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Abstract

Color is widely used in data visualization to show data values. The proper selection of colors is critical to convey
information correctly. In this paper, we present a technique for generating univariate lightness ordered palettes.
These are specified via intuitive input parameters that are used define the appearance of the palette: number of
colors, hue, lightness, saturation, contrast and hue range. The settings of the parameters are used to generate
curves through CIELUV color space. This color space is used in order to correctly translate the requirements
in terms of perceptual properties to a set of colors. The presented palette generation method enables users to
specify palettes that have these perceptual properties, such as perceived order, equal perceived distance and equal
importance. The technique has been integrated in MagnaView, a system for multivariate data visualization.

Categories and Subject Descriptors (according to ACM CCS): http://www.acm.org/class/1998/ 1.3.8 [Computer

Graphics]: Applications

1. Introduction

Color is used in all areas of visualization, including cartog-
raphy, information visualization and scientific visualization.
The prime application is to encode data, but it is also used to
highlight certain aspects or for aesthetical purposes. In this
paper, we focus on the use of color for data encoding, and
especially for ordered univariate data. Here, a scalar value is
mapped to a color, either by using a continuous function or
via a discrete mapping. The resulting ordered set of colors is
called a palette. Selecting the right combination of colors in
a palette is critical for conveying information correctly.

This task is not trivial. A number of sometimes conflict-
ing requirements have to be met, moreover, the functional
characteristics of the human visual system have to be taken
into account. Experts can achieve optimal results by care-
fully hand-picking colors; for non-experts this is often too
difficult and time-consuming. A simple solution is to pro-
vide the user with a number of standard palettes. However,
none of these may be deemed optimal for the application
under consideration, and hence a custom palette has to be
created.

In this paper, we propose a model for the automated syn-
thesis of palettes. Users are provided with a limited set of
intuitive parameters, which they can use to quickly gener-
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ate a wide variety of proper palettes. We attempt to pro-
duce palettes with a similar quality as carefully manually
designed palettes.

In section 2 we present an overview of manually de-
signed palettes and methods for creating palettes. In sec-
tion 3 we formulate our objectives. In section 4 we present
our palette generation model. Colors follow from sampling a
curve through the CIELUV color space. In section 5 we show
the integration of the technique in the visualization applica-
tion MagnaView and present the results of our user study.
Finally, the results are discussed and possibilities for future
work are presented in section 6.

2. Related work

There are three main requirements for proper univariate or-
dered palettes [Tru81, Lev96, Bre99]:

1. The colors display a perceived ordering;

2. The perceived color distances are representative of the
intended distances;

3. The colors are perceived as equally important.

An example of a palette that fails in all these aspects is the
widely used rainbow color map [BTO7]. Besides these gen-
eral requirements, other visualization-specific requirements
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have to be satisfied. For instance, red roads on a red back-
ground are invisible, or, perceptual steps between consecu-
tive colors need to be higher if the spatial frequency of the
visualization is high.

2.1. Brewer palettes

The best results are produced by experts that carefully select
the most appropriate colors. Prime examples are the palettes
designed by Cynthia Brewer [Bre99, Bre05], which are of-
ten used and highly respected in the visualization commu-
nity. We therefore consider them as reference prototypes for
automatically generated palettes.

The Brewer set of palettes is large, but finite. For a num-
ber of hues no palettes are provided, and also, palettes with a
large number of colors up to continuous palettes are not sup-
ported. Furthermore, deviations from these palettes might be
needed such that the palette colors do not interfere with the
other colors used in the visualization. To provide a larger set
of palettes, automated generation is required.

2.2. Color systems

Many visualization toolkits have implemented some method
for palette generation. These methods are mostly based on
the RGB, HSV (also known as HSB) or HLS (also known as
HSL and HSI) color systems. In these color systems paths
are defined, mostly via lines or curves, along which the
palette colors are sampled. One of the most sophisticated in
this category is PRAVDAColor [BRT95].

These color systems can be used to generate palettes that
display a perceived ordering, but the perceived color dis-
tances are not representative for the intended distance. This
requires a color system that is perceptually uniform, i.e., col-
ors having equal values in certain dimensions should have
equal perceptual properties in that dimension. As an exam-
ple, two colors of lightness value 50 are perceived as equally
light. Figure 1 shows examples of non perceptual uniformity
of the HLS space.
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Figure 1: Examples of non perceptual uniformity in HLS.
Left: Three colors of equal lightness. Middle: Two pairs of
colors with equal hue distance. Right: Two pairs of colors
with equal lightness distance.

A solution is to use a color system based on human per-
ception, such as CIELUV or CIELAB [cie86]. The CIELUV
system is recommended in additive light source conditions,
the CIELAB system for use under reflected light conditions

[RO86]. This, however, introduces a new problem. These
color spaces use device independent colors, therefore care
must be taken to use only colors that fall within the gamut
of the used device, i.e., within displayable color space (Fig-
ure 2).

Figure 2: The RGB cube, the HSV cone, the HLS double-
cone and displayable CIELUV space

2.3. Sampling color space

Others have used the CIELUV or CIELAB color space as the
basis of a palette generation method [Lev96, RO86, ZH06,
ZMO06, Pha90]. Some use sampled straight lines to define
their palettes. However, then the irregularly shaped color
spaces can not be used to their full potential. For instance,
the only way to achieve maximum lightness contrast with
a straight line is to go from black to white, creating a gray
scale. Some use line segments to solve this. This, however,
introduces discontinuities in the first order derivative of the
path. The sharper the bends in the path, the more attention
is drawn towards these discontinuities, thereby violating the
equal importance requirement.

All palette generation methods referred to above use color
keys to specify their palettes. To generate a proper palette,
i.e., one that fits the requirements stated in the beginning of
section 2, the color keys have to be chosen carefully. There-
fore, the user is required to have experience in the field of
creating color palettes. This is reflected in a recent paper by
Zhang and Montag [ZMO06] which states:

"The construction of color schemes is a subtle task
and the design process is mostly ad hoc."

Furthermore, they give no solution on how to prevent the
path from exiting displayable color space.

3. Overview

Our aim is to aid the user such that he can only generate
palettes that satisfy the given requirements, while still being
able to fine-tune a palette to a visualization and to his pref-
erences.

Our solution is to use a curve instead of line segments.
This way, it is possible to utilize the complete lightness range
and have no abrupt bends in the path. Furthermore, we pro-
pose to help the user by specifying palettes using a limited
set of intuitive parameters, rather than color keys. The first
three are hue, saturation and brightness, in accordance with
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Figure 3: The volume of displayable colors in CIELUV space, three hue slices of CIELUV space generated with PaletteView and
the triangle that approximates the boundary of the displayable colors of a hue slice

the intuitive dimensions of color spaces. Further parameters
are the number of colors of the palette, the cold/warm param-
eter that controls the perceived color temperature, and the
contrast parameter that defines the overall lightness contrast
of the palette. These parameters make it possible to fine-tune
palettes to visualization-specific requirements; for instance,
a palette in a certain lightness range ensures that white text
is always clearly visible, or, using a palette with lowly sat-
urated colors makes it possible to highlight other aspects of
the visualization with saturated colors.

4. Model

In this section, we give a short introduction to the CIELUV
color space, then analyze Brewer palettes within that space.
Based on this analysis, we propose a model for generation of
single-hue palettes, which is extended to a multi-hue model.

4.1. CIELUV

The CIEXYZ system forms the basis of CIELUV. The XYZ
coordinates of a given color stimulus can be calculated by
measuring its spectral power distribution with a spectropho-
tometer. Via multiplication with an RGB-matrix, the XYZ
coordinates can be converted to RGB and back.

The XYZ space is not perceptually uniform. To make it
more uniform, CIEXYZ is transformed to CIELUV. Via a fur-
ther transformation, CIELUV can be converted to LCHyy,
yielding the intuitive dimensions lightness, saturation and
hue. LCH,, makes it possible to specify a color in both
perceptual and meaningful terms. For more information on
the conversion of colors between color systems we refer
to [cie86, Lin].

During the development and testing of our palette gener-
ation technique CRT monitors were used, since they have
superior color reproduction to LCD displays. However, the
color palettes can be calibrated to other monitors by chang-
ing parameters in the color space conversion formulae, such
as gamma, reference white, and the RGB-matrix.
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It is possible to specify a color in LCH,, outside the dis-
playable color space of a monitor, i.e., if its corresponding
RGB value is not in the range of [0..173. By clamping the
RGB components back to that range, a displayable color is
obtained. We aim to use LCH,, values that are within dis-
playable color space, to avoid the irregularities that result
from color clamping.

Figure 2 (right) shows the RGB-cube, representing the
displayable colors, transformed to CIELUV space. To in-
vestigate color spaces, we developed an application called
PaletteView. This application generates slices from color
spaces shown in four seperate viewports. Figure 3 contains
three such slices, each showing the displayable colors of a
single hue. Note that each hue slice has a different shape, in
contrast with hue slices of HSV or HLS. The CIELUV slices
better match our perception, because the most saturated col-
ors of each hue reside at different lightness levels; yellow
colors are saturated at high lightness values, blue colors at
low lightness values. The example colors in Figure 1 that
have equal lightness in HLS, have a lightness value of 60, 97
and 46 in CIELUV space.

We use the convention LCH,,(60,20,270) to denote a
color of a certain color space, in this case a LCH,, color
with lightness 60, saturation 20 and hue 270. To convert a
color ¢ to a certain color space we use the notation RGB(c),
which gives the RGB coordinates of c. A color component
is obtained by adding a suffix, e.g., c.L yields the lightness
of c.

4.2. Brewer palettes in CIELUV

To analyze the Brewer palettes within the CIELUV color
space, the RGB coordinates of their colors are converted to
LCH.y space. Figure 4 (left) shows three single-hue palettes
of Brewer, with lightness on the vertical axis and saturation
on the horizontal axis. Based on the plots, a number of ob-
servations can be made:

e As the palettes increase in lightness, the saturation in-
creases and then decreases. This indicates that for a clear
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Figure 4: Left: Three Brewer palettes plotted in LCHyy, space with PaletteView. Center: The RGB cube with all MSCs.
Right: Colors at equal distance according to AE,,, CIE94, CIEDE2000, and the L function.

order to be perceived a monotonic saturation increase or
decrease is not necessary. We observed that as long as the
saturation changes are not too abrupt, they do not violate
the order or the equal importance requirements.

e The palettes do not increase linearly in CIELUV lightness;
the lighter colors are closer to each other than the darker
colors.

e The Brewer palette paths have saturation peaks at a dif-
ferent lightness levels. The shape of the path follows from
the shapes of the hue slices in CIELUV space.

4.3. Displayable colors of a hue

Our approach for palette generation is to define a continuous
path through color space, sampled at uniform color distance
intervals, to obtain a discrete palette with finite numbers of
colors.

We first consider the space available for a path of a single
hue. A hue slice of displayable color space in CIELUV can be
characterized by three points: white, black and the MSC(h),
i.e., the Most Saturated Color of a hue. The MSC is not at
equal lightness and saturation for each hue (Figure 3). The
triangular surface spanned by black, white and the MSC, is
an approximation of the displayable color space of a certain
hue. Using this triangular surface, only a small portion of
the displayable color space is not used, and little clamping is
required to make all colors displayable.

All MSCs lie on edges of the RGB cube characterized by
one RGB component at value 0, one at value 1, and one vari-
able component (Figure 4 center). To calculate the MSC of a
given hue h, first the correct edge is determined, next the
intersection point between this edge and the CIELUV hue
plane belonging to /4 is calculated. In Figure 4 (center), for
MSC(280) holds that G = 0, B = 1, next R can be calculated
by

1
R=(— (0uty+Bvy) (mpx +15mpy +-3mpz ) — (4ounpx +9Bmpy) \ ¥
(0t +Bvn ) (mpx +15mgy +-3mpz) — (4oumpx +9Bmgy) )

where oo = —sin(h) and B = cos(h) [WijO8]. Furthermore,

vy stands for the gamma value, u, and v, denote the (u,v)
coordinate of the reference white, and m;; denotes a value of
the RGB-matrix.

266 0 86 266

Figure 5: Left: the CIELUV displayable color volume with a
cylinder that defines all colors of similar saturation. Right:
the corresponding saturation slice generated with Palette-
View. The path of the MSCs of all hues is shown, indicating
the lightness of each MSC.

4.4. Single-hue sequential palette model

The triangular surface that approximates the displayable col-
ors of a given hue, is used as the basis for the path on which
all colors of a palette are sampled. The path can be specified
using the following intuitive control parameters:

o N: number of colors, (N = oo for continuous palettes);
e /i: the main hue;

e (: the overall lightness contrast;

e §: saturation;

e b: brightness.

For reference the complete single-hue sequential palette
model is given in table 1. The points pg, p; and p>
define the triangular surface, defined by LCH.v(0,0,h),
MSC(h) and LCH,,(100,0,k). We define the continuous
curve Cyeq as two quadratic Bézier curves using (po,¢o,q1)
and (q1,92,p2) as control points (Figure 3). This yields a
path from black, through a range of colors of equal hue, to
white.

(© The Eurographics Association and Blackwell Publishing 2008.
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Figure 7: Left: seven palettes made by Brewer. Right: seven
generated palettes with varying contrast

The saturation parameter s controls the tension of curve
Cseq; if s = 0 then Cseq is a straight line from pg to py, if
s = 1, Cyeq is a path from pg to p; to pp (Figure 6). The
brightness parameter b determines the starting position of
the curve. The lightness contrast parameter ¢ determines the
length of the curve (Figure 6). In the Brewer palettes the
lightness contrast is related to the number of colors in the
palette. The default value for ¢, c = min(0.88,0.3440.06N),
approximates this relation (Figure 7).

4.5. Distance function

In an ideal perceptually uniform model, colors at equal pa-
rameter distance have an equal perceived distance. Although
CIELUV and CIELAB are better than the simpler models, still
distance functions are used to calculate the perceived dis-
tance between two colors. The CIE has defined several dis-
tance functions: AE,),, CIE94 and CIEDE2000 [cie86, Lin].
However, neither of these yielded satisfactory results, which
is shown in Figure 4 (right). Therefore, it is necessary to in-
troduce a new distance function L, for use with our palette
definition. Based on the colors of the Brewer palettes in Fig-
ure 4 (left), L transforms the color space in such a way that
palette colors are closer to each other in CIELUV when their
lightness is high, and further apart when their lightness is
low. The L function considers only the L component of the
colors, since lightness is the dominant perceptual compo-
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Table 1: Single-hue sequential palette model.

Pseq[i] :Pseq(Nil)y i€ [0..N—]]
Pueq(t) = Coeq(T(L(1)) ), ref0.1]
L(t) =125—125.02(17¢c)b+ec t€[0.1]
C (t): B(P0>610,611,2l‘)7 t<0.5

e B(q1,42,p2,2(t = 0.5)), t>0.5

T(f) — 0~5B_1(170~qu0~qu1-14,£)7 ESQIL
0.5B~'(q1.L,q2.L,py.L,0)+0.5, > q;.L

B(bg,by,by,t) = (1—1)2bg+2(1 — 1)ty +1*b,

bo—b14+/b2 —boba+(bo—2b1+b>)v
bo—2b1+by

B~ (bo,by,ba,v) =

po=LCHw(0,0,h)  go=(1—s)po+spi
p1 = MSC(h) a1 =%(q0+92)
p2 = LCHw(100,0,h) g2 = (1—s)p2+sp

Default values:
s = 0.6, b = 0.75, ¢ = min(0.88,0.34+0.06N)

nent that produces an ordering in a sequential palette. Points
on curve Cseq, Which is comprised of two quadratic Bézier
curves, can now be found analytically. First the lightness of
a color is calculated with L(), since Cseq.L now is equal
for all parameter settings. Then, T is used to calculate the
curve parameter value that belongs to this lightness. Using
this value the corresponding saturation and hue are calcu-
lated with Cyeq.

4.6. Multi-hue and diverging palettes

Multi-hue palettes make it easier to detect to which clus-
ter a certain color belongs, because of the gradual change
in hue [SKR99, Lev96, BT07]. By analyzing the Brewer
palettes with PaletteView, we found out that many palettes
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move towards yellow as they get lighter, even most single-
hue palettes. A reason for this is that yellow colors can be
saturated at a high lightness (Figure 5). We make use of this,
when generating multi-hue palettes, by shifting the top point
p2 towards a bright point p;, defined as yellow. Parameter
w controls how close the top point p; is to p,. However, the
resulting point could lie outside the triangular surface that
approximates displayable colors. Therefore, Syax calculates
the maximum saturation for a color of a certain lightness and
hue; it projects the color back to the triangular surface, and
preserves its lightness and hue value. The hues are interpo-
lated using the shortest path on the color circle, for instance,
mixing hues 60 and 340 yields 20. Since moving colors
towards yellow makes their appearance warmer and mov-
ing them away colder, we call the w parameter cold/warm.
Table 2 shows the multi-hue model as an extension to the
single-hue model of Table 1. With this model, a wide range
of multi-hue palettes can be generated.

Brewer also specifies diverging palettes. A diverging
palette is created by concatenating two sequential palettes,
with a combined neutral point. The neutral point is white or
gray in case of single-hue palettes and moves towards the
bright point p;, as w increases for multi-hue palettes. Figures
9 and 10 show examples of generated diverging palettes.

Table 2: Multi-hue sequential palette model.

p2.L= 100(1 —W) +w-pp.L
p2.S = min(Smax(p.L,p.H),w-s- pp.S)
p2.H= (h+aM) mod 360

M = (180+ p,.H — h) mod 360 — 180

Smax(lvh/) = (Ppid-S — Pend-S) + Pend-S
where
o= (Pend~L - l) / (pendL - Pmid'L)
Pmid = MSC(h/)
_ [ LCHw(0,0,4"), 1 < pia-L
Pend = { LCH,(100,0,7), 1> ppia-L

Default values:
py» =LCH(RGB(1,1,0)), w =0

5. Results

We have implemented our palette generation technique
in the visualization application MagnaView [Mag], that
visualizes multivariate data using generalized treemaps
[VvWvdLO06]. Each tile in the treemap is assigned a color
based on a mapping between a data attribute and a color
palette.

Novel users can select preset palettes that we defined us-
ing the parameters hue, lightness, saturation, contrast and

hue range (Figure 10). The number of colors is derived from
the data. The type of data is used for selecting between se-
quential and diverging palettes; for instance, unsigned nu-
merical data is assigned a sequential palette and signed nu-
merical data a diverging palette.

3 Edit Paletie Q@@
Falette Tyvpe Palette
— | | | = sl
@ equentil O Diverging @ Qualitative 21-23
Presets | Edit Palatts.. 19 -21
18 - 19

Hue: A{_ - 16 - 18
ColdAw/am: A;_ 05 H-1s

12 - 14

11 -12

Brightness Eﬂ ! 9-11
7-9

Saturation: _ui;_ 075

Contrast: _* 4-5

2-4
Reverse palette Drefault 0-2

Figure 8: User interface for editing palettes in MagnaView.

Experienced users can alter all parameters of the (preset)
palettes using sliders that show the possible palette appear-
ances for all values of a dimension (Figure 8). This way, the
user can see beforehand how changing a certain parameter
will affect the palette. Because it is important to see a set
of colors in context [MSKO04], our aim is that the user can
see the colors in the visualization change when the palette
is changed; however, we have not implemented this yet. Our
palette generation technique can only generate palettes that
satisfy the three palette requirements, therefore users can
only create proper palettes, while still having a wide range
of possibilities. If needed, expert users can still set all colors
individually.

5.1. User Study

We performed an informal user study that consisted of two
parts. The first part was intended to evaluate the slider in-
terface described above and the second part to test the aes-
thetical qualities of the generated palettes. The latter was in-
cluded in order to find the most appealing default palettes
for MagnaView. Fifteen test subjects with normal color vi-
sion participated in the user study, of whom seven were
MagnaView employees and eight were individuals who had
never used MagnaView before. In the first part of the user
study, the test subjects were given a short introduction to
the MagnaView application. Next, they were given five tasks
that each corresponded to a different visualization. The tasks

(© The Eurographics Association and Blackwell Publishing 2008.
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Figure 9: Pairs of palettes of which the left palettes are defined by Brewer, and the right palettes are generated with Pyeg.

ranged from adjusting the colors to make white text clearly
visible to adjusting the palette to make it fit with a given
visualization and the surrounding colors. The tasks were in-
tended to familiarize the test subjects with the palette edit-
ing user interface, without explicitly explaining them how to
change the colors. After the tasks were completed, the sub-
jects were questioned about their experience with the palette
editing user interface.

We noted that most subjects start by experimenting with
the sliders. The result of this is that many subjects quickly
learn how each slider affects the palette appearance. Several
users noted afterwards that not all of the slider captions were
clear to them, especially since the native language of none of
the test subjects was English. However, the visual clues pro-
vided by each slider aid the users in learning its meaning.
In some particular situations changing a slider influences the
palette appearance very little or not at all; examples of this
are the hue slider if saturation is low, the brightness slider
if contrast is high, and the cold/warm slider if the hue is
yellow. Some users encountered these situations early on,
which increased the time needed to learn the workings of
the user interface. However, most users were able to create
the palettes they desired after a learning period of about 10
to 15 minutes.

In the second part of the user study, the aesthetical qual-
ities of the generated sequential palettes were investigated.
We acknowledge that aesthetics is just one aspect, and we
are not sure if there is a relation with functional usability.
Nevertheless, the experience at MagnaView is that for most
customers aesthetics is important, and therefore this experi-
ment was executed to provide us with more insight in this.
For the experiment, a set of 48 palettes was formed by com-
bining all sequential Brewer palettes of nine colors with 9-
color generated palettes. The palettes were applied to a visu-
alization in MagnaView and shuffled in three different orders
to avoid ordering effects. Each participant was shown one of
the three batches of 48 visualizations and had to rate each
palette solely on its aesthetical properties, ranging from 1 to
5, from ugly to beautiful.

Two categories scored significantly higher than the oth-
ers: the Brewer single-hue palette category (average rating
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of 3.44), and the generated palettes having a w-value of 0.25
(3.40). We conclude that the generated palettes have a simi-
lar aesthetic quality to the hand-picked Brewer palettes. We
also conclude that to generate an aesthetic palette, a w-value
of around 0.25 is best. The palette that received the high-
est rating on average was a blue, generated palette with a
score of 4.04. Furthermore, we evaluated the hue preferences
of the participants by looking at the ratings of the single-
hue palettes. The blue palettes scored highest with 3.75, fol-
lowed by green and cyan. A more detailed description of the
numbers and findings of this user study can be found else-
where [Wij08].

6. Conclusions

We have presented palette models that provide a flexible way
of generating palettes for visualizations. By simplifying dis-
playable CIELUV color space we are able to make better use
of the irregularly shaped color space. We presented exact
specifications of palettes instead of giving mere guidelines
on palette generation. The palette appearance can be altered
using high level intuitive parameters, which facilitates the
palette design process.

We have paired our generated palettes to the Brewer
palettes on Figure 9 to show that the generated palettes come
close to the palettes designed by hand by an expert. Further-
more, our user study showed that palettes with a low w-value
are rated equivalently to the highest rated Brewer palettes.

The multi-hue parameter makes it possible to generate a
wide variety of multi-hue palettes. However, to make the
lighter colors more saturated the lightness of the top point is
decreased by a small amount, decreasing the used lightness
range. This effect can be seen on the three pairs of sequen-
tial palettes on the right of Figure 9; the top colors are not
as light as their Brewer counterparts. Further research on the
multi-hue palettes might make it possible to create palettes
with equal colorfulness, that utilize the complete lightness
range. We did not find a simple solution to this problem.

Our palette definition makes it possible to define palettes
in an intuitive and exact way. This definition can be used to
automatically adapt palettes to fit certain situations. The pos-
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Figure 10: Examples of generated palettes, taken from the set of preset palettes.

sibilities to use this definition to further automate the palette
generation process is suggested for future work.

The PaletteView application for color space exploration
can be obtained for research purposes from MagnaView B.V.
Please contact info@magnaview.nl.
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