of a variable, statistically-controlled for 
effects of other variables, and, in the example above, would attribute an effect to the variable that 
most clearly explains it; in that case, “work with colour”, and the other two variables would, if the 
scenario were valid, show no effect on hue discrimination. 

Even a main-effects ANOVA can fail to allocate variance properly, especially if the variables are too 
strongly correlated. This was the case here, where “early life location”, “home country” and 
“nationality” were very collinear (94% of participants nominated the same country/location for all 
three variables), and even “test location” was strongly correlated with these variables. Only one of 
the former three variables could be used in the analyses and, in some cases, there may have been 
interference between the location variable used and the test location. Thus, the effects that should 
properly be attributed to one of them may have been attributed to the other. This must be born in 
mind when interpreting results from analyses in Chapters 8 and 9. 



 

 

Appendix 7: Characteristics of Participants 

Participants were recruited from five different geographic locations, and reported a range of 
characteristics that were recorded as part of the data collection exercise. Twelve characteristics, not all 
fully independent of each other, were recorded, as listed in table A7.1. Some of these are aggregated 
partitions from a much finer-grained range of values. Each characteristic (or field) is briefly reviewed in 
this appendix, and where they are aggregated, the full range of values is reported and the aggregations 
are summarised in tables A7.61, A7.110, A7.123 and A7.136. This appendix serves to provide 
background and reference data for Chapters 8 and 9, where the characteristics of the participants are 
investigated. 

Each field is cross-tabulated with all other fields to identify any malapportionment of participants with 
particular characteristics in any given partitioning of the data. In this appendix all contingency tables are 
presented for the analysis of the characteristics of the participants in this study. Two-way contingency 
analysis, by use of m × n Chi-square tests, was applied to identify pairs of variables in which the 
numbers in the cells in the m × n table do not indicate independence of the two variables. In all cases, to 
maintain a table-level type 1 error rate of 5%, the Šidák-adjustment is applied to the critical levels to 
reduce the risk of inflated errors as a result of the multiple comparisons involved in these tests. Only the 
two-way tables were examined or presented; higher order interactions were not examined. 

For this analysis, in some tables, there were only small or zero counts in some or many of the cells in the 
cross-tabulation 1. In many such cases rows or columns were amalgamated or omitted, as noted for each 
table. Where all cells in either a row or column (single or amalgamated) of the expected-numbers table 
were below 5, and the average of the row or column below 2, the row or column (i.e. level of the field) was 
deleted from the analysis, to avoid distortion of the χ2 value and misleading conclusions. Thus, some 
contrasts that might be expected to be assessed are not available. 

Where the contingency analysis indicates that the two variables are not independent, the location of 
departures from independence is of interest. The one-way comparisons of numbers in a column, tested 
against expected numbers if the cell numbers were distributed proportional to the totals in the various 
rows of the table, are reported for each column. For further guidance, where the values in a given cell 
were significantly different to expectation (assuming independence of the two variables) at α = 0.05 2, 
the divergent cell is marked with pale red or light blue backgrounds, where count is significantly above, 
or below, expectation, respectively (e.g. table A7.15). 

A7.1 Gender 

There were approximately equal numbers of male and female participants (158 and 171, respectively, 
not significantly different from an equal proportion: p = 0.47) (table A7.1, first row of numbers). 

 
1  The Chi-square test used here is vulnerable to misleading conclusions if more than a minority of cells in the data give 

rise to small expected cell frequencies. As a “rule of thumb” no more than 20% of expected values should be below 5, 
and none below 1 (Siegel and Castellan 1988). Where small values occur in the expected-values table, the capacity to 
detect a true difference is decreased (i.e. the p-values are inflated; type 2 error is increased). Where meaningful 
combinations of levels can be grouped, larger expected values in a smaller number of cells can be obtained and 
type 2 error controlled, but at the cost of having zero capacity to detect differences within the amalgamated levels. 

 Here, where small expected frequencies occur, the levels of the variable are not always amalgamated; but the extent 
of the small-expected-values problem is made clear by reporting the number of small cells — so that due care can be 
taken in interpreting the results obtained. 

2  Šidák-adjusted for the number of comparisons being made. 
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Table A7.1 Examination of distribution of number of participants of each Gender at various levels  
of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 3 

χ2 df P (0.0047) 4 
Small/Very Small Total 

Gender 5 0 2 0.51 1 0.47 
Age Group 0 10 1.15 4 0.89 
Test Location 0 10 8.52 4 0.074 
Confident with Colour 0 6 2.50 2 0.29 
Work with Colour 0 4 1.90 1 0.17 
Main Area of Study or Work 1/0 18 27.08 8 0.00068 
Highest Education Level completed 0 12 9.60 5 0.088 
Are you an International Visitor? 0 4 0.07 1 0.79 
How Long Have You Been Here? 1 8 5.00 3 0.17 
Where Lived First 20 years? 2/0 14 19.26 6 0.0037 
What is your Home Country? 6 3/0 14 17.86 6 0.0066 
Nationality 2/0 14 19.03 6 0.0041 

When cross-tabulated with the other 11 partitioning variables (table A7.1), the proportion of male and 
female participants was independent of: (1) age group; (2) test location; (3) confidence of use of colour; 
(4) experience working with colour; (5) highest education level completed; (6) being an international
visitor to the location where the trial was conducted; and (7) the length of time that the participant had
been at the location where the trial was conducted. It should be noted that many of the cross-tabulation
tables had a number of cells with small expected frequencies, but the p-values for these tables (as reported
in table A7.1) were large, and it is unlikely that real differences have been obscured by inflated p-values.

Table A7.2 Gender by Age Group 

Age group 
Gender under 25 25-34 35-44 45-54 55-65 Totals 
Female 108 30 13 10 7 171 
Male 96 34 13 7 6 158 
Totals 209 64 26 17 13 329 
p-values (0.101) 7 0.74 8 0.41 0.84 0.57 0.89 0.89 

Table A7.3 Gender by Test Location 

Test Location 
Gender Gold Coast Jakarta Brunei Taipei Rochester Totals 
Female 69 23 21 46 12 171 
Male 62 38 13 31 14 158 
Totals 131 61 34 77 26 329 
p-values (0.0101) 0.87 0.026 0.25 0.17 0.55 0.074 

3 Noting that the Chi-square test used here is vulnerable to misleading conclusions if more than a minority of cells in 
the table give rise to small expected cell frequencies, the incidence of small expected frequencies is listed in these 
tables. The number shown here are the number of cells with expected frequencies below 5 (first number) and 1 
(number after the slash character). 

4 i.e. the Šidák-adjusted critical value for these comparisons is 0.0047. 
5 This is the one-way Chi-square test that the proportions in each level in the field are equal. In many instances this is a 

trivial test, or carries little analytical meaning. 
6 The question was about home country, but after amalgamation of countries, the answers were really about home 

geographic region: the word “country” continued to be used, in this rather loose sense. 
7 The Šidák-adjusted critical value for each of the 5 single df tests conducted on the bottom row of the table. No 

adjustment is required for the m × n test reported in the bottom right-hand cell, as this reports a single comparison 
for independence in the full table. 

8 This is the p-value for the Chi-square test that the numbers in the column follow the same proportions as the totals 
for each row (the rightmost column in the table). The p-value in the rightmost cell is the significance of the non-
independence in the full table. 
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Table A7.4 Gender by Confidence with Colour 

 Confidence  
Gender Low Somewhat Yes Totals 
Female 26 42 103 171 
Male 15 43 100 158 
Totals 41 85 203 329 
p-values (0.017) 0.14 0.64 0.72 0.29 

Table A7.5 Gender by “Do You Work with Colour?” 

 Work with colour  
Gender Yes No Totals 
Female 92 79 171 
Male 73 85 158 
Totals 165 164 329 
p-values (0.025) 0.33 0.33 0.17 

Evidently, the gender ratio for different categories of “main area of study or work” varies with the 
category (p = 0.00068, table A7.6). The significance level in IT (p = 0.0018 — the Šidák-adjusted critical 
value for 10 tests is 0.0051) suggests that males are over-represented, and females under, in this field of 
specialisation. When the actual departures are examined, the observed to expected ratio (O/E) for males 
is 1.34 (i.e. there were 1.34 times as many males in IT as would be expected if the two variables were 
independent of each other), but allowing for the effects of 20 simultaneous comparisons, neither males 
nor females exceed expectations based on the assumption of independence of gender from area of 
specialisation. 

Table A7.6 Gender by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  

Gender Co
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Totals 

Female 7 25 53 12 32 6 22 7 7 171 
Male 6 11 31 5 58 15 24 3 5 158 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 0.89 0.036 0.041 0.12 0.0018 0.032 0.57 0.25 0.66 0.00068 

Table A7.7 Gender by Highest Education Level Completed 

 Highest education level  

Gender Pr
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Totals 
Female 68 15 22 42 14 8 2 171 
Male 63 13 22 23 21 16 0 158 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 0.96 0.84 0.82 0.037 0.17 0.072 — 0.088 
For contingency analysis, the “other” column was omitted 
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Table A7.8 Gender by “Are You an International Visitor?” 

 International Visitor  
Gender Yes No Totals 
Female 30 141 171 
Male 26 132 158 
Totals 56 273 329 
P-values (0.025) 0.81 0.91 0.79 

Table A7.9 Gender by “How Long Have You Lived at this Location?” 

 How long here  

Gender le
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Totals 

Female 13 4 21 133 171 
Male 4 6 23 125 158 
Totals 17 10 44 258 329 
p-values (0.013) 0.043 0.45 0.57 0.89 0.17 

The overall tables of gender vs (1) formative location 9, (2) home country, and (3) nationality (tables 
A7.10 to A7.12) indicated a significant non-independence of the two variables in each table. However, 
when gender ratio was tested for departure from the overall ratio, separately for each location, no 
locations were found to exceed the overall ratios significantly at the Šidák-adjusted critical values. 

Table A7.10 Gender by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Female 12 2 0 45 49 2 49 10 1 1 171 
Male 3 9 6 52 34 0 43 8 2 1 158 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0073) 0.029 0.025 0.011 0.28 0.19 — 0.79 0.75 — — 0.0037 
For contingency analysis, the “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

Table A7.11 Gender by Identified Home Country (grouped) 

 Home Country group  

Gender Eu
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Totals 

Female 11 2 0 45 47 55 10 1 171 
Male 3 8 6 53 34 43 9 2 158 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0073) 0.048 0.042 0.011 0.22 0.29 0.43 0.97 — 0.0066 
For contingency analysis, the “Latin America” column was omitted 

 
9  I.e. the location where they spent the greater part of their first 20 years. 
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Table A7.12 Gender by Reported Nationality (grouped) 

 Nationality group  
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Totals 

Female 15 2 0 46 47 50 10 1 171 
Male 3 9 4 54 35 42 9 2 158 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0073) 0.0081 0.024 0.037 0.22 0.35 0.67 0.97 — 0.0041 
For contingency analysis, the “Latin American” column was omitted 

The above three tables are hardly independent from each other; it would be expected that most 
participants would nominate the same location for their first 20 years, their home country, and their 
nationality. Figure A7.1 reports the degree of commonality in location responses for these three 
questions; significantly, 308 of the 329 participants (94%) reported the same location for all three 
questions. The responses to these questions already had been grouped (see tables A7.110, A7.123 and 
A7.136), however this summary masks the possibility that, in some cases, respondents may have 
nominated different countries within the same grouped location for the different questions. 

 

Figure A7.1 Commonality between Location field entries 

 

A7.2 Age Group 

Participants’ ages were partitioned into six groups. The youngest (less than 18 years) had only 5 
members, so was grouped with 18 to 24 to produce a group for “less than 25 years”. The oldest group 
also had only a small number of participants (see totals in table A7.14). Somewhat trivially, numbers 
differed very significantly between age groups (χ24 = 414, p = 2.2×10–88). More than half (64%) of 
participants were under 25 years of age, and only 9% were 45 years old or more. This outcome is not 
unexpected, as the surveys were conducted on university campuses and reflect the wide span of ages of 
students and academics in such instituions. Table A7.13 reports the overall significance of non-
independence in the cross-tabulation tables involving Age Group.  

Due to the large numbers of empty cells in some data tables, the oldest age group was sometimes 
amalgamated with the second oldest. In many instances small numbers in some levels of the contrasted 

Participants Reporting Same Locations

First 20 years 318
(96.7%)

Home country

308
308

(93.6%)
93.60% 319

(96.9%)

Nationality
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field also produced numerous empty cells. In such instances, where meaningful, levels were 
amalgamated, or in some cases omitted, in order to permit an analysis of contingency that was not 
unduly distorted by sparse data. Where this was done it is noted in each table. 

Table A7.13 Examination of distribution of number of participants of each Age Group at various levels  
of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Age Group 0 5 414.3 4 2.2×10–88  
Gender 0 10 1.15 4 0.89 
Test Location 11/0 25 112.2 16 1.7×10–16 
Confident with Colour 5/0 15 42.93 8 9.1×10–7 
Work with Colour 0 10 1.80 4 0.77 
Main Area of Study or Work 19/3 36 98.10 24 6.3×10–11 
Highest Education Level 15/1 30 235.8 20 8.2×10–39 
Are you an International Visitor? 3/0 10 50.89 4 2.3×10–10 
How Long Have You Been Here? 6/0 15 55.61 8 3.4×10–9 
Where Lived First 20 years? 18/7 30 130.3 20 3.5×10–18 
What is your Home Country? 18/7 30 136.9 20 1.9×10–19 
Nationality 17/6 30 144.3 20 7.6×10–21 

Age distribution was independent of only gender (table A7.14, as previously found in table A7.2) and 
whether the participant worked with colour (table A7.17). Evidently, the number of participants in each 
age group is strongly influenced by the levels of the other variables assessed here. 

Table A7.14 Age Group by Gender 

 Gender  
Age Group Female Male Totals 
Under 25 111 98 209 
25-34 30 34 64 
35-44 13 13 26 
45-54 10 7 17 
55-65 7 6 13 
Totals 171 158 329 
p-values (0.025) 0.97 0.96 0.89 

Contingency table analysis indicates that young participants (under 25 years) were under-represented 
in the Gold Coast trials (O/E 0.59, table A7.15, cells with blue fill), and over-represented in Taipei 
(O/E 1.47, table A7.15, cells with pink fill). 

Table A7.15 Age Group by Test Location 

 Test Location  
Age Group Gold Coast Jakarta Brunei Taipei Rochester Totals 
Under 25 49 55 26 72 7 209 
25-34 41 2 7 4 10 64 
35-44 18 3 1 0 4 26 
45-54 12 1 0 0 4 17 
55-65 11 0 0 1 1 13 
Totals 131 61 34 77 26 329 
p-values (0.010) 4.8×10–8 0.00060 0.28 4.1×10–6 0.0016 1.7×10–16 

In the cross-tabulation of age group by confidence in working with colour (table A7.16) it appears that 
there is some departure from averages in the representation of the various age groups amongst 
participants who answered “somewhat” or “yes”. However, single degree of freedom comparisons failed 
to identify where these differences lie. Inspection of the expected-values table indicates that participants 
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under 25 years of age are over-represented amongst those who answered “somewhat” (O/E 1.29), 
while, in that group, those 35-44 years were under-represented (O/E 06.7) 10. Amongst those who said 
“yes” this same age group (35-44 year-olds) were over-represented (O/E 1.64), however, these 
anomalies are not statistically significant when the large number of comparisons is taken into account. 

Table A7.16 Age Group by Confidence with Colour 

 Confidence  
Age Group Low Somewhat Yes Totals 
Under 25 34 69 106 209 
25-34 5 14 45 64 
35-44 0 0 26 26 
45-54 0 1 16 17 
55-65 5 1 10 13 
Totals 41 85 203 329 
p-values (0.017) 0.014 0.0025 0.0072 9.1×10–7 

Table A7.17 Age Group by “Do You Work with Colour?” 

 Work with colour  
Age Group Yes No Totals 
Under 25 103 103 209 
25-34 33 31 64 
35-44 14 12 26 
45-54 6 11 17 
55-65 6 7 13 
Totals 165 164 329 
p-values (0.025) 0.92 0.92 0.77 

Contingency table analysis demonstrates that participants studying or working in Business are more 
likely to be of greater age than participants with other specialisations (O/E 3.9, table A7.18), and 
participants in science and environment are more likely to be in their mid-twenties to mid-thirties than 
other ages (O/E 2.1, table A7.18). 

Table A7.18 Age Group by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Under 25 2 25 66 7 75 6 13 5 10 209 
25-34 7 6 11 3 7 7 19 2 2 64 
35-44 1 3 3 1 4 5 7 2 0 26 
45-54 2 1 2 4 3 1 4 0 0 17 
55-65 1 1 2 2 1 2 3 1 0 13 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.057) 0.0015 0.84 0.037 0.0026 0.0015 0.0037 1.3×10–5 0.54 0.42 6.3×10–11 
For contingency analysis, the “45-54” and “55-65” rows were amalgamated 

There were many and large departures from expectation in the cross-tabulation of age group by highest 
education level completed (as would be expected — young participants would be unlikely to have 
completed a doctorate, for example) (table A7.19). Assuming the independence of these two 

 
10  This notation is used where the observed number in the cell is zero, and so the O/E ratio is also zero. To give some 

indication of the scale of the departure from expectation, the expected number is reported subscripted after the zero 
value of the O/E ratio. 
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classifications, participants under 25 years of age were over-represented amongst those with low 
completed education levels (primary and secondary school; O/E 1.48), and under-represented with 
Masters and doctorates (of course) (O/E 0.18 and 015.2, respectively). In the next age group (25 to 34 
years old), participants with low education levels (primary or secondary only) were under-represented 
(O/E 0.16), and with a Masters degree over-represented (O/E 3.4). Amongst older participants there 
was over-representation of those 35-44 and 45-54 years with a doctoral qualification (O/E 6.3 and 4.8, 
respectively). 

Table A7.19 Age Group by Highest Education Level Completed 
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Totals 

Under 25 123 15 22 43 4 0 2 209 
25-34 4 4 13 18 23 2 0 64 
35-44 2 1 3 2 6 12 0 26 
45-54 2 4 2 1 2 6 0 17 
55-65 0 4 4 1 0 4 0 13 
Totals 131 28 44 65 35 24 2 329 
p-values (0.085) 8.4×10–11 0.0094 0.17 0.14 7.3×10–12 2.7×10–20 — 8.2×10–39 
For contingency analysis, the “other” column was omitted 

Participants who were an international visitor to the location where they participated in the test, and 
were less than 25 years of age, were under-represented (O/E 0.48) relative to other age groups, while 
those 25 to 34 years of age were more frequent than would be expected (O/E 2.7) (table A7.20). 

Table A7.20 Age Group by “Are You an International Visitor?” 

International Visitor 
Age Group Yes No Row 
Under 25 17 192 209 
25-34 29 35 64 
35-44 7 19 26 
45-54 2 15 17 
55-65 1 12 13 
Totals 56 273 329 
p-values (0.025) 1.5×10–8 0.070 2.3×10–10 

In the cross-tabulation of age group by period spent at the location that the test was taken (table A7.21), 
it was found that participants aged 25 to 34 were over-represented in the less than 2 years residence-
period combined groups (O/E 2.7). All other age groups and periods-of-stay were within the bounds of 
expectation, assuming independence of visitor status and age. 

Several locations-of-residence had such small numbers that they were omitted for the purpose of this 
analysis (table A7.22). The analysis indicated that amongst participants who spent their first 20 years in 
the Middle East, 25 to 34 year-olds were over-represented (O/E 4.4), young (less than 25 years old) 
participants who spent their first 20 years in Australia or New Zealand were under-represented relative 
to other age groups (O/E 0.58), and amongst participants who spent their first 20 years in North 
America, those aged 45 to 54 years were over-represented (O/E 4.4). 
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Table A7.21 Age Group by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Under 25 7 2 13 187 209 
25-34 8 6 16 34 64 
35-44 2 2 8 14 26 
45-54 0 0 4 13 17 
55-65 0 0 3 10 13 
Totals 17 10 44 258 329 
p-values (0.017) 0.00016 0.00015 0.033 3.4×10–9 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence 
period groups were amalgamated 

Table A7.22 Age Group by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Under 25 5 2 1 84 74 0 35 6 2 0 268 
25-34 4 9 3 8 6 1 27 5 1 0 26 
35-44 4 0 1 4 2 1 11 2 0 1 17 
45-54 1 0 1 1 0 0 10 4 0 0 5 
55-65 1 0 0 0 1 0 9 1 0 1 13 
Totals (0.0085) 15 11 6 97 83 2 92 18 3 2 329 
p-values 0.027 7.8×10–6 — 0.00038 0.00025 — 9.1×10–7 0.0057 — — 3.5×10–18 
For contingency analysis, the “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

The analysis of nominated home country was, as expected, similar to that of formative location, with 
participants who nominated the Middle East as home being over-represented in the 25-34 years age 
group (O/E 4.8); and amongst those nominating Australia and New Zealand young participants (less 
than 25 years) were under represented (O/E 0.57) relative to other age groups (table A7.23). 

Table A7.23 Age Group by Identified Home Country (grouped) 

 Home Country group  
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Totals 

Under 25 5 1 1 85 73 36 6 2 209 
25-34 4 9 3 8 5 28 6 1 64 
35-44 3 0 1 4 2 14 2 0 26 
45-54 1 0 1 1 0 10 4 0 17 
55-65 1 0 0 0 1 10 1 0 13 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0085) 0.18 1.0×10–6 — 0.00017 8.8×10–5 2.5×10–7 0.0050 — 1.9×10–19 
For contingency analysis, the “South Asia” and “Latin America” columns were omitted 

The cross-tabulation of reported nationality with age group (table A7.24) followed much the same 
pattern as the previous two contingency tables, with participants who nominated the Middle East, and 
were in the 25 to 34 year-old age group over-represented (O/E 4.4) relative to other age groups; and, 
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amongst participants who nominated Australia or New Zealand, the youngest (less than 25 years old) 
were under-represented (O/E 0.52), and the oldest (greater than  54 years) over-represented (O/E 2.7). 

Table A7.24 Age Group by Reported Nationality (grouped) 

 Nationality group  
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Totals 

Under 25 7 2 0 87 74 31 6 2 209 
25-34 4 9 3 8 5 28 6 1 64 
35-44 5 0 1 4 2 12 2 0 26 
45-54 1 0 0 1 0 11 4 0 17 
55-65 1 0 0 0 1 10 1 0 13 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0085) 0.021 7.5×10–6 — 0.00010 6.5×10–5 1.7×10–8 0.0070 — 7.6×10–21 
For contingency analysis, the “South Asian” and “Latin American” columns were omitted 

 

A7.3 Test Location  

The study was conducted at five different test locations (see left-most column in table A7.26), and, while 
reasonable numbers of participants were engaged at each test location, the numbers were far from 
equal (χ24 = 106.3, p = 4.5×10–22, table A7.25).  The variable representing the test location at which 
participants took their test interacted strongly with almost all other variables, and only numbers of each 
gender were reasonably independent of test location. 

Table A7.25 Examination of distribution of number of participants at each Test Location at various levels  
of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Test Location 0 5 106.3 4 4.5×10–22 
Gender 0 10 8.52 4 0.074 
Age Group 11/0 25 112.2 16 1.7×10–16 
Confident with Colour 2/0 15 72.91 8 1.3×10–12 
Work with Colour 0 10 50.26 4 3.2×10–10 
Main Area of Study or Work 26/2 45 475.9 32 1.7×10–80 
Highest Education Level 9/0 30 169.5 20 1.1×10–25 
Are you an International Visitor? 1/0 10 43.83 4 7.0×10–9 
How Long Have You Been Here? 4/0 15 64.09 8 7.3×10–11 
Where Lived First 20 years? 13/1 30 661.4 20 ~0 
What is your Home Country? 13/2 30 694.8 20 ~0 
Nationality 12/1 30 679.4 20 ~0 

Table A7.26 Test Location by Gender 

 Gender  
Location Female Male Totals 
Gold Coast 69 62 131 
Jakarta 23 38 61 
Brunei 21 13 34 
Taipei 46 31 77 
Rochester 12 14 26 
Totals 171 158 329 
p-values (0.025) 0.39 0.35 0.074 
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As found above (table A7.15), young participants (less than 25 years old) were under-represented at the 
Gold Coast (O/E 0.59), and over-represented in Taipei (O/E 1.47). 

Table A7.27 Test Location by Age Group 

 Age Group  
Location under 25 25-34 35-44 45-54 55-65 Totals 
Gold Coast 49 41 18 12 11 131 
Jakarta 55 2 3 1 0 61 
Brunei 26 7 1 0 0 34 
Taipei 72 4 0 0 1 77 
Rochester 7 10 4 4 1 26 
Totals 209 64 26 17 13 329 
p-values (0.010) 1.0×10–7 3.8×10–6 0.0041 0.0024 0.020 1.7×10–16 

The level of confidence in working with colour expressed by participants varied a little with test 
location. Participants reporting that they were “somewhat” confident in colour were over-represented 
at Brunei (O/E 2.2), and those reporting “yes” to this question over-represented at the Gold Coast (O/E 
1.35) (Table A7.28). 

Table A7.28 Test Location by Confidence with Colour 

 Confidence  
Location Low Somewhat Yes Totals 
Gold Coast 5 17 109 131 
Jakarta 11 17 33 61 
Brunei 7 19 8 34 
Taipei 18 28 31 77 
Rochester 0 4 22 26 
Totals 41 85 203 329 
p-values (0.017) 0.00022 5.6×10–5 2.7×10–5 1.3×10–12 

In answer to the question “Do you work with colour?”, respondents from Rochester were more likely to 
answer “yes” (O/E 1.92) and, correspondingly, less likely to answer “no” (O/E 0.077) than other 
participants (table A7.29). This is to be expected as at Rochester the trials were conducted at the 
Munsell Color Science Laboratory, but, at the other test locations, at more general universities. 

Table A7.29 Test Location by “Do You Work with Colour?” 

 Work with colour  
Location Yes No Totals 
Gold Coast 50 81 131 
Jakarta 18 43 61 
Brunei 20 14 34 
Taipei 52 25 77 
Rochester 25 1 26 
Totals 165 164 329 
p-values (0.025) 74.9×10–5 4.6×10–5 3.2×10–10 

The main field of study or work differed considerably between test locations (table A7.30). Those 
nominating colour as their specialisation were over-represented at Rochester (O/E 12.7), IT at Jakarta 
(O/E 3.5) and science and environment at the Gold Coast (O/E 2.2). Participants with specialisation in 
the humanities were under-represented at Jakarta (O/E 016) and over-represented in Brunei (O/E 2.5) 
and Taipei (O/E 2.2). 
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Table A7.30 Test Location by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Gold Coast 0 14 16 11 24 15 41 9 1 131 
Jakarta 0 0 0 0 58 1 1 1 0 61 
Brunei 0 7 22 2 1 0 1 0 1 34 
Taipei 0 11 44 3 7 1 1 0 10 77 
Rochester 13 4 2 1 0 4 2 0 0 26 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 9.7×10–32 0.029 3.6×10–16 0.19 3.7×10–27 0.0030 1.3×10–9 0.028 6.0×10–5 1.7×10–80 

Participants with no post-secondary completed education were over-represented in Jakarta (O/E 2.2), 
and those with a Bachelors degree with Honours under-represented (O/E 0.082), probably reflecting 
the main student market for the collaborating institution in Jakarta and the absence of an Honours year 
in the Indonesian tertiary system. Honours degrees were over-represented in Taipei (O/E 2.4) and 
doctorates at Rochester (O/E 4.2) (table A7.31). 

Table A7.31 Test Location by Highest Education Level Completed 
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Totals 

Gold Coast 33 20 24 22 19 12 1 131 
Jakarta 54 0 0 1 5 1 0 61 
Brunei 23 1 4 4 0 2 0 34 
Taipei 16 7 12 36 4 1 1 77 
Rochester 5 0 4 2 7 8 0 26 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 5.0×10–12 0.0033 0.026 1.2×10–8 0.0063 2.4×10–5 — 1.1×10–25 
For contingency analysis, the “other” column was omitted 

Relative to an independent distribution, there were more international visitors at the Gold Coast and 
Rochester (O/E 1.61 and 2.5 respectively), and fewer in Jakarta (O/E 010) than would be expected. 

Table A7.32 Test Location by “Are You an International Visitor?” 

 International Visitor  
Location Yes No Totals 
Gold Coast 36 95 131 
Jakarta 0 61 61 
Brunei 6 28 34 
Taipei 3 74 77 
Rochester 11 15 26 
Totals 56 273 329 
p-values (0.025) 2.4×10–7 0.11 7.0×10–9 

Consistent with the greater proportion of international visitors (than would be expected) at Rochester, 
there was also a greater number of participants who had been at the location for less than 1 year (table 
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A7.33) than would be expected (O/E 3.3). Amongst visitors who had been at the test location for 1 to 2 
years, there was over-representation at the Gold Coast (O/E 1.94). 

Table A7.33 Test Location by “How Long Have You Lived at this Location?” 
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Totals 

Gold Coast 8 7 34 82 131 
Jakarta 0 2 0 61 61 
Brunei 3 1 3 27 34 
Taipei 1 0 3 73 77 
Rochester 5 2 4 15 26 
Totals 17 10 44 258 329 
p-values (0.017) 0.00014 6.4×10–6 0.018 7.3×10–11 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence 
period groups were amalgamated 

The following three tables (A7.34, A7.35 and A7.36) tell very much the same story. Participants who 
nominated a location as their formative location, home country or nationality are much more likely to 
take the test in the same location. This was to be expected, and perhaps trivial, but the locations that 
were under-represented may provide deeper insights. 

Thus participants who nominated Southeast Asia as their formative location were less likely than 
average to take the test at the Gold Coast (O/E 0.16) or Taipei (0.085); those who nominated East Asia 
as their formative location were less likely than average to take the test at the Gold Coast (O/E 0.19) or 
Jakarta (O/E 016); and those who nominated Australia/New Zealand were less likely than average to 
take the test in Jakarta (O/E 022) or Taipei (O/E 0.089). This pattern was very closely repeated for home 
country and nationality (tables A7.35 and A7.36). 

Table A7.34 Test Location where the test was taken by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Gold Coast 12 6 4 6 6 2 87 3 3 2 131 
Jakarta 0 0 0 61 0 0 0 0 0 0 34 
Brunei 2 1 0 28 1 0 2 0 0 0 61 
Taipei 0 0 0 2 73 0 2 0 0 0 77 
Rochester 1 4 2 0 3 0 1 15 0 0 26 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0085) 0.0086 0.0015 — 2.0×10–37 1.6×10–38 — 3.8×10–26 5.7×10–31 — — ~0 11 
For contingency analysis, the “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

 
11  Less than 10–100 
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Table A7.35 Test Location by Identified Home Country (grouped) 
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Totals 

Gold Coast 11 6 4 5 4 94 4 3 131 
Jakarta 0 0 0 61 0 0 0 0 61 
Brunei 2 0 0 30 0 2 0 0 34 
Taipei 0 0 0 2 74 1 0 0 77 
Rochester 1 4 2 0 3 1 15 0 26 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0085) 0.018 0.00038 — 1.1×10–39 1.4×10–42 2.9×10–28 1.7×10–29 — ~0 
For contingency analysis the “South Asia” and “Latin America” columns were omitted 

Table A7.36 Test Location by Reported Nationality (grouped) (0.0085) 

 Nationality group  

Location Eu
ro

pe
an

 

M
id

dl
e 

Ea
st

er
n 

So
ut

h 
As

ia
n 

So
ut

he
as

t 
As

ia
n 

Ea
st

 A
sia

n 

Au
st

ra
lia

n/
 

N
ew

 Z
ea

la
nd

 

N
or

th
 

Am
er

ic
an

 

La
tin

 A
m

er
ic

an
 

Totals 

Gold Coast 15 7 2 7 5 88 4 3 131 
Jakarta 0 0 0 61 0 0 0 0 61 
Brunei 2 0 0 30 0 2 0 0 34 
Taipei 0 0 0 2 74 1 0 0 77 
Rochester 1 4 2 0 3 1 15 0 26 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0085) 0.0021 0.00052 — 1.6×10–38 4.8×10–42 8.6×10–26 1.0×10–29 — ~0 
For contingency analysis, the “South Asian” and “Latin American” columns were omitted 

 

A7.4 Confidence in Working with Colour 

Participants in this study were, generally, confident in their use of colour.  Nearly 62% answered a clear 
“yes” to the question of their confidence level, and another 26% answered “somewhat” (table A7.38, 
totals column). These figures probably exceed the general population as the trials were generally 
conducted in tertiary institutions with the assistance of a department that had an interest in colour, and 
so participants were likely to be interested in, or working with, colour. So few participants answered 
“unsure”, “not really” or “no” that these answers had to be amalgamated into a single group of “low” 
confidence to permit analysis of cross-tabulations. 

Confidence in working with colour was independent of: (1) gender; (2) whether the participant actually 
worked with colour; (3) their status as an international visitor; and (4) the length of time that the 
participant, if a visitor, had been at the location that the test was taken (table A7.37). 

There was a significant degree of non-independence between confidence and age group (table A7.39). 
Although no single-degree-of-freedom comparisons were statistically significant (against Šidák-adjusted 
critical values), the observed numbers exceeded expectation for the low confidence amalgamated 
responses for the youngest and oldest age groups. The “yes” answers exceeded expectation for the 25-
34, 35-44 and 45-54 age groups. There was, thus, no consistent trend in confidence with age. 
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Table A7.37 Examination of distribution of number of participants with different levels of Confidence in 
Working with Colour at various levels of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Confidence 0 3 128.0 2 1.6×10–28 
Gender 0 6 2.50 2 0.29 
Age Group 5/0 15 38.96 8 5.0×10–6 
Test Location 2/0 15 72.91 8 1.3×10–12 
Work with Colour 0 6 1.29 2 0.52 
Main Area of Study or Work 10/0 27 36.35 16 0.0026 
Highest Education Level 3/0 18 26.76 10 0.0028 
Are you an International Visitor? 0 6 5.91 2 0.052 
How Long Have You Been Here? 4/0 12 12.18 6 0.058 
Where Lived First 20 years? 9/1 21 63.83 12 4.5×10–9 
What is your Home Country? 9/1 21 69.18 12 4.6×10–10 
Nationality 5/0 18 67.25 10 1.5×10–10 

Table A7.38 Confidence by Gender 

 Gender  
Confidence Female Male Totals 
Low 26 15 41 
Somewhat 42 43 85 
Yes 103 100 203 
Totals 171 158 329 
p-values (0.025) 0.55 0.52 0.29 

Table A7.39 Confidence by Age Group 

 Age Group  
Confidence under 25 25-34 35-44 45-54 55-65 Totals 
Low 34 5 0 0 2 41 
Somewhat 69 14 0 1 1 85 
Yes 106 45 26 16 10 203 
Totals 209 64 26 17 13 329 
p-values (0.010) 0.0048 0.32 0.00031 0.022 0.33 5.0×10–6 

Gold Coast participants were more likely to show high confidence than the overall pattern (O/E 1.35) 
and, curiously, participants at Taipei were more likely than average to indicate that they were 
“somewhat” confident with colour (O/E 2.2) (table A7.40). 

Table A7.40 Confidence by Test Location 

 Test Location  
Confidence Gold Coast Jakarta Brunei Taipei Rochester Totals 
Low 5 11 7 18 0 41 
Somewhat 17 17 19 28 4 85 
Yes 109 33 8 31 22 203 
Totals 131 61 34 77 26 329 
p-values (0.010) 2.2×10–6 0.33 1.9×10–5 0.00027 0.038 1.3×10–12 

Table A7.41 Confidence by “Do You Work with Colour?” 

 Work with colour  
Confidence Yes No Totals 
Low 19 22 41 
Somewhat 47 38 85 
Yes 99 104 203 
Totals 165 164 329 
p-values (0.025) 0.72 0.72 0.52 
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Although the overall table for confidence by specialisation (table A7.42) indicates some statistically 
significant degree of contingency, none of the columns nor cells indicates where the non-independence 
lies. An examination of the full table of single-degree-of-freedom Chi-square values suggests that the 
largest departures from expectation are the less than expected “somewhat” nominations from science 
and environment specialists (O/E 0.42). 

Table A7.42 Confidence by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Low 0 4 15 1 14 1 3 0 3 41 
Somewhat 3 13 29 2 24 4 5 0 5 85 
Yes 10 19 40 14 52 16 38 10 4 203 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 0.34 0.37 0.028 0.22 0.63 0.35 0.014 0.045 0.12 0.0026 

The overall table for confidence by education level completed (table A7.43) indicates some statistically 
significant degree of contingency; none of the columns nor cells indicates where the non-independence 
lies. An examination of the full table of single-degree-of-freedom Chi-square values suggests that the 
largest departures from expectation are more than expected “somewhat” nominations from participants 
with no post-secondary education (O/E 1.35), and less than expected “somewhat” answers from holders 
of doctorates (O/E 0.16). 

Table A7.43 Confidence by Highest Education Level Completed 
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Totals 

Low 18 2 7 10 2 1 1 41 
Somewhat 46 4 5 18 11 1 0 85 
Yes 67 22 32 37 22 22 1 203 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 0.033 0.19 0.084 0.65 0.44 0.010 — 0.0028 
For contingency analysis, the “other” column was omitted 

Table A7.44 Confidence by “Are You an International Visitor?” 

 International Visitor  
Confidence Yes No Totals 
Low 2 39 41 
Somewhat 13 72 85 
Yes 41 162 203 
Totals 56 273 329 
p-values (0.025) 0.086 0.60 0.052 
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Table A7.45 Confidence by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Low 0 0 2 39 41 
Somewhat 5 1 9 70 85 
Yes 12 9 33 149 203 
Totals 17 10 44 258 329 
p-values (0.013) 0.30 0.17 0.14 0.32 0.058 

The following three tables (A7.46, A7.47 and A7.48) tell very much the same story, as most participants 
had the same formative location, home country and nationality. In each case the overall table indicates 
significant departures from independence of confidence from the location variable, and the location of 
the non-independence is generally East Asia and Australia/NZ. However, none of the single-degree-of-
freedom analyses were significant at the Šidák-adjusted critical value for α = 0.05. 

In the case of confidence cross-tabulated by formative location (table A7.46), participants from the 
Middle East had an excess of “somewhat” confident answers (O/E 2.8); participants from East Asia 
an excess of low confidence answers (O/E 1.70), and amongst participants who grew up in 
Australia/NZ, a shortfall in low confidence answers (O/E 0.34) and an excess of “yes” answers 
(O/E 1.30). 

Table A7.46 Confidence by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Low 0 0 0 18 18 0 4 1 0 0 41 
Somewhat 0 8 0 33 28 0 15 1 0 0 85 
Yes 15 3 6 46 37 2 73 16 3 2 203 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0073) 0.0081 0.0020 0.15 0.022 0.0051 — 0.0010 0.049 — — 4.5×10–9 
For contingency analysis, the “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

In the case of confidence by home country (table A7.47), there was an excess of “somewhat” confident 
answers amongst participants who reported the Middle East as their home country (O/E 2.7). There was 
an excess of low confidence answers (O/E 1.77) and a shortfall in “yes” answers (O/E 0.70) in the East 
Asia participants; and the reverse amongst the Australia/NZ residents, a shortfall in low confidence 
(O/E 0.32) and “somewhat” answers (O/E 0.55) and an excess of “yes” answers (O/E 1.33). 

The tabulation of confidence by nationality (table A7.48) revealed a shortfall in “somewhat” confident 
answers and an excess of “yes” answers for European participants (O/E 04.8 and 1.64, respectively), and 
an excess in “somewhat” confident answers from Middle Eastern participants (O/E 2.4). Further, there 
was an excess of low confidence answers (O/E 1.72) and a shortfall in “yes” answers (O/E 0.70) in the 
East Asia participants; the reverse occurred amongst the Australia/NZ residents, a shortfall in low 
confidence (O/E 0.26) and “somewhat” answers (O/E 0.54) and an excess of “yes” answers (O/E 1.36). 
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Table A7.47 Confidence by Identified Home Country (grouped) 

Home Country group 
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Totals 

Low 0 0 0 18 18 4 1 0 41 
Somewhat 0 7 0 35 28 14 1 0 85 
Yes 14 3 6 45 35 80 17 3 203 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0073) 0.012 0.0059 0.15 0.0070 0.0019 0.00017 0.040 — 4.6×10–10 
For contingency analysis, the “Latin America” column was omitted 

Table A7.48 Confidence by Reported Nationality (grouped) 
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Totals 

Low 0 0 0 19 18 3 1 0 41 
Somewhat 0 7 0 35 29 13 1 0 85 
Yes 18 4 4 46 35 76 17 3 203 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0085) 0.0031 0.106 — 0.0086 0.0020 8.0×10–5 0.037 — 1.5×10–10 
For contingency analysis, the “South Asian” and “Latin American” columns were omitted 

A7.5 Work with Colour 

By coincidence, the number of participants who reported that they work with colour was almost exactly 
half of the total number (165/329 = 5.2%, χ21 = 0.0030, pequal = 0.96). The number who work with colour 
was independent of: (1) gender; (2) age group; (3) confidence with colour; (4) education level achieved; 
and (5) being an international visitor (table A7.49). 

Table A7.49 Examination of distribution of number of participants who do, or do not, Work with Colour 
 at various levels of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Work with Colour 0 2 0.0030 1 0.96 
Gender 0 4 1.90 1 0.17 
Age Group 0 10 1.80 4 0.77 
Test Location 0 10 50.26 4 3.2×10–10 
Confident with Colour 0 6 1.29 2 0.52 
Main Area of Study or Work 1/0 18 58.74 8 8.2×10–10 
Highest Education Level 0 12 5.24 5 0.39 
Are you an International Visitor? 0 4 0.73 1 0.39 
How Long Have You Been Here? 1/0 8 1.96 3 0.58 
Where Lived First 20 years? 2/0 14 26.50 6 0.00018 
What is your Home Country? 2/0 14 25.07 6 0.00033 
Nationality 2/0 14 31.16 6 2.4×10–5 
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Table A7.50 Work with Colour by Gender 

 Gender  
Work with Colour Female Male Totals 
Yes 92 73 165 
No 79 85 164 
Totals 171 158 329 
p-values (0.025) 0.34 0.32 0.17 

Table A7.51 Work with Colour by Age Group 

 Age Group  
Work with Colour under 25 25-34 35-44 45-54 55-65 Totals 
Yes 106 33 14 6 6 165 
No 103 31 12 11 7 164 
Totals 209 64 26 17 13 329 
p-values (0.010) 0.87 0.82 0.71 0.22 0.77 0.77 

It might be expected that participants who took part in this study, and were enlisted at a colour institute, 
would have a high likelihood of working with colour, and this was indeed found in the data. Participants 
who took the test at Rochester (i.e. at the Munsell Color Science Laboratory) were much more likely than 
average to report that they worked with colour (O/E 1.92), while those reporting that they did not were 
strongly under-represented (O/E 0.077) (table A7.52).  

When the Rochester data were omitted (so that an analysis of only the other test locations could be 
done), the Taipei responses showed a significant excess of “work with colour” responses (O/E 1.46). 

Table A7.52 Work with Colour by Test Location 

 Test Location  
Work with Colour Gold Coast Jakarta Brunei Taipei Rochester Totals 
Yes 50 18 20 52 25 165 
No 81 43 14 25 1 164 
Totals 131 61 34 77 26 329 
p-values (0.010) 0.0061 0.0013 0.31 0.0023 2.7×10–6 3.2×10–10 

Table A7.53 Work with Colour by Confidence with Colour 

 Confidence  
Work with Colour Low Somewhat Yes Totals 
Yes 19 47 99 165 
No 22 38 104 164 
Totals 41 85 203 329 
p-values (0.017) 0.63 0.34 0.69 0.52 

Somewhat trivially, participants who listed their specialisation as “colour” were more likely to work 
with colour than participants with other specialisations, and participants who listed their specialisation 
as “visual and creative arts” had similar characteristics (“yes” answers O/E 1.83, “no” answers 
O/E 0.17). 
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Table A7.54 Work with Colour by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Yes 13 33 45 5 34 8 16 2 9 165 
No 0 3 39 12 56 13 30 8 3 164 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 0.00032 6.3×10–7 0.53 0.087 0.019 0.27 0.037 0.057 0.085 8.2×10–10 

Table A7.55 Work with Colour by Highest Education Level Completed 
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Totals 

Yes 58 12 26 37 19 12 1 165 
No 73 16 18 28 16 12 1 164 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 0.18 0.44 0.24 0.27 0.62 0.99 — 0.39 
For contingency analysis, the “other” column was omitted 

Table A7.56 Work with Colour by “Are You an International Visitor?” 

 International Visitor  
Work with Colour Yes No Totals 
Yes 31 134 165 
No 25 139 164 
Totals 56 273 329 
p-values (0.025) 0.44 0.72 0.39 

Table A7.57 Work with Colour by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Yes 11 4 21 129 165 
No 6 6 23 129 164 
Totals 17 10 44 258 329 
p-values (0.013) 0.23 0.52 0.75 0.96 0.58 

These three tables report very similar patterns. Participants who resided in East Asia, or report East 
Asia as their home location, were more likely to work with colour than other participants (O/E 1.33 for 
early residence, 1.31 for home location); and participants who resided in North America or reported it 
as their home location, or those who stated a North American nationality, were also more likely to work 
with colour than other participants (O/E 1.67 for early residence, 1.68 for home location, 1.68 for 
nationality). 
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Table A7.58 Work with Colour by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Yes 8 5 4 38 55 1 36 15 2 1 165 
No 7 6 2 59 28 1 56 3 1 1 164 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0073) 0.80 0.76 0.41 0.033 0.0030 — 0.037 0.0047 — — 0.00018 
For contingency analysis, the “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

Table A7.59 Work with Colour by Identified Home Country (grouped) 

 Home Country group  
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Totals 

Yes 7 4 4 39 53 40 16 2 165 
No 7 6 2 59 28 58 3 1 164 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0073) 0.99 0.53 0.41 0.043 0.0055 0.069 0.0029 — 0.00033 
For contingency analysis, the “Latin America” column was omitted 

Table A7.60 Work with Colour by Reported Nationality (grouped) 

 Nationality group  
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Totals 

Yes 11 5 4 40 53 34 16 2 165 
No 7 6 0 60 29 58 3 1 164 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0073) 0.35 0.76 0.046 0.046 0.0080 0.012 0.0029 — 2.4×10–5 
For contingency analysis, “Latin American” column was omitted 

 

A7.6 Main Area of Study or Work 

Participants were offered a free-text entry for this variable, and presented 54 different descriptors and, 
in 12 cases, did not enter anything (see table A7.61). These descriptors were grouped into 8 categories 
(plus a “none stated” category), with the intention of obtaining a smaller number of coherent groups, 
which would be more amenable to analysis. The grouping is shown in table A7.61. 

The number of participants in the various ‘specialisation’ groups was far from even, with only 10 in the 
“Medical and Health Science” group, and 90 in “IT” (χ27 = 176.8, pequal = 9.2×10–35). None of the other 11 
participant characteristics was independent of this variable (table A7.62), and their relationships are 
explored in tables A7.63 to A7.73. Because of the large number of levels (10) in this field, to avoid 
proliferation of sparse cells in the cross-tabulations, it was often necessary to amalgamate consonant 
groups, or omit groups which could not be meaningfully amalgamated with others. 
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Table A7.61 Grouping of nominated values in the “Main Area of Study or Work” variable 

Group Total Cases 
in Group 

Participant Nomination Number 
of Cases 

Colour 13 Colour 3 
  Colour Science 8 
  Colour Science/ Colour Reproduction 1 
  Imaging Science 1 
Visual and Creative Arts 36 Advertising 1 
  Architecture 1 
  Film and Screen 3 
  Music 1 
  Visual and Creative Arts 30 
Humanities 84 Communication and Journalism 19 
  Creative Writing and Literature 2 
  Creativity and Cultural Practice 1 
  Criminology and Law 3 
  Editing 1 
  Education 7 
  Humanities 1 
  Journalism 1 
  Languages and Culture 1 
  Mass Communication 3 
  Media Communications 31 
  Psychological Science/Psychology 6 
  Social Sciences 6 
  Sociology 2 
Business 17 Accounting 4 
  Administration 2 
  Business 4 
  Commerce 1 
  Economics 1 
  Management 3 
  Planning (i.e. Urban Planning) 2 
IT 90 Communication and Information 1 
  Information Services 1 
  Information Systems 27 
  Information Technology 53 
  Multimedia 8 
Engineering 21 Electronic Engineering 1 
  Engineering 20 
Science and Environment 46 Biochemistry and Molecular Biology 1 
  Biology 7 
  Ecotourism 2 
  Environmental Management 4 
  Environmental Science 16 
  Marine Biology 4 
  Mathematics 1 
  Science general 6 
  Wildlife Biology 3 
Medical and Health Science 10 Biomedical Science 3 
  Dentistry 2 
  Environmental Health 1 
  Exercise Science 1 
  Health Science 1 
  Medical Science 1 
  Speech Pathology 1 
none stated 12 none stated 12 
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Table A7.62 Examination of distribution of number of participants in various discipline areas at  
various levels of other characteristics variables (two-way χ2 test) (“not stated” group omitted) 

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Main Area of Study or Work  0 8 176.8 7 9.2×10–35 
Gender 1/0 18 27.08 8 0.00068 
Age Group 19/3 36 98.10 24 6.3×10–11 
Test Location 26/2 45 475.9 32 1.7×10–80 
Confident with Colour 10/0 27 36.35 16 0.0026 
Work with Colour 1/0 18 58.74 8 8.2×10–10 
Highest Education Level 27/2 48 136.5 35 6.4×10–14 
Are you an International Visitor? 5/0 18 31.82 8 0.00010 
How Long Have You Been Here? 13/2 27 41.66 16 0.00044 
Where Lived First 20 years? 14/4 30 199.5 20 1.4×10–31 
What is your Home Country? 12/2 30 206.2 20 6.5×10–33 
Nationality 12/2 30 199.7 20 1.3×10–31 

Female participants were under-represented in IT (O/E 0.68) and males were over-represented in this 
specialisation (O/E 1.34) (table A7.63); however, when the large number of comparisons were taken 
into account these differences were not statistically significant. 

Table A7.63 Specialist Area by Gender 

 Gender  
Specialist Area Female Male Totals 
Colour 7 6 13 
Visual and Creative Arts 25 11 36 
Humanities 53 31 84 
Business 12 5 17 
IT 32 58 90 
Engineering 6 15 21 
Science and Environment 22 24 46 
Medical and Health Science 7 3 10 
not stated 7 5 12 
Totals 171 158 329 
p-values (0.025) 0.11 0.080 0.00068 

To a small degree, area of specialisation was dependent on age of the participant (table A7.64). Those in 
the 25-34 years age group were over-represented in “science and environment” (O/E 2.1), and those in 
the greater than 44 years combined group were over-represented in business (O/E 3.9). 

Table A7.64 Specialist Area by Age Group 

 Age Group  
Specialist Area under 25 25-34 35-44 45-54 55-65 Totals 
Colour 2 7 1 2 1 13 
Visual and Creative Arts 25 6 3 1 1 36 
Humanities 66 11 3 2 2 84 
Business 7 3 1 4 2 17 
IT 75 7 4 3 1 90 
Engineering 6 7 5 1 2 21 
Science and Environment 13 19 7 4 3 46 
Medical and Health Science 5 2 2 0 1 10 
not stated 10 2 0 0 0 12 
Totals 209 64 26 17 13 329 
p-values (0.013) 0.00033 0.00025 0.041 0.0027 6.3×10–11 
For contingency analysis, the “45-54” and “55-65” columns were amalgamated 
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Test Location interacted strongly with specialist area (table A7.65). On the Gold Coast, science and 
environment was over-represented (O/E 2.2), while in Jakarta, humanities was under-represented 
(O/E 016), and IT over-represented (O/E 3.5). In Brunei and Taipei humanities was over-represented 
(O/E 2.5. and 2.2 respectively), while “colour” was over-represented at Rochester (O/E 12.7). Curiously, 
participants in Taipei were more likely than others not to report a specialisation (O/E 3.6). 

Table A7.65 Specialist Area by Test Location 

Test Location 
Specialist Area Gold Coast Jakarta Brunei Taipei Rochester Totals 
Colour 0 0 0 0 13 13 
Visual and Creative Arts 14 0 7 11 4 36 
Humanities 16 0 22 44 2 84 
Business 11 0 2 3 1 17 
IT 24 58 1 7 0 90 
Engineering 15 1 0 1 4 21 
Science and Environment 41 1 1 1 2 46 
Medical and Health Science 9 1 0 0 0 10 
not stated 1 0 1 10 0 12 
Totals 131 61 34 77 26 329 
p-values (0.010) 9.5×10–11 1.2×10–26 6.6×10–6 2.7×10–13 9.9×10–30 1.7×10–80 

There was a weak association between specialist area and confidence with colour (table A7.66). This 
would be expected to be a strong association, given that those who work with colour would be expected 
to be more familiar, and therefore more confident, with it. While no single comparison stood out, 
examination of the ratios of observed to expected showed that those who reported that they were 
“somewhat” confident in use of colour were less likely than average to be in engineering than other 
specialisations (O/E 0.42). 

Table A7.66 Specialist Area by Confidence with Colour 

Confidence 
Specialist Area Low Somewhat Yes Totals 
Colour 0 3 10 13 
Visual and Creative Arts 4 13 19 36 
Humanities 15 29 40 84 
Business 1 2 14 17 
IT 14 24 52 90 
Engineering 1 4 16 21 
Science and Environment 3 5 38 46 
Medical and Health Science 0 0 10 10 
not stated 3 5 4 12 
Totals 41 85 203 329 
p-values (0.017) 0.27 0.099 0.11 0.0026 

It is hardly surprising that participants who reported that they worked with colour were more likely 
than other participants to report their area of specialisation as “colour” (O/E 1.99) or visual and creative 
arts (O/E 1.83) (table A7.67). Similarly, those who did not “work with colour” were less likely to report 
visual and creative arts than other specialisations (O/E 0.17). 

Cross-tabulation of education level achieved by specialist area revealed that specialists in IT were more 
likely to have only completed post-secondary education than specialists in other areas (O/E 1.78), and 
specialists in business were more likely that other specialisations to have completed a post-secondary, 
non-degree qualification (O/E 4.1) (table A7.68). 
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Table A7.67 Specialist Area by “Do You Work with Colour?” 

 Work with colour  
Specialist Area Yes No Totals 
Colour 13 0 13 
Visual and Creative Arts 33 3 36 
Humanities 45 39 84 
Business 5 12 17 
IT 34 56 90 
Engineering 8 13 21 
Science and Environment 16 30 46 
Medical and Health Science 2 8 10 
not stated 9 3 12 
Totals 165 164 329 
p-values (0.025) 0.00028 0.00028 8.2×10–10 

Table A7.68 Specialist Area by Highest Education Level Completed 

 Highest education level  
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Totals 

Colour 1 0 2 1 5 4 0 13 
Visual and Creative Arts 13 5 6 11 1 0 0 36 
Humanities 33 5 11 26 2 6 1 84 
Business 2 6 3 2 3 1 0 17 
IT 64 3 6 6 9 2 0 90 
Engineering 4 2 4 1 7 3 0 21 
Science and Environment 7 5 5 13 7 8 1 46 
Medical and Health Science 3 0 5 1 1 0 0 10 
not stated 4 2 2 4 0 0 0 12 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 3.6×10–6 0.0038 0.65 0.0033 0.00011 0.0028 — 6.4×10–14 
For contingency analysis, the “other” column was omitted, and the “Science and Environment” and “Medical and 
Health Science” rows were amalgamated 

International visitors were more likely to specialise in engineering (O/E 3.1) than other specialisations 
(table A7.69). 

Table A7.69 Specialist Area by “Are You an International Visitor?” 

 International Visitor  
Specialist Area Yes No Totals 
Colour 6 7 13 
Visual and Creative Arts 6 30 36 
Humanities 11 73 84 
Business 2 15 17 
IT 11 79 90 
Engineering 11 10 21 
Science and Environment 8 38 46 
Medical and Health Science 0 10 10 
not stated 1 11 12 
Totals 56 273 329 
p-values (0.017) 0.00090 0.71 0.00010 

The proportion of participants who had resided at the test location for 2 years or less was unexpectedly 
high in the field of engineering (O/E 4.1) (table A7.70). Other disciplines did not differ significantly from 
independent allocation for either that residence period or any others. 
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Table A7.70 Specialist Area by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Colour 2 2 2 7 13 
Visual and Creative Arts 4 0 4 28 36 
Humanities 4 1 8 71 84 
Business 1 0 2 14 17 
IT 1 2 10 77 90 
Engineering 3 4 4 10 21 
Science and Environment 2 1 10 33 46 
Medical and Health Science 0 0 3 7 10 
not stated 0 0 1 11 12 
Totals 17 10 44 258 329 
p-values (0.017) 0.0023 0.57 0.74 0.00044 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence period 
groups were amalgamated, and the “not stated” row was omitted 

Despite many amalgamations and omission of groups, many cells still indicated strong associations 
between specialisation and formative location (table A7.71). Participants who nominated Southeast Asia 
as their formative location were more likely to nominate IT (O/E 2.2) than other specialisations. 
Participants whose early years were spent in East Asia were more likely to specialise in humanities than 
other disciplines (O/E 2.0). In Australia and New Zealand the combined group “science and 
environment” and “medical and health science” (O/E 2.5), and those with early years in North America 
were more likely to nominate colour or visual and creative arts (O/E 4.5). 

Table A7.71 Specialist Area by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Colour 0 3 1 0 1 0 1 7 0 0 13 
Vis & Cr’ve Arts 2 0 0 5 10 1 12 5 1 0 36 
Humanities 7 0 0 22 42 0 11 2 0 0 84 
Business 0 0 0 3 3 0 9 1 1 0 17 
IT 1 5 1 61 9 0 12 0 1 0 90 
Engineering 1 3 2 2 4 0 7 2 0 0 21 
Sci & Envt 4 0 1 3 2 1 33 1 0 1 46 
Med & Hlth Sci 0 0 1 1 1 0 6 0 0 1 10 
not stated 0 0 0 0 11 0 1 0 0 0 12 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.010) 0.33 — — 7.6×10–12 9.7×10–7 — 2.0×10–10 4.3×10–8 — — 1.4×10–31 
For contingency analysis, the “Middle East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were 
omitted: and the “Colour” and “Visual and Creative Arts”, and “Science and Environment” and “Medical and Health 
Science” rows were amalgamated; and the “not stated” row was omitted 

The pattern found for formative location was repeated for the cross-tabulation of specialisation with 
home country (table A7.72), but the deviations from expectation changed a little, and some cells here 
showed significantly low observed values. Participants who identified Southeast Asia as their home 
were over-represented in IT (O/E 2.2), and under in the combined sciences group (O/E 0.23). The 
participants from East Asia were over-represented in humanities (O/E 2.1), and from Australia/New 
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Zealand under in humanities (O/E 0.37) and over in combined sciences (O/E 2.4), while North American 
participants were over-represented in colour and visual and creative arts (O/E 4.3). 

Table A7.72 Specialist Area by Identified Home Country (grouped) 

 Home Country group  
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Totals 

Colour 0 3 1 0 1 1 7 0 13 
Vis & Cr’ve Arts 1 0 0 5 10 14 5 1 36 
Humanities 7 0 0 22 42 10 3 0 84 
Business 0 0 0 3 3 9 1 1 17 
IT 1 4 1 61 9 13 0 1 90 
Engineering 1 3 2 2 4 7 2 0 21 
Sci & Envt 4 0 1 3 2 35 1 0 46 
Med & Hlth Sci 0 0 1 1 0 8 0 0 10 
not stated 0 0 0 1 10 1 0 0 12 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.010) 0.24 — — 4.8×10–12 1.8×10–7 2.3×10–11 2.2×10–7 — 6.5×10–33 
For contingency analysis, the “Middle East”, “South Asia” and “Latin America” columns were omitted: and the 
“Colour” and “Visual and Creative Arts” rows, and the “Science and Environment” and “Medical and Health Science” 
rows were amalgamated; and the “not stated” row was omitted 

The results for specialisation vs nationality (table A7.73) are almost the same as for early home country. 
There are some small differences in the cells which indicate statistical significance, but the overall 
picture is the same, and the deviation from expectations are almost identical. 

Table A7.73 Specialist Area by Reported Nationality (grouped) 

 Nationality group  
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Totals 

Colour 0 3 1 0 1 1 7 0 13 
Vis & Cr’ve Arts 3 0 0 7 10 10 5 1 36 
Humanities 7 0 0 22 42 10 3 0 84 
Business 0 0 0 3 3 9 1 1 17 
IT 1 4 0 61 9 14 0 1 90 
Engineering 1 3 2 2 5 6 2 0 21 
Sci & Envt 6 1 1 3 2 32 1 0 46 
Med & Hlth Sci 0 0 0 1 0 9 0 0 10 
not stated 0 0 0 1 10 1 0 0 12 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.010) 0.19 — — 4.3×10–11 1.7×10–7 8.8×10–11 2.0×10–7 — 1.3×10–31 
For contingency analysis, the “Middle Eastern”, “South Asian” and “Latin American” columns were omitted: the 
“Colour” and “Visual and Creative Arts” rows, and the “Science and Environment” and “Medical and Health Science” 
rows were amalgamated; and the “not stated” row was omitted 

 



Appendix 7: Characteristics of Participants 

320 

A7.7 Highest Education Level Completed 

Participants were asked to nominate their highest complete level of education, from a list of 7 choices, 
plus "other”. The levels were: (1) primary; (2) secondary; (3) post-secondary (not tertiary); (4) tertiary 
(degree level); (5) degree with Honours; (6) Masters; or (7) Doctoral. Naturally, numbers in each group 
varied widely (2 participants had only primary education, 129 secondary). The primary and secondary 
groups were combined, to produce a single group of primary or secondary education completed, but 
there were so few with only primary that this was effectively the same as the secondary education 
group. The “other” group had only 2 cases and was omitted from all analyses in this section. 

Table A7.74 Examination of distribution of number of participants with various Levels of Completed  
Education at various levels of other characteristics variables (two-way χ2 test) (“other” group 
omitted) 

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Highest Education Level completed  0 6 148.4 5 3.0×10–30 
Gender 0 12 9.60 5 0.088 
Age Group 15/1 30 235.8 20 8.2×10–39 
Test Location 9/0 30 169.5 20 1.1×10–25 
Confident with Colour 3/0 18 26.76 10 0.0028 
Work with Colour 0 12 5.24 5 0.39 
Main Area of Study or Work 21/1 42 131.2 30 1.3×10–14 
Are you an International Visitor? 2/0 12 71.84 5 4.2×10–14 
How Long Have You Been Here? 7/0 18 65.17 10 3.8×10–10 
Where Lived First 20 years? 10/0 30 143.5 20 1.1×10–20 
What is your Home Country? 10/1 30 146.4 20 3.1×10–21 
Nationality 10/1 30 147.8 20 1.6×10–21 

Highest level of completed education was independent of: (1) gender; and (2) whether the participant 
worked with colour. There was a statistically significant association between education and all other 
variables (table A7.74). 

Table A7.75 Education Level by Gender 

 Gender  
Education Level Female Male Totals 
Primary or Secondary School 68 63 131 
Post-Secondary 15 13 28 
Bachelor Degree 22 22 44 
Bachelor Degree with Honours 42 23 65 
Masters Degree 14 21 35 
PhD (Doctoral Degree) 8 16 24 
other 2 0 2 
Totals 171 158 329 
p-values (0.025) 0.46 0.42 0.088 
For contingency analysis, the “other” row was omitted 

As would be expected, the highest level of education completed was strongly associated with age (table 
A7.76). Young participants (24 years or younger) were more likely to have only primary or secondary 
education (O/E 1.48) and less likely to have masters or doctoral qualifications (O/E 0.18 and 015 
respectively). Slightly older participants (25 to 34 years) with only primary or secondary education 
were under-represented (O/E 0.16) and over-represented with Masters degrees (O/E 3.4). Participants 
in the 35-44 and 45-54 age groups with doctorates were also over-represented (O/E 6.3 and 4.8 
respectively). 
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Table A7.76 Education Level by Age Group 

 Age Group 
Education Level under 25 25-34 35-44 45-54 55-65 Totals 
Primary or Secondary School 123 4 2 2 0 131 
Post-Secondary 15 4 1 4 4 28 
Bachelor Degree 22 13 3 2 4 44 
Bachelor Degree with Honours 43 18 2 1 1 65 
Masters Degree 4 23 6 2 0 35 
PhD (Doctoral Degree) 0 2 12 6 4 24 
other 2 0 0 0 0 2 
Totals 209 64 26 17 13 329 
p-values (0.010) 8.0×10–10 3.3×10–12 5.3×10–13 4.2×10–5 4.2×10–5 8.2×10–39 
For contingency analysis, the “other” row was omitted 

Participants who took the test in Jakarta were more likely to have only primary or secondary education 
than participants elsewhere (O/E 2.2), and less likely to have Honours degrees (O/E 0.082). Participants 
in Taipei were more likely than others to have an Honours degree (O/E 2.4) and, in Rochester, a 
doctorate (O/E 4.2) (table A7.77). 

Table A7.77 Education Level by Test Location 

 Test Location  
Education Level Gold Coast Jakarta Brunei Taipei Rochester Totals 
Primary or Secondary School 33 54 23 16 5 131 
Post-Secondary 20 0 1 7 0 28 
Bachelor Degree 24 0 4 12 4 44 
Bachelor Degree with Honours 22 1 4 36 2 65 
Masters Degree 19 5 0 4 7 35 
PhD (Doctoral Degree) 12 1 2 1 8 24 
other 1 0 0 1 0 2 
Totals 131 61 34 77 26 329 
p-values (0.010) 0.0015 3.8×10–12 0.027 6.8×10–8 4.0×10–6 1.1×10–25 
For contingency analysis, the “other” row was omitted 

There was only a weak association between confidence in working with colour and education level 
achieved (table A7.78), and that showed no consistent progression in confidence with increasing level of 
education (positive or negative). An examination of the single-degree-of-freedom tests showed that 
those who reported that they were “somewhat” confident were more likely to have only primary or 
secondary education than other education levels (O/E 1.35) and less likely to have a doctorate (O/E 
0.16). However, these anomalies were not, in themselves, statistically significant. 

Table A7.78 Education Level by Confidence with Colour 

 Confidence  
Education Level Low Somewhat Yes Totals 
Primary or Secondary School 18 46 67 131 
Post-Secondary 2 4 22 28 
Bachelor Degree 7 5 32 44 
Bachelor Degree with Honours 10 18 37 65 
Masters Degree 2 11 22 35 
PhD (Doctoral Degree) 1 1 22 24 
other 1 0 1 2 
Totals 41 85 203 329 
p-values (0.017) 0.50 0.015 0.14 0.0028 
For contingency analysis, the “other” row was omitted 
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Table A7.79 Education Level by “Do You Work with Colour?” 

 Work with colour  
Education Level Yes No Totals 
Primary or Secondary School 58 73 131 
Post-Secondary 12 16 28 
Bachelor Degree 26 18 44 
Bachelor Degree with Honours 37 28 65 
Masters Degree 19 16 35 
PhD (Doctoral Degree) 12 12 24 
other 1 1 2 
Totals 165 164 329 
p-values (0.025) 0.76 0.76 0.39 
For contingency analysis, the “other” row was omitted 

Participants who nominated business as their specialisation were more likely to have post-secondary 
(non-tertiary) qualifications (O/E 4.3) than other qualifications, and those who nominated IT were more 
likely to have primary or secondary as their highest completed qualifications (O/E 1.76) (table A7.80). 

Table A7.80 Education Level by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

1°/2° schl 1 13 33 2 64 4 7 3 4 157 
Post 2° schl 0 5 5 6 3 2 5 0 2 44 
Bachelor 2 6 11 3 6 4 5 5 2 24 
B. with Hons 1 11 26 2 6 1 13 1 4 65 
Masters 5 1 2 3 9 7 7 1 0 35 
Doctoral 4 0 6 1 2 3 8 0 0 2 
other 0 0 1 0 0 0 1 0 0 2 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0073) 0.00029 0.10 0.031 0.0013 4.1×10–7 0.0075 0.025 — 1.3×10–14 
For contingency analysis, the “Science and Environment” and “Medical and Health Science” columns were amalgamated, 
the “not stated” column was omitted, and “other” row was omitted 

Relative to an independent allocation of participants, international visitors were less likely to have only 
primary or secondary education (O/E 0.36), and more likely to have a Masters degree (O/E 3.7) than 
other levels of completed qualifications (table A7.81). Correspondingly, residents of the test location 
were relatively less likely to have a Masters degree (O/E 0.45) than other qualifications. 

Table A7.81 Education Level by “Are You an International Visitor?” 

 International Visitor  
Education Level Yes No Totals 
Primary or Secondary School 8 123 131 
Post-Secondary 2 26 28 
Bachelor Degree 12 32 44 
Bachelor Degree with Honours 6 59 65 
Masters Degree 22 13 35 
PhD (Doctoral Degree) 6 18 24 
other 0 2 2 
Totals 56 273 329 
p-values (0.025) 1.05×10–11 0.031 4.2×10–14 
For contingency analysis, the “other” row was omitted 
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Participants who had been at the test location for less than 2 years or more than two years (but not their 
entire life) (i.e. visitors) were more likely to have a Masters degree (O/E 3.5, 2.5) than other 
qualifications. 

Table A7.82 Education Level by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Primary or Secondary School 5 0 7 119 131 
Post-Secondary 0 0 5 23 28 
Bachelor Degree 2 2 9 31 44 
Bachelor Degree with Honours 4 0 4 57 65 
Masters Degree 4 6 12 13 35 
PhD (Doctoral Degree) 2 2 7 13 24 
other 0 0 0 2 2 
Totals 17 10 44 258 329 
p-values (0.017) 0.00012 6.6×10–5 0.022 3.8×10–10 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence period groups 
were amalgamated, the “other” row was omitted 

The following three tables (A7.83 to A7. 85) tell much the same story whether partitioned by formative 
location, home country or nationality. Participants from Southeast Asia were more likely to have only 
primary or secondary qualifications (O/E 1.86, 1.89, 1.90) (and less likely to have a degree with Honours 
— O/E 0.19, 0.19, 0.19) than other levels of qualification; from East Asia they were more likely to have 
an Honours degree (O/E 2.1, 2.1, 2.1), from Australia/NZ a post-secondary qualification (O/E 2.3, 2.2, 
2.4), and from North America a doctorate (O/E 4.6, 4.1, 4.1). The three deviations from expectation for 
each comparison apply to the cross-tabulation with location for: formative location (table A7.83), home 
country (table A7.84), and nationality (table A7.85), respectively. 

Table A7.83 Education Level by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

1°/2° school 4 1 1 77 16 0 26 6 0 0 131 
Post 2° school 0 0 0 1 7 1 17 0 2 0 28 
Bachelor 4 1 1 5 14 0 16 2 0 1 44 
B. with Hons 1 0 0 4 37 0 20 3 0 0 65 
Masters 3 9 4 8 5 0 4 1 1 0 35 
Doctoral 3 0 0 2 3 1 8 6 0 1 24 
other 0 0 0 0 1 0 1 0 0 0 2 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.010) 0.027 — — 1.6×10–11 2.4×10–6 — 0.0024 0.0019 — — 1.1×10–20 
For contingency analysis, the “Middle East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were 
omitted, and the “other” row was omitted 
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Table A7.84 Education Level by Identified Home Country (grouped) 

 Home Country group  
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Totals 

1°/2° 4 0 1 78 16 26 6 0 131 
Post 2° 0 0 0 1 7 18 0 2 28 
Bachelor 4 1 1 5 13 17 3 0 44 
B. with Hons 0 0 0 4 36 22 3 0 65 
Masters 3 9 4 8 5 4 1 1 35 
Doctoral 3 0 0 2 3 10 6 0 24 
other 0 0 0 0 1 1 0 0 2 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.010) 0.011 — — 4.8×10–12 3.6×10–6 0.0011 0.0061 — 3.1×10–21 
For contingency analysis, the “Middle East”, “South Asia” and “Latin America” columns were omitted, and the 
“other” row was omitted 

Table A7.85 Education Level by Reported Nationality (grouped) 

 Nationality group  
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Totals 

1°/2° 6 1 0 80 17 21 6 0 131 
Post 2° 0 0 0 1 7 18 0 2 28 
Bachelor 5 1 1 5 13 16 3 0 44 
B. with Hons 1 0 0 4 36 21 3 0 65 
Masters 3 9 3 8 5 5 1 1 35 
Doctoral 3 0 0 2 3 10 6 0 24 
other 0 0 0 0 1 1 0 0 2 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.010) 0.058 — — 1.5×10–12 6.4×10–6 0.00017 0.0059 — 1.6×10–21 
For contingency analysis, the “Middle Eastern”, “South Asian” and “Latin American” columns were omitted, and 
the “other” row was omitted 

 

A7.8 International Visitor 

Most participants were residents of the location where they took the test (273/329 = 83%). The gender 
of participants, their confidence in working with colour, and whether they actually did work with colour 
was independent of their status as an international visitor (table A7.86). There were strong interactions 
of the other variables with this variable. 



Appendix 7: Characteristics of Participants 

325 

Table A7.86 Examination of distribution of number of participants who were, or were not,  
International Visitors at various levels of other characteristics variables (two-way χ2 test) 

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

International Visitor 0 2 176.5 1 2.8×10–40 
Gender 0 4 0.07 1 0.79 
Age Group 3/0 10 52.43 4 1.1×10–10 
Test Location 1/0 10 43.83 4 7.0×10–9 
Confident with Colour 0 6 5.91 2 0.052 
Work with Colour 0 4 0.73 1 0.39 
Main Area of Study or Work 5/0 18 27.52 8 0.00057 
Highest Education Level 2/0 12 71.84 5 4.2×10–14 
How Long Have You Been Here? 2/0 8 259.0 3 7.4×10–56 
Where Lived First 20 years? 4/1 14 144.8 6 9.7×10–29

What is your Home Country? 4/1 14 161.5 6 2.9×10–32 
Nationality 5/1 14 131.4 6 6.6×10–26 

Table A7.87 International Visitor by Gender 

Gender 
International Visitor Female Male Totals 
Yes 30 26 56 
No 141 132 273 
Totals 171 158 329 
p-values (0.025) 0.86 0.85 0.79 

Amongst young participants (younger than 25 years) there was a relative shortfall of international 
visitors (O/E 0.48), but amongst slightly older participants (age group 25-34 years) international 
visitors were over-represented (O/E 2.7) (table A7.88). 

Table A7.88 International Visitor by Age Group 

Age Group 
International Visitor under 25 25-34 35-44 45-54 55-65 Totals 
Yes 17 29 7 2 1 56 
No 192 35 19 15 12 273 
Totals 209 64 26 17 13 329 
p-values (0.010) 0.00063 1.7×10–9 0.18 0.56 0.37 2.3×10–10 

Amongst participants taking the test on the Gold Coast and in Rochester, international visitors 
were over-represented (O/E 1.61 and 2.5, respectively), but in Jakarta they were under-represented 
(O/E 010) (table A7.89). 

Table A7.89 International Visitor by Test Location 

Test Location 
International Visitor Gold Coast Jakarta Brunei Taipei Rochester Totals 
Yes 36 0 6 3 11 56 
No 95 61 28 74 15 273 
Totals 131 61 34 77 26 329 
p-values (0.010) 0.0014 0.00040 0.92 0.0022 0.00060 7.0×10–9 

Table A7.90 International Visitor by Confidence with Colour 

Confidence 
International Visitor Low Somewhat Yes Totals 
Yes 2 13 41 56 
No 39 72 162 273 
Totals 41 85 203 329 
p-values (0.017) 0.039 0.67 0.23 0.052 
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Table A7.91 International Visitor by “Do You Work with Colour?” 

 Work with colour  
International Visitor Yes No Totals 
Yes 31 25 56 
No 134 139 273 
Totals 165 164 329 
p-values (0.010) 0.55 0.54 0.39 

Participants who nominated  engineering as their specialisation were more likely to be an international 
visitor than other participants (O/E 2.8) (table A7.92). 

Table A7.92 International Visitor by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Yes 6 6 11 2 11 10 8 0 1 56 
No 7 30 73 15 79 11 38 10 11 273 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 0.0044 0.99 0.37 0.58 0.25 0.00015 0.90 0.16 0.44 0.00057 

Participants with only primary or secondary school completion were under-represented amongst 
international visitors (O/E 0.36), while those with a Masters degree were over-represented amongst 
international visitors (O/E 3.7) and correspondingly under-represented amongst residents (O/E 0.45) 
(table A7.93). 

Table A7.93 International Visitor by Highest Education Level Completed 

 Highest education level  
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Totals 

Yes 8 2 12 6 22 6 0 56 
No 123 26 32 59 13 18 2 273 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 0.00082 0.16 0.074 0.091 6.9×10–13 0.31 — 4.2×10–14 
For contingency analysis, the “other” column was omitted 

Assessment of the cross-tabulation of “how long have you lived at this location” by status as an 
international visitor (table A7.94) was trivial. No international visitor reported living for all their life at 
the location where the test was taken (of course), and only 15 participants who reported that they were 
not an international visitor reported that they had lived at the location of the test for any period other 
than their entire life. This latter group, then, were visitors, but not international visitors, i.e. 
intranational visitors. 
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Table A7.94 International Visitor by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Yes 17 10 29 0 56 
No 0 0 15 258 273 
Totals 17 10 44 258 329 
p-values (0.013) 8.7×10–20 2.9×10–12 6.2×10–18 3.5×10–13 7.4×10–56 

As found elsewhere, the following three tables (A7.95 to A7.97) each present the same pattern. 
Participants who reported Europe, the Middle East, or South Asia as: (1) their formative location; (2) 
their home country; or (3) their nationality, were more likely to be international visitors to the location 
where they took the test, than other participants. The deviation from expectations are listed above each 
table. 

For formative location, the deviation from expectations were: Europe 5.7, the Middle East 5.5, and South 
Asia 5.1. 

Table A7.95 International Visitor by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

Yes 14 10 5 8 9 0 4 3 3 0 56 
No 1 1 1 89 74 2 88 15 0 2 273 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0073) 9.8×10–16 2.8×10–11 1.0×10–5 0.029 0.17 — 0.0017 0.98 — — 9.7×10–29 
For contingency analysis, the “Pacific Islands”, “Latin America” and “Africa” columns were omitted 

For home country, the excesses (O/E) of visitors were: Europe 6.2; the Middle East 6.2; and South Asia 
5.1. Participants with the home country of Australia/New Zealand were under-represented amongst 
international visitors to the test location (O/E 0.25). As would be expected, no participant reporting a 
European country as their home reported being a resident of the location where they took their test 
(O/E 012), as no tests were conducted in European locations.  

Table A7.96 International Visitor by Identified Home Country (grouped) 

 Home Country group  
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Totals 

Yes 14 10 5 9 7 4 4 3 56 
No 0 0 1 89 74 94 15 0 273 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0073) 2.0×10–17 7.1×10–13 8.5×10–6 0.058 0.063 0.0011 0.57 — 2.9×10–32 
For contingency analysis, the “Latin America” column was omitted 

For home country, the deviation from expectations (O/E) were: Europe 4.8; the Middle East 5.6; and 
South Asia 6.2. 
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Table A7.97 International Visitor by Reported Nationality (grouped) 

 Nationality group  
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Totals 

Yes 14 10 4 9 7 5 4 3 56 
No 4 1 0 91 75 87 15 0 273 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0073) 1.5×10–12 1.9×10–11 5.6×10–6 0.049 0.058 0.0049 0.57 — 6.6×10–26 
For contingency analysis the “Latin American” column was omitted 

 

A7.9 How Long has the Participant been at the Test Location? 

Not unexpectedly, there were very large differences in the number of participants who had resided at 
the test location for different lengths of time (table A7.99). Few (17) had been at the test location for less 
than one year and, for the purpose of this contingency analysis the three categories less than one year 
were combined into a single group. A relatively small number of participants (54) had been at the test 
location for 1 year or more, but not their entire life. The two categories “1 to 2 years”, and “more than 2 
years” were also combined into a single group. 

The period of residence at the test location was independent of: (1) gender; (2) the confidence that the 
participant expressed in working with colour; and (3) whether they actually did work with colour. The 
period of residence interacted with all other variables (table A7.98). 

Table A7.98 Examination of distribution of number of participants who have been at the test location  
for various periods at various levels of other characteristics variables (two-way χ2 test)  

Characteristic Number of cells 
χ2 df P (0.0047) 

Small/Very Small Total 
How Long Here 0 4 508.6 3 ~0 
Gender 1/0 8 5.00 3 0.17 
Age Group 6/0 15 55.61 8 3.4×10–9 
Test Location 4/0 15 64.09 8 7.3×10–11 
Confident with Colour 1/0 9 10.88 4 0.028 
Work with Colour 0/1 8 1.96 3 0.58 
Main Area of Study or Work 13/2 27 41.66 16 0.00044 
Highest Education Level 7/0 18 65.17 10 3.8×10–10 
Are you an International Visitor? 2/0 8 259.0 3 7.4×10–56 
Where Lived First 20 years? 9/3 21 158.5 12 1.1×10–27 
What is your Home Country? 9/3 21 151.2 12 3.3×10–26 
Nationality 6/1 18 105.8 10 3.8×10–18 

Table A7.99 Period Here by Gender 

 Gender  
Period Here Female Male Totals 
less than 1 year 13 4 17 
1 to 2 years 4 6 10 
more than 2 years (not lifetime) 21 23 44 
Lifetime 133 125 258 
Totals 171 158 329 
p-values (0.025) 0.49 0.46 0.17 

Participants aged 25 to 34 years were more likely to have resided at the test location for less than 
2 years than longer periods (O/E 2.7) (table A7.100). 
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Table A7.100 Period Here by Age Group 

 Age Group  
Period Here under 25 25-34 35-44 45-54 55-65 Totals 
less than 1 year 7 8 2 0 0 17 
1 to 2 years 2 6 2 0 0 10 
more than 2 years (not lifetime) 13 16 8 4 3 44 
Lifetime 187 34 14 13 10 258 
Totals 209 64 26 17 13 329 
p-values (0.010) 0.00052 2.0×10–6 0.0086 0.26 0.37 3.4×10–9 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated 

Relative to independent allocation of participants across these two variables, participants taking the test 
at Rochester were more likely to have resided at the test location less than two years that longer periods 
of time (O/E 3.3) (table A7.101), while participants at the Gold Coast were more likely to have resided at 
that location for more than 2 years (but not their lifetime) (O/E 1.94). 

Table A7.101 Period Here by Test Location 

 Test Location  
Period Here Gold Coast Jakarta Brunei Taipei Rochester Totals 
less than 1 year 8 0 3 1 5 17 
1 to 2 years 7 0 1 0 2 10 
more than 2 years (not lifetime) 34 0 3 3 4 44 
Lifetime 82 61 27 73 15 258 
Totals 131 61 34 77 26 329 
p-values (0.010) 2.3×10–5 0.00023 0.59 0.0021 0.0018 7.3×10–11 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated 

There was a weak significance in an interaction between period spent at the test location and the 
participant’s confidence with colour, but, when the cell deviations from expectation were examined, 
none was significantly anomalous. 

Table A7.102 Period Here by Confidence with Colour 

 Confidence  
Period Here Low Somewhat Yes Totals 
less than 1 year 0 5 12 17 
1 to 2 years 0 1 9 10 
more than 2 years (not lifetime) 2 9 33 44 
Lifetime 39 70 149 258 
Totals 41 85 203 329 
p-values (0.017) 0.030 0.67 0.22 0.028 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated 

Table A7.103 Period Here by “Do You Work with Colour?” 

 Work with colour  
Period Here Yes No Totals 
less than 1 year 11 6 17 
1 to 2 years 4 6 10 
more than 2 years (not lifetime) 21 23 44 
Lifetime 129 129 258 
Totals 165 164 329 
p-values (0.025) 0.81 0.81 0.58 

Participants who reported their specialisations as engineering, and had resided at the test location for 
more than one year (but not their entire life), were over-represented (O/E 4.1) (table A7.104). 
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Table A7.104 Period Here by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

less than 1 year 2 4 4 1 1 3 2 0 0 17 
1 to 2 years 2 0 1 0 2 4 1 0 0 10 
> 2 years (not lifetime) 2 4 8 2 10 4 10 3 1 44 
Lifetime 7 28 71 14 77 10 33 7 11 258 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0057) 0.011 0.78 0.40 0.91 0.17 6.8×10–5 0.24 0.23 0.48 0.00044 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated 

Participants with a Masters degree were more likely to have resided at the test location for any period 
less than  a lifetime than other participants (<= 2 years, O/E 3.1; > 2 years, O/E 2.5) (table A7.105). 

Table A7.105 Period Here by Highest Education Level Completed 

 Highest education level  
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Totals 

less than 1 year 5 0 2 4 4 2 0 17 
1 to 2 years 0 0 2 0 6 2 0 10 
> 2 years (not lifetime) 7 5 9 4 12 7 0 44 
Lifetime 119 23 31 57 13 13 2 258 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 0.0023 0.25 0.37 0.16 1.3×10–8 0.016 — 3.8×10–10 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated, and the “other” 
column was omitted 

In common with table A7.94 (of which this table is a rows and columns transposition), the cross-
tabulation in table A7.106 is trivial. All international visitors had not lived at the test location of the test 
for their entire life, but 15 participants reported that they had lived at the test location less than their 
entire life, but they were not international visitors — presumably, these visitors had resided elsewhere 
within the country and moved to the test location. 

Table A7.106 Period Here by “Are You an International Visitor?” 

 International Visitor  
Period Here Yes No Totals 
less than 1 year 17 0 17 
1 to 2 years 10 0 10 
more than 2 years (not lifetime) 29 15 44 
Lifetime 0 258 258 
Totals 56 273 329 
p-values (0.025) 2.5×10–46 1.4×10–9 7.4×10–56 

In each of the next three tables (A7.107 to A7.109) a similar pattern of over-representation was found. 
Participants who nominated Europe as their: (a) formative location; (b) home country; or (c) nationality, 
were more likely to have spent less than two years (O/E 7.4, 8.1 and 6.7) at the test location than longer 
times. Those nominating the Middle East for these questions were more likely to have spent less than (O/E 
4.5, 5.0, 4.9) or more than two years (but not their entire life) (O/E 5.4, 4.7, 4.4) at the test location.  
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Participants who nominated Europe as their formative location were over-represented in the “more 
than two years but not lifetime” group (O/E 3.4); and participants who grew up in South Asia or 
regarded South Asia as their home country were unusually commonly residents of the test location 
for more than 2 years, but not their lifetime (O/E 5.6 and 5.2) rather than for other periods of 
residence. 

No participants who nominated Europe, the Middle East or South Asia as their formative location or 
home country reported having spent their entire lifetime at the test location (tables A7.107 and 
A7.108) — this is hardly surprising as no tests were done in these locations. 

Table A7.107 Period Here by Location Where Resided for First 20 Years (grouped) 

 Formative Location group  
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Totals 

< 1 year 6 1 1 0 3 0 4 1 1 0 17 
1 to 2 years 3 3 1 1 2 0 0 0 0 0 10 
> 2 years (not lifetime) 6 7 4 8 5 2 6 2 2 2 44 
Lifetime 0 0 0 88 73 0 82 15 0 0 258 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.0073) 2.1×10–16 1.9×10–10 4.0×10–6 0.015 0.18 — 0.096 0.92 — — 1.1×10–27 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated, and the “Pacific Islands”, “Latin 
America” and “Africa” columns were omitted 

Table A7.108 Period Here by Identified Home Country (grouped) 

 Home Country group  
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< 1 year 6 1 1 0 3 4 1 1 17 
1 to 2 years 3 3 1 1 2 0 0 0 10 
> 2 years (not lifetime) 5 6 4 9 3 12 3 2 44 
Lifetime 0 0 0 88 73 82 15 0 258 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.0073) 1.9×10–16 5.6×10–9 9.8×10–6 0.015 0.032 0.34 0.86 — 3.3×10–26 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated, and the “Latin America” column 
was omitted 

Table A7.109 Period Here by Reported Nationality (grouped) 

 Nationality group  
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Totals 

< 1 year 6 1 1 0 3 4 1 1 17 
1 to 2 years 3 3 1 1 2 0 0 0  
> 2 years (not lifetime) 5 6 2 9 3 14 3 2  
Lifetime 4 1 0 90 74 74 15 0 258 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.0085) 1.3×10–12 2.5×10–8 — 0.021 0.042 0.41 0.86 — 3.8×10–18 
For contingency analysis, the “less than 1 year” and “1 to 2 years” rows were amalgamated, and the “South Asian” and “Latin 
American” columns were omitted 
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A7.10 Formative Location 

Participants were offered a free-text entry for this variable, and nominated 30 different locations (table 
A7.110). These were grouped into 10 categories, with the intention of obtaining a smaller number of 
coherent groups, which would be more amenable to analysis. The grouping is shown in table A7.110. 

The number of participants in the various residence groups was far from even, with only 2 in the 
“Africa” and “Pacific Islands” groups, 3 in the “Latin America” group, and 97 in the “Southeast Asia” 
group. None of the other 11 participant characteristics was independent of this variable (table A7.111), 
and their relationships are explored in tables A7.112 to A7.122. Because of the large number of levels 
(10) in this field, to avoid proliferation of sparse cells in the cross-tabulations, it was often necessary to 
omit groups which could not be meaningfully amalgamated with others. Typically, the Pacific Islands, 
Latin America and Africa groups were omitted. 

Table A7.110 Grouping of nominated values in Formative Location variable 

Group Total Cases 
in Group 

Participant Nomination Number of 
Cases 

Europe 15 France 1 
  Italy 1 
  Netherlands 2 
  Norway 1 
  Poland 1 
  Russia 1 
  Slovakia 1 
  Spain 2 
  United Kingdom 5 
Middle East 11 Iran 10 
  Saudi Arabia 1 
South Asia 6 Bangladesh 2 
  India 4 
Southeast Asia 97 Brunei 27 
  Indonesia 63 
  Malaysia 3 
  Thailand 1 
  Vietnam 3 
East Asia 83 China 9 
  Hong Kong 1 
  South Korea 2 
  Taiwan 71 
Pacific Islands 2 Fiji 1 
  Papua New Guinea 1 
Australia/New Zealand 92 Australia 87 
  New Zealand 5 
North America 18 Canada 2 
  USA 16 
Latin America 3 Colombia 2 
  Peru 1 
Africa 2 South Africa 2 

Across the entire cross-tabulation, a significant interaction between formative location and gender was 
found, but it was not located when the columns or cells were examined for significant departures from 
the expected figures (table A7.112).  
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Table A7.111 Examination of distribution of number of participants who spent their first 20 years  
in various locations at various levels of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Formative Location 0 10 445.6 9 2.5×10–90 
Gender 2/0 14 17.31 6 0.0082 
Age Group 17/8 30 141.1 20 3.3×10–17 
Test Location 13/1 30 665.7 20 ~0 
Confident with Colour 9/1 21 63.83 12 4.5×10–9 
Work with Colour 2/0 14 26.50 6 0.00018 
Main Area of Study or Work 21/6 35 228.5 24 2.9×10–35 
Highest Education Level 10/0 30 143.5 20 1.1×10–20 
Are you an International Visitor? 4/1 14 144.8 6 9.7×10–29 
How Long Have You Been Here? 9/3 21 158.5 12 1.1×10–27 
What is your Home Country? 11/3 25 1150 16 ~0 
Nationality 9/2 25 1054 16 ~0 

Table A7.112 Formative Location by Gender 

 Gender  
Formative Location Female Male Totals 
Europe 12 3 15 
Middle East 2 9 11 
South Asia 0 6 6 
Southeast Asia 45 52 97 
East Asia 49 34 83 
Pacific Islands 2 0 2 
Australia/NZ 49 43 92 
North America 10 8 18 
Latin America 1 2 3 
Africa 1 1 2 
Totals 171 158 329 
p-values (0.025) 0.16 0.13 0.0037 
For contingency analysis, the “Pacific Islands”, “Latin America” and 
“Africa” rows were omitted 

Young participants (i.e. less than 25 years), who reported growing up in Australia/New Zealand, were 
under-represented relative to those who grew up elsewhere (O/E 0.58); slightly older participants 
(25-34 years) from the Middle East were over-represented (O/E 4.4); and 45-54 year old participants 
from North America were also over-represented (O/E 4.4), relative to those from other formative 
locations (table A7.113). 

Table A7.113 Formative Location by Age Group 

 Age Group  
Formative Location under 25 25-34 35-44 45-54 55-65 Totals 
Europe 5 4 4 1 1 15 
Middle East 2 9 0 0 0 11 
South Asia 1 3 1 1 0 6 
Southeast Asia 84 8 4 1 0 97 
East Asia 74 6 2 0 1 83 
Pacific Islands 0 1 1 0 0 2 
Australia/NZ 35 27 11 10 9 92 
North America 6 5 2 4 1 18 
Latin America 2 1 0 0 0 3 
Africa 0 0 1 0 1 2 
Totals 209 64 26 17 13 329 
p-values (0.010) 3.1×10–6 6.2×10–8 0.0077 0.00017 0.012 3.5×10–18 
For contingency analysis, the “South Asia”, “Pacific Islands”, “Latin America” and “Africa” rows were omitted 
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The cross-tabulation of formative location by test location revealed the expected pattern that most 
participants took the test where they grew up (table A7.114). Thus participants who took the test at the 
Gold Coast were more likely to have grown up in Australia/NZ (O/E 2.5), and less likely to be from 
Southeast or East Asia (O/E 0.16 and 0.19, respectively) than other formative locations; while those who 
took the test in Jakarta and Brunei were more likely to have grown up in Southeast Asia than other 
locations (O/E 3.3 and 2,7); and, for testing in Jakarta, no participants were from East Asia or 
Australia/NZ (O/E 016, 018, respectively). Similarly, participants who took the test in Taipei were more 
likely to have grown up in East Asia (O/E 3.6), and unlikely to have grown up in Southeast Asia or 
Australia/New Zealand (O/E 0.085, 0.089); and finally, those who took the test at Rochester were more 
likely than average to have grown up in North America (O/E 11) or the Middle East (O/E 4.8). 

Table A7.114 Formative Location by Location Where Test was Taken 

 Location where test was taken  
Formative Location Gold Coast Jakarta Brunei Taipei Rochester Totals 
Europe 12 0 2 0 1 15 
Middle East 6 0 1 0 4 11 
South Asia 4 0 0 0 2 6 
Southeast Asia 6 61 28 2 0 97 
East Asia 6 0 1 73 3 83 
Pacific Islands 2 0 0 0 0 2 
Australia/NZ 87 0 2 2 1 92 
North America 3 0 0 0 15 18 
Latin America 3 0 0 0 0 3 
Africa 2 0 0 0 0 2 
Totals 131 61 34 77 26 329 
p-values (0.010) 3.4×10–27 5.5×10–28 1.5×10–8 1.9×10–38 3.4×10–33 ~0 
For contingency analysis, the “South Asia”, “Pacific Islands”, “Latin America” and “Africa” rows were omitted 

Across the entire cross-tabulation, a significant interaction between formative location and confidence 
in working with colour was found (table A7.115), but, when the many simultaneous tests were 
accounted for, no cell had a significant deviation from expectation. The strongest departures from 
expectation (but nevertheless non-significant) were an over-representation of participants from the 
Middle East amongst those who answered this question with ”somewhat” (O/E 2.8), as well as of 
participants from East Asia whose answers indicated low confidence (O/E 1.70). 

Table A7.115 Formative Location by Confidence with Colour 

 Confidence  
Formative Location Low Somewhat Yes Totals 
Europe 0 0 15 15 
Middle East 0 8 3 11 
South Asia 0 0 6 6 
Southeast Asia 18 33 46 97 
East Asia 18 28 37 83 
Pacific Islands 0 0 2 2 
Australia/NZ 4 15 73 92 
North America 1 1 16 18 
Latin America 0 0 3 3 
Africa 0 0 2 2 
Totals 41 85 203 329 
p-values(0.017) 0.0070 0.00037 0.0016 4.5×10–9 
For contingency analysis, the “Pacific Islands”, “Latin America” and “Africa” rows 
were omitted 

A significant interaction between formative location and working with colour was found (table A7.116), 
but it was not found when the columns or cells were examined for significant departures from expected 
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figures. The strongest departures from expectation (but nevertheless non-significant) were that 
participants who worked with colour were more likely to have grown up in East Asia (O/E 1.33) or 
North America (O/E 1.67) than other formative locations, and participants who did not work with 
colour were less likely to have grown up in East Asia (O/E 0.67) or North America (O/E 0.33) than other 
formative locations. 

Table A7.116 Formative Location by “Do You Work with Colour?” 

 Work with colour  
Formative Location Yes No Totals 
Europe 8 7 15 
Middle East 5 6 11 
South Asia 4 2 6 
Southeast Asia 38 59 97 
East Asia 55 28 83 
Pacific Islands 1 1 2 
Australia/NZ 36 56 92 
North America 15 3 18 
Latin America 2 1 3 
Africa 1 1 2 
Totals 165 164 329 
p-values (0.025) 0.039 0.039 0.00018 
For contingency analysis, the “Pacific Island, “Latin America” and 
“Africa” rows were omitted 

Despite many amalgamations and omissions, there were numerous departures from even distribution in 
the cross-tabulation of formative location with discipline specialisation (table A7.117). Students or 
practitioners of colour or visual and creative arts were more likely to have grown up in North America 
than elsewhere (O/E 4.7); of humanities more likely in East Asia (O/E 1.84); of IT in Southeast Asia 
(O/E 2.3); of science, environment, medical and health sciences in Australia/NZ (O/E 2.5); while 
participants who did not list a specialisation were very much more likely to have grown up in East Asia 
than elsewhere (O/E 3.4). 

Table A7.117 Formative Location by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

Europe 0 2 7 0 1 1 4 0 0 15 
Middle East 3 0 0 0 5 3 0 0 0 11 
South Asia 1 0 0 0 1 2 1 1 0 6 
SE Asia 0 5 22 3 61 2 3 1 0 97 
East Asia 1 10 42 3 9 4 2 1 11 83 
Pacific Is 0 1 0 0 0 0 1 0 0 2 
Australia/NZ 1 12 11 9 12 7 33 6 1 92 
N America 7 5 2 1 0 2 1 0 0 18 
LatinAmerica 0 1 0 1 1 0 0 0 0 3 
Africa 0 0 0 0 0 0 1 1 0 2 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0073) 2.9×10–8 8.9×10–6 0.22 7.5×10–14 0.39 1.8×10–11 4.3×10–5 2.9×10–35 
For contingency analysis, the “Colour” & “Visual and Creative Arts”, and “Science and Environment” & “Medical and 
Health Science” columns were amalgamated; and the “Middle East”, “South Asia”, “Pacific Islands”, “Latin America” and 
“Africa” rows were omitted 

There was a strong interaction between formative location and highest education level completed (table 
A7.118). Participants who had completed only primary or secondary education were more likely to have 
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grown up in Southeast Asia than elsewhere (O/E 1.86), and less likely to have grown up in East Asia 
(O/E 0.46). Participants with post-secondary (non-tertiary) qualifications were more likely to have 
grown up in Australia/NZ (O/E 2.3); those with an Honours degree were more likely to have grown up 
in East Asia (O/E 2.1), and less likely in Southeast Asia (O/E 0.19); participants with a doctorate were 
more likely to have grown up in North America (O/E 4.6) than elsewhere. 

Table A7.118 Formative Location by Highest Education Level Completed 

 Highest education level  
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Totals 

Europe 4 0 4 1 3 3 0 15 
Middle East 1 0 1 0 9 0 0 11 
South Asia 1 0 1 0 4 0 0 6 
Southeast Asia 77 1 5 4 8 2 0 97 
East Asia 16 7 14 37 5 3 1 83 
Pacific Islands 0 1 0 0 0 1 0 2 
Australia/NZ 26 17 16 20 4 8 1 92 
North America 6 0 2 3 1 6 0 18 
Latin America 0 2 0 0 1 0 0 3 
Africa 0 0 1 0 0 1 0 2 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 1.9×10–9 0.00034 0.064 2.1×10–7 0.30 3.9×10–5 — 1.1×10–20 
For contingency analysis, the “other” column was omitted; and the “Middle East”, “South Asia”, “Pacific 
Islands”, “Latin America” and “Africa” rows were omitted 

International visitors to the test location were more likely to have spent their first 20 years in Europe, 
the Middle East, or South Asia, than elsewhere (O/E 5.7, 5.5, and 5.1, respectively), and participants who 
were not international visitors were unlikely to have grown up in Europe (O/E 0.080) (table A7.119). 

Table A7.119 Formative Location by “Are You an International Visitor?” 

 International Visitor  
Formative Location Yes No Totals 
Europe 14 1 15 
Middle East 10 1 11 
South Asia 5 1 6 
Southeast Asia 8 89 97 
East Asia 9 74 83 
Pacific Islands 0 2 2 
Australia/NZ 4 88 92 
North America 3 15 18 
Latin America 3 0 3 
Africa 0 2 2 
Totals 56 273 329 
p-values (0.025) 1.0×10–23 0.00056 9.7×10–29 
For contingency analysis, the “Pacific Islands”, “Latin America” and 
“Africa” rows were omitted 

Participants whose formative location was Europe or the Middle East were over-represented amongst 
participants who had been at the test location less than two years (O/E 7.4 and 4.5) and more than 2 
years (but not their lifetime) (O/E 3.4, 5.4), and visitors who had resided at the test location for more 
than 2 years were also overrepresented from South Asia (O/E 5.6) (table A7.120). It is trivial that no 
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participants who grew up in Europe, the Middle East, South Asia, Pacific Islands, Latin America or Africa 
had spent a lifetime at the location they took the test, as no tests were conducted in these places. 

Table A7.120 Formative Location by “How Long Have You Lived at this Location?” 

 How long here  
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Totals 

Europe 6 3 6 0 15 
Middle East 1 3 7 0 11 
South Asia 1 1 4 0 6 
Southeast Asia 0 1 8 88 97 
East Asia 3 2 5 73 83 
Pacific Islands 0 0 2 0 2 
Australia/NZ 4 0 6 82 92 
North America 1 0 2 15 18 
Latin America 1 0 2 0 3 
Africa 0 0 2 0 2 
Totals 17 10 44 258 329 
p-values (0.017) 6.6×10–14 2.9×10–10 7.3×10–5 1.1×10–27 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence period 
groups were amalgamated, and the “Pacific Islands”, “Latin America” and “Africa” rows 
were omitted 

In the next two tables, a common pattern is seen: namely, participants who grew up in a given formative 
location were much more likely to nominate that location as their home country (table A7.121) or 
nationality (table A7.122). All locations showed a considerable excess of these matches (relative to 
independence of the variables in the cross-tabulation). The deviations from expectation (O/E) for 
formative location, tabulated against home country, were: Europe 20; Southeast Asia 3.1; East Asia 3.6; 
Australia/New Zealand 3.2; and North America 16.  

Table A7.121 Formative Location by Identified Home Country (grouped) 

 Home Country group  
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Totals 

Europe 14 0 0 0 0 1 0 0 15 
Middle East 0 10 0 1 0 0 0 0 11 
South Asia 0 0 6 0 0 0 0 0 6 
Southeast Asia 0 0 0 96 0 1 0 0 97 
East Asia 0 0 0 1 80 1 1 0 83 
Pacific Islands 0 0 0 0 0 2 0 0 2 
Australia/NZ 0 0 0 0 1 91 0 0 92 
North America 0 0 0 0 0 0 18 0 18 
Latin America 0 0 0 0 0 0 0 3 3 
Africa 0 0 0 0 0 2 0 0 2 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.010) 2.3×10–57 — — 1.6×10–42 3.6×10–44 8.5×10–42 3.0×10–57 — ~0 
For contingency analysis, the “Middle East”, “South Asia” and “Latin America” columns were omitted: and the “Middle 
East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” rows were omitted 

There were also strong negative anomalies, where particular combinations of origin and home country 
were strongly under-represented, i.e. participants who nominated Southeast Asia as their home country 
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were unlikely to have grown up in East Asia (O/E 0.038) or Australia/NZ (O/E 029); those who 
nominated East Asia were unlikely to have grown up in Southeast Asia (O/E 026) or Australia/NZ (O/E 
0.041); and those who nominated Australia/NZ as home were unlikely to have grown up in Southeast 
Asia (O/E 0.033) or East Asia (O/E 0.039). 

Like table A7.121, participants were much more likely to nominate the same location for where they 
grew up and their nationality than different countries (table A7.122) The deviations from expectation 
(O/E) for location where participants grew up tabulated against nationality are: Europe 16, Southeast 
Asia 3.0, East Asia 3.6, Australia/New Zealand 3.2, North America 16.  

There were also strong negative anomalies, where particular combinations of origin and nationality were 
strongly under-represented, i.e. participants who nominated Southeast Asian nationality were unlikely to 
have grown up in East Asia (O/E 0.037) or Australia/NZ (O/E 0.067); who nominated East Asia were 
unlikely to have grown up in Southeast Asia (O/E 026) or Australia/NZ (O/E 0.081); and who nominated 
Australia/NZ as home to have grown up in Southeast Asia (O/E 0.036) or East Asia (O/E 0.043). 

Table A7.122 Formative Location by Reported Nationality (grouped) 
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Totals 

West Europe 14 0 0 0 0 1 0 0 15 
Middle East 0 10 0 1 0 0 0 0 11 
South Asia 0 0 4 0 0 2 0 0 6 
Southeast Asia 0 0 0 96 0 1 0 0 97 
East Asia 0 0 0 1 80 1 1 0 83 
Pacific Islands 0 0 0 0 0 2 0 0 2 
Australia/NZ 4 1 0 2 2 83 0 0 92 
North America 0 0 0 0 0 0 18 0 18 
Latin America 0 0 0 0 0 0 0 3 3 
Africa 0 0 0 0 0 2 0 0 2 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.010) 2.3×10–43 — — 1.2×10–40 5.1×10–43 2.9×10–38 4.8×10–57 — ~0 
For contingency analysis, the “Middle Eastern”, “South Asian” and “Latin American” columns were omitted: the “Middle 
East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” rows were omitted 

 

A7.11 Home Country 

Participants were offered a free-text entry for this variable, and they nominated 26 different countries 
(table A7.123). These were grouped into 8 categories, with the intention of obtaining a smaller number 
of coherent groups, which would be more amenable to analysis. The grouping is shown in table A7.123. 

The number of participants in the various residence groups was far from even, with only 3 in the “Latin 
America” group, and 98 in each of the “Southeast Asia” and “Australia/NZ” groups. None of the other 11 
participant characteristics was independent of this variable (table A7.124), and their relationships are 
explored in tables A7.125 to A7.135. Because of the large number of levels (8) in this field, to avoid 
proliferation of sparse cells in the cross-tabulations, it was often necessary to omit groups which could 
not be meaningfully amalgamated with others. Typically, Latin America group was omitted. 
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Table A7.123 Grouping of nominated values in the Home Country variable 

Group Total Cases 
in Group 

Participant 
Nomination 

Number 
of Cases 

Europe 14 France 1 
  Italy 1 
  Netherlands 2 
  Norway 1 
  Poland 1 
  Russia 1 
  Slovakia 1 
  Spain 2 
  United Kingdom 4 
Middle East 10 Iran 10 
South Asia 6 Bangladesh 2 
  India 4 
Southeast Asia 98 Brunei 29 
  Indonesia 63 
  Malaysia 2 
  Thailand 1 
  Vietnam 3 
East Asia 81 China 7 
  Korea 1 
  Taiwan 73 
Australia/New Zealand 98 Australia 95 
  New Zealand 3 
North America 19 Canada 3 
  United States 16 
Latin America 3 Colombia 2 
  Peru 1 

Table A7.124 Examination of distribution of number of participants from various Home Countries  
at various levels of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Home Country 0 8 314.7 7 4.4×10–64 
Gender 3/0 14 17.86 6 0.0066 
Age Group 18/7 30 136.9 20 1.9×10–19 
Test Location 13/1 30 699.3 20 ~0 
Confident with Colour 9/1 28 69.18 18 6.2×10–8 
Work with Colour 2/0 14 25.07 6 0.00033 
Main Area of Study or Work 17/6 35 229.4 24 1.9×10–35 
Highest Education Level 10/1 30 146.4 20 3.1×10–21 
Are you an International Visitor? 4/1 14 161.5 6 2.9×10–32 
How Long Have You Been Here? 9/3 21 151.2 12 3.3×10–26 
Where Lived First 20 years? 11/3 25 1150 16 ~0 
Nationality 9/2 25 1138 16 ~0 

Table A7.125 Home Country by Gender 

 Gender  
Home Country Female Male Totals 
Europe 11 3 14 
Middle East 2 8 10 
South Asia 0 6 6 
Southeast Asia 45 53 98 
East Asia 47 34 81 
Australia/NZ 55 43 98 
North America 10 9 19 
Latin America 1 2 3 
Totals 171 158 329 
p-values (0.025) 0.20 0.16 0.0066 
For contingency analysis, the “Latin America” row was omitted 
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There was a weak association between home country and gender of the participant in the overall cross-
tabulation (table A7.125), but it was not evident when a finer-grained analysis was conducted to 
determine its location. 

Young participants (under 25 years) were less likely to nominate Australia/NZ as their home country 
than other locations (O/E 0.57) (table A7.126), while slightly older participants (25-34 years) were 
more likely to nominate the Middle East than other locations (O/E 4.8). 

Table A7.126 Home Country by Age Group 

 Age Group  
Home Country under 25 25-34 35-44 45-54 55-65 Totals 
Europe 5 4 3 1 1 14 
Middle East 1 9 0 0 0 10 
South Asia 1 3 1 1 0 6 
Southeast Asia 85 8 4 1 0 98 
East Asia 73 5 2 0 1 81 
Australia/NZ 36 28 14 10 10 98 
North America 6 6 2 4 1 19 
Latin America 2 1 0 0 0 3 
Totals 209 64 26 17 13 329 
p-values (0.010) 5.6×10–7 5.2×10–9 0.014 0.00036 0.0085 1.9×10–19 
For contingency analysis, the “South Asia” and “Latin America” rows were omitted 

There were many interactions between home country and test location, typified as “participants tended 
to take the test in their home country” (table A7.127). Thus, participants who took the test at the Gold 
Coast were more likely to nominate Australia/New Zealand as their home country (O/E 2.5) and less 
likely to nominate Southeast Asia (O/E 0.13) or East Asia (O/E 0.13) than other home countries. 
Participants who took the test in Jakarta and Brunei were more likely to nominate Southeast Asia than 
other locations (O/E 3.3 and 2.9, respectively). Jakarta participants were also significantly less likely to 
nominate East Asia or Australia/NZ as home countries than other locations (O/E 015 and 019). Similarly, 
participants who took the test in Taipei were more likely to nominate East Asia (O/E 3.8), and less likely 
to nominate Southeast Asia or Australia/NZ (O/E 0.085 and 0.042, respectively), and those who took the 
test at Rochester were more likely to nominate a North American (O/E 10.5) or Middle Eastern (O/E 
5.3) home country. 

Table A7.127 Home Country by Test Location 

 Test Location  
Home Country Gold Coast Jakarta Brunei Taipei Rochester Totals 
Europe 11 0 2 0 1 14 
Middle East 6 0 0 0 4 10 
South Asia 4 0 0 0 2 6 
Southeast Asia 5 61 30 2 0 98 
East Asia 4 0 0 74 3 81 
Australia/NZ 94 0 2 1 1 98 
North America 4 0 0 0 15 19 
Latin America 3 0 0 0 0 3 
Totals 131 61 34 77 26 329 
p-values (0.010) 3.0×10–29 4.4×10–28 1.0×10–10 3.6×10–42 2.9×10–32 ~0 
For contingency analysis, the “South Asia” and “Latin America” rows were omitted 

Across the entire cross-tabulation, a significant interaction between home country and confidence in 
working with colour was found, but it was not demonstrated when the columns or cells were examined 
for significant departures from the expected figures (table A7.128). The significance in the combined 
low confidence columns was mainly attributable to the over-representation of participants from East 
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Asia (O/E 1.77) and the under-representation from Australia/NZ (O/E 0.32). In the “somewhat” column 
the anomalies were over-representation from the Middle East (O/E 2.7) and under-representation from 
Australia/NZ (O/E 0.55). In the “yes” column, the anomalies were the under-representation of 
participants from East Asia (O/E 0.70) and the over-representation from Australia/NZ (O/E 1.33), 
However, none of these anomalies was statistically significant. 

Table A7.128 Home Country by Confidence with Colour 

 Confidence  
Home Country Low Somewhat Yes Totals 
Europe 0 0 14 14 
Middle East 0 7 3 10 
South Asia 0 0 6 6 
Southeast Asia 18 35 45 98 
East Asia 18 28 35 81 
Australia/NZ 4 14 80 98 
North America 1 1 17 19 
Latin America 0 0 3 3 
Totals 41 85 203 329 
p-values (0.017) 0.0045 0.00016 0.00061 6.2×10–8 
For contingency analysis, the “Latin America” row was omitted 

Across the entire cross-tabulation, a significant interaction between home country and working with 
colour was found, but it was not found when the columns or cells were examined for significant 
departures from the expected figures (table A7.129). The strongest departures from expectation (but 
nevertheless, non-significant) were that participants who worked with colour were more likely to come 
from East Asia or North America than elsewhere (O/E 1.31 and 1.68), and amongst those who did not, 
East Asia and North America was correspondingly under-represented (O/E 0.69 and 0.32). 

Table A7.129 Home Country by “Do You Work with Colour?” 

 Work with colour  
Home Country Yes No Totals 
Europe 7 7 14 
Middle East 4 6 10 
South Asia 4 2 6 
Southeast Asia 39 59 98 
East Asia 53 28 81 
Australia/NZ 40 58 98 
North America 16 3 19 
Latin America 2 1 3 
Totals 165 164 329 
p-values (0.025) 0.051 0.051 0.00033 
For contingency analysis, the “Latin America” row was omitted 

There were numerous departures from an independent distribution in the cross-tabulation of home 
country with discipline specialisation (table A7.130). Students/practitioners of colour or visual and 
creative arts were more likely to nominate North America than other countries (O/E 4.4); humanities 
were more likely to nominate East Asia (O/E 1.91), and less likely to nominate Australia/NZ (O/E 0.38); 
specialists in IT were over-represented in nominations of their home country in Southeast Asia (O/E 
2.3) relative to other places; and participants who specialised in science, environment, medical and 
health sciences were over-represented in nominations of Australia/New Zealand (O/E 2.5) and under-
represented in East Asia (O/E 0.14). 
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Table A7.130 Confidence by “What is Your Main Field of Study or Professional Area?” (grouped) 

Main field of study or professional area group 
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Totals 

W Europe 0 1 7 0 1 1 4 0 0 14 
Middle East 3 0 0 0 4 3 0 0 0 10 
South Asia 1 0 0 0 1 2 1 1 0 6 
SE Asia 0 5 22 3 61 2 3 1 1 98 
East Asia 1 10 42 3 9 4 2 0 10 81 
Australia/NZ 1 14 10 9 13 7 35 8 1 98 
N America 7 5 3 1 0 2 1 0 0 19 
Latin America 0 1 0 1 1 0 0 0 0 3 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0073) 9.3×10–8 1.2×10–6 0.29 1.3×10–13 0.44 9.1×10–13 0.00041 1.9×10–35 
For contingency analysis, the “Colour” and “Visual and Creative Arts”, and “Science and Environment” and “Medical and 
Health Science” columns were amalgamated; and the “Middle East, “South Asia” and “Latin America” rows were omitted 

There was a strong interaction between the home country nominated and the highest education level 
completed (table A7.131). Participants who had completed only primary or secondary education were 
more likely to nominate Southeast Asia than elsewhere (O/E 1.89); those with post-secondary (non-
tertiary) qualifications were more likely to nominate Australia/NZ (O/E 2.2); those with an Honours 
degree were more likely to nominate East Asia (O/E 2.1) (and those with an Honours degree were less 
likely to nominate Southeast Asia than other locations — O/E 0.19); while participants with a doctorate 
were less likely to nominate North America (O/E 4.1). 

Table A7.131 Home Country by Highest Education Level Completed 

Highest education level 

Home Country Pr
im

ar
y 

or
 

Se
co

nd
ar

y 
Sc

ho
ol

 

Po
st

-S
ec

on
da

ry
 

(T
AF

E 
or

 e
qu

iv
al

en
t)

 

Ba
ch

el
or

 D
eg

re
e 

Ba
ch

el
or

 D
eg

re
e 

w
ith

 H
on

ou
rs

 

M
as

te
rs

 D
eg

re
e 

Ph
D 

(D
oc

to
ra

l 
De

gr
ee

) 

O
th

er
 

Totals 

Europe 4 0 4 0 3 3 0 14 
Middle East 0 0 1 0 9 0 0 10 
South Asia 1 0 1 0 4 0 0 6 
Southeast Asia 78 1 5 4 8 2 0 98 
East Asia 16 7 13 36 5 3 1 81 
Australia/NZ 26 18 17 22 4 10 1 98 
North America 6 0 3 3 1 6 0 19 
Latin America 0 2 0 0 1 0 0 3 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 7.9×10–10 0.00032 0.059 9.2×10–8 0.22 8.9×10–5 — 3.1×10–21 
For contingency analysis, the “other” column was omitted; the “Middle East”, “South Asia” and “Latin America” 
rows were omitted 

International visitors to the test location were more likely to nominate Europe, the Middle East, or South 
Asia, than elsewhere (O/E 6.2, 6.2, and 5.1, respectively) as their home country (table A7.132), and less 
likely to nominate Australia/NZ (O/E 0.25). Assuming independence of the variables, there was an 
anomalously low number of participants who stated they were not an international visitor and 
nominated a European country as home (O/E 012). 
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Table A7.132 Home Country by “Are You an International Visitor?” 

 International Visitor  
Home Country Yes No Totals 
Europe 14 0 14 
Middle East 10 0 10 
South Asia 5 1 6 
Southeast Asia 9 89 98 
East Asia 7 74 81 
Australia/NZ 4 94 98 
North America 4 15 19 
Latin America 3 0 3 
Totals 56 273 329 
p-values (0.025) 1.0×10–26 0.00020 2.9×10–32 
For contingency analysis, the “Latin America” row was omitted 

Participants who had been at the test location less than two years were more likely to nominate as their 
home country Europe or the Middle East than other locations (O/E 8.1 and 5.0), and visitors who had 
been at the test location for more than 2 years were more likely to nominate the Middle East or South 
Asia than other places (O/E 4.7 and 5.2, respectively) (table A7.133). It is trivial that no participants who 
nominated Europe, the Middle East, South Asia or Latin America as their home country had spent their 
lifetime at the test location, as no tests were conducted in these places. 

Table A7.133 Home Country by “How Long Have You Lived at this Location?” 
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Totals 

Europe 6 3 5 0 14 
Middle East 1 3 6 0 10 
South Asia 1 1 4 0 6 
Southeast Asia 0 1 9 88 98 
East Asia 3 2 3 73 81 
Australia/NZ 4 0 12 82 98 
North America 1 0 3 15 19 
Latin America 1 0 2 0 3 
Totals 17 10 44 258 329 
p-values (0.017) 1.6×10–15 1.2×10–7 0.00017 3.3×10–26 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence period 
groups were amalgamated, and the “Latin America” row was omitted 

The next two tables generally repeat the results found in tables A7.121 and A7.122, and a common 
pattern is seen: participants who nominated a given location as their home country were much more 
likely to have grown up in that location (table A7.134) or report it as their nationality (table A7.135). All 
locations showed a considerable excess of these matches (relative to independence of the variables in 
the cross-tabulation).  

The deviation from expectations for home country tabulated against formative country were: Europe 
20; Southeast Asia 3.1; East Asia 3.6; Australia/New Zealand 3.2; and North America 16.  

There were also strong negative anomalies, where particular combinations of home country and origin 
were strongly under-represented, i.e. participants who grew up in Southeast Asia were unlikely to 
nominate East Asia (O/E 026) or Australia/NZ (O/E 0.033) as their home country; those who grew up in 
East Asia were unlikely to nominate Southeast Asia (O/E 0.038) or Australia/NZ (O/E 0.039); and those 
who grew up in Australia/NZ were unlikely to nominate Southeast Asia (O/E 029) or East Asia (O/E 0.041). 
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Table A7.134 Home Country by Location Where Resided for First 20 Years (grouped) 
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W Europe 14 0 0 0 0 0 0 0 0 0 14 
Middle East 0 10 0 0 0 0 0 0 0 0 10 
South Asia 0 0 6 0 0 0 0 0 0 0 6 
SE Asia 0 1 0 96 1 0 0 0 0 0 98 
East Asia 0 0 0 0 80 0 1 0 0 0 81 
Australia/NZ 1 0 0 1 1 2 91 0 0 2 98 
N America 0 0 0 0 1 0 0 18 0 0 19 
Latin America 0 0 0 0 0 0 0 0 3 0 3 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.010) 3.4×10–57 — — 1.6×10–42 8.6×10–44 — 3.6×10–42 2.0×10–57 — — ~0 
For contingency analysis, the “Middle East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were 
omitted; and the “Middle East”, “South Asia” and “Latin America” rows were omitted 

Like table A7.134, participants were much more likely to nominate the same location as their home 
country and nationality than different countries (table A7.135). The deviation from expectations for 
formative location tabulated against nationality were: Europe 17; Southeast Asia 3.1; East Asia 3.8; 
Australia/New Zealand 3.2; and North America 16.  

There were also strong negative anomalies, where particular combinations of home country and 
nationality were strongly under-represented, i.e. participants who nominated a Southeast Asian 
nationality were unlikely to nominate an East Asian home country (O/E 026) or Australia/NZ 
(O/E 0.064); those who nominated an East Asian nationality were unlikely to nominate Southeast Asia 
(O/E 026) or Australia/NZ (O/E 0.039) as home; and those who nominated Australia/NZ as their 
nationality were unlikely to nominate Southeast Asia (O/E 029) or East Asia (O/E 024) as their home 
country. 

Table A7.135 Home Country by Reported Nationality (grouped) 

 Nationality group  
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Totals 

W Europe 14 0 0 0 0 0 0 0 14 
Middle East 0 10 0 0 0 0 0 0 10 
South Asia 0 0 4 0 0 2 0 0 6 
SE Asia 0 0 0 98 0 0 0 0 98 
East Asia 0 0 0 0 81 0 0 0 81 
Australia/NZ 4 1 0 2 1 90 0 0 98 
N America 0 0 0 0 0 0 19 0 19 
Latin America 0 0 0 0 0 0 0 3 3 
Totals 18 11 4 100 82 92 19 3 329 
p-values (0.010) 1.4×10–47 — — 8.7×10–43 3.7×10–47 1.9×10–41 1.6×10–61 — ~0 
For contingency analysis, the “Middle Eastern”, “South Asian” and “Latin American” columns were omitted, and the 
“Middle Eastern”,  “South Asia” and “Latin American” rows were omitted 
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A7.12 Nationality 

In terms of nationality, participants were offered a free-text entry for this variable, and nominated 30 
different nationalities (table A7.136). These were grouped into 8 categories, with the intention of 
obtaining a smaller number of coherent groups, which would be more amenable to analysis. The 
grouping is shown in table A7.136. 

The number of participants in the various residence groups was far from even, with only 3 in the “Latin 
American” group and 4 in the “South Asian” groups, and 100 in the “Southeast Asian” group. None of the 
other 11 participant characteristics was independent of this variable (table A7.137), and their 
relationships are explored in tables A7.138 to A7.148. Because of the large number of levels (8) in this 
field, to avoid the proliferation of sparse cells in the cross-tabulations, it was often necessary to omit 
groups which could not be meaningfully amalgamated with others. Typically, the Latin American and 
South Asian groups were omitted. 

Table A7.136 Grouping of nominated values in the Nationality variable 

Group Total Cases 
in Group 

Participant 
Nomination 

Number of 
Cases 

European 13 British 5 
  Croatian 1 
  Dutch 2 
  French 1 
  German 1 
  Hungarian 1 
  Italian 1 
  Norwegian 1 
  Polish 1 
  Russian 1 
  Slovakian 1 
  Spanish 2 
Middle Eastern 11 Iranian 11 
South Asian 4 Bangladeshi 2 
  Indian 2 
Southeast Asian 100 Bruneian 29 
  Filipino 1 
  Indonesian 63 
  Malaysian 3 
  Thai 1 
  Vietnamese 3 
East Asian 82 Chinese 11 
  Korean 1 
  Taiwanese 70 
Australian/New Zealand 92 Australian 89 
  New Zealander 3 
North American 19 American 16 
  Canadian 3 
Latin American 3 Colombian 2 
  Peruvian 1 
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Table A7.137 Examination of distribution of number of participants of various Nationalities at various  
levels of other characteristics variables (two-way χ2 test)  

Characteristic 
Number of cells 

χ2 df P (0.0047) 
Small/Very Small Total 

Nationality 0 8 303.7 7 9.9×10–62 
Gender 2/0 14 19.03 6 0.0041 
Age Group 17/6 30 144.3 20 7.6×10–21 
Test Location 13/1 30 685.0 20 ~0 
Confident with Colour 5/0 18 67.25 10 1.5×10–10 
Work with Colour 2/0 14 31.16 6 2.4×10–5 
Main Area of Study or Work 17/4 35 203.1 24 2.6×10–30 
Highest Education Level 10/0 30 147.8 20 1.6×10–21 
Are you an International Visitor? 5/1 14 131.4 6 6.6×10–26 
How Long Have You Been Here? 6/1 18 105.8 10 3.8×10–18 
Where Lived First 20 years? 9/2 25 1054 16 ~0 
What is your Home Country? 9/2 25 1138 16 ~0 

There was a weak association between nationality and gender of the participant in the overall cross-
tabulation (table A7.138), but it was not evident when a finer-grained analysis was conducted to 
determine its location. 

Table A7.138 Nationality by Gender 

 Gender  
Nationality Female Male Totals 
European 15 3 18 
Middle Eastern 2 9 11 
South Asian 0 4 4 
Southeast Asian 46 54 100 
East Asian 47 35 82 
Australian/ NZ 50 42 92 
North American 10 9 19 
Latin American 1 2 3 
Totals 171 158 329 
p-values (0.025) 0.17 0.13 0.0041 
For contingency analysis, the “Latin American” row was omitted 

Young participants (less than 25 years) were less likely to nominate Australia/NZ as their nationality 
than other locations (O/E 0.52) (table A7.139), while slightly older participants (25-34 years) were 
more likely to nominate a Middle Eastern nationality than other locations (O/E 4.4). Participants 55-65 
years were more likely than average to nominate Australian or New Zealand nationality (O/E 2.7). 

Table A7.139 Nationality by Age Group 

 Age Group  
Nationality under 25 25-34 35-44 45-54 55-65 Totals 
European 7 4 5 1 1 18 
Middle Eastern 2 9 0 0 0 11 
South Asian 0 3 1 0 0 4 
Southeast Asian 87 8 4 1 0 100 
East Asian 74 5 2 0 1 82 
Australian/ NZ 31 28 12 11 10 92 
North American 6 6 2 4 1 19 
Latin American 2 1 0 0 0 3 
Totals 209 64 26 17 13 329 
p-values (0.010) 2.8×10–7 1.3×10–8 0.0024 0.00013 0.0047 7.6×10–21 
For contingency analysis, the “South Asian” and “Latin American” rows were omitted 
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There were many interactions between nationality and test location, typified as “participants tended to 
take the test in the country of their nationality” (table A7.140). Thus, participants who took the test at the 
Gold Coast were more likely than average to be of Australian/New Zealand nationality (O/E 2.4), and less 
likely to be Southeast Asian (O/E 0.18) or East Asian (O/E 0.16). Participants who took the test in Jakarta 
and Brunei were more likely be Southeast Asian than other locations (O/E 3.2 and 2.8), and Jakarta 
participants were less likely than average to be of East Asian (O/E 016) or Australian/NZ nationality (O/E 
017). Similarly, participants who took the test in Taipei were more likely to be East Asian (O/E 3.8), and 
less likely to be Southeast Asian (O/E 0.084) or Australian/NZ (O/E 0.045), while those who took the test 
at Rochester were less likely to be Middle Eastern (O/E 4.9) or North American (O/E 11). 

Table A7.140 Nationality by Test Location 

 Test Location  
Nationality Gold Coast Jakarta Brunei Taipei Rochester Totals 
European 15 0 2 0 1 18 
Middle Eastern 7 0 0 0 4 11 
South Asian 2 0 0 0 2 4 
Southeast Asian 7 61 30 2 0 100 
East Asian 5 0 0 74 3 82 
Australian/ NZ 88 0 2 1 1 92 
North American 4 0 0 0 15 19 
Latin American 3 0 0 0 0 3 
Totals 131 61 34 77 26 329 
p-values (0.010) 9.6×10–28 1.7×10–27 2.4×10–10 8.4×10–42 4.9×10–32 ~0 
For contingency analysis, the “South Asian” and “Latin American” rows were omitted 

Across the entire cross-tabulation, a significant interaction between nationality and confidence in 
working with colour was found, but it was not demonstrated when the columns or cells were examined 
for significant departures from expected figures (table A7.141). The significance in the combined low 
confidence columns was mainly attributable to the over-representation of participants who identified as 
East Asian (O/E 1.72) and the under-representation of Australian and New Zealand participants (O/E 
0.26). In the “somewhat” column the anomalies were under-representation of Europe (O/E 05) and 
Australia/NZ (O/E 0.54), and over-representation of Middle Eastern nationalities (O/E 2.4). In the “yes” 
column, the anomalies were over-representation of participants with European and Australian/NZ 
nationalities (O/E 1.64 and 1.36, respectively), and under-representation of  East Asian (O/E 0.70), but 
none of these anomalies was, in itself, statistically significant. 

Table A7.141 Nationality by Confidence with Colour 

 Confidence  
Nationality Low Somewhat Yes Totals 
European 0 0 18 18 
Middle Eastern 0 7 4 11 
South Asian 0 0 4 4 
Southeast Asian 19 35 46 100 
East Asian 18 29 35 82 
Australian/ NZ 3 13 76 92 
North American 1 1 17 19 
Latin American 0 0 3 3 
Totals 41 85 203 329 
p-values (0.017) 0.0015 0.0019 0.00028 1.5×10–10 
For contingency analysis, the “South Asian” and “Latin American” rows were 
omitted 

Across the entire cross-tabulation, a significant interaction between nationality and working with colour 
was found, but it was not located when the columns or cells were examined for significant departures 
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from expected figures (table A7.142). The strongest departures from expectation (but nevertheless non-
significant) were that participants who worked with colour were more likely to be North American than 
other nationalities (O/E 1.68), and those who did not work with colour were less likely to be North 
American than other nationalities (O/E 0.32). 

Table A7.142 Nationality by “Do You Work with Colour?” 

 Work with colour  
Nationality Yes No Totals 
European 11 7 18 
Middle Eastern 5 6 11 
South Asian 4 0 4 
Southeast Asian 40 60 100 
East Asian 53 29 82 
Australian/ NZ 34 58 92 
North American 16 3 19 
Latin American 2 1 3 
Totals 165 164 329 
p-values (0.025) 0.016 0.016 2.4×10–5 
For contingency analysis, the “Latin American” row was omitted 

There were numerous departures from independence in the cross-tabulation of nationality with 
discipline specialisation (table A7.143). Students/practitioners of colour and the visual and creative arts 
(combined group) were more likely to nominate North American nationality than others (O/E 4.3); of 
the humanities they were more likely to be East Asian (O/E 2.1), while in IT they were more likely to be 
Southeast Asian (O/E 2.2), and in “science and environment” and “medical and health sciences” 
participants were more likely to be Australian/NZ (O/E 2.4 and 3.0). 

Table A7.143 Confidence by “What is Your Main Field of Study or Professional Area?” (grouped) 

 Main field of study or professional area group  
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Totals 

European 0 3 7 0 1 1 6 0 0 13 
Middle Eastn 3 0 0 0 4 3 1 0 0 11 
South Asian 1 0 0 0 0 2 1 0 0 4 
SE Asian 0 7 22 3 61 2 3 1 1 100 
East Asian 1 10 42 3 9 5 2 0 10 82 
Australian/ NZ 1 10 10 9 14 6 32 9 1 92 
N American 7 5 3 1 0 2 1 0 0 19 
LatinAmerican 0 1 0 1 1 0 0 0 0 3 
Totals 13 36 84 17 90 21 46 10 12 329 
p-values (0.0073) 5.3×10–7 3.0×10–7 0.23 4.8×10–12 0.46 1.3×10–9 0.0020 — 2.6×10–30 
For contingency analysis, the “Colour” and “Visual and Creative Arts” columns were amalgamated, the “not stated” column 
was omitted; and the “Middle Eastern”, “South Asian” and “Latin American” rows were omitted 

There was a strong interaction between nationality and highest education level completed (table 
A7.144). Participants who had completed only primary or secondary education were more likely to 
nominate Southeast Asian than other nationalities (O/E 1.90); those with post-secondary (non-tertiary) 
qualifications were more likely to nominate Australian/NZ (O/E 2.4); those with an Honours degree 
were more likely to nominate East Asian (O/E 2.1) (and those with an Honours degree were less likely 
to nominate Southeast Asian than other nationalities — O/E 0.19); and participants with a doctorate 
were more likely to be North American (O/E 4.1). 
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Table A7.144 Nationality by Highest Education Level Completed 

 Highest education level  
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Totals 

European 6 0 5 1 3 3 0 18 
Middle Eastern 1 0 1 0 9 0 0 11 
South Asian 0 0 1 0 3 0 0 4 
Southeast Asian 80 1 5 4 8 2 0 100 
East Asian 17 7 13 36 5 3 1 82 
Australian/ NZ 21 18 16 21 5 10 1 92 
North American 6 0 3 3 1 6 0 19 
Latin American 0 2 0 0 1 0 0 3 
Totals 131 28 44 65 35 24 2 329 
p-values (0.0085) 1.9×10–10 9.1×10–5 0.048 1.5×10–7 0.57 0.00013 — 1.6×10–21 
For contingency analysis, the “other” column was omitted; and the “Middle Eastern”, “South Asian” and “Latin 
American” rows were omitted 

International visitors to the test location were more likely to be European, Middle Eastern, or South 
Asian, than other nationalities (O/E 4.8, 5.6, and 6.2, respectively) (table A7.145). 

Table A7.145 Nationality by “Are You an International Visitor?” 

 International Visitor  
Nationality Yes No Totals 
European 14 4 18 
Middle Eastern 10 1 11 
South Asian 4 0 4 
Southeast Asian 9 91 100 
East Asian 7 75 82 
Australian/ NZ 5 87 92 
North American 4 15 19 
Latin American 3 0 3 
Totals 56 273 329 
p-values (0.025) 2.0×10–21 0.0016 6.6×10–26 
For contingency analysis, the “Latin American” row was omitted 

Participants who had been at the test location less than two years were more likely to be European and 
Middle Eastern nationalities than others (O/E 6.7 and 4.9), but if their residence was greater than 
2 years (and less than their entire life) only visitors of the Middle Eastern nationality were over-
represented (O/E 4.4, respectively) (table A7.146). 

The following two tables generally repeat the results found in tables A7.121, A7.122, A7.134 and A7.135 
and a common pattern is seen. Participants who nominated a given country as their nationality were 
much more likely to have grown up in that location (table A7.147) or report it as their home country 
(table A7.148). All locations showed a considerable excess of these matches (relative to independence of 
the variables in the cross-tabulation).  

The deviations from expectation for nationality tabulated against formative location were: Europe 16; 
Southeast Asia 3.0; East Asia 3.6; Australia/New Zealand 3.2; and North America 16.  
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Table A7.146 Nationality by “How Long Have You Lived at this Location?” 
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Totals 

European 6 3 5 4 18 
Middle Eastern 1 3 6 1 11 
South Asian 1 1 2 0 4 
Southeast Asian 0 1 9 90 100 
East Asian 3 2 3 74 82 
Australian/ NZ 4 0 14 74 92 
North American 1 0 3 15 19 
Latin American 1 0 2 0 3 
Totals 17 10 44 258 329 
p-values (0.017) 2.7×10–12 9.4×10–5 0.0050 3.8×10–18 
For contingency analysis, the “less than 1 year” and “1 to 2 years” residence period 
groups were amalgamated, and the “South Asian”, and “Latin American” rows were 
omitted 

There were also strong negative anomalies, where particular combinations of nationality and origin 
were strongly under-represented, i.e. participants reporting Southeast Asian nationality were unlikely 
to nominate East Asia (O/E 026) or Australia/NZ (O/E 0.036) as their formative location; East Asian 
participants were unlikely to have grown up in Southeast Asia (O/E 0.037) or Australia/NZ (O/E 0.043); 
and Australian and New Zealander participants were unlikely to have grown up in Southeast Asia 
(O/E 0.067) or East Asia (O/E 0.081). 

Table A7.147 Nationality by Location Where Resided for First 20 Years (grouped) 

 Formative location group  
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European 14 0 0 0 0 0 4 0 0 0 18 
Middle Eastern 0 10 0 0 0 0 1 0 0 0 11 
South Asian 0 0 4 0 0 0 0 0 0 0 4 
SE Asian 0 1 0 96 1 0 2 0 0 0 100 
East Asian 0 0 0 0 80 0 2 0 0 0 82 
Australian/ NZ 1 0 2 1 1 2 83 0 0 2 92 
N American 0 0 0 0 1 0 0 18 0 0 19 
Latin American 0 0 0 0 0 0 0 0 3 0 3 
Totals 15 11 6 97 83 2 92 18 3 2 329 
p-values (0.010) 2.0×10–43 — — 5.0×10–41 7.9×10–43 — 8.0×10–38 3.2×10–57 — — ~0 
For contingency analysis, the “Middle East”, “South Asia”, “Pacific Islands”, “Latin America” and “Africa” columns were 
omitted; and the “Middle Eastern”, “South Asian” and “Latin American” rows were omitted 

Like table A7.135, and A7.147, participants were much more likely to nominate the same location as 
their nationality and home country (table A7.149). The deviations from expectation (O/E) for Europe 
was 17; Southeast Asia 3.1; East Asia 3.8; Australia/NZ 3.2; and North America 16.  

There were also strong negative anomalies, where particular combinations of home country and 
nationality were strongly under-represented (table A7.148), i.e. participants who nominated Southeast 
Asian nationality were unlikely to nominate an East Asian home country (O/E 026) or Australia/NZ 
(O/E 029); East Asian participants were unlikely to nominate Southeast Asia (O/E 026) or Australia/NZ 
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(O/E 024) as home; and those who nominated Australia/NZ as nationality were also unlikely to nominate 
Southeast Asia (O/E 0.064) or East Asia (O/E 0.039) as their home country. 

Table A7.148 Nationality by Identified Home Country (grouped) 

 Home Country group  
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Totals 

European 14 0 0 0 0 4 0 0 18 
Middle Eastn 0 10 0 0 0 1 0 0 11 
South Asian 0 0 4 0 0 0 0 0 4 
SE Asian 0 0 0 98 0 2 0 0 100 
East Asian 0 0 0 0 81 1 0 0 82 
Australian/ NZ 0 0 2 0 0 90 0 0 92 
N American 0 0 0 0 0 0 19 0 19 
Latin American 0 0 0 0 0 0 0 3 3 
Totals 14 10 6 98 81 98 19 3 329 
p-values (0.010) 4.4×10–48 — — 3.5×10–43 2.3×10–47 1.4×10–40 1.6×10–41 — ~0 
For contingency analysis, the “Middle East” “South Asia” and “Latin America” columns were omitted; and the 
“Middle Eastern”, “South Asian” and “Latin American” rows were omitted 
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Appendix 8: Participants with Self-Reported  
   Colour Vision Deficiencies (CVDs) 

The purpose of this appendix is to profile participants who reported that they had some form of CVD, 
and to make evidence-based decisions on whether their matching performance was so divergent that 
they should be excluded from further analysis of the data. This discussion is not intended to be an 
analysis of CVDs per se. 

A small number of participants (14) reported having some deficiencies in colour vision — one 
reported monochromacy, one red-green colour deficiency, one blue-yellow deficiency, and eleven did 
not state the nature of their deficiency. Four participants, who reported a deficiency without naming 
it, were female; the rest of these participants were male. Another male participant reported 
synaesthesia, which is not a colour vision impairment.  

Given that 329 participants were involved in these tests, the numbers of participants reporting 
colour vision impairment of some form would be expected to be higher (30, 20 to 41 1). Table A8.1 
reports the typical frequency of these conditions (Parry 2015, Ward 2015) and, thus, the likely 
number of participants that would have them, in a fair sample of this size. 

Table A8.1 Expected number of participants with colour vision deficiencies 

Condition Males Females 
 Frequency Incidence Frequency Incidence 
 Expected 2 Observed 3 Expected 2 Observed 
Number of Participants   158   171 
CVD (nature unstated)   7   4 
Monochromacy Very rare 0 1 Very rare 0 0 
Red-green colour deficiency 8% 13  (7–21) 1 (+7) 0.25% 2  (0–7) 0 (+2) 
Blue-yellow colour deficiency 0.4% 2  (0–7) 1 (+0) 0.4% 2  (0–7) 0 (+2) 
Synaesthesia 0.03% 0  (0–3) 1 0.1% 0  (0–4) 0 

Table A8.1 shows that, under the assumption that the incidence of particular CVDs amongst the 
eleven unstated participants follows the frequency of these conditions in the general population, 
then the numbers reported fall within the 95% confidence limits for each condition for each gender. 
Nonetheless, the total number reporting a CVD (14) was significantly less than expected (30) 
(p = 0.0024 by one-way chi-square test). Evidently there was appreciable under-reporting of colour 
vision impairment, and it would seem likely that there were at least small numbers of unreported 
red-green deficiency in males. Indeed, as many as a dozen male participants were likely to have 
undiagnosed, or at least unreported, red-green colour vision deficiency. Alternatively, a number of 
potential participants may have declined to participate in the study as they had known CVD or had 
low confidence in their colour-matching abilities. 

An ANOVA of the matching errors made by participants with these conditions, and participants who 
did not report any colour vision deficiency (normative participants), showed that there was a very 

 
1  Expected number of participants with this condition and 95% confidence limits on number, calculated by 

binomial expansion. 
2  Expected mean and 95% CLs on the mean, calculated assuming that participants followed the frequencies 

reported by Parry (2015). 
3  The number in brackets is an allocation of the 11 participants with undefined CVDs, allocated in proportion to the 

frequency of these conditions reported by Parry (2015). 
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highly significant difference in size of matching error between the groups of matches (table A8.2) 
(F4,14537 = 23.5, p = 1.2×10–23). Figure A8.1 shows a plot of the means and their reliability. A post hoc 
comparison of means (by Dunnett’s test of each group against a ‘control’) revealed that errors in 
matching by participants with (a) blue-yellow colour deficiency and (b) synaesthesia did not differ 
significantly (at α = 0.05) from those made by normative participants (table A8.2). The key 
conclusion is that, in terms of mean matching error, participants with monochromacy, red-green 
colour deficiency, and unstated type of deficiency made larger errors than other participants. 
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Figure A8.1 Plot of means (black bar) and 95% confidence limits (red whiskers) for size of matching error  

for normative participants and those with self-declared colour-vision deficiency 

Table A8.2 Mean size of Matching Error for participants with declared colour vision deficiency 

Deficiency Number 
of Cases 

Mean Size of Matching Error Significance of difference 
from normative participants Transformed Units of Measure 4 

None declared 13887 0.422 1.64  (1.61 – 1.67)  — 
CVD unstated type 495 0.520 2.31  (2.12 – 2.52) 4.6×10–6 
Monochromacy 26 0.802 5.34  (3.87 – 7.26) 4.3×10–6 
Red-green 45 0.614 3.11  (2.36 – 4.02) 0.00013 
Blue-yellow 45 0.467 1.93  (1.40 – 2.59) 0.84 
Synaesthesia 45 0.318 1.08  (0.70 – 1.54) 0.092 

The CVDs reported by participants are explored in the sections below. 

A8.1 Monochromacy 

The participant with monochromacy did not complete the test and only matched 26 swatches. With 
only one respondent reporting this deficiency of colour vision, and then with an incomplete test, there 
were few data (26 matches) to analyse to determine the effects of this condition on matching capacity. 
As reported in table A8.2, this participant had a significantly higher average size of matching error (5.3 
hue units) than participants who did not report any colour vision deficiency (1.64 hue units) 
(p = 4.6×10–6).  

 
4  Mean and 95% confidence limits in hue units. 
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This participant made substantially larger matching errors than the normative participants, but 
exploration of size of departures from overall mean size of matching error around the hue circle 
found no statistically significant departures (figure A8.2A). Although the curve shown provides 20% 
explanation of the departures of the observations from their overall mean, this wass not statistically 
significant (p = 0.23). There was, thus, no statistically defensible evidence that errors were greater in 
any one part of the hue circle. This was probably attributable to low sensitivity of the analysis due to 
the small number of cases available. 

An examination of the direction of matching errors (figure A2.8B) similarly found no statistically 
significant departures, positive or negative, from an unbiased error rate, and the mean of –0.28 is not 
statistically significantly different to zero (p = 0.11); once more probably due to the low sensitivity of 
the analysis. 

  
Figure A8.2A Smoothed fit and 95% confidence Figure A8.2B Smoothed fit and 95% confidence 

bands for size of matching error (black  bands for direction of matching error 
lines) for participant who reported   for participant who reported 
monochromacy (orange points are data,  monochromacy 
red straight line overall mean, blue bands  
results for normative participants) 

There were a couple of segments around the hue circle where the non-overlap of the confidence 
bands for the two groups suggested significant differences in size of matching error (figure A8.2A), 
although no differences in error direction are evident (figure A8.2B). 

The data for this participant were very sparse, but around the hue circle the participant had highly 
significantly poorer hue matching outcomes than normative participants. Given that the smoothed 
curve of average size or direction of matching error scores for this participant did not differ 
significantly from the overall mean matching error, averaged around the hue circle, it was hard to 
reach any meaningful conclusions in this case; but noting that this participant had a very significantly 
larger overall error rate than normative participants, this case was removed from the data before the 
definitive analysis. 

A8.2 Blue-Yellow Colour Deficiency 

Figures A8.3A and A8.3B show the size and direction of matching error in the responses from the 
only blue-yellow CVD participant. In figure A8.3A the smoothed curve and 95% confidence bands for 
normative participants lie entirely within the 95% bands for this participant, so no significant 
difference between this participant and normative participants was demonstrated. When direction of 
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matching error was considered (figure A8.3B), normative participants showed a very reliably 
negative error between hue 110 and 190 (green to cyan), which was not seen in the results for this 
participant, and, in the narrow segment from hue 132 to 147, the confidence bands were separate. 
There was only one data point in this area for the subject participant, so the statistical significance of 
the difference in direction of matching error in this segment could not be tested; but it could not be 
statistically significant with so little data.  

Figure A8.3A Smoothed fit and 95% confidence Figure A8.3B Smoothed fit and 95% confidence 
bands for size of matching error for bands for direction of matching error 
participant who reported blue-yellow for participant who reported blue- 
colour vision deficiency yellow colour vision deficiency 
(legend as for figure A8.2) 

The fitted curve for size of matching error was not significantly different to the overall mean 
(mean = 0.467, p = 0.51, explanation 8.3%). Similarly, the curve for direction of matching error was 
not significantly different to the overall mean (mean = 0.143, p = 0.61, explanation 6.8%).  

There was no evidence in this examination of the matching performed by this participant, that would 
require removal of this case from the data set. 

A8.3 Red-Green Colour Deficiency 

One participant reported having red-green colour deficiency, although it seems most likely that other 
participants also had this vision deficiency, as it is not rare in the population. As reported in table 
A8.1, it would be expected that about 15 respondents (95% CI: 7 to 28) would have the condition. 
There would seem to be four possible explanations for this shortfall: (1) participants with the 
condition were unaware of it and, therefore, did not declare it; (2) participants were aware of the 
condition and chose not to declare it; (3) potential participants who were aware they had the 
condition chose not to participate; or (4) the sample populations from which participants were 
drawn had low rates of this condition. The first three explanations seem most likely, and probably all 
applied in some cases. 

Working with data from the one self-declared participant with red-green colour deficiency, it was 
found that, with an average size of matching error of 0.614, he made significantly larger matching 
errors than normative participants (average error 0.422, significance of difference 0.00013; table 
A8.2). Figures A8.4A shows the smoothed average size of matching error around the hue circle, and 
A8.4B the direction of matching error. 
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Figure A8.4A Smoothed fit and 95% confidence Figure A8.4B Smoothed fit and 95% confidence 

bands for size of matching error for  bands for direction of matching error 
participant who reported red-green  for participant who reported red- 
colour vision deficiency  green colour vision deficiency 
(legend as for figure A8.2) 

The fitted curve for size of matching error was not significantly different to the overall mean across 
all hues (mean = 0.614, p = 0.19, explanation 15%). Similarly, the curve for direction of errors was 
not significantly different to the overall mean (mean = –0.057, p = 0.15, explanation 17%) — 
meaning that there was no significant difference in matching performance at any one part of the 
curve relative to any other.  

Although the curve of size of matching error around the hue circle did not provide any significant 
improvement in explanation relative to a constant mean at all hues, figure A8.4A suggests that this 
participant made larger matching errors in the colour ranges 345 (red) to 75 (yellow-green) and 190 
to 230 (cyan to blue) than normative participants. Tests of these effects are reported in table A8.3. 

Table A8.3 Test of difference in size of matching error between participant reporting red-green deficiency  
and normative participants in specific ranges of hues 

CV Deficiency Hue Segment # of cases Mean Difference t df p pcritical 
5 

Red-Green   345 to 75 14 0.6037 0.2652 4.03 3655 5.8×10–5 0.013 Normative  3643 0.3385 
Red-Green   190 to 230 7 0.5827 0.2247 2.24 1671 0.026 0.0057 Normative  1666 0.3580 

The average size of matching error of this participant was significantly greater than the normative 
participants’ in the red to yellow-green range (rather to be expected in a person with red-green 
colour vison deficiency) but, between cyan and blue, statistical analysis did not support the 
interpretation that matching error was greater. Although the overall mean size of error was greater, 
and in the region of red to yellow, significantly so, relative to normative participants, the curve for 
red-green deficiency was quite similar in form to that for the normative participants. 

When direction of matching error was examined, the mean curve for this participant was very close 
in shape and position to that of the normative participants (figure A8.4B), and the 95% confidence 
bands for this participant completely overlapped the curve and bands for the normative participants. 

 
5  See Appendix A6 section A6.3 for an explanation of the need for a critical value to evaluate the probability. 
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It would appear that the only difference between the normative and the red-green CVD participant 
was the scale of matching errors made, and some elevated matching error in the red to yellow range 
of the hue circle. Given that this participant had a similar distribution of matching errors to 
normative participants, there would appear to be little justification in removing these data from the 
definitive data set. 

A8.4 Participants with unnamed CVDs 

Eleven participants advised that they had a CVD, but did not report what form. It is likely that most of 
them had red-green deficiency, but no information was available to identify which might have had 
this, or any other type of, deficiency.  

This group had very similar matching performance around the hue circle to normative participants 
(figures A8.5A and A8.5B). Departures from the overall mean (0.520, 0.494 to 0.547) accounted for a 
significant amount of the variance in the scatter of matching values (p = 8.6×10–7, explanation 8.2%). 
This group differed from normative participants only in size of errors, which were (a) larger than 
normative participants (table A8.2, p = 4.6×10–5), and (b) tended to have smaller variations around 
the hue circle, but the peaks and troughs generally coincide (figure A8.5A).  

  
Figure A8.5A Smoothed fit and 95% confidence Figure A8.5B Smoothed fit and 95% confidence 

bands for size of matching error for  bands for direction of matching error 
participants who reported colour vision  for participants who reported colour 
deficiency without stating type  vision deficiency without stating type 
(legend as for figure A8.2) 

Inspection of figure A8.5A suggested that this group had similar matching performance to normative 
participants in the hue ranges 100 (green) to 180 (cyan) and 290 (red magenta) to 350 (red) 
(precisely where normative participants had poorest matching or largest matching errors), but 
poorer matching than normative participants in the remainder of the hue circle. Matching in these 
hue ranges is examined in table A8.4, and confirms the view that this group’s matching was poorer 
than normative participants in the hue ranges where the latter had their best matching performance. 
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Table A8.4 Test of difference in size of matching error between participant reporting red-green deficiency  
and normative participants in specific ranges of hues 

CV Deficiency Hue Segment # of cases Mean Difference t df p pcritical 
Unstated CVD 350 to 100 161 0.4785 0.1324 6.73 4602 1.9×10–11 0.016 Normative  4443 0.3461 
Unstated CVD 100 to 180 119 0.5661 0.0431 1.53 3365 0.13 0.011 Normative  3248 0.5230 
Unstated CVD 180 to 290 147 0.4943 0.1343 6.55 4702 6.2×10–11 0.016 Normative  4557 0.3600 
Unstated CVD 290 to 350 73 0.5845 0.0661 1.86 2387 0.063 0.0085 Normative  2316 0.5184 

Comparison of figures A8.4A and A8.5A indicate that the variations around the hue circle were very 
similar in this group and the single participant who reported red-green CVD. The two curves are 
overlain in figure A8.6, which suggests that the two performances were not significantly different. 
This result is confirmed by Duncan’s multiple range test on the means reported in table A8.2 
(p = 0.098). 

 
Figure A8.6 Overlay plot of size of matching error for participant with red-green CVD (cyan band, mean and 

95% confidence limits on mean) and participants with unstated CVDs (pink band) 

The similarity in both scale and dynamics of the matching error curve between the participant with 
red-green CVD and the participants with unstated CVDs suggest that, if the red-green CVD participant 
should be retained, then so should these 11 participants with an unstated CVD. Indeed, given that this 
research is about the discrimination on a computer screen of colours as encountered by the ‘typical’ 
computer user, excluding a group that constitutes more than 5% of the population seems unjustified. 
In reality, they are a non-trivial component of the ‘typical’ user population and are, thus, included in 
the study.  

A8.5 Synaesthesia 

While Synaesthesia is not a colour vision impairment, it is a condition that involves colour 
perception, and the inclusion of a self-reported synaesthete amongst the participants provided the 
opportunity to explore any association between this perception condition and colour discrimination. 
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This participant had lower (but not significantly lower) error rates than normative participants 
(figure A8.1, table A8.2). 

The plots for this participant are presented in figures A8.7A and A8.7B. The fitted curve for size of 
matching error (figure A8.6A) was not significantly different to the overall mean (mean = 0.318, 
p = 0.13, explanation 17%). However, the curve for direction of matching error (figure A8.7B) did 
differ significantly from the overall mean (mean = –0.078, p = 0.015, explanation 27%).  

  
Figure A8.7A Smoothed fit and 95% confidence Figure A8.7B Smoothed fit and 95% confidence 

bands for size of matching error for  bands for direction of matching error 
participant who reported synaesthesia  for participant who reported  
(legend as for figure A8.2)  synaesthesia 

Typical participants exhibited elevated size of matching error at around hue 130 (cyan-green) and 
310 (red-magenta), but elevated errors around these hue values were not seen in the results for this 
participant (figure A8.7A). In both these hue segments, the curves suggested that this participant 
made smaller errors than normative participants, from hue 100 (green) to 135 (cyan-green) and 300 
(red-magenta) to 320 (magenta-red). Tests of these effects are reported in table A8.5, where the 
differences observed were not supported statistically (but note the very small number of match cases 
involved in these comparisons), although it is consistent with expectation (e.g. Banissy et al. 2013). 

Table A8.5 Test of difference in size of matching error between participant reporting synaesthesia and 
normative participants in specific ranges of hues 

Group Hue Segment # of cases Mean Difference t df p pcritical 
Synaesthete 100 to 135 2 0.2682 -0.2751 -1.17 1461 0.24 0.0050 Normative  1461 0.5433 
Synaesthete 300 to 320 4 0.3682 -0.2079 -1.29 769 0.20 0.0028 Normative  767 0.5760 

In the examination of the average direction of errors, in one small segment, hue 200 (blue-cyan) to 
235 (blue), normative participant errors were approximately unbiased, while this participant’s 
matching errors were strongly negative. These effects were examined formally and reported in table 
A8.6; this effect was not statistically significant (but once again, the number of cases was very small). 
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Table A8.6 Test of difference in direction of matching error between participant reporting synaesthesia  
and normative participants in specific range of hues 

Group Hue Segment # of cases Mean Difference t df p pcritical 
Synaesthete 200 to 235 6 -0.2570 -0.2414 -1.37 1453 0.17 0.0050 Normative  1449 -0.0156 

The most notable characteristic of matching by this participant was the very small difference in 
matching success around the hue circle — this participant had generally similar discrimination at all 
hues, in marked contrast to the segments of poor discrimination of normative participants around 
hues 130 and 310. 

Although this participant lacked the hue-dependent discriminatory confusion of normative 
participants, and tended to make errors in the negative direction around Hue 200 (blue-cyan), there 
was no good reason to regard this participant’s responses as being significantly different from the 
normative participants’, so this participant was retained in the definitive data set. 
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Appendix 9: Analysing Partitions of the Participants 

A9.1 Detrending the Data 

In order to prepare the data set for analysis of effects attributable to partitions of the set of participants, 
it was necessary to remove the overall hue-specific variations in discrimination; that is, to remove the 
curves exhibited in figures 7.1 and 7.3. Four reasons for doing this are as follows: 

(1) When comparing, at the participant level, it is important to acknowledge that participants
were offered swatches to match with randomly chosen hues, and, as found in Chapter 7,
matching error varied strongly and reliably around the hue circle, being typically large at
some hues (green and magenta) and small at others (orange and blue). To fairly compare
matching performance between participants, allowance needed to be made for the possibility
that the randomly-chosen hues that were offered to some participants were concentrated in
the high-error segments, while those offered to other participants were concentrated in the
low areas. To control for such ‘sampling errors’ it was desirable to calculate mean matching
errors for each participant after removing the known overall effect of the hues they were
offered.

(2) Despite the confidence obtained from the reasoning in section 7.5.1.1, that the monitor was
not the source of these effects, it was, nonetheless, prudent to allow for the possibility that
differential discrimination was attributable, at least in part, to limitations in the display
medium. If this effect was due to limitations of the display, removal of this overall effect would
permit assessment of important aspects of colour discrimination attributable to the
participants, irrespective of any faults in the display of colours.

(3) In this part of the analysis of the data, it was actually not important what was the source of the
strong and reliable variation in colour discrimination around the hue circle, as the matters of
interest in this study were the variations from the norm in the performance of chosen subsets
of the set of participants. No matter whether variations in the norm were due to intrinsic or
extrinsic factors, variations from the norm must be intrinsic to the subset of participants that
displayed the variations. This could be explored by comparison of the response for some
subset of the participants with the overall response. Alternatively, the overall response could
be removed from the data (i.e. the data detrended to remove the variations constituting the
norm), and the departures from the detrended norm examined.

In practice, the proper contrast of a group (the in-group) is with all other participants
excluding the group (the out-group); this is how characteristic discrimination patterns of
subsets of the participants were analysed here.

This approach has the advantage that it removed the overall variation, which may have been
derived from limitations in the apparatus used to collect the data (or general limitations in
human hue discrimination). It left variation that was attributable only to the characteristics of
the subset of participants being examined. Although it removed the major variations in the
data (e.g. it completely flattened the curves shown in figures 7.1 and 7.3), it retained the
information about differential discrimination between any partitions of the participants.

(4) The overall effects (e.g. figures 7.6 and 7.8) were quite strong. In contrast, it was likely that
effects attributable to individual participants, their particular characteristics, or their
environment, would be more subtle. Thus, it would be very much easier to distinguish a subtle
difference between participants or groups if the differences were from a standard baseline,
rather than from a baseline which had large (and known) amounts of variation in it.
Therefore, by detrending, subtle effects were more likely to be identifiable, and demonstrable.
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The detrending was achieved by subtracting the unsmoothed bin mean from all cases falling into each 
bin. This removed quite a lot of the fine-scale variation in the data (i.e. between-bin variations in 
means), but left all the variation within each bin, including all the variation of interest attributable to the 
nature of the participants. Thus, for the analyses reported in Chapter 8, the dependent variable was the 
detrended absolute size of matching error or detrended signed size (i.e. direction) of matching error 
(sample data shown in Appendix 2, table A2.2, and provided in full in the accompanying Excel® file 
“Final Data.xlsx”). 

In the case of the participant-level analysis, the effect of detrending was to remove effects attributable 
to the overall variation in matching achieved at different hues, so that their average matching error size 
or direction was free of extraneous variation attributable to typical differences in matching at different 
hues and, thereby, increased the sensitivity of the analysis. It also removed avoidable variance and bias 
that would arise if a participant had, by chance, been offered a preponderance of swatches in the high 
or low matching-error segments. 

When detrended, a plot of all match cases against hue yielded a mean of zero and no curvilinear 
departures from that mean, as shown in figure A9.1.  

 
Figure A9.1 Detrended data set plotted on the same scale as Matching Error curve (e.g. figure 7.1) (blue line is 

overall mean, black line [coincident with blue line, in this case] is fitted curve, red lines 95% confidence 
limits on fitted curve) 

Any subset of the data would have a non-zero mean and may have significant departures from that 
mean at some hue values, which would manifest as a significant departure from the mean, perhaps only 
in a limited part of the hue circle. If a chosen subset (the in-group, e.g. one gender, or a segment of the 
hue circle, or both) had a significantly different matching error profile to the out-group (the rest of the 
participants), this would be seen in one or more of: 

(a)  a significant difference in mean matching error between the in-group and out-group;  

(b)  a significant curvilinear departure from the mean matching error in the in-group; or  

(c)  significant differences between the in-group and out-group in the mean matching error values 
in some particular hue segment(s). 



Appendix 9: Detrending the Data 

365 

A9.2 Controlling for Concurrent Variables 

A9.2.1 Main-Effects ANOVA 

Detrended hue-matching errors were averaged for each retained participant, and 325 cases were 
obtained with a small number of missing values in some participant variables.  

The simplest approach to assessing the effect of the levels of the independent variables (e.g. different 
age groups in the age-group variable) is to compute the simple effects of each variable — i.e. take the 
data set, partition into each level of a variable, and compute the ANOVA for effect of the variable, 
ignoring all other variables. There is a flaw with this approach, however, as it assumes a balanced 
design, or, if not, then complete independence between the effects of each variable.  

The data set was very unbalanced, in that there were very different numbers of participants in the various 
levels of the predictor variables (e.g. two participants grew up in each of Africa and the Pacific Islands and 
three in Latin America while there were 92 in Australia and New Zealand, and 97 from Southeast Asia). 
Similar divergences in number of cases occurred for most other variables — see Appendix 7. 

The variables appear not to be independent, either. For example, it was found that participants who 
took the test at Rochester, and also nominated “Colour” as their specialisation, all had unusually low 
matching errors. It is possible that the two variables each independently account for their superior 
colour discrimination, but it is also possible that this a result of one of these variables accounting for 
superior discrimination, and these values of the variables tending to occur together. Indeed, it was 
found that all 13 participants who nominated “Colour” as their specialisation were at Rochester and 13 
of the 26 participants at Rochester nominated “Colour” as their specialisation (table A7.30). 

Thus, the means and differences found from a simple analysis of the effects of the variables, ignoring 
levels of other variables, may lead to misleading conclusions, and thus fail to discriminate between 
causative and associated variables. A better approach is a main-effects ANOVA, which computes the 
effects of all variables simultaneously, and reports means and differences for each variable, while the 
effects of all other variables are controlled statistically (an introduction to main-effects analysis is 
presented in section A6.5 of Appendix 6). Such an analysis should be able to determine whether the 
superior matching ability of participants who nominated “Colour” as their specialisation, and also those 
who took the test at Rochester, was attributable to their specialisation or location. 

An even more incisive analysis, factorial ANOVA, could have explored not only the main effects of each 
variable but also the possibility that the scale of some main effects depends on the concurrent level of 
other variables. This could not be computed, however, due to the imbalance in the data set (as outlined 
above), and the consequent sparseness of the multi-way tables. Even at the two-way factorial level, 
there were 66 two-way tables, which had a total of 488 empty cells, which prevented the calculation of 
any factorial analysis of interaction effects. 

A9.2.2 Procedure 

A backwards (eliminating) stepwise regression on match-error or match-direction was conducted, and 
the least significant variables were removed sequentially until only significant variables remained (see 
Appendix 10 for actual process). At the point that each variable was last retained, the means of each of 
its levels were recorded, and a copy of the data set (the 14 399 matching error values) was adjusted so 
that a new set of adjusted matching error values was created by adding the predicted means for each 
level to the residuals for each case. This created a new adjusted dependent variable set, useful only for 
the analysis of the effect of the relevant variable, but adjusted to remove confounding effects of all other 
concurrent variables. Thus, ten slightly different dependent variable sets were produced, and it was 
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essential that the appropriate dependent variable data was used for each variable analysed in all 
subsequent analyses. 

Data in the copy of the adjusted data were therefore adjusted so that the matching-error means for each 
level in the variable in question were adjusted (i.e. statistically controlled) for the effects of imbalance in, 
and/or correlation with, all the other variables in the step of the stepwise model. The departures in the 
data from a constant mean around the hue circle for any level of the variable under review were 
unaffected by this process, but the mean differences between levels of the variable were set to the values 
and differences found in the stepwise main-effects ANOVA. Thus, the deviations from a constant mean at 
all hues retained the shape of the basic data, but the differences between any partitions of the participants 
in the group means were set to values resulting from statistical control of all other variables in the model. 

A9.3 Assessing Hue-Specific Effects 

Detrending removed the overall relationship between hue and discrimination, but differences between 
partitions of the participants could be revealed in variations in matching-error at certain hues, that 
would be evident in one group and correspondingly mirrored in the other participants. A prototypic 
analysis of this effect is presented below, to make the procedure clear. 

Thus, for example, in one partition of the data (colour palette of the test location, see Chapter 8, section 
8.3.3.4), participants tested at locations with notionally restrained environmental palettes matched 
better (smaller matching errors) than those notionally classified as having flamboyant palettes (figures 
A9.2 and A9.3). 

  
Figure A9.2 Detrended matching-error for partic- Figure A9.3 Detrended matching-error for partici- 

ipants who took the test in a location   ipants who took the test in a location 
where the environmental palette is    where the environmental palette is 
judged to be subdued    judged to be flamboyant 
(blue line is overall mean, black line is fitted curve, red lines 95% confidence limits on fitted curve, points 
are bin means) 

The difference in matching-error was only small, but could be confirmed by a test of mean 
discrimination around the hue circle, as in table A9.1, where it is shown that these two groups differ 
highly significantly. 

Table A9.1 Mean size of matching error: difference between environmental palette groups 

Test Location Group # of Cases Discrim’n Means Difference t df(difference) p 
Subdued palette 4450 243 -0.0219 -0.0318 -2.89 14217 0.0038 Flamboyant palette 9769 215 0.0100 
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The significance of the curve (if any) within each group can be assessed by calculating the significance 
of the reduction in sums of squares of deviations from the curve relative to that from the overall mean, 
and for this example the results are reported in table A9.2. 

Table A9.2 Significance of the curve relative to the mean size of matching error for each environmental 
palette group (each line is a separate ANOVA) 

Test Location Group # of Cases F df p Explanation 
Subdued palette 4495 0.86 7.7,4486.3 0.55 0.1% 
Flamboyant palette 9904 0.42 11.6,9891.4 0.96 0.1% 

Thus, there was no reason to investigate hue-specific variations in discrimination, for either group 1, but 
even though they did not differ from zero, they may have differed from each other. The difference in 
curves can be seen better if the two curves are overlain over each other (figure A9.4). Note that this chart 
plots Discrimination, not matching error, and the lines are, thus, the inverse of figures A9.2 and A9.3. 

Figure A9.4 Overlay plot of Discrimination curves for participants whose test locations were characterised by 
subdued or flamboyant palettes 

The curves show that at most hues the two groups have quite similar matching, but in the green to 
magenta they appear to be distinct. It would be informative to explore the difference between the curves 
in this region; thus an objective manner by which to choose the hue segment is required. The significance 
of the difference between the two smoothed curves was calculated for every hue value; and the regions 
where they differed significantly at α = 0.05 were examined in more detail. A plot of the difference was 
drawn to illustrate where such differences were found (figure A9.5). On this basis, the hue segments from 
Hue 170 to 246 (green-cyan to magenta-blue) was examined, as reported in table A9.3 2. 

1  If significant variations from a constant mean had been found within either group (i.e. if either significance in table 
A9.2 had been stronger than 0.05) then hue segments within that partition would have been examined. A pragmatic 
objective criterion for “which segments?” is that difference worthy of investigation may occur if the smoothed curve 
diverges from its overall mean by more than one-half of a confidence half-range on the curve (i.e. half of the mean to 
the 95% confidence limit). 

2  It is important to acknowledge, at this point, that the curves were smoothed and to some degree compressed, but the 
statistical test of the difference between the two groups in the segment-of-interest (e.g. table A9.3) was of the actual 
data values (detrended and controlled for concurrent values of interacting variables, of course) — the latter is thus 
the definitive measure of difference. 
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Figure A9.5 Difference in match error between participants taking the test at locations characterised as having 

a subdued or flamboyant environmental palette (black line is difference, red lines are 95% confidence 
limits on difference, grey bands indicate where the difference is statistically significant at α = 0.05) 

Table A9.3 Difference in mean size of matching error in selected segment of the hue circle for participants 
tested in locations with a subdued environmental palette compared with those from elsewhere 

Test Location Group Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Subdued palette 170 to 246 982 +23 -0.0255 -0.0376 -4.11 3167 4.0×10–5 0.011 Flamboyant palette 2187 -10 0.0121 

Evidently, in this segment (Hues 170 to 246), participants tested in locations characterised by a 
subdued palette had very significantly better discrimination than participants tested elsewhere (see 
figure A9.4). Noting that the analysis of difference was based on the individual match values, while the 
plotting in figures A9.4 and A9.5 were based on smoothed bin values, it is possible that larger (and very 
unlikely that smaller) differences would be found by computing differences in this manner, elsewhere. 
In table A9.4, the differences between discrimination at these two characteristic palette locations were 
compared for the hue circle outside the range where local differences were found (i.e. the Hue range 
from 247 to 169). 

Table A9.4 Difference in mean size of matching error in selected segment of the hue circle for participants 
tested at locations with distinct environmental palettes 

Test Location Group Hue Segment # of Cases ∆D Mean Difference t df p Critical p 
Subdued palette 247 to 169 3513 +7 -0.0087 -0.0125 -2.34 11228 0.019 0.039 Flamboyant palette 7717 -3 0.0038 

The outcome is that in the hue segment from 247 (magenta-blue) to 169 (green-cyan) participants who 
took the test in a location characterised by a subdued environmental palette matched slightly and 
significantly better than those tested in locations with a more flamboyant palette, while in the 
intervening hue segment (170 to 246), their difference was both much greater and much more 
statistically significant. These effects are labelled in figure A9.6 (a labelled duplicate of figure A9.4) 
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Figure A9.6 Overlay plot of discrimination curves for distinct environmental palettes at the test location, with 
distinct hue segments labelled 

A9.4 Reporting Hue-Specific Discrimination 

The analysis of the difference around the hue circle reported in table A9.1 revealed that the 
participants’ Discrimination was 243 where tests were conducted at a location characterised by a 
subdued environmental palette and 215 at a more flamboyant location. These values, averaged around 
the hue circle, can be compared to the ‘baseline’ discrimination of 223 (the overall average). For reports 
of effects averaged around the hue circle this is clear and meaningful. It is not so clear for results 
applying to only a segment of the hue circle, as the true base Discrimination is dramatically different in 
different parts of the hue circle (e.g. from ~140 green-cyan and red-magenta and ~350 in the orange). 

The confounding effect, of varying discrimination around the hue circle, could be avoided completely by 
reporting effects of partitions examined here as deviations from the mean discrimination in the 
partition or hue segment of interest (i.e. ∆D). Thus, for example, “in the Hue segment 170 to 246, 
discrimination by participants taking the test in locations characterised by a subdued palette (∆D +23) 
was better than amongst those at locations with a more flamboyant palette (–10)”, (where ∆D refers to 
deviation from the common mean of all participants in this hue segment). Another expression of such a 
difference, that is used as appropriate, is that “in the Hue segment 170 to 246, discrimination by 
participants taking the test in location characterised by a subdued palette was considerably better than 
amongst those at locations with a more flamboyant palette (∆D +33)”. 

In the event that table A9.2 had revealed a significant departure in some hue segment(s) from the 
common discrimination around the hue circle, tests comparing segments within the group would have 
been conducted (e.g. table 8.31), and the comparison between segments would be summarised in a 
manner such as “in the hue segment from 98 to 169, participants, whose formative location was 
characterised by a temperate climate, matched considerably better (∆D +65) than in other parts of the 
hue circle (+23)”, (where ∆D also refers to deviation from the mean of all participants, in this case 
around the entire hue circle). 

To provide a sense of scale on these effects, expressed as ∆D the Discrimination in the undetrended 
data varied from –84 to +129, when based on the smoothed mean discrimination at stiffness = 23. 
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Appendix 10: Selecting Influential Variables 

In the data collection, values for fourteen variables, which might be used to partition the participants, 
were collected; some were highly correlated, and most were non-independent. In order to perform a 
succinct analysis of the match data, exploring the possibility that some characteristics of the 
participants might ‘explain’ differences in discrimination, it was necessary to select which of these 
variables were ‘useful’, which were redundant, and which had little or no explanatory power. The 
method used, to achieve a parsimonious model, was backwards stepwise main-effects ANOVA.  

The procedure was simply to compute a main-effects ANOVA with all variables, and eliminate the one 
with the weakest significance, and then recompute the reduced model, continuing until only variables 
significant at α = 0.05 remain. This was done four times (for participant-level and match level data, once 
each for size of matching error and direction of matching error). The results are reported below. 

Some amendments to the data table were required to optimise this analysis: (1) two cases of 
participants, who spent the majority of their first 20 years in Africa, had very low matching errors, 
which unduly influenced the analysis — they were removed before this analysis; and (2) the variables 
“Formative Location”  1, “Home Country” 2, and “Nationality” were very highly multicollinear, and only 
one could be included in the analysis. Trial analyses indicated that “Formative Location” had slightly 
more explanatory capacity than the other variables, and so it was retained. This variable seemed , on a 
priori grounds, to be more relevant to colour discrimination capacity, too.  

A10.1 Participant-level Analysis 

A10.1.1 Size of Matching Error 

The initial main-effects ANOVA had 12 predictor variables and 323 cases, although missing values in 
some variables allowed only 318 cases to be analysed for the full model (table A10.1).  

Table A10.1 Initial main-effects ANOVA (all variables): size of matching error by participants 

Source SS DF MS F p 
Intercept 0.0007 1 0.0007 0.099 0.75 
Gender 0.0806 1 0.080 11.4 0.00083 
Age Group 0.1089 4 0.0272 3.86 0.0046 
Test Location 0.0980 4 0.0245 3.47 0.0087 
Highest Education Level 0.0790 5 0.0158 2.24 0.051 
Formative Location 0.0970 8 0.0121 1.72 0.094 
Work with Colour 0.0100 1 0.0100 1.42 0.24 
International Visitor 0.0082 1 0.0082 1.16 0.28 
Confidence with Colour 0.0037 2 0.0019 0.26 0.77 
Period at this Location 0.0052 3 0.0017 0.24 0.87 
Disciplinary Specialisation 0.0095 7 0.0014 0.19 0.987 
Residual 1.8836 267 0.00706 

In the backwards stepwise ANOVA the first variable deleted was “Specialisation” (p = 0.99). The 
sequence of removal of variables is reported in table A10.2. The final, parsimonious model is reported 
in table A10.3. 

1 i.e. the location where the participant spent the greater part of their first 20 years. 
2 The question was about home country, but after amalgamation of countries, the answers were really about home 

geographic region; the word “country” continued to be used, in this rather loose sense. 



Appendix 10:  Selecting Influential Variables 

372 

 

Table A10.2 Stepwise deletion of variables in main-effects ANOVA: size of matching error by participants 

Step Variable Removed p at removal 
1 Disciplinary Specialisation 0.99 
2 Period at this Location 0.79 
3 Confidence with Colour 0.50 
4 International Visitor 0.57 
5 Work with Colour 0.24 
6 Formative Location 0.14 

Table A10.3 Final main-effects ANOVA (all variables): size of matching error by participants 

Source SS DF MS F p 
Intercept 0.0290 1 0.0290 4.22 0.041 
Test Location 0.4257 4 0.1064 15.5 1.5×10–11 
Age Group 0.1105 4 0.0276 4.02 0.0034 
Gender 0.0575 1 0.0575 8.37 0.0041 
Highest Education Level 0.0999 5 0.0200 2.91 0.014 
Residual 2.1035 306 0.00687   

This analysis revealed that, in terms of size of matching error, when each variable was assessed while 
others were controlled statistically, the strongest predictor of matching performance was the location 
where the tests were conducted, followed by age-group of the participant, and gender of the participant, 
and then the participant’s level of completed education. 

A10.1.2 Direction of Matching Error 

The initial main-effects ANOVA of direction of matching error is reported below (table A10.4). 

Table A10.4 Initial main-effects ANOVA (all variables): direction of matching error by participants 

Source SS DF MS F p 
Intercept 0.0113 1 0.01131 1.84 0.18 
Disciplinary Specialisation 0.0531 7 0.00759 1.24 0.28 
Highest Education Level 0.0384 5 0.00767 1.25 0.29 
Gender 0.0057 1 0.00566 0.92 0.34 
International Visitor 0.0044 1 0.00437 0.71 0.40 
Period at this Location 0.0174 3 0.00581 0.95 0.42 
Confidence with Colour 0.0096 2 0.00480 0.78 0.46 
Age Group 0.0210 4 0.00525 0.85 0.49 
Test Location 0.0128 4 0.00320 0.52 0.72 
Formative Location 0.0326 8 0.00408 0.66 0.72 
Work with Colour 0.0003 1 0.00026 0.043 0.84 
Residual 1.6397 267 0.00614   

Variables were removed from the analysis as specified above.  The sequence of removal of variables is 
reported in table A10.5. Ultimately, no variables remained in the model and, evidently, at the 
participant level, the mean direction of matching error was not affected by any of the predictor 
variables collected in this study. 
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Table A10.5 Stepwise deletion of variables in main-effects ANOVA: direction of matching error by 
participants 

Step Variable Removed p at removal 
1 Work with Colour 0.84 
2 Formative Location 0.72 
3 Age Group 0.47 
4 Disciplinary Specialisation 0.33 
5 Gender 0.49 
6 Confidence with Colour 0.35 
7 Education Level 0.16 
8 International Visitor 0.21 
9 Test Location 0.17 

Period at this Location 3 0.31 

A10.2 Match-level Analysis 

Analyses conducted here on a match-by-match basis were based on a very large number of cases 
(14 399). Thus, significances found here may be very much stronger than those found when the same 
data were analysed on a participant-by-participant basis (e.g. section A10.1) where there were only 323 
cases.  

A10.2.1 Size of Matching Error 

The initial (all variables included) main-effects ANOVA is reported in table A10.6. 

Table A10.6 Initial main-effects ANOVA (all variables): size of matching error for individual matches 

Source SS DF MS F p 
Intercept 0.046 1 0.046 0.72 0.39 
Age Group 5.061 4 1.265 19.8 3.0×10–16 
Test Location 4.311 4 1.078 16.8 8.7×10–14 
Gender 3.278 1 3.278 51.2 8.6×10–13 
Formative Location 4.123 8 0.515 8.06 6.6×10–11 
Highest Education Level 3.260 5 0.652 10.2 9.2×10–10 
Work with Colour 0.425 1 0.425 6.65 0.0099 
International Visitor 0.271 1 0.271 4.24 0.040 
Period at this Location 0.229 3 0.0764 1.19 0.31 
Confidence with Colour 0.144 2 0.0718 1.12 0.33 
Disciplinary Specialisation 0.404 7 0.0578 0.90 0.50 
Residual 859.899 13444 0.0640 

The sequence of removal of variables in the stepwise model reduction is reported in table A10.7, and 
the final, parsimonious model is as reported in table A10.8. 

Table A10.7 Stepwise deletion of variables in main-effects ANOVA: size of matching error for  
individual matches  

Step Variable Removed p at removal 
1 Disciplinary Specialisation 0.50 
2 Period at this Location 0.22 
3 International Visitor 0.25 
4 Confidence with Colour 0.079 

3 Not removed: the last remaining variable. 
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Table A10.8 Final main-effects ANOVA (all variables): size of matching error for individual matches 

Source SS DF MS F p 
Intercept 0.125 1 0.125 1.94 0.16 
Test Location 6.364 4 1.591 24.7 2.1×10–20 
Age Group 5.662 4 1.416 22.0 4.1×10–18 
Formative Location 3.617 8 0.452 7.02 2.7×10–9 
Gender 2.255 1 2.255 35.0 3.3×10–9 
Highest Education Level 3.069 5 0.614 9.53 4.3×10–9 
Work with Colour 0.367 1 0.367 5.70 0.017 
Residual 914.189 14195 0.0644   

This analysis revealed that, in terms of size of matching error, when each variable was assessed while 
others were controlled statistically, the strongest predictor of matching performance was the location 
where the tests were conducted, then age of the participant, followed by their formative location, then 
gender and level of completed education of the participant; each of which had very clear effects. One 
other variable (whether they work with colour, or not) had significant, but much less clear, effects. The 
significant variables were similar to the ones that were identified at the participant-level, but the 
significances were stronger and the order of significance different (cf. table A10.8 with table A10.3). 

A10.2.2 Direction of Matching Error 

The initial (all variables included) main-effects ANOVA is reported in table A10.9. 

Table A10.9 Initial main-effects ANOVA (all variables): direction of matching error for individual matches 

Source SS DF MS F p 
Intercept 0.486 1 0.486 2.13 0.14 
Disciplinary Specialisation 2.374 7 0.339 1.49 0.17 
Highest Education Level 1.65 5 0.330 1.45 0.20 
Confidence with Colour 0.543 2 0.272 1.19 0.30 
Period at this Location 0.812 3 0.271 1.19 0.31 
Gender 0.207 1 0.207 0.91 0.34 
International Visitor 0.106 1 0.106 0.47 0.49 
Formative Location 1.544 8 0.193 0.85 0.56 
Age Group 0.568 4 0.142 0.62 0.65 
Test Location 0.503 4 0.126 0.55 0.70 
Work with Colour 0.009 1 0.0086 0.038 0.85 
Residual 3061.146 13444 0.2277   

While all variables were non-significant in the initial complete model, it is possible that some variables 
may be significant in a more parsimonious model, so a full stepwise variables-removal procedure was 
implemented. The sequence of removal was as reported in table A10.10. 
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Table A10.10 Stepwise deletion of variables in main-effects ANOVA: direction of matching error for  
individual matches 

Step Variable Removed p at removal 
1 Work with Colour  0.85 
2 Test Location 0.69 
3 Age Group 0.66 
4 International Visitor 0.62 
5 Gender 0.38 
6 Period at Test Location 0.18 
7 Disciplinary Specialisation 0.15 
8 Confidence with Colour 0.14 
9 Highest Education Level 0.074 

Formative Location 0.28 

The stepwise model-reduction procedure ended without a single variable in the model. It is possible 
that other variables might be significant in a one-way ANOVA; all 10 such analyses are reported in table 
A10.11. 

Table A10.11 Simple effects ANOVAs on direction of matching error for individual matches (note: each line is a 
separate one-way ANOVA) 

Variable SS 
DF 

MS F P 
Effect Residual 

Confidence with Colour 1.736 2 14050 0.868 3.80 0.022 
Education Level 1.501 5 14213 0.300 1.31 0.26 
Specialisation 1.340 7 13774 0.191 0.84 0.56 
Period at this Location 1.160 3 14305 0.387 1.68 0.17 
Gender 0.100 1 14307 0.100 0.43 0.51 
Test Location 1.284 4 14304 0.321 1.40 0.23 
Age group 1.806 4 14304 0.451 1.97 0.097 
Work with Colour 0.008 1 14307 0.008 0.034 0.85 
International Visitor 0.143 1 14307 0.143 0.62 0.43 
Formative Location 2.246 8 14300 0.281 1.22 0.28 

It seems clear that the mean direction of matching error of these variables, with the possible exception 
of “Confidence with Colour”, did not vary between levels of the subsets within the variable; there was 
scant evidence that direction of matching error was related to participant characteristics, or circum-
stances of the test, in any way. The one variable that was found to be significant was only slightly 
significant, and its p value was much larger than the Šidák-adjusted critical value for α = 0.05 for 11 
concurrent tests (0.0047), as were computed here. A post hoc test of pairs of main-effects means for this 
only significant variable (“Confidence with Colour”) is presented in table A10.12, and confirms that 
direction of error had no association with any of the predictor variables at this level. 

Table A10.12 Post hoc tests of significance of differences in direction of matching error, for individual matches, 
between levels of confidence in working with colour (Duncan’s multiple range test) 

Confidence Low Somewhat 
Somewhat 0.69 
Yes 0.14 0.073 

The conclusion is that direction of matching error was not significantly affected by participant 
characteristics or test circumstances. 
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Appendix 11 HSL Transformation into CIELAB 
The following charts plot constant values of the various dimensions in HSL to corresponding 
colorimetric dimensions in CIELAB. If HSL had the same uniformity (or degree of non-uniformity) as 
CIELAB, the lines plotted would be straight or horizontal, as noted for each chart. 

Fig. A11.1 CIELAB lightness (L*) for various levels of Fig. A11.2 CIELAB chroma (C*) for various levels of 
HSL Lightness, for achromatic, red, green HSL lightness, for the three primaries at 
and blue primaries. If the HSL scale was HSL Saturation of 0.75. If the HSL scale was 
linear on CIELAB, each line would be a linear on CIELAB, the lines would be straight 
straight diagonal from 0,0 to 1,1, like the between 0,0 or 1,1 and C* ≈ 120 at Lightness 
achromatic line. = 0.5, and the saturation levels equal for each 

primary. 

Fig. A11.3 CIELAB chroma (C*) for each primary at three levels of HSL Lightness. If the HSL scale was linear in 
CIELAB, the lines would be straight, and for a given HSL Lightness, equal for each primary. 
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Fig. A11.4 CIELAB h (hue angle) for HSL Hue values  Fig. A11.5 Offset of CIELAB h (hue angle) for HSL Hue 

at three combinations of HSL Saturation   values at three combinations of HSL  
and Lightness that yield divergent lines.   Saturation and Lightness that yield  
If HSL Hue was linear in CIELAB the lines   divergent lines. The CIELAB h scale is offset 
would be co-incident and straight from 0,0   +35.6° from the HSL Hue scale, but offset  
to 360,360, allowing for some degree of offset  varies from ~+15° to ~+60° around the hue  
between the two scales (see fig. A11.5).  circle, and also varies to some degree with the 
  combination of Saturation and Lightness. If 
  the HSL Hue scale was linear in CIELAB the 
  lines would be coincident and horizontal. 

  
Fig. A11.6 Hue angle (h) increment in CIELAB for Fig. A11.7 Offset of CIELAB h for HSL Hue 0 (red) for 

5 HSL Hue increments around the HSL hue  the x-scale range of Saturation values at  
circle. If the HSL Hue scale was linear and   Lightness = 0.5, and for the x-scale range of 
independent of Lightness and Saturation when   Lightness values at Saturation = 0.5. If HSL  
transformed, the lines would be coincident   Hue was linear in CIELAB each line would be  
and horizontal.  horizontal, but not necessarily coincident. 
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Fig. A11.8 Variations in CIELAB lightness (L*) with Fig. A11.9 Variation in CIELAB chroma (C*) with HSL 

HSL Hue for fixed HSL Lightness and three  for fixed HSL Saturation and three levels 
levels of HSL Saturation. If HSL Lightness  of HSL Lightness. If HSL Saturation was 
was independent of Hue and Saturation the   independent of Hue and Lightness the lines 
lines would be horizontal and coincident.  would be horizontal and coincident. 

 
Figure A11.10 A stereo pair of the transformation of HSL into CIELAB, providing a 3-dimensional plot of 

constant HSL into L*a*b*. Perception of depth is obtained by viewing the left image with the left eye 
and right image with the right eye. Values are computed for HSL Hue from 0 to 360 in 5-unit 
increments, at Saturation = 0.569 (the 90th percentile saturation of colours offered to participants), 
and Lightness of 0.417, 0.5 and 0.776 (10th and 90th percentiles, plus lightness of 0.5, the Lightness 
value at which C*ab is greatest for any given Saturation. 

Clearly, when transformed into CIELAB, HSL does not yield uniform scales for any of Hue, Saturation 
or Lightness. HSL Hue does not map onto a numerically-uniform circle in CIELAB (figure A11.6), a 
fixed lightness in HSL yields hue-dependent lightness values in CIELAB (figure A11.8), and a fixed 
saturation in HSL maps to hue-dependent saturation values CIELAB (figure A11.9). Constant 
Saturation values in HSL yield values that vary with lightness in CIE (figure A11.2). Lightness of the 
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HSL achromatic axis is almost linear in CIELAB, but for the primaries, green maps to higher CIE L* 
values than red or achromatic, and blue to lower values. There is also a discontinuity at HSL 
Lightness = 0.5 (figure A11.1). HSL Saturation maps almost linearly to CIE C* at Saturation below 
~0.6, but is compressed at higher saturation; for a given HSL Lightness and Saturation, green maps to 
higher C* than blue, and red maps even lower (figure A11.3). 

A general summation (and visualisation) of HSL (as mapped to CIELAB) can be obtained from a 
careful viewing of figure A11.10, which will yield a 3-dimensional representation of constant HSL 
values transformed to CIELAB for the full hue circle, and three lightness levels. 

The non-uniformity of HSL does not invalidate this study, as this was a psychophysical study of HSL, 
and the manner in which such irregularities influence user-experience of the colour model underlies 
the focus of this work. The irregular behaviour of HSL is a character of the colour model, and may be 
part of the reason for some results found here, as discussed in Chapter 7. 



Appendix 12 The Hue Circle (Tables) 
The following table lists the hue values in the HSL hue circle, and the angle at which the same hue 
would be placed in a mis-coloured hue circle that yielded varying discrimination, as shown in the 
inner circle of figure 7.10 in Chapter 7. 

Table A12.1 Isometric and displaced hue circles (Hue value is the HSL hue; Angle is the placement of this hue in a 
variable-discrimination hue circle centred on Hue 0; Angle’ is Angle when the displaced circle is offset  
–8.3° relative to the HSL circle to obtain lowest average offset of hues) 

Hue Discrim’n Angle Angle’ Hue Discrim’n Angle Angle’ Hue Discrim’n Angle Angle’ 
0 282 0.0 351.7 50 374 66.3 58.0 100 178 117.6 109.3 
1 289 1.0 352.7 51 372 67.6 59.3 101 175 118.4 110.1 
2 297 2.0 353.7 52 370 68.9 60.6 102 173 119.2 110.9 
3 304 3.1 354.8 53 367 70.2 61.9 103 171 120.0 111.7 
4 311 4.1 355.8 54 363 71.4 63.1 104 169 120.8 112.5 
5 318 5.2 356.9 55 359 72.6 64.3 105 167 121.6 113.3 
6 324 6.3 358.0 56 354 73.8 65.5 106 165 122.4 114.1 
7 330 7.5 359.2 57 348 75.0 66.7 107 164 123.2 114.9 
8 335 8.6 0.3 58 341 76.2 67.9 108 162 124.0 115.7 
9 340 9.8 1.5 59 335 77.4 69.1 109 161 124.8 116.5 

10 345 11.0 2.7 60 328 78.5 70.2 110 160 125.5 117.2 
11 349 12.3 4.0 61 321 79.7 71.4 111 158 126.3 118.0 
12 353 13.5 5.2 62 314 80.8 72.5 112 157 127.1 118.8 
13 356 14.8 6.5 63 308 81.9 73.6 113 155 127.8 119.5 
14 359 16.1 7.8 64 302 83.0 74.7 114 153 128.6 120.3 
15 362 17.5 9.1 65 296 84.2 75.9 115 151 129.3 121.0 
16 364 18.8 10.5 66 291 85.3 77.0 116 149 130.1 121.8 
17 366 20.1 11.8 67 286 86.4 78.1 117 146 130.8 122.5 
18 367 21.5 13.2 68 282 87.5 79.2 118 144 131.5 123.2 
19 368 22.9 14.6 69 278 88.6 80.3 119 141 132.3 123.9 
20 369 24.3 16.0 70 275 89.7 81.4 120 139 133.0 124.7 
21 370 25.7 17.4 71 272 90.8 82.5 121 136 133.7 125.4 
22 370 27.1 18.8 72 270 91.9 83.6 122 133 134.4 126.1 
23 370 28.5 20.2 73 268 93.0 84.7 123 131 135.1 126.8 
24 369 29.9 21.6 74 267 94.0 85.7 124 129 135.8 127.5 
25 368 31.3 23.0 75 266 95.1 86.8 125 126 136.5 128.2 
26 367 32.7 24.4 76 265 96.1 87.8 126 125 137.2 128.9 
27 366 34.2 25.8 77 263 97.1 88.8 127 123 137.9 129.6 
28 365 35.6 27.3 78 262 98.2 89.8 128 122 138.6 130.3 
29 364 37.0 28.7 79 261 99.1 90.8 129 121 139.3 131.0 
30 363 38.4 30.0 80 260 100.1 91.8 130 120 140.0 131.7 
31 361 39.7 31.4 81 258 101.1 92.8 131 120 140.7 132.3 
32 360 41.1 32.8 82 256 102.0 93.7 132 120 141.3 133.0 
33 359 42.5 34.2 83 253 103.0 94.7 133 120 142.0 133.7 
34 359 43.9 35.6 84 250 103.9 95.6 134 121 142.7 134.4 
35 358 45.3 37.0 85 246 104.8 96.5 135 122 143.4 135.1 
36 358 46.7 38.4 86 242 105.7 97.4 136 123 144.1 135.8 
37 359 48.0 39.7 87 238 106.6 98.3 137 125 144.8 136.5 
38 359 49.4 41.1 88 233 107.5 99.2 138 127 145.5 137.2 
39 360 50.8 42.5 89 228 108.4 100.1 139 129 146.3 137.9 
40 362 52.2 43.9 90 223 109.2 100.9 140 132 147.0 138.7 
41 363 53.7 45.3 91 218 110.1 101.8 141 135 147.7 139.4 
42 365 55.1 46.8 92 213 110.9 102.6 142 138 148.4 140.1 
43 367 56.5 48.2 93 207 111.8 103.5 143 141 149.2 140.8 
44 369 57.9 49.6 94 202 112.6 104.3 144 144 149.9 141.6 
45 371 59.3 51.0 95 198 113.5 105.2 145 147 150.6 142.3 
46 372 60.8 52.5 96 193 114.3 106.0 146 150 151.4 143.1 
47 373 62.2 53.9 97 189 115.1 106.8 147 153 152.2 143.9 
48 374 63.6 55.2 98 185 115.9 107.6 148 156 152.9 144.6 
49 374 64.9 56.6 99 181 116.8 108.5 149 158 153.7 145.4 
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Table A12.1  Isometric and displaced hue circles (continued) 

Hue Discrim’n Angle Angle’  Hue Discrim’n Angle Angle’  Hue Discrim’n Angle Angle’ 
150 160 154.5 146.2  210 309 210.5 202.2  270 289 284.6 276.3 
151 162 155.3 147.0  211 310 211.7 203.4  271 282 285.7 277.4 
152 164 156.1 147.8  212 310 213.0 204.6  272 275 286.7 278.4 
153 165 156.9 148.6  213 311 214.2 205.9  273 267 287.7 279.4 
154 166 157.7 149.4  214 312 215.4 207.1  274 261 288.8 280.4 
155 167 158.5 150.2  215 313 216.7 208.4  275 254 289.8 281.4 
156 167 159.3 151.0  216 314 217.9 209.6  276 248 290.7 282.4 
157 168 160.1 151.8  217 315 219.1 210.8  277 242 291.7 283.4 
158 168 161.0 152.7  218 317 220.4 212.1  278 237 292.7 284.4 
159 168 161.8 153.5  219 319 221.6 213.3  279 232 293.7 285.4 
160 168 162.6 154.3  220 320 222.9 214.6  280 228 294.6 286.3 
161 168 163.5 155.2  221 322 224.1 215.8  281 224 295.6 287.3 
162 169 164.3 156.0  222 324 225.4 217.1  282 220 296.5 288.2 
163 169 165.1 156.8  223 326 226.7 218.4  283 217 297.4 289.1 
164 169 166.0 157.7  224 327 227.9 219.6  284 213 298.3 290.0 
165 170 166.8 158.5  225 328 229.2 220.9  285 210 299.2 290.9 
166 171 167.7 159.3  226 329 230.5 222.2  286 206 300.1 291.8 
167 172 168.5 160.2  227 330 231.8 223.5  287 203 301.0 292.7 
168 173 169.3 161.0  228 330 233.1 224.8  288 199 301.8 293.5 
169 175 170.2 161.9  229 329 234.4 226.1  289 195 302.7 294.4 
170 176 171.0 162.7  230 328 235.7 227.4  290 191 303.5 295.2 
171 178 171.9 163.5  231 326 237.0 228.7  291 186 304.3 296.0 
172 181 172.7 164.4  232 324 238.3 230.0  292 181 305.2 296.8 
173 183 173.5 165.2  233 321 239.6 231.3  293 176 305.9 297.6 
174 186 174.4 166.1  234 318 240.9 232.6  294 171 306.7 298.4 
175 189 175.2 166.9  235 314 242.1 233.8  295 165 307.5 299.2 
176 192 176.1 167.8  236 311 243.4 235.1  296 160 308.2 299.9 
177 196 176.9 168.6  237 307 244.6 236.3  297 154 309.0 300.7 
178 199 177.8 169.5  238 303 245.9 237.6  298 148 309.7 301.4 
179 203 178.7 170.4  239 299 247.1 238.8  299 143 310.4 302.1 
180 207 179.5 171.2  240 296 248.3 240.0  300 138 311.2 302.9 
181 211 180.4 172.1  241 293 249.5 241.2  301 133 311.9 303.6 
182 216 181.3 173.0  242 290 250.7 242.4  302 129 312.6 304.3 
183 220 182.2 173.9  243 288 251.9 243.6  303 125 313.2 304.9 
184 225 183.1 174.8  244 287 253.1 244.8  304 121 313.9 305.6 
185 229 184.0 175.7  245 286 254.3 246.0  305 118 314.6 306.3 
186 234 184.9 176.6  246 286 255.4 247.1  306 115 315.3 307.0 
187 239 185.8 177.5  247 286 256.6 248.3  307 113 316.0 307.7 
188 244 186.7 178.4  248 287 257.8 249.5  308 112 316.6 308.3 
189 249 187.7 179.4  249 289 259.0 250.7  309 111 317.3 309.0 
190 254 188.6 180.3  250 292 260.2 251.9  310 111 318.0 309.7 
191 259 189.6 181.3  251 295 261.4 253.1  311 111 318.6 310.3 
192 263 190.6 182.3  252 298 262.7 254.4  312 112 319.3 311.0 
193 268 191.6 183.2  253 302 263.9 255.6  313 114 320.0 311.6 
194 273 192.6 184.2  254 306 265.2 256.9  314 116 320.6 312.3 
195 277 193.6 185.3  255 311 266.4 258.1  315 119 321.3 313.0 
196 281 194.6 186.3  256 315 267.7 259.4  316 122 322.0 313.7 
197 285 195.6 187.3  257 319 269.0 260.7  317 126 322.6 314.3 
198 289 196.7 188.4  258 322 270.3 262.0  318 130 323.3 315.0 
199 292 197.8 189.5  259 325 271.6 263.3  319 135 324.0 315.7 
200 295 198.9 190.6  260 326 272.9 264.6  320 140 324.7 316.4 
201 298 200.0 191.7  261 327 274.2 265.8  321 146 325.4 317.1 
202 300 201.1 192.8  262 327 275.4 267.1  322 151 326.1 317.8 
203 302 202.2 193.9  263 326 276.6 268.3  323 157 326.9 318.6 
204 304 203.4 195.0  264 323 277.8 269.5  324 163 327.6 319.3 
205 305 204.5 196.2  265 319 279.0 270.7  325 169 328.4 320.1 
206 306 205.7 197.4  266 315 280.2 271.9  326 175 329.1 320.8 
207 307 206.9 198.6  267 309 281.3 273.0  327 180 329.9 321.6 
208 308 208.1 199.8  268 303 282.4 274.1  328 185 330.7 322.4 
209 308 209.3 201.0  269 296 283.5 275.2  329 189 331.5 323.2 
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Table A12.1  Isometric and displaced hue circles (continued) 

Hue Discrim’n Angle Angle’ Hue Discrim’n Angle Angle’ Hue Discrim’n Angle Angle’ 
330 193 332.3 324.0 340 198 341.2 332.9 350 215 350.5 342.2 
331 196 333.1 324.8 341 198 342.1 333.8 351 220 351.4 343.1 
332 198 334.0 325.7 342 198 343.0 334.7 352 225 352.3 344.0 
333 199 334.8 326.5 343 198 344.0 335.7 353 231 353.3 345.0 
334 200 335.7 327.4 344 199 344.9 336.6 354 238 354.2 345.9 
335 200 336.6 328.3 345 200 345.8 337.5 355 244 355.2 346.8 
336 200 337.5 329.2 346 202 346.8 338.5 356 251 356.1 347.8 
337 200 338.4 330.1 347 205 347.7 339.4 357 259 357.1 348.8 
338 199 339.3 331.0 348 208 348.6 340.3 358 266 358.0 349.7 
339 199 340.3 331.9 349 211 349.6 341.3 359 274 359.0 350.7 
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The following table lists the hue values in the HSL hue circle, and the angle at which the same hue 
would be placed in a uniform hue circle based on the varying discrimination, as shown in figure 7.1 
(Chapter 7). These data were used to produce figure 7.23 in Chapter 7. 

Table A12.2 Isometric and Uniform hue circles (Hue value is the HSL hue; Discrimination is the number of hues 
discernible around the hue circle, if the average hues discernible in this segment is true all around the 
360 segment hue circle; Angle is the angle of the centre of the hue segment, if spacing of the hue 
segments is such that any given level of discrimination occupies the same angle anywhere around the 
hue circle (note that Angle in this table is in some sense the inverse of Angle in table A12.1). 

Hue Discrimination Angle Hue Discrimination Angle Hue Discrimination Angle 
0 282 0.0 50 374 73.0 100 178 129.2 
1 289 1.2 51 372 74.5 101 175 129.9 
2 297 2.4 52 370 76.1 102 173 130.6 
3 304 3.6 53 367 77.6 103 171 131.3 
4 311 4.9 54 363 79.1 104 169 132.0 
5 318 6.2 55 359 80.6 105 167 132.7 
6 324 7.5 56 354 82.1 106 165 133.4 
7 330 8.8 57 348 83.5 107 164 134.1 
8 335 10.2 58 341 84.9 108 162 134.7 
9 340 11.6 59 335 86.3 109 161 135.4 

10 345 13.0 60 328 87.7 110 160 136.1 
11 349 14.5 61 321 89.0 111 158 136.7 
12 353 15.9 62 314 90.3 112 157 137.4 
13 356 17.4 63 308 91.6 113 155 138.0 
14 359 18.8 64 302 92.9 114 153 138.6 
15 362 20.3 65 296 94.1 115 151 139.3 
16 364 21.8 66 291 95.3 116 149 139.9 
17 366 23.3 67 286 96.5 117 146 140.5 
18 367 24.8 68 282 97.6 118 144 141.1 
19 368 26.3 69 278 98.8 119 141 141.7 
20 369 27.9 70 275 99.9 120 139 142.2 
21 370 29.4 71 272 101.1 121 136 142.8 
22 370 30.9 72 270 102.2 122 133 143.4 
23 370 32.4 73 268 103.3 123 131 143.9 
24 369 33.9 74 267 104.4 124 129 144.4 
25 368 35.5 75 266 105.5 125 126 145.0 
26 367 37.0 76 265 106.6 126 125 145.5 
27 366 38.5 77 263 107.7 127 123 146.0 
28 365 40.0 78 262 108.7 128 122 146.5 
29 364 41.5 79 261 109.8 129 121 147.0 
30 363 43.0 80 260 110.9 130 120 147.5 
31 361 44.5 81 258 112.0 131 120 148.0 
32 360 46.0 82 256 113.0 132 120 148.5 
33 359 47.4 83 253 114.1 133 120 149.0 
34 359 48.9 84 250 115.1 134 121 149.5 
35 358 50.4 85 246 116.1 135 122 150.0 
36 358 51.9 86 242 117.1 136 123 150.5 
37 359 53.3 87 238 118.1 137 125 151.0 
38 359 54.8 88 233 119.1 138 127 151.5 
39 360 56.3 89 228 120.0 139 129 152.0 
40 362 57.8 90 223 121.0 140 132 152.6 
41 363 59.3 91 218 121.9 141 135 153.1 
42 365 60.8 92 213 122.8 142 138 153.7 
43 367 62.3 93 207 123.6 143 141 154.2 
44 369 63.8 94 202 124.5 144 144 154.8 
45 371 65.3 95 198 125.3 145 147 155.4 
46 372 66.9 96 193 126.1 146 150 156.0 
47 373 68.4 97 189 126.9 147 153 156.7 
48 374 69.9 98 185 127.7 148 156 157.3 
49 374 71.5 99 181 128.4 149 158 157.9 
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Table A12.2 Isometric and Uniform hue circles (continued) 

Hue Discrimination Angle Hue Discrimination Angle Hue Discrimination Angle 
150 160 158.6 210 213.7 213.7 270 289 290.6 
151 162 159.3 211 215.0 214.9 271 282 291.7 
152 164 159.9 212 216.3 216.2 272 275 292.9 
153 165 160.6 213 217.5 217.5 273 267 294.0 
154 166 161.3 214 218.8 218.8 274 261 295.1 
155 167 162.0 215 220.1 220.0 275 254 296.1 
156 167 162.7 216 221.4 221.3 276 248 297.2 
157 168 163.4 217 222.7 222.6 277 242 298.2 
158 168 164.0 218 224.0 223.9 278 237 299.2 
159 168 164.7 219 225.3 225.2 279 232 300.1 
160 168 165.4 220 226.6 226.6 280 228 301.1 
161 168 166.1 221 228.0 227.9 281 224 302.0 
162 169 166.8 222 229.3 229.2 282 220 302.9 
163 169 167.5 223 230.6 230.5 283 217 303.8 
164 169 168.2 224 232.0 231.9 284 213 304.7 
165 170 168.9 225 233.3 233.2 285 210 305.6 
166 171 169.6 226 234.7 234.6 286 206 306.4 
167 172 170.3 227 236.0 236.0 287 203 307.3 
168 173 171.0 228 237.4 237.3 288 199 308.1 
169 175 171.7 229 238.8 238.7 289 195 308.9 
170 176 172.5 230 240.1 240.0 290 191 309.7 
171 178 173.2 231 241.5 241.4 291 186 310.5 
172 181 173.9 232 242.8 242.7 292 181 311.2 
173 183 174.7 233 244.1 244.0 293 176 312.0 
174 186 175.4 234 245.5 245.3 294 171 312.7 
175 189 176.2 235 246.8 246.6 295 165 313.4 
176 192 177.0 236 248.0 247.9 296 160 314.1 
177 196 177.8 237 249.3 249.2 297 154 314.7 
178 199 178.6 238 250.6 250.5 298 148 315.3 
179 203 179.4 239 251.8 251.7 299 143 315.9 
180 207 180.3 240 253.0 252.9 300 138 316.5 
181 211 181.1 241 254.3 254.1 301 133 317.1 
182 216 182.0 242 255.5 255.3 302 129 317.6 
183 220 182.9 243 256.7 256.5 303 125 318.1 
184 225 183.8 244 257.8 257.7 304 121 318.6 
185 229 184.8 245 259.0 258.9 305 118 319.1 
186 234 185.7 246 260.2 260.1 306 115 319.6 
187 239 186.7 247 261.4 261.2 307 113 320.1 
188 244 187.7 248 262.6 262.4 308 112 320.5 
189 249 188.7 249 263.7 263.6 309 111 321.0 
190 254 189.7 250 264.9 264.8 310 111 321.5 
191 259 190.8 251 266.1 266.0 311 111 321.9 
192 263 191.9 252 267.4 267.2 312 112 322.4 
193 268 193.0 253 268.6 268.5 313 114 322.8 
194 273 194.1 254 269.9 269.7 314 116 323.3 
195 277 195.2 255 271.1 271.0 315 119 323.8 
196 281 196.4 256 272.4 272.3 316 122 324.3 
197 285 197.5 257 273.7 273.6 317 126 324.8 
198 289 198.7 258 275.1 274.9 318 130 325.3 
199 292 199.9 259 276.4 276.2 319 135 325.9 
200 295 201.1 260 277.7 277.6 320 140 326.4 
201 298 202.3 261 279.1 278.9 321 146 327.0 
202 300 203.6 262 280.4 280.3 322 151 327.6 
203 302 204.8 263 281.8 281.6 323 157 328.3 
204 304 206.1 264 283.1 282.9 324 163 328.9 
205 305 207.3 265 284.4 284.3 325 169 329.6 
206 306 208.6 266 285.7 285.6 326 175 330.3 
207 307 209.8 267 287.0 286.9 327 180 331.1 
208 308 211.1 268 288.3 288.1 328 185 331.8 
209 308 212.4 269 289.5 289.3 329 189 332.6 
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Table A12.2 Isometric and Uniform hue circles (continued) 

Hue Discrimination Angle  Hue Discrimination Angle  Hue Discrimination Angle 
330 193 333.4  340 198 341.5  350 215 349.9 
331 196 334.2  341 198 342.4  351 220 350.8 
332 198 335.0  342 198 343.2  352 225 351.7 
333 199 335.8  343 198 344.0  353 231 352.6 
334 200 336.6  344 199 344.8  354 238 353.6 
335 200 337.4  345 200 345.6  355 244 354.6 
336 200 338.3  346 202 346.5  356 251 355.6 
337 200 339.1  347 205 347.3  357 259 356.7 
338 199 339.9  348 208 348.1  358 266 357.7 
339 199 340.7  349 211 349.0  359 274 358.9 

 

The size of matching error 1, provides the basic data for the following conversions; 

1 Discrimination computed from that matching error, as detailed below; 

2 the size of hue segments in an isomorphic hue circle, computed from the Discrimination, as 
per below; and 

3 the mid-point angle of the hue segment on the isomorphic hue circle, computed as below. 

The matching error values are converted to Discrimination values as: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  
360

(10𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 1) 

The Size of segment A on the hue circle, scaled to Discrimination (more discrimination, larger 
segment), are computed as: 

𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆𝐴𝐴 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴

∑ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷359
0

× 360 

Once segment Size is determined, the angle (θ) of the midpoint of segment n on the isomorphic hue 
circle is computed as: 

𝜃𝜃𝑖𝑖 = �
0                                    𝐷𝐷𝑖𝑖 𝐷𝐷 = 0

𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆𝑛𝑛−1+𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆𝑛𝑛
2

+ 𝜃𝜃𝑖𝑖−1     𝐷𝐷𝐷𝐷ℎ𝑆𝑆𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝑆𝑆  

 
1  Values can be obtained from the raw data  in the accompanying file “Bin smoother All effects (definitive).xlsm” by 

setting the filters on the “Data” sheet to “Original (simple)” and “undetrended” and computing for “Size” and 
setting the Stiffness to 23 or a little less. 
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Table A12.3 sRGB values for the 40 Munsell principal hues, calculated at median saturation and lightness 
(HSL S = 0.342, L = 0.595) (Discrimination is the estimated number of hues discernible in the HSL hue 
range from the mid-point between the particular Munsell colour and the adjacent colours each side of 
it, based on the discrimination results found in this work) 

Munsell 
Colour 

Munsell Hue 
angle R G B HSL Hue Discrimination 

5R 5.6/5.7 0 185 119 122 357 4.6 
7.5R 5.6/5.5 9 185 121 119 2 4.3 
10R 5.7/5.1 18 185 125 116 8 5.4 

2.5YR 5.9/4.7 27 185 132 116 14 5.8 
5YR 6.0/4.3 36 185 138 117 19 6.0 

7.5YR 6.2/4.1 45 187 145 121 22 5.0 
10YR 6.5/4.0 54 188 153 121 29 6.0 
2.5Y 6.7/4.0 63 190 162 122 35 4.9 

5Y 6.9/4.3 72 191 169 121 42 6.0 
7.5Y 7.1/4.7 81 191 176 119 47 6.1 
10Y 7.2/5.1 90 190 181 116 52 7.0 

2.5GY 7.3/5.5 99 184 185 115 61 6.3 
5GY 7.2/5.9 108 175 187 116 70 7.0 

7.5GY 7.1/6.4 117 154 187 120 90 9.2 
10GY 6.9/8.0 126 124 187 116 113 19.0 
2.5G 7.0/6.8 135 116 188 143 143 6.6 

5G 7.0/6.3 144 113 189 158 156 3.9 
7.5G 7.0/5.9 153 113 189 167 163 3.7 
10G 7.0/5.7 162 113 188 174 168 2.8 

2.5BG 7.0/5.5 171 112 187 179 173 2.4 
5BG 7.0/5.2 180 111 185 185 180 3.1 

7.5BG 6.9/4.9 189 112 182 189 185 2.9 
10BG 6.8/4.7 198 113 178 192 190 3.2 
2.5B 6.6/4.5 207 115 173 192 195 3.5 

5B 6.5/4.5 216 117 167 191 199 3.8 
7.5B 6.3/4.6 225 117 160 189 204 4.1 
10B 6.0/5.0 234 115 153 187 209 5.0 

2.5PB 5.8/5.6 243 113 144 186 214 5.1 
5PB 5.5/6.5 252 111 136 187 220 7.0 

7.5PB 5.3/7.5 261 119 125 187 235 7.2 
10PB 5.2/8.2 270 130 118 186 251 10.0 
2.5P 5.3/8.0 279 145 118 184 264 14.9 

5P 5.6/8.5 288 162 121 188 277 15.2 
7.5P 5.7/9.1 297 179 118 186 294 7.9 
10P 5.7/8.6 306 186 118 176 308 4.2 

2.5RP 5.7/7.5 315 188 120 164 320 3.2 
5RP 5.7/6.6 324 187 120 152 332 3.9 

7.5RP 5.7/6.1 333 187 120 143 339 4.3 
10RP 5.6/5.9 342 186 119 135 345 4.4 
2.5R 5.6/5.8 351 185 118 129 351 3.9 

Figure A12.1 R, G and B values of the 40 Munsell Hues listed in table A12.3. 



Appendix 12: The Hue Circle (Tables) 

388 

Table A12.4 sRGB values for the 40 NCS principal hues, calculated at median saturation and lightness  
(HSL S = 0.342, L = 0.595) ) (Discrimination is the estimated number of hues discernible in the HSL 
hue range from mid-point between the particular NCS colour and each colour adjacent to it, based on 
the discrimination results found in this work) 

NCS Colour NCS Hue angle R G B HSL Hue Discrimination 
S 3030-R 0 163 101 99 2 5.0 
S 3030-Y90R 9 173 99 96 2 4.2 
S 3020-Y80R 18 177 127 114 12 5.3 
S 3020-Y70R 27 183 131 111 17 4.8 
S 3020-Y60R 36 183 138 110 23 4.0 
S 3020-Y50R 45 187 136 107 22 5.0 
S 3020-Y40R 54 184 143 102 30 4.0 
S 3020-Y30R 63 185 147 104 32 5.0 
S 3020-Y20R 72 181 150 104 36 3.9 
S 3020-Y10R 81 182 159 107 42 3.9 
S 3020-Y 90 177 161 109 46 4.0 
S 3020-G90Y 99 176 168 108 53 5.1 
S 3030-G80Y 108 158 152 79 55 5.1 
S 2030-G70Y 117 187 190 109 62 4.8 
S 2030-G60Y 126 183 191 111 66 5.2 
S 2030-G50Y 135 174 189 113 72 5.4 
S 2030-G40Y 144 164 190 111 80 6.5 
S 2030-G30Y 153 154 188 115 88 8.9 
S 2040-G20Y 162 117 194 104 111 9.7 
S 2040-G10Y 171 115 211 132 131 4.8 
S 2030-G 180 130 218 153 136 3.3 
S 2030-B90G 189 133 221 186 156 2.6 
S 2030-B80G 198 134 213 185 159 3.0 
S 2030-B70G 207 115 206 180 163 2.3 
S 2030-B60G 216 123 219 200 168 2.8 
S 2030-B50G 225 112 205 189 170 2.3 
S 2030-B40G 234 109 203 193 174 3.0 
S 2030-B30G 243 123 217 211 176 2.7 
S 2030-B20G 252 129 192 194 182 3.6 
S 2030-B10G 261 120 186 198 189 4.0 
S 2030-B 270 116 169 188 196 5.3 
S 2030-R90B 279 125 169 191 200 6.6 
S 2040-R80B 288 112 159 205 210 9.3 
S 2040-R70B 297 135 149 206 228 14.2 
S 3040-R60B 306 128 101 182 260 20.5 
S 3030-R50B 315 160 117 175 284 18.5 
S 2040-R40B 324 202 119 200 301 10.6 
S 2040-R30B 333 189 111 149 331 7.0 
S 2040-R20B 342 198 110 136 342 7.4 
S 2040-R10B 351 210 111 127 350 4.9 

 
Figure A12.2 R, G and B values of the 40 NCS hues listed in table A12.4. 
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Table A12.5 120 evenly-spaced points around the Isomorphic hue circle (120 points were chosen to provide a 
data set that can be dissected to provide X hues evenly-spaced around the colour circle, where X can 
take many values). The column headed Angle (°) is simply the Isomorphic Hue ×3, and would have the 
same values as the HSL Hue column if the HSL hue circle was isomorphic: differences indicate the 
considerable degree of anisomorphy in HSL hue. These data are plotted in Chapter 7, figure 7.34. 

Isomorphic 
Hue Angle (°) HSL Hue Isomorphic 

Hue Angle (°) HSL Hue Isomorphic 
Hue Angle (°) HSL Hue 

0 0 0.0 40 120 89.1 80 240 229.9 
1 3 2.7 41 123 92.4 81 243 232.1 
2 6 5.1 42 126 96.0 82 246 234.4 
3 9 7.3 43 129 99.9 83 249 236.7 
4 12 9.5 44 132 104.1 84 252 239.1 
5 15 11.6 45 135 108.5 85 255 241.6 
6 18 13.6 46 138 113.1 86 258 244.1 
7 21 15.6 47 141 118.0 87 261 246.7 
8 24 17.6 48 144 123.3 88 264 249.2 
9 27 19.6 49 147 129.1 89 267 251.7 

10 30 21.6 50 150 135.2 90 270 254.1 
11 33 23.5 51 153 140.9 91 273 256.4 
12 36 25.5 52 156 146.0 92 276 258.7 
13 39 27.5 53 159 150.7 93 279 260.9 
14 42 29.5 54 162 155.1 94 282 263.2 
15 45 31.5 55 165 159.4 95 285 265.4 
16 48 33.5 56 168 163.7 96 288 267.8 
17 51 35.6 57 171 168.0 97 291 270.2 
18 54 37.6 58 174 172.1 98 294 272.8 
19 57 39.6 59 177 176.0 99 297 275.6 
20 60 41.6 60 180 179.7 100 300 278.7 
21 63 43.6 61 183 183.1 101 303 281.9 
22 66 45.6 62 186 186.3 102 306 285.3 
23 69 47.5 63 189 189.3 103 309 288.8 
24 72 49.5 64 192 192.1 104 312 292.7 
25 75 51.4 65 195 194.8 105 315 297.1 
26 78 53.4 66 198 197.4 106 318 302.3 
27 81 55.4 67 201 199.9 107 321 308.5 
28 84 57.5 68 204 202.3 108 324 314.9 
29 87 59.6 69 207 204.7 109 327 320.6 
30 90 61.9 70 210 207.1 110 330 325.2 
31 93 64.2 71 213 209.4 111 333 329.2 
32 96 66.7 72 216 211.8 112 336 332.9 
33 99 69.3 73 219 214.1 113 339 336.6 
34 102 71.9 74 222 216.5 114 342 340.3 
35 105 74.7 75 225 218.8 115 345 343.9 
36 108 77.4 76 228 221.0 116 348 347.5 
37 111 80.2 77 231 223.3 117 351 350.9 
38 114 83.0 78 234 225.5 118 354 354.1 
39 117 86.0 79 237 227.7 119 357 357.1 
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