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ABSTRACT

The task of determining which of many available color-difference formulae
is appropriate for any give application can be arduous. Researchers and
practitioners alike are faced with the selection of one formula which best
describes perceived color differences under conditions in which the equation
is to be employed. The idea that one equation can be formulated which takes
into consideration all factors affecting perceived color difference has yet to be
realized, and perhaps never will. As a result, an “every man for himself”
approach has developed. Yet, color-difference equations are continually being
applied to conditions without empirical evidence to support their use.

While the 1976 CIELAB Color Difference Equation has been applied for
some time in the photographic industry, its use in describing the perceived

magnitude of large color differences in photographic prints has not been



validated. Furthermore, a good deal of research has suggested that the
CIELAB equation is not applicable under numerous conditions of color-
difference assessment. Nonetheless, the results of the study reported here
support the use of CIELAB over four other formulae (CIELUV, CMC (1:1),
Richter, and Yuv’) for describing perceived color differences in photographic
prints. CIELAB produced moderate correlations for both experienced and
non-experienced color judges over the range of color space examined.

The results of this work support the use of the 1976 CIELAB Color
Difference Equation for describing the perceived magnitude of moderate and

large color differences in photographic prints.
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OBJECTIVE

The objective of this thesis is to investigate the perception of moderate and
large color differences in photographic prints. This objective is achieved, in
part, by correlating magnitudes of perceived color differences with values
calculated using five established color-difference equations. Ultimately, one
equation is determined to be best in relating moderate and large color
differences with perceived magnitude of color difference for photographic

prints.

INTRODUCTION

An elusive goal which has challenged color scientists and psychologists
alike for over 50 years has been the pursuit of an equation to quantitatively
define a perceptually uniform color space. Work has concentrated on
generating a model which represents the magnitude of perceived difference
between colors as a function of their physical distance separation from one
another in this space. Ever since the pioneering work of MacAdam (1942,
1943), numerous color-matching and color-difference experiments have been
conducted. However, a suitable equation to accurately describe results
obtained from these various psychophysical experiments still eludes
researchers.

MacAdam demonstrated how man’s ability to discriminate small color
differences varies throughout the color spectrum. With this type of

fundamental information regarding human color perception, the
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establishment of a perceptually uniform color space has been attempted. In a
truly uniform color space, each point represents one and only one color. The
spacing of all points must be uniform such that the physical distance between
any two is proportional to the perceived size of the color difference
represented by those two points (Judd, 1967). Beginning with the work of the
Optical Society of America Committee on Uniform Color Scales in 1948,
repeated modifications and transformations to established color spaces has
yet to result in one formula to accurately describe the non-uniform nature of
color-difference perception for various applications. As a result, researchers
are left to decide which of many available color-difference formulae best
describes the outcome for any given experimental situation.

Formulae which in the past have been adopted by the CIE (International
Commission on Illumination) have not necessarily proved successful in field
application. These formulae have, for the most part, been based upon
experimental data at threshold levels and obtained in laboratory settings.
However, the application of these formulae is generally conducted in less
than ideal settings outside the laboratory. In practice, the importance of
most formulae for industrial applications is in defining a point somewhere
between what is a perceivable color difference and an unacceptable
difference. As a result, it is estimated that as many as 20 color-difference
formulae have at one time been in use by different industries.

The majority of color-difference formulae are based upon the same type of
fundamental research as that of MacAdam (1942), though formulae vary from
one another in their weighting of physical attributes used in measuring color.

It is known that certain attributes might play greater roles in determining
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the perception of color depending upon the application and viewing
conditions. As a result, those who use color-difference formulae often adjust
or develop formulae to meet applications and conditions of interest. Quite
often the decision as to which of the many available formulae should be used
is based upon familiarity and industrial practice as much as scientific merit
(Robertson, 1977). Even the most recently recommended formulae of the CIE
were selected from several of similar merit, under various assessment
conditions, solely in an attempt to promote some uniformity regarding color
measurement (Robertson, 1990).

Over time, various means have been developed which describe perceived
color differences both quantitatively and qualitatively. However, virtually all
color difference equations employ the same approach. By producing a series
of stimuli with known color differences, as determined by one or more
previous color-difference formulae, researchers attempt to correlate
calculated values of physical difference with perceptual assessments. The
conditions under which these assessments are made varies significantly from
one evaluation to another. Most work has been conducted in an attempt to
address specific applications as opposed to answering global questions
regarding perceived color-difference measurement. Therefore, aspects of
color-difference perception such as the size and type of the stimuli used, the
magnitude of the differences, the methods of assessment, and the viewing
conditions have varied greatly. Even if previous work can be found which is
comparable to a researcher’s conditions of interest, he or she must determine
whether acceptable color difference equations were used to evaluate the

results.
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The idea that one equation might be formulated which takes into
consideration all factors influencing perceived color difference has not been
realized. As will become evident in the literature survey which follows, the
trend which has developed over the past 50 years has been to establish and
validate formulae which best suit a particular application or industry. It was
therefore the goal of the research presented here to do likewise. The
literature survey, experimental results, and conclusions which follow
examine issues concerning the perception of moderate and large color
differences in photographic prints. Furthermore, this study identifies one of
five potential color-difference equations which provides the highest
correlation with perceived color differences for a magnitude estimation

experiment.

Approach to the Survey of Color-Difference Literature

Given the wealth of literature concerning color spaces, color-difference
equations, and color-difference perception, the following approach to
surveying the literature was taken. Work is first divided according to the
type of stimuli used during the reported investigations. This division
resulted in two separate, though certainly not exclusive, classifications,
emissive versus reflective stimuli. Because this document addresses concerns
of perceived color differences for photographic prints, considerably greater
emphasis is placed on the literature concerning reflective stimuli. Issues also
addressed include perceived versus acceptable levels of color difference,
psychophysical methods of color-difference assessment, and the effect of color-

difference magnitude in previous investigations.
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Emissive Stimulus Experiments

The use of emissive-type stimuli in experiments has two distinct
advantages over reflective stimuli. First, emissive stimuli are continuously
variable. Second, emissive stimuli are, in general, easier to generate. An
emissive stimulus, which is the use of colored lights as opposed to colored
materials, allows the experimenter to vary the desired characteristics on a
continuum, while a reflective stimulus requires presentation in discrete units
of difference. Furthermore, emissive stimuli often permit the continuous
control of stimuli by either the experimenter or the subject.

Most studies which address the perception of small color differences have
relied on emissive stimuli. These studies generally have been concerned with
establishing the threshold of color-difference perception under a variety of
conditions. The ease with which emissive stimuli may be generated lends
itself to the sensitive nature of threshold perception. In addition, emissive
stimuli usually allow for a larger color gamut than would otherwise be
permissible through the use of reflective stimuli (Morely, Munn, and
Billmeyer, 1975).

Beginning with the work of MacAdam (1942, 1943), a great deal of research
has been concerned with color-difference formulae to describe the perception
of small color differences. MacAdam’s work formed the foundation of
research concerning perceptually uniform color spaces. He did so by
describing the non-uniform relationship between perceived color difference

and the physical differences of calculated XYZ values.
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Large and moderate emissive color differences. The majority of previous
research which addresses the assessment of color-difference formulae is
based upon threshold performance in color-matching experiments. However,
most industrial applications do not require tolerances of threshold level.
Furthermore, the perception of large color differences may rely on different
mechanisms from that of perception of small color-differences. Wyszecki
(1972) reported that the accuracy of color-difference matching was a linear
function of the perceptual size of the difference between stimuli. As the
magnitude of the color difference decreased, the correlation with reported
differences increased. Once the color differences approached zero, reported
differences approached those of a color-matching task. Based upon this
information, Wyszecki argued that the data from color-matching experiments
generally should not be used to predict the perception of large color
differences. The author specifically directed this statement toward the use of
the data obtained by MacAdam and others for this purpose.

Support for Wyszecki’s argument can be found in several articles. Lippert
(1984, 1985, 1986) reported that the CIE 1976 Uniform Color Space metrics
were ineffective in correlating large color differences (AE) with reading times
for random numeral strings from a color cathode-ray tube (CRT) display.
Lippert therefore proposed two luminance generalized color legibility metrics,
wtd. LUV and Yu'v". Both of the proposed metrics have since been shown to
correlate highly with task performance using CRTs (Martel, 1988; Sayer,
Sebok, and Snyder; 1990; Schuchard, 1990a). These results support the

adoption of the Yu'v’ metric in the American National Standard for Human
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Factors Engineering of Visual Display Terminal Workstations (ANSI/HFS
100-1988) (Human Factors Society, 1988).

Stalmeier and de Weert (1988) used a Gestalt formation technique, a
unique approach, as a means of evaluating large color differences
encountered on color CRTs. They theorized that for the perception of large
color differences, deviations would exist from color spaces which had been
based on near-threshold experiments (e.g., CIELAB and CIELUV).
Therefore, the authors predicted that rescaling of color spaces would have to
take place in order for optimized models to conform to the perception of large
color differences. While the authors cited similar conclusions drawn by Post,
Lippert, and Snyder (1983), they expressed concern that rescaling would in
fact have to be established for every experimental condition.

In using the Gestalt formation approach, subjects in Stalmeier and de
Weert's experiments did not offer direct color-difference judgements. The
stimulus was presented in the form of a Star of David, two overlapping
triangles of different color with the overlapping section comprising a third.
Subjects were instructed to make forced choice decisions regarding which
direction the combined stimulus appeared to point. Because the stimulus
was made up of two overlapping triangles with vertical bases, subjects
decided which triangle was most easily discerned as a whole. The Gestalt
formation of this triangle was assumed to occur for the two colors in the
stimulus having the smallest perceivable color difference between them. This
study examined both isoluminant and non-isoluminant color sets.

Stalmeier and de Weert used a multidimensional scaling technique to

analyze the data. Results were then compared with those predicted by
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various color-difference equations. The authors reported that a rescaled
version of the CIELUYV space, in which v* was divided by a factor of two,
produced the highest correlation with the observed data for the isoluminant
color set (r = 0.91). For non-isoluminant colors, a rescaled version of
CIELUV, similar to the isoluminant equation where L* is a factor of 5 larger
than the standard equation, accounted for 76 percent of the variance.
However, in concluding remarks the authors stated that they are not
optimistic as to whether significant improvements can be made in the search
for a uniform color space for large color differences. They stated that given
inter-subject variability as well as the variability concerning different
experimental conditions, optimal color spaces will vary according to the

specifics of the task and conditions.

Reflective Mode Experiments

Until the relatively recent advent of color CRT displays, most research
concerning the industrial application of color-difference perception employed
reflective stimuli. One advantage reflective type experiments have over
emissive type is that once generated the stimuli can be used in numerous
studies. This stability permits repeated use of the stimuli while ensuring
with relative confidence that no change in the stimulus appearance has
occurred. Once an experimenter has completed the painstaking work to
create stimuli, stimuli will always be on hand for additional investigations.
One additional advantage of colored reflective stimuli is that while they

cannot vary on a continuum, they permit the use of certain scaling techniques
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which could not otherwise conveniently be used with emissive stimuli (e.g.,

rank ordering of magnitude difference) (Morely, Munn, and Billmeyer, 1975).

Perceived versus acceptable color difference. For most industrial
applications of color-difference equations, the question of how to define an
acceptable color difference has received considerably more attention than the
determination of perceivable color difference levels. In the past, researchers
determined the acceptability (as opposed to perceptibility) of color difference
between two samples through subjective rating procedures. These
acceptability ratings were then compared to calculated values of color
difference. Keuhni (1970) and Jaeckel (1973) both made significant
contributions to understanding the correlation between values determined by
color-difference formulae and consumer acceptability in the textile industry.
Keuhni stated that it was doubtful a globally ideal color-difference formula is
possible for two reasons. First, an ideal formula must be capable of
determining what perceivable and acceptable color differences are, and
second, such a formula must do so throughout an entire color space. Keuhni
believed the problem of defining acceptable color difference far more complex
than that of defining perceivable color difference. Acceptability, he stated,
must be concerned with the physiological differences existing amongst
consumers, the economics of the market, trends in preference for certain
colored products, and even the consumer’s emotional state.

Keuhni reported that results of other research (Davidson and Friede, 1953;
Thurner and Walther, 1969) confirmed the best correlation between

perceivable color differences in textiles was obtained using a formula based

























































