














ABSTRACT,

Striking changes in colour appearance can arise when small areas of
colour are soer in juxtapos’tion agsinst a coloured background, These
changes are of great interest as a problem in visual physiology since
mony factors may contribute to the effect. They are also of practical

importance sgince they may have a major influence on colour desigh. -

Different ‘techniques of subjective colour measurement are surveyeds
Two methods are used to measure these colour changes as a basls for the

quantitative study of the colour contrast phenomena.

In the first method: Standard source S, is used for illumination
of the test colour in its surround, and its appearance is compered with
a red-green-blue mixture from a modified form of Donaldson golorimeter

using monocular vision,

In the second method:s MNatural doylight is used as illuminent and
the colour appearance is matched by a number of observers having normal
colour vision by comparison with colour samples in the Munsell 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 patchs



i

(2) The luminence of the surround of the test colour.

(3) The luminance of the whole test patch,

/) The angle of subtenge of the test patch,

(5) The inclinstion of the test natch.

(6) The orientation of the coloured stripes of the
surround,

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

contrast)

Scme pussibié causes of such colour contrast phenomena
in the fiei:ls of physics, physiology and psychaliogy are dig-
cusseda

Two simple linear equations (for the cases of one and
two colour surrounds) are suggested to relate the unit
tricivomatic 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 T | 1
INTRODUGTION

COLOUR AND COLOUR VISION,

(4) HISTORICALt
From the beginning, man must have viewed and enjoyed colour in

(1)

naoture: the blue sky, the spectrum colours of the rainbow, the green
folinge of the fields with different coloured flowers and fruits, the -
vorious colours of the animal kingdom: ingects, butterflies and birds.
When he started to express himgelf in sculpturing, engroving and painting,
he used colourss The use of colour can be traced from the anclent
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
2/, centuries agoe. Depending on keen observation and elear thought and
without doing ony experiments, lAristotle realised that objects appear
with difforent colours because they conteminate or impose blackness to
different extents on white light folling on them, Our modern concept of
gelective absorption can be meen os a modification of Aristotlets ideans

The modern science of colour was founded by Isaac Newbon (2)(16669.
He proved experimentally that white sunlight is compound, and by passing
it through a prism, cen be split into itg seven component colours called
the spectrum, Each of theso colours can not be changed by further re-
froction or reflection, He constructed a hue circle, with white at its
centre, and its circumference is divided into these seven colours, and
the radial distance represcnts the intensity of the colour, He suggested

the centre of gravity principle of colour mixture, He said that coloured



objects reflect or transmit the rays of its own colour more than the
regt, and from their excess and predominance in the reflected or trans-

mitted light, these objects have thelr colour,

THE TRICHROMATIC NATURE OF COLOUR.

Trichromacy means thet any colour can be matched by adjusting the
intensities of a mixture of any three independent coléurs. The eye can
not distinguish any difference between this colour and the matching
mixture.

23

{
Trichromacy \3i became universally zecepted as a well-known fact
in the second half of the 18th century after a long history of mixing
colours,

(

Thomas Young 4) (1802) suggested that therc was o continuous
gerieg of kinds of light, but only threc kinds of sensitive particles
in the retina, eanch preferentially, but not exclusively sensitive to
Iight from one part of the spectrum, He said also, that each sensitive
fillament of the neyve moy consist . of three portions, one for each
primexry colour, This suggestion has been the foundation om which most
of other theories of humen colour vision imve beeon built,

Helmholtsz (5)‘TISBZ) subgtituted for Young's "sensitive particles of
the retina" or "sensitive filaments of the nerve", the theoretical con-
cept, "elementary sensationsg", 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 theary®.

Grassmann 6 (1853) put his law of odditivity os o rosult of

his experiments on mixing of colours, It leads to the centre of gravity



prineiple of colour mixture which had been suzgested by Newton., This
principle is the mathematical basis of colour motching, Recently, this
(7)

low was checked by Tro?ona, and the colour matching functiong were
invegtigatied by Stiles, (8) which lead to further examination of additivity.

Then Maxwell, (12)(betWeen I860-1865) determined the intensities of
red, green and blue, necessary to mabteh each spectrum colour, He also
produced the first colour photograph, What Maxwell achieved, a century
agoy is the basis of modern colorimetry and colour reproduction.

Wright (9)and Guild (lo)determined the relative amounts of three
gpecified primary stiﬁﬁli required to match the colours in the spectrum,
vhoge average was used in 1931 by the "Commission Internationale de
LtEclairage" (C.I.E.), to standardise the colour mixture characteristics
11)

of o normal observer, as a standard framework for colour specification.

(B) THE PERCEPTION OF COLOUR:

(13,14,15,16)

The perception of colour is a complicated process
Physics, physiclogy and psychology are involved in this process.

From the physics point of views The perceived colour of any

coloured object, depends on the speetral energy distribution of the in-
cident light and the speetral 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 elemenbe of different
densities and spectral compesitions 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 noint of views The energy absorbed within




the cones and rods, causos a pebtern of nerve impulses which are gerried
through the ncurones to the fibres of the optic nerve, and finally
produce & corresponding pattern of nerve activity in the visual cortex.

From thc psychological point of vicw: 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
encrgy distribution of the light emitted or reflected from it. This is
the gpectrophotometric characteristic of the colour and it is called
the objective aspects The special theme in this investigation is the

subjoctive aspect of ¢olour, that is to say, whot we actually sce.

(G) SUBJECTIVE PHENOMENL OF GOLOUR PERCEPTION:

There are several phenomena of colour perception which ought to
be explained satisfactorily by any accepted theory of colour visions

(1) LDAPTATION:

It is well=known from ordinary everyday experience that, on cnter-
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 ot first dazzled by the excess light
ond after some time, they become accustomad to thig lighse, Tnese
plicnomena are called dark wad lignt adeptation respcectively., Simitorly,
if the eyes are expoged for a sufficient time to coloured lights, big
changes occur in the appearance of colourcd objects secon afterwords,
This iz called colour adoptation,

It wos found that colour matches made between any two lights of



Aifferent spectral compnsitions (lo€. metamerig pairs), arc not upset

by colour adaptation, Von Kries (1878) deduced from Helmholtz tbrichro-
natic theory thaot no colour match should be dis*bmrbe_d by adaptetion.s He
verified this by matching ordinary white light agoinst 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-

(x7)

lenths of the complementories used, However, Wright found that

monocular motching broke dowm by using very bright adapting colours.

Colour adoptation was recently studied by Wright,(m) Schouten, (29)

2 p
(20) and MacAdan, ( 1)by adjusting stimull until the same quality

Walters
of gensobion was obtained from two areas of the retina which were in
different states of adaptation. MacAdam used monocular matching tech—
nique i,e. focusiing the two stimuli on different parts of the same
retinae Wright, Schouten and Walters used binocular matching technigue,
ieee the stimuli are focussed on non corresponding parts of the retinas
of the two cyese '_

Wright (22) explained the results of adaptation as follows:
Aggume thot the right eye obgserved a test stinmlus whose appearance
was matched against a mixture of thwee primory stimuli, The right eye
is then adopted to the adepting 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 constantly dark adapted
left oye, He gave the follouwing conclusiong:-

(@) All odopting stimuli lower the general Jight sensitivity of

the retina, The reduction in the sensitivity inereascs with the intengity



of the adapting stimulus and its duration,

(b) After short period adaptations, tho rocovery of sensitivity is
repide After prolonged adeptations, the recovery is slower and in some
cases, follows an approximately linear course, ab least for the first
mnute or two of recovery, This linearity is not obscrved at all in
the case of the blue responses

(c) When a red adaptation is used, the red sensitivity suffers the
greatest depression, with a green adoptation the green scnsitivity is
most depressed, This shows itself in a change in the hue of the
appearance of the test colour in the form of a ghift towards the grecn or
the red for red or grecn adaptation respectively., In the case of blue
adnptations the specific depression of the blue sensitivity is less
certoin,

(d) With test stimdi in the red-yellow-green ronge of the spectrunm,
the appearance of the test patch after adaptation is often mixed with blue
even if the cdaptotion itself is blue, This positive blue may be duc
to an after-imoge, and may arise through some secondery physiological
reaction occurring at o postereceptor ghtage in the visuel choin,

(2) SUCCESSIVE CONTRAST AND AFTER-IMAGES,

When, after looking fixedly at any brightly illmminated object,
the eyc is cloged or turned to fixate at o point in a uniform surface,
an inage of the same shape as the original object is seen for a period
voarying from a few seconds to several _minutes. Such images arc known
ag after images gince thoy appear after the cessation of theo original
gbimilus, Somec restrict the name "after images? to those seen against

a dark background, and call the rest "Sueccessive Contragt Phonomona®,
7]



Some call them positive and negative aftor-images respectively, The
positive appcaring of epproximately the same colour as the original
object, and the negative of approximately'the complementary colour, This
distinction is not sherp since some aftersimages arc neither of the same
colour nor of the complementary.

Padghom (24, 25)has donc a quantitotive study of the positive visua;
afterimage of white and green light, by using binocular matching techniques
After dark adapting both oyecs sufficiently, he cxposed 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
soensation caused by a comparison white light stimulus in the other cye
for sbout one minute,

(3) SIMULTANEQUS CONTRAST:

A small neutral grey patch on o white background appears darker
then o gimilar one 6n o, black background, If it is placed on a gtrongly
colourcd background, such o grey patch locks slightly coloured (usually
tinged with the complementary colour of the surround). If the grey
appears in smell elements in a heterochramatic picture, it eppéars in
difforent colours and nobody com say that they are grey unless their
adjacent surrounds are totally screeneds These, and related changes in
the appearance of objcets according to the brightness and the colour of
their surrounds, arc known as simultancous contrast phenomena,

Abney (25)and Helson (26) have made quantitative asscgaments of
sinultaneous contrasgt by adjusting the physical composition of two fields
until thoy look alike, despite being seen ageaingt different backgrounds,

Abney measured the effect of coloured background on the appearance of a
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white stripc. Heclson wag concerned with the study of colour consbancy
using neutrol colours (i.e. greys, white and black) es test patches and
backgrounds,

Van Bezold (27) described what he called "spreading effect” which
aeta opposite to what is known gbout simultaneous colour contrast, This
effeet ig illustrated by Evans (15) in his book "An Introduction to
Colour', in four chorts of red and blue colours, with very fine lines
of white and black drawn on thems The red and blue colours with the
black lines look derker end more gattwatbed thon those with white lines,

Recently Warburton and Lund (zs)made a qualitative study on modi-

fication of colour due to juxbaposition and its application to textiles.
Jamepgon .end . Hurvich,(zg)VEry rccently made a quantitotive study of
the offect of different patterns of surround on the sppearance of o test
colour, ©Since the theme of this investigation is the study of the
colour contrast phenomona, these exporiments will be discussed in more
details later in this chapter.

(4) OTHER COLOUR PHENOMENAs:

There are gome spatio-temporal striking colour phenomena which have
not been fully explained yet, The following are three such phenomenas

(2) pEvEAS Top: (39)(1894) It consists, as shown in figure (1)

of a circular dige half black ond 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 appeoars vividly red, the next brownish, the
next olive groeny, and the outermost dark blue, With anti-clockwise

rotation, the order of colours is reversed, Changing the speed of the
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top or the intensity or spectral composition of the light uesd to
illuminate it, alters the appoarance of the colours., Even in mono=

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

(31)

(b) BIDEWELL!'S DISC: It consists, as shown in figure (2)

of & 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 Iight ()
geen through the aperturc is changed to its complementary., This may be
~duc to the after-imoge of the Iight secn against the neutral background

due to the fugsed two halves of the disc.

(c) SHERRINGTON!S DISC (32) It consiwbs, as shown in figure (3)

of a circular disc, half white and half black except 2 circular stripes
of thce same radius, from each half extending to thc other half, When
it is rotated at a suiteble speed, thore is a fusion of the wholce disc,
except for flicker in a central ring, produccd by the enhancement due to
contrast of the white stripe which is surrounded with black, This

simul taneous contrast is assoclated by successive contrast because the
novements of the eyes alter the retinal areas affected,

(U) THEORIES OF GOLQUR VISION.

Le Grand (16) surveycd the main theories of colour wiion which will

now be summariseds

(1) THE YOUNG HELMHOLTZ TERICHROMATIC THEORY:

Young (é) cgsumed thet there are three types of retinal receptors
with different spectral sensitivitlcs corresponding to the pifncipal
colours, and cach scnsitive filament of the optic nerve may consist of

threc corresponding portions, At first he suggested that the principal



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

Young'!s theory was revived by Helmholtsz (5)

who suggested that it

is unnecessary to assume three types of fiberg; since each could transmit
2

three types of messages (sensations), Maxwell, (x )influenced by Young'!s

idcas, undertook the measurements which gave this theory an experimental

foundatdone

THE FUNDAMENTAT SENSATIONS:

If the three types of retinal reccptors were Gy, G, and Géo Their
ectral charactoristics were g, g, and g.” « Then their rosponscs
Gil Giz and Gi3 for radiation of gpectral energy distribution E

nay have the form:
G: = 1ig. E d Gy =3¥{g. E 4 g =\ B, a
11 jgll by A » 12 f{]_z A ’\ 3 13 5613 * A

The scnsation of colour is o function of the rclative values of

the three responsges G G. ond G, The sensation of lightness (L)is
' 13’ i ig
a linear function of the three responses:
L=1, G +1, G +1, G
1 2 Tin 3 i3
where 11, 1 ond 1 core constants,
2 3

Grassmena! s law of additivity follows from the linear character
of those agsuned ejuations,

Soveral trinls were mode to determine the spectrsl characteristics
of the fundamental sensations from which the following are cxeomples:

(5
(o) Helmholta )shownd that dichromatic vision may be a reduced

form of normal vision with either o missing recoptor or the fusion of

two reccpbors, In the first case, the confusion lines, in the



chromaticity chart meet at a po:Lnt representing the missing recaptor
and are parallel in the second case. Depending on this, Pitt (33)
determined the red receptor from the profémopic confusion loci and the
blue receptor from the triftanopic loci,

(b) Wright (22 )aserumed that the fundomental sensations are those
produced by stimuli whose hues remoin unchanged after adaptation,
Experiment ghows thot such stimuli are not real, since a1l monochromatic
gtimuli- change hue, However the red end of the spectrum and a blue
cloge to 460 mp. are least affecteds Recently, Thomson and Wright<34)
determined the blue receptor from their study of the tritanopic confusion
loci, which is in good agreement with Pitt's determination, They also
extrapolated for the green receptor and their determination is near to
that obbtained by Walters (20) from adaptation experiments,

(c) Stiles (35) proposed o new method in which the subjeot Iooks
at tho contre of a ficld of 100 dismcter: of luminance L, of monochronmatic
light X\ « 4t the contre of this ficld short flashes of monoéhromatic
ligh’f}): of luminance L§ arc superposcd over arca of 1° diometor, LY
is varicd until the test flash is just perceptible (in luminance and
colour when ) # X ). The curves of (Jez L') ; shﬁixfémé’}%z? ?gnélf g Lo)
point of discontinuity) vhich was assumed to indicate the passage f‘rom

one reccptor to another, He determined by this way the threc fundee

mental sensationgs:

HOW EXACT IS TRICHRCMACYS

(o) THE FOVEA: For ficlds between 30! and 19, trichromocy is exach
at moderate and high luminances, Smaller fields are dichromat’ic;(%)

in which colours can be matched with red and blue primarics only, For



fa—ry
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fields batween 1° ond 20, no deviationsg from exact trichromacy have been
detected in the enormous cmount of thorough investigations, Stiles (37)
moticed thet trichromatic matches established on 2° foveal ficlds are
slightly imperfoct at.the margin of the field when it is perfect at the
centre and vice~verso. For lorger ficlds no adjustment of the triehromatic
mixture allows the cenbre end periphery to be matched at the same tine,

the centre can be matched if the outer part is ignored ond vice-vorsc,

This moy be due to screening the rceceptors Ly the macular yelilow pigmgnt.

(b) THE EXTRA-FOVEAL RETINA: It hos becn assumed that foveel tri-

chromacy depends on cones (since the foven is ncarly frec from rods), and
it was expeeted that for extra-fovenl fields where rods also are
11luminated, colour discrimination will be, at least, tebrchromatic,
Wright,(zz) GiIbert,(BS),;Mbreland (39)and Clarke (40) did not notice any
devistion from trichronocy.

THE PHYSIOIOGICAL BASIS OF THE TRICHROMATIC THEORY (3)

There are at least three possible hypothesiss

(a) Threc photoscnsitive piements: with threc kinds of receptors

OT TIOTC,

(b) Threc reccptorss with probably more than three pignents,

(¢) Three chomnels in some central part of the visuol pothway:

(neurones) with possibly more than three kinds of pigments ond rcceptorse
The following practicel ovidence available are in favour of the
three photo-sensitive pigments hypothesis:
(2) The stability of matches with chromatic adapbtabion.

(b) The validity of Grassmann's law of additivity.
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The ahjsctive nmeasurcments of human foveal pigwmants nre satis-

factorily consistent with the three pigment hypothesiss

(2
(%) GRANIT!S THEQRY (22)

Granit divides the retina inbto receptor tnits, cach consists of
a group of coneg and rodg vwhich are conieeted with a single gangiioa
cell, or with several ganglions which synchronizme their dischargesa
Thege units are classed; according to their response as picked up by a
micro: eleetrode into two typcse Dominators and Modulatorse, The dominators
(about 95%), have a wide spectral scnsitivity curve which indicates that
they are responsible for the sensation of luminogity. The modulators
ghow o gelective sensitivity and hence considercd as responsiblie for
colour discrimination, Granit, (41) could discover scven kinds of
modulators but they can be classified as threc principal types, or as
the result of interactions between three types of receptors which in o

woy confirns the trichronatic theoory,

(3) HERING!'S OPPONENT COLOURS THEORY:

Hering (42) praposed that the six distincet sensationg should be
arranged In three opposing pairss whito-black, yellowblue, and red-

(43)

green, Jomegon and Hurvich, {ricd to apply this theory quamtitatively
on the basis of the BQ.I.E. colour mixture data for the standard observer,
to account for the psychological aspectbs of colour; brightness, saturation
and hue, and their change with adoptabtion, They tried also to use it to
oxplain their resulbts on simulioneous colour contrast phenomena(gg)
The only physiological basis for such mechanisms in the retina, is

that of the Yon" and Yoff' responscs grouped in two pairs red-green,



and yellowwblue that the recent researches of electrophysiology, ascriﬁe.

to a single retinal rcceptor.

(4) ZONES THEORIES:

Zones theorics were suggested by Donders, Von Kries, Muller and

(44)

Adans, The esgential idea consigts in comnecting Youngla tri-
chromatic system with the photochemical reccptors of the rctina, while
Hering!s opponent colours theory controls the higher levels of physiolo-
gicol vision in the optic nerve, Miller's theory has been developed

nathematically by Judd (45) (46),

and physically by Talbot,
If three different photosensitive pigments were isolated in the

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

be nccessary to explain how the corresponding ncrve impulses transmit

the necessary information by a suitable Tfrequency code' and how the

brain decodes this messoge, This moy show that there is room for a

Zones theory of some typc to associate with the trichromatic thcory,

(E) THE THEME OF THIS INVESTIGATION:

This invesbtigation is concerned with the guantitative study of the
colour contrast phenomenn, It is very important to do such o study
because colour controgt is one of the subjcetive colour phenomeno with
which we are confronted in our everyday I1ifc, We cannot eseope the
idea of baockground since everybthing in Iife has a background, When
gver there is a background to any object, then the contrast between that
abjeet and its background comes into action,

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

eolour to know the actual changes in the appearance of gny colour when



seen cgainst different backgrounds, Thesc changes are of proctical
importance since they may have major influence on colour design in Art
and Industry,

They are aiso an interesting problenm in visuel physiology, since
it scems likely thot various factors may contribute to the cffect, is
the study of chromatic adapbation played o major.roio in developing
our ideas obout colour vision, so the stﬁdy of other colour phenomenz
nay lecad us to better understonding to the complex functions of colour
perceptions

The ficld of colour contrast phenomena is a very wide onc indeed,
in which very 1ittle, if any, quantitetive measurcments have been dones
The literaturc availoble now in this field is short, compared with that
in other ficlds of colour vision, and most of it is based on either
classical ideas or qualitative observationsg or preliminary measurcments,
whichy, even if accuratc enough, arc not sufficient to draw useful swien-
tifie conclusions, and any now contribution to the scicnce of cdlour
vigione

This present study is no more than a short introduction to such o
wide ficlde The author hopes that it will stimulate mony others to do
more meaguroments, in order to compare the results, and Ioy o concrete

basis to start a profitable generalised analysis to such effects,

(F) PREVIOUS ¥OEKs:
It is useful ot this point to analyse the experimentsg of Warburton

!
(28) and Jameson and Hurvich, (zg)mentioned previously, about

and Lund,
colour contraste

(1) Worburton and Imnd studied qualitativcly the modification of




colour duc te surround, In their first cxperiment, the g standard
colours of the Ostwald NA weore used in turn as background and each of the
obher colours were appllied ag a squarc grid on the coloured grounds as
shown in fipure (4)e The corresponding angles of subtense are: 12!

for c¢lement pquare background, 3' breadth of the grid band, i.e. 187
the squarc element, 1° 30" for the whole squore of each combinatian of
2 colours, The.seven patterns of cach standerd colour background to-
gether with a sauare of that colour in the centre (as refercnce),were
nounted on once sheet of black paper, These sheets were illuminated by
a normal Mazda 60 wattfuorcscent Iomp, together with daylight from
adjacent windows (conditions varicd from clear to cloudy sky)e Ten
observers (who passed Ishihara test (47)for colour vision) viewed each
card scparately and were asked to gbate the combination which gave the
mexdirum change in appearance from the original colour, and that of
minirmm change, This means that they gove a goneral impression of
differonce in colour and not a specific change in hue, saburation or
value, (These terms will be expleined in Chapter II). Their results
ghowed that:-

(2) The value hes o greater effect than me on the power of a
eolour to chonge an associoted colours e.ge blue and yellow (with high
difference in value), shﬁwed o maximum chaonge, red and blue-green {of
nearly equal values) showed o minimum change,

(b) Iight colours on dark backgrounds and dark colours on light

backgrounds gave o maximun changce on colour appearance,

In the second experiments a trial wos mede to egbimate the change

in hue of the bands of the square grid with the background, A sguare
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of the colour of the grid is provided for reference, The observers were
agked to say on which ground the change is towards one of the well~%knhown
colours, red, yellow, green and bluct (1) Most of the results showed that
the hues of the colour and the surround are additive, (2) Thc observers
being asked to,chosc 4 cases ou® of 8, o most of the observers rclated
the changes in hue to the combinationes of twe eolours which are near to
cach other in the hue cirele, (3) It was noticed also from the results
that compleomentary colours when combined together, do not cause any
change in the hue of each other,

In the third exporiment: a study Of the effect of the angle of

subtense on changes in colour appcearance was nade, OCords of rod squarcs

o green surrcundg were mode of diffesvcut simes of ratios 122235, and
werce attached to the end of the sticks, The pattern of the biggesgt size
was fixed at a long distance from the obgcrvery, such thal a change in hue
duc to the surround is noticed, and an experimenter moved the pa‘t’oorn_ of
the next size along the viewing direction towards or awsy from the ob-
server, The obscrver woes asked to say when the reds in the two cords
natcheds The sane wag done with the other two gizese The whole oo
periment was then repoated for patterns of red on blue background, TFhe
results obtained show that: (1) The matching occurred at the distances
giving the samc ongle of subtense as the reference cord, (R) The smaller
the angle of subtense the bigger the change in appearance,

Commenting on that study, the author would say that the first two
experiments are purely qualitabive and only the third experiment is
portly quantitotive, The experiments were not carried on, in the same

conditions of lighling, gince hig differences in the quality and quentity



of doylight in clear and cloudy &y were alloweds It is esgential in .
colorinetry to keep the illuminating and viewing conditions the same.(lB)
Ag it will be shown in Chapber 3 of this invesbigation that big changes
of the level of illumination of the patbern under test change the colour
appearance, so summation of results or taking meens in that study is
incorrect, It may be argued that this was done to study the changes in
colour appearance at different lighting conditions ag we usually find in
prectical life, To do thig it would have been better to do the whole
cxperiment under the same conditiong,and then repeat it for other
different conditions and compare the average results of eache. Also it is
na$ preferable Yo mixHuorcscent Iight with notural doylight in these
experiments, Porhaps this was done to provide adequate lighting on a
cloudy day., However, this adds more complications to tho problems

The ordinaryfluorcscont Iight is in general, different from natural day-
light (13)in two aspects: (a) The yellow, green and violet Iines of the
nercury charge arc mixed with the continuous spectrum from the fluorescence
of the phosphors useds (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, thefluorcscont light was dominant Om a dull
day ond the daylight was dominant on a sunny doy,

As for the first experimenty the sccond result (namely, thot light
colours on dark surroundsy and vico;versa give moximum effect) secems
logicals The first result (nomely, that the value has greater effect than
hue on changing colour appearance) was not based on enough cvidence 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



exngption, since in all other cases, the maximun chonge in appearance

yas given by combinations of'eithcf.cbﬁplcmeﬁtary or neor cohplementary
éolours,'

| 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
purcly additive (1lst 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 (sincc the slightest addition in the former case
§h5w§ more then that of the latter), which is against the two other
conclusionss This digercpancy may arisc from the faet that the effccts
of the surround involve both additive and subtroctive processes as will
be shown repeatedly in this present investigations It is not understood
why the change in the appearance was observed for the background in the
first experiment and the gird bends in the second, So the reosults of the
two experiments can not be compared because the area of the squares of
the background are different from thosc of the bands.

The first conclusion of the third experiment (namcly, the depens
dence of the appearance on the angle of subtense) is very good for such
varying conditions, but no measurement was token for the sccond con-
clusion (namcly, the effcet of the angle of subtense on the appearance)
which makes it purely qualitative,

Nevertheleés, the writers showed in their first paper, as on
illustration, two platcs which stinuloted Mr, S,J. Belcher of this
laboratory to design a chort which is similar to plate (Rx) shown in this
tﬁésis, The first of their charts consists of alternate stripes of

black and blue with rectangular purple patches mounted in two columnss



one an the bluc stripes, the other on the black, The patches Qf the
first column look darker than those of the second: The second chart ig
similer to the first with alternate vioict and green stipesy and yellow
recﬁangular patchess The ycllow patches mounted on the violet stripes
look greenish and those mounted on the green gtripes look more orangce
Those plates were out of the scope of their study, but thoy commented on
them by saying that the effect in the first chart is positive due to
additivity of reflccted light, and thot shown in the second chart is
negative duce to simuligneous contrast,

Plates (1 @ &b) and (2 a & B) were designed by the author after
Belcher‘s‘chart (similar to plate 17), and they wore the basis of the
study of colour contrast phenomena in this investigation. Simple and
compound, one colour and two colour similor patterns were studied at
di fferent illuminating and viewing conditions, Each of Natural Daylighb
and Standard source S; were used for illumination, Also the cffects of
levels of illumination to which the observer's oye was adapted, the
angles of subtense and inclination of the test patch were studied,

(2) The experiment of Jamegon and Furvich(29) can be summarised

as followssm

21

Two projectors provided with two neutrel density slides (which were

nade up of square clements of different densities), the first projector
has in addition, a coloured filter, project on a translucent diffusing
gorcen two overlapping images forming o pattern of squares of the some
colour, but of different luminsnces (from the first projector) and satu-
rations (due to the diluting neutral light from the other projector),

These element: squercs are of the same size, cach subtending an angle

of 3° at the observer's eyes, The whole ficld of view is 11° 50t by



10° 20t, One of thesc element squores is tocken as the focal area under
togt, the others presemted in diffeorent configurations as shown in
figure (5), as the surround whose cffect on the appoardnce of the foeal
areas to be moasured,

The observer matched the appearance of this focal arca presented
in dark surround and then in differet gets of simple and compound surrounds.
by comparing it with charts of constant hue in the Munscll Book of Color
. put in a cubicle at.his side and illuminoted by standerd source Hys The
natches are done by successively gloncing at the test pattorn and then
ZTooking at the Munsell coloured chins.

The results were transformed to the C.I.E, systeme. 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 guanti-
fied chromatics response valﬁes of the opponent colours theory (2 =t ,+ y%},
Then the differences between these values for the focal area in isolation
and as seen in different surrounds gave the chonges in these perceived
colours (+a r',m Ay'). It was found that these changes vary with the
contiguity of the element square suggund with respect to the rocal area
(a) common side, (b) common corner, (¢) separation equal to the size of
clement squore (see figure 5)e As a first approximation, they found
thot the effect of (o) was twice ag that of (b), and that of (b) was
twice as that of (c)s 8o the inducing area responsc activities were
welghted by factors 4:2:1 for thesc contiguitics respectively.

The chonge inc chromatic responses (+ A o', +Ay!) of the test ares
for onc single surrounding arca, were plotted against the contiguity
weighted chromatic responses (* r'y, + y') respectively. The regression

lines have a slope = = 0,14 in the two casese This meant, that the



chronatic response activity (+Ar', *Ay') induced in a focal arca by a
neighbouring inducing stimulus for any given contiguity, is oppanent

to and proportional in masnitude to the chromatic response activity
aroused by the surrounding inducing stimulus (+ r?, 2 y!). They ox-
pressed this mothematically in the form 24 v == k (# r') and

+4 yl ==k (+ y'), wherc k is on emirical constant called induction
coefficient given by k =‘O.56, 0.28 and 0,14 for the three contiruities
(), (b) and (C) (just mentioned previously) respectively. According
to the opponent colours theory, the more redness or yellowness of the
inducing area, the more gremness or blucness cffect on the focal area
respectively,

For compound surrounds consisting of more than a single inducing
arca, they sald thot 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 o summation of the individuaily

effective surround stimuli, Hence, they plotted the valucs of

(# Aar', +Ay') against the average values of (# r' & # y') respectively

for the compound surround in one graph, together with those of single
surround areas, and found that the slope of the resression linc was
practically the seme ( =0.145 + 0,012).

Commenting on this exporiment, the author should sey that their
idea in formin~- the test pabtern is ingeniouss However it is very
surprising indeed to solve such a complicated subjective phenomena as
gimultaneous cclour contrast by such a simple linear analysis, leading
to such smooth and sclf consistent results by using the opponent colours

theory whosc physiolorlcal or psychological basis has not yet been

23
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established and is not widely accepted. It seems unlikely that the
procedure employed, should lead to the conclusion formed for the follow-
inz rcasons:

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

was seen from the third experiment of Warburton and Lund discussed
oreviously), that the changes in colour appearance due to surround in-
cregsc with the deereas-+ of the angle of subtense, A4s will be seen later
(in chapter ¥IY) that a test colour of enzle 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 wos 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 arecs
in different contiguities, that the changes in colour appearance would
be very small, However, the reported differencegs were big,

(b) THE MEANS OF MEASUREMENT,uscd is 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 Munsell scale iSC1gimed to be subjectively uniform in
daylight in which it is originally calibrated, This uniformity is
speilt if it is used in eny other source (S;)e The authors asked their

obgervers in cases where a perfect colour match could not be found in
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the avaif able array of samples, to select the two bounding somples be-
tween which the derived match step appear to fall, What then? The
authors: did not say how could they moke the actual reading of that matche
Possibly they took the mewn value of the bwo chips chosen by Bhe observer,
which is incorrect in such a non-uniform scale with big steps between the
adj acent Munsell coloured chips,

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

obuervers 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 wes said about the consistency of the different
observers among themselves. These conditions are very basic in toking
meens ond applying statistical anelysis.

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

induction coefficients in the simple ratic 422:1 acecording to contigulty,
(2) Try to avoid the complications of the physiological mubual inter-
actions of the effeets of different elements of compound surrounds, by
averaging instead of summation of the individual effective surround

gbimuli,
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_CHAPTER IT

COLOUR AND COLOUR MEASURENMENT,

In the firsgt chapter, colour was studied from the perception point
of view, i.e, the different subjective colour phenomena and theories of
colour visione 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) MBANS AND SCALES OF GOLCUE MEASUREMENT,

(1) SPECTROPHOTOMETERS:

Physically, ony colour can be defined by the spectral energy distri-
butions of light transmitted through or reflected from the object under
test, This can be obbained by measuring the transmission or reflection
factor (?% or ?ﬁ ) of the sample at different wavelength () ) across the
vigible spectrum using any spectrophotometver, The transmission factor at
any wavelength is obtained by comparing the intensity of light transmitted
through the sample with thaet of light coming directly from the same
source illuminating the sample in the same conditions. The reflection
factor is obbained by comporing the intensities of light reflected from
the sample and from fresh mognesium oxide surface which is considered asr
standard reflecting and diffusing surface,

The different spectrophotometers(}B) can be classified as followst—

(48) (49)

(a) Visual Spectrophotomcters: as Guild and Konig-Martens

spectrophotometers,

(b) Photoclectric Spectrophotomeberss which can be sub-divided into

two categories,
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(50) (51)

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

spectrophotometers,

(52)

(2) Recording Instruments: as the General Electric Herdy

(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 purcly
physical cannot, by any meuns, 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 visucl 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 vigion, can compare two colour patches
and say if they match or whether one is lighter or darker, wecker or
gtronger, redder or bluer than the other, Although the sensitivity of
the human eye iz rather high in detecting small differences in colour
appearamce, yebt it vories from one observer to the other, Thig is a
source of error and unceritainty in colour matches, That is why the
"Commission Internationale de 1'Ecleirage" (C.I,E) agreed on a standard
system which, when applied to the spectrophotometric measuremecnts,
colour specifications can be derived which are independent of the colour
vision of any particular individusl and which will be comparable between
one laboratory and another, This system depends on three main pillarss

(a) The Relative Iuminous Efficicrcy (Va ) Curve: which was adopted

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

(b) The Colour Matching characterigtics of the Standard Observer

for 2°Ficlds The spectral chromaticity co-ordinates (giving the amounts
of three stimuli required to match the colours through the spectrum), were
0
(9)for ten observers and Guild (1 )for
(55) ; (56)

other seven observers, cach using his own visual colorimecter, and

measured independently by Wright,

his own system which were differcent from ecach other, The average regults
~ of the two investigations were transformed by Guild to the same system of
reference stimuli (monochrematic radiations of 700, 546.1, 435.8 m o} Wave-
lengths for R,G & B), with the units based on the N«P.L. whitec. They were
in close agrecment which led the C.I,E. in 1931 to ad;%t their mean valucs
as the gpectral chromanticity co-ordinates of the standard observer, From
these values (boged on the samc reference stimuli but with T-units ad-
justed to be equal in o match of equal cnergy white), and the relative
luminance efficicncy Vy, , the distribution zoefficients for equal energy

spectrum T

\ 9 E;'x and b N woere calculated,

This BKEﬁsystem consigted of some negabive values of both the
chromaticity co-ordinates and the distribution cocfficients which makes
the evaluation of the tristimulus specification by calculation from euch
& system rather complicated, It was agreed to transfer the {EGéésystem
to on adlpositive system CXYZD and adopt this ncw system as the standard
reference for colour specification. The new systen has another advantgge
that the red and blue reference stimuli have zero luminous efficiencies
so that the amount of light ropresented by any colour eguation is given
directly by the green tristimulus vaolue,

In this stendard {X¥Z)system, the chromaticity co-ordinates are
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: d the distrd i fficie e Xy s T Ty a

Ky s Uy & ZJ‘, and digtribution coefficients are ne Ty & Y

Figure (6) shows the C,I.E. chromaticity chart plotted in terms of ref-
erence stimuli (X} ’ {Y) & (Z) y Bith units basced on equal encrgy white E.
Iy colour lies within this spectrum locus.

(¢) The Standard Illuminants SA,_ﬁb & Srit were adopted by the C.I.E
(57)

in 1931, They wcre based on work cerried out by Davis and Gibson.

S;, consists of a gas—-filled tungsten lamp operating at o colour tempera-
turc of 28547 K. Sources 8y and Sg to represent sunlight and daylight (the
corresponding colour temperaturcs are approximately 4900° X and 6700° K
respectively), They can be obtained by using Sy, in conjunction with

liquid colour filtewrs of specified chemical composition and thickness,

THE CALCULATION OF THE TRISTIMULUS SPECIFICATIONS FROM SPECTRO-

PHOTOMETRIC DATAs If BA is the spectral luminance factor (for either
reflection or transmission) of the coloured sample under test as obtained

by any spectrophotometer then its trigtimulus values ares

X = z;a,\ P, X, (D
Y =prP£ 5, (2)
Z =X B, PA ‘z*)‘ (3)

~ vhere P,& i1s the spectral energy distribution of the light source illumine-
ting the somple which can be any of the stondard illuminants S, Sp & SC
or cny other illuminant of known spectral cnergy distribution,

The velues Py Xy P). Ty ond sz ), ore cal?;.é.;ltod for ecach of the
standard sources S,, Sp & S by Smith and Guild, choosing a factor
giving® Ry ?z = 100, Thus Y =$;3h PA ?h gives directly the percentage
luminance of the sample, The unit trichromatic co-ordinates of the sample

X, ¥ & % are givon by:
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x=%" (£+ T+ 2) (4)
y=Y (X+ 1+ 2) (5)
=2/ (X+ Y+ 3) (6)

Usually %, y and Y ore used as the C.I.E, trichromatic specification of
the sample.

Golour 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 (C) in the chromaticity chart as shown
in FMgure (6), A line con be drown from the white point W ( x = 0.333,

y == 0,333) through (C) to the wo.volength)ﬂon the spectrum locus., (C)

con then be gpecified by: (1) the value of "}\dwhich is known as the dominant

uavelength. (2) the excitation purity: Pe = CW/ AW = (%xy)/ (xg- xy) =

(v = wp) / (ya - yw) where }i.s given by x3 and yge

For colours in the purple segment of tﬁe chromatzity chart as Cl,
the dominant wavelength is defined by its complementory wavelengthxf ’
and its excitation purity is given by Pe = CqW/PW = (x - ) / (JCF"‘ )
=(y=-w) / (yp- w0

The dominant wovelenth / purity specificalion of chromaticlty has the
advantage that it is closely correlated with the subjective attributes of

colour (hue ond saturation rospectively).

(3) COLORIMETEERS:

There arc two main categories of colorimeters (a) Visual and
(b) Photo-electric Colorimeters. The visual colorimeters are subdivided

into two groups: Additive and Subtractive CGolorimeters,

(a) Visual Colorimcters:

In these colorimeters a colour is matched and measured visually
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againsgt = mixture of reference light stimuli of defined specification.

(1) idditive Colorimebers: in which the mixture of light stimuld is

6 {4
(55) s 14, (56) Dounldson )

additive ag Wright, and Stiles 60 colon-
imeters, In the Wright and Stiles colorimeters, (the latter being called
o trichromator), the three primary stimuli, the test stimulus, and its
desaturating beam, are pure spectral colours, They arc isolated and then
recutibined by normal prismotic dispersion, and their intensities are
controlled by using photometer wedges. In Guild and Donaldson coloii~
moters, the three primary stinmuli and the descturating beam of the test
gtimulus are red, green and blue colour filters, and shutters are used o
control their intensities, The mixing of the primaries is done, in Cnild
instrument, by mounting the primory filters in a rotating sector and, in
Donaldson instrument, by using an integroating sphere. Donaldson 61)
introduced a six stimulus instrument (by adding orange, yellow green ond
blue green filters), acting on the some principle as his threc stimulii§
colorimeter, including Lummer-Bradhun contrast field of view.

In general, the colorimeters using pure spectral colours as primary
gtimuli suffer from limited precision of setbting and large variations
from obgerver to obscrver, since the spectral composition of the test and
comparison patéhes are totally different (metameric peirs). In the same
time they have an advantage in the study of individuel differences of
colour vision. Using threc coloured filters as primoary stimuli will
slightly reducc the degrece of metamerism (cspecially if the colour filters
used have wide spectrel transmission curves), but using six colour filters

will largely climinoate metamerisme

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 uscd in the actual matching of the appecarance of the colour
samples in their surrounds,

(2) Bubtractive Colorimeterss They operate by the ebsorption (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 0,I1,E. system, In the tintometer, sects of graduated series of red,
yellow ond blue glass slides, ranging from slight tint to deep zolour,
provide the sgubtractive primarics, White light passes through a system of
one or more of coch of thesc sets together, The matching is basically
similar to that in any additive colorimeter, where the obscrver chooses
the group of slides of the three differcnt colours of suitable Iluminance
whose combination matches the colour under test, The accuracy of this
instrument is limited by the steps which separate one glase siide from

the next in its series.

(b) Photo-Electric Colorimeters.

The principle of this type depends on using three photo-cells with
gpectral sensitivity curves similar to the %, , ?; & %k'equal snergy
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 arc linear transformation of the C,I.E, distribution curves,

would give stondard date. This is achieved in Hilger and Watts photo-
(64)

electric colorimeter « 4lso Glasser's !'colormaster! differcontial

(65)

colorimeter, is another cxamplc of photo-clectric colorimeter which

emnploys two matched filter photo-cell units, Wright photo-clectric sgpece
(50)

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

curved mirror which unites the spectrum and reflects the light backs The
templets are accurately cut to represent filters which when combined with
the sensitivity of the photo~cell, give i& s ¥, OF Zy » Winch and Mnchin(éé)
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
CeI.E, system and the spectrophotometers and colorimeters which give their
results in its terms, Nevertheless, the primary intercst of most people.
in colouT ia aesthetic and would prefer fo choosc their colour fron
& . colows atlas rather than chromaticity diagram, ~Thérd dve threc main
systems used in -subj ective colour measurement, namelys (1) Systems depende

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

(a) Systems dependinz on colour namings

Everyone with normal colour vision knews whot is meant by red, yellow,
. green, blue and purple, and a simple colour system could be cstablished by
colour naming alone, As an example, the ISCC-NBS system (67)rcported in
the United States, which divides the colour soliid, arbitrarily, inbto about
300 separate compartments each designed by its hue name preceded by
modifiers, (light, dark and weok, strong, vivid) indicating the lightness
and saburation of the perceived colour, This system hos been used in
some industrial and artistic fields,

Another example is the Macerz and Paul Dictionary of Color (68) which
contains about 7,000 different saomples of colour printed on scmi-glossy

paper ond a list of gbout 4,000 colour names drawn from usage in scienti-

fic, industrial and artistic fields, and are keyed to the colour somples.
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Therc are n number of other dictionaries applied for different aspects
of colour use, However, such systems connot be used in accurate measuroe-
ment of colour,especially as the colour differcnces get smaller,

(b) The Ostwald Colour System.(lB’ég)

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 (G) with
the sum of their contents equal to unity i.ce

W+B+ C=1
Once any two components are known, the third can be calculateds The
complete Ostwald system consists of 24 hues, ench is approximately of
the same dominant or complementery wavelength, of an arbitrary but approx-
imately uniform perceptual scales Figure (7), shows the co-ordinates of
the Ostwald system for any hue, The corncrs of the equilateral triangle
represent the white (W), Black (B) and full colour (C) pigments, Colours
located along lines parallel to WC are of constant black content and are
called isobones, those along lines porallel to BG are of constant white
content and are scllod igotintg, and those on vertical lines parsllel
to WB are of equal full colour content and arc¢ called i sochromes (ideally
they have the same chromaticity)s 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 igovalent colours.

The Ostwald notation consists of a number from 1 to 24 and two
|
letters from & to pe  The number indicates the hue, the first letter in-

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 appruach to O,

Although the Ostwald system is based in principle on additiwve colour
mixbture which can be defined chromatically, but its value depends lorgely
on its close correlation with the subjective assessment of a surface
colour in terms of its whitoness, blrckness and colourfullness, The
gysuen is of particular value in the acsthetic use of colour since any
natural or artificial colour can be associated in four different meaning—
ful voys (namely isotint, isotone, isochrome ond isovalent) with samples
in the Ostwald solid,

There are two colour abtlages designed on the Ostwald system:

(70)

(1) The Ostwald Colour Llbum, 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 applieds One side of the chip is
glossy and the other is matt, Also 6 intermedinte hues have been added to
improve the speeing of the original 24 hues, Each hue chart normally
contains 28 chips,

Although the Color Harmony Maonual has very great merits, yeob it
suffers from two disadvantages (1) the lettering systom used to locate
ﬁ 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 e is determined by the pigment used to represent the full colour,
henee there is no room in the system for any newly diseovered 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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Iuminance reflectance (Y) and chrcmaticity co-ordinates (x, y) of each,
This encbles the users of the Manual to recerd their results in the shan-
dard G,I.E, systcm.

(c) The Munsell Colour System (13)

The Munsell system is based on the coneception of a colour solid whose
central verbical axis represents the locus of neutral colours (greys), with
black at the botbom 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 plenes from the axis
represents the saturation of +the colour . The Iunsell
specification of any colour sample is given in torms of (1) The Hue:
which ghows 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 egually snaced, with o perfect black os 0, and a perfcect
white as 10, Levels from 1 to 9 are thosc normally used in the atlas.

The chroma scale is divided into a series of opproximately subjective
equal steps numbered from the neutral axis outwards, the grey having zero
chroma, The whole solid being arbitrarily divided into fen approximately
subjective equal vertical segments, including the five principal hues:
R,Y,G,B & P and the intermediate hues, YR, GY, BG, PB & RP, Each seg-
ment is divided into ten cqunl sections numbercd 1 to 10, So each hue
can be designated by a number to indicate the secction of the segment in

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

investigation an easier hue designation was used in a pure number since
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the mumberivg system can be made contiruous from 0 to 100, around the hue
circle, as shown in figure (8).

The Munsell specification of any colour cun be written in the forms
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 Munsell
system. The latter has the merits of being (1) Easy to use and interpo-
late between adjacent chips, (2) finy newly discovered pipgment of higher
chroma can be easily added to the system,

There ore the Standerd Edition and Pocket Edition of the Munscll 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 Munzell chips have been measured by means of the spectrophoto-
meter and the CeloE. specification ( x, y & ¥) were determined for source
C.(74’ 75) The final rcport of the Committece of the Optical Soclety of
. (76)

mnerica

L
A

led to the definition of smooth contours of the Munsell
hue, value and chroma, in terms of the C.I.E. co-ordinates,

In this investigotion the Munsell Book of Color in its stonderd and
pocket editions were used by a number of observers to matech the anpearance
of test colours in charts similor to plates (1 a,b and 2 a,b), The tables
provided in the final report of the Committee of the Optical Society of
fmcrica werce used to transform the results from the Munsell system to
the C.I,E, systen,

(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 Munsell systems are measured spectrophotometrically and
thus expressed in the standard C.I.E, system. 3Jo 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 natching the appecrance of any other test
colour for specification, These physical stimuli can be defined accurately
in the C.I.E, systenm.

That is why, in this investigotion, the chaonges 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 ro-
presenting the appearance of the test colour against a reference backe—
ground (c.g. white). These shifts, showing the effcets of simultancous
colour contrast on different test and surround colours with respect to the
wholc gamut of colours in the chromaticity chort, have their subjective
significance, In order that the magnitudes and directions of these shifts
nay be considered quantitatively, the chromaticity chart has to be sub«
jectively uniformly spaced which, unfortunatcly, is not the cases
Wright,(77) Judd'(78) andl Macﬂdam,(79 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 Iights
token from opposite sides of the spectrum locug, or of a mixture of one
monochromatic light with any of three chosen purples. The subjcctively
equal steps were represented by short lines in the'chromaticity chart

ond it was found that the lengths of these lines varied largely on the
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: chiart ©,ge the ratio butween the shortest to the longest step is ot

- leagt 1:20., Judd based his investigation on data on purity discrimina-
tion and on sensitivity to changes in colour temperaturc., In Macidan's
investigation, the observer mode a large number of matches on a series of
test colours located ot various polnts 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 cllipses of varying size in
the C.I.E. chart.

(78) (80

Some trials were made by Judd, Maclidan, ) Breckenridge and
Schaub(81> and others, Lo get some linear transformation of the C.I.E.
chromaticity diagram (conical projection), which renders it uniform, No
linear transformation lending to an exactly uniform chart is yet available,
Macldanm's transformation from the (XYZ) system to the (UVW) system lead
to a roughly uniforn scale of ghfomaticity with the additional advantage
that the reference sbimuli (U) and (W) have zero luminance, He used the
following simple transformation equations:

U=(%) X, V=Y oand W=w () X+ (3/2) T+ (}) Z.
From which u=4x/ (x+ 15y + 32), v=6y/(x+ 15y ; 32 andV =7,
This transformation was used in this investigation to show thc shifts due

to gimultaneous colour contrast in this nearly uniform system.

(B) TECHNIQUES OF VISUAL GOLOUR MEASUREMENT,

Therc are three well-known techniques of (visual) colour measurements

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

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

test agoingt a comparison potch which may he an adjustable mixture of
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rede-green~bluc light, or material colour samples from a colour atlas,
These methods will now be discussed briefly.

(1) Monocular Matching Technigue:

In this technique the matching is done by using one eye. 8o the test
and comparison patches form two adjacent halves of the field of view with

a sharp separating line, Many instrumcnts were designed to apply mono-

(55) (56) (60) (61)

Donaldson colorimeters

22)

cular mateching as Wright, Guild,

Stiles trichromaﬁor(éo)and Tummer-Brodhun photometer,( by using a
sultable photometer prism, There 1s another application of monoecular
matehing in heterochromatic photometry where the test and comparison
poteches are of different colours, They are exposed to the observer's cye
alternately in the flickering technique and the intensity of the comparison
pateh is adjusted until the flickering disappears, and then the two
patches will be equal in brighitness,

The monocular matehing technique was used by many investigators
and it proved to be the ensiest 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,

Wfight(zz)used the monocular natching technique in his colorimcter
to measure the relative luminous efficiency curve, the spectral chromatie~
éity co~ordinates, wovelength and brightness discrimination,

A nonocular mateching technique was modified in the present investi-
gation for subjective colour measurement to study the appearance of diffle-
rent test colours against different backgroundss The following two tech-

niques are usually used in subjective colour measurenent.
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(2; Binocuiar Matching Technigues:

v

In this technique the obgerver looks at the test patch with one eye
and matches it by looking at the compnrison patch with the other eyc.

(55)

Wright colorimeter can be adapted to be used for binocular matching.
Wassif (SB)designed a binocular viewor using two 450 prisms reflecting
the light coming from bthe test and comparison potches on the observers
twoeycs as shown in figure (22).

The two patches as seen by the observer's two eyes should appear as
in figurc (9), but changes in observer's convergence will couse one patch
to move horigcntally relative to the other as indicated by dotted linesa
If the obscrver's muscle balance is not quite normal, a small angle prism
cen be inserted in the path of one of the beams to correct either for o
vertical or = horizontal divergence, Although, it would be preferred, for
accuracy of matching that the two patches should be contiguous with one
another as in the case of monocular matchi g, yet a small vertical sep=

arntion is necessary to prevent the fusing of patbches,

Wright {22)&nd Tadres (84) used this binocular matching technique to
study the phenomena of visual adaptation, The velidity 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 recordeds This assumption
is not strictly correct, but experiments showed definitely that the effect
of the adaptation of one, om the other eye is very small compared to the
choanges produced on the adapted eye, such that it con be neglecteds
Angbhar problem is thot of local adaptation that must be produced by the

test pabch and RGB mixture in the two eyes on which they are exposeds
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This achion cannot e prevented but can be reduced by: (a) using a much
brighter adepting field than the test colour “and hence the matehing RGB
mixbure), and (b) arranging that the two patches are viewed for short
periods duxing observation.

There i cnother possible probiem, that there moy be a difference
between the colour perception of the two eyes. \assif, using Wright
colorimeter, could find a diffcorence in her two eyes, and so she ro-
peated hor experiments on the binocular viewer, interchanging the test
and comparison patches,

(3) Memory Matehing Technigue,

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

remembered appearance, Memory matching was used by some investigotors
as Crawford (85) for the study of the probiem of colour rendering speci-
fication, and Helson (86) for the study of the cffects of colowr adaptation
on the cppearance of ncutral samples. In general;memory matching suffers
from lack of precision.

Crawford uscd two general ways of measuremcnt dependong on memory,
Two conditions to be compared by the obscrver, 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 o suitable interval of adaptation,
looking at the other condition, Or (b) The comparison may be made by
looking first at one condition, which is changed gradually and continuous-
ly to the other condition,

In Helson's cxperiment, thc observer was trained on Munsell Book of
" Color so that he could name from meomory, the huc, value and chroma- Gf - .-

the sample, His method is extremely difficult and most probably imaccurate.
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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 hos been done in his laboratory, using the binocular matching

(42)

technique, for the study of appearance of surface colours by Hunt,

Tadras(84)

and Gibson. (thesis under preparation).

Since the theme of this investigation, is the effeect of the surround
on the appearance of the test colour, the test and comparison patches
connot be in contact since they ﬁay have o mutunl influence on the
appearaonce of cach other,  Thereforc the two patches were separated
from each other, and the observer looks at them alternately until he

reaches o satisfactory match, This method involves a very quick memory

matchings The full details of the method will be given in Chapter III.
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CHAPTER, III.

INSTRUMENT AND EXPERIMENTAT, ARRANGEMENTS.

- (A) INSTRUMENT.
Figure (10) ghows a plan view of the opparatus,s The field of vision

congists of two square patches separated from each other,

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

colour under test in a symmetrical squere surround of three times its
sizé; The whole is illumineted by a beam of light incident at an angle
450, from a projector lamp (83) and a system of screens with a neutral
density filter (F3) to change the brightness of the test patch as
necessary.

(2) THE COMPIRISON PATCH (po): consiste of o square aperture (of

2 cmg. side subtending an angle of 2°at the observers eye), filled with a
red~-green~blue mixture of light from a modified form of Donaldsox -
trichromatic Colorimeter (59). Its surround is illuminated by & beam
of light incident at sn angle 45° from o projector lamp (S;) and a system
of screens with a neutral density filter (Fz) 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 patceh,
lost some mutuol effect may occur bhctween thé two patches. The distance
between the centres of the two patchés is 12.0 cms. subtending an angle

of 12° at the observers ey C,

THE OPTICAL SYSTEM OF THE COMPLRISON PATCHs (59) (Figure 10 .)

L beam of light from projector lamp (S3) falls on the three
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primary filters: red, green snd blue (C), vrovided with shutters and
calibrated scales vhich can be controlled by the observer, The red,
green and blue beams are focused by the condenger lens (L) on to the
entrance gperture (a) of the integrating sphere (If; the inner surfece
of which is coated by megnesium oxide., Through reflections in all
possible directions in the sphere, a mixed beam of red, green end bluc
light emerges from the exit aperturc (b) of the integrating sphere,
condensed by lens (IQ),rnflected at 90%by a 45° prism (P) forming en
image on field lens (L) which brings the image to a focus in the right
oye of the observer at (E)., 4 holder for a neutral densityf;ilter (Fy)
is provided in the path of the mixed beam of red, green and bluec to vary
its intensity.

Plate (C) has thrce rectangular aperturcs cach of 8.5 cms, length
and 2,0 cms breadth, provided with smtters sliding in V-shaped groovecs,
Each shutter is operated by e scparate rack and pinion and hos 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
aperbures are bevelled and special attention has been paid to the fit
when the shuttcr is on the point of cloging, |

The pinion of each shutter is joined to a flexible driving cable,
whose other cnd is fixed to a controlling knob fitted in the edge of the
table in front of thé observer. By adjusting these knobs (K, Ky & Xy Y,
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 pateh by

the proper mixture of red, green and blue in the compardison pabeh,
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Friction in the shutier system, combined with the cable length caused
some lag between the rotation of the pinion at one end and the rototion
of the controlling knol < at tho other end., More gﬁe less, the controls
were setisfying for adjusting the shutters during matching and this lag
does not affect the actual readings which are teken from the scales fixed
to the shutters themsclves.

Behind the apertures are mounted the primery colour filters: rod,
grecn end blue, For rcasons of permanence, glass filters were used in
this work,

The condenser lcns (Il) is of the usual typc, Its diamcter is 6
inches s~nd the radius of curvature of the curved surfaces is also 6 inches.

The integrating svherc is 6 inches in diamcter and is made of copper
and its inner surface is silver plated and cocted by o layer of magne-
sium oxide in the usual way., Maghesium oxide is the accepted rhotometric
standard diffuser and rcfloctor.(gg) The apertures (a) and (b) arc 1.3
inches end 0.25 inch rospectively in diameter, Gleoss windows covering
those apertures prevent the mzgnesium oxide from being contaminated with
dust, ‘

Lenses (L,) and (L3) are ordinary achromatic lenses. of focal longths:
%ﬁdZ;;:;ectively. Prism (P) is an ordinary 45°vrism 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 insides This is done %o ensure that the eye of the ob-

server is kept away from any light from outside the box and any stray



J0

(a) The cardboard with the compardison patch and the pocket
holder of the togb patchs

N
N
N
\\ ~
A N
The test colour. s
~N ~N
N
N ~ ~
N . AN
N
The surround mask, : < E "~
N ~
~N :\\
~N N SO \\
N .
The bloek magk. N G
~
N
\ -~
N

(b) The system of the test pateh for varying size.
* Tiguts (11)



91

light from inside it, during ths matching,

THE CONTRQL OF THE TEST PaTCH:

The test patch, as shown in figurc ( 1La) counsists of a surrounding
mask (E), with a 2 cms, square ccntrcol aperturs (F) in front of the test
colour squarc shect (D). Both arc placed in a pocket holder (h) with a
5 cms, souare aperturc on a vertical white shect of cardboard (C) con-
taining the comparison patch (B). This system is cmployed because it -
enables the experimenter to use the samc 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 squarcs of test colours on stripes of background
in each casc, but it also cnrbles the same samples of coloured paper to
be used in all the different cases,

In this investigotion the effects of the angle of subtense (i.e.

the anole subtended by the test natch a2t the observerts oye)‘and the
inelination (i.c. the ongle between the direction of vision and the

plane of the test patch), on thc colour contrast phenomena were studicd,

(&) THD SYSTEM FOR 145 STUDY OF THE EFFECT OF THE ANGLE OF SUBTENEE.

The two following proccdures were used:-

(1) The viewing distance (i.c. the distance betwcen the plane of
the comparison and test patches, and the observer's cyc), was kept con-
sbant 58 cmg. and the size of the best patch was varied.

To vary the size of the iest patch; the same pocket holder was pro-
vided for ench required sizc with two square masks which were placed on

top of the samc squerc of the test colour paper (figurellb ). The
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Figuro (12) The mochanical system of the adjustable smuare sperturc.
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first mask was that of the surround with central aperturc of the re-
quired size sond was placed next to the test colour, The second mask
wag mede of black paper with o central squarc apcrture of three times
the size of the aperture of the first ansk, This black mask absorbs
almost all light incident on it, hence the reflected light received by
the observer's eye, coumes from the test colour and its surround in the
new size,

The dimensions of the test colour and surround wecre as follouss-

square test colours of 2,0, 1.6, 0.5 and 0,25 cns, side.

squarc surround of 6.0, 3.0, 1.5 a2nd 0375 cms. side.

The corresponding anglcs of subtense of the test colour were:s 2,09,
l.OO, 30" and 15' rospectively, and those of the surround werce: 6.0°,
3,09, 1°, 30! end 45' respectively.

(2) Models of charts (as shown in plates 1, a, b and 2 a, b)
were constructed, The squares werc of 1 cme side end the stripes were
also of 1 cm, brecadth, The viewing distances were 2,90 and 5.80 mectres.
The corresponding ~ngles of subtenge of the squarcs werc 12' and 6!
respectively and for the whole vattern were 1¢ 24 and 4A2' respcectivelys

In procedure (2), the test prteh baing kept outside the box cover—
ing the apparatus, an.adjustable gperture was nceded so that the ob-
server's cye moy receive only the beam of light reflected from the test. .
patch when placed at cny distence., This adjustable aperture (figure 129
was fixed to the back side of tho box to cover a 7.0 cms, squarc aperture
in it, It consists of %two squaro brass plates ( a & b) of 12,0 cas.
sides L4 45° cquilateral triangle is cut from one end of ecach plate,

The twou plates are fitted in o rectanguler wrass freme with two
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parallel grooves along the long sides, so the pnlates can slide smoothly
in them, their cut sides facing euch other to form a squsre aperture (4)
at any sebting, (e & d) arc two normal stands fixed to the two plates
near onc of their right angled corncrs.(c & f) arc two brass arms, each
having two holes near the ends, The two holes at one cnd of cach arm
accommodatbe smoothly the two stands {c¢ & d). The two holes ot the other
end of the arms accommodetc a common stand (g) which can slide smoothly
along a slot (h) on a squerc section rod (i),fixcd normelly at the
centre of one of the long sides of the frame (j), Two short mild steel
cylinders (k & 1), cach ending in a part of smaller dismetor, are bolted
on the top of the two ~rms (e & £f) (as shown in figure 12b) such that
they can rotatc smoothly about their axes, Cylinder (k) has a scrow
thread accommodating agerew (m). The other end of that scrow 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 increcscs or decroases the angle bebween the two
arms with the common oxis of rot-tion (g) sliding in slot (h) towards
or awoy from side (jf; of the frame respectivsly. This gives rise to
an increcsR or d@drease in the size of the squerc aperture (4)
symmetrically about a fixed centre along slot (h), L4 scale (8) is en-
graved on the top of rod (i) such that the arm (e) can show the size of
the spertures The whole systom is painted matt black to avoid un~
necessary rcflections cousing strey light.

The size of the comporison patch and its viewing distance were
kept constont, giving the same angle of subtense, es reforence, in

order thnt rosults obtained for difforent sizes of the test pstch may



Figure (13) The system of right honded bovelled gears,



Firurs (]9,) The mechenical system for rotating the test patch and ity
i1luninating source,
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be compargble with cach other.

(b) FOR THEvSTUDY OF THE EFFECT OF THE INCLINATION.

The test pateh was rotated about a horizontal axis in its plane,
perpendicular to the direction of visions The direction of this axis
passes through the cenfe of the comparison patch. In this case, the

beam of light illuminoting the test patch, was incident at 90° to it,

—

at all orientations, This woe achieved by the following mechanism
(shown in figures 13,14).

4 horizontal adjustment shaft (o) is coupled by a pair of right
angled bevel g ecrs (b & c) of ratio 133, to en 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 horigzontal odjustment shaft (a). The cardboard test
pateh holder (£) is fixed to the main horizontsl axis (e)s The horizon-
tal adjustment sheft (a) passes through aﬁééar;ngvfixed to a vertical
side of the front of the frame of the box, and ends in o handle (g)
provided with o pointer and circuler scale (s)s This encbles the ob-
server to adjust the system at any required viewing angle.

The projector lamp housing (B) is situanted outside the box (just
gbove the esiling), in order that it may.be eagily cooleds 4 cylindrical
tube (i), fixed to the circular aperture of the lemp housing, passes
through the ceiling of the box and is parallel to shaft (d). Two para-
1licl slots are made in the ceiling to allow for the rotation of the tube
(i) ond the shaft (d), in two parallel vertical planes during the «djust-
ment of the system at any required inclination,

Cars was taken to kecp tho slots light tight., For this purposc,
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two metallic slabs (figurc 159) zre made with elli?tical aperturcs
through which the tube (i) and shaft (d) pass. These apertures arc
clliptical to accommodate the tube and shaft at eny inclination in the
slobs, which should be siways horizontol, Each ond of these metallic
slabs is attached to a strong block plastic belt passing on a wooden
roller (figurcl5b) rotating on a horizontal axis perpendicular to the

slot and near to onc of its cnds. Tho closed circuit of cach belt is
completed by o poir of strong strings made just btight, with the tube (i)
or sheft (d) coming in between., The clliptical apertures in the two
slobs, arc in gemeral larger than the horizontal eross section of the
tube (i) and shaft (d) at eny dircction, so a sleeve-like black cloth is
put around cach of the tubes and shoft with its upper end kept in light
contact by means of a strong clastic band and its lower end sewed tightly
to the slab, ( figure I5c¢) The four slobts in the ceiling of the box,
accommodating the four rollers arc mode wight tight by covering them with
four boxes (Bl’ Bps By & BA) (figure 16 ), of suitable size (figure 15d),
The axes of the rollers are adjusted such that the level of the metallic
slabs and the belts is raised just sbove the ceiling to reduce the
friction due to motion to o minimum, To prevent light coming from the
sices of the belts duc to this adjustment, the belts are mode wider then
the slots and vertical black walls are fixed ot the two sides of the
slots between the boxes at the onds, (figure 15¢ ). This sytem proved
to be quitc setisfectorily light tight,

The cardboard of the test patch is edjusted 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
illumineting beem of light from tube (i), giving more accuracy in ade
justing the viewing angle, During this rotation the metallic slabs are
pushed by sheft (d) end tube (i) and may be raised a little above the
ceiling allowing light to get into the box, But, es soon es the rote~
tion stops, they drop to their originel position due to their weight,
and the tension in the belts end strings. - -

A counter balance spring (s) (figure 14) is used, with one end
joined to shaeft (d) end the other to the vertical freme side of the
back of the box, The tension in this spring,with the friction causcd by
the belts end the rollers, kecp the system steble at any inclination,
Also, the tension in the spring helps in rotnting the handle (g) in ro-
turning the system to the vertical position,

L system of screens arc clamped to sheft (d) with e neutral density
filter holder to limit thc beam of light illumincting the test patch,
and adjust its intensity. These screens are elwevs porallcl to the

test pateh,

ATt SO

Light sources (Sl’ Sy & 83) arc projecctor lamps, 500 Watt, 230
volts, of type Al/42, Source (84) uscd in the system done for the study
of the effect of the viewing angle, is a projector lemp 500 Watt, 230
volts of type B1/3 wiich can be burnt horizontally, They are manufacturced
by Messrs. Sicmens Edisiwan, The filement of each of thesc lemps lies
in onc planc, Thcir voltages crc adjusted to give stendard source Spe
Thesc volbages are lower then 230 volts, which ﬁfovide langer lifotime
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and greater uniformity in emission radiation
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The electric circuit used is as shown in figure (17 ). It consists
of cach light source connccted in series with o rheestat and a =witch.
Such systoms, for gll sources, are connccted in parallel with o 240
volts A.C. suoply, bogethor with a voltmeter and a 4-way selector switch
to read the volbage across each lomp at a time.

The lamp hSusings of sources So, S3 & SA’ are placed outside the
box to be easily cooled and to avoid over-heating the box and its contents
during the rethor long intervels of metching, The lamp» housings of sources
82 & SB’ are fixed on a stand sliding on optical benches fixed fto the
top of the tzble, Their system of screens ere likewise fixed to simi-
lar stande sliding on their optical benches.

An clectric fen is fixed to the ceiling of the box just above the
lemp housing of source (87)(the only one inside the box), to cool it

end help in ventilating the box, (Figure 16),

PAPER COIOUR SAMPLES:

In this investigation; the test colours used are grey (g), orange
(0), yellow (7), green (G) and blue (B), and the backgrounds arc white
(W), black (b), yellow (Y), blue (B), orange (0) and green (G).

The test patch consists of cither a simple or compound pattcrn.
The simple pattcrn consists of one central squarc of the test colour
in o sysmetrical squere surround of three times its sizc. The surround
is mede either of one colour (figure 182 ), or two colours (figure 18b, 5+
in the form of three edjeccont altcrnate stripes with the test colour
mounted on the central stripe of one colour oxr the other, The cor-
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 cach
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of these squarcs, The swrround is made cither of one cclour (figurelfc )
or of two colours (figurolgd,df, in the torm of seven adjacent el lornate
stripes with the sgueres of the best eolour mounted on ths strires cof
one colour or the othoer,

The charts (plates 1 a,b & 2,2.b), cre made of elemonts: of these
compound patterns on long stripes of two colour surround together with

kest Fos

squares of the corresponding,colour on white surroundircference. This
choice of these test colours cnrbles the study of contrast effects on
colourcd samples loccted ncar the centre, red, green and blue ends of
the chromaticity chart.

These beckgrounds were chosen for the following rcesons:-

(1) THE BL4CK DACKGROULD: absorbing nearly <11 light incident on

it, cnablcs the study of the appeargnce »f the test celcur unaffected by
any coloured surrcund,

(2) THE WHITE BAGKGROUND: being olmost neutrol and reflecting a

lnrge proportion of the incident light rother equally alil over the
spectrum, engbles the &tudy of the effect of the brightness of the
surround of the test colour (referred to the case of derk surround for
black background).

(3) THE YELLOW LND BLUE BACKGROUNDS: werc used to study the effects

of complementary colourcd backgrounds vhich werc expseted to give large

]
/

contrest differcnces. SUE . T

2 (4) THE COMBINATION OF YELLOW AND BLIUE:s in e twe colour back-

ground, with the test colour mounted on cither the yellow or the blue

Me
geve a striking contrast differcnce in e shert mede by;S. Bilcher.

(5) THE ORLANGE AND GREEN: in one colour or two colour backgrounds
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are used to complcte the study of the effects of different backgrounds
locoted near the red, green and blue ends of the chrometicity chart as
well g8 the yellow,

(6) THE COMBINATION OF WHITE AND BLACK: in o two colour backgropnd

colour,

Desaturated colourcd pener was used In this investigntion in order
that it may be directly matched by the red green blue primaries used,
withoﬁt eny further complication of using en additional optical.sysben
with the simple modificotion of Donaldson: , Colorimeter (figurc10), to
provide e desatureting beem of light te the test colour. ’

Also coloured paper used was matt for the following two reasonsﬁ3);

(1) Mett Colours tend to be slightly desaturated becouse it is

impossible to separate tho fallowing two components of reflection (a) the
small component occurring on the surfacc without any coloration, (b) the
major componcnt occurring aftor penetration into the pigment leyer where
it is pertielly reflected end hence coloured.

(2) With a true mett surfece, the colour is slso independent of

the direction of illumination, or viewing, since the two components of

reflection are diffusely distributed in ell directions by the random
orientation of the minute fecets of the top layer and the tiny particles
of the pigment layer. Glossy surfoces possess some degree of spccular

reflcetion which modifies its colour,
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(B) EXPERIMENTAT, ARRANGEMENTS.

(1) USING THE COLORIMETER,

FIXATION OF OBSERVERS HEAD:

It is important to keep the observer!s head fixed such that the begm
of 1light coming from the comparison patch end focused on his right cye,
should pass centrally through his eye pupil during the time of matching.
(22) To achieve this, a moubthpiece mounting is fixed on the optical
bench (on which the stands of prism P and lens IB(figure 10 ) are fixed),
at the observing end of the apparatus, The mouthpicce consists of g small
metallic plate partly covered with wox, in which the observer mokes an
impression of his tceth by biting on it after it has been softened by
hot water, ' When the impression is hard, the plate is bolted to the vertical
piller 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 necesssry adjust-
ments to bring the observer's cye in the proper position to receive the
beam of light from the comparison patch centrslly. Vertical, lateral and
rotational adjustments are possible by mesns of two screws joined to the
stend of the mouthpiece., The whole stand canﬁii;gbe moved backwards and
forwards by sliding on the optical bench, to bring the observers eye at

focus of the optical systenm,

METHODS OF ILLUMINATION AND VITWING,

The methods of illumingtion end viewing used in this investigetion

wero those adopted by the "Cormmission Internationale de 1'Eclairage"

Q1)

(C.I.E,) as stand~rd practice, and are showm in figure (19a,b )
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(1) 45° illuminotion and normal viewing was gencrally used for most of
the study, and (2) Normel illumination was used for the study of the effect

of inclination,

THE SIZE OF THE COMPARISON PATCHS

The comparison patch was made to subtend an angle of 2° at the ob-
server's oye, This size was kept the same throughout the investig-tion,
This size was chosen after the C.T.E., system which was based on the 2°
field conditions (23) for the following reasongs-—

(1) The lewger fields arc subjectively non-uniform for the maculor
yellow pigment,

(2) Moxwell's spot sppeers when looking at large areas of dichroic
colours.

(3) In measurement of dark colours (as blue znd 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, OColour
measurement in this work was carried under photopic conditions and thus
cone vision alone should be involwved in match,

(4) The consistency with the 1924 Vycurve obtained by dircet compo~
rison and flicker methods for the 2° field,

THE SURRQUND OF THE COMPARTSON PATCH.

In this investigation the surround of thce comparison patch was

white and it was illuminated by source S, at constant luminance to con-

13

trol the state of adaptation under which the comparison patch is viewed.
For the gtudy of the effects of the brightness of the surround of the
comparison patch, the luminance of the surround wes kept the same for the

whole set of matches (i.3s for all the test colours used against their



different backgrounds), and then varied to get enother set of matches.

MONOCULAR MATCHING TECHNIGUE:

Monocular metching was used in this work in which the observer's
sye moves between the test end comparison patches, It constitutes of
quick memory matching. The test and compnrison patchi%ro imaged al-
ternately, more or less, on the same region of the fovea, Tor small
angles of subtense of the test colour, it was found that if the obsorver
looks nt the test patch for a lone timc (T scconds say), then when look-
ing back at the comparison patch a pattern of after - image of the test
patch wos 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 edded to
that of the comparison patch, leaving its centralsqucre paler (since
the comparison patch mey be roughly matching the test colour), This
moy upsct the obgserver, not only during *he short time in which it
appears, but cven after it disseapneers, To &void thesc complicntions
the observer!s eye was kent gt the focus of.the beam of light from the
comparison patch during most of the matching time. By glancing quickly
at the test p?tch iecs the test colour in its surround, an idea w©f its
colour was obﬁ;ined and then a roughly similar colour was produced by
verying the proportions of red, green end blue in the mixture of the
comparison patch., The test and comparison patches werc then compared
by looking quickly at the test patch from time to time and trying to ime
prove the matching in lightness and hue until a satisfactory match was
obtained,

Tour matches were mede for each cese, Once the first metch was

69
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obteined, es mentioned gbove, the sscond wes mads by increesing one of
the components, kesping the other two constent (to restors the brightness
of the comparison patech), and then re-sdjusting it. This was repeaied
for the other two components unbtil & new satisfactory match was oblsined.
The third match wss made by decreasing the components and Shen re-sdjust-
ing them one after the other, In the final metch the thres components
were reduced and incressced alternately, one at a time, and then re-adiust-
ed., The observer ususlly closed his cye for o short timc during matching
go that the final judgement on the mebch could be made with the eye es
freash as possible, The observer recorded the readings himsclf, so, at
the beginning of each mateh, he remained for about a minute with his eye
looking at the field of vision to get nesrly adapted to the conditions of
viewing. Total adaptation is attained during matching which tcokes one or
two more minutes,

DIFFICULTIES IN THIS MONOCULAR MATCH, NG TECHNIQUE,

It is obvious that the monocular metching technique used in this
work is quitc different from the ususl monocular metching used in or=
dinsry colour messurement, Comparing this-technique with that used,
for example, in the Wright Colorimeter, (55) the following mein
giffe€rences are apparcnt,

(1) The test patch and comparison pgtch are not of the same nature:
The test patch is mede uf coloured peper ond cen be seen by reflection of
light incident on it, whilc the comparison patch consists of an aperture
filled with red green blue nixbure of light transmitted through the op-
tical systom shown in figure { 10). So the observer finds the i

culty of matching light rcflected 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 opticel systems.

(2) Tho tost patch and the comparison patch are separgted from eech
othér, because they may have & mutual effect which may spoil colour
appearance duc to contrast, end hence it can not be measured accurately,
This sdds another difficulty to the observer, since his eye has to move
from one patch to another, It is easier to compare the two ndjacent
pabches in Wright -+ Colorimeter since the final judgement depends on the
disappearance of the border linc between the two patches such that they
appear nearly one homogeneaus peteh,

(3) The separstion of the two patches with the observer's eye
looking at them altecrnately necessitates that the observer uses his
nemory in remembering what the test colour looked like, while he is
matching it by looking gt the comparison patch, This is more difficult
than seeing the two petches simultaneouslr, as in Wright’. Colorimetoer,

(4) The problem of efter imeges previously mentioncd, erises from
the fact that the test patch and the comparison patch arc imaged al-
ternately practically on the seme part of the fovea, No such difficulty
occurs in Wright Colorimeter since the two patches are imsged in
adjecent areas of the fovea.

(5) The test patch, even in its simplest form, is of complex nature,
consisting of elements of diffcrent colours end the observer must be
concentrating and paying attention because he is only trying to compare
the appearance of the centragl test colour ggeinst its background, Also, '

it is not of a constant stondard form, but varies from one colour

surrounds to two colour surrcunds in the simple and compound patterns.
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(6) Tc study the effects of engle of siubtense of the Lest patch, the
comparison patch must be kspt the some siuc for reference, in order to
allow for comparing the results with ecach other, So the obscrver has te
compare two pabches of different sgizes which is more difficult than the
case of two equal patches in Wrights Colorimeter, Another difficulty
arises, in the case of metching the actuel cherts firom outside the box
conteining the apparatus, naunely focusing of the observer's eye sltsrnat-
ely for different distences,

(7) To etudy the effccte of the inclination of the test peteh, the
comparison petch must be kept the seme (verticel) as reference for the
seme reason &s in cese (6) of ccamparing the results with each other,

Tho observer faces the additional difficulty of comprring two patches,
one of which is verticel and the other inclined, The two patches in
Wright: ° Colorimeter are in the same vertical plane,

(8) Te study the effcets of the brightness of the surround of the
comparison patch, and the luminonce of the whole test patehy, the ob-
server is left with the two patches being, in gensral, of different
oversll brightness, which sre diffficult to cumpare. This is another
rcason why the observer should look during most of the matching time at
the comparison patch, and glence quickly at the test patch from time bo
time to keep his level of adeptation nearly constant.

For all these rcasons, which erc essential to the naturc of the
problem gnd cannot be gvoided, considerable training and patience by the

observer are rcquired to obtain consistent readings,
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(2) USING THE MUN2ELL BOOK OF CCIOR.

This method was used to gpeclfy the colour appearaiuce of the colour
samples in the four charts (pleses 1 a,b & 2, a,b. ) The square cclours
on white surround are of 2,C cms, ®ide, The squeres of the pattern ere
of 1 cm. side., The stripces awre of 1 cm, breadth, The viewing dlstanoes
used werc 2,90 end 5.80 meterse The corresponding angles of subtenge of
the squares were 12! & 67 wruppectively nnd for the whole pattern wowe
19 24" ond #2' respectively,

Both the standerd Idition end Pocket Edition of the Munsell Book of
Colox (73) wore used, The first contoins 20 hucs and the lotter 40 hues,
The chart wus fixed (vertical;y? on the well near the window and

the Munsell Book of Color wos plnced {horizontally) on e desk nesr

another window, as shown in figure (20 ). Noturzl deylight falls obliquely
from the side on both the chart ond the book, The only other substitute

is using g uniform standerd srtificicl desylight in a big room which was

not available during doing this work, The obscrver looks (with both

eyes) albternately at the chart and the Munsell Book of Color, The
direction of viewing is perpendicular in both casess Both the chart and
the colour samples igﬁaunscll Book arc illuminsted end 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 Munsell Book of Color,

This method is also a quick memory matching as in the first method,

The Procedurce useds was as follows:

(1) Using the stendard edition of the Munsell Book of Golor, the

observer gets & preliminery match from the two special huc charts



consisting of 20 hues given in values fron «&-8 uzad in the maximum chroma
atteined for each lme and value, A stendard Munsell mask of light grey

o
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colour with rectangalar hole of equal gize zg the colour chips is used
toroﬁscure the nejghbouring colours, and honce enebles the eye to see
the required colour samole oniy (unaffected by contrest effects of its
neighbours), To meke bebtber judgement, the mask can be placed such that
its rcctangular hole shows pacts of two neighbouring chips either in
the samec .rgw i.e. of the ssme value, but of different hucs as shown in
figurc (214 }! or in the samc coluwmm ice. of the same huc bub of
differant velues as shown in figure (21b ), or even parts of four neighe
bouring chips covering the last vwo cases gs shown in figure (21c ).
The characteristics of the nearest matching chip ere recorded in verms
of huc valus and chrowa,

() Then turning to charts of constant chroma, in the samc book,
the observer picks the chart of the samce caroma ss that he gave to the
colour under test end search for tThe chip of the seme hue and value as
rccorded, Using the mesk in the samc way as in the last sﬁep, he can
move it up end down in the same colum i.e, of the same hue to moke
better judgement of value, sand sideway in the seme raw, i.e. of the same
value to moke better judgement of hue, Ths observer was asked also to
interpolate, if possible, betwecen the hues and values of adjacent chips
whenever neccssary. The new characteristics are then recorded,

(3) Then the observer turns to the charts of constent value, in

the same book, picking the chart of the new value determined in the last

gbep, he could mseke better judgement of chroma by moving the mask along

79

the radius of the hue circle containing the chip of ths same huc gnd chroms
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as thet of the last step, touwncds the ceuwvre or eway from it, Once

he decides the right chroma for matcning. 22 con meke vetter judgsment
of hue by moving the masgk sround the circle of thet chroms., He can also
interpolate if poseible, between the given chromas and hues whenever
necessary., The new characteristics are vhen recorded,

(4) Instead of using the charts of constsnt hue in the standsrd
edition of tho Munsell Book of Color (conteining 20 charts with ecual
hue steps of 5 uults each), the observer is eskod to use the pocket
edition (containing 40 charts with egugl huc sbeny of 2:5 units each).
Picking the chart of hue under =omimiderebion end the nsct two charts and
the previous two chsrts and putting them i1n order side by side, he can
make better judgement of hue by moving the mask from one chart to
another for chips of the sams value and chroma as those obtained in
step (3)s Deciding tic best mgtching hue (or inbsrpsolating for the
best onc), he can then move the mask in the sams chart(or the ncarest
o the interpolated value) in the same column, then ir the same raw to
make the best match in chrons snd value respoctively (or interpolate
for the best one), Thesc last characteristics are recorded and are
considered es the final end best metch which can be oblained by tho
observer, |

This method being easier and guicker than the other method, was
cerried by e number of observers of thoso who passed Ighihara test and
hence havc normsl colour vision, The readings of each obscrver in
steps(2) and(3) were usually consistent and either agree with step(4)
or differ in huc by 2,5.

Care was teken to get as accurabe results as possible to obltain
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& true record of what different ohservers actually sees—

{1) This long procedure mentionsd bofore helps the observer to
have better judgement in his matching, His interpolation between the
adjecent chips in lwe, vslue and chrome, if possible and whenever
necessery, gives him & chance to get more accurate results,

(2) To avoid the varigbility in brightness snd quality of natural
daylight, the matching was carried only when the sky was bright. Thus
the conditions were practicelly the same. Also both the chart snd
the Munsell coloured chips were illuminated by the samc brightness
and quality of light,

THE RESULTS:

The rcsults of different observers cxpressed in Munscllts
systen of hue, value and chrome ere plobted in s hue circle with chroma
indiceted as distances from its centrc (hue chart), They are elso
transformed to the C.I.E. gystem of chromaticity co-ordinates x, ¥

(76)

and luminonce Y The corresponding points ere then plotted in

the C,I,B. chromaticity chart,

DIFFICULTIES II THIS TECHNIQUE OF USING THE MUNSELL BOOK OF COLOR.

It is obvious that this technique usced in this method is quite
different from the usual technique of using thc samples of the Munsell
Book of Color. Usually the test sample to be compered is fixed in a
mask with a réctangular hole of doublc the size of the Munsell
colourcd chips such that the ficld of vision consists of the test and
comparison patches in equal sizes, and sdjacent to each other. The
comparison in this casc is much easiocr than that used in this work,

The nabure of the problem of colour contrast necessitates to have the
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chart under test away from the cbserver becwuse, if it is very near to
him (on the desk nesr the Munsell Book of Color), he would hordly see
any diffsrence in the appesrance of patterns of any tsst colour on
different surrounds, On the other hgnd, if the Munsell Bocok of Color
is kept oway in the samc plenc as the chart, then two problems will
arise, nemelys—

(1) This needs another person to assist the observer by moviag the
nask on the charts of the Mungell Book of Color, until the observer is
satisfied with ~nc chip, to match the aprearance of the test colour,

(2) From the psychological point of view, the observer in this
case will not howve his full frcedom of moving the mask by himgelf and
choosing the mogt suitable chip for the best meteh, Iot doing the job
himself he mey loge interest and can not concontratc for o long time,
pspecially for the difficult judgewent he has to do.

In the light of the difficulties monvioned 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 thc first
one, since the test and comparison patch?ire 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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Figure (23) The spectral transmicsion encrgy distrilution cuxves of tho three
Primary Colowr Filters (R, G, B) uscde
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CHAPTER IV

CALYBRATION OF THE COLORIMETER AND PRELIMINARY MEASUREMENTS.

(1) THE C,I.E. TRISTIMULUS SPECIFICATION OF THE THREE PRIMARY

- COLOUR. FILTERS.,

The gpectrophotometric transmission characteristics of the three
prirery f£ilters; red, green and blue, were plotted on a Beckman record-
ing spectrophotemeter 54) to give the general shope of the curves,

Their tronsmission factors T, were checked using the Wright photoelectric

( 50)

gyectrophotometer every 10 m.p- in the visible spectrum in between
wevelengths 380 - 770 mopie  The corrected transmission energy distri-
tution curves are shown in figure (23), The C.I,E. tristimulus specifi-
cation (x, y, z and ¥) of each filter was then calculated for standard
{1luminant Sy, following the method exploined in Chepter IT, 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:

(8 =% (%) + 3, ) + 2, (D

() =x (X) +y (V) + 3z (2)

g g g

(B) ==, (®) *+ ¥y, (1) * 2z, (2)

where both (R,G,B) end (X,Y,2) are expressed in T-units of the C,I,.E,

(1)

H]

system (in which white is matched by equal quantities of (X),(Y) and (Z).
Since all the results in this work werc obtained in terms of
{R,ic} & B} on the {R,0,B system (in which the white is matched by
equal quantities of [lﬂ, KG] and [_B] €efe
c{cl = = [r] + ¢ [a] + v {8} (2)

Then equations (1) camnot be substitued in equation (2) for [GJ .
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To do this the £ollowing tranasformation eauatd ons ( are useds
[R/za (R), @=1b (6) & [Hz c (B) (3)
Substituting equations (3) into equations (1) we gets
Wzex, X +ay. (V) + . z,, (2)
[ =bx, @ + by (D + bz, (2 @
Blzem @ roy Moz @
The white point in the two systems of (X,Y,2) and [R,G,E] is given

(W) =0.3333 (x) + 0.3335 (1) #0.3333 (2) (5)
and Tw] = 0.3333 [R] + 0.3333 [G] + 0.3333 [B] (6)

Substituting from Equation (4) into equation (6)

W

1

0.3333 (2 %% b x5 + ¢ xp,) (X)

4

0.3333 (a yp+ b yg * c yp) (3)
0.3333 (a 2.+ b 3, + ¢ m) (2)

+

To avoid unnecesgary complication of the algebra by the introduction
of guporfluous constants, we will assume that: (W) = {Wl and hence by
equuting coofficientsof (X), (¥) & (Z) in equations (5) & (6) we gets

:rxr+bxg’3-cxb‘=1
¥ tby ey =1 (7
azr-*-bzg-*- ozb=1

Solving equations (7), the values of a,b & ¢ can be calculated.

Substituting these values in equations (4) we get the reguired
transformation equations between the two systems {R,G, B]& (X,Y,2), which
can be substituted direcctly in equation (3) of any coloux [C] obtained

in &‘L,G, B] gystem by actual matching.



(TABLE) (1) TRISTIMULUS COEFFECIENTS AND IUM[N%CE QOF THYE THREE
PRIMARY FILTER.

82

FITER| X § 'y 2 | xyez x v 2 Y
RED | .7.3957 3.0535 | 0,00065 | 10.45165| 0,7078 |0.292){ 0.00006|0.03054
. =9
GRFEN | 5.3678 12,9662 | 4.5631 | 22,8971 | 0.2344 10,5663 0.1993 0. 12966
BLUE 7.6854 6.7224 | 20,2011 | 34,5639 |0.22110,1945 0.5844 |0.06722
(TABIF){?) THE_COMBINED TRISTIMULUS COEFFXCIENTS AND LUMINANCE OF THE
TIREE_PRIMARY COLOUR FILTERS WITH TEE NEUTRAL DENSITY FILTER _iFy)

{ FILTER X ¥ Z pLA'C Y/ b vy 2 Y
RED 2.6546] 1,0945 | 0.0002 3.7493| 0.708Q 0.2919 0. 00006} 0, 01075
GREEN 19578 4.7270 | 1.6137 | 8.2962| 0.2364 0.5697| 0.1943 | 0.,04727
BLUE 2,707 2.4509 | 7.0702 |12.2269| 0.2214 0.2004| 0.5782 | 0.02451

(TABLE) (6) THE CHROMATICITY CO—OR“MAT"“ YOR S, AND L‘S + CHAICE OB9 FILTER)

S, *+ CHANGE OB 19.8151 20. 3258] 17, 3043{ 57. 4472 0. 3449 0.3538 0,3013 |0,2033
Sn 0.3434 0.351€ 0, 3000
ERROR -0.0035+0, 00223+0, 0013




&3

Regults From Toble 1s we can formilato:

"
&
n

= 0,70780 (X) *+ 0,291 (Y) * 0,00006 (Z)

(@) = 0,2244 (X) « 0,5663 {Y) 40,1993 (Z)

~
E)
1!

= 0,2211 (X) + 0,1945 (Y) ¢ 0.5844 (2)
The calcul;ted values of o,b and ¢ are:
a = 0,6660, b = 0,9453 and c = 1,7887
which give the final equations.
[R] = 0.4724 (%) ¢ 0.2946 (¥) + 0,00004 (2)
3
2]

In the cases when the tesb colour in its surround appearcd so dark

1

0.2216 (X) + 0.5353 (Y) + 0.1884 (2) (8)

0.3070 (X) % 0.2701 (Y) = 0.8116 (Z)

n

' that very low values of R,G,B mixture might be used to match it (and
hence the reletive errors in the readings may be sonsiderable), a neutral
density filter (FA) 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 neccssary to cal-
culate the combined trichromotic co-ordinates and luminosities of this
neubral density filter with each of R,G & B filters, The same anclysis
just mentioned before was used toking into account the transnission -
factor of the-neutrel density filter (T}) ot wavelength), The final
results are shown in Table (2),
Rosults From Table(2)we can formulates-

(R)

(G)

(B)

i

0.,70803 (X) + 0.29191 (Y) + 0.00006 (Z)

i

0.22595 (X) + 0.56978 (Y) + 0.19427 (2)

1l

0.22143 (X) + 0.20042 (Y) % 0.57815 (Z)
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The coleulated velues of a,b and ¢ ares
a = 0,6626 b= 0.9154 and ¢ = 1.4220
which gives the final equations:
Ez] = 0.4691 (X) + 0.1934 (¥) * 0,0000/ (2)

l¢]

[E] = 0.3149 (x) + 0.2850 (V) + 0.8221 (2)

0.2160 (X) + 0.5216 (Y) + 0.1779 (2) (8)’

Al

(B) SALIBRATION OF LIGHT SOURCES TO GIVE Sit

A1l the light sources used in this work were calibrated by compari-
son with a National Physical Laboratory sub-gtandard source SA whosé
colour temperature is (2854 3-10)O K, A photometer bench with Lummer—

(83),

Brodhun contrast cube ig used for this purpose in the usual method

of subghtitution, This calibration was checked from time to time,.

(C) CALIBRATION OF THE SCALES OF THE SHUTTERS OF THE PRIMARY FILTERS:
(59)

Donaldson stated the factors which tend to destroy the proportion-
ality between scole readings and intensity of stimulus ass

(1) Uneven horizontel distribution of luminous flux within the cone
subtended by the aperture at the source,

(2) Uneven distribution of light over ecach aperture due to both
(a) varying distance from source, and (b) varying obliquity.

(3) Noneuniform transmission through the coloured filters.

(4) Varying reflection and absorption losses in the condenser lens.

(5) Varying offectiveness of the sphere as an integrator for pencils
of light entering at different angles,

On account of the faot that the shutters slide horizontally,

verticel variations in the above quantities are of no conseguence, only
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horizontal variations need to be taken into consideration, The magni-
tudes of factors (1) 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 law together with the cosine lawe

For the effect of factor (4) he traced rays corrosponding to certain
points in the apertures through the condonser lons, then caleulated the
roflection losscs at the surfaces and measured the thickness of glass
traversed, and hence calculated the absorption losses, He did not insist
on abgolute uniformity of factor (3) and he permitted variations not
exceeding 2% in the locel transmission through filters,

By combining the effects of factors (2) & (4), he drew o cali-
bration curve for each aperture, The final corrections were much less
than had been expocted, since effects of factors (2) & (4) work in
oppogite directions, He modificd the width of the apertures by the in-
sertion of templets, which compensatc for thege variations and so render
the scale strictly lincar, A4 final test of the scales in the completed
ingtrument was made by means of sectors, and it showed that they were
gufficiently accurate for colorimetric measuvement, Generally the de-
partures from linearity were less 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 colorimcter,
with different type of projector lemp and different glass primary
filters was used, ih a technique different from that in which it was
originally useds So the author recalibrated the scales of the shutters

for the new conditions of the colorimeter and its use, The following
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E{»

- Flgure (24) The gystem for the calibration of the scaleg of the
shutters of the three primary colour filters.

LG
gl

R+G+8

Figure (25) The gysten for the detemmination of the white point
of the (BOB) systenm.



N mA-

3

O M x s 3
380 - 480 580 680 780

Figure (26) The spectral transmission energy distribution curves of the
neutral dengity filters used.
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method was useds

The comparison potch (2) figurc{(R4)wes £illed with light from one
primary colour filter (F) whosc shutter was to be calibrated, and its
surround was kept derk, The other pabtch (b) was of the same size as the
comparison patich (gmgle of subtense = 2,0°), and situated at the centre of
the test patch, wherc it was usually used(engular separation between the
centres of the two patches at the obscrver's eye = 12°), It consists of
a fresh mognesium oxide surface illuminated by & beam of light coming
from the source Sé (adjusted to give standard source SA) through a
neutral density filter (N), The refiected beam is received by the ob-
server's right eye, after passing through another piecc of the same pri-
mary colour filter (F), aond an aperture (4) adjusted to allow the ro-
quired size and position of the test patch, The appearance of the test
pateh was matched by the comparison patch in brightness, by adjusting
the shutter of the primmy colour under tests The matching was repeated
gight times for edch neutral density filter, This procedure was con~
tinued, using seven different noutral density filters of densities
covering the whole range of the scale of the shutter,

The same procedure wog 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
spectrophotometer, Their tronsmission factors T, were checked on the
lwright photoelectric spcclrophotometer at 10 points along the visible
spoctrum, The corrected transmission energy distribution curves are

shown in figurc(26). The density filters used showed to be practically
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TABLE (3) CALIBRATION OF THE SCALE OF THE RED PRIMARY FILTER.

T

S T S T g S T S T
1 0. 2075 21| 0.1841 41 0.4074 | 61 0.5623 81 0. 7228
2 0,0135 22 0. 1350 L2 0.4150 | 62 0, 5689 82 ]0.7295
3 0.017/% 23 | 0.2042 43 0.4217 | 63 0.5721 33 0.7362
4 0.0251 2L 0.2163 LA 0.4315 | &4 0. 5875 84, 0.7413
5 0.0316 25 0.2265 45 0.4395 | 65 0.5943 85 0. 7465
6 0.0377 26 0.2371 46 0.4438 | 66 0.602¢ 86 0.7534
7 0, 0513 27 0. 2483 A7 0.4603 | 67 0.6109 87 0. 7586
8 0. 0617 28 0.,2600 |. 48 0.4656 | 68 0.6180 88 0.7674
9 0.0708 29 0.2723 49 S 4721 { 69 0.6231 89 0. 7745
10 0.0766 30 0, 2831 50 0.4786 | 70 0.6310 90 |} 0.7798
11 0.0871 31 0.2985 51 0.4353 | 71 0.6.42 91 0.7852
12 0.0955 | 32 0. 3055 52 0.4943 | 72 0.6546 92 0.7907
13 0.1935 33 0.3162 53 0.5012 { 73 0.6109 93 0.7943
i YA 0.1135 3 0. 3274 54 0.5129 | 74 30,6730 94 0,7962
15 . 041230 | 35 0.3388 55 0.5176 }| 75 0.6808 95 0.7998
17 0.1430 371 0.3631 &7 1 0.5358 | 77 0.6950 97 0,8072
.18 0.1531 38 0. 3750 58 0.5408 § 78 0.7031 98 0.8310
19 0.1641 } 39 0, 3846 59 0.5495.1 79 0.7112 -} 99 0.8147
20 0.1738 '} 40 0.3963 60 0.5559 | 80 0.,7178 } 100 0.8185
101 0.8222 102§ 0.8260 | 103 0.8299 {104 | 0.8337

26



- TABLE (4) CALTBRATION OF THE SCALE OF THE GREFN PRIMARY TILTER .

ol . & . i I % 4. . By

T s ¢ | s T s T |'s 7

w |

0,0075 121 | 0.2649 | 41 | 0.4764 | 61 | 0.5984} 81} 0.7211
0,048 {221 0.2793 | 42 | 0.4320 | 62 | 0.6026| 82} 0.7261
0.0251 23 0.2904 | 43 | 0.4875 | 63 '8.6081- 831 0,7311
0.0355 25 1 0.3041 } 44 0.4932 | 64 | 0461661 B84L 0.7379
0.0457 |25 1 0.3162 | 45 | 0.4959 [ 65 | 0.6209] 85 0.7430

0,0550 }26 | 0.3311 | 46 | 0.5058 | 66 | 0.6281] 86} 0.7465
0,0676 |27 | 0.3428 | 47 | 0.5117 [ 67 | 0.6339§ 87| 0.7499 -
0.0304 |28 1 0.3573 1 48 | 0.5164 | 68 | 0.6412] 83] 0.7551
0.0071 |29 1 03715 | 49 | 0,5236 | 69 0.6471] 89 0.7603
0,1102 |30 | 0.3319 | 50 | 0.5285 [ 70 | 0.6577| 90| 0.7638

0,1259 |31 | 0.3927 ] 51 | 0.5370 | 71 | 0.6637| 91} 0.,7656
0,413 {32 | 0.4037} 52 | 0.5445 | 72 | 0.6699 92| 0,7691
0,1560 |33 | 0.4121 | 53 | ©.5521 | 73 | 0.6761] 93| 0.7%5.
10,1706 {3 | 0.4188 | 54 | 0.5585 | T4 | 0.6823) 94| 0,7798
0.1820 [ 35 | 0.4276 | 55 | 0.5649 | 75 | 0.6887¢ 95{ 0.7871

0,1986 |36 | 0.4365 ] 56 | 0.5702 | 76 | 0.6950 96| 0.7943
0.2109 {37 | 0.4246 } 57 | 0.5754 | 77| o0.7035}. 97} 0.7998
0,225, | 38| o.s50| 58 | 0.5821 [ 78 | o.7080{ - 98} 0.8054
b 0.2371 |39} 0.4624 1 59 | 0.5875 | 79 | 0710} 99} -0.8091
0.2512- {40 | 0.4683 | 60 | 0.5929 | g0 { ‘0.7161]{ 100} 0.8128

 3§§55 &§5§5 Pomao wmeP

{100 | 0.8166 fio2 | 0.3185 {103 | 0.8204 {104 | O.8222]




TABLE (5) CALIBRATION OF THY SGALE OF THE BLUE PRIMARY FILTER.

@,

0.4603

T S T S T S T__ S T,
1 0. 0060 21 0. 1542 41 0. 2884 61 0.4055 81 0.4529
2 0.0112 22 | 0,161, |'42 | 0.2938 | 62 0.4033 | 82 | 0.4539
3 0.0191 23 0. 1675 43 0.2992 63 0.4121 83 0.4550
4 0.0267 24 0. 1754 4 0.3055 6. 0.4150 | 84 | 0.4560
5. 0.0363 25 0.1320 45 0.3112 65 0.4169 35. | 0.4560
6 0. 0457 26 0.1884 46 0.3170 | 66 0.4207 8¢ 0.4571
7 0, 0537 27 | 0.1950 47 0.3251 | 67 0.4266 | 37 | 0.4571
8 0.0611 28 |- 0.2013 48 0.3319 63 0.4276 ag 0.4571
9 0. %692 29 0.2075 49 0.3338 69 0.4295 é9 0.4571
10 0.0771 30 0.2132 50 0. 3451 70 0.4325 | 90 0.4571
11 0.0843 31 0.2200 51 0.3532 71 0.4355 91 0.4571
12 0.0916 32 0. 2230 52 0. 3565 72 0.4365 | .92 0.4571
13 0.0982 33 Je 2344, 53 0. 3656 73 0.4385 | 93 0.4531
1 0.1047 34 0. 2432 54, 0. 3707 /A 0.4406 9% 0.4581
15 0. 1122 35 0.2495 55 0.3741 75 0.4416 95 1 0.4531
16 0.1194 -36 0. 2559 56 0. 3819 76 0.44,26 96 0.4551
17 0. 1265 37 0.2630 57 0.3873 77 0.4446 97 0.4592
13 041337 38 0, 2692 58 0.3917 73 0.4467 98 0.4592
19 0.1410 39 02754, 59 0.3981 70 0.4488 921 0.4592
20 0.U72 | 40 0.2818 60 0.4018 80 0.4508 | 100 0.4592
101. ] 0.4603 102 103 0.4603 | 104 0.4603




()

neutral, and all their curves are of the scme shepe, with their trans-
mission factors 1little higher than the meon value near the red end of
the spectrum and lower near the blue end, The meon tronsmission factor
was caleculated for each filter. The luminosity of the neutral density
filters with respect to the three primaries used, can be calculated

from these equations.

p =IBRLRARA , T =SEh&ads Ty = BDRHAD (9)
R j'P’\R,\y;\dA fP,\G,gY)\dﬁ )",\BAZ\ bN

for RyG and B respectively. Where Py is the spectrol energy distribu-

tion of the source,Ty is the transmission factor of the neutral density

filter, Ry, Gy ond By are the transmission factors of the red, green znd

X
energy stimulusg; at wavelentha.

blue primary filters, and y, is the y distribution ccefficient for cqual

But the differences botween the values calculated from these
equations for one of the ncutral density filters, and the average
values of its transmission factors, are 0.4% for both pgreen and blue, and
1.0% for rcd which are practically insignificant.,

The relation between the scale reading of the shutter of each
prinary colour filter and the intensity ( = transmission factor of the
corresponding neutrel donsity filter } is plotted, The calibration
curves are shown in figures(27,28,and 29,) They ore not cxactly straight
lines as weg expecteds The curve of the blue primary filter is flatter
then those corresponding to red and green, which shows that the bluc
absorption in the optical system of the comporison patch is relatively
highs Tables(3,4 & 5)give the celibration of the scales of the primary
filters in terms of inbtensity of stimulus, from which the final results

throughout this work were calculated.
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(D) DETERMINATION OF THRE WHIITE POINT IN THE (RGB) SYSTEM,

1:, this work o chance OB9Q§9)filter wos used to tronsform SA to
Sps; this being generally accepted as & white source (Fiqure 30, shows
the energy distribution of source Sﬁ, the measured transmission distri-
bution of chance 0B9 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 SBo It 18 obvious that the differences
between the two are so small that they can be nepglected,

To determine the white point in the [R,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 Sé (adjugted to give Sﬁg (figure 25
the combination, being the white source used, 4 fresh mognesium oxide
gsurface (b)wus placed ot the test patch and illuminated by a beam of
light coning from this white source, The reflected beam was recelved
by thc observer's right cye through an aperture (4) adjusted to allow
the proper size (20) and place of the test patch., Thig was matched by
the correct mixture of R,G,B in the comparigon patch, the procegs being
repeated 10 times to get as aceurate mean tristimulus values as possible.

Assumo thet the tristimlus cquation of the white in (R G.B.} Esystom
is; widz ry {_R] te K‘Cﬁ* bs [ﬁl (10)

To render this equation or any other equation representing any
match obtained by the colorimeter as @

cfdJz=r Rl + 2 [} + » B (11)
into trichromatic units, the ceefficicnts of {K], (G} and {B) in each
should be divided by rs, g end by respectively, and each of the ro-

sulting coefficlents divided by their sume This leads to the following
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Figure (34) A hhlf of thepolar distribution curve of refloction
the green paper colour saaple at A =530 s e, ornal Incidences
Reflection on sample {(~~-), Reflection on'Mg O (- - =),
Refloction Factor of the Sample (eees)s
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on tho Creen paper colour sample ab N =580 m.u., at 45°%incidence,
Refloction on semple (=—), Roflection on Mg 0 (= = =),

Reflection Factor of the sample (s.ee).



TABLE (7) THE CHROMATICITY CO-ORDINATES FOR COLOURED PAPEE SAMPES USED AND THE WHITE

SURROUND OF COMPARISON PATCH.

SRPLE. | X Y | oz | wmwng x| ¥ 7 ¥
VHITE 85,5220} 77,6239 | 25.5320] 188,670 | 0.4533] 0.4114 | 0.1353 | 0.7765
YRLLOY | 68,5173 | 53,6030 | 2.6757| 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
GREEW - | 33,4345 | 40.6421 | 4.5243| 83.6009 | 0.4597| 0.4862 | 0.0541 | 0.4054
(REY 17,1990 | 15,6237 | 5.2716| 38.0943 | 0.4515] 0.4101 | 0.1334 | 0,1562
RED 18.8503 | 10,9136 | 1.7481} 31.5120 0.5982 { 0.3463 | 0.0555 |0.1091
ORANGE 45.1067 26,3693 | 1.4412] 73.4172 0.6144 | 0.3660 | 0.0196 |0.2687
BLACK 4 729 | 4.4535 | 17404 10,9368 | 0.4337 | 0.4072 | 0,1591 |0.04454
HITE '

SUEROUID OF
couP. PATCH |83.4203 | 79,3875 | 25.9914 |193.7992 0.4562 | 0,406 | 0,1341 [0.7939

gol
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two equationss: | | -
[W=0.3333 [R] + 0.3333 [6] + 0.5333 [5] (12)

[z = [8]+ e [&)+ o [ (13)
Equations (8) or (8)! can be substituted directly in equation (13)

to get the tristimulus values of colour [C} in the C.I.E. system.

(E) THE C.I.E. TRISTIMULUS SPECIFICATION OF THE COLOURED PAPER

SAMPLES AND THE WHITE SURROUND OF THE COMPARTSON PATCH:

The some procedurc as that used for the three primary colour
filters, was followed to obtain the spectrophotometric reflection charse-
teristics and to caleculate the CoI,E. tristimlus coefficients of the
coloured paper samples used in this work as test colours and backgrounds,
(1ecs black, grey, white, orange, ycllow, green and blue) and also the
yhite surround of the comporison patch, Figures (31,32,33) show their
reflection cnergy distribution curves, Table (7) shows their CoI.Eo

specifications..

3 *

(F) THE POL.R DISTRIBUTION CURVES OF CGIOURED PAPER SAMPLES USED,

Since the inclination of the test patch affects the colour contragt
phenomena, thc reflection on the colour samples at different angles for
normal and 45° incidence at the wavelenth of peal reflectance (for cach),
were measured by Wright Photoelectric Spectrophotometer, and their polar
distribution curves were traceds Figurcs (34,35) shov typical polar
distribution curves for reflection on green soample at )\ = 550 m.p.
(compared with that of MgQ) and its reflection factor for normal and 45°

incidence respectively, The polar distribution curves for all other
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Figure (36) The Optical System of the Wright Colorimeter.(Plan View not to scale)
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coloured papcr samples are of exachbly the swuc shrpe tab Aiffer amongst
each other in magnitude, The figures show Lhot the colour scmples used

are nearly perfect diffusing surfacec,

(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 ensurc that nis colour vision ias normnl, He
(YN

made no mistrkes in the Ishihara Test so his colour vision characteristics

59

were measured using Wright trichromatic Colorimeter Figure (36).

(1) RELATIVE LUMINQUS EFFICIENGY CURVE:

Gz)

The "flicker method’ described by Wright, was used, The inten-
sities of various monochromotic gtimuli token from spectrum Wl (every 20
' mﬁ}l) required to match a white sourcc of constant intensity were meagured,
d rotating sector wns used to ennble the eye to recelve alternating beams
of monochromatic and white light. For mat-~hing,vhe two beams must be of
equal brightness and in this case no flicker can be seen, as the field
alternatess Figure (3F) shows the relative luminosity curve of the
observer compared with that of the CsI.E. standard obsefver, 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 COEFFICIENTS.

Thesc were measured in Wright's system of plotting chromaticities,
Monochromatic stimuli from spectrum Wy (every 10 m,p) were matched with
e additive mixture of three monochromatic primary stimuli (0,65, 0.53,
and 0,46 p) from spectrum Wo, In Wright's system,.instcad of weighting
the results by three correction factos to enable equal values of R,G

and B to matich a white light (as in C.L.E, system), the results were
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Figure (39) The Speotrum I,pcﬁs in Uripghtts System for the author (=), and
for the @,I.E. standard obmerver (= = =),
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weighted by two corroction factors{for Red and Biuc) enabling‘ equal values
of monochromatic red (C.65 y) and green (U.53 3; o match monochromatic
yellow (0,5825 ), and equal values of monochromatic green (0,53 )1)

and blue 0,46 )l) to match monochromatic blue-green (0.4940 j1; - |

Figure (38 shows the observer'!s curves of the spectral trichroma~
tic coefficients compared with those of the C.,I.B, standard observers
The agreement between the two systens of curves is obvious, cxcept at
the bluc c;nd of the spectrum (from C,Z0 to 0.50 ;) wherc Wright's 10
observers vary much amongst themselves (the extent of thelr variation
ig shown by I in figurc ("38“).

Figure(39) shows the spectrum locus (obtained from these rosults)
of thc obscrver compered with that of the C.I.E. standard observer, The
agrecment between thetwo loci is obvious, except ot the bluc end of the
spectrum.

(3) WAVELENGTH DISCRIMINATION.

The datn of wavelength discrimination show the obility of the
observer to distinguish between monochromatic stimuli differing in wave—
length., Wright's method in measuring the just nobticeable difference in
woevelength discriminotion was useds The two halves of the field of
view in Wright colorimeter was filled with monochromatic 1light of the
same wavelength X, one half from spcctrum WZ and the other from spectrum
Wl. Then the roof prism in spectrum Wy is moved slightly along its slide
until a difference in huc between the two halves can just be detected
(both halves being meintained at the same brightness by adjusting the

photometer wedge in the spectrun Wz) The exporiment was then repeated

by moving the roof prism in the opposite dircetion, The readings werc
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then repeated three times and an averago value of the shift for both
sides (44) was obtained, Figurc (43) shows the wavelength discrimi-
nation of the observer compared with theman of Wrightis five ob-
servers, LIt is obvious that the gencral shape of the curves agree with
the same positions of maxima and minima, Wright's observers vary very
much amongst themsclves, the extent of their variation is shown by I

in figure (/0)in the value of (A} but agree in the generai shape of the

CUurvces
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Fleuro {41) The different one colour and two colour
surrowndsused in tnls investipgation and the suffixoss
used to repregent thenm.(C)reprogenis any test colour,

Yellow (¥), Blue (B)
- and Black (b).

s Orange (0), Green (@), White (W),
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grounds used for the compound pattern of 15' ~lement angle of subbense and 20 inclination.



CHAPTER V

s it s

THE EFFECTS OF DIFFERENT SIMPLE AND COMPOUND COLOUR SURRQUNDS ON

THE APPEARANCE OF DIFFERENT TEST COLOURS. fiS MEASURED BYTHE COLORIMETER,

The test colours used in this investigation are orange (0), yellow
(¥), green (G), blue (B) and grey (g). The surrounds used are white (W),
black (b), yellow (Y), blue (B), orange (0} and green (G). They are
arranged in one colour and two colour surrounds, as shown in figure (41)
. which gives the guffixes used to represent them, The same suffixes are
used to represent both the simple and compound pattern of the surround
made of the samc colours (figure 18).

(A) THE CASE OF THE COMPOUND P.LTTERN:

Figure (42) gives a genercl idea of the effects of all different
colour surrounds applied to all the test colours used, This represents
the case of the bisgest differences in colour appearance, i.,e. sasc of
snall compound pattern (element angle of subtense = 15') at 20° inclino-
tion, It is clear from this figure and in all other cases mentioned later,
that for all the test colours used, the point correspondlna to the white

e e e+t e e 0 . v

surround 1s central wlth respect to the p01nts correspond1n~ to all

[

other surrounds. That is why the shifts due to dlfferent surrounds are

p—— “
o

referrcd in thls work to the case of whlte surround, It is clear to
deduce the following general empirical rules from this figure:

Rule (1) The shifts due to two colour surrounds ere bigger than those
due to one colour surrounds.

Pule (R) The shifts due to one colour surrounds are‘generally quy'j

from that colour, This is obvious in the case of yellow and grey samples.

In the nases 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 blué test colour
on orange and green surrounds.

Rule (3): The shifts due to two colour surrounds are generally
away from the colour of the stripe on thch the test colour is mounted
and towards that of the other two side stripes. The first rule can be
seen as a direct corolleary 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 éffect due to this
colour surround is reduced, While in the case of the two colour surrounds
thdt 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 de-
saturation,

For more details, figures (43-47) inclusive, show on o larger scale,
the cases of prey, orange, yellow, green and blue test colours respect-
ively for the same conditions shown in fisure (42). 4 brief account of
the changes in colour appearonce due to different surrounds in the caées
of these test colours will now be given,

(Ty THE GREY TEST COLOUR: Fipure (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 opparent colours are much more saturated for the two



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 gs 2138 3985 fy and gs ge due o two colour surrounds
are bigeer than shifts 85 B9 gs gs, 85 R10 and By g9 due to one colour
surrounds respectively, That is why the apparent colours in the case
of two colour surrounds look more scturated than those due to one colour
surrounds,

(%) The shifts caused by one colour surrounds e.g., due to yellow
(g5 gB), blue (g5 EA)’ orange (g5 gg) and green (gS f10) are ewy from
yellow (YS)’ blue (Bg), orange (05) and green (Gs) respectivelys.

(3) The shifts due to two colour surrounds are gencrally away froim
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)3 it can be noticed thats the shift g5 & is awny from blue
(B5) and townrds yellow (Y5): 85 Bpy 1s auny from yellow and towards
blue, g5 gy is away from green (Gg) and towards orange (05), and g5 gg
is away fromvorange and towards greens It may be arpued that once the
shift is away from the blue or the green, then, automaticelly, it will
be towards the yellow or the oranze respectively, and vice-versa, since
the yellow and blue are in the opposite sides of the grey and so the
green and orange, Thig is not what is meant by the third rule which ecan
be illustrated geometrically from figure (43) by the following examples

Taking the casc of orange green surround (8) i.c. the point Bt
assume we join Os 2 and extoend it to meet the cxtension of G5 g at

point g'g. The cffcet of this two colour surround on the appearance of



grey on white surround (gs) can be analysed into two components:
(a) gy gé which is o shift away from the orange (i.e, repulsion

from orange)

8
the green).

(v) gt gy which is a shift towards the green (i.e. abtraction to

The same result can be obtained by joining G5 gS, which meets the
line O5 8q at point gg. In this casc the effect of the surround will be
anatiraction to the green represented by shift g5 gg and a repulsion

from the orange represented by shift gg Bge The same analysis applies

H

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 bigper thon that of the yellow in both ceses of attrac-

tion and repulsion (g2 qé); ”2 g5 and 25 gl > gi gl). This may be due

to the fact that the grey on white surround(gB) is mearcr to the yellow

(Y5) then to the blue (135) in the chromaticity chart (fisurc 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 (g5 %é>. gé gg and

g5'g%;> g%vg7). This may be due to the fact that the grey on white

surround (g5) is neorly ot equel.distence from orange (05) and green(Gs)

\_}/
on white surrounds,

This may indicate that there are two factors affecting the mogni-
tude of the change in the appearancé‘due to colour coﬁtrﬁst caused by
two colours:

(o) The distaonce between the test and the surround colours in the
chromaticity chart. (i.c. the difference between their chromaticitles).,

(b) 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 ot this stare of the work to decide which of these two
factors is more effective thon the other. Wevertheless, there are two
other possible factors which may be playing a major role in the overall
colour contrast effects; namely:

(¢) The relative brightness of the surrounding!colours WeTote that
of the test colour,

(d) The relative areas of the surrounding colours W.r.te that of
the test colour.

With these four possible foctors it becomeg more difficult to give
ony definite judagement cbout the actual colour contrast effects from
just looking ot 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 grophical analysis gives no more thrn a genercl
ond qualitoative idea about thesc effects, [ quantitative analysis of
the results must be done to help the study of these effects, This will
be given in simple linear reletions in Chapter IX as o simplification of
this complicated phenomena of colour contrast,

(4) The shift due to black surround (gs g6) is away from yellow and
red, in other words townrds neutrality i.e, towards desaturction, The
ghift in this case is bigser than shifts due to other one colour gur-
roundge~

L ORANGE TEST COLOUR: Fisure (44)

In this case the four empirical rules mentioned before can be
seen clearly illustrated in figure (44), with one difference reluted to
the eccond rule: For the yellow and blue surrounds, the shifts 05 O3

and 05 O4 are not awey from yellow and blue (respectively) in the direct
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sense, but shift 05 03 is furither then 05 04 from yellow and hence 05Q*_

is further than O from blue. The rcpulsive ghift due to cne com

0
573
lour surround con be secn directly if the shifts are referred to the case
of orance on black surround i.c. 06 (O6 03 is away from Yé and 06 04 is
more or less away from b6)

In the case of the yellow blue surrounds, the attractive shift is

bigger then the repulsive shift, whether it is due to yellow or blue
010.> 0. O a0!'0 >0 0!).
(040,> 05 0 and 0 0> 0, 0} )

THE YELLOW TEST COLOURs figure (45)

2

The shifts in this case lie in a straight line becavse red znd
green primaries only (no blue) were needed to match the appearsnce of
the yellow ogainst all its different backrrounds, (The shift Y5 Yé
lies outside this stroicht line because Yé,:beinq the brightest, was the
result of a match made without usineg filter F4 in the path of R,G,B
mixture while this filter was used in the cases of 21l other surrounds).

.The four rules mentioned before apply directly for the case of the
yellow test colour, as shown in fimure (35). The attractive and repul-
sive shifts due to orange and sreen are nearly equal in the two cases of
orange green surrounds 7 and 8 (i.e. s Yé:: T g and T Y$3Y§ This
may be due to a balance in the effects of the four factors mentioned in
the case of srey test colour, The shift duc to black surround Is Y is
away from the monochromatic yellow (A= 590 me 1)

., THE BLUE TEST COLOUR: fimure (47)

Rules (1) and (4) only apply directly in this case as seen in

figure ( 7): The shifts B By and B, By, duc to one colour surround arc

5

smaller thoan thc'shifts B5 B8 and BS B7 duc to two colour surrounds and



124

the shift B5 B6 due to black surround is towards desaturation, ;

Rule (2) (i.e. Tepulsive shift due to one colour surround) applies |

indirectly i.e, shift B (due to orange surround) is further than

5 By

shift B, By (due to green surround) from the orange and vice-versa. :

5

This rule applies directly if these shifts are referred to case of blué
on black surround (shift B6 B9 is awey from orange 06 and shift BS B10
is away from Gg)

Rule (3) does not apply at all, if the shiftes are referred to the ..
case of blue on white surround since the two shifts due to oranpe and
green in the two cases of orance sreen surrounds (7 & 8) are attractive.
But if the shifts are referred to the case of blue on black surround
rule (3) applics (as seen in the dotted line)s The shifts due to orange
are higzer than shifts due to ~reen whether they are repulsive or attrao-
tive,

The success of the application of the four general empirical
rulcs in the casc of the blue test colour, when referring the shifts to
the cage of black surround and the failure of the same analysis when
the shifts were referred to the case of white surround, may be due to
the fact that the blue colour used is dark, and it looks even darker
when seen against white surround, The brighbter the colour, the greater
intensity of the primaries used for matching and honce the more accuratef
the results will bes Llgo the intensity of the blue depends larzely |

on the density of macular yellow o2 gment of the eye and hence the latter;

affects the accursey of measurement,
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V THE GREEN TEST COLOUR: (Fipure 46)

This case (as shown in figjﬁ‘e 46) is similar to the case of
orange test colour. It is clear that the four empirical rules applye.
The repulsive shifts due to yellow and blue surrounds are indirect
(shift Gg Gy is further then shift G5 G, from yellow, and hence Gs Gy
is further than G5 GB from blue), Also their repulsive shifts can be
seen directly if the shifts are referred to case of greeu on black
surround (G6) instead of white surround G (shift Gy GB is away from
yellow Y'6 and shif?t 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 orewhether it is due to yellow or blue (Gy'Gq Gs Gy

(B) THE CASE OF SIMPLE PATTERN:

The ecase of the compound pattern was studied before the case of
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the simple pattern because: (1) It represents the bisgest offect of
colour conbrast since it was measured for a small angle of subtense
(151 for the element square) and ot an inclination = 200, The bigger the
effect the more obvious the anslysis will be, |

(2) In the case of simple pattern for orange, and green test
colours, red and'@reen primarics only (no blue) were nceded to match
their apnearance on any of the different surrounds used (which is not
the case for orange and pgreen test colours in the compound pattern). This
beins the casé, all the pcints in the chromaticity chart corresponding to
these test colours agelnst thelr backsrounds lie on the straight line
joining the two poinbts corregponding to R, And G primaries, Therefcre
the analysis in this case of the simple pattern will be more limited than
in the case of the compound pattern (as will be scen later).

Fipure (48) shows the effect of different surrounds cn the oppear-
anue of all the test colours used in this investipation for simple
pattern of element of ongle of subtense 15!, lying in a vertical plane.

It is obvious that for all the test coloufs, the point corresponding to [

i
i
the white surround is central with respect to *he points corresponding §

to 21l 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 arc

bigger than those due to one colour surround) applies in this case
for all the test colours.

The second rule: (namely the shifts due %o one colour surrounds

arc zenerally 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 indircctly for the blue t2st colour (in the same way

B e

as mentioned in thé case of compound patter (see pageii#). t for the
blue surrounds of the orange and green (O4 and G4)9 the shifte are tow
wards the yellow (and not swoy from the blue) since there is no blue
corponent in the matehing beom,

The third rules (namoly the shifts due to two colour surrounds arc

penerally awzy from the colour of the stripe on which the test colour is
mounted ond towards th-t of the other two side strines), applies directly
for the grey test colour ond zggigggﬁéz;for the biuc Lost eolour (in the
some woy as menhtioned in the case of the compound pattern (see pageldd)s
fis for the oranse, yellow and sreen test colours,; since all their points
lic on the same sbraisght line, then this rule does not apply directly.

It shows itself in the first rule ag mentioned before in the explanatory
nobte related to rule 3 (sec paneli7 ),

Tae fourth rule: (nomely the shifts Iue to black surround are to-

wards desaturation) applier directly for the cases of blue snd grey test

colours and indirectly as shifts on the straight line (R) (G) away from
.Q—‘_"__.--——q.

the red and green ends of the chart and away fiom 0,59 u for the cases of

oranze, 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 andcompound patterns, for grey, orange, yellow, green and blue
test colours respectively, for the same experimental conditions (element
angle of subtense = 15' and vertical test patch).

FOR_THE ORAIGE /ND GREEN TEST COLOUBS: firures (50&52)

The following points can be seen clearlys
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(2) In the case of the simple pattern and for 21l the surrounds
used, the orange ond sreen look morc saturated than in the case of
compound surrounds

(b) The shifts in the simple pattern are bigger than in the case of
the compound pattern,

(¢) The whole sct of the points for the simple pattern, wihh
respect to that for the compound pattern, is displaced towards the reé
end of the chromaticity chart for the orange test colour and towards the
zregen end for the green test colounr,

(@) In the case of the simple pattern, most of the cifect of the
difforent surrounds appesrs in the form of chanze in hue and very little
chanze in saturation (if eny) occurs, while on the case of tho compdund
pattern, the effect is divided betweon the change in hue (which is less
then in the first case) and chance in soburation ( which is much moré
than in the first casc)e

L possible explanation for these effects is as follows:

The eye sces the whole pattern paying speqial abtention to the
test colour i.e. the vwhole pattern is imaged or the fovea of the retine,
with a trial to match the =ppearance of the test colour, 8o, in the case
of the compound pottern, a summation of the effects of the murrcunding
colours on the test colour is taking place (possibly mixing of the co-
lours, aé will be explained in Chapber VIII) and this is greater than in
the case of a simple pattern which causes this desaburation and the ro-
duction of the apparent differcnces in hue. -

FOR THE YELLOW TEST COIQUR: fipurc (8i)

(L) The shifts due to different surrounds are larper in the case of

the compound pattern than in the case of simple pattern.
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(2) There is no teondoncy for the whole sob of points to be dis-
placed either woy to the red or to the green,

This may be due to (a) the location of the yellow test colour %n
the chromaticity chort being nearly midway in between the locations of
the orange and green (of the surround) <rd &t the same time (b) the
yellow test colour can be bullt by a mixture of the oranze and green
(the actual surrounds in this case).

FOR THE BLUE TEST COLOUR figure (53)

(1) The shifts duc to different surrounds are bigger in the case
of the compound patbcrn than in the case of the simple pattern,

(2) The reference point (B5) correspondinsg to the white surround
being practically unchanged from onc case T the other, the blue test
colour on the other surrounds appears in the compound pattern less sat-
urated than in the cnse of simple pattern., This is the same result as
in the case of crange ond sreen test colcurs,

FOR THE GREY TEST COLOUR fimure (49)

(1) The shifts duc to differcnt surrounds arc bigger in the case
of compound pattern then in the case of gimplie pattern,

(2) The reference point (g5) corresponding to the white surround
heing changed 1ittle in the two cases, the 7rey 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 rrey, beins orifine
ally nearly neutral, then the more the mixing effect due to the compound

pattern the more sautrated the apparent colour appears,

(D) THE EFFECTS OF DIFFERENT COLOUR SURROUNDS O THE APPARENT

BRIGHTNESS OF THE TEST COLQURS: In this work, no attempt was made to
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TABLE (11) THE C.I.E. TRISTIMULUS SPECIFICATION OF THE APPEARANCE OF THE 3LUE TEST COLOUR AGAINST ALL THE
NG_COHDITIOES USED. '

ACKCROUNDS, AND FOR A

* SURROUND (7 (8) (9 (10) (5) (6)
TTPNY VT ?
COIDITION bid 7 Y -y Y X y Y b4 y Y x| v b4 b4 y %
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TABLE. (12) THE Cel.Fe TRISTIMULUS- SPECI"ICATION OF THE APPEARANCE OF THE GREY TEST COLOUR AGATMST SOME
l BAGKG‘?OUM)}JND FORALL TBE VIEWING CONDITIONS USED,

SURROUND ] (2 | (3 (4) (5) (8

p——y » , .
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TABLE

THE C.I.E. TRISTIMULUS SPECIFICATION OF TH: APPEARANCE OF TIF SREY TiOT

COLOUR AGAINST DUHER

(Contdo) " BACKGROUNDS, AND POR ALL il VIEWING CONDITIOUS USED,
SURROUND (7 () (9) (10) (5) (6)
COKPITION % yi ¥ b y Y x Yy Y X Y x| vyiY x vy Y
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SURROUND . » | (é}}. BN IS ¢ ) SENS] IS ¢ ) IS,
{IEsroorou| x| p LX) x| .y @_x_;_,«@%* 4 I 5 I S
orange | .591|. 330 134|575 3473 '.5‘; 55 % 2 |osoo| 2 002 |
Green 3271485 2468|390 | 483 5027 .321 w450 seo2fons|uass oy
Vorlow | .463|434[4.83.452 .u,o 7 3?43 .4§'z; 437 Ml 4’16 27[3.79

The Vleulnﬁ conditiona in T&bles (8—12) 1ncluaivet

(a) I, II, IXI, IV, for vertical sim'ale pattem of element emglee of Bubtense: 2°
: 19, 3C' end 15! reapectively, i'or brls?ht fsur:‘ound ef eomper:s.
atch. v . , : .

(b} V, VI, VII for vertical mmnlc paﬁtcrr» of elemen'b angles m? snbtrenuaz 2°, 1°
and 30', res; >ect1vel; for dark surround cf ccmp‘«z‘:o.scm p ’och.

(¢) VIII, IX, X Oor cimsle ﬁatﬁcm, 2° eloment . angle m sub%ense at inclim tions 40"
: 209 5° rcmcctive]y Tor bright: Surraund of cnmparison pa.tch. B :

(a) XI, X131, XIII for simple mttern, 2° elmemt angla oi‘ .mbtense a,t inclinaticns, |
40°, 200 .ahd 5° re«*veemvelg for dwk' tu*round oi‘ aompurison a
peteh, : . - :

(e) XXV 'fo; vertical comnound *aattern ei‘ .15' elemant amle oi‘ subtense for
»mr}}t and derlt suwrrounds of. campazisan patah aml 1war 1umj_nance
of the vholo test pa‘bch. TR e .

(£) XVIT for compound oatbez*n of 150 elemexxt 'ang&e af uubtense a‘b an
: inclingtion 20 fm bright- sm*rounﬂ of comanaan patci-e

(g) XVIII, xIX for the chart et an olement’ engle a:ﬁ‘ mh'&anﬁe 1‘9' smd 6' resnect- '
ivoly for bright surrnund of’ campamaun patah {hoxizorta‘l s‘brines). |

(h) & . for the chart ab on angle of suhtense 6' ; and,for vcrbical s’br::.pes.
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construct a scale of subjective brichtness, but the sum of the fractional
luminances of the three primary cclours uscd in the matches were taken

as a rclative meagure of the apparent brightness of the test colours
apainst their different backorounds, This, in itseli, is sound for com-
prarison in the different cases, clthough the numbers shown have no ab-
solute significance, as have those related to a well established scalc,
Hopkinson, (114-)has developed two such scales of subjective brightness
based on: (1) equal gteps of contrast, (R) Dircet numerical estimation,
Neverthecless the work in “his ficld is not yet completc and more investi-
gations are still in progress.

Adjusting the comparison natch 4o be of the same apparent bright-
ness as that of the test colour in its surround, is very difficult (es
shown in Chepter III) for the following two main reasons:

(1) The separation of the test and the comparison petcles,

(2) The different conditions of the test patch,

It can be safely claimed that adjusting the comparison pateh to

match the chrometicity of the test colour, which in itself is difficult,

is easler and morc accurate than its final adiustment to match the bright-

ness alsos, This lead to very few cases of discrepancies in the follow-
ins reneral analysis of the results end thase departures can be ipgnored,
From the results shown in tebles (8-42) inclusive, the following
general conclusgions for 2ll the test colours in all different conditions
used, can be scens
(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,



{3) The blue surrovad (4) makes then Jook brighter than in the
case of the yellow surround (3).

(4} Ths surround (U makes hhem look brisghter tham in the case of
the surround (2).

(5) The orange surround (9) makes them look brighter than in the cage
of the green surround (10),

(6) The surround {8) mokes them look brishiter then in the casc of
surround (7)

* Beuring in mind, that the blue is darker then the yellow and the

orcnce is darker than the green (as shown in Table 7), these conclusions

nay lead to the following two menerel empirical rules.

Rule(s) For the one colour backsroundgs the darker the surround, the
brighter the test cclour appears, This is clear from the experience of
our everyday life.

Twle (6)For the two colour backsroundgs 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) cre direct applications of rules

(5 & 6).

(E) BLACK-WHITE SURROUNDS:

Compound black-white surrounds (11} znd (12) figure (41) were
studied for the orange, yellow and green test colour; for elemehf angle
of subtense 15' in the vertical plane, and the chonges in chromaticity
and apparent brightness arc khown in Teble (IL) ond figures (50-52) ine
clusive, Black and white beinz nearly ncutrcl and differ only in their
reflectance factor, it was expected that these surrounds would affect only

the brichtness and saturation of the test colour, butb its hue also was
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affected,

Fule (6)(namely, the test colour is reloted in brightness to the
brightness of the stripe on which it is nountedjand Fule (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)1jes in betweer. those in surrounds (5) and (6) and the bright-
ness in the case of surrcund (12) is smaller thau that of surround (5)
(with one exception, the cose of orange in surround (12)), whose bright-
ness lies in between those in surround (5) and (6; =lso).

Rule (1) (namely, the shifts due to two colour surrounds are bigger
than those due to one colour surround,)and Rule (2} (namely the shifts
due to two colour suirounds arc generally awey 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 @ sur-
prising result since the black ~ad white nged sre nenrly of the seme
chromaticity (Table 7) and the point corresponding to the white surgéund
is téken as reference of shifts. The results can be looked at from
another angle, namely the shift due to total bl:.ck surround is bigzer

than that due to partial black and white surround.

(r) IHE SIGNIFICANCE OF THE SHIFTS DUE TO DIFI'ERENT 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 used. in the
case of the compound pattern of 15' element angle of subtense and 20°

inclination. The spreading in these results is shown numerically in
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Tables (13) and graphically in figures (98-102) inclusive, These tables

. ) ) ) 1 \J ‘ . - . .3 )I - 3 L3

and graphs show that the individual resuits are fairly consistent with
2

the differences from the average results varying for different test

colours according to (1) their luminance and (2) the non-umiform spacing

(7/’79)(The differences in the chromaticity

of the C,I.E, chromaticity chart.
co-ordinates (x and y), range from 0 to # 0,004 and in the relative
iuminance (Y) ranges from O to * 4% with very few exceptions).

.

The graphé show also that the shifts due to different surrounds are

significant compared with this spreading.
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Figure (54) The Hue Chart showing the meopdfe resuts of the observersf- - =)
and the rosults of the author (-—),for the charts 2t 6' clement an~le of
subtense, compared vwith the semples of the Munsell Book of Color.



CHAPEER VI,

COLOUR,_CONTRAST AS STUDIED BY DIFFERENT‘OBSERVERS USING

THE MUNSELL BOOK OF COIOR.

In this method, two charts as shown in Plates(laz 2a), with the
complex pattern of test colours on two colour surrcunds, were used; From
the previous aonalysis of the results, obtained by using the colorimeter,
these are the two conditions giving, (1) The bigrer shifts corresponding
to larger chanmes in colour appearance due to diffsrent surrounds, and
(2) the chanpges in appearance occur in hue, chroma and value.

In the first method, using the colorimeter, source S.[L was used *o
illuminate the test patch and the surround of the comparison patch, This
enabled the study of the colour contrast phenomena under a stendard
illuminent (S, i.e. the tungsten light which is widely used in our every-
day life) with an eye adapted to the same illuminent,

In the present method, natural daylizht was used to illuminate both
the chart and the Munsell Book of Color, since the Munsell coloured chips
were colibrated in daylisht (Source C), This enobles a study of the
Colour Contrast Phenomena as they occur in nature during doytime i.e.
in the same conditions of i1lumination and viewing (adaptation of the eye);

Eaech of the obgervers, coarrying out the long procedure deseribed |
in Chapter III was fairly consistent in his results,

Figure (54) shows the average results of the differcnt observers
(11 observers for the first chart and 8 observers for the gecond chart),
plotted on a hue chart (e circle with chroma represented by the dis-
tonce from its centre) for all the test colours used (red (R), orange (0),

yellow (Y), green (G), blue (B) and grey (g)),for an &lement angle of
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Figure (55) Tuc results (in the C.I.Ee system), obtained by Hr. Goile Philips (=) compared with the
averzre remilis,for the two charts at 6! angle of subtense, (- -~
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Floure (56) The results (in the CeIsX. gyoten), obtalned by Mre Y.He Ruddock (~—~) compared with the
averago results (= = =), for the first chart at 6! elenent angle of subtenses
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results (- = =),for the four charts at 6' eleuent anzle of subtense.



YA
O |
03+
oa b
WY
e
-3
8 : o. 0.4 0.5 X
0.5 5 0;2 |3 1 i Ny

A rd
 Fipure £61) The results obdained by Mr, U, H. Eitchen (=), compared uith the average results (= = =)
for~the two charts at 6! element angle of subtense.



YA

04 b

03 |

Ovz -~

015 0;1 : 0;3 01* 0‘.5— x>
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for the two char‘bs, at 6! alement angle of subbense.
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Figure (64) The rosults obtained by lre Ps Charcentul (), compared with the average reﬂults (- - =)
for the two charts, at 6! elenent angle of mbtense,
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subtense = 6' (The angle of subtense of the squere of test colour on the
white surround = 121). The third general cmpirical rule (nomely the
shifts due to two colour surrcunds are generally awny from the colour of
the stripe on which the test colour is mounted, and towards thalt of the
‘other two side stripes), apnlices also in this case with one exception,
the case of blue on surrourd(8j. This method, being limited to the case
of compound pattern with two colcur sursround, cor not show the other
three empirical rules.

Figurc (54), also shows the resaits cbtained by *ae author come
pared with the average rcsulbs of all the observers plctied on a hue
chari, The following con be seen from this figures

(1) The general directions of the shifts due to different surrounds
are nearly the same in the two cases.

(é)‘ln general, the masritudes of the shifts obtained by the author
are bigper than the average shifts obtoirad by all.the ovservers, This
may show that the author is more sensitive to colcur contrast thon the
average observer, (most of the observers ave not cccustomed to the colour
natching technique using the Munsell Book of Leolor).

The results are then transformed from the Munsell system of hue (H)
value (V) and chroma (C) into the C.I,®. sysbem of the trichromatic co-
ordinates (x) ond (y) and Juminonce foctor (Y), and are plotted in the
chromaticity chart, The figures (55-65) inclusive, show the results ob-

bained by eoch observer compared with the average results for all obser-
vers. {lso the results arc summed up in one graph for each test colour,
as shown in firures (66-71) inclusive, It can be concluded from =21l

thesc fipureg thats
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Figure (66) The results of all observers and thelr averaze, for the Grey Test Colour.
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1) The shifts due o different surrounds sns obbained by individual
observers of normal colour vision are in the same sense,

(2) The mosnitudes and the actuul directions of these shifts vary
considerably frpm one cbsgerver to the other,

Thege differences in magnitude and direction of the shifts may be

due to experimental and personal factors.

(A) THE EXPERIMENTLT, FACTORS:

(1) The vordebilisy of quoiity ond heighinens of noturel. daylighb,

at the different times in which the different ohsewrvers did the experiment,
Adthouph the matching was carried cut only when the sky was brisht, which
reduces these variationg, but does not climinate them,

(2) The rather big steps of hue, value and chroma between the neigh-
bourins coloured chips of the Munsell Book of Color., Interpolating or
extrapolating between the hues, values ond 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
observerss |

(B) THE PERSONAL FACTORS: e e

Assuming that the variation in quality and intcnscity. of natural day-
1ight at the matching time of the different obsgervers 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 reasonss

(1) Different sensitivities of colour receptors of different observers.

(2) Different densities of macular pigmentotion (affecting mostly




TABLE {14) BESULTS OF DIFFERENT OBSERVERS FOR TUE ORANGE TEST COLOUR SHOWH IH THE MUNSELL & Col.h. SYSTEMS

(ELEMENT ANGLE OF SUBTENSE = 6!)
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TABLE (16) RESULTS OF DIFFILENT OBSERVERS FO¥ TH: GREY TEST COLOUE SHOWL IN THE MUIISELL & C,I.%, SYSTHMS.

(ELEUENT ANGLE O SUETENSE = 6 )
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TABLE (17) RESULTS OF DIFFERENT OBSERVERS FOR TIE RED TEST COLOUR SHOWN IN THE MUNSELL & C.l.E. SYSTES

(ELEMENT ANGLE OF SUBTENSE = 61)
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TABLE (18) RZsSULTS 07 DIFFECENT OSSRIVERS WOR THR GREY TRST COLoUR Spioull Ii 11D MUNSELL & Cel.iie SYSTENS

(BL=ENT ARCLT O SUNTRISE = 61)
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the cases of blue test and surround colours),

(3) Different interactions betwecen adjacent rebinal zones and their

asgociated neurones.

(4) Different psychological interpretation of the colour appearance.

hlthough there is no direct means of measuring the actual sensation
due to any colour sbimulus, yebt they are indirectly studied from the re-
lotive luminosity curve, the spectral coefficient curves and the wave-
length discrimination curve, These curves and others, show that different
persons percelve colour differently (22)0 This led the C,I.E, to adoph
the mean velues of 17 observers to define the colour matching character-
isbics as the 1931 standard observer,(la) in order to derive the colour

specifications of any object independent of the colour vision of any

individual,

THE FFFECT OF DIFFERENT SURROUNDS ON THE APPJARENT BRIGHINESS AS

PERCEIVED BY THE DIFFERENT OBSERVERS:

The epparent brightness (in this mebthod) is measured in terms of
the Munsell notation (Value), Since this scale was oripginally developed
on subjective measurements, then it is suitable for estimating the
apparent brightness of the test colours in this investigabion.

Although the final results obtained by different observers as
shown in the hue chart cr the C,I,E. chromaticity chart, varied con-
siderably emong the observers, yet there is only o small difference (if }
any) in the Value recorded by them, os shown in Tables (14-21) inclusive.‘;
This indicates the following two pointsse= f

(1) The perception of value (or brightness) is fairly constant

among different observers.
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(2) The observers find it rather casy to pick out the Munsell chip
of the same value as the test colouw, {This is probably easier than in
the case of using the colorimeter since in this case, the test colour
and the comparison pateh rre Hoth colcured puper).

Oomparing the individual and average results shown in Tables (14-21)
inclusive, the following conclusions cen bo drawms~

{1) The apparent brightness of the test colours on surround (1) is
higher than on surround (2),

(2} The syuparent brightness of tae Gust colours om surround (8) is
Ligher than that on surround (7} {except for the case of the red, which
ig the other way round).

(3) The apparent brightness of the test colours on white burreund

(5% is less than that on surround (1) ond surround (8),(except in the
case of the red, where they are naarly cqual) and is hisher than that on
surround (2) end surround (7) (except in the caose of the red, which is
the other way round).

Actually, the cexcepbtion of the case of the red test colour in these
gencral conclusions, may be due to the fact thut 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, arc 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 (page[ily ).

The third nresent conclusion agrees partially with conclusion (1)

in that analysis for the surrounds (5), (1) & (8), but does not agrce

for the surrounds (5), (2) and (7).



This may be due te the fact that the square test colour on white i
surround was intentionally made double the size of the squares in the
other patbernse The reason why this was done is that, if the former was

made of the same size as the latter, it would not have been seen clearly |
}
I

e —— I

amidst the scattered light coming from the diffuse white surround, and
hence conparing it with the Mungell chips, would be of the utmost 5
difficulty. (This was tried by the author), As for the case of the
other patterns, the whole pattern was imaged on the retina of the ob- i
servers eye and hence can be seen more clearly, and, at the same time, ;;1{”
the brishtness 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 5 ]
test colours) was sacrificed to facilitate the judgement on the matches i

made by the different observers,

As will be seen in Chapter VII, the change of the angle of subtense

igs followed by a change in the apparent briphtness (the bigger the angle
of subtense is, the more brisht the test colour appears), So the
partial discrepancy between the third conclusion in the present analysis
and the first conclusion in the last anaelysis  can easily be explained,
Had the size of the sguare of ths 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 correspondine values.for
surrounds{2) and (7)) and hence the discrepancy would have been out of

place,

BLACK~WHITE SURROUIDS:

The patterns of the charts similar to the plates (L& 2b) -with

black-white surrounds were studied by the author using this method,
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The resuits are shown in Table (22) and figure {60). It can be easily
seen thats

(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.

(?) 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 lmee
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CHAPTER VII

THE STUDY OF THE EFFECTS OF DIFFERENT VISUAL CONDITIONS ON

THE COLOUR CONTRAST PHENOMEN/.

It was found that the difference in the colour appearance of the
ﬁést colours on the different surrounds as measured by the comparison
patch, varies with the vﬁriation of the visual conditions used, The
following visual conditions, which were studied in this investigation
will now be discussed:

(2) The luminance of the surround of the comparison patchs

(b) The luminancc of the surround of the test colour,

(c) The luminence of the whole test patch (the test colour and

its surround),

(d) The angle of subtonse of the test patch,

(¢) The inclination of the test patch.

(£) The orientation of the stripes,

(g) The Dynamic Colour Contrast Effects.

Thesc conditions beins of delicate nature, which cen not be con-
veniently studied by usine the Munsell Book of Color, the first method
uging the colorimeter was applied for the study of the effects of the
first 6 conditions, Only the two conditions (d) & (f) were studied also
by the second metnod, The last condition was studied qualitatively.

(L) THE LUMINANCE OF THE SURRQUND OF THE COMPARISON PATCH.

The surround of the comparison patch wag whites, Its spectrophoto-
metric reflection curve is shown in figure (31) and its unit trichromatic
co~ordinates are shown in Table (7), It was illuminated by standard
gource S; and was kept at the same luminance (and hence the same bright-

ness) for a whole set of readings using all the test colours againat
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their different backgrounds, This luminance was then changed for another
set Qf readings to study the effects due to the corresponding change in
the bzightness. . | -

Figure (72) shows the chromatic effects of the bf.ghtness of the
surround of the comparison pateli on the appearance of all the test colours
usediagainst their different backprounds, in the case of complex pattern
of 15t element angle of subtense in vertical plane, From this figure
and tables (8-12) inclusive, the following general em:irical rules can
be deduced for 2ll the test colourss

Ag the luminance of the surround of the comparison pateh is reducecd.

Rule (7) The separation between the chromsticities corregponding to

different colour surrounds getg larser, This means that althoush the

differences in colour eppearance of the test-colour due to different
gurrounds, are the same, indegendeﬁﬁ”éf‘thanmggghtness of the surround of
the comparison patch, et tﬁgy look bigger for)the eye adapted to lower
Yevel of luminance,

Rule (8) The points in the chromaticity chart are shifted in the

-garie order. Their ghifts show two obvious trends:

(2) Chonge in hue (or dominant wavelength). Towards 0,59 p for

the yellow test colour and away from the yellow for other colours).

(b) Chanse in saturation: (towards more scturation )

This means that as the level of luminance of thé surround of the
comparison pateh was lowered:

(2) 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 compensato 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 patche

Rule (9) The luminance of the comparison patch has to be decreased

for matchivge This means thet “he darker the surround of the comparison

pateh, the Irighter the comparison pateh appsars, such that ite intensity

nceds to be decreased to match the test paich of the same lightness.
Fipures (73-81) inclusive, show the effects of the hrightness of

the surround of the comparison pateh in more deteil in the cases of the

orange, green, ycllow, blue and grey btest colours respectively.

THE LEVELS OF ILUMINANCE OF THE SURRQUND OF THE COMPARISON PATCH USED.

(1) ¥OR_THE ORANGE AND YFLLOW TEST COLOURS: the levels of luminance
used were 2,9 and 0 ft, lambert, For higher levels of luminance, the
intensitles of the primaries reguired 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 wns small,
such that the relative experimental errors will be considerable with respect
to the effect,

(2) FOR_THE GREEN TEST COIOUR:sthe levels of luminance used were 17.4

2,9 and O ft. lombert. This enables the study of the gradation of the effect.
(3) FOR THE GREY AND BLUE TEST COLOURS:IThqy were so daork that no
gatisfactory match was obtained in the case of the dark surround (o rt.
Lambert), so the levels of luminanées used in these two cases were 17,4
and 2,9 ft. lambert,
T4 can be geen that the case of 2,9 ft. lambert luminance is common

for 21l the test colours used, and so it was tcken as reference to other
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levels of luminance used.

I THE ORANGE TEST COLOUR.

(1) For the Simnle Patterns Fimure (73) shows the effect of the

lightness of the surround of the comparison pateh with varying angles of
subtense 20, 1° and 30t and figure (74) shows bhe same effect with very-
ing inclinations (90°,40°, 26% and 5°). In all these cases the (R) 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 Iine joining the points corresponding to (R)

and (G) primary filters.

Rules (7) & (9) (concerning the size of the shifts, and the lumine
osity of the combarison patch), opply directly as shown in the different
cases of the two figures and rows (I - XIII) inclusive in Table (8),

Part (o) of rule (8) (concerning the shift of the whole set of
points awoy from yellow, i.c. away from tue red end of the chromnticity
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 foeli that all
the points are on the same straight line (R) (G) .

(2) For the compound Pattern: Figures (75 a &) and rows (XIV and

XV) in Toble (8) show the cases of bright and dark surrounds of the
comprrison pateh respectively, It is clear that the three general

emperical rules (7-9) apply sotisfactorily in this case.

IT THE GREEN TEST COLOUR,

The case of the green test colour is very similar to the case of

the orunge 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 patch in the case of the simple pattern, For the dark sum
round, neutral density filter F; was introduced in the path of R,G,B,-
mixture from the colorimeter to use higher intiensity of the mixture and
hence to :wold small readings of *the geales where the percentege error
becomes considerable,. That is why the cor's':.azponding points 1ie on
another straight Tine joining the points (R!) & (G') (corresponding to
the combined C,I,E, specification of the Re.G, Be primory filters and the
neutral dehsity filter),

(1) For the Simple Pattern: Figures (76,77) show that rules (7 &

8a) apply dirvectly with clear gradetion, Rule (8b) does not show for the
same reason mentioned in the cage of the orange test colour. Rows

(I-VI inclumwive, T'.III! inclusive and X, XIII) in Table (9) show that
rule (9) also applies in this case.

(2)_For_the Compound Patern: Fipures(78 a &c) Rows(XLV and XV)of

Table (9), show that the three genercl emverical rules (7-9) apply
satisfactorily,
For the yellow, blue and grey test colours the effects of the
. surfovnd of the _
b#ightness of the/comparison patch were studied in the case of the

compound pattern only, which, ns seen from the cases of the orange and

gween test colours, obeys all the rules (7-9) satisfactorily,

III THE YELLOW TEST COLOURs

In this case also the appearance of the yellow test colours on all
its surrounds wos matched by a mixture of (R) & (G) primaries only (no
blue was needed). So rules (7 & 9) anly can be shown satisfactorily in
Figures (7 a & b), and rows (XIV and XV) in Table (10), the shift of the

whole set of points (rule 8a) is away from the green, and rule (8b)does
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not show, for the some reason mentioned before.

IV THE BLUE TEST COLOUR:

Figures (80 2 & b) and rows (XIV and XV) in table (11) show the
cases of bLrighi and Krighter surround of ccuparison patech, It is clear

that o1l rules (7-9) epply satisfactorily in this cuse.

V THE GREY TEST COLOUR.
Figures (81 b} and rows XIV andXV) in tebles (12 & 13) show the

ceses of bright (x-—~-x) and Brighter (o---o) surround of the comparison
poteh, It is clear also that the three general rules (7 & 9) only apply
sotisfoctorily in this cage, The shift of the whole set of points is

'boward__s the green and can notl convey any definite trend w.r.t. saturation,

B THE LUMINANCE OF THE SURROUND OF THE TEST COLOUR.

White and black suirrounds were used to give bidght and dark neutral
surrounds to the test colour. Their percventage luminances are 77.62
and Lek5 resp-ec‘t’ixfely (Table 7)e The Iuminance of the white surface in
the vertical test patch is 57,9 fts lambert and hence that of the blagk
surfaceis 3.3 f$, lambert, The corresponding luminances for the inclined
test poteh are T48.3 dnd 845 £, lambert,

Figure (82) shows the general shifts due to the brightness of the
gurround of the test colour for all the test colours used in the compound
pattern for vertiecol (O-----0) and 20° viewing angle (X-=—-X). It is
obvious from that fisure and from columns 5 and 6 in tables (8-12) in-
clugive to deduce the following general emperical rules:

Ag the luminance of the surround of the test patch is reduced.

Rule (L0) The corresponding shifts in the chromaticity chart show
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chmges of (a) hue and (b) saturation, as follows:

(2) Townrds 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 P in the spectrum. for both yellow and grey test colours.

(b) Towords desaturation for oronge, groen and blue test colourss

Rule(1l.) The test colours appeared Imighter 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 the comparison paéch itself, although at first sight J:bhe;y'
appear contradictory, In fact, this case of the test patch is a straight-
forward result since the test colour is matched directly by the compard-
son patichs 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)s 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, (87>using & binocular matching technique and standard illumi-
nent Sp, found that colours (Red, 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 investipation is 47.9 £t, lambert. Then the neutral
density filter F3 (of transmission factor = 0.,450) was introduced to the
patch of the beam illuminating the test pab*h. The trichromatic co-
ordinates of the appearane of the test colour in its different surrounds
in this case did not sipgnificantly change from the corresponding co-
ordinates before introducing the filter, The differences were so smnll
(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 Munsell Book of Color, Even if the levols
of luminance due to natural daylight (for clear sky around mid-day) may
vary from onc day to the other, yet this variagtion is not likely to be as
much as the ratio 0.45, which does not give any practically sismificant
differcnce in the appearance of the test colour.

When the neutral densiﬁy filter F3 was replaced by filter F5 (of
transmission factor 0.162) larme chanzes in colour appearance occurred,
Fimure (83) shows the gencrcl chromatic effects of the illumination of
the test patch on the appearance of the test colours used asninst their
different backsrounds in the case of the complex pattern of 15" element
angle of subtense in the vertical plane, (o—-o0 corresponds to high
luminance and x---x corresponds to low luminance of the test pateh), From
this firurc nnd tables (8-12) inclusive, conditions XIV and XVI, the
following menoral empericel rules can be deduced for all test colours:

As the luminancc of the &8st pateh is reduced,

Rule(12) The scparetion between the points corresponding to diff-
erent colour surrounds increascs, This means that the smeller the luw

ninence $f the test noteh, the bisper the differences in colour oppear—
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ance of the test colour due to different surrounds,
Rule (13). The points in the chromaticity chart are shifted in
the same order shoving two obvious trendss

(A) Change in hue (or dominant wavelength) oway from the yellow

but towards 0,59 p in the case of yellow test colour,

(b) Change in saturation, (increess of saturation in the cases of

oranze, green and blue test colours).

Rule (14) The " lishtness of the test colour is decreased which is a
direct result of reducing the luminance of the whole test patch.

Figures (75 a & c), (7B a&b) (P a&c), (80 a & c) and (81 a)
ghow in larger scale the chromotic effect of the luminance of the test
pateh in the cases of orange, green, yelloy, blue aond prey test colours

respectively.

(D) THE ANGLE OF SUBTENSE OF THE TEST PATCH,

It was noticed, in the charts shown in plates (I & II), that the
differences in the ﬁppearance of the test colours duec to different sur-
rounds, seem to inc;ease as the viewing distonce is increased or the
size of the patternuaecreased. This meons that the colour contrast effects
pet bigger as the anzle of subtense is reduced, That is why the effeets
of the anmle of subtense on these phenomenc were studied,

The element angles of suhténse (corresponding to the square of
the test colour) used werc 20, lo, 30! ~nd 15' for the simple pattern,
and 15', 12! and 6! for the compound pattern, The case of the charts at
element ansles of subtense 12! ond 6' weore measured by using both the
colorimetcr ~nd the Mansell Book of Color, the cases of the other angles

of subtense werc measured by using the eslorimeter method only.
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Figure (84),The effcet of the an-le of subbense of the test pattern.
— L (e o e . .
() for & "and { ) for 12 , shown in the hue chort,
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First, THE RESULTS OBTAINED (BY THE AUTHOR) BY USING THE MUNSELL

BOOK OF GOLOR.

Toble (22) shows the comparative results obtained for the two
anrleg of subtense 12! and 61, |

Figure (84) shows in a hue chart the effects of the angle of sub-
tense on the appearance of the test colours useds Orange (0), red (R),
yellow (¥), green (G), blue (B) and grey (g).

Ficure (85) shows, in the chromaticity chart, the same results

after being transformed to the Cel.E. system,

Second: THE RESULTS OBTAINED BY USING THE COLORIMETER..

Rows I-VII inclusive, XIV, XVIITand XIX of Tables (8-12) inclusive,
show the comporative results for the different angles of subtense used
for different test colours,

Firure (86) shows the genernl effects of the angle of subtense on
the appearcnce of the test colours used (for the charts at ansles of sub-
tense 12' and 6!),

Figures (87-91) inclusive, show these effects for the orange, green,
yellow, blue and srey test colours respectively in a larmer scale for
the compound pattern.

Fipures (§2-96) inclusive, shows thesc cffects for the same test
colours in the simple pattern,

The followins general empiriecel rules can be deduced from the
tables and figures just mentioned before for all the test colours
measurcd by the two mcthods:

A5 THE ANGLE OF SUBTEHSE IS REDUCED:

Rule (15) The separction between the points eorrespondine to
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different colour surrounds increases, This means that the smaller the
angle of subtense of the test patch the bimper the difference in the
colour appecrance of the test colours due to different surrounds.

Rule (16) The points in the chromaticity chort aro shifted in the
same order showing the following two obvious trends,

(a) Choneo in hue (or dominant wavelength) awny from the yellow

(towards 0.59 p in the case of the yellow tost colour),

(b) Chanpe in saburstions

(1) Therc is no chanse in saturation shown in the case of the
simple pattern for both the oranpge and areen test colours and both the
simple and compound patterns for the yellow test colour, This is becausc
all their points lic on the straisht line (R) (G) since there was no
need to use any bluc component in these matches.

(2) Therec is nc definite reneral trend in the other cases used for
the study of the effect of the angle of subtensc as in the previously
studied conditions of viewing., Nevertheless there is an obuious change
in saturation (firurcs 78 & 79) which varics from cne test colour to
the other e,z, the colours of the srey on different surrounds get more
seturated, the green nnd blue rct less satureted (except blue on white
surround), the orange gots more saturated(except 02); as the angle of
subtense is decreased,

Rule (17) The brishtness of the test colour is decreased,

This rule is obvious in the first method by usins the colorimeter, with
few exceptlons which can be considered meinly as duc to experimental
error for the &ifficulty of motching bri~htness, and not to the in-

validity of this rule, The second method by usine the Munsell Book of
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Color, fails:in showing this rule., This is neainly due to the lerge steps
of value as seen in Table (24)., Therec is no meons in this method (as in

the case of the colorimeter) to mcke o sradual change in value., The only
possible thing is to interpolote betweon the given values which is rather

/
Aifficult,

MUNSELL VALUZE A 3 A 5 6 7 8

C.I.E, Y EQUIVAIENT, | 0,031 | 0,066 | 0,120 { 0,198 ] 0.301| 0.431| 0.591

(TABIE 24) RELATION BETWEEN THE MUNSELL VALUES AND THE C.I.E.
Y EQUIVALENT,

E, THE INCLINATION OF THE TEST PLTCH:.

Lookin~ ot the charts in Plotes (I & 2.) at o very short distonce
a smell difference (if any) in the appecrance of the test colours in the
two patterns con be scen, But if thoy are tilted rbout an axis perallel
to the direction of the stripes, the differences inerease, This may be
partially due to the fact that tilting the chort reduces the visual angle
of subtense in a dircction normnl to the axis of rotation, That is why
the effects ¢f the viewins anslc on the colour contrast phenomeﬁa were
studied,

The viewinz ansles uged were 900; 20° and 50.

Rows I, .V, (VII-XI¥) inclusive ond XVII in Tables (8-12) inclusive
show the comparative results for different viewins sncles used for differ-
ent test colours,

Figure (97) shows the gencral effocts of the viewing angle on the
appearance of the test colour used for the case of compound pattern of

clement anrle of subtense 15! for vertical ond 20° inelination,
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Fipures (98-102) inclusive, show these effects for the orange,
gfeen, yellow, blue and grey test colours respectively tn a 1afger sccle,
Figures (103,104,100,101,105) show these effects for the same

teet colours Iu bhe gimple patltern,
The following two seneral empiriccl rules can be deduced from the
tables rnd figures just montioned before for all the test colours.

Ags the Inclination is Reduceds

Rule (18): The.separation between the points corresponding to
different colour surround increases, This means that the smaller the
inclinction - of the test patch, the bigger the difference in the colour
cppearonce of the test coloure. due tn ﬂjfforeft surronnds,

Rule (19) The points in the chromaticity chart arc shifted in the
some order showing the followin~ two obvious trends:

(2 Change in hue (or dominant wavelcnpth) away from the yellow

and towards 0.59 P in the case of the yellow test colour,

(b) Chanze in saturotions

(1) For the compound surround towsrds more saturation for the orange,
green and grey and townrds desctur~tion for the blue (except the case of
white surround),

(2) For the coses of oronse, green, yellow in the simple pattern(and
the casc of yellow in the compound pattern also) therc is no chongse in
satiuration shown, This is because all their points lie on the straight
line (R) (G) since no blus component was nceded in these matches,

THE L IGHTINESS OF TiE TEST COLOUR.

w~  The results Aid not show oeny obwious trend in the chanse of the

12 zhiness of the test colour with the chanse of viewins angle, This
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may be pertly duc to the greater difficulty in measurins the lightness
than the chromaticity because of the separation of the test and compari-
gson patches, and pertly because the cases of the vertical and the inclined
test pateh {which ouzht to show the biggest effect), were different in
luminance, so the test colours caon not be compared directly in apparent
brightness,

The luminonce of the test patch (for white prper) was 158.3 and 57.9

£ty lombert in the cases of the inclined =znd vertical test patches

!
respectively. This big differcnce 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 illuminoting beam for the formori
gystem, This difference was due to the accumulating effect of the follow- l
ing three factors:

(1) Normal incidence in the former case and 45° incidence in the
1latter.

(2) The distance between the illuminating source and the test
patch in the former case is greater than in the latter, This is duc to
the mechanism of the rotating system of the former case,

(3) The illuminating sources in the two cascs being of different
types (as montioned in Chapter IT), The working voltage to pive stondard
source SA wag higher for the former than the latter case.

This may lead to the result that the cascs of vertical and in-
clined test patch (on which the last analysis was bascd for some of the
test colours) con hot be compared with cach othere But according to the
conclusions of the mnalysis on the 6ffects of the luminance of the test

peteh (pageswonb), the effects of the two rules (18) and (19), just
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Figure (105) The effect of the orientation of the siripes of the charts
as obtained by using the samples of the Munsell book of colour for comparw
igson, and ghowm in the mie chart, (-—) for horizontal ptripes and (= - =)

for vertical stripen.
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mentioned before oupght to be erhanced, if the two luminences werc equal:

If thé luminance of the test patch in the inclined czse was ro-
duced the followin~ results will oceur,

(1) The differences in the colour appearsnce 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 ycllow), and the increase of saturation ought %o
be bigper thon they arc,

(3) The brightness of the test colour ouqht to be.decreased. It is
not likely thot the ddereass in brizhtness is proportional to the decreasc
in the luminance, but it is most probable that the brishtness in this

case will be lower then that in the verticzl case.

(F) THE ORIENTATION OF THE STRIPES:

It was noticed that whon the stripes of the charts are horizontal,
the diffcPences in the appcarance of the test colours in the two pattcrns
are sreater than thosc when thc stripes are vertical, Thig shows that
the colour contrast phenomena depend on the orientation of the stripes.
The comparison between thesc two cases was done by the two methods used
in this investigation,

Tables (22) and (23) show the comparative results obbained by using
the Munsell Book of Color, in the Munscll and C.I.E. systems,

Rows XIX and XX in Tables (8-12) inclusive, show the comparative
results obteined by usins the colorincter.

Figure (106) shows in o hue chart the effect of the orientation of
the stripes in the horizontal and vertial cases as measured by using the

Munsell Book of Color, Obviously the points correspondins to the white
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surround are the samec 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 (87-81 b & c¢) inclusive, show: the
samé effect in larzer scale, | |

The followingz two generali empirical rules can be deduced from the
tables and fipures just mentioned before for all the test colourss

Rule (20) The scparation between the points in the chromaticity
chart corresponding to the two patterns in the case of the vertical
gtripes is smaller than that for the horizontal stripes,

Rule (21) In general the lightness of the test colours for vertical
gtripes is higher than that for horizontal stripes (with three exceptions),

Although cases of other orientations of the stripes in between the
vertical ond horizontal directions weré not studied quantitatively, yot
the fc%llowing quolitative experiment wé.s carried on by a number of obe
Servors, | | | |

A chart with patterns of smali éize was viewed at a grazing angle
such that the mm‘clmumvdifference ir. the appearance. of the test colour in
'bhe two pdtterns can be seen clearlyg 'FIt was then rotatéd in its plane
(about an a:xi‘sb normal to it) keeping nearly the same inclination, It
was found by oall the observers, for the yellow and blue gtripes thot when
the viewing direction was perpendicular to the orientation of the stripes,
the patterns on surround (1) figufe (4) 1looked much yellower =mnd 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 slibhtly bluer than those on surround (2). When the
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chart wag rotated gradudlly in between these two directions, it was found
by all observers, that there is a critical orientation in which the two
patterns appeared to be nearly of{the same- colour, with a sudden compara~
tive change from yellower to bluer or vicc;versa, when it is rotated a
round this orientations, The viewing direction in this critical oriente-
tion is nearer to the direction of the stripes than to the normal &¢ them,
but it varies slightlyfron one observer to the other, This is clear
gince 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 t;, that when they are parallel, hence
the bigger rototion from the former orientation towards the latter to
get the case of equilibriuﬁ of the effects of the two cases, Also, the
apparent colour of the squares of the two patterns in that critical orien=
tation s@ems to be different (more desaturated) from the orisinal apparent
colour on the white surround.

This experiment confirms Rule (3), namely; the subtractive effeet
- of the colour of the gtripes on which the test colour is mounted and the
additive effect of the colour of the side stripess In this case, this
rule can be expressed slightly different: namely: The subtractive effect
of the colour of the stripe in the direction perpendiculer to the view-
ing direction and the additive effect of the colour of the stripe in the f
direction parallel to that of viewing (since the chart is viewed et a :
prazing angle). Hence the pattern in surround (1) looks yellower than 5
that in surround (2}~forfviewinq~atwa~perpendieular dircction to the
stripes, and bluer .fgr miowihe slong the: stripess i

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 hénce the various criticel 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
Brofessor R, Ditchburn,) The ribtractive effect of the colours perpendicu-
Jlar 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 thon when they are parallel may be exploined as follows:
In the former casc, the squareg 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 subiractive contrast effect. This is
added to the additive effect of the side stripes due to the eye movements,
The addition of these two effects tokes place since the two colours of the
stripes are in opposite directions with respect to that of the test co-
lour in the chromaticity chort, While in the latter casec, the first
factor is missing since the stripes are along the viewing direction,
and hence the cye movements alone producc the additive effect of the
colours of these stripess The effect of the other intermediate stripes
ig highly reduced since, psychologically, the observer may not be aware
of them other ﬁhan as sepafatinq stripes to the squares of the test
colours on vwhich he is conceﬁtrating and the stripes on which they are
mounteds However, this cxplanation is an over-simplification to what
happens since eye movements may be accompanQ;éM;E;;pﬁigg éﬁécessive con=

trast effect (usually subtractive).
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(G) THE DYNAMIC COLOUR CONTRAST EFFECTS.

The chart was placed on & 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 horimontal stripes: the effect is enhanced by vibration,

The difference hetween the appearance of the two patterns increascs as
the frequency of the vibration is increased, This is clear since in
the stationory 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 therotina alternately by the test colour and the colour
of the separating stripes and hence mofe mixture takes place, which en-
hances the effecects This may be an over-simplification to the effect of
the movement-gince--suceseive contrast and local adaptation (gencrally
subtractivekny pla¥ thoir role on the effects, However the additive effect
noy be bigger than the subtractive one,

(2) For vertical stripes: In the chart of yellow and blue stripes,
and in the stotionary 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
coge is larger than in the latter, Now when the chort is get into
vibration, there is hardly any change in the appearance of the two pat-
ternsg in the stationoary case when seen at a loner viewing distonce, Bub
vwhen the ﬁiewing digtance is decreased, o critical viewing distance is
reached when the twe patterns look nearly the same, For o smaller

distance, the pattern on surround (1) looks bluer than that on surround
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(2)9This last obser&aiion in itself, can be easily explained in the same
way as in the case of the horizontal stripes: The blue and the yeliow
arc mixed with the test colour in the two patterns of surrounds (1) & (2)
respectively. It seems thot this mixing effect increases with the decrease
of the viewing distance i.e., it is almost nil at o long distance and just
compensates the stationary colour contrast effeet at the critical viewing
distance, and overcomes it and sives a reverse colour contrast effect
for o shorter distance., This may be due to the fact that for longer dige-
tance and hence smaller onguler amplitude of the vibration, the eye can
easily follow the vibrating pattern (without the observer beins 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 distonce and hence larger
anmular omplitude of the vibration, the eye can not follow the vibrating
pattern and hence the hirher mixing effect.

4s for the cnse of the horizontal stripes, the mixing effect en~
hances the difference in colour appearance of the two potterns (does
not oppose it as in this case), and hence it shows itself in an increase

in the difference as the viewing distance is decrcased,



CHAPTER VIEL

SOME _POSSIBLE CAUSES FOR THE COLOUR CONTRALST PHENOMENA.

(A) INTRODUGCTION:

It seems that %ucceésive‘colour contrast phenomena have been known
for a long time and m&ny attempts have been made to explain their origine

Helnholtz theory(5)was that cplour contrast is purely psychological
and is due to an uncertainty of judgement or "mental illusion”, The some
as o medium sized man appears tall when stending with short men, and short
whien stonding with tall men, Differcences are enhanced and exaggerated by
perceptual proccsses, Hering (42) suggested a strictly physiological
explanction in terms of his opponent~colours theory, Hc said that colour
contrest is duc to interaction between different parisof the retinag the
external stimulus evokes a certain chomical reaction in one region and
induces the opposite recction in adjacent regions. This mecns that the
colourced surround induces the complementary colour on the coloured patch
under test.

(27)

Van Bezold discovered what he czlled Wthe spreading effect!" which

acts in an opposite sense to simultoneous colour contrast (Chapter I). In
case of very thin elements in juxbtaposition, the effect is additive and
no% subtractive.

(25)

Libney, in his study of simultaneous cclour contrast, proved that
the contrast effect of o coloured surround in a white stripe is not
complementary to this colour., The following are the ideas of some modern
writers:

(15)

Evans suggests that the colour adaptation of the eye is respon—

sible for both successive and simulbaneous colour contrast phenomenae



Viowing a bright spot of enlour depresscs, 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 (cousing
simultaneous colour contrast). He calls the former effcet "Iocal

Ndaptation®, and the latter "Lateral hdaptotion". Thot is why, from his

point of view, the colours of the after imoges appear complementary to
the original stimuli cousing thom and the test patches look tinged with
the complementary colour of the eurround, Nevertheless, this explenation
does not allow for the positive afber imnges ond the spreading effoct,

Lccording to the Committee on Colorimetry of the Optical Society
of America,(l) simultaneous colour contrast produces an enhancement or
intensification of perceived difference between neighbouring colours in
luminance, purity and huc, This enhancement may be due to successive
contrast caused by the moveoments of the eye in scgnning from one colour
to the other during peroeption, It may be due to ncural interaction either
in the retina or neural pathways and ig likely to be xapid in opcration and
TeCovery,

Wright,(9o) showing a chart similar to plate (la) says "No completely
- satisfactory expleonation of these colour changes is yet avoilabke.
Simultancous contrast resulting from neufal interactions between ncigh-
bouring retinal and cortical areas is likely to be one major ihfluence at
work, Something in the natufe of colour !spreading! must also be involved
to which eye movements, light scatter in the eye, and physiological
spreading in the neural procesges moy contributes Perhaps the psychologi-
cal interpretetion of the pattern has also to be considered”,

Lc‘Grand(lé) gsays that the various regions of the retina are intior-
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dependent, Such interaction constitutos simultaneous contrast and can
agsume two opposite formss

(1) Summation Effect: where Bhe flux falling on o region is par—

tially added to that in the neighbouring regions (i.c. integration of

flux distribution), This occurs more with sources which do noE“diﬁferr

very greatly, cspecially if their intensitiecs are low.

(%) 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,

Warburton and Lund(zs)concludod from their qualitative study of
simultancous colour contrast that the effect of the surround on the
eppearance of the test colour is additive, Dr, Edridge Greon in a private
communication to the authors, suggested that this additive effect is dne

tos (1) The chromatic aberration of the cye ecausing on overlapping of the

test and surrounding colours. (2) The flocding effcet due to the film of

the retina being liquid and cye movenments couse the colours to spread.

(3) The irradiation affccting the edge of contact of the two colours

producing their mixture,

(29)

Jameson and Hurvich, concluded from their quantitative study of
colour contrast that the perceived colour changes can bhe interpreted in
terms of agsumed physiological mechanisms éf opponent ncural interactions,
The changes arc due to systomatic ehromatic induction effects, opponend

in nature and proportional in masgnitude to the strength of the rclated

chromatic response aroused by the inducing stimuluse.

(B) THE PRESENT INVESTIGATION:

This survey shows the complexity of the simultancous colour contrast



phenomena and the variety of the hypothesis put forward to cxplain thems
Howcver some of these hypotheses deal only with the subtractive effect of
the surround colourand the others decl with the additive effect. Yct all
the experimental results of this investigation lead to a common conclusion,
that both the subiractive and additive effects of the surround play a

role in the oppearance of the test colour.

Some of the hypotheses mentioned before, were suggested independently
by the author, All the factors which may be causing the colour contrast
phenomena can be divided into three main cabegories: physical, physiolo-
gicel and psychological, which can be subdivided as follows:

(A) Physical Caugess

(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 continuel movements of the eyes

(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 perw
ceptual processes in the brain,.

These factors suggest either additive or subtractive mixing processes
of the test and surrounding coloﬁrs. They are possibly acting together at
the same time, and their complex interaction produces the striking effects

of colour contrast studied in this investigotion,
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(1) Physical Defects of the Eyve.

In spite of thc many functions that the human eye performs successe
fully, which place it in o 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

(91)

image, Emsley summarises the defects of the eye as:

(1) Chromatic and spherical czberrations, (2) lack of centering
(3) irregulerities in the surface curvatures of the cornen and crystalline
lens, (4) diffuse scattering of light by its media which consist of
celluler tissue, and are hence not perfectly transparent and homogenous,
Ls a result of these defects the retinal imnge of each point of the object
is spread over a larger arca within which the distribution of light is
irrerular, These sbharrations depending upon anatomical strusture vary
congiderably 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 importemt factor
in producing‘colour contrast, yet it seems that it has not been yét
satisfactorily studied, Chromatic and spherical aberrations of the eye
will now be discussed in detail,

(1) Chromatic jberration of the Eye,

The oye suffers from comphete absence of any correction of the
: 18
chromatic aberration.( ) In normal vision we are quite unaware of its
effects perhaps because they may be isnored during the visual perception,

either in the retina or in the brain, Light of shorter wovelengtis is

brought to a focus nearer to the eye lens thon that of longer wavelengths,
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1 Chromatic aberration
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Figure (113) The effect of the spherical Figure (114) The combined effect
aberration of the oye (not to scale). of the chromatic and spherieal
aberrations.



Looking at the test poteh, 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,(z)

Young(4) and Helmholtz(?) Recently it was measured by Ivanoff (92)

(93)

(using 11 eyes), and Wald and Griffen (using 14 eyes). dccording to
Ivanoff, (92) the average of his results is in a very good ggreement 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 pawer
of the refrncting system of the eye varies from - 0,62 diontre (at

A= 750 m. p) to + 2,63 dioptres (ath = 365 m,p.) These values are refefred
to the case of A= 578 m, e 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 simultancous colour conmtrast pehnomena,

(figure 112) based on the reduced eye (Emsley) (Figure 111).

Assume that fl and f2 are the focal lengths of the eye system for
‘the dominant w&velongﬂmzkj_and% » of the test and surrounding colours
respectively,

Fq and Fp are the corresponding dioptric powers of the refracting
system of the eye, ny and n, are the corresponding refractive indices of
the vitreous humour, A, is the axdal chromatic éberration, Xe is the radius
of disc of least confusion, H is the radius of bthe eye pupil and X is
the distance between the nodal point of the eye system and the rebina: Thens

by = f2—f1 =:n2/F2 - nl/Fl =a®h (1)
where xc/a = H/fi (2)
and xc/b H/f2 (3)



Therefore ba = fz/fl (4)

hy=ar b =a(fy,+5) /8 (5)
Substituting from (1) into (5) we gebs

a=fy (f2— fl) / (£5 + fl) (6)
Substituting from (2) ‘égfl (6) we gete

x=H (5 - £) / (£, + £) (7)

Element angle subtended by X, &t the nodel point =:86C given by:

89, = %o/ X = H (fo-f) / X (£ * £7)

=H (ny ¥y -0y F)) /X (my Ty +my Fp) (8)

Considering that the disc of least confusion is a measurc of the
amount of overlapping of the surround on the test colour, then SSC Tee-
presents the angular overlapping in radians,

The relative overlepping = 88, / © (9)

vhere © is the angle of subtensc of the test colour in radians,

The relative overlapping shows the c¢ffectivencss of the chromatic
eherration in the simultaneous colour contrast phenomena. Since X is
constant and H is determined by the viewlng condition, the relative
overlapping depends on the dominant wevelengthg \ .nd>s2 of the test
and surround colours, and on the angle of subtense of the test colour
(8), It increases with the increase of the difference betwecn >‘1 and?\z
(iees with the increcase of the separation between the test and surround
colours in the hue chart) and with the decrease of the element angle
of subtense,

Now Sec/e shows the overiapping per radion of angle of subtense.

Therefore the relative Uvorlapvlng per lo eiement angle of subtense can

‘\ IS

be obtained by substituting 9 = 1 I/{lSO nm\m,h
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The percentage overlapping per 1° element angle of subtense (ﬁhc)
can be calculated, [pplying the average chromatic aberration given by

(93) (92)

Wald and Griffen and Ivanoff 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 resulis of

(94)

Crawford ond Resves for one of the levels of adaptation used in this
work, (2,9 ft. lambert) the values of the percentage overlanping A o

can be calculnted for different wavelengths, Table (26)'shows these
volues referred to the cose of A= 578 m.p. whereé%c = 0, Figure (115)
shows the calculated relation between the percentage overlepping (6(9

of any colour surround on ycllow test colour (hx?'578 m1) and the
dominant wavelength of the surround. To calculate the percentage over
lapping for any test and surrounding colours, the values oftﬁc correspond-
ing to their dominonteavelengiliz hove to he subtracted from ecach othere
For cxample if the test and the surround colours are blue and red (or
vice-versa) of dominont wavelengths 430.8 end 6 87 m.j, then AC = 5,17
- (-1.83) = 7,0% ( for 1° clement anglc of subtense)

(2) Spherical Aberration of the Eye.

Young was the earliest to measure the gpherical aberration of the

., (92

eye, Ivanof using & similar method, showed that the spherical

aberration of the eye varles with different states of acccmmodation, - In

(95)

a very recent paper, with a more ecluborate technique, Brink showed
that: (1) The refracting system of the eye has an optically inhomogencous
structure, (2) the accommodation causcs an irregulrr change of the

dioptric power over the area of the eye lens, (3) At the state of

accomuodation giving maximum visuel accuity of the eye, the homogeneity
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is better th;n 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 stotes 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 mercdian, at different stgbtes of accommodation.
Due to the spherical aberration of any uncorrected lens, the
morginal rays are focused at a point necrer to the lens than thot of
the paraxial rays., When a wide beam of light falls on such a lens, the
inage 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 overlepping 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).
fhsgume that f7 ond fg are the focal lengths of the eye system for
paraxial and marginal rays, Fq and Fp are its corresponding dioptric
powers, n is the average refractive index of the vitreous humour, AS
1s the axial spherical aberration, xg is the radius of disc of Ieast
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 dicwitric
pawer can be referred to ite 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 relina, thens

Au=f2—-fl =n/F2—-n/F1=a.+b (10)



where xs/a = H/fl
and x&/b = h/f2
assurie H = 10h
. e e = (H/fly(fz/h) = 10 fz/fl
A =a+h = (10 £, + fl) s./fl
Substituting from (10) into (15) we get:
o= gy (£, = £7) / (10 £y + £3)
Substituting from (11) into (16) we gets
%, = B (fp = £3) / (10 Fy + ;‘1)
Element ongle subtended by xg at the nodal point = SGS given by
x/X =0 (f5 - £7) /% (30 £5 + £3)
H (F) -~ Fp) / % (10 Fy + T)

1

G

i1

As o first cpproximation, we cen teke: Fy = F, =F = 60 dioptres.

e e Ses=H(Fl-F2)/11XFo<(Fl-F2)

(11)
(12)
(13)
(14)
(15)

(16)

()

(18)

(19)

Since X is constant ond H ig 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 884

represents the angular overlepping in radians.

The relative overlapping = 88,/ @

(20)

where © is the angle of subtense of the test colour in radians,

The relative overlanping shows the effectiveness of the spherical

aberration in the simultoneous contrast phenomena, It dependg on the

omount of spherical aberration in diptres and hence on the rodius

of

the eye pupil, and on the angle of subtense of the test colour (8).

It increases with the radius of the eye pupil and with the decrecse of



angle of gubtense.

Following the same method used in the case of the chromatic aberration,
the percentoge overlapping per 1° element angle of subtense (®% ) can be
calculated, fssuming the same valies of H and X considered in the previous
case, and toking Fq - Fy = 1,33 dicpbeo (from figure 117) for H = 2 mns,

h = 0,2 mm and a case of accommodotbion 1lo5 dioptre (the nearest to the
viewing condition used in this work for the experiments on the colorimeter),
then Ay = 1.34% for 1° element angle of subtense,

(3) The Combined Effect of the Chromrtic and Spherical Aberrationss

The chromatic and sphorical aberrations of any opticol system are
independent of each other, end they occur simultaneously. The correspond-
ing values of percentage overlapping can be added together as shown in
figure (114). The total percentoge overlapping A can be writbten as:

INERVSIE I (22)
Now Acdepends on the test and surround colours, the more these colours
are seprrated from each other in the hue chort, the more effective is
their chromatic aberrations Both A , and & (and hence their sum & )
increase as the angle of subtense is reduced,

APPLICATION TO THE COLOUR SAMPLES USED IN THIS INVESTIGATION,

Table (27) shows the values of percentage overlappingAC oand A
for the different colour combinations of the test patterns used in this
investigation for 1° elonent angle of subbense determined from the pro—
vious anclysis ond assumptions, Taking the case of 6' element angle of
subtense (used in the case of chorts (1 a~ and 2 a- )), the values given
in table (27) have to be divided by 0.1, Thc percentage overlepping will

ronge from 88.4% (in the case or orange and blue combination) to 24.8%
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(in the casc of grey ond groen combination) for any two opposite sides
of the square test patche This mannsg that the effect of this factor is
considerablec,

It must be remembered thot the combined cffect of spherical and
chromatic aberrations is one of the factors producing the posgitive mix—
ing process inthe simultancous colour contragte The following two
conclusions can be drawn:

(1) Since the combinations of the bluc with any other colour have
relatively higher values of percentege overlopping (A ) than thosc 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 showm in the
nothemetical anclysis in Chopter IX, This does not mean that the nega~
tive mixing process is missing, but the positive mixing process in this
case is bigger,

(2) Since the bluc end yellow colours used are complementary, this
may be responsible for the desaturcotion of the test colours when seen
against the blue-yellow surround,

Quantitative analysis:

The areca of the surround overlaopning the test colour is a border
square frame as shown in figure (118), The percentage overlapping area
in eny two opposite sides of the square test colour = (L. AL + L, A1) /
(1)% = 24, (whore L is the side of the tost colour square), In the case
of two colour surround (2 A) represents the percentege overlapping
aren of each surround and in the case of one colour surround the per-

centage overlapping arce will be 4 A,
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The total luminous flux folling on the area (S) of the retina on which
the test square colour (C) is imaged, in the case of two colour surround
(4) and (B), consists of:

(1) Iuminous flux due to the test colour (C) =K Y..8

(2) Luminous flux due to the colour surround (&) =2 (XK Y;2,8) / 100

(3) Iuminous flux due to colour surround (B) =2 ( K Ty Ly s) / 100
where K is o constant, Ya, YA and YB =re the relative lumincnces of co-
lours (C), (A) ond (B) respectively. The relative Tuminous fluxes ares

1=2WN@&AA :2(%3/Y&AB st Lesa ¢t d (22)

In the case of one colour surround {4), the relative luminous fluxes

ares- 124 (L/ 708, & 1:a,

Table (28) shows the calculated values of the mixing coefficients a&
b for one and two “olour surrounds, for 15! element angle of subtense,
Fron this toble b £ollowing conclusions can be droawns

(1) The coffect of one colour surround is additive, which is in con~
tradiction to the empiricalgule (2).

() The effect of one colour surround is bigger than the offect of
two colour surrounds, since a2 = 231 and the effect of b, is opposite to
that of a, (since the surround colours (4) 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) Therec is no difference between the positive mixtures of the two }
colour surround, whether the test colour (C) is mounted on stripes of co- 5
lour (4) or colour (B)., This conclusion is in contradiction to the actualg
appearance of the test colour in the two patterns (plates 1 - a and 2 a)
and to the empirical mle (3).

From these conclusions we ean deduce that althoush 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

contragt phenomena, but it cannot by any means; be the only factor,

(B) PHYSIOLOGICAL CAUSES:

(1) THE INTERACTION BETWEEN ADJACENT RETINAL AREAS:

It is well-known that adjacent areas of the retina are interdepend-
ent, This may be due to the compleﬁkeural system joining the receptors to
the optic nerve fibress 4 number of electrophysiological investigations

(96) (97)

wore done by Granit, Rubstein and Therman and Brindley on frog!'s
retina, Barlow, Fitzburgh and Kuffler 7 _on catbl!'s retina, Hartline and
Rat@liffé(gg) on limulus eye, Motokaua, Yemshite and Ogawéloo) on carps
retina, and others, and thesec yield evidence for such intoraction,

Granit and his co-workers projected two points of light 0,3 mm apart
on the retina of an open frog's eyc, the potentials {showing the responses)
were added if the excitations were simultaneous, This shows directly the
physiological spreading of the excitation over the zatina.

Brindley found thet if a retinal reglon is stimulated with a small
spot of light; a micro-electrode within the stimulated area records large
negative charges at "on" and at Woff¥ (i.e., at the stert and cessation of
the stimulus respectively). This response continued but decreased gro—
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 1lluminated with the electrode at its contre, it often happens that
similar responses, but of opposite sign, are obtained, Then he recorded

the responsc due to simultancous illumination of a gmall spot centred on

the electrode and of an annulus surround, Thc response was far from being
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oqual to the sum of those produeed Ly the spot and the amnulus scparately.
He suzgests thnl thiswgs Jue bo The retinal interaction whose phveiological
basis seens to be complex,

Barlow and his co~workers report that the receptors are inter-
connected in a complicated way so os to form overlepping fields, When a
lerge area 1s 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 wherc the receptors ame
subject to inhibition from one side only, They conclude that loteral
inhibition is the cause of simultancous continst phenomenas

Hartline and Ratliffls investigation led to the following conclusions:
The amount of inhibition exerted mutuclly betwcen any two single receptor
units is less the further they are apart., If two groups of receptors are
illuminoted together, the totel inhibition on a test recceptor near them
depends on the combined inhibitory influences exertéd by the two groups.

If the two groups are widely seporated, their total inhibitory effect on
the test receptor equals the sum of the inhibitory cffects they each pro-
duce separately. I they are close enough together to interact, their
effect when acting together is upually less than the sum of their separate
effects, since each group inhibits the activity of the obher 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 disiributed over the retinal recepior mosaic, it is
modified by the inhibitory interaction,

In a very recent poper, Motckawa and his co-workers recorded simul-

taneously the slow potentials and spike activity of gonglion cells, They
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Flgure(119) Magnitudes of slow responses (a..as}&relative numbers of
impulses (R.7.I.)are plotted as a function of distances between clect-
rode tip end centre of light spot, (o~ for "on" and (e—s) for "off*
discharges. B is the silmulus in size and position, Intensity and
duration of the stimulus were 1250 lux and 0./ sec. regpectively,
(Motokawm and coworkers).
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Figuro(120) The potentinl field within and without a wide retinal inesc
(25 x 2.5 mms) in size., Manitude of response was measured froa base line
to steady level of responge and plotted apainst distance between electrode
tip and centreo of illumination. (Motokawa and coworkers).



sumnori sed thelr results as follows:

(1) The slow poténﬁi&ls within o small illuninnted area (0.2 x 0,2 )
were positive in polarity relative to an electrods placed at the back of |
the retina, In the surrcunding arec there appeared negative potenticls
which had maximum amplitude at a ghort distence from the margin of the
illuminated al%ﬁgnd extended as far as few millimeters (os shown in
fifure 119),

(2) When the rctina was exposed bo stimuli larger thon a certain
limit (arcx used is 2.5 x 2.5 mm), the pusitivity of slow potentials was
mamimun ot the moargin of the illuminated area. They interpreted this
result as physiological evidence of border contrast (as shown in figure
0 )

(3) The positive slow potential is o locel process, whi%c the nego-
tive one 1s a propogating process., On the basis of. these propertics,
the spatial distribution characteristics for border contrast was amccounbad
for in terms of intercction hetwcen positve and negative potentials,

It is clear from this survey of some of the work done in electio-
physiology, that retinal interaction exigts and that its function is
complicated, It may be argued that all these experiments werc done on
animal retinas which nay be different in structure and function from
the humon retina, This is true to o certeih extent, We are mainly con-
cerned, in colour vision, with the human foveo, which is mainly populated
with cones, while those retinas studied may be moinly populated with rods,
Also in the human fovea, histological evidence indicatcs that there are
smell ganglion cells, eoch of which is conncclied only to o single conc,

while the usuel situation throughout the vertebratcs is that each gonglion
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#arves mony roceptors.‘B) However that one to one connection betweon the
. . . (101)

cones and the optic nerve fibres have been found by Polysk, to occur
primarily in the very centre of the fovea, vbside the central pit of
the fover, more diffuse forms of comnection become evident and the pogsi-
bility thet the impulses from neighbouring cones may intermingle, is greatly
inereased; this gives rise to loteral interaction between adjacent foveal

(12)

arel.s.

THE DOLE PLAYED BY RETTNAT, INTERACTION TN PRODUCING SIMULTANEQUS

CSLOUR_CONTRAST PHENOMINE,

If we assume that the results of the study of retinal interaction,
just mentioned before, apply, more or less, to the human fover, the
following conclusions can be drawng

(1) The mutual inhibition between adjscent areas of the retina is an
important factor in the effect of the surround on the appearance of the
test coloure It produces the negative mixing process which was mentioned
in the analysis of the results in Chapter V, and which will be seen in the
mothematical enalysis in Chapter IX,

(2) Since the inhibitory effects deswease with the increase of distance
apart, then it must be expected that the change in the appearance of Tthe
test colour is smoller for bigger angles of subtense, This is shown to
be truc from the results of Chapter VII,

(3) For big angles of subtense, the retinal interaction gives no
more than o boundary contrast effect which gives o small change in the
overall appearance of the test colour,

(4) The total effect of different parts of the surround is equal to, |

or o little smaller thon the sum of their individual effects for Wig or
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" Pigure (121) Record of Trenor (Fender).

Intercons Zone.

Figure (172) The movements of retinal image, the diameter of the clrcle
ig 10 minutes of arc. The numbergd dots indicate pocitions at interveals

of 0.2 sec. The Tremor is not shown. (Ditchburn).
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small angles of subtense respectivelys,

(2) THE EYE MOVEMENTS,

It has long been known that small involuntary rotations of the eye~
ball exist even when the observer tries to fixabe as steadily as possible
on a well defined targets These rotations cause movements of the imnge
across the retina, which prove to be essential in visual perception, ILoxd

(102), (103)

ond Wright, investipated the eye movements and surveyed the

different subjective ~nd objective tachniques of their recording. Rat-

10. 10 106
1iff and liggs, (104) Barlow,( 5) Ditchburn and Ginsborg, ( )and
(0]
Ditchburn, (107)’(loo)studied the eye movements during fixation and their

effect on vision,

The methods used in these studies fall into two main groups ¢
(2) Those depending on reoflection of light on the cornea, and (b) Those
using o contact lens with a plaone mirror, Most of the results showed
that thore are three types of eye movemeuts,

(1) An irrezulax rapid oscillatory movement called a "Tremor", The
corresponding movenents of the image relative to the retina afe of the

order of the dirmecter of o foveal cone (24 sec, arc.) of frequency 30-
(109;

4

150 C.P.S., Figure (1%1) shows an amplified record of tremor by Fender.

(2) Sharp saccadic moveﬁents called "Flicks", up to 60 min. are,
lasting for aboub 0,03 second ond occuring ot intervals which vary from
0,03 to 5 seconds,

(3) L slow "Drift" at a rate of about 1 min, arc. per second during
the interflick periods,

These volues (which agree fairly well with the results of others),

together with figure (139) showing the movement of the image of a fixation
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point across the retina, arc 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
magnitude, He also suggests that these movements agsist normal vision
nercention in the following ways

(1) The tremor oscillates the boundaries between light and dark
arcas 1n the visusl image across certain retinal receptors, This causcs
rapid variations of stimulus of these receptors producing their "on-nff"
action and bursts of potential spikes travel along the associcted nerve
pathway to the cortex.

(2) If the tremor were the only movement, certain receptors would be
stronzly stimulated all the time and others which were subjected to steady
illumination would be weakly stimulated, The drift moves the boundories on
to new sets of receptors, which have not been subjected to the "on-off"
stimulation,

(3) Since the drifts are predoninantly in one direction, the flicks
operate to restore the image to the central fovesa,

Ditchburn and others,(llc)’(lll)devéloped a toehnique in which the
eyc movements of the observer controlled the movement of = trarget such
that its image remains accurately on the same part of the retina all the
time., Such an imege is called a stabilised retinal image. He found that
by stabilising the imnge in this way, the main functions of visual and
colour discriminntion (especially in the blue green region) feil interw
mitbently, partial vision being restored from time to time, This shows the

important function of the cye movemenbs in visual perception,
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THE EFFECT OF EYE MOVEMENTS ON STMULTANEQUS COLQUR CONTRAST PHENOMENA,

It is obvious thet eye movements play an important role in the
phenomena of simulbancous colour contirast, Although the observer concen—

- tretes on the test colour, yet his eye, through its involunbury drifts and
flicks, surveys the whole test pattern. The tremor, being rapid and of
small amplitude, affects thg aypearance of the boundaries of the test and
surrounding colours; This effect is enhanced as the angle of subtense is
decrcased.

The cyé movements may be responsible for two opposite effects:

(1) The persistence of vision ord (2) the successive colour zontrast,

The peweistence of vision,(B)describes the fact that the effcect of the
stimulus on the retina remeins for o short time after the cessation of the
stimulus, .The tremor being ropid ahd of specd above the critical frequency
of flickering may couse the mixing of the scnsotions due to the test and
surrounding colours at their boundaiics, Jn the other hand, the different
types of cye movenent cause the same arca of the retina to be alternately
stimulated by the test colour and different parts of the coloured surrounds
Hence the appearonce of the former may be affected by the after-image of
the latter.

The first effect results in simple addition of the test and surrounding
colours. The sccond effect depends on the nature of these colours ond mostlT
produces the overlepping of the complementary colours of the surround and
test colour, 4 private communication from Professor Ditchburn showed that
for both the flick and drift eye movements, the amplitude of the vertical
component is in general greabter than thot of the horizonbal component,

This may throw a light on the positive mixing effect of the side stripes s
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If Ditchburn's theory that the brain in some way fills in a region

e e a C v . . B (112)
such as the blind spot, from which it reccives no signals whatever,
is trge and genercl all over the retina, thon the boundary effects (due
to the tremor eye movement and chromatic end spherical aberrations),

become zenerally vory important not only for very smell angles of sub-

tensc, Howover this theory nceds more investigation to bhe well establisheds

(C) PSYCHOLOGICAL EFFECTS.

It hﬁs been mentioned in Chapter I that colour nerception is of three
phases: physical, physiological and psychologicals The physical phase is
concerned with the spectral energy distribution of the lizht falling on the
cye 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 spectrel energy distribution of the light energy by
the light receptors of the retina (cones and rods) and sending a message
to the visunl cortex in the form of nervous pulses of a definite code
through the neural system and the optic nerve fibrese The psychological
phase is concerned with the decoding of the neural message rcceived by the
visual cortex and interpreting it as the subjcctive imopge of the coloured
object we actunlly sece,

This chapter, has, so far, declt with the role played in simulbaneoucs
colour contrast phenomena by the physical defects of the eye system and
the complicated physiological factorse We arc left now with the psycholog-
ical causcs of such plenomena which tond to lic outside the scope of
physical interpretation.

(21)

The application of psychology in colour vislon deals with the

study of the relation between the colour as salculated for the standard
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observer (the objectivc phase of colour), and the colour acﬁually perccived
by the mind of a real observer under ccrtain 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 frem the physical no~
ture of light reaching his eye. fpmcepﬁion includes the psychological
factors of attention, attitude and feeling which affect the subjcctive
image seen, Also, the mental faculties of any person arc a part of his
learning and everydey experience. That is why the interpretive reaction
cf bhe mind Lo any corouved scene is purely subjostive., Lnere arc Lwe
possible psychological factors in colour contrast,

(1) Psychological interpretation of the test pattern as a whole and

(113)

its effect on the appenrance of the test colour, Tenant, expressed

this idea as "The principle of the relativity of our perception of visual
cffectss  The whole test patbern may be psychologically inteiproted as
consisting of two main parts: The stripes on which the squares of the test
colour zrc mounbed 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 squarcs of the test colour may be looked at as belong-
ing to the sfripes on which thoy arc mounted and hence their contrasting
effect, This affects the judgement made by the observer in adjusting
the N~G-B mixture in the comparison patch in the colorimeter, or choosing
the coloured chip in the Munscll Book of Color, to match the test colour
in its surround.

(2) Perceptunl processes in the brain may enhance the changes in

(13)

the apjpearance of the test colour against its background,



CHAPTER IX

SIMPLE LINEAR ANALYSIS OF THE COLOUR CONTRAST PHENOMENA BASED

ON THE MIXTURE_EFFECTS OF THE SURRQOUNDING COLOURS ON THE APPEAR

.y
=

ANCE OF THE TEST GQLOUR.
The different possible factors tﬁat may be rasponsible 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 needst—
(1) More knowledge of the visual processes which is incomplete wup 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 nrocessess

(4) The Case of Two Colour Surround:

Agsume that the appearance of the test crlour ih its surround
(CAB) is a linear function of the test colour (C) and the surrounding
colours (A) and (B) as scen on a white surround i.e,
(Cpp) =2 §(0),(8),(®} a
Where (CAB),(Cj,(AJ & (B) are given in the corresponding C.I.E.
unit trichromaticlggggﬁgoggpggﬁgiggdmggéurement £.e. by matching each of
these stimuli against the equations obbained by R.G.B, mixture under the
defined surround conditions which can be written as follows:-
(048 = %5, (B) * v (D + 56, (2) (1)
(0 =x, ®+y, @ +5 (@ (2)



274

x, (%) + yy (0) + = (2) (3)
(4)

()
(B

h

xp (X) +yg (1) + 25 (2)

fu

The coefficients %ape om0 Fogpieee & xp, yps zg are experimental
4

values,

Now assume that the linear function l\I‘) can be wriﬁten ass-
(Caprz c (C) *+ a (4) + b (B) - (5)

Where ¢, & & b are constants which can be called mixing coefficients,

Substituting from (1), (2), (3), and (4) into (5), and equating
coefficients of (X), (Y) & (Z) in both sides of the equation we get:-
=cxg*tax, +bxp (6)
(7)
(8)

Xoam
Youg =S Vg teayytb Y
“acﬁB=ch+-e.zA*sz
Equations (6),(7) and (8) con be solved and the values of the
mixing coefficients ¢, & & b can be determined,
Equation (5) is cpplied to the case of compound pattern, of 15!
olement 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 patterns Jflso the orange, « @nd grden. .- test colours
ghow 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, o & b) show the mixing coefficients thot have been
caleulated from experiments with the two colour surrounds: (1), (2),(7)

& (8) for oll the test colours, at normal and 20°viewing angle, normelised
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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 t;o 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 preitive mixing process due to the chromatic gberration
(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 eéfect 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.



270

These “wo conclusions are shown grepiically in tho case of 20°
viewing snglc (where the cffects are bigger thnn in the case of normal
viewing), in Chapter V ,

(3) The mixing coefficients for =211 the test colcurs are bigger in
the casc of the inclined test patch thon that in the ¢nse of normal test
patch (excert in the excepbional case of grey test colour on surround (lﬁ
and hence the bigger shifts nobticed in the former case thon in the latter

oe.

(B) The Case of One Golour 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 cquaticn (5) for two colour sur-
round does not apply for one colour surround by equating the mixing co-
efficient of the other surround to zero, I that was the case, ex-
panding equation (5) and cquating the coefffcicnts of (X), (¥) & (2) in
both sides we get three linear simultaneous equations in two unknowns
only. This does not give unique roots excent in a special case fthen
the point representing the appearance of the test colour in its surround,
lies én the straight line joining the two points representing the test
and the surrounding colours againg. o white background. This is not, by
any means, the case for amy test colour.

So it seems necessary to add another factor to this equetion which
gives the usual case of threce eguations in three unknowns., Since all the
points representing the apnearance of the test colour on one colour
surround as shown in figure (42) (and other similar figurcs for different

viewing conditions), are shifted a little from the case of white surround



towards desaturation, i.e. more or less towards the widte point, so it
was thought of adding to the R.H.S. of thelguation a fraction of equal
energy standard white SE’ This addition represen‘bé a desaturating
factor in the equation,

So we can assume that the appearance of the test colour € in one
colour surround 4 i.e. (CA) is a linear function of the test colour (C)
on a white surround and the equal encrgy white (W), This can be written
in the forms-

(0 =T :K0), (&), (0} o

Where (CA)’ (C) and (L) are given by the corresponding C.I.E. unit
trichromatic equations obtained by the actual matching, Gy can be
writtén in the forme-

(Cy) = =x¢u(X) ¢ ¥o, Y) * 5 (zZ) (9)
where XC, & yoA & zo,  8re experimental values,

and (C) & (i) arc given in equations (2) : (3) respectively

and (W) = 0,333 (X) + 0,333 (¥) + 0.333 (2) (10)

i

Now assume that the linear function (II\ can be writtcn asi-
(€ = ¢ (C) +a(d +b (W
o (0) +e () + pl(X) + (V) + (2 (11)

i

b = 0,333 b -
where ¢, a & b are constant® called the mixing cocfficients,
Substituting equations (9), (2) & (10) into equation (11) and
equating cocfficients of (X), (¥) ond (Z) in both sides we geti-

%6, =cxgtax +b (12)

Yo, =oTptay, e 22
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ZGA =czc+a.zn+b (14)

This means that the addition of the equal cnerpgy whitg(W), is no
more than adding a constant (b) to the R,H,S. of the last three equations.
BEquations (12), (13) & (14) can be solved and the values of the

mixing coefficients ¢, a and b can be determined.

BEquation {11) is opplied to the casec of one colour surround in
compound pattern of 15' element angle of subtense for all the test colours
used at normal and R0° vicwing angle for the samec reasons mentioned in the
case of two colour surrounds.

Tables (29, a and b) show the mixing coefficicnts 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.“él==1). »

It can be easily seen from these tables thats

(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 bluc tést 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 o good verification to Rule (2) in Chapter .V 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, This shows the desaturating effect of
the one colour surround compared with the case of white surround which

was just montioned in the argument about adding the equal energy white (W)
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3N - p o+
(a) 1- 0,1562 | 0,148 ] 0.0711 { 0.1129 |
& 2- 10,0513 | 0,480 00279 | 0.0293
= 3~ 10,0116 | 0,0150| 0.0087 } 8. 0055
(b) 1= 0.2339 {0,0960| 0,1621 |0.00044
3- 0, 00002

0, 0173

0.0199.
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to equation (11)

These two results justify the suggested form of the linear function
(If)for one colour surround, |

(3) fis for the effect of the viewing angle on these mixing
coefficients, it can be said after exomining table (2 a & b), that there
is no definite trend as in the case of the two colour sﬁrrounds. This
nay be due mainly to the wide range of variation of the mixing coefficient

of the white (W).

\Q THE POSSIBILITY OF PREDICTINGTHE APPEARLNCE OF 4NY TEST COLOUR

AS SEEN AGATHST ANY BAGKGROUND.

Predicting the appearance of any test colour seen against any
background, must be the aim of such quantitative study of the colour
contrast phenomens, This would have been easy if the mixing coefficients
could be calculated successfully by other means than the actuzl 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 eppearance of the test colour on its surround
could be calculated.

It can be seen from the possible cauges of colour contrast phenomena,
as discussed in the last Chapter, and the conclusions mentioned in this
Chapter, that there arc two opposite procecsscs ecting simultaneously to
produce such phenomena, namely %he 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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Y 5 ‘gg MENT Anegg OF _SUBTENSE, 200 VIEWING ANGLE, TRANSFORMED 10
' MACADAM UNIFORM CHEOQYATRICITY cuAm.

4 : v = 6 v
R _x-rlﬁy.i 32 ' x ¢+ 15y + 32
U GRET.IE sq_j"(;{)mﬁn GREEN
sumousd | U . ¥ | . |sumoumn| U V-
1t | 04286 ] 00357 1 0.150 | 0.359
-2 1 0,24610.313 2 0,126 | 0,341
3} 0.280]0.343 3 0.141 | 0.353
. - 0,276 | 0,350 4 0.143 | 0.355
5 0,781 0,346 5° 0.138 | 0.356
-6 0,253 | 0,339 . 6 0.161 | 0.359
7 C0s354 | 0,341 '
8- ] 0,210{0.349 | -
9 104253 | 0,341 ' ‘
0 »0.293 0.342 : ‘ YELLOW _
o SURROUID| U v
... ORANGE
e 5 0.263 | 0.353
SURROUND | U v 6 0.236 | 0.358
X y 0. 289 .
T | 0.387] 0.350 ;| %5
2: 0,417 0,327 o DAL .359
g 0,424 | 0,341 '
Q.?’?S 04343 BLUR
S SURROUN i
WHITE _POINT SUrmou v
o 5 0,139 | 0.257
T 6 0,232 | 0.287
! 0.211, 0.316 7 0.253 | 0,269
L 8 0,201 | 0.275
9 0, 202 0. 269
10 0,217 | 0.273
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of the stripe on which the test colour is mounted, in the case of +we
two colour surrounds, when the former is smaller than the latter the
mixing coefficient is positive as the effect of the two side stripes for
~ a two colour surround,

The neture of the positive and negotive mixing coeffecients is
rather complicated, since cach of them depends on more thon one factors
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 2
their corresponding points in the chromaticity chart., But it does not
geem likely that there is any lineor 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 ond surround-
ing colours are divided by thelr corresponding arees and luminances,

The results are contained in rows (1,b) and (3b) 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 hes been expected since the C.I.E., chromaticity chart
is non uniform i.e, the distance gpart of two colours in the chart is
not a measure of their subjective difference (the verceived sensory
difference). That is why the C.I,E, unit trichromatic coeffecients

were transformed into those of a2 uniform chart (Macidams Uﬁiform Chart

was chosen for the simplicity of transformation), Table (30) shows the
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TABLE (31) TH' MIXIHG COEFPECINNTS, FOR TUC COMPOUND PATTERE 15' SLEMET
ANGLE OF SUBTZNSE, 20° VIEWING ANGLY, AFTER TRATSFORMAITON TO MACADANS
UNIFOTY (HROMATICITY CHART, (1) THE MIXTNG COEFFECIENTS' NORMALISED FOL UNIT
MIXING COITFECINT OF THE TEST COLOUE, (2) THE AME DIVIDED BY THT RULATIVE
LUMINOSITIES, (3) THE ©AWF, DIVIDED BY THE “TLATIVE LUMTNOSITIES AL ATEAS
THE_SRCOND CASE OF VPR DLUE REFERAED TO BLACK SUTHQUIT., '
SR T 3 N T "
TEST COLOUR | 23 b, s | o e b 5 lee . fBe
. - + - + 4+ - -— 4
{3 1- {C.1016 | 0.0115]0.3059{0.1739 | 0.1045 | 0.1076 | 0.0436 |0.5639
H 2. {0,0529 0. 1568 0.0305 { 0.1593 | 0.0127 | 0.8349
3-  |0.0060 . |o.0178 . | 0,0055 | 0.0498 | 0.0040 |0.1575
P + - + +* - - +
2 1~ ]0.0100] 0.0514|0.0581{0.1674 | 0.3959 | 0.0613 | 0.1473 | 0.1303
5 2- 10,0050 0.1480] | 0.1985 | 0,1561 | 0.0733 | 0.3319
v— — e =3 na. il Koed
2 1~ [0.0213] 0,0775]0.0239{0,0874 | 0.1195 | 0.0324' | 0,1589 | 0.1558
n 2~ 10,0162 0. 0921 © ] 0.0906 { 0.1248 | 0.2205 } 0.6002
% 3= 10,2018 0.0105 1 0.0162 | 0,0390 | 0.0377 | 0.1132
SURROUND 9 | 16, T 8
TEST COLOUR | 2g bg : am' bio | & b, @.8 bg
o - + - S + - - +
¢ 1~ | 0,0985(0.1823 [0.1436{0,0785 | 0,0925{ 0.3233 0,2599 101750
M 2« 0,0573 - 1045442 v 10.05381 0.1243 0.1511 |0, 0673
3- | 0.,0065{ 0.918)  10.0096| 0.0338 | 0.0472 |0.0127
< 1~ | 0.1026]0.0207 ]0.0995]0.0140 | C.i7718| 0.1042. | 0:1005 |0.1392
T 2= | 0.2047 0,1312f 10,1432 21374 | 0,2184 10,1836
@ 3-4 0.0233 0,0149] 0,0270{ 0.042 0.0663 {0.0346
B 1- ] 0.0490] 0.1742]0.4397|1.23281 0.2999} 0.1118 | 0.0952 |0.1464
& 2~ 0.0192 0.1141 ] 0.1177{ 0.0290 | 0.0374 {0.0380
3- | 0.0022 0,0130] - |o.0222{ 0.0091 { 0,0117 {0.0072
© 0 1-| 0.1656] 0.1238{0,3871{ 30972 | C.1525) 0.2133 | 0Q.1740 j0.0011
& 3~ 0.0188 . 0. 0440 | 0.0307{ 0.0667 | 0.0544 }0.0002%

—
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new unit trichromatic coefficients in this sywtsn‘gf‘all the‘te?t E:}gurs
used in the case of the compound pattern viewed ot 20°ang1éf Taﬁle (31)
shows the corresponding mixing coefficicnts normalised for unit mixing
coefficient of the test colour (i.e. ¢ = 1). The negative and positive
mixing coefficients follow exactly the same system explained earlier in
this chapter, They ere then divided by their corresponding =areas and
Jum*vnance and normalised for unit coefficient of the test colour. These
final results can be called the normalised unit mixing coeffecicnts
(¥,U,M.C.) Their values arc plotted (as ordinntes) against the distance
between the corresponding test and surrounding colour in the uniform
chromaticity chart (as obscisaz) figures (121, 122), Straight lines ave
Jjoined between the two points corresponding to the two surrounding
colours in identical cases (e,gs 0....0 for one colour surround, Xee=
for the colour of the strive on which the test colour is mounted and
&-~—2 for the colour of the two side st:ipes, in the two colour surroundsq
These straight lines have no significance but they serve as indicator
for compafison. From these firures it can be seen thats

(1) The N,U.M,C. ore the smallest for one colaur surrounds (except
in the cases of the grey and bluc test colours on green surround).,

(2) The N,U.M,Ce 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 tho distance apert between the test and surrounding

colours in the uniform chromaticity chart, the bigger the N.U.M.C.

This means that the bigger the opparent differcnce between the test and

the surrounding colours, the bigger the colour contrast effects produced,
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This is shown clecrly in the cases where there are big differences
between the distonces apart of the test colour and the two surrounding
colours e,g, for the grey ond orange test colours on yellow and blue
Barrounds and yellow and blue test colours on orange and green surrounds
with one exceotion 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 token as an
evidence against this conclusion which is logical but can be explained
ags due to the fact thalt even in this uniform chromaticity chart, there
is no exact equality of colour steps (which is particularly noticeable
for small differcnces).

There ic 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 chromsticity « No wonder, because all the
last treatment was over gimplification 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
st and surrounding colours in the uniform chromaticity chart, their
N.U.M.Cs can not be estimated, Hence, in this stage of work, it can
be said that the appearasnce 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 dome in this field, This needs more
understanding of the actual causes of the colour contrast phenomena

and their interaction with each other Yo produce the final colour

appearance,



Even then, it must be remembered that different observers perceive
colour contrast effects differently, so the average values of a number
of observers must be taken.

Neverthcless, before reaching this stage of generalisabtion, it is
uscful to apply the seme analysis used in this investigation for the
average results obtained by seversl observers for different combinations
of test and surrounding colours arranged in different patterns used
in our cveryday life:in naturc, 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 gsurrounds used arn these colours together

with (almost) neutral white sand black,
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CHAPTER X,

SUMMARY, AND CONCLUSIONS,

In this investigation the effcet of the surround on the appcarance
of a seléction of test colours wos gtudied in o limited number of cascs
at a limited number of viewing conditions, as an introduction to the study
of simultaneous colour contrast phonomena.

L poxt of the study was done by a number of observers on tws charts
gimilar to plates (1,3) and (2,8) illuminoted 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 conditionses The other part was done by the author on thecs
charts and on simple and compound patierns of one and two colour surrounds
illuminated by standard source S;, using o modified form of Donaldson
colorimceter,

In the first ports (1) The observers passcd 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 subtensc of the whole pattern was 42! giv—
inz big changes in colour apjpearance. (4) The observers werc fairly con-
sistent with thomselves., (5) The corrcsponding shifts according to di-
fforent observerg, referred to the caose of white surround, were roughly
in the same general direction, but they voried amongst them in magnitude
and dircction, This shows th-t, although there is a general tendency
among the observers to perceive a certoin change in the oppearance 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 chenges in the quality and brightness of natural daylight and
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(b) difficulty of matching among untrained observers), but 1ainly due to
personnl factors ( (a) different stnsitiviiies of colour rec eptors,

(v) different densitiug of macular pigment, f(c) differcnt retinal inter-
action, and (d) different psychological interpretation of col our appoor-
ance, among the observers)s (6) The average shifts show in generol, 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 studieds (AL1 the

shifts were rcferred to the case of white surround),

(A) THE EFFECT OF DIFFERENT COLOUR SURRQOUNDS: The rcsults showed

the following:

(1) The shifts due to two colour surrounds are bigger than those duc
to one colour surrounds.

(2) The cffect of one colour surround is in general, subtractive,

(3) In the cage of two colour surround, the effect of the stripe on
‘which the test colour is mounted is, in genersl, subtractive and that of
the two side stripes is generally additive.

(4) The shifts due to black surround ore generally towards desatu-
ration,

These conclusions were shown for different cases grophicoelly and
analytically,

Tbe.Effoct of the Compound Pattern:

(1) The shifts in the case of the compound pattern are generolly
bigger than those in the case of the simple pattern (except for the orange
and green test colours).

(2; The test colour looks more deswburated in the case of the
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compound pattorn than in the case of the simnle pattern (except in the
case of the grey, where bigger shifts show themselves in higher saturation).

The Fffect of Surround on the foporent Brightness of the Tegt Solour:

(1) For one colour surround, the derker the background the lighter
the test colour looks.

(2) For two colour surround, the test colour secems to follow the
stripe on which it is mounted, The darker this stripe, the lighter the

test colour appearsc

(B) THE EFFECTS OF DIFFERENT VIEWING CONDITIONS: It was found thats

(a) Reducing the lwrinance of the surround of the comp-rison patch,

(b) Reducing the luminance of the whole test patch,

(e) Reduecing 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 chrometicities of the appearance
of the test colours due to different surrounds were enhanced,

(2) The set of points in the CEfbméticity chart corresponding to any
test colour due to different surrounds were shifted in the some order show-
ing two general trends:t (2) change in hue away from the yellow, and (b)
towards more saturation,

(3) Decrense in the lightness of the test colour,

At fhe same time (o) reducing the luminenee of surround of the test

colour (by using black instead of white sureound); (1) produces shifts
towards desaturation and (2) increases the "l-ightness of the test colour,
This result is not contradictory to the case (o) of reducing the luminance

of the surround of the comparison patck. In case (a), the effects
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measured :re the attempt of the observer to compenscte for the change in
the appearance of the comparison patch caused by the change of the lumi-
nence of its surround, when matching the test colour. This means that
the effects of the luminance of the surround on the comparison pdtch and
the test colour are the same,

4lso the (f) oricentation of the stripes plays its role on the effect.

The effect is more pronounced when the sgtrines are horizontal than when

they are vertical. (g) Vibratinz the charts up and down: enhances the

effect when the stipes are horizontal (this may be mainly due to the
increase of the additive cffect of the side stripes). When the stripes
are vertical no change was noticed (from the stationary case) at a long
viewing distrnce, getting nearer, o critical distance was attained when
almost no differcnce was seen in the appearance of the test colours in
the two patterns, and for a shorter disbance still, the diffcrence in

appearance between the two patterns were reversed, Thisnpay 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
sunmarised as followss

(1) The blurring of the imoge formed on the retina due to the
physical defects of the cye (scatbering and spherical and chromatic

oberrations), 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 rotina 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
poersistence of vision, In general, the ﬁdditive mixing process of the
side stripes may be explained as due to the additive factor of the eye
movenents whose vertical component is reported to be higher than the
hori zontal,

(3) Through the physiological interaction between adjacent retinal
areas, (mainly producing inhibition), thc nervous impulses carried by the
nerve fibres particlly modulate each other, such thet the final message
received by the visual cortex is n modified reproduction of the retinal
image,

(4) Psychologically the mental decoding of this megsage as a whole,
affects the appe~rance of ﬁhe 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 controsting effect 6f the formér°

Tn the light of these possible factors which suggest both additive
and subtractive mixing processes between the surround and the test colours,
a simple mathematical anolysis was done, It was assumed that the unit
trichromatic equations rcpresenting the appearance of the ﬁest’colour
agoinst 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
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found to be negative, In the case of two colour surround, the mixing
coefficient of the stripe oﬁ which the test colour is mounted was negative
and that of the two side stripes was positivee
A trial was done to find some way of predicting the appearance of any
test colour as seen ﬁgainst 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
normalised unit mixing coefficients in some of the cases increase;. with
the increase of the distonce between the test and surround colours in
Macidam uniform chromaticity chnrt, but no obvious relation could be drawn.
This failure of this trial was not surprising, since all this procedure
sos an over—-simplification to this complicated phenomena of colour contrast,
It is hoped that this introductory study of the simulitaneous colour
contrast phenomena may stimulate other people to investigate the phenomene
fron othef 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 phages and their interaction to produce
the mental image of colours we actually sce, filso it hns its practical
bearing in aegthetic, artistic and industrial uses of colour, since the

background is everywhere and affects everything,
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