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ABSTRACT

THE PREDICTION OF
SURROUND-INDUCED CHANGES IN MAP COLOR APPEARANCE

By
Cynthia Ann Brewer

The overall objective of my research was to develop a quantitative model
of simultaneous contrast (induction) to aid selection of sets of easily identified
map colors. Modelling induction allows use of the smaller color differences
needed to design perceptually logical color schemes while avoiding surround-
induced misinterpretations of mapped information. Developing objective
guidance for color selection is important because most people who work with
geographic data in a digital environment are confronted with the problem of
choosing colors for the visual display and analysis of their data.

The research addressed two primary questions: does a color shift in the
direction of the opponent complement of its surround, as suggested by review
of previous literature, and what is the magnitude of the induced shift? A first
experiment, with test colors embedded in hexagonal grids, was used to
quantify the distances and directions in color space of changes in appearance.
The resulting model of induction is an extension of the color appearance
model developed by RW.G. Hunt. Predictions from the induction model
were tested in a second map-reading experiment.

The induction model can be used to provide an objective evaluation of a
set of map colors. To predict lightness induction, the contrast in lightness
between a center color and its surround is calculated. A small proportion of
this contrast is then added to the color of the center to estimate its perceived

lightness. Shifts in hue and saturation are estimated by constructing a buffer,



Cynthia Ann Brewer

or zone of potential perceptions, that extends from the color toward the
opponent complement of the surrounding hue. If the center and surround
are similar in hue, the buffer extends a greater distance than if the center and
surround are dissimilar in hue. If induction causes colors to have
overlapping hue and lightness perception buffers, these colors will be difficult
to distinguish on the map. The buffer approach was chosen to accommodate
90 percent of map readers’ perceptions, rather than limiting conclusions to
perceptions of an artificial average reader. The model developed provides a
practical tool for the design of successful color schemes for computer-

displayed maps.
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INTRODUCTION

Color selection is a critical aspect of visual display and visual analysis of
geographic information. Maps concisely summarize large spatial data sets
and are produced for wide-ranging purposes: choropleth maps help us
understand distributions of socio-economic characteristics; image maps are
one component in the evaluation of remotely-sensed data analyses such as
land-cover classifications; and geographic information system maps are an
avenue by which we can synthesize the relationships between data layers
within complex data sets. In each of these contexts, an easily interpreted color
scheme may aid in solving problems or gaining new insights from spatial
data. A poor scheme may mask relationships and dilute efforts to convince
colleagues of the importance of the work.

As cartographers we strive to choose easily distinguished colors that allow
accurate recognition of map symbols. We also try to design color schemes
that will communicate the logical relationships between mapped data
categories or features so that the general form of the mapped distribution is
readily apparent. Colors of a carefully designed scheme, however, can be
rendered unexpectedly ambiguous by changes in appearance induced by
contrast with surrounding map colors.

The overall objective of my research is to develop a quantitative model of
induction to aid selection of sets of easily identified map colors. Modelling
induction allows use of the smaller color differences needed to design

perceptually logical color combinations while avoiding surround-induced
1
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misinterpretations. Understanding color interaction allows map schemes to
be designed with confidence. Developing objective guidance for color
selection is important because color is no longer an expensive luxury for the
computer-graphics tools geographers use. Color display is now unavoidable,
and most people who work with geographic data in a digital environment
grapple with the problem of choosing colors for the graphic display of their
work.

The research reported in this dissertation was designed to address the
following questions for the entire range of colors on graphic displays:

Do colors shift in the direction of the opponent complement of the
surround, as suggested by review of previous literature?
Are smaller color areas shifted in appearance by greater amounts?
What are the magnitudes of induced shifts in a map-reading context?
Two secondary questions were also examined in the first experiment:
What is the effect of breaking the inducing surround into a
heterogeneous combination of colors?
How do polygon outlines affect the magnitude of induced changes in
appearance?
The above questions were shaped into specific hypotheses that are listed along
with the results tables in Chapter 3. The results of the first experiment were
used to develop a model for prediction of induced changes in the appearance
of map colors. A second experiment tested these predictions in a map-reading
context.

This dissertation is structured into six major divisions. I begin with a
chapter reviewing color terminology and the simultaneous contrast
literature. The first experiment is reported in Chapters 2 and 3 and the second
is reported in Chapter 4. The concluding chapter is followed by references and
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a set of five appendices. These appendices provide listings of experimental
procedures, test-color specifications, response data, and the program code for

the model of color appearance upon which my research is based.



CHAPTER 1

Review of Terminology and Literature

Simultaneous contrast or surround-induced change has long been
recognized as affecting the perception of map colors, and I will review these
discussions from the cartographic literature. Little research on simultaneous
contrast has been conducted with map stimuli, but both applied and theory-
oriented work on induction by color-science, psychology, physiology,
photography, and engineering researchers has been conducted. The collection
of literature from diverse disciplines, dated over a forty-year time span,
reveals a startling array of color terms used with varying precision. Thus, this
review chapter begins with definitions and comparisons of color terms. The
terminology issues resurface in the review of simultaneous contrast literature
because differences in the use of terms complicate the comparison of results
and their application within map reading contexts.

Past attempts to model induction effects are reviewed with the intent of
identifying a fruitful modelling approach on which to build. The first step in
predicting simultaneous contrast is the use of numbers to describe perceived
colors, and numerous color specification systems exist from which to choose a
promising system. Thus, I complete this chapter by discussing the selection of

an appearance-based color metric for quantifying color perception.



Terminology

Generally, simultaneous contrast is the induced enhancement of
differences between a given color and surrounding colors; it is the effect of the
surround on the color one perceives. Contrast effects are commonly defined
with a standard demonstration: a medium gray with a black surround looks
lighter than the same gray with a white surround. Peculiar definitions,
promulgated through the cartographic literature, designate ‘induction’ only
for changes immediately along edges (Mach bands) or for brightness contrast
effects but not for chromatic effects. The definitions also suggest
‘simultaneous contrast’ should be used only for chromatic effects (Castner
1980 p. 374, Dent 1990 p. 385, Peterson 1979 p. 30). These distinctions may
have arisen from Robinson’s specific uses of the terms early in the
cartographic color literature (Robinson 1952 pp. 93-94, Robinson 1967 p. 54).

In current use, however, it is best to avoid this over-specificity that is not
common to other disciplines.

I will use the terms ‘simultaneous contrast’ and ‘induction’ as synonyms
(largely because ‘induction,’ ‘induced,’ ‘inducing,’ are more flexible for
communication). Induction is a general term that encompasses other effects
that alter perceptions such as assimilation, by which adjacent small color
areas appear more similar (Fach and Sharpe 1986). However, almost every
combination of the terms ‘simultaneous,” ‘induction,” and ‘contrast,” appear in
the research literature to label simultaneous contrast effects: chromatic
induction, brightness induction, simultaneous color induction, simultaneous
brightness induction, simultaneous contrast, simultaneous color contrast,

chromatic contrast, and brightness contrast.
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As one tries to make sense of the wide range in terminology that appears
in communications about color, one must evaluate the rigor with which
terms are used. Terms used as synonyms in lay contexts, such as lightness
and brightness, have specific differences in meaning in scientific contexts, and
these differences may not be clarified by (or even recognized by) authors.

Hue, brightness, and saturation are generally an adequate set of terms to
describe perceived color, though there are many more choices in terminology
available for color description.

Both Hunt (1987a pp. 69-72) and Agoston (1987 p. 12-14) provide good
summaries of subjective color terminology, and differences between their
definitions are indicative of the lingering lack of consistency among color
scientists. Perceptual terms describe subjective color appearance which is
affected by the characteristics of both the observer and the object.
Psychophysical color specifications are unaffected by changes in the observer.
The objective terms of psychophysics are based on color measurements
coupled with standardized observer characteristics. Perceptual color terms
and their psychophysical correlates are listed in Table 1.1.

Hue, brightness, lightness (or value), chroma, and saturation are common
perceptual color terms. Hue is the dimension described by color names such
as blue and orange. Brightness is dependent either on illumination, for
reflecting surfaces, or on emitted light and describes the amount of light that a
color exhibits (ranging from dim to dazzling). Lightness is relative brightness;
the brightness of an area relative to the brightness of a similarly illuminated
area that appears white or brightness relative to a reference emitted light that
appears white. Chroma and saturation are both related to the amount of hue
in a color or its colorfulness as compared to neutral (white or gray).

Saturation by strict definition is colorfulness relative to the brightness of the
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color, though at a constant brightness level saturation and chroma scales
describe the same range of sensations (from pale or grayish to strong or
vivid).

TableLl1l  Perceptual and Related Psychophysical Color Terminology

Perceptual Terms Psychophysical Terms

hue dominant wavelength
CIE hue-angle
Munsell Hue
brightness (luminosity) luminance
lightness (value) luminance factor
CIE lightness
Munsell Value
chroma CIE chroma
Munsell Chroma
saturation purity
CIE saturation
hue and saturation chromaticity

Adapted from Hunt (1987a) p. 71.

The psychophysical terms prefaced with ‘CIE’ (Commission Internationale
de I'Eclairage) may be derived using either the CIELUV or CIELAB systems
and the Munsell terms are for dimensions in the Munsell color order system
(Hunt 1987a pp. 117-122).

Cartographic Literature

Many summaries of color use in cartography have described surround-
induced changes in perceived color (Campbell 1991 p. 131, Dent 1990 pp. 384-
385, Imhof 1982 pp. 59-60, Keates 1982 p. 44, Robinson 1952 pp. 93-95, Robinson
1967 pp. 53-54, Robinson and others 1984 pp. 180, 182, Wood 1968 p. 56). These

descriptions are used to warn that differences between map colors should be
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large enough that map readers will be able to differentiate the colors
regardless of variations in surrounding map colors. Limiting the required
number of colors by limiting the number of map categories has been
recommended to aid the designer in making robust color selections that are
easily differentiated. Most authors also assured that outlines separating colors
reduce induced changes.

In addition to general descriptions of induction in the cartographic
literature, induction on maps has concerned researchers of specific
cartographic design problems. Literature on color charts, effective computer-
displayed maps, continuous-tone choropleth maps, and equal-step color scales
have provided discussions of the effect.

Brown (1982 p. 111) and Castner (1980 p. 374) both recommended that
cartographic color charts be designed with spaces between the colors to reduce
induced enhancement of differences between adjacent colors on charts.
Interviews on color chart use with cartographic designers (Brewer 1989-90 p.
6) supported the Brown and Castner recommendations. Four of the
interviewees mentioned that difficulties with induced changes in color
appearance occurred when using their charts, and two described their use of
masks to isolate colors to reduce contrast effects. Castner (p. 377) also urged
that color charts be designed to show only sets of colors that will remain
distinctly different with changes in appearance caused by varied map
surrounds.

Spiker and others (1986) selected a set of point, line, and area colors for
effective display of computer generated topographic maps and considered
contrast effects a major variable affecting their recommendations. They used
color naming to identify frequent confusions for symbol and background

color combinations. They then used symbol search tasks to refine their color
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selections and arrived at a set of color assignments that incorporated large
contrasts to promote accurate identification.

In contrast to the approach of Spiker and others (1986), in which
identifiability is maximized, Ware (1988) recognized that form information
(revealing the overall distribution pattern) may be as important as accurate
color identification on thematic computer maps. His subjects matched
continuous-tone map colors with legend colors, and he found that lightness
and saturation scales were more susceptible to matching errors attributed to
induced changes in appearance. Map-to-legend color matches with spectral
progressions that show a full range of hues were less error prone. Ware
recommended use of a color sequence that increases in lightness to reveal
form and also includes hue differences to reduce induced confusions.

Color differences are small and particularly susceptible to induced
misinterpretation on continuous-tone choropleth maps. Peterson (1979) and
Muller (1979) described the effect of contrast on their results in continuous-
tone research. Muller presented subjects with the task of outlining regions of
low, medium, and high population density on a continuous-tone map. He
ranked counties using mean categorizations calculated from subject responses
of 1, 2, or 3 for low, medium, or high (visual ranks). He also ranked the
counties by their population densities (density ranks), which was equivalent
to ranking by lightness. Muller related discrepancies between visual and
density ranks to changes in appearance induced by the relative lightness of
surrounding counties. Table 1.2 shows ranks and discrepancies for example
counties for one of Muller’s test groups (‘non-geographers’). These mean
displacements of counties within the range of densities on Muller's test map
provide objective evidence of induction effects on map perception and

evidence of induction as a confounding variable in cartographic research.
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Table1l2  Rank Discrepancies in Muller's Continuous-Tone Results

Lightness of counties ranged from white at 1 (lowest rural population
density) to black at 120. Equal rank differences did not imply perceptually
equal steps between grays.

Counties that appeared darker; surrounded by lighter, lower density counties:

Visual Rank 73 92 95 100 110
Density Rank 69 8 91 94 107
Discrepancy +4 45 +4 +6 +3
Counties that appeared lighter; surrounded by darker, higher density counties:
Visual Rank 4 24 29 5 36 6 37
Density Rank 29 34 38 46 49 50 65
Discrepancy 25 -10 9 41 -13 -4 -28

(Muller 1979 p. 244)

Cartographers working on equal-step scales have qualified their results
with recognition of the problem of induction. Kimerling (1975 p. 126) states
that background reflectance was the only factor significantly affecting the form
of lightness-versus-reflectance curves in his research on gray scales. Cox
(1980) attempted a systematic treatment of this problem, but he found a
complex pattern of response with changes in background. He concluded that
only perceptual differences between the lighter grays were affected by changes
in background (p. 68). Robertson and O’Callaghan (1986 p. 30-31) observed
that the equal-step color sequences they developed need not be precisely
uniform because induction substantially alters color perceptions. Kimerling
(p. 126) suggested that equal-step gray scales can provide only general
lightness-selection guidelines for the same reason. Similarly, Monmonier

(1980 p. 36) and Castner (1980 p. 375) both cautioned cartographers to expect



11

imprecision in map reading partly because of induced changes in the
appearances of map colors. A cartographic induction model would reveal the
magnitude of imprecision that cartographers should accommodate in their

design of map color combinations.

Simultaneous Contrast Literature

M.E. Chevreul is the ‘father’ of simultaneous contrast research and made
numerous controlled observations of the effect. Modern research results are

consistent with his generalizations from 1839:

(16.) ... All the phenomena I have observed seem to me to
depend upon a very simple law ... In the case where the eye sees
at the same time two contiguous colours, they will appear as
dissimilar as possible, both in their optical composition [hue]
and in the height of their tone [lightness and/or purity].

We have then, at the same time, simultaneous contrast of
colour properly so called, and contrast of tone.

(17.) For two contiguous colours, o and p, will differ as much as
possible from each other when the complementary of o is added
to p, and the complement of p is added to o...

(19.) ... when the colours are not of the same degree of intensity,
that which is deep appears deeper, and that which is light,
lighter;

(Chevreul 1839/1981 pp. 50-51, italics are Chevreul’s)

Chevreul specified the complementary color pairs as red-green, orange-blue,
and yellow-violet, and he also considered black and white to function as a
complementary pair. Birren noted that Chevreul’s complements are

afterimage complements (Chevreul 1839/1981 p. 52).

Brightness and Lightness Induction
Since Chevreul’s time, a massive body of research on induced changes in

brightness has grown and the topic continues to be reworked. Early research
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is well summarized by Heinemann (1972), revealing a wide variety of
functions describing results for different stimulus configurations and
different luminance levels. Generally the original description remains
acceptable: brightness induction causes a color to look darker with a bright
surround and brighter with a dark surround. However, distinctions between
brightness and lightness percepts are now better recognized and theoretical
links between explanations of lightness constancy and brightness contrast
have been suggested. These developments have lead to criticism of
ambiguities in both test stimuli and instructions used in the study of
brightness induction.

Constancy, almost the obverse of contrast, is the ability of the visual
system to maintain approximately unchanged perceptions with differences in
both the level and hue of illumination (for example, the same piece of paper
is perceived as white whether it is seen in bright daylight or the dimmer
yellow of an incandescent lamp). A common component of constancy
research conclusions is that equal ratios of surround and center luminance
lead to equal perceptions of lightness, regardless of overall luminance levels.
Contrast effects, on the other hand, are typically measured as discrepancies
between absolute-luminance (brightness) matches rather than the relative-
luminance (lightness) matches that may be judged by subjects. Therefore, the
uncontrolled mix of lightness and brightness perceptions in induction-
experiment designs contributes ratio-derived deviations in perceived
brightness measures.

Gilchrist (1988) designed an elegant demonstration of the effect of
perceptual structuring on simultaneous contrast by using the same
luminance arrangement within two contexts (Figure 1.1). A gray square

(Munsell Value 2.1) was seen on the physically shadowed half of a white
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ground. An array of grays, from which subjects were instructed to make a
lightness match, was seen on the adjacent lighted half. In the constancy case,
the shadow-casting structure was obvious to subjects and the darker surround
was perceived as a change in illumination. Alternatively, subject views were
masked and only simple dark and light backgrounds for the same array of
gray samples were perceived. With the dark surround understood as a
shadow, the median value match was 7.5 (much lighter than a 2.1 luminance
match) and close to a correct match of paper samples irrespective of
differences in illumination. Masking the view produced a median match of
3.0, which is a minor lightness increase compared to the constancy effect and
is closer to matching the measured luminances under the different
illumination conditions. Thus, with the same instructions, very different
grays were matched with the shadowed test gray and the difference depended
on interpretation of the display.

Additional contrast and constancy research has focussed on the lightness-
brightness distinction. Arend and Goldstein (1987) found large differences in
selected matches with differences in instructions that specifically evoked
evaluations of lightness or brightness with both simple and complex test
stimulus arrangements. Evans, writing in 1948 (p. 166), had also found very
different perceptions of simple center-surround stimuli with differences in
instructions (these insights are therefore not confined to recent research).
Jacobsen and Gilchrist (1988) replicate and adjust classic work on brightness
contrast by Hess and Pretori from 1894. They found accurate brightness
matches for stimuli brighter than their surround and fairly accurate lightness
matches for stimuli darker than their surround. Thus, a gray with a
surround of higher luminance tends to be judged relative to its surround and

thus its lightness is evaluated more readily than brightness. The same gray
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seen on a dark surround will be perceived as luminous and its brightness is
evaluated more readily than lightness.

The experimental ambiguity of whether to judge lightness or brightness
possibly explains Cox’s (1980) interpretation difficulties with his gray-scale
results from the cartographic literature. He may have found “complex”
differences and increased variation in the perception of only light grays with
different background luminances because these light grays were compared by
brightness, lightness, or both in an uncontrolled manner. The darker grays,
however, may have been more consistently compared by lightness alone
because they were frequently darker than their surrounds.

The intent of the preceding review is not to imply that contrast effects do
not occur (perfect brightness matching was uncommon in the controlled
recent research reviewed in this chapter) but that test instructions and
unconscious perceptual structuring of the display can radically affect results.
It is unlikely that illumination would be interpreted as varying across a map
sheet or across a complex map filling a computer screen. Therefore, the
whites of the map may function as references for an assumed constant
illumination and large shifts associated with local lightness constancy
adjustments would not be perceived. In comparison, simple center-surround
displays produce an ambiguous perceptual structure that may lead to
inappropriate interpretations of test luminances. Therefore, research
designed to solve problems of cartographic simultaneous contrast must test
induction on maps, or complex map-like displays, and must include test
instructions that evoke responses resulting from map-reading tasks. This
insight renders much of the early research, based on ambiguous mixtures of
lightness and brightness evaluations, of little relevance to prediction of

brightness contrast effects in the cartographic context.
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Hue Induction and Complementarity

The research literature generally supports the traditional view that the
appearance of a central hue is shifted toward the complement of the surround
color (Jameson and Hurvich 1964, Kinney 1962, Krauskopf and others 1986,
Troscianko 1977, Valberg 1974). With the exception of Jameson and Hurvich,
these authors measured induced changes in chromaticity (hue and
saturation) of neutral-appearing centers, which provides little information on
how perceptions of more saturated hues are affected by chromatic surrounds.
A consistent deviation from complementarity was found by a number of
researchers (Eichengreen 1976 tested a yellow center, Takahashi and Ejima
1983 tested a neutral center, Ware and Cowan 1982 tested 15 hues). Their
results included a shift toward red with a blue surround rather than an
increase in yellow, which is the expected complementary shift with a blue
surround. These deviations suggest that induction effects between hues may
be more complex than the simple complementary-shift summary implies.
Another difficulty with the common generalization of complementary
chromatic induction is that researchers work with many different systems of
color specification and each system incorporates differing definitions of
complementarity.

Psychophysical complements are defined on the CIE-(x,y) chromaticity
diagram as colors that can be additively mixed, or averaged, to produce a
neutral (Agoston 1987 pp. 68-70). Mixture lines are straight when plotted on
the chromaticity diagram and this convenient property places complements
on opposite ends of any straight line through the neutral point (complements

along straight mixture lines are also maintained on the CIE-(u',v')
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chromaticity diagram used in Figure 1.2). Neutrality may be defined as the
chromaticity of the equal-energy light source (E) for luminous-appearing
colors with dark surrounds or at a standard daylight chromaticity for surface
colors (CIE Iluminant C for example, Figure 1.2a). Takasaki (1969) worked
with Munsell color samples, for which neutral has the chromaticity of
Nluminant C, and his results show hue shifts parallel to Illuminant C
complements.

A viewer’s perception of neutrality is shifted when the visual system
adjusts to the illumination of a scene (Agoston 1987 p. 188, Bartleson 1979).
Adaptation is intertwined with simultaneous contrast but, in order to limit
the scope of this work, I focus on studies that deal with changes in perception
that are due primarily to simultaneous contrast, which is a phenomenon that
occurs immediately on viewing stimuli. I have eliminated from discussion
most of the research on changes in appearance with adaptation to various
illuminants or stimuli (lengthy adaptation to a red surround for example).
Perceptual complements on the CIE chromaticity diagrams (x,y or u',v'),
however, are best defined using neutral as the chromaticity of the adaptation
illuminant. For example, Kinney’s subjects were adapted to incandescent
light and her induced complementary shifts were well described by mixture
lines drawn through the chromaticity point for lluminant A (Kinney 1962 p.
512 and Figure 1.2b). Valberg’s (1974) work produces complements centered
on a neutral point that is bluer than typical daylight chromaticities.

Complement definitions may also be based on systems other than the CIE
chromaticity diagram. Complements may be defined as the afterimage colors
that appear after looking away from a color on which the eyes have been fixed
(Agoston 1987 pp. 195-199 and Figure 1.2c). More loosely, complements are

colors opposite on the color wheel, which depends on the chosen
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arrangement of hues. For example, the Goethe color circle sets the additive
primaries red, green, and blue opposite their respective complements cyan,
magenta, and yellow, which are the subtractive primaries (Agoston pp. 45-46).
The Munsell color order system also provides a standardized hue circle used
to define complements (Figure 1.2d).

Unique red, green, blue, and yellow (also called psychological primaries or
unitary hues) provide an additional set of complements. The hue circle of
the Swedish Natural Color System (NCS) is one example of an opponent
color system structured with unique red opposite unique green and unique
yellow opposite unique blue (Hunt 1985 and Figure 1.2e). Hurvich (1981)
provides a summary explanation of the opponent theory of color vision that
he and Jameson have long worked to develop. A common characteristic of
proposed opponent color mechanisms is that the pertinent dimensions used
to explain hue perception are red-green and yellow-blue. Color opponency is
not new to cartographers. Potential applications of opponent color theory
have been examined in previous research by Eastman (1986) and Moellering
and Kimerling (1990). I will discuss opponency further in the later section on

quantitative models of induction.
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Saturation or Chroma Induction

The most direct way of modelling induced changes in colorfulness is to
couple chroma with hue in an attribute of chromaticity that is subject to
complementary induction effects. For example, a red of moderate chroma
with a complementary green surround will appear to be a red of greater
chroma, and the same moderate red with a strong red surround will appear to
be lower in chroma, or grayed, because of mixture with the green
complement induced by the surround. Thus, when the surround and
affected colors are similar in hue, the induced complement will reduce the
chroma of the center color, rather than cause a shift toward a different hue.
Likewise, a color with a complementary surround will have a like hue
induced and will therefore increase in chroma. Modelling chroma change by
linking it only with hue induction assumes that changes in the brightness of
the surround do not induce changes in chroma.

Research relevant to brightness-induced changes in colorfulness has
focused on saturation, which is defined relative to brightness, and the work
has produced contradictory results. Classic rules of induced saturation, found
in Kirschman'’s ‘laws’ from 1890 (Kinney 1962 p. 503), state that saturation of
the induced color increases with increasing saturation of the surround and as
brightness contrast with the surround decreases. Alternatively, Pitt and
Winter (1974) and Kinney concluded that perceived saturation was greater
with a contrasting bright surround than with a dark surround. Troscianko
(1982) used color naming to measure induced changes (he defined saturation
as “the apparent amount of colour appearing to be emitted from the

stimulus” p. 90), and he concluded that perceived saturation was greatest with
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a neutral surround of near-equal brightness. He maintained that perceived
saturation was decreased by induced whiteness or blackness from surrounds
of contrasting brightness. Breneman (1977) and Valberg (1974) concluded that
perceived saturation was independent of the brightness of the surround,
though Breneman’s conclusions were for non-adjacent overall surrounds
and Valberg worked only with a range of surrounds with brightness equal to
or greater than that of his test colors. The range of conclusions about
saturation changes induced by changes in brightness has ambiguous
cartographic applications and further testing in map reading contexts would

best clarify the relevant links between saturation and brightness.

Test Methods

Three general categories of method are used to quantify the magnitude of
induced changes in perceived color: matching a comparison field, adjusting
to match a unitary hue or white, and color naming. Matching tasks were
most common in the research I reviewed. The typical induction experiment
presents a central test color with a surround, or other inducing field, and a
comparison color without the inducing field. Any one of the fields (test,
comparison, or surround) may be adjusted to accomplish a perceived match
between the test and comparison colors. Alternatively, a selection of
comparison fields are offered from which to select a match. Use of a
comparison field may be avoided by having subjects adjust the test color to
maintain a white or to maintain a unitary hue (unique red, yellow, blue, or
green). Color naming is a less popular method in which subjects are trained
to identify, for example, the lightness, saturation, and hue of affected colors
without comparison to another color sample. Response analyses in the three

categories of method involve comparing differences between colors selected
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as matches, comparing amounts of adjustment needed to produce a match, or
comparing differences in descriptive names when colors are seen with
different surrounds.

Further variation in experimental method is found in modes of viewing
test stimuli. Some researchers use haploscopic viewing in which one eye sees
the test and the other eye sees the comparison color simultaneously.
Haploscopic viewing is used in an attempt to prevent induction from
affecting the perception of the comparison color, with the comparison color
and surround-affected test color positioned adjacent to each other. Binocular
viewing (in which both eyes see the same stimuli) is also used in induction
research and is a method more applicable to map reading. The subject either
looks back and forth between colors or colors are alternated while the subject

selects a match.

Spatial Aspects of Induction

Spatial variables affect the magnitude of induced changes in color
appearance. Induced change increases as the affected color decreases in size
and as the inducing stimulus increases in size and decreases in separation
distance. These generalizations are supported in almost all of the work in
which spatial variables are tested.

Conclusions vary on the spatial extent to which induction operates. In
Heinemann’s (1972 p. 160) summary of early work, he reports that a
separation of 1.5 to 2 degrees visual angle will prevent induced changes (1°
visual angle is 1 cm at an arm’s-length viewing distance of 57 cm). More
recent work of Blackwell and Buchsbaum (1988) produced a similar
conclusion; minimal induced change occured with separations greater than 2°

from a 0.6° test color. Leibowitz and others (1953) found that increasing the
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separation of 0.5°-square test and inducing colors by distances up to 0.5°
progressively reduced induced changes in perception. With their separations
between 0.5° and 9°, induced perceptions were relatively unchanged.
Whipple and others (1988) arrived at the same 0.5° separation cut-off for
changing induction amounts with larger concentric-circle stimuli (centers
ranged from 1.7° to 4.3°). Ejima and Takahashi (1983) found no further
decrease in induction past approximately 0.3° separation from a small test
color less than 0.1° wide. These results suggest that only the surround colors
within between 0.5° to 2° separation have a substantial effect on perceptions.
Note that the separation cut-off of 0.5° is much wider than an outline width,
which cartographic texts suggest will eliminate or reduce simultaneous
contrast effects that interfere with map color comparisons.

Research work on surrounds contiguous with the central test color suggest
there are induced contributions from more distant portions of the surround.
Valberg (1974) found maximum induction effects on a 1°-by-2° test color with
a 6° surround. Yund and Armington (1975) tested 40 size combinations of
concentric centers and surrounds. They found continuously increasing
induced change for increasing surround sizes (3° to 20.5° diameters) with
constant center sizes (1.5° to 19°). They also found greater induced changes
with decreases in center size. On the other hand, De Valois and others (1986)
found no change in induction magnitudes with central stimuli ranging from
0.2° to 3° square with a constant surround size. They provide the only results
contradicting the general expectations for size and induction relationships
(their results may be peculiar to their stimulus that alternated between
opponent complements). Again the results are contradictory.

The spatial characteristics of induction should be considered in the

prediction of map color appearances because map polygons can vary in
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number, size, shape, and color in infinite combinations. Cartographic
applications require a model of induction that is not dependent on a
particular center-surround configuration. The most general induction model
incorporating spatial variables is provided by Yund and Armington (1975).
Their model predicts the color at a point using distances to edges (boundaries
between different colors) for each opponent channel (red-green, yellow-blue,
and white-black). Other authors propose less-developed models for complex
surrounds that average distance-weighted colors in the surround (Ejima and
Takahashi 1983, Marsden 1969). The general formula presented by Yund and
Armington has the advantage of elegantly treating both center and surround
sizes and shapes simultaneously. Their “edge-distance” approach performed
better than area and width measures in Yund and Armington’s analysis,
though their tests were conducted with relatively large and simple concentric-
circle stimuli.

The emphasis of the Yund and Armington model on edges is consistent
with psychophysical evidence that edges are important for perception and
with physiological evidence that cortical cells respond to specific edge
configurations (Livingstone and Hubel 1988). Color differences at edges are
also critical elements of Land’s (1986) retinex theory that offers an explanation
of color constancy. Edge processing issues in contrast and constancy

explanations are well summarized by Gilchrist (1988).



Quantitative Generalization about Induction

Induction is often studied with the purpose of testing color vision
theories. Early competition was primarily between retinal processing and
opponent processing arguments. Application of results from this theory-
motivated research in the map context is usually precluded because the
theoretical formulations are too general, color measures are vague, formulae
include parameters valid for only restricted ranges of stimuli, or test stimuli
and viewing conditions are very different from map-reading contexts. Past
tests of different models, however, do guide the way to successful approaches
to induction prediction. Broad categories of induction models, which
individual researchers have refined and combined, are summarized in the
following paragraphs.

Trichromatic theory relates color perception to the responses of three types
of receptors: long-, middle-, and short-wavelength sensitive cones in the
retina of the eye. Retinal treatments of induction are based on the von Kries
coefficient law (from 1905) and explain induction using multiplicative
constants that adjust the responses of the three receptors: C = f[(k1R), (k2G),
(k3B)] where C is the perceived color; R, G, and B are the long-, middle-, and
short-wavelength sensitive cone responses to the test color; and ki, k2, and
k3 are constants that adjust for induction effects from the surround.
Takasaki's (1969) research, for example, supported a von Kries approach to the
prediction of induced changes in color.

Opponent theory was put forth by Hering in the 1800’s and began as a
competing alternative to trichromacy. Opponency mechanisms are now

generally accepted as a second stage in the visual processing of color.
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Opponent theory finds strong physiological support in the existence of red-
green and yellow-blue opponent color cells in the lateral geniculate nucleus,
the portion of the brain that initially processes short-, medium-, and long-
wavelength responses from receptors in the retina (Livingstone and Hubel
1988).

Opponent-process treatments of induction were pioneered by Jameson and
Hurvich (1964) and have been supported in additional induction research (De
Valois and others 1986, Ejima and Takahashi 1983, Kinney 1962, Shevell and
Wesner 1989, Takahashi and Ejima 1983, Valberg 1974, Yund and Armington
1975). The basic opponent model hypothesizes that induced color changes are
additive: C = f[(RGt + k1RGg), (YBt + k2YBg), (WKt + k3WKg)] where C is the
perceived color; RG and YB are the red-green and yellow-blue opponent
responses; WK is the white-black luminance response; t and s subscripts
designate the portion of the response attributed to the test color (t) and to the
surround color (s) inducing the perceived change; and k1, k2, and k3 are
constants that adjust the magnitude of induced change.

A solely retinal explanation of induction has been effectively discounted
in the research literature. The operation of induction effects over distances
larger than retinal models predict and the effectiveness of dichoptic
presentations (the surround is seen by one eye and the superimposed central
test color is seen by the other eye) suggest that induced color interactions are
produced at levels higher in the visual system than the retina (Whipple and
others 1988). The lack of induced change in stimuli that alternated faster than
approximately twice-a-second between black and white or between opponent
colors also precludes a retinal-process explanation for induction effects (De
Valois and others 1986).



27

Deviations from opponent-process model predictions have lead some
researchers to suggest that adjustments at both the retinal and opponent
stages of a two-stage color vision model better explain patterns of induced
color change (Eichengreen 1976, Takahashi and Ejima 1983, Ware and Cowan
1982). Alternatively, Krauskopf and others (1986) rejected both retinal and
opponent approaches and concluded that induction is a producet of
interactions at still higher levels of processing in the visual cortex. Adopting
an opponent approach, however, seems the most promising first step in the
practical and fairly broad-brush approach necessitated by the varied conditions

in which a cartographic model of induction would later be applied.

Modelling Color Appearance

The form and tractability of formulae used in attempting to model
induced changes in appearance afe sensitive to the units of measure used to
specify color. The variety of available notation systems complicates the
comparison of results and evaluation of function forms and parameters. The
internationally accepted CIE-(x,y,Y) system was established in 1931 and is
commonly used in the study of color induction, despite its lack of perceptual
scaling. Some researchers have chosen to work with perceptually scaled
transformations of CIE-(x,y,Y) that are named CIELUV and CIELAB and were
standardized in 1976. Krauskopf and others (1986), for example, worked with
color metrics defined by retinal receptor sensitivities. Others chose perceptual
color ordér systems, such as Munsell, to provide precise color samples for use
in their investigations.

The importance of the chosen color metric has been recognized in
induction research. In early work, Heinemann (1972) noted that failures of

hypothesized additivity were not surprising given the arbitrary definitions of
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induction magnitudes (p. 156). In work with induction and opponent theory,
Jameson and Hurvich (1964) recommended use of units scaled by perceptual
response (p. 151). For example, CIE L* lightness is a well-tested perceptually
scaled measure that is a cube-root function of luminance (the latter is not
perceptually scaled; a unit step at high luminance is perceived as a smaller
change than at low luminance). Kinney (1962) expressed the difficulty of
modelling induction before perceptually scaled color systems were becoming
standardized: “When ... functional relations break down, it is impossible to
say whether this is due to a real phenomenon or an inadequacy of the
system” (p. 518).

Modelling color appearance is a more involved process than simply
describing connections between the retinal and opponent mechanisms
discussed up to this point. Nayatani and a group of other lighting and vision
researchers have regularly documented the development of their color
appearance model that focuses primarily on predicting appearances for varied
states of adaptation (Nayatani and others’ 1990 paper includes a list of
references for recent work on the model). Hunt's extensive work on color
reproduction has evolved into an appearance model as well (Hunt 1982, Hunt
1987b Chapter 8). Vision researchers are also working on models of the color
vision system. The vision model under development by Guth and others
(1980), for example, focused on threshold perceptions (color differences on
maps are well above thresholds of perception). The purposes of models
specifically focused on subjective color appearance, particularly the more
general and applied Hunt model, are most likely to be successful frameworks
within which to predict induction in the map context.

The Hunt model is constructed in a physiologically plausible manner as a

two-stage model. Chromaticity and luminance measures are first converted
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to retinal receptor responses. Differences in these red-, green-, and blue-
labelled magnitudes are then combined to produce opponent responses along
red-green, yellow-blue, and luminance dimensions. The calculation output
distinguishes lightness from brightness and saturation from chroma, and it
accounts for adaptation given the chromaticity and luminance for a reference
white (Hunt 1987b). The Hunt model produces perceptually-scaled
appearance dimensions (lightness, redness-greenness, yellowness-blueness
along with a number of other measures) that are good candidates for
additional adjustment to account for induction from surround colors.

The red-green and yellow-blue dimensions of the Hunt model become
non-standard opponent dimensions once other attributes that affect
appearance, such as adaptation, are accounted for. The adjusted opponent
dimensions may be approximate but provide the following advantages:
opponent complements aligned along continuous axes (unlike the NCS
unique hue axes; compare Figures 1.3 and 1.2e), perceptually scaled color
dimensions, and adaptation adjustments. Perceptual spacing is well
recognized as a positive attribute for cartographic applications of color systems
(Kimerling 1985, Robertson and O’Callaghan 1986). Adaptation of the map
reader to a particular illumination is unavoidable and needs to be
accommodated if results are to be generalized to varied map reading
conditions. Adaptation to the bluish white in a series of CRT maps or to the
incandescent lighting on a paper map, for example, make expectation of
induced complementary shifts with respect to only llluminants E or C over-
restrictive of a potential induction model.

The Hunt model is still undergoing revision as other researchers begin to
test it in varied applications. Therefore it has the disadvantage of not being a
standardized system such as CIE-(x,y,Y) or CIELUV. On the other hand,
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simultaneous contrast is a subjective effect that has not been well modelled in
the objective realm of psychophysics and is better dealt with in the realm of

subjective color appearance.

Figure 1.3 Hunt Opponent Axes
Hunt RG and YB axes plotted on CIE-(u',v') chromaticity diagram.
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Summary

Review of the simultaneous contrast literature reveals conflicting
conclusions based on varied stimuli configurations that do not approximate
the complexity of a map. Investigation of ambiguities in the treatment of
lightness and brightness, as well as saturation and chroma, further support
the importance of quantifying induction effects in a context approximating
that in which the model will be applied. To establish a perceptual structure
relevant to the map reading context, induction must be judged under realistic
illumination conditions and test colors must be embedded in a matrix of
other colors that includes reference whites. In addition, a test method that
simulates color comparison during map reading requires binocular viewing
and the rapid selection of appearance matches, rather than having subjects
adjust a comparison color or be trained to name perceived colors.

Review of past attempts to explain induced changes in color reveals that
the opponent-process approach is the most common and promising avenue
for modelling induction. The many perceptual influences on color
perception beyond induced change suggest that previous research on other
aspects of color perception should not be ignored in the pursuit of a successful
model specific to simultaneous contrast. Thus, I have selected a color
appearance model by Hunt that offers an appropriate and extensible
quantitative framework for the induction prediction formulae that I proposed
to develop. The model output is well suited to induction prediction in the
map context: it is designed for application in a wide range of viewing

conditions, is adjusted for adaptation, is perceptually scaled, and is opponent
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based.

Opponency is the basis of both the Hunt color appearance model and the
Yund and Armington “edge-distance” model that attempts to predict
induction for spatially varied stimuli. Therefore, the two models may be
linked by applying the opponent-based edge-distance formulae to the Hunt
opponent color descriptions. Incorporating an opponent link between these
two models within a final induction model is a promising way to
accommodate spatial aspects of the inducing surround. Such accommodation
is important to the prediction of induction effects with the varied spatial

configurations of colors that appear on maps.



CHAPTER 2
Experiment 1: Methods

People were asked to match induction-affected colors to choices embedded
in patchworks of gray hexagons for Experiment 1. This testing with complex
but controlled displays produced data appropriate for modelling
simultaneous contrast on computer-displayed maps. In this chapter, I
describe and illustrate the test methods and sampling of color space used for
the first experiment. In the next chapter, I will summarize and discuss the
results of Experiment 1. In both Chapters 2 and 3, figures and tables follow
the corresponding section of text in which they are referenced, rather than

having figure and table pages interrupt paragraphs at arbitrary page breaks.

Test Procedure

Data collection for Experiment 1 was automated with SuperCard
(Appleton 1990) programming running on an Apple Macintosh SE/30
computer with a 19-inch E-Machines color monitor. Subjects were tested
individually with the test administrator seated left of and behind subjects
throughout the session. Viewing was standardized using a chin rest that
positioned subjects’ eyes approximately 57 cm from the display. Testing was
conducted in a dim viewing area surrounded by a black curtain (ambient light
reflected from a white calibration plate measured 1.5 cd/m?2 with the monitor

off). The black curtain and black cloth over the table and chin rest were used
33
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to eliminate reflections on the monitor glass that could alter color perceptions
in an uncontrolled fashion.

A pilot test of 11 unpaid volunteers was conducted before final testing to
practice instructing subjects and to watch for difficulties with the method.

The pilot tests revealed that the sessions were too long but otherwise the test
was running smoothly. The responses from these 11 subjects provided a
preliminary look at data and allowed accurate editing to cut the experiment
sessions to the final one-hour length. The pilot responses were not used in
the final analysis.

Appendix A provides the script for conducting an experimental session.
Before testing began, an Ishihara test for color vision deficiencies was
administered and the experimental task was explained using a series of ten
practice displays. The practice sessions lasted between 3.2 and 10.6 minutes
(mean 6.1), and during this time subject vision adapted to the general
brightness of the computer display and illumination of the viewing area.
Following practice, subjects responded to 100 different displays (out of 200
total) that were presented in a unique random order for each subject. Sixty
subjects participated; thus 30 responses were collected for each display. A brief
rest was incorporated in the testing session after every 25 responses. During
this rest, subjects turned their attention to the test administrator and

responded to background information questions (Appendix A).

Subjects

The responses of 30 men and 30 women with normal color vision were
obtained in the experiment. An additional four subjects had been tested but
were omitted from the sample (two had deficient color vision, the program

malfunctioned for one subject, and one was omitted because of excessive
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drowsiness). Subjects were recruited through posted advertising on campus
and ads in the campus newspaper, and all subjects were paid ten dollars. I
advertised for non-students and then accepted all who called (rather than
encourage provision of false background information). Twenty-six subjects
were students with the remainder from the wider Michigan State University

community. Subjects ranged in age from 19 to 61 with a mean age of 26 years.

Test Displays

All test color combinations in Experiment 1 were embedded in a
hexagonal grid (Figure 2.1). The center test color was surrounded by an
inducing color, and there were six comparison colors in the outer display.
These six comparison colors were arrayed in a random order for each display
to avoid a positional bias in subject matching criteria. A patchwork of ten
neutrals (listed in Appendix B) filled the remainder of the display. The first
(white), second, fourth, sixth, eighth and tenth (black) of the neutrals were
arranged immediately adjacent to the comparison colors to provide a
surround that was varied and of medium lightness overall. The patchwork,
out to approximately 4 cm around each comparison color, was constructed
such that the surround of each comparison color was a rotated version of the
same random pattern of grays, producing a constant comparison surround of
medium overall lightness.

One centimeter subtended one degree of visual angle on the test displays.
The overall dimensions of the test displays were 25.1 by 25.7 cm. Three
different densities of hexagonal grids were used with cells measuring 11, 6.5,
and 4.5 mm between parallel edges (Figures 2.1, 2.2, and 2.3). The inducing

surrounds ranged between 7.2 and 8.3 cm in diameter among the three grid
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densities, and distances between the edges of the center and comparison
colors ranged between 7.0 and 8.4 cm.

With the test administrator pointing to the comparison colors on a
practice display, subjects were asked to “choose one of these six choices that
looks most similar in appearance to the center color.” Center and comparison
colors were marked by small arrows to make their positions clear. Subjects
used a mouse to move the cursor to their choice and clicked the mouse
button to record their selection. The measured color difference between the
center color and the chosen match provided a measure of the induced change
in perception of the center color caused by its surround. The click of the
mouse button also cleared the screen and initiated presentation of the next
display. The interval between displays was approximately 5 seconds as the
next display was prepared, and during this interval a homogeneous medium-

gray (30.5 cd/m?) display was presented to maintain subject adaptation.
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Surround

Figure 2.1 Experiment 1 Test Display Format

Hexagons of the largest size (11 mm) are shown at 50% reduction. Cell C is
the test color subjects match to comparison colors positioned in cells
numbered 1 to 6. The Surround, shown in black, induced changes in the
perception of C. (Number and letter designations were not present on the
experiment displays.)



Figure 2.2 Test Display of Medium-Sized Hexagons

educed 50%

6.5 mm hexagons r
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Figure 2.3 Test Display of Small-Sized Hexagons

4.5 mm hexagons reduced 50%
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Most displays presented homogeneous inducing surrounds, but two
deviations from this configuration were tested: surrounding all hexagons
with outlines and breaking up the inducing central surround. As discussed
in Chapter 1, cartographic texts have suggested that outlines will reduce
induction effects on maps. Both black and white outlines were used with a
subset of color combinations to investigate the differences in color
perceptions that occurred (Figures 2.4 and 2.5). An additional subset of color
combinations was tested with the inducing surround broken into random
hexagons of a surround hue and mid-lightness gray, into black and gray
hexagons, and into white and gray hexagons (Figure 2.6). These variations
were tested to check whether or not induction was a significant influence on
perception only in the rather artificial situation (with respect to maps) of a

completely homogeneous inducing surround.
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Figure 2.4 Test Display with Black-Outlined Hexagons
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Test Display with White-Outlined Hexagons

Figure 2.5
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Figure 2.6 Test Display with Example Heterogeneous
Inducing Surround
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Experiment 1 was designed to simulate conditions of computer-displayed
thematic map reading. The use of a full-screen array of colors provided a
complex choropleth-like context for the test colors. The comparison of colors
within this complex graphic context was better representative of the
comparison of colors within the body of a map than the simple center-
surround stimuli often used in induction testing. The whites embedded in
the patchwork surround provided reference whites that were important to
the perception of lightness. The task of matching the center to a given set of
comparison colors was similar to the map-reading task because a limited
range of colors is used on a map and thus there is a limited set of colors
among which the reader must distinguish. I felt that the alternatives of
adjusting the comparison color to produce a match or of training subjects in
color naming would sensitize subjects to the nuances of color difference to a
degree that is not representative of the sensitivity brought to bear when
reading a map. The importance of approximating the map-reading task in the
design of the experiment outweighed the disadvantage of reduced precision

with the limitation of preset selections of comparison colors.
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Test Colors

Color combinations were chosen to determine the shift both in distance
and direction induced by a surround color. These shifts were measured in
Hunt color space. An exhaustive sampling of color combinations from
throughout color space would be prohibitively time consuming, and
therefore combinations restricted to the opponent color axes were used. To
quantify the magnitude or distance of color shift, reds were paired with greens
in center-surround combinations, yellows and blues were paired, and a set of
five grays were paired to sample the lightness dimension (Figures 2.7a and
2.7b). Off-axis combinations were included in testing the direction of change
to ensure that the expected opponent directions of the shifts held with a wider
range of hue combinations. A sample of eight colors, equidistant in color
space from each center hue in a circular arrangement, were used for
comparison colors for the direction trials (Figure 2.7c). Appendix B lists
complete specifications for test colors: luminance and CIE 1931 chromaticity
(L,x,y); Hunt red-green, yellow-blue, and lightness (RG,YB,}); and red-green-
blue (R,G,B) for monitor display.

The four center hues, at 1.0 unit along each opponent hue axis, were
chosen to permit comparison colors of both higher and lower saturation and
to permit distinction of the center from surrounds of like hue without an
intervening outline or difference in lightness. The steps between the
comparison choices were chosen to be equal in Hunt units and just noticeably
different to my eye (I have normal color vision) once embedded in the
patchwork of grays and at a distance from one another. For the distance

trials, the six choices offered with each center-surround combination always
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included a center match and the remaining five choices were colors to either
side of the physical match with one or two more colors offered from the
expected direction of shift. For the direction trials, six of the eight choices for
each center-surround combination were offered with the two omissions from
the direction of the surround with respect to the center, the least likely
direction of shift. The direction trial comparisons were forced choice
comparisons, since the physical match was not among the choices. Ten of the
200 displays were omitted from the analysis because of errors in color-table
assignments that left crucial gaps in the sequence of comparison colors
offered. The colors offered as comparisons for each center-surround
combination are indicated with the data tables of Appendix C.

The lightness of colors chosen to represent the red-green and yellow-blue
axes was held constant (approximately 31.5 cd/m?2 to produce a Hunt lightness
of approximately 72.2). This level was chosen because it was midway between
the lightness of the most saturated yellows and darkness of the most saturated
blues that could be displayed on the color monitor. The mean luminance
(31.3 cd/m?) of the gray patchwork surrounding the comparison colors was set
to be approximately the same as the lightness of the test hues. Lightness was
held constant for hue comparisons in order to facilitate generalization about
induction along the opponent hue dimensions without the complication of
lightness induction affecting perceptions simultaneously. Likewise, lightness
testing was carried out with neutral stimuli to separate lightness induction
magnitudes from hue effects.

A potential disadvantage of the control exercised over the chromatic and
lightness dimensions was that the medium-lightness hues featured in the
primary testing were not of extreme saturation. The maximum saturation of

these medium lightness hues was limited by the gamut of colors available at
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that lightness on the monitor. Therefore, additional test displays were
included that presented ranges of darker red, darker blue, lighter yellow, and
lighter green that were more typical of saturated monitor colors (Figure 2.7d,
Appendix B). These dark and light center hues were paired with surrounds of
medium lightness that were the same lightness as the mean of grays
surrounding the darker and lighter comparison colors. The medium-
lightness surrounds were used in an attempt to make the lightnsé induction
effects on the center and comparison colors equivalent while studying hue
induction in these lighter and darker colors. Differences between comparison
choices for the dark reds and dark blues were extended to 1.0 unit because
differences of 0.5 were not discernable on the test displays (indicative of

deficiencies in the perceptual structuring of the Hunt color appearance space).
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Production of Test Colors

Production of monitor colors with specific Hunt coordinates (RG,YB,]J) was
a multi-step process. The luminance and chromaticity (L,x,y) of the aim colors
were determined by repeatedly adjusting L,x,y used in the Hunt model
calculations to produce the desired RG,YB,]J (the Hunt model was not inverted).
Once the L,x,y of aim colors were known, the R,G,B specifications of the
monitor colors were adjusted to approximate the L,x,y aim as closely as
possible. During this approximation process, colors were measured at five
positions on the screen (C, 1, 2, 4, and 5 in Figure 2.1) with the gray patchwork
filling the remainder of the screen as on the test displays. Colors were
measured with a Minolta Chroma Meter CS-100, which is a hand-held
colorimeter with through-the-lens viewing. I performed these color
measurements positioned as a subject using the chin rest and seated in the test-
subject location. The room was also set up with the same curtain and lighting
as used for the test sessions to yield measurements of the colors as test subjects
saw them.

The Hunt model was run with a set of input constants derived for the
particular viewing conditions of displays seen in the experiment. To specify
color appearance, more information is needed than simply the L,x,y
measurement of the color of interest. The input constant for the luminance
of the reference white was 76 cd/m2, which was the highest luminance of
whites measured on the monitor and was used so that calculated luminance
factors (upper-case Y of the CIE 1931 system) did not exceed 100. The x,y
chromaticity of the reference white (.270, .296) was set at the mean of
measurements of all whites within the patchwork of neutrals for the largest-

celled hexagonal grid. The luminance of the adapting background was set at
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31.3, the mean luminance of the patchwork grays filling the screen. The
conversion factor for calculation of the scotopic luminance of the adapting
background was set at 1.2. This constant was derived using the color
temperature of the x,y mean of the gray patchwork and extrapolating a value
from example factors Hunt provided for 12 other color temperatures. The
Hunt model was programmed in HyperTalk and explanatory documentation
accompanies the code in Appendix D.

Limitations on Color Precision

Physical factors that may have affected monitor colors were location on
the screen, other colors simultaneously displayed, fluctuations in power
supply, aging of phosphors, amount of time the monitor had been on, and
the previous color displayed at the same location. Commercial monitors are
not precision display instruments and quantifying their vagaries was beyond
my objectives. Steps were taken, however, to minimize these physical effects
on the test colors. The monitor was turned on at least twenty minutes before
testing began. The gray screen between displays was present long enough that
the trace of the previous display had faded, and thus the same gray preceded
each new set of test colors.

Measurements of the colors on all test displays were made over the course
of the period of testing to characterize the physical variability of the colors.
Figures 2.8, 2.9, and 2.10 show graphs of measurements of the center test
colors for all surround combinations and hexagonal grid sizes seen in the
experiment. The variation in measurements is small compared to differences
between comparison choices and is small given the generalized nature of my
final guidelines for induction predictions. Thus, the coordinates of the aim

colors were used in analysis of subject responses.



51

4

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 13 14 1.5
r

—
<+
-
<+
-

—
-+

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Figure 2.8 Center Measurement Variations for Medium-Lightness Hues

Thin lines mark measurements of centers along segments of the opponent
hue axes. Thick lines dropping below the axes mark aim centers at +/- 1.0.
Adjacent comparison aim colors are marked by thick lines at +/- 0.5 and 1.5.
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28 29 3 3.1 322 33 34 35 36 3.7
rd
-1.8 1.7 -1.6 1.5 -1.35 1.2 -1.1 -1 -0.9
gl
1.2 1.3 1.4 15 1.6 1.64 1.7 1.8 1.9 2 2.1
yl
4.7 -46 -4.5 -4.4 -4.26 -4.2 4.1 -4 -39 -38
bd

Figure 2.9 Center Measurement Variations for Light and Dark
Saturated Hues

Thin lines mark measurements of centers along segments of the opponent
hue axes. Thick lines dropping below the axes mark aim centers. Adjacent
comparison aim colors on the green and yellow axes are marked by thick lines
0.5 units from the aim centers. For the two dark hues (rd, bd), comparison
colors are 1.0 unit from centers, beyond the axis segments shown.

The sequences of colors at light and dark levels were chosen by finding the
lightest and darkest saturated opponent color that the monitor could produce.
The even-stepped differences between choices were then calculated in toward
neutral from these maximum saturation positions. Thus, the positions of the
test hues do not fall at ‘nice’ number positions such as 0.5, 1.0, and 1.5 as with
the medium lightness test hues.
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The impact of physical color variation on subject matches was
characterized along with subject variability. All colors were judged within
control displays that presented the same patchwork of grays around the center
color as the patchwork around the comparison colors (Figure 2.11). These
controls for three sizes of hexagons produced data on the accuracy of matches
that subjects made given the inherent variability of monitor colors without
the effect of induction from the central surround.

Color variations that were small relative to differences between
comparison colors were not considered of importance to the final
conclusions. Expectation of tight control of computer displayed colors for
application of the model developed would render the work of limited use as a
design aid to other cartographers also working on commercial monitors.
Thus, I preferred incorporation of this physical variability into my analysis,
just as variation within the group of 60 diverse subjects provided an

approximation of the variability of map readers’ perceptions.
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Figure 2.11  Experiment 1 Control Display Format



CHAPTER 3

Experiment 1: Results and Discussion

Recall that the overall objective of my research was development of a
quantitative model of induction to aid selection of sets of easily identified
map colors. Rather than predict average color perceptions for particular
center-surround color combinations, I acknowledged the inherent variability
in map readers’ perceptions of color by developing generalized perception
buffers that accounted for at least 90 percent of test subject responses. The task
of selecting colors that will not be confused once they appear with numerous
surrounds on a map thus becomes a task of selecting colors that do not have
buffers that overlap in color space. Application of the model requires
calculation of induced-change buffers for all combinations of colors on a map.
These buffers describe regions that encompass most map readers’ potential
perceptions. In this third chapter, I will describe the results of Experiment 1
and discuss the analyses used to develop the induced-change buffers.

Experiment 1 data were compiled as frequencies of choices for each
comparison color matched with the center colors (Appendix C contains a
complete listing of the response-frequency data). Distributions of frequencies
were compared using both chi-square and Somers’s dyx non-parametric
statistics. In addition, ordinary least-squares regression of center-surround
contrasts against mean induced perceptions was used in model construction.
The hypotheses driving the use of these statistics will be detailed as results are

described in the sections of this chapter. Because multiple questions are
56
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addressed with this data set, I chose to place discussion with the results
summaries within each section, rather than in a section remote from the
relevant tables and figures.

The Somers’s dyx statistic measures association for two ordered discrete
variables. The calculated value of the statistic ranges between positive and
negative one, and these extremes indicate perfect prediction of the dependent
variable by the independent variable. Zero indicates no relationship (i.e., no
dependence of the row variable on the column variable). In the Experiment 1
data, subject choices (rows in all tables) are hypothesized to be dependent on
differences in surrounds (independent column variables). The asymmetry of
dyx is suited to the questions I ask of the data: to what extent does knowledge
of the surround help predict subject matches? Asymmetry in a test means
that the independence and dependence affects the calculation procedures.
Asymmetry distinguishes dyx from other nonparametric measures of
association (such as gamma and tau) that are symmetric. The asymptotic
standard error for the statistic is used to evaluate whether the calculated dyx
departs significantly from zero. Somers’s dyx is a PRE (proportionate
reduction of error) type of measure requiring systematic comparison of every
pair of responses. The statistic is described in Somers 1962 and 1980, Agresti
1981, and Bohrnstedt and Knoke 1982.

The chi-square test of independence was also used to evaluate whether
frequency-response distributions for pairs of color-combinations were
significantly different. Chi square was included in the analysis to provide
confirmation of results from the less familiar dyx. Chi square, however, is
not sensitive to the ordering of categories and has the disadvantage of
minimum expected-frequency requirements necessitating the collapse of row

categories.



Size

With the exception of De Valois and others (1986), previous researchers
found that induction produces greater changes in appearance for smaller color
areas (Chapter 1). To investigate variation in the strength of induction with
size, I tested center hexagons of three sizes: 11, 6.5 and 4.5 mm in diameter (1.1,
0.65, and 0.45 degrees visual angle). The most pronounced differences in
induced change were predicted to be between the 11 and 4.5 mm hexagons.
Table 3.1 shows the Somers’s dyx for 19 hue and lightness distance tests,
indicating the extent to which size allows prediction of response frequencies.
Appendix C lists the response frequencies for individual hexagon sizes.

In size comparisons for 15 of 19 color combinations, the smallest hexagon
size was not associated with significantly greater frequencies of shift than the
larger hexagon size as had been predicted (Table 3.1). Chi-square tests
produced the same pattern of significance for differences in frequency
distributions. Though not significant, a greater shift in appearance was
associated with the larger size for the y B and b B combinations and for grays
with dark and black surrounds (these are shifts opposite of expected results).
For four red-green combinations, the smaller hexagon colors underwent
significantly greater change in appearance than larger hexagons with the same
surround. Given the lack of significant size effects for the remaining 15
comparisons, however, data for the three sizes were aggregated for the
remaining analyses. Conclusions will be applied to the overall range of sizes
represented in the testing. Thus, the promising “edge-distance” model of
Yund and Armington (1975) that was described in the Chapter 1 review will
not be used.
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Table3.1  Somers’s dyx Comparison of Change Induced in

Small and Large Test Centers
Each N=60
Hue Distance Test Colors:

Centers

I 8 y b

Surrounds
adjacent R -.06 G -38* Y -12 B +.20
opposite g +.59 ** r +27* b +.13 y +15

G +.33* R +.18 B -.05 Y +.21

Null Hypothesis: small hexagon sizes are not associated with a significantly
greater induced shift in perception

** Reject Hp at .01 confidence level, one-tailed
* Reject Hp at .05 confidence level, one-tailed

positive dyx: small size associated with greater saturation than large size
negative Jyx: small size associated with greater neutrality than large size

Lightness Distance Test Colors:

Centers
1 m d
Surrounds W -03 W -03
d -14 1 -20
K -07 K -18 K -11

Null Hypothesis: small hexagon sizes are not associated with a significantly
greater induced shift in perception

Fail to reject Hp at .05 confidence level (one-tailed) for all lightness
combinations

negative dyx: small size associated with greater darkness than large size



Controls

Color matches with the gray-patchwork control surround offered an
important baseline for the analysis of Experiment 1 results. The control
results were used to determine whether subjects could accurately match
centers with comparison choices in the absence of an inducing surround. The
frequency-response distributions for the controls also offered an objective
distribution with which to compare the perceptions of the colors with
inducing surrounds. This comparison is made to answer the question of
whether or not shifts in perception were significant. Figure 3.1 provides a
summary view of the control responses. Table 3.2 lists the dyy for responses
to colors seen with an inducing surround compared to the corresponding
control responses (responses for three hexagon sizes were aggregated).

The accuracy of the control matches was surprisingly good given the
separation between the center and comparison colors of approximately 7.7 cm
and the small color differences between choices. The minor physical
variation evident in measurements of the colors (Figures 2.8 and 2.9 in
previous methods chapter) did not hinder subjects’ abilities to match colors
accurately to the comparison choices. Steps between lightness choices,
however, were smaller perceptually than differences between hue choices
(their numerical units are differently scaled), and lightness differences are
generally more difficult to distinguish than hue differences over a distance
(Hunt 1987a p. 118). These difficulties manifest as reduced accuracy in
matching the control grays; 79 percent of matches were accurate for the
lightness control displays (N=270), whereas 95 percent of hue control

comparisons were accurate (N=360). Establishing a buffer of one step (5.8 J
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units along the lightness axis) to either side of the center lightness accounted
for 98 percent of the control matches. This matching tolerance was used to
evaluate induced shifts in lightness perception that are discussed in the next
section.

Most of the 32 color combinations listed in Table 3.2 were associated with
significantly more choices of comparison matches from the predicted
directions of perceived change than for the corresponding control cases. The
exceptions are seven of the lightness and saturated-hue combinations. The
centers for three of the four lightness combinations with light (1) and
medium (m) surrounds were not perceived as different than the same gray
center with the control surround. The differences in lightness between 1, m,
and the control surround are interpreted to be small enough that no
significant differences in perceptions were induced (lightnesses are 74.5 for
the 1 surround, 57.1 for the m surround, and a mean of 61 for the control
surround of six grays immediately adjacent to centers). The four light and
dark saturated-hue centers with opposite surrounds show induced shifts in
the reverse of the predicted direction. I discuss these deviations in the later
section on the saturated hues. Chi-square analyses yield the same pattern of
significance for the controls with the exception that the four saturated-hue
‘opposite’ combinations had significantly different distributions of
frequencies. The frequency data for the controls are listed with the relevant
frequencies for induction sets in Tables 3.3, 3.4, and 3.5 that appear in later
sections.
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dyx Comparison of Change Induced by Control and Inducing

Surrounds

Each N=180 or 150

-.94 **
+.26 **
+.29 **

- I~ ol ¢

d

=27 **
-19*
+.13

+.60 **

yl
Y -83*
B -13

Hue Distance Test Colors
Centers
I 8
Surrounds
adjacent R -93 ** G -97%
opposite g +48* r +33 "%
G +56* R +19*
Lightness Distance Test Colors
Centers
1 m
Surrounds
w =74 ** -24 "
1 +.04
m +.09
d +.16 * +.71 **
K +.61 ** +.75 **
Light and Dark Saturated Hue Distance Test Colors
Centers
rd gl
Surrounds
adjacent R -80 ** G -77*
opposite G -.08 R -26

<< ™

Y

-99 *
+39 *
+33 %

bd

-.51 **
=25

Null Hypothesis: In comparison to control surround matches, contrasting
surround matches are not associated with a significantly greater induced shift
in perception in the predicted direction.

** Reject Hyp at .01 confidence level, one-tailed
* Reject Hy at .05 confidence level, one-tailed

positive dyx:

negative dyx:

inducing surround associated with greater saturation
or greater lightness than control

or greater darkness than control

inducing surround associated with greater neutrality



Lightness Test

Induced lightness change is more difficult to measure than induced hue
change because the comparison grays that are offered must also have
surrounds with some lightness component (with hue induction, a
comparison hue can have a neutral surround with no hue component). A
black surround cannot be considered as ‘no’ surround because it does induce a
change in perception. For analysis of the research results, both the center
grays and comparison grays were considered to have inducing surrounds (the
comparison surround was a constant of 61 J, the mean of the patchwork of
grays immediately adjacent to the comparisons). Table 3.3 provides lightness
response data.

Yund and Armington (1975) found center-surround contrast to be a strong
predictor of surround induction, and opponent-theory approaches to
induction generally postulate an additive effect (i.e., the induced effect is
added to the perception). Therefore, to model the induced lightness
perceptions, a proportion (k) of the lightness contrast between the gray test
center (t) and its inducing surround (s) was added to the center gray (t). The
same proportion (k) of the contrast between the lightness of the perceived
match (p) and the mean of the gray patchwork (c) around the comparisons
was added to the perceived match (p). This contrast relationship was
consistent with previous research and produced the following equation:

t+kt-s)=p+k(p-c) (1)

The proportionality factor (k) was estimated as 0.135 with ordinary least-

squares regression. Rearrangement of Equation 1 clarifies the appropriateness

of estimating k using regression with a forced intercept of zero:



t-p=ki(p-c)-(t-s)] 2
The independent variable on the right of Equation 2 represents the difference
in center-surround contrasts for the test color (t) and its perceived match (p).
The variable dependent on this contrast difference is the induced change in
perception, on the left of Equation 2. The mean of all matches to the test
center was used as a surrogate for the perception of the induction-affected test
color (p). Figure 3.2 presents a scatterplot of the data with dependent and
independent variable axes. The line on the scatterplot shows predicted
perceptions. It has a slope of 0.135, the k estimate, and passes through the
origin. The r2 for this relationship is .86, a satisfactorily high percentage of
explained variance. The slope coefficient is significant at the .001 confidence
level (an intercept that is not significant is produced if the line is not forced
through the origin).

Once k was estimated, Equation 1 was solved for p, the predicted perception:

p=[t+k(t-s+c]l/(1+k) (3)
(t is test center lightness, s is inducing surround lightness, and c is
comparison surround lightness). Figure 3.3 shows 12-unit buffers (needed
with the control comparisons) centered on the predicted perceptions of
lightness. The overall number of responses that these shifted buffers
encapsulate accounted for 90 percent of subject lightness matches (N=870,
control matches were not included). The only substantial outliers in this
process were 14 subjects (22 percent, see Table 3.3) who perceived the light
center with a white surround as darker than predicted. Each predicted match
corresponds to at least 13 percent of responses for the individual color
combination (those response frequencies that fall within buffers). This rate
indicates a lean model that does not rely on extravagantly large buffers for its

high percentage of successful prediction.
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Table 3.3 Percentage of Matches to Comparison Choices
for Lightness Distance Test

Matches to |, light center

Surrounds: W
Choices:
+16.2

+11.6
lighter
+

5.8 20 32 37 S8

match 76 62 55 18
58

darker

16

-17.4

Matches to m, medium center

Surrounds:
Choices:

(control)

7 13 3 70 63
56 72 87 25 20

32 13 8 2 2

Surrounds:
Choices:
+23.2

2
7 9 20 «

60 76 70 29

28 13 8 3
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Induced change in perception (t-p)

v l v ' v l v l v l v
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Difference in center-surround contrasts (p-c)-(t-s)

Figure 3.2 Scatterplot for Mean-Response Lightness Data

Line has slope 0.135 and intercept at the origin.
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Figure 3.3 Lightness Induction Prediction Buffers

Each of the six bold vertical lines represent the lightness axis. Tick marks to
the right of each axis mark center lightness positions and black squares mark
surround positions. The numbers along the left of each axis are percent
responses for comparison choices (compare to Table 3.3). Bold ticks to the left
of axes show predicted mean perceptions, and thin vertical bars represent
buffers needed to account for 90 percent of perceptions overall. The
percentage of perceptions an individual buffer encapsulates is the sum of the
adjacent percentage figures. For example, at the lower left, dark gray with a
white surround is perceived as darker and the 12-unit buffer includes choices
selected by 46 and 39 percent of subjects.
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Hue Distance Test

Patterns in the medium-lightness hue response data mandated rethinking
plans to treat the red-green and yellow-blue axes as continua with functions
similar to that developed for lightness. Estimation of k from Equation 2 with
center-surround hue contrasts and mean perceptions offered explanation of
only 61 percent of variation in the data. Figure 3.4a shows a scatterplot for
hue of the same form as Figure 3.3 for lightness. Examination of departures
from the best-fit line revealed systematic errors (Figure 3.4b shows each point
named). Note that perceived change for some of the extreme values of the
independent contrast variable collapse back toward zero induced change.
These extremes were mean perceptions of centers with surrounds from the
opposite ends of the opponent-hue axes.

The magnitudes of induced shift were closely linked to whether the
surround hue was opposite or adjacent the center hue in color space.
Examples clarify the adjacent and opposite terminology I use: yellow
surrounded by blue (y B or y b) is described as an opposite hue combination,
and blue surrounded by a more saturated blue (b B) is described as an adjacent
combination. On the scatterplot, the eight points hovering between 0.1 and
0.3 above and below the zero-change line all plot perceived changes for
opposite center-surround combinations. The colors undergoing mean shifts
greater than 0.6 each had adjacent surrounds of like hue. These patterns of
perceived change are seen in Figure 3.5, in which percent responses for each
comparison color are plotted in color space (Table 3.4 lists these percentages).
Comparison of frequency distributions using dyx revealed that the number of

shifts in perception induced by the more- and less-saturated opposite
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surrounds were not significantly different (.10 dyx for r g compared to r G
responses; .02 forgrtogR;-13forybtoyB;-06 forbytob Y).

My sampling of color space was not sufficient to model each neutral-to-
hue range as a continuum, so additive constant shifts for opposite and
adjacent center-surround cases were derived. A one-step buffer that extends
to one step (0.5 units) of greater saturation from the color accounted for 95
percent of subject matches with opposite surrounds (N=690). A one-step
buffer to neutral that extends from one step toward neutral accommodated 97
percent of subject matches for adjacent surrounds (N=360). Note that the
greater magnitude of the shifts induced by the adjacent surround compared to
effects of either opposite surround is evident in the dyx values in Table 3.2.
Adjacent combinations produce stronger dyx than opposites (more than 10.91
versus less than 10.6|) when responses are compared to frequencies on the

control tests.
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Figure 3.4 Scatterplots of Mean-Response Hue Data
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Table 3.4 Percent of Matches to Comparison Choices for Hue Distance Test

Matches to r, the red center

Surrounds:  adjacent opposite
control R g G
Choices:

more
red

match  r
grayer -5

neutral -1

Surrounds: adjacent  opposite
control G v

neutral +1

gray-
red

Red- and green-surround
induced shifts in color space

% matched y
10 g center
23733 «r
g 286 7
4 % matched
b 1o r center
% matched y
to g center

332631 1>

g [ 1426

% matched
107 center

Matches to y, the yellow center

Surrounds: adjacent  opposite
control Y
Choices:

more
yellow

match

grayer -

neutral -

Matches to b, the blue center

Surrounds:  adjacent opposite
control B y
Choices:

grayer +.5

neutral +1

Yellow- and blue-surround
induced shifts in color space

M |
% matched
10y center
% matched 1
10y center 244
L% 8 4 “gy
CX-B% 2
——30 ——
8 3" B atef
boa bt
Y1 % maiched
3 10 b center
% maiched
o0 b center
! 8

Figure 3.5 Comparison-Color Choices Plotted in Hunt Color Space for

Hue Distance Test



Hue Direction Test

The direction test of hue shifts offered comparisons 0.5 units in hue
difference in six directions in color space from each center color. Expected
perceptions, based on opponent theory, were toward the opponent
complement of the surround, and Table 3.5 is organized such that the
number of matches to the expected perception are arranged across the middle
row of each table. Matches counter-clockwise and clockwise to either side of
the expected response are arranged above and below this central row. More
extreme responses were aggregated and are listed in the top and bottom rows
of the tables (Appendix C contains full data listings). The direction data are
plotted in color space in Figure 3.6. Looking across this set of diagrams shows
that shifts were generally away from the surround color positions.

The analysis of lightness and medium-hue distance data made successful
use of modest buffers that encapsulated high percentages of subject
perceptions. In keeping with this approach, a fan-shaped buffer spanning 90
degrees in the opponent-complement direction from the surround was used
to account for 90 percent of subject matches (N=930). Figure 3.6 shows the
perception buffers for all center-surround combinations. Note that the
modal-response frequencies are all contained within these buffers; the
application of predicted opponent-complement shifts is well fit to these
response data. This success confirms that offering comparison colors along
only the opponent axes was appropriate for the hue distance test discussed in
the previous section.

The difference in magnitude of shift for opposite and adjacent surrounds

for the distance test is also revealed in aggregate direction data of frequencies
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for opposite and adjacent surrounds (N=120 for opposites and N=120 for
adjacents). For the adjacent surrounds, 83 percent of the matches were the
expected opponent complement with no responses straying outside the 90-
degree buffer. In contrast, only 36 percent of responses were matches in the
expected directions for the opposite surrounds with 27 percent of responses
scattered outside the buffer. Greater variation in responses occurred for
opposite surrounds with no clear alternative to the opponent complement
for the direction of shift.

Looking back at the distance-test response frequencies for these opposite
surrounds (Table 3.4), 60 percent of subjects perceived an accurate match,
unaffected by surround induction. The direction tests were forced choices (no
accurate appearance match was offered if no induced change was perceived).
Thus, greater variability of responses was consistent with randomness
provoked in subject responses when no acceptable match was available.
Greater consensus was apparent for adjacent-surround matches in the
direction test and, likewise, 97 percent of subjects selected matches at least 0.5

units toward neutral in the corresponding distance tests.



75

Table 3.5 Frequencies of Matches to Comparison Choices for
Hue Direction Test

Each N=30 (note that tables list frequencies, not percentages)

Matches to r

Surrounds: adjacent
red center

clockwise >+45
from
expected  +45

expected

clockwise -45
from
expected <45

Matchesto g
green center

Surrounds:

Cho

counter-
clockwise >+45
from

expected  +45

expected
clockwise 45

from
expected <45

Matches toy [— adjacent —
yellow center Y GY BG B
Choic
counter-
clockwise >+45
from
expected 445

expected
clockwise -45

from
expected <-45

Matches to b Surroun adjacent opposite
blue center BG

Choice:

counter-

clockwise >+45

from

expected 445

expected

clockwise -45
from
expected <-35




l Surround color O Frequency mode of color matches to center
s Color matched by more than two subjects
« Color matched by one or two subjects

@ Center color
& Perception buffer

Figure 3.6 Comparison-Color Choices Plotted in Hunt Color Space for

Hue Direction Test




Light and Dark Hue Distance Test

The light and dark saturated-hue test produced puzzling results. As with
the medium-lightness hues, the shifts in perception were stronger for
adjacent than for opposite hue combinations (note values of dyx in Table 3.2
and percent responses in Table 3.6). The opposite-surround shifts were all
toward reduced colorfulness (the direction opposite to that predicted) though
only two (gl R, bd Y) were significant in comparison with control frequencies
(if the alternate tail for one-tailed significance was used to evaluate dyx).

Adjacent-surround shifts occurred in the expected direction of reduced
colorfulness. The saturation of the dark hues (bd and rd centers) was slightly
greater than the saturation of their medium-lightness adjacent surrounds
(Figure 3.7). This relationship points out a contradictory case for the two
commonly made generalizations about induction: the complement of the
surround is induced and greater difference between the center and surround
is induced. Accord with the second generalization requires these dark hues to
shift in appearance away from their surrounds, not toward them with
addition of their surround’s opponent complement. These bd and rd centers
also point out an omission in my sampling of center-surround combinations.
I did not test the effect of surrounds that were the same hue as the center and
less saturated than the center.

An alternative interpretation of the responses for these two dark hues
does not produce a contradiction of the generalization that induced shifts
increase the perceptual difference between the center and surround hues.
The hue axes may be disproportionately expanded at low lightness in the

Hunt color space. The suspicion that the axes were perceptually stretched for
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darker hues followed from the decision to select comparison hues 1 unit in
color difference to allow discernability (rather than maintaining the 0.5 unit
difference used for selection of medium and light comparison hues). This
interpretation suggests the interesting possibility of using induction to aid the
difficult evaluation of relative saturation at different lightness levels.

Lightness differences between center and surround colors reduced
induction magnitudes overall. At medium-lightness, a similar effect may
have been the greater strength of induction by adjacent (like-hued) surrounds
compared to induction by opposite-hued surrounds. The lessened induced
change in saturation with additional qualitative differences (differences in
hue, differences in lightness) suggested that distinctions by saturation alone
may be particularly susceptible to induced shifts in appearance.

Because of the lessened induction effect with lightness differences, the
overall prediction guidelines in the Chapter 3 summary recommend that
perception buffers for adjacent hue combinations extend 1 unit from the
original center color. The hue-distance analysis supported a narrower

prediction that did not include the center color.
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Figure 3.7 Comparison-Color Choices
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for Saturated Hue Distance Test
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Variations on Displays

A subset of displays in Experiment 1 were varied to test secondary
hypotheses about center-surround interactions at single grid densities. As
described in the previous methods chapter, both black and white outlines
were drawn around all cells in the hexagonal grids used to build the test
displays (Figures 2.4 and 2.5). The heterogeneous display variation described
in Chapter 2 involved imposition of a pattern of gray hexagons within the
inducing-surround colors (Figure 2.6). For example, the heterogeneous
version of r R presented saturated red and neutral (N) of the same lightness
around the lower-saturation red center. To examine the effects on perception
of these varied displays, response data were compared with responses to the
standard versions of the displays (contiguous and homogeneous inducing
surrounds with the same hexagonal grid densities). Responses were also
compared to corresponding control responses. Each comparison involved 60
responses.

The data for three outline comparisons and six heterogeneous
combinations were omitted from the analysis. For these combinations, the
distinction of inducing versus control surrounds did not produce a significant
difference in response prediction for the single hexagon density (recall that
responses for color combinations seen with two or three hexagonal grid
densities were aggregated for the primary control comparisons). The
omissions were made because this discussion of results focuses on whether
responses to the display variant were more like the control or more like the

induced responses. If there was only a weak difference between the control
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and induced response patterns, then additional variants of that display

combination had nothing to contribute to the discussion.

Hexagon Outlines

Table 3.7 presents dyx statistics for comparisons of outlined-hexagon
responses to the contiguous inducing-surround responses and to the control-
surround responses. Among 17 comparison pairs, there are only three for
which outlines caused the responses to be not significantly different from the
control responses and significantly different from responses to the standard
inducing display (black outlines for r g and white outlines for rd R and bd Y).
For an additional two comparisons (white outlines for g G and m K), outline
versions produced responses that were significantly different from both the
control and inducing cases. The intermediate nature of the responses for gl R
(white outlines) rendered them not significantly different from either the
inducing or control responses. These last three comparisons revealed an
intermediate reduction of induction effects by the hexagon outlines. The
remaining eleven dyyx comparisons show that knowledge of whether
hexagons were outlined or contiguous provided no significant improvement
in prediction of the subject responses.

For the majority of comparisons, the addition of outlines did not reduce
the amount of change induced by the surround. Of 17 comparisons, the six
discussed in the previous paragraph (for which outlines either reduced or
removed the induced change) provided only weak support for the commonly
held notion that outlines on maps counteract simultaneous contrast. Within
this small sample, black outlines were less effective than white outlines, with

only one instance of black removing induced change.



Table 3.7
Each N=60
hex.
size
rg (6
gG 4.5
yY (4.5)
bB (6)
1W (6)
mK (4.5)
rdR (11)
glR (45)
bdY (6)
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dyx Comparison of Change Induced by Outlined Surrounds
Relative to Contiguous and Control Surrounds

white outlines black outlines

induce: control: induce: control:
-17 +.23 * =34 ** +.03
+.52 ** -87 ** (no data)

+.11 -95 ** +.20 -92 **
-03 -99 ** +.04 -96 **
-03 -80 ** +.16 -77 **
-36 ** +33 * +.13 +.80 **
+.57 ** -20 +.10 -70 **
+.21 -.18 +.07 -34 **
+.38 ** +.03 +.14 -29 *

Null Hypothesis for ‘induce’ columns: The center test color with a
contiguous inducing surround does not undergo a significantly greater shift
in perception than with outlines separating the center and surround

hexagons.

Null Hypothesis for ‘control’ columns: The center test color with outlined
hexagons in the inducing surround does not undergo a significantly greater
shift in perception than with the control surround.

** Reject HQ at .01 confidence level, one-tailed
* Reject Hp at .05 confidence level, one-tailed



Heterogeneous Surrounds

Table 3.8 lists dyx for comparisons of heterogeneous-surround responses
to the homogeneous-surround responses and to the control responses. Of the
ten comparison pairs in Table 3.8, responses for five of the heterogeneous
surrounds are significantly different from both responses for the
corresponding homogeneous surround and for the control. These dyx are
opposite in sign, indicating reduced changes in the center perception. Two
(both 1 K combinations) of the heterogeneous surrounds induced the same
amount of change as the corresponding homogeneous versions. Responses
for three of the heterogeneous surrounds (m K, d K, rd R) were not
significantly different from the control responses, indicating that breaking up
the surround removed the induction effect.

The results show that heterogeneous surrounds induce changes in
perception. Consistent with the research literature, the induced change was
most frequently intermediate between the effect of the homogeneous
surround and the control surround. Results from this small sample of
heterogeneous surrounds were not intended for prediction of the magnitude
of these intermediate perceptions but to confirm that induction is not

peculiar to the simple case of homogeneous surrounds.
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Table 3.8 dyx Comparison of Change Induced by Heterogeneous
Surrounds Relative to Homogeneous and Control Surrounds

Each N=60

hex. homog. control

size surround patchwork
rR (11) +.50 ** -60 **
gG (4.5) +.72 ** -87 **
yY (@11) +.48 ** -38 **
I1W (6.5) +.53 ** -39 **
1K (4.5) -.14 +.51 **
1K (11) -.09 +.77 **
m K (6.5) -47 ** +.12
dK (4.5) -41 ** -.09
rdR (4.5) +.61 ** -.19
ylY (4.5) +.58 ** -25 *

Null Hypothesis for ‘/homogeneous surround’ column: The center test color
with a homogeneous surround does not undergo a significantly greater
induced shift in perception than with a heterogeneous surround of the same
surround color and neutral.

Null Hypothesis for ‘control patchwork’ column: The center test color with a
heterogeneous surround (composed of an inducing color and neutral) does
not undergo a significantly greater induced shift in perception than with the
control patchwork surround.

** Reject Hp at .01 confidence level, one-tailed
* Reject Hp at .05 confidence level, one-tailed



Summary

The analysis of results from Experiment 1 boils down to a simple set of
broad guidelines for predicting changes in perception induced by surrounding
colors. The rules build on the RG, YB, and ] specifications of color appearance
from the Hunt model.

To predict lightness perceptions, use the J designations of lightness from the
Hunt model:
Calculate the difference between the lightnesses of the center and
surround colors (center J - surround J).
Mutiply the difference by 0.135 and add the product to the lightness of the
center (if the surround is lighter than the center the difference is

negative and therefore the center lightness is reduced).

To predict hue perceptions, work on a graph showing the colors plotted in
Hunt color space:

Decide whether the surround hue is opposite or adjacent the center hue
(they are adjacent if they are on the same side of neutral along an axis
or are in the same quadrant).

Draw a 90° buffer (a quadrant of a circle) extending from the center color
toward the opponent complement of the surround color (extending
equally to either side of this opponent direction).

If the colors are adjacent, draw this buffer with a radius of 1.0 unit. If they
are opposites, draw the buffer with a smaller radius of 0.5 units. (The
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‘units’ are the same units in which the relative redness-greenness and

relative yellowness-blueness axes of the graph are scaled.)

Viewers will have difficulty distinguishing two colors if both of the following
are true:
The induction-affected lightness of the center color is within 12 lightness
units of the perceived lightness of another color.
The other color falls within the center’s hue buffer or the other color’s

buffer intersects that of the center color.

This model for the prediction of induced misinterpretations of colors is
intended for application to centers ranging in size from one-half to one
degree of visual angle. The rules should hold whether colors are contiguous
or finely outlined. Example applications of the model to specific map
schemes are provided in Chapter 4, in which the success of predictions is

analysed.



CHAPTER 4
Experiment 2 : Methods, Results, and Discussion

Experiment 2 tested predictions made by the model developed with
Experiment 1. Subjects compared colors for three versions of each of 20
computer-displayed maps. They were asked to decide whether or not specific
color pairs represented the same or different map categories. The comparison
colors were presented with different inducing surrounds predicted to produce
either incorrect responses or longer response times. These center colors were
also compared with control surrounds of the same color. For the third
version, map colors were adjusted such that the model predicted previously
inducing surrounds would no longer cause an incorrect or slowed response.
This chapter presents the test methods and results for the confirmatory second

experiment. Discussion follows methods and results in a separate section.

Methods

Subjects

As in Experiment 1, subjects were recruited with posters and newspaper
advertising, tested individually, and paid ten dollars. Altogether, the
responses of 30 subjects with normal color vision were obtained for
Experiment 2. An equal number of males and females were tested and their
ages ranged from 18 to 53 with a mean of 27. Seventeen subjects were non-

students and 13 were students. The responses of an additional 5 subjects were
87
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omitted from the final sample because of an interrupted test session, irregular
response strategies, and drowsiness. Six paid pilot subjects were tested to
clarify test instructions and establish a test time of approximately 50 minutes.

Test Displays

Figure 4.1 shows black and white versions of two test maps. The ten maps
for Experiment 2 were produced with Map II (Pazner and others 1989). They
were “recoded,” “combined,” “maximized,” “overlayed,” “spread,” and
otherwise manipulated variations on a set of seven geographic data layers for
North St. Anne in Manitoba. These data were compiled in Map II format by
landscape architecture students under the supervision of Richard Perron at
the University of Manitoba. The North St. Anne data were made available by
Dr. Pazner. Square subsections of the Map II maps were imported to
SuperCard, and titles and legends were then added. Thus, all test maps were
generated from real data and included accurate titles and legends.

Each map was presented with two different color schemes to produce 20
test maps. A variety of color scheme types were appropriate for the test maps.
Qualitative schemes, for which nominally different categories were
represented primarily with differences in hue, were used for eight maps
(denoted by QL in Table 4.1). The two single-sequence (SS) schemes ranged
from light to dark for single variables. Four are double-ended (DE) schemes
for which darker colors of different hues emphasized both extremes of the
distributions. Six bivariate schemes were included: two schemes combined
quantitative (SS or DE) and qualitative (N for nominal: ‘Ag.” or ‘Non-Ag.’ in
this case) variables (SS/N and DE/N); two schemes combined qualitative
categories with a nominal (‘Inside’ or ‘Outside’) variable (QL/N); and two

schemes were two-variable quantitative schemes (SS/SS).



Map 18

. § Sand & Gravel

Figure 4.1 Black-and-White Versions of Example Test Maps (reduced 48%)
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Table 4.1 Experiment 2 Map Titles and Scheme Types

Map Scheme
Number Map Title and Color Scheme Number Type
9 Land Cover 1 QL
16 Land Cover 2 QL
11 Land Use 1 QL
2 Land Use 2 QL
18 Sand & Gravel Resources 1 QL
13 Sand & Gravel Resources 2 QL
6 Soil Series 1 QL
15 Soil Series 2 QL
14 Soil-Drainage Classes for Agricultural Land 2 SS
10 Soil-Drainage Classes for Forested Areas 2 SS
Soil-Drainage Classes for Agricultural Land 1 DE
1 Soil-Drainage Classes for Forested Areas 1 DE
19 Evaluation of Potential Campground Sites 1 DE
20 Evaluation of Potential Campground Sites 2 DE
7  Agricultural Land Uses and Aquifer Recharge 1 QL/N
8  Agricultural Land Uses and Aquifer Recharge 2 QL/N

17 Soil-Type Distributions for Agricultural
versus Non-Agricultural Land Uses 1 SS/N

3 Soil-Type Distributions for Agricultural
versus Non-Agricultural Land Uses 2 DE/N
12 Soil Drainage and Distance to Surface Water 1 SS/SS

5 Soil Drainage and Distance to Surface Water 2 SS/SS
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In all cases the map colors were chosen such that the perceptual
organization of hue, value, and saturation provided a logical parallel to the
organization of the mapped data. The schemes were designed by Eva Frank, a
geography senior who had completed a Map Design course under my
direction. Colors were not chosen with the purpose of encouraging induced
misinterpretation or with restriction to particular positions relative to the
axes of Hunt color space. A wide variety of colors were sought in the design
of the set of maps.

Once the schemes were completed, the luminance and chromaticity (L,x,y)
of map colors were measured and converted to redness-greenness,
yellowness-blueness, and lightness notations (RG,YB,J) using the Hunt
model. I used the same parameter settings with the Hunt model as used in
the first experiment (Chapter 2). The color schemes for each map were
plotted in Hunt color space after the conversion to Hunt notation.

One color pair predicted to fall victim to induced confusions was chosen
from each of these graphs. To make these color-pair choices, I compared
induced lightness changes and the overlap of hue buffers as recommended at
the close of Chapter 3. For half of the test maps, two examples of the same
color were predicted to look like representatives of different categories with
surround induction. For the other ten maps, selected colors that were
different were predicted to look the same with induction. Thus, ten color
pairs for each case, Same or Different, were chosen from the graphs. Figure
4.2 provides a demonstration of the color selection process. The L xy, RG YB
J, and R G B specifications for the colors of each of the 20 map schemes are
listed in Appendix E.
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Map 4: Soil-Drainage Classes for Agricultural Land 1

Effect of adjacent dark-orange surround on
gray-orange center:
draw hue buffer 1.0 in blue-green direction;
add 1 unit to gray-orange lightness for 72 }
72 = 71 +[0.135 x (center 71 - surround 61)]

Effect of adjacent dark-purple surround on
light-gray center:
draw hue buffer 1.0 in green-yellow direction;
add 3 units to light-gray lightness for 72 )
72 = 69 + [0.135 x (center 69 - surround 50)]

Potential induced confusion is in overlap of
induction buffers of gray orange and light gray,
which both have lightnesses of 72.

These two different colors may look the same.
I adjusted by increasing the saturation

of gray orange to prevent the buffers from

overlapping.

G R
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