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Abstract

Selecting harmonious colours for traditional window systems can be a difficult and frustrating endeavor. At the
root of this problem is the fact that typical window systems do not alow abstract properties of colours to be
specified. Instead, they insist that users specify individual colour values exactly. When many colours are used,
the value of each colour must be chosen to satisfy any relationships that exist between it and previously chosen
colours. Unfortunately, the difficulty of colour selection often prevents users from taking full advantage of the
functional benefits of colour, particularly that of resolving context. A more desirable approach is to alow the
aesthetic and functional properties of coloursto be specified and to allow usersto select valuesfor the coloursthey
wish. The window system can choose the remaining colours using these properties. Another failing of typical
window systems is that once a colour value has been determined it will not change without explicit direction
from the user. When windows open or close the factors which motivated a choice of colour value may change.
Unfortunately, if the user wishes the chosen colour value to change as the environment changes, he or she must
typicaly perform the modifications. A dynamic window system assists the user in making these choices. By
specifying colour properties as constraints, adynamic window system can adjust colour values as the environment
changes, to satisfy these constraints. The potentia problems with dynamic window systems incorporating colour
congtraints are investigated in this thesis. An implementation that uses a distributed, jostling, constraint-solver

based on a simple dynamical system shows that this approach is possible.
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Chapter 1

| ntroduction

Color islife; for aworld without colors gopears to us as dead. (Itten, 1961)

With knowledge, an artist can takethreeor four unusual colorsand come out with beautiful expression.
It isimportant to study structured color schemes simply to develop this knowledge and to learn some
sure-fire ways of developing beautiful color schemes and color harmony. Painting is like any other
art form: Just as in dance, music, or writing, once one has a thorough understanding of al the basics
of the art, the rules can be adjusted and expression becomes subjective. (Quiller, 1989)

Until very recently, high resolution colour displays were reserved for the elite few whose work justified the
expense. Thishasall changed. Megapixe displays, capabl e of displaying 256 or more simultaneous col ours chosen
from a palette of over 16 million colours, are becoming inexpensive and therefore more common. In addition, the
computers driving these displays are running multi-tasking operating systems, allowing many programsto berun
simultaneously. Each program has its own set of windows, its own user interface and its own set of colour needs.

Unfortunately, the sophistication of the window systems running on these displaysis not keeping pace with
the hardware. Much work is being done to make the window systems look polished; stylish three dimensional
effects and flashy demo programs are common. However, toolsthat allow the user to take full advantage of these
large colourful displays and of the powerful computers driving them have not been devel oped.

In particular, the tools available for making aesthetic colour choices are exceedingly poor. There are several
toolsthat alow users to specify individua colours, but few that assist the user in coordinating all of the colours
being used. Those that do address the problem are limited in scope and not generally useful.

1.1 What areuserstryingto do with colour?

Individual colours on a computer display are not selected in a vacuum. Each individua colour can be thought
of as a piece in a much larger puzzle: that of creating a functional and attractive computer display. In order to
create an environment in which the window system helpsthe user select colours, it is necessary to determine what
people are trying to accomplish with colour and window systems.

Reasons for using colour range from the aesthetic to the functional . For example, colour is often used to create
an attractive work environment, to label items, to group related elements of an interface, to signa the user about
potentially dangerous actions, to enhance the realism of an image, and to view multidimensiona data. Many of
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these topics have been examined in depth and rules were devel oped to guide the application designer in deciding
when and when not to use colour. Meler presents a detailed summary of much of thiswork (Meier, 1987).

Some decisions about the use of colour are hidden from the user. Whether related visua eements in an
interface are colour coded is usually decided by the application designer. Likewise, the way in which colour is
used in adatavisualization or realistic rendering applicationis usually specified when the application is designed.
In a sense, many of the decisions about colour usage within a single application are out of the user’s hands.

However, most global colour choices are left up to the user. Perhaps the most common globa use of colour
isfor organizing windows. Colour can be used to group related windows and to disassociate unrelated windows.
Thereare many different approachesto window organization. For example, similar applicationscould have similar
colours, windows for different projects could be grouped using similar colours, or windows could be coloured
according to the machines that created them. What characterizes each of these organizational approaches is that
in each case a different category of semantic meaning isidentified by the user and windows with similar semantic
meanings are grouped visually.

Colour is dso excellent a helping the user resolve context. A common mistake in window systems is to
accidentally typeinto thewrong window. However, colour has been experimentally determined to be more useful
than size, shape or brightness when searching for and identifying items that vary in only one of these aspects.
Additionally, colour associations are remembered longer (Meier, 1987). When two termina windows differing
only in colour are serving different functions, colour serves as an excellent way to distinguish the two.

For some people, the most exciting ability that colour providesisthe ability to personalize their environment.
Just as some people feel strongly about more obvious expressions of their personality, such as clothing and hair
styles, so do some people want to personalize their computing environment. One user commented, for example,
that “he did not care what colourswere used for hiswindows, aslong as they all were purple.” Colour should aso
alow people to make their environment dynamic, visualy rich and exciting. People often change clothing styles
to reflect their mood or changes in taste. Other reflections of personal taste, such as furnishingsin the home or
office, or themodel of car that is driven, are not changed on aregular basis only because practical considerations
make thisimpossible. A computer window system, by itsvery nature, can have its appearance radically changed
in an instant. Unfortunately, the tools do not exist to allow people to access this potentially exiting avenue of
personal expression. Few people have thetime or patience to actually create a visualy interesting environment.

1.2 TheProblem with Aesthetic Colour Selection

One of the reasons effective aesthetic colour selection is difficult is that it crosses many disciplines. physics,
physiology, psychology, art and graphic design, to name a few. Most people who design window systems and
windowing applications do not necessarily have expertisein any or al of these areas. Asaresult, coloursare often
selected seemingly at random, with no regard for even the most basic design principles. Inaddition, toolsprovided
to the user for colour selection typically concentrate on allowing the user to select a single colour, ignoring how
it will be used. Therefore these tools do not provide the user with any help in selecting attractive and effective
combinations of colours (Meier, 1987).

With no knowledge of the various aspects of colour theory, users can do damage as well as good to their
working environment, and may have no idea what is causing the problems or how to solve them. Unintentional
interactions between colours can convey nonexistent meaning, such as creating illusions of window depth or
unintended structural relationships. Far more serioudly, insufficient colour difference can impair legibility and
reading.

If colour selection represents such a hard problem, why are there no better tools available to help the user
solve it? The basic answer isthat colour is not well understood. There are theories explaining many aspects of



1.3. Toolsfor Aesthetic Colour Selection 3

colour perception and colour theory, but no comprehensive model of human colour vision exists and explanations
of some perceptual phenomena elude researchers (Boynton, 1979). Another aspect of the problem is that all of
the different fields that study some aspect of colour, from graphic design to physics, use different techniques and
terminology. Chapter 2 explains the aspects of some of these areas that are relevant to this thesis. Each of the
many colour models mentioned in Sections 2.2 and 2.3 was created for certain reasons and is appropriate for
certain applications, but most contain little information about effective colour use. More serioudly, some fields
give different meanings to similar terms, causing confusion.

Another reason that there are few powerful toolsto aid in effective colour selection is that solving some of
the problems mentioned above without unduly restricting colour choicesis very hard. Creating simple toolsthat
severely restrict the users choicesisrelatively easy, but toolssuch as thisare not satisfactory. The aesthetic aspect
of colour is very subjective and users do not wish to be arbitrarily restricted or to have someone el ses idess of
colour harmony imposed on them. As one user interface designer put it, “A computer will never be able to tell
me what colours| should like.”

1.3 Toolsfor Aesthetic Colour Selection

Much effort has been put into attempting to create sets of rules for colour use in computer user interfaces and
window systems. Meier presents a good summary of thiswork (Meier, 1987). Thisthesisis not trying to extend
or duplicate this research.

While there exist many guidelines and heuristics for effective use of colour, it is virtualy impossible to
implement these heuristics using current window systems. Although there have been systems which attempt to
preselect coloursfor user interfaces, such asACE (Meier, 1988), they areusually too speciaized or toorestrictiveto
be generaly useful. In particular, there are no tools available that assist peoplein selecting aesthetically pleasing
colours while ensuring that the basic functional colour constraints are satisfied. As a result, the application
programmer or the user must consider too many different issues when selecting colours. The task is simply too
complex for many usersto perform effectively.

Consider the task of selecting colours for a typical window system that has four colours for each window:
background and foreground colours for both the border and the interior of the window. In order to select four
coloursfor asinglewindow, contrast between thetwo background and two foreground col oursmust be considered.
In addition, the border and window background colours must be sufficiently different that they do not blend into
one another. Finaly, the border background colour must be sufficiently different from the screen colour that
the window stands out from the screen. The task of selecting a tasteful set of colours for this single window is
not overwhelming, especialy if we assume the existence of a reasonably powerful tool for selecting individual
colours.

However, windows do not appear in isolation. There can be many different windows coexisting on the same
display. Suppose that the person making the colour choicesis aware of how colour can be used to organize these
windows. For example, windows can be grouped by application, intended use, machine or some other logical
relationship. With only a few applications, machines, and different uses the number of different windows can
grow very quickly. For example, twenty or more different windows is not uncommon. Any of these windows
may appear on the screen simultaneously, so the coloursthat are chosen for one window must be compatible with
those chosen for al the other windows. The problem has quickly changed from one with four variables to one
with perhaps eighty or more!  While there are probably many solutions to this problem, they are insignificant
compared to the size of the solution space. After attempting this exercise once or twice, one can see that thiscan
be avery frustrating and quite difficult problem to solve.

What is particularly annoying for many people isthat selecting colours for the interface is something that is
tangential to the reason they are using the computer in the first place. As aresult, most people quickly give up
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attempting to discover a solution to this problem. Experience shows that users often resort to bland or extreme
colour schemes in order to reduce the number of variables that they must deal with, making the task somewhat
more managesble. Unfortunately, the functional benefits of colour, such as context resol ution and showing logical
relationships, are often thefirst thingsthat are discarded in an effort to simplify the problem.

This basic premise of thisthesisisthat window systems can and should help the user to create and maintain
an aesthetic, effective and colourful windowing environment. The aim is to demonstrate that it is possible to
create a system which helps the user choose aesthetically pleasing colours without having to explicitly consider
all functional colour requirements.

1.4 Previous Work

There has been relatively little work done in this area. The ACE system is the one notable exception (Meier,
1988). Other systems that automatically select colour, such as (Corte, 1986) and (Grosse, 1985), consider only a
small subset of the problem and are applicableto alimited domain of colour usage. These latter two systems, for
example, select sets of perceptualy different coloursfor use in charts, tables or plots.

141 ACE: A Colour Expert System

ACE isan expert system that attemptsto select coloursfor the sort of user interface found on the Apple Macintosh
or Xerox STAR desktop environments. ACE sdlects its colours from a discrete subset of the HLS colour space
(see Section 2.2.5), encoding relationships between al of the coloursin that subset in its knowledge base. There
are afew key limitationsto ACE. Firgt, the aesthetic relationships that are used to select colours are encoded in
the system, with the result that the colour tastes of the authors are imposed on the user. The user can aleviatethis
problem only by modifying the knowledge base of the system, which isanon-trivial exercise.

Another mgjor problem with ACE isthat it was designed to select colours for the graphical elements of a
single program. It selects colour using a monotonic scheme, meaning once a value has been selected for a colour
it will never be changed. Therefore, the rel ationships between colours must be expressible as a directed, acyclic
graph (DAG). While the relationships between the graphical elements of a single window may be expressiblein
thisfashion, it is not clear that the relationships of an entire window system could be. If the relationships cannot
be specified asa DAG, such a monotonic selection scheme could not be used.

More importantly, dl of the relationshipsthat ACE uses to evaluate a possible colour selection are pair-wise
relationships. This precludes the possibility of expressing relationshipsthat exist among groups of windows, for
example, which iscommon in the sort of window systems of interest here. As Meier says, they “might be able to
devise color relations between three, and maybe even four or five colors, but more than thiswould be extremely
difficult. Adding these kindsof relationswould require afairly major overhaul ...

1.5 TheNeed For a Dynamic Window System

A limitation of systems such as ACE isthat they select coloursfor a single application without considering other
windows on the display. Coloursfor an application’s windows need to be selected in the context of the window
system as awhole, not in isolation. ACE, for example, considers multiple windows within a single application
but not over multiple applications. Meier mentions that thisissue should be considered, but does not attempt to
solveit.
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More importantly, the context within which a window’s colours are selected is not static. As windows are
created and destroyed, the context within which a window’s colours were chosen changes and, therefore, the
coloursthat should be used for any window may change. The colours should not be picked withinagiven context
and then ignored when that context changes.

If this assertion seems strange, consider the anaogy to window positions on the screen. At any given instant
in time, there are one or more optimal spatial arrangements of the currently open windows. However, as new
windows open and old windows close, this optimal arrangement changes. Thus, the windows' positions must be
rearranged. And soitiswith colour.

To continuewith the analogy, consider thetoolsthat are provided by window systemsto help the user organize
the positioning of their windows. The most common tool is a simple interactive technique which alows the user
to tell the system exactly where to move awindow. More powerful toolsthan this are available, however. Some
systemswill select aninitial window positionif oneisnot given, effectively alowing the user to say “I don’t care
where it goes on the screen.” If the position is unacceptable, the user can easily change it. The key point is that
the user does not have to specify a position unless the one chosen by the system is unacceptable. Thus the user
has one | ess specification to make.

There are other examples of powerful toolsfor positioningwindows. Tiled window systems are based on the
assumption that opened windows should not overlap, and automatically rearrange the windows to enforce this.
Whether thisis desirable behaviour isamatter of personal taste. A more powerful system is Stack Windows (Png,
1991), which alows windowsto be hierarchically grouped into common areas called stacks. Stacks are windows
which contain other windows and have tiling behaviour enforced within them. Repositioning of windowswithin
the stack is automatic when windows are opened or closed. Tools are provided to manipulate the stacks and to
override the arrangement of windows within the stacks. Any window or stack that is not contained in another
stack can be overlapped freely; thus, the power of atiled window system is available within the stacks and the
freedom of non-tiled window systems to overlap windows is available outside the stacks.

The most powerful tool implemented to date is the jostling window system used in Schlueter (1990) to
implement the concept of perceptual synchronization. Perceptua synchronization is based on the belief that the
screen is aresource that is shared by the user and the applicationsto communicate. Different applications make
different demands on the screen space that may cause perceptual problems on the part of the user. These problems,
such astext or graphics appearing to flow between windows, should be detected and fixed. Thisprocessisreferred
to as synchronizingthe users' perception of the system. Whilethe actual test system had usability problems, none
were of the sort that could not be fixed in a production system. The system could be thought of as attaching a
higher level of semantic meaning to window positioning, and using these semantics to help the user position the
windows.

Unfortunately, the tools provided by window systems for manipulating colour are surprisingly primitive. No
window system providesanything more than themost basi c support for col our sel ection, forcing the user to specify
every colour explicitly. Other problems can be highlighted by returning to the analogy of window positioning.
Many window systems do not provide a general facility for users to modify the colours of a window after the
window has been created. Thus, window colours can be specified only when awindow isfirst created unlessthe
client program specifically contains functions for changing its colours. Thisis analogous to specifying an initial
position for a window and not being able to move the window unless the application provides a facility which
allowsitto berepositioned! Obvioudy, theresource dictated the availability of thetools: screen real estateisquite
limited compared to the size of the colour space, imposing a more immediate demand on providing the capability
to reposition windows.

Other window systems, such as that found on the Macintosh, allow the user to change the colour of existing
windows but the tools for colour selection are still not as powerful as those for window positioning. In the case
of the Macintosh, for example, windows are positioned for the user the first time they are created in a random
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fashion, spreading them out over the screen. Colours, on the other hand, are always the same by default, providing
not even the slightest variation that is not specified by the user.

Given the situation mentioned above, why are there not good colour toolsfor current window systems? The
key element that ismissing from most existing window systemswhichisthat thereisno semantic meaning attached
to the colours on the display, making it impossible for the window system to provide any sort of reasonable help
to the user. By attaching semantic meaning to colours, the window system should be able to assist the user in
solving the problem of effective and aesthetic colour selection.

1.6 Goals

Thekind of tool created hereissomething anal ogousto thejostling window system (Schlueter, 1990). Thissystem
attached semantic meaning to windowsand their contents and defined rel ati onshi ps between these el ements of the
display. The system imposed constraints on the possible positions of the windows based on these relationships.
Most importantly, the system dynamically adjusted the arrangement of the windowsto satisfy these constraints.

Similarly, by attaching semantic meaning to colours, it ispossible to define rel ationshi psbetween these col ours
and to impose constraints based on these relationships. Using these constraints, it is possible to create a window
system which will assist users in making aesthetic colour choices by both making some of the choices for them
and removing some of the constraints on the choices they need to make. For example, the following abilitiesare
provided:

¢ Functiona constraints are be handled automatically, allowing the user to ignore them if they so desire.

e Many users have no training in art or graphic design. Therefore, the system will suggest possible aesthetic
colour combinationsto the user.

The user is able to make abstract colour specifications and have the system infer the details.

The system provides reasonable defaults.

The system can be gradually customized, allowing a user to specify as littleor as much as he or she wants.

However, it should be kept in mind that the overall goal of thisthesisisto create a system that demonstrates that
more powerful toolsfor assisting with aesthetic colour selection are possible, not to provide definitive solutionsto
all of theissues associated with the abilitiesmentioned above. The satisfactory solutionsto many of the problems
discussed in thisthesisrepresent theses on their own.

In Chapter 2, the reader will be provided with the background in colour theory necessary to understand and
appreciate thebulk of thisthesis. Chapter 3 will describe oneview of colour usethat will prove particularly hel pful
in creating this system. A metric for calculating contrast will be devised in Chapter 4. Chapter 5 will develop
the the colour constraintsthat are needed to create a dynamic window system to assist with colour selection. The
implementation of a prototypeversion of the dynamic window system isdescribed in Chapter 6. Finally, Chapter 7
discusses the conclusionsthat can be drawn and future work that needs to be done.



Chapter 2

Background

In order to understand the body of thisthesis, avariety of background information is required. In the following
sections several topics are discussed in sufficient depth to understand the thesis. For each topic, references are
provided for further reading. Knowledge of computer science and a basic knowledge of computer graphics are
assumed. For an introductionto computer graphics, see (Foley et d., 1990).

The purpose of thisthesisisto demonstrate that a dynamic window system is a feasible approach to assisting
users with the sel ection and maintenance of window colours. Colour science bridges many disciplines, including
computer science, physics, physiology, psychology, art and graphic design. In order to create powerful colour
tools, selected aspects of each of these subjects must be understood. The logical starting point is video display
hardware. Given an understanding of how coloured images are created, the underlying colour models that are
used throughout this thesis for specifying colour values are explained. Following this, psychologica aspects of
colour are examined, including a brief look at colour perception, the effects of colour on reading, and colour
discrimination. Findly, artistic models of colour and colour harmony are investigated to discover techniques of
assi sting with harmonious col our selection.

2.1 Colour Display: The Colour CRT

Currently, the most common video display hardware is the cathode ray tube (CRT), an electronic device that
produces patterns of light on aglass display. A cathode creates electrons which are accelerated towards the front
of the CRT. This stream of electronsis focused into an electron beam which converges to a small point at the
faceplate of the CRT. Thisbeam isaimed at the phosphor-coated inside of the display surface. When the el ectrons
strike the phosphor, it emits visible light. The pattern of light created by the glowing phosphor is the image
seen on the display surface. To create colour, several phosphors are needed, and the excitation of each must be
controlled independently. The mechanism for doing this is the shadow mask. The inside of the tube's viewing
surface is covered with phosphor dots arranged in triangular patterns, as shown in Figure 2.1. These phosphor
dots are extremely small, a dozen or more being required to create a single pixel (or point on the screen.) The
colour of these phosphors are red, green and blue. Three different electron guns, arranged in the same triangular
shape as the phosphors, are independently focused at the same point on the screen. The shadow-mask is placed
between the phosphor surface and the incoming electrons, and has small holes in it, one for each set of three
phosphors. The electron guns, shadow-mask hol es and phosphorsare precisely arranged so that only the electrons
from one gun strike any individua phosphor, as shown in Figure 2.2. Thisarrangement allows one gun to control
theintensity of each of thered, green and blue phosphors. All coloursthat are displayed on a computer screen are
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Figure 2.1: The Triangular Pattern of Red, Green and Blue Phosphors.

Figure 2.2: The Shadow-mask CRT.



2.2. Colour Modes 9

created as alinear combination of spectral power distributionsof the red, green and blue phosphors, as discussed
in Section 2.2.1. For example, if each of the phosphors could be illuminated to two different levels (on and off)
there would be eight possible combinations. More commonly, the phosphors can be illuminated at 256 different
intensities, giving over sixteen million possible combinations. A more in-depth description of the workings of a
CRT, aswdll as other display devices, may befound isbooks such as (Foley et a., 1990). For simplicity, the CRT
stands for all video display devices, such as plasmaand LCD displays, because their capabilities are similar.

211 Gamma Correction

Controlled display of many different intensitieson a CRT is not as straightforward as it seems, since the intensity
of the light output by a phosphor is not linearly related to the number of electrons strikingit. For simplicity, the
internal workingsof the CRT areignored and only the rel ationships between the voltage and the light output for a
given phosphor are considered®. The relationshipis

I=kVY, orV =(I/k)Y" (2.1)

for constants & and . (Foley et a., 1990) describes how to actually calculate the value of required voltage V' for
adesired intensity /. For atypica CRT, the value of ~ falsin the range 2.2 to 2.5. What is important here is
to note that the relationship is not linear and that the values of k& and v vary between CRTs. Correcting for the
non-linearity of phosphor responsein this manner isreferred to as gamma correction because of the historical use
of gamma as the exponent in Equation 2.1.

Unfortunately, the situation is even more complicated. There are two other factors which contribute to the
perceived response of the phosphors:

e Many current CRT’ sare equipped with dia sthat control the“brightness” or “black level” and the * contrast”
of the display. The brightness control dial, in particular, changes the response of the relationship between
the voltage received by the monitor and the number of el ectrons striking the phosphor surface, and thusthe
required gamma value. Experience has shown that the gamma value for a CRT with a typical brightness
control can fal inarange of 1to 5!

e The lighting conditions in the area where the CRT is being viewed dramatically affects the perceived
intensity of the phosphors (see the discussion of veiling lightsin Section 2.5.)

These two factors are, in fact, related — the existence of the second necessitates thefirst. Brightness controlsare
put on monitorsto allow usersto compensate for lighting conditionsin the area of the CRT.

2.2 Colour Models

Colour is intuitively described using the three terms hue, lightness and saturation. Hue refers to the chromatic
component of the colour, the quantity that distinguishes between colours such as red, green and blue. Lightness
refers to how dark or light a colour is. Finally, saturation describes the purity of a colour, which ranges from
neutral grey to pure colour. The colours black, white and the shades of grey are said to be “achromatic” or neutral
— they are completely desaturated, having no “chromatic” colour component.

For colour to be used effectively in computer graphics, it is necessary to be able to specify colours precisely.
Most computer framebuffer hardware require colour values to be specified by their red, green and blue (RGB)

1The relationship between the number of electrons striking the phosphor and the voltage sent to the CRT for that phosphor is linear.
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components. More abstract models of colour specification, such as HSV and HLS, are aso used in computer
graphics. These models provide a more intuitive organization of colour vaues, but are merely different views
of the same RGB colour space. While these models are precise with respect to the values placed in the video
framebuffer, they do not alow accurate colour specification with respect to colour appearance — the same
RGB, HLS or HSV specification may appear as a different colour on different computers or different CRTs.
Objective colour specification, independent of any display medium, is provided by the branch of physics known
as colorimetry. Many of these models are based on colour models devel oped long ago by artists and scientists
such as (Chevreul, 1967), (Munsell, 1947) and (Ostwald, 1931).

In thefollowing sections, several modelswill be described. For amore compl ete history of colour models, see
(Norman, 1990) or (Gerritsen, 1988). For a more in depth discussion of the colour model s described below, see
oneof (Foley et al., 1990; Rogers, 1985; Hall, 1988; Boynton, 1979). In addition, many of the concepts discussed
in thissection are treated at an introductory level in (Hope and Walch, 1990).

2.2.1 Colour Mixing
From the psychophysical point of view, colour can be defined as (Wyszecki and Stiles, 1982)

that characteristic of avisible[colour stimulug] . . . by which an observer may distinguish differences
between two structure-free fields of view of the same size and shape, such as may be caused by
differences in the spectra composition of the radiant power concerned in the observation.

This spectral power distribution which defines a colour is a measurement of the intensity of light at unit
intervals for each visible wavelength of the el ectromagnetic spectrum, which extends from approximately 400
(Amin) t0 700 (Ap4z) Nanometers, and is denoted as follows:

E() = e (2.2)

where e; is the intensity of wavelength ;. When dl of the visible wavelengths are present in approximately
equal amounts, the result is achromatic. Otherwise, adominant wavelength is perceived which correspondsto the
intuitive notion of hue.

When colours are mixed, their spectral power distributionsare mixed. There are two colour mixing systems,
subtractive and additive, which apply to reflective and self-luminous objects, respectively.

Additive When working with luminous objects (objects that generate light), the colour primaries typically used
red, green and blue. Luminous objects create colour by emitting light with certain spectral power distributions.
Colour mixing is linearly additive. When two lights with spectral power distributions £ and £, are mixed
together, theresult F3is

e3; = e1; + €2;, 1= Amin, -+ Amaz (23)

wheree; . isthecomponent of £; at thewavelength A;. When the primaries are added together in equal quantities,
al thewavelengths of light are present and the result is seen as white light?. These three colours can be combined
to create dl of the coloursof the spectrum plus purple (anon-spectral colour with iscreated by adding together red
and blue). Thisallowsawide variety of coloursto be created. Anyonewho has watched TV or used a computer
has seen colour created additively.

2Thisis asimplification. See Section 2.2.2.
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Subtractive When most people think of the primary colours (the basic colours that are combined to create all
other colours) their intuition is based on their childhood experience of mixing paint: yellow and blue combine
to produce green. The three primaries are blue, red and yellow. These colours are the primary colours for a
subtractive colour scheme?, which is the colour scheme used when mixing paint, ink, dye, or any other reflective
meaterial, and when dealing with transmissive materials such as film. Subtractive colour mixing is significantly
more complicated than additive mixing, so a detailed account of how it occurs is not possible here. A brief
description of how subtractive mixing occurs with filtersisall that is possible.

Filters do not generate light, but are seen by the light which passes though them. The color of afiltered light
is, therefore, determined by the amount of each wavel ength that passes though thefilter. This can be expressed by
atransmission function

T(A) =1, 0<# <1 i=Mnin,- -, Amac (2.4)

wheret; isthefraction of wavelength A; that istransmitted. When alight with a spectral power distribution E(A)
is passed through afilter with atransmission function 71( ), the spectral power distribution 71(A) of theresulting
lightis
€1; = eitli, 1= /\min, ey /\max (25)
If thislight isthen passed through a second filter, with transmission 75(A), the spectral power distribution E5(X)
of theresulting light is
€2; = 6itlit2i, 1= /\min, . .,/\m(w (26)

In the above situations, where light is transmitted through one or more filters, the effect isto subtract intensity
from the spectral power distribution of the incident light. That is why thisis referred to as subtractive colour
mixing — mixing coloured objects resultsin light being subtracted from the incident light. When thethreefilters
corresponding to ideal subtractive primaries are used in succession, little colour is transmitted and the result is
black.

The question of how pigments combine requires knowledge of how pigments are suspended in the medium
and how lightis scattered withinthe medium. For amore detailed discussion of this, see (Cowan and Ware, 1985).

Complementary Colours With both additive and subtractive colour mixing, each pure colour has associated
with it another colour, call its complement. Mixing a colour with an equal amount of its complement resultsin
grey. Mixing a colour with alesser amount of its complement resultsin aless saturated colour of the same hue.
The complements of the primary colours are often referred to as the secondary colours.

2.2.2 Colorimetry

The purpose of colorimetry isto providean objective, quantitativeway of specifying colour. Standard colorimetric
systems, which are based on additive colour mixing, are well adapted for use with CRTs.

2221 Colour Matching

Colorimetry begins with colour matching. Imagine an experiment where the subject is looking at two areas of
coloured light. One areaisatest colour. The subject attempts to create a matching colour in the other area. To
perform this match, the subject has three dials which control the intensity of three coloured lights (referred to
as the colour primaries) that are combined to create the matching colour. These three lights are red, green and

3The subtractive primaries are actually cyan, magenta and yellow, but artists typically refer to the primaries as red, blue and yellow.
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Figure 2.3: Colour-matching functions, showing the tristimulus values for the visible spectrum, where the three
primaries are R = 700nm, G = 546.1nm and B = 438.1nm. (Adapted from Foley et a. (1990))

blue, the additive primaries from section 2.2.1. In practice, some colours can not be matched by the positive
combinations of these standard lights. This problem can be overcome by allowing the subject to add one of the
primaries to the test light and then attempt to creste a match with the remaining two primaries. In this case, the
match can be specified as a combination of positive and negative amounts of the primary lights, where a negative
amount means the primary was added to the test light instead of the match light. These values are referred to as
tristimulusvalues for the colour, since they define the amount of each stimulus needed to create the colour.

By performing this experiment repeatedly, with the test light set successively to every visible wavelength of
light, the amount of each primary needed to match any wavelength of light can be tabulated. This was done
with a set of observers and the results averaged to obtain values for a standard observer. This table defines three
colour-matching functions, called r, g and b,, similar to those shown in Figure 2.3 (which are adjusted so that
the areaunder each of thethreefunctionsis 1.0). In order to obtain a colorimetric specification for astimuluslight
with spectral power distribution £, the tristimulusvalues for the light can be calculated using the equations

R = /@aw
G = /@5& (2.7)

/@Bw

An important point to note is that two colours with physically different spectral distributions can result in the
same tristimulusvaues. These colourswill appear the same for the standard observer, and are referred to as being
metameric. The pairs of coloursare called metamers.

B

2222 TheCIE System

The above colour matching experiment was performed and the data used to create an objective description of
colour. Thiswork was carried out by the Commission Internationale de I’ Eclairage (CIE), which in 1931 defined
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Figure 2.4: Colour-matching functions, showing the tristimulus values for the CIE 1931 primaries X, Y and Z.
(Adapted from Foley et a. (1990))

the CIEXYZ colour space, which uses three hypothetical primaries with colour-matching functions z(A), y(A)
and z(A) shown in Figure 2.4. These standard primaries were specifically chosen to satisfy afew properties, most
importantly that al visible colours have positive tristimulus val ues, and that the luminous energy of the colour is
represented by the Y value. To satisfy these constraints, the primaries themselves are imaginary and can not be
created from non-negative spectra power distributions. Anaogous to Equation 2.8, the tristimulusvalues for a
stimuluslight £, can be calculated as follows

X = /Ekfd/\
Y = /EAJdA (2.8)
a— /EAZ_d/\

The visible colours create a cone-shaped volumein XY Z space, with black at the origin, as show in Figure 2.5.

Whilethe Y vaue, which defines the luminance of the colour, corresponds roughly to the intuitive notion of
brightness, the XY Z tristimulusvalues do not correl ate neatly with the intuitive notionsof hue and saturation. To
separate the chromatic component from the brightness, the CIE defined the chromaticity coordinates of a colour
(which define the hue and saturation, but ignore the luminance) as

X

X+Y+2Z
%
- r 29
Y X+Y+7 (29)
7z

X+Y+2Z7
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Figure 2.5: The visible colours in XYZ space form a cone radiating up into the positive octant. The plane
X +Y + 7 = 1lisalso shown (Adapted from Foley et a. (1990))

Noticethat « + y + 2 = 1, so only two values, x and y, need to be retained, because = = 1 — = — y. However,
in order to recover X, Y and Z, a third piece of information is needed. That value is the luminance, Y. The
values x and y can be plotted on the CIE chromaticity diagram, shown in Figure 2.6, which represents the plane
X +Y + Z = 1. Thesethree values make upwhat iscalled the CIE Y, X, y system. Noticeon thediagram that the
pure wavelengths of light are plotted around the horseshoe shaped periphery. Coloursthen gradually blend until
they reach white near the center. The CIE also defined anumber of “standard” illuminants, which approximate the
spectrum of light produced by various whitelight sources. Standard illuminant Dgs, which represents sunlight, is
shown on the diagram.

An advantage of the CIE chromaticity diagram is that colour mixing is alinear function. In other words, any
colour produced by adding together positiveamounts (not negative amounts, aswas allowed in the col our matching
experiment) of colours/ and J falsontheline/.J that connectsthem. Extending this, any additive combination of
threecolours I, J and K liesinthetriangle/J K. Thisarea, called acolour gamut, represents all the coloursthat
can be additively produced using I, .J and K as colour primaries (Foley et a., 1990). Colour gamuts are actualy
three dimensiona since the verticies are defined using XY Z coordinates, but are more conveniently represented
on the two-dimensional chromaticity diagram.

One problemwith the CIE XY Z system isthat it is not perceptual ly uniform, meaning the Euclidean distance
between any two pointsin XY Z space does not indicate the size of the perceived difference between the two
colours. There have been many colour spaces developed which attempt to represent colour in a perceptually
uniform fashion. All these colour spaces are non-linear transformations from the XY Z colour space. One, the
OSA Uniform Colour Space, isdiscussed in Section 2.3. Another, the L* «* v* colour space, has been standardized
by the CIE. Given the coordinates of the white colour as (Xo, Yo, Z0), thetransformation of any colour from XY Z
to L*u*v* isdefined by

1/3
I* = 25 (12?Y) —16; (1<Y < 100) (2.10)
0
u* = 130 (v — ug)
v* = 3LV —wp)
where

W = 4X/(X+15Y +3%), o = 9Y/(X+ 15V +3%) (2.11)
ug = 4Xo/(Xo+ 15Yp+3Zp), vy = 9Yo/(Xo + 15Yp + 3%Zp) '
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Figure 2.6: The CIE 1931 Chromaticity Diagram (Adapted from Foley et a. (1990))

L*u*v* (also caled CIELUV) isimportant because measurements of colour difference must be performed in a
uniform colour space. Of al the uniform colours spaces, CIELUV is computationally the easiest to transform
colour coordinatesinto.

2.2.3 TheRGB Colour Modéd

For computer applications, the dominant colour model is the RGB modedl. This modedl specifies colours as a
additive combination of the red, green and blue primaries of the display. It isinwidespread use owing to itsclose
correspondence to colour CRT hardware.

The RGB colour model can be visualized as a cube of unit size (each side has a length of 1 unit.) Itsthree
orthogonal axesaretheintensitiesof thered, green and blue primaries. These primaries, which are produced by the
three coloured phosphorsused by the CRT display, mix additively. When all primaries are zero, the phosphorsare
off and the resulting colour is black. Conversdly, when al primaries are 1, each phosphor providesits maximum
contribution and the resulting colour is white. When all phosphors contribute the same amount, the result is a
shade of grey. Therefore, achromatic colours appear aong the main diagonal of the RGB cube, between black
(0,0,0) and white (1,1,1) (Figure 2.7.)

The gamut of available colourson a CRT isdetermined by the chromaticity coordinates of the CRT phosphors.
Two monitorswith different phosphorshave different gamutsand display the colours of the RGB cube differently.
For thisreason, it is often desirable to specify colour using a display independent model such asthe XY Z modd.
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Figure 2.7: The RGB Colour Model

The conversion between RGB and XY Z can be expressed as follows (Hall, 1988, Eq 3.2)

red phosphor: Ty, Ty, To=1l—ryz—my
greenphosphor:  g., gy, 9. =1—gs—gy
bluephosphor:  b,, b,, b, =1—b,—10,
white point: W, Wy, W;=1—w;—w,y

(2.12)
[ X ] Sr(re)  Sy(gz)  Sp(be) R
Y | = Sr(ry) Sg(gy) Sb(by) G
Z Sp(rz)  Sglgz)  Se(b:) B

Sr, Sy and Sy are scale factors for the red, green and blue. For more information on generating this matrix,
see (Hall, 1988). It should be noted that, likethe XY Z space, the RGB cube is not perceptually uniform.

224 TheHSV Colour Model

In contrast to the hardware oriented RGB colour model, the HSV model attempts to provide a model based on
the intuitive notions of Hue, Saturation and lightness (Value.) The HSV modé is aso known as the HSB model,
where B standsfor Brightness. The model defines an inverted single-hexcone (Figure2.8) with aheight and radius
of 1. Hueismeasured angularly around the vertical axis, withred at 0°. Vaue rangesfrom O at thetip of the cone
to 1 at theflat top. Saturation isaratio of the distance from the center vertical axisto thetriangular side, ranging
from 0 to 1. The additive primaries and their complements are spaced equally around the edge of the flat top of
the cone, at 0°, 60°, 120°, 180°, 240° and 300°, with the primary and its complement opposite each other (180°
apart.) They are the maximally saturated colours, having.S = 1and B = 1.

The HSV mode isactually a deformation of the RGB model. Looking down the principle axis of RGB cube
givesanintuitivenotion of how thetwo correspond, asshownin Figure2.9. Because thismodel isatransformation
of the RGB modél, it shares the same gamut problems. For example, a colour with ared hue (0°), .5 saturation
and .75 lightness are not colorimetrically the same on different monitors.

The conversion from RGB to HSV is

M = max(r,g,b)
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Figure 2.8: The HSV Colour Model
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Figure 2.9: The RGB cube, when viewed a ong the principleaxis, with white at the front and black hidden at the
back, presents the same view as the top of the HSV hexcone.
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Figure 2.10: The HLS Colour Model

m = min(r,g,b)
V = M (2.13)
g - { 0 ifM=0
- (M —m)/M otherwise
UNDEFINED ifs=0
" 60((g — b)/M — m) ifr=M

602+ (b—r)/M—m) ifg=M
604+ (r—g)/M —m) ifb=M

For more information on the HSV colour model, including detailed a gorithmsfor conversion between RGB
and HSV, see (Foley et a., 1990; Rogers, 1985).

225 TheHLSColour Model

Another model that attempts to provide an intuitive method of colour specification is the Hue, Lightness and
Saturation (HLS) model. The HLS model can be pictured as a double hexcone, as shown in Figure 2.10. Like the
HSV model, HLS is atransformation of RGB. Given the discussion of the HSV mode above, however, it may be
easier to consider the HLS model as atransformation of HSV. Visually, the transformationissimple. In HSV, the
black point isat thetip of the single hexcone and the white point isin the center of the flat top. In HLS, the black
point is at one tip of the double hexcone and the white point is at the other. This resultsin the ring of saturated
colours, which is a theflat top of the single hexcone in HSV, being half way up the lightness axis where the two
singlehexcones meet. Numerically, thismeans that alightnessof 0.5 isrequired to obtain the maximally saturated
colours, as opposed to avaue of 1.0 in HSV.
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HLS offers a dightly more intuitive method of colour selection than HSV. With the fully saturated coloursin
the middle of the lightness axis, the lighter shades (or tints, as they are sometimes called) of a colour are all in
the upper hexcone, with white at the top. Conversely, the darker shades (or simply shades) of a colour are dl in
the lower hexcone, with black at the base. This corresponds more naturally to the way an artist mixes colour, as
will be discussed in Section 2.4. By visualizing the L=0.5 plane as being the tones obtained by mixing together
pure colours, the upper hexconeis, by anaogy, the result of adding whiteto any of thetones. Similarly, thelower
hexcone isthe result of mixing black with the tones.

The conversion from RGB to HLS is very similar to Equation 2.13, the important difference being the
calculation of the . coordinate compared to that of the V' coordinate of HSL. The conversionis

M = max(r,g,b)

m = min(r,g,b)

L = (M—m)/2 (2.14)
0 if M =m

S = {(M—m)/(M—I—m) if L <05
(M —m)/(2— M —m) otherwise
UNDEFINED ifM=m

g o 60((g — b)/M — m) if r =M

602+ (b—r)/M—m) ifg=M
60(4+ (r—g)/M —m) ifb=M

For further information on the HLS model, including detailed agorithms for conversion between RGB and
HLS, see (Foley et al., 1990; Rogers, 1985).

2251 Value, Lightnessand Brightness

While providing more intuitive approaches to colour selection than the RGB model, the HSV and HLS models
do not solve the problem of perceptua non-uniformity. Furthermore, thereis anew problem that must be kept in
mind, which isthat the neither value nor lightness corresponds to the intuitive notions of lightness or brightness.

Technically, brightnessistheintensity of alight source or other self-luminousobject, such asa CRT. Lightness
isthe perceived intensity of a reflective object. Valueisa carefully calibrated uniform lightness scale used in the
Munsell colour system (Munsell, 1947).

While these terms are used in colour models such as HLS, HSV or HSB, the reader should be aware that they
are used in these systems to represent fairly arbitrary measures of colour luminance and should not be confused
with the technical meanings of these terms.

For example, analysis of the fully saturated colours (HSV value = 1, HLS lightness = 0.5), shows that they
do not all have the same perceived brightness. Table 2.1 shows the XY Z tristimulus values and the chromaticity
coordinates, when viewed on atypical colour CRT#, of the three RGB primaries and their complements. A glance
at the Y values (which is proportional to the perceived brightness of the colours) shows that they are far from
uniformly bright, yet they all have avalue of 1.

4The chromaticity coordinatesof the monitor primaries and white point are those of a typical colour CRT, as suggested in (Hall, 1988).
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| Colour || RGB | XYz | Chromaticity |
White 1 1 1091 1000 1088 | 0.313 0.329
Red 1 0 0058 0290 0.000 | 0.670 0.330
Green 0O 1 0]0179 0605 0.068 | 0.210 0.710
Blue 0O O 10183 0105 1.020 | 0.140 0.080
Cyan 0 1 1]0362 0710 1.088 | 0.168 0.329
Magenta |1 O 1| 0.772 039 1020 | 0.363 0.181
Ydlow 1 1 00768 089 0.068 | 0444 0.517

Table2.1: The XY Z tristimulusvalues and the chromaticity coordinatesfor a standard set of RGB primaries and
their complements.

226 TheGerritsen Modd

WhiletheHSV and HL S model sare animprovement over the RGB model with respect tointuitivecol our selection,
they suffer from the problem that the perceived brightness of the colour does not correspond to the lightness/value
parameter of the model. This is to be expected because the actual colours created by models depend on the
characteristics of the CRT. Without knowing the chromaticity coordinates of the CRT phosphors the perceived
brightness of any colour can not be accurately predicted. Furthermore, even when the chromaticity coordinates
are known, it may not be possible to predict the perceived brightness confidently because of other factors that
influence col our appearance (see Section 2.5.)

However, evenif itisimpossibleto discover the exact perceived brightnessof acolour, itispossibletoimprove
on than the HLS and HSV models. Consider the Y valueslisted in Table 2.1. They range from .1 to .9, whereas
the value parameter for the HSV model isaways 1.0 and thelightness parameter for the HLS model isalways0.5.
Furthermore, the variation is due to the nature of both the phosphorsused and the human eye. The valuesfor red,
green and bluein this table correspond to the phosphors and the relationship between them, that of green being
the brightest, red being darker and blue being the darkest. This genera relationship is a function of the human
visual system and, therefore, holdsfor al CRTSs, even if the exact numbers vary.

Gerritson noted thisand proposed a new model which he refers to as the Col our-Perception-Space (Gerritsen,
1975; Gerritsen, 1988) shown in Figure 2.11. His model corresponds to the HLS space with the important
difference that the fully saturated colours do not all lie on the . = .5 plane. Instead, he codes the Lightness
scalein nineintervalsand labels them A-J, where whiteis A, black is Jand the middle grey falls between E and
F. The six primary and secondary colours are arranged around the outside of the hue ring identically to the HLS
space, but that ring is now deformed so that the fully saturated colours have a Lightness corresponding (roughly)
to their luminance. Gerritsen ignores the problem of colours having a different appearance on different CRT's,
and sets the coloursto vaues that are indicative of what he believes to be their correct perceptual relationship to
each other. Table 2.2 shows the Lightness values Gerritsen uses compared to the luminances of the hypothetical
monitor in Table 2.1. In this case, while Gerritsen’s values have the same relationship to each other as the CRT,
the green that Gerritsen uses is much darker than the green phosphor of the hypothetical CRT. As a result, the
green valueisdarker than its complement magenta, whereas our hypothetical CRT has agreen that isbrighter than
its complement magenta. However, perceived brightnessis not exactly equivaent to luminance, so his values
are actually more reasonable than suggested by Table 2.2. In any event, the Lightness vaues of the model more
closely reflect the perceived brightness of the coloursthan the HLS or HSV models.

Theideabehind Gerritsen’smodel, regardless of itsshortcomings, isagood one. It isoften desirableto specify
something akin to the perceived brightness of a colour when making colour selections, such aswhen two or more
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Figure 2.11: Gerritsen's Col our-Perception-Space (Adapted from Gerritsen (1988))

Colour || Gerritsen | Y ]

Red 0.33 0.29
Green 0.44 0.61
Blue 0.22 0.10
Cyan 0.66 0.71
Magenta 0.55 0.39
Yellow 0.77 0.90

Table 2.2: Gerritsen Lightness Compared to Colour Luminance on One CRT
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colours of the same perceived brightness are needed. Gerritsen’s Colour-Perception Space alows this, whereas
the RGB, HSV and HL S models do not except via experimentation.

2.3 The OSA Colour Space

Another useful uniform col our space was created by the Optical Society of America (OSA) Committee on Uniform
Color Scales. It consistsof aset of 424 painted samples. Thesetilesare arranged as alattice of pointsinaregular-
rhombohedral crystal inaEuclidean colour space. The colour spaceisperceptually uniform, inthat equal distances
between points correspond to equal visua differences between the corresponding colours. The organization of the
space was chosen so that each point has 12 equally spaced neighbours and would appear in six entirely different
equally spaced uniform scales. This organization is based on Wyszecki's uniform colour space, which isin turn
derived from the Munsell space (Wyszecki, 1954), and is chosen so that

the system of colour sampling ... provides the maximum number and variety of [one and two
dimensional] uniform colour scales and exhibits the maximum possible variety of relationships
among colours (MacAdam, 1974).

The colour difference information for the space was experimentally derived by having subjects judge pairs
of 59 sample tilesfor colour difference. The data for the subjects was analyzed and a mathematical model was
derived that best fit this data. The final 424 pointsin the colour space were generated from this mathematical
model and checked further.

A shortcoming of the OSA space isthat the equationsused to derive the coloursdo not extrapolatewell outside
the range of the original colour tiles. The fina set of tiles encompases a subset of the possible colours that are
available on a CRT, for example, and the equations become very badly behaved within the gamut of atypica CRT.
Work has been doneto try and create amode that is more comprehensive compared to the CRT gamut (Seim and
Valberg, 1986).

The committee hoped that because of the striking and unusual colour relationships displayed in its various
colours scales, “artists and designers [would] find it useful in devising new and beautiful arrangements of
colors’ (MacAdam, 1974). In fact, that has happened. Artist Karl Gerstner, for example, has made use of this
systemin hisart and states

Whether the uniform color space is the finad model of colorimetrics, sought by so many generations
of scientists, can be determined only by future research. As far as | am concerned, one thing is
certain: it impartsasurprisingly novel experience of color and could not be more stimulating to the
artist (Gerstner, 1986).

2.4 Artistic Colour Use

To create awindow system that assists with aesthetic colour selection, it isuseful to consider the techniques used
by artiststo select harmonious colour. Many artists have developed theories of colour, including (Albers, 1971),
Gerritsen (see Section 2.2.6), (Itten, 1961), (Munsell, 1947) and many others. For a good introduction to such
theories, see (Hope and Walch, 1990) and (Norman, 1990).

Recently, artist Stephan Quiller has taken the standard colour circle, familiar to al artists, and developed
a detailed colour model for use by artists (Quiller, 1989). It is based on the subtractive colour circle that all
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art students learn; the primaries are red, yellow and blue, the secondaries are green, violet and orange. Quiller
explains how to use the model effectively, especially by describing techniques for creating harmonious colour
palettes using afew simple colour schemes.

While much of Quiller’sdiscussion applies only to painting, the concepts of colour harmony he presents are
generally applicable. He describes five major colour schemes that can be created in a structured manner using the
colour wheel and discusses how to create harmonious colour schemes with them.

TheMonochromatic Colour Scheme The simplest of the colour schemes usesasinglehue, which can bevaried
in both lightness and saturation. When using amonochromatic colour scheme, the key issueis how lightnessand
saturation are used. For example, since the eye isdrawn to areas of strong contrast they should be used sparingly
and purposefully to attract the eye; otherwise, “the eye would be disturbed and would have ahard time looking at
the painting.” (Quiller, 1989, p.31). Areas away from the center of attention should use colours which are similar
in lightness and saturation.

By their very nature, the colours of amonochromatic colour scheme are harmonious. Whileitishard to create
visually stunning effects with this scheme, the results are usually pleasant, if somewhat bland.

The Complementary Colour Scheme Complementary colours are located opposite each other on the colour
whesl (or huecircle.) Whentruecomplementsaremixedtogether, they produce*” beautiful neutral colours’ (Quiller,
1989, p.38). When mixed in correct proportions, they produce aneutral grey. The complementary colour scheme,
therefore, consists of a colour, its complement and al the semi-neutral colours created with them.

The complementary scheme works especially well because of thevisual phenomenon of simultaneous contrast
(see Section 2.5.) However, it is precisaly this effect which makes this scheme hard to use. If both the highly
saturated complementary colours are used equally throughout a composition then they compete. Oneway of using
two complementary colours effectively isto pick one as the dominant colour and the other as subordinate. The
dominant colour is used in large amounts with varying value and intensity. The subordinate colour is used in
small amounts to bring the dominant colour to life. Quiller does not give a satisfactory explanation of how to use
dominant and subordinant colours, instead relying on examples and exercises to help the artist develop afeeling
for the correct use of this scheme,

TheAnalogousColour Scheme Theanal ogouscolour scheme usesthreeclosely related colours. By considering
the twelve primary, secondary and tertiary colours, any adjoining three of these (plusthelight and dark valuesand
semi-neutrals of those colours) make up an anal ogous colour scheme.

Like the monochromatic colour scheme, the analogous colour scheme is harmonious by its very nature. By
selecting three adjoining colours, each colour is close enough to the others to be visually related. Analogous
colour schemes are dlightly harder to use than monochromatic ones, but more visually interesting.

The Split-Complementary Colour Scheme The split complementary colour scheme is a union of the comple-
mentary and anal ogous schemes. First, select the analogous colour scheme that is to dominate the composition,
then add the complement of the middle anal ogous col our to the scheme. This scheme isanatural extension of the
anal ogous scheme, with richness added by the complementary colour.

While giving aricher result than the anal ogous scheme, this scheme shares the problem of the complementary
scheme; it is difficult to achieve balance between the complementary colours, the choice of saturation and vaue
being avery subjective decision.
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TheTriadic Colour Scheme Thefina colour scheme presented by Quiller, thetriadic colour scheme, iscreated
by selecting any three equally spaced coloursaround the circle for the primary colours. This scheme creates very
colourful and potentially striking palettes, but is much more difficult to use than the above mentioned schemes.
Satisfactory use of it seems to depend on sophisticated artistic intuition.

What makes these col our schemesimportant istheir applicability to be al gorithmicapplication. The monochro-
matic and ana ogous colour schemes are especially useful because of their simplicity and inherently harmonious
nature. The complementary, split-complementary and triadic schemes require significantly more artisticintuition
to be successfully applied, and thus do not lend themselves as well to automatic application.

2.5 Colour Perception

The psychophysical and physiological basis of human colour vision, the process by which coloured light is
converted into an image inside the human brain, is far from being completely understood. For an in-depth look at
colour vision, see (Boynton, 1979).

Some things are known about colour vision: for example, it is believed that the colour information in the
visual systemisprocessed in parallel and independently of other aspects of vision (Cowan and Ware, 1985). Also,
the sensation of colour hueisvery complicated, being far morethan just a perception of the dominant wavelength
of the light entering the eye. Josef Albers (1971) shows how simpleit isto create visua illusionssuch as making
two colours appear as one. Other visual illusions, such as creating impressions of transparency and depth with
colour, are discussed by Albersand in (Hope and Walch, 1990).

Many of the effects discussed by Albers are the result of simultaneous contrast, an effect where colour
differences are increased at edges. Other aspects of colour perception, such as successive contrast, colour
blindness and chromatic aberration, aso affect the appearance of colours. What is important for the reader to
realize is that colours interact with other coloursin proximity to them, altering the viewers perception of their
colour value. A few perceptua effects are especially relevant to thisthesis, and are discussed bel ow.

Colour Constancy An extremely important perceptual phenomenon is colour constancy. This is the effect
whereby different objects maintain their colour appearance under a wide variety lighting conditions. The easiest
way to see the effect of thisisto put on apair of coloured sunglasses on asunny day. Immediately, all the colours
in the visual field will change due to the loss of light and the colour of the glass. After a short time, the objects
being viewed will seem to change back to their original colours, even if the sunglasses are tinted a distinctive
colour such as red or orange. Similarly, human vision is capable of accommodating huge ranges of brightness,
from bright daylight to moonlight. With very dim light, however, the sensation of colour ceases, with red being
visiblethe longest as light is decreased.

Veiling \eling isasituation whereby the lighting conditionsin the viewing area alter colour appearance. With
respect to self luminous objects, such as CRTs, the spectral power distribution V, of aveiling light is added to
the object’s spectral power distribution £, changing the colour of the object. Consider the colour matching
experiment described in Section 2.2.2. To change the appearance of one coloured light, another coloured light is
added to it. Similarly, if the amount of light in the viewing area of a coloured light source is changed, the colour
of that light will change. This effect is seen when the lightsin the area of a computer screen are turned on, or the
sun shines on a computer screen. In either of these cases, the addition of large amounts of white light causes the
colours on the screen to appear lighter and desaturated.
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Colour Memory Human colour memory, or the ability to remember a specific colour and be able to identify it
later, isnot very good. The concept of colour memory, as used here, is best illustrated with an example. Consider
the colour red used on stop signs. Thisisa colour that most people have seen many times. Yet atypical observer,
given agroup of similar reds, one of which isthered used on stop signs, would most likely not be able to identify
it.

Helson et a (Helson, Judd and Warren, 1952) studied object colour changes under different lighting conditions.
Inthecourse of their study, they trained subjectstoidentify coloursintheMunsell col our space. Even after training,
their subjects were not ableto exactly identify the Munsell name of asample colour. Their resultswereinformally
analyzed and show that the subjects were only capable of identifying approximately 1500 distinct colours. If this
isall that can be expected when subjects are actively trained to identify colours, much less can be expected of the
average untrained person, perhaps as few as 100-150 distinct colours.

2.6 Basic Colour Termsand Colour Discrimination

The linguistic concept of basic colour termswere introduced by anthropol ogistsBerlin and Kay (Berlin and Kay,
1969). It has been suggested, based on their work, that there may be only 11 categories of basic colour sensations,
each associated with awell-learned name and possi bly auniquephysiological substrate. Basic colour termsprovide
faster and more reliable colour naming than other terms, with greater agreement amount viewers. (Smallman and
Boynton, 1990). Colour naming isimportant because colours on a display will often need to be cross referenced,
as in “the red window” or the “green window with blue text”. Furthermore, if the suggestion that each of these
basic colour names represents a basic physiological colour sensation is correct, these colours should be optimal
for colour categorization.

There is no simple definition of what constitutes a basic colour term. Intuitively, they are words such as
black, white, and green but not expressions such as crimson, scarlet, blond, blue-green, bluish, lemon-coloured,
salmon-coloured, and the colour of the air pipes in the Davis Centre. Berlin and Kay (Berlin and Kay, 1969)
proposed that the basic colour terms are similar across al languages. This proposal contradicted the prevailing
doctrine of American linguistsand anthropol ogists, which held that each language performs the linguistic coding
of lifeexperiences in aunique manner. They found that, although different languages encode in their vocabularies
different numbers of basic colour categories, auniversa list of el even categories existsfromwhich the basic terms
in al languages are drawn. These terms are black, white, red, green, yellow, blue, brown, purple, pink, orange,
and grey. Their findings have been experimentally confirmed by Boynton and his students (Boynton and Olson,
1990; Uchikawa and Boynton, 1987; Uchikawa, Uchikawa and Boynton, 1989; Smallman and Boynton, 1990).

The last of these studiesis of particular interest. Prior to this paper, research seemed to suggest that thereis
an upper limit on the number of coloursthat can segregate successfully, perhaps as low as six. In the context of
a computer display with coloured windows, this implies that if more than six different colours are used for the
windows, the ability of the user to organize these windows and quickly associate a certain colour with a certain
window context is significantly diminished. However, Smallman and Boynton showed that by drawing colours
from the eleven basic groups, this limit can be amost doubled. Furthermore, the use of basic colours yields
equivalent search performance for two types of cues—examples and names. Thisisan important point, because
coloured objects are often referred to by colour names. They also noted that the good separation of the basic
colours® counts more for useful segregation than the fact that they are basic colours. The mean interpoint distance
between each of the optimal basic colours and al others is shown in Table 2.3. By using a set of non-basic
colours with only half the interpoint OSA distance of the basic colours, Smallman and Boynton showed that in

5The separation of two coloursis defined here as the Euclidean distance between them in the Optical Society of America (OSA) uniform
colour space.
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Basic Colour | Mean Interpoint
OSA Distance

Yellow 13.84
White 13.01
Orange 12.73
Blue 12.14
Green 11.59
Pink 11.37
Purple 11.34
Black 11.30
Red 11.04
Brown 9.47

Table 2.3: Mean Interpoint Distance in the OSA Uniform Colour Space is OSA Units between Each Optimal
Basic Colour and All Others (Smallman and Boynton, 1990)

one extreme case, efficient colour coding can take place with 14 colours as long as they are well separated in the
OSA space. However, the use of basic coloursis still advantageous because the ease of attaching universal names
to the coloursfor cross referencing.

The suggestion that colour distance accounts for the segregation of two colours rai ses an interesting question.
It is well known that adaptation in the human visual system causes sensitivity to luminance contrast to scale
relative to the range of the luminances of all objectsin the visual field, dulling sensitivity to small contrasts when
large contrasts are present (Cowan and Ware, 1985). Does a similar effect hold for chromatic contrast? If so,
similar colours can be easily differentiated as long as there are no radicaly different colours present in the visual
field. However, using closely spaced coloursis often a bad idea because of the poor quality of colour memory.
For example, consider a display that uses three shades of blue. While all three shades are visible, it may be quite
easy to discriminate between them. However, if the darkest shade is removed, it is hard for a user to decide if the
darker of the two remaining colours is the “darkest” of the three, or the “middie”’ of the three. This is because
relative judgements are precise, so the user will create associations with the “dark blue’, the “light blue” and the
“middle blue’. When one is removed, the relationship is destroyed. When the display consists of three basic
colours such as red, blue and green, removing one colour does not pose the same problems.

In addition, the effects of variable illumination and the large variance in colour response of different monitors
means that colours which were designed to be close to one another, such as similar shades of some colour, may
sometimes appear the same.

Grouping of colours using the basic colour terms satisfies a key requirement for organizationa colour use:
they are easily distinguishablefrom each other by the vast majority of readers and they have unique names.

2.7 Contrast and Reading

When using colour for text, the most important consideration is readability. It is irrelevant how aestheticaly
pleasing the colours are if they prevent the text from being read! Legibility has been addressed by numerous
studies with quite similar results (Legge, Rubin and Luebker, 1987; Legge, 1989; Legge et a., 1990; Rubin and
Legge, 1989; Tinker, 1963; Knoblauch and Arditi, 1989; Knoblauch, Arditi and Szlyk, 1990; Gould et a., 1987).
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Many factors influence the legibility of text displayed on a computer screen: the typeface of the text, the
resolution of the computer display, the contrast between the text and the background, and so on. Contrast
is particularly interesting. Most studies examine luminance contrast (the luminance difference between the
characters and the background) without considering colour contrast (the chromaticity difference). Normally, the
clarity of text isafunction of the luminance contrast between the text and the background. However, luminance
contrast is not required for text to be readable. Colours with the same luminance (referred to as equiluminant
colours) but with high chromatic contrast can create legibletext (Knoblauch, Arditi and Szlyk, 1990; Legge et d.,
1990).

Luminance contrast is usually measured by comparing the luminance of the foreground and background
colours® using a standard contrast measure, such as Michelson contrast.

Lmax - Lmzn
¢= Lmax + Lmzn (215)
C ranges from 0 to 1.0. Unfortunately, a reasonable measure for equivalent chromatic contrast is not quite as
straightforward. While measuring the distance between two colours is possible in a uniform colour space, it is
not obvious how to measure contrast using these distances. Legge (Legge et d., 1990), for example, measured
chromatic contrast by looking at the wavelengths of light seen by the long- and medium-wavel ength-sensitive
conesin the eye.

The major results of the aforementioned studies are as follows:

o For people with normal vision, reading speed deteriorates by about half as luminance contrast falls from
100% to 12%. Below 12% contrast, reading rate drops very rapidly. It appears that for contrasts greater
than approximately 12%, reading rate is not significantly affected.

e Chromatic contrast is similar to luminance contrast, once the data is normalized to the respective threshol o’
levels. To further complicate matters, the reading threshold changes based on the character size. At normal
to large text sizes, consisting of characters with a visual angle® of less than 1°, the luminance threshold is
lower than the colour threshold. However, when character size increases to very large sizes of around 6°,
the colour threshold lowers to levels approximately equal to the luminance threshold. It is possible that
chromatic contrast may outperform luminance contrast for character sizes larger than 6°.

o Thetwo formsof contrast are processed independently withinthe visual system. It appearsthat readersrely
on whichever conveys the most information. Readability is equivalent to the maximum of luminance and
chromatic contrast.

With the exception of Gould et al. (1987), these studies|ook at reading speed for relatively small amounts of
text, with no consideration given to reading comfort or effort required. Clearly, reading at maximum speed should
require little effort, or extended reading will be fatiguing and quite unpleasant. Intuitively, one would expect
arange of contrasts where reading a maximum speed is possible, but where the reader has to strain somewhat
to achieve this speed. This situation is not desirable from the point of view of the reader, even if they are not
consciously aware it is occurring. The issue of reading comfort has been addressed by (Gould et a., 1987). His
interest is in why reading from a CRT is slower than reading from paper. Unfortunately, his suggestions for
improving reading speed on a CRT do not consider colour or contrast, rather concentrating on issues such as
character size while using only black on white or white on black text.

6The luminance of a colour can be measured using a photometer, for example.
"The reading threshold refersto the minimum level at which readingis possible.
8visual angle is“the angle formed at the eye by rays from the extremities of an object viewed” (Allen, 1990)
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In section 2.6, severd issuesare discussed which relate to theway coloursare perceived. Many thingsthat can
change the appearance of acolour, such aslighting and vision problems, are considered. Just asthese factors need
to be taken into account when quantifying colour discriminability, they should be considered when discussing
levels of contrast. The luminance of a colour, and thus its contrast with any other colour, is directly affected by
such thingsaslighting conditions. By increasing the background light in the vicinity of a CRT, or more drastically
by shining light directly on the CRT, luminance contrast is diminished. Similarly, the perceived saturation of the
colourswill be decreased by strong veiling lights, reducing chromatic contrast.

Adaptation presents another interesting problem because the threshold level for contrast is dependent on the
largest contrast presented to the reader.

2.8 Colour Harmony

According to the Concise Oxford Dictionary (Allen, 1990), harmony isdefined as* an apt or aesthetic arrangement
of parts ... the pleasing effect of this.” Unfortunately, defining harmonies, particularly colour harmonies, is not
simple. Meier (1988) looked at the problem of colour harmony and reported

We tried to discover a genera relation between any two colors in a three-dimensiona color space
that would show whether the two colors harmonized or contrasted and how attractive they appeared
together ... we were unableto find any general relations.

Similarly, Hope and Walsh (1990) comment

Harmonies are subjective; those that apped to some people, repel others. Although the human eye
and mind are sensitive and efficient in sorting out, responding to, and creating harmonies of color, it
has proven impossible to formulate and establish absolute rules for harmony.

There are many theories of colour harmony, but most of them share a few common problems. First, they are
usualy created for a specific audience. For example, Quiller’s(1989) theories (Section 2.4) are directed at artists
and Albers (1971) theories (Section 2.5) are directed at the graphic designer. Second, they tend to be medium
specific. Quiller discusses the number of pigments are use, selecting colours for use as tranducent washes, the
effects of mixing pure pigmentswith black and white, etc. Albers, on the other hand, discusses the relative sizes
of pieces of coloured paper, visua illusions such as simultaneous contrast and how to avoid them, etc.

Finally, and most importantly, none of these theories are sufficiently prescriptive or rigorous. They al rely
on the colour sense of the user to such a degree that they are not easily computerized; artists and designers
cannot provide algorithms for harmonious colour selection. This inability occurs because many guidelines are
expressed in terms of such concepts as “visual balance,” which are possible to explain through examples but not
with algorithms. These theories are necessarily underdetermined, and must be to alow for artistic expression.
Consider the following:

¢ Given the same theory of colour harmony, two designers would most likely create two completely different
colour palettes, each of which fits the constraints of the given theory.

o Itispossibleto choose paettes that satisfy al the guidelines of atheory, yet are not aesthetically pleasing.

This is not to say that the quest for colour harmony is hopeless. The ultimate model of colour harmony
is not in sight, but some modest results are possible and, for our requirements, preferable. For example, two
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of Quiller’s colour schemes, the monochromatic and anal ogous schemes, seem convertible into agorithms that
generate harmonious colour palettes. While uninteresting from an artistic viewpoint, these palettes will provide
some minimum level of harmony that will be inoffensiveto many people. Whilethe“best” harmoniesare novel or
unexpected, they are theleast easy to find by agorithmic approaches and the most likely to arouse disagreement.
Algorithmsfor generating harmonious colours are a good subject for athesis, but are not the main subject of this
thesis.

Many colour theories aim to develop the student’s sense of harmony, as opposed to dictating rules of colour
use. By teaching and suggesting instead of dictating, more of the historical colour theories can be used. Thus,
while many of the theories cannot be turned into algorithms that always generate harmonious colours, they may
be turned into algorithms that sometimes generate harmonious colours. By incorporating human criticism with
computer generation, these algorithms are useful.
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Chapter 3

Colour Usage

This chapter explores how colour is used, both in a general way and in computer window systems specificaly.
Unfortunately, use of colour is not awell understood topic. Despite much research, resultsin the area amount to
little more than conjecture, rules of thumb and subjective guidelines. The aim of this chapter is not to create a
comprehensive model of colour usage, but to extract a set of theoriesthat can provide aredlistic basis for a set of
toolsto assist in the task of colour selection for windowing systems.

First, auseful categorization of colour usageisexplained. Followingthis, important uses of colour inwindow
systems are described in the context of this categorization, both to show itsutility and to highlight the problems
thisthesis will attempt to solve.

In thischapter, a“colour” refersto colour as the property of the appearance an object, such as the background
colour of awindow or the colour of an apple. “Colour value’ refers to the location of acolour in one of the many
colours models described in Section 2.2. Thus, text in a window has a colour which in turn has a colour vaue
with respect to one of the colour models.

3.1 Categorization of Colour Usage

Colour is one of the most poorly understood aspects of computer window systems. It israre to find two users
who describe their colour use the same way. For example, some users describe using colour for purely aesthetic
reasons, whileothers mention using col our to distinguish different windows. Taking these descriptionsasawhole,
however, it is possibleto distinguish several common themes.

Colour usage can be divided into four categories by distinguishing between two important aspects of colour
usage, colour relationshipsand colour intent, as shown in Figure 3.1. Thefirst, colour rel ationships, divides colour
usage between absolute and relative. The distinction is between colours whose values are determined from an
absol ute specification and col ourswhose va ues are determined relativeto the val ues of other colours. The second,
colour intent, divides colour usage between functional and aesthetic. This distinction is between colours whose
values are intended to subserve a utilitarian function and those whose function is aesthetic.
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Relationship
Absolute vs. Relative

‘_g i’ Monet

Intent
Functional vs. Aesthetic

Figure 3.1: Colour usage can be divided into four categories by distinguishing between colour relationships and
colour intent. Typical examples are raytracing, the Impressionist paintings of Claude Monet, stop-sign red and
adequate foreground/background contrast.

3.1.1 AbsoluteversusRelative Colour
3.1.1.1 Absolute Colour

Absolute colour refers to colour values that are meaningful because of their absolute position in the colour space.
For example, red is often used to signify danger or warning, as when used on a stop sign. The meaning associated
with red is crested by society and is linked to the absolute position of the colour value. Another use of absolute
colour occurs in the use of trademarked colours. The blue used by Xerox is different from the blue used by IBM,
which isin turn different from the blue used by Sun. The exact blue colour in each case is trademarked by its
absolute colour value,

When realisticimages are created using techniquessuch asray tracing or radiosity, colour isused in an absolute
way. The exact colour value for each point in an image is computed by simulating the interaction of light and
matter. Thus, the meaning of the colour values are related to their absolute position in colour space. Thisisan
example of the absolute use of colour.

3.1.1.2 RdativeColour

Relative colour, on the other hand, refers to colour values which are meaningful through their relationshipswith
other colour values. Consider auser of acomputer window system attempting to select coloursfor many windows.
Aesthetic considerations notwithstanding, the user will consider certain criteria when selecting values for these
colours, some of which represent functional colour usage. For example, there will need to be enough contrast
between the foreground and background colours of any particular window so that the window contents to be
legible. More interestingly, the values of colours in unrelated windows will need to be distinct enough that the
windows will appear to be visualy unrelated. In both of these cases, the absolute vaues of the colours are not
important. Rather, their valuesrelative to other coloursare at issue.
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Consider the way in which certain impressionist and postimpressionist painters, such as Van Gogh and Monet,
used colour. Instead of using purely redlistic colour values, they used relative colour techniques to create more
vibrant and intense colour impressions. By exaggerating the colour values in the shadows of a painting, for
example, aviewer’sperception of the colours outside of the shadows can be enhanced, possibly beyond the limits
of the paint gamut. Another technique used by some impressionists was to mix dabs of bright colour directly on
their canvases and alow the viewer’seye to mix these colours, creating additive colour sensationsin a subtractive
medium. In both of these examples, the actual colour values being used are important only in their relation to the
other coloursin the paintings; as such, they represent rel ative colour use (Hope and Walch, 1990).

Obviously, there are cases when the dividingline between absol ute and rel ative col our isnot clear. A particular
shade of red may be chosen both to represent danger and to provide enough contrast with another colour to allow
text to be read. In this situation, the colour has both absolute and relative properties. Which is most important
varies from one situation to another. However, both properties exist and both are used to determine the value of
the colour, regardless of which is more important in the mind of the person selecting the colour.

3.1.2 Functional versus Aesthetic Colour
3.1.2.1 Functional Colour

Functional colour refers to colours whose values are chosen to provide some sort of functional benefit to the
user. Thisincludes, for example, colour used to imply professional association through the use of trademarked
colours, to convey spatial, tempora and structural organization, to aid in comprehension or to emphasi zeimportant
information.

Consider the examples of relative colour described in the preceding section. The problem of choosing visually
unrelated colour values for logically unrelated windows represents a functiona use of colour because the logical
organization of the windows is conveyed to the user by colour. A more obvious use of functional colour isthe
selection of colour values for the foreground and/or background of awindow. In thiscase, the colour va ues must
contrast enough that the contents of the window are legible. Again, the values of the particular colours are chosen
to provide some functional benefit to the user.

This isnot to imply that functional and relative colour are equivalent. For example, the absolute use of the
colour value red to signify danger is aso an example of functiona colour usage.

3.1.2.2 Aesthetic Colour

Aesthetic colour refers to colours whose values are chosen for their aesthetic properties. Very few colour choices
are made without considering aesthetics to some degree.

Usersoften believethat colourful interfacesimprovetheir productivity. They fedl that colour islessmonotonous
and causes less fatigue and eyestrain (Meier, 1988). Colour workstations are often seen as a status symbol or
an indication that their employer is concerned about them. In addition, colour allows users to persondize their
environment by expressing their colour preferences, which may make the environment more pleasant to use. If
the environment is more enjoyable to use, people may work longer and take fewer bresks. Conversdly, if the
colours used by the system are arbitrarily restricted and the user finds them unpleasant, they will not enjoy using
the environment which may have detrimental effects on their productivity. There are many sets of colours that
satisfy the functiond requirements of the window system. The user should be alowed to select a set that they
prefer.

As with the boundary between absolute and relative colour, the distinction between functiona and aesthetic
colour is not always clear. Asillustrated above, when a colour is selected for use as a background colour in a
window, there are both aesthetic and functional aspects to be considered.
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3.1.2.3 TheFallacy of Functional and Aesthetic | ncompatibility

There is a belief among many people that aesthetic and functiona considerations are at odds with one another.
Statements such as “Any decorative use of colour should be subservient to the functional use’ and “In general,
it is good to minimize the number of different colours being used” are common in guidelines for user-interface
design (Foley et a., 1990). The purpose of such guiddinesis to avoid garish displays and unintentional user
associations.

Consider the implications of allowing users to choose the foreground and background colours for their
windows. In the previous section it was suggested that there are many sets of colours that satisfy the functional
congtraints of awindow system, so the user should be allowed to select the set that they prefer. However, thereis
no guarantee that userswill select coloursthat satisfy any of these functional constraints, such as provide enough
contrast to enable them to read quickly and with a minimum of errors. Thisisobviously of concern to employers,
since productivity can be adversely affected by such problems.

However, the problem is not that functional and aesthetic constraints areincompatible, but rather that thereare
no tools available to help the user select coloursin an intelligent manner. When users make colour choices, they
do not purposefully select colours which violate the functional constraints. Instead, they are either unaware of al
the functional constraints that should be considered or incapable of creating a set of colours that satisfies these
congtraints. Even if the choices are being made for purely functional reasons, given a reasonably large number of
windows, it is quite difficult for most peopleto satisfy al the constraints without help.

3.1.3 Multiple Categorization

Most colourson adisplay can be described by more than one of thefour categoriesdiscussed above. The categories
describe the uses of colour, and most colours are determined by the interaction of more than one functiona or
aesthetic requirement, either absolute or relative. For example, the choice of the colour used for the title on the
cover of abook may be determined by any of the following:

o therelative contrast between the background and foreground colours.

¢ the absolute colour associated with the publisher, book series, author, institution or company.

o the aesthetic interaction of thetitle with pictures on the cover.

o the aesthetic judgments of the publisher, author or cover designer.

o contrast with other books on the same topic.

Therefore, when considering colour usage in window systems it must be remembered that most colours are

simultaneously subjected to constraints from more than one of the four categories. Asasresult, it is not aways
possibleto identify aprimary use for any colour, nor isit necessary to do so.

3.2 Colour Usagein Window Systems

The next step in developing a set of tools to assist with colour selection is to examine how colour is used in
window systems and decide how the window system can help the user. Each of the four categories introduced
above are discussed in turn, highlighting the common ways colour is used in each of them.
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3.2.1 Absolute Functional Colour Use

Absolute functional colour iscommonly used in window systems to create an associati on between the colour and
something. Consider the following:

o Colour denotes aphysica property of an objects, such as ripeness.

o Colour denotes a conceptua property of an object, such as a blue being associated with IBM or red being
associated with danger.

There are two important things to note about absolute functional colour use. First, there are obviously times
when functional requirements of colour demand that the colour value displayed be exact, such as isthe case when
atrademarked colour isused. Conversely, there are times when arequest for an absolute colour does not require
an exact colour value. Consider using red to associate something with danger. There are many shades of red and
many of them serve the purpose equally well. Both of these cases of functional colour must be supported by any
usable system.

3.2.2 Redative Functional Colour Use

Relative functiona colour can be used in many different ways in computer window systems. Two of them,
ensuring legibility and showing thelogica or structura organization of the windows, are particularly important.

Ensuring legibility is the most basic functional requirement. In studies conducted by Legge and others
(discussed in Section 2.7), reading speed dropped when contrast wasinadequate, and reading errorsal so increased.
As conditions deteriorate in these studies, so does reading performance. However, this could be due to speed,
errors or subject fatigue. Gould et al (1987) showed that even with the maximum possible contrast, reading on a
CRT isusually slower than reading from paper.

Structural organization can be effectively conveyed through colour. As a simple example, similar colours
can be used to display functionally related windows and distinct colours to display unrelated windows. A major
concern in selecting colours in this manner is to avoid false associations. This problem, unfortunately, is not
easly solved. Colour difference is relatively easy to measure (see Sections 2.2.2.2, 2.3 and 2.6) but there are
additional factors affecting colour similarity which are not understood and make it more than just the inverse of
colour difference. For example, the distance between a particular value of red and and some shade of pink may
be exactly the same as the distance from the red to some shade of yellow, yet there is something about the red and
pink that makes them more strongly associated. In this case, the similarity of their hues probably accounts for the
associ ation between them. However, consider ared and a pink that have the same difference measure as ayellow
and abrown. Inthiscase, theyellow and brown may a so have the same hue, but the association between them is
much weaker. Alternatively, consider the situation in which the mgority of the coloursinthe usersvisua field are
very desaturated. Those few coloursthat are saturated may be associated by the user. The key phrase hereis may
be associated, as people create associations differently. Associations between colours are aso created for many
other reasons, such as the nationality and age of the user, that vary from person to person and cannot possibly
be accounted for. As aresult, it may be impossible to guarantee that fal se associations are never created on an
extremely colourful display.

Other uses of relative colour will not be discussed in depth. For example, colour is often used to aid in
comprehension and to emphasi ze important information, both of which represent relative functiona colour use.
In both cases, the problem can be thought of as showing the logical or structural relationships of objects within
asingle window or application. The problems are ana ogous to the problem of window organization, and can be
handled similarly.
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3.2.3 Absolute Aesthetic Colour Use

Absolute aesthetic colour, as can be inferred from the above, refers to any colour whose aesthetic properties
depend on its actual colour value. Examples of absolute aesthetic colour usage are the following:

e Coloursthat are reguired to be an exact value for some artistic or subjective reason. This is the typical
interpretation of absolute aesthetic colour usage.

o Colours whose values are precisely computed as part of some image generation technique, such as ray
tracing, and whose values must be displayed exactly as specified. It should be noted here that whiletheterm
aesthetic is usually associated with artistic colour usage or personal colour preferences, the coloursused in
pictures generated by realistic rendering techniques are also considered aesthetic under this categorization.
The individual colour values serve no function aside from creating a realistic image. The success of the
image is determined by the realism of its appearance, which islargely an aesthetic issue.

o Coloursthat can have one of many values within a certain absolute range. Consider, for example, when a
user decides that a certain window should have a green background. In some cases, an exact vaue of green
isrequired, but more often the desire of the user is to have a colour “something like a certain green”. The
exact value is not important. Often the specific vaue of the colour is determined by the user in an attempt
to solve some other functional or aesthetic issue.

Just as with absolute functiona colour, different degrees of absolute are required. Colour will need to be
specified in any level from “exactly thisvaue’ to “something close to thisvalue.”

3.24 Redative Aesthetic Colour Use

Most of the colour choices that a user makes are determined to some degree by aesthetics. As aresult, relative
aesthetic is the category of colour use employed most often by users of window systems. While some aesthetic
colourschoices are absol ute, many more aremade in rel ation to existing colours, since theeasiest way of achieving
harmonious colour isto select colours that have a close relationship to each other. Consider the colour schemes
suggested by Quiller in Section 2.4. All of these schemes are defined by one, two or three absolute colours. All
other coloursin a composition are chosen relative to these.
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Colour Contrast

The major obstacle when attempting to select coloursisthelarge number of constraints that simultaneoudly affect
any single colour choice. There aretwo ways asystem can assist usersin making effective and harmonious colour
choices:

o the system reduces the number of constraints that must be explicitly handled by the user. In particular, to
enableusersto concentrate on aesthetic i ssues, the system shoul d reduce the number of functional constraints
that the user must consider.

o the system reduces the number of choices the user must make. In particular, the user is alowed to make a
few aesthetic colour choices and the system sel ects the remaining coloursto satisfy functional and aesthetic
constraints.

In both cases the system must make colour choices based on functional colour constraints. Maintaining sufficient
contrast between background and foreground col ours to providelegible and readabl e window contentsis the most
important functional colour constraint. In this chapter a metric for measuring the contrast of a pair of coloursis
presented.

There has been much work donerelating to contrast and reading, asdiscussed in Section 2.7. When considering
the effects of contrast on colour displays, two aspects of contrast must be considered. Luminance contrast is the
relative difference between the luminance of the foreground and background colours. Chromatic contrast isthe
relative difference between the chromaticity of the foreground and background colours. Research has shown
that either luminance contrast or chromatic contrast is sufficient for reading and legibility, and that the visual
system will use whichever one providesthe greatest legibility. However, thereisno generally accepted metric for
measuring chromatic contrast. For thisreason, only luminance contrast is considered here.

4.1 Luminance Contrast

Luminance contrast measures the difference in lightness of the foreground and background colours, usualy as a
ratio. Different studies of legibility and contrast find a wide range of values for the minimum contrast consistent
with satisfactory reading, probably because of variations in the meaning of “satisfactory”. For example, both
Legge (1987) and Knoblauch (1990) find deterioration in reading with contrast to be statistically significant only
when the contrast drops as low as 12%. By this point, however, reading speed is down to 50% of the high
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contrast value and reading comfort probably much lower. Gould et a (1987), on the other hand, found reading
speed on CRTsto be lower than paper reading speed at all CRT contrast levels. An informa study conducted by
the author found luminance contrasts between 80% and 95% required for comfortable reading by some users®.
As aresult, the minimum contrast value should be user adjustable, with a value around 12% being the absolute
lowest reasonabl e val ue and something much higher, such as 80% or more, used as a reasonabl e default. Because
[uminance contrast between colourswith similar chromaticities may need to be very highfor comfortablereading,
chromatic contrast should be studied further. Otherwise, many pairs of colours with low luminance contrast but
high chromatic contrast will be disallowed even though they may be perfectly acceptable.

4.2 Calculating Luminance

Before Equation 2.15 can be used used to calculate the contrast between the background and foreground colours,
the luminance of these two colours must first be determined. Section 2.2 shows that the luminance of any colour
on adisplay isthe Y coordinate when the colour’svalue is expressed in the X YZ colour space. To convert from
one of the standard colour models used in computer graphicsto XY Z, the chromaticity coordinates of the display
must be known. They are often available from the monitor manufacturer, or can be measured with a colorimeter
as described in Section 2.2.2.2. If it is not possible to determine the chromaticity coordinates of the display, the
coordinates of a similar monitor or the coordinates of a standard monitor can be used. However, while many
monitors have similar coordinates, they do vary, even between similar models. Large variations are probably
due to some fundamenta change in the internals of the monitor. Such changes occur even between monitors of
the same make and model. Therefore, if the chromaticity coordinates of the monitor are not available for the
conversion to XYZ, the contrast threshold should be raised to provide an engineering margin of error. Some
colour combinations are then eliminated but not enough to make it worth running the risk of producing illegible
text. Alternatively, a system could be developed for interactively adjusting the default chromaticity coordinates
to more closely correspond to the monitor. However, there are far more serious issues that affect the effective
[uminance of the colours.

The Y vaues of the foreground and background colours are proportiona to the intensity of light being
generated by a given pixel. Thisis not sufficient to calculate contrast because the measured luminance of any
pixel on the display surface is affected by other factors (Cowan, 1989; Klassen, 1989). First, the ambient lighting
in the room can affect the measured luminance, especialy for dark colours. Second, a monitor’s black level, or
the luminance of black relative to the luminance of white, is not zero but some small amount greater than zero.
Most monitors are equipped with two controls, a brightness control and a contrast control which greatly affect
the black level of the monitor (see the discussion of gamma correction in Section 2.1.1). Third, light emitted by
a pixel affects the neighbouring pixels, a effect called pixel bleeding. The shape of a single pixel is generally
taken to be Gaussian. Therefore, thelight contributed to a neighbouring pixel is proportional to the exponentiated
inverse of the square of the distance between the pixels, as shown in Equation 4.3. Since contrast is a measure of
the difference in intensity between pixelsalong edges of luminance or colour difference, thefact that theintensity
of apixel isaffected by the intensity of those around it must be considered.

4.2.1 Ambient Lightingand the Brightness Control

Without knowing both the lighting conditions in the viewing area and the setting of the brightness and contrast
controls, it isimpossibleto determine the exact brightness of any pixel. Asdiscussed in Section 2.1.1 the purpose

1These number represent a percentage of the maximum contrast available, using approximations developed in this chapter. For example,
if the maximum possible contrast is 50%, users required values between 40% and 48%.
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Monitor A Monitor B
Typica Light BrightLight | Typicd Light Bright Light
Luminance of White 14.01 15.50 6.45 8.51
Luminance of Black 0.17 211 0.05 1.75
Black Level 0.01 0.14 0.01 0.21
Contrast 0.98 0.76 0.98 0.66
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Table 4.1: The luminance of large areas of black and white were measured on two typical monitors without
adjusting the brightness or contrast controls. Monitor A isaSun colour monitor Model GDM-1662B, manufactured
by Sony. Monitor B isDEC monochromemonitor Modd VR 260-BB. Theviewing areaisacomputer |ab equipped
with both dim incandescent directional track lightsand overhead fluorescent lights. Thetypical lighting condition
occurs with only the dim incandescent lightsturned on. The bright lighting conditionsoccur when the fluorescent
lights are turned on as well. The typical low lighting conditions are representative of many computer labs. The
contrast and brightness of the monitor were not adjusted to account for the brighter light. The contrast was
calculated using Equation 2.15.

of having brightness and contrast controls on a monitor is to allow the user to respond to changes in ambient
illumination. The black level of a correctly set-up monitor is black, allowing us to ignore the effects of ambient
lighting on the black level.

If the phosphor chromaticities, black and white levels of the monitor are measured, they should be measured
in typical viewing conditions so the typical ambient light and monitor adjustments are taken into account. This
isimportant, especialy for the black and white levels. Table 4.1 shows the effect of different lighting conditions
on the luminance of large areas of black and white on two typica monitors. The monitor was not re-adjusted to
account for the bright light. As can be seen, ambient light drastically increases the black level of the monitor if
the brightness and contrast controls are not adjusted. The result is a dramatic decrease in the contrast at a black
and white edge. If the black level of the monitor cannot be measured at typical light levels, a reasonable default
isto use 1% of the maximum white level, as is the case with both of the monitorsin Table 4.1 when the controls
are adjusted for the typical lighting conditions (Cowan, 1989).

The black level of the monitor represents the minimum luminance that can be produced on the monitor. To
account for this, the black level should be added to the cal cul ated luminances of the colours before the contrast is
calculated. If Y;, and Y3, arethe Y coordinates of the foreground and background colours, the luminances are

Ly, =
Lfg

(4.1)
(4.2)

Yy + Lp
Yig+Lp

where L g isthe black level of the monitor.

4.3 Pixel Bleed

The problem of pixel bleed is more difficult because it cannot be ignored and is very difficult to measure. The
contribution of any pixd to itsneighboursvaries from monitor to monitor, butissignificantin al cases. For afield
of full intensity pixels, amost 40% of the brightness of an individual pixel can be contributed by its neighbours.
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Figure 4.1: The Neighbours Of Pixel P.

The spatial profile of the light emitted by a given pixel can be expressed as a Gaussian function centered at the

pixel location (zo, yo) by? 5 2
P(x,y) o exp (—((x —20)°+ (¥ — %) )) (4.3)

o2

The amount apixel influences othersaround it depends on the val ue of the constant &, which represents the amount
of pixel bleed®. Aswas mentioned above, thisvalue varies from monitor to monitor. Using alight meter capable
of measuring the intensity of individual pixels, a reasonable approximation of this value can be determined for
a given monitor, but this procedure is very tedious and such equipment very expensive. Unfortunately, monitor
manufacturers do not generally make this specification available, possibly because few people are aware of it.
Furthermore, thisvalueis adjustable with the focus controls, which are usually located inside the monitor.

Since calculating the pixel bleed for every monitor is impractical, consider instead the reason pixel bleed
exists. Imagine the monitor displaying aflat field of equal intensity pixels. If thes valueissmall enoughthat there
isno noticeable pixe bleed, it would be possibleto see the grid pattern of the pixels clearly on the display surface
because the intensity of the light halfway between the pixels would be almost zero. Asthe o value isincreased,
the adjoining pixels add more light to the space between them. At the optimd level of pixd bleed, the space
between equally bright pixelsis close enough to the brightness of the pixels that the difference isimperceptible,
resulting in the impression of an area of uniform intensity. Increasing the pixel bleed further causes the area to
become even smoother, but the display loosesits sharpness (Klassen, 1989). Whileindividua monitors may not
be worth measuring an optimal value is calculable and we can assume that all well adjusted monitors have this
value. Klassen suggeststhat avalue of o /a = .51+ .01 isoptimal, where a is the distance between pixel centers.
By using o = a/2, Equation 4.3 becomes

2 2

Dz, y) x exp <_2(($ - 730)&2‘1' (¥ — %) )) . (4.4)
Using (4.4), itispossibleto calculatethe contributionthat a pixel’ sneighboursmaketo itsmeasured luminance.
Figure4.1 showsthepixed neighbours. Thefirst and second neighbourscontributeatotal of 61.5% of their intensity,
and the third and fourth neighbours contribute 0.2%. Thus, the measured luminance at the center of a pixd is
161.7% of theintensity being generated by that pixel. Therefore, 38.07% of the measured luminance of apixd is
contributed by neighbouring pixelsif only theimmediate neighboursare considered, and 38.13% if the second set
of neighbours are considered. Given the significant contribution of the first and second neighbours, to calculate

2Thisisactually asimplification of the formulafor a monochromedisplay. For a colour display, the formulais similar, but complicated by
the existence of a shadow mask.

3The beam shape s usually not the same in the vertical and horizontal directions, and thus the value of o should be different for the - and
y directions. This differenceis not significant in this context and is ignored for simplicity.
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the intensity of a pixel the luminances of its first and second neighbours must be known, but third and fourth
neighbours can beignored.

Unfortunately, calculating the intensity of al pixels in a window is not a solution. It is computationaly
prohibitiveand the accuracy of such cal culations exceeds what can be used, since contrast isa single number that
measures the performance of the whole screen. Therefore, the problem should be approached from the other end
by first determining the average number of foreground pixels near a background pixel. The measured luminance
of the average background pixel can be calculated as

Lyy = Lig + 0(LygNyg + Lyg(1— Niy)) (4.5)

where N, represents the average number of background pixels neighbouring a background pixel. The optimal ¢
value of 0.62 would typically be used. The measured luminance of the average foreground pixel can be calculated
similarly

L;‘g =Lpg+0o(Log(1+ Nyg)+ LpgNgy) (4.6)

where N, represents the average number of foreground pixels neighbouring aforeground pixel. Two important
observations should be made. First, N;, is not necessarily equal to IV;,. Second, when caculating the average
adjacency only pixelsthat are at aluminance edge should be considered because they are the ones that determine
the contrast.

For text based applications, two observations can be made. First, the average neighbour of aforeground pixel,
and thus the intensity of the pixel, is largely determined by the font being used. Second, the average neighbour
of a background pixel islargely independent of the font being used. Consider the two fonts shown in Figure 4.2.
To see how this affects contrast, first consider what happens when these fonts are rendered in black text on a
white background, just as they appear in the Figure. The white background pixels will bleed into any adjoining
black foreground, increasing their brightness and theref ore lowering the contrast. The average foreground pixel of
font (@) (thethinner font) has approximately six background neighbours, whereas the average foreground pixel in
font (b) (the thicker font) as only three. Asaresult, the foreground pixels of font (a) have roughly twice as much
light added to them as the foreground pixels of font (b), resulting in alower contrast for font (a) than for font (b).

Now consider what happens when these fonts are rendered in white text on a black background. The white
foreground pixelswill bleed into the adjoining black background pixels, but the overall affect will be the same for
both fonts. Additionally, the foreground pixelswill bleed into other foreground pixels, increasing their brightness.
The average foreground pixel of font (@) has two foreground neighbours, whereas the average foreground pixel
of font (b) has approximately five. Asaresult, the foreground pixels of font (a) have roughly haf as much light
added to them as the foreground pixels of font (b), resulting in alower contrast for font (a) than for font (b).

The effect in both cases is the same. Font (a) has less contrast than font (b) when displayed with the same
colours. While there are many fonts available for use in most window systems, it would be possible to cal culate
an average foreground/background pixel adjacency relationship for each of these fonts. However, for a system
with scalable fonts thisis not possible. Instead, fonts can be divided into afew categories such as thick and thin.
Thick fonts are those whose foreground pixels are adjacent to many other foreground pixels, similar to font (b) in
Figure4.2. Font (8), onthe other hand, isrepresentative of thin fonts; most of the pixelsadjacent toitsforeground
pixels are background pixels. Of course, scalable fontswould be classified differently depending on the scale.

In agraphics based application, theinteraction of the foreground and background is much harder to determine
without significant work because the relatively simple pattern found in text based applications is not likely to
exist. The best approach when no pattern can be found is to use the worst case situation, in which eight pixels of
the lighter colour surround each pixel of the darker colour, significantly lightening the darker colour. While this
situation may be extremely unlikely, depending on the application, this assumption provides alower bound that
will guarantee legibility.



42 Chapter 4. Colour Contrast

(b)

Figure 4.2: The average number of foreground colour pixels around any pixel in a font varys widely between
fonts. Over 70% of the pixelsin font (8) have one or two neighbours. Conversely, well over half of the pixelsin
font (b) have five or more neighbours and only a dozen have two or less. In both cases, most background pixels
that are neighbouring foreground pixels have 2 or 3 foreground neighbours.
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Pixe Colour Black Leve
Adjacency Orientation 1% 25% 5%
Thick Font  Black on White || 0.714 0.695 0.666

WhiteonBlack || 0.709 0.687 0.653
Thin Font Black on White || 0.521 0.509 0.490
WhiteonBlack || 0.706 0.680 0.640
Worst Case 0476 0.465 0.449
Best Case 0.828 0.794 0.743

Table4.2: Theeffects of different black levelsand pixel adjacency relationshipsare apparent. Changing the black
level isinsignificant compared to the effect of changing the pixel adjacency relationship. The thick and thin fonts
are those shown in Figure 4.2. The contrast was cal culated using the values suggested in the text. The worst case
iswhen a single black pixel is completely surrounded by white. The best case is when a single white pixel is
surrounded by black.

Table 4.2 shows the contrast calculated for black and white foregrounds and backgrounds with an optimal
value of sigma. As can be seen, the effects of using different black levelsis not that significant compared to using
different pixel adjacency values.

4.4 Colour Contrast Metric

By using the average adjacency relationship and the optimal o values, a reasonable metric for measuring colour
contrast can be determined by setting L,,,4 and L,,;, in Equation 2.15 to the appropriate one of ng and L}g
from Equations 4.5 and 4.6, as follows

Linasz = max(ng,L}g) 4.7
Linin = min(Lj,, LY,) (4.8)

If none of the specifications of the monitor or the viewing area are provided, the reasonabl e defaults provided
throughout this chapter can be used. Chromaticities for the phosphors of a standard, or similar, monitor can be
used to calculate the Y values needed for Equations 4.1 and 4.2. A typica black level such as 1% can also be
used in these equations. The background lighting and the contrast and brightness controls on the monitor can be
ignored. Optimal pixel bleed can be assumed for the o in Equation 4.4. Using these default values, Equations 4.7
and 4.8 can be used with Equation 2.15 as a reasonable metric for cal culating contrast on a CRT.
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Chapter 5

Colour Constraints

This chapter discusses the issues involved with adding colour constraints to a dynamic window system with the
goal of assisting with aesthetic colour selection. It should be kept in mind that the goal of thisthesisisto show
that thisis possible, not to providea definitive solution. Indeed, an important aspect of the current implementation
isto experiment with such issues.

Before tackling the issues of adding colour constraints to a window system, dynamic window systems are
described generally. Following that, genera properties of colour constraints are discussed. Next, techniques for
avoidingthedisruptionof user colour associationsare suggested. The bulk of the chapter investigates specific ways
colour constraints can assist with aesthetic colour selection. Finaly, the features of dynamic colour constraints
that allow them to be successfully added to a dynamic window system are summarized.

Whilethis chapter discussesissueson agenerd level, thereader should keep in mind that thisdesign has been
implemented. The implementation is discussed in Chapter 6.

5.1 Dynamic Window Systems

Consider how a user interacts with a window system, which was briefly aluded to in Section 1.5. Most current
window systems are based on the assumption that no arbitrary restrictions should be placed on the user. In other
words, the user should have complete control of the windowing environment whenever possible. However, most
systems fail to redlize that users do not aways want or need absolute control. Some control is essential, but
beyond that the user performstasks that could be done equally well by the computer.

Thus, that while users should be allowed to specify anything, there should be tools available to make spec-
ifications the user does not, or can not, provide. Most window systems, lacking such tools, force the user to
specify everything. Theresult isafailureto achieve the original goal. To summarize, the typical window system
is designed to alow the user complete freedom. But that freedom is consumed by requiring the user to perform
tedious and complicated tasks that are actually unnecessary.

There is another problem when the user specifies everything with little help from the window system. By
their very nature, windowing environments are dynamic, constantly changing as the user interacts with them.
Windows open and close, are moved and resized. While users typicaly have an intuitiveidea of how they want
the environment to appear and be organized, they typically have no way of communicating it to the window
system. As a result, common actions such as opening or closing a window often require other windows to be
adjusted, and the user must perform these adjustments.
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It is better to tell the window system not only what to do, but why it is being done. Why can be expressed in
the form of constraints. For example, the user may position the windows so that a particular window is visible.
By creating a constraint that thiswindow should be visible, new windows can automatically be positioned to keep
it visible. In addition, it is possible to specify the why without specifying the what. For example, if thesystemis
informed of the visibility constraint before the window is opened it can automatically positionthewindow soitis
visible. In either situation, adjustment of many windows by the system may be needed to satisfy the constraint.

The user is not necessarily relinquishing any freedom by alowing the system to help in managing the
environment. Currently, users must tell the system to place a window at an exact position, which can be equaly
well expressed asaconstraint. However, the crippling burden of being forced to specify every detail islifted from
the user’s shoulders, freeing them to concentrate on their work.

Traditional window systems are normally static and lifeless in their interaction with the user, doing exactly
what the user tells them; no more, no less. By contrast, the window system described here is more suited to the
dynamic nature of windowing environments, interacting with the user’s actions and filling in details. Therefore,
such awindow system shall be referred to as a dynamic window system, in contrast with the more common static
window system.

There are a few important requirements that should be satisfied by a dynamic window system if it isto be
useful:

e Superior results. Inferences made by the window system should never result in a situation that is less
desirable than what would have occurred had no inferences been made. For example, many current window
systems default to a black and white colour scheme which, while bland, satisfies the basic functional and
aesthetic requirements. A system that attempted to sel ect more exciting colours, but that frequently created
nonfunctiona or offensive combinationswould not be acceptable.

o Non restrictive. User specifications should take precedence over selectionsinferred by the window system.
If the user wantsto select coloursthat exhibit undersirable properties or to positionwindowsin apotentialy
ambiguous arrangement, they should be alowed to.

o Easily customizable. It should be very easy for the user to change anything that is inferred by the system,
or to ater the method used by the system to perform itsinferences.

o Predictable. While it is desirable that the window system assist the user with tedious tasks, the system
should be predictable so that the user feelsin control. If the systems appears to move windows or change
window colours for no apparent reason, the user may become disoriented or annoyed with the system. To
make the system predictable, changes should only occur in response to user actions. Equally important,
the changes must start immediately so that it is obviouswhich action initiated the change. For example, if
anew window is opened and no changes occur until afew seconds later, the user may not redlize that the
opening of the window initiated the change, lessening the predictability of the system.

¢ Adequate Performance. While perhaps obvious, the performance of the window system must be considered
because dynamic window systems must perform significantly more work that static window systems.
Maintaining constraints should not noticeably degrade the response time of the window system. The
congtraint solver is one of the lowest priority tasks that need to be performed by the window system and
should not interfere with more important tasks such as sending keyboard and mouse input to applications
and displaying the results of these actions.

Schlueter (1990) represents a significant step in the direction of creating more dynamic window systems.
Criticismsof the system result from violationsof one or more of the above requirements. For example, one of the
properties of the system is that overlapping or adjoining windows cannot have coincident text baselines, which
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is beneficia in general. However, occasionally a user wants text baselines to be coincident, such as when the
contents of two windows are being compared. The system provided no way to do this, a violation of the “non
restrictive’ requirement.

Two important lessons can be learned from Schlueter (1990). First, it ispossibleto create a dynamic window
system. Most of the problems with the system have obvious solutionsthat could be implemented in a production
system. Second, to create a system that is usable, these issues must be addressed. Otherwise, the systemislikely
to exhibit annoying behaviour which will decrease its user-acceptance. Having said that, it should now berecalled
that the aim of this thesis is not to create a commercially viable product. Many features that are needed in a
commercial product, such as an intuitivegraphical interface, are beyond the scope of thisthesis. The focus of this
chapter is on the constraints are needed to satisfy particular requirements of the system; how the user generates
these constraintsis not addressed.

5.2 Dynamic Colour Constraints

How can a dynamic window system with colour constraints assist with aesthetic colour selection? Consider some
examples of colour usage from Chapter 3. They can be expressed as constraintson colour selection. For example:

¢ Redisoften used to represent danger or warning, an absol ute property of the colour red, created by societal
influences on the typical viewer. However, when an application designer uses red to signify danger, their
desire can be interpreted as a request for a colour value from arange of values that appear as red.

o Animportant relative functional requirement is the maintenance of enough contrast between background
and foreground colours for legibility, which can be expressed as the requirement: the contrast between
foreground and background must exceed a certain level.

¢ Another common example occurs when colour is used to show the relationships between windows. This
can be expressed as a requirement that unrelated windows use significantly different colours and similar
windows use similar colours.

Likethese examples, other issues can be viewed as constraints. There are some very general observationsthat can
be made about the sort of colour constraintsthat are of interest in thisthesis.

5.2.1 MultipleConstraints

Few colourscan beentirely described by asinglecategory of colour usage, asdiscussed in Section 3.1.3. Similarly,
few colours are affected by only one constraint. Each constraint issimple and predictable, but the complete set is
necessary to describe most colours.

5.2.2 The Categorical Division of Colour Constraints

The distinction between absolute and relative colour usage divides constraints into two groups distinguished by
the number of coloursinvolved in the constraint. Constraintsderived from absol ute colour properties do not refer
directly to other colours and can be expressed as a function of a single colour. Relative constraints, on the other
hand, refer to two colours and must be expressed as a function of both colours.

The distinction between functiona and aesthetic colour usage creates another division among the constraints.
The objective nature of functional constraints means they can generally be expressed algorithmically. Aesthetic
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Window B
Colour 1

Window A
Colour 1

Window A

Colour 2

Figure 5.1: High level constraints can be expressed in a hierarchical fashion alowing complicated constraints
to be decomposed into more simple ones. This hierarchy expresses a constraint that ensures two windows are
different from each other, with the colours represented as circles and the constraints as arrows.

constraints, on the other hand, are thought to be more subjective which precludes easy agorithmic expression.
This difference accords well with the goals of thisthesis. When constraints to solve functional usage problems
are embedded in the window system, the user isfreer to concentrate on the aesthetic i ssues.

5.2.3 TheHierarchical Natureof Colour Constraints

Colour constraints are often expressed in a hierarchical manner. Consider the functional constraint that unrelated
windows should be easily discriminable. Given two unrelated windows, this relationship can be expressed
hierarchically, as shown in Figure 5.1. The two background coloursin each of the windows must be different
from both of the background colours in the other window, with the degree of difference shown by the weight of
thelines, with heavier linesimplying a need for further separation.

524 TheVaried Importance of Colour Constraints

Not al of the constraints expressed by the system are of equa importance. For example, the constraint that
window contents be legibleis far more important than any other constraint. The window system therefore allows
congtraints of high importance to be satisfied in preference to constraints of lesser importance.

5.2.5 TheDynamic Nature of Colour Constraints

Any colour choice is determined by a (possibly complicated) set of inter- and intrawindow constraints. When
awindow is created or destroyed these constraints, or the solution to them, may change. In a dynamic window
system the congtraints are re-eval uated whenever the window configuration changes. The system discovers when
current colour vaues are unacceptable and changes them to satisfy the constraints. The automatic changing of
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colours has significant implications, the most important of which is the effect it has on colour association, which
isdiscussed in Section 5.3.

Another interesting issueisuser acceptance. In the dynamic window system created by Schlueter, thereaction
to, and acceptance of , the system was surprising. At first users were disturbed when windows moved of their own
accord since unexpected motion isinherently distracting. After using the system for a short while, however, users
became accustomed to the behaviour and began to take advantage it. Most surprising, however, was the reaction
of these users when they returned to using more traditional window systems. They reported that the systems felt
dead and lifeless and were disturbed by the lack of motion! While these tests where informal, they suggest that a
properly designed dynamic system is acceptabl e to users.

Itislikely that user response to a dynamic window system with colour constraintswill be the same or better
because toolsfor colour sel ection are significantly poorer than those avail able for window positioning. Therefore,
users have fewer preconceived notions of how colour should behave.

5.3 Potential Problems With Colour Association

Window colours in a dynamic window system with colour constraints occasionally change without explicit
direction from the user, which rai ses the possibility of potentialy harmful effects on colour associations.

Christ (1975) reviewed the experimental literature and found that colour is superior to size, brightness, and
shape in searching for and identifying items that vary in only one of these categories, making colour ideal for
organizing windows. In addition, for some tasks people remember colour longer than size, orientation or shape
so that colour is an excellent way of presenting context.

These functiona benefits of colour depend on the user’ s ability to associate a colour value with some semantic
meaning. Colour helpsin context resolution, for example, because the user associates the colour of the window
with the task for which the window is being used.

Unfortunately, changing thewindow colours might destroy many of the potential benefitsof colour association.
Worse, dynamic colour might be lessbeneficial than even arbitrary coloursin a static window system, since colour
associations are static, regardless of aesthetics. To prevent this from occuring, one or more of the following
strategies can be considered.

1. To prevent loss of context, colours should be changed gradually instead of immediately adopting their new
colour values, so that the user can adapt to them. Gradud changes can be accomplished either by making
only small changes or by slowly changing colours from one vaue to another. For example, assume a new
window openswhich must have colour valuesthat are awell distinguishablefrom those of current windows,
and this is not possible without changing the colours of the other windows. If the colours immediately
changeto their new val ues, the changes destroy any associ ationsthe user had devel oped with thosewindows.
However, if the window colours changed slowly, the user can notice the changes and adjust to them. The
colours should aso change slowly for aesthetic reasons. If alarge number of colours suddenly change, the
effect is unpleasant and visualy jarring. However, by slowly changing the colour values, the effect will be
smoother and, hopefully, more pleasing.

2. Any individua colour value should change as little as possible. For example, if a colour changes from one
shade of purpleto another shade of purple, loss of association will be less likely than if the colour changes
to some dramatically different colour such as blue or green.

3. To give persistence to colour values, older windows should change | ess than newer ones. Thisisimportant,
because experience showsthat associations may be stronger with older windows. In particular, when colour
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changes are the result of a new window being created, the new window's colours should be changed in
preference to any other window’s colours, since there will be little or no contextual associations with the
new window. If colour constraints can be solved by only changing the new window, or by only changing
existing windows dlightly, the user’s colour associations are disturbed as little as possible.

4. Findly, colour associations last not only during one session with a window system. After using the same
colours for arelatively short period of time, the associations of colours with tasks become strong enough
that they extend between sessions. Thus, for colour associationsto be maximally preserved, the state of the
colour in the system should be remembered between sessions. The implementation is bound to be highly
system dependent. Some computer, like the Maclntosh, aready preserve the state of the system between
sessions. Folders that were open when the machine is shut off will be re-opened when it is turned back
on. Other systems, such as most window systems for machines running the Unix operating system, have a
poorer concept of inter-session state so adding this feature will be more difficult. Cowan and Wein (1990)
examine the differences between state and history based interfaces, as well as the pitfalls of adding state
information to a history based window system. A major pitfall to remembering colour between sessions
with a history based window system is that the user may incorrectly infer that the entire state has been
remembered. Therefore, if colour isremembered, some thought must be given to preserving as much of the
state as possible.

5.4 Assistancefor Aesthetic Colour Selection

Aesthetic colour selection for window systems is as a two step process. First, the genera characteristics of the
window’s appearance and the rel ationships between the colours, the window style, are chosen. The window style
can be simple and abstract, such as deciding that the window borders should be darker than the application area
inthe center. 1t can be complicated, such as wanting the bordersto be alight pastel colour, the center areato be a
slightly lighter analogous colour, the text in both areas to be dark saturated coloursand to have all of these colours
harmonize. It can be detailed, such as defining the exact values for al of the window colours. Second, colour
values are chosen to satisfy these characteristics and any other constraints on the window colours, especialy
functional constraintsrelating to contrast and window organi zation.

Currently, there is no way provided for the user to specify relationships between colours, so only the most
trivial of window styles can be specified.

The preceding sections showed how colour relationships may be expressed as constraints. However, to use
constraints effectively for aesthetic colour selection, semantic information must be attached to individua colours
on thedisplay. Examples of semantic information include whether a colour isa background or foreground colour,
if itisused in the border or application area of awindow, what application created the window and what task the
applicationis being used for. Some window systems, such as X11, already have semantic information attached to
colours but make very little use of it (see Section 6.1).

By attaching semantic information to colours, it is possible to add colour constraints to a dynamic window
system. These constraints can assist with aesthetic colour selection in the following ways:

Functional constraints can be applied automatically.

Possible aesthetic colour combinations can be suggested.

More abstract colour specifications are possible.

Useful defaults can be provided.
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e The system can be customized gradually.

In the following sections, each of these is discussed to show how it can assist with aesthetic colour selection
and how it can be provided using constraints.

54.1 Automatic Handling of Functional Constraints

To dlow the user to concentrate on making aesthetic colour choices, the window system should automatically
handle some of the functional constraints. The two most common functional constraints, contrast and window
organization, are described bel ow.

5411 Contrast

In Chapter 4 theimportance and difficulty in cal cul ating contrast isdiscussed and areasonable metric for cal culating
contrast on CRTsis presented. Using thismetric, it is straightforward to create a constraint that enforces contrast
by ensuring there is sufficient luminance difference between any pair of foreground and background colours. As
discussed in Chapter 4, if the context in which the colours will be used is known, the contrast can be determined
more accurately. Otherwise, the worst case suggested in Section 4.3 can be used. Fortunately, itisrelatively easy
for an application to inform the window system if the foreground colour will be used for a specific purpose such
as displaying text using a certain font.

As was pointed out in Section 4.1, while the absolute minimum contrast threshold is approximately 12%, a
much higher threshold of as great as 80% of the maximum available contrast may be needed to ensure comfortable
reading. Additionally, some users will want to adjust this threshold to account for poor vision or aesthetic
preferences, so the threshold used in this constraint should be user adjustable.

54.1.2 Window Organization

To create congtraints that assist with window organization, the system must know the relationships between
windows and have a metric to determine if windows are visually similar or visualy different. Using this
information, constraints that group related windows and create visua distinctiveness between unrelated windows
can be created.

Window Relationships. There are many ways the system could be informed of the relationships between
windows. A possible approach isto have the user specify them, which isinconsi stent with reducing the workload
on the user. Instead, the system should infer reasonable default relationships. Of course, the user should be able
to change the defaults or specify additional relationships.

A simpletechniquefor inferring rel ationships between windowsis to derive them from the semantic attributes
associated with the windows. Semantically similar windows should be coloured similarly, windows that are
semantically different should be coloured differently. Some semantic attributes, such asthe name of the application
program that owns the window and the machine the application isrunning on, can be automatically determined by
the system. Additional semantic attributes, such as the type of work being done in the window, can be specified
by user. However, some groupings require more than one of these semantic attributes. For example, users may
wish to group windows according to al three attributes mentioned above or to use other attributes, such as the
type of file being editing in an editor window. Therefore, there should be no restriction on the type of attributes
that can be attached to awindow, and the method used to determine which windows are “ different” and “similar”
should be adjustable by the user.
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Window Difference. A genera moded of how windows can be judged as related or unrelated has not been
developed and doing so is beyond the scope of this thesis. However, since a method for judging the visua
difference and similarity of windows is needed, the following simple scheme is proposed. First, notice that the
dominant colours in any window are the background colours of both the applications area and the border. For
example, if the background colours of two windows are the same, some relationship will be assumed to exist
between these windows. If the background colours are different, no relationship will be assumed, regardless of
the foreground colour values. There are exceptions, of course. If dl the background colours are very desaturated
and dull, and al the foreground colours are extremely saturated, then rel ationships might be drawn based on the
foreground colours. In general, however, foreground colours can be safely ignored. Given this, windows can be
judged to be different if the backgrounds are different, and the same if the background colours are the same. To
implement this constraint, it is necessary only to measure the difference of the background colours, as illustrated
in Figure5.1.

Colour Difference. Mogt definitions of “different” and “similar” windows, such as the one presented in the
previous section, depend on judging the difference of one or more colour values. Recent experimentation by
Boynton and Smallman (Section 2.6) shows that the ability to segregate colours is dependent on their separation
in a uniform colour space. They found that basic colours segregated well because they are well separated in
the OSA colour space, with an average interpoint Euclidean distance of greater than ten OSA units. They aso
found that in special cases, distances of only five units provided sufficient segregation. They did not extend their
study to find alower bound on the distance that provides good segregation, but their work can provide a good
metric. Table 2.3 showsthat a distance of ten OSA units can be used as a threshold for good colour separation.
However, this distance is only an estimate based on the separation of the basic colours, and the measurement of
difference in any uniform colour space, including the OSA space, is not exact. Thus, the constraint that enforces
colour difference does not use this value as a fixed threshold. Rather, it rates the difference between the colours
as progressively worse the farther under ten OSA unitsit falls. Therefore, if it is possible for two coloursto be
separated by the threshold value they will be, but if other constraints draw them closer together, the penalty for
a decreased distance will be insignificant for vaues close to ten, but gradually become more significant as the
distance decreases.

Measuring Colour Distance. Boynton’s work was done in the OSA colour space which is not particularly
useful when working with a computer display, asit is neither continuous nor does it apply to the entire gamut of
colours available on a CRT. However, colour difference works well in the OSA space because it is perceptually
uniform. Thus, other perceptually uniform colour spaces can serve equaly well, such as the CIELUV colour
space. Appendix A showsthat thework done using OSA interpoint distances can be applied reasonable well using
CIELUV interpoint distances. The advantage of CIELUV isthat an easy conversion exists between it and colour
spaces commonly used in computer graphics, such as RGB and HLS. Appendix A shows that ten OSA unitsis
approximately equal to eighty CIELUV units, which can be used as the threshold for the distance constraint for
different windows.

5.4.2 Suggest Colour Combinations

Section 2.8 discusses the difficulty in producing a genera model of colour harmony. The colour choices people
make in their everyday lives show that colour preferences and colour harmonies are very subjective. Thus,
expecting a computer window system to select harmonious colours for windows without user assistance is
unreasonable.

However, expecting users to make harmonious colour choices may be equally unreasonable. Whileit is quite
easy for most users to say whether they like a particular colour combination or not, it is significantly harder for
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them to actually generate colour combinations they find appealing. Creating harmonious colour combinationsis
something that artists and designers take years to learn, and most users of window systems are not trained artists
or designers. Typical users make far better critics than designers.

Therefore, a natural way to assist users in making aesthetic colour choices is to suggest various colour
combinations and window styles, and let them criticize. Consider the task of selecting individua colours via
suggestion and criticism by providing the user with a small palette of colours from which they can select asingle
colour vaue. This approach is becoming more common, being used in commercia systems such as the Property
Manager for OpenWindows2.0. However, these systems do not take the semantics of the colours into account
when presenting pal ettes of colour values to the user, and are therefore of limited value.

The problem of suggesting colour combinations and window styles for individua windowsis more difficult.
Unlike the situation where a single colour is being suggested, colour harmony is a prime concern. Althoughitis
impossible to create a general model of colour harmony, it is possible to generate more simplistic models with
more narrow applicability. Consider the colour schemes suggested by Quiller (Section 2.4). They al have the
property that one or two colours are sel ected, and the remaining colours are generated in relation to those colours.
This approach can be applied quite naturaly to windows. Given a dominant colour value and one of Quillers
simple colour schemes, an instance of the scheme can be sel ected which contains the dominant colour value. The
range of colour values that fall within the specific instance of the colour scheme can then be calculated. Creating
aconstraint that restricts colours to have va ues within thisrangeis straightforward.

Thus, the user selects one colour as the dominant colour and the constraint is applied automatically to select
the remaining colours. For example, amonochromatic scheme can be created by selecting any colour hue for the
dominant colour and constraining the remaining window colours to use the same hue. Similarly, an anal ogous
scheme can be created by selecting one of the possible analogous colours schemes that contains the dominant
colour value and constraining the remaining window colours to use an analogous hue. The complementary and
split complementary colour schemes can be defined in similar ways. 1t should be noted that these colour schemes
restrict only the hue of the colour values. When Quiller creates a colour scheme, heincludesall the* semineutral”
coloursthat fall between the fully saturated hues and neutral grey. When specifying coloursusing the HLS model,
this specification allows any saturation. Similarly, any colour values can be mixed with white or black. Adding
white to a colour is roughly equivaent to increasing the lightness above the midway value, adding black to a
colour is roughly equivaent to decreasing the lightness bel ow the midway value. In both cases, the colour value
isalso desaturated. Quiller’scolour schemes are based on subtractive colour mixing, whereas HLS is additive, so
the complementary coloursin HLS are different from the ones Quiller uses. How thisaffects the colour harmonies
isamatter for futurework. In any event, the natural correspondence to the method Quiller uses to mix coloursis
agood reason for using the HLS model for colour specification, as opposed to HSV or RGB.

Each colour can be generated to fall randomly within the colour scheme, subject to whatever other constraints
act onit. Withthe possibleexception of the monochromatic scheme, each of these schemes containsawidevariety
of coloursthat can be combined to create a remarkable array of window styles. More refined window styles can
be created by applying additional constraints to limit the possible saturation and lightness values. For example,
if the border colour was constrained to be very dark and the background very light, a distinctive monochromatic
window style is achieved. However, by using more unconstrained colour generation schemes initially, users are
prompted with a greater variety of window styles and colour combinations, many of which would never have
occurred to them, and can learn over time which styles and colours they find attractive. They can then apply
additional constraints to restrict the possible the window styles and colour combinations to those that they find
most attractive.

Because they are prompted with different colour combinations and window styles, even users untrained in art
or design gradually become familiar with combinations of colours and window styles that appea to them. The
window system trains the users sense of colour harmony through constant experimentation, in much the same
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way artistsand designersare trained. Asthe user develops a sense of colour harmony, he or she can devel op more
elaborate colour styles that more accurately express hisor her personal taste.

This approach of having the window system select coloursrandomly from arestricted set is workable as long
as the following conditionsare met:

e it must be very easy for the user to have the system pick another set of colours. If the selected colour
combinationisentirely unsatisfactory and the user does not want to change it manually, he or she should be
ableto tell the system to try another scheme.

e it must be very easy for the user to modify the individua colours that are generated by the scheme. If
a colour combination is selected by the window system and the user wants to change one or more of the
coloursto create acombination he or she prefers, it should be possible.

In additionto these necessary conditions, one or more of thefollowingconditionswill furtherimprovethe usability
of the system:

o oneor more of the colours can be frozen and the system told to pick a new set that incorporates them.

o users can inform the system which aspects of the colour set they like or dislike and the system can use this
information when making future selections.

54.3 Abstract Colour Specification

Abstract colour specification refers to any colour specification that tells the system how to pick a colour instead
of telling it the exact colour value to use. Examples of abstract colour specifications are found in al four of the
categories of colour usage. Many of the constraints discussed in other sections of this chapter are aso examples
of abstract colour specification.

The constraintsdiscussed in Section 5.4.1 are abstract col our specificationswhich can be categorized asrelative
functional colour usage. For example, auseful foreground colour could be completely specified by the constraint
that there should be adeguate contrast between the foreground and the background. Unless other constraints are
imposed to further restrict the colour there is no guarantee that the result would be visually appealing, but it would
at least provide adequate contrast.

Many absolute functional col our concepts are more accurately expressed in an abstract manner than as specific
colour values. Consider, for example, the use of red to represent danger or as awarning. In most cultures this
property of the colour red is absolute. However, an application designer who wishes to use red to signify danger
might think “1 wish to use a colour that represents danger, so a colour that the viewer interprets as red would be
appropriate. Therefore, the colour should be constrained to appear to all viewers as red.” However, there are
many different colours that appear as “red”, al of which would serve the purpose of signifying danger equally
well. Therefore, specifying a specific value of red is not appropriate. To see how a more abstract specification
for “red” can be formulated, recall Boynton'sstudy of basic colour terms discussed in Section 2.6. Boynton and
Olson identified sets of coloursinthe OSA colour space that correspond to the basic colours (Boynton and Olson,
1987). Using this data, a constraint that restricts a colour valueto “red” could easily be constructed by restricting
the colour to a colour value that isin Boynton and Olson’s set of “red” colours.

The concept of window stylesintroducedin Section 5.4.2 isan exampl e of abstract col our specification that can
be categorized as relative aesthetic colour usage. For example, a user may wish to have green termina windows
and blue editor windows, but aside from the basic hue does not care about the specific colour values used for any
of thewindow colours. To allow the user to specify coloursin thisfashion, a set of window stylescan be provided
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using the simple colour schemes discussed in Section 5.4.2. Additionally, by using the default window style they
only need to specify “I want the major colour of my terminal windowsto be green” and the system will select the
specific colour values.

Finally, some absolute aesthetic colour choices are more appropriately expressed abstractly. Consider the
above example of a user specifying that terminal windows should be green. The specification of “green” isan
absolute aesthetic colour choice. However, the user may not wish to specify the exact shade of green, such as
olive green, kelly green, forest green, etc. In thiscase, the colour is better defined by a constraint which ensures
that its colour value isidentifiable as “green,” just as the absolute functional colour “red” was defined above. In
thiscase, the same approach can be taken by using Boynton and Olson’s quantification of the basic colours. Many
abstract specifications of absolute aesthetic colour usage can be expressed as some function of the basic colours
because of the nature of the basic colours.

5.4.4 Reasonable Defaults

An important function that is performed by awindow system is choosing default colours for the windows. The
standard approach isto choose asimple colour set, such as black text on awhite background and a subdued border
colour with black border text, and use these colours for al windows. This approach is unsatisfactory for the
following reasons. First, the ability of colour to organize windows islost. More than one user has commented
that they didn't redize that colour could be used to organize their windows. Part of the blame for thisignorance
lieswith the window system for not providing examples of how colour can be used. Second, the window system
appears utilitarianand visudly boring. The complete lack of colour variety does not entice the user to create more
interesting colours, rather it reenforces the belief that computing environments are cold and impersonal. By using
autilitarian colour scheme, users may also get the impression that changing the colour valuesisdifficult and avoid
attempting to do so because they do not want to waste a large amount of time. Whilethisfeelingis quitejustified
in many current window systems, it need not be so.

The system defaults should be pleasant and colourful. They should whet the user’s appetite for more exciting
and novel colour schemes. However, they should also be inoffensive to the vast majority of people and satisfy
some basic functiona constraints, such as those discussed in Section 5.4.1.

To achieve defaultsthat satisfy these requirements, thefollowing approach isused. A window styleisdesigned
which, given a single colour, generates the remaining window colours using a simple and bland colour scheme.
A good colour scheme for this purposeis the monochromatic colour scheme discussed in Section 5.4.2. By using
standard design principles, such asthose summarized in (Meier, 1987), awindow stylesuch asthefollowing could
be created (the specificationsin this example use the HL'S colour space as suggested in Section 5.4.2):

o border colour. Any hue, a saturation of 25%, a lightness of 50%.

o border text. Absolute colour value of black.

¢ window interior. Same hue and saturation as the border, a lightness of 90%.

o window text. Absolute colour value of black.
Thiswindow style generates bland colours that satisfy the requirements for a default window style. In addition,
the contrast in this example scheme is very high, ensuring that legibility is satisfactory. Finally, the undesirable

perceptua phenomena discussed in Section 2.5 are avoided by using a monochromatic colour scheme since only
asingle hue appears in each window.

However, thiswindow style does not satisfy al of the requirements stated above. The functional requirement
that colour be used to organize windows also exists. The eleven basic colours provide a method to satisfy this
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goal. First, black or white should be used as foreground col ours so that, as discussed above, the basic requirement
of contrast is satisfied and additiona perceptual problems are avoided. Grey is the best choice for the overal
background colour of the window system, since no colour will conflict with it when used as a border colour.
As discussed by Boynton, the eight remaining basic colours are excellent choices for window colours when the
primary motivationiswindow organization. Inadditionto their good segregation qualities, they allow windowsto
beeasily and unambiguousdly referred to by colour name. Given thisset of colours, the default window organization
discussed in Section 5.4.1.2 is used to decide which windows should be grouped together. The application name
and a user supplied name are used to provide a default organization for windows. If the user does not specify a
name, the machine the application is running on is used as the default name of the window. The latter point is
especialy useful in an environment where applicationsare often run on different machines. When a new window
is opened, if it isto be grouped with an existing window it uses the same basic colour for its dominant colour as
isused in the existing window. Otherwise, an unused basic colour isassigned toit. If more than eight different
coloursarerequired, Boyntonand Smallman point out that col ours midway between the basi ¢ colours can be used.

545 Allow Gradual Customization

An extension of theinability of current window systemsto specify colour rel ationshipsisthat colour customizations
tendsto be al-or-nothing. When the user decidesto add colour to their environment, they must specify very many
colours. Thewindow system does not force them to change all the colours, of course, but the interrel ationshi psof
the colours requires that many colours be specified for real benefit to be gained.

Consider thefollowing example. A typica window system defaultsto asingle colour scheme for all windows,
such as black and white, or some colour and either black or white. The first customization many users performis
to change these globa defaults, which is painless, requiring only two or three coloursto be specified. However,
at some point many users realize that colour can be used to help them organize their windows. In order to use
colour to organize the windows, however, many colours need to be specified because each window must have its
colours explicitly defined.

Unlikeconventional window systems, the defaultsused by the dynamic col our system automatically use colour
to organize the windows. Therefore, the customizations most users want to perform fall in two categories. First,
the default aesthetic choices made by the window system may need to be adjusted. Second, the user may wish to
change the method by which the window system organi zes the windows.

5451 Aesthetic Customizations

There are many aesthetic customizations that can be performed. Some new constraints and modifications of
existing constraints are obvious, others are more difficult. The more common customi zationsare discussed bel ow.

Expressing Didike of Colours. The first customization the vast majority of users perform isto avoid colours
or colour combinationsthey disike. The window system chooses colours for unrelated windows from the basic
colours: red, green, yellow, blue, brown, purple, pink and orange. Few people find al of these colours equally
pleasant. Occasionally, thewindow system bases acolour scheme on abasic colour that the user didikes. It should
be very easy for the user to tell the system not to use that colour again. Given this information, complying with
the user’s wish involves removing the offensive colour from the set of colours from which the system chooses its
defaults.

Consider instead the situation where a user indicates that a particular shade of acolour is offensive. Whileit
is quite easy to add a constraint to the system that repels colours from the immediate area around the indicated
colour, other questions must be answered in order to determine the area to be avoided. Isthe colour at the center



5.4. Assistancefor Aesthetic Colour Sdlection 57

of the range of undesirable colours? How large an area around the colour should be avoided? Is the particular
colour value unappesling in general, or only when used for the particular part of the window? If the colour value
is unappealing only in the context of the current colour scheme, perhaps the colour scheme should be criticized,
not the colour vaue, as discussed below. Once the range of colour values that should be excluded has been
determined, a constraint can be added to the system which repels all colours from this range of values. It should
be possible to apply thisconstraint to either the particular colour scheme or to the entire system. More often than
not the constraint will be applied globally, as users see colours they dislike and want them to not occur in any
window.

The second aspect of the problem, when the system has chosen a colour combination that is unattractive, is
more difficult to rectify. Selecting another set of colours within the bounds of the active constraints is trivid,;
simply generate another random set of coloursthat satisfy the constraints. The problem isthat the system should
avoid reselecting the unattractive set of colours. Like the situation where the user is criticizing a particular colour
value, it should be possible to specify a constraint that disallows a combination of colours globally or within a
particular window style. It ismore appropriate for these constraints to be applied to the window style, as opposed
to globally. A window style represents a way for windows to be coloured and therefore criticizing a particular
colour set is actually amethod of customizing that window style. Creating a hierarchy of constraintsthat causes
the awindow to avoid a particular colour combination is straightforward; a constraint is created for each colour
in the window which repelsit from the appropriate colour in the undesirable colour scheme.

The problem with both of the above constraintsisthat as the set of undesirable colours and colour sets grows
large the load on the constraint solver increases dramatically. It is easier for the user to tell the system that they
dislike a certain colour or colour combination than to modify the window style that is generating the offending
colour combinations. Indeed, it may not be possible to modify the window style without unduly restricting the
colour sets that may be generated. Techniques to optimize these constraints should be investigated, but doing so
isbeyond the scope of thisthesis.

Expressing Approval of Colours. Just as users dislike colour values or combinations of colours values, so do
they approve of colour values or sets of colour values. There are two aspects to expressing approval, thefirst for
individual colour values and the second for sets of colour values.

The fundamental difference between creating constraints that express a preference for a colour value and
those that express aversion isthat the constraints for colour preference cannot reasonably exist in the constraint
solver on afull time basis. If they did, al instances of affected window styleswould be attracted to the preferred
colours. Thiscontradictsone of thegoals of the system, whichisto suggest new colour combinations. Instead, the
constraints should be used to ater the mechanism for picking new colours. By biasing the selection of individua
colour vaues and the creation of colour schemes to those that the user has expressed a preference for in the past,
the system will occasionally select colour schemes based on user preferences.

There are afew ways this can be accomplished. The simplest technique isto store a list of preferences and
occasionally use one instead of picking colours at random. While the random colours are still unaffected by the
users preferences, the occasional colour value or colour combination reflects the preferences. More complicated
and powerful techniques are possible, of course. For example, user preferences could be used to create a neural
network that picks colour sets similar to the ones the user expressed a preference for (Salomon and Chen, 1989).
One of the criticisms of using neural netsto select coloursisthat they always generate sets of colours similar to
the seed sets. In thiscase, however, that is exactly what is desired.

Modification of Window Styles. Window stylesare introduced as atechnique of grouping aesthetic constraints
which expressthe general characteristics of window appearance. The default window stylesare designed to create
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bland colour schemes which are visualy inoffensive to the majority of users. Eventually users will modify the
default window styles or create their own.

A window style consists of a set of constraints which together specify how a window should appear. Each
constraint is based on either an absolute or relative requirement, the absolute constraints affecting only a single
colour and the relative constraints relating one colour to another. The constraints are independent of each other
and can be mixed and matched relatively fregly. Therefore, to modify a style, change the constraintsthat define it.

Exploring an intuitiveinterface for such window styleand constraint editing is beyond the scope of thisthesis,
partly because an effective method of modifying the styles is dependent on their implementation. However, the
congtraintsare fairly simple, as shown by the default window stylein Section 5.4.4, so editing them should not be
difficult.

Exact Colour Specification. One constraint that will often be needed in a window style is the specification
of an exact colour value. To implement this, simply constrain the colour to the desired value and define the
importance of the constraint high enough that the colour is not affected by other constraints. Such constraints
mimic colour specification in all current window systems. Exact colour specification therefore demonstrates that
colour specifications which are possiblein other window systems are possible in a dynamic window system with
colour constraints, so no flexibility has been sacrificed.

Manual Modification of Colour Values. When the system selects a set of colours, users may wish to modify
one or more of the colours by hand to create a colour scheme that appeal s to them. Whilethisisa straightforward
operation, the user’s motivation for modifying the colour should be considered so that appropriate action may
be taken. Usualy, the user modifies colours to create an attractive colour scheme. After modifying a colour,
therefore, the user may desire that the colours in that window should be fixed at their current values so that the
customizationisnot lost. Alternatively, they may only wish that the particular colour they modified remain where
they set it, leaving the other coloursfree to change. Finally, they may change a colour only because it does not fit
with the other window colour values and do not mind if it changes when the other window colour vaues change.
An interface for changing colours can easily ask the user which of the above situationsthey intend.

If the user intendsto have one or more of the coloursfixed at its current value, the system should not changed
it. However, when the user specifies that a colour should no longer change thereisusually an implied qualification
that the colour can change if there is enough pressure from other constraints. In this case, constraints may be
added which force the colour toward the desired va ue, but have greater importance so that other constraints acting
on the colour will only change the value in extreme cases. Additionaly, it should be possible for the user to say
that they want the colour to remain exactly as it appears, in effect disabling all the other constraints acting on that
colour.

54.5.2 Customizing Window Organization

The second aspect of customization isto modify the approach used by the system to organize windows. Whilethe
default technique of using the application name and optional user specified name is surprisingly powerful, there
are times when it is not powerful enough, such as when users wish to create additional levels of grouping. For
example, a user may wish to use a certain colour scheme for personal windows and another for work windows.
Within the work windows, they may wish to use green for windows associated with one project and blue for
windows associated with another. Within a certain project, they may want to use different colours for editing
documentation than for editing source code. While it is possible to create groupings like this using the current
scheme by careful creation of window styles, there should be simpler ways for the user to express these desires.
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In a sense, where typical window system force the user to specify al of the colour values, the addition of
congtraints adds alevel of indirection by alowing users to specify more abstract properties of the windows. The
next step, which is needed to provide additional customization to the methods of window organization, is to
create a system which will add yet another level of indirection by providing more intuitive and abstract ways of
specifying the rel ationships between window colours. However, such a system is beyond the scope of thisthesis.

5.5 TheViability of Dynamic Colour

At theend of Section 5.1 five necessary qualitiesof ausable dynamic window system werediscussed. The features
of dynamic colour that fulfill these requirements are summarized here.

Superior results. By purposely choosing bland window styles by default, the dynamic window system will
create sets of colours that are inoffensive to the vast mgjority of users, yet are far more interesting than
the defaults provided by conventiona static window systems. In addition, the functional potential of the
windowsis obtained by selecting default colours that organize the windowsin a reasonable fashion.

Moreimportantly, by allowing gradual and abstract customizations, the window colours are more likely to
remain harmonious than if the user isforced to select many specific coloursto organize their windows.

Another important feature of constraint-based systems is that when all constraints cannot be satisfied, a
reasonable constraint solver allows constraintsto be relaxed in order to find a non-optimal minimum value.
In other words, the system fails gracefully. For example, if the desired level of visua separation between
windows or contrast between colours cannot be achieved, a minimum is found that provides a reasonable
solution. The system does not give up when a constraint cannot be absol utely satisfied.

Non-restrictive. It has been shown that the user can customize the system to any level of detail, changing or
overriding any of the system defaults. There are no arbitrary restrictions placed on the user. While this
allows the user to make selections that exhibit undesirable properties, it is condescending to dictate to the
user what is best. The system attempts to suggest functional and potentially harmonious colour schemes,
but al decisions of the user take precedence. In particular, users can specify colours using exact values
which will not be changed, just as they do with current window systems.

Easily customizable. Sections5.4.3 and 5.4.5 demonstrate how the system can be easily customized by the user.

Predictability and Performance. The aspects of predictability and performance of the system discussed in
Section 5.1 are both functions of the implementation of the window system. In particular, they depend
almost entirely on the implementation of the constraint solver. They are addressed in Section 6.2.

Adding col our constraintsto adynamicwindow system with the goal of assi sting with aesthetic colour selection
isfeasible. By satisfying the fundamental properties of dynamic window systems, and avoiding problems with
colour association, ausable system can beimplemented. In Chapter 6, such an implementation is presented.
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Chapter 6

| mplementation

6.1 TheNeWSWindow System

It was decided at an early stage of this thesis not to implement a new window system. Rather, the capability for
using dynamic colour to assist users in making aesthetic colour choices should be added to an existing window
system. Furthermore, it was a so decided that the window system should be onethat runs on one of the many Unix
workstations available in the Computer Graphics Laboratory. An obvious choice for the window system might
have been X11, due to its widespread popularity on these machines. However, a few limitations of X11, which
are discussed below, ruled it out as acandidate. Instead, the NeWS window system was chosen. Schlueter (1990)
provides a good overview of the important features of NeWS which make it ideal for doing window system
research. Only the particularly relevant points are discussed here. The interested reader is directed to the NeWS
2.1 Manua (Sun, 1990) and the The NeWS Toolkit Reference Manua (Sun, 1991) for more a more in-depth
discussion of the NeWS window system.

6.1.1 Why NeWSisAppropriatefor Research

There are many feature of NeWS that make it ideal for doing window system research. Most importantly, NeWS
iseasily extensible because it is controlled by programs writtenin an Object Oriented extension to the PostScript
language'. Typical features of awindow system, such as windows and menus, are implemented as classes in this
language. Therefore, adding additional functionality to the window system can done with a minimum amount of
coding by building on existing classes. Furthermore, these programs areinterpreted, not compiled. Thisresultsin
amuch faster turnaround in the modify-compile-test cycle when prototyping a new system since the compilation
step iseliminated. Aswell, changes can be made to the window system whileit isrunning, alowing new ideasto
be tested easily.

The processes that implement the X11 and NeWS window systems are caled window servers because
they provide a windowing service to other applications. An important feature of the NeWS server is that it
provides concurrent execution of multiple lightweight PostScript processes. A process is created for each client
application that opens a connection with the window server. Additional processes can be created and destroyed
in a straightforward fashion by the client. Typicaly, the client process(es) handle the user interface of the client

11t is assumed that the reader is familiar with object oriented programming terminology. Readers unfamiliar with object oriented
programming terminology should refer to Appendix B for a brief overview.
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application, this being referred to as the server-side of the application. Since PostScript in interpreted, and
therefore inherently inefficient, the bulk of an application is written in a more efficient, compiled language and
run externally. Thisisreferred to as the client-side of the application because the compiled programis a client of
the window server. PostScript uses dynamic binding for al references, so references to data objects or methods
are resolved at runtime. This means that al of the NeWS operators and methods, including the window system
methods, can be changed without requiring recompilation of existing applications.

Tied in with the multiprocess nature of the NeWS window server is the event distribution system. To distill
input events to the appropriate applicationsand to allow NeWS processes to communi cate with each other, NeWS
provides a powerful event distribution mechanism. A process can express an interest in many types of events,
such as those created by keyboard input, mouse movement, window damage, etc. Furthermore, a process can
create and distribute any type of event, including new types of events they define themselves. The distribution
mechanism is very flexible, allowing event distributionto be controlled in anumber of useful ways. For example,
by specifying which process is to receive an event, interprocess communication is possible. Aswell, al events
are time-stamped, allowing events to be created for future distribution. These features of the event distribution
mechanism are used heavily throughout this implementation.

6.1.2 The Choice between NeWS and X11

For thisthesis, however, not only is NeWS the most appropriate window system for the implementation, it isin
fact the only known window system with the necessary features. It has already been pointed out that the choiceis
primarily between NeWS and X11.

The NeWS Toolkit 2.0 (TNT2.0) providesthe standard set of PostScript classes that define the NeWS window
system. Thistoolkit provides an appropriate colour interface for the purpose of thisthesis. Two logica colours,
Foreground and Background, are defined along with aset of interfaces for modifying and retrieving their val ues.
These two colours aready contain some of the semantic information required by thisimplementation: they are
defined to be the background and foreground colours for the application area of a window. More importantly,
the alocation and management of the colour lookup table (LUT) entries corresponding to these coloursis done
by the server, not the application. A client can set the foreground colour, for example, but is unaware of the
implementation of this action. Indeed, all the application knowsis that the specified foreground colour is used
from then on.

Under X11, an application asks the server for specific colour values and is returned an index of an entry in
the LUT which contains that colour value. Little semantic information is provided to the window server by the
application. Adding additiona semantic information would necessitate modifying many applications that are to
be used with the dynamic window system.

6.2 TheConstraint Solver

The task of the constraint solver is to find an optimal set of colours for the window system within a set of
constraints. The behaviour of the dynamic window system is determined by the implementation of its constraint
solver. In Section 5.5, it was suggested that the predictability and performance of the window system al so depends
on the implementation of the constraint solver. The implementation of the constraint solver is based on two
conceptual models which together satisfy these concerns: the distributed-jostling model and the concept of a
dynamical colour system.
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6.2.1 TheDistributed Jostling M odel

A concept which greatly improves the efficiency of thisimplementation is the distributed-jostling model of con-
straint solving. Thismodel was used in Schlueter (1990) to implement the system for perceptual synchronization.
A distributed constraint solver is possible because finding a globally optimal colour set is equivalent to finding
a satisfactory set of coloursfor each window. Thus, each window in the system participates in the search for an
optimal colour set by finding a solution for its colours. More interesting is the jostling nature of the constraint
solver. When attempting to find a satisfactory set of colours, a window only considers another window if there
are constraints between these two windows' colours which are not satisfied. When a window’s colours change
enough that they are no longer affected by another window, the other window is immediately forgotten. Since
not all other windows are considered, a window may come into conflict with previously non-conflicting windows
when attempting to find asolutionfor itscolours. A conflicting window noticesthe conflict and adjustsitscolours.
Thismay in turn cause conflicts with other windows, including the window which originally created the problem,
requiring that they adjust their colours. The window colours can be viewed as “jostling” for position with their
neighbours.

Thismodel isuseful for the followingreasons. First, theissue of predictability is satisfied because thewindow
colours start changing immediately, providing immediate feedback. Second, performance is improved because
iterations of the jostling process are staggered over time, each taking a relatively small amount of the available
computing resources. While staggering the iterations of the system increases the time taken to find a solution,
thisslowness turnsout to be apositivefeature. Recall from Section 5.3 that a potential problem with dynamically
changing colour isthat it may destroy the ability of the user to build strong colour associations. One of the ways
of countering this problem is to change colours slowly so that the user notices and adapts to them. Thisis very
important, as rapid changes are unnerving.

There are two other notable features of this model for constraint solving in a dynamic window system. First,
since thereis no globa attempt at discovering an optimal colour set, this approach scales better to larger numbers
of windowsthan a centralized a gorithm. Second, agorithmsthat implement thismodel are simpleto implement.

6.2.2 The Dynamical Colour System

Throughout this thesis, the window system is called a dynamic window system. One reason is that thiswindow
system can, infact, bemodelled by amathematical dynamical system. It seemsreasonable, then, that the constraint
solver should be implemented as a simple dynamical system. Instead of viewing a colour in the system as an
abstract quantity, consider it to be a physical object. Each colour object exerts repulsive and attractive forces on
other colours, with the forces created by the constraints between those colours. Each colour has a position which
isitslocation in colour space. Colour acceleration and colour velocity are derived in the usua manner, using
Newton’s Second Law.

F=ma (6.1)
which gives
do = initial position
vo = initid velocity
a = F—-uF/m (6.2
Vi1 = v +ald

diy1 = d; + v\
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Figure 6.1: The force attracting coloursto an absolute colour value act along the line between the colour and the
absolute colour vaue, directed from the colour to the absolute colour vaue.

where d isthe colour position, v is the velocity of the colour, F' isthe force acting on the colour, m isthe mass of
the colour, F is adamping factor, « is the acceleration of the colour?, and At isthe time interval between time ¢
andtime:+ 1. What is meant by colour massis explained below. Viewing the coloursin this manner providesus
with an elegant constraint solver based on Newton’'s Laws, with one caveat which shall be discussed below. The
constraints between colours are expressed as forcesin a straightforward manner.

There are two kinds of congtraints, absolute and relative. An absolute constraint acts as a force between a
colour and a specific colour value, directed a ong the line from the colour’s current position to the position of the
specific colour vaue. Forces are either attractive or repulsive. For attractive forces, the farther the colour isfrom
that value, the higher the force. For repulsiveforces, the closer the colour isthethe value, the higher the force. A
situation where acolour istoo far from an attractive absolute colour valueisillustrated in Figure 6.1. In asense,
itisasif the colour is either anchored to alocation in colour space, such as by a spring, or isbeing repelled from
alocation in colour space, such as by a magnet of the same polarity.

Relative constraints are expressed similarly, except that the force acts between two colours and is exerted on
both of them in equal and oppositedirections. Thereisarelationship between the two coloursthat is expressed as
the constraint. When this constraint is violated, both colours attempt to change their values to satisfy it. Aswith
the previous constraints, the farther the colours are from satisfying it, the higher the force. A situation in which
two colours are too far apart isillustrated in Figure 6.2. Even when relative constraints are hard to visuaize as
forces, they are easy to represent mathematically.

In Chapter 5, constraintswere considered to have more or lessimportance. Thisconcept iseasy to accomplish
by varying the magnitude of the force vector produced by the constraint. Furthermore, this type of constraint
solver automatically relaxes its constraints so that solutions which are closest to satisfying the constraints may
be found. Consider the situation when a colour is bordered on all sides by colours which are exerting repulsive
forces. Whilethe colour may not be ableto move to a position where there are no more forces acting on it, it does
move to a position where the net force acting onitis zero. Thisrepresents a optimal solution which comes closest
to satisfying the constraints and occurs naturally with thismodel.

Another requirement of adynamic colour systemisthat some coloursbe lesslikely than othersto change their
values. The concept of colour mass makes this possible. Equation 6.2 showsthat increasing the mass of an object

2The 2aAt? term is omitted because of its relatively small effect.
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Figure 6.2: The force attracting the two related colours acts aong the line between them, directed from each
colour toward the other.

decreases its acceleration. When the mass of a colour object is varied, it becomes more or less likely to move
when it interactswith other colours. For example, if an exact colour value has been specified for acolour it should
never move. Thisiseasily accomplished by giving the colour an infinitely large mass, so all forces result in zero
acceleration. Consider another example. If the user has expressed a preference for a certain colour valueit should
be less likely to move than colours which were chosen randomly by the system. Thisis accomplished by giving
the colour alarger mass that the average colour.

Asit turns out, this mode fits quite well with the distributed jostling model. Each window is given its own
dynamic system in which it puts its colours and its intrawindow constraints. When a constraint between one
of this window’s colours and a colour in another window is violated, that window's colours are added to the
local dynamic system aong with the constraints in question. During each iteration of the dynamic system, the
sum of the forces acting on each local colour is used to determine the acceleration acting on the colour. This
acceleration is used to update the velocity and position of the colour using Equation 6.2. If any local colours
move, al windows are notified of the changein position. Any external constraintsthat exert no force on theloca
colours are discarded, and any external windowswhose coloursare no longer in conflict with thelocal coloursare
discarded.

The final feature of thismodel isthe use of aforce similar to friction in damping oscillations. By applying a
force against the motion of colours, the system naturally dampens any potentia oscillations that could occur. F
isthe damping factor in Equation 6.2.

It ismentioned at the beginning of this section that thereis one cavest to the statement that thissystem isbased
on Newton’sLaws. That caveat isthat when there are no longer any forces acting on a colour object aside from
the force of friction, it immediately stops moving. While this introduces slight discontinuities into the system,
this highly damped behaviour isrequired to ensure that colours change as little as possibleto prevent unnecessary
damage to user colour associations.

6.3 TheNeWS Colour Window Classes

The actual implementation consists of a hierarchy of classes built on top of the TNT2.0 classes. A separate class
exists for each magjor issue that had to be handled during the implementation. This separation of functionaity
facilitates fast prototyping, provides a logical organization for explaining the system and alow the system to be
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Figure 6.3: The Colour Window System classes are added to the TNT2.0 system by inheriting from the TNT2.0
ClasswWindow class and modifying the Classwindow subclasses ClassBaseWindow and ClassPopupWindow
to inherit from ClassColour Window.

easily modified for future experimentation. Figure 6.3 shows the class hierarchy of this system, along with an
excerpt from the TNT2.0 class hierarchy showing where these classes fit in®.

A goa of the implementation is to alow the concept of dynamic colour to be added to the NeWS window
system in such away that many existing applications work with the system without needing to be modified or
recompiled. A simplificationis made to the conceptual model discussed in Chapter 5 in order to achieve thisgoal.
Specifically, only four conceptua colours are supported for each window, as described bel ow.

TNT2.0 provides astandard colour interface which allows applicationsto specify foreground and background
colours. Fortunately, most of the available NeWS applications only use the single foreground and background
colours supported viathe standard interface discussed earlier. When additional colours are used, applications set
them in a variety of ways, usually by using the NeWS setcolor operator to directly set the drawing colour just
prior tousing it. Unfortunately, thereis no way to overridethe setcolor operator in an intelligent manner because
there is no way to infer the semantic meaning of colours specified in this fashion. Therefore, since changing
the applications is to be avoided, the only application colours with which the window system can do anything
intelligent are thetwo col ours set through the standard interface. As mentioned above, few of theexisting TNT2.0
applications use more than the standard two colours, so most of them work with the system without modification.
These two colours are referred to as the Client colours throughout the implementation.

Standard TNT2.0 windows share asingle set of border colours, which are amedium intensity gray background
with a black foreground by default. This restriction is removed in the colour window classes, dlowing each
window to have its own distinct border colours. These are referred to as the Border colours throughout the
implementation. These two border colours, and the two client colours mentioned above, comprise the set of four
colours for which some semantic information can beimplied by the window system.

In the following sections, each of the major classes in the Colour Window System are described.

3Throughout NeWS colour is spelled “color”, so referencesto NeWS routines, classes, types, etc. will be spelled in that way.
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6.3.1 ClassBasicColour

NeWsS provides an object type caled colortype to represent colour values. A colortype can be created by
specifying its coordinatesin either RGB or HSB colour space. All of the NeWS colour operators, and most of the
class methods, take parameters of type colortype. The functionality provided by the colortype is not sufficient
for thisimplementation because colourswill need to be specified in colour spaces aside from these two.

RGB specification is required. What NeWS calls HSB appears to correspond to the HSV colour space
discussed in Chapter 2, but is not adequately described in the NeWS documentation. In any case, the HLS model
provides a more intuitive approach to colour specification than HSV, so HLS is used in thisimplementation. To
support both the measuring of contrast and col our difference, colours need to specified by their XY Z and CIELUV
coordinates. ClassBasicColour providesa replacement for colortype that supportsall of these colour spaces.

Since the ClassBasicColour overrides the NeWS colortype, al of the NeWS colour operators and some of
the class methods that deal with colour are rewritten to support parameters of this class as well as of colortype.

6.3.2 ClassColourObject

This object addsto ClassBasicCol our the physical characteristics required to use coloursin the dynamica system
described in Section 6.2.2. The value of the colour is equivaent to its position. Methods are provided to change
the mass of the colour and to stop the motion of the object. Force is applied to the object through two methods.
addforce adds aforce vector to the total force acting on the object, as follows:

Input: F ( an [h, I, s] force vector )
M/Force.h += F. h
M/Force.l += F.I

MyForce.s += F.s

No Qut put

applyforce first calculates friction as a function of the object’s velocity, then applies the tota force vector to the
object, automatically updating the accel eration, velocity and position of the colour using Equation 6.2, as follows:

No | nput

% t hese are vector operations
MyAccel MyForce /| MyMass
MyForce := 0

if ( magnitude( MyAccel ) < threshold ) then
st opnoti on
return true

el se
MyAccel += MyVelocity * Friction / MyMass
MyPosi tion += MyVel ocity * DeltaTinme
M/Vel ocity += MyAccel * DeltaTi me

set _ny_colour( MyPosition)
return fal se

Qut put: bool ean

MyAccel, MyForce, MyM ass, MyVelocity and M yPosition correspond to the acceleration, force, mass, velocity
and position of the colour object. If thetotal external force acting on the colour is close to zero when applyforce
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isinvoked, the colour will immediately stop moving. Thethreshold value determines how small the acceleration
must be to be considered zero. Whilethisdoes not correspond to natural physical laws, itisneverthelessdesirable
to make sure that colours move no more than is necessary to satisfy the constraints, giving the system a highly
damped feding. applyforce returns a boolean value indicating whether the net force acting on the colour was
approximately zero, and thusthe stability of the colour.

The force is specified as a vector in the HLS colour space. The HLS space was chosen because most of the
congtraints are expressed in HL'S coordinates, as discussed in Section 6.3.6.

6.3.3 ClassColour

The last of the colour objects, and the one used by other classes, is ClassColour. It solves the fina problem
associated with the colour classes, that of overriding the NeWS colour model.

NeWS uses a static colour model. The colour lookup table is filled with a cube of colour that samples the
colour gamut at regular intervals. When a colour is requested by an application, the nearest available colour in
the colour cubeis used. Unfortunately, as was discussed in Section 5.4.1.2 there is no concise definition of colour
similarity. As aresult, the colour value chosen by NeWS is not necessarily the most appropriate one available.
Thisisespecialy true when colours are chosen subject to some constraints, such as when they are supposed to be
different shades of the same hue.

There are two drawbacks to this scheme. First, and most importantly, when a colour valueisrequested by this
system, it isimportant that the exact colour vaueis returned. Otherwise, both the aesthetic and functional colour
relationshipsthat are created by this system can be destroyed. Second, in order to change window colours fregly,
each different colour used by the system must have itsown LUT entry. With a static colour model, an application
does not havethe same LUT entriesfor itscolours after they are changed, requiring it to redraw itswindows every
time the colours change. To avoid this, the values stored in the LUT entries used by the application are changed.
Unfortunately, with the NeWS static colour modél, if two colours start with the same value, they will have the
same LUT entry. When one of these windows changes itscolour value, the other window’svalue is a so changed,
which is unsatisfactory. Fortunately, current versions of NeWS allow dynamic colour maps to be created. By
forcing the window system to use a dynamic colour map instead of the static one it uses by default, LUT entries
are allocated for the exclusive use of particular colours, solving this problem.

A seriouslimitationisthe small size of colour lookuptables. Current systems have 256 entriesin their LUT's,
which is sufficient for static colours, but with dynamic colours all the entries tend to be used quite quickly. Each
window in the window system has two foreground/background colour pairs. However, since TNT draws all
of itsinterface components using an embossed, three dimensiona appearance, each of these conceptua colour
pairs actually requires five LUT entries. Thus, a typica window in this system requires ten LUT entries. If the
three dimensional effects are turned off, each window still requires four colours. To handle this problem, the
ClassColour object makes use of the idea of active and inactive colours. When a colour needs to be used, the
window system attempts to activate it, causing the ClassColour object to attempt to allocate a LUT entry for
its exclusive use. If thisfails, the ClassColour object uses a default LUT entry which it does not alow to be
modified. Therefore, when the system runs out of LUT entries, applications run but use a default set of colours
instead of their own. Fortunately, as hardware becomes more powerful, this problemwill disappear. For example,
systems already exist with 4096 LUT entries, such as the Silicon Graphics IRIS workstations.

6.3.4 ClassColour Set

The dynamic colours used by awindow are managed by ClassColour Set. Each colour isgiven asymbolic name,
indicativeof itssemantic meaning, whichisused to store areference to the colour inadictionary called Colour Set.
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The four mgjor coloursautomatically created by the system are labeled BBG (Border Background), BFG (Border
Foreground), CBG (Client Background) and CFG (Client Foreground).

The concept of active and inactive colours introduced by the ClassColour object raises two issues which
are dedlt with by thisclass. Firgt, if a window has more than one colour, either al or none of them are active.
Allowing a subset of the window colours to be active would increase the complexity of the rest of the system
without providing any clear benefit to the user. Consider, for example, that most of the window’s colours are used
to create three dimensiond effects for the various interface objects. If any of the coloursin that set are inactive,
and thus uses its default colour value, al of them must assume the default colour values or the three dimensiona
appearance of the window is disrupted. Grouping the colours allows them to be activated and deactivated as a
set. Also, the semantic meaning of each of these colours is known by ClassColour Set, so reasonable default
values are provided when colours can not be allocated; black for theforeground coloursand shades of gray for the
background and three dimensional effects. Thus, windowsthat can not allocate their colours have an achromatic
appearance that distinguishesthem from the rest of the windowsin the system.

The second problem is that if all of the LUT entries are allocated and a window deactivates its colours, any
windows using the default colours should be notified so they can reattempt to activate their colours. To facilitate
thisnoatification, ClassColour Set definesa Colour SegFreed event whichisdistributed when thewindow’ scolours
are deactivated. Similarly, when a window is unable to activate all of its colours, it expresses an interest in the
Colour SegFreed event. To ensure that starvation does not occur when multiple windows are competing for the
same small set of LUT entries, exclusive events are used. These events are only distributed to one interested
process at atime and are used for synchronization because only one window at a time will receive the event and
attempt to activate their colours. This prevents problems such as The Dining Philosophers Problem (Tanenbaum,
1986) from occuring and guarantees that one of the windows will activate its colours if there are enough LUT
entries.

6.3.5 ClassColour Shifter

A potential problem with changing colours via a distributed jostling model is that colours are not guaranteed to
take a straight or smooth path to their final colour value. Anaogous behaviour was seen in Schlueter’s system
when the windows appeared to jiggle around before settling on their find positions. The movements of the
windows in Schlueters system were, however, relatively small. Even though the often vigorous jiggling was
distracting, the user could see why they moved as they did. Colour movements are not necessarily as small and
colour relationships are not dways as obvious. If the colours are allowed to jiggle as vigorously, they inevitably
appear to change abruptly in random ways causing jarring visual effects.

It is desirable, therefore, to have the colours shift graduadly from their current values to the new ones.
ClassColour Shifter providesthisability in asimplefashion. When the system decidesto changes a colour value,
the destination value is set inside of this class and the colour slowly changes to that value. Asthe jostling causes
the colour value to change, the destination of the colour is changed and its route altered. Therefore, many quick
changes in the destination value of the colour will not be as distracting, as the colour’s actual value will move
very little between each change inits destination.

6.3.6 ClassColourConstraint

ClassColour Constraint defines the methods common to all constraints. Using this class, it is possibleto create
all of the constraints needed for thisthesis. It is not intended to be instantiated, but rather to provide a template
for the creation of specific types of colour constraints.
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As described in Section 6.2.2, there are two forms of constraints, absolute and relative. All of the constraints
operate on two operands, which are instances of either the ClassColour class or the NeWS colortype. Recall
that ClassColour isasubclass of ClassColourObject, giving instances of ClassColour an understanding of the
physical concepts of mass, force, etc. that are necessary for the constraintsto exert force on them. A colortype,
on the other hand, is a elementary NeW'S type with no knowledge of the necessary physical concepts. They are
useful, however, for specifying exact colour values that will not change. Sinceall forcesresult in zero acceleration
when applied to an object of infinite mass, by viewing col ortype operands as col our objectswith infinite mass the
congtraints do not need to apply forceto them.

The constraints are modelled as forces between two colours. |If the constraint is satisfied, there is no force
exerted onthecolours. If theconstraintisnot satisfied, thereisaforce exerted on the colours, pushing them toward
asatisfactory state. How thisforceisdeterminedisafunction of theindividual constraints, but the magnitudeof the
forceisaways proportional to the distance the colours are from positionsthat satisfy the constraint. Furthermore,
the force is exerted bidirectionally, affecting both colours in equal and opposite directions. However, since the
constraint solver is distributed, with each window changing only itsloca colours, only intra-window constraints
actually have their force applied to both colours. If two windows have conflicting colour values, each window
applies the same constraint to the two conflicting colours. If the resulting force is applied to both coloursin both
windows, each colour will have theforce applied twice. However, followingthe principlethat awindow will only
change itslocal colours, the forces resulting from inter-window constraints are only applied to the local colours,
avoiding this problem. A method is provided to inform a constraint if it should be bidirectional? or not.

As discussed in Section 6.2.2, some constraints are more important than others. Therefore, a setimportance
method is provided to set the I mportance of theforce. The value specified is used by the constraint to determine
the magnitude of the force. For al of the forces described below, the magnitude of the force vector is simply
multiplied by | mportance value, which defaultsto 1.

Many of the congtraints in the system, especialy the functiona constraints, are repeated occurances of a
small number of constrai nts applied to different windows. For example, every pair of foreground and background
colours in the window system has a contrast constraint acting on it, yet there are only two distinct constraints.
One is between the border foreground and background colours, the other is between the client foreground and
background colours. To take advantage of situations such as this, the coloursthat a constraint acts on are denoted
either using the symbolic names defined in ClassCol our Set or by aNeWS colortype. When any of the methods of
aconstraint are invoked, the Colour Sets containing the appropriate window’s ClassColour objects are provided
and the constraint retrieves the needed colours. For example, an instance of a constraint may affect the BBG
and BFG colours. When one of this constraint’s methods are invoked, the BBG colour is looked up in the first
Colour Set and the BFG colour is looked up in the second. The setoperandl and setoperand2 methods are
provided to set the name or colortype of each operand.

There are three methods provided by al constraints, which correspond to the three tasks a constraint may
need to perform: check, apply and pickrandom. The check method does not apply any force to the affected
colour, but returns a boolean result which indicates whether the constraint is satisfied. The apply method first
checksto seeif the constraint is satisfied. If it isnot satisfied, force is applied to the colours to push them toward
a satisfactory state. The pickrandom method is used when new colours must be generated for a window, as
described in Section 6.3.8. It assumes the second operand’s colour is valid and picks a random colour value for
the first operand such that the constraint is satisfied.

The general algorithm used by al constraintsfor the check and apply routinesis as follows:

I nput: opl, op2 ( type O assCol ourSet or colortype )

if type(opl) = O assCol ourSet then
opl : = | ookup key operandl in dictionary opl
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if type(op2) = O assCol ourSet then
op2 : = | ookup key operand2 in dictionary op2
if type(opl) = O assCol our or
( type(op2) = O assCol our and bidirectional ) then
{ WORK }
el se
return true

Qut put : bool ean
where { WORK } inthe check routineis:*
return (( F := getforce(opl, op2) ) =0)
and in the apply routineis:

F := getforce(opl, op2)
if type(opl) = C assCol our then
addforce(opl, F)

if type(op2) = O assCol our and bidirectional then
addf orce(op2, negative(F))

return ( F=0)

getforceiscalculated differently for each type of constraint, each of which will be explained in the corresponding
section. addforce isthe addforce routine discussed in Section 6.3.2.

The pickrandom routineis:

I nputs: opl, op2 ( type O assCol ourSet or colortype )

if type(opl) = O assCol ourSet then
opl := | ookup key operandl in dictionary opl

if type(op2) = O assCol ourSet then
op2 : = | ookup key operand2 in dictionary op2

if type(opl) = C assCol our then
col our := pickrand(opl, op2)
set col our (opl, colour)

Qut put: none

As with getforce, pickrand is caculated differently for each type of constraint and explained in the appropriate
section.

Three types of constraints have been implemented which encompass all of the constraints discussed in
the thesis. These constraints are ClassCCVariation, ClassCCContrast and ClassCCDistance. Two other
constraints, ClassCCAnalogousVariation and ClassCCWindowDistance, were implemented to demonstrate
how more interesting constraints can be built by subclassing from these three basic constraints. Each of these
constraintsis discussed bel ow.

4The check routinesfor the existing constraints have been coded more efficiently by only doing as much work as is necessary to determine
if the force would be non-zero. The details are omitted for simplicity.
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Figure 6.4: The relationships between the hues for the simple colour schemes described in Section 2.4. Hue and
saturation are shown, with the lightness axis perpendicular to the page. The colour on which the scheme is based
is represented by the open circle. Monochromatic variations have hue M. Complementary colours have hue C.
Anaogous colours either have A1 > hue > A3 or A2 > hue > A4.

6.3.6.1 ClassCCVariation

All the aesthetic constraints discussed in this thesis are implemented using the ClassCCVariation class. Each
constraint defines one colour as avariation of an other one. For example, amonochromatic constraint defines one
colour to have the same hue as an other, making the former colour amonochromatic variation of the latter.

For these constraints, the HLS colour coordinate system is used. Thethree HLS coordinates— hue, lightness
and saturation — are defined in the range [0, 1]. The hue value represents a continuous circle of hues, with
hue values of 0 and 1 being equivalent. The lightnessrange is aso treated specially. Noting Gerritsen's work
(Section 2.2.6), it isoften desirableto specify the perceived brightness of a colour rather than the abstract lightness
value. For example, a user may desire that all of their window backgrounds have the same perceived brightness.
To support this, the lightness range specification can apply to either the HLS lightness coordinate or the XYZ Y
coordinate of the colour.

Variations are defined by providing either an relative or absolute range of acceptable values for each of the
coordinates. A relative range indicates the amount the two colours can differ in the coordinate, specifying the
vaueof thefirst colour operand relative to the val ue of the second. For example, if arelativerange of [—.25, +.15]
is specified for the saturation and the second colour operand has a saturation of .3, the first colour’s saturation
could fall anywhere from .05 to .45 units. An absolute range, on the other hand, specifies the possible values of
the first colour operand independently of the second. For example, if the lightness was specified by the absolute
range|[.5, .6], thefirst colour would have alightness of between .5 and .6 irregardless of thelightness of the second
colour.

Using thisclass, the following interesting constraints can be created:

e Monochromatic colours. Recall from Section 2.4 that a colour is a monochromatic variation of another
colour if they both have the same hue, as shown in Figure 6.4. To create a monochromatic constraint,
a ClassCCVariation constraint is applied to the colours with a relative hue range of [0, 0] and absolute
lightnessand saturation ranges of [0, 1]. Thiscondition constrainsthe huesto be the same but does not affect
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the saturation or lightness. By further refining the brightness and saturation ranges, more specific results
can be obtained. For example, consider the default colours scheme suggested in Section 5.4.4. There were
two background coloursin that scheme:

— border background. Any hue, a saturation of 25%, a lightness of 50%.
— client background. Same hue and saturation as the border, a lightness of 90%.

They could be created with the following constraints:

— border colour. Absolute hue range [0, 1], absolute saturation range [.25, .25], absolute lightness range
[.5,.5].

— window interior. Relative hue and saturation range [0, O], relative lightnessrange [+.4, +.4].

e Complementary colours. Recall from Section 2.4 that two colours are complementary if their hues lie
exactly opposite each other on the circle of hues. As mentioned above, the hue value represents a circle.
Effectively, this means addition and subtraction of hue values is performed modulo 1 so that hue values
wrap around the ends of the range properly. Therefore, specifying a constraint between two colours with a
relative hue range of [.5, .5] constrains them to be complementary colours. The saturation and brightness
are handled in the same fashion as for monochromatic colours.

The force exerted by the ClassCCVariation constraint is determined independently for each of the 4, 1. and
S coordinates, the magnitude and direction being proportional to the distance of the coordinate from the closest
edge of the range of satisfactory colour values. This is important. The first colour operand of this constraint
is only partialy defined in relation to the second colour operand. Specifically, any of the coordinates that are
constrained to absol ute ranges are independent of the second colour operand. Theforce exerted on thefirst operand
is determined by adding the three independent forces. However, the force on the second operand is determined by
adding only those forces whose associated coordinate is constrained by a relative range, since these are the only
coordinates which interact with the colour value of the first operand.

Each component of the force can have a different importance specified for it, allowing different aspects of
the rel ationships expressed viathese constraintsto have different conceptua importance. For example, arelative
hue range of [0, 0] might be specified because the user wishes the colours to be monochromatic variations of each
other. By giving the hue relationship a high importance, the likelihood that the constraint will be satisfied is
increased. However, it may not be desirable to assign the lightness or saturation components of the constraint an
equally high importance. For example, a relative lightness range of [+.25, +.25] might be specified so that one
colour islighter than the other. The importance of this aspect of the constraint may be significantly less than the
importance of the hue aspect.

In Section 6.3.6, the check and apply routines were defined in terms of a getforce function. For ClassCC-
Variation, that functionis:
I nputs: opl, op2 ( type colortype )

% cal cul ate the saturation force conponent

sat := sat(opl)
if SaturationMbde = Relative then
sat := sat - sat(op2)

if sat >= Sat RangeM n t hen
if sat <= Sat RangeMax then
F.s :=0
el se
F.s := Sat RangeMax - sat
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el se
F.s := Sat RangeM n - sat

% cal cul ate the lightness force conponent

light := 1ight(opl)
if LightnessMbde = Rel ative then
light :=1light - light(op2)

if light >= Light RangeM n then
if Iight <= Light RangeMax then

F.1 :=0
el se
F.I := Li ght RangeMax - |ight
el se
F.I := LightRangeM n - 1ight

% cal cul ate the hue force component
hue : = hue(opl)
if HueMbde = Rel ative then

hue := (hue - hue(op2)) nod 1

if hue >= HueRangeM n or hue <= HueRangeMax t hen
F.h:=0
el se if HueRangeM n < HueRangeMax t hen
% median is half the size of the
% area outside the hue range
medi an := (1 - HueRangeMax + HueRangeM n)/2
if hue < HueRangeM n then
% if hue is within nedian of mn,
% then hue is closest to nmin
if median > (HueRangeM n - hue) then
F.h := HueRangeM n - hue
el se
F.h := hue + 1 - HueRangeMax
el se
% if hue is within nedian of mn,
% then hue is closest to nmin
if median > (hue - HueRangeMax) then
F.h : = HueRangeMax - hue
el se
F.h := HueRangeM n + 1 - val ue
el se
% if HueRangeM n > HueRangeMax, the val ue hue
% range w aps around the end.
medi an : = (HueRangeM n - HueRangeMax)/2 +
HueRangeMax
if median < hue then
F.h := HueRangeM n - hue
el se
F.h := HueRangeMax - hue

*= Sat | nportance
*= Li ght| nportance

F.s
F.l
F.h *= Huel nportance

Qutput: F ( the force vector )

Chapter 6. Implementation
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In addition, ClassCCVariation redefines the negative routine as follows:

Input: F ( a force vector )

if SaturationMde = Relative then

F.s *= -1

el se
F.s :=0

if LightnessMbde = Rel ative then
F.l *= -1

el se
F.l1 :=0

if HueMbde = Rel ative then
F.h *= -1

el se
F.h:=0

Qutput: -F ( the force vector )

Asexplained above, only those coordinates of the second operand that influence thefirst operand areto have force
applied to them.

The pickrandom routine was defined in terms of apickrand function. For ClassCCVariation, that function
is:

I nputs: opl, op2 ( of type colortype )

colour.s := Sat RangeLength * random + SatM n
if SaturationMbde = Relative then

col our.s += sat(op2)
colour.s := colour.s nod 1

colour.l := LightRangeLength * random + Li ghtMn
if LightnessMbde = Rel ative then

colour.l +=1ight(op2)
colour.l :=colour.l nmd 1

col our. h : = HueRangeLength * random + HueM n
if HueMbde = Rel ative then

col our. h += hue(op2)
colour.h := colour.h nmod 1

Qutput: colour ( of type colortype )

6.3.6.2 ClassCCAnalogousVariation

ClassCCAnalogousVariation is a subclass of the ClassCCVariation class, demonstrating how more interest-
ing aesthetic constraints can be created. This class overrides the hue specification of ClassCCVariation so
that the hues of the two colours vary within an anaogous colour range. It is necessary to create a more
specialized class because analogous hue cannot be defined by the simple linear relationships possible with
ClassCCVariation.

Recall from Section 2.4 that an analogous colour scheme can be defined by dividing the colour circle into
twelve segmentsand sel ecting any neighbouring pair of segments. All coloursthat fall withinthispair of segments
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define a set of analogous colours. The colour on the border of two segments can be considered to fal in both
segments, but is restricted to one of them for simplicity. If the hue parameter defines a clockwise circle, the hues
on the borders of segments are included only in the segment on their clockwise side. Therefore, any given colour
value falls within two analogous colour schemes, as shown in Figure 6.4.

By default, the constraint permits the hue of the first colour operand to fall anywhere in the range of hues
possible in either of the analogous schemes that could be defined by the hue of the second colour operand,
allowing the widest range of hues. When a single ClassCCAnalogousVariation constraint is being used to
relate two colours, thisis a reasonable approach. However, when more than two colours are being related with
ClassCCAnalogousVariation constraints with the intent of having them all be analogousto each other, either a
constraint must be placed between every pair of colours, or they al must be related to a common colour by one
of the two analogous schemes. Otherwise, the colours are not guaranteed of falling in the same anal ogous colour
scheme. The former approach is desirable when a small number of colours are being related, since it allows the
most flexibility in colour selection. However, the number of constraint required is () = N (N — 1)/2 where N
is the number of colours. When the number of coloursislarge, the second approach is more desirable, because
only N — 1 congtraints are needed. Additionaly, the second approach alows more control over which analogous
colour schemeisused. If only one of the schemes isdesired, the user may specify which of thetwo schemesisto
be used. The pseudocode for the calculation of possible huesisas follows:

Input: hue2 ( the hue of operand2, range [0,1] )

% the hues are divided into 12 anal ogous ranges
sector :=integer( ( hue2 * 12 ) nod 12 )

% "Either" selects three sectors, the other
% net hods select the left or right pair
i f Anal ogous_Schene = Either then

Range_nmin := sector - 1
Range_max : = sector + 2

el se if Anal ogous_Schene = Left then
Range_min : = sector
Range_max : = sector + 2

el se
Range_nmin := sector - 1
Range_max : = sector + 1

% convert back to [0, 1] ranges
Range_nmin := ( Range_min nod 12 ) / 12
Range_max := ( Range_nax nmod 12 ) / 12

Qut put: Range_nin, Range_max

ClassCCAnalogousVariation is implemented by overriding the apply, check and pickrandom interface
methods of ClassCCVariation. The new methods determine the appropriate hue range for the anal ogous colour
scheme defined by the colour value of the second operand, use it to set the ClassCCVariation hue range and
finally invoke the superclass method they override. Since each instance of the constraint can be used multiple
times, the code between setting the hue range and invoking the superclass method isacritica section (Tanenbaum,
1986). Synchronization is provided by enclosing the setting of the superclass hue range and the invocation of its
check, apply or pickrandom method with a monitor.

As mentioned above, the class definition for ClassCCAnalogousVariation is quite short, demonstrating how
simple new congtraintsare to create. It isincluded in Appendix C to illustratethat point.
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6.3.6.3 ClassCCDistance

The ClassCCDistance constraint is used to specify adistance relationship between two colours. As suggested in
Section 5.4.1.2, the distance between two colour vaues is calculated as the Euclidean distance in the CIELUV
colour space. Since both maximum and minimum distance constraints are needed, the constraint can be used to
either attract coloursso they attempt to stay withinacertain distance or repel coloursso they attempt to stay beyond
acertain distance. Methodsare providedto set the Distance threshol d and to specify whether this constraint should
exert an attractive or repulsive force by defining the boolean parameter Attract?. The magnitude of the forceis
proportiond to the distance that the valueis from the threshold, adjusted by the importance of the constraint. The
direction of the force is collinear to the two colour values, either directed towards the colours or away from the
colours depending on if the constraint is attractive or repulsive.

In Section 6.3.6, the check and apply routines were defined in terms of a getforce function. Before defining
thisfunction, the luvdistance function is defined as the Euclidean distance between the two colours as follows:

I nputs: colourl, colour2 ( type colortype )

luvl : = LUV(col ourl)
luv2 := LUV(col our2)
di stance : = square_root( ( luv2.l-luvl.l )"2 +

( luv2.u-luv2.u )"2 + ( luv2.v-luv2.v )" 2)

Qut puts: distance

Using thisfunction, the getforce routinefor ClassCCDistanceis:

I nputs: opl, op2 ( of type colortype )

Force := Distance - |uvdi stance( opl, op2 )
if Attract? then
Force := -Force

if Force < 0 then
F:=0

el se
% scal e the force to a nore resonabl e val ue
% whi ch has been chosen experinentally
Force /= 80
Force *= I nportance

% now, cal cul ate the vector between the two col ours
vector := HLS(opl) - HLS(op2)
if Attract? then

vector := -vector

% make sure the hue is taking the shortest route
if vector.h > .5 then

vector.h -= 1
if vector.h < -.5 then

vector.h += 1

%if the vector length is close to zero, don’t
%use it. PickRandDir returns a unit vector
% pointing in a randomdirection
if LENGTH(vector) < .001 then

unit := PickRandDir ()
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el se
unit := vector/LENGTH(vector)

F :=unit * Force

Qutput: F ( the force vector )

The pickrandom routine was defined in terms of a pickrand function. For ClassCCDistance, that function is
defined as:

I nputs: opl, op2 ( of type colortype )
if Attract? then
col our := op2
el se

vector := PickRandDir() * M nDi stance

% hue wraps around the end
colour.h := op2.h + vector.h nod 1

% 1ightness and saturation are truncated

colour.l := op2.1 + vector.

if colour.l > 1 then
colour.l :=1

el seif colour.l < 0 then
colour.l :=0

colour.s := op2.s + vector.s

if colour.s > 1 then
colour.s :=1

el seif colour.s < 0 then
colour.s :=0

Qut put: colour ( of type colortype )

This constraint is used to create many relationships, examples of which are given below.

Preferred Colour Specification.  Although it is possible to specify the value of a colour as an exact vaue that
does not change, there are timeswhen aparticular valueis preferred, but the colour can change if other constraints
areacting onit. For example, if auser modifies acolour manualy, aconstraint of thistypeis created by specifying
an attractive force with a distance threshold of zero.

Similar Colours. When windows are grouped together as described in Section 5.4.1.2, their colours should be
similar. Because colour similarity isnot well understood, afairly arbitrary threshold has been chosen withinwhich
colours are taken to be similar. From Section 5.4.1.2 it can be seen that distances as small as five OSA units
can provide good colour separation. Therefore, the distance threshold should be smaller than this. A reasonable
choice isthe OSA nearest neighbours, which have a distance of /3 and 2. From Appendix A, it can be seen that
this corresponds to 15 to 20 CIELUV units. Fifteen was chosen to err on the conservative side. Therefore, this
congtraint is created by specifying an attractive force with a distance threshold of fifteen.

Slightly Different Colour. Unless window colours are explicitly constrained to be the same, they should be
distinguishable, even if they are constrained to be similar as described above. From Appendix A we see that an
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CIELUV difference of approximately ten unitsis a reasonable value to use for slight difference. Therefore, this
congtraint is created by specifying a repulsive force with a distance threshold of ten. It isaso given afairly high
importance so that the colours do not come significantly closer to one another than ten units.

Significantly Different Colour. When windows should be visualy different, some of their coloursare required
to be significantly different. Asdiscussed in Section 5.4.1.2, an CIELUV distance of approximately eighty units
isareasonable vaue to use. Therefore, thisconstraint is created by specifying a repulsive force with a distance
threshold of eighty.

6.3.6.4 ClassCCWindowDistance

ClassCCWindowDistance, like ClassCCAnalogousVariation, is an example of how to create more powerful
constraints based on the three basic types. ClassCCWindowDistance uses ClassCCDistance to create asimple
window distance constraint that can be used to repel or attract windows, just as ClassCCDistance can repel or
attract individual colours.

Window distance is defined to be the difference between either the border background colours or the client
background colours of the two windows. The pair with the highest chromatic component is chosen, since these
colours represent the predominant window colour. The heuristic used to cal cul ate the chromatic component of a
colour velueis

Cr = 2(5-|L-5)S (6.3)

where I and S arethe HL Slightnessand saturation coordinates of the colour. Sincethe HL S saturation coordinate
represents the percentage of the maximum saturation for a given lightness value, and colour values are less
saturated thefarther their lightnessvalueisfrom .5, Equation 6.3 isameasure of the absol ute saturation of acolour
independent of the lightness.

ClassCCWindowDistance is implemented similarly to ClassCCAnalogousVariation by overriding the
apply, check and pickrandom interface methods of ClassCCDistance. Each of these routines determines
which pair of colours should be used, setsthe the operands of its ClassCCDistance superclass appropriately and
invokes the corresponding superclass method. Just as with ClassCCAnalogousVariation, each instance of the
constraint can be used multipletimes, so a monitor is used for synchronization.

Like ClassCCAnalogousVariation, thisconstraint isvery ssimple and isincluded in Appendix C.

6.3.6.5 ClassCCContrast

The ClassCCContrast constraint is used to ensure that a pair of colours, one a background colour and one a
foreground colour, maintain a specified contrast. This constraint isimplemented using the contrast metric derived
in Chapter 4. Since every pair of background and foreground colours in the system has a contrast constraint
applied to it, some care is taken with efficiency of the implementation. While there are many variables in the
equationsthat describe the contrast metric, most of them are set once when a specific instance of ClassCCContrast
is created. For example, the black level and pixel bleed are functions of the monitor and the pixel densities are
functions of the application using the two colours. The only parameters that vary between each application of the
constraint are the luminances of the two colours. Thus, Equations 2.15, 4.7 and 4.8 are rearranged to isolate these
values.

As discussed in Chapter 4, only luminance contrast is considered, since chromatic contrast is not well
understood. Whileluminance contrast may not be necessary for legibility, it issufficient. Aswithother constraints,



80 Chapter 6. Implementation

all parameters are specified assuming the first operand is constrained to the second. Since the caculation of the
luminances ng and L}g from Equations 4.5 and 4.5 are different, the boolean Background? flag specifies
whether thefirst operand isthe foreground or background colour. Furthermore, the desired Polar ity of the colours
may be specified so that either light text on a dark background, or the reverse, can be absolutely required. The
first colour can be constrained to be Lighter than the second, Darker than the second or to be Either polarity. If
either polarity is acceptable, whichever oneis more easily satisfied is used.

When the colours do not have the required luminance contrast, aforce is applied which is proportional to the
difference between the current contrast and the required contrast, and is paralel to the lightness axis of the colour
space.

Before giving the pseudocode al gorithms used in the contrast constraint, the following constants are derived
from the equations in Chapter 4:

BGg := (1 - BGPi xel Density) * Pixel Bl eed
FG g := Pixel Bleed * FGPi xel Density + 1
FGbg := (1 - FGPi xel Density) * Pixel Bl eed

BothBL := (1 + Pixel Bl eed) * Bl ackLevel

where FGPixelDensity is the percentage of foreground pixels next to another foreground pixel and
BGPixelDensity isthe percentage of background pixels next to another background pixel. These can be changed
depending on the application, but the defaults assume a text based application with thin fonts. PixelBleed isthe
amount of pixel bleed. The default isthe optima value 62%. BlackL evel isthe black level of the monitor. The
default value is 2.5%.

A routine called getcontrast is defined which cal culates the contrast using the following a gorithm:

Inputs: Y1, Y2 ( the luminances of the two colours )

i f Background? then

Ybg := Y1, Yfg := Y2
el se

Ybg := Y2, Yfg := Yl

Lfg := Yfg * FGg + Ybg * FGbg + Bot hBL
Lbg := Yfg * BGg + Ybg * BGog + Bot hBL
Lmax := MAX( Lfg, Lbg )

Lmn := MN( Lfg, Lbg )

C:=( Lmax - Lmin) / ( Lnax + Lmin)
Ck? := C > Contrast

Qutputs: C, Ck? ( the contrast and if it is sufficient )

Using thisfunction, the getforce routinefor ClassCCContrast is:

I nputs: opl, op2 ( of type colortype )

Y1 := XYZ( opl ).y, Y2 := XYZ( op2 ).y
F.h:=Fs:=0

(C, k?) := getcontrast( Y1, Y2)
if Polarity = Either then
if not Ok? then
% check if the current polarity can satisfy
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% the required contrast
if Y2 <Y1 then

% conpare Y1 to Wite

(Ccurr, Ck?) := getcontrast( Y1, 1)
el se

% conpare Y1 to Bl ack

(Ccurr, Ck?) := getcontrast( Y1, 0)

if not Ok? then
%see if the other polarity will work
if Y2 > Y1l then
% conpare Y1 to Wiite
(Cother, Ck?) := getcontrast( Y1, 1)
el se
% conpare Y1 to Bl ack
(Cother, Ck?) := getcontrast( Y1, 0 )

% ai mfor the higher contrast.
if Ccurr < Cother then
if Y2 > Y1 then

Fl :=1
el se
Fl :=-1
el se
if Y2 > Y1 then
F.1 := Ccurr - Contrast
el se
F.1 := Contrast - Ccurr
el se
if Y2 > Y1l then
F.1 := Ccurr - Contrast
el se
F.1 := Contrast - Ccurr
? := fal se
el se
F.1 :=0
K? = true
el se

if Polarity = Lighter then
if Y2 <= Y1 then
if not Ck? then

F.l := Contrast - C
el se
F.1 :=0
el se
%it's the wong polarity, force toward white
Fl :=1
&? := fal se

el se
if Y2 >= Y1 then
if not Ck? then

F.1 := C - Contrast
el se
F.l1 :=0
endi f
el se
%it's the wong polarity, force toward bl ack
Fl :=-1
&? := fal se

Qutput: F ( the force vector )
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The pickrandom routinewas defined interms of apickrand function. Unlikethegetfor ce function, the pickrand
function must cal culate a minimum or maximum luminance threshold for thefirst colour based on the luminance
of the second colour. Using this threshold, pickrand then selects a luminance at random from the range of
satisfactory values.

In order toisolatetheluminances of theforeground and background col oursfrom Equations2.15, 4.7 and 4.8 to
determine aluminance threshold, the Polarity and Background? values must be known. There are four possible
equationsfor cal culating the luminance threshold, corresponding to the different values of these two parameters.

Throughout the following equations, the parameters of the contrast metric from Chapter 4 are denoted as
follows:
0<C<«l1
0<PD; <1
0<PD,<1
0<e<1
0<BL<1
C isthe required level of contrast. The default value is 40%. PD; is the percentage of foreground pixels next

to another foreground pixel. Similarly, PD; is the percentage of background pixels next to another background
pixel. o istheamount of pixel bleed. BL isthe black level of the monitor.

If Background? = trueand Polarity = Lighter, the threshold is the minimum value for the luminance of the
background colour:

(s, = ((PD;—PD,+1)0+1)C+ (PD; +PD, —1)o+1 (6.4)
Cyp = ((PD;—PDy—1)o—1)C+ (PD; +PDy —1)o +1 (6.5)
Cp = (20+2)BL 6.6)
C1 = Cp,/Cn (6.7)
C2 = (CpC)/Cn (6.8)

Yi = Y
= CYy + (5 (6.9)

If Background? = false and Polarity = Darker, the threshold isthe maximum value for the luminance of the
foreground colour:

Cs = (CpC)/Cyy (6.10)
Yo = Y;
= Y;/C1—Cs (6.11)

Similarly, if Background? = true and Polarity = Darker, the threshold is the minimum value for the
luminance of the background colour:

Cj, = ((PD;—PD,+1)0+1)C— (PD; +PD, —1)o —1 (6.12)

Ch, = ((PD;—PDy—1)o—1)C— (PD; +PD, — 1)o — 1 (6.13)
Cs = Cp,/Ch (6.14)
Cs = (C5C)/Ch (6.15)
Y = Y

= C4Yf + Cs (6.16)
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If Background? =falseand Polarity = Lighter, the threshold isthe maximum va uefor the luminance of the
foreground colour:

Cs = (CC)/Cy, (6.17)
Yo = Y;
— Yy/Ca—Cs (6.18)

All of the subscripted C' values are constants that are recal culated whenever the values of C, Py, P;, o or BL
are changed. Thus, the calculation of the threshold value requires only one multiplication and one division when
the constraint is being applied to two colours. Equations 6.9 and 6.18 are used to define a function getlighter
which returns a lighter luminance threshold. Similarly, Equations 6.11 and 6.16 are used to define a function
getdarker which returns a darker luminance threshold. Using these two functions, the pickrand function for
ClassCCContrast isdefined as follows:

I nputs: opl, op2 ( of type colortype )

Y2 := XYZ( op2 ).y
TL := getlighter( Y2 )
TD : = getdarker( Y2 )

%if Polarity is Either AND
% only one is in range ANDit’'s TL, or
% pick a randomone and it’'s TL
% or Polarity is Lighter
if ( ( Polarity = Either ) and
( (( TL <= 1) exclusive or ( TD>=0)) or
randon( 0, 1) <= .5) ) or
( Polarity = Lighter ) then
if TL > 1 then

colour.l :=1
el se
colour.l :=randon( TL, 1)
el se
if TD < 0 then
colour.l :=0
el se
colour.l :=randon( 0, TD)
colour.h := op2.h
colour.s := op2.s

Qut put: colour ( of type colortype )

6.3.7 ClassDynamicalColour System

ClassDynamical Colour System provides each window with its own dynamica system which it uses to apply
constraints to its window colours. As mentioned earlier, the problem of finding a globa set of colours is
decomposed into finding sets of colours for each window. The globa dynamica system can be broken down
similarly. Each window has a set of forces acting on its colours and maintainsits own dynamical system to apply
those forces to its colours. The dynamica system knows about four types of data; the local Colour Set, thelocal
constraints, the Colour Setsfrom other windowsand the constrai nts between other windowsand thelocal window.
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When the system is initialized, it knows about the local ColourSet and the default functional constraints
between these colours. These include;

e aClassCCContrast constraint between the border foreground and background colours.
e aClassCCContrast constraint between the client foreground and background colours.

¢ aClassCCDistance constraint between the border and client background colours ensuring they are distin-
guishable.

More loca constraints can be added with the addlocalconstraint method. Conversely, loca constraints can be
removed with the removelocalconstraint method. When aloca constraint is applied, the local ColourSet is
specified for both operands.

External windows are added to the dynamica system by specifying their Colour Set and a single constraint.
External windows remain known to the dynamical system until their constraint has been satisfied. External
constraints are invoked by specifying the local Colour Set for the first operand and the external Colour Set as the
second operand.

A constraint can be either a singleinstance of one of the constraint classes or an array of instances. To perform
an action on an array of constraints, the action is performed on each array element and the result is the logical
and of the individual results. In this way, many constraints can define the relationship between two windows,
for example, but they can be managed much more simply by ClassDynamical Colour System because they are
grouped together. To handlethis, the apply method of aconstraint is not involked directly, rather acover function
caled applyconstraint isinvolked. Thisfunction is defined as follows:

I nput: Col our Set 1, Col our Set2, Constraint

if type( Constraint ) = array then

satisfied := true
for each constraint Cin array Constraint do
satisfied : = satisfied and

appl y( Col ourSet1, ColourSet2, C)
return satisfied
el se
return apply( Col ourSetl, ColourSet2, Constraint )

Qutput: boolean ( indicating if the constraint is satisfied)

Thedynamical system hasitsowninternal “clock” whichit usesto updateitsstate. Eachtimetheclock advances
one unit, the state of the system is updated by applying all of the local and externa constraints. The clock is
actualy implemented using NeWS events. A TickTockDS event is defined and ClassDynamical Colour System
expresses an interest init. If the system has not reached a state of equilibrium as aresult of the current update, the
dynamic system distributesa Tick TockDS event to itself which will arrive a fixed amount of time in the future.
When it receives the event, the process is repeated.

To determineif the dynamical system has reached a state of equilibrium, instances of ClassColour returns a
boolean valuewhentheir applyforcemethodisinvoked, indicatingif thenet forceexerted onthemisapproximately
zero. A zero net force indicatesthe colour isrelatively stable. If al of the coloursindicate that they are stable, the
system is assumed to be stable and no TickTockDS event is sent out.
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The pseudocode for the routine which updates the dynamica systemiis:

| oop for ever
wait for a TickTockDS event

% apply the local constraints
for i =1 to size( Local Cons ) do
appl yconstraint( Local Col ourSet,
Local Cons[i]. op2,
Local Cons[i].constraint )

% apply the conflicting wi ndow constraints
for i =1 to size( ConflictingCons ) do
satisfied := appl yconstraint( Local Col ourSet,
ConflictingCons[i].otherCol ourSet,
ConflictingCons[i].constraint )

if satisfied then
renove constraint i from ConflictingCons

% now, update the col ours.
allstable := true
for each colour Cin Local Col ourSet do
if iscolourobject( C) then
stabl e : = applyforce( C)
if not stable then
newcol ourgoal ( C, colour(C) )
allstable := allstable and stable

if not allstable then
send a new Ti ckTockDS event
endl oop

Once the system is stable, the only way it can become unstable again is if one of its local colours is changed
manualy, or if another window’ scolourschangeto conflict withit. If either of theseeventsoccur, thenudgesystem
method is called. If a TickTockDS event has been sent out and the system is waiting for it, this method does
nothing. Otherwise, anew TickTockDS event is broadcast.

Thetimedelay of the Tick TockDS event is proportional to the age of the window. When thewindow has just
opened, itscoloursare required to change very quickly so that other coloursare disturbed aslittleas possible. This
initial state of rapid change lasts a relatively short time but has the desirable effect of allowing a new window to
quickly moveits coloursout of conflict with older windows, if at al possible. A second benefit of having thetime
delay proportional to the age of thewindow isthat the delay will be dightly different for each window. Thisavoids
aregular pattern of dynamical system updates for any subset of windows, which in turn results in a much more
consistent computational load on the window system because all of the windows do not update simultaneously.

6.3.8 ClasswindowStyle

Thisimplementation of window styles (see Section 5.4.2) represents a very simple approach which illustratesthe
potential of window styles. ClassWindowStyle manages the organization and retrieval of the window styles.
Windows are organi zed based on their application name and a second optional name. Thisoptional nameisidealy
specified by the user to provide additional semantic information about the window, such as its purpose. Howeve,
this name must be provided by the application, something that is not supported in existing NeWS programs.
Therefore, if the optional name is not defined, the hostname on which the application is running is used as a
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Key Congtraint | Defining Characteristics

BBG | ClassCCVariation: | Operandl = BBG

Operand2 = HLS Colour (0, .5, 0)

Relative Hue Range = [0, 0]

Relative Saturation Range = [0, 0]

Relative Perceived Br. Range = [—.25, +.25]

BFG colortype | RGB Colour (0, 0, 0)
CBG | ClassCCVariation: | Operandl = CBG
Operand2 = BBG

Relative Hue Range = [0, 0]

Relative Saturation Range = [0, 0]
Relative Perceived Br. Range = [+.4, +.4]
CFG colortype | HLS Colour (0, 0, 0)

Extra null

Table 6.1: The Default Window Style Template.

default. The window name is the concatenation of these two names. ClasswWindowStyle provides a method to
change both the application and optional names of a window.

To allow different window styles to be created, this class defines a global dictionary called the StylesDict
which contains al of the style templates defined in the system. A styletemplate isa set of constraints associated
with aname in this dictionary. It is called a style template, and not a window style, because a window style can
be created from multiple style templates, as discussed below. Each style template isimplemented as a dictionary
which can contain one or more of these five keys: BBG, BFG, CBG, CFG and Extra. The purpose of these
specific keys is explained below.

When awindow is opened, awindow styleis created for it. Itswindow styleisadictionary that will contain
the constraints which define its style, and is created as follows. First, the constraints for the default window style
are added to the dictionary. This defines a bland, monochromatic window style, as shown in Table 6.1. Next, the
application name, the optional name and the window name are looked up in the StylesDict. If any of these are
found, their constraints are added to the window style dictionary. Thus, any keys that are defined in these style
templates will replace the current keysin the dictionary.

If none of these names are found in the StylesDict, the default BBG constraint is replaced by a similar
ClassCCVariation constraint which uses one of the eight basic colours described in Section 5.4.4 as its second
operand. The actual colour value used for operand two is one of the mean centroid values found by Boynton and
Olson (Boynton and Olson, 1987), shown in Table 6.2.

Windows with the same name are defined to be similar, those with different names are defined to be different.
Therefore, all windows with the same name are assigned the same basic colour. The first time a window name
is encountered, a basic colour is assigned to it at random from the set of basic colours that have not yet been
assigned to any name. When the elght basic colours have been assigned, they are reused. The window difference
constraints should take care of making the windows appear different, even if they are based on the same basic
colour.

Once the window style has been created, the initia colours for the window are selected by invoking the
pickrandom method of the constraints whose keys correspond to the symbolic names of the four window colours:
BBG, BBG, CFG and CBG. The colours are picked in such an order that the colour a constraint dependson is
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Basic Mean OSA Nearest OSA XYZ

Colour Coordinates Coordinates Coordinates
Name L ] g L g X Y 4
Red -36 15 69| -4 2 -6 1477 1028 6.01
Green [-04 39 25| 0 4 2 |2656 3205 18.68
Orange | -02 57 -63| 0 6 -6|3608 2826 920
Purple | -25 -25 -18| -3 -3 -1 | 1520 1421 2481
Pink 05 03 -49| 1 1 -5|4038 3393 3037
Brown | -32 28 -29| -3 3 -3|1520 1421 2481
Yelow | 26 82 -17| 3 9 -1|5310 5386 14.24
Blue -08 -25 28| -1 -3 3 (1962 2381 3952

Table 6.2: Centroid Values for Eight Basic Colours.

Parameter | Similar Window | Different Window
Value Value

Attract? true false

Distance 15 80

Table 6.3: The Window Difference Constraints.

picked before that constraint isused to select arandom colour. The same approach is used by the picknewcolours
method, which isinvoked to select a new set of coloursfor the window.

Once the initia colour values for the window are selected, the window style constraints are added to the
dynamica system as local constraints. The Extra key in the style dictionary holds an array of additional style
constraintsthat are not involvedin theinitial colour selection, but should be added to the dynamical system. Since
the dynamical system is started whenever anew constraint is added, these constraintswill be applied to theinitial
colours even though they were ignored during the initial colour selection.

ClasswindowsStylehandlesthedifferentiation between different and similar windows. Asmentioned above, if
windowshavethe same name, they are similar, otherwisethat are considered different. ClassCCWindowDistance
constraints are created to group similar windows and distinguish different windows, as shown in Table 6.3. The
distances suggested in Section 6.3.6.3 for grouping similar colours and distinguishing different colours are used
for the distance parameter.

A method called checkwindow is provided to check if an external window’s colours conflict with the local
colours. This method uses the window names to determine if the windows are similar or different, and invokes
the check method of the appropriate ClassCCWindowDistance constraint described aboveto check for conflicts.

A method called addwindow is provided to add an external window to the dynamical system. As above,
the name is used to determine if the window is similar or different and the check method of the appropriate
ClassCCWindowDistance congtraint is invoked to check for conflicts. If the external window’s colours conflict
with local colours, the external window is added to the dynamica system.
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6.3.9 ClassColourWindow

ClassColour Window isused to integratethe col our window classes into the TNT2.0 class hierarchy. To dothis, it
inheritsfrom both the TNT2.0 Classwindow and from ClassWindowsStyle. Thisclassisaso responsiblefor the
interwindow communication of the jostling constraint solver. Furthermore, the ClassDynamical Colour System
introduced the concept of an initial period of rapid change. This concept is further supported by thisclass.

Window communication is simple. When a window is created it expresses an interest in an event caled
a Jostle event. Jostle events contain dl of the pertinent information about a window. It then notifies existing
windows of itsinitia colours by sending out a Jostle event. When awindow receives aJostle event, it checks to
seeif any of the coloursin thejostlingwindow conflict with its col ours by invoking the checkwindow method of
ClasswWindowstyle.

If the colours conflict, one of two things happens. If the conflicting window isinitsinitial state and the local
window is not, a Jostle event isimmediately sent directly to the conflicting window and is not added to thelocal
dynamica system. Thisinforms the conflicting window of the local windows colours, allowing it to attempt to
solve the conflict beforeitsinitial period is over. If the conflicting window in not in itsinitia state, or the loca
window isinitsinitial state, the conflicting window is added to the local window’sdynamical system by invoking
the addwindow method of ClasswindowStyle.

A window participates in the jostling process until it is destroyed, even when itis not visible. The decision to
include awindow in the jostling process when it isiconified or invisibleis based on the desire to creste as stable
a colour environment as possible. If windows cease to jostle when they are closed (but not destroyed), colours
may be required to change whenever awindow is opened, regardless of how long it has been since awindow was
created or destroyed. These changes are avoided by having all windows continually participate in the jostling
process.
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Conclusions and Future work

7.1 Conclusions

The aim of thisthesisisto demonstrate the feasibility of a dynamic window system with colour constraints to
supports aesthetic colour selection. This has been accomplished. Relevant research from many unrelated fields
was reviewed, providing a firm basis on which to build the system. The important factors that must be taken into
account when designing and implementing a dynamic window system with colour constraints were explored in
depth and a system designed and implemented which embodied the results. The implementation shows that such
systems are possibleto create.

There aresevera key featuresthat make theimplementationwork. Obviously, themost important aspect isthat
the colour relationships of interest can be expressed as constraints between the colours. The distributed-jostling
model alows the colour selection problem to be decomposed into several smaller problems, alowing for an
efficient implementation. The concept of the dynamical colour system allows the constraints to be modelled as
forces between the colours, providinga simple and elegant constraint solver.

It isapparent from using the window system that much finetuningis needed, both of theimplementation and of
thetheoretical basic for theconstraints. An ongoing period of constraint adjustment is underway in which specific
values used in the implementation, such as the strengths of the forces that are used to satisfy the constraints, the
time step used in the dynamical system, the mass of the colours, etc., are being adjusted.

Of greater importance, however, are the theoretical constraints, not the implementation of them. All of
the congtraints, especialy the contrast constraint and the window separation constraints, where created using
experimental resultsfrom other fields. Whilethose results were the best guidelinesavailable, now that the system
has been shown to befeasible, these results need to be examined more carefully in the context of computer window
systems.

e The contrast metric isbased on experiments where reading thresholdswere of interest. Asaresult, declines
in reading speeds of up to half were considered insignificant. However, these drops in reading speed most
likely resulted in a significant decline in reading comfort. Informal experiments with members of the
Computer GraphicsLaboratory confirmed that contrast |evels much higher than those discusses by Boynton
and Knoblauch are needed for comfortable use. Indeed, these researchers never claimed that their results
were valid for thisparticular application.

o The distance metric is based on the Euclidean distance in CIELUV space. While CIELUV is perceptually
uniform, it is geared toward smaller colour differences. Furthermore, no uniform colour spaces are well
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suited for judging colour similarity. Two shades of asingle colour may appear related in some abstract way,
yet be far apart in these spaces because the colours are quantitatively different. Furthermore, the distance
thresholds used were based on experimental evaluation of the segregation abilities of the basic colours.
Those experiments did not focus on creating alower bound for good colour segregation.

For each of these problems, experiments need to be designed to determine more precise constraints for use in
dynamic window systems. Thisimplementation can serve as an idedl testbed for the results of such experiments.

Another example of experimentation that can be supported with this system involves experiments aimed at
discovering a more comprehensive model of window difference and similarity. A general model of how people
judge coloured objects to be different or similar does not exist, yet is needed to create more useful constraints
for window organization. Furthermore, more than just the difference or similarity of the component coloursis
involvedinthegrouping and segregation of windows. For example, use of the system has shown that very different
window styles can create visually unrelated windowswith quite similar colours. Improving techniquesfor window
organi zationisimportant, as recent experiments (Cowan, Jolicoeur and Loop, 1991) show convincingly that colour
isfar superior to any other aspect of computer windows for context resolution.

Furthermore, use of the window system has suggested a need for more speciaized constraints. For example,
colour combinations such as fully saturated red with fully saturated blue should be avoided. While the red/blue
problem is well known, other colours exhibited problems which need to be explored. Very saturated purple, for
example, caused much the same problems when used with almost any colour.

The performance of the system was surprisingly good, considering the amount of processing being donein an
interpreted language. However, the performance is not adequate for a production system, or even one that will
be used for experimentation. It is hoped that further refinement of the constraints will aleviate the performance
problems. However, if al elsefails, much of the system can be recoded in C and executed as an external process.
Thiswill definitely solve the performance problems, although some flexibility for experimentation may be lost.

The implementation is based on the HLS colour space, which is not necessarily the best choice. HLS was
used primarily because it iseasy to visualize and explain to non-col our theorists and because isis mathematically
uniform, making the implementation of most of the constraints very simple. However, this colour space is
perceptualy non-uniform and is not well suited for some constraints, most notably the distance constraint. A
better choice would be one of the uniform colour spaces, such as CIELUV. CIELUV supportsthe notions of hue,
lightness and saturation which are needed for the ClassCCVariation constraint as follows (CIE, 1978):

hyy = arctan(v*/u™) (7.2)
Czjv — (U*2—|—U*2)1/2 (72)
e = %)L (7.3)

where L*, u* and v* are the CIELUV coordinates or a colour value, L* isthe lightness of the colour, A, isthe
hue angle of the colour, C7, is the chroma of the colour and s,,, isthe saturation of the colour. Furthermore, L*
isadirect function of Y asfollows

L* =116(Y/Y,)Y3 - 16, Y/V, > 0.01 (7.4)

(where Y;, isthe value of Y for the white object-colour), making CIELUV appropriate for calculating ClassCC-
Contrast aswell.

7.2 FutureWork

Much work remains to be done before this system could be interpretted as a fully usable commercial system.
Most obvioudy, awell designed graphica interface should be created to allow users easy modification of various
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aspects of the system, such as adjusting individua colour values and creating and modifying aesthetic constraints
and window styles. No interactive support is currently provided for these tasks.

User criticisms are not currently handled by the system, although support for doing so exists in the form a
colour mass. Coloursthat auser has expressed preference in merely need to have there mass increased to prevent
them from moving. When a user indicates his or her likes or dislikes, they should be retained, analyzed and used
to influence future choices. However, techniques for doing this effectively and efficiently need to be explored
carefully, so that the ability of the system to suggest new colour combinations is not compromised. A simple
way of handling this is to occasionaly create some windows based on past user choices and to create others
without regard for those choices. An exciting possibility for creating windows based on past user choicesisfound
in (Salomon and Chen, 1989), where neural nets were used to generate colour sets. The generated sets have the
property that they are quite similar to the seed set, which is exactly what isrequired here.

Another area for improvement is the handling of more than the four basic colours for a specific window.
Fortunately, the dynamic window system was designed with thisin mind, so adding support for more colours, and
for constrai nts between them, would betrivial. For example, sincethe coloursare stored in PostScript dictionaries,
adding support for additional coloursonly requiresthat aconsi stent naming scheme be devel oped for thesecolours.
The dynamical system and the constraints would automatically handle the new colours, while the window style
object would need to be generalized.

Giventheability to use an arbitrary number of coloursinasinglewindow, it would be possibleto automatically
generate multiple background and foreground colours for a single window. For example, an application could
request a background colour and any number of foreground colours for use with it. The techniques used for the
generation of distinguishablewindow colours, aswell as research such as (Corte, 1986) and (Grosse, 1985), would
provide a basis for this functionality. By giving applications the ability to specify the foreground/background
rel ationship between any pair of colours, the implementation would be straightforward.

Additional constraints for to assist with aesthetic colour selection should be developed. It is mentioned
in Section 2.3 that one of the design goals of the OSA space was the capability of suggesting interesting colour
harmonies. Theart of Karl Gerstner (1986) demonstratesthat thisgoa hasbeen achieved. Lai (1991) demonstrates
one possible intuitive approach to navigating the OSA colour space. This interface could be used to allow users
to specify interesting aesthetic constraints based on the planes of the OSA lattice.

One class of windowsthat have seemingly been ignored throughout thisthesis are thosewhich contain realistic
and/or complicated interiors. Handling such windowsis difficult and was deemed clearly beyond the scope of this
thesisfrom the start. The major problem with such windowsisthat thereisnot clear way to select coloursthat will
harmonize with them, so another approach is called for. Consider the way pictures are framed. No matter how
complicated the picture, the use of a sufficiently thick matte will alow it to be placed on awall of a completely
different colour or with a complicated pattern. The matte sets the picture apart from the rest of thewall, just as a
thicker, neutrally coloured border would set a complicated window apart from the rest of the window system and
prevent it from ruining the harmony of the window system. However, a computer screen can afford the loss of
rea estate represented by athick matte far less than awall. Other techniques will need to be investigated. In the
very least, experiments should be performed to discover the minimum reasonable thickness that a border should
be to provide good separation.

Another problem is that as colour becomes easier to use, the limits of colour to organize windows are
discovered. Colour spaces have only three degrees of freedom, and organizing many unrelated windows in a
useful fashionisquitedifficult. To alleviatethisproblem, thecolour vocabulary needsto beenriched. The obvious
dimensionto exploreisvisual texture. Currently, windowsall haveaplastic appearance, regardless of their colour.
Imagine, instead, windows that appeared as marble, wood, metal, fur or water. By adding additional degrees of
freedom to window appearance, especially ones that are so completely different from the current ones, the ability
to organize windowsis significantly increased. While there are many different ways texture could be added, and
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many different textures that could be added, experiments should be performed to discover what sort of textures
would be useful to support context resolution and window organization, and not merely gratuitous.



Appendix A

Relating CIELUV Unitsto OSA Units

Boynton and Smallman (1990) demonstrated that the basic colours have good segregational abilities. Part of that
ability is due to their good separation in OSA space; the pairs of basic coloursare on average just over ten OSA
units appart. Distances as small as half of that also showed good separation is certain cases.

The adjacent coloursin the OSA space are similar enough to appear related, yet clearly distinct when viewed
in close proximity. Thus, they provide a good metric for the degree of difference that should be used for similar
colours.

Unfortunately, the OSA space is not practical for computer graphics work because it only encompasses a
subset of the CRT colour gamut. Worse, the defining formulae do not extrapol ate well beyond the confines of the
OSA space, becoming very badly behaved even within the confines of the CRT gamut. Another uniform colour
space, such asthe CIELUV colour space described in Section 2.2.2.2, is more appropriate for use with CRTs.

What is needed, then, are reasonable CIELUV equivaentsto the OSA distances mentioned above. Sincethe
OSA spaceisdiscrete, with only 424 coloursdefined, itisfairly simpleto compute the distance between every pair
and compareit to the distance between the CIELUV representations of thetwo colours. The CIELUV coordinates
of each colour were obtained by converting from the XY Z coordinates found in (Wyszecki and Stiles, 1982).

TablesA.1land A.2 show theresultsof thecomparison. For all thepairsof OSA colourswith the sameinterpoint
distance, the average, maximum, minimum and standard deviation for theequivalent CIELUV distancesare shown.
The results are fairly good, showing that if only rough distance measures are required, the CIELUV space will
serve the purpose. By examining the table, 80 CIELUV units is a reasonable value to represent a distance of
ten OSA units. Similarly, 40 CIELUV units shall be used to represent five OSA unitsand 15 CIELUV unitsto
represent 2 OSA units.
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0OSsA CIELUV Distance 0OSsA CIELUV Distance
Dist Cnt Av Max Min  Std.Dev Dist Cnt Av Max Min  Sid.Dev
1.7 1372 | 134 179 74 0.14 95 1549 | 779 1024 514 0.16
20 992 | 153 210 84 0.22 9.8 720 788 1002 56.0 0.13
28 1739 | 218 307 147 0.15 99 2035 | 80.0 1047 545 0.14
33 3238 | 256 369 151 0.18 100 818 815 1065 533 0.15
35 1078 | 269 352 167 0.13 102 1833 | 832 1081 547 0.15
40 734 | 31.0 419 193 0.22 103 1725 | 839 1106 60.2 0.14
44 2730 | 338 473 230 0.14 104 791 854 109.2 558 0.14
45 2640 | 347 493 227 0.18 10.7 999 874 1119 627 0.14
49 2481 | 382 532 238 0.15 108 1474 | 873 1149 60.6 0.13
52 3158 | 406 565 257 0.18 11.0 920 91.0 1158 615 0.14
57 1062 | 441 608 314 0.15 111 892 91.3 1154 593 0.13
59 4007 | 462 653 312 0.16 11.3 191 929 1179 739 0.15
6.0 2518 | 470 636 304 0.15 114 1840 | 953 1210 626 0.13
6.3 1842 | 498 69.0 324 0.19 115 720 946 1185 66.6 0.14
66 1789 | 515 682 35.0 0.13 11.7 664 950 1232 707 0.13
66 1739 | 523 718 339 0.17 11.8 936 976 1222 65.6 0.13
6.9 567 | 544 685 39.3 0.12 11.8 611 988 1237 711 0.13
71 309 | 565 765 36.6 0.17 120 361 983 1233 65.1 0.13
72 1488 | 56.8 782 39.1 0.16 121 614 | 1021 1277 707 0.12
75 2810 | 590 808 411 0.14 122 275 | 1058 1275 66.3 0.10
7.7 4018 | 608 838 410 0.15 123 719 | 103.7 1277 +67.1 0.12
8.0 324 | 649 828 417 0.19 124 893 | 1028 1287 739 0.12
82 1184 | 652 86.1 443 0.15 126 206 | 1101 1331 754 0.09
82 2339 | 658 885 437 0.15 128 195 | 1076 1311 86.1 0.15
85 1619 | 680 905 446 0.16 128 731 | 1083 1332 76.0 0.12
87 2372 | 688 934 503 0.15 130 345 | 1090 1330 828 0.14
87 1006 | 69.0 91.7 537 0.14 131 821 | 1118 1357 805 0.12
8.9 925 | 719 965 495 0.16 131 151 | 106.6 1282 811 0.12
91 2709 | 733 961 478 0.15 133 142 | 1153 1350 90.6 0.08
92 1741 | 737 983 50.7 0.15 134 656 | 1141 1393 843 0.11
9.4 838 | 742 939 575 0.12 134 391 | 1127 1398 847 0.13

Table A.1: A comparison of OSA and CIELUV distances.




0OSsA CIELUV Distance 0OSsA CIELUV Distance
Dist Cnt Av Max Min Std. Dev Dist Cnt Av Max Min Std. Dev
136 240 | 1179 1397 856 0.10 16,6 47 | 1421 1645 1174 0.08
137 217 | 1157 1400 87.6 0.11 16.7 9 139.0 1518 108.1 0.13
139 24 | 1064 1216 917 0.11 168 22 | 1445 1671 1254 0.08
140 373 | 1195 1447 86.8 0.10 170 12 | 1565 166.7 147.7 0.05
140 204 | 1205 1429 937 0.09 171 18 | 1537 1675 120.6 0.12
141 268 | 1188 146.7 89.6 0.12 171 12 | 1565 1678 138.6 0.08
142 322 | 1244 1454 96.6 0.11 172 34 | 1476 1695 1263 0.08
143 161 | 1248 1462 95.6 0.11 173 32 | 1514 1687 1236 0.07
144 78 | 1267 1477 97.7 0.12 173 16 | 1478 1694 1238 0.13
145 170 | 121.7 1459 945 0.14 174 4 1619 1639 160.7 0.01
146 19 | 1276 1510 96.9 0.10 175 18 | 1468 1713 1305 0.10
147 226 | 1264 1504 96.0 0.10 175 8 155.7 169.7 1489 0.04
148 208 | 1275 1512 964 0.10 17.7 6 149.0 1691 1215 0.13
150 91 | 1276 1495 99.7 0.11 177 18 | 1492 1702 1285 0.08
151 201 | 1299 1520 96.8 0.10 17.9 4 1481 1722 139.6 0.11
151 58 | 1273 1489 98.2 0.10 18.0 7 1549 1605 151.1 0.02
152 44 | 1338 1561 1201 0.08 18.0 9 147.0 1669 137.1 0.06
153 70 | 1358 1572 1237 0.06 18.1 1 1572 1572 157.2 NaN
154 99 | 1329 1556 994 0.10 18.2 3 1532 1643 1464 0.06
156 116 | 1348 1554 1045 0.10 18.2 2 160.6 1621 159.2 0.01
156 74 | 1343 1567 102.7 0.12 18.3 4 1540 1673 1482 0.06
157 104 | 138.7 1576 108.8 0.10 184 3 1530 1616 146.6 0.05
158 144 | 138.7 1614 101.7 0.11 184 1 1547 1547 1547 NaN
16.0 2 1403 1446 1359 0.04 185 1 159.3 1593 159.3 NaN
161 79 | 1398 1618 111.6 0.09 18.6 3 1428 1553 1348 0.08
161 68 | 1409 1623 1074 0.10 18.8 1 162.1 1621 162.1 NaN
162 52 | 1412 1619 1193 0.10 18.9 2 1493 1560 1426 0.06
163 20 | 1414 1529 108.6 0.09 19.0 3 1474 1569 139.3 0.06
164 15 | 1395 1573 1137 0.08 19.1 1 1611 1611 1611 NaN
165 16 | 1429 1642 136.3 0.05 19.3 2 149.7 1514 1479 0.02
166 59 | 1425 1663 111.3 0.09 195 1 1551 1551 155.1 NaN

Table A.2: A comparison of OSA and CIELUV distances.
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Appendix B

Object Oriented Programming

A good overview of object oriented programming principles and terminology may be found in (Wegner, 1987) or
(Meyer, 1988). Details of the object oriented extension to PostScript used in NeWS can befound in (Sun, 1990).
This appendix providesalist of the key object oriented terms needed to understand the thesis.

Thefollowinglist of terms is taken from (Wegner, 1987).

object: An object has a set of “operations’ and a “state” that remembers the effect of operations. The
value returned by an operation on an object, unliketypical functions, may depend on its state as well asits
arguments.

object-oriented language: A language that supports objects which belong to classes and has class hierar-
chies which may be incrementally defined by inheritance. In other words:

object-oriented = object + class + inheritance

class: A class is a template from which objects are created. Objects of the same class have common
operations. Classes have an interface that specify the operations accessible to clients. The class specifies
code for implementing operationsin the class interface.

inheritance: A class may inherit operations from “superclasses’ and may have its operations inherited
by “subclasses.” An object of class X may use the operations defined by class X and its superclasses.
Inheritance from asingle superclassiscaled singleinheritance; inheritance from multiple superclassesis
called multipleinheritance.

The following additional definitions are taken from (Sun, 1990).

instance: An instance is one of the objects described by a class; an instance inherits its variables and
procedures from its class.

instance variables. Instance variables are given to each instance of aclass.

classvariables. Classvariablesare shared by all instances of aclass. Together with the instance variables,
they define the “state” of an object.

methods: Methods are procedures that a class uses to operate on its instances. A message is sent to an
object to invoke a method. Methods are the “ operations’ that effect the “state” of an object.
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Appendix C

Constraint Classes

Two constraints, ClassCCAnalogousVariation and ClassCCWindowDistance were created to illustrate how
simpleit isto create new constraints by subclassing from the three basic constraints. They are included here to
illustrate that point.

%
%% A useful variation on CassCCvariation constrains
%% col ours to be anal ogous to other col ours.

%%
| d assCCAnal ogousVari ati on C assCol our Constrai nt
di ctbegin
% style is one of; -1, 0 or 1
% There are two anal ogous col our schemes for any given
% col our, one to the left and one to the right.
% 1 neans use both
% -1 neans the colour is in the right sector
% O neans it is in the left sector
/ Anal ogousMet hod 0 def
% A nonitor is needed because the instance vars are
% changed and the constraint could be used nmultiple
%times. Things could get nasty otherw se.
/ MyMoni tor null def
di ctend
cl assbhegi n

/ Newl nit {
% initialize our parent
/ Newl nit super send

% a nmonitor is needed to synchroni ze access
/ MyMoni t or createnonitor pronote

% Hue node nust be /Absol ute
/ HueMode / Absol ute pronote
} def

% di sabl e setting hue node, since it nust be absol ute.
/ set huenode { % node => -

pop
} def
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% al | ow t he anal ogous nethod to be changed.
/ set anal ogousnet hod { % nmethod => -

/ Anal ogousMet hod exch def
} def

% do a (nod 12) to keep the hues in the range of 0..11
% Post Script’s nod operator allows negative results!
/ nodhue { % huesector => vali dhuesector
12 nod
dup O It {12 add} if
} def

| set anal ogoushuerange { % hue => -
Anal ogousMet hod % hue neth
exch 12 nul % neth 0..12
dup 12 eq {pop O} if cvi % neth sec

%is it "randont or one of the two nethods?
1 index 1 eq {
% random range goes fromsec-1 to sec+2

exch pop % sec
dup 1 sub exch % sec-1 sec
2 add % sec-1 sec+2
PA
% range goes from neth+sec to nmeth+sec+2
add dup 2 add % s+m s+m+2
} ifelse

% fix the hues.
nodhue 12 div exch nodhue 12 div exch

% set the parents hue range to the all owed hues.
set huer ange
} def

% check: return true if the constraint is satisfied,
% fal se otherw se
/check { % opl op2 => bool
MyMoni t or {
dup get operand2 get operandraw pop pop
set anal ogoushuer ange
/ check super send

} nonitor
} def
% apply: return true if the constraint is satisfied,
% false and a force vector otherw se
lapply { % opl op2 => bool
MyMoni t or {

dup get operand2 get operandraw pop pop
set anal ogoushuer ange
[ apply super send
} nonitor
} def

% sel ect a valid random col our
/ pi ckrandom { % opl op2 => -
MyMoni t or {
dup get operand2 get operandraw pop pop
set anal ogoushuer ange
/ pi ckrandom super send

Appendix C. Constraint Classes



} nonitor
} def
cl assend def

%%

%Wothe difference between two windows is slightly nore
9%b conplicated than just the distances between the

%% conponent col ours.

%0

/ Ol assCCW ndowDi st ance Cl assCCDi stance [/ MyMonitor]

cl assbegi n

/ Newl nit {
/ Newl nit super send
% a nonitor is needed to synchronize nultiple
% access
/ MyMoni t or createnonitor def
} def

% the defining colour is the one with the highest
% chroma. W only consider BBG and CBG
/getchroma { %l s =>c¢

% get the distance | is from.5

exch .5 sub abs

% reverse and double it. .5 =>1, 0,1 =>0
.5 exch sub 2 mnul

% scal e the saturation

mul
} def
/ getdefiningcolour { % CS1 CS2 => /|l abel true |
% fal se
.1 null [ /IBBG/CBG] { % cs cs max |ab nl
4 index 1 index get % ... opl
4 index 2 index get % ... opl op2
get oper andhl s
get chroma % ... opl h2 c2
exch pop % ... opl c2
exch get operandhl s
get chroma
exch pop %... c2cl
max %... c
dup 4 index ge {
4 -1 roll pop 31roll %cs cs max |ab nl
exch pop
P A
pop pop
} ifelse
} forall % cs cs max |ab

4 1 roll pop pop pop

% if none of the colours have a high chrong,
%trivially accept the wi ndows since trying to
% nove | ow chroma col ours causes the systemto
% m sbehave.
dup null eq {pop false} {true} ifelse

} def

101



102

% check: return true if the constraint is satisfied
% fal se otherw se
/ check { % opl op2 => boo

MyMoni tor {

% opl op2 dc2
% opl op2 dc2

2 copy getdefiningcol our {
dup setoperandl
set oper and2
/ check super send

}{ % opl op2
pop pop true

} ifelse

} nonitor
} def
% apply: return true if the constraint is satisfied
% false and a force vector otherw se
lapply { % opl op2 => boo
MyMoni tor {

2 copy getdefiningcolour { % opl op2 dc2
dup setoperandl % opl op2 dc2
set oper and2
[ apply super send

A
pop pop true

} ifelse

} nonitor
} def

% sel ect a valid random col our
/ pi ckrandom { % opl op2 => -
MyMoni t or {
2 copy getdefiningcol our {
dup setoperandl
set oper and2
/ pi ckrandom super send

% opl op2 dc2
% opl op2 dc2

P A
pop  pop
} ifelse
} nonitor
} def
cl assend def
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