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Abstract 

Graphic arts provide the channel for the reproduction of most brand communications. 

The reproduction tolerances in the graphic arts industry are based on standards that 

aim to produce visually acceptable outcomes. To communicate with their target 

audience brands, use a set of visual cues that may include the definition of a single or 

combinations of them to represent themselves. The outcomes are often defined 

entirely by their colour specification without an associating it to target parameters or 

suitable colour thresholds. This paper researches into the feasibility of defining colour 

tolerances for brand graphical representations. The National Health Service branding 

was used as a test case borne out of a need to resolve differences between contracted 

suppliers of brand graphics. 

 

Psychophysical evaluation of colour coded navigation used to facilitate wayfinding in 

hospitals under the varying illuminances across the estate was found to have a 

maximum acceptable colour difference threshold of 5ΔE00. The simulation of defined 

illumination levels in hospitals, between 25-3000 lux, resulted in an acceptable colour 

tolerance estimation for colour coded navigation of 3.6ΔE00.  

 

Using ICC media relative correction an experiment was designed to test the extent to 

which substrate white points could be corrected for colour differences between brand 

proofs and reproductions. Branded stationery and publications substrate corrections 

to achieve visual matches had acceptable colour difference thresholds of 9.5ΔE*ab for 

solid colours but only 2.5ΔE*ab. Substrate white point corrections on displays were 

found to be approximately 12ΔE*ab for solids and 5ΔE*ab for tints.  

 

Where display media were concerned the use of non-medical grade to view medical 

images and branded content was determined to be inefficient, unless suitable 

greyscale functions were employed.  A STRESS test was carried out, for TC 1-93 Grey-

scale Calculation for Self-Luminous Devices, to compare DICOM GSDF with Whittle’s 

log brightness. Whittle’s function was found to outperform DICOM GSDF. The colour 

difference formulas used in this research were tested, using near neutral samples 
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judged by observers using estimated magnitude differences. The CIEDE2000 formula 

was found to outperform CIELAB despite unexpected outcomes when tested using 

displays. CIELAB was outperformed in ∆L* by CIEDE2000 for displays. 

 

Overall it was found that identity branding colour reproduction was mostly suited to 

graphic arts tolerances however, to address specific communications, approved 

tolerances reflecting viewing environments would be the most efficient approach. The 

findings in this research highlights the need for brand visualisation to consider the 

adoption of a strategy that includes graphic arts approaches. This is the first time that 

the subject of defining how brands achieve tolerances for their targeted visual 

communications has been researched.  
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Chapter 1 – Introduction 
This chapter provides an introduction of the motivation behind the research, 

objectives, scope and a description of how the thesis is structured. The research uses a 

test case that generated the initial research question, and this is introduced in this 

chapter. 

1.1. Motivation and objective 

In identity branding the achievement of both consistency and uniformity of colour, 

across different media, is desirable (Martenson 2007). Brand colours are quite 

frequently reproduced on many types of media to satisfy a range of communication 

channels. Detailed in their visual identity or toolkit document will be all the different 

permutations of how the colours are to be used. Having defined each colour 

specification, the brand expects that the reproduction of any colour viewed in one 

condition will match another reproduced in an alternate medium. The real-world 

experience is such that anticipated brand colours are often not achieved for several 

reasons. Brand consultants employ the use of colour to strengthen visual associations 

with products and services to strengthen their existence in a consumer’s memory 

through the development of an associative memory network (Aslam 2006). This 

necessitates the need for suitable metrics of agreement in appraisal. For example, 

appraisal by a print purchaser would typically be conducted as a side by side 

comparison where printed samples are judged between proof and reproduction. The 

branding approval workflow however, introduces another level of appraisal where 

client engagement may also require additional judgment based on memory of the 

visual stimulus (Singh et al 2012). NHS staff uniforms are colour coded based on 

discipline and engagement levels as depicted in Figure 1, nurses uniform colours 

correspond to their roles. With multiple suppliers of such branded products brand 

managers would often judge their approval of supplies based on recalled memory 

matching. As such they are often influenced in their judgments by a preference for 

slightly saturated colours (de Fez et al. 1998). More recently as part of a digital first drive 

non- medical grade displays have been used to display branded information as well as medical 

images for clinicians. The requirements for medical grade image assessment is not likely being 

met by implementing general displays as part of such remote workflows. 
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Figure 1: NHS identity branded targets of stationery, male nurse uniform, and NHS building site uniform. 

Proof to production approval workflow will likely differ for each case. [Crown © copyright 2012]. 

In a bid to achieve unique identity branding, as depicted in Figure 1, the NHS has 

developed a guide that specifies colours to be used for developing all their 

communications by design companies and external suppliers. Their brand statement 

associates these colours with an expectation; “Our identity is important. It is largely 

formed by what we do - treating illness and promoting health. But our 

communications are important in forming our identity too” (NHS Identity 2003). This 

guide provides a series of colours for its branding across different media. What is not 

apparent is the acceptable representation of brand colour for the target media in its 

domain of use which is representative of a targeted appearance match. The process 

appears to be based entirely on non-correlated subjective assessments for output 

acceptance. This leads to changes in branding, in a bid to achieve a range of acceptable 

results across the defined media ranges and is continually evolving. The approach is to 

create an authentic characteristic appearance that presents a universal visual 

attraction which potentially leads to a level of trust and expectation. The question that 

arises from such frequent re-appraisal of identity branding is whether graphic arts 

standards and related research can address issues of brand colour consistency. Further 

to this all NHS clinical buildings are built and furnished per CIBSE (Chartered Institution 

of Building Services Engineers) lighting specifications that include designated lamps, 

location illumination levels, colour temperature and colour rendering indices for each 

domain. Whilst the specifications centre on the specific task requirements, they also 

attempt to inform design to embrace a balanced vertical surface luminance, spatial 

colour and architectural intent (CIBSE SLL LG2 2008). 

In graphic arts, variants of colour appearance models can facilitate the prediction of 

changes in a colour across different viewing conditions for different media (Luo 2002) 
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and, through managed transformations in reproduction, colour consistency is 

achievable. It is feasible however, for one media to have target viewing conditions that 

are variable for a single reproduction in identity branding. Others might even have 

mixed variations between target location and media. Thus, an overall assessment 

method is required to arrive at an acceptance metric.  

In determining tolerances for identity branding that achieve perceived branding visual 

consistency as defined by an output and target environment, this research seeks to 

fulfil the following objectives: 

 To determine the tolerances for colour reproduction across a range of media 

for identity branding together with factors that influence the judgement of 

colour appearance acceptance; 

 To develop, by way of simulation, a feasible method that predicts acceptable 

colour reproduction appearance across media for target environments.  

 To design a psychophysical approach for assessing colour reproduction for 

identity branding that includes the measurable parameters of the target 

viewing environment. 

 To test findings by implementing the process in an organisation. 

 

In the National Health Service (NHS) brand colour coding of internal and wayfinding 

signage is used to aid directions within hospitals and larger health clinic buildings. This 

consists of a primary corporate colour and a secondary print palette of 13 colours with 

10 tints for each colour. Selections of colours used are intended to help people 

navigate NHS buildings easier and know when they have reached the room or 

department they are looking for.  

 

Directional signs have to clearly indicate direction and safety signs have to comply with 

standards for safety colours.  Wayfinding in the NHS is used to describe the process 

that people go through to find their way around any of the NHS environments. 

Additionally, the NHS wayfinding colours further classify the various medical specialties 
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as colour coded locations (NHS Identity 2008). Each of these NHS environments 

conforms to the Chartered Institution of Building Services Engineers (CIBSE) Lighting 

Guide 02: Hospitals and Health Care Buildings. The guide illustrates varying ways of 

lighting the modern hospital environment and makes illumination recommendations in 

line with European Standards on lighting which, varies between 25-3000 lux. The 

exception is within theatre cavities’ where illumination levels may far exceed 10,000 

lux.  

 

Hidayetoglu et al. (2012) considered that the successful use of colour and light 

positively affects wayfinding. The usefulness of the colour coded information, in 

facilitating easy navigation, depends on its colour appearance which in turn is 

influenced by changes in illumination levels. The extent to which visual perception of 

colour is impacted by illumination level changes can be a significant enough to result in 

perceived colour differences (Nayatani 2007). Nayatani (2007) found that high 

illumination increases the colour appearance of objects with low brightness and 

colourfulness. Consequently, they will be perceived to be brighter and more colourful 

than another object with higher brightness and colourfulness but under low 

illumination. Hunt (1952) found in his study of the effects of light and dark adaptation 

on colour perception that, as an object’s illumination level increases its perceived 

colourfulness also increases. In another experiment by Stevens and Stevens (1963), in 

which observers estimated the magnitude of stimuli brightness across different 

adapting conditions, it was shown that increased illumination enhanced lightness 

contrast. Light colours appeared lighter and dark colours darker thus increasing 

perceived contrast. More recently Ishida (2002) examined observer efficiency in 

searching for pre-named colours from sample sets under illumination levels of 0.1 – 

1000 lux. Each observer had to locate and evaluate each sample based on colour 

identification data. It was found that the performance of the observers declined with 

decreasing illumination. At 1 lux observer judgement errors occurred between orange 

and pink as well as green and blue with high frequency. Based on previous 

experiments illumination at 1 lux would be expected to result in colourfulness and 

perceived contrast being significantly reduced. 
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Real world judgements of colour reproductions in end-use environments inevitably 

involve illumination levels different to that specified for production. Therefore, it may 

be useful to consider modifying the appearance of colour stimuli depending on 

purpose (Favre and November 1979). End-use viewing environments can be expected 

to change colour perception and as such possibly lead to differing visual 

interpretations (Choi et al. 2010). Product and company branding are such instances 

where colour perception is of critical importance and may require such modification to 

preserve colour appearance.  Different levels of illumination have been shown in the 

research of Hunt (1952), Stevens and Stevens (1963), Ishida (2002) and Nayatani 

(2007) to have impact on observer perception and location of colour. In this research 

the perceived colour differences, under illumination levels of 25 – 3000 lux, for visitor 

navigation wayfinding in NHS hospitals and clinics are determined. 

1.2. Scope 

The fundamental concept behind this research was the science of the human visual 

system which encounters a series of phenomena as an interaction with colour 

reproduction. Such interactions lead to the challenges described in this introduction. 

These challenges are because of the changing configurations between media, 

illuminant, and environment conditions that colour science seeks to model and 

simulate in reproduction assessment: 

 ISO 3664:2009 Graphic technology and photography - Viewing conditions 

provides the baseline for all target stimulus environments for which 

parameters are scaled to reflect criterion of change;  

 Psychophysical assessment techniques are an extension of original work 

developed by Johnson and Green (1999); 

 The research outcome is focused on tolerance for uniform colour as employed 

in identity branding as part of a visual identity. 

The determination of whether colour tolerance in graphic arts is entirely suited to 

what is considered acceptable for identity branding, or not, should provide a pathway 

to modelling a workflow that performs well for branding. Additionally, the viewing 

configurations must consider targeted environments of the productions if the 



 14

achievement of a suitable proof-to-production appraisal is to be established. In all 

cases the baseline of defining appraisal, media properties or viewing configuration is 

anchored on a series of ISO standards for graphic arts technology. 

1.3. Contributions 

The context of this research has resulted in the following contributions: 

 

1.  Perceived acceptability of colour matching for changing substrate white point.  

Baah, K., Green, P.J., Pointer, M., (2013) Proc. SPIE 8652, Color Imaging XVIII: 

Displaying, Processing, Hardcopy, and Applications, 86520Q, © (2013) COPYRIGHT 

Society of Photo-Optical Instrumentation Engineers (SPIE).;  

 

2.  White point adaptation issues in colour management.  

Green, P.J., Baah, K., (2012) China Academic Conference on Printing and Packaging, 

China Printing and Packaging Study. vol. 4 (6). 

 

3.  Colour perception with changes in levels of illumination.  

Baah, K., Green, P.J., Pointer, M., (2012) Proc. SPIE 8292, Color Imaging XVII: 

Displaying, Processing, Hardcopy, and Applications, 829207. © (2012) COPYRIGHT 

Society of Photo-Optical Instrumentation Engineers (SPIE). 

 

4.  Psychophysical evaluation of grey scale functions performance  

Baah, K., Green, P.J., Pointer, M., and Carter, R., (2016) Results to enhance confidence 

in the recommended self-luminous neutral-scale calculation in TC 1-93: Calculation of 

self-luminous neutral scale, CIE © CIE 2000 - 2017 | Babenbergerstraße 9/9A, A-1010 

Vienna, Austria.  
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1.4. Thesis Outline 

Chapter 2 introduces some fundamental concepts of colour science and techniques for 

managing colour to produce consistency in reproduction, namely human colour vision, 

colorimetry, colour difference, colour management and viewing conditions. In Chapter 

2a branding is defined in general terms and a description of the specific parameters 

that use colour as a cue is presented. The NHS brand is used as a test case in this 

research, so the manner in which they use their brand colour to communicate, which 

necessitates consistency, is described. The chapter explains how branding uses colour 

to generate variable responses from customers, and how it relates to colour tolerance. 

Subsequently, the chapter explains the NHS use of colour specifications to illicit 

customer interaction with their identity through brand colour. Chapter 3 defines 

methods for determining colour tolerance in relation to this research based of 

configuration of stimuli, detection of quality and how best to solicit useful judgments 

from observers. This is the main subject of this research, which is colour tolerance for 

the reproduction of brand colours. The chapter introduces well known techniques for 

determining colour tolerance, methods designed to test the efficiency of such 

techniques, and statistical methods used to estimate tolerance efficiencies from 

acquired data. The discipline of psychophysics provides the techniques for testing 

observer responses to colour judgements. In this research category judgement and 

estimation magnitude scaling, discussed in this chapter, are the main psychophysical 

methods employed. Chapter 4 is a summary that explains why specific experiments in 

this research has been carried out, by outlining the areas of identity branding 

engagement that result in possible colour tolerance departure from graphics arts. 

Chapters 6-9 present all the experiments that test configurations of colour, media and 

illuminants to arrive at a suitable model for assessing identity branding colour 

tolerance. Chapter 10 summarises the results from the experiments and discusses 

what future work might prove useful. The conclusions are presented in chapter 11 and 

the references for this research and a glossary follow on in sequence. The key datasets 

produced by the various experiments are included as appendices in the final sections.  
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Chapter 2 - Theory and literature survey 

This chapter introduces the concept of colour, factors that influences its appearance 

and calculating colour differences.  The second half of the chapter describes how 

colour is managed in a generic workflow. This considers parameters for reproducing 

colour and appraising the output media. 

2.1  Background and related work 
The graphical representation of brand identity that uses colour to create associations 

relies on connections that individuals make, mostly for events that occur in a given 

environment (Shimp 1991).  This research considers the metrics of perception and 

acceptance of such associations in response to brand colours. Human physiological and 

psychological responses to colour have been well researched and findings that 

interlink the representation of colour and responses provide the foundations of 

making this study possible. However, it is important to be aware that, when there is a 

perception of brands sharing the same colour, consumers will often develop a 

secondary cue of association. This is because of colour specific context (CIE 15:2004), 

so the perceived acceptable tolerance is not a standalone cue of recognition.  

2.2  Visual stimulus 
The colour properties of objects are not fixed but rather a sensation of their perceived 

visual stimulus. Colour results from an interaction between light and materials or 

objects to arrive at a relational eye-brain combination outcome (CIE 15:2004). This 

perception is a function of light falling on the eye, physiological factors and 

psychological biases. The spectral characteristics for reflected or emitted radiance can 

be equated to quantities derived from their measurements. Subsequently, changes in 

any of these factors will lead to perceived differences in colour. Light is 

electromagnetic radiation for which wavelengths vary between 380-780nm that can be 

detected by the human visual system (CIE 1987). The colours perceived along the 

different electromagnetic wavelengths fall into broadly described intervals of blue, 

green and red regions shown in Figure 2.  

 

Figure 2: Electromagnetic wavelengths showing regions of visible colours.  
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These regions are considered to approximately correlate to the three kinds of cones, 

Figure 3, in the human visual system and can further be described by their spectral 

power distribution (SPD) and a set of weighting functions for each of the three 

receptors. This concept has led to the colour-matching functions which can be used for 

the calculation of the tristimulus values of the different spectral compositions of a 

colour. 

 

Figure 3: Representation of the 3 types of receptors.  

Where a pair of colours has equal tristimulus values it indicates that the colour 

appearances of the two colours match, under the same viewing conditions. 

Alternatively, if the pair visually match but have different spectral compositions they 

are considered to be a metameric match, and this forms the basis for nearly all 

commercial colour image reproduction. 

 

In 1931, the Commission Internationale de L’Eclairage – the International Commission 

on Illumination (CIE) agreed the basis of establishing a set of functions that were the 

description of human colour vision as a set of numerical values. These functions were 

derived from the mean results of visual experiments separately carried out by W.D. 

Wright (1928-9) and J. Guild (1931). The human colour perception in these functions 

are described by the three sets of cone-response related values (Schanda 2007). CIE 

colorimetry seeks to determine the extent to which a test colour stimulus matches a 

reference stimulus and by no means attempts to describe what an observer sees but 

rather model the human perception of colour. Consideration of the visual field led to 

the 1931 Standard Colorimetric Observer and later, the 1964 Standard Colorimetric 

Observer (Stiles and Burch 1959) for defining the matching functions for the 
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discrimination of colour samples subtending to 2˚ (       z,y,x ) in Figure 4 and 

10˚ (      
101010

z,y,x ) respectively (CIE 1986). Variations in the visual field of the 

retina were found to reduce discrimination for a 2˚ field when the field size changed 

beyond 4˚, so the 1964 model was developed. It was considered that detail in vision 

extended over a visual angle of only 2⁰ in the centre of the visual field. In the colour-

matching functions the combined perceived luminance, represented by the )(y   

wavelength function, is a linear transformation of the cone characteristics and their 

actual responses. The y 10(λ) for the 10˚ field however, has no photometric significance 

as exists in 2˚ fields (Hunt 1998). “The colour matching functions are the curves that 

represent the amounts of R, G and B that is required to match a constant amount of 

power for each minimal wavelength interval at each wavelength spectrum” (Hunt 

1998).  

0.0

0.4

0.8

1.2

1.6

2.0

360 440 520 600 680 760

 x(λ)
 y(λ)

 z(λ)

-0.1

0

0.1

0.2

0.3

0.4

360 420 480 540 600 660 720 780

r(λ)

g(λ)

 b(λ)

 

Figure 4: Spectral tristimulus values for CIE RGB monochromatic primaries is on the left and the negative 

part of the curves indicate a matching of those spectral colours requiring only R and G amounts. The CIE 

1931 standard colorimetric observer matching functions are on the right. The CIEXYZ 1931 model was 

developed to eliminate negative values and adopt the CIE 1924 photopic luminous efficiency function 

V(λ). 

  

Tristimulus values for red, green, and blue were considered by the CIE to be unsuitable 

for creating a standardized colour model. Therefore, the CIE developed a mathematical 

formula to convert existing RGB data to a system resulting in only positive integer 

values. The reformulated tristimulus values were denoted as XYZ and quantify the 

trichromatic characteristics of colour stimuli as approximations of red, green, and blue. 

The Y tristimulus, a luminance value, is equal to the curve that represents the total 
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power of a light source and for any given Y value. Therefore, the XZ plane will contain 

all possible chromaticities at that luminance. The CIEXYZ values for an object is 

characterised by either its spectral reflectance or transmittance and illumination of a 

light source. The light source itself is characterised by its spectral distribution which is 

the relative proportion of radiant power at each different wavelength in that light. The 

summation of the products of the distributions of the spectral power, reflectance and 

colour matching functions over the visible wavelengths 380nm to 780nm is sued to 

calculate X, Y and Z values of an object. 

 

                  

 

The X, Y and Z values are the CIE tristimulus values;  is the spectral power 

distribution of the illumination source;  is the spectral reflectance or 

transmittance of the object and , and  are the CIE 2° Observer colour 

matching functions, all depicted in Figure 5. A normalising factor  is applied and set to 

keep Y = 100 when a perfect diffuser is assumed as the object. 

 

Figure 5: Image showing the spectral distribution of an illuminant, the spectral reflectance of an object 

and the CIE 2° Observer colour matching functions. The summation of the products these distributions 

over the visible wavelengths of 380-780nm is used to calculate the CIEXYZ.  
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A generalised approach for calculating the CIERGB tristimulus values of a stimulus 

with the spectral power of distribution )( is given as; 




drR )()(       


dgG )()(       


dbB )()(         (1) 

Where )(r , )(g , and )(b  are the matching functions represented on the left in 

Figure 5.  CIEXYZ colour-matching functions are similar to that of CIERGB except for 

the use of a normalising constant employed in the XYZ model (Fairchild 2005).  

CIEXYZ: 




d)(x)(kX        


d)(y)(kY        


d)(z)(kZ         (2) 

In graphic arts and other colour reproduction industries, CIE XYZ colorimetry is in some 

instances used for normalising tristimulus values to substrate white and not the 

perfect reflecting diffuser (Fairchild 2005). This allows the substrate to assume a 

Y value of 100 to preserve it as the lightest colour in an image when transformations 

between different substrates are required. In colour management media-relative 

colorimetry in colour reproduction helps to maintain target colour detail despite 

differences between original and reproduction media (ICC.1:2010).  

            

                      (3) 

 

The XabsYabsZabs produced by the output device is normalised by the media white point 

to the perfect reflecting diffuser defined white point for which XwYwZw correspond to 

the illuminant in the workflow, and XmwYmwZmw the media white point. From this point 

all subsequent retargeting is performed using these media relative colours 

(Theodoridis and Chellappa 2013).  
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2.2.1  Luminance 
Luminance is the amount of visible light leaving a point on a surface in a given 

direction that passes through or is emitted at a given solid angle (Tarrant 2002). The 

CIE defines luminance as the integrated radiance of a source denoted as: 

 

                    (4) 

 

,eL is weighted by the spectral luminosity  V  of the CIE Standard Observer,  

represents the perfect diffuser,  is a constant of 683 lm/W known as the maximum 

spectral luminous efficacy for photopic vision and is calculated as 683 x V(555.000 

nm)/V(555.016 nm) = 683.002 lm/W (Bass 2010). “The value of  is given by the 

1979 definition of candela that defines the spectral luminous efficacy of light to be 683 

lm/W at the wavelength 555.016 nm.” 

 

A measure of luminance is expressed as candela per square metre which is abbreviated 

as cd/m2 and, for example, most walls in household rooms have luminance values 

between 30-100cd/m2. The amount of light falling on a unit area of a surface is the 

illuminance, measured in lux  s/FlimE
s 0

  where E is illuminance produced by 

luminous flux of one lumen on a square metre of an area. Colour discrimination is 

significantly influenced by the level of luminance (Pridmore and Melgosa 2005) and as 

luminance increases the detection of colour difference increases up to a point. Where 

colour targets are presented as luminance increments relative to a background 

luminance, the scaling relationship between the luminances is a power function 

referred to as Stevens' Law (Nundy and Purves 2002). Stevens’ power law is a 

proposed relationship between the magnitude of a physical stimulus and its perceived 

intensity. Conversely Brown (1951) showed that as luminance decreased the 

chromaticity reduces and as such their corresponding tolerance ellipses grew larger, 

indicating depreciation in discrimination. Hurvich and Jameson (1957) determined that 

the processing of colour and luminance contrasts in the human visual system was 
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consistent with second stage mechanisms that were opponent colour cone inputs of 

red-green, blue-yellow and an additive achromatic process.  

In the human visual system, the rods and cones are essential for the visual function of 

the eye for which the rods serve vision at low luminance levels whereas the cones 

serve vision at higher luminance level (Fairchild 2005).  The fovea is an area of the 

retina where images formed by the eye lens are centred and the fovea is also the area 

where there is the highest level of spatial resolution and colour vision sensitivity. The 

rods and cones perform separate functions with differing spectral sensitivities. There is 

a transition between rod and cone vision that allows the visual system to work across a 

wide range of luminance levels. Only one type of rod exists in the human eye and the 

rods are responsible for light and dark vision, referred to as scotopic vision. The 

photosensitive pigment in the rods is continuously created which compensates for the 

fact that it is destroyed by photo bleaching under normal daylight conditions and other 

high levels of illumination – thus only small amounts are present in such conditions. 

Figure 6 is a pictorial representation of the impact of luminance and illumination on 

colour vision acuity.  

 

Figure 6: Effect of luminance on colour vision acuity in natural conditions (Ferwerda 1996).  

 

2.2.2 Colour appearance phenomena  
For the average observer two colour stimuli with identical CIE XYZ tristimulus values 

will match in appearance where factors such as surrounds, backgrounds, object surface 

properties, size, shape, along with retinal area of stimulation, luminance level and 

subtending angle are the same. However, in practical situations the influence of 

viewing conditions must be considered in order to appreciate the appearance of a 

colour stimuli. These phenomena underpin the definition of colour appearance for 

most practical situations. The changes that occur to the surround, luminance level, 

illumination colour and cognitive responses/interpretation that influence the 
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appearance of a stimulus result in the various phenomena that are considered to be 

“breaking” the simple XYZ tristimulus colour system (Fairchild 2005).  

Such phenomena include: 

 simultaneous contrast, crispening and spreading that are related directly to 

colour stimuli spatial structure;  

 a change in the hue when a change in luminance occurs; 

 changes in hue with colorimetric purity; 

 brightness dependency on luminance and chromaticity; 

 colourfulness increasing with luminance; 

 increasing of contrast with luminance; 

 changes in image contrast with changes in the surround; 

 discounting the illuminant; 

 

The perceived colour of an object has a direct relation to its spatial structure so if the 

background of the object is changed a shift in colour appearance will occur. This is 

referred to as the simultaneous contrast phenomenon, a colour shift which follows the 

theory of opponent colour (Albers 1963). Subsequently a pair of similar colour stimuli 

will appear to have a different magnitude of colour difference with different 

backgrounds, an effect known as crispening (Semmelroth 1970). If the spatial 

frequency of stimuli is increased, the impact of simultaneous contrast will be replaced 

by spreading where there is an apparent mixing of the colour stimuli with its surround; 

billboard posters (halftone) are often produced with this sort of spatial frequency so 

that the dots cannot be resolved at a typical viewing distance. 

 

When the level of luminance is increased, the perceived colourfulness of the stimuli 

becomes more apparent (Hunt 1952), a phenomenon referred to as the Hunt effect. 

Similarly, the same condition of increased luminance results in a greater perception of 

contrast increase, often referred to as the Stevens effect (Stevens and Stevens 1963). 

The Bezold-Brücke hue shift phenomena indicates that there is a perceived shift in hue 

observed for stimuli when luminance changes. However, Hunt (1989) highlighted that 
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this is not the case for related colours – colour seen in relation to their surround, as is 

the case for most surface colours. Further to this effect of hue shift from a change in 

luminance, a mixing of monochromatic light with white light will also cause a hue 

change known as the Abney effect. This mixture alters the colorimetric purity and 

causes the appearance of hue shift (Robertson 1970). Perception of brightness is best 

confirmed by the phenomenon known as the Helmholtz-Kohlrausch which indicates 

that this depends on luminance and chromaticity. This effect identifies perceived 

brightness to become more apparent when a stimulus becomes more chromatic at 

constant luminance. 

 

The background of a colour stimulus will also influence the colour perceived if the 

surround changed from dark to dim to light. Bartleson and Breneman (1967), from 

their experiment results in testing image contrast changes with surround, determined 

that with a dark surround dark colours appeared lighter. The impact of different 

surrounds is present for television images that are typically viewed with a dim 

surround, photographic prints with a light surround and transparencies with a dark 

surround. The visual system will also allow an observer to interpret colour stimuli 

independent of an illuminant. This phenomenon is referred to as discounting-the-

illuminant and is of importance where comparisons are being made across different 

media. 

 

2.2.3  Chromatic induction 
Chromatic induction occurs when a visual stimulus influences the perceived colour of 

another stimulus within the same visual field (Krauskopf et al. 1986). For the subject of 

this study, this is consistent with a colour presented on a chromatic background; 

typical with brand logo representation. The foreground colour stimulus appears to be 

tinged with its complementary colour. Krauskopf et al. (1986) considered induction as 

implying that the effects of a stimulus falling on one part of the retina are modified by 

stimuli falling on another part of the retina at some level in the visual system. The 

extent of colour induction (Kinney 1962) increases relative to the inducing field, the 

luminance ratio between the inducing and the induced fields and to some extent 
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relational to the purity of the inducing colour. Alternative to this type of chromatic 

induction, which is simultaneous contrast, there is chromatic assimilation where a 

colour shifts its perceived colour appearance towards that of a nearby source of light. 

This type of induction is considered to include wavelength independent spread light, 

wavelength-dependent chromatic aberration and neural summation (Cao and Shevell 

2005). 

 

2.2.4  Adaptation and adoption 
Adaptation describes the processes where the visual system adjusts its operating 

properties in response to changes in the environment (Clifford 2007). The immediate 

visual response to a continuous stimulus is not the same several seconds thereafter. In 

resolving colour, the human visual system adapts to conditions within the viewing 

environment. This is a process for the visual system to alter its sensitivity to a colour 

stimulus in response to changing conditions of stimulation (Fairchild 2005). When 

describing how luminance impacted visual acuity it was highlighted in Figure 5 that 

three categories existed namely, scotopic, mesopic and photopic. Scotopic is vision in 

dark conditions where rod vision is predominant from about 0.01 cd/m2, less than 1 

lux, which evokes dark adaptation. The little cone activity there is at this state is non-

existent once luminance reaches 0.001 cd/m2 and colour vision is gone. Photopic vision 

evokes light adaptation where cone photoreceptors are most dominant. This occurs at 

approximate luminances of 3 cd/m2 and higher. This type of vision results in the 

majority of trichromatic colour perception. Mesopic vision is a transition between light 

and dark adaptation. Dark adaptation is a change in visual sensitivity when a current 

state of illumination level is significantly reduced (Aubert 1865) as would be the case 

when illumination is reduced from 500 lux to below 1 lux (Boiko et al. 2006, Brown 

and Braley 2011). Figure 7 is a depiction of dark adaptation as a function of log 

intensity and time in the dark. 
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The visual system then adjusts to become more sensitive to accommodate the lack of 

illumination as would occur when an observer moves from a well-lit room into a dark 

one. In dark adaptation there are two stages (Hecht et al 1937) of adjustments as a 

result of the engagement of both rods and cones. First there is a rapid cone adaptation 

lasting about 2 minutes (Fairchild and Reniff 2005) which is then followed by rod 

adaptation with a significantly longer duration of change over a duration of about 30 

minutes (Hecht et al 1937).  The colour of the illuminant in the viewing environment 

and the retinal coverage determines the maximum intensity range covered by the rods 

and cones. The reverse of dark adaptation leads to light adaptation but with different 

visual functional changes shown in Figure 8. Light adaptation requires the visual 

system to become less sensitive in order to produce useful perceptions in an 

environment with higher level of illumination. The process of adaptation is reversed 

and takes about 5 minutes. 

 

  

 

 

 

 

 

 

Figure 7: Dark adaptation curve. The shaded 

area represents 80% of the group of subjects. 

Hecht and Mandelbaum’s data from From 

Pirenne M. H., Dark Adaptation and Night 

Vision. Chapter 5. In: Davson, H. (ed), The Eye, 

vol 2. London, Academic Press, 1962. 

Figure 8: Light adaptation curve 

plotted as increment threshold versus 

background luminance. The plot shows 

increment threshold (Nλ) and 

background luminance (Mµ). Light of 

two different wavelengths are used in 

this case (580 nm for the test and 500 

nm for the background). Stiles’ data 

from Davson (Davson’s Physiology of 

the Eye, 5th ed. London: Macmillan 

Academic and Professional Ltd, 1990). 
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The inability to perceive the presence of stars in the sky during a clear summer day, 

despite the fact that they are present, typifies light adaptation. The high level of 

luminance induces a reduction in visual sensitivity to their presence. Various colour 

appearance models account for these various adaptations because they do have a 

profound effect on colour vision and hence colour appearance. 

 

Work by Helson and Grove (1947), Helson, Judd and Warren (1952) and Hunt (1952) 

has shown that numerous pairs of colours that look alike when viewed by eyes 

adapted to different kinds of light can be elaborated by the law of coefficients 

proposed by Von Kries (MacAdam 1970) to account for such results. This is referred to 

as chromatic adaptation which occurs when the visual system discounts a change in 

illumination source to preserve the appearance of colour stimuli. This type of 

adaptation is very critical to colour appearance models because of the preservation of 

perceived colours with changes to illumination. Images viewed on a CRT monitor will 

have a bias towards blue and thus cause white areas to have a blue tinge. The viewer 

will partially adapt to this and perceive the white as being whiter than blue. However, 

this same image will be perceived to have the same white colour when the image is 

reproduced on different media where the illuminant differs (Henley and Fairchild 

2000). Chromatic adaptation is essential to developing colour appearance models and 

in cross-media reproductions. Transformation models are used to predict how 

adaptation acts on cone response signals. Recent chromatic adaptation models are 

related to the von Kries model which describes a relationship between an illuminant 

and visual sensitivity in compensating for the illumination change based on scaling of 

the cone responses (Süsstrunk et al 2001). Fairchild’s modern interpretation of the von 

Kries hypothesis of a chromatic adaptation model is as follows (Fairchild 2005). 
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LkL Ladapt       (5)     MkM Madapt       (6)     SkS Sadapt       (7) 

 

adaptL , adaptM  and adaptS  are the cone signals after adaptation, Lk , Mk  and Sk  are 

initial cone signals coefficients scaling factors and L, M and S the initial cone signals. 

This can also be described as a matrix: 
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         (8) 

In imaging systems chromatic adaptation transforms provide a pathway to map the 

appearance of an image defined in terms of its colorimetry to the corresponding 

colorimetry under any different illuminant.  

 

2.3  Colorimetry  
In graphic arts, quantifying the surface colour of a substrate and establishing an 

appropriate tolerance level, supported by visual judgements, is highly desired. There 

is also an expectation that the resulting colour can be consistently reproduced across 

various media for specified target conditions. For this reason, reproduction, 

measurement and assessment of colour must have a reasonable correlation to visual 

perception (Billmeyer 1988). Using colorimetry provides the ability to measure colour 

that is reflective, emissive or transmitted in order that the question of matching 

between a test and reference colour can be determined (Rich 2002). Through the 

development of models of colour appearance, it has also become possible to describe 

colour in terms of a viewing condition and determine differences that reflect visually 

perceived changes.  

 

From the CIE 1931 XYZ tristimulus a two-dimensional chromaticity diagram can be 

derived. The diagram itself represents colour perception by the CIE standard observer 



 29

in terms of x and y, or can be represented with a luminance factor Y to result in xyY. 

The chromaticity coordinates of the spectral colours are distributed around the edge of 

the diagram.  

 

The chromaticity coordinates are calculated by:  
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      (9) 

 

where 1 zyx  

 

The tristimulus values and two-dimensional chromaticity diagrams however, do not 

address the representation of perceptual uniformity that would show a useful 

correlation of colour attributes with regards to proportionally perceived differences 

between two colours. In an attempt to correct for perceptual uniformity a new 

chromaticity diagram was developed with defined axes (Hunt 1987): 

 

u’ =4X/(X+15Y+3Z) ; v’ =9Y/(X+15Y+3Z)         (10) 

 

Where there is an interest in the discriminability of colours it is useful to use this 

diagram to show the relationship between them. However, as chromaticity diagrams in 

themselves only show proportions of tristimulus values they are applicable only to 

colours with the same luminance. To account for the luminance, factor the CIE 

recommended the use of the 1976 L*u*v* colour space (CIELUV) or the 1976 CIE 

L*a*b* (CIELAB) colour space. Both are reasonably uniform colour spaces that also 

take into account the tristimulus values of the reference white which could either be a 

perfect diffuser or defined by the media white (transmissive or reflective), using the 
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guidance of ISO 13655. CIE L*u*v* and CIE L*a*b* colour spaces are defined as 

follows: 

 

 

 

 

 

Where   

     if  

  if  

 

CIE 1976 u, v saturation  

CIE 1976 u, v chroma   

CIE 1976 u, v hue angle   

 

Where L* represents approximation of lightness correlation, u* redness-greenness, v* 
yellowness-blueness, C*uv the chroma, huv hue, with u’n and v’n the reference white. 
The notation Y, u’, v’ describes the colour stimulus considered for which  

 is the reference white. 

 

 

 

 

 

where     if  

 if  

(11) 
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and    if  

 if  

 

and    if  

 if  

 

CIE 1976 a, b chroma   

CIE 1976 a, b hue angle  

 

Where L* represents approximate correlate of lightness, a* redness-greenness, 

b* approximate yellowness-blueness, ΔC*ab the 1976 a, b chroma, hab hue 

angle. The notation X, Y, Z describes the colour stimulus considered for which 

Xn, Yn and Zn is the reference white. 

 

The perceptual attributes that are predicted by CIELUV and CIELAB above can be 

defined (Fairchild 2005 and Hunt 1995) as: 

 Lightness is the brightness of a colour relative to the brightness of the 

reference white (with brightness being the attribute of visual perception 

according to which an area appears to transmit more or less light); 

 Hue is the attribute of a visual perception according to which an area 

appears to be similar to one, or to proportions of two, of the perceived 

colours red, yellow, green and blue. 

 Chroma is the colourfulness of an area judged in proportion to the 

brightness of a similarly illuminated area that appears to be white or 

clearly transmitting. 

(12) 
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 Saturation is the colourfulness of an area judged in proportion to its 

brightness. 

 Colourfulness is the attribute of a visual perception according to which 

an area appears to exhibit more or less of its hue. 

 

Uniform colour spaces are intended to apply to object colours of similar dimensions 

that are viewed in identical white to mid-grey surroundings (Hunt 1998) where the 

observer is photopically adapted to a field of chromaticity close to average “daylight”. 

CIE colour spaces are independent of any device and do not depend on any particular 

input or output such as a scanner, camera, monitor, printer or transparency. CIELUV 

colour space is best suited for use in applications where additive colour mixing is 

required and also for the lighting, television and display industries. CIELAB on the other 

hand is currently used by the colorant and graphic arts industries as well as for other 

applications of subtractive mixing like the surface colour industries. A key difference 

between these two colour spaces is that CIELAB has no real association with the 

chromaticity diagram and saturation is not defined due to the non–linear nature of the 

formula defining a* and b*.  

 

2.3.1  Colour Appearance  
For a given colour stimulus its appearance will depend on the context in which it is 

seen and not its physical properties (Luo 2002). CIEXYZ accounts only for the quantities 

derived from the physical properties of the stimulus, so in order to derive the 

perceptual attributes of the stimulus, and account for the impact of the contextual 

viewing environment, a colour appearance model is required. The models themselves 

can be grouped into two steps where initially there is a chromatic adaptation 

transform to account for the chromatic adaptation of an observer to the viewing 

condition where a stimulus is presented and secondly the colour appearance attributes 

of lightness, chroma, hue, brightness, saturation and colourfulness are defined. 

Memory has also been considered to influence colour appearance (Hansen et al 2006 

and Olkkonen et al 2008). This typifies the colour as an integral and expected property 

of an object due to past experience (Bartleson 1960) therefore modulating the colour 
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appearance of the objects' actual colour through psychological bias. The effect creates 

strong object associations with a typical colour based on a level of familiarity. 

 

2.3.2  Colour difference 
An estimation of magnitude for the perceived difference between two colours under a 

specified viewing condition (CIE2007) is commonly required in many practical 

situations concerning colour reproduction. CIE colorimetry and its progressive 

developments provide quantitative methods for expressing such differences by 

Euclidean distances. The results correlate closely to human visual judgments but 

differing requirements for different industries led to several colour-difference formulas 

being developed. CIELAB and CIELUV colour-difference formulas, 1976 Uniform Colour 

Spaces, can be used to represent the difference between two colours as the Euclidean 

distance between their coordinates. However, in both colour spaces there is a 

significant level of perceptual non-uniformity which renders it unsuitable for a number 

of applications where a single value is required to define colour tolerance throughout 

it. These two colour spaces are still widely used successfully for many instances and 

most advanced versions of colour-difference formulas are based on the transformation 

of CIELAB coordinates (Green 2002). The terms of expressing the formulas are CIELAB 

E *ab and CIELUV E *uv for which differences can calculated for each predictive 

attribute namely lightness, chroma, hue, and so on thus denoted as: 

 

E *ab = [ L*2 +  a*2 +  b*2] ½ 

E *uv = [ L*2 +  u*2 +  v*2] ½ 

E *ab = [( L*)2 + ( C*ab) 2 + (Hab) 2] ½ 

Hab = [( E *ab) 2 - ( L*)2 - ( C*ab) 2] ½ an alternative method for calculating the hue 

difference: 

s,abr,ab *C*C2Hab  





 

2

h
sin

ab
where subscripts r and s are the reference and 

sample. 

(13) 
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Despite the intention of the colour spaces to have colour differences that were 

perceptually uniform throughout this does not really exist. A colour difference of *
abE  

1.0 for a pair of red stimuli would for example, be perceived to be equal in magnitude 

of estimation to that of a pair of grey stimuli with the same *
abE  1.0 but this is not the 

case. It is important to note that viewing conditions and media surface characteristics 

are not accounted for and these aspects could impact the capability of quantifying 

differences suitably. In situations where tolerance factors are required for a magnitude 

of acceptability it has been found that the perceptual components of *L , *
abC  and 

abH colour differences provide better correlation of colour shifts. 

 

Industrial requirements for a suitable pass/fail evaluation led to the development of 

colour difference metrics that employed weighting functions to correct for the non-

uniformity found in CIELAB and CIELUV colour spaces. The CMC (l:c) (Clarke et al. 

1984) equation was designed for the textile industry and seems to provide better 

uniformity and BFD (l:c) (Luo et al. 1987) introduced hue-chroma interaction, 

C/H  . The inclusion of a new term TR designed to control rotation of tolerance 

ellipses, maximizing in blue samples with high chroma. The CIE later developed a new 

equation that resulted from a study of the industrial colour-difference formula called 

CIE94 (CIE 1995), which was considered to be much simpler to implement than CMC. 

This equation introduced a much-simplified set of weightings as parametric factors kL, 

kC and kH which are the same as l, c, and h in the CMC(l:c) formula (McDonald and 

Smith 1995). In the CMC(l:c) formula l and c are factors that result in relative tolerance 

changes to ∆L*, ∆C*ab and ∆H*ab through modification of the relevant ellipse semi-axis. 

However, in CIE94 the parametric factors kL, kC and kH (named as such to differentiate 

them from the acceptability tolerance influencing l and c) are designed to allow 

independent adjustments to colour difference components. Essentially, the parametric 

parameters can be used to correct for any deviation from the reference conditions 

caused by component-specific visual tolerance variations. This can be seen when 

assessments of textile pairs where an adjustment of kL = 2, and kC = kH = 1 gives a better 

correlation between CIE94 predicted results and visual assessments.  
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Berns at el [1989,1991] in collaboration with the DuPont company also conducted 

visual assessments based upon glossy paint samples using the pair comparison 

method.  A data set, named RIT-DuPont, including 156 pairs (19 colour centres) 

perceptually equivalent to a near-grey anchor pair of 1 CIELAB E unit was generated. 

The data was used to derive a relatively simple colour difference equation, named 

CIE94, which was recommended for field trials by CIE in 1994. The chromatic ellipses 

for the 19 colour centres were also fitted by Melgosa et al [1997] and are plotted in 

Figure 9.  

 

-40

-20

0

20

40

60

80

100

-60 -20 20 60

a*

b*

 
Figure 9: RIT-DuPont colour discrimination ellipses plotted in a* b* diagram (Luo 2000). 
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This colour difference formula, also based on colour tolerance, was developed as a 

result of the success of the CMC equation. It was derived from visual observations of 

automotive paints on steel panels. Like the CMC equation, it is based on the CIELAB 

color metric and uses the position of the standard in CIELAB color space to derive a set 

of analytical functions that modify the spacing of the CIELAB space in the region 

around the standard. Its weighting functions are much simpler than those of the CMC 

equation. 

 

Improving upon CIE94, the CIE Technical Committee 1-47 developed new functions SL 

and SH. The CIEDE2000 (Luo et. al. 2001) does perform better than its predecessors 

CMC (l:c) and CIE94 where it extends to include a hue-chroma interaction variable to 

improve performance in the blue region thus correcting for perceived constant hue 

nonlinearity. Further adjustments include improved performance for low chroma 

colours and a hue dependent function to resolve perceived hue differences. 
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SL is the lightness weighting function: 

     2/122 5020/50015.01  mmL LLS  with   2/01 LLL m   

SC is the chroma weighting function which is the equivalent to that in CIE94: 

mC CS  045.01  with  2/)01 CCC m   

 

SH is a hue function as in the CIE94 formula but includes a T function to cope with the 

complex hue angle dependence: TCS mH  015.01  with  
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       634cos20.063cos32.02cos24.030cos17.01  mmm hhhhT  and 

  2/01 hhhm   

 

RT is a multiplicative function that corrects for the anomalies in the blue region of the 

CIELAB colour space with regards to the hue angle and chroma interaction (Schanda 

2007): 

  CT RR  2sin  with    225/275exp30  mh  and 

   2/1777 25/2  mmC CCR  

KL, KC and KH are parametric weights which can be set if they are known, otherwise a 

value of 1.0 is used. For most imaging applications, they are unknown values and are 

therefore set to 1.0. 

 

Luo et al. (2006) introduced a series of colour-difference formulas based on the 

CIECAM02 colour appearance model. The CIECAM02 appearance model is a result of 

improvements made on the earlier CIECAM97s model and it led to a simpler and more 

effective model. It can predict all of the appearance phenomena that CIECAM97s deals 

with and includes correlates of relative and absolute appearance attributes. It is well 

suited to being applied to a large range of luminance levels and states of chromatic 

adaptation.  CIECAM97s itself was born out of an industrial demand for a single colour 

appearance model of standardised approach.  Some requirements of the model were 

for it to be comprehensive enough to suit various applications, cover a wide range of 

stimulus and adapting intensities, cover a wide range of viewing conditions, provide a 

varied range of adaptation and have the capability of being reversible in operation. 
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where the CIECAM02 lightness, colourfulness and hue angle values are h,M,J  

respectively. The difference between a reference and a sample for J  , a  and b is 

represented by J , a and b . This colour difference approach has coefficients LK , 

1c  and 2c  for three types of configurations namely: 

 large colour difference,  

 small colour difference, 

 uniform colour space. 

 

This is tabulated as follows in Table 1 for each version of uniform colour space: 

Table 1: Colour-difference coefficients for CAM02-LCD, CAM02-SCD and CAM02-UCS 

Versions CAM02-LCD CAM02-SCD CAM02-UCS 

LK  0.77 1.24 1.0 

1c  0.007 0.007 0.007 

2c  0.0053 0.0363 0.0228 

In this thesis, the concern is to identify the attributes of colour differences between 

uniform stimuli that influence observer judgment when a sample and reference are 

compared. The resulting data is then used to represent colour tolerances that 

describes, statistically, the limits of colour differences as an end goal for colour 

reproduction workflows.   
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2.4  Colour management 
In graphic arts achieving high quality colour reproductions is of primary concern from 

pre-production right through to final reproduction. Achieving this depends on the 

efficient interaction between devices and output media. Each device in a colour 

workflow has its own characteristics in capturing or reproducing colour information 

and their range of reproducible colours may also differ (Johnson 1996). As a result, 

there is a requirement for a global framework to manage these colour variations. 

Colour management provides methods by which adjustment and control of colour 

images reproduced on different devices for various media can be achieved with some 

visual consistency. Also, designers of artwork and facilitators of image capture systems 

involved in graphic arts do not often predefine target media or viewing conditions. 

Employing colour management goes some way to guarantee colour accuracy in the 

transfer of such colour information along the colour imaging chain (Fraser et. al 2005).  

 

Colour reproduction is achieved by additive light mixing or subtractive methods using 

inks represented in Figure 10. Mostly, in the additive light process, colour is produced 

by a combination of different intensities of red, green and blue primary colour light 

sources. Additive colour represents a weighted summation of the spectra for each 

primary and in display monitors this is a relationship between the digital input and the 

luminance of each colour channel (Choi et. al. 2002). The subtractive process involves 

depositing a number of ink films, typically cyan, magenta, yellow and black, on a 

substrate to subtract spectrally from its whiteness to achieve the required colours. In 

this manner, the light wavelengths are either absorbed or transmitted to produce 

colour.  
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Figure 10 : CMYK halftone dots highlighted for a printed image and an LCD displays monitor showing sub 

pixels of RGB, liquid crystals and backlight source by http://www.bit-tech.net/. 

 

Device specific colour models produce different colours for the same set of RGB or 

CMYK values on different devices or for different substrates on a printer. To produce 

the same colour on different devices for RGB or CMYK their values require adjustment 

according to the device. These differences could result from RGB photo-detector 

sensitivity, algorithms, and luminance. Where CMYK colour is concerned technologies 

for depositing colorants on substrates differ and likewise their interaction with 

substrate whiteness. None of these representations give any information about their 

colour appearance which is a function of device characteristics and the viewing 

conditions of a resulting reproduction (Sharma 2004). Using CIEXYZ and CIELAB colour 

spaces it is possible to independently define colour characteristics of such devices and 

translate information between them. Figure 11 is an example of a colour management 

workflow. In colour management systems a module, the Colour Management Module 

or CMM, performs such transformations (Green 2010). 
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Figure 11: Generic RGB colour management workflow. 

 

The procedures of calibration and characterisation define the techniques intrinsic in 

matching colours (Johnson 1996) between different media or devices. 

 

2.4.1  Calibration 
Calibration is the setting up of a device or process so that it gives repeatable data. It 

defines a relationship between input signals for a device and the colorimetric data that 

will form the output. Several models of calibration exist for colour workflow devices 

based on techniques such as the Neugebauer equations for predicting the colour 

generated by a permutation of print halftones, the Beer's law analytical model of 

colour prediction or one based on a colorimetric technique that uses a matrix of colour 

patches and interpolations to assume smoothness for relational input-output (Hung 

1993).  
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2.4.2  Characterisation 
Characterisation defines the relationship between the device colour space and the CIE 

system of colorimetry, be it XYZ or CIELAB. Once calibration is completed 

characterisation will establish the relationship between the signals sent to the device 

and the colours reproducible. Characterisation methods usually depend to a large 

extent on the device targeted. There are other characterisation approaches such as 

visual neural networks and polynomial transforms (Cheung et. al. 2005). Full 

characterisation and masking equations that can be used for any device (Johnson et al. 

1998) are another method. The characterisation of a device will only hold true for the 

state in which it was characterised so the importance of calibration as an initial setup 

process is very significant to ensure that the device performs to a known colour 

specification. 

 

To achieve efficient colour management, the data structure for the model of a device 

needs to include characterisation, colour appearance modelling, gamut mapping and a 

defined intermediate device-independent colour space. At the level of 

implementation, the device operation system is required to handle different profiles 

and manage colour transformations. The ICC (International Color Consortium) colour 

management framework extends a computers’ operating system to route application 

program calls to enable access to profiles and colour management modules (CMM). 

The profile defines the device model as a relationship between the device coordinates 

and that of the reference colour space. The CMM connects together profiles to 

produce transformations between device colour spaces for source (input) devices and 

destination (output) devices whilst also carrying out any required interpolation. The 

operating system then handles user required colour transformations through 

application program calls (Wallner 2002). By using a common intermediate 

communication base, the ICC profile provides data necessary to transform the colours 

of an image from the colour characteristics of one device to those of another. 
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2.4.3  Colour reproduction and media 
Primarily colour reproduction systems often objectively fulfill the requirement of 

achieving faithful colour matching of multiple stimuli. It is common for the 

reproduction of colour to be intentionally different from its original as a way of 

improving perceived image quality and adjust for media dynamic range (Viggiano and 

Wang 1992). Colour reproduction in this manner is designed to systematically map 

image differences from capture to reproduction in order to avoid mismatches resulting 

from the production of colorimetric matches between source and destination target 

media (Viggiano and Moroney 1995). Such mismatches are due to variations in the 

viewing conditions between the original image and output media, therefore faithful 

reproductions require appearance matching (Morovic and Pei-Li 2002). Some key 

principles that are set to be achieved in colour reproduction quality are: 

 Mapping of reference colours such as skin tones, natural content and the like. 

Whilst the match may not be precise there must be perceptual recognition; 

 Suitable mapping of media white and neutral grey of the overall image; 

 Efficient tone reproduction as a mapping of contrast and brightness to preserve 

image detail. This is designed to compensate for differences between output 

and input medium luminance ratio capability (Holm et. al 2002).  It applies to 

reproduction processes that start and end with a visible image and not the 

defining characteristics of an input or output device individually.  

 

2.4.4  Colour Gamut 
The efficient prediction of colour appearance, through an appearance model, only 

goes part of the way to satisfy the requirement of image reproduction. The ranges of 

colours that can be reproduced on each media and output by imaging devices are 

known as their colour gamut. Being able to map the gamut of devices and media is 

essential in achieving a satisfactory stimulus representation for a desired outcome. In 

this study colour gamut mapping will not be investigated but it is necessary to highlight 

the importance of having a suitable method for its mapping between images and an 

imaging device (Fairchild 1994). For lighter colours the gamut of a monitor exceeds 

that of a printer whereas in the darker areas the printer exhibits a larger gamut. When 

comparing the gamut of a monitor to that of most printers in a two-dimensional 
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representation, the monitor will often show a larger range. This will however not be 

reflected in a three-dimensional representation. The third dimension of colour space 

shows that often the gamut of a printer extends beyond that of the monitor (Fairchild 

2005).  

 

Adjusting the colours of an image to enable its representation by another device is 

known as gamut mapping. The mapping process may require compression of colour in 

one area or conversely expansion in another, but ultimately depends on whether the 

desired colour falls either outside of the required region of a device. It may also be that 

there is no need to fully utilise the complete gamut of the said device. Several 

techniques have been suggested over the years for gamut mapping, but no individual 

mapping is generally in use. It is however important to adopt a gamut mapping 

strategy within a colour management framework that appropriately satisfies the 

required appearance output. Johnson (1979) proposed maintaining of the hue, linear 

compression of perceived lightness (using Bartleson–Breneman Lightness (Bartleson 

and Breneman, 1967) and linear compression of perceived colourfulness.  Laihanen 

(1987) proposed the maintaining of colour appearance as much as possible so that 

changes between monitor and print were not too noticeable. Lightness compression is 

carried out towards the centre its axis (L*=50), with the rate of compression 

independently determined along each individual step. Gordon, Holub & Poe (1987) 

opted for achieving a faithful reproduction between two media, based on CIELUV 

colorimetry, which was defined such that the neutrals of the original and the 

reproduction media mapped onto each other and colour differences in the 

reproduction were equal to colour differences in the original scaled by a constant scale 

factor. CIELUV was used because of the range of colour increase in L*u*v* with 

lightness. Berns & Choh (1995) proposed a gamut mapping focused on colour 

appearance modelling where gamut clipping was the preferred option as it minimised 

the colour difference abE . Fairchild (2005) suggests that an approach for pictorial 

images with linear scaling of the lightness value to attain a match between black and 

white points whilst keeping the mid-grey constant at 50* L , then clip the chroma to 

the gamut boundary. Another option is to clip out-of-gamut colours so that only that 

which lies within the boundaries remain, but this may not suit instances such as that of 
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branding where the importance is the preservation of a chosen colour and its 

appearance. In this situation, the preservation of the chroma elements with minor hue 

shift may be the appropriate measure to preserve acceptable colour appearance. 

Morovic (2003) proposed a gamut mapping algorithm method based on different 

levels of resolution, lightness compression and spatial colour which intends mostly to 

preserve the spatial information of an image. The algorithm works on different spatial 

frequency bands, with lightness compression and gamut mapping transformations for 

each frequency band. An evaluation of the algorithm psychophysically performed 

similarly to previous published gamut mapping algorithms proposed to preserve spatial 

luminance variations (Bala et al. 2001). 

 

2.4.5  Colour Reproduction Criteria 
Brand image reproduction is required to conform to a perceived set of representations 

that preserves its appearance. This is based on a set of criteria that is often influenced 

by cross-media reiterations including spatial, dynamic range and reproducible gamut. 

Image content is produced once and repurposed for various media on inter-platform 

and inter-device permutations (Veglis 2007). Objective criterion for output could 

invariably be assigned to any of the following reproduction target requirement 

outcomes:  

 Spectral reproduction (Hunt 1970) attempts to match the spectral reflectance 

curves of the original scene by aiming to reproduce colours identical in spectral 

value. Despite evolving technology in colour science reproduction colorants 

such ink pigments are different in spectral composition from the colorants of 

other methods. The dyes in textile colour reproduction are spectrally different 

and would result in metameric mismatching under differing illuminants.  

 

 An exact reproduction would require that the original and reproduction have 

the same chromaticities and absolute luminance level. Such reproductions 

would result in equal appearance between the original and reproduction as 

long as the observers’ adaptation is the same for both. Virtually reality employs 
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this type of reproduction. 

 

 If the original and reproduction have the same chromaticities and the same 

relative luminances it is considered as a colorimetric reproduction. This is a 

suitable approach where reproduction is relative to the white point of an 

original scene. The suitability of this method depends on the importance of 

colour appearance matching because hue errors are likely to occur so a choice 

between perceptibility and acceptability has to be made. This is in most cases 

suitable, for example, for photocopying; 

 

 Corresponding reproduction is defined as having chromaticities and relative 

luminances of the original and reproduction having an appearance illuminated 

to produce the same average absolute luminance levels. It is considered the 

most appropriate for general use because of the relation of both the original 

and the reproduction to a reference white. This allows for different white 

reference points and surrounds. Typically, a scene lit by daylight reproduced as 

a print viewed under tungsten light, which although is much yellower can be 

largely compensated by visual chromatic adaptation.  

 

 Preferred reproduction looks dissimilar compared to the original but satisfies 

the visual preference of the observer. It is a reproduction in which the colour 

appearance departs from the original relative to a reference white. This is 

common in reproductions of the sky and grass where observers tend to prefer a 

more saturated blue or green respectively. In holiday brochures, it is common 

to have skin tones made to look more tanned. Such changes arise from a 

perceptual colour memory association with scenes. 

 

For cross media, especially in branding, preferred reproduction the most likely 

candidate for the colour rendering intent. The ranges of media have a much larger 

variation in gamut representation so for the most part reproduction that exhibits 

dissimilarity prevails. Where cross media may have, a gamut overlap for specific 

colours either corresponding or equivalent reproduction could suffice. Through colour 
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management a further set of rendering intentions are defined which primarily are 

aimed at complex images: 

 Perceptual mapping where source colours are altered but relationships 

between colours are maintained. The alterations of colours are either 

compressed or expanded whilst preserving grey balance. 

 Saturation mapping results in colours being scaled to increase saturation at the 

expense of changes lightness and hue. 

 Absolute mapping reproduces exact colorimetric values of the original colours 

but results in the clipping of out-of-gamut colours. 

 Relative colorimetric mapping preserves chromaticities and relative luminances 

such that colours that fall outside the gamut are replaced with relative colours 

within the target gamut to preserve lightness and hue. 

 

2.4.6  Cross Media 
In its simplest terms media are physical channels of communication that are used to 

facilitate communications between audiences.   However, in this context it refers to 

physical channels that are used to communicate colour images restricted to printing 

substrates and displays. Surface reflectance or emission of media depends on the 

reflectance or emissive properties, conditions of illumination, viewing conditions and 

surface texture. Where there is surface uniformity in texture and colour the viewing 

condition illumination yields relative consistency with changes across the media 

(Fleming et al. 2003). Visually resolving a sense of uniformity on the surface of any 

media depends on the structure of colorants and intended viewing distance, such that 

there is no ability for the observer to resolve these structures (Pointer 1980). 

Additionally, media the white point is considered to be an indicator of the quality of 

colour reproduction achievable.  

 

Channeling the generation of a colour stimulus for reproduction from a single source 

and output to two or more combinations of media is considered as cross-media 

reproduction. An example of cross media is the creation of a brand logo with a specific 

colour using a computer and then reproducing that original image on paper, vinyl, TV, 
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cinema and mobile phone. The ensuing workflow will involve different colorants, 

colour gamuts and target viewing condition. MacDonald (1993) depicts the cross-

media reproduction workflow as suitably categorized into five stages of colour 

reproduction modelling, shown in Figure 12.  The stages are further grouped into three 

essential categories: 

 the reproducible gamut of each media,  

 the characterisation of each device involved in the reproduction  

 and the modelling of colour appearance.  

 

 

Figure 12: Five stage colour reproduction system with data–flow for calculating the original and 

reproduction gamuts indicated by arrowed lines (MacDonald 1993). 

 

 

 

2.5  Viewing conditions  
The visual field has a direct impact on the appearance of a stimulus (Lotto and Purvis 

2002). The interpretation of a given stimulus and its perceived colour is dependent on 

the configuration of the four main components, which are the stimulus, the proximal 

field, the background and the surround. Primarily this classification of parameters 

clearly deals with a uniform colour stimulus, but is also successfully used in appearance 
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modelling of individual colours in complex images because it accounts for some of the 

key elements that impact on colour appearance. 

  

2.5.1  Target viewing environment  
According to the definitions within the Hunt colour appearance model, the proximal 

field is the immediate area around the stimulus that extends for about 2˚ from its edge 

and distinguishes the stimulus form the background. Its definition enables the 

modelling of effects such as chromatic induction, crispening, or spreading. For a large 

number of practical situations, it is not often easy to define this parameter of the 

visual field. 

 

Extending for about 10˚ from the edge of the stimulus is the background or. if the 

proximal field is defined, this then extends beyond this field. In imaging, the 

background is often considered as the surrounding area because its precise 

specification for imaging applications would require a complex point to point 

calculation. The assumption is often one of it being constant with medium 

chromaticity and luminance factor such as neutral grey with 20% luminance factor 

(Fairchild 2005). Careful consideration will be required for the background of test 

images in this research because of the evaluation of a uniform colour stimulus. 

 

Outside of the background is the surround field where practical situations will often 

require an entire room or viewing location to be defined as the surround of the 

stimulus. At least some of this area is still within the visual field and typically video 

displays are considered to have a dim surround, printed images are usually viewed in 

an average illuminated surround whilst projected transparencies have a dark surround. 

This is essential when modelling overall contrast effects (Bartleson and Breneman 

1967) and the impact of flare on a stimulus. A further component of the visual field is 

that of the adapting field of the complete environment of the stimulus extending to 

the limits of vision. The degree of adaptation ranges from 0 to 1, based on whether 

adaptation to the adopted white point occurs completely or not. A dark surround 
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would in practice have a value not less than 0.65 and converge to 1 exponentially for 

an average surround with the values of the luminance of the adapting field largely 

increasing. 

 

The perception of colour results from interactions of the illumination with the objects 

present in the viewing environment (Judd 1961). To some extent colour perception will 

remain stable across changes in illumination and thereby enable the observer to 

identify an object as having a well-defined colour (Delahunt and Brainard 2004). It is 

believed that the mean light reflected from the viewing environment determines the 

perception of a colour (Buchsbaum 1980) and in the presence of surrounding colours 

their variance will affect the perceived target colour. For identity branding the 

understanding of these interactions with illumination changes is important to predict 

so that stability of visual acuity can be determined. 

 

Crawford (1973), in his paper that investigated the colour difference perceptibility 

relative to level of illumination for museums and art galleries, determined that 30 lux 

was the practical lower limit of illuminance, after which the appreciation of displays 

degrades in observer experience. At this level of illumination colour perception was 

deemed as acceptable for viewing items on display within the referred environment of 

museums and art galleries. Recent research (Ravi 2010) gives a clear indication that a 

change in illumination levels has a direct impact on the noticeable colour differences 

for which the correlation coefficient consistently showed differences corresponding to 

illumination levels. 

 

2.5.2  Proofing of media 
In the colour reproduction workflow proofing provides an accurate estimation of how 

a reproduction is likely to look for specific media. The media types can broadly be 

classified as softcopy, which is display technology, and digital hardcopy produced on 

special digital presses. Media differences can often present challenges when trying to 

achieve appearance matching as a result of differences in device colour gamut used in 
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reproduction so where possible it is highly desired that the media have the same 

gamut (Norberg and Andersson 2003). Through colour management techniques it is 

feasible to manage the representation of a proof to meet expected visual criteria of 

reproduction devices. In soft proofing of media, chromatic adaptation and colour 

visual appearance variations exist since a softcopy is on self-luminous media and 

hardcopy is a reflective image. ISO 3664:2009, 12647:2013 and ISO 12646:2008 

provide recommendations for configuration of viewing conditions and proofing 

processes.  

 ISO 3664:2009 specifies viewing conditions for images on reflective and 

transmissive media, transparencies and images displayed in isolation on colour 

monitors.  

 ISO 12646:2008 specifies the minimum requirements for the properties of 

displays used for soft proofing and their conforming parameters. 

 ISO 12647-7:2013 specifies requirements for systems used to produce hard-

copy digital proof prints intended to simulate a printing condition defined by a 

set of characterization data and recommend appropriate test methods 

associated with these requirements. 

  

ISO 3664:2009 recommends that the viewing conditions for prints, where a more 

practical appraisal is required, should be under a light source which is approximate to 

the CIE D50 standard illuminant and the maximum illuminance at the viewing surface 

should be 500 lux - 125 lux. If assessment is for critical comparison the level of 

illumination should be 2000 lux. Prints are to be viewed against a matt surround that is 

neutral and should have a luminous reflectance of less than 20% and extend beyond 

the material being viewed on all sides by at least 1/3 of their dimension. The standard 

requires that the light source used must provide a near accurate simulation of the CIE 

D50 Illuminant within the UV range. Therefor the metamerism index (MI) should be 

less than 1.5. The colour rendering index prescribed by ISO 3664:2009 is set to 90. The 

colour rendering index (CRI) is a quantitative scale which measures the quality of 

colour of a specified illuminant. The CRI scale range is from 0 to 100 where higher CRI 

values are considered to show better colour quality. 
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Where softcopy is of consideration ISO 3664:2009 recommends a viewing 

configuration, such that appraisal is done in isolation, conforming to a white point set 

to chromaticities similar to those of CIE D65 illuminant with a luminance level between 

80-120cd/m2. The level of ambient illumination should have a colour temperature 

equal to or less than the white point of the display. The level of illumination measured 

at the face of the monitor or plane between monitor and observer should be less than 

64 lux and preferably be below 32 lux. Any sources of reflection and glare should be 

avoided with the surround for the image dark and neutral as this will minimise flare.  

ISO 12646:2008 deals with the recommendations for softcopy proofing displays where 

a monitor is used to simulate a hard copy proofing system. The specifications require 

uniformity in size, resolution, convergence and refresh rates, luminance levels and 

viewing conditions. The white point of the display should be set to a chromaticity of 

CIE D50 illuminant and the luminance level should be as high as practical but in the 

least and should be greater than 80cd/m2. The black point shall have a luminance that 

is less than 1% of the maximum luminance. The resolution of the display shall be 

sufficient to display an image of 1280 x 1024 pixel without interpolation. All luminance 

values should be within 5% of the luminance of the centre and the ambient 

illumination level, when measured at the face of the monitor, shall be less than 32 lux. 

The surrounds should be no more than 10% of the maximum luminance of the screen. 

2.6 Brand Theory 

The use of branding as a communication tool is described in this chapter as a name, 

term, design, symbol, or any other feature that identifies it. The definitions covered 

relate entirely to interactions with brand colour that elicits judgment. Following on 

from this the test case brand is placed into the context of this research. 

 

i. Branding 
Marketing concerns itself with defining products and services in terms of their likeness 

or difference from that similar to it. There may also be an occupation of the same 

social space relative to prospective consumers (Slater 2002). Through the use of 

attractive displays marketers seek to influence salience to generate consumer 
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familiarity with branding constructs (Alba, Hutchinson and Lynch 1991). These 

marketing concerns therefore provide the requirements for branding which includes 

recognisable visual identity by its target audience. The early stages in the development 

of the modern consumer culture and the brand are shown to be born out of the 

aggressive competition. This started to develop when markets extended into 

multinational spaces with its corresponding circulation, distribution and economic 

rivalry (McClintock 1995). Whilst highlighting the importance of branding as the 

identity of an entity, through reviewed literature, this study primarily focuses on 

defining an approach for preserving the visual identification of a brand image when 

reproduced for different viewing conditions. 

 

Prior to the 1980s a brand was commonly considered as a fast-moving product at a 

specified point of sale with a specific customer appeal. This has extended to include 

corporations as they presented themselves to their target audience and now a brand 

typically embraces the corporation as well as its products and services (Olins 2008). 

The mixed representation of what makes up branding extends tangible and intangible 

attributes that define the products and/or services of an entity to create a self-image 

representation that is required to have consistency. 

 

Generically named products such as soap took on brand names in England post 1884. 

The use of brand signatures such as Pears appeared in the marketplace whereas 

previously all wrapped soap was labeled as “Soap”. From this period onwards named 

corporate logos have continued to be used to promote products and services as seen 

with the likes of Rowntree’s Fruit Pastilles, Quaker Oats cereal, TESCO, Kellogg’s, 

Campbell’s soup and the like. Coca-Cola, which was branded in 1886, started life in the 

United States as a medicinal product but post 1890 was being promoted as a national 

drink (Lury 2004). This was an example of branding being used to speak directly to the 

consumer by way of visual presentation, packaging and other media definitions with 

time. 
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Branding is thus a design, marketing, communication and resource tool, which intends 

to influence the organisation and its entire audience continuously. It seeks to act as a 

co-coordinating resource to make the corporation’s activities coherent and visually 

present its strategy in an easy-to-perceive manner for all audiences. Olins (2008) 

implies that the visibility of a brand consists of a combination of a graphical 

representation, inscription, and colour which, in certain circumstances includes sound, 

music or smells. The precise mix is determined by what the entity considers as the best 

representation of their aims, what they do, own, and produce. This puts a significant 

emphasis on creating a consistent visual appearance of the identity of a brand across 

their different media destined for various targets. In the context of this study the 

physical colour stimulus of the brand representation that results in visual identification 

of its presence is considered as identity branding. 

 

vi. Brand image and visual identity 
It is easy to confuse the concepts of brand image and brand visual identity as the same 

thing by definition. A brand image is considered as a translation of visual 

representation whilst brand visual identity is a set of cues for communicating the 

physical presence of a brand that will include one or more brand images. A brand 

image is typically linked to memory or to representations of visual phenomena and not 

to imagination (Christensen and Askegaard 2001). Where there is a coherent look and 

feel of a brand image that reflects the values of a corporate brand its visual 

presentation carries with it an impact. TESCO’s store branded products in its early days 

of trading did not attract much purchasing attention because it was then considered to 

be of lesser quality when compared to well-known and established brands. However, 

TESCO achieved a more positive image when their store branded products were 

considered as giving value for money. This assisted an increase in its sales (Martenson 

2007). Within retail, carrying popular manufacturer brands also help to increase image 

and equity acknowledgement (Ailawadi and Keller 2004) and where a store has a 

positive representative brand image the consumer perception is further enhanced.  
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The visual identity batches the various cues that are part of its communication policies, 

which seek to empower targeted audiences to identify them (Balmer and He 2007). 

These cues will include any permutation of a logo, slogan, nomenclature, strap line in 

relation to a graphic design. This is part of what makes up the brand image of the 

entity, which includes consideration of the identity mix (strategy, structure, 

communication and culture) and its management thereof (Balmer 2001). Van Riel and 

van den Ban (2001) highlighted the importance of visual identity in an evaluation of 

the benefit of corporate logos. In 1999, Melewar and Saunders’ research in Malaysia 

concluded that it was essential to have standardised visual identity when entering a 

new market more so because its recognition in the first instance was key to providing 

an effective platform for communicating what the organisation stood for. Society is 

saturated with images (Baudrillard 1981; Ewen 1988) so in the quest for visibility and 

credibility, it raises the importance recognition of brands by their identity and as such, 

there is the need for the focusing of attention on symbolic dimensions (Christensen 

and Cheney 1994; Cheney and Christensen 1999). The buying public is faced with a 

wide choice of designs and features of products that are very similar with little price 

difference. This means that most of their purchasing decisions are likely to be 

influenced by brand identification that is aligned with a perception of reputation 

(Kennedy 1977).  

 

The research of Louis Cheskin in the 1930s suggested that there was a “Principle of 

Sensation Transference” (Kathman 2002) where consumers’ assigned expectations 

about using particular products based on design, colour and shape of packages. This 

effectively placed the promise of taste, efficacy and quality in the realms of visual 

appearance appreciation. Cognitive psychologists also believe that the strength of 

memory association with brand images decay very slowly so favourite ones committed 

to memory tend to guide the integration of new information of same brand products 

(Petty and Cacioppo 1986). Consumers employ visual selective attention to assess 

stimulus display regions of brand stimuli and there is a tendency to fixate some regions 

more than others (Loftus 1972). This enables visual identification through comparisons 

with referenced memory knowledge and observed visual patterns.  



 56

 

vi. The brand design 
As an example, The Body Shop brand focuses on environmentally friendly cosmetic and 

toiletry products that ethically sourced. The distinctiveness of its brand ties in with a 

specific identity and values that are represented in its visual cues. The brand’s dark 

green colour, shown I Figure 13, seeks to connote a message of environmental and 

ethical awareness. However, in another account (Kent and Stone 2007), the brand’s 

dark green colour was chosen because of its ability to hide patches of damp in the 

original store (www.worldaware.org.uk). This theme of visual representation of the 

brand is carried throughout its product packaging and advertisements with a view to 

continually presenting a uniform message.  

 

 

Figure 13: The body shop logo.  

 The packaging communicates the personality of the brand through visual element 

combinations that infer by associations such as environmental, nostalgia, prestige and 

the like. The advertising presents a single symbolic resource that mediates experience 

(Lindssay 1977). 

 

iv.  Brand recognition 
Corporations intend for their brand image to be recognisable irrespective of where 

they are seen by consumers and as such the consistency. In  recognizing,  brand 

consumers are confirming a perceived set of attributes that differentiate it from other 

products or services. Quite often this leads to the interchangeable definition of 

identification as a trademark or brand, where the former is a definition assigned by 

manufacturers or sellers, often as a legal terminology, and the latter used by 
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marketing scholars (Peterson et al. 1999). Both instances intend to serve the purpose 

of identifying and differentiating one brand from another (Keller 1998) or just the 

latter. Trademarks in their true sense will comprise any of the following attributes in a 

manner that provides a unique descriptive of an entity that makes it identifiable from 

others: - 

 A form of logo for which in some circumstances are abstract shapes such as the 

Nike swoosh; 

 Marks that are capable of graphical representation with distinctive marks; 

 A set of words that present a strength of mark, such as Kodak and Sony, or 

even ‘Just do it’ as used by Nike; 

 More recently some companies have succeeded in the inclusion of a colour 

within a specified context. 

 

Physical characteristics are not the sole factors of evaluation for a consumer and 

during the process of choice, brand perception will be an important sign of quality 

reflected through its packaging. The visual information on packaging can serve to 

attract the attention of consumers and set their expectations of its content, thereby 

serving as an advance information organiser for the textual content of the packaging 

(Alesandrini 1982 and Houston et al. 1987). This highlights the problem of so-called 

“new” products that are really innovative imitations (Gatignon and Robertson 1991), 

essentially re-creations with minor modifications. The greater the similarity between 

the brand image appearance the more likely the possibility of a consumers thinking 

they are made by the same company (Loken et al. 1986) which, leads to  ecognized ion 

of quality and performance from the original to the imitator (Ward et al. 1986). The 

similarity is predominantly focused on the stimulus presented by the imitation to 

appear like the original product. The less the original is known the more likely it is that 

the imitation will be considered as the actual original (Foxman et al. 1990).  

Publicised legally pursued cases of brand image imitations are indicative of this: 

 United Biscuits “Penguin” versus Asda’s “Puffin” (United Biscuits, UK Ltd v. 

Asda Stores Ltd [1987] RPC 513;).The product are dipicted in Figure 14. 
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Figure 14: The court case resulted in acceptance that the name Puffin and the upright dark-coloured 

bird with a white front was likely to be seen as having a possible association between the ASDA product 

and United Biscuits Penguin [http://newlegalreview.cpaglobal.com/room-resemblance-battle-

brands/].  

 

Neutrogena versus Neutralia (Neutrogena Corp. v. Golden Ltd [1996] RPC 473) These 

products are shown in Figure 15 below. 

 

Figure 15: In court, it was suggested that confusion between Neutrogena and Neutralia only occurs in a 

minority of cases and did not impact on the former’s market share. [R.P.C. (1996) 113 (16): 473-506.  

doi: 10.1093/rpc/1996rpc473]. 

 

The Marriott hotel chain uses its brand logo across different hotel ranges that have an 

array of budget level prices. Mariott, Renaissance, Courtyard or Fairfield Inn all carries 

the brand image representation of the chain, but each is distinctive in their pricing. 

However, the lower costing accommodations do not impact on the image of the more 

expensive ones because the perceived quality of the higher end carries through via the 

identity branding (Rotfield 2008) of the complete chain. Wayne D Hoyer and Steven P 

Brown (1990) conducted a couple of experiments to determine the degree to which 

brand recognition affected consumer choice. Using a brand of peanut butter, shown in 
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Figure 16, that was highly rated as being significantly better than another in a pre-test, 

they established that without labeling the higher quality sample out of three was 

identified 59% of the time. When participants did random guessing they only achieved 

a 33% success rate, which meant that a difference in taste could actually be identified.  

 

 

Figure 16: Hoyer and Brown brand comparison experiment. Decision Science News – 

http://www.dangoldstein.com/dsn/archives/2006/02/recognition_can.html). 

 

When a lower quality brand was labelled as a nationally known better brand that 

sample was chosen only 20% of the time. The preference for the recognized brand 

despite it tasting of lower quality was chosen 73% of the time. Even when all three 

samples had exactly the same contents, the  ecognized brand still achieved 75% 

selection as shown in Figure 17. 

 

Figure 17: Hoyer and Brown brand comparison results. Decision Science News – 

http://www.dangoldstein.com/dsn/archives/2006/02/recognition_can.html 
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The unsuccessful recognition of a brand can also have adverse effects where product-

line extension strategies and retailer labels can result in customer confusion (Burke 

and Srull 1988). Surveys reveal that 22 per cent of British consumers have at one time 

or another purchased the wrong product (Supermarketing 1997, Rafiq and Collins 

1996).  

 

v.  Brand awareness 
When a consumer is able to identify a brand under different target conditions brand 

awareness becomes apparent (Keller 2003), often as a result of a combination of the 

recognition and recall process. There is an assumption that the consumer has had prior 

exposure to the brand in order to create a perceptive mapping to the cues received 

from the brand’s presentation. This implies that the brand holds a strong position in 

the consumer’s mind. The NHS Brand is the sample brand that will be used in the test 

scenarios generated for this study. This brand responds to all attributes of branding 

with the exception of being marketed for commercial appreciation. Being a nationwide 

service provider of health does actually extend its remit beyond what which any 

commercial enterprise encounters. There are however several private sector health 

entities that are in direct competition with it with regards to service efficiency. The 

NHS Brand in creating awareness of its brand engages in increasing its familiarity 

through repeated exposure of their products and services, which are intended to result 

in unique consumer experience. Using visual and verbal cues through advertising 

consumers are expected to retain a memory (Keller 2003) of the brand and its 

comprehensive purpose. The brand seeks to perform an array of functions for the 

consumers (Lambin 2002, Varey 2002, Pickton and Broderick 2001) where it serves as 

a signal of its characteristics and function, a guarantee of providing trust and 

consistency in delivery and mitigating risk.  

 

The key identifiable elements presented by the NHS brand are its logo, font and colour 

palette which serves as its identity branding signature. The primary representation of 

the logo is a fruitger font with “NHS” in white, surrounded by the NHS Blue. The NHS 

blue is specified as an RGB value of 0, 114, 198 with transformations specified in 
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Pantone reference and CMYK. A secondary colour palette of 13 colours and 10 tints for 

each have also been defined as brand colours intended to help maintain recognition 

and trust in the NHS brand communications. To improve recognition and recall each 

colour has been assigned a two or three-word description, Pantone colour reference, 

CMYK values, RAL values, BS480: 2011 Colour Chart number and RGB values. 

 

vi.  Brand Summary 
Lury (2004) provides evidence of the consideration of a brand as an object where this 

object is not entirely tangible as it also includes processes and a set of relations 

between products and services in time. However, it is important to complete the 

acceptance of this definition with Olins’ (2008) comment that the brand also includes a 

signature that carries its communication to its intended audience. A suitable definition 

would hence be that “a brand is an object that has a set of relations between products 

and services in time with a characteristic brand signature”. For this instance, the 

comprehensive representation of the brand is not within scope. The paper focuses on 

the recognition of the brand signature, as a consistent visual phenomenon. As such the 

signature is expected to remain perceptually stable through colour reproduction on 

different media and across varied target viewing environments. 

 

vii. Natural viewing condition 
The natural viewing condition that is referred to for identity branding in this thesis is 

the media used to present brand imagery and target location. Brand imagery may be 

applied on carriers such as stationery, printed documents, adverts, digital virtual 

resources, vehicles, buildings, and even on corporate clothing. Identity branding 

guidelines are perceived to attain visual consistency by applying a singular brief in 

commercial messages, or packaging (van Riel, 2000). Using a specific name, logo, 

colors or palette, and fonts aim to deliver consistency (Melewar and Saunders, 1999). 

The guidelines help to reduce customer anxiety when engaging with products or 

services, whilst shaping identification for each carrier for each target (Kapferer 1994). 

Weak visual identity associations across targets can be considered as corporate 
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malaise (Baker & Balmer, 1997). The coherence amongst various design elements, 

namely colour consistency, is desirable.  

 

Figure 18: The NHS logo artwork on the left and as targeted for NHS response vehicles. Compared to the 

original artwork the branded targets here are likely to exhibit changes due to viewing condition 

differences.   

.   

viii. Identity branding 
Identity branding is the highly distinctive visual outward expression of an entity where 

its values, promise and personality are conveyed with an aim of creating instant 

recognition. The representation of this is encapsulated in a well-defined colour palette 

and design. They are visual differentiating cues that facilitate encoding and retrieval of 

differences in brand quality or acknowledging it (Warlopa et al. 2005). A common use 

of identity branding in the NHS is to distinguish between its employees at hierarchy 

and team levels. In this sense, its visual equity provides derived value from this look-

and-feel through brand recognition (Lightfoot and Gerstman 1998) and carries 

intrinsic meaning that becomes central to the brand’s identity (Schmitt and Simonson 

1997). It enables consumers of this identity to use colour cues to make evaluative 

decisions (Crowley 1993). Figures 18 and 19 depict NHS colour coded staff uniforms 

that translates to specific disciplines and NHS product branding.  
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Figure 19: In the NHS hospitals and clinics staff uniforms are categorized and notated through the use of 

colour coding. The ranges of colours used are derived from their nominated colour palette. 

 

A logo is central to a brand’s identity and its colour quite often extends to other 

contexts such as package design, advertising or even intrinsically linked to the brand. 

The colour can appropriate a symbolic and associative meaning about the brand as 

previously highlighted with The Body Shop’s assumed green credentials (Hine, 1996). 

The nature of such identity associations creates an overlay of direct sensory 

experience of colour response (Garber, Hyatt, and Starr, 2000).   

 

    

Figure 20: NHS branded products exclusively for the operating theatre and registered pharmacies. 
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The NHS brand colours consist of a blue logo (Pantone® 300) in Figure 20 which is 

defined as their corporate colour. It is intended to represent their primary colour when 

any communication materials are designed. The NHS Blue, as it called has, is 

considered by the NHS brand manager to have high recognition and identification 

presence amongst its targeted audience. Such communications include wayfinding 

communications, uniforms for their staff and printed materials. A secondary set of 13 

colours with graded tints are included in the NHS brand colour palette, shown in Figure 

21, to help make communication designs stand out and appeal to different audiences. 

To accommodate display devices each colour has been specified in hexadecimal for 

such media. For each colour in the palette there is a descriptive name prefixed by 

“NHS” Pantone reference, RGB value, CMYK print value and hexadecimal value. An 

example the descriptive names are NHS dark blue, NHS aqua, NHS green, and NHS light 

green. 

 

 

Figure 21: NHS identity brand colour palette for communications. 

 

In using the primary and secondary colours on their communication media the 

intention is to maintain visual consistency and aid recognition. However, without 

suppliers’ adherence to a specific set of standards for reproduction across the different 

media, maintaining visual consistency is a challenge for their target locations. Each 

targeted location represents an NHS natural viewing condition which have a set of 

illumination specifications. In the branding guidelines, like most brands, tolerances for 

reproductions of communication materials are dependent on brand manager viewing 

subjectivity. No media white points are specified by the brand and there is no 

anchoring of reproductions to any set of standards as such the concept of working to a 

set of tolerances is non-existent.  



 65

 

In this study, it is proposed that a selection of the brand colours, including the primary 

NHS blue colour, are used to test for acceptable tolerances for display and hardcopy 

media using psychophysical methods. Perturbations of this selection of NHS colours 

were reproduced in order of increasing and decreasing lightness, chroma and hue. 

Each colour represented a reference and the corresponding perturbations samples to 

be judged for tolerance acceptability for varying illuminances and white points. The 

samples varied from their references in the order of 0-10∆E*ab.  

 

viii. Identity branding colour tolerance 

Brands often specify their logo and nominated palette colours as Spot Colours, CMYK, 

RGB, sRGB and hexadecimal values.  Brand managers expect that such approaches in 

themselves facilitate visual consistency when reproduced for various purposes. Whilst 

reproduction methods are able to faithfully reproduce these requirements to tight 

tolerances they may not achieve visual approval for a number of reasons including:  

 Significant differences may exist in the estimating of visual tolerances by brand 

managers in comparison to the rest of the stakeholders. This is because colour 

tolerance is considered as the maximum acceptable variations of sample 

colours from a standard colour for a defined purpose (McAdam 1939) that is 

relative to the observer.  

 Brand managers largely judge their brand colours based on memory 

associations from an agreed artwork or proof. Such recollections are enhanced 

in chroma and luminance (Perez-Carpinell et al. 1998) relative to colorimetric 

purity of the reference colour; 

 Cross-media reproduction in identity branding extends to the various media 

used in presenting a brand’s colour identity. Each media has a different white 

point chromaticity (Henley and Fairchild 2000); 

 When proofing is conducted using simulated target conditions there is no 

estimation of the impact of illumination level variability on the resulting colour 

appearance (Fleming et al. 2003);  
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 Modern colour-difference formulas are considered to achieve an accuracy of 

about 65-75% in predicting observer perceived colour differences (Huang et al. 

2015, Kuehni 2008). However, the efficiency of some colour-difference 

formulas used to assess the relationship with perceived colour differences may 

not be suitable. As such it is essential to employ the formula that best fits the 

specified purpose. 

 

ix. NHS Branding 
The NHS introduced a single brand for their corporate identity for in 1999 to replace 

over 600 logos within the organization (http://www.nhsidentity.nhs.uk/ 2011). Their 

identity branding is used extensively across their estate and services in the form of 

logos or colour sequences on letterheads, websites, documents, signage, uniforms, 

medical products and displays.  Their logo, shown in Figure 22 below, carries their 

primary colour and secondary colours are assigned for other uses, namely 

backgrounds. There are also specifications for the secondary colours as tints and web 

safe colours. A solid colour, referred to in this experiment, is a colour that does not 

have any gradations in printed terms. A tint on the other hand is a colour that has been 

changed by adding whiteness to result in a lighter appearance. Brand optimization in 

the NHS hospitals and clinics conform to specific building regulations which includes 

the specification of task lighting for designated areas. The guidelines, Lighting Guide 

02: Hospitals & Health Care Buildings, were developed by CIBSE (2008) to provide task 

efficient illumination for public and specialist areas throughout the NHS estates. 

Illumination levels recommended for navigational areas for a typical hospital extends 

from 20-1000 lux for lighting specifications previously detailed in this chapter. 

Operating theatre cavities have an estimated illumination of 40,000 – 160,000 lux and 

is not accounted in this research. Brand-influenced colour coded navigation in NHS 

hospitals have target environments with approximate illumination levels of 20 – 1000 

lux. Approval of the navigational colour-coded signage is commonly based on graphic 

arts standards at a supplier’s location. Graphic arts suppliers produce signage for such 

navigation and proofing would be expected to conform to ISO 3664:2009. 
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(a)           

 

(b)  

Figure 22: (a) NHS logo and colour description as specified by NHS Identity. (b) The magazines show how 

the NHS logo is used on publications. (http://www.nhsidentity.nhs.uk/ 2011) 

 

Using colour as a coding component in an environment can be a powerful navigation 

tool in aiding people to find their way around a building. It aids memory recalling of 

shapes and patterns. In using it as part of signage coding it provides a sense of 

direction, aid wayfinding by enabling decision making and successful negotiation of a 

building easier.  The NHS colour coded signage presents a visual system to simplify 

navigational decision making, divides hospital spaces into broad areas and sets out 

cues that provide information for its users to understand elements environments.   

Colour coded design plays a big part in helping NHS users to find their bearings and 

understand the spatial layout of hospitals and clinics. Users note areas have colour 

coded information about key routes to recognise their arrival at their desired 

destination. Once a route is selected by users they access textual information and 

colour coded visual cues to aid their movement around and through the building to 

their desired destination. The consistency of the communication material, including 

colour, contrast and text are as such critical (Dalke et al. 2004). 
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The various branded products that carry the NHS identity are engaged with across the 

NHS estate (Dalke et al. 2004): 

 Reception (200-500 lux) depending on the size of the room and whether 

there is mixed lighting induced by daylight; 

 Clinical assessment and observation in the ward (300 lux) at theoretical 

pillow position.  

 Intensive therapy units (400 lux) however, may be adjusted to 1000 lux 

for critical examination; 

 Wards (300 lux at reading points and 100-150 lux in between with an 

average of 5-10 lux at floor level at night) are predominantly illuminated 

by daylight during the day;  

 Nurses stations (30-200 lux) allows the reduction of light levels at night 

to but providing sufficient lighting for required tasks; 

 Corridors (150 lux) pathway finding is aided by signage and colour coded 

directional markings; 

 Stairwells (25-50 lux); 

 General treatment rooms (750 lux); 

 Labs (750-1000 lux); 

 Operation theatres (1000 lux) where during surgery an operating cavity 

has 10,000-100,000 Lux; 

 Offices (300 lux); 

 

For areas where illumination levels are up to 400 lux a colour rendering index of Ra80+ 

is expected for illumination sources. All other areas of 500 lux or more should have 

Ra90+ colour rendering index. The recommended colour temperature across the 

estate is 4000K. All the NHS Hospitals and healthcare facilities use colour coding to aid 

internal and external way-finding (Enterprise IG 2005). There is an expectation that 

people would be able to use the colour coding to assist their navigation around NHS 

environments successfully despite differing illumination levels.  
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xi.  Brand summary 
It has been established that a brand colour represents an important element of the 

brand’s visual identity. As previously discussed colour facilitates memory recall, 

differentiates a brand from competitors or even serves as a signal through 

psychological meaning. This necessitates the need to ensure consistency in the 

reproduction of brand colours. As such this depends on defining methods that would 

in some way preserve the visual identification of a brand image. Such a method would 

result in acceptable representation of a brand colour when reproduced for different 

viewing conditions. In graphic arts, acceptable representations of colour is often 

judged based on a tolerance which, is an acceptable variation in either measured or 

observed colour. Brands in establishing their presence produce a wide array of 

communications that employ their brand colours in some context for multiple target 

environments. The question therefore arises as to whether colour tolerances 

employed in the graphic arts industry can satisfy the requirements of identity 

branding. 

 

To test this, question a national brand was used to develop the research process. The 

NHS is the brand used in the research because it is a widely-known brand and uses a 

vast array of colour branded communications. The brand has multiple specifications 

that are intended to be replicated across their estate, such as lighting specifications for 

designated areas of hospitals and clinics, colour coding of hospital navigation (pathway 

finding), use of multiple displays in various locations, and shortlisted numbers of print 

suppliers that produce branded communications across the country through visual 

identification guides. All brand commissioning and actual decisions on colour 

acceptability approval is the remit of the various brand managers at regional and 

centralised locations.  

 

2.7 Colour Tolerance 

In the context of this research colour tolerance is considered as the permissible visual 

colour difference that is deemed as acceptable in colour-matching terms. Brand 

related colour reproduction requires multi-stage approval by brand owners, artwork 
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developers, pre-press proofers, and production minders. Along this trail of colour 

auditing there are several matching judgments carried out to achieve the limits of 

tolerance. When conducting such assessments, observations are carried out based on 

pass/fail criteria where each decision is a preferred colour-difference. Each colour 

stimulus is defined in colorimetric terms so that an association between stimulus and 

observation can be established (Bunkall and Quinn 1969) as units of a psychological 

scale. The scale defines an estimation of generally accepted colour differences across 

all samples, a measure of standard and a sense of distance, in Euclidean terms, 

between reference and samples (Boring 1939). Colour tolerance pass/fail assessment 

leads to the establishment of boundaries for the values of CIELAB between a reference 

and samples. Samples that are adjudged to fall within these boundaries are within 

tolerance as correlates of visual assessment. Figure 23 shows an example of a 

tolerance ellipse denoting a pass criterion with rejected samples outside of the ellipse. 
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Figure 23: Rejected sample fall outside of the ellipse. 

 

In the packaging of branded products, the aim is to avoid perceived visual variations 

because consumers establish a relationship between colour packaging and expected 

sensory characteristics (Wei et al. 2012). As such the ability to derive a visual tolerance 

provides a tool for quality assessment and marketing purposes.  

 

2.7.1 Configuration 
Colour-matching configurations are commonly defined by two well-known methods 

referred to as simultaneous and successive. The key differential is the time lapse 

between the presentation of reference and sample stimuli. Simultaneous matching is 
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the presentation of a reference and sample as an adjacent pair. It has been well 

researched that the human visual system detects small colour-differences efficiently 

when colour stimuli are presented adjacently (Kaiser and Boynton 1996). Successive 

matching is more commonly referred to as memory matching. In memory matching, 

there is time lapse so observers make judgments based on what can be remembered. 

It is also not inconceivable to conduct memory as recollected matching in entirely 

different viewing conditions. Memory matching is part of daily life activities that evoke 

gaze shift when purchasing items to match or even locating known products in a 

supermarket (Bartleson 1960). Colour memory study was found by Bartleson to 

present varying results depending on observers’ associated familiarity with the object 

in question. Additionally, Katz (1999) noticed that remembered colours stressed the 

chromatic attributes with increased saturation and lightness increments. There was 

clearly affirmation of exaggeration in the salient aspects of an object colour for which 

the key changes in the recalled resided in the dominant wavelength and colorimetric 

purity (Pérez-Carpinell et al. 1998). In the L*a*b*space seen in Table 2 yellow, light 

green, blue and pink showed an important shift with mean colour difference higher 

than seven CELAB units, except blue and pink at 15 seconds (M D de Fez et al 1998). 

Table 2: Lightness, chroma, and hue colour differences between the colour matching and the colour 

test in the CIELCH space (M D de Fez et al 1998). 

 

 

The greater variability in matching of surface colours is considered to exist in 

successive configuration than in simultaneous matching (Newhall et al. 1955, Nilsson 

and Nelson 1981), suggesting that long intervals degrade colour appearance recall. The 
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work of Pérez-Carpinell et al. (1998) highlighted the tendency of diminishing 

discrimination from about 15 seconds was previously found by Hanawalt and Post 

(1942) to show consistent recall of colour descriptors up to 15 minutes despite the 

occurrence of slightly increased saturation and reduced lightness (Hamwi and Landis 

1955).  

 

  2.7.2  Quality 
The quality of colour stimuli is often an estimation of objective mathematical 

assessment that models the visual perception of a human visual system as an initial 

step. Subsequently a subjective evaluation of psychophysical assessments, using a 

standard viewing condition, provides estimates of the color reproduction quality as a 

visual correlate (Ludovic et al. 2008). The most common evaluation of such relational 

assessments is a difference between the mathematical colour difference E  and the 

visual color difference, denoted as V . The colour-difference metrics may include 

additional parameters to extend the basic tristimulus model to capture illumination 

and viewing parameters. There is generally a desire for the reproduction metrology of 

E  to approach values derived from V  such that image quality computed metrics 

could be predicted by the visual differences. There are a series of statistical models 

designed to test the strength of correlation between V and E namely PF/3, STRESS 

and controversially R2.  

 

PF/3 is a combined index proposed by Guan and Luo (1999) from previous metrics 

suggested by Luo and Rigg (1987) which in turn employed the γ parameter. It 

incorporates CV metrics proposed by Alder et al. (1982) and the VAB metric proposed 

by Shultze (1972). The PF/3 equation is as follows: 

 

 

A PF/3 value of zero indicates a perfect agreement between V and E . García et al 

(2007) consider that PF/3 has a significant shortcoming in its ability to indicate the 
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statistical significance of the difference between colour-difference formulas or spaces. 

However, research determined that when complemented by F-tests (Luo et al 2006), 

first proposed by Alman (1989), determining whether a new colour-difference formula 

significantly improves a previous one becomes possible.  

 

The Standardized Residual Sum of Squares (STRESS) test is multidimensional scaling 

(Kruskal 1964 and Coxon 1982), for which dissimilarities between object pairs are 

denoted as a coefficient and approximated in distance between corresponding pairs 

and visually represented (Garcia et al. 2007). The resulting loss function is the so-called 

normalized STRESS or Kruskal’s STRESS (1964): 

 

,  

 

STRESS index can be used to calculated data for determining the performance of 

colour-difference formulas and compare observer variability for colour-matching 

colour pairs, under specified illumination and viewing condition. The colour pair is 

represented by i and perceived colour difference ΔVi with the computed colour 

difference ΔEi (Melgosa et al 2011).  

 

Kirchner and Dekker (2011) however, argue for the use of Pearson’s correlation 

coefficient as a measure for goodness of fit for a pair of colour-difference formulas in 

relation to ΔV and ΔE. In their argument against the uses of PF/3 and STRESS they 

explained that the two approaches were sensitive to averaging the colour difference in 

a data set, which is depicted in Table 3. This was considered to contribute to the 

varying STRESS values reported by Melgosa et al. (2008) in the evaluation between 

CIELAB and CIEDE2000 for five different datasets.  
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Table 3: STRESS compared to the correlation coefficient showing less sensitivity to the location of the 

center of the distribution of data points but more sensitive to changes in the width of that distribution 

(Kirchner and Dekker 2011). 

 

 

The main assumption suggested that the STRESS model assumes a starting point of 

zero which would equate to (1-r2)½ where r is based on restricted linear regression 

going through the origin. In this research, the STRESS model is used for establishing 

colour-difference formula performance and correlation with the magnitude of the 

visually perceived difference, which cannot be attained with r2. The correlation 

coefficient is however employed when conducting psychophysical analysis of observer 

positional ordered perceptual responses. 

 

    2.7.3  Judgment  
Branding requires the delivery of products with visual cues that exhibit desired colour 

representation.  Where large variations exist, control is required to restrict tolerance 

to an extent where it is appropriately recognisable by brand managers or consumers 

and suits their expectations. In the pursuit of acquiring threshold units for colour 

reproductions determining measures of perceptibility and acceptability provide the 

most useful metrics. To determine the perceptible, difference a sense of deviation 

from the intended reproduction target is sought. This is done through psychophysical 

assessments that elicit observer responses. Acceptability, on the other hand, evokes a 

tolerable colour-difference that represents a threshold of error averages (Kim et al. 

2011).  The determining of such thresholds is a significant part of colour quality control 

in the various reproduction processes. It has however, been shown that even if two 

pairs of colors show the same perceptibility, acceptability judgments can be different 

from each other (Berns 2000) and as such further analysis is necessary. 
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From the observer response data of the psychophysical assessments a psychometric 

function can be derived to determine the thresholds and level of uncertainty. This 

would apply to either to a single observer or entire population of observers, for whom 

responses fall into a pass or fail category. The psychometric estimation is a function of 

stimulus intensity for the percentage of a categorised response. The function )x( , 

specifies the relationship between the underlying probability of a correct response 

 and the stimulus intensity x . The curve shape is determined by the parameters {, 

, , }, and the observer choice of pass-fail (0,1) denoted by a two-parameter function 

F, which is typically a sigmoid function. The parameter gives the lower bound of  (x; 

, , , ) which can be interpreted as the base rate of performance in the absence of a 

signal (Wichmann and Hill 2001). 

 

),;x(F)(),,,;x(   1  

 

The function itself increases from 0 to 1 and a threshold level of 50% is considered as a 

point at which observers may be guessing. However, results at 75% or higher give an 

indication of correct detection stimulus intensity 50% of the time. This is essentially a 

description of an observer’s probability response as a function of stimulus variation 

(Wichmann and Hill 2001).  

 

The most commonly used psychometric functions to fit data are Probit, Logistic or 

Logit functions. The commonalities between these functions are sigmoidal shape, 

monotonic increments from 0 – 1 and data fitted parameters (Berns et al. 1991).  
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Logit function is the inverse of the sigmoidal "logistic" function. 

 

 

Logistic regression 

   )x(e/,\xf   11  

 

   2.7.4  Psychophysics 
Previously, in this research, it was established that the interaction between the human 

visual system and electromagnetic radiation resulted in the appreciation of the 

phenomenon of colour.  Further to this was the defining of the physical properties of 

the stimulus and how its perceptual attributes could, in some way, be predicted 

through measurement: attributes of colour perception being brightness, colourfulness, 

saturation, chroma and hue. Psychophysics seeks to establish a correlation between 

the perceptual experience and physical stimuli. To achieve the goal of defining colour 

tolerances that are deemed as acceptable appearance matches in branding, across the 

various environments of viewing, it is important to establish a relationship between 

the physical measurements of the brand stimulus and perceived sensations that arise.  

 

This process of quantifying the mapping between subjective responses to perceptual 

attributes for an observer to derived measures of perceptual phenomena is termed 

psychophysics; the scientific study of the relationship between stimulus and sensation 

(Gescheider 1997). Here there is an analysis of perceptual processes by studying the 

effect it has on a subject’s experience or behaviour with the systematic varying of the 

properties of a stimulus along one or more physical dimensions (Bruce , Green and 

Georgeson 1996). A simple representation of the mapping would be (Spillmann and 

Werner 1990; Spillmann and Ehrenstein 1996): 
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Significant formulation and progression of psychophysics in the modern era was 

greatly facilitated by the works of Weber (1834), Fechner (1860) and Stevens (1961). 

E.H Weber in investigating the discrimination of lifted weights established that the size 

of the difference threshold was a linear function of the stimulus intensity. This 

relationship between the size of the difference threshold and stimulus intensity level is 

known as Weber’s law. It states that the ratio of II  is constant, whereby I  is 

stimulus intensity and I is the change in stimulus intensity required for achieving a 

just noticeable difference. Fechner (1966) introduced techniques for measuring mental 

events, which enabled the specification of the smallest amount of stimulus energy 

required to produce a sensation. The ensuing law from Fechner’s work states that the 

relationship between the magnitudes of physical stimuli and resulting perceptions is 

logarithmic. Stevens (1953) law however stated that this relationship is exponential 

and thus challenged the validity of Fechner’s law of logarithmic function. Stevens’s law 

reflects the modern validation of the relationship between stimulus intensity and 

sensation magnitude.  

 

The modern approach to this subject acknowledges four basic types of measurement 

scales for perceptions as nominal, ordinal, interval and ratio. Each scale represents 

varied degrees of correspondence to a number system and property system of events 

or objects. A nominal scale is a discrete classification of data that reflects qualitative 

differences, for which either labelling or naming is applied to the data, rather than 

quantitative ones. In a nominal scale assigned numbers are used to distinguish one 

thing from another so it important that no two items have the same number.  An 

ordinal scale information is about assigning a magnitude of differences between 

represented values. The set of measurements characterise the number of objects or 

events that exist in ranked order. The application of the rule of numbers requires that 

the rank order corresponds to that of the property being measured. An interval scale 

Stimulus Sensation 
 

Excitation 
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indicates quantified differences between amounts of the property measured, as 

represented by intervals between scale values. A ratio scale is an interval scale with a 

meaningful origin that represents the zero amount of a property. The data construct 

permits comparison of the differences of values in relation to the origin such as 

estimating an order of magnitude.  

 

The main psychophysical approach used in this study is the threshold method, to 

determine the measure of sensitivity to stimulus changes and detection metrics 

required to achieve a threshold in varying experiment configurations. Visual 

experiments in psychophysics are grouped into two main categories namely threshold 

and scaling. Scaling is suited to generating a relationship between the physical and 

perceptual magnitudes of a stimulus. The scaling technique, paired comparison, which 

is a one-dimensional psychophysical scale, is the preferred method when observer 

interaction is required for scaling to establish the acceptance of appearance match 

predictions. In this method of scaling observers are either required to scale samples to 

perceptually match a reference stimulus or arrange samples in a continuum relevant to 

a reference.  

Thurstone’s law of comparative judgement (1927) presents a psychological scaling 

method onto which stimuli are mapped and each time a stimulus is presented there is 

a presumption that it can be represented by a point along a scale. Therefore, 

Thurstone declared that a given stimulus did not always result in identical observer 

response due to momentary fluctuations and as such results in a random variable on 

the psychological continuum. The assumption is that an observer is unlikely to report 

an exact value of discrimination between moments, so such scaling must be done 

indirectly (Zwick 1985). It is assumed that the `just noticeable difference' is impacted 

by the notion that an observer is inconsistent in their comparative judgments from one 

moment to another. For the same pair of stimuli, the observer gives different 

comparative judgments on successive occasions hence the discriminal process is not 

fixed. The psychological continuum is defined to show that the frequencies of the 

corresponding discriminal processes for any given stimulus form a normal distribution 

on the psychological scale. (Thurstone 1927). 
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The resulting data can then be transformed into interval scales to give a representation 

of error-distance between the reference and sample stimulus in terms of confidence in 

appearance matching. Thurstone’s law of comparative judgement (Thurstone 1927) 

provides a suitable means of representing such translation of derived data. Thurstone's 

Law indicates that the value of the scale difference between any two stimuli in a paired 

comparison assessment is a random variable that has a probability density function 

which forms a normal distribution. The mean value of this distribution represents the 

scale value difference between the two stimuli in being compared: 

 jiijjiijji pzyy  222   where ijz is the normal deviate, z-score, 

corresponding to the proportion of times stimulus i is judged greater than stimulus j ; 

and ji yy  represent the scale values for stimuli i and j , respectively. The notations 

i and j are standard deviation values for stimuli i and j among observations 

respectively. The correlation coefficient between stimuli i and j   is p and ranges from 

-1 to 1. 

Variations of the law of comparative judgment assume that stimuli are independently 

compared many times and therefore there is the possibility that observers will use 

memory of earlier judgments of stimulus pairs if they can be identified. This 

necessitates the need to control the conditions to eliminate biasing effects by 

randomising relative positions and orders. 

    2.7.4.1  Numerical category technique  
The numerical category technique used in this research is based on category 
judgement technique. Numerical values are assigned to verbal responses to elicit 
perceived judgements of colour differences from observers, based on a 6-point 
category scale of: 
 

0 = Not perceptible; 

1 = Barely perceptible;  

2 = Perceptible but acceptable;  

3 = Barely acceptable;  
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4 = Just unacceptable;  

5 = Unacceptable.  

The category judgement here deals with the subjective assessment of perceived colour 

reflecting the closeness of match to a reference as well as the ability of the individual 

to discriminate between JND values (Laborie et al. 2010). 

 

Without presenting quantitative information about a pair of colours it is possible to 

derive observer perceived ratings of their similarities or differences (Shepard 1980). 

Each qualitative response is associated with a binary variable that answers the 

comparison query of the closeness of the colour pair or other. Observers are known to 

be better at associating verbal descriptions to assessments as opposed to giving more 

detailed numerical judgments (Stewart et al. 2005). Using the technique as employed 

by Green and Johnson (2005) this research quantifies such responses for brand colours 

in various viewing configurations. Their decision to use category judgement was borne 

out of the need to obtain more detailed information about observer judgements whilst 

facilitating intuitive decision making. Simple pass-fail decisions tend to remove 

response sensitivity from observer responses which may consider contextual nuances. 

Shepard (1966) stated that ordinal data about the underlying magnitude of difference 

can be obtained from some judgements and may be used to derive an interval scale.  

 

This research extends the psychophysical technique of assigning descriptive ratings to 

ordinal data to determine a representative dimension of the objects being judged 

(Shepard 1966). Green and Johnson (1999 and 2001) developed a variant of this 

approach to produce psychophysical methodologies for assessing colour differences in 

graphic arts. In this research, these techniques are adopted as a psychophysical test 

method to determine observer assessments. It is known that in categorised 

judgements observers tend to focus attention towards a biased centre tendency for 

judgments, which is relevant to each observer’s perception. Their responses gravitate 

toward a mean magnitude relative to the reference stimulus and as such shorten the 

range of the dependent variables (Garner 1953 and Hollingworth 1910). There is 
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suggestion that this results in sequential dependencies of judgments, so the labelling 

of the sequential metrics significantly removes elements of bias. Green and Johnson 

however, noticed some observer tendency to restrict judgements to a limited subset of 

available categories. They established that real-life judgements of acceptability 

improve contextual decisions and helps observers to reach decisions with less 

hesitation, which helps throughput. This manner of assigning labelling to ordinal data 

also provides more detailed information about the decisions observers made which a 

pass-fail method could not. 

 

   2.8 Summary 

 

The experiment, which is detailed in Chapter 5, assess colour perception with changes 

in levels of illumination for a selection of NHS brand colours used in such navigation. 

The work of Crawford (1973) determined that for picture galleries there was a level at 

which the capability of the human eye in discriminating small colour differences began 

to deteriorate. Through a series of experiments Crawford found that an illumination 

level of 30 lux was the minimum desirable, as a practical lower limit of illumination 

from the point of view of colour discrimination. For expert observers Crawford found 

that 10 lux was the minimum illuminance. His experiment took into consideration the 

less-experienced viewers of pictures and complete adaptation with the absence of 

glare. Observers were required to determine noticeable colour difference between a 

test and sample areas of a field at different illuminances. In this research 

experimentation under different illuminances is used to determine colour 

discrimination like Crawford. However, the range of illuminances are designed to test 

colour discrimination in relation to a threshold of acceptability when the lux level 

increases or decreases. The lower illuminance was found to mimic the 30 lux Crawford 

determined as a suitable practical minimum and reside somewhere between 25-50 lux. 

It was also determined that an illuminance increase to 3000 lux was the maximum 

suitable for use in colour coded internal navigation signage.  
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Ishida (2002) on the other hand researched the use of colour as a visual task aid under 

different illuminances, which closely aligns with research in using colour for coded 

navigation as a wayfinding tool. The chosen illumination levels were 1000 lux, 10 lux, 1 

lux, and 0.1 lux. Observers were asked to search for colour chips to match a named 

category. At 1 lux observer identification dropped off significantly. More recently 

Radonjić et al (2016) Tested for measured sensitivity to changes in illumination for 

blue, yellow, red, and green. The stimuli were presented to observers in two different 

scenes. One was a real illuminated scene and the other simulated but closely matched 

the real one, using hyperspectral imaging. Their outcome showed that observers were 

able to discriminate fine chromatic changes in illumination for the stimulus scenes 

used. Having established discrimination efficiency like Ishida (2002) and Radonjić et al 

(2016) between a wide range of illuminances for colour sets this research determines 

the colour acceptability threshold for each illuminance used. Whilst there are many 

papers that research colour discrimination under various illuminances they are not 

linked with colour tolerance thresholds as found in this research. This provides a more 

practical use for such research where thresholds are linked with brand colours’ visual 

consistency for target environments. 

 

The main aim of the experiment in Chapter 6 was to determine the extent to which the 

ICC medial relative correction could be pushed to accommodate changes in white 

point for solid colours and tints. ISO 12647-2:2007 provides guidelines for retargeting 

such substrate white point differences that extends to 2.5-3 ΔE*ab. Tian and Chung 

(2011) in their paper found that the impact of OBAs (optical brighteners), which result 

in differences between proof and production was significant. They concluded that the 

color difference resulting from OBAs in paper was greater than color differences due to 

measurement backing. They also determined that the colour patches with less ink 

coverage resulted in larger colour differences. In this thesis using the ICC media 

relative correction model it was found that a colour patch with less ink coverage could 

be corrected up to approximately 2.5∆E*ab. A colour patch with significantly increased 

ink, solid, could be corrected for a change in the substrate whiteness in the region of 

9.5∆E*ab. This result of this experiment was instrumental in the adoption of ICC media 

relative correction into the ISO print standards.  
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In Chapter 7 the use of displays for branded content and the complementing of film-

based medical imaging with displays is becoming more commonplace across the NHS 

estate. Medical imaging requires significantly higher intensity to accommodate grey 

levels that far exceed the 256 shades used in displaying non-medical information. 

Carter (2013) considers that the increasing penetration of computation and 

information display in society makes it a high priority for self-luminous greyscale 

calculation to be realised. Carter and Brill (2014) proposed an alternate approach that 

could feasibly complement CIE L* and facilitate the increase of JNDs relevant to 

maximum luminance, that could rival the DICOM GSDF established discrimination 

levels. The approach was to use Whittle’s log brightness function. The assumption is 

that the display of branded content on multiple displays, with similar viewing 

conditions, will look broadly the same if all the displays use the same greyscale 

function and luminance range. The Carter and Brill (2014) hypotheses was tested with 

psychometric assessments of observer judgments for just-noticeable-differences 

between near neutral reference targets and their corresponding samples. STRESS test 

was applied to the data and it was found that Whittle’s log brightness function 

performed slightly better than DICOM GSDF. The full STRESS results have been 

contributed to the TC 1-93: Calculation of Self-Luminous Neutral Scale draft document. 

In Chapter 8 This best fitting colour-difference model between CIELAB and CIEDE2000 

was tested using STRESS multidimensional scaling. Recently Cui, Luo et al. (2013) 

tested the performance of colour-difference formulae for assessing colour differences 

near the neutral axis. It was determined that CIELAB and CIEDE2000 colour difference 

model prediction of hue, near the neutral axis, was better than its prediction of 

lightness, chroma and the chroma-hue interaction. The assessment of CIEDE2000 

parametric also showed that the lightness parameter kL had a greater influence on the 

balance of an overall colour difference than the kC factor. In this thesis, it was found 

that the results were in in line with the findings of Cui, Luo et al. (2013) however for 

displays CIEDE2000 performed better than CIELAB in ∆L*.  
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   Chapter 3 – Aims and objectives 

   Aims 

The aims in this research were borne out of a need an NHS branding requirement to 

deliver a more consistent brand visual appearance for the NHS logo colour across an 

extended range of white stationery. A secondary requirement to consider tolerances 

for NHS colour palette used in wayfinding was included. From this set of the following 

aims were developed: 

 

1. To determine how far changes in the whiteness of a substrate, namely the NHS 

stationery, leads to an unacceptable change in the appearance of the NHS logo 

blue. NHS stationery white points extended beyond ISO 12647-2 guidelines.  

 

2. To find out whether colour coded wayfinding in hospitals were easily 

recognised by observers as designated areas within such environments had 

varying illumination levels. This was despite the use of illuminants of the same 

colour temperature and colour rendering index exceeding 80.  

 

3. To consider the consistency of colour appearance of brand colour coded 

images, primarily NHS blue, delivered by displays of varying illumination within 

a specific target location. 
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  Objectives 
1. To test the acceptability tolerance of a brand colour reproduced on substrates 

of changing white points a psychophysical experiment was devised. Changes in 

the white points of was extended considerably beyond ISO 12647-2 guidelines 

and included displays. Conversions for the simulated changes to the target 

colours were to be converted using media relative colorimetry. 

 

2. Using a simulation of wayfinding colours commonly used in the NHS hospitals a 

psychophysical experiment was developed to test 5 distinct NHS illuminances, 

ISO 3664:2009 practical and critical illuminances. Due to the random nature of 

wayfinding in relation to target area illumination level the illuminances during 

the experiment would also be randomized. 

 

3. The approach taken to determine the impact of different illumination on brand 

colour images was to conduct a psychophysical test, using near neutral brand 

colours, for a judgment of comparison between a reference and a sample set. 

Three illumination intensities were set for each series of observations. The 

results from this test as also applied to a comparison between greyscale 

distribution for DICOM versus Whittle’s log brightness function. 

 

4. Throughout the various experiments the metric representation of colour 

differences assessed were calculated using both CIELAB and CIEDE2000 colour 

difference formulas. It was there essential to test which formula performed 

best in suitably representing observers’ estimation of differences and 

tolerances. The data from the greyscale experiment, which was also conducted 

in hardcopy for a substrate that had very little optical brighteners, was used to 

test for the most suited colour difference formula. 
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  Experimental procedures 

3.1 Colour perception with changes in levels of illumination 
 

This experiment is designed to determine colour perception and tolerance for colour 

coded navigation. Such coding is used by the NHS to visually segment locations of 

hospital disciplines and each area is illuminated under different lux levels.  

 Using a Verivide viewing booth, with variable illuminance settings, 7 

approximate lux levels were preset. The location for displaying target reference 

and sample colours for judgment is measured with a calibrated lux meter check 

illumination value; 

 Four NHS brand colours used in navigation colour coding are chosen as 

reference targets, namely brown, blue, pastel green and pastel yellow. Each 

colour is then varied according to increasing and decreasing lightness, chroma 

and hue for sample targets.  

 Target colours measuring 2.5cm x 2.5cm were then printed out using a 

characterized HP Deskjet 995c printer. Each sample was measured at 3 random 

points then averaged for homogeneity. 

  Under each illuminance observers were asked to arrange the reference and 

samples of either increasing or decreasing colour difference values in a 

continuum. Selected targets were placed in a scrambled manner at the base of 

the viewing cabinet and observers arranged them on a raised shelf.  

 Observers also assessed the magnitude of colour difference between reference 

and sample targets based on a scale of 0-5 where 0 denoted no perceptible 

difference and 5 an unacceptable match. Samples were placed next to the 

reference for judgment in a random manner. 

 Observations were initially transformed into pass/fail scores according 

observation group scores of 0-3 or 4-5 on the category scale. The data was then 

ordered per the magnitude of the colour difference in the selected metric. 
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3.2 Perceived acceptability of colour matching for changing substrate 
white point 
 
When acceptability depends on accounting for the change in paper colour appearance 

preservation of the original when printed on the production substrate is essential. 

Using ICC Media-relative Colorimetric rendering intent this experiment determines 

acceptable colour difference tolerance for substrates that differ in colour. 

 The reference substrate CIELAB coordinates was selected from ISO 12647 paper 

types; 

 14 variants of the reference substrate, differing from the reference by 1-10 

CIELAB ΔE*ab was created; 

 Five NHS colour centres of red, green, blue, orange and purple were chosen 

along with corresponding tints. Target colours measuring 2.5cm x 2.5cm were 

then printed out using a characterized HP Officejet Pro 8600; 

 The surrounding border for target colours was as depicted in Figure 24. 

  

Figure 24: Simulated depiction of target colour layout configuration. 
 

 The hardcopy observer judgments in this experiment was conducted using a 

Verivide viewing booth with D50 simulating illumination at 500 lux (±25 lux) 

against a surround with 20% reflectance; 

 For display observer judgments, an Eizo colour monitor with a 120cd/m2 peak 

white luminance was used. Using a Minolta CS-1000A telespectrophotometer 

all colours, displayed for observation were measured. The spectral radiance 

data converted to tristimulus values normalized to the display peak white as 

L*=100.Three configurations were presented to observers for judgement. 
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o Simultaneous hardcopy, where the observer judges a print against a 

proof on a different paper; 

o Sequential, where the observer judges a print having previously viewed 

a proof on a different paper; 

o Simultaneous display, where the observer judges a print against a soft 

copy proof on a display screen. 

 Observers are asked to estimate the size of colour difference between 

reference and sample based on a six-point category scale. Observations were 

initially transformed into pass/fail scores according observation group scores of 

0-3 or 4-5 on the category scale. The data was then ordered according to the 

magnitude of the colour difference in the selected metric. 

 

3.3 Psychophysical evaluation of grey scale functions performance 

A psychophysical experiment was conducted to evaluate the performance of metrics 

for observer perceived difference detection, for a set of near neutral samples at 

different luminance levels. The medical imaging DICOM standard function GSDF is 

mimicked by Whittle’s brightness function and used to evaluate observer magnitude 

estimation. Psychometric assessments by observers are based on judgment of the just-

noticeable-differences between reference targets and their corresponding samples. 

 

 a calibrated EIZO ColorEdge CG246 monitor for which approximated peak 

white point luminance levels of 282 cd/m2, 229 cd/m2 and 166 cd/m2 were 

set for three phases of experimentation. 

 Measuring with a Minolta telespectroradiometer the display black point 

was determined as having a luminance of 0.22cd/m2 located at the 

observation position relative to the screen. 
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 Display viewing conditions pertaining to ISO 3664:2009 was used with dark 

surround. The samples were centrally positioned on the screen with 

observers at approximately 80cm away in distance relative to target size. 

 24 near neutral perturbations were generated respectively for CIELAB L*22, 

L*52 and L*88 values. A total of 72 observations were carried out each at 

luminance levels of 282 cd/m2, 229 cd/m2 and 165 cd/m2. 

 Observers were initially presented with a colour pair that had a magnitude 

difference of 1 as a judgment guide. Afterwards they were required to 

estimate the magnitude of difference between a reference and sample for 

the 24 near neutral perturbations at each of the display white point 

luminances. 

 The resulting mean data of observer estimations were then used to 

calculate GSDF and Whittle’s JND (just noticeable difference) functions for 

predicting greyscale differences. 

 

3.4 Near neutral colour parametric weighting for CIEDE2000 
 

This experiment is designed to generate weighting metrics for near-neutral CIEDE2000 

colour differences 

 Using the CIELAB colour space model two near neutral reference points with 

lightness variations of L*16, L*52 and L*88 are chosen. Lightness, chroma and 

hue step intervals of ±6ΔE*ab from the references are assigned as samples. 

 

 The chosen hardcopy reproduction media is a bright white proofing paper with 

no optical brighteners in it. The white point of this media is measured as CIELAB 

data using a white backing. 

 

 For display judgements, the near neutral colours are presented using sRGB 

profile in an Adobe Flash developed application. 
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 The reproduction of each stimulus on the chosen media is 3cm x 3cm and the 

background is 9cm x 8cm positioned so that they are .25cm to one edge as 

depicted below in Figure 25. 

 

 

 

 

 

 

 

 

 Judgments were made in a Verivide viewing booth that conformed to ISO 

3664:2009 and a simulation of the P1 viewing specifications, with an 

approximation of 2000lux illumination was employed.  

 

 In-situ measurements of all samples, for both experiment configurations, are 

made using a Minolta Spectroradiometer. Hardcopy reference and sample 

stimulus are initially measured using a GretagMacbeth Spectrophotometer. 

 

 Initially observers are asked to arrange each set of samples in a continuum, as 

depicted in Figure 26, along with each corresponding reference for the 

hardcopy format in the booth. This step was designed to get less experienced 

observers acquainted to working with near neutral colours. 

 

 

 

 

 

 

 Each sample was then compared to a reference for which observers made 

judgements of estimated magnitude of colour difference. Observers were 

initially presented with a colour pair that had a magnitude difference of 1 as a 

ref

 

Figure 25: Target configuration showing stimulus and substrate. 

Figure 26: Near neutral samples ordered in a continuum. 
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judgment guide. The same procedure was carried out for the display 

configuration. 

 

 For each sample observation, the recorded scores gave an indication of error 

estimation in relation to its magnitude of measured colour difference. 

 

 Analysis of the observer data, using LINEST (least squares method), was carried 

out to calculate the estimation of weighting metrics for near-neutral CIEDE2000 

colour differences. 
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Chapter 4 - Colour perception with changes in levels of illumination 

 

Having previously established that colour perception significantly depends its viewing 

condition it would follow that colour coded navigation would be influenced in the 

same manner. The NHS in using combinations of brand colours as important cues for 

signage and navigation pathways, shown in Figure 27, require suppliers to adhere to 

strict colour reproduction tolerances. Typically, such stimuli would be judged using an 

ISO 3664:2009 standard however in the target environment illumination levels alter 

from point to point. The effect of such changes may have a significant impact on the 

navigation experience. To test this hypothesis a series of psychophysical experiments 

was conducted to determine whether changes in illumination level significantly alter 

acceptability and perceptibility thresholds of uniform colour stimuli. 

 

  4.1 Introduction 
Psychophysical experiments were conducted under 7 levels of illumination (25 lux, 50 

lux, 250 lux, 500 lux, 1000 lux, 2000 lux, and 3000 lux), using 24 observers of normal 

colour vision to evaluate the extent to which perceived colour difference altered in 

observer judgment. Reference colours were derived from the NHS identity colour 

palette (http://www.nhsidentity.nhs.uk/all-guidelines/guidelines/independent-

sector-treatment-centres/nhs-colours). Viewing conditions for the experiment were 

   

Figure 27: NHS Hospital wayfinding signage and medical specialities colour coding. 
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set to conform to ISO 3664:2009, which was described in Chapter 2, as such practical 

and critical appraisal illuminances were included. Derived samples were organised per 

hue, lightness and chroma for judgment. The 7 levels of illumination were chosen 

based on the maximum illuminance of the viewing booth at the location of test and 

reference stimulus is represented as 3000 lux. The remaining 6 illuminances represent 

4 areas in NHS hospitals where coded signage is mostly engaged with by users and the 

two ISO 3664:2009 recommended viewing standards for graphics appraisal. The 

reference target comprises 3 colours commonly used for NHS signage and one control 

colour.   

 

The relationship between metric colour-differences (ΔE) and visual differences (ΔV) 

was investigated for the viewing conditions used in this experiment.  Metric colour-

differences were calculated with CIELAB, CIEDE2000 and CIECAM02_UCS to establish 

the strength of relationship between ΔE and ΔV. A STRESS (standardised residual sum 

of squares) test was used to select the best fitting colour-difference formula, 

previously described in Chapter 2. 

 

  4.2  Materials and methods 
 

4.2.1 Sample preparation  
The colour centres and their perturbation variants provided a total of 144 samples that 

were varied in lightness, chroma and hue attributes. For each colour centre the 

numbers of the corresponding samples were 

 NHS Blue: 36 sample pairs,  

 Brown: 33 sample pairs,  

 NHS Yellow: 36 sample pairs and 

 NHS Light Green: 35 sample pairs. 

 The samples were printed on an 80g/m2 inkjet-coated matte office paper using an HP 

Deskjet 995c printer. The printer was calibrated and characterised to facilitate the 
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colour management of printing reference and sample sets. Each sample was measured 

in three different locations, noted in Table 4 below using a GretagMacbeth Spectrolino 

spectrophotometer to determine its uniformity and accuracy with respect to the NHS 

brand specifications. The physical size of each sample was 2.5 cm x 2.5 cm. The 

measured mean colorimetric values in CIELab-CIELCh of the reference colour centres 

are also shown in Table 5 

Table 4: Each printed NHS brand reference colour was measured in three places to average out 

differences across the sample as noted in this table. Colour difference values in CIEDE2000 and CIELAB 

show difference between expected and reproduction measurements. 

Blue L a b Brown L a b
measure 1 51.09 -3.41 -40.04 measure 1 51.60 9.18 16.21
measure 2 50.91 -3.27 -40.46 measure 2 51.06 8.98 15.71
measure 3 51.20 -3.83 -39.93 measure 3 50.91 9.20 15.49

avg 51.07 -3.50 -40.14 avg 51.19 9.12 15.80
ref 49 -5 -43 ref 50 7 15

ΔΕ00 2.12 ΔEab 3.83 ΔΕ00 2.56 ΔEab 2.36

P. Green L a b P. Yellow L a b
measure 1 75.49 -22.83 14.68 measure 1 88.34 -3.61 21.57
measure 2 75.41 -23.96 14.99 measure 2 88.30 -3.36 20.91
measure 3 75.24 -23.92 14.62 measure 3 88.14 -3.43 21.40

avg 75.38 -23.57 14.76 avg 88.26 -3.47 21.29
ref 78 -25 12 ref 90 -6 22

ΔΕ00 2.58 ΔEab 3.15 ΔΕ00 2.73 ΔEab 3.11
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. 

Table 5: A representation of the measured mean colorimetric values in CIELab-CIELCh of the reference 

colour centres 

Colour centre L* a* b* C*ab hab 

NHS Blue 51.07 -3.50 -40.14 40.29 265.02 

Brown 51.19 9.12 15.80 18.25 60.01 

NHS Light Yellow 88.26 -3.47 21.29 21.57 99.25 

NHS Light Green 75.38 -23.57 -14.76 27.81 212.06 

 

Colour differences between reference and samples ranged between 0.14 ΔE*ab – 

57.46ΔE*ab, incorporating tint options present in the NHS brand colour palette 

(http://www.nhsidentity.nhs.uk). With increased lightness, the colour tints exhibited 

larger colour difference shifts for which measurements were more influenced by the 

substrate. The NHS colour palette includes 9 tints for each primary colour. Large colour 

differences exceeding 20 ΔE*ab was encountered mainly between reference and in 

samples with changing lightness values for the light colours. Such colours represent 

tints that are representative of the colours used within the NHS brand for hardcopy 

prints. They are considered as supplementary colours that can be used as background 

colours for hardcopy content. Such hardcopy prints vary in substrate types and would 

include wayfinding signage. In Figure 28 below a distribution of the reference and their 

samples are shown on an a*b* plane with square markers indicating the position of 

references.  
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Figure 28: Distribution of samples on a* b* projection. Reference colours are indicated with square 

markers. 

  

4.2.2  Viewing conditions 
A VeriVide DAC viewing booth with D50 simulating fluorescent lamps (CCT 4962K and 

CRI 97) in a psychophysical lab at the London College of Communication, University of 

the Arts London, was used in all phases of the experiment. The lab was completely 

dark with the only illumination being that of the viewing booth. Using a 25-point mesh, 

of the viewing booth observer facing plane, a series of illumination measurements 

were made. Samples were mounted centrally within the viewing booth at a height that 

enabled on a fixed platform the achievement of an illumination consistency across 

samples. Illumination levels for each observation task were varied over a range of 25-

3000 lux by means of a dimmer control. Once the dimmer is set a lux meter, Reed 

Model ST-1301 Light Meter, was used to take a reading of the area where reference 

and sample targets are placed. Viewing booth dimmer settings, set as percentage 

values, were noted and checked before commencing each test. Table 6 shows the 

correlation between each illumination level and which area of an NHS hospital it 

typifies. 
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Table 6: The table shows the correlation between each illumination level and what each represents. It 

was also decided to include the maximum level of illumination achievable at the point of sample 

positioning.  

Illumination levels and their corresponding associations 

25 lux (±5 lux) NHS hospital stairwell night illumination 

50 lux (±10 lux) NHS hospital corridor night illumination 

250 lux (±25 lux) NHS hospital reception minimum illumination 

500 lux (±30 lux) ISO 3664:2009 practical appraisal illumination 

1000 lux (±50 lux) NHS hospital critical examination illumination 

2000 lux (±60 lux) ISO 3664:2009 critical appraisal illumination 

3000 lux (±75 lux) Max illumination at test and ref stimulus location 

 

The chromaticity of the fluorescent lamps is known to vary over the range of 

illuminances used, but this was not measured because the experiment was only 

interested in the effect of a change in illuminance. 

 

4.2.3 Observers 
 Twenty-four observers (12 male, 12 female), from a group of colour science students, 

graphic designers, web developers and NHS brand managers. The age range of the 

observers were from 16-60 years old for with an overall observer mean age was 34 

years old and a standard deviation of 11.21 years. Female observers mean age was 29 

years old with a standard deviation of 7.24 years and male observers mean age was 38 

years old with a standard deviation of 12.4 years. NHS brand managers and web 

developers tested for normal colour vision using the Ishihara test and the City 

University Color Vision Tests (http://www.colblindor.com/2007/05/21/city-university-

online-color-vision-test/), whilst the other participants only had to pass an Ishihara test 

before they participated in the experiment. The reason for the split in colour vision 

tests was purely due logistics of availability. The NHS brand managers selected to be 

observers were all directly responsible for wayfinding deployment and the NHS 
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identity branding for their respective trusts. Observers completed two types of tasks, 

during which each observer completed 980 observations of 140 samples at seven 

different illumination levels between 25-3000 lux. For each session, a participant 

would typically carry out 80 assessments and 1960 to complete both stages. Each 

session of observer judgment took 45-60 minutes including a period of 3-5 minutes for 

adaptation to illumination. No observer undertook more than two sessions of testing 

because of fatigue so sessions were grouped into morning and afternoon sessions. The 

presentation of stimulus for experimentation was made in a completely random order.  

 

4.2.4 Observer assessments 
Experimentation tasks were split into two stages of psychophysical assessments. The 

first the task required observers to perform a sorting of samples by arranging them in a 

continuum of increasing or decreasing value for each group of samples. The samples 

were prepared in lightness, chroma and hue groups and kept in separate boxes in 

order of increasing or decreasing value. The reference is placed at a raised point in the 

viewing booth and samples are placed at the base to be ordered along with the 

reference as depicted in task 1 of Figure 29.  The sequence of illumination levels was 

selected randomly for each observer. The efficiency with which observers sorted the 

samples on the measured dimensions of lightness, chroma and hue was taken as a 

measure of their ability to discriminate small colours differences to detect differences 

in a similar manner to the Ishihara test. The Ishihara test however, elicits the detection 

of a number whereas in this instance observers are detecting differences and ordering 

based on the small differences. The Ishihara test is used to determine observer colour 

visual deficiency. It consists of several coloured plates with each plate containing a 

circle of dots randomised in lightness and contrasting hue pattern. The dots are also 

varied in colour and size. To screen observers, the plates are presented to them under 

controlled illumination and they are asked to report the number they can see within 

the pattern. Using the Spearman rank test, it was possible to establish the degree of 

agreement between the expected, measured and individually ordered samples to that 

of the mean observer. The closeness of the correlation coefficient to a value of unity 

was indicative of a more efficient ranking. It was additionally possible to estimate a 

relationship between observer visual scaling and theoretical rank order mean observer 
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representation (Engledrum 2000). 

 

Verivide

Task 2

Verivide

Task 2

Verivide

Task 1

Verivide

Task 1
 

Figure 29: Ordinal ranking and category judgment psychophysical tasks 1 and 2 configurations. 

 

In the second stage of the experiment, (Task 2) observers judged each sample to a 

reference colour stimulus and judged both the degree of perceived change and its 

acceptability, under the different illumination levels of 25-3000 lux. A 6-point category 

scale scoring was used for this task:  

0 = Not perceptible;  

1 = Barely perceptible;  

2 = Perceptible but acceptable;  

3 = Barely acceptable;  

4 = Just unacceptable;  

5 = Unacceptable. 

Observers were required to determine whether a given sample passed or failed the 

criterion of acceptability with some degree of tolerance. The additional verbal label for 

each score provided observers with a descriptive anchor that was intended to make 

decisions more efficient. Judgment variability between observers in such scaling is 

assumed to follow a standard normal distribution that can be used to construct an 

interval scale (Kuehni 2003). Observer scores were converted to an interval scale 

where the analysis of judgment responses at corresponding parameters were 

determined. Derived analysis was based on the dose-quantal response experiments 

developed by D.J. Finney (1952), known as probit analysis. Quantal, pass/fail, 

experiments result in outcomes that are dependent on the strength of the stimulus 
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being judged by an observer. The observer’s choice is therefore an indication of their 

tolerance level. Using probit analysis the relationship between stimulus colour 

difference and the resulting observer response was established for the median 

threshold of 50% acceptance. A 50% threshold is considered as being an indication of 

perceptual threshold where half of all observers can perceive a stimulus change. 

Probits are derived from the unit normal cumulative distribution function where 

obtaining tolerance results are derived from an equation that considers the rejection 

frequency to express tolerances by regression analysis (Finney 1952). In this paper, the 

probit value (P) is expressed as; 

 

      0010 Δlog EβαP   (1) 

for which the inverse normal transform of the response rate is added to five to result 

in the probit (P), thereby reducing the possibility of negative probits. The assumption is 

that the percentage response relates to the log colour difference in the cumulative 

normal distribution for which the 0010log E represents variables that are interpreted 

as the percent threshold from the cumulative normal. The weighting of total 

observations and decisions is denoted by    where   is the parameter of 

regressional estimate of maximum likelihood. Observer decision of acceptance or 

rejection is expressed as either 1 or 0 at a specific illuminance level for a given sample 

which in turn is defined by the colour-difference representation within the cumulative 

distribution function.  

 

4.3  Results 
As described earlier, colour differences were calculated using three colour-difference 

formulas namely ΔEab, CIEDE2000 and CIECAM02_UCS. The CIEDE2000 model was 

proved to be marginally the better performing model for colour difference when 

tested for goodness to fit using the standardized residual sum of squares (STRESS) test.  

The formula used to obtain the STRESS values is defined as follows (Garcia et al. 2007): 
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In STRESS ∆Vi and ∆Ei represent the visual and computed color differences for the 
pairs of colours denoted by i =1, . . . ,n. The F is a factor that adjusts the scales of ∆Vi 
and ∆Ei. In STRESS the results are reported as being between 0-100 with greater values 
showing as worse agreement between visual and computed color differences. A 
perfect agreement of would score 0 thus indicating that the colour difference formula 
was ideal. In Table 7 the STRESS scores do not show any of the colour difference as 
standing out. The CIEDE2000 colour difference formula performed better than CIELAB 
and CAM02 however, there is no great significance between the three formulas. The 
mean category ∆V was used to calculate the STRESS values for the comparison data.  

 

Table 7: Results derived from the testing of colour-difference model’s goodness of fit for CIELAB, 

CIEDE2000 and CIECAM02. Results showed no significant differences between them.  

  Mean ∆V 

∆E*ab 25 lux 50 lux 250 lux 500 lux 1000 lux 2000 lux 3000 lux 

3.07 2.13 1.65 1.80 2.08 2.22 2.55 2.07 

6.44 3.26 2.47 3.19 3.11 2.63 3.15 3.32 

8.16 3.93 3.13 3.92 3.83 3.42 3.79 4.13 

11.23 4.32 3.75 4.42 4.20 4.00 4.37 4.27 

15.24 4.68 4.25 4.48 4.57 4.34 4.78 4.60 

18.67 4.73 4.50 4.60 4.49 4.33 4.38 4.68 

11.13 3.44 2.93 3.23 3.18 3.79 3.67 3.35 

13.34 4.01 3.26 3.90 3.86 3.96 4.08 3.81 

14.22 4.07 3.83 4.29 4.29 4.23 4.27 4.19 

15.46 4.57 4.05 4.73 4.45 4.50 4.59 4.27 

17.16 4.29 4.18 4.41 4.42 4.30 4.75 4.30 

18.11 4.51 4.10 4.53 4.48 4.44 4.41 4.32 

STRESS values 20.91 27.46 20.09 20.24 18.91 21.95 22.34 

 
Mean ∆V 

∆E00 25 lux 50 lux 250 lux 500 lux 1000 lux 2000 lux 3000 lux 
3.57 2.13 1.65 1.80 2.08 2.22 2.55 2.07 
6.22 3.26 2.47 3.19 3.11 2.63 3.15 3.32 
7.60 3.93 3.13 3.92 3.83 3.42 3.79 4.13 
8.79 4.32 3.75 4.42 4.20 4.00 4.37 4.27 
8.49 4.68 4.25 4.48 4.57 4.34 4.78 4.60 

11.12 4.73 4.50 4.60 4.49 4.33 4.38 4.68 
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12.73 3.44 2.93 3.23 3.18 3.79 3.67 3.35 
12.27 4.01 3.26 3.90 3.86 3.96 4.08 3.81 
10.82 4.07 3.83 4.29 4.29 4.23 4.27 4.19 

11.08 4.57 4.05 4.73 4.45 4.50 4.59 4.27 

10.01 4.29 4.18 4.41 4.42 4.30 4.75 4.30 
10.99 4.51 4.10 4.53 4.48 4.44 4.41 4.32 

STRESS values 20.07 20.92 20.42 20.77 15.79 19.93 21.36 
  Mean ∆V 

∆ECAM02 25 lux 50 lux 250 lux 500 lux 1000 lux 2000 lux 3000 lux 
2.71 2.13 1.65 1.80 2.08 2.22 2.55 2.07 
7.98 3.26 2.47 3.19 3.11 2.63 3.15 3.32 
9.99 3.93 3.13 3.92 3.83 3.42 3.79 4.13 

11.40 4.32 3.75 4.42 4.20 4.00 4.37 4.27 
13.49 4.68 4.25 4.48 4.57 4.34 4.78 4.60 
15.61 4.73 4.50 4.60 4.49 4.33 4.38 4.68 
18.85 3.44 2.93 3.23 3.18 3.79 3.67 3.35 
17.96 4.01 3.26 3.90 3.86 3.96 4.08 3.81 
17.00 4.07 3.83 4.29 4.29 4.23 4.27 4.19 
15.91 4.57 4.05 4.73 4.45 4.50 4.59 4.27 
16.80 4.29 4.18 4.41 4.42 4.30 4.75 4.30 
15.96 4.51 4.10 4.53 4.48 4.44 4.41 4.32 

STRESS values 24.03 23.09 23.72 24.01 19.52 23.42 25.06 

        
Combined STRESS data ∆E*ab 21.70 ∆E00 19.89 ∆ECAM02 23.26 

 

 

STRESS testing is used to determine the statistical significance of the difference 

between performances of two colour-difference formulas for the same visual data 

(Melgosa et al. 2011).  

 

4.4 Task 1 
Since the sorting of results are scaled in an ordinal sequence, Spearman rank 

correlation was employed to assess the link between the illumination level and visual 

tasks carried out by observers. The results can be considered as the Pearson 

correlation coefficient between the ranked variables (Gibbons 2003) in terms of the 

proportion of variability. For this the observer scores were converted to ranks and 

their coefficients and computed as: 
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iD was the difference between the expected and observer ranks and 

the number of pairs with iii yxD  . The number of values in each data set is n. 

The Spearman rank correlation analysis of the visual ranking test resulted in observer 

responses shown in Table 8b. The categories of assessments were grouped into 

combined mean results and correlates of lightness, chroma and hue sample categories 

for each specified level of illuminance. The combined mean results did not show a 

significant difference in the outcome of observer ability to accurately rank samples at 

the different illumination levels. Individual lightness, chroma and hue sample 

categories however, exhibited varying degrees of correlation, with lightness and hue 

indicating better correlation in comparison to chroma. Observer uncertainty in this 

experiment was determined to be ±1.38∆E00. It was noted that observer judgment of 

the blue samples had the largest observer uncertainty at ±1.96∆E00.  

 

 

Table 8: Correlation coefficients for observer perceived colour discrimination at different levels of 

illumination and Spearman correlation coefficients for observer ∆V data.    

7a: Correlation coefficients of perceptibility 
Illumination 25 lux 50 lux 250 lux 500 lux 1000 lux 2000 lux 3000 lux 
∆E00 3.56 2.67 3.18 3.77 3.78 2.67 2.35 
Logit 0.8438 0.8715 0.8125 0.8229 0.8438 0.8160 0.8160 
Linear 0.9180 0.8810 0.8800 0.8700 0.8760 0.8930 0.9060 

7b: Spearman correlation coefficients 
Illumination 25 lux 50 lux 250 lux 500 lux 1000 lux 2000 lux 3000 lux 
CIELAB 0.9180 0.8810 0.8800 0.8700 0.8760 0.8930 0.9060 
L* 0.9930 0.9890 0.9770 0.9640 0.9680 0.9750 0.9840 

C*ab 0.8570 0.7740 0.7870 0.7760 0.7710 0.8080 0.8120 

h*ab 0.9040 0.8740 0.8690 0.8630 0.8790 0.8910 0.9160 
 

 

The relationship between measured colour-difference and observer visual positioning 

of the samples provided data, shown in Table 7a, from which a threshold of 

perceptible colour difference per observer was established. The maximum variation 
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between the perceptible colour differences was 1.73 ΔE00. In the first row, the values 

represent the different levels of illuminance at which observations were carried out. 

The next row shows the computed threshold of perceived colour difference for all the 

samples under the different illumination conditions. The next two rows show the 

results of calculating the logit (Green and Johnson 2001) and linear visual threshold 

coefficients for all observations. The logit denotes the log-odds of the probability of an 

observer correctly ranking samples for a session and the use of linear regression 

facilitates the modelling of the relationship between expected and actual positioning 

of samples by fitting a linear equation to the results data. The logit models estimate 

the probability of a dependent variable being equal to 1, where there is a probability 

that an event happens. The logit is calculated as: 

 

 

The symbol p is a probability where p /(1 − p) is the corresponding odds therefore the 

logit of the probability is the logarithm of the odds. 

To visualize the distribution of observers’ efficiency in positioning of samples relative 

to reference targets, at different illumination levels, Figure 30 below shows that 

samples judged under lower illuminance levels resulted in colour-difference errors that 

peaked in the region of 3.77ΔE00. As illumination level increased the threshold of 

perceptibility reduced in colour difference to about 2ΔE00.  
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Figure 30: The graph shows colour discrimination thresholds at different illumination levels for a probit 

analysis tolerance of 50%. Between 25-50 lux there is an indication of noise in the results where 

observer judgments showed a low discrimination threshold at 50 lux which accounts for a colour 

difference of less than 1∆E00.   

 

4.5 Task 2 
The second stage was designed to determine the threshold of colour acceptability at 

the different levels of illuminance between 25-3000 lux. The threshold estimation of 

colour difference acceptability is based the computation of the CIEDE2000 value at 

which 50% of observers consider a sample an acceptable match to its reference. 

Observers assign their acceptability judgments to a 6-point category scale scoring of: 

0 = Not perceptible; 1 = Barely perceptible; 2 = Perceptible but acceptable; 

3 = Barely acceptable; 4 = Just unacceptable; 5 = Unacceptable. 

Judgments assigned scores of 4 or 5 are considered as rejections. Probit analysis was 

used in this analysis, where the frequency of rejection data is assumed to follow a 

cumulative normal distribution and hence that the median colour difference 

corresponds to a 50% tolerance level (T50). Figure 31 shows the probit fit for lightness 

at 25 lux, 50 lux, 2000 lux and 3000 lux for blue samples, with the T50 model 

projection. Figure 32 is the distribution of the T50 acceptable colour difference 

threshold for all the data derived from observer judgment at each illuminance. The 
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visualization of the distribution of threshold for ∆L*, ∆C* and ∆H* in relation to ∆E*00 is 

shown in Figure 33. 

 

Figure 31: Blue samples probit ΔE00  prediction for lightness at illumination levels of 25, 50, 2000 and 

3000 lux. Acceptable colour difference for lightness observer responses at 50 Lux was about 2ΔΕ00 larger 

than at 25 Lux which indicated a reduced detection at the lower level of illumination. Probit analysis of 

combined observer responses at various levels of illumination and for CIELCH correlates with a 95% 

Confidence level indicated is at Appendix A. 
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Figure 32: CIEDE2000 colour differences for acceptability with 50% probability of rejection calculated 

using probit analysis. The acceptance thresholds, which fall between 3-5∆E00, are in good agreement 

with the acceptable tolerances determined by Sharma (2004) and Stokes et al (1992). 
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Figure 33: T50 (acceptable colour difference tolerance with 50% probability) projected for ∆E00, L*, C* 

and H*. Observer acceptable colour differences in chroma and hue alter by no more than 2∆E00 an 

approximating a maximum of 4∆E00.  

 

4.6 Conclusion 
The objective of this experiment was to establish the degree to which changes in 

illumination levels affect the perceptibility and acceptability thresholds for a brand 

identity colour palette used in coding. It was established that end-use illuminance 

clearly has an influence on colour discrimination. This in turn can have significant 

impact on colour coded wayfinding if there are large variations in illumination levels 

and colour differences in individual coding. Having comparison points with studies 

done using other datasets including graphic arts was useful in testing for this. The 

observers’ ability to perform a visual sorting of samples indicated a minimum 

perceptibility of about 2ΔE00 as illuminance levels change between 25lux to 3000lux. 

The mean observer detection of colour difference was 2.35 – 3.77ΔE00 with a 

maximum difference in perceptibility between observers was 1.43ΔE00. The mean 

colour difference acceptability value was 3.6ΔE00 with a resulting range of 3-5ΔE00. 

Inter-observer colour differences, across the illuminance range considered, accounted 

for an approximate change of 1ΔE00.  
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The results indicate that colour discrimination of lightness and chroma vary more with 

illuminance changes than hue. The results also indicate that perceptions of hue 

differences are fairly stable in comparison to lightness and chroma. Acceptability 

tolerances of colour variation could therefore be significantly affected for colours close 

to the acceptability threshold, especially if lightness and chroma are the differentiating 

components. For an individual wayfinding colour code a colour-difference threshold 

would be expected to not exceed 4ΔE00 from point to point in providing visual 

consistency, based on the NHS specifications tested in this work.  

 

It would have been useful to also simulate a typical wayfinding journey for observers 

to judge and compare with lab results. In the live simulation, the reference point 

would be the initial location of the wayfinding code, which could be either a directional 

signage or colour coded inscription. This would evoke memory judgment as the 

observer navigated along the wayfinding pathway so there is an expectation that there 

may be differences in perceptibility and acceptability. This was however not possible 

to carry out because of the scope of the research and its constraints.  Further work is 

additionally needed in this area of research to establish the relationship between 

viewing conditions and thresholds in different colour reproduction workflows for 

acceptability and perceptibility.  
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Chapter 5 - Perceived acceptability of colour matching for changing 
substrate white point 
 

5.1 Introduction 
Production and proofing substrates often differ in their white points, for example 

between proof and print, or between a target paper colour and an actual production 

paper. Production substrates are often whiter than that of proofing because of the 

presence of optical brighteners (OBA) that make such papers look brighter. Generally, 

most papers contain whitening agents that are used to bleach the natural yellow 

colour of paper pulp (Tian and Chung 2010). ISO 12647-2 print standards specify a series 

of substrate white points that are a maximum of 5ΔDE*ab, which may result from the 

presence of OBAs or a more natural state of colour. It is possible to generate 

characterization data for the printing process on the production side, shown in Figure 

34, to achieve an accurate colorimetric match but in many cases, it is not practical to 

generate this data empirically by printing samples and measuring them (Sharma 2003). 

This approach however, does not account for any degree of adaptation between the 

differing substrate white points whereas its acceptability may depend on accounting 

for the change in paper colour such that appearance preservation of the original when 

printed on the production substrate is achieved.  

   

Figure 34: Proof image simulations in the centre with print reproductions, using characterization data 

that does not account for changes in substrate white point, on either side showing different simulations 

of substrate white points that are yellowish and bluish. (Original image is Copyright, ISO, 1995. All rights 

reserved.) 
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A feasible approach would be to achieve an acceptable visual match between colours 

specified for the reference substrate, when printed on a different material, by 

adjusting printed colours to compensate for observer adaptation to the production 

substrate white point. A widely-used method of adjustment is to convert all 

measurement data to media-relative measurements, thus scaling the tristimulus 

values by the ratio of reference to sample white point (ISO 15076-1:2010) as in Figure 

35. In doing so, the reproduction goal is considered as a corresponding colour 

reproduction, where the luminances and chromaticities of the original are matched in a 

relative rather than absolute sense.  

 

   

Figure 35: Proof simulation image in the centre with print reproductions simulations corrected using 

media relative transformation, scaling colours relative to the substrate white point.  

 

When the visual match of the reproduction is considered critically important, such as 

in the case of the proof-to-print match, optimized colour re-rendering between 

different media in color reproduction is often suited to media colorimetric transform. 

The outcome of re-targeting is designed to achieve comparable reference and sample 

characteristics. This method of transformation also presents the possibility of inverting 

reproduction data to the original media with only minor colour information loss (ISO 

15076-1:2010). On the other hand, an absolute conversion would result in either 

clipping of the source white lightness or introduction of a background tint, depending 

on whether the source medium lightness is higher or lower than that of the original 

reproduction (Green 2010).  
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Typically, substrate spectral reflection data are transformed to colorimetric values as a 

product of a source spectral power distribution (SPD) and this is intended to 

correspond to the SPD of the viewing illumination. The ensuing measurements 

represent an adapted white point which has the characteristics of perfect diffuse 

reflectance. In proofing situations, the substrate is often the lightest neutral within the 

field of view for reference and sample judgment in viewing booths. This assumption 

also lends itself to the finding that observers are approximately 60% adapted to the 

display peak white when viewing colours on a display (Katoh and Nakabayashi 2001) 

and consequently it is considered that the observer is partially adapted to the 

substrate white. Prior to this Katoh (1998) found that when softcopy images on a CRT 

were compared with a hardcopy version, under an F6 illuminant (CCT of 4150 K), it was 

found that the observers were 60% adapted to the white point of the monitor. There 

was a 40% adaptation shift to the ambient light, when seeing softcopy images on the 

monitor. When observers are fixated on the display the effect of ambient light, 

Brainard and Ishigami (1995) and Choh et al. (1996), indicated that adaptation shifted 

between 10-20%. The state of adaptation between hardcopy and softcopy images 

when viewed under mixed illuminations, CIE Illuminant D50 simulator (CCT=4964K), an 

Illuminant A (CCT=2478K) and a typical office lighting (Cool-white Fluorescence with a 

CCT of 3867K), also produced the same results (Sueeprasan and Luo 2001). 

Furthermore, under a single illumination source it has been shown that there is 

similarity between the process of adaptation to different substrate colours and 

adaptation to different illumination sources on a single substrate (Green and 

Oicherman 2004). Green and Oicherman suggested that there was approximately 70% 

adaptation to substrate colour by observers for chromatic substrates. Of the various 

adaptation factors and models, it was found that an adaptation of 0.66 performed 

best.  

 

ICC Media-relative Colorimetric rendering intent (MRC), ISO 15076-1:2010, provides a 

pathway, used in ICC profiles as a colour management parameter, to facilitate the 

assumption of the media white as the adapted white point. ISO 15076-1:2010 is an 
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image technology colour management standard which deals with architecture, profile 

format and data structure. It is technically the same as ICC.1:2010 and provides 

procedure for colour matching that is transferred between applications and operating 

systems from creation to final output for either display or print. Von Kries chromatic 

adaptation itself, as previously discussed in Chapter 2.1.4, describes the relationship 

between an illuminant and visual sensitivity represented by a diagonal adaptation 

matrix. The ‘wrong Von Kries’ model is a scaling of XYZ tristimulus values. 

 

                        (1) 

 

Media relative colorimetry uses a form of ‘wrong Von Kries’ conversion, based on 

tristimulus ratios instead of cone response ratios, in matching the source white point 

to the destination white point regardless of differences in luminance or chromaticity. 

 

     (2) 

 

      (3) 

 

         (4) 
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The MRC transform is achieved through linearly scaling the source colorimetry to the 

reproduction medium to produce ‘media-relative’ colorimetry rrr ZYX as denoted in 

the equations 1-3 above. The values of  aaa Z,Y,X  are the XYZ  tristimulus values 

relative a perfect diffuser, iii ZYX  are the XYZ  of the D50 illuminant, and 

mwmwmw Z,Y,X  the XYZ  of the reproduction medium white point. These media-

relative values can be converted back to ‘absolute’ values by rearranging equations 

above. The Von Kries model suggests that colour responses of corresponding colours 

under two illuminants are linearly scaled apart (Strassunk and Finlayson 2005). 

Complete or incomplete chromatic adaptation transform is another technique that can 

be employed to adjust differences in substrate media white points. In chromatic 

adaptation transformation of colour is based on individual cone responses. In their 

experiment, which investigated mixed adaptation in cross-media color reproduction, 

Henley and Fairchild (2000) found that iterations of using such a von Kries transform in 

gave very good results to compensate for mixed chromatic adaptation. The experiment 

tested efficiency of appearance models in predicting observed matches for cross-

media color reproduction. Of the single adaptation models used to transform the 

viewing booth target white point and that measured display a simple von Kries 

adaptation transform performed best. 

 

Using media relative colorimetric rendering adjustment techniques this research 

targets two main goals:  

 to determine the acceptability of colour matches made on different substrates;  

 to determine the range of acceptable colour differences between reference 

and re-targeted media. 

 

Earlier in this thesis it was established that ISO DIS 12647-2 (2012) specifies the 

colorimetry of a number of reference papers, which form a range separated by a 

maximum of 5 CIELAB ΔE*ab. It is therefore assumed that if a colour difference of 2.5 

ΔE*ab between target and reproduction were found to be acceptable, when using a 

media relative colour adjustment technique, the approach would be considered valid 

for most commercial papers by selecting the closest reference characterization data 
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set and adjusting it accordingly (ISO DIS 12647-2: 2012).  In this experiment, a 

psychophysical experiment was carried out to find out the impact of media white 

points, including the presence of OBAs, on acceptability and perceptibility. The 

experiment determines the acceptable range for media-relative colour matching, in 

terms of their colour difference between the media white points. Additionally, the 

determining of the conditions of adaptation for hard copy viewing when substrate 

influences adapted white point was researched. 

 

5.2 Experiment 
The experiment was configured into three groups of assessment use cases to reflect 

simultaneous, sequential and soft proof viewing, as shown in Figure 36: 

 The observer judges a print against a proof on a different paper 

 The observer judges a print having previously viewed a proof on a different paper 

 The observer judges a print against a soft copy proof on screen. 

 

Simultaneous Sequential Soft copy proofing

 

Figure 36: Experimental viewing configurations. 

 

5.3 Samples 
CIELAB coordinates of a reference paper was selected from the ISO 12647 paper types, 

and 14 variants were generated which differ from the reference by 1-10 CIELAB ΔE*ab. 

The reference paper white point and the variants were simulated by printing on a non-

optically brightened proofing paper. Five colour centres in red, green, blue, orange and 

purple were selected, together with a light tint of each colour centre, and printed as a 
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25x25 mm uniform patch with the simulated reference paper as a background. A solid 

colour, referred to in this experiment, is a colour that does not have any gradations in 

printed terms. A tint on the other hand is a colour that has been changed by adding 

whiteness to result in a lighter appearance. The colour patches were positioned offset 

to the short edge border of 5mm and displayed on the monitor with a separation of 

5mm as depicted in Figure 36. All colour centres were within the gamut of the printer 

used to prepare the samples, and the gamut of sRGB. A transform was applied to the 

10 colour centres which shifted their colour coordinates in a similar direction to the 

difference between reference paper and variant. Figure 38 is a visualization of the 10 

colour centres and their reference values are detailed in Table 9. The colour centres 

were chosen from the NHS brand palette to represent colour coded navigation and 

health clinician uniforms. Substrate variants were designed to show increasing 

blueness that papers with optical brighteners (OBAs) exhibit and yellowness seen in 

papers with no OBAs. This shift approximated the media-relative correction for 

substrate, but in order to test the general approach rather than a specific adjustment 

technique the shift was larger and with some randomness based on perceptual 

adjustments, as in Figure 37. This resulted in a total of 10x14 samples in each 

experimental phase, varying by up to 10 ΔE*ab from the reference colour centre, 

detailed in Table 10 as CIELAB values of varying yellowness and blueness. The samples 

were printed using an HP Officejet 8600 printer and measured with a GretagMacbeth 

Spectrolino spectrophotometer. 

 

 

 

 

Media relative conversion - blue solid
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Figure 37: Media relative conversion of blue solid and tint colours respectively on a CIELAB a*b* 

coordinate plane, showing the influence of substrate white point with changing blueness/yellowness. The 

a* axis is approximately twice as long as the b* axis, but represents half the value.  
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For the soft proof phase, the reference papers and colour centres were simulated on 

an Eizo colour monitor with a 120cd/m2 peak white luminance. All colours on the 

display were measured using a Minolta CS-1000A telespectrophotometer, located at 

the observer position relative to the screen. The spectral radiance data were converted 

to tristimulus values normalized to the display peak white as L*=100. 

 

 

Figure 38: Colour centres used in the experiment to test MRC (media relative colorimetry). 

 

 

Table 9: Reference colour centres CIELAB values. 

 Red Green Blue Yellow Purple 

L* 39.77 38.99 40.61 61.45 29.15 

a* 59.07 -22.21 -15.02 32.27 26.73 

b* 31.47 25.76 -50.72 55.62 -28.03 

 L. Red L. Green L. Blue L. Yellow L. Purple 

L* 84.83 88.61 89.26 88.73 80.47 

a* 7.77 -4.70 -2.85 -2.98 2.50 

b* 1.74 7.27 -7.94 23.86 -5.35 
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Table 10: Reference white point and varied white points with blueness and yellowness. 

  REF Sample white points with increasing and decreasing b* values 

L* 92.46 90.87 91.49 90.37 92.44 92.08 89.52 91.55 

a* -0.74 0.17 0.09 0.03 -0.69 -0.91 0.14 -1.00 

b* -4.47 -5.00 -5.20 -3.57 -5.59 -6.35 -7.99 -6.87 

  

 

89.97 91.98 89.19 88.80 90.69 88.57 91.42 

  

 

0.29 -0.67 0.57 0.23 -0.39 -0.16 -0.16 

    -1.40 -0.50 -2.36 -0.67 0.72 4.83 -4.39 

 

5.4 Psychophysical 
Eight females and 13 males with good colour vision participated as observers in the 

psychophysical experiments. All observers participated in each of the experiment 

phases. The observers were asked to rate the size of colour difference between 

reference and sample using a six-point category (Johnson and Green 2001) scale 

where:  

0 = Not perceptible;  

1 = Barely perceptible;  

2 = Perceptible but acceptable;  

3 = Barely acceptable;  

4 = Just unacceptable;  

5 = Unacceptable. 

Hard copy samples were presented in a Verivide proof viewing cabinet with D50 

simulating illumination at 500 lux (±25 lux) against a surround with 20% reflectance. In 

the simultaneous viewing experiment, the simulated papers were presented adjacent 

to each other with 10mm margins separating the colour patches. In the sequential 

viewing experiment, reference and sample were presented with a 10-second interval. 

Finally, in the soft proof experiment, samples were presented simultaneously as in the 
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hard copy experiment. The same 21 observers completed both simultaneous and soft 

proof experiments, and 16 of the observers had completed the sequential viewing 

experiment. 

 

5.5 Results 
The threshold at which 75% of the observers judged the samples to be acceptable was 

determined using the method described in Johnson and Green (2001), for which 

‘instrumental wrong decisions’ are minimised. This is the threshold which minimizes 

the number of times samples were judged to be acceptable (or unacceptable) when 

the metric difference is greater (or less) than the threshold. The threshold at which 

50% of the observers judged the samples to be perceptibly different from the 

reference was determined by the same method, and the results for acceptability and 

perceptibility are shown in Table 2. 

 

 

Table 11: Perceptibility and acceptability thresholds determined with probit analysis for simultaneous 

and sequential hardcopy assessments as well as softcopy. The difference between solid and tint 

thresholds are considerably different because observers are also judging the visible substrate where 

there are minimal dots in tints. 

 Acceptability Perceptibility   

 Solids (ΔE*ab) Tints (ΔE*ab) Solids (ΔE*ab) Tints (ΔE*ab) 

Simultaneous 9.52 2.27 1.24 0.56 

Sequential 9.52 1.67 1.73 0.56 

Soft proof 11.67 5.70 5.18 1.75 

 

From the results in Table 11 it can be seen that the acceptability thresholds for solid 

colours are considerably greater than the 2.5 ΔE*ab representing the maximum of 

substrate differences in standard characterization data sets. As the lighter tints are 

printed with a minimal dot and are close to paper white, the smaller acceptability 
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thresholds strongly suggest that observers are considering the paper colour itself when 

determining acceptability. Figure 39 represents a visual relationship for the results in 

Table 9. Soft proofing is shown to be significantly different in perceptibility in 

comparison to sequential and simultaneous configurations. This could in some way be 

attributed to the combination of varying judgement skills of observers resulting in 

approximately 2ΔE*ab difference. When judging softcopy targets observers are able to 

assess only changes in the target colour without consideration for the substrate, so 

texture representation for tints on display and hardcopy are likely to be different. 

 

To test the relationship between stimulus colour difference and the resulting observer 

response representing acceptable threshold of 75% probit analysis was employed and 

it was established that for simultaneous and sequential configurations predicted 

acceptability for solid colours was 8.52ΔE*ab and 1.31ΔE*ab for tints. 

 

A stimulus judged 50% of the time as being acceptable is considered as the point of 

subjective equality (PSE). In a graph projection, the usual measure of slope is half the 

stimulus distance between the 25th and 75th percentiles; termed as the just-

noticeable difference (Luce and Galanter 1963). An acceptable judgment of 50% is 

however considered to be influence by a chance of guessing by observers at some 

point (Macmillan and Creelman 2005). To make sure that the response bias is 

significantly diminished a threshold of 75% is considered as most efficient by 

Macmillan and Creelman 2005. The target of 75% is reached by setting the increasing 

step to be three times the magnitude of a decreasing one (Kaernbach 1991). 

Furthermore, it is recommended in ISO ISO 20462-1 (2005).  
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Figure 39: 50% perceptibility thresholds (CIELAB ΔE*ab) and 75% acceptability thresholds. 
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5.6 Degree of adaptation 
The degree of adaptation represented by the judgements of observer was investigated 

using the following method. First, the geometric mean of the observer scale values was 

calculated for each sample (interpreting the scale categories as psychophysical 

magnitudes) to give a vector of visual differences ΔV. Next, the reference colours were 

transformed using the Bradford (Lam 1985 and Kuo 1995) chromatic adaptation 

transform (CAT), using the XYZ tristimulus values of the reference paper as source 

adapted white and tristimulus values of each variant as destination adapted white. The 

difference ΔS was calculated between the coordinates predicted by the CAT and the 

measured samples used in the experiment. Here ΔS represents the colour difference 

between the source and destination substrates adapted white points. The effect of 

varying the degree of adaptation, D, in the transform was then investigated by 

comparing the ΔV and ΔE*ab values, assuming that where the CAT accurately predicts 

the visual match both ΔV and ΔE*ab will be small. It was noted that this correlation was 

slightly improved when D=1 (i.e. under conditions of full adaptation) but the result was 

not significant. A different design of experiment will be required to investigate this 

further. 

5.7 Conclusion 
The acceptability thresholds for solid colours on a reference paper modified by a 

media-relative type of adjustment were found to exceed the colour difference which 

would arise from retargeting to a similar paper type, and confirms that some form of 

adaptation to paper white point does indeed take place. For the tints, the acceptability 

threshold is slightly smaller than the 2.5ΔEab difference which could arise from re-

targeting, and this result suggests that the paper colour itself is the determining factor 

in the acceptability judgement for these lighter colours. Presenting proof and print 

simultaneously or sequentially made little difference to the acceptability thresholds, 

while the thresholds resulting from the soft proof experiment were somewhat higher.  

 

5.8 Future work 
Further work is needed to evaluate specific models of incomplete visual adaptation to 

paper colour, using complex images as well as uniform colours. 
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Chapter 6 - Psychophysical evaluation of grey scale functions performance 
 

6.1 Introduction 
The use of displays for branded content and the complementing of film-based medical 

imaging with displays is becoming more commonplace across the NHS estate. This is 

because displays have the ability to support dynamic multimedia content that can be 

seamlessly deployed at a low cost at multiple locations. In branded content, specific 

colours might be associated with the brand, whereas in medical imaging the 

discrimination or detection of colour is often more important than colour 

identification. For each non-medical display, the luminances may differ and result in 

perceived differences between any pair of displays for the same content. For both 

categories of displays, non-medical and medical, luminance related functions are 

designed to suit purpose. Medical imaging requires significantly higher intensity to 

accommodate grey levels that far exceed the 256 shades used in displaying non-

medical information. The intention here is to evaluate the performance of greyscale 

functions, relative to their corresponding luminances, that are reproduced by different 

methods.   

 

Hunt (1996) summarised that in the human visual system there is retina-to-brain 

communication facilitated by an achromatic (greyscale) signal and two color-difference 

signals; a red-green and a yellow-blue. The presence of achromatic signals has 

important implications in imaging. Detection of small colour changes is facilitated by a 

neutral reference. These defects are usually very noticeable as a result of the 

achromatic perceptions corresponding to the color-difference signals being balanced 

at their null levels. The achromatic signal can be a determinant of contrasts within 

scenes and corresponding images would look correct if their greyscales are adjusted 

based on the effect of the surround of the black-white signal.  

 

Greyscale is a component of colour represented by a luminance dimension and is 

subject to a nonlinear transfer function that mimics the lightness perception of human 
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vision (Poynton 2012). In colour science it is perceived that the grey components of a 

colour image holds key information about each colour channel that relates to pixel 

luminance (Carter 2005). Carter (2013) considers that the increasing penetration of 

computation and information display in society makes it a high priority for self-

luminous greyscale calculation to be realised, on account that CIE L* is best suited for 

surface reflection and not displays. Greyscale self-luminous neutral calculations can 

estimate equal-appearing steps of greyscale, matching appearance of greys, the 

modelling of grey target discriminability with an illuminated background and similar 

grey distracters.  “The applications can be extended to achromatic scale as a 

component of more general color space and color difference” (Carter and Brill 2014). 

Calculations designed to produce high contrast for grey scale imaging differ from that 

designed to increase detection at a lower contrast (Barten 1999 and Whittle 1992). In 

either case it results in visually perceptual linear image transitions that are functions of 

luminance intensity but because the human perception of brightness is not a linear 

response the calculations are nonlinear.  

 

The electro-optical transfer function used in displays approximates the non-linear 

way in which the human visual system perceives brightness when there is an 

increase in luminance. Consequently, the judgment of a linear increase in grey scale 

would require a nonlinear increase in the luminance (Barten 1999). Commonly used 

consumer displays that previously had a recommended luminance setting of 

between 80-120cd/m2 with an optimal gamma correction of 1.8 or 2.2, now 

average 160-1500cd/m2 depending on purpose. The same gamma corrections, may 

have limitations in producing good quality images that would be considered 

pleasing for an observer using a display with higher dynamic luminance range 

(Kykta 2008). Kykta (2008) compared the DICOM Greyscale Standard Display 

Function to three electro-optical transfer functions of 0.5, 1.0, 2.0, and 3.0, for 1023 

distinct greyscale levels luminances between 0.5 and 3993 cd/m2. The results 

revealed that none of the functions were able to match the DICOM standard which 

models the human contrast sensitivity which is a measure of discriminability 

between luminances of different levels of intensity in medical imaging. The three 

electro-optical transfer functions are only able to approximate the DICOM function, 
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but for a limited luminance range. It was also determined a constant Weber fraction 

matches DICOM only in middle and high luminance levels but not at low luminance 

levels (Scherr 1993) for which the Weber’s fraction is defined as:  

 

      (1) 

In equation 1 L is the luminance and Li is the change in luminance similar to ∆L. 

However, a modified Steven’s law was shown to be consistent with the DICOM 

standard up to 5000 cd/m2: 

      (2) 

In this modified brightness perception model presented by Kykta (2008) ΔL 

represents a JND in luminance, L is the measured luminance, K (=0.017738) and C 

(=0.0058472) are constants that depend on the units used (cd/m2), and n is an 

exponent (=0.49985). To generate the standard DICOM curve a proposed 

adaptation of the formula is: 

    (3) 

An additional test using CIE L* showed that there was incompatibility with DICOM due 

to the scaling nature of CIE L* to fit luminance ranges.  

 

The IEC 61966-2-5:2007 Colorimetric RGB color space display reference specifies a 

reference extended colour gamut with an encoding range of linear RGB: 0.0 - 1.0 for 

which the bit depth is 8 bit or as required for an output-referred image state. 
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Colorimetric RGB color space 

 RGB primaries: 

    x  y  z 

R 0.64 0.33 0.03 

G 0.21 0.71 0.08 

B 0.15 0.06 0.79 

 Color component transfer function using 2.2 gamma  

 White point luminance: 160 cd/m2 

 White point chromaticity: x = 0.3127, y = 0.3290 (D65) 

 

Reference viewing environment 

 Image background (proximal field): 32 cd/m2 

 Viewing surround: 4.07 cd/m2 

 Ambient illuminance: 64 lux 

 Ambient white point chromaticity: x = 0.3457, y = 0.3585 (D50) 

 

The adapted white point luminance and chromaticity are assumed to be equal to 

reference medium white point luminance as they are unspecified. 

Reference medium 

 White point luminance: 160 cd/m2 as referred to earlier regarding new 

standards minimum; 

 White point chromaticity: x = 0.3127, y = 0.3290 (D65) 

 Black point luminance: 0.4 cd/m2 

 Black point chromaticity: x = 0.3127, y = 0.3290 (D65) 

 

The IEC 61966-2-5:2007 specification suggests that a viewer-observed reference black 

would have a luminance of 0.5557 cd/m2 and as such the veiling glare would be  
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0.1557 cd/m2. 

Colour component transfer function:  

If RL, GL, BL are less than or equal to 0.0031308  

R = 12.92 RL  

G = 12.92 GL  

B = 12.92 BL  

 

If RL, GL, BL are greater than 0.0031308  

R = 1.055 RL (1/2.4) – 0.055  

G = 1.055 GL (1/2.4) – 0.055  

B = 1.055 BL (1/2.4) – 0.055 

 

It is important to note that the above produces sRGB digital values with a range 0 to 1, 

which must then be multiplied by 2bit depth – 1 and quantized. A comparison between 

sRGB and transfer functions commonly used in displays is shown in Figure 40a and 

Figure 40b shows changes in input values as the RGB luminance change relative to 

scaled luminance intensity. Further to this Figure 41 shows how different luminance 

ranges produce different RGB values and the data representation of variations for the 

same colour transfer function with different max luminance distributions is detailed in 

Table 12. 
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Figure 40: (a) Colour transfer functions for sRGB, 2.2 and 2.4 with indicative display gamma for 2.2 and 

2.4. It can be seen that the sRGB transfer function is close to gamma 2.2. In the chart (b) below changes 

in input values as RGB luminance change is shown relative to scaled luminance intensity. The luminance 

ratio between the white and black points, defined by their max luminances, result in RGB differences. 
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Figure 41: The chart shows how different luminance ranges produce different RGB values. In the chart 

an RGB channel value of 90 is produced at 50cd/m2 for a maximum luminance of 500 cd/m2, 35cd/m2 

and 20cd/m2 for maximum luminances of 350 cd/m2 and 200 cd/m2 respectively. 

 

 

Table 12: The table shows how varying luminance ranges produce different RGB values in Figure 41. The 

data represents variations for the same colour transfer function with different max luminance 

distributions. 

Max luminance 

200 

cd/m2 90 cd/m2 40 cd/m2 10 cd/m2 

  RGB values 

500 cd/m2 170 118 80 39 

350 cd/m2 199 139 95 47 

200 cd/m2 255 179 124 63 

 

As mentioned earlier the NHS in embracing a ‘digital first’ policy now that 

complements film imaging with displays as a transition to becoming a digital focused 

environment (GDS 2012 and NHS Constitution 2013). The ability to present shared 

digital radiographic images across their estate is intended to aid increased patient care 
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with such digitisation. Medical imaging approaches these limitations differently by 

using a standard calibration methodology for displays that tend to have a much higher 

dynamic range, with an approximate maximum luminance of 500cd/m2 (Kykta 2008) 

for processing highly detailed image scans that facilitate diagnosis. Medical imaging 

uses the Digital Imaging and Communication in Medicine (DICOM) standard which 

proposes JNDs as perceived digital data units that are a mapping between luminance 

and JNDs defined by a mathematical interpolation of the 1023 Luminance levels 

(Mena.org 2014). The relationship between image values and display luminance 

models measurements of the human contrast sensitivity proposed by Peter G.J. Barten 

(1999) and is known as the GSDF (Greyscale Standard Display Function).  

 

𝐿𝑜𝑔10𝐿(𝑗) =  
𝑎 + 𝑐 ∗ 𝐿𝑛(𝑗) + 𝑒 ∗ (𝐿𝑛(𝑗))2 +  𝑔 ∗ (𝐿𝑛(𝑗))3 +  𝑚 ∗ (𝐿𝑛(𝑗))4 

1 + 𝑏 ∗ 𝐿𝑛 (𝑗) + 𝑑 ∗ (𝐿𝑛(𝑗))2 +  𝑓 ∗ (𝐿𝑛(𝑗))3 + ℎ ∗ (𝐿𝑛(𝑗))4 +  𝑘 ∗ (𝐿𝑛(𝑗))5 

 

Ln referring to the natural logarithm, j the index (1 to 1023) of the Luminance levels Lj 

of the JNDs, and a = -1.3011877, b = -2.5840191E-2, c = 8.0242636E-2, d = -

1.0320229E-1, e = 1.3646699E-1, f = 2.8745620E-2, g = -2.5468404E-2, h = -

3.1978977E-3, k = 1.2992634E-4, m = 1.3635334E-3. 

 

Barten’s model represents an experimental measure of visual sensitivity to a low 

contrast sinusoidal luminance signal presented on uniform luminance backgrounds 

conducted over a large luminance range of about 105cd/m2. The luminance difference 

of the target from the background was varied to identify the changes needed to render 

the target just barely visible and result in a just noticeable difference (JND) which, 

defined luminance change in the target necessary for the target to be perceived 

(Fetterly et al. 2008). 

 

There is a recent school of thought that an alternate approach could feasibly 

complement CIE L* and facilitate the increase of JNDs relevant to maximum 

luminance, that could rival the DICOM GSDF established discrimination levels (Carter 

(1) 
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and Brill 2014). This greyscale function which facilitates rescaling of display luminance 

that befits high luminance displays is Paul Whittle’s logarithmic computation. Whittle 

(1992) offered a computational logarithmic calculation approach designed to quantify 

JNDs amongst visual targets for luminance within a scene.  The calculation accounts for 

luminance changes in ΔY in cd/m2 that would result in a just noticeable difference, 

JND, which Carter and Brill (2005) consider as suited to representing a change in ΔL. As 

such the difference would be denoted as  

 with x and Yt being the background and 

target luminances. The mathematical model describes brightness as a scale of equal 

interval lightness values relative to the background similar to CIE L*(Cater 2010 and 

Nema.org 2014).  

 

 

 

LogW , )kL/(LW min  , where L is the difference in luminance between target 

and background, minL is the smaller of the target and background luminance, and k is a 

constant that prevents W approaching infinity when minL  approaches zero. k  can be 

regarded as a measure of the internal noise level when luminance is zero. However, if 

minL  is not close to zero the constant can be omitted (Kingdom 2010).  Carter and 

Silverstein (2012) present Whittle’s gray scale as: 

 

k p((b[aLog*W  11  or )nk )]YYYk(
Y

mindn 
  

)background,etargt YY(*W  where backgroundetargt YYY    

and minY  the lesser of etargtY  and backgroundY  

In formula 3 kp is employed to account for a positive contrast and a negative contrast kn, 

where they are treated separately apply to alternate situations. Appropriate 

(2) )kL/(LW min   

(3) 
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parameters for positive contrasts = 8.22 and for negative contrasts - 7.07. In this 

version of the formula, W*, Carter and Silverstein successfully incorporated a model of 

intraocular scattering. The term Y represents the luminance and the subscript d 

denotes the background. 

    

Recently Carter and Brill (2014) simplified Whittle’s function to account for intraocular 

scattering and near zero Ymin. As such for a positive contrast, where Yd is approximately 

0.39cd/m2, and negative contrasts the adjusted respective functions are as follows: 

 

 

 

 

The term k is a constant of value 0 or 1 that increases with a reduction in the target 

subtense. Additional factors used in the calculation of equations 4 and 5 are b=6.58 

and a=-7.07 for negative contrasts and b=0.26 + 0.3095 x with a=8.22 for positive 

contrasts. Carter provides an Excel spreadsheet that models Whittle’s JND function 

that is used in this research to compare with GSDF through a series of psychophysical 

greyscale evaluations.  Carter (2014) suggests that using Whittle’s logarithmic formula 

it possible to produce data that can model GSDF thresholds intervals.  

 

It has been shown that different greyscale functions result in variations of perceived 

brightness relative to increases in luminance. As such where a pair of displays have 

varying dynamic ranges in luminance an equal unit of change in luminance will result in 

different perceived changes. It can therefore be assumed that the display of branded 

content on multiple displays, with similar viewing conditions, will look broadly the 

same if all of the displays use the same greyscale function and luminance range. 

Where the displays, including non-medical, are being used for a workflow that 

originates from a medical imaging source the greyscale function should mimic the 

original source. To test these hypotheses a psychophysical experiment was conducted 

(4) 

(5) 
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to evaluate the performance of both brand content and medical imaging grey scale 

functions as metrics of observer perceived difference detection for a set of near 

neutral samples at different luminance levels. The medical imaging DICOM standard 

function GSDF is mimicked by Whittle’s brightness function and used to evaluate 

observer magnitude estimation. There is no assumption of a fixed range of grey scale 

discrimination levels as this can alter with changes in the background (Nema.org 

2014). In all cases the upper limits of JNDs are determined by the dynamic range of the 

display’s luminance setting. Psychometric assessments by observers are based on 

judgment of the just-noticeable-differences between reference targets and their 

corresponding samples.  

 

6.2 Methods and materials 

The display used was a calibrated EIZO ColorEdge CG246 monitor for which 

approximate peak white point luminance levels of 282cd/m2, 229cd/m2 and 166cd/m2 

were set for three phases of experimentation. The black point of the display was 

measured with a Minolta telespectroradiometer and determined as having a 

luminance of 0.22cd/m2 located at the observation position relative to the screen. The 

measurement environment was dark with the display providing the only light source 

therefore a zero-veiling glare was assumed. Black point differences relative to this 

experiment’s luminance changes were 1.17cd/m2, 0.92cd/m2 and 0.69cd/m2 

respectively. 

 

There were 23 observers who participated in the experiment from the following 

disciplines: 

 9 Brand Managers 

 7 Web & Graphic Designers 

 7 Colour Science Students 

 

Observers initially participated in a series of practice sessions to acquaint themselves 

with the experiment design. Their responses to perturbations were required within a 
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maximum duration of 5 seconds and progression to the next observation was 

generated remotely on their command in order to facilitate a quicker throughput.  

For the 3 near neutral reference stimulus set a total of 24 sample perturbations were 

generated respectively at CIELAB L*22, L*52 and L*88 to result in 72 observations at 

each at approximate peak white luminances of 282 cd/m2, 229 cd/m2 and 165 cd/m2. 

The peak white luminance corresponds to minimum and maximum luminances of the 

display such as 0.92 - 229 cd/m2. Three near neutral reference stimuli, from which a 

total of 24 sample perturbations were generated, were judged at each peak white 

point luminance. 

6.3 Viewing conditions 

The standard ISO3664:2009 display viewing condition with dark surround was used 

and samples were centrally positioned on the screen with observers at approximately 

80cm away in distance relative to target size. Observers were provided with dark 

coloured overalls because during the training phase it was noted that white clothing 

affected results due to secondary reflection.  

 

6.4 Psychophysical 

10 female observers and 13 male observers with good colour vision participated as 

observers in the psychophysical experiments. A total of 23 observers participated in 

this the psychophysical experiment. Observers were required to estimate the 

magnitude of difference between each reference and 24 near neutral sample 

perturbations from the reference.  The reference and sample configuration used for 

the psychophysical experiment is shown in Figure 42, where the background 

represents the minimum display luminance. They were initially presented with a colour 

pair that had a nominal magnitude difference of 1, as a judgment guide. Afterwards, 

judgements at each of the display white point luminances mentioned earlier 

commenced. The resulting mean data of observer estimations were then used to 

calculate JNDs (just noticeable difference) functions for predicting GSDF and Whittle’s 

greyscale differences. 
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Background

reference sample

 

Figure 42: This is a simulated configuration of the reference and sample stimulus presented to the 

observer. The two-degree-square stimuli are centrally positioned on the display monitor. 

 

For logistical purposes, each observer carried observations for one luminance level 

across all samples at each sitting. An adaptation period of 2 minutes was allowed to 

occur prior to commencing observations and during this period the session procedure 

was explained.  

 

6.5 Results and Discussion 

Non-medical displays showed significant differences in greyscale dependent on 

luminance contrast. It was found that for the luminances tested, 200-500 cd/m2, a 

different grey value was produced at a specific luminance. A luminance value of 200 

cd/m2 produced RGB 170 for a maximum luminance of 500 cd/m2 and was equal to 

the RGB 255 peak white for a maximum luminance of 200 cd/m2. As such, having 

displays with varying luminances, under the same viewing condition showing the same 

brand content would result in visual differences between their greyscale content on 

the displays. In Figure 43, showing 6 charts, the error bars show that as luminance 

increases observers’ confidence in judgment increases and is most confident for light 

grey samples than dark or mid greys. As luminance increases observer estimated 

magnitude threshold reduces when judging dark grey samples. Mid and light grey 

samples are adjudged to have larger estimated differences closer to their maximum 

set luminances of 229 and cd/m2 282.3 cd/m2 respectively 
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Figure 43: Observer confidence mapped responses to dark, mid and light grey display samples for 

magnitude judgements 

 

In considering the possible complementing of the CIE L* DICOM GSDF greyscale was 

compared to an implementation of Whittle’s logarithmic function. The GSDF 

luminance data was recalculated with Whittle’s formula (Carter 2014) with the 

background set to produce positive values. A third-order polynomial function was 

applied generate a smooth function from the individual data points. The outcome results in 

a very close correlation to the GSDF dataset of JNDs however, in the middle of the 

curve there is a slight departure. The threshold correlation between the JNDs are r2 

0.9998. 
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Figure 44: DICOM GSDF greyscales compared to Whittle’s log function. The chart on the right is a 

cumulative threshold correlation comparison between GSDF and Whittle. 

 

Using the DICOM GSDF equivalent range for the observers’ experimental data a chart 

was plotted to compare the distribution of JNDs with output from Whittle’s function 

where each JND represents a unique grey scale level. The data range includes values 

between samples and references as a first step comparison between charted data in 

Figure 44. 
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Figure 45: JND distributions for the grey scale functions for a dynamic luminance range between 0.05-

300cd/m2 representing non-medical displays. On the left Whittle’s logarithmic function has been scaled 

to mimic DICOM GSDF greyscale using 3rd order polynomial correction. This is representative of using a 

non-medical display as part of an imaging workflow. 

The scaling of this GSDF-Whittle comparison is aligned to non-medical display, which is 

to show a simulated distribution of greyscale JNDs on such displays, within a medical 

imaging workflow. The correlation for GSDF-Whittle is r2 0.9996 for 635 JNDs as shown 

in Figure 45.  
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Figure 46: Observer judgment plotted onto GSDF and Whittle greyscale JND distribution. The yellow 

points represent reference luminance values and the red symbols the estimations for sample judgments. 

 

In Figure 46 are charts that represent a simulation of experiment reference points and 

observer judgment estimations. A deviation is considered as a judgment of magnitude 

for a sample close to a reference considered as having a larger difference than a 

sample much further away from the reference. On the GSDF projection observations 

tend to have much larger estimations in comparison to when projected on the Whittle 

scale. Differences between the two functions and how observer deviations are handled 
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may relate to how each function determines a unit of threshold. In DICOM GSDF JND 

thresholds are based on re-centered differences from a unit of noticeable difference 

proceeding to another (NEMA 2011 and Carter 2014). This results in a form of stacking 

of thresholds with set values, so a deviation shifts the centered threshold. Whittle 

threshold calculations on the other hand are continuous differences between targets 

and backgrounds that result in a continuous threshold contrast scaling. deviations for 

the Whittle chart are repositioned in relation to the defined background which keeps 

them synchronised to the curve. 

 

To calculate the goodness-of-fit between the Grey Scale Display Function and observer 

estimated differences the (STRESS) test was calculated.  It is a multidimensional scaling 

index (Melgosa et al. 2011, Kruskal 1964 and Coxon 1982), that allows a statistical 

judgment in determining whether the predictions of two visual difference formulas 

differ significantly with respect to a given set of visual data in this instance (Garcia et 

al. 2007). In this instance, the computed differences are represented by the resulting 

JNDs that are calculated with GSDF and Whittle’s log brightness function. The 

perceived difference is the observer estimates of the magnitude of difference between 

reference and sample. The agreement of the Greyscale Standard Display Function 

(GSDF) with an empirical grey scale is compared to that of Whittle’s brightness log 

function using the Standardized Residual Sum of Squares (STRESS) measure. The GSDF 

is defined by a mathematical interpolation of the 1023 Luminance levels derived from 

Barten’s (1999) model. The GSDF allows us to calculate displayed luminance, L, in 

candelas per square meter, as a function of the Just-Noticeable Difference (JND) Index, 

j (NEMA PS 3.14-2011).  

 

STRESS values for observer-estimated magnitude of differences for near neutral grey 

samples are calculated, where difference magnitudes between reference and samples 

are denoted as ∆V (cd/m2). The resulting difference is then converted to JNDs using 

the greyscale functions.  The reference luminances corresponding to white points 

(165– 282 cd/m2) are shown in the Table 13 below, and are grouped into three 

categories of greyness: 
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Table 13: The different display white point luminances that were used in the psychophysical experiment 

are represented in the first column. Each white point luminance value is an average where the 

maximum difference of ±5 cd/m2, covering the area of a sample and reference. There are three near 

neutral reference colours namely, dark, mid and light greys. Each reference colour value has been 

measured, using a Minolta spectroradiometer, at each of the white points and the results per reference 

is shown in columns 2-4. 

White point luminance 

Dark grey 
reference 

(cd/m2) 

Mid grey 
reference 

(cd/m2) 

Light grey 
reference 

(cd/m2) 

165 cd/m2  3.04 35.33 121.10 

229 cd/m2  4.68 50.61 165.70 

282 cd/m2   6.02 58.63 191.40 

 

 

The following results, in Table 14, are STRESS goodness of fit between near neutral 

sample luminance values and corresponding observer estimated magnitude 

differences. Further statistics provided in rows 2 and 3 are Pearson’s coefficient 

correlation and a series of polynomial orders. The visualisation of the correlation is in 

Figures 47,48 and 49. Details for Whittle’s formula is shown in Table 15 and their 

correlation fit visualisation is in Figures 50, 51 and 52. 

 

Table 14: The table above shows the STRESS results for GSDF data acquired from the psychophysical 

experiment described in this paper. The most efficient fit for detection of differences is in the light grey 

samples. It was found that there was no advantage was achieved in going beyond 2nd order polynomial 

fitting.  

GSDF Dark grey Mid grey Light grey 
STRESS 20.47 15.28 14.05 

Linear R2 0.9550 0.9745 0.9867 
Polynomial 2nd 0.9764 0.9847 0.9928 
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Figure 47: This chart shows a distribution of observers estimated differences for dark grey references and 

samples. The red circles represent three reference points for each of the display luminance white points. 

The blue dots are the mean values for observer estimated differences between reference and sample 

pairs. The data is projected using DICOM Greyscale Standard Display Function JND scale which is 

outperformed by Whittle’s log function cumulative JNDs. 

 

 

Figure 48: This chart shows a distribution of observers estimated differences for mid grey references and 

samples. The red circles represent three reference points for each of the display luminance white points. 

The blue dots are the mean values for observer estimated differences between reference and sample 

pairs. The data is projected using DICOM Greyscale Standard Display Function JND scale and was found 

to provide a marginally better linear correlation than using Whittle’s log function cumulative JNDs. 

Whittle’s function however performed better with a 2nd polynomial fitting. 
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Figure 49: This chart shows a distribution of observers’ estimated differences for light grey references 

and samples. The red circles represent three reference points for each of the three display luminance 

white points. The blue dots are the mean values for observer estimated differences between reference 

and sample pairs. The data is projected using DICOM Greyscale Standard Display Function JND scale and 

was found to provide a marginally better linear correlation than using Whittle’s log function cumulative 

JNDs. When a polynomial 2nd order fitting was applied the performance between GSDF and Whittle was 

the same. 

 

Table 15: The table above shows the STRESS results for Whittle’s brightness log function data acquired 

from the psychophysical experiment described in this paper. Overall there is not any significant 

difference in the STRESS values or other statistical fitting method results. There is an indication that 

Whittle’s function performs better than GSDF in its correlation to observer estimation of near neutral 

sample differences. 

Whittle Dark grey Mid grey Light grey 
STRESS 16.20 15.96 14.85 

R2 0.9692 0.9744 0.9857 
Polynomial 2nd 0.9873 0.9868 0.9928 
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Figure 50: This chart shows a distribution of observers’ estimated differences for dark grey references 

and samples. The red circles represent three reference points for each of the three display luminance 

white points. The blue dots are the mean values for observer estimated differences between reference 

and sample pairs. The data is projected using Whittle’s brightness log function cumulative JNDs (Carter 

and Brill 2014). Whittle’s function was found to result in a better correlation to observer estimation. 

 

 

Figure 51: This chart shows a distribution of observers’ estimated differences for mid grey references and 

samples. The red circles represent three reference points for each of the three display luminance white 

points. The blue dots are the mean values for observer estimated differences between reference and 

sample pairs. The data is projected using Whittle’s brightness log function that mimics DICOM GSDF 

(Carter and Brill 2014). No significant difference was found in linear correlation but Whittle’s function 

mimicking GSDF performed better in all polynomial fitting orders than GSDF.  

 



 142 

 

Figure 52: This chart shows a distribution of observers’ estimated differences for light grey references 

and samples. The red circles represent three reference points for each of the three display luminance 

white points. The blue dots are the mean values for observer estimated differences between reference 

and sample pairs. The data is projected using Whittle’s brightness log function that mimics DICOM GSDF 

(Carter and Brill 2014). There was a better performance in linear correlation in using a GSDF projection 

but a 2nd order polynomial fit showed no difference between either function. 

 

6.6 Conclusion 

When non-medical displays are used to display branded content presenting an 

acceptable appearance will depend on luminance and greyscale matching between 

them, assuming that they are displayed in the same viewing conditions. If such displays 

are then deployed to be used as part of a medical imaging workflow their ability to 

switch to a greyscale function that accommodates medical imaging requirements will 

suffice. On the other hand if a Whittle function can be adapted to complement CIE L* 

and mimic GSDF it would be a more efficient solution for non-medical displays. 

 

It has been shown that Whittle logarithmic function can be used to mimic GSDF with 

good correlation. Here a simple modelling, using Carter’s (2014) multiplier of 10.36 and 

a polynomial correction, gave good results however further work is required to 

improve the middle part of the curve. Applying data from the greyscale experiment 

showed that the function also scaled deviations along the curve whilst GSDF was more 

sensitive to such errors in judgment. The judgments in themselves represent an 

observer not being able to detect changes in luminance of 1 cd/m2 in the dark region, 

5.65 cd/m2 in mid greys, and 7.10 cd/m2 in light greys close to max luminance.  The 
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high contrast of Whittle’s logarithmic function conceptually makes it well suited to 

colour displays if a suitable characterisation were implemented to account for the 

colour components. An efficient comparison with GSDF would require implementation 

of rendering a DICOM image or relevant JND distribution for observer judgment, 

where health practitioners were observers. Whilst the data in this paper is not 

sufficient to represent the high detailed scans of medical imaging it does provide an 

understanding of similarity in detection differences for changing luminance levels. To 

account for typically high detailed medical imaging scans set of sample data points 

from actual scans could be used to develop realistic targets. It would also be necessary 

to use medical grade displays to carry out experimentation and also have a larger 

number of clinicians to participate in the test. 

 

The STRESS data showed that Whittle’s function performed better than GSDF for 

observer estimated differences in the dark grey region. GDSF performed marginally 

better than Whittle in the mid and light grey regions. If the mean of the STRESS data is 

considered however, it could be seen that Whittle performs marginally better across 

the entire dataset. The mean STRESS value for Whittle’s function was 15.67 and GSDF 

16.60. When a linear correlation was considered the results show the same trend 

however if a polynomial curve fitting is applied to the data Whittle performs better in 

both dark and mid grey samples. In the light samples the polynomial curve fitting 

shows the same value for both functions. 

 

Some future work considered for this subject would be to show how one could define 

a transform, and a profile, that would convert between GSDF or Whittle to ICC PCS for 

a given display peak luminance. Additionally, the series of experiments could be 

carried out on an extended colour version of GSDF and also implemented for Whittle’s 

log function. 
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Chapter 7 - Near neutral colour parametric weighting for CIEDE2000 
 
 7.1 Introduction 

Recently Cui, Luo et al. (Cui G. et al 2013) tested the performance of colour difference 

formulae for assessing colour differences near the neutral axis. The dataset used was 

of neutral colours extracted from the existing BFD colour-difference model 

experiment. It was determined that CIELAB and CIEDE2000 colour difference model 

prediction of hue, near the neutral axis, was better than its prediction of lightness, 

chroma and the chroma-hue interaction. The assessment of the two parametric 

factors kL and kC, showed that the lightness parameter kL had a greater influence on 

the balance of an overall colour difference than the kC factor.  The BFD data that was 

used by Cui, Luo et al. in their experiment was extracted from a larger set that had 

been accumulated by Luo and Rigg (Luo and Rigg 1986), mostly relating to small to 

medium colour differences of surface colours. A psychophysical experiment was 

conducted by Luo and Rigg, using the grey-scale method, for over 600 pairs of wool 

samples close to the colour centres of the accumulated. The results were used to 

generate a pattern of ellipses for the neutral scale that was relative to the BFD set of 

ellipses shown in Figure 53 and the data for the neutral samples in Table17. 

         

Figure 53: BFD experimental colour discrimination ellipses plotted in a* b* diagrams. BFD ellipses on the 

right and BFD neutral ellipses mapped by Luo and Rigg using CIELAB. The lack of uniformity in the CIELAB 

colour space is evident in both figures and even more so near the neutral axis. As chroma increases it 

can also be seen that the ellipses are larger and longer (Luo and Rigg 1986).    

 



 145 

 

Table 16: BFD data neutral samples (C*ab ≤ 10) (Luo and Rigg 1986). 

Sub-data Conditions Pairs Mean ΔE Max ΔE
All Neutral C*ab≤10 423 1.7 8.3
ΔL only │ΔL/ΔE│≥ 90% 88 2.30 6.20
ΔL + ΔC + ΔH │ΔL/ΔE│, │ΔC/ΔE│, and │ΔH/ΔE│are< 90% 64 1.70 8.30
(ΔC2 + ΔH2)0.5 (ΔC2 + ΔH2)0.5/ΔE≥90% 271 1.50 5.10
ΔC │ΔC/ΔE│≥90% 88 1.40 4.30
ΔH │ΔH/ΔE│≥90% 70 1.50 5.10
ΔC + ΔH │ΔC/ΔE│<90% and │ΔH/ΔE│< 90% 113 1.30 4.30  

In this chapter, the same assessment was carried out, using near neutral data depicted 

in Figure 53 from the NHS identity branding palette, as detailed in Table 18, and the 

results agree with those of Cui, Luo et al. However, in the same experiment conducted 

on a display, using the same data, slight variations were found. The results showed 

that the CIELAB and CIEDE2000 colour difference model predictions of lightness, near 

the neutral axis, was marginally better than their prediction of chroma, hue and 

chroma-hue interaction. Display light grey near neutral samples however did perform 

in the same manner as the Cui, Luo et al. results, and the lightness parameter kL had a 

greater influence on the balance of an overall colour difference for all samples.  

Table 17: NHS identity branding near neutral data with maximum colour difference of 6.50ΔE* for 

hardcopy and softcopy samples. 

Data type Pairs Mean ΔE*ab Min ΔE*ab Max ΔE*ab

Hardcopy
ΔL 24 2.20 0.37 5.14
ΔL + ΔC + ΔH 168 2.54 0.55 5.69
ΔH 48 3.02 1.09 5.44

(ΔC2 + ΔH2)0.5 128 2.71 0.19 6.50

ΔC + ΔH 144 2.71 0.64 5.97
ΔC 96 2.39 0.19 6.50

Data type Pairs Mean ΔE*ab Min ΔE*ab Max ΔE*ab

Softcopy

ΔL 24 2.50 1.00 4.00
ΔL + ΔC + ΔH 168 3.13 1.72 4.73
ΔH 48 3.87 3.40 4.37
(ΔC2 + ΔH2)0.5 128 3.17 0.75 5.84
ΔC + ΔH 144 3.17 1.72 4.74

ΔC 96 3.02 0.75 5.84  
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Figure 54: CIELAB distributions of near neutral samples on an L*a*b* plane three dimensional and a*, 

b* Cartesian coordinates showing a visual relationship 

 

In the printing industry, grey or near neutral colour scale is used to calibrate 

consistency of colour balance through close control of the relative response of its 

characteristics (Lo 2006). The method uses near neutral as the criterion to define 

substrate-corrected grey reproduction aim points to attain consistent visual grey scale, 

which can be applied to diverse substrates as well as different printing methods. 

.  Using this method to generate press calibration depends on successfully mapping 

near-neutral colours of a substrate white point to its black point, for full tone black ink 

or three-color overprint ink.  

 

With increased adoption of grey calibration process worldwide the ISO TC-130, have 

sought to find out the best way to define visual differences between two grey stimuli 

that may differ in chroma and hue. The CIE was introduced in chapter and CIE TC-130 is 

concerned with colour differences and colour tolerances in graphic technology. 

Additionally, there is a requirement to obtain a clearer definition of the perception of 

grey that is linked to a CIE colour metric (Cui G. et al 2013). Colour difference formulas 

are designed to establish a quantitative correlation between computational (∆E) and 

observer perceived differences (DV) for a colour pair under (Melgosa et al. 2004) that 

satisfies industry requirements. Modern colour difference formulas have varying 
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agreements with perceptual data so performance testing between models using 

infrequently tested colours is crucial in improving their results (Shamey et al. 2013). 

Shamey et al also reported that colour differences for “black-appearing” objects, based 

on visual and measured differences, has significant importance for industrial 

applications. Haslup et al. (2013), in his paper that sought to determine the influence 

of hue on the perception of preferred blackness, found that there was a limited 

amount of literature of colour difference tests using near neutral blacks.  

 

The three-dimensional colour space of CIEXYZ tristimulus values is known to be visually 

non-uniform since equal distances in the colour space does not represent equal steps 

of perceived differences. Subsequent spaces developed have still retained aspects of 

non-uniformity, namely CIELAB and CIELUV (ISO 2008). To address the correlation with 

the relative perceived size of differences with much more uniformity more 

sophisticated colour-difference formulae were developed, of which some are CMC 

(Clarke et al. 1984), CIE94 (CIE 1995), CIEDE2000 (Luo et al. 2001), and CAM02-UCS 

(Luo et al. 2006). The colour difference models of CIE and from the textile industry, 

CIEDE2000 and CMC, have been shown to have major flaws in assessing colours near 

the neutral axis (Rich 2012). However, CIEDE2000 formula, which is an extension of the 

CIELAB colour-difference formula, was developed to account for variations in colour-

difference perception dependency on lightness, chroma, hue and chroma-hue 

interactions. In addition, a new redness-greenness scale (a’) was derived to improve its 

performance in predicting chromatic differences in the neutral region (Luo et al. 2001).  

 

In the graphic arts industry and for industrial applications CIEDE2000 is increasingly 

becoming a preferred replacement for CIELAB colour difference formula because of its 

improved uniformity and statistical significance (Johnson and Fairchild 2003). 

CIEDE2000 colour difference formula is discussed in detail in chapter 1. Previous 

shortcomings in the practical uses of CIELAB highlighted the need for adopting 

weightings to improve the prediction of colour differences for a given industry 

(Mangine 2006). To this effect CIEDE2000 incorporates weighting functions SL, SC, SH to 

correct for CIELAB non-uniformity and parametric factors kL, kC, kH to account for 
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viewing configurations. It is a known practice in the textile industry to set kL to 2 whilst 

kC and kH are set to 1. In their paper (Green and Johnson 2005) Johnson and Green 

determined weightings of kL-1.5, kC-1:  and kH- 0.5 respectively for critical appraisal of 

graphic arts data set. There are adjustments to a* scale to reshape the tolerance 

ellipses to become more circular (Luo et al. 2001).  
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Figure 55: CIEDE2000 weighting functions SL, SC, SH, RT and Neutral that correct the non-uniformity 

which exists in CIELAB. The parametric factors kL, kC, and kH are corrections that account for the 

viewing conditions. 

These adjustments account for the presence of different viewing parameters such as 

textures, backgrounds, separations for the lightness, chroma and hue components. 

CIEDE2000 however, is considered to have some flaws in assessing colours near the 

neutral axis (Luo et al. 2001) which is inherited from its predecessor CIE94. Despite 

improvements the model is known to fail to generate reasonably accurate predictions 

in the near neutral regions of colour (Shamey 2014) and as such over predicts 

differences at times in this region.  

 

In this experiment, the magnitude of observer visual perceptibility threshold 

judgments was made for near neutral colours and the derived data used to optimise 

the parametric factors in the CIEDE2000 colour difference equation. The CIEDE2000 

model is mainly based on adjacent colour pairs with colour differences between 1 and 

5 CIELAB units. Testing of CIEDE2000 using appropriate data near threshold, about 

∆E*ab=0.2 in CIELAB, and is desired by CIE Division 1 – colour and vision. 

 

7.2 Experiment and materials 

This experiment was designed to generate weighting metrics for near-neutral 

CIEDE2000 colour differences and define the dark end of the display luminance 
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function using a series of psychometric assessments. In this experiment, a total of 23 

observers participated of which 10 were female and 13 males. Observers were asked 

to estimate the magnitude of difference between a reference and sample for 24 near 

neutral sample perturbations from the reference.  A combined total of 532 

observations were completed by each observer for hardcopy and display 

configurations. 

 

Using the CIELAB colour space model a near neutral reference point with lightness 

variations of L* 22, 52 and 88 are chosen. Lightness, chroma and hue step intervals of 

±6ΔE*ab from the references are assigned as samples. The chosen hardcopy 

reproduction media was a bright white proofing paper with minimal optical 

brighteners in it. The white point of this media was measured as CIELAB data using a 

white backing, L*93.86 a*0.58 b*-3.77. The samples were printed using an HP Officejet 

8600 printer and measured with a GretagMacbeth Spectrolino spectrophotometer. For 

display judgments, the stimulus is presented using an Adobe Flash developed 

application.  

 

The display used was a calibrated EIZO ColorEdge CG246 monitor for which 

approximate peak white point luminance levels of 282cd/m2, 229cd/m2 and 166cd/m2 

were set for three phases of experimentation. The black point of the display was 

measured with a Minolta telespectroradiometer and determined as having a 

luminance of 0.22cd/m2 located at the observation position relative to the screen. The 

measurement environment was dark with the display providing the only light source 

therefore a zero-veiling glare was assumed. Black point differences relative to this 

experiment’s luminance changes were 1.17cd/m2, 0.92cd/m2 and 0.69cd/m2 

respectively. All stimuli on the display were measured using a Minolta CS-1000A 

telespectrophotometer, located at the observer position relative to the screen. The 

spectral radiance data was converted to tristimulus values normalized to the display 

peak white as L*=100, with a 99.08% reproducibility.  

 



 150 

The reproduction of each stimulus on the chosen media is 3cm x 3cm and the 

background is 9cm x 8cm positioned so that they are .25cm to one edge and centred 

according to the viewing surface. Hardcopy samples were presented in a Verivide 

proof viewing cabinet with CIE D50 simulating illumination of CCT 4962K and CRI 97 at 

2000lux (±250) against a surround with 20% reflectance.  

 

  7.3 Psychophysical assessments 
In the first stage observers were asked to arrange each set of samples in a continuum 

of increasing or decreasing greyness shown in Figure 56, which included each 

corresponding reference for the hardcopy format in the booth. Inaccurate positioning 

of either a sample or reference was judged as a colour difference perception 

threshold.  

 

ref  

Figure 56: Reference and samples ordered according to increasing chroma as observers were expected 

to match for an error-free score. Such a score would be considered as having a score equal to the 

smallest colour difference between reference and sample. 

In the second stage, each sample was then compared to its reference for which 

observers made a magnitude judgement of the perceptual differences. The same 

procedure was carried out for the corresponding display configuration shown in Figure 

57. 

 

 

Figure 57: Reference and sample compared for magnitude of difference. 
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For each sample observation scores were then recorded, where scores were an 

indication of estimated magnitude in relation to its magnitude of measured colour 

difference.  

 

7.4 Analysis 
The linear least squares fitting model is a commonly applied form of regression which 

provides a solution to finding the best fitting straight line through a set of data points. 

In least squares the results of every single equation is minimised for the sum of the 

squares of the errors occurring (Tibshirani 1996). In achieving the best fit the function 

minimises the sum of squared residuals, where a residual is the difference between an 

observed value and fit the model provides. The criterion for the least squares 

produces a regression line that fits to the data points relative to the sum of the 

squared errors, Σe2 (Grimm 1993)  

 

The least squares regression line depicts the best representation of observations in 

the bivariate data set. The regression line is described as (Berman 2015):   

 

                                                        (2) 

 

Where  is a constant,  is the coefficient of the regression,  is the independent 

variable, and  is the dependent variable value. To solve for a random set of 

observations the regression line that describes the population is estimated by: 

 

  and to calculate  and                (3) 
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                                          (4) 

 

      and                (5) 

 

  is the constant in the regression equation; 

  is the regression coefficient; 

 r is the correlation between x and y;  

 xi is the X value of observation i; 

 yi is the Y value of observation i; 

 x bar is the mean of X; 

 y bar is the mean of Y; 

 sx is the standard deviation of X; 

 sy is the standard deviation of Y. 

 

In Excel, the LINEST function generates uncertainty estimates for the nominated 

values requiring a fit. Using a least squares criterion, the LINEST function finds the best 

fit for the given criterion, where the known Y's represent data on the dependent 

variable, and known X's represent data on one or more independent variables.  

 

LINEST was applied as the regression method which provided a best fit for visual 

judgements to optimise for the parametric factors for CIEDE2000 and CIELAB. “The kL, 

kC and kH values are the parametric factors to be adjusted according to different 

viewing parameters such as textures, backgrounds, separations etc. for the lightness, 

chroma and hue components respectively” (Luo et al. 2001). Observer’s visual 

judgments and the measured colour differences of samples for each viewing 

configuration were therefore assigned to the X and Y of the regression model.  
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7.5 Results 
CIELAB and CIEDE2000 colour difference formulas were tested for their performance in 

predicting NHS identity branding near neutrals colours using STRESS. This method of 

colour difference model multidimensional scaling for goodness of fit, STRESS, is 

discussed in detail in section 2.2.3 of Chapter 1. The data in Table 19 shows a good 

correlation with test results of Cui, Luo et al for the pairs in Table 20.  

 

Table 18: The data in this table are the results for STRESS tests for CIELAB and CIEDE2000 for NHS brand 

identity near neutral colours. It shows that there is a good correlation with test results of Cui, Luo et al. 

(2013). 

Hardcopy formula performance (STRESS)
Data type CIELAB CIEDE2000

ΔL 25.95 26.37
ΔL + ΔC + ΔH 30.59 24.55

ΔH 28.30 23.83
(ΔC2 + ΔH2)0.5 20.72 16.87
ΔC + ΔH 32.90 30.61

ΔC 37.51 37.39  

 

Table 19: The table shows the numbers of pairs, mean, min and max colour differences for data tested. 

Data type Pairs Mean ΔE*ab Min ΔE*ab Max ΔE*ab

Hardcopy

ΔL 24 2.20 0.37 5.14

ΔL + ΔC + ΔH 168 2.54 0.55 5.69

ΔH 48 3.02 1.09 5.44

(ΔC2 + ΔH2)0.5 128 2.71 0.19 6.50

ΔC + ΔH 144 2.71 0.64 5.97

ΔC 96 2.39 0.19 6.50  

The display assessments, shown in Table 22, exhibited inconsistencies when STRESS 

tests were carried out. Whilst the differences in stress values were not significantly 

different for DL and DC, CIEDE2000 performed better than CIELAB. Combined data 

however, shown in Table 21, indicates that CIEDE2000 performs best overall.  
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Table 201: Combined STRESS data for hardcopy and softcopy showing that when all of the observers’ 

responses are assessed CIEDE2000 outperforms CIELAB. 

  
STRESS for all data 

Hardcopy     Display     

  CIELAB 35.73   CIELAB 33.30 

  CIEDE2000 35.12   CIEDE2000 31.12 
 

 

Table 212: Results for the performance of CIELAB and CIEDE2000 models of display data using STRESS. 

Whilst the results indicate that CIEDE2000 performs better than CIELAB there are some inconsistencies 

in comparison to the hardcopy test results. Mid grey display data however performs similar to hardcopy 

data. 

Softcopy formula performance (STRESS) Samples ΔL ΔC ΔH
Data type CIELAB CIEDE2000 ΔEab ΔEab ΔEab

Dark-grey 12.85 22.88 23.29
ΔL 22.28 22.10 Mid-grey 35.95 35.95 39.84
ΔL + ΔC + ΔH 23.24 23.43 Light-grey 18.06 11.63 8.76
ΔH 23.96 24.94 ΔE00 ΔE00 ΔE00

(ΔC2 + ΔH2)0.5 33.55 34.10 Dark-grey 12.75 22.01 23.46
ΔC + ΔH 23.72 24.10 Mid-grey 36.21 33.69 37.97
ΔC 23.49 23.26 Light-grey 17.35 14.07 13.39  

 

Table 22: This table shows the numbers of pairs, mean, min and max colour differences for data tested. 

Data type Pairs Mean ΔE*ab Min ΔE*ab Max ΔE*ab

Softcopy

ΔL 24 2.50 1.00 4.00
ΔL + ΔC + ΔH 168 3.13 1.72 4.73
ΔH 48 3.87 3.40 4.37
(ΔC2 + ΔH2)0.5 128 3.17 0.75 5.84
ΔC + ΔH 144 3.17 1.72 4.74

ΔC 96 3.02 0.75 5.84  

Stress values for mid-grey, whilst considerably higher than other samples in Table 22, 

show consistency with the trend seen in the results of Cui, Luo et al. (2013). In terms of 

correlation with observer judgments dark and light samples were better suited. Table 

23 shows the numbers of pairs used in testing.  
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Table 24 shows that optimisation of the parametric factors improves the goodness of 

fit for each colour difference model in stress terms. Overall CIEDE2000 shows that it is 

better performing than CIELAB, except in ΔL* differences. Whilst the display data 

optimisation shows that CIEDE2000 still outperforms CIELAB in ΔL* the STRESS 

difference is much less than 1. 

 

Table 234: STRESS results for optimised parametric factors for kL and kC are detailed for both hard copy 

and softcopy in this table. 

Hardcopy formula performance (STRESS) Hardcopy formula performance (STRESS) Softcopy formula performance (STRESS)
Data type CIELAB CIEDE2000 Data type CIELAB CIEDE2000 Data type CIELAB CIEDE2000

optimised k L  parametric factor optimised k L  and k C  parametric factors optimised k L  parametric factor
ΔL 22.62 22.83 ΔL 22.62 22.98 ΔL 19.62 19.46
ΔL + ΔC + ΔH 26.53 24.75 ΔL + ΔC + ΔH 26.53 24.36 ΔL + ΔC + ΔH 23.37 23.24
ΔH 23.52 18.77 ΔH 23.52 18.21 ΔH 23.98 24.30
(ΔC2 + ΔH2)0.5 30.90 27.67 (ΔC2 + ΔH2)0.5 30.90 26.73 (ΔC2 + ΔH2)0.5 35.75 35.56
ΔC + ΔH 28.49 25.71 ΔC + ΔH 28.49 25.05 ΔC + ΔH 25.25 25.13
ΔC 33.46 32.66 ΔC 33.46 31.90 ΔC 26.52 25.96

kL ≈ 1.5 kL≈1.14 kL ≈ 1.56 kL≈0.86 kL ≈ 1.56 kL≈1.14  

 

 

Figure 58: Distribution of colour differences for sample on a*b* plane anchored on the reference point. 

The shift off the centre indicates a reference neutral that is offset in relation to the NHS brand colours. 
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Figure 59: Lightness and chroma colour differences projected on an a*b* scale. 
 

The distribution of the visualisation for the near neutral targets on and a*b* scale is 

shown in Figure 58 and as ∆C* vs ∆H* in Figure 59. 

 

7.6 Conclusions 
It can be concluded that for near neutral samples of small colour differences 

CIEDE2000 outperforms CIELAB except in lightness differences. The results also show 

that observer chroma estimation deviated from measured colour difference 

considerably. Additionally, it was found that prediction of lightness difference in the 

near neutral region was judged easier by observers. This however may be explained by 

observer experience in judging small colour differences. When optimised the 

parametric weighting for kL is approximately 1.5 for CIELAB and 1.14 for CIEDE200. 

However, when both kL and kC are optimised weighting for CLELAB increases to 1.56 

and CIEDE2000 reduces to 0.86. Softcopy data also shows that CIDE2000 outperforms 

CIELAB colour difference formula, including for lightness differences.  
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Chapter 8 - Results and discussion 
 
Observer discrimination of NHS brand colours used for colour coded navigation 

resulted in a perceptibility range of 2.35∆E00 - 3.77∆E00 as the illuminance varied from 

25lux up to 3000lux. The mean colour difference was about 3∆E00. The acceptable 

colour difference was determined by observers to reside between 3-5∆E00 with a mean 

value approximately 4∆E00. This is well within typical tolerances used in graphic arts for 

colour reproduction. Where reproduction tolerances of such colour coded signage fall 

outside the graphic standards it could affect wayfinding negatively to some degree. 

Especially when an observer is entirely relying on the colour cues that such wayfinding 

provides under changing viewing conditions mentioned earlier. 

 

The use of substrates with varying white points between print and proof was found to 

be an issue that could be resolved to a degree with ICC media relative correction. 

However, it was established that solid colours could be corrected for changes in the 

white point up to 9.5∆E*ab. Substrate white point adjustments for tints were only 

suitable for up to 2.5∆E*ab colour difference. Where displays were concerned such 

white point media relative corrections exceeded that of substrates with an 

approximation of 11∆E*ab for solid colours. The correction value for different white 

points on displays for tints was twice as much as for substrates. In the experiment, all 

colours used were uniform and did not consider how to correct for complex brand 

images.  

 

The white point of a display is dependent on the dynamic range of their luminance as 

such white point corrections can still fail to result in suitable outcomes. If equal 

luminance colour values cannot be reproduced on two displays for the same RGB 

signal they will visually look different. Carter and Brill (2014) proposal of using 

Whittle’s log brightness function to complement CIE L* and replace DICOM GSDF 

across displays yielded feasible results. Observer estimation of magnitude differences 

projected onto DICOM GSDF showed point shifts that sat outside predefined values. 

This is bearing in mind that DICOM GSDF predict a fixed set of values for luminances 
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that are averaged. Whittle’s function however showed estimated shifts as new value 

points as functions of difference between the background and luminance value. 

Testing observers’ data with STRESS indicated that Whittle’s function slightly 

outperformed that of DICOM GSDF. Whittle’s function notable resulted in larger JNDs, 

in comparison to DICOM GSDF, and this could be attributed to Whittle’s modelling of 

light scattering between a target and background. The STRESS test results have been 

contributed to the draft CIE document TC 1-93: Calculation of self-luminous neutral 

scale. 

 

The communication of colour differences is now shifting to CIEDE2000 and the analysis 

carried out in Chapter 8 showed that it outperforms CIELAB for small differences of 

near neutral colours. It was also highlighted that whist this was the case for hardcopy 

judgments on displays inconsistent. For dark and mid grey near neutral samples on the 

display CIEDE2000 outperformed CIELAB but the opposite occurred for Light grey 

samples. There is also the likelihood of noise present in the results from non-expert 

observers who participated in the assessments. Renzo et al. (2010) showed that there 

were some differences between expert and naïve observer in the judgment of color 

difference using a gray scale comparison for colour change. 
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Chapter 9 - Conclusion  

   9.1 General conclusion 
 
In conclusion, it was found that identity branding could conform with colour tolerances 

used in the graphic industry but only in the instances where a single target viewing 

condition was required. It has been shown that when colour coding is used for indoor 

navigation a colour tolerance threshold of 4∆E00 would be sufficient for varying 

illumination levels between 25-3000 lux. Crawford (1973) considered 30 lux as the 

lowest limit for colour discrimination, which is closely correlated to this research as it 

was determined that a lower limit resided somewhere between 25-50 lux. Between 

20-50 lux observers results presented considerable noise and an averaging out of this 

would be 37.5 lux which is close to Crawford’s finding. More recently Tidbury et al. 

(2016) determined that changes in illuminance have a statistically significant effect on 

visual acuity where increases in illuminance from 50 to 500 lx resulted in an 

improvement of visual acuity. Furthermore Ishida (2002) found that observers colour 

discrimination diminished as illuminance decreased from 1000 lux to 0.1 lux. 

Where brands consider multiple targeted substrates or media white points for each 

media type would likely be larger in colour difference than suggested in ISO 12467-2. 

This can be typified in NHS stationery substrates which vary from recycled paper to 

ones that contain high levels of optical brighteners (OBAs). In such instances, 

commonly used identity branding solid colours could be corrected for white point 

differences up to 9∆E*ab using ICC media relative correction. If such colours were tints 

ISO recommendations would apply. Colour tolerances for identity branding should be 

aligned with targets and the information included in their brand visual identity 

documentation, which is not the case currently. When brands are using displays to 

present their branded content white point corrections in tints are twice as large in 

tolerance at 5∆E*ab. The findings in this thesis show that like Tian and Chung (2011) 

less ink coverage results in larger differences between substrates of varying white 

points. Previous work by Shaw et al. (2003) had considered characterisation of the 

different substrates, which was labour intensive. 
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The use of two colour difference formulas in this paper was tested to determine the 

one that described observer perceived differences best. Using STRESS testing applied 

to observer estimated magnitude of colour differences CIEDE2000 was found to 

perform better that CIELAB for hardcopy targets. The same test found that CIELAB 

performed marginally better for display targets. Cui, Luo et al. (2013) tested the 

performance of CIELAB vs CIEDE2000 in an assessment of colour differences near the 

neutral axis. In their experiment, which considered hardcopy samples they found that 

CIEDE2000 gave a better prediction for observed colour differences. This is in line with 

the findings of this thesis for hardcopy and display data. Shamey et al. (2014) 

compared many CIELAB derived colour difference formulas and found that CIEDE2000 

performed best in determining observer colour discrimination. In this thesis the tests 

were extended to display sample judgment which also found the same outcome of 

CIEDE2000 performing best overall.  

 

A comparison between two greyscale functions DICOM GSDF and Whittle’s log 

brightness, as detailed by Carter and Brill (2014) showed that the latter performed 

better. This outcome presents the possibility of complementing CIE L* with Whittle’s 

log brightness to allow JND scaling as a function of the luminance of a display. This 

would improve non-medical displays used to present medical images and brand 

imagery across remote NHS networks. This type of network design where medical and 

non-medical displays are used in a workflow configuration is prevalent within the NHS. 

The comparison of the two greyscale functions relate to a CIE project TC 1-93 which is 

based on work by Carter (2005) and later developed in 2014. The differences 

extrapolated, using STRESS testing of observer data, rely on Carter’s method for 

calculating a grey target as a function of its background. Key differences are presented 

in that GSDF scales are fixed and as such variable backgrounds will influence detection 

of greys closer to that area. Conducting a psychophysical test with a set of observers 

from varied disciplines, carried out in this thesis, is the first time this has been done. 

The resulting experiment data has been contributed to the TC 1-93 document. 

Theoretically, the complementing of CIE L* with Whittle’s log luminance would 

facilitate a more relative display in network configurations that used both medical and 

non-medical grade displays. 
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This is perhaps the first instance of identity branding has been researched to this depth 

in establishing efficient correlations between branded images and their targets. Future 

psychophysical work using separate groups of brand managers and graphic artwork 

assessors in larger numbers would provide very useful data.  

 

 9.2  NHS Recommendations 
 

Recommendations for the NHS identity branding it would be essential to categorise 

broad areas of branding by media type and define specifications within such grouping. 

Such groupings could be: 

 outdoor wayfinding and signage; 

 indoor wayfinding and signage; 

 stationery, leaflets and posters; 

To facilitate indoor wayfinding illumination levels for each health location variation in 

illumination should be no less than 30 lux at a minimum, ideally 50 lux would be at 

best the lowest illuminance prescribed, so that a minimum requirement of colour 

discrimination is met. This would improve wayfinding where colour coding is used to 

aid navigation. 

 

Reference white point tolerances for each media should be specified with ICC media 

relative corrections nominated as the main method of correction. A tolerance of 9 

∆E*ab for correction of solid colours and 2.5*ab for correcting tints. Whilst it may not 

be possible to restrict the order of stationery by their compliant white points. It would 

go a long way to achieve appearance acceptability, in having their suppliers use the 

same method of colour correction for substrates that are outside the specified white 

point tolerance. An ideal would be to embrace the idea of only contracting suppliers of 

print who were ISO 12647 accredited. 
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Figure 1: NHS identity branded targets of stationery, male nurse uniform, and NHS building site 

uniform. 10 

Figure 2: Electromagnetic wavelengths showing regions of visible colours. 16 

Figure 3: Representation of the 3 types of receptors. 17 

Figure 4: Spectral tristimulus values for CIE RGB monochromatic primaries is on the left and the 

negative part of the curves 18 

Figure 5: Image showing the spectral distribution of an illuminant, the spectral reflectance of an 

object and the CIE 2° Observer colour matching functions. 19 

Figure 6: Effect of luminance on colour vision acuity in natural conditions (Ferwerda 1996). 22 

Figure 7: Dark adaptation curve. The shaded area represents 80% of the group of subjects. 26 

Figure 8: Light adaptation curve plotted as increment threshold versus background luminance. The 

plot shows increment threshold (Nλ) and background luminance (Mµ). 26 

Figure 9: RIT-DuPont colour discrimination ellipses plotted in a* b* diagram (Luo 2000). 35 

Figure 10 : CMYK halftone dots highlighted for a printed image and an LCD displays monitor showing 

sub pixels of RGB, liquid crystals and backlight source by http://www.bit-tech.net/. 40 

Figure 11: Generic RGB colour management workflow. 41 

Figure 12: Five stage colour reproduction system with data–flow for calculating the original and 

reproduction gamuts indicated by arrowed lines (MacDonald 1993). 48 

Figure 13: The body shop logo. 56 

Figure 14: The court case resulted in acceptance that the name Puffin and the upright dark-coloured 

bird 58 

Figure 15: In court, it was suggested that confusion between Neutrogena and Neutralia only occurs in 

a minority of cases 58 

Figure 16: Hoyer and Brown brand comparison experiment. Decision Science News – 

http://www.dangoldstein.com/dsn/archives/2006/02/recognition_can.html). 59 

Figure 17: Hoyer and Brown brand comparison results. Decision Science News – 

http://www.dangoldstein.com/dsn/archives/2006/02/recognition_can.html 59 

Figure 18: The NHS logo artwork on the left and as targeted for NHS response vehicles. Compared to 

the original artwork 62 

Figure 19: In the NHS hospitals and clinics staff uniforms are categorized and notated through the use 

of colour coding. 63 

Figure 20: NHS branded products exclusively for the operating theatre and registered pharmacies. 63 

Figure 21: NHS identity brand colour palette for communications. 64 

Figure 22: (a) NHS logo and colour description as specified by NHS Identity. (b) The magazines show 

how the NHS logo is used on publications. (http://www.nhsidentity.nhs.uk/ 2011) 67 

Figure 23: Rejected sample fall outside of the ellipse. 70 

Figure 24: Simulated depiction of target colour layout configuration. 87 

Figure 25: Target configuration showing stimulus and substrate. 90 
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Figure 26: Near neutral samples ordered in a continuum. 90 

Figure 27: NHS Hospital wayfinding signage and medical specialities colour coding. 92 

Figure 28: : Distribution of samples on a* b* projection. Reference colours are indicated with square 

markers. 96 

Figure 29: Ordinal ranking and category judgment psychophysical tasks 1 and 2 configurations. 99 

Figure 30: The graph shows colour discrimination thresholds at different illumination levels for a 

probit analysis tolerance of 50%. 105 

Figure 31: Blue samples probit ΔE00  prediction for lightness at illumination levels of 25, 50, 2000 and 

3000 lux. 106 

Figure 32: CIEDE2000 colour differences for acceptability with 50% probability of rejection calculated 

using probit analysis. 106 

Figure 33: T50 (acceptable colour difference tolerance with 50% probability) projected for ∆E00, L*, C* 

and H*. 107 

Figure 34: Proof image simulations in the centre with print reproductions, using characterization data

 109 

Figure 35: : Proof simulation image in the centre with print reproductions simulations corrected using 

media relative transformation, scaling colours relative to the substrate white point. 110 

Figure 36: Experimental viewing configurations. 114 

Figure 37: Media relative conversion of blue solid and tint colours respectively on a CIELAB a*b* 

coordinate plane, showing the influence of substrate white point with changing 115 

Figure 38: Colour centres used in the experiment to test MRC (media relative colorimetry). 116 

Figure 39: 50% perceptibility thresholds (CIELAB ΔE*ab) and 75% acceptability thresholds. 119 

Figure 40: Colour transfer functions for sRGB, 2.2 and 2.4 with indicative display gamma for 2.2 and 

2.4. 126 

Figure 41: The chart shows how different luminance ranges produce different RGB values. 127 

Figure 42: This is a simulated configuration of the reference and sample stimulus presented to the 

observer. 133 

Figure 43: Observer confidence mapped responses to dark, mid and light grey display samples for 

magnitude judgements. 134 

Figure 44: DICOM GSDF greyscales compared to Whittle’s log function. The chart on the right is a 

cumulative threshold correlation comparison between GSDF and Whittle. 135 

Figure 45: : JND distributions for the grey scale functions for a dynamic luminance range between 

0.05-300cd/m2 representing non-medical displays. 135 

Figure 46: Observer judgment plotted onto GSDF and Whittle greyscale JND distribution. 136 

Figure 47: This chart shows a distribution of observers estimated differences for dark grey references 

and samples. 139 

Figure 48: This chart shows a distribution of observers estimated differences for mid grey references 

and samples. 139 
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Figure 49: This chart shows a distribution of observers’ estimated differences for light grey references 

and samples. 140 

Figure 50: This chart shows a distribution of observers’ estimated differences for dark grey references 

and samples. The red circles represent three reference points for each of the three display 

luminance white points. The blue dots are the mean values for observer estimated differences 

between reference and sample pairs. The data is projected using Whittle’s brightness log 

function cumulative JNDs (Carter and Brill 2014). Whittle’s function was found to result in a 

better correlation to observer estimation. 141 

Figure 51: This chart shows a distribution of observers’ estimated differences for mid grey references 

and samples. 141 

Figure 52: This chart shows a distribution of observers’ estimated differences for light grey references 

and samples. 142 

Figure 53: BFD experimental colour discrimination ellipses plotted in a* b* diagrams. BFD ellipses on 

the right and BFD neutral ellipses mapped by Luo and Rigg using CIELAB. 144 

Figure 54: CIELAB distributions of near neutral samples on an L*a*b* plane three dimensional and a*, 

b* Cartesian coordinates showing a visual relationship 146 

Figure 25: CIEDE2000 weighting functions SL, SC, SH, RT and Neutral that correct the non-uniformity 

which exists in CIELAB. 148 

Figure 56: Reference and samples ordered according to increasing chroma as observers were expected 

to match for an error-free score. 150 

Figure 57: Reference and sample compared for magnitude of difference. 150 

Figure 58: Distribution of colour differences for sample on a*b* plane anchored on the reference 

point. 155 

Figure 59: Distribution of the chroma and lightness deltaE* (ΔΕ*) on a*b* plane. 156 
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Tables - Appendix 

Table 1: :  Colour-difference coefficients for CAM02-LCD, CAM02-SCD and CAM02-UCS 38 

Table 2: Lightness, chroma, and hue colour differences between the colour matching and the colour 

test in the CIELCH space (M D de Fez et al 1998). 71 

Table 3: STRESS compared to the correlation coefficient showing less sensitivity to the location of the 

center of the distribution of data points but more sensitive to changes in the width of that 

distribution (Kirchner and Dekker 2011). 74 

Table 4: Each printed NHS brand reference colour was measured in three places to average out 

differences across the sample as noted in this table. 94 

Table 5: A representation of the measured mean colorimetric values in CIELab-CIELCh of the reference 

colour centres 95 

Table 6: The table shows the correlation between each illumination level and what each represents. It 

was also decided to include the maximum level of illumination achievable at the point of sample 

positioning. 97 

Table 7: Results derived from the testing of colour-difference model’s goodness of fit for CIELAB, 

CIEDE2000 and CIECAM02. Results showed no significant differences between them. 101 

Table 8: Correlation coefficients for observer perceived colour discrimination at different levels of 

illumination and Spearman correlation coefficients for observer ∆V data. 103 

Table 9: Reference colour centres CIELAB values. 116 

Table 10: Reference white point and varied white points with blueness and yellowness. 117 

Table 11: Perceptibility and acceptability thresholds determined with probit analysis for simultaneous 

and sequential hardcopy assessments as well as softcopy. 118 

Table 12: The table shows how varying luminance ranges produce different RGB values in Figure 37. 

The data represents variations for the same colour transfer function with different max 

luminance distributions. 127 

Table 13: The different display white point luminances that were used in the psychophysical 

experiment are represented in the first column. 138 

Table 14: The table above shows the STRESS results for GSDF data acquired from the psychophysical 

experiment described in this paper. 138 

Table 15: The table above shows the STRESS results for Whittle’s brightness log function data acquired 

from the psychophysical experiment described in this paper. 140 

Table 17: BFD data neutral samples (C*ab ≤ 10) (Luo and Rigg 1986). 145 

Table 18: NHS identity branding near neutral data with maximum colour difference of 6.50ΔE* for 

hardcopy and softcopy samples. 145 

Table 19: The data in this table are the results for STRESS tests for CIELAB and CIEDE2000 for NHS 

brand identity near neutral colours. It shows that there is a good correlation with test results of 

Cui, Luo et al. (2013). 153 

Table 20: The table shows the numbers of pairs, mean, min and max colour differences for data 

tested. 153 
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Table 21: Combined STRESS data for hardcopy and softcopy showing that when all of the observers’ 

responses are assessed CIEDE2000 outperforms CIELAB. 154 

Table 22: Results for the performance of CIELAB and CIEDE2000 models of display data using STRESS.

 154 

Table 23: This table shows the numbers of pairs, mean, min and max colour differences for data 

tested. 154 

Table 24: STRESS results for optimised parametric factors for kL and kC are detailed for both hard copy 

and softcopy in this table. 155 

 

 


