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Introduction 

The use of images in digital form has increased enormously with the progress of technology. 

We like to have these images in colour and as fast as possible. Colour can give the viewer more 

information about the displayed scene than a black and white image. Within seconds, we can 

retrieve complicated coloured images on our computer terminals via the Internet from every 

part of the world. Whether the image technology is successful depends, not only, on the limits 

of the display system, like limited storage and fast transmission. Also the perceptual quality is 

of importance in colour reproduction. Since we do not accept green faces or purple bananas, the 

colour appearance should be rendered accurately. In other words, we should ask the user to 

examine how the colour reproduction of images of real-life scenes can be perceptually 

optimized. The observer is the ultimate criterion for quality of the imaging system. 

Colour transformations of digitized colour images can be used in trying to improve the quality 

of colour reproduction. For instance an increase of the colourfulness of an image, due to chroma 

variations, results in higher quality of this image (Fedorovskaya et.al., 1993). However, at high­

er levels of colourfulness the image quality will decrease because the images appear unnatural. 

Optima} colour reproduction of natura} scenes is suggested to be a compromise between high 

colour contrast and naturalness (Blommaert, 1995, Yendrikhovskij, 1995). The first constraint, 

high colour contrast, corresponds to a high signal-to-noise ratio of the internal representation of 

scene content. Naturalness, the second constraint, is described as the degree of correspondence 

with memorized reality. The present study is concerned with one of these constraints, namely, 

naturalness. lt is expected that qualitatively optima} images appear, at least, natural. To solve 

the problem of formulating an appropriate definition of naturalness at the perceptual level, ex­

perimental data should specify which kind of image is perceived as natura} and which is not. 

The importance of memory in colour reproduction was emphasized by Hunt ( 1987). Because in 

everyday life colours vary enormously, the tolerances for colour reproduction must be large. 



These tolerances are assumed to be smaller for familiar objects, like human skin and most food­

stuffs. We call such objects critical. 

Present research 

The object of this thesis is to study the naturalness of images. In particular, it has been studied 

how the colour of natural objects appear to be as a function of position in colour space. The dis­

tribution of the natura:lness of colours will be specified by using two specific dimensions of col­

our appearance, namely hue and saturation. Furthermore, naturalness will be related to its 

underlying object representation in memory and also the effects of the context will be studied. 

Therefore, transformations of hue and saturation are applied on the images and experimentally 

the judgements of subjects are obtained. A bivariate Gaussian function was considered to de­

scribe the naturalness. 

Outline 

The first chapter gives an overview of the context of this research. In order to understand the 

manipulation of images, the perceptual aspects of colour are explained as well as the CIEL UV 

colour space in Section 1.1. In the next Section, 1.2, a model of perceptual image processing 

will be presented in order to describe human visual perception and, in the same time, the rela­

tion between quality and naturalness. The processes involved in viewing a colour reproduction 

are shown by Hunt ( 1982). His model will be sketched in Section 1.3. Subsequently, the term 

memory colour will be explained, together with research on memory colours (Section 1.4). 

The research of Yendrikhovskij (1996) on the memory representation of an object colour will 

be described in detail in Section 1.5. In the final section, 1.6, the research problems of the cur­

rent study are discussed. These research problems were tested in the experiments, described in 

chapter 2. Finally, a general discussion (chapter 3) and the conclusions (chapter 4) will be 

g1ven. 
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Chapter 1 

Background 

1.1. Colour manipulation 

The influence of the perceptual aspects of colour can be studied by colour manipulation. One of 

the main interest of, for example, IPO in Eindhoven is to examine how colour reproduction of 

images of real-life scenes can be optimized with respect to perceived quality. In colour image 

processing, the colour of a pixel is usually given as three values corresponding to the tristimulus 

values R (red), G (green), and B (blue) of some suitably chosen display primaries. Colours may 

be accurately described in the terms of these physical quantities, these values are however not 

convenient for perceptual useful manipulations. Colours are perceived as sensations in the mind 

(Hunt, 1987). Therefore, another colour representation system is used to vary perceptual aspects 

in natural scenes. Before describing research on colour manipulation, more information of col­

our and colour spaces is required. 

1.1.1. Perceptual attributes of colour 

Colour has, according to Hunt (1987), not only physical features such as spectral transmission 

and reflection curves, but also psychological or perceptual features. Every colour has three per­

ceptual attributes: hue, colourfulness, and brightness. Hunt gives the following definitions: 

• Hue is the attribute of visual sensation 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. 
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• Colourfulness is the attribute of a visual sensation according to which an area appears to 

exhibit more or less of its hue. Colourfulness corresponds to the psychometrical attribute 

chroma in CIELUV colour space1 (Fedorovskaya, 1993). 

• Brightness is the attribute of a visual sensation according to which an area appears to exhibit 

more or less light. 

Hunt also defined two relative perceptual attributes, namely saturation and lightness. Saturation 

is described as the colourfulness of an areajudged in proportion to its brightness. The colour of 

an object can vary from pale to saturated along this dimension. The lightness of an object is used 

to describe the brightness of this object relative to that of a similarly illuminated white. Whereas 

brightness ranges from dim to bright, lightness differs from dark to light. 

These perceptual attributes can be visualized in a colour space. A 'colour space' is a way to or­

ganize the set of possible human colour percepts in a systematic way. lt is long known that col­

our vision can be described by three-dimensional spaces. In Figure 1.1, the colours are arranged 

using a cylindre and a cone. Hue is coded by the position around the circumference of the cyl­

inder or cone. Colourfulness is coded by the distance from the centre of the cylinder to the edge. 

Saturation is coded by the distance from the centre of the cone to the edge. The main axis of the 

cylinder codes lightness. 

1.1.2. The Colour Space. 

The above described colour space is, however, not a unique system to organize colours. In 

colour research we know a lot of different colour ordering systems, each bas its own 

characteristics. The CIE (Commission Internationale de l'Eclairage) bas defined international 

standards and provided transformation equations relating different systems to each other. In 

order to display colour images on a monitor, these images are represented in RGB-format. This 

R (red), G (green), B (blue) tristimulus represent the phosphors chosen as standard for European 

colour television (Hunt, 1992). While colours are not observed as combinations of three 

lightbeams but as psychological features of objects, this RGB-system is not suited as a 

1. CIELUV colour space is a colour space in which L*, u*, v* are plotted at right angles to one another. 
CIE (Commission Internationale de l'Eclairage) is the body responsible for international recommenda­
tions for photometry and colorimetry (Hunt, 1992). 
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Figure 1.1. Schematic diagram o,f the organization of the colour-perception space 

in terms of hue huv• saturation Suv ( or colourfulness. C* uv) and lightness L * . 

perceptual representation.The colours of the images must be transformed into a different colour 

ordening system. From a viewpoint of human vision, a colour appearance signa!, such as HSL 

(hue, saturation, lightness) is more convenient for the control of colour reproduction 

perceptually. In the HSL colour space it is possible to divide the colour of each pixel in three 

dimensions, namely lightness, hue and chrom". Here, chroma corresponds to the perceptual 

attribute saturation. This colour space was described by the cylindric system in Figure 1.1. The 

transformations are described below. 

The digitized images can be described by the cdlour point distributions in the CIELUV colour 

space through sequentia! transformation l~minance values RGB to the tristimulus values XYZ2 

and then to the L*, u*, v* colour coordinates. The CIELUV space has two chromatic axes, u* 

and v*, and a third, achromatic, axis representing the lightness, L *. The distance of two colour 

points in the three-dimensional space is equal to the perceptual distance of the two colours 

represented by these points. In this L *u*v*-system it is possible to define new variables in order 

to do transformations of the colour images according to the perceptual space. The cartesian 

2· The CIE defined the XYZ tristimulus in terms of which standard-observer results could be expressed 
and to avoid negative numbers in colour specification (Hunt, 1992) 
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system L *u*v* is replaced by the cylindric system HSL (hue, saturation, and lightness). Here 

cylindrical coordinates consisting of h* uv (metric hue angle), C* uv (metric chroma, and L* 

(metric lightness) in CIELUV space were selected. Now the transformations which can be made 

are more suitable for research in human perception. That is, a transformation in reddish 

direction results in equal differences with original as the same transformation in greenish 

direction. In other words, it is an uniform colour space. The formula to calculate the above 

transformations and the correlates of the perceptual attributes are presented in Appendix A. 

1.1.3. Research on colour manipulation. 

Now that we have defined a colour space based on the HSL colour space, we can discuss re­

search on colour manipulation. Fedorovskaya et al. (1993) studied transformations of digitized 

colour images in the perceptual colour space and their perceptual relevance. In particular, they 
1 

have investigated the influence of perceived colourfulness on perceived quality of natura! im-

ages. To obtain the information about the perceptual consequences of the chosen transforma­

tions, subjects were asked to rate perceptual image quality, naturalness, and colourfulness. 
1 1 

Colourfulness was specified as presence and vividness of colours in the whole picture. The col-

ours of natura! images were varied by manipulating the chroma value for each pixel. One of the 

results was that colourfulness was found to be a perceptual attribute underlying image quality. 

Both perceptual quality and naturalness are nonlinearly related to colourfulness with an opti­

mum near the original image. The results suggest that in genera\ a more colourful image than 

the original one is preferred. 

Research to investigate perceptual influences of possible transformations (including lightness, 

hue-angle, and chroma) of colour images is interesting for an optima! reproduction of natura! 

images on colour displays. Therefore I will explain what is perceptual image quality and the re­

lation with naturalness in the next section. 
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1.2. Quality and naturalness 

In genera!, it is well accepted that the perceiver is the ultimate criterion for quality. This means, 

how successful the colour rendering is depends on the interpretation by the observer. When we 

know the limitations of colour transformation of an image, we should be able to improve colour 

reproduction of images of real-life scenes perceptually. Subjective judgements could help to 

find these lirnitations in relation with the objective properties of display systems. 

Consequently, it is useful to have some knowledge of human visual perception in order to 

optirnize the quality of colour rendering. In Section 1.2.2 the perceptual image quality will be 

discussed. The importance of the naturalness of an object colour will be described in Section 

1.2.3. First, a model will be presented of the processes involved in image perception. 

1.2.1. Image processing 

The visuo-cognitive system gives us the possibility to perceive and understand the outside 

world. For most people vision is so natura! and effortless, that it may seem that all they have to 

do is watch. Processing of the environment is, however, not that simple. Judgement of the 

quality of an image involves a sequence of processes. At different levels, an input representation 

is transformed into an output representation. The processes involved in evaluation of images are 

still not completely understood. 

In visuo-cognitive processing of images, three levels of processing can be distinguished 

(Janssen and Blommaert, 1996): perception, interpretation, and semantic processing. Perception 

involves the construction of a visual representation of the image using primarily low-level 

knowledge of · the visual world. During the next process, the interpretation, a cognitive 

representation is constructed by means of a confrontation of this input with memory 

representations. A proper response can be formulated with semantic processing of the 

interpreted scene. Figure 1.2 gives a framework of the processing of images by the visuo­

cognitive system. The three processes transforrning one representation into another are 

presented by rectangles. The representations are presented by ellipses. In the past we have 

observed a lot of colours of thousands of objects and complex scenes, which are represented by 

a collection of memory representations. 

To judge the quality of an image, the levels of perception, interpretation, and semantic 
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processing have to be passed through. For a successful interpretation of an image, the 

interpretation process should result in a satisfactory match between the visual represented 

features and the memory represented features. If an observer is satisfied can be measured by 

means of sealing. 

image 

perception 

visual 
representation interpretation 

cognitive 
representation 

semantic 
processing 

formulated 
response 

Figure 1.2. Image processing of the visuo-cognitive system. Three processes 

(represented by rectangles) are involved in formulating a response when viewing 

an image. 

1.2.2. Perceptual image quality 

Perceptual image quality can be described as the judged degree of excellence of the perceptual 

image (Roufs, 1992). An appropriate analysis method for quality measurements is 

psychological sealing. A so-called numerical category sealing method is often used. This 

method is relatively fast and easy to apply. A scale can have for example a range from zero to 

ten. These numbers might suggest that sensations belonging to adjacent categories of quality are 
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equidistant. However, this is not necessarily the case. In order to test the equidistance of 

successive number categories, specific algorithms have been designed. When no systematic 

differences can be observed between subjects, the rescaled values may be averaged over the 

subjects. The numerical category sealing method has been tested on non-metric sealing 

methods, whereby the subjects only have to classify the distance between the sensations or the 

similarity of two pairs. These non-metric sealing methods are very laborious, they however 

have high validity with and give encouraging results on tests for numerical category sealing 

methods (Roufs, 1992). 

De Ridder et.al. (1995) and Hullenaar (1995) used the numerical category sealing method in 

order to study perceived quality of natura! colour images. In both studies the manipulations of 

perceptual attributes of colour were created in perceptual transformed CIELUV colour space. 

De Ridder et.al. manipulated hue and saturation of the images. Subjects rated the quality of the 

images on aten-point numerical scale, ranging from one to ten. One corresponded to the lowest 

strength of quality and ten corresponded to the highest strength. De Ridder et al. found a smaller 
1 

effect of saturation variation than hue variation on the impression of quality. Hullenaar varied 

saturation as well as lightness of images. Subjects rated qualÜy on numerical scales. Her results 
1 

suggest that saturation plays a more important role than lightness in judging quality. In other 

words, all perceptual attributes of colour, i.e. hue, saturation, and lightness, affect the perception 

of quality but with a different impact. 

Recently, multidimensional models have been formulated for describing the way in which 

viewers judge the guality of images. These modyls are based on the assumption that all normal­

vision subjects perceive in a similar way, so there is one multidimensional space to represent all 

stimuli which occur in an experiment, and this space is common to all subjects. The subjects 

may, however, differ in the way they evaluate thts space (Yendrikhovskij, 1995). These models 

also aim to derive an explicit expression for the relation between the subjective attributes and 

the physical parameters. 

Image quality constraints. Given the observation that observers judge the quality of an image 

by matching the visual and memory represented features, we have to ask how a successful 

interpretation of an image can best be secured. That is, we have to introduce the requirements 

on colour reproduction that should be fulfilled in order to satisfy the observer as much as 

possible. Recent research on colour reproduction (Fedorovskaya et al., 1993, De Ridder et al., 

1995, Hullenaar, 1995) provided evidence that the most optima! image, that is the image of the 
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best quality, is limited by two constraints. These constraints are (1) maximization of contrast 

and (2) minimization of difference with memory (Blommaert, 1995, Yendrikhovskij, 1996). 

In order to maximize the contrast of an image we should consider the signal-to-noise ratio of an 

image with respect to discrimination between items in that image. If a figure in the image can 

easily be separated from the background, this ratio is high. In complex images of natural scenes 

there are usually items which differ slightly in their chromaticities. This ratio and consequently 

the contrast of an image can be improved by increasing the colourfulness of the image. 

However, when colourfulness is increased too much the quality will decrease due toa decrease 

of naturalness, the second conflicting demand of perc_eptual quality. 

The naturalness constraint refers the minimization of difference with memorized reality. By 

varying the perceptual attributes of coloured images the relation between perceptual image 

quality and naturalness was investigated. Fedorovskaya et al. ( 1993) varied the chroma value of 

colour images of natura! scenes. They found a close relation between perceptual image quality 

and naturalness (Figure 1.3). Both perceptual quality and naturalness were found nonlinearly 

related to colourfulness with an optimum nean the original image. Furthermore they concluded 

that quality decreases at higher levels of colourfulness because the images become unnatural. 
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This linear relation between perceptual image quality and naturalness was also observed in 

other studies by varying the colourfulness and hue of colour images ( de Ridder et.al, 1995). 

Their result was that chroma variation affects the impression of quality and naturalness to a 

lesser ex tent then does hue variation. Hullenaar ( 1995) manipulated colourfulness and lightness 

of natura} scenes. She found a more important role for saturation than lightness in judging the 

quality and naturalness of images. The second conclusion of Hullenaar replicated the results 

obtained by Fedorovskaya et al. ( 1993). These results suggest that the subjects seem to pref er 

more colourful images, although they realized that these images looked unnatural. 

In this thesis I will only consider the naturalness constraint. The importance of naturalness for 

colour reproduction is already explained by the strong relationship with quality. An appropriate 

definition of naturalness at the perceptual level can however not be formulated on the basis of 

these studies. For this purpose, the influence of perceptual attributes on naturalness was 

investigated in the present study by the perception of colour images of natura! scenes. The 

colours of these images were transformed by manipulating the hue-angle and saturation in 

perceptual colour space. I will review some literature on naturalness of object colours in the next 

section. 

1.2.3. Naturalness 

From the former paragraph we can conclude that quality judgements are limited by the 

naturalness constraint. To sumrnarize, in studies conceming the relation between perceptual 

image quality and naturalness the following conclusions were drawn. First of all, colourfulness 

of an image underlies both quality and naturalness in the case that the chroma value is the only 

independent variable. Secondly, chroma variation affects the impression of quality and 

naturalness to a lesser extent than does hue variation. Thirdly, a linear relation between image 

quality and naturalness was found. From these conclusions we might assume that images of 

good quality should at least be perceived as natural. However, a fourth conclusion shows a 

contrast with this assumption, namely the fact that a preference for more colourful but 

somewhat unnatural images was found. 

De Ridder et al. (1993) presented four different natura} scenes to the subjects. These scenes 

were a female model, an outdoor scene, fruit displayed in front of a greengrocer' s shop and an 

abstract sculpture with bushes. The colours of these scenes were manipulated by varying the 

chroma value of each pixel. Subjects judged the quality and naturalness of images in different 
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experiments. There appears to be a strong relation between quality and naturalness, as was 

found in other research (see Section 1.2.2). However, the strength of the relation between 

quality and naturalness is found to be scene-dependent. The strongest linear relation between 

naturalness and quality was found for the woman's portrait, the weakest for the sculpture. For 

the image with the sculpture the perceived quality remains high while naturalness dropped for 

the most colourful images. Especially for this more abstract scene the subjective preference in 

quality was biased towards more colourful images although the observers realized that these 

images looked unnatural. The very strong link between quality and naturalness for the woman's 

portrait highlights the great importance of the presence of farniliar objects in a scene, in this 

case, for example, the skin (Miyake and Haneishi, 1993). 

Wurm et al. (1993) studied the influence of colour in object recognition. They argue that 

knowledge of congruent (natural) colours may help in object recognition, whereas incongruent 

(unnatural) colours disrupt narning accuracy. Many natural categories contain exemplars with 

similar structures, for example all bananas are curved and all dogs have a head, a tail, and four 

legs. For these natura} categories, a structural description of a 'prototypical' category exemplar 

can be constructed to which most of the category members conform. This prototype can even 

possess a typical colour, a yellow banana for instance. This is less true for categories of man 

made objects, which possess no common structures across categories and which do not have a 

specific associated colour. These distinctions between natural and artificial objects can cause 

less colour reproduction tolerance for natura} objects when compared to the artificial ones 

(Yendrikhovskij, 1995). 

Until now naturalness was loosely defined as the degree of closeness to memorized reality. This 

means that naturalness should be judged not in the physical domain but in the psychological or 

internal one instead. This internal representation of an object colour is stored in our visual 

memory (Hunt, 1987). That the most natural colour of an object is not always the most pleasant 

one, might be explained by the colours represented in our memory. The greatest satisfaction of 

colour reproduction is only then reached when these memory colours match with the 

reproduced colours. Our memory of colours, however, tends to accentuate dominant colour 

characteristics. That is in memory, grass is greener and a banana is more yellow (Bartleson, 

1959). This effect might explain our preference for colours which differ from the most natural 

colours. The importance of memory will, therefore, be discussed in the next section. 
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1.3. Colour reproduction 

In appraising colours in a reproduction we are making mental comparisons between a reproduc­

tion and the memory of an original. In the visuo-cognitive model described above, this is part 

of the interpretation step in image processing. Memory plays an important role in this matching 

process, because the reproduction is seldom observed together with the original. Even when the 

original is not known to the observer, a judgement of the reproduced colours can be made. Our 

colour memory, therefore, is an internal representation of colour sensations previously experi­

enced when looking at objects similar to the ones being appraised. 

Hunt ( 1987) emphasizes the role of memory in a diagrammatic representation of the processes 

involved in colour perception (figure 1.4). In the upper chain the processes involved in viewing 

a reproduced colour of grass, are represented. The lower chain shows the processes of viewing 

the original grass, of which the colour sensations have been stored in the memory. 
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Figure 1.4. The processes involved in colour perception (Hunt, 1987). 
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Following Hunt, judgement of reproduced colours is a comparison of the colours in 

reproduction with a mental recollection of the colours of sirnilar objects as the reproduced ones, 

experienced in the past. Physical conditions, like different weather, can effect the perception of 
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the colours. In the sun, for example, all colours seem more colourful. In the same way, the 

physiological state of adaptation of the eye when viewing the reproduction and any 

psychological effects that the picture may have on the observer, influence the perception of the 

reproduced colours. These physical, physiological, and psychological conditions under which 

the processing is carried out, vary for the original and the reproduction, for different places, and 

different times of viewing. Practically all colours we see in everyday life are subject to wide 

variations in hue, lightness, and colourfulness. Hue of grass, for example, depends on the type 

of grass and on the time of the year. The appearance of the hue and lightness of object colours 

can vary due to differences in background of the objec:ts. The colourfulness of objects is subject 

to most variation. For instance, colours appear less vivid under an overcast sky, but immediately 

become more colourful when the sun comes out. Other changes of colourfulness ·are caused by 

atmospheric haze, variation in illumination from directional to diffuse, presence of dust or water 

on surfaces, and the adaptation of the eye. 

Tolerances for these variations of the perceptual attributes are large but limited. According to 

Hunt, the tolerances for hue are less than tqose for saturation, due to more effects on the 

colourfulness than on hue of colours. Hence, if in reproduction all colours are reduced in 

colourfulness proportionally one would expect the result more natura! than if colours of 

different hue and colourfulness were reduced irr colourfulness to different extents. Some colours 

are like spectra! colours, that is very saturate
1
d, while others are extremely pale. The 

transformations of colours of parts of an image is less natura! than global transformations 

(transformation of all colours in an image). 

The reproduction tolerances for familiar objects like human skin and most foodstuffs, are 

smaller than average (Hunt, 1987). The colours of those objects are particular critica! in colour 

appraising. These tolerances do not mean a complete satisfaction of viewers, but indicate what 

people accept for colour reproduction. However,' in research on colour reproduction it is often 

considered what people prefer. Siple and Springer (1983) studied preference for colours of 

objects. They used a specific set of fruits and vegetables. Subjects had to select the colours for 

the food objects as they preferred them to be. The preferred colours were found to be more 

saturated than the natura! colours. 

Miyake and Haneishi (1993) determined the preferred colour reproduction of skin colour, which 

was defined as 'the colour depart from equality of appearance to those in the original in order 

to give amore pleasing result to the viewer'. The observers rated a facial pattern of a portrait 

picture in images, which differed in chromaticities of skin colour, the background of the skin 
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colour and the size of the facial pattern. Preferred chromaticities differ from the measured 

chromaticities in saturation and in hue. The variation in saturation was found bigger than the 

variation in hue. These preferred chromaticities did not depend on the background colour, but 

on the different pattern size. A small skin colour area shows more variance in preferred skin 

colour than a large area. 

In these studies concerning preferred colour, more variance in saturation than in hue is found. 

Hunt ( 1987) already suggested that our mental standards of hue should be more precise than 

those of colourfulness. These mental standards or memory colours are studied for long. 

1.4. Memory colour 

Memory colour refers to those colours that are recalled in association with familiar objects, that 

is, objects which we have frequently visual experienced (Bartleson, 1960). Colour memory in 

contrast is the ability of sheer colour recollection. Our memory colours can be considered as 

individual standard of recollection for familiar objects. This mental standard should be rather 

stable because of the frequency with which certain objects are repeatedly perceived. Bartleson 

had determined the memory colours of ten familiar, naturally occurring objects. Subjects had to 

select the colour from Munsell patches which they remembered the colours of the objects to be. 

The observed memory colours were all significantly different from the natural colours. A 

memory colour tended to be more characteristic of the dominant chromatic attribute of the 

particular object and in most cases, saturation and lightness are increased in memory. 

Newhall, Burnham and Clark (1949) used a successive method of colour matching, which 

resembles the judgement of colour reproduction in daily life in comparison with a simultaneous 

method. In the successive method, subjects had to make a match with the test colour after this 

test colour had disappeared. In the simultaneous condition the test colour did not disappear 

during matching. New hall et al. reported that memorized colours seem to be more saturated than 

actual colours. They also found a greater variability for saturation than for hue with the 

successive method. These results indicate the inaccuracy of the visual system when storing 

colour information fora period of time. Moreover, the memory matches require more purity and 

also somewhat more luminance than the simultaneous matches. 

Comparable results were found by Burnham and Clark (1955), Siple and Springer (1983), 
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Kanamori and Kotera (1991), Howard and Burnidge (1994), Jin and Shevell (1996). Hunt 

( 1987) concluded that there are more effects producing a difference in colourfulness than in hue. 

This may be due to daily life experience, where variations in hue are not as big as variations in 

colourfulness. According to this difference we might have more precise mental standards of hue 

than of saturation. 

Other factors that can affect colour memory are focality and typicality of a colour. A focal 

colour represents the most salient colour with that colour name and is usually the most saturated 

colour. According to Heider (1972) focal colours of familiar objects are remembered more 

accurately than nonfocal colours. Typicality concerns the colour of familiar objects, the shapes 

which are uniquely related to the typical colour. A typical colour is, for i~stance, the colour of 

a banana. Ratner and McCarthy ( 1990) found that typical colours are remembered more 

accurately than atypical colours. 

All research mentioned above presented the subjects with a standard, which they have to 

remember and recognize in the later samples. These samples are often small colour patches 

which differ in background and size from the object colour they have in mind. Yendrikhovskij 

et al. ( 1996) specified the distribution of memory colour of a ripe banana by presenting the 

stimuli on a monitor. This way of presentation gives a lot of opportunity for manipulation and 

control of the stimuli set. Furthermore, the subjects were not provided by a standard, but the 

standard in the subjects' mind was reconstructed from the subjects answers instead. 

1.5. Memory representation 

Recently, Yendrikhovskij (1996) has addressed the memory representation of an object colour. 

In the following, I will review his research quite extensively as it forms the basis for the 

experiments to be presented in this thesis. In particular, I will replicate one of his experiments 

concerning the memory representation of the colour of a banana. 

1.5.1 Method of the experiment 

In order to specify the memory representation of an object colour, Yendrikhovskij presented 
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digitized images of a natura! scene with a banana. The banana was chosen because it is a 

representative item of natura! objects and it has a typical colour. The colour of the banana was 

manipulated by varying hue and saturation in CIELUV colour space, while lightness was kept 

constant. Changes of hue-angle values were obtained by addition of a number of degrees to the 

hue-angle value of each pixel. Yendrikhovskij varied hue-angle in seven steps by using 

following numbers of degrees -15, -10, -5, 0, 5, 10, and 15. For changing the saturation the 

chroma value was multiplied by a constant. Chroma value was also varied in seven steps by 

using the constants 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, and 1.3. If, during the processing of the images, 

calculated values were out of the possible range for the gray values of the monitor, the nearest 

possible value of saturation was used ( clipping). All possible combinations of hue-angle values 

and chroma value were used to prepare a total set of 49 images. 

Unlike previous research on memory colours, Yendrikhovskij did not provide subjects by a 

'standard' which they had to remember and recognize in later samples. The task of the subjects 

was to rate the similarity in colour of the banana presented on the screen to the colour of the 
1 

typical ripe banana represented in their mind. Subjects could use a numerical category scale 

ranging from 0 to 10. Zero corresponded to no similarity in colours, ten to complete similarity 
1 

in colours. The subjects answers were used to reconstruct the standard. This standard will be 

called memory representation. 

1.5.2. Results and discussion 

Figure 1.5 shows the memory representation of the colour of a banana as was reconstructed 

from the averaged z-scores of the subjects. In the upper part of this figure a 3D-representation 
1 

of the memory distribution is shown. The top of this 3D-plot denotes the optima} colour 

represented in the rnind. The lower part -of Figure 1.5 shows a contour map of this memory 

distribution on the grid of stimuli in the perceptual space. The used perceptual space is au**, 

v** space. The u** and v** are transformed dimensions of u* and v*, which are two 

chromaticities· defined in CIEL UV colour space. Here, u** = u* - u0 * and v** = v* - v O *, where 

o represents the original image. 
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as well as the equal memory curves of the banana. 
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The experiment showed two major results. First of all, a difference of the mean of the memory 

representation of the colour was found compared with the original image, as can be seen in 

Figure 1.5. This difference suggests that the memorY colour of the banana is more saturated and 

somewhat more reddish than the original displayed colour of a banana. A second result was that 

the variation of the memory representation in hue dimension was significantly smaller than in 

saturation dimension. This suggests that memory representation of hue is more precise than that 

of saturation. Following Hunt (1987), this is due to more precise mental standard of hue than 

those of saturation, because most effects in nature produce changes in the colourfulness of 
1 

objects, while only a few effects produce changes in hue. Correctness of hue would, therefore, 

seem to be more important than correctness of colourfulness. 

That memory representation is rather stable and not dependent on the context in which the ba­

nana is presented, was found out by using different contexts. Hunt already said that all colours 

we meet in everyday experience are subject to wide variations in hue, lightness and colourful­

ness. This makes a stable and context independent memory for object colours far more plausi­

ble. Yendrikhovskij, therefore, presented in a related study the banana in different contexts. The 

memory representation of the colour of the banana was found rather stable and not dependent 

on the context in which the banana is presented. 
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Thus, memory representation can be described as the combination of all features represented in 

memory of the object colour. This set of features can be considered in terms of a fuzzy set. In 

order to characterize this representation, Yendrikhovskij used a Gaussian model to define the 

origin and fuzziness (variance) of the memory representation in perceptual colour space. Fur­

thermore, the experimental results of Y endrikhovskij 's study indicate stability and context in­

dependence of memory colour. He suggested that new experimental data are required in order 

to formulate an explicit computational theory for the matching process between perceptual and 

memory spaces of object colours. 

1.6. Aim of the present study 

In order to gain more insight into the cognitive processes that underlie the formation of 

perceptual image quality of natural images, the naturalness of the colours of a reproduced image 

is studied. Therefore, the following questions will be investigated in this thesis: 

1. How can the naturalness of a whole scene be specified from the colour manipulation 

of individual objects? 

2. What is a suitable description for the naturalness of an object? 

3. What is the relation between naturalness and the memory colour of an object? 

4. Is the tolerance for colour manipulation different for different transformations? 

The research problems were tested in several experiments reported in the next chapter. 

We chose to present the stimuli on a monitor, with a lot of opportunity for manipulation and 

control of the stimuli set. Transformations of the colours are applied on the images and experi­

mentally the judgements of subjects are obtained. Subjects were not familiar with the scenes 

before the start of the experiments. 

The first experiment was carried out in order to answer the first question. The colours of two 

objects in the scene were manipulated by varying hue-angle and saturation. The specific 
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manipulations were not explained to the subjects. The task of the subjects was to rate the natu­

ralness of the colours of the whole image. 

The second question was considered in the different parts of experiment 2. Every part of this 

experiment was carried out in order to describe the naturalness judgements of a different 

object. In the first two parts, skin colour and the colour of the sweater was manipulated in the 

same image as was used in experiment 1. In the last part, the colour of a banana was manipu­

lated. 

In order to answer the third question, subjects in experiment 3 had to judge the similarity of the 

skin colour in the displayed image with typical Caucasian skin colour in their memory. For two 

objects, skin colour and the colour of the banana, both the memory and naturalness representa­

tion were obtained and the relationship was checked. 

The last experiment was carried out to investigate question 4. The whole image was manipu­

lated by varying hue-angle and saturation. The task of the subjects equalled that in experiment 

2, namely judgement of the naturalness of the skin colour in the image. 
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Chapter 2 

Naturalness of colour images: Experimental results 

2.1. General experimental properties. 

In order to be able to compare the results obtained by Yendrikhovskij with the experiments 

described in this thesis, all measurements were carried out under the same experimental 

conditions. In this section, a genera} description of subjects, stimuli, image manipulations, 

procedure, and analysis is given. The exact transformations of the colours in the images as well 

as procedural conditions depending on the experiment are described in the sections for the 

individual experiments. 

2.1.1. Subjects 

A total of 22 subjects with normal or corrected-to-normal vision participated for free in the 

experiments; of which nine subjects repeatedly took part in two or more experiments. The 

subjects work or study at IPO and some of them are farniliar with the research in colour science. 

Their age varied between 21 and 31 years. 

All subjects were tested before the experiments with H-R-R Pseudoisochromatic plates (Hardy 

et al., 1957) to detect the presence of defective colour vision. This test consists of a series of 

plates in four categories, namely four demonstration plates to farniliarize the subject with the 

test, six screening plates for the detection of defective red-green or blue-yellow vision and 

fourteen diagnostic plates for qualitative and quantitative analysis of either red-green 

deficiencies or blue-yellow deficiencies. The plates are of the pseudoisochromatic type. The 

same background pattern of small circular (gray) dots, varying in size and brightness, is used on 

21 



every plate. Certain dots are coloured to form simple geometrie figures or symbols. The used 

symbols are 0, 8, and X. Only those colours are used which are confused with gray by colour­

defective subjects of different types. In my experiments, only the demonstration plates and the 

screening plates had to be used to check the colour vision of the subjects. No colour deficiencies 

were observed. Possible diverging results in the experiments can, therefore, not be attributed to 

a deficiency in colour perception. The results on this colour test are collected in Appendix B, 

together with the age and gender of the subject and the experiments which they participated in. 

2.1.2 Stimuli 

Two different images were used for creating stimuli in the experiments of this thesis. These im­

ages were pictures of natura! scenes, i.e. real-life scenes. Black and white copies of these two 

images are presented in Figure 2.1. All stimuli were variations of these two images. A descrip­

tion of the scenes is the following. 

'Boy': An image of a boy in a sunlit field of grass, which makes the biggest part of the 

image green. The boy is dressed in a green with pink sweater and a blue denim. He wears a 

yellow cap. 

'Fruit' : An image of a banana among other fruits, i .e. potato, carrot, lime, orange, kiwi, 

tomato, plum, peas, green and blue grapes, green and red apples, and green, red, and yellow 

paprika. The background is homogeneous gray, the foreground is the collection of the fruits 

presented together with a Kodak test chart. 

The 'boy' image is used in experiment 1, 2 (part a and b), 3, and 4. This image was chosen 

because a critica! object, skin colour, and a less critica! object, a sweater, were present. The 

'fruit' image is used in experiment 2 (part c) and 4. The object used for manipulation in this 

image was the banana, which is a familiar object with a prototypical colour. 

The stimulus material was obtained by two kinds of manipulation applied to the images. The 

colour of each pixel of either apart, the specific object(s) of the image or the whole image were 

varied in hue and saturation. In order to manipulate apart of the image, the specific objects were 

cut out of the image. We chose a natura! object and a man-made object in the boy image, i.e. 

skin and sweater respectively. After colour transformation these parts were placed back in the 
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original image. This kind of manipulation we call local transformation. We speak of global 

transformation when all the colours of the image are manipulated according to some genera! 

recipe. 

Figure 2.1. Black and white copies of the images. 
Upper: 'boy' image. Lower: 'fruit' image. 
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Image manipulation. All image material was prepared usmg CANT ATA (Visual 

Programming Environment for the Khoros System). First the RGB (red, green, blue) values of 

the digitized images were transformed into HSL (hue, saturation, lightness) values. For the 

experiments in this thesis I used the same manipulations for the colours of an image as 

Yendrikhovskij did. Thus, new images were computed by changing hue-angle and chroma of 

each pixel of (part of) the image, while lightness was kept constant. Hue-angle values were 

obtained by addition of a constant and chroma values were calculated by multiplication with a 

constant. The manipulation of the fruit image was already described in section 1.5. L 

Yendrikhovskij varied hue-angle in seven steps with-15, -10, -5, 0, 5, 10, and 15. For changing 

the saturation the chroma value was multiplied by the constants 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, and 

1.3. 

For manipulation of the boy image different parameter values were chosen. Reason was to 

obtain judgements from zero to ten within the range of the manipulated images, which was not 

the case in the study of Yendrikhovskij about memory representation of a J?a.yana. The 
! ,, p 

followidg' constants were used for hue-angle manipulation: -60, -30, -15, 0, 15, 30, and 60. 
1 1 

Chroma value was manipulated by 0, 0.4, 0. 7, 1.0, 1.3, 1.6, 1 ;9, and 2.2. If during the processing 

of the images calculated values were out of the possible range for the grey values of the monitor, 

the nearest possible value of chroma was useq.. This process is a special c~se of clipping. In 

order to analyse the augments of a presented image I compar~d the average colour of the 
1 

manipulated part with the average colour of the original part. Therefore the hue differences and 

chroma differences between these two average colours were calculated. Appendix C contains 

the tables which summarize these hue differences and chroma differences of all created images. 

Also the corresponding L *, u*, and v* values of average colour of the used objects are included 

in the tables of Appendix C. In the· stimulus section given per experiment it is described which 

image is used and the manipulated object of füat · experiment. The resulting images were 

transformed back to the RGB values in order to present the images on the monitor. 

2.1.3. Procedure 

All experiments were controlled by an Image Sequence Processor ISP500 of Digital Video 

System DVS. The stimuli were displayed on a high-resolution 50 Hz non-interlaced BARCO 

CCID7351B colour monitor driven by a SUN-3/260 workstation. The monitor was 
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colorimetrically characterized by using Look-Up-Table calibration technique. Pixel luminances 

measured by Luminance meter LMT Ll003 ranged from 0.001 to 70 cd/m2. The x,y 

chromaticity coordinates of green, red and blue phosphors, measured by Spectroradiometre 

SpectraScan PR-650 were (xr, Yr) = (0.619, 0.349), (xb, Yb) = (0.149, 0.072), and (xg, Yg) = 

(0.306, 0.593) respectively. For unavoidable deviations in all elements of image preparation 

process it is not possible to produce a perfect match in chromaticity coordinates between real 

and displayed objects. Yendrikhovskij (1996) evaluated the amount of these mismatches in his 

colour reproduction by comparing the original CIE 1931 (x,y) chromaticity coordinates of the 

Kodak colour control patches at the moment of taking the picture with these reproduced by the 

monitor. He concluded that the colours of the real objects were reproduced with high accuracy. 

Time of presentation depend on the reaction of the subject, only after the subject has given an 

answer and pressed enter the next image was load. The subjects sat in a darkroom with a dirnly 

lit (2.5cd/m2) white background behind the monitor. Between two images the subjects saw a 

neutral gray patch of the same size as the stimuli for four seconds. This is called an adaptation 

field. Value of this field was equal to the mean luminance of the used image. In case of the 'fruit' 

image the adaptation field was set at a luminance of 6. 71 cd/m2. In case of the 'boy' image this 

value was 14.48 cd/m2. The distance between the subject and the monitor was approximately 1 

metre. The fruit image occupied an area of 21.5*21.5 cm on the monitor subtending of 

8.24*8.24 degrees of visual angle with a resolution of 55 pixels per degree of visual angle. The 

size of the boy image was 30*26.5 cm, resulting in 11.50* 10.15 degrees of visual angle. Af ter 

reading the instruction (described in the procedure section of the experiments) and viewing a 

set of test images, the experiment started. Subjects were asked to make judgements on a 11-

point numerical category scale, ranging from 0 to 10. The meaning of these values are explained 

in the method section of each experiment together with specific conditions belonging to that 

experiment. 

2.1.4. Analysis 

Yendrikhovskij ( 1996) characterized memory representation of the colour of a banana with a 

bivariate normal distribution. The variables used are hue difference and chroma difference. The 

Gaussian function, thus, consists of four parameters, two parameters, µh and µc, describe the 
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difference between the mean of the distribution and the original image in hue and chroma 

dimension and two parameters, O'h and O'c, describe the spread (fuzziness) around these means. 

lf ~hi and ~ci are the differences in hue-angle and chroma of an exemplar i with the original 

presented image, naturalness can be described with formula [1]. 

The formulae for hue and chroma differences are derived from the formula for total difference 

between two colours. This total difference ~* uv can be calculated by the CIE 1976 (L*u*v*) 

colour-difference formula: 

[2] 

The formulae for hue ~h* uv difference and chroma difference ~C* uv are the following: 

[3] 

[4] 

Parameter estimation can be carried out for the naturalness data and visualized in a two 

dimensional 'hue-difference,chroma-difference space'. In this space, the x-axis represents the 

hue dimension and the y-axis represents the chroma dimension. The (0,0)-point represents the 

original unprocessed image. A negative hue value means a difference with the original colours 

in reddish direction and a positive hue value means a difference with the original colours in 

greenish direction. Negative and positive chroma values denote unsaturated and saturated 

colours respectively in comparison with the original colours. 
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2.2 Experiment 1 

Naturalness of the whole image. 

We hypothesize that naturalness of a whole image will be judged according to the most critica! 

object in that image. In a pilot study subjects were asked to look at fifteen pictures of natural 

scenes as if they just carne back from the photographer. They answered the question what is 

important in a picture to judge if the colours are appraised well. Very imported parts of the 

images were skin colour, plants, and sky. Unimportant parts were cloths, buildings, and pieces 

of furniture. We assume a more important object is more critica! than a less important object. 

To compare the differences of these objects, an image ('boy') with an important object as well 

as an unimportant object was chosen to present to the subjects. 

The colours of two objects in the 'boy' image were manipulated by varying hue-angle and 

chroma. The critica! object was human skin. The less critica! object used here was the sweater. 

Nine variations of skin colour were combined with nine variations of the colour of the sweater. 

The subjects had to judge the naturalness of the colours in the whole scene. lt is hypothesised 

here that if the colour of the sweater is not at all important, we will find judgement of the whole 

scene with respect only to the most critica! object, i.e. skin colour, in the image. 

2.2.1 Method 

Subjects. Seven male subjects participated in this experiment, aged between 21 and 27. Subject 

data are presented in Appendix B. 

Stimuli. The transformations of the colours of the skin and the sweater were carried out for hue­

angle and chroma, while lightness was kept constant. For the skin colour this means that the 

colour of the face, the arms and the hands were manipulated. For the colour of the sweater this 

means that the green part of the sweater was manipulated, keeping the pink ends of the sleeves 

constant. The variations in hue and chroma were the same for the two objects. Four small 

variations (B to E) with either hue or chroma manipulation and four bigger variations (F to I) 

with hue as well as chroma manipulation of the original were chosen. A total of nine different 
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colour transformations were obtained per object. These nine versions of skin colour and nine of 

the colour of the sweater were combined in the original image to compose a total set of 81 

images. Appendix C.1. shows the colours of the skin and the sweater associated with A to 1. The 

averaged values of L*, u*, and v* of the colours according CIELUV colour space and the 

calculated hue differences and chroma differences of the colour of the skin and the sweater can 

be found in Appendix C.2. respectively C.3. 

Procedure. Before starting the experiment a test series of ten images was shown to the subjects, 

so they knew the range of images they would be presented in the experimental series. The 81 

images were presented twice in a random order during two sessions, yielding four repetitions 

per image. Subjects' task was to judge the naturalness of the colours of the whole scene present­

ed on the monitor (see instruction in Appendix D. l.) . They could use all integer numbers from 

0 to 10. A zero should be given to completely unnatural colours of the whole image and a ten 

to completely natura! colours of the whole image. After the second session subjects could ex­

plain how they judged the images by asking thema few questions, including "Was is hard to 

judge naturalness?", "What did you look at in the images in order to make your judgements?", 

and "Could you give a description of naturalness?" 

2.2.2 Results and discussion 

Some subjects found it difficult to judge naturalness, because of the large range (from zero to 

ten) to rate the images. However, most of the subjects could easily give values to the images. 

All subjects mentioned the skin colour as the most important part of the image in order to do the 

judgements. One subject explicitly said that first the skin colour was observed, and after judging 

this to be rather natural, other parts of the image were taken into account as well. This already 

gives an indication that the colour of the sweater was rather unimportant when judgement of a 

whole image was being asked. 

For each subject 81 judgements of perceived naturalness of the whole image were obtained 

(Appendix E. l.). To hold prevalence of the subject sealing constant, data obtained for each 

observer were standardized by z-score transformations. Table 2.1 gives the mean values per 

skin colour as well as colour of the sweater averaged and normalized over all subjects. These 

mean values were obtained by averaging the nine values given per skin colour and per colour 
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of the sweater. 

The values in Table 2.1 show the following results. First, original skin colour (skin colour A) is 

given a higher value than the transformations, this is not found for the original colour of the 

sweater. Second result is that the judgements of the two object colours differ in range. The 

average naturalness value of the nine colours of the skin differ between 0.057 to 0.961, whereas 

the judgement for the colours of sweater ranges from 0.503 and 0.569. This large difference 

indicates a less importance for the colour of the sweater. A third result observed in table 2.1 is 

that not only for skin colour but also for the colour of the sweater, smaller transformations (B 

or C) are judged higher than bigger transformations (H or 1). 

Table 2.1. Mean values per object colour for skin and sweater 

image transformations 

object A B C D E F G H I 

skin .961 .618 .816 .851 .741 .138 .478 .203 .057 

sweater .543 .569 .556 .536 .546 .547 .533 .503 .529 

In figure 2.1 the 81 results of the naturalness judgements for the whole image averaged over all 

subjects are plotted by giving the results of the skin colours for every used colour of the sweater. 

The nine lines are connecting all the points given for one colour of the sweater. The lines of each 

colour of the sweater are overlapping. lf the colour of the sweater' was been more important than 

these lines should be parallel with the line for the most natura! colour of the sweater above the 
1 

line for other less natura! colours of the sweater. While this is not the case, it suggests that the 

colour of the sweater is not very important in order to judge naturalness of the colours of the 

whole scene. The skin colour, on the contrary, is important. 
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Figure 2.2. Naturalness judgement of the colours of an whole scene. The x-axis presents 
the used skin colours in decreasing naturalness order, the y-axis the naturalness 
corresponding to these skin colours. Every colour of the sweater is presented by one line. 

To summarize, manipulation of the colours of two objects were carried out in a factorial design. 

Subjects rated the naturalness of the whole scene primarily by watching the skin colour. In ether 

words, naturalness judgement of the scene is limited by the manipulation of the skin, that is the 

most critical object. This is according the hypothesis we gave in the beginning of this section, 

which implies that the judgernent of the whole scene is carried out with respect merely to the 

most critical object. 
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2.3 Experiment 2 

Naturalness of objects 

This experiment concerns the naturalness of individual objects, instead of an whole scene like 

in the former experiment. To this end, three different objects were chosen to manipulate 

according to local transformation (see 2.1.2). In part a and b, the subjects were asked to judge 

the naturalness of skin colour and the colour of the sweater respectively. These objects were 

chosen to represent a critica! and a less critiq1l object, respectively. The image used for these 

two parts is the same as was used in experiment 1. In the last part of this experiment, part c, the 

colour of a banana had to be judged. Part c is partly a replication of Yendrikhovskij's 

experiment on memory representation of the colour of a banana. As was described in the first 

chapter (Section 1.5 and 2.1.5), Yendrikhovskij suggested a bivariate Gaussian function to 

describe the results of the judgement. I will follow this in order to describe the results of the 

naturalness judgement in this experiment. 

The experimental results of the naturalness judgement will be presented separately in three parts 

(2.3.1). The highest judgements of the colours will be referred to with the most natura! colour. 

In Section 2.3.3, the modelling of the results with a Gaussian function with four parameters as 

was described in Section 2.1.4. is discussed and compared for the three objects. In order to 

compare the results for these three objects we averaged the judgements over all subjects. 

Therefore, in Section 2.3.3, differences between subjects will be discussed. 

2.3.1 Naturalness judgement of objects 

Part a: Skin colour 

Method. Subjects. Four male and three female subjects were asked to participate in the expe­

riment. No colour vision deficiencies were observed with the H-R-R Pseudoisochromatic Plates 

(Hardy et al., 1057). Their age varied between 20 and 30. 

Stimuli. The colour of the skin was manipulated by varying hue-angle and chroma, while light-
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ness was kept constant. This means that the colour of the face, the arms and the hands were 

manipulated. Seven shifts of hue-angle value, -60, -30, -15, 0, 15, 30, and 60 (in degrees), were 

combined with eight multiplication constants of chroma value, 0, 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, and 

2.2, but not all 56 possible images within the matrix were used. A set of 34 images was chosen 

to present to the subjects (Appendix C.2.). This set includes the nine transformations of skin 

colour used in the former experiment. 

Procedure. The instruction asked them to judge naturalness of the colour of the object on a 

numerical scale of 0 (completely unnatural) to 10 (completely natura!) (Appendix D.2.). Before 

starting the experiment a test series of ten images were shown to the subjects, so they knew the 

range of images they could get in the experimental series. Then the 34 images were presented 

four times in different order to the subjects. The experimental sessions lasted approximately 30 

rninutes. 

Results. The raw data obtained for each subject, are presented in Appendix E.2. In order to 

compare the subjects, z-scores are calculated. 

By means of the average z-scores of all subjects a naturalness representation can be drawn. 

This representation shows the distribution of values given for the presented images, with iso-
1 

naturalness curves. Figure 2.3 shows this representation of skin colour. In order to present the 

naturalness representation a "hue-difference, chroma-difference" space is used. The horizontal 

axis presents the eucledian differences in huF direction and the vertical 
1
axis the eucledian 

differences in chroma direction with the original displayed image. This original image is placed 
1 

in (0,0). Iso-naturalness curves were smoothened by distance weighted least squares fit. This 

method produces a true, locally weighted curves running through the points using an algorithm 

due to McLain (1974). The dots represent the average colour of the skin colour in the images 

which were used in this part. 
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Figure 2.3. Naturalness representation of ~kin colour 

The mean of the distribution of skin colour in Figure 2.3. is given by a dot (o) and the original 

image is given by a cross (X). We can see that averaged over all subjects a small 'shift' of the 

most natural skin colour in comparison with the original skin colour. The direction of the shift 
1 

is in less saturated and reddish quadrant of the space. 

Part b: The colour of the sweater 

Method. The same subjects who judged the naturalness of skin colour, participated in this part 

of the experiment. 

The stimuli were again transformed versions of the 'boy' image. In this part, the colour of the 

sweater was manipulated by the varying the values of hue-angle and chroma in the same steps 

as used in part a. This means that the green part of the sweater was manipulated, keeping the 

pink ends of the sleeves constant.The subset of 34 versions of the colour of the sweater equals 

the set of tr~nsformed skin colours (Appendix C.3.). 

Procedure differed only in the task given in the instruction. Subjects had to rate the naturalness 

of the colour of the sweater (Appendix b.3.). After ten test images, the 34 experiment images 

were presented four times in different order to the subject. The duration of the experimental 

session was again approximately 30 minutes. 
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Results. Raw data are presented in Appendix E.3. The naturalness representation of the colour 

of the sweater is given in figure 2.4 (see description of the space in part a). Again, the mean of 

the distribution is given by a dot ( o) and the original image is given by a cross (X). First, it can 

easily be seen that this naturalness representation is much fuzzier than that of skin colour. 

Second, the shift we observe between the mean of the distribution and the original colour of the 

sweater is bigger. The shift is in opposite direction than that of skin colour. The subjects seem 

to pref er a less saturated and more greenish colour of the sweater than original. A third result is 

that the shift in chroma direction is much bigger than in hue direction. 
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Figure 2.4 Naturalness representation of the colour of a sweater. 
1 

Part c: The colour of a banana 

By changing the instruction, but not objec,t or experimental design an experiment of 

Yendrikhovskij ( 1996) was extended. In his instruction, Yendrikhovskij asked the subjects to 

rate the similarity of the memorized colour of the banana to the colour of the banana presented 

on the monitor. In this experiment the subjects got the instruction to judge the naturalness of the 

colour of the ripe banana presented on the monitor. 
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Method. Subjects. Seven subjects, five female and two male, with normal or corrected-to­

normal vision participated in this experiment. Their age varied between 22 and 27 years. 

Stimuli. The original image used here was the 'fruit' image. This image of a banana among other 

fruits was used in an earlier experiment of Yendrikhovskij (1996). In the original image, the 

colour of the banana was manipulated by varying hue-angle and saturation in CIELUV colour 

space. Lightness of the pictures was kept constant. The variations in hue-angle were created by 

shifting every pixel in the original image with -15, -10, -5, 0, 5, 10 and 15 degrees. The 

saturation of every pixel of the original banana colour was multiplied by constants 0.7, 0.8, 0.9, 

1.0, 1.1, 1.2, and 1.3. All possible combinations of these variations were created. After a test 

series, the 49 images were presented four times in random order to the subjects (L *, u*, v* and 

the hue difference and chroma difference values are given in Appendix C.4.). 

Procedure. Experimentation setup equals former experiments, except for the adaptation field. 

The value of this field, subjects saw between the presentation of the stimuli, was set to 6. 7 lcd/ 

m2• This is a lower value than was used for the 'boy' image, since the luminance of this image 

was lower. 

Subjects were asked to judge the naturalness of the colour of the banana presented on the monitor 
1 

(see instruction in Appendix D.4.). They could use the same numerical category scale as was 

used in the former parts, where a zero denotes1 completely unnatural colours of the displayed 

banana and a ten denotes completely natura! colours of the displayed banana. 

The 49 images were presented twice in random order during a thirty minute session to the 

subjects. After this test subjects were asked to describe naturalness. 

Results. Subjects did not have much problems to judge naturalness. They all said to look if there 

is not too much yellow or green in the colour or too little yellow. With other words, subjects 

seemed to judge unnaturalness. One subject mentioned explicitly that the contrast with the 

context should not be too big. Another subject said that the yellow never seemed real, but always 

looked like a picture colour. 

Raw data of all subjects are collected in Appendix E.4. The z-scores of these data are averaged 

to describe the naturalness representation of the colour of the banana. A figure of this 

representation is presented in Figure 2.5. 
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Figure 2.5 Naturalness representation of the colour of a banana 

In Figure 2.5, the original image is given by a cross (x) and the mean of the distribution is given 
1 

by a dot ( o ). The shift between the most natural colour of the banana and the original colour is 

again small, like in case of the skin colour (part a). Direction of this shift is towards more 

saturation and more reddish colour of the banana. Although the difference is rather small, we 
1 1 

can see a bigger shift in chroma direction than in the hue direction, like we observed for the 

colour of the sweater. 

2.3.2. Comparison of the naturalness representation of three objects 

Naturalness representations were obtained for three objects, skin, sweater, and banana. The 

fuzziness for the colour of the sweater was found much bigger than for skin colour and the col­

our of the banana. In order to compare these representations, Gaussian modelling is used to de­

scribe the distributions. With function [ 1] described in Section 2.1.4 we fit the data with four 

parameters. 
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Table 2.2. Gaussian modelling parameters and their confidence intervals (lower <95%> higher). 

Gaussian parameters 

Object µH µ5 crH ers 

skin -3.37 -1.55 13.62 15.26 

-4.48 <95%> -2.27 -2.49 <95%> -0.60 12.49 <95%> 14.74 14.23 <95%> 16.30 

banana -5.67 5.18 13.23 12.75 

-7.18 <95%> -4.20 3.60 <95%> 6.76 11.69 <95%> 14.77 11.21 <95%> 14.30 

sweater -6.88 -19.45 46.72 31.80 

-14.54 <95%> 0.78 -24.03 <9~%>-14.87 37. 13 <95%> 56.31 25.61 <95%> 37.99 

Two parameters are used to describe the difference between the mean of the distribution in hue 

and chroma dimension, that is the most natura} colour of the object, and the original colour of 

the object. The other two parameters describe the spread around these means. Table 2.2 shows 

the Gaussian modelling parameters for the tHree objects and their confidence intervals (95%) in 

between brackets. ,We see small shifts from or~ginal colour for the means of skin colour and 

colour of the banana against a larger shift from original colour for the means of the colour of 

the sweater. For skin colour this shift is bigger in hue direction than in chroma direction 

(respectively -3.4 and -1.5). For the colour of the banana these shifts are approximately equal 

in size (µH and µs are -5.7 and 5.2). The colour of the sweater has shifted in reddish direction 

(µH is -6.9) and in unsaturated direction the shift was even bigger (µ5 is -19.5). The confidence 

intervals show an increase in the possible values within 95% for the mean of the distribution 

from skin to b.anana to sweater. 

The spread around the means of hue and saturation are much smaller for the critica! objects skin 

and banana than for the less critica! object, the sweater. Spread values for skin colour are 

somewhat higher than that of the colour of the banana, however with smaller 95% confidence 

intervals for skin than for banana. 

By using these parameters, an estimation can been made of the distributions of the colours of 

the objects. In Figure 2.6 the estimations for the distributions of skin (solid line), banana (dashed 

line), and sweater (dotted line) are given. The means of the representations of the natura! objects 

(skin and banana) are closer to the original image than the mean of the representation of the ar­

tificial object (sweater). The most critica! object, skin, is closest to the origin in (0,0). 

Another result shown in this figure is the. bigger shifts in saturation dimension than in hue di-
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mension. This implies a higher sensitivity in hue dimension than in saturation dimension. With 

respect to the fuzziness of the representations a third result is obvious in figure 2.6. That is the 

width of the distribution of the artificial object is much bigger than that of the natura! objects. 

This implies a higher sensitivity for the object colours of skin and banana than for the colour of 

the sweater. 
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Figure 2.6. Gaussian modelling of naturalness of the object colours at alevel 
of 0.8 averaged over subjects. Sol id line: skin, dashed line: banana, dotted line: sweater. 

Figure 2.7. gives the scatter diagrams of judged naturalness and estimated naturalness of the 

three objects. The judged naturalness is averag'ed over all subjects. When these values are 

recalculated by the Gaussian model parameters the estimated naturalness is obtained. The 

goodness of fit of the Gaussian model for skin, banana, and sweater are 0.967, 0.875, and 0.628 

respectively. We can see in the second scatter diagram thatjudgements become not zero for the 

banana. This is due to the small range of colour manipulations used for the 'fruit' image. In 

comparison with this, the colour manipulations of the 'boy' image were bigger. Therefore zero 

judgements of the skin colour are indeed found. On the contrary, in spite of these larger colour 

transformations, the colour of the sweater is always judged higher than 0.3 (normalized value ). 
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Figure 2.7. Scatter diagrams of judgements (averaged over subjects) and estimations 
(Gaussian modelling) of naturalness of three objects, i.e. skin, banana, and sweater. 

(NOTE: standard deviations for sweater>> standard deviation for skin colour.) 
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2.3.3. Subject differences in judgements of tliree objects 

We averaged the raw data over all subjects for comparing the naturalness judgements of the 

three objects. However, the judgements of the subjects differ from this average. Therefore, 

modelling of.the naturalness judgements per subject was carried out. The results of modelling 

will be presented here only by the graphs of the 0.8 level of naturalness of an object colour. In 

figure 2.8 the curves are drawn per subject in the same hue difference, chroma difference space 

as was used before. We see that the subjects differ less in judgements of the natura! objects, skin 

and banana, than they differ in judgements of the artificial object, the sweater. 
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Figure 2.8. Gaussian modelling of naturalness judgements 
of colours of skin (upper), banana (upper next page), 

and sweater (lower next page) at 0.8 level for six subjects. 
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2.4 Experiment 3 

The memory colour of objects and the relation with naturalness 

In the present experiment we investigate the following question. Does the fuzziness in hue and 

saturation, found in the naturalness experiment
1

for the three objects, also appear in memory? 

The banana was already used in the memory experiment of Yendrikhovskij (1996) as was 

described in Section 1.6. He found fuzziness in hue and saturation dimension for the memory 

colour of the banana. The question raised here is whether these shifts in naturalness and memory 

of the colour of the banana are in the same direction and of the same size. In other words what 

is the relation between naturalness of a colour and the memory colour of an object? Is it possible 

to the describe this relation with a linear transformation? 

For the two critica! objects used in the second experiment, the skin colour and the colour of the 

banana a comparison of the two representations has been considered. Therefore, an experiment 

was carried out to find the memory representation of skin colour. 

2.4.1 Judgements of similarity with memory of skin colour 

Method. Subjects. This experiment was run with six subjects, four man and two women. All 

subjects had normal or corrected-to-normal vision and their age was between 20 and 30. No col­

our deficiencies were observed with the H-R-R Pseudoisochromatic Plated (Hardy et al., 1957). 

Stimuli. The 'boy' -image was presented in which the colour of the skin was manipulated by 

varying hue-angle and chroma in CIEL UV colour space, while lightness was kept constant. The 

chroma value of every pixel of the skin in the original image was multiplied by eight constants 

(0, 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, and 2.2). The hue-angle value (in degrees) of every pix,el of the 

skin in the original image was shifted by seven constants (-60, -30, -15, 0, 15, 30, and 60 

degrees). From the resulting set of manipulated images a subset of 34 images were chosen to 

present to the subjects. The image material equals the set of images used in the second 

experiment concerning the naturalness of skin colour (see Appendix C.2). 
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Procedure. The apparatus used and the procedure followed were identical to that in the first and 

second experiment (see also description in Sectiqn 2.1). In the instruction, the subjects were 

asked to rate the similarity of the skin colour presented on the monitor with the typical 

Caucasian (European white) skin colour in their mind (Appendix D.5). They were asked to use 

an eleven-points numerical category scale, ranging from zero to ten. On this scale zero indicated 

no similarity in colours and ten indicated total similarity in colours. Before starting the 

experiment, subjects read the instruction and completed a training series of ten stimuli to 

familiarize with the pictures and the experimental procedure. Then the 34 images were 

presented twice in random order followed by a mirrored version, yielding four repetitions per 

image. The subjects completed the experiment in one session of approximately half an hour. 

Results. For each subject, 34 perceived colour differences between the skin presented on the 

·. monitor and the skin colour stored in their mind, were obtained. These values were averaged 

over the four presentations of the images (see Appendix E.5 for means and standard deviations). 

These raw data were standardized by z-scores and normalized. The averages over the subjects 

were used for the analysis. 

A distribution of the averaged values for the presented images can be drawn in a hue-difference, 

chroma-difference space with iso-similarity with memory curves. Figure 2.7 shows the obtained 

memory representation of the skin colour. The centre of this distribution indicated with an o­

mark, denotes the skin colour with maxima} similarity with the skin colour stored in the mind 

of the subjects. The hue-angle and chroma values that belong to this maximum give in this space 

the difference with the original image (indicated with an x-mark in Figure 2.7). 
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Figure 2.7. Memory representation of skin colour. 

From Figure 2.7 it can be seen that the centre of the distribution is shifted from the original in 

less saturated and somewhat reddish direction. This shift equals in direction the shift found for 

the optima! natura! colours of skin (see Experiment 2, part a). 

In the next section I will discuss these results together with the results obtained for the colour 

of the banana. 

2.4.2 The relationship between naturalness and memory representation of two objects 

The memory representation as well as the naturalness representation of skin colour and the 

colour of the banana were obtained in an experiment of Yendrikhovskij (see Section 1.5) and 

two experiments reported in the current thesis (see Section 2.3 and 2.4.1). 

As put forward in Section 3.1, the naturalness of an object colour can be described by a bivariate 

normal distribution (formula [l]). This function fits the experimental data, for the two variables 

hue-difference and chroma-difference. TH.e formula can also be used to estimate the 

measurements of the memory experiment. 

44 



Table 2.3 shows the parameter values obtained by modelling the naturalness and the memory 

representation for the skin colour as well as the colour of the banana3. The µH and µs are the 

hue-difference and saturation-difference of the mean of the distribution with the original image, 

that is optima! hue and saturaticm of the displayed image. The variances O'tt and O's represent the 

fuzziness of the distributions. A distribution with high fuzziness has larger tolerance for colour 

reproduction. 

1 

Table 2.3. The means and variances of hue-difference and chroma-difference of two objects as a function 
of representation. Between brackets tpe confidence intervals of 95% are given. 

gaussian parameters 

object µH µ5 Cftt ers 

naturalness of skin colour -3.37 -1.55 13.62 15.26 

-4.48 <95%> -2.27 -2.49 <95%> -0.60 12.49 <95%> 14.74 14.23 <95%> 16.30 

memory colour of skin -2.45 -1.41 13.56 15.45 

-3.64 <95%> -1 .27 -2.44 <95%> -0.39 12.34 <95%> 14.78 14.32 <95%> 16.59 

naturalness of colour of banana -5.67 5.18 13.23 12.75 

-7.18 <95%>-4.20 3.60 <95%> 6.76 11.69 <95%> 14.77 11.21 <95%> 14.30 

memory colour of banana -3.13 9.08 11.14 15.63 

-4.00 <95%> -2.26 5.40 <95%> 12.76 10.24 <95%> 12.05 12.34<95%>18.92 

The values in Table 2.3 suggest that naturalness representation and memory representation of 

the two objects differ not very much. Variances of the two representations of skin colour are 

almost equal. The mean of the distribution is shifted less in memory representation than in 

naturalness representation for skin colour. 

The results for the two representations of the colour of the banana differ somewhat more. 

Variance in hue dimension is smaller in memory representation, whereas variance in saturation 

dimension is smaller in naturalness representation. The mean of the distributions shows the 

same difference, that is a smaller shift for hue and a bigger shift for saturation in the memory 

colour of the banana compared with its naturalness representation. 

Figure 2.8 shows the estimations of memory and naturalness of the colours of skin and banana. 

The dots in this figure represent the stimulus set of the images used for both objects. 

3·Raw data of the memory experiment of the colour of the banana are obtained by Yendrikhovskij ( 1996). 
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Figure 2.8. Gaussian modelling of memory and naturalness of skin (left) and banana (right). 

A linear relation is found between judged naturalness and judged similarity with memory for 

the colours of the two objects. For skin colour the slope of this linear relation is 1 .. 096 (SE 0.025) 

and the y-intercept is -0.058 (SE 0.014), for the colour of the banana the slope is 0.878 (SE 

0.052) and the y-intercept is 0.085 (SE 0.030). The simple Pearson correlation ris 0.992 for skin 

colour and 0.927 for the colour of the banana. This linear relationships is given in Figure 2.9. 
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Figure 2.9. Averaged scaled naturalness estimations as a function of averaged 
scaled similarity with memory colour together with the regression lines. 

Left: the skin colour. Right: the colour of the banana. 
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The goodness of fit for the modelling of the memory representations of skin colour and the col­

our of the banana is 0.957 respectively 0.874. Figure 2.10 shows the relation between the judged 

similarity with memory and the estimations of similarity with memory. The judgments were av­

eraged over the subjects. The estimations were obtained by the Gaussian parameters. 
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Figure 2. 10. Scatter diagrams of judge,-nents and estimations of similarity 
with memory of two objects. Left: skin. Right: banana. 
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2.5 Experiment 4 

Influence of global transformation on the naturalness representation of skin 

colour. 

Does the naturalness of an object colour differ for different transformations? In the first three 

experiments in this thesis the manipulation of the images was obtained by local transformation. 

Just specific objects were cut out of the image, every pixel was varied in hue and chroma 

dimension and then this part of the image was placed back in the original image. These local 

transformations gave us the possibility to study differences in naturalness and memory 

representation of the objects. However in nat4re these kind of colour manipulation is very rare. 

Usually all colours of a natura! scene change in the same direction. This can be demonstrated 

by for example lightening a scene by a different lightsource. This effect is very clear when the 

sun comes out an overcast sky. 

In an image we can simulate these global variations of the .colours in a scene by colour 
' 

manipulations of all pixels in a scene. We call these colour manipulations global 

transformations. These global transformations result in images in different simulated 

lightsources lighting the scene. The relative colour differences of the scene are in first order not 

changing by global transformations contrary to the relative ,colour differences in images 

manipulated by local transformations. 

In this experiment we use the 'boy' -image and manipulated all colours of the scene by a global 
1 

transformation. The resulting images have the same skin colours as were used in the second 

experiment. Unlike the constant background of skin colour in the former experiment, this skin 

colour is now surrounded by a background which is also changing. The images appear to be 

lighted by different lightsources, because the changes in colours of the background are the same 

as for the skin colour. In other words, the relative difference between the colours of the skin and 

the background is the same for all images. Whereas local transformations do vary the colour 

contrast between the (constant) background and the continuously changing skin colour. The 

current experiment, therefore, resembles the processes of real life much closer than the former 

experiments. 
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2.5.1 Method 

Subjects. Four male and three female subjects, aged between 18 and 30, participated this 

experiment. They had normal or corrected-to-normal vision. Their colour vision was checked 

with H-R-R Pseudoisochromatic Plates (Hardy et al., 1957) and no colour deficiencies were 

observed. 

Stimuli. We created variations of the 'boy' -image by manipulating hue-angle and chroma in 

CIEL UV colour space. The hue-angle value (in degrees) of every pixel of the whole image was 

shifted by -60, -30, -15, 0, 15, 30, and 60 degrees. The chroma value of every pixel of the whole 

image was multiplied by 0, 0.4, 0.7, 1.0, 1.3, 1.6, 1.9, and 2.2. The lightness of the pixels was 

kept constant. From the resulting images we chose a subset of 34 images so that the 34 variations 

of the skin colour in this subset equals the variations used in experiment 2. 

Procedure. The apparatus used and the procedure followed were the same as in the former 

experiments (see Section 3.1). The instruction was identical to the one used in Experiment 2, 

part a (Appendix E.2). The task of the subjects was to rate the naturalness of the displayed skin 

colour. Their judgements on a numerical category scale could range from zero (completely 

unnatural colours of the skin) to ten (completely natural colours of the skin). After reading the 

instruction and viewing aten images test series, during which the subjects could familiarize with 
1 

the pictures and the procedure, the experiment started. The subjects judged four random 

presentations of the images in approximately 30 minutes. 

2.5.2 Results and discussion 

1 

Subjects rated the naturalness of skin colourin images manipulated by global transformation. 

The raw data (means and standard deviations are presented in Appendix F.6) are recalculated 

into z-scores and normalized. In a hue-difference,chroma-difference space these values can be 

represented by iso-naturalness curves (Figure 2.11). The original image marked with an X, is 

placed in (0,0). The centre of the distribution miu-ked with an o, denotes the image with the 

highestjudged naturalness (coordinates in hue and chroma dimension give the differences with 

the original hue and chroma values). 
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Figure 2.11. Naturalness representation of skin colour, when the 
whole image is manipulated by global transformation. 

In Figure 2.11, we see a shift of the centre of the distribution away from the original towards a 

saturated, more reddish colour of the skin. 

In order to interpret this shift found in the naturalness representation of skin colour after global 

transformation, a bivariate normal function is used to fit the data to a nonlinear model. This 

function was also used to describe the naturalness judgements of skin colour in the local trans­

formation. The values of the parameters of the fit are summarized in Table 2.3. The goodness 

of fit of the Gaussian model was 0.967 in the locally manipulated images and 0.920 in globally 

manipulated images. 

Table 2.3 Parameter values of Gaussian modelling of naturalness judgements of skin of globally and locally 
transformed images 

gaussian parameters 

manipulation µH µS crH crS 

global transformation -2.94 0.92 16.64 16.59 

-4.88 <95%> 1.00 -0.49 <95%> 2.34 14.58 <95%> 18.71 14.95 <95%> 18.22 

local transformation -3.37 -1.54 13.62 15.26 

-4.48 <95%> -2.27 -2.49 <95%> -0.60 12.49 <95%> 14.74 14.23 <95%> 16.30 

NOTE: The values of local transformation were obtained in Experiment 2, part a. 
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In figure 2.12. the naturalness representations in the local (sol id line) as well as in the global 

(dotted line) transformation are shown. Original image is in (0,0), presented by x. The differ­

ences between the distributions are small. The origin is almost the same for both local and glo­

bal transformations. A slightly bigger fuzziness for the skin colour is found in the experiment 

with global transformation. Figure 2.13. shows the relation between the judged and estimated 

naturalness. The judgments were averaged over the subjects. The estimations were obtained by 

the Gaussian parameters. 
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Figure 2.12. Gaussian modelling of naturalness representation of 
skin colour in local and global transformation. 

Solid line: global transformation. Dashed line: local transformation. 
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Chapter 3 

General Discussion 

The purpose of this study was to gain more insight into subjects' judgements of naturalness of 

colour images. As put forward in Chapter 1, naturalness acts as a constraint in quality 

judgements. The experiments carried out in the,_ present study should answer questions which ,.. ·' . ,, ..•. , �~� ~, ... . 
were mentioned in Section 1.6. 

1 . 
In response toa colour image of a real-life scene, subjects rated the naturalness of the colour of 

this scene on a numerical scale. Colours of two objects in this image ('boy') were manipulated 

in hue and saturation. The first experiment demonstrates that the naturalness judgemerit of the 

whole scene seem to be primarily limited by the colour manipulation of the most critica! object. 

For this image, this conclusion implies that subjects found the skin colour far more critica! than 

the colour of the sweater. This effect was consistent with the suggestion that some objects are 

more critica! than others in colour reproduction. 

However, in the image used for this experiment the critica! object (skin) was in the foreground 

and in the middle of the image. This means that subjects should attend on it without telling them 

to do so. The question now is whether the results are the same when this critica! object is placed 

in the background of the image. This possibility of influence of the place of an object on the 

'criticality' may be investigated further. 

In the second experiment concerning the naturalness of objects, we introduced a second image 

('fruit'). The naturalness judgements of the colours of three objects, human skin, banana, and 

sweater, were obtained. The naturalness representation of these object colours can be described 

quite well by a bivariate normal distribution with four parameters. Two parameters describe the 

differences in hue and saturation with respect to the mean of the distribution. The other 
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parameters describe the spread.(fuzziness) in' these two dimensions. Both natura! objects (skin 

and banana) were less fuzzy than the man-ma9e object (sweater). Hunt (1987) argued that 

tolerances for colour reproduction for familiar objects like human skin and most foodstuffs are 

smaller than average. Due to the variations in surface reflectance and surface colour, it is 

unlikely to have precise mental standards. The difference between the subjects in judgements 

of the colour of the artificial object was also found larger than the subject differences for the 

natura! objects. These results support the conclusions concerning memory colours. That is, a 

smaller tolerance in colour reproduction for familiar objects, because these objects can be 

attributed a typical colour. 

The larger tolerance as well as bigger difference between subjects found for naturalness 

judgements of the colour of the sweater can be explained with the absence of a typical colour 

of the sweater. We can imagine almost every colour belonging to the sweater. However we still 

found an optimum for the colour of the sweater. This might be explained by our know led ge of 

lightsources and of fashion. Knowledge .of lightsources gives observers information about the 

possible range of all colours in the image. Some colours of the sweater obtained by the 

manipulation could not fit in the image unless the subjects should assume a separate light is 

lightening only the sweater. In daily life it is very rare a light is shining just on the object and 

not on its surround. This might also explain why a naturalness representation of the colour of 

the sweater could be described in spite of the possible range of colours of the sweater under the 

current lightening condition. Our knowledge of fashion tells us that some colours are not usual 

colours of cloths children are wearing. And _an additional reason could be that from the original 

sweater only the green part was manipulated leaving the pink ends of the sleeves the same 

during the experiments. In fashion the colours of cloths must fit together in some way. 

An additional point worthy to mention here is the difference in spread around the mean in hue 

and saturation dimension. For the colour of the sweater this spread in hue-direction was found 

larger than that in the chroma-direction. This contrasts with the suggestion of Hunt that our 

tolerances for hue are smaller than for saturation. However this is not unexpected in case of the 

sweater. While the colour of the sweater can vary more in hue dimension than in saturation 

dimension. 

The shifts with respect to the original which were found for all objects is probably quite 

arbitrary since it depends on the properties of the camera and photographic process, the colour 

manipulations applied by Kodak, and the properties of our equipment (such as monitor and 
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spectrometres). 

All objects were chose because they were supposed to be critica} or uncritical. We did not use 

an object in between these two extremes. A more neutra} (either critica} or uncritical) object 

could show the significance of the difference between the naturalness representations of the 

natura} and the man-made objects. 

I already mentioned that the place of an object, that is in foreground or background of the image, 

might influence the naturalness judgement of the whole scene. This is also of importance in 

naturalness judgement of objects. When an object js in the background of an image, it is usually 

smaller than the same object in foreground of an image. We can relate this to the study of 

Miyake and Haneishi ( 1993). They showed that the size of an area to be judged influences the 

judgement of preferred colours. 

To summarize, differences in fuzziness in the naturalness judgements were found, indicating 

that tolerances for natura} objects are smaller than tolerances for artificial (man-made) objects. 

Second, colour shifts of most natura} colours of an object were found in comparison with the 

original displayed image with smallest shifts for the most critica} object, the skin. This result is 

consistent with the effects reported for memory colours (Newhall, Burnham and Clark ( 1949), 

Bartleson (1960), Burnham and Clark (1955), Siple and Springer (1983), Kanamori and Kotera 

(1991), Howard and Burnidge (1994), Jin and Shevell (1996)). 

A third experiment was carried out to investigate the relation between naturalness and the 

memorized reality. In this experiment subjects had to judge the similarity of a banana or skin 

colour in the displayed image to the typical banana or skin colour stored in their mind. We found 

a linear relationship between naturalness and memory colour with a slope close to one for both 

objects. This suggests that subjects judge the naturalness of colours by comparing the displayed 

colours of an object with the memory colour of this object in their mind. 

However, the naturalness and memory representations of the object colours differ slightly. 
1 

Therefore, I like to consider the model described in Section 1.2 again. Naturalness judgement 

takes place at the interpretation level of the image processing (Janssen & Blommaert, 1996). At 

this level, all visually represented features are qhecked against the memory r~presented features. 

These memory represented features are judged during the third experiment by explicitly giving 
1 

the task to judge similarity with memory. Differences between the naturalness and memory 

representations might, therefore, be explained by the different levels of processing. Further 
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research with more images and more objects might reveal additional information of the 

processes to judge the colours at the levels of naturalness and memory. 

The experimental results described above were obtained by presenting the subjects colour 

images of natura! scenes, whic;h were locally transformed. That is only the colours of parts of 

the images were manipulated. However, this is nota normal transformation of colours in daily 

life. In everyday life colours vary by different lightsources lightening the scene. In displayed 

images this kind of colour manipulation can be simulated by global colour transformation, that 

is all colours of an image are changes in the same direction. In experiment four the stimuli were 
' 

globally transformed. Subjects rated the naturalnf:!ss· of the colour of the skin. Results show that 

tolerances for colour reproduction of the skin is slightly bigger for globally manipulated images 

than for locally manipulated images. 

Based on the current data, we carne to the following general conclusion. When global 

transformations are used in colour reproduction, the naturalness of a whole scene is determined 

by the memory colour of the most critica! object in the scene. The practical use of the present 

research for i rnproving quality of colour images might be the following. When we know the 

memory representation of the colour of the most critica! object in the image, we can manipulate 

the colours of the image within the limits of tolerance for this colour without changing the 

naturalness of the image toa much. However, this speculative conclusion requires further study. 

An experiment to investigate whether the quality of an image can be improved by colour 

transformations with no influence on the. naturalness of the image would be a replication of the 

experiments conducted in this thesis in which subjects are asked to rate the quality of an image. 

A possible outcome is that quality is not only dependent of the naturalness of the image, but also 

of other constraints like colour contrast. When the colour contrast can be increased without 

changing the naturalness of the images, the quality of colour images can probably be improved. 
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Chapter 4 

Conclusions 

• Naturalness judgement of a whole scene is priïnarily limited by the naturalness of the most 

critica! object. 

• The naturalness judgement as a function of hue and saturation can be described with a 

bivariate normal distribution, by using four parameters µH, µs, <JH, <Js. 

• The naturalness areas for critica! objects, such as skin and banana, are smaller than for 

uncritical objects, such as sweater. 

• A linear relationship has been found between naturalness judgements and judgements of 

similarity with memory colour. 

• The human tolerances for colour manipulation are slightly different for globally , 

transformed images compared with the \ocally transformed images. , 
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Summary 

Colours in reproduced images are generally appraised by comparing them with a mental recol­

lection of the colour sensations previously experienced when looking at objects similar to the 

ones being appraised (Hunt, 1987; Bartleson, 1960). Because in everyday life colours vary in 

surface reflectance and surface colour, the tolerances for colour reproduction must be large. 

However these tolerances are different for different objects: tolerances for human skin and for 

most foodstuffs are assumed to be smaller than average (Hunt, 1987). We call such objects crit­

ica!. 
1 

If the chrominance of a banana was varied, the estimated similarity of the dispayed banana col-

our with the typical memory colour of banana revealed an inverse relationship with distance in 

colour space (Yendrikhovskij et al., 1996). This relationship could well be described by a bivar­

iate Gaussian of which the spread in the hu~-direction was somewhat smaller than that in the 

chroma direction. 

In this thesis, I conducted sealing experiments to investigate the naturalness of scenes and 

objects, as well as it's relation with the memory representation of the object colours. Naturalness 

might act as a constraint on quality in judgement of images. In order to improve the quality of 

images, study of the underlying dimensions of quality is required. In processing reproduced 

colours not only physical attributes but also perceptual attributes are important. Perceptual 

attributes of colours are hue, saturation and lfghtness. The colours of the images or of objects in 

these images used in the present experiments were manipulated by varying hue-angle and 

saturation in CIELUV colour space. 

The first experiment was carried out in order to specify the naturalness of a whole scene. The 

colours of two objects in the scene were manipulated by varying hue-angle and saturation. 

These object colours were skin colour and the colour of a sweater. Subjects were asked to rate 

the naturalness of the colours of the whole image on a numerical category scale, where O denot­

ed completely unnatural colours and a 10 denoted completely natura! colours of whole image. 

Results demonstrate that naturalness judgement of the whole scene is primarily limited by the 
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manipulation of the most critica! object, i .e. skin colour. 

In the second experiment the naturalness judgement of three objects was obtained. The rela­

tionship between the naturalness judgements and the hue differences and chroma differences 

used in the manipulated images can be described by a bivariate normal distribution with four 

parameters. Two parameters describe the mean of the distribution in hue and chroma dimen­

sion and two describe the spread around these means. The distributions for the ·colours of the 

natura! objects, skin colour and the colour of the banana, are much narrower than that for the 

man-made object, sweater. 

In order to obtain the relationship with the memory representation of the object colour a third 

experiment was carried out. Subjects had to judge the sirnilarity of the banana and skin colours 

in the displayed image with the typical banana and skin colours stored in their rnind. We found 

a linear relationship between naturalness and memory representation. 

For the most critica} colour, skin colour, the inhuence of global transformation was obtained in 

a fourth experiment. The images were not trans(ormed by changing the colour of a specific 

object, but all colours were manipulated in the same way. This so-called global transformation 

results in slightly bigger variances for the naturalness distributions. 

When global transformations are considered, we conclude that the naturalness of a whole 

scene is determined mainly by the memory representation of the
1 

most critica! object. 
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Samenvatting 

Kleuren in gereproduceerde plaatjes worden in het algemeen beoordeeld door deze te 

vergelijken met een mentale verzameling van kleursensaties die eerder ervaren zijn bij het 

kijken naar objecten gelijk aan de objecten in de plaatjes (Hunt, 1987, Bartleson, 1960). Omdat 

in het dagelijks leven de kleuren varieren in tint, verzadiging en lichtheid, moeten de toleranties 

voor kleurreproducties groot zijn. Dit is weliswaar verschillend voor verschillende objecten: 

toleranties voor huidskleur en kleuren van de meeste voedingsmiddelen worden verondersteld 

kleiner te zijn dan gemiddeld (Hunt, 1987). Wij noemen zulke objecten kritisch. 

Bij de specificatie van de memory colour (dat is de onthouden kleur van een bekend object, 

verder te noemen geheugenkleur) van een specifiek object, banaan, werd gevonden dat 

geheugenkleur niet eenduidig is, maar beschreven kan worden als een 

waarschijnlijkheidsverdeling in tint en verzadiging. Hierbij bleek de tolerantie voor tint kleiner 

dan voor verzadiging en nauwelijks afuankelijk van de context (Yendrikhovskij, 1996). 

In dit rapport beschrijf ik schalingsexperimenten uitgevoerd om de natuurlijkheid van scenes en 

objecten te onderzoeken, en daarnaast de relatie van natuurlijkheid met de geheugenkleur van 
1 

objecten. Natuurlijkheid zou als een beperking (constraint) op kwaliteitsbeoordelingen van 

plaatjes werken. Om kwaliteit van plaatjes te verbeteren is onderzoek naar de onderliggende 
1 

dimensies van kwaliteit vereist. Bij het reproduceren van kleuren zijn niet alleen fysische 

eigenschappen maar ook psychologische, perceptuele eigenschappen belangrijk. Perceptuele 

eigenschappen van kleuren zijn tint, verzadiging en lichtheid. De kleuren van de plaatjes of van 

objecten in deze plaatjes werden in de hier beschreven experimenten gemanipuleerd door de tint 

(in graden) en de verzadiging te varieren in CIELUV kleurenruimte. 
' 1 

Het eerste experiment werd uitgevoerd om de natuurlijkheid van het gehele plaatje te 

specificeren. De kleuren van twee objecten in het plaatje werden gemanipuleerd. De objecten 

waren huid (gezicht, armen en handen) en etrn trui. Proefpersonen werden gevraagd de 

natuurlijkheid van de kleuren van het hele plaatje te beoordelen op een numeriek categorie 

schaal, waar O totaal onnatuurlijke kleuren aangaf en 10 totaal natuurlijke kleuren in het plaatje. 

59 



De resultaten laten zien dat de natuurlijkheidsbeoordeling van het hele plaatje primair beperkt 

wordt door de manipulatie van het meest kritische object (huid). 

In het tweede experiment werden natuurlijkheidsbeoordelingen van drie objecten verzameld en 

vergeleken. De relatie tussen deze b~oordelingen en de gemiddelde tint- en 

verzadigingsverschillen van de gemanipuleerde, plaatjes kan beschreven worden door een 

bivariate normale verdeling met vier parameters. Twee parameters beschrijven het midden van 

de distributie in tint- en verzadigingsdimensie en de andere twee parameters beschrijven de 

variantie rond dit middelpunt. De varianties van de natuurlijke objecten, huid en banaan, waren 
1 

veel kleiner dan die van het door ?e mens gemaa~te object, sweater. 

Om de relatie van deze natuurlijkheidsbeoordeling~n met de geheugenkleur van een object te 
1 

verkrijgen werd een derde experiment uitgevoerd. Proefpersonen moesten de gelijkheid van de 

kleuren van de banaan of de huid in het gepresenteerde plaatje met de typische banaan en 

huidskleur in hun geheugen beoordelen. Wij vonden een lineaire relatie tussen de natuur­

lijkheid van een objectkleur en de geheugenkleur voor dit object. 

Voor de meest kritische kleur, huidskleur, werd de invloed van globale transformatie op de 

natuurlijkheidsbeoordelingen verkregen in een vierde experiment. De plaatjes werden nu niet 

gemanipuleerd door alleen de kleuren van een object te veranderen (lokaal transformeren), maar 

door alle kleuren in het plaatje te varieren. Deze globale transformatie leidde tot enigszins 

grotere toleranties. In het algemeen concluderen we, dat wanneer er sprake is van globale 

transformatie, de natuurlijkheid van het gehele plaatje hoofdzakelijk bepaald wordt door de 

geheugenkleur van het meest kritische object. 
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Appendix A 

Colorimetrie formulae 

The original images are saved in RGB format. Amore convenient colour space to control colour 
manipulations is a perceptual colour space based on the HSL concept. The CIE (Commission 
Internationale de l'Eclairage) has defined intern"tional standards and provided transformation 
equations relating different systems to each other. 

page 

A. l. Colorimetrie formulae 64 
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A.1. Colorimetrie formulae 

CIELUV relationships 
L * , u * and v* have the following definitions: 

L* = 116 (Y/Y 0 )
113 - 16 

L* = 903.3(Y/Y 0 ) 

u* = 13L* (u'-u' 0 ) 

v* = 13L* (v'-v' 0 ) 

Y fY O > 0.008856 

Y/Y n < = 0.008856 

[ la] 

[lb] 

[2] 

[3] 

Y is the luminance for a particular stimulus and Y O is the luminance of the reference. 

Chromaticity relationships 
The chromaticity coordinates u', v', u'0 , and v'0 can be calculated with the values for X, Y, and Z: 

u' = 4X/(X+15Y+3Z) 

v' = 9Y/(X+15Y+3Z) 

The values X 0 , Y 0 , and Z0 are the X, Y, and Z for the reference white. 

[4] 

[5] 

[6] 

[7] 

The formulas for correlates of these attributes, hue and chroma, are the following: 

h* uv= arctan (v*/u*) 

64 
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Appendix B 

Subject variables 

B.1. Table with the subject variables and the experirnents in which they participated 66 
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B.1. Table of subjects variables and the experiments they participated 

In this table, subj refers to the subject, hrr refers to the H-R-R Pseudoisochromatic Plates to test 
the colour vision of the subjects, the numbers represent the experiments (1 = naturalness of 
whole image, 2a = naturalness of skin colour, 2b = naturalness of colour of sweater, 2c = natu­
ralness of the colour of banana, 3 = memory colour of skin, 4 = naturalness of skin colour in 
globally transformed images). 

subj age sexe hrr 2a 2b 2c 3 4 

gh 21 m ok + 
jo 27 m ok + 

mw 23 m ok + + 
m 23 m ok + 
re 27 m ok + 
rp 26 m ok + 
sy 26 m ok + + + + 
rh 31 m ok + + 
lm 28 f ok + + + 
mt 25 f ok + + + 
wy 26 m ok + + + 
dn 23 m ok + + + + 
su 24 f ok + + + + + 
ek 23 f ok + + 
dj 23 f ok + 
jk 27 m ok + 
jv 22 f ok + 
mk 22 f ok + 
mo 22 m ok + 
nb 30 f ok + 
rg 26 m ok + 
rj 26 m ok + 
total of subjects per exp. 7 7. 7 7 6 7 
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Appendix C 

Stimulus materials of all experiments 

C.1. Physical values and labels of the transformed images of experiment 1 
C.2. Physical values and labels of the transformed images of experiment 2a 
C.3. Physical values and labels of the transformed images of experiment 2b 
C.4. Physical values and labels of the transformed images of experiment 2c 
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C.l. Physical values and labels of the transformed images of experiment 1 

Eight different transformations were used to manipulate the colour of the skin as well as the col­
our of the sweater. Together with the original image the nine versions per object colour are cod­
ed from A to I. In this table the corresponding image names are given as were used in the next 
table to name the images of experiment 2. The L *, u*, and v* values as well as the hue differ­
ence and chroma difference values for the skin and sweater can be find in Appendix D.2 and 
D.3. All possible combinations of A to I were used in experiment 1, yielding a total of 81 im­
ages. 

Code Skin Sweater 

A s_h00clO t_h00cl0 

B s_h00c19
1 

t_h00c19 

C s_h00c07 t_h00c07 

D s_h_l5c10 t_h_15c10 

E s_h15c10 t_h15c10 
1 

F s_h_30c19 t_h_30c19 

G s_h15c16 t_hl5c16 

H s_h_60c04 t_h_60c04 

I s_h60c04 t_h60c04 
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C.2. Physical values and labels of the transformed images of experiment 2a 

Table with skin images and values in the colour space and the values of the hue and chroma 
differences between the mean colour of the manipulated skin and the mean colour of the original 
skin. 

Name L* u* v* ~h ~c 
s_h_60c04 43.902 38.982 30.350 -25.041 -23.792 

2 s_h_60cl0 43.910 62.364 27.839 -39.480 -0.276 

3 s_h_60c22 43.997 103.981 24.603 -55.931 41.458 

4 s_h_30cl0 43.908 59.292 47.921 -20.510 -0.234 

5 s_h_30cl9 43.931 89.583 61.186 -27.876 32.835 

6 s_h_15c07 43.901 44.810 49.341 -8.709 -11.975 

7 s_h_l5cl0 43.909 53.981 56.710 -10.395 -0.210 

8 s_h_l5c13 43.910 63.024 63.867 -11.891 11.322 

9 s_h_l5cl6 43.919 70.765 69.700 -13.201 21.011 

10 s_h_05c07 43.900 41.481 52.838 -2.948 -11.960 

11 s_h_05cl0 43.891 49.278 61.666 -3.569 -0.182 

12 s_h_05cl3 43.904 56.593 69.769 -4.166 10.734 

13 s_h_05cl6 43.923 61.088 74.487 -4.632 17.246 

14 s_h00c00 43.899 23.289 32.043 1.144 -39.574 

15 s_h00c04 43.900 32.612 44.796 0.000 -23.793 

16 s_h00c07 43.897 39.585 54.333 0.030 -11.979 

17 s_h0Ocl0 44.039 46.606 64.039 0.000 0.000 

18 s_h00c13 43.904 52.853 72.192 0.220 10.269 

19 s_h00cl6 43.918 55.557 75.709 0.307 14.704 

20 s_h00c19 43.919 55.789 75.944 0.348 15.032 

21 s_h00c22 43.919 55.793 75.934 0.355 15.026 

22 s_h05c07 43.904 37.566 55.764 2.905 -11.906 

23 s_h05c10 43.916 43.677 65.841 3.437 -0.121 

24 s_h05cl3 43.903 48.749 74.001 3.721 9.486 

25 s_h05cl6 43.913 50.322 76.571 3.825 12.499 

26 s_hl5c07 43.903 33.246 57.841 8.619 -11.942 

27 s_hl5cl0 43.905 37.408 68.710 10.312 -0.304 

28 s_hl5c13 43.909 40.20'.p 76.241 11.408 7.728 

29 s_hl5cl6 43.918 40.621 77.841 11.767 9.372 

30 s_h30cl0 43.901 27.294 70.805 20.453 -0.632 

31 s_h30cl9 43.914 27.654 79.401 23.061 7.959 

32 s_h60c04 43.902 16.866 46.496 25.026 -23.790 

33 s_h60c10 43.902 7.293 67.591 39.468 -0.625 

34 s_h60c22 43.922 -0.436 82.016 47.846 15.713 

1 

NOTE: These values are the satne for the images used in experiment 3 concerning the memory 
colour of skin and for the images used in experimf nt 4 concerning the naturalness of skin colour 
after global transformation. The images in experiment 4, however were not the same as used 
here, because the background was changed also (image names used were like g_h_60c04). 
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C.3. Physical values and labels of the transforqied images of experiment 2b 

Table with sweater images and values in the colour space and the hue differences and chroma 
differences calculated for the meao colour of the sweater per image compared with the original 
colour of the sweater. 

Name L* u* v* öh öC 

t_h_60c04 51.101 -1.986 q8.975 -34.417 -33.443 

2 t_h_60cl0 51.106 19.380 92.409 -54.058 -1.731 

3 t_h_60c22 51.127 27.719 100.417 -60.232 9.810 

4 t_h_30cl0 51.112 -5.229 104.134 -27.767 '-2.697 

5 t_h_30c19 51.119 -4.676 105.480 -28.389 -1 .263 

6 t_h_15c07 51.097 -18.237 90.972 -11.886 -17.057 

7 t_h_15c10 51.112 -18.942 106.079 -14.029 -1 .934 

8 t_h_15c 13 51.117 -18.934 107.575 -14.301 -0.440 

9 t_h_15c16 51.117 -18.915 107.591 -14.323 -0.425 

10 t_h_05c07 51.101 -21.260 74.342 -3.026 -33.207 

11 t_h_05cl0 51.115 -28.380 106.112 -4.706 -0.649 

12 t_h_05cl3 5l.l05 -29.043 108.826 -4.771 2.144 

13 t_h_05c16 51.105 -29.041 108.881 -4.786 2.197 

14 t_h00c00 51.097 -16.520 53.047. -2.276 -54.978 

15 t_h00c04 51.103 -23.116 73.925 -0.182 -33.129 

16 t_h00c07 51.110 -28.060 89.614 -0.130 -16.680 

17 t_h00cl0 51.256 -33.093 105.517 0.000 0.000 

18 t_h00cl3 51.122 -34.573 109.457 0.207 4.203 

19 t_h00cl6 51.122 -34.585 109.520 0.199 4.268 

20 t_h00cl9 5l.l23 -34.591 109.533 0.201 4.282 

21 t_h00c22 5l.l22 -34.594 109.536 0.203 4.286 

22 t_h05c07 51.145 -31.302 89.01 l 3.885 -16.142 

23 t_h05cl0 51.108 -37.396 103.134 4.859 -0.762 

24 t_h05cl3 51.123 -40.502 113.054 4.428 9.597 

25 t_h05c16 51.124 -40.556 110.184 5.387 6.962 

26 t_h15c07 51.099 -37.008 · 85.102 11.987 -16.983 

27 t_h15cl0 51. l 01 -45.734 98.725 14.327 -0.805 

28 t_hl5cl3 5l.l26 -53.338 110.250 16.225 13.002 

29 t_hl5cl6 51.132 -54.075 111.288 16.427 14.273 

30 t_h30cl0 51.128 -55.612 89.007 27.858 -1.910 

31 t_h30cl9 51.145 -57.854 91.699 28.313 1.565 

32 t_h60c04 5l.108 -37.838 57.763 34.663 -33.187 

33 t_h60cl0 5l.l44 -55.355 61.955 46.507 -15.177 

34 t_h60c22 5l.l46 -55.459 62.063' 46.497 -15.052 
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C.4. Physical values and labels of the transformed images of experiment 2c 

Table with banana images and values in the colour space and the hue and chroma differences 
between the mean colour of the banana per imag~ and the original colour of the banana. 

Name L* u* v* Dh DC 

l f_h345s070.pf 24.61 l 28.726 72.169 - l l.560 -17.130 

2 f_h345s080.pf 28.087 32.786 72.196 -12.689 -l l.l21 

3 f_h~45s090. pf 31.484 36.869 72.239 -13.934 -5.318 

4 f_h345s 100.pf 34.867 40.910 72.263 -15.277 0.277 

5 f_h345s 11 0.pf 38.216 44.911 72.261 -14.959 5.656 

6 f_h345s 120.pf 42.848 48.862 72.263 -16.303 11.360 

7 f_h345s130.pf 44.494 52.291 72.275 -16.888 16.941 

8 f_h350s070.pf 21.910 30.789 72.192 -8.312 -16.665 

9 f_h350s080.pf 25.142 35.071 72.186 -8.028 -11.367 

10 f_h350s090.pf 28.101 39.473 72.250 -9.366 -5.303 

11 f_h350s I 00.pf 31.289 43.748 72.251 -10.127 -0.095 

12 f_h350s110.pf 34.249 48.066 72.282 -9.934 5.453 

13 f_h350s 120. pf 37.199 51.963 72.307 -10.532 11.292 

14 f_h350s 130.pf 39.819 55.036 72.357 -11.274 16.809 

15 f_h355s070.pf 19.268 32.464 72.129 -4.549 -17.073 

16 f_h355s080.pf 21.890 37.116 72.186 -4.298 -l l.171 

17 f_h355s090.pf 24.484 41.812 72.286 -4.268 -5.922 

18 f_h355s 100.pf 27.450 46.248 72.233 -4.141 -0.063 

19 f_h355s110.pf 30.017 50.685 72.275 -5.061 5.206 

20 f_h355s 120.pf 32.384 54.343 72.347 -5.060 10.799 

21 f_h355s 130.pf 34.644 57.072 72.410 -5.044 16.533 

22 f_h000s070.pf 16.192 34.107 72.181 0.000 -16.522 

23 f_h000s080.pf 18.447 38.954 72.232 0.000 -10.904 

24 f_h000s090. pf 20.772 43.797 72.299 0.000 -5.667 

25 f_h000s 100. pf 23.151 48.516 72.434 0.000 0.000 

26 f_h0OOsl 10.pf 25.405 52.597 72.190 0.000 5.287 

27 f_h0OOs 120. pf 27.466 56.107 72.297 0.000 11.053 

28 f_h0OOs 130.pf 29.190 58.604 72.407 0.000 16.408 

29 f_h005s070. pf 13.243 35.302 72.650 3.602 -16.950 

30 f_h005s080.pf 15.1 I 8 40.288 72.152 3.48 I -11.416 

31 f_h005s090.pf 16.941 45.285 72.192 4.200 -5.698 

32 f_h005s 100.pf 18.677 50.112 72.246 4.777 -0.103 

33 f_h005s110.pf 20.344 54.337 72.308 5.226 5.367 

34 f_h005s 120. pf 21.924 57.679 72.391 5.601 10.848 

35 f_h005s 130. pf 23.259 59.959 72.476 5.924 16.315 

36 f_h0 10s070.pf 10.056 36.334 72.130 8.149 -16.805 

37 f_h0 I 0s080.pf 11.505 41.448 72.144 8.669 -I l.167 

38 f_h0 10s090. pf 12.897 46.528 72.173 8.999 -6.034 

39 f_h010s 100.pf 14.172 51.364 72.229 9.460 -0.099 

40 f_h010s110.pf 15.448 55.513 72.272 9.797 5.532 



Name L* u* v* Dh DC 
41 f_h010s 120.pf 16.611 58.719 72.324 10. 101 11.158 

42 f_h010s130.pf 17.490 60.949 72.444 10.311 16.531 

43 f_h0 l 5s070.pf 6.847 37.049 72.108 12.486 -16.838 

44 f_h015s080.pf 7.782 42.295 72.144 12.770 -11.251 

45 f_h0 l 5s090.pf 8.759 47.375 72.152 13.863 -5.380 

46 f_h015s100.pf 9.585 52.239 72.211 14.034 -0.089 

47 f_h015s110.pf 10.432 56.366 72.232 15.260 5.579 

48 f_h015s120.pf 11.026 59.602 72.341 15.840 11.189 

49 f_h0 15s 130.pf 11.555 61.791 72.436 16.608 16.432 
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Appendix D 

Instructions of the experiments 

This appendix summarizes the instructions of all experiments. 

D. l Instruction of experiment 1: Naturalness of a whole scene 
D.2 Instruction of experiment 2a: Naturalness of skin colour 
D.3 Instruction of experiment 2b: Naturalness of colour of a sweater 
D.4 Instruction of experiment 2c: Naturalness of ~olour of a banana 
D.5 Instruction of experiment 3: Memory of skin colour 
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D.1. Instruction of experiment 1: Naturalness of a whole scene. 

INSTRUCTION 

This is an experiment about naturalness. 

You will be presented with a series of monitor-images. Your task is to judge the naturalness of 

the coloured image presented on the monitor. Naturalness can be described as the degree of 

correspondence with reality. 

Please make your judgment on the bases of knowledge about colours experienced by you 

in the past. 

Y ou may use integer numbers from O ( completely unnatural colours of the whole image) to 10 

( completely natura} colours of the whole image). Please assign numbers in such a way that they 

reflect your subjective impression of the naturalness of the image. 

lf you have any questions, please ask the experimenter. 

Thank you very much for participating in this experiment! 
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D.2. Instruction of experiment 2a: Naturalness of skin colour 

INSTRUCTION 

This is an experiment about naturalness. 

1 

You will be presented with a series of monit'or-images. Your task is to judge the naturalness of 

skin colour presented on the monitor. Naturalness can be described as the degree of 
1 

, correspondence with reality. 

Please make your judgment on the bases of knowledge about skin colours experienced 

by you in the past. 

1 

You may use integer numbers from O ( completely unnatural colour of the skin) to 10 ( completely 

natura! colour of the skin), but it is not necessary to use all the range. Please assign numbers in 

such a way that they reflect your subjective impr9ssion of the naturalness of the image. 

If you have any questions, please ask the experimenter. 

Thank you very much for participating in this experiment! 

NOTE: This instruction was used again in experiment 4: Naturalness of skin colour (global 

transformation). 
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D.3. Instruction of experiment 2b: Naturalness of the colour of a sweater 

INSTRUCTION 

This is an experiment about naturalness. 

Y ou will be presented with a series of monitor-images. Your task is to judge the naturalness of 

colour of the jumper presented on the monitor. Naturalness can be described as the degree of 

correspondence with reality. 1 

Please make your judgment on the bases of knowledge about similar objects experienced 
1 

by you in the past. 

Y ou may use integer numbers from O ( completely unnatural colour of the jumper) to 10 

(completely natura! colour of the jumper), but it is not necessary to use all the range. Please 

assign numbers in such a way that they reflect your subjective impression of the naturalness of 

the image. 

1 

If you have any questions, please ask the experimenter. 

Thank you very much for participating in this experiment! 
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D.4. Instruction of experiment 2c: Naturalness of the colour of a banana 

INSTRUCTION 

This is an experiment about naturalness. 

You will be presented with a series of monitor-images. Your task is to judge the naturalness of 
the color of the ripe banana presented on the monitor. 

Please assign numbers in such a way that they reflect your subjective impression of the 
naturalness of the image. Naturalness can be de~cribed as the degree of correspondence with 
reality. For example an image can be judged as completely unnatural in case it does not 
correspond at all with our perception of reality. 

Y ou may use all integer numbers from O ( comf letely unnatural col or of the banana) to 10 
(completely natural color of the banana). 

If you have any questions, please ask the experimenter. 

· Thank you very much for participating in this experiment! 
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Appendix E 

Raw data of all experiments 

E.1. Table with raw data of experiment 1 
E.2. Table with raw data of experiment 2a 
E.3. Table with raw data of experiment 2b 
E.4. Table with raw data of experiment 2c 
E.5. Table with raw data of experiment 3 
E.6. Table with raw data of experiment 4 
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E.1. Table with raw data of experiment 1 

M=mean 
SD = standard deviation 

gh gh jo jo mw mw ni ni re re ro ro sy sy 
Name M SD M SD M SD M SD M SD M SD M SD 

1 AA 8.00 1.00 9.00 0.00 8.50 0.50 7.00 0.00 7.50 0.50 8.50 0.50 9.50 0.50 

2 AB 8.50 0.50 9.00 0.00 8.50 0.50 8.50 0.50 8.00 0.00 8.00 0.00 10.00 0.00 
1 

7.50
1 

3 AC 9.50 0.50 9.00 0.00 9.50 0,?0 9.00 0.00 8.00 0.00 0.50 9.50 0.50 . 

4 AD 9.50 0.50 9.00 0.00 8.50 0.50 9.00 0.00 8.00 0.00 7.50 0.50 9.00 0.00 
l 

5 AE 10.00 0.00 9.00 1.00 8.00 1.00 7.50 0.50 7.50 0.50 7.50 0.50 9.00 0.00 

6 AF 9.50 0.50 8.50 0.50 7.00 0.00 7.00 1.00 8.00 0.00 7.50 0.50 10.00 0.00 
7 AG 10.00 0.00 9.50 0.50 8.50 0.50 8.00 1.00 8.00 0.00 7.50 0.50 9.00 1.00 
8 AH 9.00 0.00 9.00 0.00 8.00 1.00 8.00 1.00 8.00 0.00 8.00 0.00 7.00 1.00 
9 AI 10.00 0.00 9.00 0.00 7.50 0.50 9.00 0.00 8.50 0.50 8.50 0.50 8.00 1.00 

1 

10 BA 4.00 0.00 6.00 0.00 8.00 1.00 6.50 0.50 5.00 0.00 6.00 0.00 8.50 0.50 
11 BB 2.00 1.00 6.00 0.00 6.50 0.50 6.50 0.50 5.00 0.00 5.50 0.50 9.00 1.00 

12 BC 3.00 1.00 6.00 0.00 6.50 0.50 6.50' 0.50 5.00 0.00 5.00 0.00 5.50 1.50 

13 BD 2.50 1.50 4.50 1.50 5.50 0.50 6.50 0.50 3.00 0.00 6.00 0.00 6.00 3.00 

14 BE 5.00 1.00 4.50 0.50 5.00 0.00 7.00 0.00 5.00 0.00 6.50 0.50 7.50 0.50 

15 BF 3.50 1.50 5.50 1.50 5.00 2.00 5.00 1.00 4.00 1.00 5.00 1.00 7.50 0.50 

16 BG 3.50 2.50 5.50 0.50 7.00 0.00 6.00 1.00 4.00 1.00 6.00 1.00 6.50 2.50 

17 BH 4.00 0.00 6.00 0.00 5.00 0.00 6.00 0.00 5.50 0.50 6.00 0.00 4.50 0.50 

18 BI 4.50 0.50 5.00 2.00 4.50 0.50 5.00 1.00 4.00 1.00 5.50 0.50 7.00 1.00 

19 CA 7.00 1.00 6.50 0.50 8.00 1.00 7.50 0.50 8.00 0.00 7.00 0.00 4.00 1.00 

20 CB 9.00 0.00 7.50 0.50 9.00 1.00 8.00 1.00 8.00 0.00 7.00 0.00 7.00 1.00 

21 cc 8.00 2.00 8.00 1.00 8.50 0.50 7.00 1.00 8.00 0.00 7.50 0.50 3.50 0.50 

22 CD 9.00 1.00 7.00 0.00 9.00 1.00 7.50 0.50 8.00 0.00 7.00 0.00 6.00 3.00 

23 CE 8.50 0.50 7.00 1.00 8.00 0.00 8.50 1.50 8.00 0.00 7.00 1.00 6.00 1.00 

24 CF 8.50 0.50 7.50 0.50 8.50 1.50 8.00 0.00 8.00 0.00 7.50 0.50 6.50 0.50 

25 CG 9.00 1.00 6.50 0.50 6.50 0.50 7.00 1.00 8.00 0.00 7.00 0.00 2.50 0.50 

26 CH 7.50 1.50 6.50 1.50 4.50 1.50 5.00 1.00 8.00 0.00 7.00 1.00 2.00 0.00 

27 Cl 7.00 1.00 6.50 0.50 6.50 Ó.50 8.50 0.50 8.50 0.50 7.00 0.00 5.50 0.50 

28 DA 9.50 0.50 8.00 0.00 7.50 0.50 7.50 0.50 8.00 0.00 8.00 0.00 4.50 0.50 

29 DB 9.50 0.50 8.00 1.00 8.50 0.50 7.50 0.50 7.50 0.50 8.50 0.50 6.50 0.50 

30 DC 7.50 0.50 7.50 1.50 6.50 0.50 6.50 0.50 7.50 0.50 8.50 0.50 8.00 1.00 

31 DD 8.50 0.50 8.00 0.00 8.00 1.00 7.50 0.50 8.00 0.00 8.00 0.00 3.00 1.00 

32 DE 10.00 0.00 7.50 0.50 8.50 0.50 8.00 0.00 8.00 0.00 7.50 0.50 4.50 2.50 

33 DF 8.50 0.50 8.00 0.00 8.00 0.00 7.50 0.50 7.50 0.50 8.00 0.00 9.00 0.00 

34 DG 7.50 1.50 7.50 0.50 8.00 0.00 7.50 0.50 7.50 0.50 8.00 0.00 5.00 1.00 

35 DH 9.00 1.00 7.00 2.00 6.50 0.50 5.00 2.00 6.50 1.50 8.00 1.00 4.50 0.50 

36 DB 8.00 1.00 7.50 1.50 7.00 0.00 7.50 0.50 7.50 0.50 8.00 0.00 4.50 0.50 

37 EA 6.00 1.00 7.00 0.00 7.50 0.50 7.00 0.00 6.00 1.00 6.50 0.50 6.00 1.00 

38 EB 8.00 2.00 6.50 0.50 7.00 1.00 7.00 0.00 7.00 0.00 7.00 0.00 5.50 0.50 

80 



gh gh jo jo mw mw ni ni re· re ro ro sy sy 
~~MW MW MW MW MW MW MW 

39 EC 

40 ED 

41 EE 

42 EF 

43 EG 

44 EH 

45 EI 

46 FA 

47 FB 

48 FC 

49 FD 

50 FE 

51 FF 

52 FG 

53 FH 

54 FI 

55 GA 

56 GB 

57 GC 

58 GD 

59 GE 

60 GF 

61 GG 

62 GH 

63 GI 

64 HA 

65 HB 
66 HC 

67 HD 

68 HE 

69 HF 

70 HG 

71 HH 

72 Hl 

73 IA 

74 1B 

75 IC 

76 ID 

77 IE 

78 IF 

79 IG 

80 1H 

81 II 

6.00 1.00 6.50 0.50 5.50 0.50 6.50 0.50 7.00 0.00 6.50 0.50 6.50 1.50 

7.00 1.00 6.00 1.00 5.50 0.50 7.50 0.50 5.50 0.50 6.50 0.50 5.00 0.00 

7.50 0.50 6.50 0.50 7.00 1.00 7.00 0.00 5.00 0.00 7.00 0.00 6.00 1.00 

8.50 0.50 5.50 0.50 6.00 1.00 6.50 0.50 5.00 0.00 6.50 0.50 7.00 1.00 

5.00 1.00 6.50 0.50 7.50 0.50 7.50 0.50 6.00 1.00 6.50 0.50 5.00 2.00 

8.50 1.50 7.00 0.00 5.00 1.00 8.00 0.00 7.50 0.50 7.50 0.50 4.50 1.50 

9.00 1.00 7.50 0.50 6.00 1.00 7.00 0.00 7.50 0.50 6.50 0.50 3.00 1.00 

1.50 0.50 1.50 0.50 1.00 0.00 0.50 0.50 0.00 0.00 3.00 0.00 0.00 0.00 

0.00 0.00 1.50 0.50 1.00 0.00 1.50 0.50 0.00 0.00 4.00 0.00 0.00 0.00 

0.50 0.50 2.00 0.00 1.00 0.00 1.50 0.50 0.00 0.00 4.50 0.50 0.00 0.00 

2.00 0.00 1.50 0.50 0.00 0.00 1.00 1.00 0.00 0.00 4.00 0.00 0.00 0.00 

0.50 0.50 2.00 0.00 0.50 0.50 1.00 0.00 0.00 0.00 3.00 0.00 0.00 0.00 

1.00 1.00 2.00 0.00 1.00 0.00 2.00 1.00 0.00 0.00 3.50 0.50 0.50 0.50 

1.00 0.00 2.00 0.00 1.00 0.00 0.50 0.50 0.50 0.50 4.00 0.00 0.00 0.00 

2.00 0.00 2.00 0.00 1.00 0.00 1.00 0.00 0.00 0.00 2.50 0.50 0.00 0.00 

1.50 0.50 2.00 0.00 1.00 0.00 1.00 0.00 0.00 0.00 3.50 0.50 0.00 0.00 

1.50 1.50 4.50 1.50 4.50 0.50 5.00 0.00 3.00 0.00 5.00 0.00 3.00 1.00 

3.50 0.50 4.50 1.50 4.50 0.50 5.50 0.50 4.00 1.00 4.00 1.00 4.00 1.00 

4.00 1.00 5.00 1.00 4.50 0.50 5.50 0.50 4.00 1.00 4.50 0.50 2.50 1.50 

4.00 1.00 5.00 1.00 5.00 0.00 6.00 0.00 5.00 0.00 4.00 0.00 3.50 1.50 

1.00 1.00 5.00 1.00 4.00 0.00 6.00 0.00 4.00 1.00 4.50 0.50 5.00 2.00 

1.00 1.00 5.50 0.50 5.00 0.00 6.00 0.00 5.00 0.00 5.00 0.00 3.50 0.50 

4.00 0.00 5.00 1.00. 4.00 0.00 4.00 2.00 4.00 1.00 5.50 0.50 7.50 0.50 

1.00 1.00 5.00 0.00 4.00 1.00 5.50 0.50 4.00 1.00 5.00 0.00 3.50 0.50 

3.50 0.50 4.50 1.50 2.50 0.50 •4.00 1.00 1.00 1.00 5.00 0.00 3.00 1.00 

3.00 1.00 0.00 0.00 1.50 0.50 3.00 0.00 4.00 1.00 3.00 1.00 0.00 0.00 

3.00 1.00 1.50 1.50 2.50 0.50 2.00 1.00 2.50 0.50 4.00 1.00 0.00 0.00 

4.00 1.00 2.00 2.00 2.00 1.00 2.50 0.50 4.00 1.00 5.00 1.00 0.00 0.00 

3.00 2.00 0.00 0.00 1.50 0.50 2.00 1.00 3.00 0.00 3.50 0.50 0.00 0.00 

2.00 0.00 0.50 0.50 1.00 0.00 2.50 0.50 4.00 1.00 3.00 0.00 0.00 0.00 

2.00 2.00 0.50 0.50 1.50 0.50 2.00 0.00 3.00 0.00 1.50 0.50 0.00 0.00 

1.00 1.00 0.50 0.50 1.50 0.50 1.50 1.50 3.50 1.50 2.00 1.00 0.00 0.00 

1.50 0.50 0.00 0.00 1.00 1.00 2.50 0.50 3.00 0.00 2.50 0.50 0.00 0.00 

1.00 1.00 0.50 0.50 0.50 0.50 2.00 1.00 3.50 1.50 1.50 1.50 0.00 0.00 

0.00 0.00 0.00 0.00 0.50 0.50 1.00 0.00 0.00 0.00 2.50 0.50 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 1.50 0.50 0.00 0.00 

0.50 0.50 0.50 0.50 0.00 0.00 1 0.50 0.50 0.00 0.00 1.50 0.50 0.00 0.00 

0.50 0.50 0.50 0.50 0.00 0.00 1.00 1.00 0.00 0.00 0.50 0.50 0.00 0.00 

0.00 0.00 0.50 0.50 0.50 0.50 1.00 0.00 o:oo 0.00 1.00 1.00 0.00 0.00 

1.00 1.00 0.00 Ó.00 0.50 0.50 1.50 0.50 0.00 0.00 2.00 0.00 0.00 0.00 

0.00 0.00 0.50 0.50 0.50 0.50 0.00 0.00 0.00 0.00 2.00 1.00 0.00 0.00 

0.00 0.00 0.50 0.50 0.50 0.50 1.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 

2.00 2.00 0.50 0.50 0.00 0.00 2.50 0.50 2.50 2.50 3.00 1.00 0.00 0.00 
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E.2. Table with raw data of experiment 2a 

Image dn dn lm lm mt mt rh rh su su sy sy wy wy 
name M SD M SD M SD M SD M SD M SD M SD 

s_h_60c04.pf 1.00 0.41 0.50 0.50 1.50 0.50 0.75 0.75 0.25 0.25 0.00 0.00 0.25 0.25 

2 s_h_60c l O.pf 1.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3 s_h_60c22.pf 0.00 0.00 0.00 0.00 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 s_h_30c l O.pf 5.50 0.87 3.25 0.48 4.00 0.00 6.50 0.29 2.75 0.48 2.25 0.48 3.25 0.25 

5 s_h_30cl9.pf 0.50 . 0.29 0.00 0.00 1.50 0.65 0.75 0.48 0.00 0.00 2.25 0.48 0.75 0.25 

6 s_h_ l 5c07. pf 7.75 0.25 5.00 1.22 6.75 0.48 7.00 0.41 5.75 0.48 4.25 0.63 6.00 0.58 
7 s_h_l5cl0.pf 7.50 0.96 8.00 0.41 5.75 0.48 9.25 0.48 5.25 1.1 l 4.75 0.75 6.50 1.32 

8 s_h_15cl3.pf 4.50 0.87 3.75 0.63 4.50 0.29 5.50 0.65 4.50 0.50 5.75 0.25 5.75 1.11 

9 s_h_l5cl6.pf 2.25 0.85 1.75 0.85 4.25 0.25 4.50 0.87 3.00 0.71 5.50 0.65 2.75 0.25 

10 s_h_ 05c07. pf 8.00 0.41 7.25 0.48 7.25 0.48 9.50 0.50 7.25 1.38 6.50 1.32 8.25 0.25 

11 s_h_05c l O.pf 7.50 0.65 8.50 0.29 8.75 0.48 9.50 0.29 7.25 0.48 9.00 0.41 8.50 0.29 

12 s_h_05c 13.pf 3.75 0.85 4.25 0.85 5.50 0.29 8.00 0.71 6.00 0.00 9.00 0.41 4.25 1.03 
13 s_h_05c16.pf 2.50 0.87 2.00 0.71 4.50 0.29 7.25 0.25 4.75 0.25 8.00 0.71 3.75 0.85 

14 s_hOOcOO.pf 0.25 0.25 0.00 0.00 0.50 0.50 0.50 0.29 0.00 0.00 0.00 0.00 0.25 0.25 

15 s_h00c04.pf 2.25 0.95 0.50 0.50 3.75 0.48 2.50 0.50 1.25 0.25 0.25 0.25 2.75 0.25 

16 s_h00c07.pf 7.50 0.50 4.75 0.75 6.75 0.25 7.00 1.08 5.50 0.96 4.50 0.87 7.00 0.58 

17 s_hOOc 1 O.pf 7.25 0.75 8.00 0.58 8.75 0.48 9.25 0.48 7.50 0.65 9.25 0.48 8.00 0.41 

18 s_hOOc 13.pf 5.00 0.41 3.50 0.65 5.25 0.25 8.50 0.50 5.75 0.63 9.75 0.25 4.50 1.04 

19 s_hOOc 16.pf 2.75 1.03 2.50 0.50 5.25 0.25 7.25 0.63 5.25 0.48 8.25 0.63 3.25 0.48 

20 s_hOOc 19 .pf 3.50 0.96 2.50 0.29 5.00 0.41 7.00 0.41 4.25 0.63 6.75 1.18 3.25 0.63 

21 s_h00c22.pf 3.00 0.71 1.75 0.48 4.75 0.48 6.50 0.65 4.75 0.48 7.75 1.11 3.00 0.71 
• 22 s_h05c07.pf 5.50 1.50 5.75 0.85 7.00 0.41 5.50 1.32 4.75 0.85 5.25 1.03 7.50 0.29 

23 s_h05c 10.pf 7.25 0.48 8.00 0.41 9.00 0.00 9.25 0.25 8.25 0.63 9.50 0.29 7.75 0.48 

24 s_h05c 13. pf 2.75 0.75 3.50 0.29 4.50 0.29 ' 7.00 0.00 5.00 0.00 8.25 0.75 2.50 0.29 

25 s_h05c 16.pf 2.75 0.75 3.00 0.41 4.25 0.48 6.25 1.03 4.75 0.25 7.50 0.65 4.00 0.71' 

26 s_h l 5c07 .pf 4.75 1.25 3.25 1.03 6.50 0.29 3.50 1.32 4.25 0.63 3.50 1.32 6.00 1.08 

27 s_h 15c l O.pf 4.50 0.50 5.50 0.65 6.00 0.41 6.25 0.48 5.50 0.50 7.00 0.00 5.25 0.25 

28 s_h15cl3.pf 2.00 0.58 3.00 0.58 3.25 0.25 5.25 0.48 4.00 0.71 6.75 0.48 2.75 0.48 

29 s_h 15c 16.pf 1.50 0.50 2.25 0.85 3.25 0.48 4.50 0.29 3.50 0.29 5.25 1.03 2.25 0.48 

30 s_h30c 1 O.pf 0.50 0.50 0.50 0.50 1.00 0.00 2.50 1.26 1.50 0.29 2.25 1.11 1.75 0.75 

31 s_h30c 19 .pf 0.50 0.29 0.25 0.25 1.00 0.00 1.25 0.63 1.00 0.41 3.25 1.11 2.00 0.41 

32 s_h60c04.pf 0.50 0.29 0.00 0.00 0.75 0.25 0.25 0.25 0.00 0.00 0.00 0.00 1.00 0.00 

33 s_h60c l O.pf 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

34 s_h60c22.pf 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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E.3. Table with raw data of experiment 2b 
1 

M= mean 
SD = standard deviation 

Image dn dn lm lm mt mt rh rh su su sy sy wy wy 
name M SD M SD M SD M SD M SD M SD M SD 

1 t_h_60c04.pf 0.75 0.25 1.50 0.29 2.50 0.29 4.00 1.22 7.00 0.41 6.50 0.50 1.25 0.25 

2 t_h_60c 10.pf 1.50 0.29 3.00 1.22 3.00 0.71 4.00 0.41 6.75 0.63 7.00 0.58 2.75 0.63 

3 t_h_60c22.pf 4.50 1.19 2.75 1.31 2.25 0.63 2.50 0.29 5.50 0.29 7.25 0.48 2.50 0.50 

4 t_h_30c10.pf ·2.00 0.41 5.00 0.58 3.25 0.75 5.00 1.22 4.00 0.41 9.50 0.29 3.25 1.03 

5 t_h_30c 19 .pf 4.75 0.85 5.50 0.65 4.50 0.96 6.00 1.08 4.25 0.48 10.00 0.00 4.75 1.03 

6 t_h_15c07.pf 2.50 1.89 7.75 0.25 5.50 0.50 5.75 0.85 3.75 0.75 7.75 0.75 7.50 0.87 

7 t_h_l5c10.pf 3.00 0.58 4.50 0.50 3.00 0.00 6.50 0.29 5.25 0.25 9.75 0.25 3.00 0.71 

8 t_h_l 5c 13.pf 4.75 0.75 3.50 0.87 3.75 0.63 6.00 0.82 6.00 0.00 10.00 0.00 4.25 0.48 

9 t_h_15c16.pf 5.50 1.32 3.50 0.65 3.50 0.87 6.75 0.95 6.50 0.29 9.75 0.25 5.25 0.85 

l0 t_h_05c07.pf 1.25 0.95 7.00 0.41 7.75 0.63 6.25 1.18 6.75 1.03 8.75 0.48 8.00 0.41 

11 t_h_05c 10.pf 5.25 0.85 4.75 0.63 5.50 0.65 7.00 0.71 8.75 0.95 10.00 0.00 6.00 0.41 

12 t_h_05c 13.pf 6.00 1.47 2.25 0.63 2.50 0.65 4.75 1.80 7.25 1.11 9.00 0.71 4.00 0.41 

13 t_h_05cl6.pf 5.75 1.31 2.50 0.29 3.50 0.50 5.25 1.44 6.75 1.31 9.50 0.50 5.00 0.82 

14 t_h00cOO.pf 3.25 1.03 2.00 0.71 3.25 0.25 4.50 0.96 6.25 0.48 6.00 0.41 2.25 0.48 

15 t_h00c04.pf 3.75 2.06 8.25 0.25 9.00 0.00 7.25 0.63 4.50 0.65 7.00 0.00 7.00 0.58 

16 t_h00c07.pf 1.50 0.65 7.00 0.41 8.00 0.71 5.50 1.19 7.50 0.50 8.75 0.48 7.50 0.29 

17 t_h00c 10. pf 4.00 1.29 6.50 0.50 5.50 0.65 6.50 0.50 9.00 0.58 10.00 0.00 5.50 0.65 

18 t_h00cl3.pf 7.25 0.85 3.25 0.25 3.50 0.29 4.50 1.50 8.25 0.48 8.25 0.63 3.00 0.58 

19 t_h00c16.pf 7.00 0.41 2.00 0.71 2.75 0.48 4.75 0.48 7.50 0.65 9.00 0.41 4.25 0.25 

20 t_h00cl9.pf 6.00 0.91 1.75 0.63 3.50 0.87 3.00 0.41 7.75 0.25 8.50 0.50 3.75 0.48 

21 t_h00c22.pf 6.75 1.93 2.75 0.48 3.25 0.25 4.25 1.25 7.25 0.75 9.25 0.48 4.75 0.48 

22 t_h05c07.pf 1.00 0.41 6.25 0.48 7.00 0.71 5.50 1.55 8.00 0.00 8.75 0.95 7.25 0.25 

23 t_h05c 10. pf 5.00 1.00 4.50 1.32 5.25 0.95 5.25 0.63 9.50 0.29 9.50 0.50 6.25 0.85 

24 t_h05cl3.pf 6.00 0.41 1.75 1.18 3.00 1.35 3.00 0.91 7.25 1.18 8.75 0.48 3.75 0.75 

25 t_h05c16.pf 7.25 0.48 1.00 0.41 2.00 0.00 1.50 0.65 6.75 0.25 7.50 0.29 2.75 0.48 

26 t_h 15c07 .pf 1.75 0.85 4.75 0.25 6.75 0.63 6.50 0.29 8.25 0.25 8.00 0.71 7.50 0.29 

27 t_h15c10.pf 2.00 0.91 4.25 1.49 4.25 0.63 4.75 1.65 9.00 0.41 9.50 0.29 5.75 0.63 -
28 t_h15c13.pf 4.25 1.65 0.00 0.00 1.00 0.00 0.25 0.25 4.25 0.48 6.50 0.29 1.50 0.29 

29 t_hl5c16.pf 2.75 1.18 1.25 1.25 1.50 0.50 0.25 0.25 4.00 0.71 6.75 0.48 2.00 0.00 

30 t_h30c 10. pf 2.75 0.75 2.00 1.08 3.25 1.11 2.50 0.65 4.50 0.65 6.50 0.87 3.00 0.41 

31 t_h30c 19. pf 1.00 0.58 1.00 0.71 2.75 0.75 1.50 0.65 4.25 0.95 6.00 0.41 3.25 0.25 

32 t_h60c04.pf 6.00 1.08 4.25 0.25 6.25 0.63 6.50 0.65 6.75 0.63 7.25 0.95 3.00 0.41 

33 t_h60c10.pf 8.00 0.41 2.00 0.41 1.75 0.25 2.25 0.75 4.50 0.87 6.00 0.00 3.50 1.32 

34 t_h60c22.pf 4.25 1.11 2.00 0.00 1.75 0.25 2.50 1.50 3.75 0.48 6.00 0.00 2.75 0.48 
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E.4. Table with raw data of experiment 2c 

M=mean 
SD = standard deviation 

Image dn dn do do ek ek jk jk jv jv mk mk su su 
name M SD M SD M SD M SD M SD M SD M SD 

1 f_h345s070.pf 0.00 0.00 3.00 0.00 3.50 0.50 3.00 0.00 2.50 0.50 3.50 0.50 1.50 1.50 
2 f_h345s080.pf 0.00 0.00 2.50 0.50 4.50 1.50 3.50 0.50 4.00 1.00 5.00 0.00 0.50 0.50 
3 f_h345s090.pf 2.50 0.50 5.00 1.00 5.50 0.50 5.00 0.00 2.50 0.50 7.50 0.50 2.50 1.50 
4 f_h345s 100.pf 3.00 1.00 3.50 0.50 7.00 0.00 4.50 0.50 5.00 0.00 7.50 0.50 2.50 0.50 
5 f_h345s110.pf 4.50 1.50 7.50 0.50 9.50 0.50 6.00 0.00 5.50 0.50 8.00 1.00 4.50 0.50 . 

-
6 f_h345s 120.pf 6.00 1.00 6.00 1.00 7.50 0.50 5.50 1.50 6.00 1.00 8.00 0.00 '3.00 0.00 
7 f_h345s130.pf 9.00 1.00 6.50 0.50 4.50 1.50 5.00 0.00 8.00 0.00 8.50 0.50 2.50 0.50 
8 f_h350s070.pf 0.00 0.00 2.50 0.50 2.50 0.50 3.00 0.00 2.00 1.00 1.00 0.00 0.50 0.50 
9 f_h350s080.pf 0.50 0.50 2.50 0.50 4.00 0.00 4.00 0.00 3.00 0.00 5.50 1.50 4.50 0.50 
10 f_h350s090.pf 0.50 0.50 3.50 0.50 6.00 2.00 5.50 1.50 5.50 0.50 8.50 0.50 5.00 2.00 
11 f_h350s100.pf 3.00 1.00 7.50 0.50 9.00 0.00 8.00 0.00 6.50 0.50 9.00 1.00 6.00 1.00 
12 f_h350s 11 0.pf 7.50 0.50 8.50 0.50 9.00 1.00 8.00 0.00 7.00 0.00 10.00 0.00 7.50 0.50 
13 f_h350s 120.pf 8.50 0.50 7.00 0.00 6.00 1.00 7.50 0.50 8.00 0.00 8.50 0.50 5.00 1.00 
14 f_h350s 130.pf 8.50 0.50 6.50 0.50 3.50 2.50 6.50 0.50 7.50 0.50 8.50 0.50 2.00 0.00 
15 f_h355s070.pf 0.50 0.50 2.00 0.00 3.50 0.50 4.00 0.00 2.50 0.50 3.00 1.00 1.50 0.50 
16 f_h355s080.pf 0.00 0.00 2.00 0.00 3.50 1.50 4.00 0.00 4.00 1.00 2.50 1.50 1.50 0.50 
17 f_h355s090.pf 1.00 0.00 5.50 0.50 6.50 1.50 6.00 0.00 6.00 0.00 7.00 1.00 7.50 0.50 
18 f_h355s 100.pf 4.00 2.00 6.50 1.50 9.50 0.50 7.50 0.50 7.00 0.00 9.00 0.00 9.00 0.00 
19 f_h355s110.pf 5.50 2.50 8.00 1.00 9.00 0.00 8.00 0.00 8.00 0.00 9.00 0.00 8.00 0.00 
20 f_h355s120.pf 9.00 1.00 8.50 1.50 2.00 1.00 7.00 0.00 6.00 1.00 9.00 1.00 5.50 1.50 
21 f_h355s130.pf 9.50 0.50 8.00 0.00 4.50 0.50 7.00 0.00 8.00 0.00 7.50 1.50 5.00 0.00 
22 f_h000s070.pf 0.50 0.50 2.50 0.50 3.00 0.00 3.50 0.50 3.00 0.00 1.50 0.50 1.00 1.00 
23 f_h000s080.pf 0.50 0.50 5.00 1.00 4.00 1.00 5.50 2.50 5.00 3.00 5.00 1.00 6.00 1.00 
24 f_h000s090.pf 1.00 0.00 3.50 0.50 6.50 0.50 6.50 0.50 5.50 0.50 6.50 0.50 6.00 1.00 
25 f_h000sl00.pf 5.50 2.50 7.50 1.50 8.50 1.50 7.00 1.00 8.00 1.00 7.00 2.00 9.00 0.00 
26 f_h000s 110.pf 9.00 0.00 8.00 1.00 5.00 1.00 6.50 0.50 6.00 1.00 9.00 1.00 7.50 2.50 
27 f_h000s120.pf 6.50 2.50 6.00 1.00 2.50 0.50 5.50 1.50 7.50 0.50 6.50 2.50 7.00 1.00 
28 f_h000s 130.pf 9.50 0.50 6.50 0.50 2.00 0.00 6.50 0.50 7.00 0.00 6.50 1.50 5.00 1.00 
29 f_h005s070.pf 0.00 0.00 2.00 0.00 2.00 0.00 2.50 0.50 3.00 2.00 0.00 0.00 0.00 0.00 
30 f_h005s080.pf 0.50 0.50 4.00 0.00 4.00 1.00 4.50 0.50 3.00 1.00 2.00 0.00 3.00 1.00 
31 f_h005s090.pf 1.00 0.00 4.50 2.50 7.00 1.00 4.50 0.50 4.00 0.00 5.00 1.00 8.00 0.00 
32 f_h005s100.pf 4.50 1.50 8.50 0.50 7.50 I 1.50 5.00 1.00 6.50 0.50 7.00 1.00 8.50 1.50 
33 f_h005s 11 0.pf 4.00 1.00 6.00 2.00 6.00 0.00 6.00 1.00 6.00 1.00 5.50 0.50 9.50 0.50 
34 f_h005s 120.pf 8.00 1.00 6.50 2.50 1.00 0.00 4.50 0.50 5.00 1.00 5.50 1.50 6.00 0.00 
35 f_h005sl30.pf 6.00 0.00 7.50 1.50 2.00 ,1.00 5.50 0.50 5.50 0.50 5.00 1.00 3.50 0.50 
36 f_h0 10s070.pf 0.00 0.00 2.50 0.50 3.50 0.50 3.50 0.50 2.00 1.00 1.50 1.50 1.50 0.50 
37 f_h0 10s080.pf 0.00 0.00 3.50 0.50 4.50 2.5q 3.00 0.00 2.50 0.50 2.00 1.00 5.00 0.00 
38 f_h010s090.pf 0.00 0.00 3.00 1.00 5.50 0.50 4.50 0.50 4.00 0.00 3.00 1.00 7.50 0.50 

39 f_h0 10s 100.pf 1.00 0.00 3.00 0.00 4.00 0.00 5.00 1.00 3.00 0.00 2.50 0.50 8.50 0.50 
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Image dn dn do do ek ek jk jk jv jv mk mk su su 
name M SD M SD M SD M SD M SD M SD M SD 

40 f_h0IOsl 10.pf 3.00 1.00 4.00 1.00 1.50 0.50 4.50 0.50 4.50 1.50 2.00 2.00 6.50 2.50 

41 f_h010s120.pf 2.00 0.00 3.00 0.00 1.00 0.00 4.50 0.50 3.50 0.50 0.00 0.00 2.00 1.00 

42 f_h010s130.pf 4.50 2.50 5.00 1.00 1.50 0.50 4.00 1.00 4.50 1.50 2.00 1.00 5.00 2.00 

43 f_h015s070.pf 0.50 0.50 3.50 0.50 3.00 1.00 3.50 0.50 3.00 2.00 2.50 2.50 4.00 1.00 

44 f_h015s080.pf 0.00 0.00 2.50 0.50 3.50 1
1
.50 3.00 0.00 1.50 0.50 0.00 0.00 2.50 0.50 

45 f_h0 l 5s090.pf 0.00 0.00 3.50 0.50 3.50 0.50 5.00 0.00, 2.00 0.00 2.00 0.00 6.00 1.00 

46 f_h015s100.pf 2.50 1.50 3.00 0.00 5.50 0.50 4.00 1.00 3.50 0.50 2.00 0.00 6.00 0.00 
1 

47 f_h015s110.pf 2.50 1.50 4.00 1.00 1.50 0.50 4.50 0.50 3.50 1.50 2.00 0.00 5.50 0.50 

48 f_h015s120.pf 2.50 0.50 3.00 1.00 1.00 0.00 3.00 1.00 3.00 1.00 0.00 0.00 3.00 1.00 

49 f_h015s130.pf 1.50 0.50 3.00 0.00 2.00 1.00 3.00 0.00 1.50 0.50 0.00 0.00 1.50 0.50 
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E.5. Table with raw data of experiment 3 

M=mean 
SD = standard deviation 

Image mo mo mw mw nb nb rg rg rj rj su su 
name M SD M SD M SD M SD M SD M SD 

1 s_h_60c04.pf 0.50 0.50 2.50 0.65 0.25 0.25 4.00 0.41 1.25 0.75 0.00 0.00 

2 s_h_60c I 0.pf 0.00 0.00 1.75 0.25 0.00 0.00 2.50 0.65 0.00 0.00 0.00 0.00 

3 s_h_ 60c22. pf 0.00 0.00 0.25 0.25 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 

4 s_h_30c I 0.pf 2.50 0.87 6.50 0.65 . 1.75 0.48 5.50 0.29 3.00 0.71 2.50 1.04 

5 s_h_30c 19.pf 0.00 0.00 2.75 0.48 1.25 0.75 2.25 0.48 0.00 0.00 0.75 0.48 
-

6 s_h_ 15c07. pf 4.75 0.85 8.25 1.44 3.75 0.85 7.00 0.71 5.75 0.63 6.00 0.00 

7 s_h_l5cl0.pf 7.50 1.55 8.75 0.25 4.75 1.93 7.50 0.29 6.00 1.47 5.25 0.48 

8 s_h_l 5c 13.pf 5.00 1.22 6.75 0.25 4.50 0.50 6.00 0.41 3.50 0.50 3.50 0.50 

9 s_h_l5cl6.pf 2.75 0.95 5.00 0.71 4.25 1.65 5.25 0.48 1.00 0.71 3.75 0.85 

10 s_h_05c07 .pf 7.25 1.25 8.75 0.75 7.00 0.82 7.75 0.75 7.25 0.75 7.25 0.48 

11 s_h_05c I 0.pf 9.50 0.29 9.75 0.25 9.50 0.29 8.75 0.25 9.00 0.00 8.50 0.87 

12 s_h_05cl3.pf 5.00 0.41 8.00 0.00 6.50 0.65 6.50 0.50 5.25 0.48 5.75 0.48 

13 s_h_05c 16.pf 2.00 0.58 6.00 0.41 7.00 0.71 6.00 0.41 4.50 0.96 . 5.50 0.65 

14 s_h00c00.pf 0.75 0.75 1.75 0.48 0.75 0.75 4.50 0.29 0.75 0.75 0.00 0.00 

15 s_h00c04.pf 1.25 0.95 4.75 0.63 1.25 0.63 4.50 0.29 1.25 0.75 2.00 0.41 

16 s_h00c07.pf 5.50 0.96 8.50 0.87 6.50 1.85 8.00 1.00 5.50 1.32 6.75 0.63 

17 s_h00c!0.pf 8.50 0.29 9.25 0.25 9.25 0.48 8.00 0.71 8.50 0.29 9.00 0.41 

18 s_h00c 13.pf 3.50 0.65 6.50 0.65 8.25 0.25 8.00 0.41 5.00 0.91 6.25 0.48 

19 s_h0Oc 16.pf 2.50 0.29 5.75 0.48 !7.50 0.65 6.75 0.48 2.75 1.18 5.25 0.48 

20 s_h00c 19. pf 2.75 1.25 7.25 0.48 6.75 1.11 6.50 0.29 4.25 1.11 5.25 0.25 

21 s_h00c22.pf 2.00 0.71 7.25 0.25 6.75 1.44 6.25 0.48 4.00 0.71 4.25 0.25 

22 s_h05c07.pf 5.25 0.48 8.50 0.29 6.75 0.63 8.25 0.25 4.00 1.22 6.75 0.63 

23 s_h05c 1 0.pf 8.50 0.50 9.25 0.48 9.75 0.25 8.50 0.29 8.75 0.25 9.00 0.00 

24 s_h05c13.pf 4.00 0.41 6.50 0.65 8.00 0.00 7.25 0.48 3.50 0.29 5.25 0.48 
1 

25 s_h05cl6.pf 2.00 0.41 6.00 0.71 8.00 0.58 6.00 0.41 4.00 0.71 5.25 0.48 

26 s_hl5c07.pf 4.75 0.75 7.25 0.63 4.50 0.50 5.75 0.85 3.75 1.44 4.25 0.48 

27 s_hl5cl0.pf 5.50 0.29 7.25 0.25 7.25 0.75 6.50 0.29 4.75 0.25 6.00 0.71 

28 s_h l 5cl 3.pf 2.50 0.29 5.50 0.29 5.25 0.75 5.50 0.50 3.00 0.00 3.00 0.71 

29 s_hl5cl6.pf 1.75 0.48 5.25 0.25 4.00 0.71 5.25 0.25 3.00 0.41 3.25 1.38 
1 

30 s_h30c 10.pf 1.00 1.00 2.75 0.63 2.00 1.08 4.50 0.29 1.50 0.96 1.75 1.03 

31 s_h30c 19 .pf 0.50 0.50 'i.25 0.25 2.50 0.65 4.25 0.48 1.50 0.96 0.25 0.25 

32 s_h60c04.pf 0.25 0.25 1.25 0.25 0.7? 0.48 3.50 0.29 0.00 0.00 0.00 0.00 

33 s_h60c 10.pf 0.00 0.00 0.25 0.25 0.00 0.00 2.25 0.25 0.00 0.00 0.00 0.00 

34 s_h60c22.pf 0.00 0.00 0.25 0.25 0.00 0.00 1.50 0.29 0.00 0.00 0.00 0.00 
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E.6. Table with raw data of experiment 4 

M= mean 
SD = standard deviation 

Image dn dn ek ek lm lm mt mt su su sy sy wy wy 
name M SD M Sd M SD M SD M SD M SD M SD 

g_h_60c04.pf 0.75 0.48 1.75 0.75 0.75 0.48 1.75 0.48 0.50 0.29 0.00 0.00 2.25 0.48 

2 g_h_60c l 0.pf 1.75 l.44 2.00 0.41 0.00 0.00 l.00 0.00 0.00 0.00 0.00 0.00 0.50 0.29 

3 g_h_60c22.pf 0.25 0.25 l.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4 g_h_30c l 0.pf 5.75 1.11 4.75 0.48 4.25 1.11 4.50 0.29 3.00 1.08 1.25 0.48 4.75 0.48 

5 g_h_30c19.pf 1.75 0.75 3.25 0.95 0.00 0.00 3.50 0.29 0.25 0.25 1.25 0.63 1.75 0.48 

6 g_h_ 15c07 .pf 5.75 0.25 7.00 1.22 7.00 0.41 5.25 0.25 4.50 0.65 2.00 0.91 5.75 0.48 

7 g_h_l5c10.pf 6.75 1.03 8.50 0.65 7.25 0.48 7.00 0.71 6.00 0.41 3.00 0.91 7.75 0.48 

8 g_h_l5cl3.pf 6.50 0.96 8.50 0.29 6.00 0.71 6.75 0.48 4.25 0.25 3.75 0.85 7.00 0.41 

9 g_h_l 5cl6.pf 3.75 0.85 5.50 0.65 2.00 0.91 5.50 0.29 2.75 0.85 5.00 0.82 4.75 0.75 

10 g_h_05c07.pf 5.75 1.31 7.50 0.96 6.75 0.48 7.25 1.03 4.75 1.25 5.50 0.96 8.00 0.00 

ll g_h_05c10.pf 6.50 1.85 10.00 0.00 7.75 0.25 9.50 0.29 7.75 1.11 9.25 0.48 8.75 0.48 

12 g_h_05cl3.pf 6.25 0.75 7.50 1.04 6.25 0.85 7.50 0.29 7.00 0.41 8.50 0.50 6.25 0.48 

13 g_h_05cl6.pf 4.00 1.22 7.25 1.11 3.50 0.29 6.50 0.29 5.50 0.65 8.00 0.91 6.25 0.48 

14 g_hOOc00.pf 0.00 0.00 1.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

15 g_h00c04.pf 3.50 1.89 2.50 1 0.29 4.00 l.00 2.50 0.29 1.25 0.25 0.00 0.00 6.00 0.41 

16 g_h00c07.pf 5.00 1.47 6.50 0.87 6.50 0.29 6.00 0.41 3.00 0.71 2.50 0.87 7.25 0.25 

17 g_hOOc 1 0.pf 7.50 0.50 8.75 0.75 7.75 0.75 9.25 0.48 7.50 0.87 9.00 0.58 8.25 0.25 

18 g_h00cl3.pf 4.50 1.66 6.75 1.38 5.25 0.75 6.50 0.29 5.75 0.25 9.75 0.25 5.25 0.48 

19 g_hOOc 16. pf 3.00 l.08 7.75 l.03 4.25 0.25 5.75 0.48 6.25 0.95 9.25 0.48 6.00 0.58 

20 g_h00cl9.pf 5.50 l.55 8.25 . 1.44 4.50 11.19 6.00 0.41 5.25 0.48 8.50 0.87 5.25 0.75 

21 g_h00c22.pf 3.75 0.95 8.25 0.75 4.00 0.41 6.00 0.00 5.75 0.25 8.75 0.48 5.00 0.41 

22 g_h05c07.pf 3.50 1.76 5.25 0.63 7.00 1 0.00 5.25 0.25 4.50 0.50 4.00 0.00 8.00 0.41 
23 g_h05c 1 0.pf 6.25 l.80 5.75 2.17 7.25 0.48 9.25 0.25 6.75 0.25 8.75 0.75 7.75 0.25 

24 g_h05c 13.pf 5.00 0.82 7.25 0.48 5.00 0.91 6.75 0.48 5.25 0.25 9.25 0.25 5.50 0.65 
25 g_h05cl6.pf 5.00 l.22 7.25 l.31 3.25 0.25 6.50 0.29 5.50 0.65 8.00 0.41 5.75 0.48 

1 
26 g_hl5c07.pf 5.75 0.48 5.75 1.1 l 6.50 0.29 5.50 0.65 3.50 0.65 2.50 0.65 7.25 0.75 

27 g_h 15c 10. pf 7.00 0.58 6.00 0.00 6.75 0.25 7.75 0.75 6.00 0.58 6.50 0.96 8.00 0.00 

28 g_h15cl3.pf 3.00 l.22 5.50 0.65 4.75 0.63 7.00 0.41 4.50 0.87 6.50 0.96 5.75 0.48 
29 g_hl5c16.pf l.75 0.75 5.25 0.75 3.75 0.48 5.50 0.50 3.25 0.48 6.25 l.03 4.25 0.63 

30 g_h30c 10.pf 4.75 1.31 2.25 0.25 4.75 0.48 4.25 0.48 1.75 1.l 1 3.25 0.25 5.00 0.71 

31 g_h30c 19.pf 2.75 l.03 3.25 0.25 0.00 0.00 3.00 0.00 0.00 0.00 0.50 0.29 l.75 0.25 

32 g_h60c04.pf 4.50 l.76 2.25 0.48 1.75 0.48 2.50 0.29 0.50 0.29 0.00 0.00 4.00 0.41 

33 g_h60c10.pf 4.50 1.19 2.00 0.41 0.25 0.25 2.25 0.25 0.25 0.25 l.00 0.71 3.50 0.65 

34 g_h60c22.pf 2.50 1.89 l.25 0.25 0.00 0.00 l.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 
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