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Abstract

In scientific visualization there is sometimes a requirement for two colormaps to be used to represent two co-registered scalar
fields. One solution is to represent one of the fields as a continuous colormapped image, and the second field by means of a
dense distribution of small glyphs overlaid on the background image and coded using a different colormap. This requires the
design of pairs of colormaps which each can be easily read, but which minimally interfere with one another. Colormap pairs
separated according to lightness, saturation and hue, were designed and evaluated using both a key accuracy task and a pattern
identification task. The saturation separation pair (one colormap having high saturation and the other low saturation) was the

best overall.

Categories and Subject Descriptors (according to ACM CCS):  H.5.2 [Information Systems]: User Interfaces—
Evaluation/methodology H.m [User/Machine Systems]: Miscellaneous—Colormapping

1. Introduction

The great majority of research into colormap design has targeted
problem of visualizing a single scalar field using a single colormap.
In scientific data visualization the situation is often more complex.
It is a common requirement to view multiple scalar variables si-
multaneously and so multiple colormaps much be chosen (or de-
signed) which each clearly express variations of one of the fields.
Ideally these colormaps should not be confused or interfere with
one another. For example, one colormap might cause distortions in
values represented in another through simultaneous contrast. In the
present study we investigate the design of colormap pairs suitable
for the visualization of two co-registered scalar fields where one
—designated the background field —is represented as a continu-
ous colormapped image and the other —designated the foreground
field —is represented by a set of small colormapped glyphs densely
distributed over the background. Figure 1 shows an example.

An alternative approach to the problem of representing two vari-
ables using color is to create a two dimensional (2D) colormap
(e.g. [Tru81, RO86]). However, Wainer and Francolini [WF80]
found that such 2D colormaps resulted in large errors. In addi-
tion, it can be difficult to understand which of the two variables
contributes most to a perceived pattern with a 2D colormap solu-
tion. Another solution to the multi variable problem is to use what
Hagh-Shenas et al. [HSKIHO7] called “weaving”. They compared
a solution where two (or more) variables were woven in the form
of a grid of alternating colored squares, like a checkerboard, with
the colors being “blended” creating a 2D blended colormap. They
found that the woven design outperformed the blended colormaps
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on a key-accuracy task. However, Hagh-Shenas et al. studied the
case where large map areas (states of the USA) expressed multi-
ple variables. Within the area of each state all the displayed values
were the same. We are more concerned with scientific data where
the variables are continuous, not shown in uniform patches. Never-
theless we built on this prior work in the sense that two color coded
patterns are used that are interwoven. Our method also differs from
that of Hagh-Shenas et. al. in that our displays are constructed so
that the two variables have visually distinct patterns, not a regular
checkerboard. In addition the colormaps used by [HSKIHO7] were
simple ramps whereas we used more complex designs.

e
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Figure 1: Ocean current streamlines are colored according to flow
speed. The background represents sea surface height anomalies.
Colormap pairs: L_1/D_I left and HS_1/LS_I right. Results show
that the solution on the right is better.

One guideline for the two colormap problem is offered by
[War12] who suggested that where small color coded symbols are
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to be laid over a color coded thematic map, the symbols should be
highly saturated colors, while the backgrounds should be less satu-
rated. The need for high saturation (or chromaticity) when symbols
are small is because of our reduced color discrimination for small
targets. This guideline is implicit in both Tableau and ESRI maps
which provide low saturation-high value color palettes for back-
ground maps and much higher saturation, darker hues for symbols.
However, these guidelines were developed for thematic choropleth
maps usually having large uniform areas in the background and
they may not be relevant in the case of the continuous maps used in
scientific data visualization.

Two of the tasks commonly used to evaluate colormaps are the
ability to read values accurately using a key and the ability to per-
ceive patterns in data. Both are employed in the following experi-
ments.

2. Colormap Pair Design

As discussed, a key requirement for the design of colormap pairs
to be used in the same visualization, is that the two colormaps be
clearly distinguishable from one another. We determined to inves-
tigate principles of separation based on three commonly applied
dimensions of of color space, namely: value (lightness), saturation
and hue. Two of the authors each created a set of three colormap
pairs separated, according to the three principles. Both have exten-
sive experience with the design of colormaps for scientific visual-
ization.

The colormap pairs that were designed are listed below together
with some of the design ideas they incorporate, and they are shown
in Figure 2.

L1
D_1 —
Dark Light Separation .
2
 —
. ) Ls_1
Saturation Separation
e
Ls_2
. G_1
Hue Separation
R_2

Figure 2: Colormaps pairs used in the study.

e Light/Dark Separation: Separation in terms of value (dark vs
light): All of the colors in the foreground colormaps are lighter
(or darker) than all of the colors in the background colormap.
The L_1/D_1 and L_2/D_2 colormap pairs were designed so that
one colormap (shown above) consists of light colors while the
other (shown below) consists of dark colors. The L_1/D_1 pair
was designed so that both colormaps monotonically increased in
luminance. The L_2/D_2 pair was designed so the light color-
map consists primarily of warm colors, while the dark colormap
consisted mostly of cool colors.

e Saturation Separation: HS_1/L.S_1 and HS_2/L.S_2 are color-
map pairs designed so that one colormap (shown above) con-
sisted of high saturation colors while the other (shown below)
was a perceptually uniform grey ramp (low saturation) to pro-
vide maximal feature resolution [WTB*18]. The high saturation
colormap C2 was designed to be an improved version of the
(much derided) rainbow colormap. It has the property that light-
ness increases linearly to yellow in the center, then decreases
linearly. HS_2 is a multiple ramp colormap of a type found to be
useful in supporting feature discrimination [SKR18].

e Hue Separation: All the hues in one colormap are clearly dis-
tinct from the hues in the other colormap. Both designers gener-
ated one sequence which consisted of red hues while the other
consisted of blues and greens. In both cases the colormaps in-
crease monotonically in luminance to provide feature resolution.
Both R_2 and G_2 colormaps have a greater lightness range pro-
gressing from almost black to almost white.

A note on the term saturation: The terms saturation, chroma, and
excitation purity, all refer to the vividness or purity of colors, but
each has a slightly different meaning (see [WS82]). We use the term
saturation here because it is most familiar. However, these color-
maps were designed, rather than being generated mathematically
based on a color model and no claim is made that all the colors in
the high saturation colormaps had the same saturation.

3. Experiment 1: Key Accuracy

The first experiment employed a key-accuracy task. Participants
were required to estimate the two values represented at a series of
locations indicated by cross hairs.

The experiment was implemented in Amazon Mechanical Turk
using a framework developed by Turton et al. [TBRA17] and de-
tails are given in that paper. The only substantive difference from
that prior work was that color selection of values at the indicated
points was done by means of two sliders adjacent to two color keys
instead of a single one.

The stimuli consisted of pairs of randomly generated smooth
scalar fields. These were scaled to be between 0 and 1 and displayed
as shown in Figure 3 using 500x500 pixel images. The foreground
scalar field was shown as a set of circular glyphs on a 34x34 jittered
grid. The glyphs each had a diameter of 7.5 pixels. Each image was
initially rendered at 1000x1000 resolution and this was averaged
down to anti-alias. A set of images were created such that for each
colormap pair (A,B), colormap A was used to color the foreground
and B to color the background and, to look for asymmetries, an-
other set was created such that B was used for the foreground and
A was used for the background. For example, we hypothesized that
in the case of saturation separation, it would be better to use high
saturation colors in the foreground than in the background. In each
stimulus image, faint cross hairs were shown at a randomly deter-
mined position. The cross hairs were transparent and had a gap in
the center to minimize the extent to which they could act as a ref-
erence for color judgements.
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Figure 3: Tivo examples of test patterns. Above: light dark separa-
tion. Below: saturation separation.
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Figure 4: Results from Experiment 1. Mean error results are shown
for each of the 3 kinds of separation.

3.1. Results from Experiment 1

We used the mean absolute error of subject’s responses to filter
the data. If any participant had a mean overall error > 0.2 (as a
proportion of the full scale) we eliminated this subject’s data from
the analysis. This reduced the initial 169 subjects to 124 subjects.
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The results are summarized in Figure 4. This shows a mean errors
from each of the colormap pairs with two designs in each category.
There was a highly significant main effect of the type of separation
(F(2,124) = 10.3; p < 0.001). Saturation separation gave the low-
est overall error (saturation error = 0.072; light dark error = 0.087;
hue error = 0.090). However, this error was the combination of er-
rors with the high saturation colormaps and the grey colormaps.
Separating these out, it can be seen that the saturation colormaps
resulted in approximately half of the error compared to the grey
colormaps. This difference was also highly significant (p < 0.001).
Both the light dark and hue separation colormap combinations pro-
duced errors approximately 20% greater than the saturation color-
map pair and there was no significant differences between them.
An asymmetry occurred with the result for the light dark colormap.
In this condition, the dark colormaps gave rise to markedly larger
errors when they were shown in the foreground compared to when
they were shown in the background.

4. Experiment 2: Pattern Perception

The goal of the second experiment was to evaluate how well the
colormap pairs could reveal patterns in both foreground and the
background scalar fields. For this purpose, artificially generated
patterns were added to the synthetic scalar fields displayed, as be-
fore using dots of color in the foreground and a continuous map
in the background. Evaluation was done using Likert scales to rate
perceived pattern clarity.

The participants were 13 undergraduate students paid for taking
part. They were first tested for at least 20/20 vision and for color
anomalies using Ischihara plates.

Artificial smooth random fields were generated using the same
method used for Experiment 1. Different synthetic patterns were
superimposed on these. These included an X pattern constructed
using 4 Gabor patterns added to the data surface, a circular pattern,
a figure of 8 Gabor elements and a double wavy line pattern. Two
examples are shown in Figure 5. Twelve representations of each
pair of patterns were created using the 6 colormap pairs and also
using the 6 pairs reversed with respect to which was applied to the
foreground and which was applied to the background. The 12 rep-
resentations where displayed simultaneously in an image matrix.

Participants were presented with a matrix of 12 versions of the
same pattern pair and first asked to rate the clarity of all the fore-
ground patterns on a 7 point Likert scale. In doing this they were
first asked to find the clearest pattern and give this a rating of 6 and
then to find the least clear pattern and give this a rating of 0. All
other patterns were to be rated according to these endpoints. Next
they were asked to rate the clarity of the background patterns in the
same way. The procedure was repeated for each of the four sets of
stimuli yielding a total of 48 ratings per study participant.

4.1. Results from Experiment 2

Figure 6 summarizes the results from the second experiment. A
two way ANOVA was run with the first factor being 6 combi-
nations of colormaps, and the second factor being whether the
foreground or the background background pattern was rated. The
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Figure 5: Sample test patterns used in Experiment 2: The patterns
that the participants had to look for are shown in the thumbnail
sketches below.

main effects were both statistically significant: colormap combi-
nation (F(5,1236) = 118; p < 0.001): foreground vs background
(F(1,1236) = 57.6; p < 0.001). There was also a signficant inter-
action. The HiSat foreground, with LoSat background was the best
overall combination with an overall mean rating of 4.65. The light
foreground with a dark background was the worst overall with an
overall mean rating of 1.37. There were a number of asymmetries
in the results and to examine these we carried out three ANOVA
tests, one for each separation principle. This showed that HiSat over
LoSat was significantly better than reverse (p <0.001). Also, both
low saturation colormaps performed worse when they were shown
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Figure 6: Results from Experiment 2. Mean error results are shown
for each of the 3 kinds of separation. Bars show standard errors.

in the foreground than when they were shown in the background (p
<0.001). There was also an asymmetry with the dark/light combi-
nation where the light colormaps were considerably more effective
in the background (p <0.001). A third asymmetry occurred for R/G
vs G/R conditions, the green colormaps worked better in the back-
ground.

5. Conclusions

Overall, our results suggest that the best colormap combination is a
high saturation colormap for the foreground glyphs with a low satu-
ration colormap varying strongly in luminance for the background.
However, in the key accuracy task low errors occurred only with
the high saturation colormaps not with the grey scale. For the task
of perceiving patterns the same combination was also the clear win-
ner but patterns were perceived more clearly with high saturation
in the foreground compared to the reverse. Contrary to expectation,
the light dark separation did not perform well on key accuracy or on
ratings of perceive pattern clarity. The hue separation combinations
were intermediate.

The problem with all studies of this kind is that the optimal color-
map is usually one which is designed specifically for a particular
data set, and so providing general principles is difficult. In addi-
tion, there are an infinite number of colormap pairs which can be
constructed within the design constraints we set ourselves, and so
we cannot claim to have shown definitively that the saturation sep-
aration principle is best. Nevertheless, our results are suggestive
and in the absence of other evidence we tentatively propose the fol-
lowing guideline. Use a high saturation colormap for a foreground
data set displayed using small glyphs, and a low saturation color-
map, such as a grey sequence for the background colormap. Figure
1 shows the comparison between a light on dark combination and
the recommended high saturation on low saturation combination.
If the low key-accuracy for the background greyscale is a problem
the simple red/green color ramps can provide a good alternative.
For color anomalous individuals the combination of a red lumi-
nance ramp with a blue luminance ramp may be a better solution,
although we have not tested this.

This work was funded in part by ASCR DOE funded research
under Dr. Laura Biven and in part from NOAA Grant NA15-
NOS4000200 to the Center for Coastal and Ocean Mapping.
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