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Preface

The text for Colour Dynamics—Environmental Colour Design is aimed at everyone
engaged in environmental design including researchers, architects, artists, and all kinds
of designers—especially those involved in interior and industrial design. The book is also
particularly useful for students because, at a time when the teaching of colour in design
institutions has waned, never before has colour been seen as such an important aspect
of all branches of design.

The content of this book represents an authoritative and comprehensive analysis of all
the issues influencing the colour experience and its application in design. The term
“colour dynamics” reflects the author’s recognition of the allusive nature of colour
which, until recently, has somehow become impossibly detached from the environmental
design process. This detachment results from a series of historical phenomena which can
be traced back to the foundation of the principles of modern science in the Age of
Enlightenment and beyond to the birth of specialism during the Quattrocento. Indeed,
only sixty or so years ago W. R. Lethaby pronounced “Science is what you know” and
“Art is what you do”. Unwittingly, perhaps, he compounds the two as quite discrete
cultures. By contrast, the study of colour necessitates an erosion of disciplines and
integration of art and science. In drawing together the body of knowledge from a variety
of sources and specialisms, the author—himself a scientist, researcher, urban colourist,
and accomplished painter—explains the colour sensation as an integrated system in-
volving relationships between man, his ability to see colour, and his environmental
setting.

The structure of the book is as follows. Chapter 1 introduces the concept of colour
dynamics as a new branch of science. Chapter 2 focuses on the mechanics of colour
perception (a complex process involving quality of illumination, the nature of the surface
receiving light, and the function of colour vision), colour mixing, and colorimetry.
Beyond a review of the evolution of colour ordering systems, Chapter 3 devotes special
emphasis to a detailed description of the Coloroid System. This is a comparatively new
system of ordering conceptually the three dimensional world of chromatic space based
upon intervals of colour harmony. This system was researched and developed by the
author at the Technical University, Budapest, expressly for application as a design tool
by architects, designers, and artists. After an explanation of colour phenomena, such as
adaptation, colour constancy, and colour contrast, Chapter 4 turns to aesthetics and
examines the impact of the eye and brain on the meanings of colour. This section
continues with an exhaustive historical siirvey of colour preference leading to examples
of colour association and symbolism.

The three concluding chapters begin a sequence of important sections concerned with
the practical application of colour. For instance, Chapter 5 presents the psychological
functions of colour and the influence of illumination on our preception of built space,
and Chapter 6 deals with the theories, structures, and scales of colour harmony. Finally,
Chapter 7 is devoted to the application of colour dynamics to a wide variety of interior
and exterior architectural settings.



X Preface

In setting out to provide a full coverage in depth of all the factors relating to our
experience of colour this book makes its contribution to the growing debate concerning
the quality of the built environment. It also aims to foster an enthusiasm for, and
understanding of, this complex subject and, above all, stimulate readers to use colour.
After all—and in the words of Sir Hugh Casson—* ... the best way to study colour is

to use it”.
Tom Porter



Introduction

Man has created an artificial environment around himself, and spends most of his life
there. This new environment has not only protected him from the adversities of nature
but has promoted his creative inclinations resulting, among others, in the birth and
development of technical culture. This, in turn has brought about an industrial environ-
ment, with new sources of risk for mankind.

In our age any activity—directed towards the construction of our environment,
involving not only architecture, but all creative and productive activities affecting either
the whole or some elements of this environment,—has to assume a new responsibility
aimed at reducing these sources of danger to help our orientation for the safety of life.

Technical development, however, has also raised our demands on our environment.
Actually, environment is expected to satisfy—as far as possible—not only physical but
also our intellectual needs. We yearn for an environment where our abilities can be
developed, activities experienced, and which can also be said to be beautiful.

Environment is characterized by the interrelations of its elements, their forms, surface
qualities and colours. In science, the systematic study of space elements and form
relationships has long traditions. It has, however, only recently been realized that colour
is an important factor not only in the appearance of the environment, but also its
“proper use”; much depends on the colour of environmental elements. It could be shown
experimentally that within certain limits, colour is more determinant for space sensation
than geometrical dimensions or proportions of space; space wall colouring of space
boundaries may be more stimulative than a dose of a drug, or more reassuring than a
tranquilizer. At the same time, due to the advent of artificial light sources, relativity of
colour impressions is manifest to anybody. As a consequence colour designers are faced
by an ever-increasing number of seemingly unmanageable problems.

Study of the environmental impact of colours is the subject of colour dynamics, a new
branch of science. Colour dynamics considers the environment, man living in this
environment, and the outer appearance of environmental elements, i.e. colour sensation
as an integral system. Correlations are sought between these three elements—colour,
man and environment—and conclusions are drawn on the impact of colours selected for
environmental elements on man living and working in the environment. Colour dynam-
ics integrates the results of several disciplines such as physics, physiology, psychology,
aesthetics and sociology.

Man shaping his coloured environment is himself subject to the colour effects of this
environment. His colour sensations do not arise as independent entities but in interac-
tion. The observed relations between colour sensations are often perceived as colour
composition rules, and are utilized in creative activities. Thereby, for instance, contrast
phenomena—investigated in physiology, to better understand the mechanism of vision,
or in experimental psychology to determine perceptional equidistance—become com-
ponents of planar or spatial composition.

Man’s judgement concerning his colour sensations is dependent on his environment.
These judgements are the indispensable foundations of his creative activities. Knowledge
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about colour preference and colour association are conscious or intuitive elements of
creative activity. Colour harmony as an ordering principle between colour sensations is
closely related to the message to be expressed. The psychosomatic effects of colours also
belong to the armoury of environment design. The practice of colour design of our
environment affects the built environment, but this process invariably assumes a natural
environment to which visual contact should be established. However, the blue sky, and
green leaves interact with the colours of an interior not only when one is looking out of
the window. Psychological mechanisms elicited by colours in nature persist in perfectly
closed spaces.

Mankind, by its building activity, creates for itselfa second Nature, an artificial world,
which—beyond being part of a tangible reality—is also a bearer of social features, an
expression, a reflection of demands, conscious-mental existence, habits, and conditions
of man as a social being. This is whereby architecture, i.e. the activity of organizing, and
directing the complex, material, mental and social process of space formation, becomes
an art. This art always exploited colour as a means of expression. Colour helps built
space to become not only a complex product of a wide range of high grade practical and
theoretical experience, technical-scientific knowledge, or what is more, a recognition of
social conditions,—but an expression of the integrity and humanity of man living in built
environment.

To let designers really handle colour as a tool in realization of his objectives, “colour
had to be liberated”—as Leger put it, or—as formulated by Moholy-Nagy “the
artist dealing with colours has to integrate the scientific knowledge of a physicist and
the technological skills of an engineer with his own imagination, creativity and emo-
tional force”. Painter professors of Bauhaus such as A 1oers, Itten, Kandinsky, K lee,
Moholy-Nagy, and Kepes, or architects such as G ropius and Breuer, did much
for the liberation of colours to become a tool of space formation. Unfortunately,
almost up to our days material obstacles prevented colour from becoming a “free”
means of expression in the hands of designers. Common efforts of several disciplines
seemingly rather unrelated to arts had to precede the advent of conscious environmental
colour design.

By now, it has been recognized that colour is able to devastate, build up, or modulate
space, to modify the spatial position of planes or the importance of masses. In fact we
are now able to provide designers with numerical relationships, reflecting the function
of space or the relationship between colours. It is its visual appearance which makes the
built environment an experience to us. Visual appearance is influenced by the intensity,
nature and direction of illumination. In this respect, illumination techniques have
opened up unprecedented possibilities to architecture, and it is the task of colour
dynamics to translate all this to the language of design.

In his environment, man is exposed to a wide range of influences. Colour may dampen
or enhance these and may protect him from harmful effects. Environment designers have
to be acquainted with these possibilities. Colour dynamics, relying on several other
disciplines, may give increasingly satisfactory answers to an ever widening range of
questions.

This book will first present the basic concepts of chromatics, then interactions between
colour, man and environment, and finally the principles of colour design relying on these
interactions. Much emphasis is laid upon correlations between colour perceptions, since
acquaintance with our environment has to begin with formulating relation systems
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between our perceptions. Nothing but space, form, and colour sensations can be con-
sidered as the compositional elements of environment design. Elaboration of relations
between colour perceptions cannot disregard the eliciting stimuli which are objectively
measurable physical magnitudes. The designer has to be acquainted with these correla-
tions, on which the recognition of the relationships of colour, man and environment, and
any conscious creative activity are based.

Although this book will present the various current colour systems, we will give
preference to the Coloroid colour system. This system was intentionally devised for the
design of coloured environment, and presents a balanced systematization of colour
sensations not only from the point of view of perception but also of aesthetics. It is
completely suitable for describing colour harmonies, involving unambiguous colour
symbols directly convertible into the physical magnitudes eliciting colour perceptions
and hence is suitable to visualize colours. Nevertheless, the system is simple and easy to
understand and therefore well suited to demonstrate relationships between colours.
Relations of colour, man and environment will be expressed with colour symbols of this
system. Experiments underlying psychometric scales of the Coloroid colour system, as
well as those on which their colour harmony relationships were based will be described.
Methods for using colour symbols in design practice and the construction of various
different colour scales will be presented.

Design of coloured environment means a duality—it is both a technical and an artistic
activity. Knowledge indispensable for the technical side of this activity, as well as general
guidelines for the artistic aspects will be offered.

Lastly, let me finish this introduction on a somewhat personal note and recommend
this book—uwith all of its formulae, diagrams and nomograms unusual for designers
—into your cognisance. | have been active as a painter for over 30 years. Some of my
paintings are in public collections, and perhaps half a thousand are privately owned. |
have designed acres of murals, stained glass windows, and mosaics, prepared colour
designs, and checked its execution for a wide range of buildings, schools, hospitals,
industrial plants, churches, airports, and urban centres. During my work, in the process
of creation | was often faced with theoretically uncleared chromatic problems. Their
solution, the development and execution of suitable experiments, the confrontation of
the results with observations of others and the description of the conclusions trans-
formed me from an artist into a research worker. By now | have been active as a
researcher in. colour dynamics for 25 years, | organized and still lead research at the
Technical University of Budapest. | always endeavoured to solve problems in coopera-
tion with physicists, mathematicians, psychologists, physiologists, sociologists, art critics,
engineers and other specialists. Results have been reported in several publications. | have
been learning to report intelligibly on conclusions of creative and research work by way
of lecturing on them to students in architecture for about 30 years.

This book is intended not only for researchers but also for designers, architects,
painters, interior designers, industrial designers—for all those who would like to avail
themselves of the power of colours to make our built world nicer, more convenient and
more human. Colour will be treated as a means of creation, a phenomenon close to
sentiments but seeming rather distant from mathematics and the exactness of engineer-
ing. Nevertheless, 1 do not wish to appeal to the Reader’s sentiments, neither to ponder
aesthetics, nor disclose secrets of the creation process. In fact, rather than secrets,
relations on this aspect of creation will be communicated, which when missing, paralyze
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creativity. | intend to tell anything | know on colours by means of numbers, and graphs.
My desire is to describe my experiences in the realm of colours as clearly, as practically
and with the accuracy of an engineer as was done by Leonardo da Vinci, both a creator
and researcher, in his “Trattato della pittura”. This is a technical book for creative
people with my own experience and skills, who are not afraid of mental effort in getting
better acquainted with the tools of their creative work.



1. Colour Dynamics—a Science

After World War I, architectural creation ever more consciously applied as a means of
expression that particular property of the outer appearance of materials which we call
colour. It has become clear that colours at the surface of the built space, and harmoniz-
ing assemblies of these colours are not negligible determinants of space sensation. At the
same time, practitioners of a wide range of sciences such as physiology, psychology,
anthropology, and sociology became interested in the effect of colour environment on
man. Other sciences such as physics and aesthetics, joined them and sought correlations
between colour sensations which could provide composition relationships, insight to
colour harmony, for those creatively concerned with colour. Characteristic of publica-
tions reporting these achievements is their variety, heterogeneity, a mainly one-sided
approach to problems, and a superficial treatment of the results, problems and methods
of other disciplines. Thus up to the present day no common theoretical and conceptual
basis has developed, which could permit an unambiguous evaluation of the subject, and
serve as foundation for complex research. Colour dynamics as a science, and the theory
of architecture, are expected to elaborate these foundations since the role of colour in
built space, and the way how colour complexes may affect space sensation, have to be
determined from the point of view of those creatively concerned with colour, i.e. among
others by architects themselves.

At present, however, the literature on the theory of architecture is as yet unable to
hand down to the creative architect in a ready-to-use form even the most essential
relations between colour, built space and man living in this space which may transform
built space into something more attractive and more practical. It is the task assumed by
the new science called colour dynamics to explain these relations; colour dynamics is
primarily concerned with relationships between environment, surface aspects ofenviron-
mental elements, and man living in this environment. It studies the correlations of
colour, man and environment. It investigates the effect of colours selected for environ-
ment elements on man living in this environment. Thus, colour dynamics is a complex
of theoretical and practical activities with the purpose of finding objective relationships
between man and environment colours, as well as of consciously shaping our colour
environment.

1.1. The Colour

Both in everyday practice and between specialists, much confusion arises from the use
of the word “colour” for several concepts. In common usage, no distinction is made
between the visible radiation penetrating the eyes, and the resulting imprint on our mind.
Definitions in dictionaries usually refer only to the first concept, i.e.. “colour is the
property of material phenomena perceptible by seeing, based on the reflection of light
beams of different wavelengths”. On the other hand, in accordance with the International
Vocabulary of Illumination, the Hungarian Standard MSz 9620 makes a distinction
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Fig. 1.1. The colour

between two concepts both named colour: “psychophysical colour” is called the charac-
teristic of radiation penetrating the eye due to the differences of its spectral distribution,
while “perceived colour” is the imprint elicited by this radiation in our consciousness.
In the technical literature, radiation proper is called “colour stimulus”, while the
conscious concept elicited by it, is “colour perception”—but often, mainly if there is no
risk to confound the two, simply the word colour (couleur, Farbe) is used.

Relations between concepts denoted by “colour” are illustrated in Fig. 1.1. The middle
column of the figure indicates names for different colour concepts in publications, the
left one the field of science concerned with colour in the given context, while the right
one shows the nature of scales suitable to quantify the concept meant by the given term.
Let us consider this figure beginning from the bottom.

First of all, colour defines a physical concept: radiant energy in the wavelength
range of 400 to 700 nm. This energy may be described either directly, or as a narrow wave
band reflected from, or transmitted by a surface. This light is, strictly speaking, coloured
light. Use of the word “light” is only meaningful if our sensing mechanism the eye is
involved.

A physically defined radiation penetrating the eye and eliciting colour sensation is the
“colour stimulus”, a psychophysical concept. It can be valued on psychophysical scales.

Colorimetry is concerned with the establishment of correlations between colour
stimuli as well as their systematization and measuring. Colorimetry is a borderland
between physics, physiology, and psychology. Colorimetry involves the concept of
colour space based on additive colour mixing, developed on the basis of G rassmann’s
findings (1853). It is the basis of the International Colorimetric System (CIE* 1931). The

CIE = Corporation Internationale d’Eclairage.
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concept of a visually homogeneous colour space relies on theoretical and experimental
findings for the d.? element by Judd (1968), as well as by Wyszecki & Stiles (1967). It
has been applied for correcting the Munsell colour system relying on the idea of
perceptional colour space. The corrected Munsell Renotation is considered as model for
different UCS colour spaces.

The achievements of colorimetry have been exploited for the practical measurement
of colour stimulus in a variety of industrial applications. The quantitative evaluation of
colour stimulus (commonly called colorimetry) means in a strict sense the prediction
whether two visual stimuli of different spectral distributions elicit the same colour
sensation under given conditions or not. Measurement of colour stimulus offering a
reproducible and exact determination of the colour of building material has entered
architecture, and this initiated a cooperation between colorimetrists and architects.
Along with this cooperation numerical expressions of colour compositions, mainly of
colour harmony relationships became a necessity. To meet this demand, at first colour
symbols describing relationships between colour stimuli seemed adequate but it has now
become apparent that colour symbols suitable for colour space design have to meet
requirements other than the measurement of colour stimuli. Colour symbol values have
to express the three characteristics of colour space: hue, saturation and lightness, and
aesthetically uniform variation of the colour space; one should be able to display colours
by numerical symbols, the latter should be convertible to CIE XYZ coordinates.

Environment colours correspond to a wide variety of colour ranges in the colour
space. Therefore environment colour design is expected to create harmony between
colours of rather different hues, saturations and lightnesses. So it is much more impor-
tant to have an aesthetical uniformity of the entire colour space than a reliable equality
of just distinguishable colour differences. Endeavours with colorimetric studies resulted
in psychophysical scales closely approximating the ability of the human eye to distin-
guish colours in different colour domains, but these scales are of limited usefulness when
aesthetics are concerned.

Colour stimuli are transformed to colour sensations by our processing mechanism
—the brain. The concept of colour sensation belongs to the domain of psychology and
it can be evaluated by psychometric scales.

In everyday wording, words for colours such as red, green, ochre, brown, identify
colour perceptions. When colour designers speak of cold or warm colours, they refer in
fact to laws of colour composition, colour harmony relationships, or perhaps to colour
adaptation or contrast phenomena; in other words they deal with correlations between
colour sensations.

That element of the consciousness concept elicited by effects via our sensory organs
—which cannot be analyzed further—is called sensation. The term colour perception, in
turn denotes that kind of consciousness concept by which the observer is able to
distinguish two adjacent parts of the visual field, having the same size, shape, and
texture, and this difference can be attributed to the different spectral distribution of the
observed radiations. Colour perceptions may vary in three respects, namely by hue,
saturation and lightness. Geometrical representation of colour perceptions is simplest in
a cylindrical coordinate system. Colours of the same hue lie in the semi-plane limited
by the achromatic axis, colours of the same saturation compose coaxial cylindrical
surfaces, while colours of the same lightness are in horizontal planes normal to the
achromatic axis.

2 Nemcsics
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Different colour systems contain colours in the spatial arrangement mentioned above.
The colour solid constructed in conformity with the system’s principle is generally
illustrated by means of a collection of colour samples. It is endeavoured to distribute
colour samples inside the colour solid as evenly as possible. Namely a colour collection
of any colour system is expected to help comparative colour determination making use
of colour sample codes, and approximation by interpolation of the codes of colours
missing from the collection is feasible only when colour samples are perceptionally
equidistant from each other.

Colour systems belong to four groups according to their code system: systems are
based on additive or subtractive colour mixing, as well as on printed screen, or colour
sensation parameters. Practical experience has shown that it is the idea of using colour
sensation parameters which meets demands of those concerned with colours in their
creative work, such as architects the best. Therefore in recent years several attempts have
been made to develop an ideal perceptional colour system.

For an architect concerned with environmental colour design, colour is a tool serving
both technical and artistic goals. The distinction of colour sensations by unambiguous
codes is required, in the first case, for defining technical parameters associated with
various colour sensations, and in the second, by the need to express in a numerical way
compositional relations between colour sensations. Beyond that, the colour designer, in
addition to finding his way among colour sensations, has to be able to determine
interrelations by estimation and measurement. The measuring system has to comprise
directly or indirectly international units. Such a colour sensation measuring system based
on the Coloroid system will be proposed later.

In the Coloroid system, the colour code is the representation of a colour sensation
qualifying colour perception, but exactness of the code is determined by its relation
to the colour stimulus eliciting the colour perception. In using the term “colour” it
is often unclear whether colour perception or colour stimulus is meant. In everyday
use, the colour “red” means a colour sensation but talking about its effects, red
may indicate a stimulus i.e. a psychosomatic effect, but also perception meant as
an associative effect. Adapted colour is a perception, but one that—rather than to
be elicited purely by a correlate stimulus—is the result of a modification of the primary
colour perception by the environment. Colour remembrance is also a content of con-
sciousness but it is not elicited by a visual stimulus, and it is colour remembrance which
generates the phenomenon of colour constancy. The term “preferred colour” is, in
turn, a value judgement concerning colour sensation. Colour contrast is meant as a
relation between colours, but in fact it reflects a relation between colour stimuli.
Colour stimulus and colour sensation are inseparable, one being a consequence of
the other; our laws of composition, aesthetic expectations for colour appearance, as
well as their role in the built space can be interpreted only by their interrelations.
This is why the two concepts of colour are not always distinguished in the technical
literature, which often speaks simply of colour, although, an ever increasing number of
scientific disciplines and professions join the research on colour relations. Artists,
architects, psychologists, sociologists, aestheticians try to formulate relationships
which in fact concern colour perceptions, but (to support their statements) they often
refer to colour stimuli. Psychophysics, psychosomatics, and proxemics admittedly ap-
proximate the problem of relations between colour sensations on the basis of colour
stimuli.



Fig. 1.2. The space

Since this book is primarily intended for those interested in a creative use of colours
we usually mean colour perception, but for simplicity most often the term “colour” will
be applied. But in every case when unambiguity requires it the exactly qualified terms
are used.

1.2. The Built Space

The concept of built space is no less complex than the word “colour”, which, as we have
seen means both colour stimulus and colour sensation.

Space like colour has more than one meaning. Relations between concepts defined as
space* are illustrated in Fig. 1.2. In the middle column are shown the names of different
spatial concepts applied in the literature or suggested by the present author, in the
left-side one the fields of science concerned with the given aspect of space, while in the
right-side column are entered the scales used to quantify the given concept. In the
following we discuss this figure from the bottom upwards.

The widely used definition of space—i.e. being the form of existence of matter
characterized by three dimensions—refers to physical space. It involves dimensions,
proportions and correlations between space elements, objects, but also texture and
colour of space elements and objects.

* Omitting, of course, those of “cosmos” and of “time space”.

2%
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Our sensing organs receive stimuli from the physical space. Their entirety is space
stimulus, an essentially abstract concept pertaining to psychophysics. Space stimulus
differs from physical space only by being centered on man. It contains up and down,
front and back. A built space represented by a blueprint is a space stimulus, a term
including dimensions, their correlations, and the topological order of the three dimen-
sional elements of the given space. It expresses the existence in space but also to be a
space, with all its spatial attributes. Space stimulus elicits space sensation, a conscious-
ness content obtained by sensing the real space visually, auditively, tactilely, olfactorily,
motionally, etc. Space stimulus is transformed to space sensation by our processing
mechanism, the brain.

A concept other than space stimulus is meant by applying the word “space” in
expressions such as compressed space, narrow space, monumental space, drifting space.
Space sensation, the consciousness content elicited by a space stimulus depends on the
relationship between its plastic elements as presented to us by the direction, intensity,
quality of light, by surface texture and colour conditions. For man, space does not exist
as a thing-in-itself (noumenon), but as effects elicited by these plastic elements. The
statements good or bad space refer to space sensations. Space sensation belongs to the
field of psychology and can be valued by psychometric scales. Judgements about a built
space usually involve the concept of space sensation. In the field of theory of architec-
ture, Riegt (1927) was the first to attribute significance to the concept of built space by
stating that Roman buildings manifest a space aspect quite different from that of Greek
ones. He, of course, did not yet distinguish space sensation and the space stimulus
eliciting it.

Modernists at the turn of the century, performers of the abstract “white revolution”
(F. L. Wrightand Van der Rohe) Wwho were especially and creatively interested in space
laid great emphasis on demonstrating space, that is, they wanted to elicit a definite space
sensation by a definite space stimulus; even they did not consider the two as separate
entities. The slogan “white revolution” refers to an expulsion of colours from buildings,
by painting everything white. Even Giedion (1969), who recapitulated the space prob-
lem, did not differentiate between space stimulus and space sensation.

A more refined formulation of concepts related to built space arose only when
disciplines earlier ignoring architecture, such as anthropology, psychology, sociology,
became interested and started to study its relations from the aspect of space sensation.
Of course, their statements often intermingle the two space concepts, such as in the
definition by Han (1963) for the two proxemic varieties of built space, where the terms
“sociopetal” and “sociofugal” were applied, defining thereby different space sensations,
although the terms were deduced from space stimulus. It can be seen that in the use of
the space concept, similar ambiguity to that with colour prevails.

Starting from the function of space, Kahn (1953) investigated the relation between
space sensation and function. According to him the function of space is decisive for space
sensation. This idea leads to theoretical problems about the relation of space creation
and artistic activity. The same emerged in the works of Venturi (1966) who was
concerned with the function of content and form in architectural space sensation, and
also by Kepes (1965) who discussed the scope of our visual information on space. Let
me take their arguments one step further by stating that the surface appearance and
colour of an environmental element contributes to the expression of the form, while its
function contributes to the expression of the content of built space.
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In our days, built space is being also studied by gestalt psychology, applying the same
terminology in investigating the conditions of space sensation as that applied for the
conditions of colour perception. Their language differs, however, from that used by
architects, this in turn from that of painters, colorimetrists or colour designers. This is
why here, when using the concept of both built space and colour, we wish to make a
distinction between stimulus and sensation, the consciousness content elicited by it.

1.3. The Function of Colour in Space Experience

Man living in a built environment, the user of a built space, is protected from the
tribulations of nature, he utilizes the services of his surroundings and enjoys comfort
from these services. In addition to its actual measurable properties required for the
physical and biological existence of man, built environment has other qualities, too.

Built space acts upon man in several ways: by the proportions, the relationship and
shape of its elements, the order of forms, by surface appearance, and colours of the
elements, by the relation between space proportions, by the expression of function, by
the relation between the expressivity of function and the function proper, and by the
shape and colour associations expressing function. This effect materializes as an emo-
tional experience of the actual space, and space sensation. Space sensation is an experi-
ence about a given space, an accomplishment of one’s own personality. The function of
colour in this experience has not yet been considered by the theory of architecture, let
alone a formulation of the relation of built space to colour. This book intends to fill this
gap at least in part.

The content of space sensation may be deduced from two components, such as space
perception itself, and its relation to the function of the real space. Space perception is a
content of consciousness generated by space stimuli representing the connection of being
part of a three-dimensional space and observing it from the outside (spatiality). So,
primarily the role of colour in space perception will be examined. As the purport of space
perception is determined to a certain degree also by the function of the real space, and
the expression of this function is assisted by colour, also this feature of the colour will
be considered.

1.3.1. The Function of Colour in Space Perception

Space perception is a complex process to which several sensory organs contribute.
Among them, visual and auditive stimuli and those arising from motion in space are the
most important. All these add up to a space stimulus eliciting our space perception.

Space stimulus is elicited by measurable and tangible real space, composed of space
elements as well as of correlations between shapes and surface appearances all describe-
able by physical magnitudes. We obtain most of our information about the objective
correlations, shapes and surface appearances of space elements by reflection, absorption
or transmission of light by the surface of the element delivers visual stimuli to us from
the space.

Assuming that the surface appearance of space elements is of the same finish, texture,
and colour, and that the elements are illuminated from the same direction, with the same
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intensity and spectral distribution, then due to visual and motional parallaxes, overlap-
ping, line and air perspective, light-shadow effects, a space perception with a linearity
directly proportional to that of the change of the real space is elicited.

Colour identity as a condition means that light incident from the surfaces into our eyes
has the same wavelength; that is, colour sensation is the same throughout, and also, that
for the same angle of incidence, the ratio of the quantity of light incident on, and
reflected by surfaces is the same everywhere, and in the reflected light incident on the
eyes, the ratio of complementary radiations, hence, saturation, is felt to be the same
throughout.

To examine the function of colour, let us assume that stimuli arriving into our eyes
come from the elements of such an objective space where dimensions, proportions and
relations of the elements do not permit overlapping and the interpretation of line
perspective relations; further the onlooker does not move in space, missing the help from
laws of motion parallax in space perception. If these conditions are met, and in addition
direction, intensity and spectral energy distribution of light within the space are constant
and the former restriction of equal hues, saturations and lightnesses of surface colours
holds, the objective space can be judged only by evaluating the perceived colour sensa-
tion differences.

Intensity differences of the stimuli emitted by space element surfaces and reaching our
eyes permit us first of all, to decide on the spatial position of the light source, then from
hue, saturation and lightness differences of space element surfaces, on the distance of
space elements from the onlooker, hence on the space itself.

It is known by experience that the more remote an object, the more hue component
of the colour sensation generated by its surface is shifted to hues of shorter wavelengths,
its saturation toward achromatic colours, and that its lightness component varies as a
function of the two other components and of the position of light source. This experience
helps our space sensation although its significance can really be perceived only if the
former condition of colour identity is abandoned. In reality, this is always the case. With
space elements painted different colours, it cannot be decided anymore, which element
is the closer and which is the farther away. Orange and red, even if in reality more distant,
are felt to be nearer than blue or green. Saturated colours are felt to be nearer than are
unsaturated ones. Very dark surfaces emit very little or no stimuli to the eye, so that these
are not sensed, rendering space perception impossible.

1.3.2. The Role of Colour in Expressing
the Function of Space

Colour contributes to space sensation also by expressing the function of space. Function
of the built environment is a demand raised to social level. Structural relations in a
system composed of man and the elements of his environment are defined by a complex
function having three components: utility function, aesthetic function and informative
function. Let us see now how colour—colour stimulus and colour perception—contrib-
utes to the realization or expression of these functions.

Environment is the scene of human activies, serving human demands. Much of these
demands refer to the utility function of environment. Built environment is required to
protect from the rigours of weather, to endure dynamic forces generated by our machin-
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ery, to protect from such factors as excessive temperature fluctuations, intense noise, and
other factors from working processes detrimental to health. A recent requirement is
feeling of comfort in one’s milieu so as to stimulate the development of our mental and
physical abilities.

Colour has a significant function in meeting these demands. Due to its psychophysical
and psychosomatic effects, it may raise our blood pressure, or change the composition
of blood and gastric juices. Colour can make one feel healthy or ill. A person in an
environment of preferred colours feels better, his/her ambition to work increases. Some
colours favour concentration, others cause deconcentration.

Just as anything else, built space and all its elements are separable unities of content
and form. Environment fulfills its aesthetic function if it expresses its utility function in
conformity with the unity of content and form, where the utility function is the content,
while form is expressed by shape and colour of environmental elements. Since the
content of objects in our environment, let alone, in our built environment, is its function,
the built space and objects within, its content can only be grasped, and fully expressed
by means of their proper functioning, and operation. Practical and spiritual components
of the function are interdependent. Even the remark may be risked that aesthetic design
of an object or built space is impossible when ignoring its functions. As a conclusion,
there are no aesthetic prescriptions of general validity.

In designing colour relations for a built environment as a human creation, it is
also a question of what importance is attributed to practical functions of the envi-
ronment for human life in general. Every work and activity is linked to emotions,
thoughts and ideas, therefore every object, tool or built space demands its share of
these mental, emotional, ideological threads, in conformity with its role, significance and
function in one’s life. Colours of the built space as elements of form in the couple content
and form, are made necessary by the sensation of function, giving rise to a harmony
sensation of the indissoluble unity between content and form in our consciousness. Of
course, the sight of some colour complex may cause aesthetic pleasure, but detached
from the content of space i.e. from its function, this pleasure lacks the effect of complete
space experience.

Those who wish to express the message of built space have to know about relations
between environmental structures, i.e. about the so-called compositional relationships in
order to be able to create proper relations between forms—and within that—of colour
perceptions. These relations comprise those between colour perceptions, i.e., colour
harmonies. Thus, the design of space sensation also exploits colour harmonies in this
space.

Informative functions of space are features which interpret the functions of the
environment and its elements and explain how to use and operate these elements. A
significant part of the informative functions of the environment are borne by chromatic
information. According to their message, chromatic information may be interpreted
either as logic, or as aesthetic information. Both kinds of information are borne by the
same elements but every form of message has its own structure. Their characteristics are
determined partly by differences in their visual system, complexity and structure, and
partly as psychic differences between their communication content. Information content
is transmitted by highlighting, contracting and grouping some visual symbol elements in
the informative surface or space, while omitting others. A colour group draws our
attention when it is clear-cut and its structure is easily intelligible.
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Chromatic information of a logic nature i.e. the various standardized color codes are
practical tools which appeal to our logical mind. They transmit messages and serve also
to influence observers in their decisions and control their attitudes and behaviour.

Aesthetic chromatic information is primarily emotional expression of inner con-
ditions, and is expected to have mental and emotional effects by commonly accepted
semantics. By their operative and recording functions visual codes are not only bearers
of the meaning of the content of built space and its social concept, but also expressions
of the approach and culture typical of the creative subject. Chromatic in built space
information necessarily and conveniently takes the form of colour harmony relations.
This is why it is of prime importance to examine colour harmony relations.

1.4. Development of the Concept of Colour Dynamics.
Aim and Message of Colour Dynamics as a Science

Colours of space elements dynamically affect man staying within a built environment.
Consideration of these effects, and examination of their components is the essence of
colour dynamics. The term “colour dynamics” emerged in the *40s. Its generalization
may be attributed to three authors: Frieling (1968), Birren (1961) and D éribéré (1968)
who started to apply it independently but almost simultaneously. For all three of them,
colour dynamics implied primarily the colouring of the workplace environment taking
various psychophysical and psychosomatic effects of colour on man into consideration,
such as the effects on tiring, mental and bodily concentration, ability and performance.
Therefore as is common knowledge, colour dynamics has been associated with ergonom-
ics which developed during the same period. This public attitude still persists. In fact,
however, none of the above mentioned authors considered colour dynamics as part of
ergonomics. In their essays they stressed the space forming effect of colour, studied the
aesthetic relations of colour to built space, involving a wide range of space functions
rather than workplace surroundings alone.

Their work—just as the introduction of the term “colour dynamics”—relied on the
proliferation of results of psychophysical and psychosomatic studies starting in the *20s
and ’30s. Here we may mention authors such as Koffka and Harrower (1931) who
recognized that shaping properties depended on coldness or warmness of colours, or
Cook'(1933) who was concerned with colour adaptation, or Esher and Desrivieres
(1964) having observed the different stimulating effects of radiations of different colours
on living organisms. Relations of built space, colour and man have already been pointed
out by early studies on colour preference and colour association. Luckiesh (1916)
investigated, among others, the variation of colour preference in daylight and in artificial
illumination. On the other hand, Karwoski (1929) looked at the relations between
colour and sound.

Independently or as a reaction to the “white revolution”, architectural creativity at the
beginning of this century was also examining the possibility and right of colour to
reappear in built space. At the beginning of his career, Le Corbusier (1960) committed
himself to the space forming role of colour. An outstanding fact in this respect was his
taking stand together with Leéger at the 1933 CIAM Congress in Greece. About this
Leger wrote in his mémaoires (1954): “The pure tones, blues, reds, yellows escaped from
my pictures to reappear in posters, in shopwindows, at roadsides and on road signs.
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Colour became liberated to become a reality on its own. It has obtained a new impulse,
and its effect became independent of the objects including or bearing it before”. It was
at that time, that a new avantgarde school of architecture grew interested in colour thus
set free. Again, Léger put it, in connection with Le Corbusier’s 1925 “New Spirit”
pavilion: “Of course, the reception was other than unambiguous, the decisive step has
nevertheless been taken, its consequences will soon appear”. And: “How to create the
sensation of space, how to disrupt barriers? Simply by colour, by walls of different
colours! A dwelling which I may call a habitable rectangle, will transform to a flexible
rectangle. Light blue walls recede, black walls advance, yellow walls disappear. The new
possibilities are enormously wide. ..”.

The importance of colour in the shaping of space has already been recognized by
Bauhaus where a number of the most eminent painters of that age, such as Kiee (1925),
Atvers (1963), Kandinsky (1914), ltten (1961) acted as professors.

After World War 11, the two schools of thought working on the elaboration of colour
to built space relations gradually converged in a process marked by publications by
Gorsdorf (1953c), Gloag (1957), Fasani (1960), Frieling (1960), Banham (1962),
Hardy (1967), Déribéré (1968), Birren (1969), Porter (1976), Spitiman (1977),
Gericke (1981), Darmstadt (1984), Proiss (1984), Brino (1985b) and N emcsics
(1985a). The present author’s activity also contributed to the development of a unified
approach to colour dynamics. It is no coincidence that the International Conferences on
Colour Dynamics organized in 1976, 1982, and 1988 in Budapest were attended by
representatives of both trends. By the 80s, international events concerned with environ-
ment colour design became frequent. Amongst others international colour design com-
petitions were launched in Stuttgart.

Nowadays we regard colour dynamics as a dual activity. One side is the disclosure of
man-to-colour of complex man-to-coloured environment relations, and the elaboration
of methodologies for the design of coloured environment. The other side is the utilization
of these findings in environment design practice. These activities involve the collection
and systematization of knowledge on relations of man, colour and built space offered by
different disciplines as well as to devise and realize research to fill the gaps. This activity
has taken momentum worldwide whereby the science of colour dynamics came into
being.

Colour dynamics as a new science is concerned with the relations between the surface
appearance of environment and environmental elements, and man living in this environ-
ment. It studies the interrelations of colour, man and environment. Thus, colour dynam-
ics as a science is a complex of theoretical and practical activities directed towards the
disclosure of objective relations between man and coloured environment, as well as
towards a conscious environment colour design.

Rather than to be a collection of everyday experience, colour dynamics is a science.
Although it investigates and processes the spontaneous, intuitive transformation of
the environment by individuals, it handles its information by scientific methods,
applying scientific methods in environment colour design. It has been proven both
theoretically and practically that it is possible to conduct these activities by exact, scien-
tific methods.

Environment design—including any architectural activity—has increasingly access to
results of this new science. Its practical application helps our built environment to cope
better with its function, to be more beautiful and more sophisticated. It helps us to
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Fig. 1.3. The content of the science of colour dynamics

expand mental and bodily abilities, to compensate for harmful effects of our overwhelm-
ing industrialized environment, to develop an adequate space perception and to un-
derstand spatial relations and correlations between spatial processes. Conscious applica-
tion of colours is expected to direct and orient man between multiplying and often
depressive environmental hazards.

The science of colour dynamics has five different but inseparable branches (Fig. 1.3),
the achievements of each are interdependent. Knowledge and relations amassed by other
sciences are collected and purposefully systematized, and its special research problems
are based on this foundation.

The fundamental problem of colour dynamics is to find relations between colour
sensations, to develop an aesthetically uniform colour space and a colour system fairly
approximating to it, further to introduce a new system of colour coding suitable for
practical colour design.

The second group of problems is concerned with man to colour relation independent
of the environment. This involves colour composition problems in connection with the
processes of colour vision. Such problems are e.g. stimulus thresholds and difference
thresholds, colour adaptation, colour constancy, colour contrast, colour preference,
colour association, and the psychosomatic effects of colour.

The third group of problems includes the complex relation between colour, man and
built space, including problems of colour and space, colour and mass, colour and form,
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colour and texture, colour and function, colour and illumination, of offsetting harmful
environmental effects by colour, and finally of the social functions of colour.

The fourth group of problems is related to colour harmony research, the establishment
of colour composition relationships for use in practical colour design: the determination
of levels and parts of the concept of colour harmony, and of the fundamental and
accessory conditions of eliciting colour harmony sensations.

The last, fifth group of problems is the development of the most effective methods of
colour design, the best way of incorporating the finding of colour dynamics into practice.
Statements are made exploiting practical observations obtained from realized colour
designs.

This book is concerned with the achievements in all the mentioned domains of colour
dynamics as a science, and their practical applications.



2. Fundamentals of Chromatics

Part of our impressions from our environment are registered as colour perceptions. The
colour of objects can be appraised by seeing, that is, by means of the nervous system
transmitting light stimuli perceived by the eyes. This appraisal involves—in addition to
naming colours in the everyday sense—also the possibility to explore their interrelations.

One of the first attempts to find relations between colours can be read in the “Up-
anishads” of India dating from about the 7th or 8th century B. C., attempting to derive
every colour from red, white and black. In his work “De Coloribus”, A ristotle Was
already concerned with the origin of colours. “Where darkness and light meet, colours
arise”, a statement decisive for a long period of the trend of later chromatic research.

Leonardo da Vinci, @ universal master of the Renaissance, was the first to distinguish
colour perceptions as subjective qualities from the colour stimuli producing them, which
he took as objective qualities.

Researchers in the 17th century were the first who consciously broke with the Aris-
totelian concept of colour, although Kirchner distinguished white from yellow still only
by their specific lightness. It was D escartes Who first stated that basic colours were
different by hues. Boy1e’s famous work on colours appeared in 1670. He explained that
the theory by Aristotie—namely that black and white are primary sources of every
colour—does not hold. By decomposing white light by means of a prism N ewton not
only produced the full spectrum, but also recognized that its two ends were visually
similar.

N ewton’s colour circle found its first practical application in 1730 by Le Biond,
engraver in Frankfurt, who observed that yellow, red and blue were the primary colours
for subtractive colour mixing. At the same time, Gautier 0f Paris recognized that by
mixing these three colours nearly all the colours of the spectrum could be obtained.

The idea of combining the various broken shades and pure colours in a unified
system originated in 1745 from Mayer, a mathematician in Gottingen. The basic idea
of his system was that any shade could be produced by mixing from the three basic
colours, as well as from black, and white. “The Natural System of Colours” by Harris,
published in 1766, already made a distinction between saturated and non-saturated
colours. He was the first to attempt to define the concept of complementary colours. To
systematize various tonalities of colours mixed in equal proportions, Lambert, a physi-
cist and mathematician, transformed the colour triangle of Mayer to a colour pyramid
in 1770.

In 1810, Goethe composed a circle of six colours, underlying colour circles of various
colour systems used until recently. Goethe investigated the conditions governing colour
perception, as well as associational and symbolic contents, related to colours. In the
colour system constructed in 1810 by Runge, a painter, colours were placed on a
spherical surface. Hayter, in his “New Practical Procedure for Three Primitive Colours”
published in 1800, systematized colours on the basis of subtractive colour mixing, while
in the system of French chemist Chevreul, published in 1861, colours were accom-
modated inside a semi-globe.
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In 1850, Helmholtz, physician and mathematician, had developed the theory of
additive and subtractive colour mixing.

By the second half of the 19th century, Bezold (1876) investigated the relation
between colour vision and colour appearance, while Rood (1879) and Hofler (1826)
have considered the idea of perceptional colour space. Fundamentals of chromatics are,
however, rooted in 20th-century physics, physiology and psychology.

2.1. Visible Radiant Energy

Radiation may be defined as energy emitted in form of electromagnetic waves or
particles. Direct visual perception can be elicited only by visible radiation.

2.1.1. Visible Radiation and Light

Perception by the human eye is restricted to electromagnetic radiation of 380 to 780 nm
wavelength. In terms of the perception, radiation in this range is called light. In everyday
usage, not quite precisely, visible radiation itself is equated with light. For the sake of
brevity, in this book, we have also adopted this usage. (See Fig. Cl; the coloured figures
in annex at the end of the book.)

The frequency range of visible radiation is about 3.8 x 1014 to 7.9 x 1014 s"".

In physical terms, light can be characterized in three ways:

— as transverse harmonic vibration in a given range of frequencies;

—as electromagnetic perturbation propagating in space, the field intensity vectors of

which are normal to the direction of propagation;

— as the flow of elementary energy quanta, in which the energy of each quantum

(photon) is inversely proportional to its wavelength.

Light energy emitted from the radiation source and incident on a surface is partly
reflected and partly absorbed by the object. The energy of absorbed light may be
transformed to heat, initiate photochemical reactions (e.g. in the eye), generate pho-
toelectric effects, fluorescence, or other physical phenomena.

2.1.2. Light Sources

In general, solids emit visible light on heating beyond a certain temperature. The total
energy emitted as light and its energy distribution as a function of wavelength depend
on temperature. An exact analytical expression for this function can be given only for
black bodies which totally absorb all radiation energy.

Comparing thermal radiants of the same temperature, we find that the specific power
emission of black bodies is the highest at any wavelength. According to Planck’s law,
spectral distribution of intensity of the emitted light is:
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where dE{X,T) is the energy emitted by 1 m2 of a black body at temperature TK in 1sec
in the wavelength range of Ato A+ dA; cx and c2 are universal constants of values
(ci=373x 10 BWm2, G = 1438 x 10-2 m K); Ais the wavelength in meters.

Figure 2.1 shows the intensity distribution of an absolute black body (or Pranck
radiant) at a set of temperatures.

Emission by non-black radiants in the visible spectral range has been correlated with
black-body emission. Such light sources are described in terms of various “apparent”

M
Ig I(X.T) I(XT)

Fig. 2.1. Intensity distributions of the radiation ofan  Fig. 2.2. Relative spectral power distributions of (a) a
absolute black body at various temperatures gas-filled tungsten bulb, (b) the Sun, and (c) daylight

temperature values. This is not the actual temperature of the body, but the temperature
of a black body which would emit light of the same or nearly the same colour. This
temperature is defined as the colour temperature of the given light source.

Colour temperature defined by the spectral distribution of black-body radiation is
unsuited for the characterization of selective radiants. Such thermal radiants where the
relative spectral distribution of the emitted specific output is the same as that of a black
body at a given temperature, are called gray radiants.

Figure 2.2 shows relative spectral output distributions of a gas-filled tungsten light
bulb, the Sun, and the daytime cloudless northern sky. (As reference the output emitted
at 9= 560 nm by a black body at the colour temperature Tsof a selective radiant is
taken. If the selective radiant emits the same output at a wavelength 7 then ®e(A) =
= 100.) The corresponding colour temperatures are: Ts=2900 K, 5000 K, 15000 K.
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2.1.3. Photometric Magnitudes

The magnitudes below may be interpreted both as physical and photometric magnitudes.
In the first case radiation is expressed in energetic units, in the second case according to
the sensor of the CIE photometer. Here only the most important conceptual definitions
—rather than a didactic outlay—of photometry have been compiled.

CIE standardphotometer observer is a radiation sensor with a relative spectral sensitiv-
ity curve fitting the visibility function V( A), or the visibility function V'(A) for darkness
vision.

The spectral luminous efficiency is the ratio of radiation outputs at wavelengths Am
and A if under defined photometric conditions the two radiations induce the same
perception of lightness. Amhas been chosen so that the maximum value of ratio
should be 1 Its values were set by CIE for vision in light (V (A)) in 1924, and for vision
in darkness (V (A)) in 1951. In the following, visible radiation will be interpreted as a
photometric magnitude.

A logical system of photometric units would be based on the evaluation of emitted
output according to the spectral luminous efficiency. Historical development brought
about, however, that a standard light source was selected as reference unit, and thus the
basic magnitude of the present photometric system is the luminous intensity, the basic
unit of which is the candela.

Luminous flux (®Py, &; unit: lumen, Im) is a magnitude derived from the emitted
output. It is evaluated by the effect of the radiation on a selective sensor, a spectral
sensitivity of which is assigned by convention to spectral luminous efficiency values.

Luminous flux and radiation output are related by:

780 nm
K®=Km j @qJ) V(A)IA, 2

380nm
where dc (A) is the spectral distribution of the radiation output, V(A) is the reading
of the photometer sensor at the given wavelength, and Km the maximum spectral
utilization of light, internationally agreed value of the latter is actually 683 Im W 'L

Lumen (Im) is the SI unit of luminous flux defined as the light flux emitted by a
uniform point radiant of 1candela intensity at unit (1 steradian) solid angle.

Luminous intensity (7V I, unit: candela, cd) is the ratio of the luminous flux emitted
by the light source at an elementary solid angle including the given direction, and of this
elementary solid angle: 'y

td 0T <3)

Candela (cd; 1 cd=IImsr~") is the SI unit of luminous intensity: the luminous
intensity of a black radiant of 1/600000 m2 surface normal to the surface at the
solidification temperature of platinum and at a pressure of 101 325 Pa (Nm 2.

Illuminance (at a given point of a surface) (symbol: £v, E; unit: lux, Ix) is the ratio
of luminous flux incident on a surface element containing the given point and of the area
of this surface element:

dA (4)

Lux (Ix; 1Ix=11mm 2 is the SI unit of illuminance; illuminance of a surface of
1m2area by 11Im of normally incident, uniform luminous flux.
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Average spherical luminous intensity is the mean luminous intensity of the light source
in all directions of space.

Luminance (Lv, L; unit: watt per steradian, Wsr~") is the ratio of the luminous
flux passing, or incident on, or crossing the surface element containing the given point,
propagating in an elementary solid angle containing the given direction, and of the
product of this elementary solid angle and projection of the surface element normal to
the given direction:

dC2dA cos @ ©

Quantity of light (Qv, Q, unit: lumen sec, Ims) is the product of luminous flux by
the time of irradiation.

Luminous efficacy %, g; unit: lumen/watt, Im W J is the ratio of emitted lumi-
nous flux and of the absorbed light output.

Luminous efficiency (V): ratio of the output of radiation weighted by function V(5
by the reference output:

| ® e()K(A)05
K:/\___G)_ -------------- = —K . (ﬁ)]

Optical efficiency ofradiation O is the ratio of the output emitted in the visible domain
by the total radiation output:

0= )

<|<

(Vs is obtained by integrating within 380 to 780 nm using the formula for the lumi-
nous efficiency.)

Light exposure (//v, H\ unit: lumensecond, 1ms), is the surface concentration of
the emitted quantity of light:

— N i
tfv= dAj £ vd/. €)]

Luminous exitance (at a given surface point) (Mv, M\ unit: lumen per m2, Imm 2
is the ratio of the luminous flux emitted by a surface element containing the given point
and this surface element:

Mv= dA fLvcosi>dfl. )]

Spectral concentration is the ratio of the fraction of the photometric magnitude jov
pertinent to an elementary band of the spectrum containing the given wavelength and
the bandwidth.

Spectral distribution is the distribution of concentration values of the photometric
magnitude as a function of wavelength.

Relative spectral distribution, S(/), characterizes a radiation (by a radiant or light
source) in terms of the relative spectral distribution of some magnitude characteristic of
the radiation.
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2.2. The Chromophoric Surface

Part of light incident on the surface of an object is reflected according to laws of regular
reflection, another part is reflected diffusely, while the rest penetrates the object, where
it is partly absorbed, and transformed to other forms of energy. Objects which absorb
all the energy of the penetrating light are called opaque while those which transmit part
of the penetrating light are called transparent or translucent. Also light scattering takes
place inside the latter.

2.2.1. Light Reflection in General

From the aspect of reflection, objects are characterized by the overall reflectance factor:

=% ©

where @ris reflected luminous flux; dais incident luminous flux.
In practice, most surfaces simultaneously exhibit regular and diffuse reflection. So, the
overall reflectance factor can be decomposed to two parts:

g=ot+ ed> (11)

where  and gd are respective quotients of regularly and diffusely reflected incident
luminous fluxes. From mirror surfaces, practically the total luminous flux is regularly
reflected.

In case of dull surfaces—as compared to diffuse ones—regular reflection is negligible.

2.2.2. Regular Light Reflection

Incident luminance B is reflected from a reflective surface of reflection factor Ri at a
luminance Q\B as if the light were emitted by the mirror image of the light source behind
the surface.

For any solid, the reflection factor depends on the angle of incidence. For light
incident on transparent materials, the reflection factor in the plane of incidence, or of its
component polarized normally to it, is given by Fresnel’s equations.

2.2.3. Diffuse Light Reflection

A surface where distribution of the reflected light follows the cosine law is said to be
perfectly diffuse. Such a reflector behaves as if it perfectly absorbed the light incident
from any direction, then emitted its definite proportion in conformity with the cosine
law. Such a surface seems equally bright from any direction. The magnitude of diffuse
reflection depends on the microstructure of the surface. Surface colour is much influ-
enced by the wavelength dependence of the reflectance factor. Wavelength dependence
of reflection by coloured surfaces is seen in Fig. 2.3.3

3 Nenrcsics
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Fig. 2.3. Reflection coefficients of yellow (Y), red (R) Fig. 2.4. Angular distribution of intensities of
and blue (B) surfaces vs. wavelength light reflected by a surface in case of a) diffuse and
b) mixed reflection

In Fig. 2.4. the anguiar distribution of the intensity of light reflected from a surface
for diffuse (a), and for mixed (b) reflection is seen. Wavelength dependences of reg-
ular and diffuse reflection generally differ. To eliminate disturbances due to regular
reflection, in practical colorimetry, directions of illumination and observation are
usually specified. Most specifications require perpendicular illumination and observa-
tion at 45°.

2.2.4. Losses of Light in Traversing a Medium

The colour of solids (more precisely, colour of light arriving from a solid to our eyes)
is often determined by absorption and diffusion processes inside the solid, rather than
by surface reflection. Part of the energy of light traversing amedium may be transformed
into other forms of energy (such as thermal, chemical) by interaction between radiation
and material. From the aspect of colour, only variations in the energy of light or of its
components are of interest; energy loss is irrelevant. (Except for light originating from
fluorescence, which is the basis of optical illuminants and fluorescent paints used in
textile and paper industries, such being applied to emit colour signals.)
Definition of the absorption factor is similar to that of the reflectance factor:

()
«=£m, 02)
@0

where ®aand @0 are the absorbed and incident luminous fluxes, respectively.
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The absorption factor thus defined cannot be considered as a material constant, since
it depends also on geometrical and other factors. Instead of that, the internal absorption
factor of a material of unit optical path length, the so-called absorptivity, is often
applied.

In the case of transparent materials, light is not scattered inside the medium, thus path
length of the light inside the material can easily be calculated. Light loss is proportional
to the path inside the medium; its percentage is independent of the intensity of incident
light. Light loss across the material may also be correlated to the concentration of the
absorbent (Beer’s law). Light absorbing properties of materials may also be described in
terms of density (optical blackness). In terms of absorption factor:

D= —og (1 —a). (13)

2.3. The Mechanism of Colour Perception

2.3.1. The Organ of Colour Vision

Our vision organ is composed of three parts: eyes, optic nerve tracks and optic centres
in the central nervous system (Fig. 2.5).

Eye isa complex organ accommodated in a bony orbit. The eyeball isan approximate-
ly spherical body surrounded by several membranes. Attached to its front part there is
a more curved spherical segment, the transparent cornea. Behind the cornea there is the
so-called anterior chamber filled with humour. Behind the chamber there is the circular
iris, of lighter or darker colour, an opaque, contractile diaphragm perforated by the
pupil contacting the eye lens. The eye lens is flexible and deformable, permitting the
sound eye to form a sharp image practically between infinity and 25 cm. The quantity
of entering light is controlled by the pupil (Fig. 2.6).

Behind the eye lens is positioned the vitreous body enclosed by several membranes. The
outermost one is the sclera, surrounding the choroid, and the innermost one is the retina

Fig. 2.5. Scheme of vision mechanism: a) eye; b) optic nerves;
¢) primary visual centre; d) cerebral cortex

3%
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Fig. 2.6. Structure of the eye: a) cornea, b) pupil, Fig. 2.7. Structure of the retina. Letters conform
c) anterior chamber, d) optic axis, e) visual axis, to Polyéak’s nerve cell symbols, a) rods, b) cones,
f) vitreous body, g) blind spot, h) optic nerve, i) lens,  c) horizontal cells, d) bipolar cells, e) amacrine cells,
j) iris, k) zonule, I ciliary body, m) retina, n) choroid 0 ganglion cells, g) Midler’s radial filaments
membrane, o) fovea, p).sclera

accommodating optic cells (Fig. 2.7). Retina is a mesh-like membrane coating the
greater, hind part of the eyeball’s inner surface. It is composed of ten layers, although
it is hardly 0.5 mm thick.

Continuation of the retina is the optic nerve, made up of about 1000000 nerve
filaments of the retina cells. These filaments leave the eyeball at a definite point of the
fundus, the so-called blind spot. Since here there are no nerve endings, no image arises.
The central, yellow-pigmented part of the retina is the yellow spot (macula lutea), the
middle part of the latter is the fovea centralis. Half of the filaments of the optic nerve
passing from the eye to the brain cross in the brain stem, then disjoin again to reach the
subcortical primary visual centre, and thence, the cortex.

2.3.2. The Process of Colour Vision

The density of light sensors on the retina averages 1.2x 105m m 2 The two kinds of
light sensors: rods and cones, have different properties. The photosensitive matter of
cones is not yet known perfectly. At a low illumination only the rods—scotopic vision
—, while at a higher level of illumination, also the cones—photopic vision—are active.
Specific sensitivity of the eyes is different in the two visual modes (Fig. 2.8).
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Only cones sense colour. Cones are unevenly distributed over the retina. Cones can be
found only in the central fovea and in the yellow spot. The pigment of the yellow spot
is essential for colour vision processes (Figs. 2.9 and 2.10).

Domains of different colours sensed in the visual field depend on the distribution of
rods and cones over the retina (Fig. 2.11). No difference can be found between the cones;
each one is assumed to contain three kinds of light-sensitive matter. As a physical
analogy, three photocells, with red, green and blue sensitivity maxima, are simul-
taneously operative. Two colours may be considered as identical if photocells emit
identical signals in each case. Theory agrees with experience—but the existence of three
kinds of photosensitive matter has not yet been proved.

In the late 19th century, the fact that any colour shade can be composed from red,
green and blue, prompted H eimho1tz to revive the concept of Y oung (1802), an English
physician and physicist, that the retina contains three different systems, all to be found
in the conic nerve endings. They are sensitive to lights of different wavelengths, namely
to red, green or violet. Nerve endings sensitive to red light are most sensitive to red, less
sensitive to green, and the least sensitive to violet. Nerve endings sensitive to green are
the sensitive to green light, but to a lesser degree perceive also red and violet. The same
is true for the nerve endings sensitive to violet, which are somewhat sensitive to green,
but insensitive to red. Whatever the colour of light incident on the three types of nerve
endings, it stimulates them at a different level. The colour impression perceived depends
primarily on the most excited nerve ending. The excitation process originating from it

log s

Fig. 2.8. Sensitivity of the eye in scotopic [K(2)] and Fig. 2.9. Sensitivity of cones and rods to radiation

in photopic [K(2)] vision of various wavelengths after tests by Wald and Judd:
a) rods, b) cones at 8° above the fovea, c) foveal
domain of cones
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Distance from the fovea, mm

Fig. 2.10. Colour sensitivity of the retina: a) rods, = Fig. 2.11. Extension of colour perceptions in the
b) cones, c) blind spot visual fields of the eye. Legend: W white, B blue,
Y yellow, R red, G green

dominates colour perception. Equal excitation on all three kinds of nerve endings
produces a white light perception.

This ingenious theory not only explains perception of prime colours but also the origin
of various shades, as well as of achromatic perceptions. Unfortunately, the Young-Helm-
holtz theory has not been anatomically proved up to the present. It would be a logical
conclusion of the theory that the three kinds of nerve endings should differ in their
anatomy or physiology.

The Young-Helmholtz theory could not explain several details of colour vision: for
instance, why vision in red light is just as sharp as in white light.

According to the theory, in a light consisting of only one of the primary colours, only
one type of nerve endings is active, hence vision would be weaker than in white light
when all three types of colour sensing nerve endings are active. Eventually, several
extensions of this theory have been developed, in order to rationalize phenomena which
the original concept failed to explain.

In the ’40s an observation by Granit (1947) seemed to provide a physiological
explanation of the trichromatic theory. When studying various nerve filaments and nerve
cells, certain retina elements were found to respond identically to light stimuli of different
wavelengths. Part of the rod-type nerve endings—receptors named by him dominators
—were found to be equally sensitive to any colour of the spectrum. Perception of
achromatic or white light is attributed to the dominator system. In his experiments with
radiation of different wavelengths, G ranit found some nerve cells in the retina to be
sensitive only to certain bands of the spectrum, i.e. of different wavelengths. These latter
nerve endings, named by G ranit the modulator system are the ones for which the
Young-Helmholtz theory is completely valid. The dominator system may be considered
as the resultant of modulators. Cooperation of the two systems produces colour vision.

When light of a given wavelength reaches the retina, excitation of both the dominator
system and the modulators—the latter with a specific sensitivity to the light of given
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wavelength—takes place. Thus, in the eye two simultaneous processes are triggered. On
the one hand, perception of achromatic light, and on the other, colour perception
corresponding to the wavelength of the radiation. White light sensation, however, is not
separated from colour sensation but combines with it in controlling the lightness of the
colour.

It has become clear that elements sensitive to different colours according to the
Young Helmholtz theory belong to the modulator system, and also, that more than
three types of modulators exist in the retina. G ranit has found seven kinds of modula-
tors, but this is, however, in no contradiction to the Young-Helmholtz theory, since the
seven modulators are the most sensitive to spectrum ranges covering varieties of the three
primary colours. Two kinds of modulators are sensitive to long wavelenght light (such
as orange and red), another three are the most sensitive to light in the middle band of
the spectrum (yellow, green and greenish blue), while the two remaining respond to the
short-wavelength end of the spectrum (blue, indigo and violet).

The modulator system is, in fact, more refined and more differentiated than the system
of colour sensing elements suggested by the Young-Helmholtz theory. Thus, different
modulators respond, fail to respond, or respond differentially to light of a given wave-
length. In this way this intricate system of nerve endings so to say selects from the light
beam incident on the eye those components which are able to excite various elements of
the system, and impulses generated in the different elements produce various colour
perceptions, colour sensations on the retina and finally in the cortical visual centre.

G ranit’s assumptions on the functioning of receptors have been recently revised.
Doubts arose whether the reactions disclosed by him correspond to elementary receptor
functions. By studies by electro-physiological methods of the electric functioning of
nerve cells, or investigations on the light absorption features of the retina, receptors with
sensitivities more or less similar to that of G ranit’s modulators have been detected. In
the current literature, receptors identified by electrophysiological methods by D e Valois
(1971), Gouras (1970) and Svaetichin (1958), and by light absorption methods by
MacN ichol (1973), Marks (1964), D obelle (1963), Rushton (1951) and A 1pern (1964)
have been discussed.

Among others, Svaetichin and D e Valois found some receptors which respond to all
four psychological primary colours, i.e. to blue, green, red and yellow. This provided
physiological evidence for the opposite colour theory by Hering (1864). According to
Hering, complementarity or opposition (red-green, yellow-blue) apparent in the direct
colour impressions and in hue contrasts are decisive for perception. Colour sensitivity
curves resulting from colour complementarity are the same as in physiological reactions.

Present day investigations on the theory of opponent colours (former “Zone Theory™)
try to interpret the possibility of a transition from a three receptor system to a four
receptor system, which would correctly reflect hue contrast and other phenomena, in
other words to opponent colour processes. According to the theory of opponent colours
by Hurvich and Jameson (1960) the opponent colour processes yellow-blue and red-
green contribute unequally to colour perception. Beyond that, Walraven (1962) empha-
sized the independent functioning of the so-called lightness channels (lightness percep-
tion) and colour channels (colour receptors). G uth (1969) in his opponent colour theory
model, relying on a similar idea, attributed the phenomenon to the inactivity of the blue
receptor in lightness perception. According to Tanczos (1984) transition from three to
four receptors is due to an on/off “switching” of the retina peripherals, the rod system
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in colour vision, modifying thereby first of all the functioning of blue receptors and the
blue-yellow opposition.

Existence of colour receptors differently positioned in space has been described by
Hartridge (1950). His experiments demonstrated that when a light beam of medium
light intensity is incident on the fovea centralis, three kinds of modulators dominate
colour vision, and in this case, pure trichromatic colour vision prevails. This so-called
foveal colour vision is, however, a special case, and considering colour vision in general,
the trichromatic theory is still correct, but it has to be complemented by the so-called
polychromatic theory of seven receptors.

Within the polychromatic system, three sections may be distinguished. One system of
receptors constitutes a trichromatic unit; its elements are most sensitive to orange, green
and bluish violet light, i.e. this system is essentially the same s the colour sensing
elements envisaged by Helmnholttz. This system, however, is activated only by light of
medium intensity, while in weak or intensive light, other systems become dominant. Such
a system is the so-called dichromatic system, activating at very low light intensity a
receptor for red and bluish green. A third dichromatic system situated in the fovea
centralis produces, upon intensive light effects, yellow and blue colour impressions.
Thus, it can be seen that this system is rather complex, and consists of three interactive
sections.

Cooperation between the three systems results in a special correlation between colour
vision and illumination intensity. In poor light, cone shaped nerve endings are not
activated at all, the process of vision relies entirely on the stimulation of rods, therefore
there is no eliminating colour distinction in visual sensation. On the other hand, if the
eye is exposed to very intensive light, then only the dichromatic section of colour vision
—sensitive to blue and yellow alone—is activated. Consequently, very intensive il-
lumination is inimical to colour vision by impairing the ability of colour differentiation.
An optimum for colour vision is offered by light of medium intensity.

Other fundamental rules established for the colour vision process are as follows:

Colour distinction ability of the human eye is different in various colour domains (Fig.
2.12.

Fig. 2.12. Ability of the human eye to distinguish colours
of different wavelengths
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There is a definite relation between sensation resulting from the functioning of the
visual organ and the brain, and the external stimuli eliciting this sensation. Correlation
between the change of sensation and relative change of the external stimulus has been
formulated in the Weber-Fechner law. This law served as a basis for the authors who
created perceptionally equidistant colour systems.

A relative decrease of the lightness of red light as compared to that of blue light where
light intensities of both decrease proportionally while their spectral distribution remains
unchanged is the so-called Purkinje phenomenon.

The qualitative unit of external light stimulus to the eye is defined as the troland. For
an eye looking at a surface of even light intensity, the numerical value of troland is the
product of the area in sg.mm of the natural or artificial pupil intercepting the light by
the light intensity on this surface in candelas per sg.m.

Variation of the light stimulus depending on through which part of the pupil the light
beam penetrates is known as the Stiles-Crawford effect.

The reciprocal of the time lag between the appearance of light stimulus and the
sensation elicited is called the light perception velocity.

Variation of colour sensation as a function of light intensity in the domain of vision
in light is called the Bezold-Briicke phenomenon.

2.3.3. Chromatopsy (The Capacity of Colour Vision)

Normal eyes perceive three colours (trichromatism). The sensitivity curve has its maxi-
mum at 555 nm. An abnormal chromatopsy is when spectral tristimuli of an individual
observer differ from CIE tristimulus function values. The latter are obtained by averag-
ing spectral tristimulus functions of a large number of individuals having correct chro-
matopsy.

Minor chromatoptic anomalies for a normal eye include:

the colour sensitivity curve is shortened toward red (protanomaly);

—maximum of the colour sensitivity curve is shifted toward red (deuteranomaly);

the colour sensitivity curve is shortened toward blue (tritanomaly).

A more serious deficiency of vision (dyschromatopsia) is dichromatics (two-colour
vision), with two alternatives: red and green parachromatism (daltonism), or, blue and
yellow parachromatism.

In case of hereditary total colour blindness (achromatopsy) the subject has a colour
vision from 380 to max. 500 nm, and for acquired colour blindness, from 380 to max.
556 nm.

2.4. Colour, Colour Stimulus, Colour Perception

In everyday wording, colour is understood both as the radiation penetrating the eye and
the resulting content of consciousness. More precisely, however, the former is colour
stimulus and the latter is colour perception.
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2.4.1. Colour Stimuli

Physically defined, visible radiation penetrating the eye and causing colour perception
is called a colour stimulus. Several kinds of colour stimuli can be distinguished.

An achromatic colour stimulus is one with zero chroma (white, gray, black).

A chromatic colour stimulus is one with non-zero chroma, i.e. to which a dominant or
accessory wavelength can be assigned.

Colour stimuli which elicit the same colour sensation when acting simultaneously on
two adjacent parts of the visual field are said to be isochromatic stimuli.

Colour stimuli eliciting different colour sensations when acting simultaneously on two
adjacent parts of the visual field are said to be heterochromatic stimuli.

Pairs of colour stimuli can be complementary, by additive mixing in proper proportions
a definite achromatic light stimulus is produced.

Metameric colour stimuli are defined as spectrally different colour stimuli which elicit
the same colour sensation under identical perception circumstances (such as light distri-
bution, geometries of illumination and observation, visual field dimensions).

The colour space is a spatial representation of the three dimensional multiplicity of
colour stimuli where any colour stimulus is represented by a single point (colour point).

Colour solid is the part of the colour space composed of surface colours.

A uniform colour space is one in which the spacing between two colour points is about
proportional to the perceptional colour difference, irrespective of the colour domain.

Dominant wavelength is defined as the wavelength of a particular monochromatic
colour stimulus that when in a proper proportion to the given achromatic light stimulus,
produces a chroma equal to that of the given colour stimulus.

Complementary wavelength is defined as the wavelength of a particular monochromat-
ic light stimulus, that when mixed in a due proportion to the given colour stimulus
produces a chroma equal to that of the given achromatic colour stimulus.

Colour stimulus is qualified by chromaticity, defined either by its colour coordinates,
or by its dominant wavelength and excitation purity (colorimetric purity).

Excitation purity is defined by the ratios:

14
Jd-Tw (14)
or
P'= x-xn' (15)
*d-*w

where x and y are colour coordinates of the colour stimulus, xd and yd are colour
coordinates of the monochromatic light stimulus of the same dominant wavelength as
that of the selected colour, while xwand yware colour coordinates of the achromatic
light stimulus chosen as reference.

Colorimetric purity is defined as

Pc:Pc—y> (16)

where notations are the same as before.
Radiance (luminance) factor B of a non-radiant solid (at a given point, in a given
direction and under definite illumination conditions) is the ratio of luminance of
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the given solid to that of a solid identically illuminated and of perfectly diffuse re-
flectance.

Three linearly independent, otherwise arbitrary colour stimuli, from which any other
colour stimulus can be created by additive mixing, are called the reference stimuli. Colour
stimuli are linearly independent if additive mixing of two of them cannot produce the
third one.

2.4.2. Colour Perception

An element of the content of consciousness elicited by an effect on a sensory organ,
which cannot be further analyzed is called perception. The concept of colour perception
is defined as the consciousness content arising when the observer is able to distinguish
in the visual field two adjacent parts of equal size, shape and texture, by means of the
difference between the spectral distributions of the observed radiations.

Colour perception may vary in three ways: by hue, saturation, and lightness.

Hue is the attribute of colours that permits them to be described as, for example, blue,
green, yellow, red, or purple. Saturation permits assessment of the position of a colour
—among samples of the same lightness and hue—between the spectrum colour of the
same hue, and gray as light as the given spectrum colour. The concept of saturation
involves the distance of the given colour from the achromatic axis at the same lightness.

Lightness is the attribute of object colours by which the object appears to reflect or
transmit more or less of the incident light. Lightness expresses a sensation of an intensity
proportional to the luminance or the luminance factor, respectively, of the surface.

Saturation and lightness vary in finite ranges; while hue varies continuously along a
closed curve, the colour circle. This is why colour sensations can be geometrically
conveniently represented in a cylindrical coordinate system. Colours of identical hues lie
in semi-planes confined by the achromatic axis, colours of equal saturation form coaxial
cylindrical surfaces, and colours of equal lightness lie in horizontal planes normal to the
achromatic axis. The outermost cylinder shell is occupied by the points of the most
saturated colours, the spectrum colours (Fig. 2.13).

Fig. 2.13. Cylindrical coordinate system illustrating variations
of hue, saturation and lightness; a) achromatic axis, b) half-
plane of colours of the same hue, c) cylindrical surface of colours
of the same saturation, d) plane of colours of equal lightness
normal to the achromatic axis
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In publications, concepts similar to those defined above such as chromaticness,
chroma, colourfulness, brightness and darkness are often encountered. Chromaticness is
determined both by hue and saturation; it is the perceptional equivalent of chromaticity,
a quantity used in colorimetry. Chroma is a special case of saturation. The difference in
saturation and chroma of colours with identical lightness and hue is the same. Chroma
is a quality of colour combining hue and saturation, approximately the perceptional
equivalent of the colorimetric magnitude of chrominence. Colourfulness, attribute of a
visual sensation according to which an area appears to exhibit more or less of its hue.
Brightness, attribute of a visual sensation according to which an area appears to exhibit
more or less light. (Adjectives: bright and dim). Darkness, attribute of perceived colour
according to which an area appears to absorb a greater or smaller fraction of incident
light.

There is a wide variety of colour sensations, such as: aperture colours are colour
sensations not bound to any material, i.e. they do not refer to any spatial position or
structure. Object-bound colour sensations are named object colours.

Achromatic colours, i.e. white, black, gray are colour sensations lacking hue. Colour
sensations with a hue are chromatic colours. Spectrum colours are colour sensations
elicited by spectral colour stimuli.

Primeval colours are colour sensations which man first identified by names: yellow,
red, blue, and green (Fig. C2).

Any colour may be produced from three selected colours by additive or subtractive
colour mixing (see under 2.5).

By additive mixing other colours can be most conveniently obtained when selecting
blue, green, and red colour sensations as primary colours, elicited by radiations of
444 nm, 526 nm, and 645 nm wavelength, respectively.

In Fig. C3 the primary colours are represented in the CIE diagram and in the Coloroid
colour circle, respectively. For subtractive colour mixing, in turn, optimum primary
colours are the principal colours i.e. yellow, blue, and red colour sensations elicited by
radiations of about 570 nm, 509 nm, and 495 nm wavelength, respectively.

Secondary colours are orange, green, and violet colour sensations elicited by radiations
of about 591 nm, 509 nm, and 555 nm wavelength, respectively. They can be produced
from principal colours by subtractive colour mixing (Fig. C4).

Pure colours are colour sensations elicited by monochromatic light stimuli of a definite
wavelength.

A full colour is a colour sensation elicited by a light stimulus of high chromaticity,
while a broken colour by a low one.

A colour sensation with a high lightness is a light colour, while that with a low lightness
is a dark colour.

A cold colour is a colour sensation dominated by the short wavelengths, while a warm
colour by the long wavelengths of the spectrum.

Complementary colours are colour sensations elicited by such monochromatic colour
stimuli which when properly mixed pair-wise give a chromaticity equal to a definite
achromatic light stimulus.

Determination of complementary colour sensations has been the concern of several
researchers. Experimental results by Helmholtz (1925), Koenig (1889), Von Kries
(1904), Diterici (1892), as well as by N emcsics and Paiffy are compared in Fig. 2.14.
These results show that perceptional determination of complementarity cannot be
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Fig. 2.14. Complementary colour sensations after  Fig. 2.15. Reflection curves of metameric gray sam-
K.OENIG, Diterici, Helmholtz, N emcsics and PAIffy, pies of Pike and Erikson. Curves a refer to “living
and Von Kries gray”, curves b to “dead gray”

other than approximate. In Fig. C5 pairs of complementaries in the CIE diagram and
in the Coloroid colour system are shown.

Identical colour sensations elicited under identical conditions of perception by spec-
trally different colour stimuli are called metameric. This term was first applied by
O stwatd for the phenomenon where two or more surface colours seem similar under a
given illumination, but differ in another (e.g. daylight vs. incandescent light). A deeper
study has become possible with the advent of spectrophotometers and light sources of
different spectral energy distributions. Metamerism has a great importance in the paint
industry and in finishing, where it is important to avoid metameric coloration. In other
words, colours should not change when exposed to different light sources. G ranvitte
(1949) attributed the phenomenon of living and dead grays, distinguished by artists, to
metamerism. Reflection curves of some metameric colour samples by Pike and E rikson
(1950) are given in Fig. 2.15.

Pure colours varying along a continuous, closed curve constitute the colour circle (Fig.
C6). Most of the practically applied colour circles are sectional, containing, e.g., 5, 6, 12,
24, 28, 48, 64, 96, or 100 colours of a continuous set of pure colours (Fig. C7).

The gray scale is the set of achromatic colours from white to black in which consecu-
tive achromatic colours seem to reflect less light in even grades. Lightness differences
between members are felt throughout to be equal. In the gray scale the ratio of the
change of lightness perception and reflected light quantity is non-linear.

Based on experiments performed with a large number of observers, N ewhairi (1942),
N ickerson (1943) and Judd (1975) found that the above relation is approximated to by
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06 12 2 31 A5

Fig. 2.16. Comparison of gray scales in DIN (Rich-  Fig. 2.17. Construction of a logarithmic gray scale by
ter), Colour Harmony Manual (Foss), Munsell (New-  a Maxwell disc. Spinning the disc at 2000 rpm results
hall, Ladd and Pinney) and Coloroid (Nemcsicsand  in an evenly lighted scale

Béres) systems

Fig. 2.18. A primary hue in the Coloroid colour
system

a logarithmic curve. Figure 2.16 is a comparison of gray scales according to DIN, the
Colour Harmony Manual (Ostwald), as well as the Munsell and Coloroid colour order
systems. Development of a logarithmic gray scale on the Maxwell disk is illustrated in
Fig. 2.17.

The colour plane is defined as a half-plane of colours of the same hue. Intermittent
variation of colour points in the plane represents e.g. changes of colour, of white and
black content, or of saturation and lightness (Fig. 2.18).
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The space of colour sensations is a spatial representation of a 3D multiplicity of colour
sensations, where every colour sensation is represented by a single point. The solid of
colour sensations is the part of the space of colour sensations made up by surface colours.
The part of the colour space containing colours of about the same hue is known as the
colour domain.

2.5. Colour Mixing

It is known from experience that from any two or more colours other colours may be
produced by mixing, and that there is more than one way to produce a particular colour
by mixing. As a matter of fact, any colour can be produced by mixing an appropriate
number of reference colours in the correct proportion. A certain colour may be produced
from reference colours either by additive or by subtractive colour mixing.

Additive colour mixing may be realized in three ways, i.e. by means of a revolving
colour disk, by projecting coloured lights onto the same area of a screen, or by printing
screen points side by side. Additive colour mixing can be described by simple mathemati-
cal expressions; their regularities are simple.

Subtractive colour mixing consists of subtracting certain components of the complex
light by mixing pigments of different colours or by superimposing colour filters. Subtrac-
tive colour mixing is more difficulty to be expressed mathematically often involving
approximations.

2.5.1. Additive Colour Mixing

Adding light to light results in a stronger light. Coloured lights add up, this is why mixing
of coloured lights is called additive colour mixing. The simplest way to illustrate additive
colour mixing is by placing red, yellowish green and blue glasses before three projectors
projecting them on to the same white screen so that the circles partly overlap (Fig. C8).

With the projection made as shown in the figure, each two overlapping colours result
in a lighter colour, while all the three add up to white.

In additive colour mixing, not only a mixture of red, green and blue, but also a pair
of adequately selected colours may add up to white.

When we may try to find out the rules of additive colour mixing by experiment, we
experience the following:

Let two monochromatic colours be mixed by projecting one over the other. If these
two mixed colours are not very far apart in the spectrum, then the mixed colour is
intermediary between the two (Fig. 2.19). Position of the resulting colour within the
spectrum depends on the intensities of colours mixed. By mixing these two colours in due
proportions, all the other colours possible between them can be produced. In any case,
luminance of the mixed colours will more or less exceed that of any of the components.
The closer the two colours (A, and A2 selected from the middle part of the spec-
trum, the higher will be the luminance of the resulting colour (A3.

Again, luminance of the mixed colour increases with the distance of the components
within the spectrum. Finally, the higher the luminance of the mixed colour A3 the
closer it is to the mean value of the two component colours (A, +A?2).
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Fig. 2.19. Examples for double additive colour Fig. 2.20. Examples for triple additive colour mixing
mixing

With large differences between the two monochromatic colours, there is a special case,
that of the complementary colour pairs—the mixture of which appears white. Mixing of
complementary colour pairs in different proportions will always result in one of the
component colours, only more or less lighter.

Further increasing the distance of monochromatic colours in our experiment results
in a colour mix A6 with a dominant wavelength outside the range between A4 and
As, or a purple, a colour missing from the spectrum, will be obtained. This purple will
be the most saturated if the two extreme colours of the spectrum, those of 400 nm and
700 nm wavelength are mixed. Possibilities to produce ochre by double colour mixing are
illustrated in Fig. C9.

Mainly for stage illumination, in addition to dichromatic mixes, trichromatic mixes
have also been applied. In Fig. 2.20, results of trichromatic mixing were plotted. This was
done by mixing first two colours e.g. A, and A2 resulting in a colour A* of higher
luminance. This colour is then mixed with a third one, A3 Thereby, in conformity
with the rule for dichromatic mixes, blending of the colour obtained from A, and A2
with A3 results in a colour corresponding to A**. Upon mixing, luminances of the
colours add up.

It is important that the wavelength difference between A, and A3 should exceed
that between A, and its complementary colour* AR in order to be able to obtain
colours outside the range of wavelengths between A, and A3 as well as purples.
Also, it is of importance that A2 should be nearer to Ax and A3than to Ak}, its
complementary colour. Since by mixing At and A2 as well as of A2 and A3 inter-
mediate colours may be produced, white (A() may be mixed from A,, A2and A3if Ax
and A2 are taken in a proportion such that colour mix AK3 is the complementary
colour of A3

Tristimuli A,, A2and A3 can be additively mixed to any spectrum colour, in ad-
dition also to purple, missing from the spectrum, and white. (Creation of certain colours

See under 2.5.2.
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needs a negative quantity of a primary colour, that is, when matching colours, the
primary colour has to be added to the colour to be matched.) All the colours may be
produced with arbitrary white content.

Lightness of the colour mix may be increased by proportionally increasing the inten-
sities of the reference colours.

In our colour mixing experiments, we find that different monochromatic primary
colours may add up to identical colours.

Consequently, a colour eliciting one and the same colour sensation may be composed
from different spectral colours, that is, different colour stimuli may elicit the same colour
effect (metameric colours).

Regularities in mixing coloured light have been formulated by Grassmann (1853)—
the first to recognize essential relationships between light and colours—in three theorems
since then referred to as Grassmanns laws:

I — Any colour obtained by additive colour mixing is determined by its tristimuli,
irrespective of their spectral composition.

Il — To describe a certain colour, three and only three independent data are re-
quired.

Il — In the domain of daylight vision, colour sensation does not vary with light

intensity.

2.5.2. Subtractive Colour Mixing

In our everyday work we mainly have to do with subtractive colour mixing, named after
the fact that a colour mixed to another colour subtracts some radiation from the latter.
Stained glass when illuminated by transmitted white light withholds, absorbs radiation
of any colour but its own, making the transmitted light appear as having the colour of
the glass. When looking at red letters on white paper through red glass, the letters
disappear since the glass transmits only the red component of the light reflected by the
white paper.

The same is experienced if any other coloured object is viewed through a glass or liquid
of the same colour. If, however, a coloured object is viewed through glass of its
complementary colour, it looks black, since radiation corresponding to the colour of the
object is barred by the complementary colour. Thus, no light from the object is incident
on the eye, just as if it reflected no radiation at all, i.e. as if it were black. In additive
colour mixing, in turn, the resulting colours are always lighter than the components.

Subtractive colour mixing is illustrated in Fig. CIO. From each two colours of the
coloured circles, another colour results by subtractive colour mixing. Red arises from
yellow and purple, green from blue and yellow. Finally purple and ultramarine result in
greenish blue. These three together add up to black, because in combination they
subtract or absorb all the radiation, and nothing remains to be reflected.

While additive colour mixing isan optical process involving coloured light, subtractive
colour mixing mainly involves the mixing of pigments, coloured liquids, and transparent
coloured materials.

While the primary colours used for additive colour mixing are green, red and blue, for
subtractive colour mixing mostly yellow, greenish blue and purple are applied. It is

4 Nemesics
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interesting that colours resulting from additive colour mixing are just the primary
colours used for subtractive colour mixing, and vice versa.

Regularities of subtractive colour mixing are much more complex than those for
additive colour mixing. Its essentials are as follows:

I — Output of subtractive colour mixing always depends on the actual spectral
composition, rather than on the character, of the component colours.

Il — In subtractive colour mixing, two colours, which appear quite identical but have
different spectral compositions, will yield different colours when mixed with a
third colour.

Hence, subtractive colour mixing is antagonistic to additive colour mixing, since the
simple laws of the latter follow from independence of spectral composition.

Spectrum colours composing the colour of some surface are called the dominant colour
group, the other colours being the compensating colour group.

Colours of painted surfaces, pigments and other surfaces invariably result from the
phenomenon that part of the incident light, composed of light beams of different
wavelengths (e.g. daylight) is absorbed and the other part reflected. If only little light is
absorbed the coloured surface seems to be faintly coloured, i.e. having a light colour. The
colour perceived is always complementary to the colours absorbed by the surface or
pigment.

With increasing absorption, the white content decreases, whereby the colour becomes
more saturated. At the same time, the colour resulting from reflected rays darkens, and
if all the incident light is absorbed, the surface seems black.

The colour produced by subtractive colour mixing depends on the ratio of the
dominant group in the incident light to the absorbed compensating colour group.
Practically, this can be envisaged as if the illuminating white light contained *all kinds
of colours”, that is to say as if it were a mix of all the spectrum colours. Apart from a
general reduction of intensity affecting all the colours (graying), at some wavelengths
there is hardly any reflection, biassing thereby the spectral composition of the light. This
gives a coloured impression, marked by the dominant colours.

The resulting new colour is determined by those component colours of the dominant
group that outweight the compensating group, in other words, their compensating
colour counterpart is missing from the mix.

If some colours are missing from the dominant group, the new mixed colour will be
lighter. The more colours are missing, the lighter is the colour; conversely the more
complete the group, the more saturated will be the resultant colour. Saturation will be
at a maximum when all the colours of the dominant group are present.

As a general rule, in mixing paints, the resulting new colour will be the one which is
present in dominant colour groups of all the colours entering the mix. Mixing e.g. a
yellow paint with a blue one, gives green since reflected rays, that is, its dominant colour
group comprises green, hence the mix will also be green.

It has to be mentioned that in explaining subtractive colour mixing the terms compen-
sating colours and colour groups have been used. The same have been defined as
complementary colours in connection with additive colour mixing. By speaking here of
compensating instead of complementary colours, we wished to emphasize the spectral
aspects of the light reflection and light absorption processes discussed.
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In the practice of subtractive colour mixing, mainly when mixing colours light by
nature, some colour shift can be observed. For instance, on mixing yellow, shifts toward
red, blue to green may occur. The reason for this can best be understood by observing
opposite dominant and compensating colour groups of the spectrum. If either the
dominant or the compensating colour group lies entirely or partly on a spectrum gap
(colours missing from the spectrum), the colour is formed by *“deficient” spectral
processes responsible for these colour shifts. Thereby spectrally compensating colour
pairs are not quite the same as complementary colour pairs of subtractive colour mixing.

2.6. Colour Systems

Man is able to distinguish between an extremely large number of surface colours.
Since the earliest times, in order to help orientation, it has been attempted to sys-
tematize colours. The modern idea of colour systematization, namely to arrange colours
in a 3D space, dates back to the 17th century. Stages in the development of this idea have
been colour systems suggested by Forsius (1611), Agulionius (1613), Firudd (1629),
Kirchner (1641), Waller (1686), N ewton (1704), Mayer (1758), Harris (1766), Lam-
bert (1772), Schiffermuller (1772), Sowerby (1809), Goethe (1810), Runge (1810),
Hayter (1826), Chevreul (1839), Field (1846), Maxwel1 (1860), Benson (1868),
Wundt (1874), Hering (1878), Bianc (1879), Rood (1879), Lacouture (1890), Hofler
(1897), Ebbinghaus (1902). Colour systems actually applied in present times—to be
considered below—are all the achievements of the 20th century, and only these will be
discussed here.

Colour solids constructed according to the principles of the given colour system are
usually represented by means of colour sample collections. In general, it is attempted to
arrange the colour samples within the colour solid approximately uniformly. The reason
for this is that by assigning codes to colour samples, the aim of colour collections is to
assist in comparative colour determination. Determination or even approximation by
interpolation of codes of colours missing from the colour collection is only possible when
there is a perceptional equidistance between colour samples.

Codes assigned to colour samples represent either tristimulus values or colour sensa-
tion parameters of hue, saturation and lightness. Without colour samples a colour
system is only unambiguous if its codes can also be expressed by internationally agreed
tristimulus values.

2.6.1. Colour Systems Based on Additive Colour Mixing

In colour systems based on additive colour mixing, colours are considered as additive
mixes of a colour in the colour circle, as well as of white, and black. Codes are related
to the proportion of additive components. Several of such colour systems are actually
used.

Ridgways colour system
Ridgway published his colour system in 1886, and his Colour Atlas in 1912. Under the
title “Color Standards and Color Nomenclature” it is still used in the USA mainly for

4*
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describing colours of flowers, plants and insects. It uses a colour circle consisting of 36
saturated colours, and a 9-stage achromatic scale including white and black. The double
cone-shaped colour solid contains 1115 colours, each marked by a letter and number
code. Names are assigned to some colours. This colour collection includes a dispropor-
tionately high number of very dark colours and its colour space is discontinuous and not
uniform enough, and also disregards the specific lightness of colours. Codes do not
follow perceptional variations.

Ostwald5 colour system

Ostwald, the famous physicist and chemist published his system in 1915. Every colour
is described by its chroma, and its white and black content. Graduations of its gray scale
follow the Weber-Fechner law. Among the many possible ways of arranging gray
shades, those with ten degrees each between 1 and 10, then between 10 and 100 are
applied. In decreasing proportions the series is as follows:

100 79 6350 40 32 25 20 6 12 6
10 79 63 50 40 32 25 20 16 1206

In his system, the mean value of two adjacent numbers is the white content of a shade
in the gray scale:

89 71 56 45 36 28 22 18 14 n

a b c d e f g h i K
89 71 56 45 36 2.8 22 18 14 11
| m n 0 p q r S t u
089 071 056 045 0.36
\% w X Yy Z

Letters mark gray scale tones.

In recently published Ostwald colour collections, the gray scale consists only of eight
shades: a, ¢, e, g, i, 1 n, p. Initially, the colour system comprised a colour circle of 100
units, reduced in subsequent editions to 24 colours (Fig. CIlI).

Fig. 2.21. Arrangement of ideally saturated colours
making up the primary colour circle of the Ostwald
colour system in the CIE 1931 diagram. Dominant wave-
length of v, is /1, that of v2is A2 while the dominant
wavelength of v2 is dominant wavelength “ "3k of its
complementary colour
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Fig. 2.22. Description of solid colours similar to that ~ Fig. 2.23. Perceptionally equal distances in a colour
of optimum colours after Ostwald, fl luminance fac-  plane of the Ostwald colour system. W white, V pure
tor; s black content; v chroma; w white content colour, S black

In the CIE diagram, points of the colour circle form a closed curve. A straight line laid
across any point on the curve and the white point cuts out from the curve the com-
plementary of the starting colour (Fig. 2.21). Ostwald represented also existing colours
of the solid by curves similar to the characteristic curves of optimum colours (Fig. 2.22).
Here wavelengths of the optimum colour representing the colour content define its
characteristics referred to the horizontal axis of the curve, while the corresponding
sections on the ordinate axis are obtained from:

j+r + M=l 17)

where s is the black content, v the chroma, and w the white content, respectively.

In this system, possible shades are grouped as:

— reference colours;

— light colours (reference colour + white content only);

— dark colours (reference colour + black content only);

— dull colours (reference colours + white and black = gray content).

Ostwald’s colour solid is a double circular cone, with white and black at the vertices.
Colours of the same hue reside in isosceles triangles (Fig. C12). '

The best practical realization of Ostwald’s principle of colour systematization is the
colour sample collection entitled “Colour Harmony Manual” and published in the USA,
indicating also colour sample coordinates in the CIE XYZ system.

In spite of Ostwald’s efforts, a deficiency of the system is lack of perceptional
equidistance (Fig. 2.23).

Also the idea known as the internal symmetry principle of the system is erroneous. In
spite of different saturations of the colours in the colour circle, it is stated that a 1:1
additive mix of each two adjacent saturated colours results in the perceptional average
of the two colours. His endeavour to include only complementary pairs in the colour
circle implies that in the blue and cold green colour domains, perceptional hue steps are
smaller than e.g. in domains of yellow or orange.
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The Baumann Prase colour system

Based on ideas forwarded by Prase (1941) this system was published by Baumann and
Prase in 1942 Its drawback is its ambiguity inasmuch as some pure light and pure dark
shades occur repeatedly. It also lacks clarity since colours have been marked by con-
tinuous numerals. Its colour card collection is hardly in use today.

Rabkin % colour system

The Soviet Rabkin’s colour system, relying on nine primary colours, appeared in 1950.
Every primary colour is further divided into five parts, thus the colour circle consists of
a total of 45 pure colours. Its gray scale is graduated in smaller steps from medium gray
to light gray, and in larger steps toward darker shades. Codes do not suit perceptional
description; the system is not uniform from the perceptional point of view.

2.6.2. Colour Systems Based on Subtractive Colour Mixing
In these systems, colours are described as being mixtures of various pigments.

Plocheres colour system

Prochere published his colour system and colour sample collection in the USA in 1946.
It is noteworthy from the point of view of colour harmony correlations. Colours are
described in terms of chroma, and of white and black content. The colour collection
includes 1248 colours. Every colour in the collection is named, and mixing recipes are
provided for their preparation by subtractive mixing from primary colours, and black

or white. Colour space of the system is not continuous and perceptionally not uniform.

The Colorizer colour system

This was developed in the USA for colour reproduction. Every colour is described as a
subtractive mix from any of twelve primary colours and white and black. Its colour
system is not continuous and perceptionally not equidistant.

The tintometer colour system

Originally this was developed in 1887 by Lovibona for beer colorimetry and improved
by schotierd in 1943. Colours are described as subtractive mixes from a red, a blue and
a yellow. Visual colorimeters based on these relationships, applying superimposed
coloured glass filters are still in use in several fields of industry.

2.6.3. Printed Screen Systems

Colour systems for the printing industry rely on the size and overlapping of screen points
obeying laws of additive or subtractive colour mixing.

Hickethier’ colour system

H ickethier’s colour system (1963), first published in 1940, is primarily of importance for
colour photography and trichromatic printing. The collection of the system containing
1000 colour cards finds increasing use in practice.



Colour Systems 41

Fig. 2.24. Scheme of Hickethier’s system based on three-colour
printing

Ordering and descriptive magnitudes of the system are numbers indicating screen size
of the three superprinted primary colours in trichromatic printing (Fig. 2.24). These
magnitudes do not correspond to colour perception, therefore the system does not suit
colour design practice.

Villalobos ’ colour system

This colour system, published in 1947 by viraiobos brothers in Argentina, relies on a
38-part colour circle, and a gray scale of 21 steps. Colours in the colour circle are
approximately complementary. Every hue section of the system comprises 191 colours
i.e. the collection contains a total of 7279 colours. Colour description magnitudes are:
colour tone, lightness degree, and hue step. Every colour is produced as a mix from a
pure colour and white or black. Its colour space is not uniform and has no relation to
the CIE colorimetry system.

Wilson''s colour system

W i1son’s colour system was published in 1942 in England as a common publication of
the British Colour Council and the Royal Horticultural Society. The collection contains
800 colour samples. Characteristic magnitudes are: chromaticness, grayness, lightness.
Its colour space is perceptionally not uniform.

Kippers’ colour system

This was intended for the printing industry and published in 1976. Its colour collection
of 25000 shades appeared in 1987. Inherently, most of the samples are very dark shades.
It is in no tabular, graphic or transformational relationship to the CIE XYZ system and
unsuitable for environment colour design.

2.6.4. Perceptionally Equidistant Colour Systems

These systems strive to equidistance between adjacent colour points in the model of the
system. Distances express differences between colours represented by the points. All
these systems except the Munsell system were worked out in recent times. They differ
partly by the degree of perceptional equidistance of their colour space and their continu-
ity and partly by their relation to the CIE colour order system.
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Munsells colour system

The foundations for the most up-to-date idea of colour systems were first laid down by
M unsel1, who published his “Book of Color” and the pertinent colour sample collection
in 1915. This system has been further developed in 1943 and correlated to the CIE 1931
colorimetry system. In 1956 it was extended to include very dark colours. Later the
Munsell Color Company was founded for re-editing at regular intervals, in the original
quality, the colour collection of the system. Since 1979, it is also published in Japan
under the title “*Chroma Cosmos 5000”.

The Munsell System is still one of the most popular colour systems. Its codes are up
to this day the most common colour identification numbers in the international litera-
ture. Colours are identified by three data: hue H, chroma C, and value V (lightness).
These data are the three coordinates of the Munsell colour solid, characterized by
cylindrical coordinates and correspond to the three characteristics of visual perception.

Colour circle of the colour solid, the hue scale, is divided into 100 perceptionally equal
parts according to ten shades each of the following five reference and five mixed colours:
red (R), yellow-red (YR), yellow (Y), green-yellow (GY), green (G), blue-green (BG),
blue (B), purple-blue (PB), purple (P) and red-purple (RP) (Fig. C13).

The axis of the Munsell colour solid accommodates gray (neutral, N) colours. The
achromatic scale is divided in a perceptionally equidistant manner from 0to 10. Munsell
lightness of a perfectly absorbing surface (ideal black) is 0, that of a perfectly and
diffusely reflecting (ideal white) surface is 10.

The correlation between Y tristimulus percentage referred to CIE ray distribution C,
MgO surface and the Munsell lightness V is:

Y=V 1-2219 K—0.23111 K2+ 0.23951 F3—0.021009 V4+ 0.0008404 V5. (18)

The Munsell chroma increases with the distance from the achromatic axis. The
maximum of the chroma scale is between 10 and 38 depending on the hue (Fig. C14).
In the Munsell colour system, colours are marked as:

A, VviC
10 RP,  5/6.

The shape of the Munsell colour solid is shown in Fig. 2.25.
Relationship between the Munsell colour system and CIE has been tabulated.

The OSA colour system

On commission by the Optical Society of America, this system was elaborated under the
guidance of Judd between 1947 and 1977. Colours are described in terms of lightness L,
yellownessy, and greenness g. In this system, lightness may range from —17to +5. Gray
of 30% reflection has been chosen for zero lightness. Yellowness ranges from —6 to
+ 11. Numbers with a negative sign mean blues, positive numbers mean yellows. Green-
ness varies from —9to +9. Here negative numbers are red, positive ones are green. Also
in these latter cases, O refers to gray. Because of the geometric arrangement of colours
this system is also called the rhombohedron lattice colour system. Each colour has
twelve, about perceptionally equidistant, neighbours. Its colour collection contains 645
samples defining also the corresponding CIE XY Z identifiers. The system itselfis in no
transformational relation to the CIE XYZ system.
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Fig. 2.25. The Munsell colour solid Fig. 2.26. Colour solid of the DIN colour system:
M=v/(K-202+ (F-Z)2.

The Hunter LAB colour system
This was set up by Bitimeyer and Saltzmann in 1981. Colours are distributed in a
geometrical arrangement similar to the OSA colour system. Perceptional equidistance is
given up in order to enable transformation to the CIE XY Z system by the following
formulae:

1=10YT,

a= 175 (1.02-Y—Y) " (19)

Vy
, 7.0(T—0.8472)

T?
where L indicates colour lightness, a redness and greenness, b yellowness and blueness.

The DIN colour system
It was in 1944 that the first report on Richter’s colour system—to become German
standard in 1953—was published. Colours are described by perceptional characteristics.

DIN-Farbton (T) corresponds to hue. In this system, the colour circle is divided into
24 perceptionally nearly equal sections. DIN shades thus defined are numbered from 1
to 24 (Fig. CI5).

DIN-Sattigungsstufe (S) is the degree of saturation. The achromatic point has a
saturation 5'= 0. DIN hue and DIN saturation jointly describe chroma (Farbart). In the
CIE colorimetry system these data are expressed by colour coordinates x, y (Fig. 2.26).

DIN-Dunkelstufe, i.e. darkness degree (D) is a lightness characteristic of solid colours.
With the luminance factor concept defined by the CIE tristimulus value Y it is mathemat-
ically related as:

D= 10-6.1723 log (40.7-- + 17, (20)
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where A and Ao are tristimuli Y of the given colour, and of the optimum colour of
dominant wavelength corresponding to the given colour, respectively. The ratio A/Ao
stands for relative lightness.

In the DIN colour system, colours are identified as:

T-.S-.D
12:7:9.

Relationship between the DIN and the CIE XY Z colour systems has been tabulated.
An axial section of the DIN colour solid is seen in Fig. CI6.

The NCS colour system

One of the latest ideas on colour systematization relies on the Hering Johansson theory,
materialized as the colour atlas by H essergren issued in 1953. Based on this atlas, in
1972 Hara and sivik have developed the Natural Colour System (NCS) adopted as
Swedish Standard in 1979.

The authors of this system started from Hering’s idea about six elementary colour
perceptions, i.e. white (W), black (S), yellow (), red (R), blue (B), and green (G)—all
the other colour perceptions being more or less related to them. In the NCS colour
system every colour is described by the degree of its similarity to the six selected colours.

A colour cannot be similar to more than two hues. Yellow and blue exclude each
other, and so do red and green. Sum of the colour variables defines the NCS chroma-
ticness (c) of the perceived colour, and their ratio its hue (®).

In the NCS colour system, colours are marked as:

sc—®,
for instance:
2040-G40Y,

Fig. 2.27. Two projections of the colour solid of the NCS
colour system
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where s is whiteness (a magnitude associated with lightness), ¢ is chromaticness
(a magnitude associated with saturation), and @ is the hue of the colour. In colour
marking, s and ¢ values—both of two digits—are written without space and separated
from @by a hyphen. The hue of the colour in the example above is intermediary between
green (G) and yellow (Y) in a ratio of 40 to 60.

The geometric form that the NCS system assumes is a regular symmetric double cone
with white and black at the vertices, while the other four preferential hues are on the
circle of full colours, at corners of a square touching this circle (Fig. 2.27). This colour
solid is of the same shape as that of the Ostwald system. Also the basic principle of some
variables was adopted from the Ostwald system, but with a modified definition and scale.
Similarities and differences between CIE and NCS colour spaces have been tabulated but
no exact mathematical correlations were established.

The significance of this system is that it operates with a tetrachromatic colour descrip-
tion as a possible way of visual colour description. From other aspects it exhibits most
of the deficiencies associated with the Ostwald system.

The TGL colour system

This was published by Adam in the German Democratic Republic in 1963. Colours are
ordered according to different scales utilizing the ideas of the Baumann-Prase and
Ostwald systems. It is in no transformational relation to CIE. Its colour collection was
named as FARAU.

The Coloroid colour system

A new idea in colour systematization is a colour space relying on colour harmony
intervals, developed by the Author at the Technical University of Budapest. Psychomet-
ric scales of the system were based on experiments conducted between 1965 and 1980.
It was published in a final form in 1979 (N emcsics, 1979b).

It has been adopted as standard by the Hungarian Standards Bureau in 1982 (MHSZ,
1982).

By virtue of its aesthetically uniform colour space, convenient symbol system and
simple, two-way unambiguous correlation with the CIE XY Z system it suits environ-
ment colour design, colour education and various other creative activities concerned
with colour. Colour sensation characteristics are Coloroid hue, Coloroid saturation and
Coloroid lightness. The first, hand-painted colour collection was issued in 1972. In 1988,
the “Coloroid Atlas” (N emcsics, 1988) comprising 1647 colour samples was published.
In addition to Coloroid characteristics, the collection also indicated those according to
the CIE XY Z, Munsell, DIN, and NCS systems. The Coloroid colour system is described
in detail in Chapter 3.

2.6.5. Colour Collections

Acceptance of a colour system by practitioners also depends on the quality of its colour
collection. Practice requires ever more of colour collections. These mostly rely on
ordering principles of one of the colour systems outlined above, but there exist collec-
tions following other principles. The table below contains more or less popular colour
collections applied in environment colour design.
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Year of
publica-

tion

1929
1933
1934
1938
1938
1946
1946
1947
1948
1948

1949

1950

1950

1952

1952
1952
1953
1955
1955
1956

1958

1961
1962
1962
1963

1963
1964

1970

Fundamentals of Chromatics

Title

Munsell Book of Color
Ostwald Color Album
Dictionary of Colour Standards
Wilson Colour Charts
Historical Color Guide

Swiss Colour Atlas

Color and Color Names
Atlas de los Colores
Baumanns Farbtonkarte

Color Harmony Manual

Dictionary of Colours for
Interior Decoration

Designer’s Color Guide

Dictionary of Color

DIN Farbenkarte

Hesselgren’s Colour Atlas
Farbenordnung Hickethier
Der Mobile Farbkdrper 743
Colorizer Paint System

RAL Farbregister 840R

Scandinavian Colour Book

Munsell Book of Color

Komerup Farver i Farver
DIN 6164 Matte Farbmuster
Swiss Color Atlas 2541

Colors for Interiors, Historical
and Modern

Pantone Color Specifier

Design Color for Architecture

ICI Colour Atlas

Publisher

Munsell Color Co., Baltimore
Winsor-Newton, London
British Colour Council, London
British Colour Council, London
Helburn, New York

Edition Chromos, Winterthur
Edition Plochére, Los Angeles
Molyn Homes, Buenos Aires
Aue i Sa., Stuttgart

Container Corp. of America,
Chicago

British Colour Council,
London

E. I. du Pont de Nemours,
Wilmington

Maerz-Paul, McGraw-Hill,
New York

Deutsches Institut flir Normung,
Berlin

Palmer, Stockholm

Osterwald, Hannover

Edition Chromos, Winterthur

F. Birren, Stamford, CT
Musterschmidt-Verlag, Géttingen

Nordisk Textile Unions,
Copenhagen

Glossy Edition, Munsell Color Co.,
Baltimore

Politikens Forlag, Copenhagen
Beuth-Verlag, Berlin
Edition Chromos, Winterthur
Whitney, New York

Moonachie, New Jersey

Japan Color Res. Inst.-Nihon Shi-
kiken Enterprise, Tokyo

Imperial Chemical Industries, But-
terworths, London

o o

system

Munsell
Ostwald

Wilson

Muller
Plochére
Villalobos
Baumann

Ostwald

DIN

Hesselgren
Hickethier
Miller

Colorizer

Munsell

DIN
Miller

Number
of
samples

850
900
240
800
150
1090
1248
7279
1359
900

378

1600

7000

240

507
999
743

1342

94

1728

1500

1440
507
2541
248

563
400

1379
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publica-
tion

1971

1971

1972

1973

1974

1974

1974

1977

1978

1978

1978
1978

1979

1980

1981

1982

1983

1986

1987

1988

Colour Systems

Title

JIS Color Code for Investiga-
tion

Farau Farbenkarten

Magyar szindinamikai szinsor
(Hungarian Colour Dynamic
Colour Series)

Aesthetics of Colour in Natural
Harmonies

Chart System of Color Names

Manual of Color Names
(ISCC-NBS)

Uniform Color Scales Samples

Color Arrangementsfor Inte-
riors

Chroma Cosmos 5000

Farbenkatalog fiir die Gestal-
tung

Acoat Color Codification
Color Range Manual 100

Colour Atlas SS 01 91 02

Color Tone Manual

Chromaton 707

Coloroid szinatlasz. E. minta
(Coloroid Colour Atlas. Sample
E)

DIN 6164. Glanzende Farbmu-
ster

Eurocolor Farbenatlas

Der Grosse Kiippers Farbenat-
las

Coloroid Colour Atlas

Publisher

Japan Color Res. Inst., Tokyo

PGH Farbe und Raum-Aue i Sa.,

Berlin

OMFB, Budapest

Edition Chromos, Winterthur

Japan Color Res. Inst., Tokyo

Japan Color Res. Inst., Tokyo

Opt. Soc. Amer., Washington

Japan Color Res. Inst., Tokyo

Japan Color Res. Inst., Tokyo

Bauakademie der DDR, Berlin

Akzo Coatings, Amstelveen
Japan Color Res. Inst., Tokyo

Swedish Standards
holm

Inst.,

Japan Color Res. Inst.-Nihon Shi-

kiken Enterprise, Tokyo

Japan Color Res. Inst., Tokyo

Technical University, Budapest

Beuth-Verlag, Berlin

Schwabenmuster, Gaildorf

Callwey, Miinchen

Innofinance, Budapest

Stock-

Colour
system

TGL

Coloroid

Miiller

OSA

Munsell

TGL

NCS

Coloroid

DIN

Klppers

Coloroid

47

Number
of
samples

600

1080

214

200

286

400

552

108

5000

652

2021
65

1412

400

2215

982

571

1100

25000

1647
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The proliferation of colour collections highlights the problem of standardizing colour
notations, requiring, in turn, to test the practical value of colour systems. In 1977, an
International Working Committee headed by Wyszecki was set up to test various
current colour systems and colour collections. In 1985, Bitimeyer reported about the
activity of the Committee at the Monte Carlo Congress of AIC (Association Internatio-
nale de la Couleur). Definitions have been adopted for advisable requirements for colour
systems and colour collections to be used in international practice. Results of investiga-
tions concerning current colour systems and collections have been recapitulated in an
annotational bibliography of 435 entries compiled by Bitimeyer and published by AIC
in 1986. This publication devotes separate chapters to Coloroid, DIN, ISCC-NBS
(colour catalogue of Inter-Society Color Council), Munsell, NCS, OSA, and Ostwald
colour systems.

2.7. Colorimetry

Colorimetry is a rather complex domain of metrology. Origins of its theory date back
to N ewton (1704), then t0 G rassmann (1853), M axwel1 (1860), Helmholtz (1925), and
Schrodinger (1925). Contributions to up-to-date colorimetry are due to Guitd (1926),
Judd (1933), MacAdam (1955), Richter (1952), Stites (1959), Wyszecki (1968) and
W right (1969).

Colorimetry is strictly speaking a tool to predict whether or not under given conditions
two visual stimuli of different spectral distributions raise the same visual sensation.
Prediction is made by locating the two visual stimuli in a given colour space. If coordi-
nates in the colour space of one stimulus are the same as those of the other, a person with
a normal colour vision will find them indistinguishable.

That is why in the theory of colorimetry, it is first necessary to define circumstances
of colour perception.

In addition to the spectral composition and intensity of light energy, texture of the
chromophoric surface, and individual features of the colour perception mechanism,
perception of a colour is also markedly affected by such factors as physical or psychical
fatigue at perception, preceding colour sensations, ambience of the perceived colour,
direction of observation. Therefore in colorimetry, colour sensations by an observer of
normal colour vision, with his/her eyes adapted to light, are always assumed. Further
restrictions are as follows:

1) the visual field of the observer’s eyes should be 15 to 2° in order to avoid the

disturbance of effects of retina unevenness,

2) luminance of the visual field should exceed 3 cdm~2but by not so much as to
elicit dazzling,

3) the observer’s eyes should be neutrally adapted, that is, not tired, and not exposed
to a different colour stimulus directly before perception of the colour. It is also
necessary that the texture of the chromophore should be imperceptible and it
should have uniformly clear and achromatic surrounding.

Standard Colorimetric Observer was defined by CIE in 1931, and Standard Sup-

plementary Colorimetric Observer was defined in 1964.

When several monochromatic colour stimuli of different wavelengths reach the eye

simultaneously, lightnesses due to each component add up to:
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L=1i1, (21)

where L], is lightness due to monochromatic radiation of wavelength Xv This additiv-
ity fails only at a very high luminance.

Spectral sensitivity of the human eye changes below a given illumination level. There-
by, with diminishing luminance, visual fields of different colours, which previously
seemed of identical lightness, may be perceived as of unequal lightnesses. This fact made
it necessary to settle the minimum luminance (about 3 cdm-2) of the colour stimulus
eliciting perception, below which general relationships do not hold.

After these premises, let us consider the possiblities of colorimetry. There are two main
lines to follow. Either, under fixed conditions  colour perception, sensing properties of
man are only reckoned with according to the internationally accepted average (basic
colorimetry), or, colours are examined within the everyday complex environment (higher
colorimetry).

In the first case, colour stimuli creating colour sensations are related, while in the
second case direct relations between colour sensations are sought for, or relationships
between colour stimuli are transformed so as to express relationships between colour
sensations.

It is an empirical fact that by mixing the necessary number of primary colours in
correct proportions, any colour may be produced. The human eye being rather sensitive
to colour differences, colorimetry may rely on the method of mixing some primary
colours into a colour which is visually identical to the colour to be measured. A given
colour may be produced from primary colours either by additive or by subtractive
mixing. By either method, the set of colours may be assembled to a colour space. The
measured colour may also be defined by coordinates locating it in the colour space.

2.7.1. Colour Space Based on Additive Colour Mixing

Essential correlations for additive colour mixing have been recapitulated by G rassmann
(1853), a German mathematician (see under 2.5.1).

The first, and second Grassmann laws are formulated mathematically as follows: Let
Ai, A2 and A3be three independent reference stimuli applied in additive colour mixing,
resulting in an arbitrary colour F

F=aiAi+a2A2+a3A3, (22)

where a\, a2, a3are primary colour quantities, or else, tristimuli needed to mix colour F.
In visual observation, these three characteristics are invariant. Fatigue and accommoda-
tion of the eye do not affect colour agreement. The sign of equality is replaced in the
above equation by a sign of identity, expressing that an additive colour mix looking
identical to colour F has been produced.

It is an experimental fact that colour mixing series are continuous, that is, a slight varia-
tion of reference stimuli results in a proportionately slight variation of the colour mix.

The equation expressing the summation of monochromatic light stimuli simul-
taneously acting on the eye leads to a rather enlightening analogy: colour F defined
thereby may be identified to the position vector F in the three-dimensional space.
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Fig. 2.28. Vectorial representation of colours Fig. 2.29. Vectorial summation of colours

Unambiguous description of both concepts—colour stimulus and position vector—
requires three data (vector coordinates or tristimuli). Transformation in either case is
subject to the same regularities.

In publications colour stimuli are often represented by vectors, and so will be here.
Reference stimulus vectors define axes of the 30 coordinate system. Be R, G and B unit
vectors of coordinate axes each. Colour equality is described in vectorial form:

F=rR+gG+bB, (23)

where 1, g and b are tristimuli (Fig. 2.28). In summing up two colour stimuli, vectorial
addition rules are valid:
Fx=rR+gxG+DbtB,

F2=rR+g2G +b>B, (24)
F=FI+F2=(rl+r2R + (g, + g2G +(b]+h2B .

Spatial position of colour stimulus F resulting from vectorial summation of colour
stimuli Fi and F: is seen in Fig. 2.29. Summation may involve any number of colours.

In cases described by the equation which mathematically expresses G rassmann’s first
and second laws, the colour stimulus of F can be directly mixed from three reference
stimulus values. Geometrically this means that vector Fis inside the pyramid defined by
vectors R, G, and B.

There are cases where visual colour identity cannot be achieved by mixing the three
reference colours. Now, the two colour mixes may be equalized by mixing the proper
amount of some reference stimulus to the colour to be measured. This indirect colour
mixing is mathematically expressed as:

F+gG=rR+bB,
F=rR—gG+ bB.

Vector F corresponding to colour F expressed by this equation is outside the pyramid
defined by vectors R, G, and B.

(25)
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2.7.2. The CIE 1931 Colorimetric System

The CIE colorimetric system accepted in 1931 by international agreement permits the
unambiguous and objective description of colours. It relies on the assumption that
colours of primary or secondary light sources are unambiguously defined by their
spectral distribution. To spectral distributions three colour characteristics based on
additive colour mixing are assigned in the following way:

Composition of relative spectral power distribution of an arbitrary colour stimulus:

S for illuminants;
a@ 3S@A for reflective surfaces; (26)
T(A) 5/() for transilluminated materials,

where 5'(5) is the relative spectral power distribution of the radiant, q(X) or 7(5l) the
spectral reflection or transmission coefficient, and S|(A) the relative spectral power
distribution of any of the standard colorimetric light sources (A, Bor C) (Fig. 2.30). CIE
Standard Illuminants: Distribution A means the spectral distribution of a Planckian
radiator at a correlated colour temperature of 2856 K. Distribution B means the spectral
distribution of a Planckian radiator at a correlated colour temperature of 4900 K.
Distribution C means the spectral distribution of daylight at a correlated colour tem-
perature of 6800 K. Distribution D65 means the spectral distribution of daylight at a
correlated colour temperature of 6500 K.

Colour stimulus ®(A) may be considered as sum of a definite number of elemen-
tary spectral colour stimuli ®A)1A Because of the additivity of the colour stimuli,
resultant colour codes may be produced as a sum of colour codes for spectral colour
stimuli.

As the first step in establishing the system, measurements by a sufficient number of
observers with normal colour vision were averaged to determine—for three given refer-
ence stimuli—tristimulus values assigned to monochromatic components of the visible
domain of the isoenergic spectrum. Such experiments were made first by Maxwell
(1890), later by Konig and Diterici (1892), as well as by Guitd (1925) and W right

SA

Fig. 2.30. Relative spectral power distributions of stan-
dard light sources

5 Nemcsics
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(1928). The internationally agreed values are the averages of the results by G uita and
W right.

In the CIE 1931 decision, monochromatic radiations with wavelengths $k= 700.0
nm (red), $£=546.1 nm (green), and $B=435.8 nm (blue) have been accepted as ref-
erence stimuli of the international colorimetric system. As a definition it has been agreed
that in the isoenergic spectrum, all three tristimuli of the colour white are equal, and their
luminance ratio was set as: LR:La:LB= 1.000:4.5907:0.0601. As “white” the ab-
solute diffuse reflecting surface deriveable from the NPL (National Physical Laboratory)
white standard has been accepted.

Spectral tristimuli for the reference stimuli above were tabulated. The respective
curves are shown in Fig. 2.31.

Tristimuli for colours in the RGB system are:

N=To2,)r(;,)212,
C=1¢(a,lA,)/14, 27)
A=Td(,)H(A()219,

where r(A), o), and 5(F*) are distribution coefficients for monochromatic radiation
of wavelength 4 (spectral tristimulus functions). Knowing the distribution coeffi-
cients, determination of colour characteristics requires only spectral distribution mea-
surements and calculations.

Chromatic values interpreted by additive colour mixing can be represented in 3D
space by vectors—the so-called colour vectors. The space defined by colour vectors is the
colour space. It could be imagined that colour vectors might occur in the complete An
range of steric angles. In fact, however, tests showed real colour vectors not to occur
outside the boundaries set by real spectral colour vectors.

That part of the colour space which incorporates vectors of all the solid colours arising
at a given illumination is called a colour solid. A “colour cone” confined by spectrum

Fig. 2.31. Spectral tristimuli of the CIE RGB system
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Fig. 2.32. Colour solid stretched between mono-  Fig. 2.33. Colour triangle, the plane section of the
chrome primary colours R, G, B colour solid

colour vectors and the purple plane in the space stretching between primary colour
vectors R, G, and B is seen in Fig. 2.32.

Three dimensional representation is rather complex and may be confusing for several
colour vectors. Information on hue and lightness of colours can be, however, separated.
Hue may be defined in plane by not more than two coordinates. The so-called CIE
chromaticity diagram or colour triangle is a plane intersecting the colour cone.

For the plane in Fig. 2.33 the three reference stimuli are equivalent. In the colour
triangle, every colour vector is represented by a point. Thus, in planar representation,
colour points for colours of the same hue and saturation but different lightness are
coincident. Intersection points of reference stimuli define a triangle. Colour points may
also be located by triangle coordinates.

Within the colour triangle, the chromaticity point of the colour resulting from additive
colour mixing may be determined by methods of centroid determination, hence, ob-
viously, in determining the colours, proportion, rather than absolute values of tristimuli
is decisive.

Therefore colours are described—rather than by the tristimuli above—by so-called
chromaticity coordinates, derived from the former as

_ R

~ R+G+B
_ G

g~ R+G+B (28)
= 72—

b R+G+B

Obviously, for the coordinates: r+g+b= 1

5«
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Fig. 2.34. Distribution coefficients of the CIE xYz col-
orimetric system

Hue and saturation being perceptional values, unambiguous colorimetric description
of chroma needs but two data.

As shown before, some spectrum colours could only be mixed from reference stimuli
if one or the other reference stimulus was a negative quantity in the summation—that
is, the given reference colour stimulus value was added to the colour to be metered.

For convenience, a linear transformation of the outlined reference colour value system
was carried out whereby distribution coefficients of all three reference colour values
became positive.

The transformational equations are as follows:

X= +2.36460 J1—0.51515 G+ 0.00520 B,
7= -0.89653 R+ 1.42640 6-0.01441 B, (29
Z = -0.46807 NN+ 0.08875 G+ 1.00921 B.

The resulting reference stimuli X, 7 and Z are imaginary, i.e. cannot be realized and
serve for calculations alone. CIE distribution coefficients (x(A), y(X), z(A)) for the
isoenergy spectrum calculated in the primary colour value system above are seen in Fig.
2.34.

According to the curves, tristimuli of monochromatic radiations are proportional to
ordinate values corresponding to the abscissa of the radiation.

Knowing the spectral composition of an arbitrary colour stimulus, tristimuli may be
calculated also in the XY Z system as described above:

X=k\® (X)x{X) dA,
Y=k j O(A)+(A)dA (30)
Z=*J<P(A) z(A)dA.

with notations as above; interpretation of K see below.
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Colour coordinates may be derived from tristimuli as for the RGB system:

_ X
X~ X+Y+Z

Y
b~ X+Y+2Z

z
X+Y+2Z'

Figure C17 shows the colour triangle X, y represented in an orthogonal coordinate
system. In planar representation, only chromaticity (hue and saturation) differences
appear. By convention, in the colour triangle, point x=y =z = 0.333 is the “achromatic
colour”. All the white-gray-black line is at this point.

In the CIE colorimetric system, function yx has been chosen to agree with the eye
sensitivity function V multiplied by a constant. Accordingly, tristimulus Fis proportion-
al to the luminance of the colour stimulus. In calculating tristimulus values, proper
selection of the proportionality factor k permits that F numerically agrees with the
luminance of the colour stimulus. In describing the colour of reference radiants, X, y
values are calculated from the determined X, F, Z values (here k = 1), indicating lumi-
nance values as the third characteristic of the colour stimulus.

In describing solid colours, K is determined for an ideal white solid taking t(/1)= 1or
e(A)=1, F= 100, that is taking (26) and (30) into consideration as follows:

(31)

100= Kk } 1-Si (5) A7) dA, (32)

thence the value of k can be calculated.

Since it is thus apparent that the proportionality factors depend on the spectral energy
distribution of the illuminating light source, k values for various normal illuminations
have been tabulated.

Thus, for describing solid colours, x, y and F values have to be given. These charac-
teristics of the CIE colour system, however, cannot be directly used for environment
colour design, since they are not directly and sensibly related to the perceptional
distribution of colours.

Perceptional description of colours is possible by means of hue, saturation and
lightness parameters. Their counterparts among colour stimuli are the Helmholtz
characteristics, such as dominant wavelengths, in case of purples the corresponding
complementary wavelength, tristimulus F, and the CIE excitation purity pc.

Lightness sensation and tristimulus F are in no linear interrelation. Although excita-
tion purity pcis akin to the concept of saturation, this relation is more complex and
cannot be related to the concepts of black and white content often applied for the
description of pigment colours. Among the three concepts, it is the dominant wavelength
which is the nearest to the perceptional hue, although this relation is not free from
ambiguities either. Dominant wavelength is invariant for any hue if lightness or satura-
tion are altered.
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2.7.3. Colour Space Relying on Subtractive Colour Mixing

Also for subtractive colour mixing, a colour (visually) similar to that to be measured has
to be produced from known reference colours. Colour mix may be produced by such
means as superimposing coloured filters, mixing pigments, or by printing coloured
screen points on one another. Simple mathematical handling is only possible when
subtractive colour mixing is carried out by means of colour filters. Obviously, transmis-
sion values of consecutive filters ti (A and Tr(A) have to be multiplied:

TI-2(>) = Tj(A)12(A). (33)

Filter transmission being exponentially dependent on filter thickness x, filter material
concentration ¢ and molar extinction d, therefore:

T=exp(—cdx). (34)
Here we can introduce the concept of density to describe a filter of unit thickness:
D=—ogt. (35)
Hence’
£>-2A)=/>, (A)+z2(A). (36)
Superimposing n similar filters, overall density of the filter is:
O,(A)=neE>(A). (37)

Separating pigment concentration from the above product, for mixing different pig-
ments of different concentrations:

De@A) = c12),(A) + c202(A)+...+cnAJA)= £ c,Z>,(A). (38)
i=
As for additive colour mixing, a colour solid confined by three reference colours can
be constructed.
Variable concentrations of reference colours give rise to a 3D solid colour population.
Subtractive colour solid in the colour space confined by the normal colour values X, F, Z
is seen in Fig. 2.35.

Fig. 2.35. Colour solid defined by subtractive colour mixing
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Fig. 2.36. Spectral reflection curves of two types of  Fig. 2.37. Loci of optimum colours of equal lightness
optimum colours in the CIE 1931 diagram after MacAdam

Shape, internal structure and extension of the subtractive colour solid depend essen-
tially on spectral compositions of the reference colours involved. This is the most
important difference between additive and subtractive colour mixing. Accordingly, in
the first case, conversion to new reference colours is simply a homogeneous linear
transformation of the existing system, while in subtractive colour mixing, it is mostly
impossible to determine by simple mathematical methods tristimuli valid in the new
system of reference colours.

It is not easy to find reference colours defining a subtractive colour solid containing
the points of all the possible solid colours. Based on research in this field the pigments
showing respectively the most convenient spectral transmission and reflection distribu-
tion, can be selected. With such so-called optimum colours, the curve of reflection or
transmission exhibits only one or two jumps, otherwise r(A) or g(i) have values of only
0 or 1 Optimum colour means the lightest one among those of the same hue, and the
most saturated one among those of equal relative lightnesses.

Reflection curves of optimum colours are characterized by the location of the jump.
In Fig. 2.36 curves of two types of optimum colours are seen. Figure 2.37 shows curves
of optimum colours of different lightnesses in the CIE diagram for CIE ray distribution
C. It is apparent that the more saturated colours can be produced only with very low
lightness.

Subtractive colour solids composed of surface colours are always inside the optimum
colour solid.

Other systems of surface colours are the Luther-N yberg and the Rosch colour solids.
The Luther-Nyberg space (Mi, M2, Sj is the affine image of the trichromatic colour
space, related to it as:

My=-X+Y,

M2=-Z-Y, (39)
S=X+ Y+Z.
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Fig. 2.38. Representation of a colour solid of surface
colours in the Luther-Nyberg space

Mi and Mr are called colour moments, and S the colour weight. A colour solid of
surface colours in the Luther-Nyberg space is seen in Fig. 2.38. The Rdsch space is not
an affine transformation of the trichromatic colour space.

2.7.4. Transformations of CIE 1931 Aiming
at Perceptional Equidistance

Increasing fields of industry require the determination of so-called colour differences.
Prompted by this need the CIE system has been reviewed for the homogeneity of its
colour space, that is, how closely variations in colour coordinates in different parts of
the colour space correspond to changes of colour sensations.

To achieve visual uniformity of the colour space is also a problem of the theory of
environment colour design, namely it is advantageous for the practice if psychophysical
and psychometric scales expressing the relations of man, colour and environment may
be assigned to points of a visually homogeneous colour space.

Demand for constructing a colour space based on perceptional equidistance is as old
as systematic colour research itself. As early as in 1896, H eimho1tz pointed out the
importance of an unambiguous definition of the so-called “visually homogeneous colour
space”. Ever since, several researchers have devoted themselves to solve this problem.
Theoreticians endeavoured to find a function unambiguously determining the percep-
tional difference between two arbitrary points U{and Uk of the colour space. The
first step was to define the line elements dv for the distance between two, just distinguish-
able points of the colour space.

Systems relying on line elements defined by different assumptions by individual
researchers such as Hetmnhottz (1896), Schrodinger (1920), Sitberstein (1943), and
Stites (1959) showed a fair agreement with experiments by M acA dam (1969) and Brown
(1965). Length variation of the line element along the line of spectrum colours vs.
wavelength is presented in Fig. 2.39 based on experiments by Bedford and W yszeczki
(1958), w right and Pitt (1934), and stires (1939). Stites has determined the length of
his line elements at different locations in the CIE diagram by means of Gaussian curves
(Fig. 2.40). CIE diagram in Fig. 2.41 shows distances for equal colour differences. stites
also applied the line elements to construct curves of locations for colours of equal hue
and saturation (Fig. 2.42).
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N, nm

J1, nm

Fig. 2.39. Length variation of the line element along  Fig. 2.40. Gaussian curves defining Stiles’ line ele-
the colour track after Bedford and W yszecki, Stiles, ments in the C1E diagram
and Wright and Pitt

oJ 02 04 06 X

Fig. 2.41. Line elements in the CIE diagram after ~ Fig. 2.42. Equal hues and saturations in the CIE
Judd and W yszecki diagram after Stiles
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Experiments by M acA dam (1955) were mainly concerned with the just perceptible
colour differences at different points of the colour space. He determined the standard
deviation of colour intensity determinations for a large number of colours of the same
light density. He postulated that the just perceptible colour differences at various parts
of the colour diagram are proportional to the standard deviation in measurements of the
incident colours. In this way he recorded threshold ellipses at different points of the
colour diagram. The colour in the centre of the ellipse is at a perceptionally equal,
so-called unit distance from colours on the perimeter. In the CIE system this unit
distance varies from one location to the other (Fig. 2.43).

Although MacAdam recognized later that it is impossible to create a system of
equidistance throughout the colour space by projective transformation from the XYZ
system, this idea was underlying the first, approximately uniform colour space (UCS =
= Uniform Chromaticity Scale) recommended by CIE.

The first UCS transformation was made back in 1935 by judd, in which, however, the
distance between two colour points only at certain points of the colour space was
proportional to the perceptional difference. Two years later, in 1937, MacAdam de-
veloped the UCS transformation which became the starting point for subsequent trans-
formations (Fig. 2.44). M acA dam’s transformational equations are:

(40)

UCS transformation by B reckendrige and Schaub (1939) arose by bipartite transfor-
mation. In practice, it has become clear that even this transformation could not solve the
problem of perceptional equidistance, nor did UCS colour spaces by H unter completed
in 1941, and by F ranswortn dating from 1944.

-0.4 -0.2 0.0 0.2 04
Fig. 2.43. MacAdam ellipses in the CIE diagram Fig. 2.44. UCS diagram by M acAdam
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Fig. 2.45. The CIE 1976 UCS diagram

Proliferation of UCS colour spaces resulted in an increasingly confused situation
concerning perceptionally equidistant colour space, which called for an international
agreement. This was the CIE 1960 UCS transformation. A colour space was built upon
this colour diagram in 1964, in which lightness Wx resulted from the cubic root
transform of tristimulus value Y. The other two coordinates of the space—Ux and
Vx—are also functions of Wx. Practice of the last fifteen years revealed several defi-
ciencies of the system, primarily, perceptional inequalities in the domains of red, yellow-
ish green and violet. Therefore in 1976, CIE has agreed upon another so-called mV UCS
transformation, presented in Fig. 2.45. Here m = m v’ = 1.5r. This new colour diagram
was also used to construct a corresponding colour space.

The CIE 1976 L>aV colour space is a modification of CIE 1964. The colour space
comprises the (1', v’) colour diagram relying on projective transformation of the (x, y)
diagram. In the new diagram, products of additive colour mixing fall on a straight line,
just as in the (x, y) diagram.

Coordinates for hue mx vx include the differences u’—Uq, v’—wvo Where zero sub-
script refers to the coordinates of the light source.

To describe lightness, a magnitude Lx proportional to the cubic root of tristimulus
value Y has been introduced, namely lightness differences of sample pairs with the same
numerical difference were deemed to seem equal after this transformation. Since in dim
light, the cubic root formula yielded a poorer approximation, for low Y/YO values a
different transformation has been introduced.

In the Lxuxvx or CIELUV space, each nV plane assigned to a V value accom-
modates colours of the same lightness, but with different hues and saturations. Achro-
matic (gray) colours are on the ux=0, vx=0 axis of the colour solid. Hue may also
be described by the so-called metric hue angle hm defined by direction me 0 and the
arbitrarily chosen plane vx=0, Lx=const. In plane nV the colour point may be lo-
cated by this angle and the distance from the achromatic axis, a magnitude similar to
chroma, called also metric chromaticity Cxv. It differs from saturation by depending
also on the lightness value.
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The relationships involved are:

L*=7116"7--16, — >0.008856 ,

Vv m> Yq
sw= 13V V - “O2+ (Y - vo)2,

cl =J(ux2+(w)2=L X ,, (41)
= Lty v
Kv-arctgu_u% arc th ,

AHUE y/(AEX)2—AL*)2—(ACx)2.

In 1976, CIE has suggested the introduction of an additional colour space—the
so-called CIELAB. Colour space Lxaxbx is a simplified cubic root form of that ap-
plied for developing the Adams Nickerson colour difference formula.

Concerning the elucidation of the mechanism of colour vision, two theories, Helm-
holtz’s trichromatic additive theory and Hering’s opponent colour theories have been
wrestling with each other for decades. Colour diagram by Adams (1959) adopted the
latter, and since at that time no precise information on the reference colour stimuli of
vision was available, he reckoned simply with XYZ reference colours, using their
transforms, for the elaboration of his opponent model. To that end, he chose characteris-
tics relying on (X—Y) and (Y—Z) and referred to the “white point” i.e. the light source
to tristimuli X0, YO, Z0. He assumed that the eye perceived stimuli as the cubic root
of Y.

The original Adams colour diagram has been complemented with lightness informa-
tion by Nickerson (1960). This was simplified by CIE in 1976 choosing the same U
value as for the Lxuxvx space. It was attempted to assign them hue coordinates so as
to be perceptionally equidistant in directions of hue and lightness corresponding to equal
distances in the colour space.

For the constant Lx, representation by polar coordinates in the axbx plane becomes
valid again. Metric hue angle and metric chromaticity are:

Fig. 2.46. MacAdam ellipses in the CIE 1976 Fig. 2.47. MacAdam ellipses in the CIE 1976
L'a'b* diagram (OC is the line of optimum colours) LsSifv* diagram (OC is the line of optimum colours)
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KK = arctg';—',

ChEvW W (42)

Plotting MacAdam ellipses in CIELUV and CIELAB colour spaces is a solution for
perceptionally equidistant mapping (Figs 2.46, 2.47). Since coordinates of these colour
spaces do not refer to colour sensations, they hardly suit environment colour design.

2.7.5. Colorimeters

Under the outlined conditions of observation, three indices are necessary and sufficient
to describe the appearance of each colour. These three indices may be determined by any
of the following three colorimetric methods:

— Visual comparison. The colour to be measured is compared to another colour of
known indices. The reference colour is either taken from a colour sample collection
or produced by optical mixing from known components by means of a proper
device.

— The spectral method where the relative spectral composition of the radiant, or the
radiation reflected from or transmitted by the surface is determined, and colour
indices are derived therefrom.

— Using tristimulus devices with sensors simulating spectral tristimulus curves, either
directly providing colour indices, or the radiance (luminance) factor and colour
coordinates.

The first procedure is the so-called subjective colorimetry, the other two are objective
colorimetries.

In the case of radiants, the colour can be determined unambiguously, while for surface
colours, only in association with the illumination.

Among the several theoretical possibilities of exactly defining colour by three values,
in colorimetric practice three procedures are being applied. One can establish 1) the
quantities of internationally agreed reference colour stimuli (tristimuli) required to
produce the given colour, 2) two colour coordinates and the radiance (luminance) factor,
and 3) the indices of hue, saturation and lightness.

For the practical requirements of environment colour design, an instrument with the
following features would be ideal:

1 Mobile, small-size.

. Permitting direct field colorimetry without sampling of buildings and parts thereof.

. Suitable for colorimetry of any sample, irrespective of surface appearance.

. Suitable for colorimetry of a surface in any spatial position.

. Accuracy of 0.01 trichromatic unit, and independence of the accuracy from en-
vironmental impacts.

. Suitable for the determination of Coloroid indices.

. Suitable to determine CIE colour coordinates.

. Visual display for the colour of any surface based on CIE colour coordinates and
colour sensation parameters.

9. Easy handling.

abrwdN

0o ~ND



3. Relations between Colour
Sensations

The realm of colours is a realm of colour sensations. Laws of colour composition are
based upon relations between colour sensations. In addition to being oriented in this
realm of colours, these relations permit development of a method to document our visual
colour message, to describe unambiguously this method, to learn ourselves and to impart
to others regularities of colour composition.

Relations between colour sensations are essentially the same for anybody; they result
primarily from the process of colour perception, and may be explained by essential
psychophysical processes. These relations express interactions between colour sensa-
tions, to be described, in turn, by relations between colour sensation parameters and laws
of colour composition. In this chapter, colour sensations will be integrated into a new
system of relationships suitable to describe the laws of colour composition in a simple
form.

3.1. The Concept of Aesthetically Uniform Colour Space

In an aesthetically uniform colour space, colour sensation differences between adjacent
colours are equal, and not less than the harmony colour differences.

Harmony colour difference is defined as the smallest difference between two colours
permitting their coexistence in the same harmonic composition. Here the two colours are
not only distinguishable but also aesthetically appreciable next to each other.

Before expounding these statements, let us have a closer look at the perceptionally
uniform colour space based on experiments of threshold measurements, to permit a safe
distinction from the aesthetically uniform colour space.

3.1.1. Colour Space Based on Threshold Measurements

The term “threshold” (L), and its Latin counterpart “limes” mean essentially a limit
between stimuli eliciting the same, and a different, response, respectively. The difference
threshold (dL = difference limit) means the just perceptible stimulus increase, or by
another term the just noticeable difference (JND).

Threshold measurement experiments aim at empirically dividing a set of stimuli to dL
units. In general, the observed regularity is simplest described as: the given stimulus has
to be increased by a constant fraction of its value to be just perceptible. This fraction
(Weber’s constant) is often written as d///, where 1 is intensity, and d/its increment just
sufficient to let test persons state: this is a more intense stimulus.

The situation is somewhat different for colour stimuli. Since each colour stimulus is
described by three parameters, the quality of colour stimulus may vary in three ways.
That is, the colour sensation elicited by a colour stimulus may vary in lightness,
saturation and hue. Lightness variation being a quantitative entity, it is more or less
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Fig. 3.1. Scheme of an ideally equidistant space of colour stimuli
built up of dL units. Directions L,, L2 L, represent three normal
spatial dimensions. From every intersection point of the theoreti-
cally infinite space mesh the neighbouring six intersection points are
at a distance of one dL unit each

subject to W eber’sstatement. On the other hand, variations of saturation and hue being
definitely qualitative, are subject to other relationships.

Let us carry out the following threshold measurement test with colour stimuli. Take
a rectangular place illuminated by colour light. Upon illumination, the surface as a
secondary radiant is perceived as e.g. being of orange colour. Let us change the composi-
tion of the colour incident on half of the surface delimited by a straight line. Variation
may affect either of three parameters. By increasing or decreasing the dominant wave-
length of the light, the colour is seen either more reddish or more yellow. By increasing
or reducing the light density factor of the surface, the colour will be perceived as darker
or lighter. Lastly, by increasing or reducing the ratio of dominant to compensating
radiation, the colour will appear as more saturated or duller. Each kind of variation must
be performed separately. For instance, leaving lightness and saturation of one half-plane
unchanged, the dominant wavelength is altered until two different colours appear as
divided by a sharp border line. The magnitude variation grade is marked on the scale of
stimuli by a dL unit. Thereafter the unchanged field is adjusted to the colour of the
changed field and the test is repeated until the appearance of the boundary, permitting
to mark the second dL unit on the scale of stimuli.*

This test has to be performed not only in all three dimensions of the colour space
(space of colour stimuli) but must be repeated several times in every direction, for
different hues, saturations and lightnesses. By completing the test for all the possible
scales of the space of colour stimuli, an ideal colour space built up of dL units is created
(Fig. 3.1). Thereafter the scales are uniformly divided in all three directions of the ideal
colour space. In the resulting ideal, perceptionally uniform colour space, every scale
interval comprises the same number of dL units (Fig. 3.2).

Colour space of the Munsell renotation colour order system approximates to the
concept of the outlined perceptionally uniform colour space, where differences between
scale units are products of the smallest perceptible colour differences by the same factor.
Because of this feature, codes of a colour system based on such a colour space are
suitable to quantify small colour differences, essential in colour rating. Laws of colour

* This test is continued until all the scale of stimuli—from the beginning to the end point—for the hue scale,
for the whole cycle is graded in dL units.
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Fig. 3.2. Scheme of an ideal perceptually uniform colour space.
This space is differently confined in the direction of the three
dimensions corresponding to three colour sensation parameters
i.e. hue (//), saturation (C) and lightness (v). The number of dL
units between scale divisions are equal throughout

composition involved in environment colour design rely, however, on other than these
properties. In thise case relationships between quite different colours of the colour space
have to be established. In setting such relationships, all the colour space has to be kept
in mind, involving large—rather than small—colour differences. A colour space built up
on such relationships is called an aesthetically uniform colour space—to distinguish it
from the perceptionally uniform colour space.

3.1.2. Aesthetically Uniform Colour Space

A colour complex created for an aesthetic purpose, causing a pleasant feeling in the
observer, is called a harmonic composition. The question may arise whether a relation-
ship can be found which would enable a decision to be made over colours admitted to,
or excluded from, such a composition.

To decide this question, let us make a test. First we prepare colour scales by painting
tens of thousands of colour samples of a few sg.cm surfaces. One set of samples should
differ only by hue, another by saturation, and a third by lightness, the other two
parameters being the same. Single variable parameters of adjacent colour samples in the
scales should differ not more than by one dL unit, i.e. they are distinguishable only when
in juxtaposition.

Now, let us make compositions using 50 to 80 pieces of the samples of 15 to 20
different colours. Some of the samples should be quite different, others differing by only
a few dL units. Colours just distinguishable under the conditions outlined above will be
felt in the composition to be identical. Also we will find that the number of dL units
necessary to be able to discern neighbouring samples in the composition, i.e. to appre-
ciate them as independent colours are not the same for colours at different positions in
the colour space.

In subsequent parts of our experiment, let us proceed as consistently as in the test
described under 3.1.1. On the proper, perceptionally uniform dL scale, colours with



Aesthetically Uniform Colour Space 67

Fig. 3.3. Scheme of an ideally equidistant colour
sensation space built up of dA units. Directions A,
A, A represent the three normal directions of the
space. From every intersection point of the theoreti-
cally infinite space mesh, neighbouring intersection
points are at a distance of one dA unit each. At
different sites of the space, one dA unit contains dif-

Fig. 3.4. Scheme of an aesthetically uniform colour
space. There are definite numbers of divisions be-
tween starting and end points of psychometric scales
in directions of three colour sensation parameters, i.e.
hue (A), saturation (T), and lightness (v ). Divisions
represent equal numbers of dA units but different
numbers of dA units

ferent numbers of dA units

different hues, saturations and lightnesses, which are clearly distinguishable from our
starting colour and are aesthetically appreciable in the composition, are marked. The
perceptional differences in all three directions between each two colours are defined as
harmony intervals (dA) (Fig. 3.3). Thereafter the resulting new colours should be taken
as starting colours for new compositions, and we determine for each the neighbouring
colours spaced at a harmony interval. This should be continued until all dA units are
marked in all three directions of the space of colour sensation, between beginning and
end points on as many scales as possible.

On juxtaposing scales of colours spaced at dA units it appears when looking at the
whole scale with its beginning and end points, that its colours make up a uniformly
varying set, i.e. in relation to large colour differences they are perceived as having a
perfectly uniform spacing, in spite of differing by different numbers of dL units (Fig.
3.4).

3.1.3. Comparison of Colour Spaces Based

on ds and dA Units
In respect of small colour differences involving a single colour parameter, differences
between adjacent colours in the perceptionally uniform colour space are denoted as

elementary spacings between adjacent points of the colours space by dy.

6 Nemcsics
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Such a colour space composed of ds units is approximated to by the colour space of
the Munsell colour order system, as well as by relevant transformations of the CIE XYZ
system, such as CIELAB and CIELUV.

In the perceptionally uniform colour space for large colour differences, i.e. in the space
considered as aesthetically uniform, colour difference referring to a given colour sensa-
tion parameter, i.e. the elementary spacing between adjacent points of the colour space
is denoted by dfr.

Such a colour space made up of &h units is approximated to by the colour space of
the Coloroid colour system, to be discussed in detail later.

Perceptional differences between the two kinds of colour spaces will be illustrated by
comparing Munsell and Coloroid colour spaces. A set of colour sensations composed of
colours uniformly varying in respect to a given colour sensation parameter is expressed
by different colour codes in each of the two colour systems. Consecutive colour codes
have intervals representing about the same number of elementary spacings dvand dh,
respectively. Parameters of the two kinds of colour sensations may only be compared by
recording on the scale of stimuli the stimuli eliciting the sensations associated with the
parameters of both systems, that is, by establishing a relationship between codes of
colour sensations elicited by definite stimuli. In this context, lightnesses and saturations
in the two colour systems are related as:

Kc=101.2219 KM—0.23111 Km+ 0.23951 Fjt,-0.021009 17+0.000840 VM

T=1/C 2(ab) , (43)

where Vc and VMare Coloroid and Munsell lightnesses, respectively; T is Coloroid
saturation, and C is Munsell chroma. Letters a and b in the second formula mean that
expression of a sensed colour saturation by either Munsell or Coloroid codes also
depends on lightness and hue of the colour. Formulae reflect that in each system, to
sensations elicited by uniformly varying stimuli sets of codes are assigned varying
according to different relationships. Therefore the two colour systems make different
suggestions for measuring colour sensations.

In tests to be described below, it was found that in the Munsell system, the lightness
scale of colours was denser for dark colours than required for aesthetic uniformity. In
spite of about the same colour differences (dv units), again, saturation steps were felt to
be aesthetically denser in dark, than in light domains of the system. Further observations
showed the Munsell chroma steps to be aesthetically too large in very saturated, and, in
turn, too small in unsaturated domains.

To point out differences, a set of sensations elicited by a set of stimuli will be recorded
in both systems. Munsell and Coloroid colour systems will be compared below for all the
three colour sensation parameters. Comparison for hue is seen in Figs 3.5, 3.6, 3.7 and
3.8. Figure 3.5 shows axial sections 5RP, 5G and 5GY of the Munsell colour system
containing colours of the same hue; Fig. 3.6 shows surfaces with colours of these axial
sections in the Coloroid colour solid. Also surfaces in Figs 3.7 and 3.8 show identical
colours, colours of the same hue of Coloroid sections 35, 65 and 75. The same colours
lie in planar surfaces in one colour solid and in curved surfaces in the other. Also the
shapes of the surfaces differ. Part of these differences are explained by the fact that in
the Coloroid colour system, colours of the same hue have the same dominant wave-
lengths, irrespective of their lightnesses and saturations, whereas in the Munsell colour
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Fig. 3.5. Surfaces with colours of Munsell hues  Fig. 3.6. Surfaces with colours of Munsell hues
H = 5G, 5GY, 5RP in the Munsell colour solid H =5G, 5GY, 5RP in the Coloroid colour solid

Fig. 3.7. Surfaces with colours of Coloroid hues Fig. 3.8. Surfaces with colours of Coloroid hues
A =35, 65, 75 in the Coloroid colour solid A =35, 65, 75 in the Munsell colour solid

system, dominant wavelengths of colours of the same hue depend on their lightness (light
density factor of eliciting stimuli) and saturation (proportion of complementary radia-
tion in eliciting stimuli). Other differences are due to the fact that ah units include
different numbers of ds units at different points of the colour space.

The two colour systems are compared for saturations in Figs 3.9, 3.10, 3.11 and 3.12.
Cylindrical surfaces of the Munsell colour system including colours of chromas 4, 8 and
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Fig. 3.9. Circular cylindrical surfaces with colours of  Fig. 3.10. Conical surfaces with colours of Munsell

Munsell saturations C=4, 8, 12 in the Munsell colour ~ saturations C=4, 8, 12 in the Coloroid colour solid
solid

Fig. 3.11. Circular cylindrical surfaces with colours of ~ Fig. 3.12. Conical surfaces with colours of Coloroid
Coloroid saturations =20, 30, 40 in the Coloroid  saturations T=20, 30, 40 in the Munsell colour solid
colour solid

12 are seen in Fig. 3.9, and the same colours are seen in Fig. 3.10 on conical surfaces in
the Coloroid colour system. Figure 3.11 shows cylindrical surfaces bearing Coloroid
colours of saturations 770, 730 and 40 in the Coloroid system. In conformity with
Fig. 3.12, in the Munsell system these colours form conic surfaces opposite to those
in Fig. 3.9. These diagrams point out that in dark domains of the colour space, one ah
unit comprises more of ds units than in clear domains. The Munsell and the Coloroid
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colour systems are compared from the aspect of lightness in Figs 3.13, 3.14, 3.15 and
3.16.

Now in a few figures (Figs 3.17 through 3.28) we compare the Coloroid, CIE XYZ,
CIELUV and CIELAB colour spaces. It can be stated that both nature and trend of
differences between colour spaces of CIE transformations and of Coloroid are similar
to those between Coloroid and Munsell colour spaces. This is not surprising, since for
all these transformations striving to perceptional equidistance, the colour space of the

Fig. 3.13. Surfaces with colours of Munsell lightness-  Fig. 3.14. Surfaces with colours of Munsell lightness-
es V=2, 4, 8 in the Munsell colour solid es v=2, 4, 6, 8 in the Coloroid colour solid

Fig. 3.15. Surfaces with colours of Coloroid lightness-  Fig. 3.16. Surfaces with colours of Coloroid lightness-
es F=20, 40, 60, 80 in the Coloroid colour solid es K=20, 40, 60, 80 in the Munsell colour solid
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Fig. 3.17. Circular cylindrical surfaces with colours of ~ Fig. 3.18. Conic surfaces with colours of Coloroid
Coloroid saturations 7= 10, 20, 30, 40 in the colour  saturations 7= 20, 30, 40 in the colour space of the
space of the Coloroid system CIE 1931 system

Fig. 3.19. Conic surfaces with colours of Coloroid  Fig. 3.20. Conic surfaces with colours of Coloroid
saturations T= 20, 30, 40 in the CIELUV colour saturations 7=20, 30, 40 in the CIELAB colour
space space
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0 4 8 12 1620 24T

Fig. 3.21. Circles for colours of Coloroid saturations
T= 4,8, 12, 16 in the Coloroid diagram

Fig. 3.23. Curves for colours of Coloroid saturations
T—4, 8, 12, 16 in the CIE 1976 uxvx diagram

ig. 3.22. Curves for colours of Coloroid saturations
=4, 8, 12, 16 in the CIE 1931 diagram

ig. 3.24. Curves for colours of Coloroid saturations
'=4, 8, 12, 16 in the CIE 1976 axbx diagram
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Fig. 3.25. Surfaces with colours of Coloroid lightness-  Fig. 3.26. Surfaces with colours of Coloroid lightness-
es v= 20, 40, 60, Oin the Coloroid colour solid es F=20, 40, 60, 80 of the Coloroid colour solid in
the colour space of the CIE XYz system

Fig. 3.27. Coloroid colour solid surfaces with colours ~ Fig. 3.28. Coloroid colour solid surfaces with colours
of Coloroid lightnesses K=40, 60, 80 in the colour  of Coloroid lightnesses F=40, 60, 80 in the colour
space of the CIELUV system space of the CIELAB system

Munsell colour system served as model. Also these comparisons lead to the same
conclusion as that between the Coloroid and the Munsell colour systems, namely that
in different positions within the colour space, ah units comprise different numbers of dv
units. It may be concluded that colour codes of colour systems created for colorimetry
comprising ds units are hardly suitable for establishing colour compositional relation-
ships valid for the whole colour space or even for its major domains, assuming an
aesthetic appreciation.
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3.2. Experiments to Establish the Aesthetically Uniform
Psychometric Scales of the Coloroid Colour System

The Coloroid colour system has been developed at the Technical University of Budapest,
as a result of investigations extending over a period of 16 years and is intended for colour
design in construction (Nemcsics, 1978c). Like the colour codes of the Munsell colour
system, coordinates of this new system refer to colour perceptions. Nevertheless, it is
essentially different from the former inasmuch as its psychometric scales are based on
human judgement concerning the uniformity of these series, rather than on the ability
of human eye to distinguish individual members in hue, saturation and lightness series
(Nemcsics, 1979). In the new colour system—as in the Ostwald system—every colour is
also expressed as an additive mix of a saturated colour, white, and black. It is, however,
essentially different from the Ostwald system in that these tristimuli are in an unam-
biguous correlation with the CIE XY Z system, and permit a numerical description of the
quality of our colour sensation (Nemcsics, 1982). The colour space of the Coloroid
system was built up on votes of thousands of observers (N emcsics, 1980).

3.2.1. Experimental Conditions

Our experiments were aimed at creating a colour space suitable for describing colour
harmony relationships.

Coloured surfaces in our environment display simultaneously a wide range of colours
of different hues, saturations and lightnesses. These colours have to be asserted by the
designer to be in an aesthetically valuable relation, that is to form a beautiful combina-
tion. Selection is easier if the change of colour codes parallels that of the aesthetic content
of colours. An aesthetically uniform variation of colours is where the colour scale as a
whole is found to be uniformly varying. Such scales constitute an aesthetically uniform
colour system, in which a colour sensation difference between two adjacent colour
samples is an integral multiple of the harmony colour difference.

Earlier experiments served to determine harmony colour difference as the least differ-
ence between two adjacent colours permitting their combination in the same harmonic
composition. The separation of adjacent colours in scales composed on the basis of
harmony colour differences is not uniform when using the scale of the least, just
appreciable colour differences, as perceived by a CIE 1931 colorimetric sensor.

Experiments to establish scales of the Coloroid colour space based on aesthetically
uniform variation were performed under the following conditions.

Statistical surveys for creating psychometric scales were made near the window of a
room illuminated by skylight from the north at 1600 to 1800 Ix illumination. Test persons
(observers) were students aged 19 to 23, numbering about 2500 per test. Some tests
involved primary school pupils or older age groups. Colour samples of 15 to 18 sg.cm
were presented on a horizontal gray plane of uniform CIE tristimulus Y =230, illuminated
by light incident at about 45° across the window. Observation was at 90° from a distance
of 100 cm.

Care was taken not to have reflective coloured surfaces in the test room, and to
provide an achromatic surrounding. Colour blind persons were eliminated in prelimi-
nary tests. Before the tests started, subjects spent at least five minutes in the test
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environment to let their eyes accommodate to the illumination level and the achromatic
surrounding. The time available for selection among the presented colour samples, and
to arrange them was not limited.

3.2.2. Tests on the Correlation of Hue and Dominant
Wavelength

The statement found in publications and underlying the Munsell system, that with the
variation of saturation and lightness also the dominant wavelength of the colour varies,
has been reexamined in two test series.

In the first series, observers had to assess the hue of the presented colour samples. Our
tests involved hues 2.5G, 2.5Y, 2.5R, 2.5P and 2.5B of the Munsell colour system. As
original Munsell colour samples were not available, about a thousand colour samples
were prepared for each of the five hues mentioned and Munsell scales assembled by
selecting among colorimetered samples. The widest band (526 to 540 nm) was represent-
ed by samples of hue 2.5G, so that the problem could be best described in the light of
tests carried out with this hue.

Observers were given a set of 15 green colours. The central colour had Munsell
parameters H=2.5G, V/C =4/4, and dominant wavelength of 533 nm. Colours on either

1 2 3 45 6 7 8 9 1V

Fig. 3.29. Result of a test series on Munsell samples
of hue 2.5G concerning the relation between hue and
dominant wavelength, plotted for dominant wave-
length and Munsell lightness v of the colour. The
curves illustrate MunselFs wavelength dependence of
colours of the same Munsell hue, different lightness-
es, and Munsell chroma ¢ —2, 4, 8, 10, 16. Contrary
to Munsell’s suggestion, votes of observers fell almost
exclusively into the range AH (one point stands for
8 to 10 votes)

Fig. 3.30. Results of a test series on Munsell samples
of hue 2.5G concerning the relation between hue and
dominant wavelength, plotted for dominant wave-
length and Munsell chroma (C). Curves illustrate
Munsell’s wavelength dependence of colours of the
same Munsell hue, different chromas, and Munsell
lightnesses v=2, 4, 6, 8. Contrary to Munsell’s sug-
gestion, votes of test subjects fell almost exclusively
into the range AH (one point stands for 8 to 10 votes)
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Fig. 3.31. Scheme of colour compositions of the second test
on the correlation of hue and dominant wavelength. Iden-
tically shaded areas mean identical colours. Dimensions are
in cm

side of this colour had the same chroma and lightness, but the hue tended to yellowish
on the right, and to bluish on the left. Hue difference between adjacent colours was
described as 2 nm of dominant wavelength variation each. Observers had to state for
each of the seventy colours differing by chroma and lightness, which colour in the sample
series had a hue identical to that of the colour set. Test results were plotted in Figs 3.29
and 3.30 referring to dominant wavelength vs. Munsell lightness, and to dominant
wavelength vs. Munsell chroma, resp. One point represents 8 to 10 votes. Smooth curves
in the figures correspond to Munsell’s suggestion. The results can be summarized as
follows:

— None of the observers gave a completely correct answer concerning the arrange-

ment of all the colours according to the Munsell colour system;

— 5% of observers answered correctly for more than 50% of the colour points;

—75% of observers placed 80% of the samples within the middle third of the

available wavelength band. It was within this third where the correct order of
Munsell samples and that according to the answers had the worst correlation.

In the second test, two compositions were presented to the observers who were asked
to select the more harmonic one. By previously showing them various colour composi-
tions it was explained that a harmonic composition is understood to be a colour complex
of harmonizing members created for an aesthetic purpose. They were also asked to
indicate if they did not find harmony differences between two compositions. Both
compositions comprised ten colours. In test “A” the composition consisted of colours
8/4, 812, 6/8, 6/6, 416, 4/4, 4/2, 2/2, of the Munsell hue 2.5G, with dominant wavelengths
ranging from 526 to 540 nm, while in test “B” colours were selected exclusively from
colours of 533 nm dominant wavelength, i.e. from the centre of the band. Lightness and
chroma of the colours were the same in both test, and so was the arrangement and the
frequency of occurrence of the colours within the compositions (Fig. 3.31). In a similar
way the tests were repeated for Munsell hues 2.5Y, 2.5R, 2.5P and 2.5B. Our conclusion
was that

— 68% of observers did not find any aesthetic difference between the two composi-

tions and that

— 17% of observers preferred composition “B”, while 15% preferred composition

“A”.

The results of the two test series suggest that in developing our hue scale it is
aesthetically irrelevant to consider Munsell’s proposal, that for the same dominant
wavelength, with varying saturation and lightness, the hue sensation also varies. An
unambiguous perception of this variation is problematic even for the average observer.
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3.2.3. Tests on the Aesthetic Uniformity
of the Hue Scale

A test collection of 160 colour samples of Munsell lightness and chroma V/C = 6/12,
but of different hues, was assorted from our colour samples. Using this collection,
observers had to compile a colour circle by selecting 50 colour samples and arranging
them to form a closed colour scale, which when looked at as a whole should appear to
vary uniformly.

Differences between each two adjacent colours of the completed colour circles were
defined as aesthetically equal hue intervals (AA). According to earlier tests (Nemcsics,
1978), if the closed hue scale looked at as a whole appears as uniform, then colour
differences between scale members are minimum harmony colour differences. These
differences are denoted here as aesthetically equal hue intervals, in order to emphasize
its deviation from Munsell scales based on threshold measurements and characterized by
Nickerson (1950) as “perceptionally uniform”. The relationship of “harmony differ-
ences” (ah) and “just perceptible” differences (dv) closely related to w eber’s d/, varies
at different points of the colour space. Deviations reveal differences between Munsell
and Coloroid colour spaces.

Giving a summary of our test, the number of AA values between colours characterized
by dominant wavelengths in the range of 400 to 700 nm, and of —490 to —570 nm, have
been determined within each 10 nm interval. The equation of the summarizing curve
describes the correlation of wavelength and the aesthetically uniform hue scale (Fig.
3.32).

Fig. 3.32. Diagram of the test results on the aesthetic uniformity of the hue scale concerning colour samples
of different Munsell hues with v/c = 6/12 lightness and chroma. The curve averaging the votes (points in the
diagram) represents the relation between the aesthetically uniform hue difference (AA) and the dominant
wavelength
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3.2.4. Tests on the Aesthetic Uniformity of
the Saturation Scale

Again, the first step was to perform tests using Munsell colour samples. s to 10
additional shades were painted between each two Munsell samples, such as:

2.5Y 8/18, 16, 14, 12, 10,s,5, 4, 2

2.5Y 6/14, 12, 10,5,6, 4. 2

2.5B 8/12, 10, 5,6, 4, 2,

2.5B 6/16, 14, 12, 10, 5,6, 4, 2,

2.5G 8/16, 14, 12, 10, 5,6, 4, 2,

2.5G 6/26, 24, 22, 20, 18, 16, 14, 12, 10, 5,56, 4, 2,

2.5R 8/10, 5,6, 4, 2,

2.5R 6/18, 16, 14, 12, 10, 5,56, 4, 2

Eight colour sets averaging 60 samples of eight colours of equal hue and lightness but
of different chroma were presented to observers. Using an arbitrary number of colour
set, they had to compile from each set a saturation series showing uniformly increasing
saturation when looked at as a whole. For the aesthetically uniform saturation differ-
ences between each two adjacent colours in the saturation series composed in this way
the symbol AT was introduced. According to earlier tests, if when a scale including its
terminals is looked at as a whole, it appears to be uniform, then colour differences
between its members conform to harmony colour differences. These minimum harmony
colour differences where here called—in conformity with those said above—aesthetically
uniform saturation differences.

As a result of our experiments, the importance of AT among members of the Munsell
chroma scale, according to scales composed by different observers (Fig. 3.33) could be
evaluated. After processing of the results we arrived at

JAAT? =C(ab), (44)

Fig. 3.33. Graphical representation of tests on Munsell sam-
ples, concerning aesthetic uniformity of the saturation scale.
The curve averaging the votes (points in the diagram) repre-
sents the relation between aesthetically uniform perceptional
saturation difference (dT) and Munsell chroma (C)
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Fig. 3.34. Diagram of results of test on samples of equal
Coloroid colour content differences, concerning the aesthetic
uniformity of the saturation scale. The straight line averaging
the votes (points in the diagram) represents the relation be-
tween the Coloroid saturation scale (T) corresponding to
aesthetically uniform perceptional saturation differences and
the Coloroid colour content (p)

where a and b indicate the lightness and hue dependence of both Coloroid saturation and
Munsell chroma. After it was established that the Munsell scale of chroma was not
aesthetically uniform, a new test series was undertaken. Colour sets were prepared for
the new tests in conformity with the concept of saturation based on additive colour
mixing. Samples were additively mixed from a saturated blue of 484 nm, a green of
520 n, a saturated warm yellow of 579 nm, and a saturated red of 610 nm dominant
wavelengths, as well as from black and white. These colours were fitted on Maxwell discs
so that the surface was covered by different percentages of the colour, and black and
white. The discs were spun and the resulting colours of additive mixes of tristimuli were
copied by tempera painting. In this way thousands of colours were composed, which
were colorimetered, and then the colours with CIE tristimuli ¥=60 and F=30 were
picked out.

These colour sets in which hue and lightness was constant but saturation varied were
presented to the observers who were invited to select ten colours each, which, when
arranged properly and looked at as a whole constituted a uniformly varying series
ranging from least unsaturated to most saturated. Answers have led to the conclusion
that the mix differences between colour quantities, needed to each two adjacent colours
of the scales arranged by our observers, are on the average nearly constant (Fig. 3.34):

P+\~P, =4 m (45)

Therefore in the Coloroid colour system the concept of saturation has been defined by
assuming that colours produced by additively mixing the same quantities of a saturated
colour of the same dominant wavelength, and white and black, are equally saturated.
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3.2.5. Tests on the Aesthetic Uniformity of
the Lightness Scale

Colours of various lightnesses and of two different saturations were produced by means
of the Maxwell discs, as additive mixes of a saturated colour, and white and black, and
then copied by tempera painting, as usual.

Mixing involved the following saturated colours:

red x =0.5675, y=0.3221, ¥=20.32,
yellow x=0.4627, y=0.4685, Y=66.32,
green n1=0.2649, y=0.4622, y=32.21

blue jc=0.1768, y=0.2465, Y=17.81.

The saturated colour entered the mix in two proportions, either 15% or 50% of the
disc surface. This gave eight sets comprising colours of equal hues and saturations but
different lightnesses. Set members were measured and tristimuli Y recorded, which
varied in the range ¥Y=80 to ¥Y=2. Each set contained about 250 samples.

Observers had to select twenty samples from each set and arrange them according to
decreasing lightness, so that the resulting scale looked at as a whole seemed to darken
evenly. Differences between each two colours in these scales, i.e., harmony colour
differences, were considered as aesthetically equal lightness intervals AV. The tests were
evaluated by determining the number of AV values in steps of 5Y between ¥=5 and
Y=80. Processing the results has led to the relationship (Fig. 3.35):

L>

Finally CIE XY Z data of all the colours involved in the tests have been recorded. The
tabulated data have been included in the final reports of the experiments.

Fig. 3.35. Diagram of results of tests on colour samples of
different C1E tristimuli vy. The curve averaging the votes
(points in the diagram) represents the relation between aes-
thetically uniform perceptional lightness differences (v) and
CIE tristimulus v
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3.3. The Coloroid Colour System

For the architect concerned with environment colour design, colour is a tool serving both
technical and artistic purposes. Unambiguous distinction by codes of every member of
the set of colours is required, in the first case, in order to be able to assign technical
parameters to colours, and in the second case, to quantify compositional relations
between colours.

In addition, the colour designer is expected not only to be safely oriented between
colours, but also, to define perceptional interrelations by measurement or estimation,
just as for distances or volumes. This requires a measuring system directly or indirectly
using international units. Codes of various colour systems are not perfectly suitable for
this purpose, since either they are discontinuous, or their colour space is aesthetically not
uniform, or even, they are in no exact correlation with the CIE XY Z system. This is why
a new system—the Coloroid colour system—has been developed specifically for environ-
ment colour design.

In the Coloroid colour system colours are arranged in space so that for the average
observer their correlation appears to be aesthetically uniform, i.e. it is built up from
about equal harmony intervals (dh units), which are, at the same time in an exact relation
with physical parameters and colour stimuli. That is, it closely approximates the struc-
ture of an aesthetically uniform colour system, and is at the same time in a perfect,
mutually unambiguous relation to the CIE XY Z colour system. Its codes have been
derived directly from tristimuli obtained by instrumental measurements.

The concepts of hue, saturation and lightness defined thereby closely approximate to
our colour sensations. It involves approximation only where approximation is an in-
herent feature of the concept introduced, while it provides for an exact relationship
whenever this can be secured instrumentally. Coloroid hue, Coloroid saturation, and
Coloroid lightness are the perceptional characteristics of the Coloroid system.

It follows from its direct relation to the CIE XYZ colour system that the Coloroid
system relies on additive colour mixing. Colours are treated as being mixed from
tristimuli of boundary colour, black and white. Coordinates of a colour point in the
Coloroid colour system can be determined from the components and their proportions.

3.3.1. Essentials of the Coloroid Colour System

According to the principle of colour systems relying on perceptional characteristics, in
the Coloroid colour system, the three dimensional array of colour perceptions is accom-
modated inside an orthogonal circular cylinder so that hue varies along the cylinder
shell, saturation along the radius, and lightness along the axis (Fig. 3.36).

Hence, achromatic colours from absolute white to absolute black lie on the axis of the
cylinder. Planes normal to the axis accommodate colours of the same lightness. Satura-
tion of colours increases with the distance from the axis. Colours of equal saturation
each form a cylinder shell. Colours of the same hue lie in half-planes of vertical axial
sections of the cylinder (Fig. 3.37).

An approximately elliptic perimeter of an inclined plane section of the cylinder shell
accommodates the spectrum colours and purples, which are the boundary colours of
Coloroid (Fig. 3.38).
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Fig. 3.36. Perceptional dimensions of the Coloroid
colour system: Coloroid hue (A), Coloroid saturation
(1), and Coloroid lightness (K). Other letters in the
diagram denote: W white, S black, G yellow, O or-
ange, R red, 1violet, B blue, KG cold green, WG
warm green

Fig. 3.37. In the Coloroid system, achromatic colours
lie in the achromatic axis (AX), colours of equal
saturations on coaxial cylindrical surfaces (TT), col-
ours of the same lightness on surfaces normal to the
achromatic axis (VV), colours of the same hue in
half-planes (AA) crossing the 