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• THE SCIENCE OF COLOR

5.1

The physical properties of color stimuli may be
specified using spectral measurements or tristim­
ulus coordinates. Such specification, however,
provides Iinle intuition about how the stimuli
will appear. For applications such as color
selection we would like to specify color using
appearance terms and have an automatic method
for computing the corresponding tristimulus
coordinates. To do so we need to understand the
relalion between the physical description of a
color stimulus (e.g. its tristimulus coordinates)
and a quantitative description of its color
appearance.

A second topic of practical importance is to
specify the magnitude of diHerences between
colored stimuli. Here we need to understand
the relation between changes in the physical
description of a color stimulus and corresponding
changes in appearance. In specifying color repro­
duction tolerances, we are likely to be concerned
with small color diHerences: how different must
the tristimulus coordinates of two stimuli be
before the color diHerence between them is just
barely noticeable? For color coding, on the other
hand, we are more likely to be concerned with
whether two colors are sufficiently diHerent to
be easily discriminable. For example, if we are
designing trarfic signals we would like to be sure
that the red and green lights are easy to tell
apart.

There are a number of systematized methods
available bOlh for specifying color appearance
and for specifying color difference. Unfort­
unate�y' no perfect system exists for either
purpose. To use the systems successfully, it is
necessary to have a firm grasp of the principles
underlying their design. The purpose of this
chapter is to provide an introduction to color
specification systems and some guidance as to
their use. A detailed survey of such systems is
not attempted here, but a number of excellent
reviews are available (Judd and Wyszecki, 1975;
Robertson, 1984; Billmeyer, 1987; Hunt, 1987b;
Derefeldt, 1991; Fairchild, 1998). This chapter
builds on the material introduced in Chapters 3
and 4. Chapter 3 introduces the color matching
experiment and describes how tristimulus
coordinates may be used to represent the spec­
tral properties of light. Chapter 4 discusses the
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phenomenology of color appearance and
describes the psychological attributes of hue, sat­
uration/chroma, and brightness/lightness.

The chapter begins with a discussion of color
order systems. A color order system is a type of
color appearance system - that is, a type of system
for specifying color appearance. In a color order
system, the color appearance of a carefully
selected set of color samples is specified. The
samples are arranged to make it easy to find a
desired color and to allow visual interpolation
between samples. To help fix ideas, a detailed
review of the popular Munsell color order system
is provided, followed by a brief description of a
few other systems. Next comes an overview of
color diHerence systems. The overview begins
with a concrete example, the CIELAB uniform
color space, which is useful for specifying small
color differences. Following the example, a lew
other systems are briefly described. The chapter
closes with discussion of a number of issues and
tOpICS.

5.2

5.2.1 EXAMPLE: MUNSELL COLOR
ORDER SYSTEM

5.2.1.1 Problem - specifying the
appearance of surfaces

The Munsell color order system was originally
conceived by A.H. Munsell in 1905 (Munsell,
1992). His goal was to provide a system for spec­
ifying colors and for teaching students about the
perceptual anributes of color. He devised a
symbolic notation for color appearance: this is
referred to as Munsell notation. Munsell's system
was operationalized as a collection of color
samples, so that it was possible to understand
visually the relation between Munsell color
names and the corresponding color percepts. The
Munsell system has been modified several times
to improve the correspondence between the
actual samples and the underlying perceptual
organization (Nickerson, 1940; Berns and
Billmeyer, 1985).

Current collections of samples (see
http://munsell.com/) implementing the Munsell
system are based on the results of an extensive
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study by an Optical Society of America commit­
tee in the 1930s and 40s (Newhall, 1940;
Newhall et aI., 1943). This committee conducted
scaling experiments on samples from an early
edition of the Munsell Book of Color. It also
made physical measurements of the samples.
Based on these data, it generated extensive
tables relating Munsell notations to the tristimu­
Ius coordinates (under standard conditions of
illumination) that a sample of that notation
should have. This tabulation now defines the
Munsell system, and is sometimes referred to as
Munsell renotarion.

5.2.1.2 Perceptual ideas
The basic idea underlying the Munsell system is
that color appearance may be described in terms
of three attributes: hue, chroma, and lightness
(see Chapter 4). The system therefore consists of
scales for each of these attributes.

Munsell hue is a circular scale based on 10
major hues, Red (R), Yellow-Red (YR), Yellow
(Y), Green-Yellow (GY), Green (G), Blue-Green
(BG). Blue (B), Purple-Blue (PB), Purple (P),
and Red-Purple (RP). In addition, the 10 major
hues are subdivided further into a scale that
ranges from I to 10, with 5 denoting the major
hue itself. A digit-letter notation is typically used
to specify Munsell hue, so that 2.5R would refer
to step 2.5 in the major hue category red. Equal
steps on the Munsell hue scale are designed to
represent equal changes in perceived hue. Thus
the 10 subdivisions of the 10 major hues form a
100 point scale for hue.

Munsell chroma is specified on a numerical
scale starting at 0 and extending out to the
maximum possible chroma for each hue. A
chroma of zero indicates a black, gray, or
white. Increasing chroma numbers indicate
progressively more pure color percepts. Samples
that differ in Munsell hue but that have the
same chroma should be judged to differ equally
from an achromatic sample of the same light­
ness. Equal steps on the chroma scale are
meant to represent equal changes in perceived
chroma.

The Munsell scale for lightness is called
value. Munsell value is specified on a numerical
scale that ranges from 0 for colors judged to have
the same lightness as black to 10 for colors
judged to have the same lightness as while.

Samples that differ in Munsell hue or chroma
but that have the same value should be judged
to have the same lightness. Equal steps on the
value scale are deSigned to represent equal
changes in perceived lightness.

The notational form used to express Munsell
colors begins with the hue, followed by the
value and chroma numbers. These latter two
are separated by a slash. Thus the notation 2.5R
8/4 refers to a sample with hue 2.5R. value 8,
and chroma 4. The letter N is used to denote
neutral samples and the chroma value is omit­
ted. Thus N 8/ is used to indicate a neutral sam­
ple of value 8 and 0 chroma. In the Munsell
scheme, any stimulus (provided it is seen in
surface mode) has a color appearance that may
be described by the appropriate Munsell nota­
tion. See Chapter 4 for a discussion of modes of
appearance.

5.2.1.3 Geometric representation
If we hold the attribute of hue constant, it is nat­
ural to represent Munsell value and chroma
using rectilinear coordinates. A rectilinear repre­
sentation makes sense for these two attributes
because each has a well-defined origin (black
for value, neutral for chroma) and because
numerical differences on each scale are related
monotonically to perceived color difference.

The situation is not so simple for Munsell hue.
First. there is no natural origin for hue. Second,
there is no linear scale for hue such that num­
erical differences on the hue scale are mono­
tonically related to perceived differences. It is
possible, however, to represent hue geometrically
using a polar coordinate system. It turns out that
when hue is arranged in a circular fashion, dis­
tances between points provide a reasonable
approximation to their perceptual differences
(see Chapter 4).

The rectilinear representation for chroma and
value may be combined with the circular repre­
sentation for hue to provide a cylindrical coordi­
nate system for the Munsell system. In cylindrical
coordinates, the angular coordinate represents
hue, the linear coordinate represents value, and
the radial coordinate represents chroma. Any
stimulus seen in surface mode can thus be
thought of as a point in a three-dimensional
Munsell space. The geometry of the Munsell sys­
tem is illustrated in Figure 5.1.
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David Brainard
Note
On page 203, Eq. 5.4, the upper expression for L* should be L* = 116(Y/Yn)^1/3-16. The exponent 1/3 is omitted in the published text. In addition, the leading factor in the expression for b* should be 200 rather than 500. 





David Brainard
Note
In the expression for "deltaH*_94" just above Eq. 5.8, each term inside the radical should be squared. 


























