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ABSTRACT. 

Striking changes in colour appearance can arise when small areas of 

colour are loon in juxtapos:Ition against a coloured background. These 

changes are of great interest as a problem in visual physiology since 

many factors may contribute to the effect. They are also of practical 

importance since they may have a major influence on colour design. 

Different techniques of subjective colour measurement are surveyed. 

Two methods are used to measure these colour changes as' a basis for the 

quantitative study of the colour contrast phenomena. 

In the first method: Standard source SA  is used for illumination 

of the test colour in its surround, and its ap)earance is compared with 

a red-green,blue mixture from a modified form of Donaldson Golorimeter 

using monocular vision. 

In the second method: Natural daylight is used as illuminant and 

the colour appearance is matched by a number of observers having normal 

colour vision by comparison with colour samples in the Mansell Book of 

Color. 

The effects of different simple and compound, one colour and two 

colour surrounds, are analised. Also the effects of the following 

different viewing conditions are studied: 

(1) The luminance of the surround of the comparison patch. 
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(2) The luminance of the surround of the test colour. 

(3) The luminance of the whole test patch, 

(4) The angle of subtense of the test patch. 

(5) The inclination of the test patch. 

(6) The orientation of the coloured stripes of the 

surround. 

(7) The movement of the test patch (The dynamic colour 

contrast) 

Some pc,soible causes of such colon, contrast phenomena 

in the fied:; of physics, physiology and psyo:holoay are dis-

cussed. 

Two simple linear equations (for the cases of one and 

two colour surrounds) are suggested to relate the unit 

t,2=Lc-,Jomatic equation of the colour appearance of any test 

colour on any surround to those of the test and surrounding 

colours as viewed against a white background. 
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CHAPTER I 	 1 

INTRODUCTION 

COLOUR AND COLOUR VISION. 

(A) HISTORICAL: 

From the beginning, man must have viewed and enjoyed colour in 

nature: (l)  theblue sky, the spectrum colours of the rainbow, the green 

foliage of the fields with different coloured flowers and fruits, the 

various colours of the animal kingdom: insects, butterflies and birds. 
When he started to express himself in sculpturing, engraving and painting, 

he used colours. The use of colour can be traced from the ancient 

civilizations of Egypt, Greece, Rome and the Renaissance in Western 

Europe to the modern times. 

The dawn of the science of colour appeared in the Greek philosphy 

24 centuries ago. Depending on keen observation and clear thought and 

without doing any experiments, Aristotle realised that objects appear 

with different colours because they contaminate or impose blackness to 

different extents on white light falling on them. Our modern concept of 

selective absorption can be seen as a modification of Aristotlets idea. 

The modern science of colour was founded by Isaac Newton 
(2)(1666). 

He proved experimentally that white sunlight is compound, and by passing 

it through a prism, can be split into its seven component colours called 

the spectrum. Each of these colours can not be changed by further re—

fraction or reflection. He constructed a hue circle, pith white at its 

centre, and its circumference is divided into these seven colours, and 

the radial distance represents the intensity of the colour. He suggested 

the centre of gravity principle of colour mixture. He said that coloured 
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objects reflect or transmit the rays of its own colour more than the 

rest, and from their excess and predominance in the reflected or trans-

mitted light, these objects have their colour. 

THETPICHROMATIC NILTURE OF COLOUR, 

Trichromacy means that any colour can be matched by adjusting the 

intensities of a mixture of any three independent colours. The eye can 

not distinguish any difference between this colour and the matching 

mixture. 

Trichromacy 0)  became universally accepted as a well-known fact 

in the second half of the 18th century after a long history of mixing 

colours. 

Thomas Young () (1802) suggested that there was a continuous 

series of kinds of light, but only three kinds of sensitive particles 

in the retinal  each preferentially, but not exclusively sensitive to 

light from one part of the spectrum. Ho said also, that each sensitive 

filament of the nerve may consist of three portions, one for each 

primary colour. This suggestion has been the foundation on which most 

of other theories of human colour vision have been built. 

Helmholtz (5 1852) substituted for Young's "sensitive particles of 

the retina" or "sensitive filaments of the nerve", the theoretical con-

cept, "elementary sensations". He also explained the differences between 

additive and subtractive colour mixture and made important contributions 

to our understanding of colour vision. Since then, the trichromatic 

hypothesis of colour vision has been called the "Young-Helmholtz theory". 

Grassmcnn 
(6) 

(1853) put his law of additivity as a result of 

his experiments on mixing of colours. It leads to the centre of gravity 
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principle of colour mixture which had been suggested by Newton. This 

principle is the mathematical basis of colour matching. Recently, this 

law was checked by Trozona, (7) and the colour matching functions were 

investigated by Stiles, (8) which lead to further exnmi  nation of additivits7, 

Then Maxwell, (12)(between 1860-1865) determined the intensities of 

red, green and blue, necessary to match each spectrum colour. He also 

produced the first colour photograph. What Maxwell achieved, a century 

ago2  is the basis of modern colorimetry and colour reproduction. 

Wright (9)and Guild (10)determined the relative amounts of three 

specified primary stimuli required to match the colours in the spectrum, 

whose average was used in 1931 by the "Commission Internationale de 

LtEclairage" (C.I.E.), to standardise the colour mixture characteristics 

of a normal observer, as a standard framework for colour specification. (11) 

(B) TBE PERCEPTION OF COLOUR: 

The perception of colour is a complicated process (13,14,15,16)  

Physics, physiology and psychology are involved in this process. 

From the physics point of view: The perceived colour of any 

coloured object, depends on the spectral energy distribution of the in- 

cident 	light and the spectral reflection or transmission characteristic 

of the viewed object. The refracting system of the eye forms an image 

of the object on the retina, which consists of elements of different 

densities and spectral compouitions of light flux. Some of this energy 

is absorbed by the photo sensitive pigments of the light receptors of 

the retina (the cones and the rods), according to their spectral 

sensitivities. 

From the physiological point of view; The energy absorbed within 



the corms and rods, causos a pal tern of nerve impulses mhich are: carried 

through the neurones to the fibres of the optic nerve, and finally 

produce a corresponding pattern of nerve activity in the visual cortex. 

From the psychological point of view: The actual colour perceived 

is the subjective interpretation of the neural activity in the visual 

cortex. 

Any coloured object can be defined physically by'the spectral 

energy distribution of the light emitted or reflected from it. This is 

the spectrophotometric characteristic of the colour and it is called 

the objective aspect. The special theme in this investigation is the 

subjective aspect of colour, that is to say, what we actually see. 

(0) SUBJECTIVE PHENOMENA OF COLOUR IJEACEPTION: 

There are several phenomena of colour perception which ought to 

be expinined satisfactorily by any accepted theory of colour vision: 

(1) ADAPTATION: 

It is well-known from ordinary everyday experience that, on enter-

ing a dark room from bright sunlight, nothing, at first, can be seen, 

then the eyes become accustomed to the new conditions, and after some 

time objects in the room can easily be distinguished. Conversely), on 

going out of doors, the eyes are at first dazzled by the excess light 

and after same time, they become accustomed +o this light. Those 

phenomena are called dark and light adaptation respectively. Similarly, 

if the eyes are exposed for a sufficient time to coloured lights, big 

changes occur in the appearanan of coloured objects seen afterwards. 

This io called colour adaptation. 

It was found that colour matches made between any two lights,  of 

4 



different spectral compositions (i.e. .0+ „amerLe pair  E) aro not upset 

by colour adaptation. Von Kries (1878) deduced from Helmholtz trichro-

matic theory that no colour match should be distuTbed by adaptation. He 

verified this by matching ordinary white light against mixtures of pairs 

of complementary spectral lights before and after adaptation, to various 

coloured lights, and he did not detect any change in the amounts or wave. 

lenths of the complementaries used. However, Wright (17)found that 

monocular matching broke dorm by using very bright adapting colours. 

Colour adaptation was recently studied by Wright,(18) Schouten 2
(19) 
 

Walters (2C)  andMacAdam, 
(21)by 

 adjustingstimmli until the same quality 

of sensation was obtained from two areas of the retina which were in 

different states of adaptation. MacAdam used monocular matching tech-

nique i. e. focusang the two. stimuli on different parts of the same 

retina, Wright, Schouten and Walters used binocular matching technique, 

i.e. the stimuli are focussed on non corresponding parts of the retinas 

of the two eyes. 

Wright (22)  explained the results of adaptation as follows: 

Assume that the right eye observed a test stimulus whose appearance 

was matched against a mixture of three primary stimuli. The right eye 

is then adapted to the adapting stimulus under investigation, and the 

effect of the adaptation on the appearance of the test stimulus was 

recorded by matching the test patch as seen in the light adapted right 

eye, against the mixed stimuli, as seen in the constaaly- dark adapted 

left eye. He gave the following conclusions:- 

(a) All adapting stimuli lower the general light sensitivity of 

the retina. The reduction in the sensitivity increases with the intensity 



of the adapting stimulus and its duration. 

(b) After short period adaptations, tho rocovery of sensitivity is 

rapid. lifter prolonged adaptations, the recovery is slower and in some 

cases, follows an approximately linear course, at least for the first 

minute or two of recovery. This linearity is not observed at all in 

the case of the blue response. 

(c) When a red adaptation is used, the red sensitivity suffers the 

greatest depression, with a green adaptation the green sensitivity is 

most depressed. This shows itself in a change in the hue of the 

appearance of the test colour in the form of a shift towards the green or 

the red for red or green adaptation respectively. In the case of blue 

adaptations the specific depression of the blue sensitivity is lose 

certain. 

(d) With test stinolli in the red-yellow-green range of the spectrum, 

the appearance of the test patch after adaptation is often mixed with blue 

even if the adaptation itself is blue. This positive blue may be due 

to an after-image, and may arise through sonic secondary physiological 

reaction occurring at a post-receptor stage in the visual chain. 

(2) SUCCESSIVE CONTRAST AND AFTERr.IMAGES. 

When, after looking fixedly at any brightly illuminated object, 

the eye is closed or turned to fixate at a point in a uniform surface, 

an image of the same shape as the original object is seen for a period 

varying from a few seconds to several _.-tinutes. Such images are known 

as after images since they appear after the cessation of tho original 

stimulus. Some restrict the name "after images" to those seen against 

a dark background, and call the rest "Successive Contrast Phenomena". 

6 
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Some call them positive and negative after-images respectively. The 

positive appearing of approximately the same colour as the original 

object, and the negative of approximately the complementary colour. This 

distinction is not sharp since some afterimages arc neither of the same 

colour nor of the complementary. 

Padgham (24, 25)has done a quantitative study of the positive visual 

after-image of white and green light, by using binocular matching technique. 

After dark adapting both eyes sufficiently, he exposed one eye to a very 

bright stimulus. The sensation of brightness of the after-image pro-

duced in this eye, after removing the stimulus, was balanced by the 

sensation caused by a comparison white light stimulus in the other eye 

for about one minute. 

(3) SIMULTANEOUS CONTRAST: 

A small neutral grey patch on a white background appears darker 

then a similar one on e  black background. If it is placed on a strongly 

coloured background, such a grey patch locks slightly coloured (usually 

tinged with the complementary colour of the surround). If the grey 

appears in small elements in a heterochramatic picture, it 	ire 

different colours and nobody can say that they are grey unless their 

adjacent surrounds are totally screened. These, and related changes in 

the appearance of objects according to the brightness and the colour of 

their surrounds, are known as simultaneous contrast phenomena. 

Abney (25)and Helson 
(26)

have made quantitative assessments of 

simultaneous contrast by adjusting the physical composition of two fields 

until they look alike, despite being seen against different backgrounds. 

Abney measured the effect of coloured background on the appearance of a 
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white stripe. Holson was concerned with the study of colour constancy 

using neutral colours (i.e. greys, white and black) as test patches and 

backgrounds. 

Van Eezold 
(27) 

 described what he called "spreading effect" which 

acts opposite to what is known about simultaneous colour contrast. This 

effect is illustrated by Evans (15)  in his book "An Introduction to 

Colour", in four charts of red and blue colours, with very fine lines 

of white and black drawn on them. The red and blue colours with the 

black lines look darker and more mated than those with white lines. 
(28) 

Recently Warburton and Lund 	made a qualitative study on modi- 

fieation of colour due to juxtaposition and its application to textiles. 
(29) 

Jameson .and .Hurvich, 	very recently made a quantitative study of 

the effect of different patterns of surround on the appearance of a test 

colour. Since the theme of this investigation is the study of the 

colour contrast phenomena, these experiments will be discussed in more 

details later in this chapter. 

(4) OTHER COLOUR PHENOMENA: 

There arc some spatio-temporal striking colour phenomena which have 

not been fully explained yet. The following are three such phenomena: 

(a) BENHAWS TOP:  (30(1894 It consists, as shown in figure (1) 

of a circular disc half black and half white with four pairs of concentric 

fine black arcs of different radii and length. If it is rotated clock 

wise at about 6 revolutions per second, and viewed in bright white light, 

the innermost of the arcs appears vividly red, the next brownish, the 

next olive green, and the outermost dark blue. With anti-clockwise 

rotation, the order of colours is reversed. Changing the wed of the 

9 
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top or the intensity or spectral composition of the light usod to,  

illuminate it, alters the appearance of the colours. Even in mono-

chromatic light the apparent colours of the arcs look very different. 

(b) BIDEWELLtS DISC: 
 (31) 

It consists, as shown in figure (2) 

of a circular shutter half white and half black with a segment cut away. 

When it is rotated at a speed giving no flicker, the colour of a light (B)  

seen through the aperture is changed to its complementary. This may be 

due to the after-image of the light seen against the neutral background 

due to the fused two halves of the disc. 

(c) SHERRINGTONtS DISC (32)  It consiuts, as shown in figure (3) 

of a circular disc, half white and half black except 2' circular stripes 

of the same radius, from each half extending to the other h 	 Jf. When 

it is rotated at a suitable speed, there is a fusion of the whole disc, 

except for flicker in a central ring, produced by the enhancement due to 

contrast of the white stripe which is surrounded with black. This 

simultaneous contrast is associated by successive contrast because the 

movements of the eyes alter the retinal areas affected. 

(D) THEORIES OF COLOUR VISION. 

Le Grand (16) surveyed the main theories of colour v.tion which will 

now be summarised: 

(1) THE YOUNG HEINHOLTZ TRICHROMATIC THEORY: 

Young () assumed that there are three types of retinal receptors 

with different spectral sensitivities corresponding to the principal 

colours, and each sensitive filament of the optic nerve may consist of 

three corresponding; portions. At first he suggested that the principal 



colours are the red, yellow and blue, and later he changed them to the 

red, green and violet. 

Youngls theory was revived by Helmholtz (5)who,  suggested that it 

is unnecessary to assume three types of fibers, since each could transmit 

three types of messages (sensations). Maxwell; 
 (12)

influenced by Ybungts 

ideas, undertook the measurements which gave this theory an experimental 

foundation*  

THE FUNDANENTAL SENSLTIONS: 

If the three types of retinal receptors were G1, G2  and G3. Their 

spectral characteristics were g.1
1 

gib and g;'. Then their responses 

Gil,
3  

1 
 G.

2 
 and Gi3  for radiation of spectral energy distribution E 

may have the form: 

G- 	E d x 	G. = 	E 	G. 
3 	

dA 
A 

11 	11 	12 	2 	4 13 

Tho sensation of colour is a function of the relative values of 

the three responses G. 	and G'. The sensation of lightness (L) is 
1 2 

3  
1  

a linear function of the three responses: 

where 

L = 1, G. +- 1 G 	1 
11 2  i2 3 

1 and 1 are constants. 
2 	3 

Grassi-names law of additivity follows from the linear character 

of these assumed eauatiens. 

Several trials were made to determine the spectral characteristics 

of the fundamental sensations from which the following are examples: 

(a) 	Helmholtz (5) ) showed that dichromatic vision may be a reduced 

form of normal vision with either a missing receptor or the fusion of 

two receptors. In the first case, the confusion lines, in the 



chromaticity chart meet at a point representing the missing receptor 

and are parallel in the second case. Depending on this, Pitt (33)  

determined the red receptor from the prottmpic confusion loci and the 

blue receptor from the taitnopic loci. 

(b) Wright (22)  assumedthat the fundamental sensations are those 

produced by stimuli whose hues remain unchanged after adaptation. 

Experiment shows that such stimuli are not real, since all monochromatic 

stimuli-change hue. However the red end of the spectrum and a blue 

close to 460 m.y.. are least affected. Decently, Thomson and Wright(34) 

determined the blue receptor from their study of the tritanopic confusion 

loci, which is in good agreement with Pittts determination. They also 

extrapolated for the green receptor and their determination is near to 

that obtained by Walters (20)from adaptation experiments. 

(c) Stiles (35) proposed a new method in which the subjaot looks 

at the centre of a field of 100  diameters:. of luminance Le  of monochromatic 

lightX . a the centre of this field short flashes of monochromatic 

light)tof luminance Le are superposed over area of 1o diameter. Lt 

is varied until the test flash is just perceptible (in luminance and 
as a function of 

bend (a 
Le) 

colour when)t 	), The curves of (30z LOIshow a sharp,  ben (a 

point of discontinuity) which was assumed to indicate the passage from 

one receptor to another. He determined by this way the three funda—

mental. sensations: 

HOW :ENACT IS Ti ICHROMACY: 

(a) THE FO1JE1.: For fields between 30t and 10, trichromacy is, exact 

at moderate and high luminances. Smaller fields are dichromatic;(36)  

in which colours can be matched with red and blue primaries only. For 
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fields between 1°  and 2°, no deviations from exact trichromacy have been 

detected in the enormous amount of thorough investigations. Stiles (37)  

noticed that trichromatic matches established on 2°  foveal fields are 

slightly imperfect at the margin of the field when it is perfect at the 

centre and vice-versa. For larger fields no adjustment of the triehromatic 

mixture allows the centre and periphery to be matched at the same time, 

the centre can be matched if the outer part is ignored and vice-versa. 

This may be due to screening the receptors by the macular yellow pigment. 

(b) THE EXTRA,FOVEAL RETINA: It has been assumed that fovea' tri-

chromacy depends on cones (since the fovea is nearly free from rods), and 

it was expected that for extra-foveal fields where rods also are 

illuminated, colour discrimination will be, at least, tetrachromatic. 

Wright, (22) Gilbert, (3$)s  Moreland (39) and Clarke 
(0) 

 didnot notice any 

deviation from trichromacy. 

THE PHYSIOLOGICAL BASIS OF THE TRICIMOMATIC THEORY (3) 

There are at least three possible hypothesis: 

(a) Three photosensitive pigments; with three kinds of receptors 

or more. 

(b) Three receptors: with probably more than three pigments. 

(c) Three channels in some central part of the visual pathway: 

(neurones) with possibly more than three kinds of pigments and receptors. 

The following practical evidence available are in favour of the 

three photo-sensitive pigments hypothesis: 

(a) The stability of matches with chromatic adaptation. 

(b) The validity of Grassmann's law of additivity. 



The nbjoct1.17-u measurements of human fovea1 pints 	atis-

factorily consistent with the three pigment hypothesis* 

(2) GRANITtS THEORY (22)  

Granit divides the retina into receptor units, each consists of 

a group of cones and rods which are connected with a single ganglion. 

cell, or with several ganglions which synchronime their discharges* 

These units are classed, according to their response as picked up by a 

micro-  electrode into two types: Dominators and Modulators. The dominators 

(about 95%), have a wide spectral sensitivity curve which indicates that 

they are responsible for the sensation of luminosity The modulators 

show a selective sensitivity and hence considered as responsible for 

colour discrimination. Granit„ (4j) could discover sJvon kinds of 

modulators but they can be classified as three principal typos, or as 

the result of interactions between three types of receptors which in a 

way confirms the trichromatic theory. 

(3) EERINGIS OPPONENT COLOURS THEORY: 

Hering (42)  proposed that the six distinct sensations should be 

arranged in three opposing pairs: white-black, yellow-blue, and red- 

green. jameson and EuiTich, (43)  tried to apply this theory quantitatively 

on the basis of the 	colour mixture data for the standard observer, 

to account for the psychological aspects of colour; brightness, saturation 

and hue, and their change with adaptation. They tried also to use it to 

explain their results on simultaneous colour contrast phenomena(29)  

The only physiological basis for such mechanisms in the retina, is 

that of the "on" and "off"' responses grouped in two pairs red-green, 
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and yellow-blue that the recent researches of electrophysiology, ascribe 

to a single retinal receptor. 

(4 ZONES THEORIES: 

Zones theories were suggested by Donders, Von Dries, Muller and 

Adams,()   The essential idea. consists in connecting Young's tri-

chromatic system with the photochemical receptors of the retina, while 

Hering's opponent colours theory controls the higher levels of physiolo-

gical vision in the optic nerve. Miller's theory has been developed 

mathematically by Judd (45)and physically by Talbot, (46)  

If three different photosensitive pigments were isolated in the 

retina, giving Young's theory a definite experimental foundation, it will 

be necessary to explain how the corresponding nerve impulses transmit 

the necessary information by a suitable 'frequency coder and how the 

brain decodes this message. This may show that there is room for a 

Zones theory of some type to associate with the trichromatic theory. 

(E) THE THEME OF THIS INVESTIGATIONS 

This investigation is concerned with the quantitative study of the 

colour contrast phenomena. It is very important to do such a study 

because colour contrast is one of the subjective colour phenomena with 

which we are confronted in our everyday life. We cannot escape the 

idea of background since everything in life has a background. When-

dver there is a background to any object, then the contrast between that 

object and its background comes into action. 

It is also essential, for those who are technically interested in 

colour to know the actual changes in the appearance of any colour when 

15 
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seen against different backgrounds„ Those changes are of practical, 

importance since they may have major influenco on colour design in )rt 

and Industry. 

They are also an interesting problem in visual physiology, since 

it scorns likely that various factors may contribute to the effect. As 

the study of chromatic adaptation played a major role in developing 

our ideas about colour vision, so the study of other colour phenomena 

may load us to better understanding to the complex functions of colour 

perception. 

The field of colour contrast phenomena is a very wide one indeed, 

in which very little, if any, quantitative measurements have boon done. 

The literature available now in this field is short, compared with that 

in other fields of colour vision)  and most of it is based on either 

classical ideas or qualitative observations or preliminary measurements, 

which, even if accurate enough, are not sufficient to draw useful seten-

tific conclusions, and any new contribution to the science of colour 

vision. 

This present study is no more than a short introduction to such a 

wide field. The author hopes that it will stimulate many others to do 

more measurements, in order to compare the results, and lay a concrete 

basis to start a profitable generalised analysis to such effects. 

(F) PREVIOUS WORK: 

It is useful at this point to analyse the experiments of Warburton 

and Lund, (28)  and Jameson and.  Hurvich, 
(29)mentioned previously, about 

colour contrast. 

(1) Warburton and rand studied qualitatively the modification of 
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colours of the Ostwald NA were used in turn as background and each of the 

other colours were applied as a square grid on the coloured grounds as 

shown in figure (4). The corresponding angles of subtonse are: 121  

for element square background, 31 breadth of the grid band, 	181  

the square element. 10  301  for the whole square of each combination of 

2 colours. The seven patterns of each standard colour background to-

gether with a square of that colour in the centre (as referenco)l were 

mounted on one sheet of black paper. These sheets were illuminated by 

a normal Mazda 60 wattfinorescont lamp, together with daylight from 

adjacent windows (conditions varied from clear to cloudy sky). Ten 

observers (who passed Ishihora test (47)for colour vision) viewed each 

card separately and were asked to state the combination which gave the 

maximum change in appearance from the original colour, and that of 

minimum change. This means that they gave a general impression of 

difference in colour and not a specific change in hue, saturation or 

value. (These terms will be explained in Chapter II). Their results 

showed that:- 

(a) The value has a greater effect than hue on the power of a 

colour to change an associated colour. e.g. blue and yellow (with high 

difference in value), showed a maximum change, red and blue-green (of 

nearly equal values) showed a minimum change. 

(b) Light colours on dark backgrounds.  and dark colours on light 

backgrounds gave a maximum change on colour appearance„ 

In the second experiment: a trial was made to estimate the change 

in hue of the bands of the square grid with the background4  L. square 



of the colour of the grid is provided for reference. The observers were 

asked to say on which ground the change is towards one of the well-known 

colours, red, yellow, green and blue: (1) Most of the results showed that 

the hues of the colour and the surround are additive, (2) The observers 

being asked to,choso 4 cases out- of 8, so most of the observers related 

the changes in hue to the combinations of two colours which are near to 

each other in the hue circle. (3) It was noticed also from the results 

that complementary colours when combined together/, do not cause any 

change in the hue of each other. 

In the third experiment: a study 'Of the effect of the angle of 

subtenso on changes in colour appearance was made. Cards of rod squares 

an green surrounds were made of diffre.;,4.  7=ies of ratios 1:2g1:6;  aniT 

were attached to the end of the sticks. The pattern of the biggest size 

was fixed at a long distance from the observer, such that a change in hue 

due to the surround is noticed, and an experimenter moved the pattern of 

the next size along the viewing direction towards or away from the ob-

server. The observer was asked to say when the reds in the two cards 

matched. The same was done with the other two sizes. The whole am-

perimont was-  then repeated for patterns of red on blue background. The 

results obtained show that: (2) The matching occurred at the distances 

giving the same angle of subtense as the reference card. (2) The smaller 

the angle of subtensc the bigger the change in appearance. 

Commenting on that study, the author woulcl say that the first two 

experiments: are purely qualitative and only the third experiment is 

partly quantitative. The experiments were not carried on, in the same 

conditions of lighting, since big differences in the quality and quantity 
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of daylight in clear and cloudy 64-  were allowed. It is essential in 

(13) 
colorimetry to keep the illuminating and viewing conditions the same. 

As it will be shown in ChapterMof this investigation that big changes 

of the level of illumination of the pattern under test change the colour 

appearance, so summation of results or taking means in that study is 

incorrect. It may be argued that this was done to study the changes in 

colour appearanco at different lighting conditions as we usually find in 

practical life. To do this it would have been better to do the whole 

experiment under the same conditions,and then repeat it for other 

different conditions and compare the average results of each. Also it is 

not lu.eferable to mixIluorescont light with natural daylight in these 

experiments. Perhaps this was clone to provide adequate lighting an a 

cloudy day. However, this adds more complications to the problem: 

The ordinarylluorescent light is in general, different from natural day-

light (13)in two aspects: (a) The yellow, green and violet lines of the 

mercury charge are mixed with the continuous spectrum from the fluorescence 

of the phosphors used. (b) The deficiency at the red end of the spectrum. 

This mixture would have been all right if the daylight conditions were 

constant, but in this case, the fluorescent light was dominant Om a dull 

day and the daylight was dominant on a sunny day. 

As for the first experimentv. the second result (namely, that light 

colours on dark surrounds, and vices-versa give maximum effect) seems 

logical. The first result (namely, that the value has greater effect than 

hue on changing colour appearance) was not based on enough evidence from 

the actual data of such a quantitative experiment. The example given 

about the case of the red and blue-green giving maximum change was an 
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exception, since in all other cases the maximum change in appearance 

was given by combinations of either complementary or near complementary 

colours. 

As for the second experiment it seems that the three given con-

clusions are not in harmony with each other, because if the hues are 

purely additive (1st conclusion), then the combinations of colours which 

are far from each other in the hue circle, ought to have more effect than 

those of near colours (since the slightest addition in the former case 

shows more than that of the latter), which is against the two other 

=elusions. This discrepancy may arise from the fact that the effects 

of the surround involve both additive and subtractive processes as w71.11 

be shown repeatedly in this present investigation. It is not understood 

why the change in the appearance was observed for the background in the 

first experiment and the gird bands in the second, So the results of the 

two experiments can not be compared because the area of the squares of 

the background are different from those of the bands, 

The first conclusion of the third experiment (namely, the depen-

dence of the appearance on the angle of subtense) is very good for such 

varying conditions, but no measurement was taken for the second con-

elusion (namely, the effect of the angle of subtense on the appearance) 

which makes it purely qualitative, 

Nevertheless, the writers showed in their first paper, as an 

illustration, two plates which stimulated Mr. S.J. Belcher of this 

laboratory to design a chart which is similar to plate (N) shown in this 

thesis. The first of their charts consists of alternate stripes of 

black and blue with rectangular purple patches mounted in two columns: 
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one an the blue stripes, the other on the black. The patches of the 

first column look darker than those of the seconds  The second chart is 

similar to the first with alternate violet and green stipeol, and yellow 

rectangular patches. The yellow patches mounted on the violet stripes 

look greenish and those mounted on the green stripes look more oranges 

Those plates were out of the scope of their study, but they commented on 

them by saying that the effect in the first chart is positive due to 

additivity of reflected light, and that shown in the second chart is 

negative due to simultaneous contrast. 

Plates (1 a &b) and (W a & b> were designed by the author after 

Belcher's chart (similar to plate 1-), and they wore the basis of the 

study of colour contrast Phenomena in this investigation. Simple and 

compound, one colour and two colour similar patterns were studied at 

different illuminating and viewing conditions. Each of Natural. Daylight 

and Standard source SA  were used for illumination. Also the effects of 

levels of illumination to which the observer's eye was adapted, the 

angles of subtense and inclination of the test patch were studied. 

(2) The _experiment of Jameson and Hurvich(29) can be summarised 

as follows:— 

Two projectors provided with two neutral density slides (which were 

made up of square elements of different densities), the first projector 

has in addition,, a coloured filLe7, project on a translucent diffusing 

screen two overlapping images forming a pattern of squares of the same 

colour, but of different luminances (from the first projector) and satu-

rations (due to the diluting neutral light from the other projector). 

These element: squares are of the same size, each subtending an angle 

of 3°  at the observer's eyes, The whole field of view is 11°  50t by 
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10°  201. One of those element squares is taken as the focal area'under 

test, the others presented in different confjgurations as shown in 

figure (5), as the surround whose effect on the appearance of the focal 

areas to be measured. 

The observer matched the appearance of this focal area presented 

in dark surround and then in differet sets of pimple and compound surrounds,. 

by comparing it with charts of constant hue in the Munsoll Book of Color 

put in a cubicle at ,his side and illuminated by standard source Slo  The 

matches are done by successively glancing at the test pattern and then 

looking at the Mtnsell coloured chips. 

The results were transformed to the C.I.E. system. The average 

results for 5 observers in each of 10 arrangements of the same hue but 

of different chromaticities and luminances were transformed to the quanti— 

fied chromatics response values of the opponent colours theory 	rt 	v4)7  

Then the differences between these values for the focal area in isolation 

and as seen in different surrounds gave the changes in these perceived 

colours (+A 14,0 A yt). It was found that these changes vary with the 

contiguity of the element square mi./1'mnd with respect to the total area 

(a) common side, (b) common corner, (c) separation equal to the sizo of 

element square (see figure 5). As a first approximation, they found 

that the effect of (a) was twice as that of (b), and that of (b) was 

twice as that of (c), So the inducing area response activities were 

weighted by factors 4:2:1 for these contiguities respectively. 

The change inc chromatic responses 	4.6yt) of the test area 

for one single surrounding area, were plotted against the contigulty 

weighted chromatic responses (4' 14, yt) respectively. The regression 

lines have a slope = — 0.14 in the two cases. This meant, that the 



chromatic response activity (.1-,Art, +Ay° induced in a focal area by a 

neighbouring inducing stimulus for any given contiguity, is opponent 

to and proportional in magnitude to the chromatic response activity 

aroused by the surrounding inducing stimulus (+ rt, ^A yq). They ex,- 

pressed this mathematically in the form 	Q ri = — k (4 r1) and 

= k (4 y'), where k is an emirical constant called induction 

coefficient given by k =0.56, 0.28 and 0.14 for the three contiguities 

(a), (b) and (C) (just mentioned previously) respectively, According 

to the opponent colours theory, the more redness or yellowness of the 

inducing area, the more greyness or blueness effect on the focal area 

respectively. 

For compound surrounds consisting of more than a single inducing 

area, they said that it is more likely that the mutual interactions 

occurring would tend to counterbalance the effect of increasing the 

total area of surround stimulation. So they thought that this will 

result in an averaging, rather than a summation of the individually 

effective surround stimuli. Hence, they plotted the values of 

(4-arl, +. y4) against the average values of (4 r' & yl) respectively 

for the compound surround in one graph, together with those of sinrae 

surround areas, and found that the slope of the regression line was 

practically the same ( —0.145 ± 0.012). 

Commenting on this experiment, the author should say that their 

idea in forming the test pattern is ingenious. However it is very 

surprising indeed to solve such a complicated subjective phenomena as 

simultaneous colour contrast by such a simple linear analysis, leading 

to such smooth and self consistent results by using the opponent colours 

theory whose physiological or psychological basis has not yet been 
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estAblishod and is not widely accepted. It seems unlikely that the 

procedure employed, should load to the conclusion formed for the follow-

ing reasons: 

(a) THE TEST PATCH: It will be seen from this investigation (as 

was seen from the third experiment of Warburton and Lund discussed 

.previously), that the changes in colour appearance due to surround in-

crease with the decreas- of the angle of subtense. As will be seen later 

(in chapterlin)that a test colour of angle of subtense 2°with a contour 

surround of a different colour or colours (which ought to give bigger 

colour changes than those reported in that paper) showed very small 

differences. Those changes were enhanced gradually as the angle of 

subtense was decreased (the smallest element used was 6') It would have 

been expected, in such an experiment with a big field of view (11°  50' 

by 10°  20' with a 3°  element) and using the same hue with different 

luminance and saturation for both the test and single surrounding areas 

in different contiguities, that the changes in colour appearance would 

be very small. However, the reported differences were big. 

(b) THE MEANS OF IMIASUREMENT.used iu not accurate enough to show the 

small differences in the colour appearance. Using the charts of constant 

hue in the Munsell Book of Color with steps of hue = 5 and steps of 

chroma = 2 and missing the chips of chroma 2 for 10 intermediate hues is 

not by any means accurate enough. 

Also the Mansell scale isclaimed to be subjectively uniform in 

daylight in which it is originally calibrated. This uniformity is 

spoilt if it is used in any other source (SA). The authors asked their 

observers in cases where a perfect colour match could not be found in 



25 

the available array of samples, to select the two bounding samples be-

tween which the derived match step appear to fall. What then? The 

author5,!oid not say how could they make the actual reading of that match. 

Possibly they took the mean value of thut;Tochips chosen by the observer, 

whic is incorrect in such a non-uniform scale with big steps between the 

adi acent Mansell coloured chips. 

(c) THE OBSERVERS: It was not reported if the colour vision of the 

observers was tested or not. It is essential in studying such subjective 

colour phenomena to use observers with normal colour vision. The authors 

did not say if the observers repeated the matches and how consistent their 

readings were. Nothing was said about the consistency of the different 

observers among themselves. These conditions are very basic in taking 

means and applying statistical analysis. 

(d) THE ANaLYSIS: It is an over-simplification to: (1) Take the 

induction coefficients in the simple ratio 4:2:1 according to contiguity, 

(2) Try to avoid the complications of the physiological mutual inter,-

actions of the effects of different elements of compound surrounds, by 

averaging instead of summation of the individual effective surround 
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CHAPTER II 

COLOUR AND COLOUR MEASURENENT. 

In the first chapter, colour was studied from the perception point 

of view, i.e. the different subjective colour phenomena and theories of 

colour vision. The concern of this chapter is to deal with colour from 

another point of view, how it can be measured i.e. the means and methods 

of measurement, the scales and units in which the results can be ex-

pressed. 

(A) MEANS AND SCALES OF COLOUR MEASUREMENT. 

(1) SPECTROPHOTOMETERS: 

Physicalltr, any colour can be defined by the spectral energy distri. 

butions of light transmitted through or reflected from the object under 

test. This can be obtained by measuring the transmission or reflection 

factor (Tx  or 13A  ) of the sample at different wavelength (A) across the 

visible spectrum using any spectrophotometer. The transmission factor at 

any wavelength is obtained by comparing the intensity of light transmitted 

through the sample with that of light coming directly from the same 

source illuminating the sample in the same conditions. The reflection 

factor is obtained by comixring the intensities of light reflected from 

the sample and from fresh magnesium oxide surface which is considered as 

standard reflecting and. diffusing surface. 

The different spectrophotometerscP)  can be classified as follows:- 

(a) Visual Spectrophotometers: as Guild(48) and Konig-Martens (49)  

spectrophotometers. 

(b) Photoelectric Spectrophotometers; which can be sub-divided into 

tiA0 categorien. 
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(50) 	(51) 

(1) Non-Recording Instruments: as Wright 	and Beckmann 

spectrophotometers. 

(2) Recording Instruments: as the General Electric Hardy (52)  
(53) 

(redesigned by Pitchard and Holmwood) 	and Beckmann (54)recording 

spectrophotometers. 

In this investigation, Wright non-recording and Beckmann recording 

spectrophotometers were used. 

However, these relative spectrophotometric values which are purely 

physical cannot, by any means, specify the colour of the object as seen 

by the observer. To do this, the effectiveness of the luminous radiation 

in stimulating the eye and producing visual sensation must be taken into 

account. In other words, the spectral sensitivity of the observer's eye 

must be obtained. This is provided in the C.I.E. system. 

(2) THE C.I.E. SYSTEM:  

Everyone with normal colour vision, can compare two colour patches 

and say if they match or whether one is lighter or darker, weaker or 

stronger, redder or bluer than the other. Although the sensitivity of 

the human eye iv rather high in detecting small differences in colour 

appearance, yet it varies from one observer to the other. This is a 

source of error and uncertainty in colour matches. That is why the 

"Commission Internationale de l'Eclairage" (C.I.E) agreed on a standard 

system which, when applied to the spoctrophotometric measurements, 

colour specifications can be derived which are independent of the colour 

vision of any particular individual and which will be comparable between 

one laboratory and another. This system depends on three main pillars: 

(a) The Relative Luminous Efficiency 	) Curve: which was adopted 

by the C.I.E. in 1924. It defines the relative contributions which each 
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wavelength makes in an equal energy spectrum to the total light flux. 

(b) The Colour Matching characteristics of the Standard Observer 

for 2°Field! The spectral chromaticity co-ordinates (giving the amounts 

of three stimuli required to match the colours through the Enectrum)„ were 

measured independently by Wright, (9)for ten observers and Guild 
(10)

for  

other seven observers, each using his own visual colorimeter,
(55),(56)

and 

his own system which were different from each other. The average results 

of the two investigations were transformed by Guild to the same system of 

reference stimuli (monochromatic radiations of 700, 546.1, 435.8 my. wave-

lengths for R,G & B), with the units based on the N.P.L. white. They were 

in close agreement which led the C.I.E. in 1931 to aditpt their moan values 

as the spectral chromaticity co-ordinates of the standard observer. From 

these values (based on the same reference stimuli but with T-units ad 

justed to be equal in a match of equal energy white), and the relative 

luminance efficiency 	the distribution coefficients for equal energy 

spectrum -17x, 	7).  and To),  were calculated. 

This EGB)system consisted of some negative values of both the 

chromaticity co-ordinates and the distribution coefficients which makes 

the evaluation of the tristimulus sr?ecification by calculation from ouch 

a system rather complicated. It was agreed to transfer the (& system

to an anpositive system (.1CYZ) and adopt this new system as the standard 

reference for colour specification. The new system has another advantage 

that the red and blue reference stimuli have zero luminous efficiencies 

so that the amount of light represented by any colour equation is given 

directly by the green tristimulus value. 

In this standard (XYZ)system, the chromaticity co-ordinates are 



29 

xx s y & z\ 
 and the distribution coefficients are 57 9 	& z.

Figure (6) shows the C.I.E. chromaticity chart plotted in terms of ref- 

erence stimuli (X) (Y) & (z) with units based on equal energy white E. 

Isny colour lies within this spectrum locus. 

(c) The Standard Illuininants SI, 53  & Sn: were adopted by the C.I.E 

in 1931. They were based on work carried out by Davis and Uibson. (57)  

SA consists of a gas-filled tungsten lamp operating at a colour tempera-

ture of 2854°  K. Sources BB  and Sc to represent sunlight and daylight (the 

corresponding colour temperatures are approyimate],y 49000  K and 6700°  K 

respectively). They can be obtained by using SA  in conjunction with 

liquid colour filters of specified chemical composition and thickness. 

THE CALCULATION OF THE TRISTIMULUS SPECIFICATIONS FROM SPECTRO-

PHOTOMETRIC DATA: If px  is the spectral luminance factor (for either 

reflection or transmission) of the coloured sample under test as obtained 

by any spectrophotometer then its tristimLlus values are: 

X = 2:p),  P x 	 (1) 

Y = Zp x  Pt  71; t 	 ( 2) 

Z =Z* h  PAL.  -Ex 	 (3) 

where P is the spectral energy distribution of the light source illumina-

ting the sample which can be any of the standard illuminants SA, SB  & So  

or any other illuminant of known spectral energy distribution. 

The values P). 	Px  T,7: and IV",x  are calculated for each of the 
(58) 

standard sources S, SB  & So  by Smith and Guild, 	choosing a factor 

givingPx  y = 100. Thus Y 	yx  gives directly the percentage 

luminance of the sample. The unit trichromatic co-ordinates of the sample 

xy y & z are given by: 
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Figure (6) The chromaticity chart showing 
colour specification in terms of dominant 
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Figure (8) flue, value and chroma in the Mhnsell Figure (9) Fields of 
system. 	 vie%1 in binocular system. 
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X = 	( X 'I' (4)  

y = Y/ 	+ Y (5)  

a = Z/ (x 4, Y + 5) (6)  

Usually x, y and Y are used as the C.LE. trichromatic specification of 

the sample. 

Colour Specification in Terms of Dominant Wavelength and Purity: 

Once the chromaticity co-ordinates (x, y) of any colour are known, the 

colour can be represented by point (0) in the chromaticity chart as shown 

in Figure (6). A line can be, drawn from the white point W ( x = 04333, 

y 7,0.333) through (C) to the wavelength)lon the spectrum locus. (0) 

can then be specified by (1) the value of "}which is known as the dominant 

wavelength. (2) the excitation purity: Pe = OW/NW = (x-xw)/ (xd- xiA) 

(y 	yw) (yd yw) where 4s given by xd and yd. 

For colours in the purple segment of the chromatkity chart as C
1 

the dominant wavelength is defined by its complementary wavelengtOie, 

and its excitation purity is given by Pe = C1W/PW = (x xW) / (xp- 

= (Y - iw) 	(Yp 314) • 

The dominant wavelenth / purity specificaj.ion of chromaticity has the 

advantage that it is closely correlated with the subjective attributes of 

colour (hue and saturation respectively). 

(3) COLORIMETERS: 

There are two main categories of colorimeters (a) Visual and 

(b) Photo-electric Colorimeters. The visual colorimeters are subdivided 

into two groups: Additive and Subtractive Colorimeters. 

(a) Visual. Colorimeters: 

In these colorimeters a colour is matched and measured visually 
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against mixture of reference light stimuli c;f defined specification. 

(1) Additive Colorimeters: in which the mixture of light stim)111 is 
(55) 	(56) 	(59) 	

(60 
additive as Wright, 	Guild 	Donaldson 	and Stiles 	color— 

imeters. In the Wright and Stiles colorimeters, (the latter being called 

a trichromator), the three primary stimuli, the test stimulus, and its 

desaturating beam, are pure spectral colours. They are isolated and then 

recombined by normal prismatic dispersion, and their intensities are 

controlled by using photometer wedges. In Guild and Donaldson colori—

meters, the three primary stimuli and the desaturating beam of the test 

stimulus are red, green and blue colour filters, and shutters are used to 

control their intensities. The mixing of the primaries is done, in Cnild 

instrument, by mounting the primary filters in a rotating sector and, in 
(61) 

Donaldson instrument, by using an integrating sphere. Donaldson 

introduced a six stimulus instrument (by adding orange, yellow green and 

blue green filters), acting on the same principle as his throe stimulVS 

colorimeter, including Lummer-Bradhun contrast field of view. 

In general, the colorimeters using pure spectral colours as primary 

stimuli suffer from limited precision of setting and large variations 

from observer to observer, since the spectral composition of the test and 

comparison patches are totally different (metameric pairs). In the same 

time they have an advantage in the study of individual differences of 

colour vision. Using three coloured filters as primary stimuli will 

slightly reduce the degree of metamerism (especially if the colour filters 

used have wide spectral transmission curves), but using six colour filters 

will largely eliminate metamerism. 

In this investigation, Wright colorimeter was used to test the colour 
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Vision of the author, and a modified form of Donaldson trichromatic color-

imeter was used in the actual matching of the appearance of the colour 

samples in their surrounds. 

(2)Subtractive Colorimeters: They operate by the absorption (sub-

traction) of light from an initially white beam as the Lovibond Tintometer 

(62)
and its modified form,

(63) 
 whose readings can be readily converted to 

the OGLE. system. In the tintometer, sets of graduated series of red, 

yellow and blue glass slides, ranging from slight tint to deep :;olour, 

provide the subtractive primaries. White light passes through a system of 

one or more of each of these sets together. The matching is basically 

similar to that in any additive colorimeter, where the observer chooses 

the group of slides of the three different colours of suitable luminance 

whose combination matches the colour under test. The accuracy of this 

instrument is limited by the steps which separate one glass slide from 

the next in its series. 

(b) Photo-Electric Colorimeters. 

The principle of this type depends on using three photo-cells with 

__ 	- 
spectral sensitivity curves similar to the 3E1  y & w equal energy 

distribution curves. This is very difficult to realise. However, one 

photo-cell combined with three filters, one at a time, to give sensitivity 

curves which are linear transformation of the 	distribution curves, 

would give standard data. This is achieved in Hilger and Watts photo-

electric colorimeter (64).  Also Glasser?s Icolormasterl differential 

colorimeter,(65)  is another example of photo-electric colorimeter which 

employs two matched filter photo-cell units. Wright photo-electric spec-

trophotometer,
(50)

can be used as tristimulus colorimeter by using 3 
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templets (one at a time) in the path of its long spectrum and using a 

curved mirror which unites the spectrum and reflects the light back. The 

templets are accurately cut to represent filters which when combined with 

the sensitivity of the photo-cell, give :Ix , y>  or 'ix. Winch and Machin(66)  

have developed another templet colorimeter and photometer which is used as 

a commercial instrument. 

(4) SUBJECTIVE JUDGEMENT CF COLOUR APPEARANCE:  

It has been dealt, so far, with the universally accepted standard 

C.I.E. system and the spectrophotometers and colorimeters which give their 

results in its terms. Nevertheless, the primary interest of most peoplo. 
colatT 	aostkeltic and would prefer to choose their colour from 

a . color:; atlas rather than chromaticity diagram.. —Ther6 ti.J.'e. tnreci main 

systems used in subjective colour measurement, namely: (1) Systems depend-

ing on colour naming, () Ostwald Colour System, (3) Mansell Colour System. 

(a) Systems depending on colour naming:  

Everyone with normal colour vision knows what is meant by red, yellow, 

green, blue and purple, and a simple colour system could be established by 

colour naming alone. As an example, the ISCC-NBS system (67)reported in 

the United States, which divides the colour solid, arbitrarily, into about 

300 separate compartments each designed by its hue name preceded by 

modifiers, (light, dark and weak, strong, vivid) indicating the lightness 

and saturation of the perceived colour. This system has been used in 

some industrial and artistic fields. 

Another example is the Maerz and Paul Dictionary of Color 
(68) 

which 

contains about 7,000 different samples of colour printed on semi-glossy 

paper and a list of about 4,000 colour names drawn from usage in scienti-

fic, industrial and artistic fields, and are keyed to the colour samples. 
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There are a number of other dictionaries appljed fox different aspects 

of colour use. However, such systems cannot be used in accurate 7easure-

ment of colour,especially as the colour differences get smaller. 

(b) The Ostwald Colour Svstem.(13'69)  

The Ostwald system is based on the assumption that any colour can be 

regarded as an additive mixture of White (W), black (B) and Colour (C) with 

the sum of their contents equal to unity i000 

W +B+ C= 

Once any two components are known, the third can be calculated. The 

complete Ostwald system consists of 24 hues, each is approximately of 

the same dominant or complementary wavelength, of an arbitrary but approx.,-

imately uniform perceptual scale. Figure (7), shows the co-ordinates of 

the Ostwald system for any hue. The corners of the equilateral triangle 

represent the white (N), Black (B) and full colour (C) pigments. Colours 

located along lines parallel to WC are of constant black content and are 

called isotones, those along lines parallel to BC are of constant white 

content and are called isotints, and those on vertical lines parnllel 

to NB are of equal full colour content and are called isochromes (ideally 

they have the same chromaticity). The proportions of white, black and 

colour contents have been adjusted to give a uniform spacing of colours. 

The colour solid is produced by rotating the triangle WBC about the WB 

axis, and the colours having constant black, white and colour content 

but differ in hue are called isovalent colours, 

The Ostwald notation consists of a number from 1 to 24 and two 

letters from a to p. The number indicates the hue, the first letter 

dicates white content where a = 0,8913 which is the nearest practicable 
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approach to 1, the second letter indicates the black content where a = 

0.1087 which is the nearest practicable approach to 0. 

Although the Ostwald system is based in principle on additive colour 

mixture which can be defined chromatically, but its value depends largely 

on its close correlation with the subjective assessment of a surface 

colour in terms of its whiteness, blackness and colourfullness. The 

system is of particular value in the aesthetic use of colour since any 

natural or artificial colour can be associated in four different meaning—

ful ways (namely isotint, isotone, isochrome and isovalent) with samples 

in the Ostwald solid. 

There are two colour atlases designed on the Ostwald system: 

(1) The Ostwald Colour Album,(7o)  and (2) The Color Harmony Manual  (71)  

In the latter the chips are produced from a transparent cellulose acetate 

base to which a pigment layer has been applied. One side of the chip is 

glossy and the other is matt. Also 6 intermediate hues have been added to 

improve the spooirig of the original 24 hues. Each hue chart normally 

contains 28 chips. 

Although the Color Harmony Manual has very great merits, yet it 

suffers from two disadvantages (1) the lettering system used to locate 

a colour in a hue chart is difficult to remember and does not permit to 

interpolation between patterns, (2) Since the gamut of colours in any 

given hue is determined by the pigment used to represent the full colour, 

hence there is no room in the system for any newly discovered brighter 

pigments. 

Granville and Jacobson
(72) 

 have made a spectrophotometric study of the 

colour chips of the Color Harmony Manual and provided tables including the 
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luminance reflectance (Y) and chromaticity co-ordinates (x, y) of each. 

This enables the users of the Manual to record their results in the stan-

dard C.I.E, system. 

(c) The Mansell Colour Sjstem  (13)  

Tho Munsell system is based on the conception of a colour solid whose 

central vertical axis represents the locus of neutral colours (greys), with 

black at the bottom and white at the top, the different vertical planes 
around the axis represents the different hues , and the dist-
ance of the sample in any of these planes from the axis 
represents the saturation of the colour . 	The Munsell 
specification of any colour sample is given in terms of (1) The Hue: 

which shows its relation to red (R), yellow (Y), green (G), blue (B) and 

purple (P). (2) The value: which represents the lightness (brightness) 

of the sample. (3) The Chroma: which represents the saturation (in-

tensity) of its colour. 

This system of co-ordination is shown in figure (8). The value scale 

(along the central vertical axis) is divided into 11 levels approximately 

subjectively equally spaced, with a perfect black as 0, and a perfect 

white as 10. Levels from 1 to 9 are those normally used in the atlas. 

The chroma scale is divided into a series of a2proximately subjective 

equal steps numbered from the neutral axis outwards, the grey having zero 

chroma. The whole solid being arbitrarily divided into ten approximately 

subjective equal vertical segments, including the five principal hues: 

R,Y,G,B & P and the intermediate hucs/  YR, GY, BG, PB & RP. Each seg-

ment is divided into ten equal sections numbered 1 to 10. So each hue 

can be 4esignated by a number to indicate the section of the segment in 

which it occurs followed by symbols showing that segment. In the present 

investagation an easier hue designation was used in a pure number since 
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the numberivg system can be made (-entinnous from 0 to 100, around the hue 

circle, as shown in figure (8). 

The Munsell specification of any colour cLa be written in the form: 

hue value/ chroma for example the colour defined as (7.5 YR 5/6), has 

the hue (7.5 YR), value (5) and chroma (6). 

The disadvantages of the Ostwald system are eliminated by the Munson 

system. The latter has the merits of being (1) Easy to use and interpo-

late between adjacent chips. (2) Any newly discovered pigment of higher 

chroma can be easily added to the system. 

There are the Standard Edition and Pocket Edition of the Munson Book 

of Color.(73)  The former consists of 20 hues spaced by steps = 5, the latter 

consists of 40 hues spaced by steps = 2.5. 

The Mansell chips have been measured by means of the spectrophoto-

meter and the C.I.E. specification ( x, y & 1) were determined for source 

C.(74 75) The final report of the Committee of the Optical Society of 

.%merica (76)  led to the definition of smooth contours of the Mansell 

hue, value and chroma, in terms of the C.I.E. co-ordinates. 

In this investigation the NUnsell Book of Color in its standard and 

pocket editions were used by a number of observers to match the appearance 

of test colours in charts similar to plates (1 a,b and 2 a,b). The tables 

provided in the final report of the Committee of the Optical Society of 

America were used to transform the results from the Munsell system to 

the C.I.E. system. 

(5) THE C.I.E. SYSTEM REPRESENTING THE SUBJECTIVE SPECIFICATION OF  

COLOUR. 

It has been mentioned in the last section that the colour samples in 
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both Ostwald and Munson systems are measured spectrophotometrically and 

thus expressed in the standard C.I.E. system. 30 it must not be thought 

that the colour chips are more subjective than their C.I.E. specifications* 

The colour chips are physical objects sending physical stimuli into the 

eye by which they can be perceived, selected and spaced subjectively and 

can be subjectively used in matching the appearance of any other test 

colour for specification. These physical stimuli can be defined accurately 

in the C.I.E. system. 

That is why, in this investigation, the changes in appearance of any 

test colour due to simultaneous contrast with different colour surrounds 

are shown in the chromaticity chart as shifts from a reference point re-

presenting the appearance of the test colour against a reference bac1 

ground (e.g. white). These shifts, showing the effects of simultaneous 

colour contrast on different test and surround colours with respect to the 

whole gamut of colours in the chromaticity chart, have their subjective 

significance. In order that the magnitudes and directions of these shifts 

may be considered quantitatively, the chromaticity chart has to be sub 

jectively uniformly spaced which, unfortunately, is not the case. 

(77) 	(70 
Judd' 	and Macildam,

(79) 
Wright, 

	
investigated the non-uniform-

ity of the chromaticity chart. Wright measured the just noticeable 

difference in colour due to change in wavelength of monochromatic light, 

or due to change in proportion of a mixture of two monochromatic lights 

taken from opposite sides of the spectrum locus, or of a mixture of one 

monochromatic light with any of three chosen purpaes. The subjectively 

equal steps were represented by short lines in the chromaticity chart 

and it was found that the lengths of these lines varied largely on the 
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chart e.g. the ratio between the shortest to the longest step is at 

least 1:20, Judd based his investigation oil data on purity discrimina-

tion and on sensitivity to changes in colour temperature, In Maclidamls 

investigation, the observer made a large number of matches on a series of 

test colours located at various points in the chromaticity chart. The 

spread in the readings was taken as a measure of sensitivity to colour 

differences and was plotted in the form of ellipses of varying size in 

the C.I.E. chart. 

Some trials were made by Judd, 
(78) 

 MacAdam,(80)  Breckenridge and 

(81\ Schaub / and others, to get some linear transformation of the C.I.E. 

chromaticity diagram (conical projection), which renders it uniform. No 

linear transformation leading to an exactly uniform chart is yet available. 

Machdamis transformation from the (XYZ) system to the (UVW) system lead 

to a roughly uniform scale of chtomaticity  with the additional advantage 

that the reference stimuli (U) and (V) have zero luminance. He used the 

following simple transformation equations: 

U = (i) X, V= Y and W= (1) X + (3/2) 1+ (i) Z. 

From which 11. = 4 x / (x + 15 Y 3m), v = 6 37/(x 15 y 3 	and V = 

This transformation was used in this investigation to show the shifts due 

to simultaneous colour contrast in this nearly uniform system. 

(B) TECHNIQUES OF VISUAL COLOUR MEASUREMENT. 

There are three well-known techniques of (visual) colour measurement: 

(1) Monocular Matching (2) Binocular Matching and (3) Memory Matching. 

In any of these techniques, the observer matches the colour under 

test against a comparison patch which may be an adjustable mixture of 
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red-green-blue light, or material colour samples from a colour atlas. 

These methods will now be discussed briefly 

(1) Monocular Matching Technique: 

In this technique the matching is done by using one eye. So the test 

and comparison patches form two adjacent halves of the field of view with 

a sharp separating line. Many instruments were designed to apply mono-

cular matching as Wright,
(55)

Guild,
(56)

Donaldson
(6o)(61) 

colorimeters' 

Stiles trichromator
(60 ) 

and Lummer-Brodhun photometer,
(82) 

by using a 

suitable photometer prism. There is another application of monocular 

matching in heterochromatic photometry where the test and comparison 

patches are of different colours. They are exposed to the observer's eye 

alternately in the flickering technique and the intensity of the comparison 

patch is adjusted until the flickering disappears, and then the two 

patches will be equal in brightness. 

The monocular matching technique was used by many investigators 

and it proved to be the easiest and most accurate of all other matching 

methods, since the two patches to be compared are in contact with each 

other which facilitates the judgement. 

Wright
(22) 

 used the monocular matching technique in his colorimeter 

to measure the relative luminous efficiency curve, the spectral chromati-

city ca-ordinates, wavelength and brightness discrimination. 

A monocular matching technique was modified in the present investi-

gation for subjective colour measurement to study the appearance of difdo-

rent test colours against different backgrounds. The following two tech-

niques are usually used in subjective colour measurement. 



(2 Binocular Matching Techniquem 

In this technique the observer looks at the test patch with one eye 

and matches it by looking at the comparison patch with the other eyoe 

Wright colorimeter (55)can be adapted to be used for binocular matching, 

Wassif 
(83)

designed a binocular viewer using two 45°  prisms reflecting 

the light coming froze the test and comparison patches on the observers 

twmeyes as shown in figure (22). 

The two patches as seen by the observer's two eyes should appear as 

in figure (9), but changes in observer's convergence will cause one patch 

to move horientally relative to the other as indicated by clotted lines* 

If the observer's muscle balance is not quite normal, a small angle prism 

can be inserted in the path of one of the beams to correct either for a 

vertical or e, horizontal divergence. filthoughl  it would be preferred, for 

accuracy of matching that the two patches should be contiguous with one 

another as in the case of monocular matchilg, yet a small vertical sep- 

aration is necessary to prevent the fusing of patches* 

Wright 
(22)

and Tadros 
(84) 

 used this binocular matching technique to 

study the phenomena of visual adaptation, The validity of this technique 

depends on the assumption that the sensitivity of one eye remains constant 

during the experiment and can therefore be used as a reference standard 

against which changes in the other eye can be recorded. This assumption 

is not strictly correct, but experiments showed definitely that the effect 

of the adaptation of one, on the other eye is very small compared to the 

changes produced on the adapted eye, such that it can be neglected. 

Andha. problem is that of local adaptation that must be produced by the 

test patch and RGB mixture in the two eyes on which they are exposed. 

43 
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This ac(don cannot, be prevented but can be reduced by: (a) using a much 

brighter adapting field than she test colour ;z_iid hence the match7ng RGB 

mixture), and (b) arranging that the two patches are viewed for short 

periods daring observation 

There is another possible problem, that there may be a difference 

between the colour perception of the two eyes ),lassif, using Wright 

colorimeter, could find a difference in her two eyes, and so she re- 

peated her experiments on the binocular viewer, interchanging the test 

and comparison patches. 

(3) Memor Matching Technique,  

Generally speaking, colour appearance, in the popular sense, implies a 

remembered appearance. Memory matching was used by some investigators 

(5) as Crawford 	for the study of the problem. of colour rendering 

(86) 

speci- 

fication, and Helson 	for the study of the effects of colour adaptation 

on the appearance of neutral samples. In general,memory matching suffers 

from lack of precision. 

Crawford used two general ways of measurement dependong on memory. 

Two conditions to be con-pared by the observer, and he has to say whether 

they appear the same or not: (a) The comparison may be made by looking 

first at one condition and then, after a suitable interval of adaptation, 

looking at the other condition. Cr (b) The comparison may be made by 

looking first at one condition, which is changed gradually and continuous-

ly to the other condition. 

In Heise/its experiment, the observer was trained on Munsell Book of 

Color so that he could name from memory, the hue, value and chroma-of--- --

the sample. His method is extremely difficult and most probably inccurate 
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(4) The Technique Used in The Present Investigation. 

It was suggested by Professor W.D. Wright that this investigation 

may be done by using the monocular matching technique, since plenty of 

work has been done in his laboratory, using the binocular matching 

technique, for the study of appearance of surface colours by Hunt, ('2) 

Tadras(84)  and Gibson. (thesis under preparation). 

Since the theme of this investigation, is the effect of the surround 

on the appearance of the test colour, the test and comparison patches 

cannot be in contact since they may have a mutual influence on the 

appearance of each other. Therefore the two patches were separated 

from each other, and the observer looks at them alternately until he 

reaches a satisfactory match. This method involves a very quick memory 

matching. Thn full details of the method will be given in Chapter III. 



(b)The set of primary colour 
filters uith their shutters 
joined to the controlling 
knobs. 

Figure (10 (a) Plan view of the apparatus used for measuring subjective colour 
changes. 
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CTIVTIER  

INSTRUMENT AND EXPERIMENTAL ARRANGEMENTS. 

(A) INSTRUMENT. 

Figure (10) shows a plan view of the apparatus. The field of vision 

consists of two square patches separated from each other. 

(1) THE TEST PATCH  (p1): consists of a central square of the 

colour under test in a symmetrical square surround of three times its 

size. The whole is illuminated by a beam of light incident at an angle 

4501  from a projector lamp (53) and a system of screens with a neutral 

density filter (F3) to change the brightness of the test patch as 

necessary. 

(2) THE COMPLRISON PATCH (p2): consists of a square aperture (of 

2 cms. side subtending an angle of 2°at the observers eye), filled with a 

red-green-blue mixture of light from a modified form of Donalds= 

trichromatic Colorimeter (99). Its surround is illuminated by a beam 

of light incident at an angle 45°  from a projector lamp (S2) and a system 

of screens with a neutral density filter (F2) to change the brightness 

of the surround of the comparison patch. 

In studying the effect of the surround on the appearance of the 

test colour, the comparison patch must be separated from the test patch, 

lest some mutual effect may occur between the two patches. The distance 

between the centres of the two patches is 12.0 cms. subtending an angle 

of 12°  at the observers eye. 

THE OPTICAL SYSTEM OF THE COM
(59)PLRISON PATCH: 	(Figure 10 .) 

A beam of light from projector lamp (Si) falls on the three 
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primary filters: red, green acid blue M I  provided with shutters and 

calibrated scales which can be controlled by the observer. 	The red, 

green and blue beams are focused by the condenser lens (Li) on to the 

entrance aperture (a) of the integrating sphere (I), the inner surface 

of which is coated by mRgnesium oxide. Through reflections in all 

possible directions in the sphere, a mixed beam of red, green and blue 

light emerges from the exit aperture (b) of the integrating sphere, 

condensed by lens (1.2)1rnflected at 90°by a 450  prism (p) forming an 

image on field lens (L3) which brings the image to a focus in the right 

eye of the observer at (E). A holder for a neutral density filter (F1) 

is provided in the path of the mixed beam of red, green and blue to vary 

its intensity. 

Plate (a) has three rectangular apertures each of 8.5 ems. length 

and 2.0 cms breadth, provided with shutte:•s sliding in V—shaped grooves. 

Each shutter is operated by a separate rack and pinion and has a scale 

mounted on each and a fixed pointer on plate (C) allowing the extent of 

the opening of the shutters to be read. The edges of the shutters and 

apertures arc bovelled and special attention has been paid to the fit 

when the shutter is on the point of closing. 

The pinion of each shutter is joined to a flexible driving cable, 

whose other end is fixed to a controlling knob fitted in the edge of the 

table in front of thd observer. By adjusting these knobs (K1, K2 & K3  ), 

the observer can vary the length of the apertures in front of the primary 

filters to match the appearance of the test colour in the test patch by 

the proper mixture of red, green and blue in the comparison patch. 
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Friction in the shutter system, combined with the cable length caused 

some lag between the rotation of the pinion at one end and the rotation 
or 

of the controlling knotikat the other end. More the less, the controls 

were satisfying for adjusting the shutters during matching and this lag 

does not affect the actual readings which are taken from the senles fixed 

to the shutters themselves. 

Behind the apertures are mounted the primary colour filters: rod, 

green and blue. For reasons of permanence, glass filters were used in 

this work. 

The condenser lens (L1) is of the usual type. Its diameter is 6 

inches and the radius of curvature of the curved surfaces is also 6 inches. 

The integrating sphere is 6 inches in diameter and is made of copper 

and its inner surface is silver plated and coated by a layer of magne—

sium oxide in the usual way. Magnesium oxide is the accepted photometric 

standard diffuser and reflector. ($g) The apertures (a) and (b) are 1.3 

inches and 0.25 inch respectively in diameter. Glass windows covering 

these apertures prevent the magnesium oxide from being contaminated with 

dust. 

Lenses (12) and (L3) are ordinary achromatic lenses, of focal lengths: Alicms. 
and respectively. Prism (P) is an ordinary 45°prism of 2.0 inches side 

and 1.2 inches height. 

The whole apparatus is kept on a table and covered with a light 

tight box, with its inner surfaces painted matt black, the front side of 

the box being replaced by a black curtain to allow the observer to do his 

matching from inside. This is done to ensure that the eye of the oh. 

server is kept away from any light from outside the box and any stray 
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(a) The cardboard mith the comparison patch and the pocket 
holder of the test patch. 

 

N 

The test colour. N N  

The =round mask. 

The black mask. 

 

N 

(b) The system of the test patch for varying size. 

Figure (11) 
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light from inside it, during tht4 matching. 

THE CONTROL OF THE TEST RETCH: 

The test patch, as shown in figure ( iia) consists of a surrounding 

mask (E), with a 2 cms. square central aperture (F) in front of the test 

colour square shoot (D). Both are placed in a pocket holder (4 with a 

6 cms. souare aperture on a vertical white sheet of cardboard (C) con-

taining the comparison patch (B). This system is employed because it 

enables the experimenter to use the samo square of the test colour for 

the different backgrounds and the same masks of the backgrounds for the 

different test colours. This, not only saves much time and effort in 

accurately sticking squares of test colours on stripes of background 

in each case, but it also enables the same samples of coloured paper to 

be used in all the different cases. 

In this investigation the effects of the angle of subtense (i.e. 

the ano:le subtended by the test patch at the observer's eye) and the 

inclination (i.e. the angle between the direction of vision and the 

plane of the test patch), on the colour contrast phenomena were studied. 

(A) THE SYSTEM FOR T STUDY OF THE EFFECT OF THE ANGLE OF SUBTENETE. 

The two following procedures were used:- 

(1) The viewing distance (i.e. the distance between the plane of 

the comparison and test patches, and the observer's eye), was kept con-

stant 58 cms. and the size of the test patch was varied. 

To vary the size of the test patch; the same pocket holder was pro-

vided for each required size with two square masks which were placed on 

top of the same square of the test colour paper (figurollb). The 
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(a) 

Figur° (121 Thew mechanical system of the adjustable cquare aperture. 
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first mask was that of the surround with central aperture of the re-

quired size and was placed next to the test colour. The second mask 

was made of black paper with a central square aperture of three times 

the size of the aperture of the first ,aask. This black mask absorbs 

almost all light incident on it, hence the reflected light received by 

the observer's eye, comes from the test colour and its surround in the 

now size. 

The dimensions of the test colour and surround were as follows:- 

square test colours of 2.0, 1.0, 0.5 and 0.25 cms.ide. 

square surround of 6.0, 3.0, 1.5 and 475 ems. side. 

The corresponding angles of subtense of the test colour were: 2.00, 

1.00, 30' and 15' respectively, and those of the surround were: 6.001  

3.0°, 10, 301  and 45' respectively. 

(2) Models of charts (as shown in plates 1, a, b and 2 a, b) 

were constructed, The squares were of 1 cm. side and the stripes were 

also of 1 cm. breadth. The viewing distances wore 2.90 and 5.80 metros. 

The corresponding angles of subtonse of the squares wore 121  and 6' 

respectively and for the whole pattern were 10  241  and 421  respectively. 

In procedure (2), the test patch being kept outside the box cover-

ing the apparatus, an adjustable gperture was needed so that the ob-

server's eye may receive only the beam of light reflected from the test - 

patch when placed at any distance. This adjustable aperture (figure 120) 

was fixed to the back side of the box to cover a 7.0 CM8. square aperture 

in it. It consists of two square brass plates ( a & b) of 12.0 cms. 

side. A 450  equilateral triangle is cut from one end of each plate. 

The two plates aro fitted in a rectangular brass frame with two 
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parallel grooves along the long sides, so the plates can slide smoothly 

in them, their cut sides facing such other to form a square aperture (A) 

at any setting. (r. & d) are two normal stands fixed to the two plates 

near one of their right angled cornors.(e & f) are two brass arms, each 

having two holes near the ends. The two holes at one end of each arm 

accommodate smoothly the two stands (c & d). The two holes at the other 

end of the arms accomhodato a common stand (g) which can slide smoothly 

along a slot (h) on a square section rod (_i_) ,fixed normally at the 

centre of one of the long sides of the frame (j). Two short mild stool 

cylinders (k & 1), each ending in a part of smaller diameter, are bolted 

on the top of the two arms (e & f) (as shown in figure 12b) such that 

they can rotate smoothly about their axes. Cylinder (k) has a screw 

thread accommodating ascrew (m). The other end of that screw is 

accommodated in a larger cylindrical hole in cylinder (1), and the screw 

is clamped by two nuts just outside the cylinder. Rotating the head (n) 

of this screw, either increases or decreases the angle between the two 

arms with the common axis of rottion (g) sliding in slot (h) towards 

or away from side (j), of the frame respectively. This gives rise to 

an increast 	dOdrease in the size of the square aperture (A) 

symmetrically about a fixed cen#re along slot (h). A scale (s) is en—

graved on the top of rod (i) such that the arm (e) can show the size of 

the sperture. The whole system is painted matt black to rivoid un—

necessary reflections causing stray light. 

The size of the comparison patch and its viewing distance were 

kept constant, giving the same. angle of subtense, as reference, in 

order that results obtained for different sizes of the test pe.tch may 



Figure (13) The oyster of right handed bevelled gearn. 



Figure (11) The mechanical system for rotating the test patch and its 
illuminating source. 
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be comparable with each other. 

(b) FOR THE STUDY OF THE EFFECT OF THE INCLINATION. 

The test patch was rotated about a horizontal axis in its plane, 

perpendicular to the direction of vision. The direction of this axis 

passes through the cerrOve of the comparison patch. In this case, the 

beam of light illuminating the test patch, was incident at 90° to it, 

at all orientations. This" was achieved by the following mechanism 

(shown in figures 13,14). 

A horizontal adjustment shaft (a) is coupled by a pair of right 

angled bevel uoars (b & c) of ratio 1:3, to an upright shaft (d), 

supporting a horizontal projector lamp housing (h). Shaft (d) is 

arranged to rotate in a vertical plane about the main axis (e), which 

is at 90° to the horizontal adjustment shaft (a). The cardboard test 

patch holder (f) is fixed to the main horizontal axis (e). The horizon-

tal adjustment shaft (a) passes through aeaxitic, fixed to a vertical 

side of the front of the frame of the box, and ends in a handle (g) 

provided with a pointer and circular scale (s). This enables the ob-

server to adjust the system at any required viewing angle. 

The projector lamp housing (h) is situated outside the box (just 

above the ceiling), in order that it maybe eadily cooled. A cylindrical 

tube (1), fixed to the circular aperture of the lamp housing, passes 

through the ceiling of the box and is parallel to shaft (d). Two para.,. 

llel slots are made in the coiling to allow for the rotation of the tube 

(i) and the shaft (d), in two parallel vertical planes during the adjust-

ment of the system at any required inclination. 

Care was taken to keep the slots light tight. For this purpose, 
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two metallic slabs (figure 15a) are made with elliptical apertures 

through which the tube (i) and shaft (d) pass°  Those apertures are 

elliptical to accommodate the tube and shaft at any inclination in the 

slabs, which should be always horizontal. Each end of these metallic 

slabs is attached to a strong black plastic bolt passing on a wooden 

roller (figure 15b) rotating on a horizontal ads perpendicular to the 

slot and near to one of its ends. The closed circuit of each belt is 

completed by a pair of strong strings made just tight, with the tube (i) 

or shaft (d) coming in between. The elliptical apertures in the two 

slabs, arc in general larger than the horizontal cross section of the 

tube (i) and shaft (d) at any direction, so a sleeve-like black cloth is 

put around each of the tubes and shaft with its upper end kept in light 

contact by moans of a strong elastic band and its lower end sowed tightly 

to the slab. ( figure 15c) The four slots in the ceiling of the box, 

accommodating the four rollers are made light tight by covering them with 

four boxes (B1, B2, B3  & B4) (figure 16 ), of suitAblo size (figure 15d). 

The axes of the rollers are adjusted such that the level of the metallic 

slabs and the belts im raised just above the ceiling to reduce the 

friction due to motion to a minimum. To prevent light coming from the 

sides of the bolts due to this adjustment, the belts are made wider than 

the slots and vertical black walls are fixed at the two sides of the 

slots between the boxes at the ends, (figure 15c ). This sytem proved 

to be quite satisfactorily light tight. 

Tho cardboard of the test patch is adjusted to be horizontal when 

shaft (d) is vertical. The pointer, in this case, indicates zero in the 

scale. The angle through which the handle (g) is rotated is three times 
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the corresponding angle of rotation of both the test patch and the 

illuminating beam of light from tube (1), giving more accuracy in ad-

justing the viewing angle. During this rotation the metallic slabs are 

pushed by shaft (d) and tube (i) and may be raised a little above the 

ceiling allowing light to vet into the box. But, as soon as the rota, 

tion stops, they drop to their original position due to their weight, 

and the tension in the belts and strings. 

A counter balance spring (s) (figure 12.) is used, with one end 

joined to shaft (d) and the other to the vertical frame side of the 

back of the box. The tension in this springI mith the friction caused by 

the belts and the rollers, keep the system stable at any inclination. 

Also, the tension in the spring helps in rotating the handle (g) in re-

turning the system to the vertical position. 

A system of screens are clamped to shaft (d) with a neutral density 

filter holder to limit the beam of light illuminating the test patch, 

and adjust its intensity. These screens are always parallel to the 

test patch. 

LIGHT SOURCES. 

Light sources (Si, S2  & S3) are projector lamps, 500 Watt, 230 

volts, of type A1/42. Source (S4) used in the system done for the study 

of the effect of the viewing angle, is a projector lamp 500 Watt, 230 

volts of type B1/3 which can be burnt horizontally. They are manufactured 

by Messrs. Siemens Edisilwan. The filament of each of these lamps lies 

in one plane. Their voltages arc adjusted to give standard source bit. 

These IroLtages are lower than 230 volts, which Provide longer lifetime 

and greater uniformity in emission radiation (59 ) 



Figure (16) Plan view from the top of the box. 
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The electric circuit used is as shown in figure (7.7)„ It consists 

of each light source connected in series with a rheostat and a sidtch. 

Such systems, for all sources, are connected in parallel with a 240 

volts A.C. supply, together with a voltmeter and a 4-way selector switch 

to read the voltage across each lnialp at a time. 

The lamp housings of sources S2, S3  & S4, are placed outside the 

box to be easily cooled and to avoid over-heating the box and its contents 

during the rather long intervals of matching, The lamp housings of sources 

S2 & S3, are fixed on a stand sliding on optical benches fixed to the 

top of the table. Their system of screens are likewise fixed to simi- 

lar stands sliding on their optical benches. 

An electric fan is fixed to the ceiling of the box just above the 

lamp housing of source (S1)(the only one inside the box), to cool it 

and help in ventilating the box. (Figure 16). 

PAPER COLOUR  SAMPLES: 

In this investigation; the test colours used are grey (g), orange 

(0), yellow (1), green (G) and blue (B), and the backgrounds are white 

(W), black (b), yellow (Y), blue (B), orange (0) and green (G). 

The test patch consists of either a simple or compound pattern. 

The simple pattern consists of one central square of the test colour 

in a symetricel square surround of three times its size. The surround- '
,/‘  

is made either of one colour (figure 18a ), or two colours (figure 1613,0-/ 

in the form of three adjacent alternate stripes with the test colour 

mounted on the central stripe of one colour or the other. The com-

pound pattern consists of five squares of the test colour in the form 

of a cross, mounted on a square surround of seven times the size of each 
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of these soqares* The surround is made either of one colour (figurcafic) 

or of two colours (figureI8(0G 	the form of seven adjacent e:it,.,rnate 

stripes with the souares of the test colour mounted on the strives of 

one colour or the othor. 

The charts (plates I m h & 2,a.b), are made of olerlont$a, the$0 

compound patterns on long stripes of two colour surround together with 
Fo4 

squares of the corresponding lcolour on white surroundizeference. This 

choice of these test colours enables the study of contrast effects on 

coloured samples located near the centre, red, green and blue ends of 

the chromaticity chart. 

These backgrounds were chosen for the following reasons:— 

(1) THE BLACK BACKGROUND: absorbing nearly all light incident on 

it, enables the study of nae appearance of the test colour unaffected by 

any coloured surround. 

(2) THE WHITE !MOGI-0.1ND: being almost neutral and reflecting a 

large proportion of the incident light rather equally all over the 

spectrum, enables the tatudy of the effect of the brightness of the 

surround of the test colour (referred to the case of dark surround for 

black background). 

(3) THE YELLOW AND BLUE BACKGROUNDS: were used to study the effects 

of complementary coloured backgrounds which were expected to give large 

contrast differences. 	1. 

(4) THE COMBINATION OF YELLOW AND BLUE: in a two colour back,-

ground, with the test colour mounted on either the yellow or the blue 
Mn 

gave a striking contrast difference in a shartmade byES. Bilcher. 

(5) THE ORANGE AND GREEN: in one colour or two colour backgrounds 
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are used to complete the study of the effects of different backgrounds 

located near the red, green and blue ends of the chromaticity chart as 

well as the yellow. 

(6) T} COMBIN.ATION OF WHITE 'AND BLACK: in a two colour background 

enables the study of the effect of the brightness factor with neutra. 

colour. 

Desaturated coloured pacer was used in this investigation in order 

that it may be directly matched by the red green blue primaries used, 

without any further complication of using an additional optical _ system 

with the simple modification of Donaldson: , • Colorimeter ( fi guru ) , to 

provide a desatureting beam of light to the test colour. 

Also coloured paper used was matt for the following two reasons(13) 

(1) Matt Colours tend to be slightly desaturated because it is 

impossible to separate the fallowing two components of reflection (a) the 

small component occurring on the surface without any coloration, (b) the 

major component occurring after penetration into the pigment layer where 

it is partially reflected and hence coloured. 

(2) With a true matt surface„ the colour is also independent of 

the direction of illumination. or viewing, since the two components of 

reflection are diffusely distributed in all directions by the random 

orientation of the minute facets of the top layer and the tiny particles 

of the pigment layer. Glassy surfaces possess some degree of specular 

reflection which modifies its colour. 
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the test ,ttorn. (C) is the test, colour, 
surround colours.Cases (a), (b) 	(b) represent 

(0), (d)& (di) represent the compound pattern. 

(0). 	 (b) 
Figure (19) The Aandard conditions recommended by the C.I. 
for illuminating and viewing a rsurfac in measuring it colour. 
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the simple pattern an 
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(B) EXPERIMENTAL ARRANGEMENTS. 

(1) USING THE COLORIMETER. 

FIXATION OF OBSERVElt HEAD: 

It is important to keep the observer's head fixed such that the beam 

of light coming from the comparison patch and focused on his right eye, 

should pass centrally through his eye pupil during the time of matching. 

(22) To achieve this, a mouthpiece mounting is fixed on the optical 

bench (on which the stands of prism P and lens L3(figu.ro lo ) are fixed), 

at the observing end of the apparatus. The mouthpiece consists of &small 

metallic plate partly covered with wax, in which the observer makes an 

impression of his teeth by biting on it after it has been softened by 

hot water. When the impression is hard, the plate is bolted to the vertical 

pillar of the mouthpiece mounting, so that the observer on biting on his 

impression has his head held rigidly in position, relative to the color-

imeter as a whole. The mounting was provided with the necessary adjust-

ments to bring the observer's eye in the proper position to receive the 

beam of light from the comparison patch centrally. Vertical, lateral and 

rotational adjustments are possible by means of two screws joined to the 

stand of the mouthpiece. The whole stand cantapbe moved backwards and 

forwards by sliding on the optical bench, to bring the observers eye at 

focus of the optical system. 

METHODS OF ILLUMINATION AND VIEWING. 

The methods of illumination and viewing used in this investigation 

were those adopted by the "Comission Internationale de l'Eclairagen 

(11) (C.I.E.) as standard practice, 	and are shown in figure (19ayb ) 
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o (1) 45 illumination and normal viewing was generally used for most of 

the study, and (2) Normal illumination was used for the study of the effect 

of inclination. 

THE SIZE OF THE CONPARISON P`TCH: 

The comparison patch was made to subtend an angle of 2° at the ob-

server's eye. This size was kept the same throughout the investigation. 

This size was chosen after the C.I.E. system which was based on the 2° 
(22) 

field conditions 	' for the following reasons:- 

(1) The large, fields are subjectively non-uniform for the macular 

yellow pigment. 

(2) Maxwell's spot appears when looking at large areas of dichroic 

colours. 

(3) In measurement of dark colours (as blue and grey in this work), 

the illumination might be too low that the visual response would have 

included a significant rod component if the field had been large. Colour 

measurement in this work was carried under photopic conditions and thus 

cone vision alone should be involved in match. 

(4) The consistency with the 1924 Vxcurve obtained by direct compa-

rison and flicker methods for the 2° field. 

;HE SURROUND OF THE COMPARISON PATCH. 

In this investigation the surround of the comparison patch was 

white and it was illuminated by source S, at constant luminance to con-

trol the state of adaptation under which the comparison patch is viewed. 

For the study of the effects of the brightness of the surround of the 

comparison patch, the luminance of the surround was kept the same for the 

whole set of matches (i.e. for all the test colours used against their 



different backgrounds), and then varied to got another set of matches. 

MONOCULAR MATCHING TECHNIQUE: 

Monocular matching was used in this work in which the observorts 

aye moves between the test end comparison patches. It constitutes of 

quick memory matching, The test and comparison patch .re imaged al-

ternately, more or less, on the same region of the foTea. For small 

angles of subtense of the test colour, it was found that if the observer 

looks at the test patch for a lonc,  time (T seconds say), then when look-

ing back at the comparison patch a pattern of after - image of the test 

patch was seen superimposed on the comparison patch. So the comparison 

patch looks non-uniform for a short time depending on T. The comple-

mentary colours of the surround of the test patch-seem-to be added to 

that of the comparison patch, leaving its centralsqu=e paler (since 

the comparison patch may be roughly matching the test colour). This 

may upset the observer, not only during the short time in which it 

appears, but even after it dissappears. To avoid these complications 

the observe/4s eye was kept at the focus of _.the beam of light faun the 

comparison patch during most of the matching time. By glancing quickly 

at the test patch i.e. the test colour in its surround, an idea of its 

colour was obtained and then a roughly similar colour was produced by 

varying the proportions of red, green and blue in the mixture of the 

comparison patch. The test and comparison patches were then compared 

by looking quickly at the test patch from time to time and trying to im-

prove the matching in lightness and hue until a satisfactory match was 

obtained. 

Four matches were made for each case. Once the first match was 

69 
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obtained, as mentioned &Dove, the second was made by increasing one of 

the components, keeping the other two constant (to restore the .brightness 

of the comparison patch), and then re-adjusting it. This was repeated 

for the other two components until 2.. new satisfactory match was obtained. 

The third match was made by decreasing the components and then re-adjust, 

ing them one after the other. In the final match the three components 

were reduced and increased alternately, one at a time, and then re—adju.st•- 

edn The observer usually closed his eye for a short time during matching 

so that the final judgement on the match could be made with the eye as 

fresh as possible, The observer recorded the readings himself, so, at 

the beginning of each match, he remained for about a minute with his eye.  

looking at the field of vision to got nearly adapted to the conditions of 

viewing. Total adaptation is attained during matching which takes one or 

two more minutes. 

DIFFICULTIES IN THIS MONOCULAR MATCHING  TECHNIQUE. 

It is obvious thet the monocular matching technique used in this 

work is quite different from the usual monocular matching used in ori-

dinary colour measurement. Comparing this-technique with that used, 

for example, in the Wright Colorimeter, (55 the following mein 

diffe:rances are apparent. 

(1) The test patch and comparison patch are not of the same nature: 

The test patch is made of coloured paper and can be seen by reflection of 

light incident on it, while the comparison patch consists of en aperture 

filled with red green blue mixture of light transmitted through the op-

tical system shovn in fiewre ( 10). So the observer finds the aiffi-

culty of matching light reflected on a paper surface with light refracted 
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from a glass surface. In Wright Colorimeter the observer compares two 

patches of spectral light transmitted through similar optical systems. 

(2) The test patch and the comp,-xison patch are separated from each 

other, because they may have a mutual effect which may spoil colour 

appearance due to contrast, and hence it can not be measured accurately. 

This adds another difficulty to the observer, since his eye has to move 

from one patch to another. It is easier to compare the two adjacent 

patches in Wright- Colorimeter since the final judgement depends on the 

disappearance of the border line between the two patches such that they 

appear nearly one homogeneaus patch. 

(3) The separation of the two patches with the observer's eye 

looking at them alternately necessitates that the observer uses his 

memory in remembering what the test colour looked like, while he is 

matching it by looking at the comparison patch. This is more difficult 

than seeing the two patches simultaneous IT as in Wright .. Colorimeter. 

(4) The problem of after images previously mentioned, arises from 

the fact that the test patch and the comparison patch are imaged al—

ternately practically on the mile part of the fovea. No such difficulty 

occurs in Wright Colorimeter since the two patches are imaged in 

adjacent areas of the fovea. 

(5) The test patch, even in its simplest form, is of complex nature, 

consisting of elements of different colours and the observer must be 

concentrating and paying attention because he is only trying to compare 

the appearance of the central test colour against its background. Also, • 

it is not of a constant standard form, but varies from one colour 

surrounds to two colour surrounds in the simple and compound patterns. 
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(6) To study the effects of angle of .oubtolise of the pest patch, the 

comparison patch must be kept the same si2,c for reference, in order to 

allow for comparing the results with each other. So the observer has to 

compare two patches of different sizes which is more difficult than the 

case of two oval patches in Wright :1' Colorimeter. Another difficulty 

arises, in the case of matching the actual charts imm outside the box 

containing the apparatus, nsmely focusing of the observerls eye alternat-

ely for different distances. 

(7) To study the effects of the inclination of the test patch, the 

comparison patch must be kept the same (vertical) as reference for the 

same reason es in case (6) of comparing the results with each other* 

The observer faces the additional difficulty of comparing two patches, 

one of which is vertical and the other inclined. The two patches in 

Wright. 'Colorimeter are in the same vertical plane. 

(8) To study the effects of the brintness of the surround of the 

comparison patch, and the luminance of the whole test patch, the ob-

server is left with the two patches being, in general, of different 

overall brightness, which are diffficult to compare. This is another 

reason why the observer should look during most of the matching time at 

the comparison patch, and glance quickly at the test pitch from time to 

time to keep his level of adaptation nearly constant. 

For all these reasons, which are essential to the nature of the 

problem and cannot be avoided, considerable training and patience by the 

observer are required to obtain consistent readings* 
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Figure (21) Positions of the Mask used with the Ehnsoll Book of 
Color to make bettor judgement in matching. 

C.P. T.P. 

Figure (22) A system for binocular matching technique. The right ;o 
looking at the test patch (T.P.) and matching it with the left eye 
looking at the comparison patch (C.P.). 
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(2) USING  THE NUN3ELL BOOK (-)F COLOR,, 

This method was used to specify the colour appearanoe of the colour 

samples in 	four charts (plrtes 1 a,b & 2, a,b. ) Tile square colours 

on white surround are of 2.0 ems. Bide. The squares of the pattern ere 

of 1 cm. side. The stripes are of 1 cm. bieidth®  The vie-ling _i_st-afoas 

used wore 2.90 and 580 meters. The corresponding angles of subte.iso of 

the squares were 12' & 61  respectively ;.rid for the whole pattern were 

10  24? and-4-2 respectivoly. 

Both the standard Edition and Pocket Edition of the Munseli Book of 

(73) 
Color 	wore used. The first contains 20 hues and the latter 40 hues, 

The chart wo.s fixed (vertical-ay) on the wall near the window and 

the Munsell Book of Color was placed (horizontally) on a desk near 

another window, as show in figure (20). Natural daylight falls obliquely 

from the side on both the chart and the book, The only other substitute 

is using a uniform standard artificial dcorlight in a big room which was 

not available during doing this work. The observer looks (with both 

eyes) alternately at the chart and the Mansell Book of Color. The 

direction of viewing is perpendicular in both cases. Both the chart and 
fhq 

the colour samples in1Munsoll Book are illuminated and viewed in the 

same conditions. Direct sunlight was avoided. 

The observer was asked to match the colours on different backgrounds 

as they appear to him, by colour samples in the Marvell Book of Color. 

This method is also a quick memory matching as in the first method. 

The Procedure used: was as follows: 

(1) Using the standard edition of the Mansell Book of Color, the 

observer gets a preliminary match from the two special hue charts 
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consisting of 20 hues given in values frcu 4-8 acid in the maximum chroma 

attained for each hue and value. A standard Munson mask of light grey 

colour witil rectang1dr hole of equal size as the colour chips is used 

to obscure the neighbouring colours, end hence enables the eye to see 

the required colour sample only (unaffected by contrast effects of 1.:Ls 

neighbours). To meko bettor judgement, the mask can be placed such that 

its rectangular hole shows parts of two neighbouring chips either in 

the SR= row Le. of the same value, but of different hues as shown in 

figure (21a ) t or in the same column ic e, of the same hue but of 

different values as sholm in figure (21b ), or even parts of four neigh-

bouring chips covering the last 61g0 cases as shown in figure (21c ). 

The characteristics of the nearest matching chip are recorded in terms 

of hue value and chrolla. 

(2) Then turning to the is of constant chrome, in the same book, 

the observer picks the chart of the same chroma 	that he gave to the 

colour under test and search for the chip of the same 111,e and value as 

recorded. Using the mask in the same way as in the last step, he can 

move it up and down in the same column i.e. of the same hue to make 

better judgement of value, and sideway in the same raw, i.e. of the same 

value to make better judgement of hue. The observer was asked also to 

interpolate, if possible, between the hues and values of adjacent chips 

whenever necessary. The new characteristics are then recorded. 

(3) Then the observer turns to the charts of constant value, in 

the same book, picking the chart of the new value determined in the last 

step, he could make better judgement of chroma by moving the mask along 

the radius of the hue circle containing the chip of the same hue and chroma 
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as that of the last step tewc,rd,7; the ce'lure or away from it, Ouco 

he decides the right chroma for rnteL-,ing, he con make better judgement 

of hue by moving tl,o mask around the circle of tht chroma. Re cun also 

interpolate if possible, between the given chromes and hues whenever 

necessary. The new characteristics Are then recorded. 

(4) Instead of using the lharts of conste.nt hue in the standard 

edition of the runsell Book of Color (containing 20 charts with eraa.1 

hue steps of 5 un:ts each), the observer is asked to use the pocket 

edition (cont.linIng 40 charts with eou 1. hue steTys of 2L5 unik,, each). 

Picking the chart of huo under eonalderation end the ne7ct two charts and 

the previous two charts and putting them  in order side by side, he can 

make better judgement of hue by moving the ieask from one chart to 

another for chips of the scue value and chrome, as those obtained in 

step (3), Deciding.  the brsb matching hue (or interpolating for the 

best one), he con then move the mash in the same chart(or the nearest 

to the interpolated vrClue) in the same column, then in the same raw to 

make the best match in chroua and value respectively (or interpolate 

for the best one). Thy se last characteristics ral.e recorded and are 

considered es the final and best match which can be obtained by the 

observer. 

This method being easier and quicker than the other method, was 

carried by e. number of observers of those who passed Ishihara test and 

hence have normal colour vision. Thu readings of each observer in 

steps(2)and(3)were usually consistant and either agree with step(4) 

or differ in hue by 2.5. 

Care was taken to get as accurate results as possible to obtain 
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a true record of what different observers actually see:- 

(1) This long procedure mentioned before helps the observer to 

have better judgement in his Latching. His interpolation between the 

adjacent chips in hue, value and chroma, if possible and whenever 

necessary, gives him a chance to get more accurate results, 

(2) To avoid the variability in brightness and quality of natural 

daylight, the matching was carried only when the sky was bright. Thus 

the conditions were practically the same, Also both the chart and 

the Nhnsell colou-red chips wore illuminated by the same brightness 

and quality of light. 

THE RESULTS: 

The results of different observers expressed in Munsellts 

system of hue, value and chroma are plotted in a hue circle with chroma 

indicated as distances from its centre (hue chart). They are also 

transformed to the C.I.E. system of chromaticity co-ordinates x, y 

and luminance Y (76).  The corresponding points are then plotted in 

the C.I.E. chromaticity chart. 

DIFFICULTIES IN THIS TECHNIQUE OF USING THE MULL BOOK OF COLOR, 

It is obvious that this technique used in this method is quite 

different from the usual technique of using the samples of the Munsell 

Book of Color. Usually the test sample to be compared is fixed in a 

mask with a rectangular hole of double the size of the Mansell 

coloured chips such that the field of vision consists of the test and 

comparison patches in equal sizes, and adjacent to each other, The 

comparison in this case is much easier than that used in this work. 

The nature of the problem of colour contrast necessitates to have the 



chart under test away from the observer be,tuse, if it is very near to 

him (on the desk near the Munson Book of Color), he would hardly see 

any difference in the appearance of patterns of any test colour on 

different surrounds. On the other hand, if the Mansell Book of Color 

is kept away in the same plane as the chart, then two problems will 

arise, namely:— 

(1) This needs another person to assist the observer by moving the 

mask on the charts of the Munson Book of Color, until the obs=ver is 

satisfied with one chip, to am,tch the ap.rearance of the test colour. 

(2) From the psychological point of view, the observer in this 

case will not have his full freedom of moving the mask by himself and 

choosing the most suitable chip for the best match, Tot doing the job 

himself he may lose interest and can not concentrate fora long time, 

especially for the difficult judgement he has to do. 

In the light of the difficulties men,doned in the first technique 

using the Colorimeter, it is easy to see that, in this case also, the 

observer practically faces, more or less, all of them except the first 
95 

one, since the test and comparison patch are both made of coloured 

paper and hence have the same nature, and the 7th & 8th since the 

effects of the inclination and luminance of the test patch were not 

studied by this method. 
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CHAPTER IV 

CALIBRATION OF THE COLORIMETER AND PRELIMINARY MEASUREMENTS. 

(.,1) THE C.I.E. TRISTIMULUS SPECIFICATION OF THE THREE PRIMARY 

COLOUR FILTERS. 

The spectrophotometric transmission characteristics of the three 

prime ---.7 filters; red, green and blue, were plotted on a Beckman record- 

ing spectrophotometer (54)  to give the general shape of the curves. 

Their transmission factors T>, were checked using the Wright photoelectric 

spectrophotometer ( 50) every 10 	in the visible spectrum in between 

wavelengths 380 - 770 m.z. The corrected transmission energy distri-

tution curves are shown in figure ( 2 3) , The C.I.E. tristimulus specifi- 

cation (x, 	z and Y) of each filter was then calculated for standard 

illuminant S A, following the method explained in Chapter II. The results 

are shown in Table 1. 

The unit trichromatic equations (R), (G) and (B) for the utilized 

red, green and blue colour filters respectively, are formulated as follows: 

(R) = xr  (X) + yr  (y) + zr (Z) 

xg  (x) 	yg  (y) 	ze  (Z) 	
(1) 

(B) 	xb  (X) + yb  (Y) 	zb  (Z) 

where both (R,G,B) and (X,Y,Z) ore expressed in T-units of the C.I.E. 

system (in which white is matched by equal quantities of (X) , (Y) and (z). 

Since all the results in this work were obtained in terms of 

(R],[G3 & [B] on the ..R,G,131 system (in which the white is matched by 

equal quantities of [R}, 1G3 and LB] e.g. 

c tC1 54. r [R] + g [G] + b 	 (2) 

Then equations (1) cannot be substitued in equation (2) for [0]. 
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To do Lhis the following tr. nnnformation equations 
(13)aro used: 

fR1/E, a (R), 	b (G) & 	c (B) 	 (3) 

Substituting equations (3) into equations (1) we get; 

= a xr  (X) + e yr  (y) + a  zr  (Z) 

1G] 	b xg (x)  + b ye  (4 + b zg  (Z) 	 (4) 

C Xb  (X) 	c yb  (Y) + c zb  (Z) 

The white point in the two systems of (X,Y,2) and [RI GIE] is given 

by: 

(14) = 0.3333 (x) 	0.3333 (Y) 4- 0.3333 (z) 	(5) 

and 	IU3 = 0.3333 [R3 + 0.3333 01 0.3333 	(6) 

Substituting from Equation (4) into equation (6) 

0.3333 ( a xr+ b xe;  + c xb) (X) 

+ 0.3333 (e. Yr+ b ig 0  YU) (1) 

+ 0.3333  (a zr+ b zg  c Zb) (Z) 

To avoid unnecessary complication of the algebra by the introduction 

of ggerfluousconstants, we will assume that: (W) ...,1y1 and hence by 

equating coofficientsof (X), (/) & (z) in equations (5) & (6) we get: 

a xr  + b xe  * c xb  = 1 

a 	+ b ye  + c yb = 1 	 t. (7) 

azr +bz +czb =1 

Solving equations (7), the values of alb & c can be calculated. 

Substituting these values in equations (4) we get the required 

transformation equations between the two systems [R,G,B3& (X, Y, Z) 2  which 

can be substituted directly in equation (3) of any colour [0] obtained 

in E?.,G,Bi system by actual matching. 
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Results From Table 1: we can formulate: 

(1) = 0.70780 (X) 4- 0.29214 (Y) .0-0„00006 (Z) 

(G) 	= 0.23/1/1 	(X) 0„,5663 	(Y) 4 0.1993 (Z) 

CS)  = 0.2211 	(X) 0.:1945 	(Y) 4 0.5844 (z) 

The calculated values of a,b and c are: 

a = 0.6660, b = 0.9453 and c = 1,7887 

which give the final equations. 

= 

Gj = 

[p3 = 

In the cases when the test colour in its surround appeared so dark 

that very low values of R,G,B mixture might be used to match it (and 

hence the relative errors in the readings may be sonsiderable), a neutral 

density filter (F4) was usually placed in the path of R,G,B mixture (such 

that higher values of the scales of R,G,B may be used in matching and 

hence the relative error can be reduced). So, it was necessary to cal-

culate the combined trichromatic co-ordinates and luminosities of this 

neutral density filter with each of 111G & B filters. The same analysis 

just mentioned before was used taking into account the transmission 

factor of the-neutral density filter (IX) at mage1en0hX.The final 

results are shown in Tablc (2). 

Results From Tablo(2)wo can formulate:- 

(R) = 0.70803 (X) + 0.29191 (Y) 0.00006 (z) 

(G) = 0.22595 (X) 	0.56978 (Y) 0.19427 (z) 

(B) = 0.22143 (X) + 0.20042 (Y) * 0.57815 (z) 

0.4714 (X) 4,  0.1946 (Y) 0.00004 (z) 

0.2216 (x) 0,5353 (Y) 0.1884 	(Z) (8) 

0.3070 (X) 0.2701 (Y) 08116 	(Z) 



The calculatea values of a, b and c are: 

a = 0.6626 b= 0.9154 and c = 1.4220 

which gives the final equations: 

. 
L6.1 = 

[B) = 

0.4691 (x)  0.1934 (Y) * 0.00004 (z)  

0.2160 (2)  0.5216 (Y)  0.1779 	(z) (8)' 

0.3149 (X) 0.2850 (Y) + 0.8221 	(z) 
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(B) CALIBRATION OF LIGHT SOURCES TO GIVE SA:  

All the light sources used in this work were calibrated by compari-

son with a National Physical Laboratory sub-standard source SA  whosd 

colour temperature is (2S54 10)°  K. A photometer bench with Lummer-

Brodhun contrast cube (")is used for this purpose in the usual method 

of substitution. This calibration was checked from time to time. 

(C) CALIBRATION OF THE SCALES OF THE SHUTTERS OF THE PRIMARY FILTERS: 

Donaldson (59)  statedthe factors which tend to destroy the proportion,-

niity  between scale readings and intensity of stimulus as: 

(1) Uneven horizontal distribution of luminous flux within the cone 

subtended by the aperture at the source. 

(2) Uneven distribution of light over each aperture due to both 

(a) varying distance from source, and (b) varying obliquity. 

(3) Non-uniform transmission through the coloured filters. 

(4) Varying reflection and absorption losses in the condenser lens. 

(5) Varying effectiveness of the sphere as an integrator for pencils 

of light entering at different angles. 

On account of the fact that the shutters slide horizontally, 

vertical variations in the above quantities Aro of no consequence, only 



85 

horizontal variations need to be takun into consideration. The magni—

tudes of factors (2) and (5) were measured by Donaldson, and he did not 

find any detectable variation in luminance. He calculated the effect of 

factor (2) from the inverse square la:•r together with the cosine law. 

For the effect of factor (4) ho traced rays corresponding to certain 

points in the apertures through the condenser lens, then calculated the 

reflection losses at the surfaces and measured the thickness of glass 

traversed, and hence calculated the absorption losses. He did not insist 

on absolute uniformity of factor (3) and ho permitted variations not 

exceeding 2% in the local transmission through filters, 

By combining the effects of factors (2) & (4), he drew cali— 

bration curve for each aperture. The final corrections were much less 

than had been expected, since effects of factors (2) & (4) work in 

opposite directions, He modified the width of the apertures by the in 

sertion of templets, which compensate for these variations and so render 

the scale strictly linear. ! final test of the scales in the completed 

instrument was made by means of sectors, and it showed that they were 

sufficiently accurate for colorimotric measurement. Generally the de—

partures from linearity were loss than 1% except for very small openings, 

where the scales were found to be true to the limit to which they could 

be read. 

In the present investigation a developed form of the colorimeter, 

with different type of projector lamp and different glass primary 

filters was used, ih a technique different from that in which it was 

originally used. So the author recalibrated the scales of the shutters 

for the new conditions of the colorimeter and its use. The following 



1130 
ct 

86 

E= 

Figure (24) The system for the calibration of the scales of the 
shutters of the three primary colour filters. 

Figure (25) Tbp system for the determination of tho white point 
of the (E0) system. 
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method was used!! 

The comparison patch (a) figure(24)wrs filled with light from one 

primary colour filter (F) whose shutter was to be calibrated, and its 

surround was kept dark. The other patch (b) was of the same size as the 

comparison patch (angle of subtonso = 2.00), and situated at the centre of 

the test patch, whore it was usually used(angular separation between the 

centres of the two patches at the observer's eye = 120). It consists of 

a fresh magnesium oxide surface illuminated by a beam of light coming 

from the source S3  (adjusted to give standard source SII) through a 

neutral density filter (N). The reflected beam is received by the ob—

server's right eye, after passing through another piece of the same pri—

mary colour filter (F), and an aperture (A) adjusted to allow the re—

quired size and position of the test patch. The appearance of the test 

patch was matched by the comparison patch in brightness, by adjusting 

the shutter of the primary colour under test. The matching was repeated 

eight times for etch neutral density filter. This procedure was con. 

tinued, using seven different neutral density filters of densities 

covering the whole range of the scale of the shutter. 

The same procedure was carried out for the other two primary colour 

filters. 

The spectrophotometric transmission characteristics of the neutral 

density filters used for calibration, were plotted by Beckman recording 

spoctrorhotometer. Their transmission factors T were checked on the 

Wright photoelectric spectrophotometer at 10 points along the visible 

spectrum. The corrected transmission energy distribution curves are 

shown in figure(26). The density filters used showed to be practically 
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TABi~ (3) CALIBRATION 'OF THE SCALE OF THE RED PRli·fArcr FILTE.tt. 

S T S 'r S T S T 

1 0.1075 21 0.1341 41 O.I+(JILt- 61 0.5623 
2 0.0135 ?2 o.1'_~50, 42 0.1 .. 150 62 0.562,'9 
3 o. O17!~ 23 0.2042 43 0.4217 63 0.5781 
4 0.0251 24 0.2163 ltl~ 0.4315 64 0.5875 

. 5 0.0316 25 0.2265 45 0.1,.395 65 0.5943 

6 0.0377 26 0.2371 46 0./+1,,88 66 0.6026 
7 0.0513 

/ 

27 0.2483 1~7 0.4603 67 0.6lO9 
8 0.c617 28 0.2600 , 48 0.4656 68 0.6180 
9 D.rt/OS 29 0.2723 49 J .4721 69 0.6281 

~ 10 0.0766 30 0.2831 50 -O.!1.786 70 0.6310 

11 0.0871 31 0.2985 51 0.4853 71 0.6!42 
12 O.<FJ55 32 0.3055 52 0.4943 72 0.6546 
13 0.1035 . 33 0.3162 53 0.5012 73 0.6109 
14 0.1135 34 0.3274 511- 0.5129 74 0..6730 
15 0.1230 35 0.3.38B 55 0.5176 75 0.6808 

/ - -

16 0.1318 36 -0.3508 56 0.5260 76 0.6887 
-1'1 0.1430 37 -0.3631 -S7 , 0.5358 77 0.6950 

, 18 0.1531 38 0.3750 58 q.5408 78 0.70)1 
19 0.1641 , ,,)9 0.3846 59 0.5495, 79 0.7112 -

.20 O.173S:, 40 0.3963 60 0.5559 80 0.7178 

101 0.8222 0.8260 
~, 

102 103 0.-8299 10lJ. 0.8337 

S 

81 
82 
33 
[34 
85 

86 
87 
88 
89 
90 

91 
92 
93 
94 
95 

96 
97 
98 
99 

100 

~ . 

T 

0.7228 
0.7295 

0.7.362 
0.741.3 
0.7465 

0.7534 
0.7586 
0.7674 
0.7745 

- 0.7798 

0.7952 
0.7907 
0.7943 
0.7962 
0.7998 

0.8035 
O.8CYi2 
O.BilO 
0.8147 
0.S185 

, co 
N_ 

!-;, ,~,:~: -
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TABLE C41 CAtIBRATION OF TIIESCAtE: OF THE GREEN- PRIMAt1Y FILTER 

~ 
. . 

S T S T S T S T S T 

1 0.0075 21 0.'-"49 41 0.4764 61 0.5984 81 O.7211 
2 0.0148 22 0.2793 42 0.4320 62 0.6026 B2 0.7261 
3 0.0251 23 0.2904 43 . 0.1,,875 63 . g.6001· 83 0.7311 
4 0.0355 21. ' 0.3041 It4 O./~932 64 416166 - 84 . 0.7379 
5' 0.0457 25 0.3162 45 0.4989 ,65 0.6209 85 0.7/.30 

6 0.0550 26 0.3311 46 0.505S 66 O.62S1 86 0.746; 
7 O •. CiJ76 27 O.342S 47 0.5117 "fIl 0.6339 87 0.7499 

.g 0.0004 28 0.3573 - 48 0.5164 68 0.6412 88 0.7551 

,~ 
0.($71 29· - 0 • .3715 49 _ 0.5236 69 0.6471 89 0.7603 
0.1102 - 30 0.3819 50 0.5285 70 0;,6577 90 0.76)8 

0.1259 31 '0.3917 51 0.5370 -71 0.6637 91 0.7656 11 
12 O~1413 32 0.403'7.' : 52 0.5445 72 O.~ 92 0.7691 

-13 0.1;60 . 33 0.4121 53 - 0.5521 73 0.6761 9.3 0.771 .. 5 . 
14 O.l?~ l4 0.4188 54 '0.5585 74 '0.6823 94 - 0.7798 
15 0.1820 35 0.4276 55 0.5649 75 0.6887 95 -0.7871 

- -

0.1986 16 36 0.4365' 56 0.5702 76 0.6950 96 0.7943 
17 0.2109 37 0.4446 '57 0.5754 -77- 0.7035 .97 - 0.?998 

;'-:18- 0.2254 38 0.4550 sa 0.5821 78 0.7080 ·98 - 0.8054 
19 0.2371 39 . 0.4624 59 0.5875- .79 0.7l29 '99 '-'.0.8011 
20' ~ 0.2512- 40 -0.4688 60 O~5929 .80 '0.,7161 100 ' 0.8l28 

_. - :'.r:'. _ 

101 '. _-0.8166 1102 
'. 

0.81S5 10:3 : -0.8204 1~ 0.8222 -
, 

, 
.. d.:) 

'~c.o 

-, 
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TABU: (5) CAIJIBHATION OF TH~ S@ALE OF THE BLUE PRI:-1AR,Y FILTER. 

. 
S T S T S T S T - -

1 0.0060 21 0.15/~ 41 0.2884 61 0.4055 
2 0.0112 22 0.1614 • 1.2 0.2933 62 O.40S3 
3 0.0191 23 0.1675 43 0.2992 63 0.4121 
4 0.0267 24 0.1754 1..4- 0.3055 64 O./t-150 
5. 0.0363 25 0.1820 45 0.3112 65 0.4169 

6 0.0457 26 0.1884 46 0.3170 66 0.4207 
7 o. a537 27 0.1950 47 0.3251 67 0.4256 
8 0.0611 23 ,- 0.2018 48 0.3319 68 0.4276 
9 0.C692 29 O.2(J75 49 0.3388 69 0.4295 

10 O.fY/?l 30 0.2133 50 0.3451 70 0.4.325 

11 0.0043 31 0.2200 51 0.3532 71 0.4355 
12 0.($16 ,)2 0.2280 52 0.3565 72 0.4365 
13 0.($82 ':~3 0.2344 53 0.::656 73 0.4385 ' 
14 0.1047 .34 0.2432 54 0.3700 74 0.4406 
15 0.1122 35 0.211,95 55 0.37/ ... 1 75 0./+4,16 

16 0.1194 -J6 0.2559 56 0 • .3819 76 0.t426 
17 0.1265 37 0.2630 57 0.3873 77 0.4446 
18 0.1337 38 0.2692 58 0.3917 78 0./..467 
19 0.1410 39 0.275/4- 59 0.3981 79 0.k4H3 
20 0.]4,72 . If-O 0.2818 60 0.4018 80 0.4503 

101 o./~603 102 0.1 .. 60.3 103 0.4603 104 0.4603 

S 

81 
82 
83 
84-
35 

86 
37 
88 
29 
90 

91 
,92 
93 
9/ ... 
95 . 

96 
97 
98 

99 
100 

-.~ / 

0.1+529 
0.4539 
0.4550 
0.1,.560 
0.4560 

0.4571 
0.1 .. 571 
0.1:-571 
0.4571 
0.4571 

0.4571 
0.4571 
o./~581 
O./~581 
0.4581 

o.1~5S1 
0.4592 
0.l,.592 
0.4592 
0./+592 
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neutral, and all their curves are of the same shape, with their trans—

mission factors little higher than the mean value near the red end of.' 

the spectrum and lower near the blue end, The mean transmission factor 

was calculated for each filter. The luminosity of the neutral density 

filters with respect to the three primaries used, can be calculated 

from these equations. 

T 	RA5A 	(11\— 
R 	.rp,, 	d X 

T =  SP%  T),Ga,,7,d X 
G 	/TA  G;t.  yA  

T
B 	

B y  OA (9) 
I AVA 

for R,G and B respectively, Where P).  is the spectral energy distribu—

tion of the sourcelTx  is the transmission factor of the neutral density 

filter, 11\1  G), and BN  are the transmission factors of the rod, green and 

blue primary filters, and SIxis the y distribution cceCfLcient for equal 

energy stimulus; at wavelenth4. 

But the differences between the values calculated from these 

equations for one of the neutral density filters, and the average 

values of its transmission factors, are 0.4% for both green and blue, and 

1.0% for red which are practically insignificant. 

The relation between the scale reading of the shutter of each 

primary colour filter and the intensity ( = transmission factor of the 

corresponding neutral density filter) is plotted. The calibration 

curves are shown in figures(428,and 29,) They are not exactly straight 

lines as ms expected. The curve of the blue primary filter is flatter 

than those corresponding to red and green, which shows that the blue 

absorption in the optical system of the comparison patch is relatively 

high. Tables(3,4 & 5)give the calibration of the scales of the primary 

filters in terms of intensity of stimulus, from which the final results 

throughout this work were calculated. 
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(D) pETERMIN2.TION OF THE WHITE POINT  IN THE  (RGB) SYSTEM. 

this work a chance OB9 39)fliter was used to transform 5
A. 
to 

Sa, this being generally accepted as a white source, (Figure 30) shows 

the energy distribution of source 5,, the measured transmission distri-

bution of chance OB9 filter used{, and the combined energy distribution of 

both. Table (6) shows the chromaticity co-ordinates of the combination 

compared with those of the standard S. It is obvious that the differences 

between the two are so small that they can be neglected. 

To determine the white point in the tR,G,B) system, the following 

procedure was used. Chance OB9 filter F was placed in the path of the 

beam of light coming from source 53  (adjusted to give 511) (figurea5) 

the combination, being the white source used. A fresh magnesium oxide 

surface (b)was placed at the test patch and illuminated by a beam of 

light coming from this white source°  The reflected beam was received 

by the observer's right eye through en aperture (A) adjusted to allow 

the proper size (2c) and place of the test patch. This was matched by 

the correct mixture of R,G,B in the comparison patch, the process being 

repeated 10 times to get as accurate mean tristimulus values as possible. 

Assume that the tristimuIus• equation of the white,in LR G.B.1 system 

is; wt 3= rs  t_R.1 + g (10) 
To render this equation or any other equation representing any 

match obtained by the colorimeter as : 

c[C]Er [3.1 g 	+ b 	 (11) 

into trichromatic units, the coefficients of NI, C6)  and CBS in each 

should be divided by r,
's 

 and bs  respectively, and each of the re-

sulting coefficients divided by their sum. This leads to the following  



1.00 
98 The Ilelection 

Factor 

Whito 3arround of Comparison Patob._ 

0.80 r 

White Colour Sample. 

0.60 

0.40 

0.20 g 

0.00 	 4  

380 	480 	580 	680 . 	in m.p. 

Figure (31) The Spectral reflection curves of the White Surround of th© Compall. 
icon Patch the White)  Gray end Black Paper Colour Samplee. 

• 



0.80 

0.60 

B  
0.40 

0.20 

0.00 

1000 

The Reflection 
	 99

Factor. 

380 	43O 	580 	680 	in m41. 
Fiiture (32) The Spectral reflection curves of the Blue, Green and Yellow paper 
colour samples. 



0.10 

The Reflection 	
I 0 0 Factor. 

1.00 

0.60 

0440 

0.20 

0.00 
380 	480 	580: 	680 	X in ra-Y6 

Figure (33) Tho Spectral reflection carves of the Orange and Red paper colour 
samples. 



1 0 1 

7k 

1 
1 

1 

X 

1 

/ 

/ 

rr 
4,••...q  

7e 
•a. 

• ki 
• 

;t;*'• • / 
/. • 

mot 
 • • 

• 	io° •  
. 	...... " ......... . 	. 

Figure (34) A haf of the'polar distribution curve of reflection, 
the green paper colour =pie at A =580 m41.21Tormal Incidence. 
Reflection.en sample (---)0  Reflection on i77 0 (- — —), 
Reflection- Factor of the Sample 



xr— 	 1' 2 

N 

• 5,  

Figure (35) A half of the polar distribution curve of reflection , 
on the Green paper colour sample at X =580 n.)1., at 45°ineidence, 
Reflection on sample (---), Reflection on Mg 0 (—
Reflection Factor of the sawle 

OM 	I/0 ) 



TABLE (7) THE CITHOMATICIp.  CO-ORDINATES FOR COLOURED ?AIDER SAMPES USED AND THE WHITE 

SURROUND OF COMPARISON PATCH. 

,- 	r 

SIOTLE . 
v. 

x 
w 

Y Z _ 	, X4-Y4.2 . x. Y Z  Y 

WHITE 85.5220 77.6239 25.5320 188.6779 0.4533 0.4114 0.1353 0.7765 

TULOW 68.5173 53.603o 2.677 124.7990 0.5490 0.4295 0.0215 0.5360 

BLUE 9.3262 10.5520 12.8185 32.6967 0.2852 0.3227 0.3921 0.1055 

GREEN 38.4345 40.6421 4.5243 33.6009 0.4597 0.4862 0.0541 0.4064 

GREY 17.1990 15.6237 5.2716 38.0943 0.4515 0.4101 	' 0.1384 0.1562 

RED 18.8503 10.9136 1.7481 31.5120 0.5982 0.3463 0.0555 0.1091 

OnANGE 45.1067 26.8693 1.4412 73.4172 0.6344 0.3660 0.0196 0.2687 

BLACK /. .7429 4.4535 1.7404 10.9368 0.4337 0.4072 0.1591 0.04454 

IFITE 
SURROUND OF 
OOP.PATOH 82.4203 79.3875 25.9914 193.7992 0.4562 0.4096 0.1341 0.7939 
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two  equations: 

[Wi= 0.3333 111] 	0.3333 Ei; 	0.5333 [B] 	(12) 

rl 	+ 	gr [G] 	bt [B] 	(13) 

Equations (8) or (8)T can be substituted directly in equation (13) 

to get the tristimulus values of colour IC) in the C.I.E. system. 

(E) THE C,I.E. TRISTIMULUS SPECIFICATION OF THE COLOURED PAPER 

SJMPLES  AND THE WHITE SURROUND OF THE COMPARISON PATCH: 

The same procedure as that used for the three primary colour 

filters, was followed to obtain the acectrophotometric reflection chart—

teristics and to calculate the C.I,E, tristimulus coefficients of the 

coloured paper samples used in this wurk as test colours and backgrounds, 

(i.e. black, grey, white, orange, yellow, green and blue) and also the 

white surround of the comparison patch, Figures (31932933) show their 

reflection energy distribution curves. Table (7) shows their C.I.E. 

specifications.. 	 7 1,  

(F) THE POLAR. DISTRIBUTION CURVES OF COLOURED PAPER SAMPLES USED. 

Since the inclination of the test patch affects the colour contrast 

phenomena, the reflection on the colour samples at different angles for 

normal and 45°  incidence at the wavelenth of peak reflectance (for each), 

were measured by Wright Photoelectric Spectrophotometer, and their polar 

distribution curves were traced. Figures (34,35) show typical polar 

distribution curves for reflection on green sample at X= 550 m.,}1. 

(compared with that of Mg0) and its reflection factor for normal and 45°  

incidence respectively. The polar distribution curves for all other 
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coloured paper samples are of 	the oadiva chrvf , 	differ amongst 

each other in mar,mitude,, The figures show that tlie colour samples u,.3ed 

are nearly perfect diffusing surfaces:, 

(G) THE COLOUR VISION CHARACTERISTICS  OF THE OBSERVER,. 

The work done using the colorimeter, being carried on by the author, 

it was quite important to ensure that his colour vision saes normal, He 
(4) 

made no mistakes in the Ishihara Test so his colour vision characteristics 

wore measured using Wright trichromatic Colorimeter ( 5i Figure (36)* 

(1) RELATIVE LUMINOUS EFFICIENCY CURVE: 

The "flicker method's described by Wright, (22) was used, The inten-

sities of various monochromatic stimuJi taken from spectrum W1 (every 20 

ra,p) required to match a white source of constant intensity were measured. 

I! rotating sector was used to enable the eye to receive alternating beams 

of monochromatic and white light. 	 or mat -thingl the two beams must be of 

equal brightness and in this case no flicker can be seen, as the field 

alternates. Figure (31;) shows the relative luminosity curve of the 

observer compared with that of the C.I.E. standard observer. It is 

clear that 'he two curves are in good agreement, except at the blue end 

where the observer's curve is slightly higher. 

(2) THE SPECTRAL TRICHROMATIC CattliICIENTS. 

These were measured in Wright's system of plotting chromaticities. 

Monochromatic stimuli from spectrum W1  (every 10 m.).i) were matched with 

an. additive mixture of three monochromatic primary stimuli (0.65, 0.53, 

and 0.46 	from spectrum W2. In Wright's system,,instead of weighting 

the rs,,sults by three correction factos to enable equal values of R,G 

and B to match a white light (as in C.L.E. system), the results were 
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Figure (38) The Chromaticity Coordinates of the Spectrum for the author(---). 
and the C.I0E. standard observer (— —). 
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• "! 

Figure (39) The Spectrum Locus in Wrightls System for the author (..), and 
for the 0.L E4 standard *error ( 
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weighted by two correction factors( zoe R,90, and Blue) enabling equal values 

of monochromatic red. (0.65 y) and green (0a53 3.3.;  LI, match monochromatic 

yellow (0.5825A 9  and equal values of monochromatic green. ( 0.53 )1) 

and blue 0,46 2.1) to match monochromatic blue-green (0.4940 )1) •= 

Figure ( 3$ shows the observer s curves of the spectral tri chroma—

tie coefficients compared with those of the C.I,E, standard observer. 

The agreement between the two systems of curves is obvious, except at 

the blue end of the spectrum (from 0.4.0 to 0.50?) where Wright's 10 

observers vary much amongst themselves (the extent of their variation 

is shown by I in figure ( .38). 

Figure(39) shows the spectrum locus (obtained from these results) 

of the observer compared with that of the C.I.E. standard observer. The 

agreement between thotwo loci is obvious;  except at the blue end of the 

spectrum. 

(3) WAVELENGTH DISCRIlaNATION. 

The data of wavelength discrimination show the ability of the 

observer to distinguish between monochromatic stimuli differing in wave—

length. Wright's method in measuring the just noticeable difference in 

wavelength discrimination was used. The two halves of the field of 

view in Wright colorimeter was filled. with monochromatic light of the 

same wavelength > one half from spectrum W2  and the other from spectrum 

W1. Then the roof prism in spectrum W1  is moved. slightly along its slide 

until a difference in hue between the two halves can just be detected 

(both halves being maintained at the same brightness by adjusting the 

photometer wedge in the spectrum W2) The experiment was then repeated 

by moving the roof prism in the opposite direction. The readings were 
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Figure (44 The wave length discrimination curves for the author (--), and the average of Wright's 
five observers (- -)• 
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then repeated three times and on averago value of the shift for both 

sides (4 :\) was obtained. Figure (40 shows the wavelength 

nation of the observer compared with thenean of Wrigh-bi s five ob— 

servers. It is obvious that the general shape of the cu:eves agree with 

the some positions of maxima and minima. "Wright T s observerd vary very 

much amongst themselves, the extent of their variation is shown by I 

in figure (Jain. the value of(e.))ho,t agree in the general shape of the 

curve. 
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Yellow (Y), Blue (13), Orange (0), Green (G), White (w), 
and Black (b). 
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0,22 	0.3 	0,4 	0.5 	0.•  

Figure (42) The chromaticitles of the colour appearance of all the test colours against all the hub-
grounds used for the compound pattern of 151  7qouent angle of sobtense and 20°1nolinationo 



115 

CHAPTER V 

THE EFFECTS OF DIFFERENT SIMPLE AND COMPOUND COLOUR SURROUNDS ON 

THE APPEARANCE OF DIFFERENT TEST COLOtiRS AS MEASUPEDBYTHE COLORIMETER. 

The test colours used in this investigation are orange (0), yellow 

(Y), green (G), blue (B) and grey (g), The surrounds used are white M I  

black (b), yellow (Y), blue (B), orange (0) and green (G). They are 

arranged in one colour and two colour surround:32  as shown in figure (41) 

which gives the suffixes used to represent them. The same suffixes are 

used to represent both the simple and compound pattern of the surround 

made of the same colours (figure 18). 

(A) THE CASE OF THE COMPOUND P.LTTERN.I.  

Figure (42) gives a general idea of the effects of all different 

colour surrounds applied to all the test colours used. This represents 

the case of the biggest differences in colour appearance, i.e. case of 

small compound pattern (element angle of subtense = 151) at 20° inclinam 

tion. It is clear from this figure and in all other cases mentioned later, 

that for all the test colours used, the point corresponding to the white 

surround is central with respect to the points corresponding to all 

other surrounds. That is why the shifts due to different surrounds are 

referred in this work to the case of white surround. It is clear to 

deduce the following general empirical rules from this figure: 

Rule (1) The shifts due to two colour surrounds are bigger than those 

due to one colour surrounds. 

Rule (2) The shifts due to one colour surrounds are generally away / 

from that colour. This is obvious in the case of yellow and grey samples. 

In the cases of orange and green test colours on yellow and blue surrounds, 

it can be seen that the point corresponding to yellow surround is shifted 
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away from the yellow further than that corresponding to the blue surround 

and vice-versa. The same thing applies for the case of blue test colour 

on orange and green surrounds, 

Rule (3)s.  The shifts due to two colour surrounds are generally 

away from the colour of the stripe on which the test colour is mounted 

and towards that of the other two side stripes. The first rule can be 

seen as a direct corollary to this third rule. In the case of one co-

lour surround, if we imagine that this surround is divided into stripes 

of the same colour, then the effect of the stripes on which the test 

colour is mounted is that of repulsion, and that of the other stripes is 

that of attraction. Since both the attraction and repulsion is due to 

the same colour of the surround, then the resultant defect due to this 

colour surround is reduced. While in the case of the two colour surrounds 

that are located on the chromaticity chart in two opposite directions 

relative to the test colour, the combined effect is enhanced. 

Rule (4)  The shifts due to black surround are generally towards &-

saturation. 

For more details, figures (43-47) inclusive, show on a larger scale, 

the cases of grey, orange, yellow, green and blue test colours respect-

ively for the same conditions shown in figure (42). A brief account of 

the changes in colour appearance due to different surrounds in the cases 

of these test colours will now be given. 

(i THE GREY TEST COLOUR: Figure (43) 

The grey test colour shows the most striking colour contrast effects, 

because it appears rather dark neutral on a white surround, brighter 

neutral on a black surround, yellow, blue, orange and green on the other 

surrounds. These apparent colours are much more saturated for the two 
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colour surrounds than for the one colour surrounds. The four empirical 

rules just mentioned before, are obvious in this case and can be des-

cribed as follows: 

(1) The shifts g5 '1.e g5 g2' g5 g7  and g5  gc  due to two colour surrounds 

are bigger than shifts g5  g4, g
5  g3

g5  gio  and g5  g
9 
 due to one colour 

surrounds respectively. That is why the apparent colours in the case 

of two colour surrounds look more saturated than those due to one colour 

surrounds. 

(2) The shifts caused by one colour surrounds e.g. due to yellow 

(g5  g3), blue (g5  g4), orange (g5  g9) and green (g5  gio) are away from 

yellow (Y5), blue (B5), orange (05) and green (G5) respectively. 

(3) The shifts due to two colour surrounds are generally away from 

the colour of the stripe on which the test colour is mounted and towards 

the other colour. For the two colour surrounds 1,2, 7 and 8 (shown in 

figure (43); it can be noticed that: the shift g5  gl  is away from blue 

(B5) and towards yellow (Y5): g5  g2, is away from yellow and towards 

blue, g5  g7  is away from green (G5) and towards orange (05), and g5  g8 

is away from orange and towards green. It may be argued that once the 

shift is away from the blue or the green, then, automatically, it will 

be towards the yellow or the orange respectively, and vice-versa, since 

the yellow and blue are in the opposite sides of the grey and so the 

green and orange. This is not what is meant by the third rule which can 

be illustrated geometrically from figure (43) by the following example: 

Taking the case of orange green surround (8) i.e. the point g8: 

assume we join 05  g5  and extend it to meet the extension of G5  g8  at 

point g18. The effect of this two colour surround on the appearance of 
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grey an white surround (g5) can be analysed into two components: 

(a) g5  gL which is a shift away from the orange (i.e. repulsion 

from orange) 

(b) gg g8  which is a shift towards the green (i.e. attraction to 

the green). 

The same result can be obtained by joining G
5  g5 

 which meets the 

line 05  g8  at point gg. In this case the effect of the surround will be 

an attraction to the green represented by shift g5  gg and a repulsion 

from the orange represented by shift gg g8. The same analysis applies 

for the other three cases of two colour surrounds as shown in figure (43). 

It is noticed also that in the blue yellow surrounds, the effects 

of blue are much bigger than that of the yellow in both cases of attrac- 

tion and repulsion (g2 	2 g5  and g5 	gl g1). This may be due 

to the fact that the grey on white surround(g
5
) is nearer to the yellow 

(Y5) than to the blue (B5) in the chromaticity chart (figure 42). In the 

case of orange green surrounds, the repulsive shift is bigger than the 

attractive one whether it is due to orange or green (g
5 8 	8 
gy\ gg g

8 
 and 

g5  47) g3 g7). This =I be due to the fact that the grey on white 

surround (g
5
) is nearly at equal,distance from orange (0

5
) and green(G

5
) 

on white surrounds. 

 

This may indicate that there are two factors affecting the magni- 

tude of the change in the appearance due to colour contrast caused by 

two colours: 

(a) The distance between the test and the surround colours in the 

chromaticity chart. (i.e. the difference between their chromaticit.Les). 

CO The situation of the surrounding colour: whether it is in the 

same horizontal band as the test colour or on the two sides of that band. 
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It is difficult at this stage of the work to decide which of these two 

factors is more effective than the other°  Nevertheless, there are two 

other possible factors which may be playing a major role in the overall 

colour contrast effects; namely: 

(c) The relative brightness of the surrounding colours w.r.t, that 

of the test colour. 

(d) The relative areas of the surrounding colours w.r.t, that of 

the test colour, 

With these four possible factors it becomes more difficult to give 

any definite judgement about the actual colour contrast effects from 

just looking at the chromaticity chart (for some relation between the 

magnitude and direction of the shifts corresponding to different colour 

surrounds, and the relative locations of these surrounding colours w.r.t 

the test colours). This graphical analysis gives no more than a general 

and qualitative idea about these effects. L. quantitative analysis of 

the results must be done to help the study of these effects. This will 

be given in simple linear relrtions in Chapter IX as a simplification of 

this complicated phenomena of colour contrast, 

(4) The shift due to black surround (g5  g6) is away from yellow and 

red, in other words towards neutrality i.e, towards desaturation. The 

shift in this case is bigger than shifts due to other one colour sur—

rounds.- 

IC ORANGE TEST COLOUR: Fi7ure (44) 

In this case the four empirical rules mentioned before can be 

seen clearly illustrated in figure (44)/  with one difference related to 

the second rule: For the yellow and blue surrounds, the shifts 05  03  

and 05  04  are not away from yellow and blue (respectively) in the direct 

2 I 
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sense, but shift 05  C3  is furlher than 0
5  04 

 from yellow and hence 05(4 

is further then 0
5 
0
3 
from blue. The repulsive shift due to one co—

:lour surround can be seen directly if the shifts are referred to the case 

of orange on black surround 1—e. 06  (06 03  is away from Y
6 
 and 06  04  is 

more or less away from b6) 

In the case of the yellow blue surrounds, the attractive shift is 

bigger than the repulsive shift, whether it is clue to yellow or blue 

(03.03> 05  Oi and O2 02> 05  O2 ). 

THE YELLOW TEST COLOUR fiffure (45) 

The shifts in this case lie in a straight line because red and 

green primaries only (no blue) were needed to match the appearance of 

the yellow against all its different backgrounds. ( The shift Y
5 
Y
6 

lies outside this straight line because Y6,,being the brightest, was the 

result of a match made without using filter F
4 

in the path of R,G,B 

mixture while this filter was used in the cases of all other surrounds). 

The four rules mentioned before apply directly for the case of the 

yellow test colour, as shown in figure (35). The attractive and repul—

sive shifts due to orange and green are nearly equal in the two cases of 

orange green surrounds 7 and 8 (i.e. Y5  T.2,  IA 18  and Y5  YrY"7 	This 

may be due to a balance in the effects of the four factors mentioned in 

the case of grey test colour. The shift due to black surround Y5 Y6 is 

away from the monochromatic yellow (X= 590 m. p) 

, THE BLUE TEST COLOUR: figure (47) 

Rules (1) and (4) only apply directly in this case as seen in 

figure ( 7): The shifts B5  B9  and B5  B10  due to one colour surround are 

smaller than the shifts B
5  B8 

 and B
5 
B
7 

due to two colour surrounds and 
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the shift B
5 
B
6 

due to black surround is towards desaturation. 

Rule (2) (i.e, repulsive shift due to one colour surround) applies 

indirectly i.fo shift B
5 
B (due to orange surround) is further than 

shift B5 B10 (due to green surround) from the orange and vice-verso.. 

This rule applies directly if these shifts are referred to case of blue 

on black surround (shift B
6 
B
9 

is away from orange 06  and shift 136  B10  

is away from G6) 

Rule (3) does not apply at all, if the shifts are referred to the 

case of blue on white surround since the two shifts due to orange and 

green in the two cases of orange green surrounds (7 & 8) era attractive. 

But if the shifts are referred to the case of blue on black surround 

rule (3) applies (as seen in the dotted line). The shifts due to orange 

are bigger than shifts due to -Teen whether they are repulsive or attrac-

tive. 

The success of the application of the four general empirical 

rules in the case of the blue test colour, when referring the shifts to 

the case of black surround and the failure of the same analysis when 

the shifts were referred to the case of white surround, may be clue to 

the fact that the blue colour used is dark, and it looks even darker 

when seen against white surround. The brighter the colour, the greater 

intensity of the primaries used for matching and hence the more accurate 

the results will be. Lis° the intensity of the blue depends largely 

on the density of macular yellow pigment of the eye and hence the latter 

affects the accuracy of measurement. 
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V THE GREEN TEST COLOUR: (Figure 4.0 

This case (as shown in figure 46) is similar to the case of 

orange test colour. It is clear that the four empirical rules apply. 

The repulsive shifts due to yellow and blue surrounds are indirect 

(shift G5  G3  is further than shift G5 G4  from yellow, and hence G5 G4  

is further than G
5 
G
3 
from blue). Also their repulsive shifts can be 

seen directly if the shifts are referred to case of grewn on black 

surround (G6
) instead of white surround G

5 
(shift G

6 
G
3 
is away from 

yellow Y6  and shift G6  G4  is more or less away from blue b6). Also 

the case of yellow blue surrounds, the attractive shift is bigger than 

the repulsive ore whether it is due to yellow or blue (G1DG1 	G5  Gil 

and G2' G2 G5 G2')  

(B) THE CASE OF SIMPLE PATTERN: 

The case of the compound pattern was studied before the case of 
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the simple pattern because: (1) It represents the biggest effect of 

colour contrast since it was measured for a small angle of subtense 

(151  for the element square) and at an inclination = 20°. The bigger the 

effect the more obvious the analysis will be, 

(2) In the case of simple pattern for orange, and green test 

colours, red and green primaries only (no blue) were needed to match 

their appearance on any of the different surrounds used (which is not 

the case for orange and green test colours in the compound pattern). This 

being the case, all the points in the chromaticity chart corresponding to 

these test colours agaThst their backgrounds lie on the straight line 

joining the two points corresponding to R, find G primaries. Therefore 

the analysis in this case of the simple pattern will be more limited than 

in the case of the compound pattern (as will be seen later). 

Figure (48) shows the effect of different surrounds on the appear-

ance of all the test colours used in this investigation for simple 

pattern of element of angle of subtense 1St, lying in a vertical plane. 

It is obvious that for all the test colours, the point corresponding to 

the white surround is central with respect to the points corresponding 

to all other surrounds. This case will be studied now in the light of 

the four empirical rules mentioned before: 

The first rule: (namely the shifts due to two colour surrounds are 

bigger than those due to one colour surround) applies in this case 

for all the test colours. 

The second rule: (namely the shifts due to one colour surrounds 

are generally away from that colour) applies directly for the grey and 

yellow test colours, and for the yellow surround of the orange and green 
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test colours, and indirectly for the blue test colour (in the same way 

as mentioned in the case of compound patter (see pageltr). But for the 

blue surrounds of the orange and green (04  and G4) the shifts are to—

wards the yellow (and not away from the blue) since there is no blue 

component in the matching beam. 

The third tole: (namely the shifts clue to two colour surrounds are 

generally away from the colour of the stripe on which the test colour is 

mounted and towards th2t of the other two side stri',Des), applies directly 

for the grey test colour 	indirectly for the blue test colour (in the 

same way as mentioned in the case of the compound pattern (see pagea). 

As for the orange, yellow and green test colours, since all their points 

lie on the same straight line, then this rule does not apply directly. 

It shows itself in the first rule as mentioned before in the explanatory 

note related to rule 3 (see pagell7).  

The fourth  rule: (namely the shifts due to black surround are to—

wards desaturation) applies directly for the cases of blue: vnd grey test 

colours and indirectly as shifts on the straight line (R) (G) away from 

the red and green ends of the chart and away from 0.59 u for the cases of 

orange, green and yellow test colours respectively. 

(C) THE EFFECT OF THE PATTERN OF THE TEST PATCH: 

For comparison, figure (49-53)  inclusive, show the cases of the 

simple and Compound patterns, for grey, orange, yellow, green and blue 

test colours respectively, for the same experimental conditions (element 

angle of subtense = 151  and vertical test patch). 

FOR TI- ORANGE AND GREEN TEST COLOURS: figures (50&52) 

The following points can be seen clearly; 
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(a) In the case c2 the simple pattern and for all the surrounds 

used, the orange and green look more saturated than in the case of 

compound surround. 

(b) The shifts in the simple pattern are bigger than in the case of 

the compound pattern. 

(c) The whole sot of the points for the simple pattern, with 

respect to that for the compound pattern, is displaced towards the rod 

end of the chromaticity chart for the orange test colour and towards the 

Treen end for the green test colour. 

(d) In the case of the simple pattern, most of the effect of the 

different surrounds appears in the form of change in hue and very little 

change in saturation (if any) occurs, while on the case of the compound 

pattern, the effect is divided between the change in hue (which is less 

than in the first case) and change in saturation ( which is much more 

than in the first case). 

it possible explanation for these effects is as follows: 

The eye sees the whole pattern -Daying special attention to the 

test colour i.e. the whole pattern is imaged or the fovea of tha retinal  

with a trial to match the appearance of the test colour. So, in the case 

of the compound pattern, a summation of the effects of the Burrcunding  

colours on the tes.3 colour is taking place (possibly mixing of the co-

lours, as will be explained in Chapter VIII) and this is greater than in 

the case of a simple pattern which causes this desaturation and the re-

duction of the apparent differences in hue. -- 

FOR THE YELLOW TEST COLOUR: figure (51; 

(0 The shifts due to different surrounds are larger in the case of 

the compound pattern than in the case of simple pattern. 
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(2) There is no tendency for the whole s_ef, of points to be di 

placed either way to the red or to the green. 

This may be due to (a) the location of the yellow test colour in 

the chromaticity chart being nearly midway in between the locations of 

the orange and green (of the surround) ,:_ord &t the same time (b) the 

yellow test colour can be built by a mixture of the orange and green 

(the actual surrounds in this case). 

FOR THE BLUE TEST COLOUR  figure (53) 

(1) The shifts due uo different surrounds are bigger in the case 

ofehe compound pattern than in the case of the simple pattern. 

(2) The reference point (B5) corresponding to the white surround 

being practically unchanged from one case tp the other, the blue test 

colour on the other surrounds appears in the compound pattern less sat—

urated than in the case of simple pattern. This is the same result as 

in the case of orange and preen test colours. 

FOR THE GREY TEST COLOUR figure (49) 

(1) The shifts due to different surrounds are bigger in the case 

of compound pattern then in the case of simple pattern. 

(2) The reference point (g5) corresponding to the white surround 

being changed little in the two cases, the grey in all other surrounds 

looks more saturated in the compound pattern than in the case of the 

simple pattern. This may be due to the fact that the grey, being origin—

ally nearly neutral, then the more the mixin effect due to the compound 

pattern the more sautrated the apparent colour appears. 

(ro THE EFFECTS OF DIFFERENT COLOUR SURROUNDS ON THE APPMENT 

BRIGHTNESS OF THE TEST COLOURS: In this work, no attempt was made to 
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TABLE (lZ) THE C.l.E. TRlSTlMULUS SPECIFICATION OF Trr~; APPEAr1.AUCE OF TJff ~RZY Ti:.:::'I' C.JLOUH AGAINST amHER 
(Contcio ) BACKGROm·:DS, MID ~Ul ALI.. TlI-= VIE:'iINf~ COUDITIOUS USED. 

SUIT.8Ur::D (7) ('.~) (9) (10) (5) (6) 

CONDITION x y Y :~ y Y x y t x y .j'. Y Y x y Y 

I .450 • .3[.1 0.85 .427 .385 0.76 .1.43 .376 0.55 .41 .. 3 .370 0.65 .451 .379 0./) •. .428 .374 1.77 

IV .457 • .361 0.77 .397' .398 0.60 .420 .374 0.56 .41.J,6 .361 0.(10 .i;.38 .370 0.21 .421 .364 1.10 

, 

X ./~35 .349 0.25 .!~1J~ .3g0 1.05 .!~35 .378 0.95 .447 .368 0.99 .456 .391 0.37 .423 .374 1.62 

. 
XIV .448 ~~') 1. ~:~O .381 .lvll 1.54 .1+03 '.399 2.35 ./}33 .385 1.64 .425 .395 0.93 .397 .:338 2.64 • .",L.:',. ... 

}..:v " 493 .354 0.94 .381 .1 .. 07 0.80 .404 .384 0.91 .41107 .352 0.73 .439 .376 0.23 .1,,06 .353 1.26 
>..'1/1 .462 • 36!~ 1.20 .375 .397 0.78 ./.01 • 37/t. 1.05 .41.2 .356 1.07 .425 .377 0.36 .391 .369 2.65 

XVII .536 .344 0;60 .337 .430 0.73 .42~ .384 0.84 .475 .369 0.73 .466 .387 0.49 .422 .373 1.25 

XVIII .449 ~369 .~ 423 .1 ... 56 p.J6 .1;.4) .392 0.41 

IIX e 501 • 253 o. L~ .381 .1~9/ .. 0.27 ./~3S ·'°1 .)/ ve.J6 

XX ./.joSS .357 O.21t .1~6 .452 0.36 . .! .. 3S .391 0.3t ,.... 
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_ ...... 
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WLE (*~) Conji'd. TIm Celeb TN§'!ll·&W .mPAn9H:91:-Um·g~i.: 
OF Th~ o:.wrGE. GREEr! AIm XEW&~ 'l'ESi2~ On' imitE.· ~. 'AUP ~mD pINJa 

• '," .. ,~ • , ,,~ •• " • "., ,;':.,.. ~ ... : f .' , '. " • 

,"", ~'. .", l' "I: ': ~ " ; ~ .. ",. . '.. ~ ," 

stJllH.om-rg;.' '", - ~:~:,.;:,;." 1.', ,;, ,,' .• '.' ',';'; 

',:: . ' '" , 

SUI!PJ)UND ' (;) (6)' ... ; {iil ' . " '(12):.' . 

'Jt'" .. y, ;,¥. • 'X; ·-x: ,/'$t. ::t~ . ,~Yl~ • y .. 
>c.',. ." ... X. . : ,.t· ~x TEST COLOUR 

".' " 

Orange· .591 .330 1.3.~ .~75 .347 J.';~19' .586: .3312.79: ~59:9 .)1..2, 0.92'" >. , ." ' , 
- ~. ' 

Green 

YalloiJ 
, ..... : .... , ;' .... 

" "f 

(0.) ~, II" ~II, IV, for vertical simple' pnttern of~le~t:~i~e ot·~l1bte1'l$el . 20
,' 

. 1°" 30' end 15' raspectiv.ely,f'or'brigh~aur.round.o~.~colnpa~rinon 
patch. '.' .' ' , 

(b) V, VI, V~I £or vertical simple pattorm ofelenlent~~l~~~.Subtente,·:/). 10 

and .30 t , respeotively tor. darl~ s~6U~r;I,,'~f:::cOmPtr!1son.p~t~h. 
" - , ~- ~.~ - ' . ..'" - . 

(0) VIII. LX, X for f:1itl)lai?littorn, 2° el'6ment,a.ngle·of:~bt~n$e::tltinc1inc~tiona400 
, lOr 50 .roopect1vely i'or bright· surroun4·.'.~r~:~orrotn.rlaon patch_._ ,: '. 

(d) ;g I XII. XIII for :lir:!ploy~ttern. ,2° elomEIDt ~l~:i)t~~b~n:ld!l.t 1nolinations, . 
40~, 209.,and 5'0 reopeet1vo-lt tor' 4al-k::'~~~oUnd 'or ;eomparieon.' .",' , 
l)ntcll. ' . _.'.. " . . ' 

( 0) XIV. IV. m 1'01; vertical' compound pattel11oiJ.SJ~l.~~t ~le';(j:rS1lbtenl;etor 
, briGht ru'l~ darlt ~rouna.so£, o~p~QP 'pa:tchan:(l~O'WGr ·ltmdno.nce 
arthc \>1ho10 test pa.tch. .'. . , . ,:.::- ".' " .:<: '.' . ',' ;' 

(f) XVII' 

(g) e~III, XIX 

(h) lQ; 

'£or compound patt.orn or' '15" eie~ent.teJl~li 9r.';~ti.bterise 'at' an . 
inclination 20°, rOlf bright'· surrountl6f:- oomparisonp3tcl,.. ., 

~ '. • • , ,< ".~.", .• • • -' . ~ 

for the chnrt et an olement "'e1l61e ,of. ~bt~:;;e,i2" and 6' fespeet­
ivoly tor bright St'tTround of' oOtnpariPon· pat'oh (~ri~nt~l stripes) • 

. . 

fOl· the chart at on a.ngle··6£subtehse',,6~\· ~;Ci·for~·yeni~'.8tripes. 

. : --'''' '~' 
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construct a scale of subjective brightness, but the sum of the fractional 

luminances of the three primary colours used in the matches were taken 

as a relative measure of the ap-)arent brightness of the test colours 

against their different backgrounds. This, in itself;  is sound for com-

parison in the different cases, although the numbers shown have no ab-

solute significance, as have those related to a well established scale. 

Hopkinson, (11A ) has developed two such scales of subjective brightness 

based on: (1) equal steps of contrast, (2) Direct numerical estimation. 

Nevertheless the work in this field is not yet complete and more investi-

gations are still in 1.:rogress. 

.Ldjustin7 the comparison patch to be of the some apparent bright-

ness as that of the test colour in its surround, is very difficult (as 

shown in Chapter III) for the following two main reasons: 

(1) The separation of the test and the comparison patches. 

(2) The different conditions of the test patch. 

It can be safely claimed that adjusting the comparison patch to 

match the chromaticity of the test colour, which in itself is difficult, 

is easier and more accurate than its final adjustment to match the bright-

ness also. This lead to very few cases of discrepancies in the follow-

ing general analysis of the results and thqse departures can be ignored. 

From the results shown in tables (842) inclusive, the following 

general conclusions for all the test colours in all different conditions 

used, can be seen: 

(1) The white surround (5) makes them appear the darkest with 

respect to all other surrounds. 

(2) The black surround (6) makes them appear the brightest with 
respect to all other surrounds. 
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(3) The blue F,urrocnd (4) makes 'uhem look brighter than in the 

case of the yellow surround (3) 

(4) The surround (1)makes iThem look brighter than in the case of 

the surround (2). 

(5) The orange su2round (9) makes them look brighter than in the case 

of the green surround (13). 

(6) The surround (8) maples them look brighter than in the case of 

surround (7) 

Bearing in 	thnt the blue is darker than the yellow and the 

orange is darker than the green (as shown in Table 7), these conclusions 

may lead to the followin: two general empirical rules. 

13111Ela For the one colour backgrounds' the darker the surround, the 

brighter the test colour appears. This is clear from the experience of 

our u,reryday life. 

Rule (6)For the two colrur backrirounds: The test colour seems to 

be related in brightness to the brightness of the stripe on which it is 

mounted. (Since the conclusions (4 & 6) are direct applications of rules 

(5 & 6). 

(E) BLkCK-WHITE SURROUNDS: 

Compound black-white surrounds (11) and (12) figure (41) were 

studied for the orange, yellow and green test colour, for element angle 

of subtense 15,  in the vertical plane, and the changes in chromaticity 

and apparent brightness are shown in Table (O.) and figures (50-52) in-

clusive. Black and white being nearly neutral and differ only in their 

reflectance factor, it was expected that these surrounds would affect only 

the brightness and saturation of the test colour, but its hue also was 
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affected, 

Rule (6)(namely the test colour is related in brightness to the 

brightness of the stripe on which it is mounted)and Rule (5) (namely, the 

darker the surround, the brighter the test colour appears), apply in the 

present two cases, In general the brightness of the test colour in sur-

round (11)Iae8 in between those in surrounds (5)  and (6) and the bright-

ness in the case of surround (12) is smaller than that of surround (5) 

(with one exception, the case of orange in surround (12)), whose bright-

ness lies in between those in surround (5) and (6) also), 

Rule (1) (namely:, the shifts due to two colour surrounds are bigger 

than those due to one colour surroundOand Rule (2) (namely the shifts 

due to two colour surrounds are generally away from the colour of the 

stripe on which the test colour is mounted and towards that of the two 

side stripes), do not apply in the present two cases. This is not Al sur-

prising result since the black 1,1d white used are nearly of the same 

chromaticity (Table 7) and the point corresponding to the white surround 

is -taken as reference of shifts. The results c:Ln be looked at from 

another angle, namely the shift due to total blck surround is Lig7er 

than that due to partial black and white surround. 

(F) THE SIGNIFICANCE OF THE SHIFTS DUE TO DIFFERENT SURROUNDS. 

The appearance of each test colour on any surround as shown in the 

results throughout this work is calculated from the average of four set-

tings of the three controlling knobs. The final results of each of these 

settings were calculated for all the test colours and surrounds use0, in the 

case of the compound pattern of 1St element angle of subtense and 20° 

inclination. The spreading in these results is shown numerically in 
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V1,771  (13) Contld. 

sunou3ro (7) (?,) ( 	) (10) (5) (6) 
'2:172 cum-a :: y I z , ' X " , 72: ,, :1 7,7, :7 7 y .- 	. 

1. 
2. 

.504 

.504 
.412 
.412 

5.55 
5.4q 

.432 

.435 
.454 
.453 

743 
7.f.,)3 

.451 

.455 
.444 
.441 7.31 7.13 .44 .494 . a 0 :R :R-  :i1A : ,1 

.427 , YI:P Yollou 3. .499 .415 5,60 0434 .454 7.u5 .451 .443 7.33 .436 .423 6.25 0474 .430 4,48 • 7.86 
4. .501 .414 5058 .436 .452 7,71 .453 .442 7.14 ../48 .422 6.15 .475 .429 4.53 .443 .447 7.82 
li .502 .413 5.57..434 .453 7.64 .452 .443 7.23 .438 .421 6./4 .474 .430 4.51 0441 .446 7.85 

4 
1. .363 .259 0.40 .277 .250 0.54 .268 .240 0.48 .236 .242 0,32 .244 .77,2,0,20 023 .268 0.62 
2, .370 .260 0.39 .274 .248 0.52 .273 .239 0.44 .289 .243 0.34 .245 .213 0.21 .325 .267 0.60 

Blue 3. .362 0260 0.40 .278 ,252 0.53 .271 .237 0.48 	 0288 .239 002 .247 .221 0,20 .320 .264 0.59 
4. .368 .260. 0.42 .272 .251 0.56 .268 .239 0,46 .287 .243 0.32 .244 .223 0,21 .321 .264 0,62 

It .368 .261 0.40 .275 .250 0,54 
••• I 

.269,.239 
..14.- , 

0.46 .239 
N 

.243 0.32 .245 '",2 0.21 .321 .265 0.61-  
- , - - _ 	A  ,._ , , 

1. .536 .342 0.62 .327 .431 0,71 	 0424 .387 0.82 .474 .370 0.74 •47..333 0.49 .422 .373 1.23 
2, 4634 .345 0.60 ,387 .429 -0,71.-.428 .388 0.84 .474 .366 0,73 .455 0384 0048 .423 .375 1.23 

GrcY 3, 0540 0341 0.62..337 .427 0.73 ,429 .322 0.86 .471 .371 0.73 .468 .308 0.44 •418.376 1,28 
4. .540 .343 0.59 .338 ,429 0074 .426 .334 0.83.476 .368 0.74 .466 .335.0.4S .420 .37S 1.23 - 
11 .536 4344 0.60 .337 ,430 0.73.0428 w324 0.84 .475 .369 0,73 .466 .3V7 0.42 .422 .373. 1.25 

1.- 	 , ., A , 
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Tables (13) and graphically in figures (98-102) inclusive. These tables 

and graphs show that the individual results are fairly consistent with 

the differences frolu the average results varying for different test 

coloilrs according to (1) their luminance and (2) the non-uniform spacing 

of the C.I.E. chromaticity chart.
(77 79)

(The differences in the chromaticity 

co-ordinates (x and y), range from 0 to 0.004 and in the relative 

luminance (I) ranges from 0 to 4% with very few exceptions). 

The graphs show also that the shifts due to different surrounds are 

significant compared with this spreading, 
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5 

Figure (51+) The Hue Chart showing the =matte resifts of the observorsf- -) 
and the results of the author (---),for the charts at 64  clement an7lo of 
subtonsc, compared with the samples of the Manson Book of Color. 
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CILAITER VI. 

COLOUR CONTRAST AS STUDIED BY DIFFERENT OBSERVERS USING 

THE MUNSELL BOOK OF COLOR. 

In this method, two charts as shown in PlateH(la: 2a), with the 

complex pattern of test colours on two colour surrounds, were used. From 

the previous analysis of the results, obtained by using the colorimeter, 

these are the two conditions giving, (1) The bigger shifts corresponding 

to larger changes in colour appearance due to different surrounds, and 

(2) the changes in appearance occur in hue, chroma and value. 

In the first method, using the colorimeter, source S i  was used 4o 

illuminate the test patch and the surround of the comparison patch. This 

enabled the study of the colour contrast phenomena under a standard 

illuminant (SL.  i.e. the tungsten light which is widely used in our every—

day life) with an eye adapted to the same illuminant. 

In the present method, natural daylight was used to illuminate both 

the chart and the Mansell Book of Color, since the MUnse11 coloured chips 

were calibrated in daylight (Source C). This enables a study of the 

Colour Contrast Phenomena as they occur in nature during daytime i.e. 

in the same conditions of illumination and viewing (adaptation of the eye)  

Each of the observers, carrying out the long procedure described 

in Chapter III was fairly consistent in his results. 

Figure (54) shows the average results of the different observers 

(11 observers for the first chart and 8 observers for the second chart), 

plotted an a hue chart (hue circle with chroma represented by the dis—

tance from its centre) for all the test colours used (red (R), orange (0), 

yellow' (Y), green (G), blue (B) and grey (,)),for an dlement angle of 
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Figure (56) The results (in the C.I.E. system), obtained by Mr. Ke1i. roiddock (---) compared uith the 
average results (— 	for the first chart at 61  element anlo of subtense. 
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compared ui.th the averags 'results (— Figure (61) The results obtained by Mr. W. H. Uitchen ( 
for the two charts at 61  element angle of subtense. 
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for the first chart, qt 	element an  1e of subtense. 



i62 

subtense 7-'';6! (The angle of subtense of the square of test colour on the 

white arla*ound = 12.1) 	The third general empirical rale (namely the 

shifts due to two colour surrounds are generally away from the colour of 

the stripe on which the test colour is mounted, and towards that of the 

'other two side stripes), applies also in this case with one exception, 

the case of blue on surround(8) 	This method, being limited to the case 

of compound pattern. with two colour surround, car not show the other 

three empirical rules. 

Figure (54), also shows the results obtained by the author com-

pared with the average results of all the observers plotted on a hue 

chart The following can be seen f2om this figure: 

(1) The general directions of the shifts due to different surrounds 

are nearly the same in the two cases. 

(2) In general, the marf,ritudes of the shifts obtained by the author 

are bigger than the average shifts obtaired by all the observers. This 

may show that the author is more sensitive to colour contrast than the 

average observer, (most of the observers are not accustomed to the colour 

matching technique using the Mansell Book of Uolor). 

The results are then transformed from the Mansell system of hue (H) 

value (V) and chroma (C) into the 	system of the trichromatic co- 

ordinates (x) and (y) and luminance factor (Y), and are plotted in the 

chromaticity chart. The figures (55-65) inclusive, show the results ob-

tained by each observer compared with the average results for all obser-

vers. Also the results are summed up in one graph for each test colour, 

as shown in figures (66-71) inclusive. It can be concluded from all 

these fir-cures that: 
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Figure (68) The results of all observers and their average, for the Orange Test 063.01:r,  
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()_) The shifts' due to different surrounds as obtained by individual 

observers of normal colour vision are in the same sense, 

(2) The magnitudes and the actual directions of these shifts vary 

considerably from one obse=rver to the other. 

These differences in magnitude and direction of the shifts may be 

due to experimental and personal factors. 

(A) THE EXPERIMENTAL FACTORS: 

(1) The_varlabiliv 	r-Td brithincs of" naturol 

at the different times in which the different ebservers did the experiment. 

Although the matching was carried out only when the sky was bright, which 

reduces these variations, but does not, eliminate them. 

(2) The rather big steps of hue, value and chromes between the neigh,-

bourinf7 coloured chips of the Mansell Book of Color, Interpolating or 

extrapolating between the hues, values and chromas of the coloured chips 

may therefore be required to define the sample which matches the colour 

appearance under test, and this may be very difficult for the untrained 

observers. 

(B) THE PERSONAL FACTORS: 

Assuming that the variation in quality and intonsity,2 of natural day-

light at the matching time of the different observers is small enough to 

be neglected, and that each observer has tried his best to get matches as 

accurately as possible, then these differences may indicate that different 

persons perceive colour contrast differently. This may be due to the 

following reasons: 

(1) Different sensitivities of colour receptors of different observers. 

(2) Different densities of macular pigmentation (affecting mostly 



TABLE -(J.4). UESULTS OF DIFFERENT OBSEEVEHS FOR THE anAl-ruE TEST COLOUR SHOW III TIm MUHSELL & C.I.1. SYSTEHS 

CELtHEll! ANGLE OF S~E = 6') 
-. 

, 
SURROUND 

nA?-iE H 

1- V.E.? 7.5 

2- K.P.H. 10.0 

3-P.B. 10.0 

4-R.A. H. 10.0 

5-S.B. 7.5 

6-s.s.G. 5 :'"' .-
7-~,~. :~.K. 7.5 

B-J.B. 10.0 

9-I.N. 10.0 

lo.,.P.C. TG.C1 

11-1.(";.1 10.0 

AVBHAGE S.C) 

< 

(5) 

v C x 

5.5 10 .1 .. 79 

5.( 10 .512 

5.c 10 .512 

5.5 10 .485 

5.0 10 .493 

5.0 12 .5lf7 

5.0 10 ./1-93 

6.fJ 10 ./:.f32 

5.0 10 .512 

6.J 10 ./,,82 

5 12 .548 

5.3 10./,..500 

1 

) 

y Y 1I V C 

-!JlU 24.6 12.5 -7 14 

.363 19.3 12.5 6 ;l4 

.363 19.8 10. (1 6 10 

.363 21 ... 6 J2.5 6 14-

.341 19.3 15.0 6 12 

.320 19.3 10.0 6 10 

.335 19.j 10.0 6 10 

.362 30.1 12.5 6 11.-

.3/J 1 ': .~) 12.5 6 12 

.362 30.1 15 6 12 

• 366 19. ~~ 15 b 1.2 

.353 22.5 12.5 6 12 

;. 

(1) (2) 

x y Y H V C x y Y 

.51 .. 8 .395 1.3.1 95.0 4.5 10) .393 .256 15.6 

.548 .394 30.1 7.5 5.0 12 .528 • .389 19.3 

.547 .370 36.1 100. 4.0 10 .L,.53 .281 12.0 

.5/+3 .394 30~1 100. 5.0 10 ./~34 .292 19.8 

.520 .412 30.1 2.5 5.0 10 .454 .306 19.8 

.546 .370 3e.} 95.0 5.; 10 3'~rt • DO .263 19.3 

.547 .370 30. J 5.0 5.0 10 ./~7E\ .322 19. L~~ 

.548 .395 3C.l 5.0 4. ) Ji;. • :;(13 .31:.- 12. l 

.521 .3;:'-9 30.1 5.G I '"', 12 .5353 .313 12.) .. ... -' , 

.520 ./,,12 30.1 l\L.O 5.0 1.1 .l .. ~~7 ')() I 
• 4...-'-)_~ 

1(1 :~ 
- .. 

.520 .4].2 30.1 100.0 4. ~) ~ .1.,2 ~ .2:)'<) 12.0 

.538 • .392 31.3 101.4 1~.6 1].1./,,59 .301 l~' (... 
\ ..... ""' 

J .. . 
~ 

-.] 

N 
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TADLE (15) RESULTS OF DIlt"1!'EilEIJT OBSERVERS FOR THE-GREEN TEST COLOUR SHOWN IN THE l·rrJnSELL & C.l.E. SYSTFM> 

(ELEHENT ANGLE OF SUBTENSE = 6') .. 

SUP-ROUND (5) (1) (2) 
~ ,X., .:I i1UfU.fE II - Y c .. ~ .Y, II :.ij V C ,I .II _ i e ...,. 

iY .. -y-.. ~ 

II-D.1I.Po 
I 

42.5 , 8 .286 .413 43.1 35.0' 7 9 .378 .486 1;.3.1 49.0 5.5 6 .252 .360 211- .. 6 
i 
·2-K.f!.R. 40.0 6 8 .312 .457 30.1 37.5 8 8 .342 .1 .. 77 59.1 42.5 5.0 8 .284 .405 19.8 

.. 
!3-P.B. 1+0.0 6 6 .313 .11-18 30.1 35.0 7 8 .372 ./lJ7 43.1 50.0 5.0 6 .252 .359 19.8 

4-R.A.H. 40.0 6 7 • .313 .l;.35 30.1 37.5 B 8 • .341 .445 59.1 55.0 6 4 .264 .326 30.1 

5-5. B. 1:.5.0 6 6 ~274 .379 30.1 37.5 7 8 .341 .456 43.1 50.0 6 6 .258 .357 30.1 

6-SSG It .. 2.5 6 6 .289 .397 30.1 37.5 7 p-O .346 .455 43.1 60.0 6 6 .233 .302 30.1 

7-W.1-1.K. 42.5 7 8 .286 ./4013 /.3.1 40.0 6 6 .336 .433 30.1 50. 5 6 .252 .359 119. () 

G-J.D. L,5.0 7 6 .22;0 .373 43.1 35.0 7 8 .372 ./}68 L,,3.1 52.5 6 6 .252 .Yi-5 30.1 

9-1. IT. L;.O.O 7 8 .311;. .439 43.1 37.5 7 6 .334 .1 ... 19 43.1 45.0 5 6 .269 .J3? 19.8 
.. 

10-P.C. /:-0.0 6 c. .311 .457 .30.1 40.0 7 8 .314 .438 43.1 ,5.0 6. 6.244 .329 30.1 u 

I 
:ll-I.rr.I. 40.0 ? 8 .3JJ} .439 43.1 35.0 : 13 .370 :455 59.1 50.0 '5 . 61.2521.359 19.3 

fAVK'..AfrL 41.6 6.5 7.2 .299 ./~20 35 •. 7) 37.0 7. 1 I ~ · 350 ~ 1.5/. 4(..3 51.0 5.5 61.2561.353121,.9. 

1'.1 j. I , 
1 I : J 

....... 
-.J 
~ 



TABLE (16) RESULTS OF DIF-FERENT OBSERVE ES 	TIP: GREY TEST COLOUR SHOW T 11.; THE NUNSELL & C E. SYST7,10. 

(ELE:.an 	07 SUBTENSE =6') 

SURROUND (5) (_1) (2) 

Nio-r3 H 
. 

V C x y Y II 	I V C x 	' y Y - 	. H 
44 

V Clx yY 
.' 

1-D.F.P N 4.5 .333 .333 15.6 25. 5.5 6 .437 .451 24.6 77.5 3 6 .202 .210 6.6 

2--.14.n. N 3.5 .333 .333 9.0 22.5 5.0 6 .397 .396 19.3 65. 2 2 .286 .255 3.1 

3..?.3. 25 4.0 2 .359 .370 12.0 25. 5.0 6 .430 .443 19.3 75 3 2 .272 .272 6.6 

4,11.A.1I. 25 3.0 2 .365 .375 6.6 25 6.0 6 .413 .431 30.1 67.5 4 2 .285 .253 12.0 

5-S.B. 25 3.0 2 .365 0375 6.6 25 5.0 6 .430 .443 19.8 77.5 2 6 .266 .193 3.1 

6-S.S.G. N 3.0 .333 .333 6.6 20 4..0 4 .419.  .398 12.0 80 2 6 .244 .174 3,1 

7-1a.li.4 N 3.0 - .333 .333 6.6 25 6.0 6 .413 .431 24.6 75 2 6 .194 .181 3.1 

8-J.8. 75 4.0 2 .256 .256 12.0 27.5 5.0 4 .347 .366 19.8 70 3 4 .224 .247 6.7 

9-1.N. 20 3.0 2 .375 .364 6.7 22.5 5.0 6 •.,438 .429 19.8 77.5 2 6 .213 .179 3.1 

10-R.C. 25 4.0 2 .360 .371 12.'0 22.5 5.0 -6 .438 .429 . 19.8 72.5 3 4 231.240 6.6 

11-1.0.1 25 3.0  2 .365 .375 6.7 20 7  8 .440:416 43.1 77.5 2 4 .242 ,214 3.1 

AVT2SAGE 24 3.4 2 .352 .356 8.8 23.2 5.3 6 .426 	.427 23.3 74.5 2.5 4.4 24,4 .217 5.0 

AA A I I .0 A ,..40• 1 



TABLE (IV RESULTS OF DIFFERErrr OBSERVERS FOR THE RED TEST COLOUR SHOvIN IN THE HUnSE1~ & C,I.e-. SYS'rEl1S 

SURROU?ID I (5) 

N.A.\iE HIVI CI.xf7 

(ELE!;1Errr AnGLE OF SUB'rENSE = 61 ) 

,,'~~ . 
,i ....... ·· 

It 
, 

(1) (2) 

H I v Ie I x y y' I H ·IV I G I x I y I Y 

111.530 .365 - '19.8"97.'5 3 10 . 446 . u.2 16.6,:~· 
1-.Uoaop,,110.0 I', ~ ,110 1.4851.262 16.61. 7.5 1 5 

2'.K.H.R •. 1,100 ··3 110 1.4851.26216.6110.0. I. 4 

S~O( .; '. >-P~·B.\. 102.5'3', :10' .513 .282 6.6 

-4-n:A.H.;.2~5310 .519 .281 6.6 10.0. ,'S 

~:. < ;.I5--$:~·B~:- :~. ·::';:'2. $~";j<":" .. ~ io;··'~ .·sba .• 2si 6.'6': 'iri~ 0 .. ' .• 4 " 

14 1.5591 sn I 19.8 I 97.53 10[446 f242 16.6 

12 J..5O? ... ;320·19'!S 100.03 '. 10 .• 485 .262.1606 
. . . ~ .: 

10 l.si2 ·.~36j· :. :19.8 .95.0 13 110 1.408 1.'223' J 6~. 6 

:1:: .:~;: ··.~::::::J::·I:: 1:: t: J~:: !.,~1~oG{ioO ..•. 3:10:i.8~ .~~ 6.6 '!f4 

,: ' ' '17~Vla~~. '::io~:: .: 3:. 10' _485 .262 6~6' .' . 5' ./ S' 1·12 l.sQ71 .320' r 19.8 95.Q r 3 110 '.4081.22,3.1 6.6 

.) .. 

~~B~ -97~'$ 13. 110 1.445 '.24216.6 I 7.5 

S.o :3 10 .5501.30216.6 r 7.5 

5' 3 8 .506/0311 6.6110.0 

5.0 3 - .io .549 .30~ 6.61 15.0 

9-I.N. 

10-P.C •. 

n ... :t.G• 1• 

4 112\0560103321 12;0" 92S 3 110 ,.3613 t20S 1606 

. 5. 110 .• 493 .341. 19.8' 90.0 3 10.329 189 6.6 

S' 1 10 1.512 1.363 / 19.8/90.0 J 4 110 1.331 .216112.0 

6 110.1.493 .402 .30.197.; 2 6 ,.392/"249 f 3'~.1 
4.,8111.41.5261.345 I -18.61·.94.813 19.61.399.~ 6.9 

L .... '- __ _ ._L_ __~_ I I I I • • I 

AVERAGE '1 1.6p-1 9l498 1.27616.6 1 8.4 

~ 

-.J 
.Ut 



TABLE (18) nzsuLT3 	DIF2E71,:NT OBS ,./ERS FN. TH7 GB= T1.ST moun 3= 	:11EDLL C I . SYSTEYS 

(  EL 711= Arcd, a: SnT7TSF, = 61) 

StEdZOIRTD 
P 

. 	( 5) ( 3) ( 7) 

Nii.:•E' n ti C - y Y Il• C. :, 1 II V Cx y Y 

1-D.E.? 25. 3 2 .365 .375 6.56 /2.5 4 4 .209 .332 12.0 2.5 3 2 .35.3 .313 6.6 

‘-'1-P.R. 3. 25 	' 4 2 .359 .370 12.0 40 5 6 .311 .431 19.3 10 3 6 .484 .346 6.6 

4.-7:,. A.:. .25 3 2 .365 .375 6.6 40 5 4 .311 .39 19.3 17. 5 5 6 .444 .396 19.8 

',..8.P.B. 25 3 2 .365 .375 6.6 35 3 4 .356 .443 6.6 2.3 3 8 .482 .292 6.6 

6-s.s.G. N 3 .333 .333 6.6 50 4 4 .263 .349 12.0 100 2 4 .385 .278 3.1 

7...w.1!.:. N 3 .333 .-i33 6.6 37.5 3 2 .31C.365 6.6 100 2 2 .353 .246 3.1 

p-I. i. 20 . 	3 2 .375 .364 6.6 50 4 4 .263 .349 12.0 100 3 10 .484 .262 6.6 

20-P.c. 25 4. 2 .359 .371 12.0 37.5 4 4 .328 .416 12.0 10 3 2 .373 .332 6.6 

AvEP.AGE 2.5.J, ' 3.3 2 .355 364 2.2 40.6 4 4 .305 .391 12.6 5.3 3.3 5.3 .425 .314 7.78 

. 1 • , 



"TABLE" (19,.,·'·RF$tltTS; bF~'DtiFEREi;i",'; ,OBSERVFils;,FOR~: rmf:YELio¥i~,frtST :'oomtiJf S}lfr...JiJ:;'il.t?rl!Bj:MtJi~Eti?~&':' Gpii?::'StST~ , 
I" ~.~ ... ·t 

:,:::{Eiir,iiii>:lUriLR:':ih~: S~'~~~:~'-:k~f::' :',,: ' \\ :,:.: 
.; .. 

','0:,'," )':', , 

.'(SURR6lt.m '. (>: '.' ~/.";; (5i". ." '1 "/:~";s':~:~'~>'li~<~lr;~>··: ,': '. " ' ..... : ,;: .'>:;.:'}~:. 
: ""~,:~,,',:,/:,,, ':, :.c:.",_~,',:.' .. ~.:",,:;,.':::,.... :,'" :.. .(} ~}.~';'"""'>';:~ ., (7). ':" .~'. 

"~:. ", '~'" ""'~-:'!;'::"'":': '-~" .'~~ ,', .'~"" .. ':' .. /~·;:o·>~·. ,.',,; f:'" ',·1, 

. *-~~;~;.~ :';i'1;,U~'? ~).c '., :,IC; ;;\ t -<:r'· >H>V\~, 
,:tr/>t~'I[ «~l"~ }/:' /:':,~,;'·;;r,.;·~ }~;, \ , ''. " 
:..l~ D' ir,?''', :," 25:,,:' 0.,7 " 
:,,:,:j: '~",:,:": :t;,.f:r:};·~ \'j:;~:!;:~r; ;,:.' " 
':~p';.B;n •. ,'~, ,t'25~"'" 8 

?I'-:'~~; ~:·t/~H:c" ;:' ,':-; ~ B~: 
';.L}-n.Jq. .," ,.r:,., " 

~~);:r~,a.~: ;,ikj5If3 
',~!),.b!!'~. ' "'20' ",., 

;~{;~;~::;:~.;.:~i·;;~i~:r:.,~J.: :::~l:; .!~,t·~~Y.,?';:~,t:;;~;,: ;::;::.i~ 
10 :' ';432 ~460 59 .. 1' .30' e' .. ~ 8' ~~l.oi :.j.5~ ,59.t ,,;a2~:5 ,;,"~:" 'i2:" '.468·:j'459;',;: ":\%'~i':~:' 
',';, ';:':, :.,~':" . ",,; '" "'::, </':~;'Y, , " ' " :",;:( , :, , .. ,.>~ ''''':/~·'::':'<·,,\i(· :' ... >~{':"r.X:'"'t, 
10 .. .44$ .1J:·3 59.1 25,S, '8,,' ,./;.16 .~38 :59.1 20 ,7" ,·10, ';46~.I .. ~J4> 43.1'·, 

10:" ".468 ~434 :43.1 30' .ff.'>;O'.401 .45259.1 15'. .7 10' ~47:2~~7·li:il:~. 
7- :r{~~ ~r 

: -'~ .1':'.1\'. I 25· I: ~r I' 10 I .lt 371.460159.1 127~51' $' I 10 .4281.47~159.1122.51 g,' 12 .468 ,_4:59 ' :.:59~·i 

9...;I.f. I 25 L~.r I 12 1 .4561.479\59.1127.51 8 I 10 

~o;..P.C. ' 22.5 8 10 .448 .41.3 59.1 25 I a. t 10 

.li 281.472159.11 15 'I 7 110 1.4721" 397 I 43.1 

e 1.381 elt-G.0 59.1 22.5 8 1" , .468 ~/~59, 159.1 ,~ 

AV1:;fui'}E '23.8 7.8 10.11 .452 .461155.11 ~.AJ n 19.0. 
'.' 

.1+121.457 59.1 20.0 7.5 t1.) .1{12 .1,,39' 151.1 
", 

I-...lo 

,~\..l -..J 
-.l 



TABLE (20), P..ESULTS, OF' DIFFEHENT' OMERVF.JlS FOR THEDLUE TBST COLOUR SUO~JN IN 'rnE:NUIIsEt:r:,;~lUrD,~·C,I.E, BYSfi'E.H 
; 

ELEHF.nT filIGLE Oli' SUl3Xi<-I'USE :: 6' 
.,' 

~---------1--------~--~--------~~~--~-T------~------~--------------~--~~~----~~~~--------~~~--------!,' -

SUT.YOou"',m I::' , H.'. " ,," ,(5) , ", .(8) >- (7). 

UA!1E x "I-:-~j;, ·,tl " I I a/'I-VI . -"0 ·,>:"·Y--","" " - - -.,;, " 

,0 :'n", rv-·,' c y, 
l 

, " v;~1 '. C·' X I> jo"',L .y',1. :H" XI: : y<' 

f • ~ \ 

I-D.H.P.' 

~-' n ':"! B 
)-:>/: ,4.'\" -

::: YI;, •. ":::' .. ~:J'::: 1':::1:::::·.: '. 
75'\3 kol~1721.15716061600014 

". : .• ::~:.~=';:l::::~· .•• :\:\:::l::=il .. ;·::: ....... k' . 
: 1':7" • '1'­.t.~~-:. Lt. 1 .. 

~'~ f)~" 
-.~ ••• D, 

- IL ,C c' G 
,,.~.>;J •• 

,., " p l( '-;;I •• l.~. 

t9-I.l'I. 

-', 

'77~ 51, J, 

77.513 

75, 

75 

11{)...p.c. I 75 

3 

5 

3 

.-S.1·2161·1rn -6.6175.01' J 

12 .188.1366.6 ,65.01 .3 

10,1 .. 1721.156 6.6175.013 

6 

8 

10. 1.2081.203 119.3172. 51 I~ 110 

8 1.1921.179 16.6172.5\ 3 I 8 

'.CfS2,5i, 'Is. 1'41 .. 2S6' I .2531 12.0 

.6180.0 12 I 41-.2501.216 I 3.1' 

• 2C'AS1·. 2861 i£. . .. l' -, f~' . 
0192\ 0179 6 
.183 .237 6.6Ia;z.5 I 2 

.192 .179 
6
061 80

•
0 I 3 

.131 .189 12.0 90.0 3 

.173 .103 6.6175.0 I 3 

8 I .257 

S I .238 

10 1.323 

2 .272 

.163 

.1761 

.13'-; 

.272 

3.1 

6.6 

6.6 

6.6 

AVERAGE 175.61 :3.3'19.sJ.unl.16'sls.2)6$.713.417.J l.lS·ol.22218.6Il~?112.63 6 .2:20 .210 5.5 

~' 

1-6 

-.J 
-(X) 



TABr,- (21) P.~'~ITLTS O'I~ Dl;"'r.'T.''::EFT OB'"'wm'"EI'c' rr'on '"I'ft' \1'j:i'D T:":"m COLI"\U~' CTO~''-;~ I~'- <';'1..'-:- ~·1UP~""'LLf.r':D C I fi. ., ~", ~Jl . .l: _ _ ... ~J., • _ v .... ~, ".) ~~ l l_e 1.'7' ~l \.J .. \. \:J 1 •• £, _( ,Ll'-,. h...,t. _...... • •.• 
.... ",. ;. f~r"'~ '-l..l ... · 
~1..:; 1 :"'1':;' 

SURROlJJlD (5) 
" 

r~ArrtS II V C ... '"' y 
.] 

r 
.262 6.6 l1-D.H.P. 10.) 3 10 .1;.SS 

13-1'. ".B. 2.5 3 10 • 519 .282 6.6 

A-R.A. H. 2.5 3 10 .• 519 .282 6.6 

5-S.P.B.· . 2.5 3 10 .500 .231 6.6 

6-5.S.G. ' 100 .3 ' 10' .1,,35 .262 6.6 

7-H.H. K. 100 ., 
,.) 

10 . .1~35 .262' 6.6 

9..:.. I. X. ,5 J 10 .51.,,9 .]02 6.6 
, 

10-P. c. 5 :3 8 .506 .311 6.6 

,AV F:.AGr; ~.5 3 9.8 .506 .279 6.6 

. -

(ELFl,n::I·J.r A1JGIl'~ OF ,SUu'£ENS~ = 6') 

(8) 

H V C ...:~ 
1r 
oJ 

y H 

12.5 3 2 .375 .339 6.6 2.5 

5.0 '.3 8 .5c6 .311 6.6 5.0 

5.0 lr 4 .392 .32.3 l:?O 5.0 

2.5 3 8 .482 .~92 6.r,L 5 

5.0 2 6 .46/" .293 . 3.11 95 

5 3 £3 .506 '~311 '6.6 95 

10. 3 6 .1+85 .)1}7 6.6. 5 
~ 

12.5 :3 4 .436 .356 6.6 f 100' 
f' ........... ..........-. , 

7.2 3 5 •. ~ .456 .322 7.2/ ~.5 .v -_ .. __ . -. 
.~ 

(7) 

V C x 

4 10 .538 

4 11 .. .573 

4 ]1:- • .574 

-.. ···4 12 • 53S 

3 10 .400 . 
3 10 .400 

4 '12. ' .538 

3 6 ' ,.421 

3.6 11.0 .500 

y 

.281 

.3\)3 

• 303 

.313 

.223 

.22) 

.31.3 

.2iS6 

.281 

Y 

12.0 

12. :) 

12.~} ': 

~ 1" ;~ . ~. v . 

6.6 
t 

6.6 

12.0 

6.6 

10.0 

~~ 

......... 
-.J 
CO 



180 
the cases of blue test and surround colours). 

(3) Different interactions between adjacent retinal zones and their 

associated neurones. 

(4) Different psychological interpretation of the colour appearance. 

Although there is no direct means of measuring the actual sensation 

due to any colour stimulus, yet they are indirectly studied from the re-

lative luminosity curve, the spectral coefficient curves and the wave-

length discrimination curve. These curves and others, show that different 
(22) 

persons perceive colour differently 	, This led the C.I.E. to adopt 

the mean values of 17 observers to define the colour matching character- 
(13) 

istics as the 1931 standard observer, 	in order to derive the colour 

specifications of any object independent of the colour vision of any 

individual. 

THE EFFECT OF DIFFERENT SURROUNDS ON THE APPARENT BRIGHTNESS AS 

PERCEIVED BY THE DIFFERENT OBSERVERS: 

The apparent brightness (in this method) is measured in terms of 

the Munsell notation (Value). Since this scale was originally developed 

on subjective measurements, then it is suitable for estimating the 

apparent brightness of the test colours in this investigation. 

Although the final results obtained by different observers as 

shown in the hue chart cr the C.I.E. chromaticity chart, varied con-. 

siderably among the observers, yet there is only a atoll difference (if 

any) in the Value recorded by them, as shown in Tables (14-21) inclusive. 

This indicates the following two points:- 

(1) The perception of value (or brightness) is fairly constant 

among different observers. 
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(2) The observers find. it rather easy to pick out the Mansell chip 

of the some value as the test colour (This is probably easier than in 

the case of using the colorimeter since in this case the test colour 

and the comcarison patch are both coicured paper). 

Comparing the individual and average results shown in Tables (14-21) 

inclusive, the following conclusions can be drawn-,  

(1) The apparent brightness of the test colours on surround (1) is 

higer than on surround (2). 

(2) The apparent brightness of the test colours on surround (8) is 

higher than that on surround (7) (except for the case of the red, which 

ip the other way round). 

(3) The apparent brightness of the test colours on white bunnund 

(5) is less than that on surround (1) and surround (8),(except in the 

case of the redl  where they are nearly equal) and is hiher than that on 

surround (2) and surround (7) (except in the case of the red, which is 

the other way round). 

Actually, the exception of the case of the red test colour in these 

general conclusions, may be due to the fact that it is too dark to be 

matched accurately in all the cases. Perhaps that is why the individual 

differences among observers, for this test colour, are rather large, 

compared with all other test colours. 

The first two conclusions (1 & 2) agree with conclusions (4 & 6) 

respectively in the analysis of the brightness results of the first 

method (pagellOir  ). 

The third present conclusion agrees partially with conclusion (1) 

in that analysis for the surrounds (5), (1) & (8), but does not agree 

for the surrounds (5), (2) and (7). 
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This may be due to the fact that the square test colour on white 

surround was intentionally made double the size of the squares in the 

other patterns. The reason why this was done is that, if the former was 

made of the same size as -1-the latter, it would not have been seen clearly 

amidst the scattered light coming from the diffuse whi te surround, and 

hence conparing it with the Mansell chips, would be of the utmost 

difficulty, (This was tried by the author). As for the case of the 

oth-3: patterns, the whole pattern was imaged on the retina of the ob-

servers eye and hence can be seen more clearly, and, at the ,-lame time, 

the brightness of the coloured surrounds are less than that of the white. 

So the equality of the conditions ( the same size of the squares of the 

test colours) was sacrificed to facilitate the judgement on the matches 

made by the different observers. 

As will be seen in Ghat ter VII, the change of the angle of subtense 

is followed by a charge in the apparent brightness (the bigger the angle 

of subtense is, the more bright the test colour appears) 	So the 

partial discrepancy between the third conclusion in the present analysis 

and the first conclusion in the last analysi6.  can easily be explained. 

Had the size of the square of tin test colour on the white surround, been 

the same as that of the squares in the patterns, its apparent brightness 

should be less (and probably smaller than the corresponding values:1'6r 

surrounds(2) and (7)) and hence the discrepancy would have been out of 

place. 

HLAC&WHITE SURROUNDS; 

The patterns of the charts similar to the plates (1 b& 2k.) -vith 

black-.white surrounds were studied by the author using this method. 
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The results are shown in Table (22) and figure (60), It can be easily 

seen that: 

(1) The apparent brightness of the test colour in white surround(5), 

is lower than that in surround (11) and higher than that in surround (12) 

which satisfies rules (6 & 5) as shown in Chapter V, 

(2) The change of colour appearance due to these two surrounds 

affects both the saturation and the hue of the test colour. However, 

it seems that the saturation is more affected than the hue. 
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CHAPTER VII 

THE STUDY OF THE EFFECTS OF DIFFERENT VISUAL CONDITIONS ON 

THE COLOUR CONXEAST PHENOMENA. 

It WAS found that the difference in the colour appearance of the 

test colours on the different surrounds as Measured by the comparison 

patch, varies with the variation of the visual conditions used. The 

following visual conditions, which were studied in this investigation 

will now be discussed: 

(a) The luminance of the surround of the comparison patch. 

(b) The luminance of the surround of the test colour. 

(c) The luminance of the whole test patch (the test colour and 

its surround). 

(d) The angle of subtense of the test patch. 

(e) The inclination of the test patch. 

(f) The orientation of the stripes,, 

(g) The Dynamic Colour Contrast Effects. 

These conditions being of delicate nature, which can not be con-

veniently studied by using, the MUnsell Book of Color, the first method 

using,, the colorimeter was applied for the study of the effects of the 

fjrst 6 conditions. Only the two conditions (d) & (f) were studied also 

by the second metnod. The last condition was studied vnlitatively. 

(A) THE LUMINANCE OF THE SURROUND OF THE COMPARISON PATCH. 

The surround of the comparison patch was white. Its spectrophota-

metric reflection =rye is shown in figure (31) and its unit trichromatic 

co-ordinates are shown in Table (7). It was illuminated by standard 

source SA  and was kept at the same luminance (and hence the same bright-

ness) for a whole set of readings using all the test colours against 
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their different backgrounds. This luminance was' then changed for another 

set of readings to study the effects duo to the corresponding change in 

the brightness. 

Fig. e (72) shows the chromatic effects of the Elightness of the 

surround of the comparison patch on the appearance of all the test colours 

used against their different backgrounds, in the case of complex pattern 

of 15' element angle of subtense in vertical plane. From this figure 

and tables (8-12) inclusive, the following general empirical rules can 

be deduced for all the test colours: 

Ls the luminance of the surround of the comparison patch is reduced. 

Rule (7) The_separation between the chromaticities corresponding to 

different  colour mrrounds gets' larger. This means that although the 

differences in colour appearance of the test-colour due to different 

surrounds, are the same, independent oftho_ld.ghtness of the surround of 

the comparison patch, yet they look bigger for)the eye adapted to lower 

level of luminance. 

Rule (8) The points in the chromaticity chart are shifted in the  

.die order. Their shifts show two obvious trends: 

(a) Change in hue (or dcrninant wavelength). Towards 0.59,11 for 

the yellow test colour and away from the yellow for other colours). 

(b) Change in saturation: (towards more saturation ) 

This means that as the level of luminance of the surround of the 

comparison patch was lowered: 

(a) The colour of the comparison patch looks as if it is shifted 

towards the yellow, such that in matching the test patch (which remains the 

same), the observer tends to compensate for this, and hence the shifts 

away from the yellow occur. 
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(b) The comparison patch looks desaturated„ and so the observer needs 

to increase its saturation to match the unchanged test patch, 

Rule (9) The luminance of the comparison patch has to be decreased 

for matchi.,_g, ?his means that the darker the surround of the comparison 

patch, the 1.-i1-4hter the comparison patch appears, such that its intensity 

needs to be decreased to match the test patch of the same Tightness, 

Figures (73-81) inclusive, show the effects of the 6rightness of 

the surround of the comparison patch in more detail in the cases of the 

orange, green, yellow, blue and grey test colours respectively. 

THE LEVELS OF LUMINANCE OF THE SURROUND OF THE COMPARISON PATCH USED, 

(1) FOR THE ORANGE AND YELLOW TEST COLOURS: the levels of luminance 

used were 2,9 and 0 ft, lambert, For higher levels of luminance, the 

intensities of the primaries required for matching were off the scale and 

it was not preferred to reduce the luminosity of the test patch to a level 

suitable for matching, since this introduces another effect, as will be 

shown later, For an intermediate level of luminance the effect was small, 

such that the relative experimental errors will be considerable with respect 

to the effect, 

(2) FOR THE GREEN TEST COLOUR:the levels of luminance used were 17.4 
2.9 and 0 ft. lambert. This enables the study of the gradation of the effect, 

(3) FOR THE GREY AND BLUE TEST COLOURS: They were so dark that no 

satisfactory match was obtained in the case of the dark surround (0 ft. 

Lambert), so the levels of luminances used in these two cases were 17.4 

and 2.9 ft. lambert. 

It can be seen that the case of 2.9 ft. lambert luminance is common 

for all the test colours used, and so it was taken as reference to other 
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levels of luminance used. 

I THE ORANGE TEST COLOUR. 

(1) For the Simple Pattern: Figure (73) shows the effect of the 

lightness of the surround of the comparison patch with varying angles of 

subtense 20, 1
0 
 and 30' and figure (74) shows the sae effect with vary-

ing inclinations (90°,400, 2e and 5°). In all these cases the (E) and 

(G) primary stimuli only (no blue) were needed to match the appearance of 

the orange test colour on the different surrounds, so all the corresponding 

points lie on the straight line joining the points corresponding to (a) 

and (G) primary filters. 

Rules (7) & (9) (concerning the size of the shifts, and the lumin-

osity of the comparison patch), apply directly as shown in the different 

cases of the two figures and rows (I - XIII) inclusive in Table (s). 

Part (a) of rule (8) (concerning the shift of the whole set of 

points away from yellow, i.e. away from tile red end of the chromaticity 

chart) applies also. As for part (b) of this rule (concerning the change 

in saturation), it does not show in this case, due to the fad; that nil 

the points are on the same straight line (E) (G) . 

(2) For the compound Pattern: Figures (75 a &b) and rows (XIV and 

IN) in Table (8) show the cases of bright and dark surrounds of the 

comparison patch respectively. It is clear that the three general 

emperical rules (7-9) apply satisfactorily in this case. 

II THE GREEN TEST COLOUR. 

The case of the green test colour is very similar to the case of 

the orange test colour. It has a further advantage that it was possible 

to apply three different levels of luminance of the surround of the 
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comparison paten in the case of the simple pattern. For the dark sur-

round, neutral density filter F4 was introduced in the path of R,G,B, 

mixture from the colorimeter to use higher intensity of the mixture and 

hence to ::void small readings of the scales where the percentage error 

becomes considerable. That is why the corrIpondinp. points lie on 

another straight line joining the points (R & (GI) (corresponding to 

the combined C.I.E. specification of the R.G. B. primary filters and the 

neutral density filter). 

(1) For the Simple Patterw Figures (76,77) show that rules (7 & 

8a) apply dirpctDy with clear gradation, Rule (St) does not show for the 

same reason mentioned in the case of the orange test colour. Rows 

(I-V1 inCiUNilr.);  7:1  Mt inclusive and X9  XIII) in Table (9) show that 

rule (9) also applies in this case. 

(2) For the Compound Pattern% Figures(78 a &c) Rows(X1V and XV)of 

Table (9), show that the three general em-Derical rules (7-9) apply 

satisfactorily° 

For the yellow, blue and grey test colours the effects of the 
SoTtound oc Ehe 

b*ightness of the/comparison patch were studied in the case oi the 

compound pattern only, which, as seen from the cases of the orange and 

green test colours, obeys all the rules (7-9) satisfactorily. 

III THE YELLOW TEST COLOUR: 

In this case also the appearance of the yellow test colours on all 

its surrounds was matched by a mixture of (R) & (G) primaries only (no 

blue was needed). So rules (7 & 9) only can be shown satisfactorily in 

Figures (79 a & b), and rows (XIV and XV) in Table (10), the shift of the 

whole set of points (rule Se) is away from the green, and rule (8b)does 
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not show, for the same reason mentioned before. 

IV THE BLUE TEST COLOUR: 

Figures (80 a & b) and rows (XIV and 	in table (11) show the 

cases of L.r6,411:, and fighter su-.7roand of ccaparison patch. It is clear 

that all rules (7-9) apply satislactorily ,n this cc4e. 

V THE GREY TEST COLOUR. 

Figures (81 b) and rows XIV and $V) in tables (12 & 13) show the 

cases of bright (x---x) and Lrighter (o---0) surround of the comparison 

patch. It is clear also that the three general rules (7 & 9) only  apply 

satisfactorily in this case. The shift of the whole set of points is 

towards the green and can not convey any definite trend w. r. t. saturation. 

B THE LUMINANCE OF THE SURROUND OF THE TEST COLOUR. 

White and black surrounds were used to give bright and dark neutral 

surrounds to the test colour. Their perc,entage luminances are 77.62 

and 4.45 respectively (Table 7). The luminance of the white surface in 

the vertical test patch is 57.9 ft, lambert and hence that of the bleak 

aurfacejA 3.3 ft lambert. The corresponding luminances for the inclined 

test patch n.vo 148.3 and 8.5 ft lambert. 

Figure (82) shows the general shifts due to the brightness of the 

surround of the test colour for all the test colours used in the compound 

pattern for vertical (0-----0) and 20°  viewing angle (X,---X). It is 

obvious from that figure and from columns 5 and 6 in tables (8-2) in—

clusive to deduce the followl.ng general emperical rules: 

As the luminance of the surround of the test patch is reduced. 

Rule (1(S) The corresponding shifts in the chromaticity chart show 
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changes of (a) hue and (1) saturation, as follows: 

(a) Towards the yellow i.e. away from the red, green and blue ends of 

the chromaticity chart for orange, green and blue test colours respectively 

and away from 0.59 F in the spebtrum for both yellow and grey test colours. 

(b) Towards desaturation for orange, gr•Jon and blue test colours. 

Rule(11.) The test colours appeared fighter and hence higher in-

tensity of R.G,B mixture was used for matching. 

These two rules are equivalent to rules (8 & 9) mentioned before in 

the study of the effect of the brightness of the comparison patch on the 

appearance of tile comparison pch itself, although at first sight they 

appear contradictory, In fact:  this case of the test patch is a straight-

forward result since the test colour is matched directly by the compari-

son patch. In the case of the comparison patch, changing the luminance 

of its surround changes its appearance and the observer tries to retain 

its original appearance (i.e. to match the test colour which remains 

the same all the time). As a matter of fact he is compensating the 

change in its appearance that took place due to change in brightness 

of its surround. So the actual change is the reverse process to what he 

is doing (and hence the opposite directions of shifts and the reverse 

action in intensity). 

Hunt, ()using a binocular matching technique and standard illumi-

nant SB, found that colours (Redl  Green and blue) tend to become de.-

saturated as the illumination level of their surround falls. This result 

is the same as rules (8b and 10b) 

C THE LUMINANCE OF THE WHOLE TEST PATCH. 

The luminance of the test patch (for the white paper), used in all 
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the cases of this investigation is 47.9 ft. lambert. Then the neutral 

density filter F3 (of transmission factor = 0.450) was introduced to the 

patch of the beam illuminating the test path. The trichromatic co-

ordinates of the appearane of the test colour in its different surrounds 

in this case did not significantly change from the corresponding co-

ordinates before introducing the filter. The differences were so small 

(no more than 0.002), that they hardly exceed the experimental error. 

This result is very important when applied to the second method in 

this work, namely by using the Plimsoll Book of Color. Even if the levels 

of luminance due to natural daylight (for clear sky around mid-day) may 

vary from one day to the other, yet this variation is not likely to be as 

much as the ratio 0.45, which does not give any practically significant 

difference in the appearance of the test colour. 

When the neutral density filter F3  was replaced by filter F5  (of 

transmission factor 0.162) large chanes in colour appearance occurred. 

Figure (83) shows the general chromatic effects of the illumination of 

the test patch on the appearance of the test colours used against their 

different backgrounds in the case of the complex pattern of 15' element 

angle of subtense in the vertical plane. (e---e corresponds to high 

luminance and x---x corresponds to low luminance of the test patch). From 

this figure and tables (8-12) inclusive, conditions XIV and XVI, the 

following general ermrica rules can be deduced for all test colours: 

As the luminance of the ttst patch is reduced. 

Rule(12) The soiaration between the points corresponding to diff-

erent colour surrounds increases. This means that the smaller the luw. 

minance of the test patch, the bigger the differences in colour appear- 
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once of the test colour due to different surrounds. 

Rule (13). The points in the chromaticity chart are shifted in 

the same order showing two obvious trends: 

(A) Chance in hue  (or dominant wavelength) away from the yellow 

but towards 0.59 iin the case of yellow test colour. 

(b) Change in saturation. (increase of saturation in the cases of 

orange, green and blue test colours). 

Rule (14) The 'lightness of the test colour is decreased which is a 

direct result of reducing the luminance of the whole test patch. 

Figures (75 a & c), (78 a & b) (79 a & c), (80 a & c) and (81 n) 

show in larger scale the chromatic effect of the luminance of the test 

patch in the cases of orange, green, yelloy, blue and grey test colours 

respectively. 

(0 THE ANGLE OF SUBTENSE OF THE TEST PATCH. 

It was noticed, in the charts shown in plates (I & II), that the 

differences in the appearance of the test colours due to different sur- 

rounds, seem to increase as the viewing distance is increased or the 
is 

size of the pattern decreased. This means that the colour contrast effects 

got bigger as the angle of subtense is reduced. That is why the effects 

of the angle of subtense on these phenomena were studied. 

The element angles of su'tense (corresponding to the square of 

the test colour) used were 20, 10 30' and 151  for the simple pattern, 

and 151 , 121  and 6' for the compound pattern. The case of the charts at 

element angles of subtense 121  and 61  were measured by using both the 

colorimeter and the Nhnsell Book of Color, the cases of the other angles 

of subtense were measured by using the' colorimeter method only. 
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Figure (84))The effect of the arle of subtense of the test pattern. 
(----) for 6,.and (- 	-) for 12 1  shown in the hue chart. 
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First. THE RESULTS OBTAINED (BY THE AUTHOR) BY USING THEMUNSELL 

BOOK OF COLOR. 

Table (22) shows the comparative results obtained for the two 

angles of subtense 121  and 61. 

Figure (84) shows in a hue chart the effects of the angle of sub-

tense on the appearance of the.  test colours used: Orange (0), red (B), 

yellow (Y), green (G), blue (B) and grey (g). 

Figure (85) shows, in the chromaticity chart, the same results 

after being transformed to the 	system. 

Second: THE RESULTS OBTAINED  BY USING THE COLORIMETER, 

Rows I-VII inclusive, IIVI ZVIIrend XIX of Tables (8-12) inclusive, 

show the comparative results for the different angles of subtense used 

for different test colours. 

Figure (86) shows the general effects of the angle of subtense on 

the appearance of the test colours used (for the charts at angles of sub- 

tense 121  and 6'). 
Figures (87-91) inclusivel show these effects for the orange, green, 

yellow, blue and grey test colours respectively in a larger scale for 

the compound pattern. 

Figures (92-96) inclusive, shows these effects for the same test 

colours in the simple pattern. 

The following general empirical rules can be deduced from the 

tables and figures just mentioned before for all the test colours 

measured by the two methods: 

AS THE ANGLE OF SUBTEUSE IS REDUCED: 

Rule (15) The separation between the points corresponding to 
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different colour surrounds increases. This means that the smaller the 

angle of subtense of the test patch the bigger the difference in the 

colour appearance of the test colours due to different surrounds. 

Rule (16) The points in the chromaticity chart are shifted in the 

same order showing the following two obvious trends. 

(a) Change,  in hue (or dominant wavelength) away from the yellow 

(towards 0.59 }i in the case of the yellow test colour). 

(b) Change in saturation: 

(1) There is no change in saturation shown in the case of the 

simple pattern for both the orange and green test colours and both the 

simple and compound patterns for the yellow test colour. This is because 

all their points lie on the straight lino (R) (G) since there was no 

need to use any blue component in these matches. 

(2) There is nc definite general trend in the other cases used for 

the study of the effect of the angle of subtense as in the previously 

studied conditions of viewing. Nevertheless there is an obAlous change 

in saturation (figures 78 & 79) which varies from one test colour to 

the other e.g. the colours of the grey on different surrounds get more 

saturated, the green and blue got less saturated (except blue on white 

surround), the orange gots more saturated(except 02); as the angle of 

subtense is decreased. 

Rule (17) The brightness of the test colour is decreased. 

This rule is obvious in the first method by using the colorimeter, with 

few exceptions which can be considered mainly as duo to experimental 

error for the difficulty of matching brightness, and not to the in— 

validity of this rule. The second method by using the Munson Book of 
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Color, foils in showing this rule. This is nninly due to the larqe steps 

of value as seen in Table (24). There is no means in this method (as in 

the case of the colorimeter) to make a gradual change in value. The only 

possible thing is to interpolate between the given values which is rather 

difficult. 

MUNSFUJ, VALUE  'A 3 4 5 6 7 8 

C.I.E. Y EQUIVALENT. 0.031 0.066 0.120 0.198 0.301 0.431 0.591 

(TABLE 24) RELATION BETWEEN THE MUNSELL VLLUES AND THE C.I.E. 

TEQUIVALENT. 

E. THE INCLINATION OF THE TEST PATCH: 

Looking at the charts in Plates (I & 	at a very short distance 

a small difference (if any) in the appearance of the test colours in the 

two patterns can be seen. But if they are tilted about an axis parallel 

to the direction of the ztripes, the differences increase. This may be 

partially due to the fact that tilting the chart reduces the visual angle 

of subtense in a direction normal to the axis of rotation. That is why 

the effects cf the viewing angle on the colour contrast phenomena wore 

studied. 

The viewing angles used wore 90o  200  and 5 

Rows I, :VI  (VII-XII0 inclusive and XVII in Tables (8-12) inclusive 

show the comparative results for different viewing angles used for differ-

ent test colours. 

Figure (97) shows the general effects of the viewing angle on the 

appearance of the test colour used  for the case of compound pattern of 

element angle of subtense 151  for vertical and 20°  inclination. 
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Figures (98-102) inclusive, show these effects for the orange, 

green, yellow, blue and grey test colours res)ectively stn a larger scale. 

Figures (103,104,100,101,105) show these effects for the same 

4;t;Pt (:01OUT:' 	tho ojmpin patter,-,r 

The following two general empirical rules can be deduced from the 

tables and figures just mentioned before for all the test colours. 

As the Inclination is Reduced:  

Rule (18): The separation between the points corresponding to 

different colour surround increases. This means that the smaller the 

inclina,tior.; • of the test patch, the bigger the difference in the colour 

appearce of the test colenrc. due to Iliferort sizrronn&-2, 

Rule (19) The points in the chromaticity chart are shifted in the 

same order showing the following two obvious trends: 

(N Change in hue (or dominant wavelength) away from the yellow 

and towards 0.59 ).1 in the case of the yellow test colour. 

(b) Change in saturation: 

(1) For the compound surround towards more saturation for the orange, 

green and grey and towards desaturation for the blue (except the case of 

white surround). 

(2) For the cases of orange, green, yellow in the simple pattern(and 

the case of yellow in the compound pattern also) there is no change in 

saturation shown. This is because all their points lie on the straight 

line (1) (G) since no blue component was needed in these matches. 

THE LIGHTNESS OF THE TEST COLOUR. 

The results did not show any obvious trend in the change of the 

1L,thtness of the test colour with the change of vicwin anr:le. This 
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may be partly.due to the greater difficulty in measuring the lightness 

than the chromaticity because of the separation of the test and compari—

son patches, and partly because the cases of the vertical and the inc;ined 

test patch fwhich ought to show the biggest effect), were different in 

luminance)  so the test colours can not be compared directly in apparent 

brightness. 

The luminance of the test patch (for white paper) was 158.3 and 57.9 

ft. lambert in the cases of the inclined and vertical test patches 

respectively. This big difference was overlooked until the end of the 

work, when it was too late to correct for this by using a suitable 

neutral density filter in the path of the illuminating beam for the former 

system. This difference was due to the accumulating effect of the follouL. 

ing three factors: 

(1)Normal incidence in the former case and 450  incidence in the 

latter. 

(2) The distance between the illuminating. soJrce and the test 

patch in the former case is greater than in the latter. This is due to 

the mechanism of the rotating system of the former case. 

(3) The illuminating sources in the two cases being of different 

types (as mentioned in Chapter IQ), The working voltage to give standard 

source St,  was higher for the former than the latter case. 

This may lead to the result that the cases of vertical and in—

clined test patch (on which the last analysis was based for some of the 

test colours) can tot be compared with each other. But according to the 

conclusions of the analysis on the ibffects of the luminance of the test 

patch (pages,005), the effects of the two rules (18) and (19), just 
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Figure (106) The effect of the orientation of the stripes of the charts 
as obtained by using the samples of the Munsell book of colour for compar- 
ison, and sho,421 in the hue chart. ( 	) for horizontal stripes and (- -) 
for vortical stripe;. 
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mentioned before ought to be enhanced, if the two luminances were equal: 

If the luminance of the test patch in the inclined ease was re-

duced the following results will occur. 

(1) The differences in the colour appearance due to different sur-

rounds would have been bigger than they are. 

(2) The shifts of the points in the same order showing the change 

in hue (away from the yellow), and the increase of saturation ought to 

be bigger than they are. 

(3) The brightness of the test colour ought to be decreased. It is 

not likely that the decrease in brightness is proportional to the decrease 

in the luminance, but it is most probable that the brightness in this 

case will be lower than that in the vertical case. 

(F) THE ORIENTATION OF THE STRIPES: 

It was noticed that when the stripes of the charts are horizontal, 

the diffe/lences in the appearance of the test colours in the two patterns 

are greater than those when the stripes are vertical. ThLO shows that 

the colour contrast phenomena depend on the orientation of the stripes. 

The comparison between these two cases was done by the two methods used 

in this investigation. 

Tables (22) and (23) show the comparative results obtained by using 

the Munsell Book of Color, in the Nunsoll and C.I.E. systems. 

Rows XIX and/OC in Tables (8-22) inclusive, show the comparative 

results obtained by using the colorimeter. 

Figure (106) shows in a hue chart the effect of the orientation of 

the stripes in the horizontal and vertial cases as measured by using the 

NUnsell Book of Color. Obviously the points corresponding to the white 
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surround are the same in the two cases. 

Figure (107) shows the same results, in the chromaticity chart, 

after being transformed to the C.I.E. system. 

Figure (108) shows in the chromaticity chart the effect as measured 

by using the colorimeter. Figures (8741 b & c) inclusive, shov:t the 

same effect in larger scale. 

The following two generaa empirical rules can be deduced from the 

tables and figures just mentioned before for all the test colours: 

Rule (20) The separation between the points in the chromaticity 

chart corresponding to the two patterns in the case of the vertical 

stripes is smaller than that for the horizontal stripes. 

Rule (21) In general the lightness of the test colours for vertical 

stripes is higher than that for horizontal stripes (with three exceptions). 

Although cases of other orientations of the stripes in between the 

vertical and horizontal directions ward not studied quantitatively, yet 

the following qualitative experiment was carried on by a number of ob. 

servers. 

A chart with patterns of small size was viewed at a grazing angle 

such that the maximum difference 	the appearance of the test colour in 

the two patterns can be seen clearly, It was then rotated in its plane 

(about an axis normal to it) keeping nearly the same inclination. It 

was found by all the observers, for the yellow and blue stripes that when 

the viewing direction was perpendicular to the orientation of the stripes, 

the patterns on surround (1) figure (41) looked much yellower ire, those 

on surround (2) much bluer than the corresponding colours on white sur-

round. When the viewing direction was along the stripes, patterns on 

surround (1) were slitghtly bluer than those on surround (2). When the 
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chart was rotated gradually in between these two directions, it was found 

by all observers, that there is a critical orientation in which the 'bye 

patterns appeared to be nearly of 'the same-colour, with a sudden compara-

tive change from yellower to bluer or viee-versa, when it is rotated a, 

round this orientation. The viewing direction in this critical orienta-

tion is nearer to the direction of the stripes than to the normal La them, 

but it varies slightly.fon one observer to the other. This is clear 

since the difference in the colour appearance between the two patterns 

when the viewing direction is perpendicular to the stripes is greater 

than, and in opposite direction to, that when they are parallel, hence 

the bigger rotation from the former orientation towards the latter to 

get the case of equilibrium of the effects of the two cases. Also, the 

apparent colour of the squares of the two patterns in that critical orien-

tation seems to be different (more desaturated) from the original apparent 

colour on the white surround. 

This experiment confirms Rule (3), namely; the subtractive effect 

of the colour of the stripes on which the test colour is mounted and the 

additive effect of the colour of the side stripes. In this case, this 

rule can be expressed slightly different: namely: The subtractive effect 

of the colour of the stripe in the direction perpendicular to the view-

ing direction and the additive effect of the colour of the stripe in the 

direction parallel to that of viewing (since the chart is viewed at a 

grazing angle). Hence the pattern in surround (1) looks yellower than 

that in surround (2)--for-viewing at -a perpendieular direction to the 

stripes, and bluer Z=17,19wilif/. .cabnc., thetripes. 

This experiment shows also that the colour appearance depends on 
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the orientation of the resultant eye movements of the observer which 

varies from one person to the other, and hence the various critical orien-

tations. The additive effect of the colours along the direction of vision 

may show that the vertical component of the eye movements is more than 

the horizontal one (This was confirmed by a private communication from 

Professor B. Ditchburn0 The ; tbtractive effect of the colours perpendicu-

lar to the direction of vision may be mainly due to direct contrast effect. 

The bigger differences when the viewing direction is normal to 

the stripes than when they are parallel may be explained as follows: 

In the former case;  the square9 of the test colour are considered by the 

eye as a part of the stripes on which they are mounted (perpendicular to 

viewing direction):  and hence the subt:active contrast effect. This is 

added to the additive effect of the side stripes due to the eye movements. 

The addition of these two effects takes place since the two colours of the 

stripes are in opposite directions with respect to that of the test co-

lour in the chromaticity chart. While in the latter case, the first 

factor is missing since the stripes are along the viewing direction, 

and hence the eye movements alone produce the additive effect of the 

colours of these stripes. The effect of the other intermediate stripes 

is highly reduced since, psychologically, the observer may not be aware 

of them other than as separating stripes to the squares of the test 

colours on which he is concentrating and the stripes on which they are 

mounted. However, this explana8ion is an over-simplification to what 

happens since eye movements maybe accompanied also with successive con-

trast effect (usually subtractive). 
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(G) THE DYNIINIC COLOUR CONTRAST EtikECTS. 

The chart was placed on a mechanical vibrator to vibrate it up 

and down on a vertical plane to study the effect of the vibration on the 

appearance of the test colour, It was found that: 

(1) For horizontal stripes: the effect is enhanced by vibration. 

The difference between the appearance of the two patterns increases as 

the frequency of the vibration is increased. This is clear since in 

the stationary case, the resultant effect of the two colour surround is 

a shift towards the colour of the separating stripes as previously 

mentioned). The effect of the vibration of the chart is to stimulate a 

certain area of the retina alternately by the test colour and the colour 

of the separating stripes and hence more mixture takes place, which en-

hances the effect. This may be an over-simplification to the effect of 

the mavement-since-sucessive contrast and local adaptation (generally 

subtractive*y pl!ay their role on the effect. However the additive effect 

may be bigger than the subtractive one. 

(2) For vertical stripes: In the chart of yellow and blue stripes, 

and in the stationary case, the patterns of surround (1) look yellower 

and those of surround (2) look bluer than the corresponding colours on 

the white surround in the cases of the horizontal and vertical stripes. 

But the difference in the appearance of the two patterns in the former 

case is larger than in the latter. Now when the chart is set into 

vibration, there is hardly any change in the appearance of the two pat-

terns in the stationary case when seen at a long viewing distance. But 

when the viewing distance is decreased, a critical viewing distance is 

reached when the two patterns look nearly the same. For a smaller 

distance, the pattern on surround (1) looks bluer than that on surround 
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(2),This last observation in itself, can be easily explained in the same 

way as in the case of the horizontal stripes: The blue and the yellow 

are mixed with the test colour in the two patterns of surrounds (1) & (2) 

respectively. It seems that this mixing effect increases with the dcciease 

of the viewing distance is e,, it is almost nil at a long distance and just 

compensates the stationary colour contrast effect at the critical viewing 

distance, and overcomes it and gives a reverse colour contrast effect 

for a shorter distance. This may be due to the fact that for longer dis—

tance and hence smaller angular amplitude of the vibration, the eye can 

easnyfollowthe vibrating pattern (without the observer being aware) 

and hence the mixing effect of the colour of the vertical stripes on 

which the squares of the test colour are mounted, on the appearance of 

the test colour is very small. For shorter distance and hence larger 

angular amplitude of the vibration, the eye can not follow the vibrating 

pattern and hence the higher mixing effect. 

As for the case of the horizontal stripes, the mixing effect eng 

hances the difference in colour appearance of the two patterns (does 

not oppose it as in this case), and hence it shows itself in an increase 

in the difference as the viewing distance is decreased. 
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CHAPTER VIII 

SOME POSSIBLE CAUSES FOR THE COLOUR CONTRAST PHENOMENA, 

(A) ' ,INTRODUCTION:  

It seems that successive colour contrast phenomena have been known 

for a long time and many attempts have been made to explain their origin. 

Helmholtz theory(5)was that colour contrast is purely psychological 

and is due to an uncertainty of judgement or "mental illusion". The same 

as a medium sized man appears tall when standing with short men, and short 

when standing with tall men. Differences are enhanced and exaggerated by 

perceptual processes. Hering (42)  suggested a strictly physiological 

explanation- in terms of his opponent-colours theory. He said that colour 

contrast is duo to interaction between different partsof the retina; the 

external stimulus evokes a certain chemical reaction in one region and 

induces the opposite reaction in adjacent regions. This means that the 

coloured surround induces the complementary colour on the coloured patch 

under test. 

Van Bezold
(27)

discovered what he called "the spreading effect" which 

acts-  in an e?posite sense to simultaneous colour contrast (Chapter I). In 

case of very thin elements in juxtaposition, the effect is additive and 

not subtractive. 

ibney,(25)  in his study of simultaneous colour contrast, proved that 

the contrast effect of a coloured surround in a white stripe is not 

complementary to this colour. The following are the ideas of some modern 

writers: 

Evans
(15) 

 suggests that the colour adaptation of the eye is respon-

sible for both successive and simultaneous colour contrast phenomena. 
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Viewing a bright spot of colour depresses, not only the sensitivities of 

the receptors of the retina on which it is imaged (causing successive 

colour contrast), but also those in the immediate neighbourhood (causing 

simultaneous colour contrast). He calls the former effect "Local 

Adaptation", and the latter "Lateral Adaptation". That is why, from his 

point of view, the colours of the after images appear complementary to 

the original stimuli causing thorn and the test patches look tinged with 

the complementary colour of the surround, Nevertheless, this explanation 

does not allow for the positive after images and the spreading effect. 

According to the Committee on Colorimetry of the Optical Society 

of Americal(1)  simultaneous colour contrast produces an enhancement or 

intensification of perceived difference between neighbouring colours in 

luminance, purity and hue. This enhancement may be due to successive 

contrast caused by the movements of the eye in scgnning from one colour 

to the other during perception. It may be due to neural interaction either 

in the retina or neural pathways and is likely to be rapid in operation and 

recovery. 

Wright,(90) showing a chart similar to plate (la) says "No completely 

satisfactory explanation of these colour changes is yet available. 

Simultaneous contrast resulting from neural interactions between neigh. 

bouring retinal and cortical areas is likely to be one major influence at 

work. Something in the nature of colour 'spreading' must also be involved 

to which eye movements, light scatter in the eye, and physiological 

spreading in the neural processes may contribute. Perhaps the psychologi—

cal interpretation of the pattern has also to be considered". 

Lc Grand(16) says that the various regions of the retina are inter- 
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dependent. Such interaction constitutes simultaneous contrast and can 

assume two opposite forms: 

(1) Summation Effect: where the flux falling on a region is par—

tially added to that in the neighbouring regions (i.e. integration of 

flux distribution). This occurs more with sources which do not differ 

very greatly, especially if their intensities are low. 

(2) Inhibition Effect: i.e. the excitation of one area of the retina 

counteracts that of others. This occurs when very unequal sources are 

present at the same time in the visual field. 
(28) 

Warburton and Lund 	concluded from their qualitative study of 

simultaneous colour contrast that the effect of the surround on the 

appearance of the test colour is additive. Dr. Edridge Green in a private 

communication to the authors, suggested that this additive effect is due 

to: (1) The chromatic aberration  of the eve causing an overlapping of the 

test and surrounding colours. (2) The flooding effect due to the film of 

the retina being liquid and eye movements cause the colours to spread. 

(3) The irradiation affecting the edge of contact of the two colours 

producing their mixture. 

Jameson and liurvich,
(29) 

 concluded from their quantitative study of 

colour contrast that the perceived colour changes can be interpreted in 

terms of assumed physiological mechanisms of opponent neural interactions° 

The changes are due to systematic chromatic induction effects, opponent 

in nature and proportional in magnitude to the strength of the related 

chromatic response aroused by the inducing stimulue.. 

(B) THE PRESENT INVESTIGATION: 

This survey shows the complexity of the simultaneous colour contrast 
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phenomena and the variety of the hvpothesia put forward to explain them. 

However some of these hypotheses deal only with the subtractive effect of 

the surround colourand the others deal with the additive effect. Yet all 

the experimental results of this investigation lead to a common conclusion, 

that both the subtractive and additive effects of the surround play a 

role in the appearance of the test colour. 

Some of the hypotheses' mentioned before, were suggested independently 

by the author. All the factors which nay be causing the colour contrast 

phenomena can be divided into three main categories: physical, physiolo-

gical and psychological, which can be subdivided as follows: 

(14) Physical Causes:  

(1) The scattering of light within the eye. 

(2) The chromatic and spherical aberration of the refracting system 

of the eye. 

(B) Physiological Causes: 

(1) The interaction between adjacent retinal areas. 

(2) The continual movements of the eye. 

(C) Psychological Causes: 

(1) The psychological interpretation of the pattern as a whole. 

(2) The enhancement of the effects which may take place in the per-

ceptual processes in the brain. 

These factors suggest either additive or subtractive mixing processes 

of the test and surrounding colours. They are possibly acting together at 

the same time, and their complex interaction produces the striking effects 

of colour contrast studied in this investigation. 
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(1) Physical Defects of the Eye.  

In spite of the many functions that the human eye performs success— 

fully, which place it in a unique position unapproached by the finest 

optical instrument, the optical correction of its refracting system can—

not be rated as high. Being a living organ it is subject to anatomical 

imperfections and inhomogeneity producing irregularities in the retinal 

image. Emsley(9 aammarises the defects of the eye as: 

(1) Chromatic and spherical aberrations, (2) lack of centering 

(3) irregularities in the surface curvatures of the cornea and crystalline 

lens, (4) diffuse scattering of light by its media which consist of 

cellular tissue, and are hence not perfectly transparent and homogenous. 

As a result of these defects the retinal image of each point of the object 

is spread over a larger area within which the distribution of light is 

irregular. These aberrations depending upon anatomical structure vary 

considerably in form and extent among individuals. 

The diffuse scattering of light within the eye (the crystalline 

lens, the humours and the retina), in spite of being an important factor 

in producing colour contrast, yet it seems that it has not been yet 

satisfactorily studied. Chromatic and spherical aberrations of the eye 

will now be discussed in detail. 

(1) Chromatic Aberration of the Eye, 

The eye suffers from complete absence of any correction of the 

chromatic aberration.(18)  In normal vision we are quite unaware of its 

effects perhaps because they may be ignored during the visual perception, 

either in the retina or in the brain. Light of shorter wavelengths is 

brought to a focus nearer to the eye lens than that of longer wavelengths. 
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Looking at the test patch, as used in this investigation the images of 

the test and surround colours will partially overlap on the retina. 

The chromatic aberration of the eye was investigated by Newton,(2) 

Young(4) and Helmholtz()  Recently it was measured by Ivanoff (92)  

(using 11 eyes), and Wald and Griffon (93)(using 14 eyes). ::according to 

Ivanoff, (92)  the average of his results is in a very good agreement with 

the average of the others, and does not vary much from the calculated 

values, as shown in figure (110). From this graph, the dioptric power 

of the refracting system of the eye varies from — 0.62 dioptre (at 

X=750 m. )1) to 2.63 dioptres (atX = 365 m.).1..) These values are referred 

to the case ofA = 578 mq.3.. where the chromatic aberration is considered 

zero and the power of the refracting system of the eye = 60 dioptres. 

The following is a simple quantitative study of the effect of the 

chromatic aberration on the simultaneous colour contrast pehnomena, 

(figure 112) based on the reduced eye (aisley) (Figure 111). 

Assume that f1 and f2 are the focal lengths of the eye system for 

the dominant wavelongths Al  and) 2  of the test and surrounding colours 

respectively. 

F1 and F2 are the corresponding dioptric powers of the refracting 

system of the eye, n1 and n2  are the corresponding refractive indices of 

the vitreous humour, Ac  is the axial chromatic aberration, xc  is the radius 

of disc of least confusion, H is the radius of the eye pupil and X is 

the distance between the nodal point of the eye system and the retina: Then: 

c = f2-f1 = n2/F2 nl/F1 = a  4'1° 	(1) 

where (2) xc/a  = H/fl 
and 	xc/b = H/f2 	 (3) 
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Therefore 	= f2/f1 	 (4) 

= a+ b = a (f2 fl)/fl 	 (5) 

Substituting from (1) into (5) we get: 

a  = fl (f2- f1) / (f2 fl)  
Substituting from (2) 	(6) we get: 

xe= H (f2  - f1) 	(f2 	fa.) 	 (7) 

Element angle subtended by xe  at the nodal point = sec  given by: 

89c  = xi X = H (f2-f1) / X (f2 +- f1) 

= H (n2  F1  —n1  F2) / X (n  F1  n1  F2) 	 (8) 

Considering that the disc of least confusion is a measure of the 

amount of overlapping of the surround on the test colour, then Sec  re-

presents the angular overlapping in radians. 

The relative overlapping = $e / 9 	 (9) 

where 9 is the angle of subtense of the test colour in radians. 

The relative overlapping shows the effectiveness of the chromatic 

aberration in the simultaneous colour contrast phenomena. Since X is 

constant and H is determined by the viewing condition, the relative 

overlapping depends on the dominant wavelengths Na.  and >s 2  of the test 

and surround colours, and on the angle of subtense of the test colour 

(e) 	It increases with the increase of the difference between X 1 andX 2 
(i.e. with the increase of the separation between the test and. surround 

colours in the hue chart) and with the decrease of the element angle 

of subtense. 

Now sele shows the overlapping per radian of angle of subtense. 

Therefore the relative overlappin'g per 1 pi-en-Lent angle of subtense can 

be obtained by substituting 0 010\ Act,c6,/, 
3.14 

(6) 
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The percentage overlapping per 1°  element angle of subtonse 	c) 

can be calculated. Applying the average chromatic aberration given by 

Wald and Griffon (93) and Ivanoff (92)  as shown in figure (110), the re-

fractive indices of the vitreous humour given by Ivanoff, X = 16.66 mm 

according to Emsley, (91) and H = 2.15 mm from the average results of 

Crawford and Reeves (94) for one of the levels of adaptation used in this 

work, (2,9 ft. lambert) the values of the percentage overlapping tt, c  

can be calculated for different wavelengths. Table (25) shows those 

values referred to the case ofA= 578 m.p.. where40  = 0. Figure (115) 

shows the calculated relation between the percentage overlapping (A c) 

of any colour surround on yellow test colour (X= 578 m,,u) and the 

dominant wavelength of the surround. To calculate the percentage over-

lapping for any test and surrounding colours, the values of 6 c correspond-. 

ing to their dominanta.welengh: have to be subtracted from each other° 

For example if the test and the surround colours are blue and red (or 

vice-versa) of dominant wavelengths 430.8 and 6 87 m.p. then 6c  = 5.17 

- (-1.83) = 7.0% ( for 1o element angle of subtense) 

(2) Spherical Aberration of the Eye. 

Young was the earliest to measure the spherical aberration of the 

eye. Ivanoff, (92) using EL similar method, showed that the spherical 

aberration of the eye varies with different states of accommodation. -In 

a very recent paper, with a more elaborate technique, Brink (95)showed 

that: (1) The refracting system of the eye has an optically inhomogeneous 

structure, (2) the accommodation causes an irregular change of the 

dioptric power over the area of the eye lens, (3) At the state of 

accommodation giving maximrun visual accuity of the eye, the homogeneity 
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is better than the surrounding states of accommodation. The paper in—

cludes maps of the eye lens with iso—dioptre curves (locus of points of 

equal power) which show this inhomogeneity and its change with accommoda-

tion. Figure (116) shows two of these maps, at states of accommodation 

0 and 1 dioptre. Also figure (117) shows the relation between the 

spherical aberration and the distance from the centre of the eye lens along 

the horizontal meredian, at different states of accommodation. 

Due to the spherical aberration of any uncorrected lens, the 

marginal rays are focused at a point nearer to the lens than that of 

the paraxial rays. When a wide beam of light falls on such a lens, the 

image produced is blurred due to the overlapping of images of central 

and peripheral parts of the field of view. Now for such inhomogeneous 

case of the eye system, the overlapping produced is more complex. Even 

in the central part of the eye lens the diptric power varies considerably. 

The following is a simple quantitative study of the effect of the 

spherical aberration on the simultaneous contrast phenomena(Figure 113). 

Assume that f1 and f2 are the focal lengths of the eye system for 

paraxial and marginal rays, F1 and F2 are its corresponding dioptric 

powers, n is the average refractive index of the vitreous humour, As  

is the axial spherical aberration, xs  is the radius of disc of least 

confusion, H is the radius of eye pupil, h is the height of the eye pupil 

giving paraxial rays (this is arbitrary since the difference in dicptric 

power can be referred to it. It is considered in this analysis that 

h = H) and X is the distance between the nodal point of the eye system 
10 

and the retina, then: 

J13 	f2 fl 
	n/Fl  = a b 	(10) 
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where xs/a = H/f/ 	 Cu) 

and 	=- 11/f2 	 (12) 

assume H = 10h 
	

(13) 

. • 	b/a = (H/fl  (f2A) = 10 f2/fi 	 (14) 

A 	=a + b 	= (10 f2  + fl) a/fi 	(15) 

Substituting from (10) into (15) we get: 

a = fl  (f2  fl) / (10 f2  + f1) 
	

(16) 

Substituting from (13) into (16) we get: 

xs  = H (f2  — f1) / (10 F2  + F1) 

Element angle subtended by xs  at the nodal point = Sas  given by 

Ses  = xs/X = H (f2 fl) /X  (10 f2+ f1) 

= H (F1  — F2) / X (10 F. + F1) 
	

(18) 

As a first approximation, we can take: F1  = F2  =F = 60 dioptres. 

. 	Ses  = H (T/  — F2) / 11 XF bes (F1  — F2) 
	

(19) 

Since X is constant and H is determined by the viewing condition 

used. 

Considering that the disc of least confusion is a measure of the 

amount of overlapping of the surround on the test colour, then 89s  

represents the angular overlapping in radians. 

The relative overlapping = 89s/ a 	(20) 

where 0 is the angle of subtense of the test colour in radians. 

The relative overlapping shows the effectiveness of the spherical 

aberration in the simultaneous contrast phenomena. It depends on the 

amount of spherical aberration in diptres and hence on the radius of 

the eye pupil, end on the angle of subtense of the test colour (e). 

It increases with the radius of the eye pupil and with the decrease of 
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angle of subtense. 

Following the same method. used. in the case of the chromatic aberration, 

the percentage overlapping per 1°  element angle of subtense (Ah.s. ) can be 

calculated. Assuming the same vales of H and X considered in the previous 

case, and taking F1  — F2  =1.23 cD.cp.;:?:=o (from figure 117) for H = 2 mms, 

h = 0.2 mm and a case of accommodation 1,5 dioptre (the nearest to the 

viewing condition used. in this work for the experiments on the colorimeter)„ 

then vs  = 1.34% for 10  element angle of subtense. 

(3) The Combined Effect of the Chromatic and. Spherical Aberrations: 

The chromatic and spherical aberrations of any optical system are 

independent of each other, and they occur simultaneously. The correspond—

ing values of percentage overlapping can be added. together as shown in 

figure (114). The total percentage overlapping 6 can be written as: 

A 7: IS 5 -I- AC 	 (21) 

Now A cdepends on the test and surround colours, the more these colours 

are separated from each other in the hue chart, the more effective is 

their chromatic aberration. Both A c  and A (and. hence their sum ,O ) 

increase as the angle of subtense is reduced. 

APPLICLTION TO THE COLOUR SIZIPLES USED IN THIS INVESTIGATION. 

Table (27') shows the values of percentage overlapping At e  and .A. 

for the different colour combinations of the test patterns used in this 

investigation for 1°  element angle of subtense determined from the pre—

vious analysis and. assumptions. Taking the case of 61  element angle of 

subtense (used. in the case of charts (1 a and 2 a - )), the values given 

in table (V.) have to be divided. by 0.1. The percentage overlapping will 

range from 88.4% (in the case or orange and blue combination) to 24.8% 
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(in the case of grey and green combination) for any two olTposito aides 

of the square test patch. This means that the effect of this factor is 

considerable. 

It must be remembered that the combined effect of spherical and 

chromatic aberrations is one of the factors producing the positive mix-

ing process inthe simultaneous colour contrast. The following two 

conclusions can be drawn: 

(1) Since the combinations of the blue with any other colour have 

relatively higher values of percentage overlapping (Ar) than those of 

other combinations. This may be responsible for the tendency of the 

blue test colour, contrary to all other test colours used, to show the 

positive mixing process as shown in Chapter V and as will be shown in the 

mathematical analysis in Chapter IX. This does not mean that the negai-

tive mixing process is missing, but the positive mixing process in this 

case is bigger. 

(2) Since the blue and yellow colours used are complementary, this 

may be responsible for the desaturation of the test colours when seen 

against the blue-yellow surround. 

Quantitative analysis: 

The area of the surround overlapping the test colour is a border 

square frame as shown in figure (110. The percentage overlapping area 

in any two opposite sides of the square test colour = (1. AL Lb]) / 

(1)2  = 2A,(where L is the side of the test colour square). In the case 

of two colour surround (2 A) represents the percentage overlapping 

area of each surround and in the case of one colour surround the per-

centage overlapping area will be 44, 
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The total luminous flux felling on the area (S) of the retina on which 

the test square colour (C) is imaged, in the case of two colour surround 

(A) and (B), consists oft 

(1) Luminous flux due to the test colour (C) = K Yc,S 

(2) Luminous flux clue to the colour surround (A) = 2 (K YgaS) / 100 

(3) Luminous flux due to colour surround (B) = 2 ( K -16  -A B  S) / 100 

where K is a constant, Yo, 	and YB  7..:71-e the relative luminances of co-

lours (a), CO and (B) respectively. The relative IUvinous fluxes are: 

1 :2(Y11(;) ,  : 2 (YB  / Y0)6B  :: 1 a. : b 	(22) 

In the case of one colour surround (A), the relative luminous fluxes 

are:- 	1 : 4 (Y11/ VA.&  t: 1: a2 
Table (28) shows the calculated values of the mixing coefficients a& 

b for one and two dolour surround-S, for 15t element angle of subtense. 
From this ta'ple tL following conclusions can-be drawn: -" 

(1) The effect of one colour surround is additive, which is in con-

tradiction to the empiric, 1 (2). 

(2) The effect of one colour surround is bigger then the effect of 

two colour surrounds, since a2 = 201 and the effect of b, is opposite to 

that of a, (since the surround colours (A) and (B) are in opposite sides 

of the test colour (C) in the chromaticity chart). This conclusion is in 

contradiction to the empirical rule (1). 

(3) There is no difference between the positive mixtures of the two 

colour surround, whether the test colour (C) is mounted on stripes of co- I 

lour (A) or colour (B). This conclusion is in contradiction to the actuall 

appearance of the test colour in the two patterns (plates 1 - a and 2 a) 

and to the empirical rule (3). 

From these conclusions we can deduce that although the positive 
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mixing process of the combined effect of the spherical and chromatic 

aberrations is a considerable factor in producing the simultaneous colour 

contrast phenomena, but it cannot by any meals?  be the only factor. 

(B) PHYSIOLOGICAL CIUSES: 

(1) THE INTERACTION BETWEEN  ADJACENT RETINILL AREAS! 

It is well-known that adjacent areas of the retina are interdepend-

ent. This may be due to the compleAsEural system joining the receptors to 

the optic nerve fibres. It number of electrophysiological investigations 

were done by Granit, Rubstein and Therman(96) and Brindley (97)on  frog's 

(98) 
retina, Barlow, Fitzburgh and Kuffler 	on cat's retina, Hartlino and 

RatOiffi(99) on limulus eye, Motokawa, Yamshita and 0 gawkl°°)  on carps 

retina, and others, and these yield evidence for such interaction. 

Granit and his co-workers projected two points of light 003 mm 

on the retina of an open frog's eye, the potentials (showing the responses) 

were added if the excitations were simultaneous. This shows directly the 

physiological spreading of the excitation over the mwtina. 

Brindley found that if a retinal region is stimulated with a small 

spot of light, a micro-electrode within the stimulated area records large 

negative charges at "on" and at "off" (i.e. at the start and cessation of 

the stimulus respectively). This response continued but decreased gra-

dually as the electrode is moved along a straight line away from the centre 

of the light spot. If, instead of the light spot, an annulus surround 

was illuminated with the electrode at its centre, it often happens that 

similar responses, but of opposite sign, are Obtained. Then he recorded 

the response duo to simultaneous illumination of a small spot centred on 

the electrode and of an annulus surround. The response was far from being 

apart 



equal to the sum of those -7,0ect by the spot and the annulus separately. 

Ho s11.730sts 	-hhisiop kluu to the retinal interaction whose physiological 

basis seems to be complex®  

Barlow and his co-workers report that the receptors are inter. 

connected in a complicated way so as to form overlapping fields. When a 

large area is stimulated, each receptor exerts an inhibitory action on 

those of its neighbours to which it is connected, Weak signals come from 

its centre and stronger signals from the edges where the receptors ane 

subject to inhibition from one side only. They conclude that lateral 

inhibition is the cause of simultaneous contrast phenomena. 

Hartline and Ratliffls investigation led to the following conclusions:. 

The amount of inhibition exerted mutually between any two single receptor 

units is less the further they are apart. If two groups of receptors are 

illuminated together, the total inhibition on a test receptor near them 

depends on the combined inhibitory influences exerted by the two groups„ 

If the two groups are widely separated, their total inhibitory effect on 

the test receptor equals the sum of the inhibitory effects they each pro-

duce separately. If they are close enough together to interact, their 

effect when acting together is niyunlly less than the sum of their separate 

effects, since each group inhibits the activity of the other and hence 

reduces its inhibitory influence. They concluded that the pattern of optic 

nerve activity is not an exact reproduction of the pattern of the various 

stimulus intensities distributed over the retinal receptor mosaic, it is 

modified by the inhibitory interaction. 

In a very recent paper, Motokawa and his co-workers recorded simul-

taneously the slow potentials and spike activity of ganglion cells. They 
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Figure(119) Magnitudes of slow responses (A..A4relative numbers of 
impulses (R.7.I.)are plotted as a function of distances between elect- 
rode tip and centre of light spot, 	for "on" and (ip---11) for "off" 
discharges. is the stimulus in size and position. Intensity and 
duration of the stimulus were 1250 lux and 0.4 sec. respectively. 
(Motokawa and coworkers). 

Figure(120) Tho potential field within and without a wide retinal Lange 
(2.5 x 2.5 mms) in size. Magnitude of response was measured from base line 
to steady level of response and plotted against distance between electrode 
tip and centre of illumination. (Motokawa and coworkers). 



summarised their results as follows! 

(I) The slow potentials within a small illu.ninated area (0.2 x 0.2 mm) 

were positive in polarity relative to an electrode placed at the knack of 

the retina. In the surrounding area there appeared negative potentials 

which had maximum amplitude at a short distance from the margin of the 

illuminated areignd extended as far as few millimeters (as shown in 

figure 119). 

(2) When the retina was exposed to stimuli larger than a certain 

limit (area used is 2.5 x 2.5 mm), the visitivity of slow potentials was 

maximum at the margin of the illuminated, area. They interpreted this 

result as physiological evidence of border contrast (as shown in fig'ire 

) 

(3) The positive slow potential is a local process, whiic the nega-

tive one is a propogating process. On the basis of these properties, 

the spatial distribution characteristics for border contrast was accounted 

for in terms of interaction between positve and negative potentials. 

It is clear from this survey of some of the work done in eloctro-

physiology, that retinal interaction exists and that its function is 

complicated. It may be argued that all these experiments were done on 

animal retinas which may be different in structure and function from 

the human retina. This is true to a certaiilextent, We are mainly con-

cerned, in colour vision, with the human fovea, which is mainly populated 

with cones, while those retinas studied may be mainly populated with rods. 

aso in the human fovea, histological evidence indicates that there are 

small ganglion cells, each of which is connected only to a single cone, 

while the usual situation throughout the vertebrates is that each ganglion 



Uorves many receptors.
(3) 
 However that one to one connection between the 

cones and the optic nerve fibres have been found by Polyak,(lol)to occur 

primarily in the very centre of the fovea. Outside the central pit of 

the fovea, more diffuse forms of connection become evident and the possi—

bility that the impulses from neighbouring cones may intermingles  is greatly 

increased; this gives rise to lateral interaction between adjacent faveal 

areas.(13) 

THE ROLE PLAYED BY RETINLL  INTERACTION IN PRODUCING SIMULTANEOUS 

COLLUE CONTRAST PHENOME7Au.  

If we assume that the results of the study of retinal interAction 

just mentioned before, apply, more or less, to the human fovea, the 

following conclusions can be drawn: 

(1) The mutual inhibition between adjacent areas of the retina is an 

important factor in the effect of the surround on the appearance of the 

test colour. It produced the negative mixing process which was mentioned 

in the analysis of the results in Chapter V, and which will be seen in the 

mathematical analysis in Chapter IX. 

(2) Since the inhibitory effects decrease with the increase of distance 

apart, then it must be expected that the change in the appearance of the 

test colour is smaller for bigger angles of subtense. This is shown to 

be true from the results of Chapter VII. 

(3) For big angles of subtense, the retinal interaction gives no 

more than a boundary contrast effect which gives a sma:11 change in the 

overall appearance of the test colour. 

(4) The total effect of different parts of the surround is equal to, 

or a. little smaller than the sum of their individual effects for Tltg or 
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Figure (121) Record of ,!Tremor (Fender). 
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Figure (122) The movements of retinal image, the diameter of the circle 
is 10 minutes of arc. The numbered dots indicate positions at intervals 
of 0.2 sec. The Tremor is not shown. (Ditohburn). 
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small angles of subtenso respectively„ 

(2) THE EYE MOVEMENTS. 

It has long been known that small involuntary rotations of the eye-

ball exist even when the observer tries to fixate as steadily as possible 

on a well defined target. These rotations cause movements of the image 

across the retina, which prove to be essential in visual perception. Lord 

and Wright, 
(102),(103)i

nvestigated the eye movements and surveyed the 

different subjective and objective techniques of their recording. Rat- 
(104) 	(105) 

	(lam) and

Rat- 

tiff and Riggs, 	Barlow, 	Ditchburn and Ginsberg, 

Ditchburn, (107),(108) studied the eye movements during fixation and their 

effect on vision. 

The methods used in these studies fall into two main groups : 

(a) Those depending on reflection of light on the cornea, and (b) Those 

using a contact lens with a plane mirror, Most of the result; .5 showed 

that there are three types of eye movemets. 

(1) An irregular rapid oscillatory movement called a "Tremor". The 

corresponding movements of the image relative to the retina are of the 

order of the diameter of a foveal cone (24 sec. arc.) of frequency 306- 

(109') 
150 C0 .S. Figure (111) shows an amplified record of tremor by Fender. 

(2) Sharp saccadic movements called "Flicks", up to 60 min. arc, 

lasting for about 0.03 second and occuring at intervals which vary from 

0.03 to 5 seconds. 

(3) A slow "Drift" at a rate of about 1 min. arc., per second during 

the interflick periods. 

These values (which agree fairly well with the results of others), 

together with figure (la') showing the movement of the image of a fixation 
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point across the retina, are quoted from Ditchburn. (107) He reports that 

there is a considerable day-to-day variation for one subject and a varia-

tion between subjects, but the movements are always of the same order of 

m?gnitude. He also suggests that these movements assist normal vision 

perception in the following way: 

(1) The tremor oscillates the boundaries between light and dark 

areas in the visual image across certain retinal receptors. This causes 

rapid variations of stimulus of these receptors producing their nomIffn 

action and bursts of potential spikes travel along the associated nerve 

pathway to the cortex. 

(2) If the tremor were the only movement, certain receptors would be 

strongly stimulated all the time and others which were subjected to steady 

illumination would be weakly stimulated. The drift moves the boundaries on 

to new sets of receptors, which have not been subjected to the fion-offil 

stimulation. 

(3) Since the drifts are predominantly in ono direction, the flicks 

operate to restore the itage to the central fovea. 

Ditchburn and others, ( 11o) 9 (in) developed a technique in which the 

eye movements of the observer controlled the movement of a trargot such 

that its image remains accurately on the same part of the retina all the 

time. Such en image is called a stabilised retinal image. He found that 

by stabilising the image in this way, the main functions of visual and 

colour discrimination (especially in the blue green region) fail inter‘-

mittently, partial vision being restored from time to time. This shows the 

important function of the eye movements in visual perception. 
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THE EFFECT OF EYE MOVEMENTS ON SIMULTLNEOUS COLOUR CONTRAST PHENOMENA, 

It is obvious that eye movements play an important role in the 

phenomena of simultaneous colour contrast. Although the observer concen-

trates on the test colour, yet his eye, through its involuntary drifts and 

flicks, surveys the whole test pattern. The tremor, being rapid and of 

small amplitude, affects thg, a3pearance of the boundaries of the test and 

surrounding colours. This effect is enhanced as the angle of subtonse is 

decreased. 

The ey6 movements may be responsible for two opposite effects: 

(1) The persistence of vision and (2) the successive colour oontrast, 

The peTsistence of vision,(3)describes the fact that the effect of the 

stimulus on the retina remains for a short time after the cessation of the 

stimulus. The tremor being rapid and of speed above the critical frequency 

of flickering may cause the mixing of the sensations due to the test and 

surrounding colours at their boundalies. On the other hand, the different 

types of eye movement cause the same area of the retina to be alternately 

stimulated by the test colour and different parts of the coloured surround. 

Hence the appearance of the former may be affected by the after6image of 

the latter. 

The first effect results in simple addition of the test and surrounding 

colours. The second effect depends on the nature of these colours and mos-n.1 

produces the overlapping of the complementary colours of the surround and 

test colour. £ private communication from Professor Ditchburn showed that 

for both the flick and drift eye movements, the amplitude of the vertical 

component is in general greater than that of the horizontal component. 

This may throw a light on the positive mixing effect of the side stripes. 
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If Ditchburn1  s theory that the brain in some way fills in a region 

such as the blind spot, from which it receives no signals whatever, (112) 

is true and general all over the retina, then the boundary effects (due 

to the tremor eye movement and chromatic and spherical aberrations), 

become generally very important not only for very small angles of sub-

tense. However this theory needs more investigation to be well establisho& 

(C) PSYCHOLOGICAL EFFECTS. 

It has been mentioned in Chapter I that colour perception is of three 

phases: physical, physiological and psychological. The physical phase is 

concerned with the spectral energy distribution of the light falling on the 

aye from the coloured object, and the image formed on the retina by the 

refracting system of the eye. The physiological phase is concerned with 

the absorption of the spectral energy distribution of the light energy by 

the light receptors of the retina (cones and rods) and sending a message 

to the visual cortex in the form of nervous pulses of a definite code 

through the neural system and the optic nerve fibres. The psychological 

phase is concerned with the decoding of the neural message received by the 

visual cortex and interpreting it as the subjective image of the coloured 

object we actually see. 

This chapter, has, so far, dealt with the role played in simultaneous  

colour contrast phenomena by the physical defects of the eye system and 

the complicated physiological factors. We are left now with the psycholog-

ical causes of such phenomena which tend to lie outside the scope of 

physical interpretation. 

The application of psychology (21)in  colour vision deals with the 

study of the relation between the colour as wactlated for the standard 
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observer (the objective phase of colour), and the colour actually perceived 

by the mind of a real observer under certain viewing conditions ( the sub-

jective phase of colour). The word perception is used in psychology to 

show what an observer does see, which is different frcu the physical na-

ture of light reaching his eye. Ppnception includes the psychological 

factors of attention, attitude and feeling which affect the subjective 

image seen. Also, the mental faculties of any person are a part of his 

learning and everyday experience. That is why the interpretive reaction 

of the min' tc any ceiou2ea scene is parely subjec:tivc, rne:u arc Ewe 

possible psychological factors in colour contrast. 

(1) Psychological interpretation of the test pattern as a whole and 

(113) 
its effect on the appearance of the test colour. Tenant, 	expressed 

this idea as "The principle of the relativity of our perception of visual 

effects". The whole test pattern may be psychologically interpreted as 

consisting of two main parts: The stripes on which the squares of the test 

colour !,ro mounted and the other stripes, and perhaps more importance may 

be given to the former, since the observer is concentrating on the test 

colour. Also the squares of the test colour may be looked at as belong-

ing to tho stripes on which they are mounted and hence their contrasting 

effect. This affects the judgement made by the observer in adjusting 

the 1i.-G-B mixture in the comparison patch in the colorimeter, or choosing 

the coloured chip in the Mansell Book of Color, to match the test colour 

in its surround. 

(2) Perceptual processes in the brain may enhance the changes in 

the appearance
(13) 

of the test colour against its background. 
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CHAPTER IX 

SIMPLE LINEAR ANALYSIS OF THE COLOUR CONTRAST PHENOMENA BASED 

ON THE MIXTURE EFFECTS OF THE SURROUNDING COLOUP5 ON  THE APPEAR.. 

ANCE OF THE TEST COLOUR. 

The different possible factors that may be responsible for 

oroducing the colour contrast phenomena, which were discussed in the last 

chapter, suggest some additive and subtractive mixture of the test colour 

and the colours of the surround. It is very difficult at this stage of 

work, to tell the actual form of these mixing processes. This needs:— 

(1) More knowledge of the visual processes which is incomplete up to 

the present date. 

(2) a stotistical analysis of large number of results obtained by many 

observers using the colorimeter. 

For simplification, the following analysis is suggested as a preliminary 

study of these mixing orocesses: 

(A) The Case of Two Colour Surround: 

Assume that the appearance of the test c lour in its surround 

(CAB) is a linear function of the test colour (C) and the surrounding 

colours (A) and (B) as seen on a white surround i.e. 

(Ca) = f 	(9) 1 (A) (B)} 

these stimuli against the equations obtained by R.G.B. mixture under the 

defined surround conditions which can be written as follows: — 

(CLB) = xca  (X) 	Yc (Y) 	Z  c1,B  (z) 	(1) 

(C) 	E xc 	(X) + yo 	(Y)zc (z) 	(2) 

cil 

Where (0.0),(C),(A) & (B) are given in the corresponding C.I.E. 
equations obtained by 

unit trichromatic%colour appearance measurement Le. by matching each of 
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(A) ..E.T XA  (1) + 	(Y) 	BA (z) 	 (3) 

(B) = 
XB  (x) + yB  (Y) 4' ZB  ( 	 (4)  

The coefficients xollB, yoia, 	& xB, yB, zB  are experimental 

values. 

Now assume that the linear function can be written as:- 

(0/10 = c (C) + a (A) 	b (B) 	 - (5) 

Where c, a & b are constants which can be called mixing coefficients. 

Substituting from (1), (2), (3), and (4) into (5), and equating 

coefftcients of (X), (7) & (z) in both sides of the equation we get:- 

xoaB  =c xo  4. a xA  b xB 	 (6) 

yolls  = c yo + a yA b yB 	 (7) 

aOfsB = c zo  + a zA  b z13 	
(8) 

Equations (6),(7) and (8) can be solved and the values of the 

mixing coefficients c, a & b can be determined. 

Equation (5) is applied to the case of compound pattern, of 151  

element angle of subtense for all the test colours used in this investi-

gation at normal and 20°  viewing angle. The compound pattern was chosen 

because it represents bigger effects of colour contrast than in the case 

of the simple pattern. also the orange, 'mod grden." 	test colours 

show more limited colour contrast effects in the case of simple pattern 

(no perceived change in saturation), than in the case of the compound 

pattern. 

Tables (29, ti & b) show the mixing coefficients that have been 

calculated from experiments with the two colour surrounds: (1), (2),(7) 

& (8) for all the test colours, at normal and 20°vieldng angle, normalised 
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for unit mixing coefficient of the test colour (i.e.c = 1) 

It can be easily seen from these tables that: 

(1) For all the cases (except the case of surround (1) for grey 

test colour at normal vision), the mixing coefficients of the colour of 

the stripe on which the test colour is mounted is negative and that of the 

colour of the two side stripes is positive. The blue proved to be an 

exception to this rule since the two mixing coefficients are positive. The 

exceptional case of grey on surround (1) must not be over estimated, since 

it is most probably due to experimental error. This is clear since the 

same case (the grey on surround (1) for 20°  viewing angle— which shows 

bigger effect than from normal viewing) follows this rule (No 3). 

The exceptional case of the blue test colour may be due to (1) the 

relatively high positive mixing process due to the chromatic aberration 

(Chapter VIII) or (2) the darkness of the blue on white surround, and 

hence the inaccuracy of measuring it (Chapter V). Carrying out the same 

calculations referring the shifts to the case of the black surround instead 

of white (i.e. where it looks brighter), it was found that the blue test 

colour obeys this rule. This is shown numerically in Table (29b) and 

graphically in figure (47) and verifies the analysis on the blue test 

colour in Chapter V. 

(2) The effect of the stripe on which the test colour is mounted 

(the —ve mixing coefficient) is smaller than that of the two side stripes 

(the + ve mixing coefficient) for all the test colours (including the blue), 

except for the grey test colour on surrounds (1) and (2) and also (7) for 

normal viewing only, where the reverse takes place. I can not give 

any reason for these exceptional cases of the grey. 
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Thes 42wo conclusions are shown gr.cohivany in the case of 20° 

viewing angle (where the effects are bigger then in the case of normal 

viewing), :1.n. Chapter V . 

(3) The mixing coefficients for all the test colours are bigger in 

the case of the inclined test patch than that in tr.F ,ase of normal test 

patch (except in the exceptional case of grey test colour on surround (1)) 

and hence the bigger shifts noticed in the former case than in the latter 

one. 

(B) The Case of One Colour Surround. 

It was found that the case of one colour surround can not be taken 

as a special case of the two colour surround, by eliminating the effect 

of the other surround. 	That is to say equation (5) for two colour stir-

round does not apply for one colour surround by equating the mixing co—

efficient of the other surround to zero. If that was the case, ex—

panding equation (5) and equating the coefficients of (X), (Y) & (z) in 

both sides we get three linear simultaneous equations in two unknowns 

only. This does not give unique roots except in a special case then 

the point representing the appearance of the test colour in its surround, 

lies on the straight line joining the two points representing the test 

and the surrounding colours agains.,, thite background. This is not, by 

any means, the case for any test colour. 

So it seems necessary to add another factor to this equation which 

gives the usual case of three equations in three unknowns. Since all the 

points representing the appearance of the test colour on one colour 

surround as shown in figure (42)  (and other similar figures for different 

viewing conditions), are shifted a little from the case of white surround 
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towards denturation, i.e, more or loss towards the white point, so it 

was thought of adding to the R.H.S. of the.zquation a frpction of equal 

energy standard white SE. This addition represents a desaturating 

factor in the equation. 

So we can assume that the appearance of the test colour C in one 

coloursurroundAi.e.(a.)is a linear function of the test colour (0) 

on a white surround and the equal energy white (N). This can be written 

in the form:— 

	

= F TO, (A), (W)V 	 V) 

Where (CA), (0) and (A) are given by the corresponding C.I.E. unit 

trichromatic equations obtained by the actual matching. CA  can be 

written in the form:— 

(CA) 	x cA(x) 	3r0;1  (Y) 	zg,  (z) 	 (9) 

where xc.;& yCi  &zgh are experimental values. 

and (C) 	are given in equations (2) & (3) respectively 

and (W) = 0.333 (1) 4,  0.333 (Y) + 0.333 (z) 	(10) 

Now assume that the linear function(II\can be written as:— 

( 0.0 
	

c (C) .7,‘ a (A) 	(W) 

c (a) + Er, (x) + bi.(X) 	() + (Z)} 	(11) 

b = 0.333 70 

where cl  a & b are constants called the mixing coefficients. 

Substituting equations (9), (2) & (10) into equation (11) and 

equating coefa.cients of M I  (Y) and (z) in both sides we get:- 

x, 	= c xc  + a 7A  b uA  

YCA =c Yo 	YA b  

( 12) 

(13) 
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z, =cz +az
1,1.
+b 

J/.1 
(14) 

This means that the addition of the equal onergy- Ttaitg(14), is no 

more than adding a constant (b) to the R.H.S. of the last three equations. 

Equations (12), (13) & (14) can be solved and the values of the 

mixing coefficients c, a and b can be determined. 

Equation (11) is applied to the case of one colour surround in 

compound pattern of 15' element angle of subtense for all the test colours 

used at normal and 20°  viewing angle for the same reasons mentioned in the 

case of two colour surrounds. 

Tables (29, a and b) show the mixing coefficients of the one 

colour surrounds (3), (4), (9) and (10) for all the test colours at 

normal and 20°  viewing angle, normalised for unit mixing coefficients of 

the test colour (i.e. c.= 1). 

It can be easily seen from these tables that: 

(1) For all the cases (including the blue), the mixing coefficient 

of the surround colour is negative  . There are two exceptions to this 

rule: (1) case of orange test colour on yellow surround for normal view-

ing, and (2) case of blue test colour on orange surround for 20°  viewing 

angle. These exceptions are most probably due to experimental errors 

since the same cases for the other viewing condition follow this rule. 

This is a good verification to Rule (2) in Chapter 	namely the 

subtractive effect of one colour surround. 

(2) For all the cases (without any exception), the mixing coeffi-

cients of the white is positive. Thlis shows the desaturating effect of 

the one colour surround compared with the case of white surround which 

was just mentioned in the argument about adding the equal energy white (14) 
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SURROUND 3 4 1 2 
~'T'S T COLOUR a'J, 

I h3 204- b'l- _~l bI 2.2 b2. 
+ . - + - + 

e. (s.) l~ 0.2260 O.OU.4 0.1240 O. Clt~18 P.0755 0.1353 0.0180 O.3S36 
~.;.~ 2- O"(j;43 , 0.1836 P.0220 0.2003 0.0052 0.56(10 
~ J- 0.0073 0.0209 ~.OO39 p •. :'626 0.0016 0.1072 

(b) I- . o. '1931~ O. Q/j71 .. 0:111;.9 cb321 P~0339 P.141B 0.0599 O.t741 , 
3- o. QO()3 0.0193 P.OO18 P.~56 0.0081 0.1883 

+ + .. + + - - + 

g (r) 1- 0.0181 0.0086 0.0940 0.0525 0.1477 0.0339 0.018.4 '0.0432 
", 0.0;111 0.2394 ~.O740 0.0863 0.0092 ' 0.1100 b r..,-

~ .3- 0.0010 0.0272 K>.Ol1rO 0.0270 0.0029 0.0208 (.J 
trj .... + + + - - - -(b) 1- 0.0079 0.0457 0.0610 0.1484 0.3105 o.oJ26 0.1165 o. Jj~34 

3- 0.0001 .. 4 0.0177 0.0293 0.0/;.98 0.0182 O.OOS'9 

- + - + + - - .... 

0 (a) 1- 0.0152 O.02ot> 0.0055 o. 051~ O.11;~ 0.0322 0.0282 o. CJ924 
~ 2- 0.0115 0.3294 0.0875 O.l~.O 0.0214 0.3559-
t:::l 3- 0.0013 0.0')7/+ 0.016;> 0.9388 o. OriS? 0.0672 
!;.~ 

0.021;.7 
+ ;.. 

0.0391 
... ... 

0.0528 o. i35.3' + 
(b) 1- 0.1029 O.116t 0.1395 0.2542 

3- 0.6021 ; 0.0171 0.0199 0.0636 o. :']439 0.18/ .. 7 
\ 



TABLE .( 29) (CONTD.)  

sumou ND 9 
, 10 7 : 8 

ITTST COLOUE 179 a10 b10  LI? . b7 a8 138 
( a) 	1- :.--) 	2- 

-,-. 	3- 

(b) 	1- 
3- 

0.1757 
0.1021 
0. c)116 - 
0.1055 
0.0070 

0.0094 

+ 
0.1913 

0.1663 
0.0639 
0.0073 

0.1189 
0.i519 

.0. 0359 

0.0764 

++ 0.3920 ' 
0.2279 
0.0430 

. + 
' 0.1516 ' 

O. 0166 

0,6569 
, 0.0372 
'0..0116 . 
0.2551. 
0.0306 

0.2.505 
0,1340 

- 0.19 .,' 	• 
0.2876 
0.0,22 

0.1650 
0.0634 
0.0120. + 
0.1627 
0.0118 

11 ( a) 	3.- 
i---1 	2- t-,  q 	3- 

(h) 	1- 
344 

- 0.k.)3.08 ' 
0.0,-;14 
0.0070 
0.7284 
0.02)1 

+ 
0. 0013 

. 
0.01-241 

. 0. ,5.5CC 
0,0670 
0,076 
O. 0764 
0.0129 

+ 
0.0020 

O. 181 

4 
0.0801 
0.1598 
0.0301 
0.01350 
0.0357 

- 	- 
0.0881 
0,1162 
0.0363 
0.075 
0.0360 

- 	-.41  
0.0588 
0.1173 
0.0367 
0.1366 
0.0851 , 

+ 
0.0610 
0.0805 
0.0152 . 
0.1223 , 
0.0304 

w 	( a) 1- 
t-.. 	2- 
tri 	3- 

(b) 	1- 
3- 

0.0014 
0.0005 
0. 00006 
0, J449 
0.0021 

+ 
0.0152 

0 
00114  

- 
0.1229 
0.0319 
0.0036 
11.2r47 
0.3030 

+ 
0.1456 

1.0&3 

+ 
0.2736 
0.1074 .• 
0.0203 
0.5436 
0.0403 

+ 
0,0312 
0.081 
0.0025 

L 0.027 
' 0.0021 

+ 
0.0012 
0.00047 
0.00015 , 
0.082 
0.0].09 

• 4. 
O. 0923 
0.0240 
0.0045 
0.001 
0,0044 

su cztou ND 9 10 . _ 8 
rar.', T. 	COLOUT. a? b9 a30 b10 v`r7 b  a  

( a) 1- al 	2- t-t c... t-t 	3- 

(b) 	1- 
3- 

t 
0.1562 
0,0613 
0.0116 

+ 
0. 2339 
0,0173 

... 
0.1848 
0.0480 
0,0150 

0.0960 
0.0078 

0.0711 
0.0279 
0.0087 

0.1621 
0.0199 

0.1129 
0.0293 
0.0055 

+ 
0.00044 

.  O. 00002 
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to equation (11) 

These two results justify the suggested form of the linear function 

VI) for one colour surround. 

(3) As for the effect of the viewing angle on these mixing 

coefficients, it can be said after examining table (29 a & b), that there 

is no definite trend as in the case of the two colour surrounds. This 

may be due mainly to the vide range of variation of the mixing coefficient 

of the white (W). 

OTHE POSSIBILITY OF PREDICTIKITHE JPPE!RANCE OF ANY TEST COLOUR 

AS SEEN AG4ST ANY BACKGROUND. 

Predicting the appearance of any test colour seen against any 

background, must be the aim of such quantitative study of the colour 

contrast phenomena. This would have been easy if the mixing coefffcients 

could be calculated successfully by other means than the actual matching. 

Once these mixing coefficients, together with the unit trichromatic 

equations of the test and surrounding colours are known, they could be 

substituted in equations (5) and (11) or similar equations for different 

patterns, and hence the appearance of the test colour on its surround 

could be calculated. 

It can be seen from the possible causes of colour contrast phenomena, 

as discussed in the last Chapter, and the conclusions mentioned in this 

Chapter, that there are two opposite processes acting simultaneously to 

produce such phenomenal  namely the negative and positive mixing effects. 

Whenever the former is larger than the latter, the mixing coeffecient is 

negative,as for example, in the case of one colour surround, or the effect 
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.. 

SURROUND" U ~ 
" 

, ' r SUFROUl'ID U V 
" 

o~286 1', 0.957 
:-2 0.246 ' 0.313 , 

1 0.150 0.359 
:2 0.126 O. 'M.l 

3 0.280 O.3A3 
4 0.276 0.350 

Ji " -0.278' 0.346 
6' 0.,253 ' 0.339 

3 0.141 0.353 
L" o. ].4.3 0.355" 
5' 0.138 0.35(; 
6 0.161 0.359 

'1 ' 0.:354 0.341 
8,', ' ,O~21b 0 • .349 
-9' ~·6.2;) 0.341 

10 ';0.293 0.'342 YELLOH 

,ORMiGE 
SUIUtOUND U V 

, 
5 0.263 0.353 

SURROVND' U V 6 0.236 0.358 
7 0.239 .357 
8 .229 .359 
(\ • ~)/T-4 .359 " 10 .276 .357 

. I ! 

't ,,0.387 0.350 
2 ' - , O.1~17 0.327 

'3 0.415 O.3!~O 
4' 0.4.04' 0.342 
.S 0.424 0.341 
6 0.375 0.343 -, 

iHITEPOINT .. 
SUPJ~OUND U V 

I: JO.2~] 0.316 

5 O.lJ9 0.257 
6 0.2)2 0.287 
7 0.253 0.269 
8 0.201 0.275 
9 0.202 0.269 

10 0.217 0.21'3 
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of the stripe on which the test colour is mounted, in the case of two 

two colour surrounds, when the former is smaller than the latter the 

mixing coeffloient is positive as the effect of the two side stripes for 

a two colour surround. 

The nature of the positive and negative mixing coeffecients is 

rather complicated, since each of them depends on more than one factor. 

Most of these factors and their interaction among each other are not 

fully understood up until now. 

The mixing coefficients should depend on the relative light fluxes 

reflected from the test and surrounding colours i.e. on their relative 

areas and luminances. They may depend also on the relative locations of 

their corresponding points in the chromaticity chart. But it does not 

seem likely that there is any linear relation between the mixing coeffi-

cients and these factors. 

For further simplification, we are going to assume that this re—

lation is linear. So the mixing coefficients of the test and surround—

ing colours are divided by their corresponding areas and luminances. 

The results are contained in rows (1,b) and (?,b) in Table (29 a & b) 

No obvious relation was found between the final results and the 

distances between the points corresponding to the test and surrounding 

colours in the chromaticity chart. This conclusion in itself is not 

surprising, but it has been expected since the C.I.E. chromaticity chart 

is non uniform i.e. the distance apart of two colours in the chart is 

not a measure of their subjective difference (the perceived sensory 

difference). That is why the C.I.E. unit trichromatic coeffecients 

were transformed into those of a uniform chart (Macadams Uniform Chart 

was chosen for the simplicity of transformation). Table (3C) shows the 
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Fiqure (124) The relation between the normalised unit .11..:(ing coefficient (:I.U.11.C.) and the distance (d) 
apart in nacAdam uniform chromticity chart for Green, Yellow and Blue test colours in their surrounds. 
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Figure(125) The relation betueen the normalised unit mixing coefficient (N.U.M.C.) and the distance (d) 
apart in MacAdam uniform chromaticity chart for grey and orange test colours in their different surrounds. 
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new unit trichromatic coefficients in this 1-3ptem ̀̂ f ,all the test colours N, 

shows the corresponding mixing coefficients normalised for unit mixing 

coefficient of the test colour (i.e. c = 1). The negative and 'positive 

mixing coefficients follow exactly the same system explained earlier in 

this chapter. They are then divided by their corresponding areas and 

luminance and normalised for unit coefficient of the test colour. These 

final results can be called the normalised unit mixing coeffecicnts 

(N.U.M.C.) Their values are plotted (as ordinates) against the distance 

between the corresponding test and surrounding colour in the uniform 

chromaticity chart (as obscissa) figures (121. 122). Straight lines ate 

joined between the two points corresponding to the two surrounding 

colours in identical cases (e.g. 0.,..0 for one colour surround, 

for the colour of the strioc on which the test colour is mounted and 

4-6 for the colour of the two side stipes, in the two colour surrounds.) 

These straight lines have no significance but they serve as indicator 

for compeison. From these fiures it can be seen thats 

(1) The N.U.M.C. are the smallest for one colour surrounds (except 

in the cases of the grey and blue test colours on green surround). 

(2) The N.U.M.C. are the biggest for the colour of the two side 

stripes in the two colour surrounds (except in the cases of grey test 

colour on orange and green surround and green test colours on yellow 

and blue surround). 

(3) The longer the distance apart between the test and surrounding 

colours in the uniform chromaticity chart, the bigger the N.U.M.C. 

This means that the bigger the apparent difference between the test and 

the surrounding colours, the bigger the colour contrast effects produced. 

44;/‘66P‘Ikr'  • used in the case of the compound pattern viewed at 20°anglei Table (31) 
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This is shown clearly in the cases where there are big differences 

between the distances apart of the test colour and the two surrounding 

colours e.g. for the grey and orange test colours on yellow and blue 

urrounc1G and yellow and blue test colours on orange and green surrounds 

with one exception the side stripes of the yellow test colour. 	This 

conclusion does not apply for the cases where the distances apart of 

the test colour and the two surrounding colours are almost equal e.g. 

for the grey test colour on orange and green surrounds and green test 

colour on yellow and blue surrounds. This can not be taken as an 

evidence against this conclusion which is logical but can be explained 

as due to the fact that even in this uniform chromaticity chart, there 

is no exact equality of colour steps (which is particularly noticeable 

for small differences). 

There is no obvious direct relation between the N.U.M.C. for any 

test and surrounding colours and the dist„nce between the correspond—

ing points in the uniform chromaticity . No wonder, because all the 

last treatment was over simplification of a rather complicated case and 

the uniform chromaticity is not actually as uniform as could be under—

stood from its name. This means that knowing the locations of the 

t(,st and surrounding colours in the uniform chromaticity chart, their 

N.U.M.C. can not be estimated. Hence, in this stage of work, it can 

be said that the appearance of any test colour as seen against any 

background can not be predicted. This may be achieved in the future 

after more investig tions are done in this field. 	This needs more 

understanding of the actual causes of the colour contrast phenomena 

and their interaction with each other to produce the final colour 

appearance. 
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Even then, it must be remembnred that different observers perceive 

colour contrast effects differently, so the average values of a number 

of observers must be taken. 

Nevertheless, before reaching this stage of generalisation, it is 

useful to apply the same analysis used in this investigation for the 

average results obtained by several observers for different combinations 

of test and surrounding colours arranged in different patterns used 

in our everyday life;in nature, industry and artistic colour designs. 

This work is no more than an introduction to the study of colour 

contrast phenomena using five test colours, namely, orange, yellow, 

green, blue and grey, on one colour and two colour surrounds, in simple 

and compound patterns. The surrounds used are those colours together 

with (almost) neutral white and black. 
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CHAPTER x, 

sumaar /IND CONCLUSIONS, 

In this investigation the effect of the surround on the appearance 

of a selection of test colours was tudied in a limited number of cases 

at a limited number of viewing conditions, as an introduction to the study 

of simultaneous colour contrast phenomena. 

Apart of the study was done by a number of observers on two charts 

similar to plates (1,) and (2,10 illuminated by natural daylight and 

using the Munsell Book of Color for comparison. In addition, the author 

made the same study on the 4 charts similar to plates (1) and (2) in 

different conditions. The other part was done by the author on thesc, 

charts and on simple and compound patterns of one and two colour surrounds 

illuminated by standard source S1i2  using a modified form of Donaldson 

colorimeter. 

In the first part: (1) The observers passed the Ishihara test and 

hence can be considered as having normal colour vision. (2) The matching 

was done only when the sky was clear which gives roughly fairly constant 

illumination. (3) The angle of subtense of the whole pattern was 42' giv-

ing big changes in colour appearance. (4) The observers were fairly con-

sistent with themselves. (5) The corresponding shifts according to di-

fferent observers, referred to the case of white surround, were roughly 

in the same general direction, but they varied amongst them in magnitude 

and direction. 	This shows that, although there is a general tendency 

among the observers to perceive a certain change in the appearance of any 

given test colour, as seen against any given background, yet they expressed 

this change differently. This may be partially due to experimental factors 

((a) small changes in the quality and brightness of natural daylight and 



(b) difficulty of matching among untrained observers), buti.ainly due to 

personal factors ( (a) different st,nsitiv:;tios of colour receptors, 

(b) different densities of macular pigment, (c) different retinal inter—

action, and (d) different psychological interpretation of colour appear—

ance, among the observers). (6) The average shifts show in general, a 

subtractive effect of the stripe on which the test colour is mounted, 

and an additive effect of the two side stripes. 

In the second part: The following effects were studied: (Jill the 

shifts were referred to the case of white surround). 

(Li) THE EFilhOT OF  DIFFERENT COLOUR SURROUNDS: The results showed 

the following: 

(1) The shifts due to two colour surrounds are bigger than those due 

to one colour surround. 

(2) The effect of one colour surround is in general, subtractive. 

(3) In the case of two colour surround, the effect of the stripe on 

which the test colour is mounted is, in general2  subtractive and that of 

the two side stripes is generally additive. 

(4) The shifts due to black surround are generally towards desatu- - 

ration. 

These conclusions were shown for different cases graphically and 

analytically. 

The Effect  of the Compound Pattern: 

(1) The shifts in the case of the compound pattern are generally 

bigger than those in the case of the simple pattern (except for the orange 

and green test colours). 

(2) The test colour looks more desc,turated in the case of the 



compound pattorn than in the case of the sim)le pattern (except in the 

case of the grey, where bigger shifts show themselves in higher saturation), 

The  Effect of Surround on the 42;: rent Brightness of the Test  Colour, 

(1) For one colour surround, the darker the background the lighter 

the test colour looks. 

(2) For two colour surround, the test colour seems to follow the 

stripe on which it is mounted. The darker this stripe, the lighter the 

test colour appears. 

(B) THE EFFECTS OF DIFFERENT VIEWING CONDITIONS: It was found that: 

(a) Reducing the luminance of the surround of the comp-rison patch. 

(b) Reducing the luminance of the whole test patch. 

(c) Reducing the angle of subtense of the test patch. 

(d) Reducing the inclination of the test patch. 

produce the following general effects to different extents: 

(1) The recorded differences in chromaticities of the appearance 

of the test colours due to different surrounds were enhanced. 

(2) The set of, points in the chromaticity chart corresponding to any 

test colour due to different surrounds were shifted in the same order show—

ing two general trends: (a) change in hue away from the yellow, and (b) 

towards more saturation. 

(3) Decrease in the lightness of the test cclourc  

At the same time (e) reducing the luminance of surround of the test 

colour (by using black instead of white surround); (1) produces shifts 

towards desaturation and (2) increases the 'lightness of the test colour. 

This result is not contradictory to the case (a) of reducing the luminance 

of the surround of the comparison patch„ In case (a), the effects 
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measured tre the attempt of the observer to compensate for the change in 

the appearance of the comparison patch caused by the change of the lumi—

nance of its surround, when matching the test colour. This means that 

the effects of the luminance of the surround on the comparison patch and 

the test colour are the same, 

:asp the (f) orientation of the stripes plag its role on the effect. 

The effect is more pronounced when the stripes are horizontal than when 

they are vertical. (g) Vibrating the charts up and down: enhances the 

effect when the stipes are horizontal (this may be mainly due to the 

increase of the additive effect of the side stripes). When the stripes 

are vertical no change was noticed (from the stationary case) at a long 

viewing distance, getting nearer, a critical distance was attained when 

almost no difference was seen in the appearance of the test colours in 

the two patterns, and for a shorter distance still, the difference in 

appearance between the two patterns were reversed. This my be due to 

the additive effect of the stiipes on which the test colour is mounted, 

which is opposite to the original situation before vibration. The 

additive effect is enhanced as the viewing distance decreases where the 

angular amplitude of vibration becomes more than can be followed by the 

eye movements. 

Different factors were suggested to explain these colour contrast 

phenomena (physical, physiological and psychological). These can be 

summarised as follows: 

(1) The blurring of the image formed on the retina due to the 

physical defects of the eye (scattering and spherical and chromatic 

aberrations), causes additional mixture of the test and surround colours 
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due to partial overlapping. 

(2) The continuous involuntary eye movements means that an area of 

the retina which at one moment receives light from the test colour, is at 

the next, stimulated by the surround causing successive contrast giving 

rise mainly to subtractive mixture, but also to pure addition due to 

persistence of vision. In general, the additive mixing process of the 

side stripes may be explained as due to the additive factor of the eye 

movements whose vertical component is reported to be higher than the 

horizontal. 

(3) Through the physiological interaction between adjacent retinal 

areas, (mainly producing inhibition), the nervous impulses carried by the 

nerve fibres partially modulate each other, such that the final message 

received by the visual cortex is a modified reproduction of the retinal 

image. 

(4) Psychologically the mental decoding of this message as a whole, 

affects the appe-Tance of the test colour and may enhance its change. 

Perhaps the test colour is considered psychologically as a part of the 

stripe on which it is mounted, and the whole set is separated by the 

other stripes, and hence the contrasting effect of the former. 

In the light of these possible factors which suggest both additive 

and subtractive mixing processes between the surround and the test colours, 

a simple mathematical analysis was done. It was assumed that the unit 

trichromatic equations representing the appearance of the test colour 

against its surround, and that of the test and surround colours as seen 

on a white background may be related by a linear function. In general, 

the mixing coefficients of this function for one colour surround was 



found to be negative. In the case of two colour surround, the mixing 

coefficient of the stripe on which the test colour is mounted was negative 

and that of the two side stripes was positivL.o 

A trial was done to find some way of predicting the appearance of any 

test colour as seen against any background. It was assumed that the relation 

between the mixing coefficients, on one hand, and the relative luminance 

and areas of the test and surround colours on the other, are linear. The 

normnYsed unit mixing coefficients in some of the cases increase, with 

the increase of the distance between the test and surround colours in 

MacAdam uniform chromaticity chart, but no obvious relation could be drawn. 

This failure of this trial was not surprising, since all this procedure 

was an over-simplification to this complicated phenomena of colour contrast. 

It is hoped that this introductory study of the simultaneous colour 

contrast phenomena may stimulate other people to investigate the phenomena 

from other different angles. This field is wide and fruitful. Its study 

may lead to a better understanding of colour perception and its physical, 

physiological and psychological phases and their interaction to produce 

the mental image of colours we actually see. Also it has its practical 

bearing in aesthetic, artistic and industrial uses of colour, since the 

background is everywhere and affects everything. 
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