
 

 

  Master thesis 

 

 

MapColPal – a color palette 

generation and testing tool 

for thematic maps 
 

Valerian Lange 

 

 

 

 
 
 

 
 
 

 
 

 
 

 

2022  



 

 

Statement of Authorship 

Herewith I declare that I am the sole author of the submitted Master’s thesis entitled:  
 
“MapColPal – a color palette generation and testing tool for thematic maps” 
  
I have fully referenced the ideas and work of others, whether published or unpublished. 
Literal or analogous citations are clearly marked as such.  
 
 
 
Vienna, September 2022           Valerian Lange 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis submitted to the Faculty of Geo-Information Science and Earth 

Observation of the University of Twente in partial fulfilment of the 

requirements for the degree of Master of Science in Geo-information Science 

and Earth Observation. 

Specialization: Cartography M.Sc. 

 

 

 

SUPERVISORS: 

Dr. P. Raposo 

 

THESIS ASSESSMENT BOARD: 

Dr. rer. nat. F. Mocnik 

M.Sc. E. P. Bogucka (Reviewer, TU Munich) 

 

  

MapColPal – a color palette 

generation and testing tool for 

thematic maps  

VALERIAN LANGE 

Enschede, The Netherlands, September 2022 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

This document describes work undertaken as part of a programme of study at the Faculty of Geo-Information Science and 

Earth Observation of the University of Twente. All views and opinions expressed therein remain the sole responsibility of the 

author, and do not necessarily represent those of the Faculty. 





MapColPal

a color palette generation
and testing tool for thematic
maps

Valerian Lange

thesis for theM.Sc. Cartography
September 20, 2022





Abstract

Color isacrucialpartof cartographicvisualizationwhile simultaneouslyposingmany
challenges to the cartographer working on it. Creating and testing self-made color
palettes formaps insteadof relyingonstandardpalettes requiresmanualeffort, time,
andexpertise. Tools toaid in thecartographicdesignprocesswitha limitedscopeand
high depth became known as cartographic brewers Brewer (2003), with ColorBrewer
(Harrower & Brewer, 2003) as one of the most influential examples among them.
ColorBrewer helps to work with and understand properties of color palettes more
easily. And yet, there are limitations to it: It features only a selection of pre-created
color palettes for onemap layer at a time and presents these palettes only applied to
a choropleth map. What could a tool look like which improves on previous applica-
tions likeColorBrewer to assist cartographers in choosing color palettes for thematic
maps?

In this thesis, MapColPal, a web-based color palette generation and testing tool
for thematic maps, was designed, built, and evaluated. It provides a new take on the
oldproblemof selecting colors formaps inawaysuiting thedata, humanperception,
andaesthetic preferences. MapColPal tackles this problembyderiving color palettes
in a structuredway from a shared set of seed colors, visualizing each update imme-
diately, as well as offering user interaction and palette testing at all steps along the
process. It builds on previous tools like ColorBrewer and combines their ideas with
insight from recent literature andmodern technology.

keywords: color palette generation, color palette testing, thematic cartography, car-
tographic design, requirements engineering, prototyping,web development
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CHAPTER 1
Introduction

More delicate than the historians’ are the map-makers’ colors. (Bishop,
2011, from the poem TheMap, first published inNorth & South 1946)

Color is crucialwithin cartography: it is part of multiple visual variables (Bertin,
2011, p. 42), it is an aesthetic element (Brown & Feringa, 2003, p. 127), and it is in-
cluded inmost textbooksoncartography(e.g., Brown&Feringa, 2003; Brewer, 2016).
Andyet, suitable color use in amap is challenging. The colors should be aesthetically
pleasing tomake themap attractive and enjoyable to read, but also need to be fitting
to the map’s theme and also match the kind of data that is displayed. Otherwise, an
ill-fitted color palette may make the map unappealing and, even worse, distort the
meaningof thedata, insteadof facilitating comprehension. Additionally, colors that
workwell for one mapmight not be suitable for another. A typical mistake is usage
of the same color palette for everymapping need (Harrower & Brewer, 2003, p. 27).

When in the process of finding a suitable color palette for a given map, cartog-
raphers can either choose from standards supplied by the software they intend to
use, for example a geographic information system (GIS) may offer a selection built-
in, or theycan relyonpalettes craftedand testedbyexperts. In cartography, themost
popular example of this is likely the color schemes provided by the ColorBrewer ap-
plication (Harrower & Brewer, 2003). Using one of these pre-defined color palettes
leaves the cartographer with a limited, finite set of options. This, in turn, not only
limits the cartographer’s control and agencyover themapdesign, it can lead to data-
distortion as a result, severely impacting the qualityof the resultingmap. Moreover,
existing tools like ColorBrewer are not designed to be used effectively in situations
where specific colors are required, e.g. a brand color (Smart, Wu, & Szafir, 2020,
p. 1215). Of course, there is also the possibility to adapt an existing palette or craft
a completely new one. This process of creating and testing such a self-made color
palette instead of relying on a standard choice requires manual effort, time, and ex-
pertise (K. Lu et al., 2021, p. 475). Most textbooks and tools to date focus on providing
advice for choosing and applying a pre-defined color palette (see chapter 2 for an
overview). Also, it is possible to do this prototyping of a new palette within a GIS,
but such systems offer little help in this demanding procedure.

Therefore, the need for a current reviewof research on color paletteswithin car-
tography and a summary of this information was identified, to provide cartogra-
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1. Introduction

pherswith the necessaryknowledge to be able to craft their own color schemes. Fur-
thermore, to provide aid in the creation process, generation algorithms, which are
alreadyutilized indifferent disciplines (see chapter 3), canbe adapted tofit theneeds
of cartography and data visualization, like providing a set of related color palettes
for visualizations on the same topic that shall be displayed together, considering a
basemap’s colors for the palette generation, and takingmultiple map layers into ac-
count. For example, in the case of a point symbol map overlaid on top of a choro-
plethmap. Utilizing a generation algorithmprovides creative inspiration and a base
for guaranteed consideration of color design principles and can lead to outcomes
that are preferred to standard palettes in direct comparison (Gramazio, Laidlaw, &
Schloss, 2017, p. 529). A fitted generation algorithm can then be combined with the
summarized advice and a palette choosing and testing interface similar to Color-
Brewer. This will be further improved to also allow for different geometry types,
multiple map scales, and color vision deficiency simulation, to create a unique new
tool for cartographic color palette generation and testing thatwill be able to provide
the cartographerwith fitting palettes for variedmap designs.

1.1 Research objective

The general research objective (RO) of this thesis is to design, build, and evaluate
a tool to assist cartographers in choosing suitable color palettes for thematic
maps.

For the cartographer to be able to choose a color schemewell, the tool combines
relevant information on color palette designwith apalette generation algorithmand
a testing environment to visualize and assess the palette in relevant situationswith-
out the need to export a potential palette to other applications. The tool is focused
onwebmaps to be displayed on screen displays like computer monitors and smart-
phones. In terms of what combinations of map layers are supported, the proof of
concept shall support a basemap overlaidwith a choropleth map layerwhich can in
turn be overlaid with a point symbol map layer. For map scales, a city-scale (Web
Mercator zoom level 11, rounded scale 1:300000) and a country-scale (WebMercator
zoom level 4, rounded scale 1:37000000) view shall be provided.

1.2 Research questions

To reach the research objective, the following research questions (RQs)were defined:

RQ 1 What criteria are necessary to decide whether to use a color palette for a the-
maticmap considering not only choroplethmaps, but also proportional point
symbol maps andmulti-layered combinations?

RQ 2 What color palette generation and testing tools exist already? How can a new
tool improve upon the existing ones?

RQ 3 What requirements exist for a tool implementing these criteria and improving
upon the existing tools?

RQ 4 Howcan these requirements be implemented in a proof of concept?

RQ 5 Does the proof of concept fulfill the requirements set before?

16



1.3. Thesis outline

1.3 Thesis outline

As the intended research objective is a prototype of a tool, the general philosophy
and style of work will follow the system design type of research. System design is
defined as research “[…]where the researcher designs a system (database, visualiza-
tion, modelling …) and shows that it is somehow ’better’ than previous designs; this
includes design of algorithms and methods” (Rossiter, 2018a, 35). Rossiter (2018a,
p. 64) names important parts of a thesis using this mode of research: Firstly, estab-
lishing the need for a design. This gets explicitly addressed in chapter 1 and is then
built upon in chapter 2 and 3. Secondly, inspecting existing designs to determine
their deficiencies. This is being handled in chapter 3 in detail. Thirdly, proposing a
design and specifying its innovations. This is being done in chapter 5. And lastly,
showing that the design fulfills its promises. This is the content of chapter 6 before
a general conclusion is taken in chapter 7.

To handle each of these aspects and answer the research questions accompany-
ing each chapter and in the end reach the research objective, scientificmethods need
tobe chosen toworkon this in a controlled and comprehensiblemanner. As research
questions 1 and 2 deal with existing knowledge and its synopsis, a literature review
was identified as the method to answer these questions. Research question 3 deals
with the theoretical concept for the proof of concept, or in other words, the design
to be implemented aswell as its innovations. To define these theoretical aspects, re-
quirements engineeringwas chosenas afittingmethod to answer this researchques-
tion. The fourth research question deals with the realization of the requirements
identified inRQ3anduses prototyping combinedwith additional considerations for
the software developing to implement these.

Introduction. Introduces the topic of research and the research objective.
Background on color science. This chapter builds the knowledge foundation

uponwhich the first research questionwill be answered during implementation.
Relatedwork. This chapter reviewsexisting toolsandcalculations for colorpalette

generation and testing.
Methodology. This chapter describes the approach chosen to fulfill the research

objective.
Implementation. This chapter describes the process of creating the require-

ments for the proof of concept aswell as the actual proof of concept itself.
Results. In this chapter the final proof of concept is presented and evaluated.
Conclusion and outlook. This chapter discusses how far the research objective

was achieved and how to proceed from here.

The structure of this thesis was chosen in relation to the research questions. Table
1.1 listswhich research questions are addressed inwhich chapter.

17



1. Introduction

Table 1.1: Relation between thesis outline and research questions

Chapter Relevant research question(s)

Introduction RO
Background RQ 1

Relatedwork RQ 2
Methodology RO

Implementation RQ 1, RQ 2, RQ 3, RQ 4
Results RQ 5

Conclusion and outlook RO

18



CHAPTER2
Background on color science

Tobeable to answer thefirst researchquestionand identifyrelevant criteria for color
paletteusage in thematicmaps, anoverviewof thecurrentbodyof knowledgeonthis
topic is summarized from cartography and relevant other disciplines in this chap-
ter. It is structured from general to specific and follows the parts of the research
question: First, the necessary foundations for discussing color and color palette de-
sign are laid out before moving to the specifics for thematic maps. Then, the more
implementation-focused aspects of web map applications are considered including
user interface design for such applications.

2.1 Perception of color

Themost vital term to define for this research is the concept of color. And as this re-
search does not feature a solely artistic view on color but wants to leverage the con-
cept in the context of data visualization, the important aspects are color appearance
and perceived color. One possible definition is stated by the International Commis-
sion on Illumination (CIE),which arewell-known for the definition of multiple color
spaces (Fairchild, 2013, p. 79-83): In the International Lighting Vocabulary, they de-
fine perceived, or also perceptual, color as a “characteristic of visual perception that
can be described by attributes of hue, brightness (or lightness) and colourfulness (or
saturation or chroma)” (CIE, 2020). Thus, color is seen as a part of visual perception.
It also relies on the terms hue, brightness, lightness, colorfulness, saturation, and
chroma, which will be regarded in the following. Fairchild (2013) also emphasizes
that while color can be difficult to define, these attributes uponwhich its definition
is relying are easier to define more precisely and are also exceedingly important for
color appearancemodeling (p. 88).

To start with visual perception, while it relies on the electromagnetic spectrum
of light, it is not proper to state that a specificwavelengthwithin this spectrum, or a
specific object, are a given color. It is more fitting to state that those stimuli are per-
ceived tobeof a specific colorwhenviewedunder agiven set of conditions (Fairchild,
2013, p. xix). Humanvisual perception is influenced byrods and cones, the two types
of retinal photoreceptors. Theydo not always differ in their shape,which the names
are derived from, but they have an important difference in visual function: Rods al-
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2. Backgroundoncolor science

low for vision when there is low luminance, or in other words only a small amount
of light received by the eyes, while cones allow for vision in high luminance situa-
tions, and both are active in intermediate levels of luminance. When only the rods
are providing vision, it is called scotopic vision. Similarly,when only the cones are ac-
tive, it is called photopic vision, andmesopic vision is used for the intermediate situations
where both are supplyingvision (Fairchild, 2013, p. 8). While onlyonekindof rod re-
ceptor exists, there are three types of cone receptors with partly overlapping areas
of spectral responsivity and peak responsivities at different pointswithin the visual
spectrum. Theyare therefore referred to as long-wavelength (L cone),middle-wavelength
(M cone) and short-wavelength (S cone) sensitive cones. Color vision is achieved through
the three types of cones. Rods are incapable of color vision. Cones utilize three
kinds of pigment for sensing these differentwavelengths, thereforevision including
all three types of pigment is known as trichromatic vision (Bleicher, 2012, p. 11). Two
modes of color vision can be discerned, light-color perception, visual effects produced
byhomogenous, non-varying lightwhichareattributed to the interactionof the light
withour eyes, and object-color perception,whereperceived light is interceptedbyanob-
ject which thereby appears to possess a color. The latter can only occur when more
thanone object is present (Evans, 1964, p. 1468). The overlap in responsivitybetween
the kinds of cones differs from physical imaging systems,which are built with non-
overlapping areas of responsivities for practical reasons, and this difference is part
of the reason why precise color reproduction is difficult to realize (Fairchild, 2013,
p. 9).

Thedifferentqualitiesof perception that togetherdefineacertainperceivedcolor
are also relevant for the definition of color. Hue is considered an “attribute of avisual
perception according towhich an area appears to be similar to one of the colours red,
yellow, green, and blue, or to a combination of adjacent pairs of these colours con-
sidered in a closed ring” (CIE, 2020). This definition also introduces the concept of
hues ordered in a circle,which is also knownas a colorwheel. A colorwheel is a com-
monelement in color theorytodescribe color combinationsgeometricallyand is also
used in user interfaces tovisualize or choose a color for an action (Tan, Echevarria, &
Gingold, 2018, p. 1). Hue is also used to discern perceived colors into chromatic colors,
which possess hue, and achromatic colors, thosewithout hue (CIE, 2020). Brightness is
defined as an “attribute of a visual perception according towhich an area appears to
emit, transmit or reflect, more or less light” (CIE, 2020) and lightness builds on this
as it is the “brightness of an area judged relative to the brightness of a similarly illu-
minated area that appears to bewhite or highly transmitting” (CIE, 2020). As light-
ness needs a reference area for this relative measurement, it is restricted to related
colors. These are defined as belonging to an area relative to other colors as opposed
to unrelated colors which are perceived as not belonging or as being isolated from
other colors (CIE, 2020). Colorfulness is an “attribute of a visual perception accord-
ing to which the perceived colour of an area appears to be more or less chromatic”
(CIE, 2020). Saturation in turn is the “colourfulness of an area judged in proportion
to its brightness” (CIE, 2020) and lastly chroma is the “colourfulness of an area judged
as a proportion of the brightness of a similarly illuminated area that appears grey,
white or highly transmitting” (CIE, 2020). So while colorfulness is a property of its
own, saturation relates to the brightness of an area as well while chroma relies on
the comparison to a reference area along the lines of lightness.

A perceived color is never described as e.g. greenish and reddish at the same
time. This led to the foundation of opponent colors theory, which states that some hues
are connected to the same pigments and receptors for processingwithin the human
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2.1. Perception of color

body and can therefore not be perceived at the same time. Opponent colors theory
can be used to explain visual afterimages (Bleicher, 2012, p. 11), the loss in distinc-
tion for specific hue pairs in color vision deficiencies, and observations made re-
garding simultaneous contrast, where objects on a green background appear more
red (Fairchild, 2013, p. 19). This theory further developed in the middle of the last
century, and red-green andyellow-blue opponentmechanisms are important for all
color appearancemodels (Fairchild, 2013, pp. 20–21).

Acuity

Visual acuity is the eye’s ability to see detail; the sharpness of what is being visually
perceived (Holtzschue, 2017, p. 234). It is varying per person, over the field of view,
for different amounts of light energy received and also for different wavelengths of
the visible spectrum (CIE, 2020). While technically the amount andwavelength of a
lightperception canbemeasured, thehumaneyeperceives the spectrumof light and
the colors connectedwith this perceptionnot as separate, but as one continuousflow
whereone colorblends into thenext (Holtzschue, 2017, p. 44). Thepoint atwhich two
stimuli are just barely perceivable as being different is known as a just-noticeable dif-
ference (JND) (Fairchild, 2013, p. 41). It is an important concept for defining palette
colors for visualization because colors for two different classes should be at least one
JND apart, so that the classes are distinguishable. The JND can be different for a tar-
geted object depending on the context, so it cannot be simply statically derived per
color and object size, but also distance to other objects and their composition needs
to be considered (M. Lu et al., 2022, p. 718). In terms of hue, there are more perceiv-
able variations in reds and blues and less in yellows and greens (Kraak, Roth, Ricker,
Kagawa, & Le Sourd, 2020, p. 42).

Preference

If accurate representationof data isnot theonlygoal of avisualization, choosing col-
orswhich are appealing to the target audience becomes a relevant factor in choosing
palette colors as well. To find an objective answer to the question ’What colors are
preferential to a certain group of people?’ is difficult though. Generally speaking,
previous research found that a majority of test subjects, in humans as well as ani-
mals, favor blue and dislike yellow hues (McManus, Jones, & Cottrell, 1981, p. 665).
When narrowing down the group of people, the differences in preference get less
clear. While cultural biases, and learned responses as part of a group, seem likely to
exist in color preference too, there is little documentation and explanation for them
(Fairchild, 2013, pp. 361–362). The range of difference in individual color prefer-
ence within a culture, and variations because of the depicted content of an image,
aremore apparent than the difference between culturalmean preference levels, and
exceed their range (Fernandez, Fairchild, & Braun, 2005, p. 104). Therefore, if the
general preference of blue hues is not specific enough for a given application, stud-
ieswith the actual visualization, to account for variation in preference due to image
content, and members of the actual target group, to account for individual prefer-
ence, are required to achievemeaningful preferencemeasurements.

Color vision deficiencies

Nobodyhasexactlythe sameopticalperceptionandvisual functionalityalso changes
within a lifetime. If someone misses certain qualities of color vision, they are pop-
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2. Backgroundoncolor science

ularly known as ’colorblind’, but as in the majority of cases there is only a reduction
in color discriminability and not a complete loss of color vision, more appropriate
terms are “color defective” (Hunt & Pointer, 2011, p. 13) or “color vision deficient”
(Fairchild, 2013, p. 32). The terms color vision deficient and color vision deficiencyCVDwill
be used for this thesis. Colorvision can changewithin a lifetime, for example related
to diseases, but inherited color vision deficiencies account for most cases. Because
the genes for photopigments are present on the X chromosome, persons with only
oneXchromosomearemore likelytobeborncolorvisiondeficient. HuntandPointer
(2011) combined statistics for the occurrence of color vision deficiencies in people of
European descent from multiple surveys and arrives at around 4% occurrence for
the total population, which splits up into 8% for persons with one X chromosome
and 0.4% for personswith two X chromosomes (p. 14).

Table 2.1: Estimated occurrences of color vision deficiencies in populations of Euro-
pean descent (in %)

Type One X chromosome TwoX chromosomes

Protanopia 1.0 0.02
Deuteranopia 1.1 0.01
Tritanopia 0.002 0.001
Conemonochromatism 0 (very rare) 0 (very rare)
Rodmonochromatism 0.003 0.002
Protanomaly 1.0 0.02
Deuteranomaly 4.9 0.38
Tritanomaly 0 (rare) 0 (rare)

Total 8.0 0.4
Data byHunt & Pointer, 2011, p. 14

Ascanbe seen in table 2.1, themost commonkindof colorvisiondeficiencybyfar
is deuteranomaly, followed by deuteranopia, protanopia and protanomaly. Deuter-
anomalyand protanomalyare kinds of anomalous trichromacy, so the color percep-
tion is changed, but still trichromatic. With deuteranomaly, affected persons experi-
encereduceddiscriminationof thereddishandgreenishcontentsof colors. Protanomaly
leads to a similar experience, but reddish colors also appear to be more dim than
usual (Hunt&Pointer, 2011, pp. 13–14;Fairchild, 2013, pp. 32–33). Withdeuteranopia
and protanopia on the other hand, certain photopigments are missing completely
which leads to adichromatic colorvision. Deuteranopes, personswithdeuteranopia,
as well as protanopes, persons with protanopia, are missing a red-green opponent
mechanism completely and therefore cannot distinguish reddish and greenish hues
atall. Forprotanopesreddishcolorsappeardimmer, similar topersonswithprotanomaly
(Hunt & Pointer, 2011, pp. 13–14;Fairchild, 2013, pp. 32–33).

A person with average color vision cannot experience what the world looks like
to a personwith a color vision deficiency. It is possible though to visualize the hues
that become indistinguishable due to the loss or reduction in color differentiation
(Fairchild, 2013, p. 33). As color vision deficiencies are quite common, as was illus-
trated before, people about to make critical color appearance or color matching de-
cisions should be screened and briefed beforehand to enable them tomake informed
decisions. Prevalent tests include pseudoisochromatic plates, like the Ishihara test,
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2.1. Perception of color

and the Farnsworth-Munsell 100-Hue test (Fairchild, 2013, p. 36). To allow persons
with a color vision deficiency to perceive a visualization as intended, it is recom-
mended to avoid colors not suitable for the specific CVD in question and in general
keep the amount of classes to the least possible number and use strong contrasts
(Weninger, 2015, pp. 109–110).

Color models

To facilitate working with colors, standardized descriptions of colors are required.
Color models allow for this by specifying a spacewithin a coordinate system inwhich
each possible color represents a point (Silva, Sousa Santos, &Madeira, 2011, p. 320).
A color spaceon theotherhandcanbedefinedasa “geometric representationof colour
in space” (CIE, 2020), so it is the space of possible colors that a colormodel is applied
to. Therefore, a color space is bound to the color model it is based on, while a color
model can be representedwithinmultiple possible color spaces. Various colormod-
els and color spaces existwith their ownproperties and canbemoreor less appropri-
ate for a certain task, thus relevantones to thedomainof this researchare introduced
in this section.

Color models can be either device dependent or device independent (Silva et al.,
2011, pp. 320–321), and they are closely related to the notions of color order systems
and color appearance models. The former use basic colorimetry to specify visual
stimuli andcollect thosewithinacolororder system(Fairchild, 2013, p. 97). The latter
on the other hand are defined as “[…] any [models] that [include] predictors of at least
the relative color appearance attributes of lightness, chroma, and hue” (Fairchild,
2013, p. 200). Color order systems supply data and specification techniques, but no
mathematical framework to allow for extension of the system. So color order sys-
tems can be a relevant precursor to color appearance models, but no replacement
(Fairchild, 2013, p. 97). Because of these characteristics, color appearance models
are better suited to create color palettes based on human perception in.

A color space is called uniform if it is a “colour space inwhich equal distances are
intended to represent threshold or suprathreshold perceived colour differences of
equal size” (CIE, 2020). Out of three colorsA,B, andC, if colorB is twice as chromatic
as color A and color C is four times as chromatic as color A, the geometric distance
between A and B should be the same as between B and C in a perceptually uniform
color space. A perceptually uniform color space relies on its context and therefore
standard illuminants are defined to generalize this context. Illuminants build upon
the concept of a light source, an actual emitter of visible energy, and abstract that
into standardized tables of spectral power distribution values typical for a certain
light source. Well-known examples include the CIE illuminants A (for incandescent
light), D65 (for daylight) and F2 (for fluorescent light) (Fairchild, 2013, p. 59).

RGB

The RGB color model, named after its red, green, and blue primary colors, is an ad-
ditive color model, which means varying intensities of the three primary colors get
added together to represent the possible colorswithin the colormodel. It is a device-
dependent colormodel, because the same intensities of the R, G, and B components
can appear differently on different devices. While the RGB color model is based in
human perception, it is not a perceptually uniform color model (Zeileis et al., 2020,
p. 8).
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2. Backgroundoncolor science

When each of the primary colors gets mapped to an axis in space, RGB color
space canberepresentedasa three-dimensional cube. Workingwithamountsof red,
green, and blue components per color and orienting in a cubical space is considered
unintuitive and impractical for color selection (Brown&Feringa, 2003, p. 39),which
are themajor disadvantages of the RGB colormodel apart fromnot being perceptu-
ally uniform.

The gamma-corrected standard RGB, sRGB, is the currently defined standard
color space for the World Wide Web (CIE, 2020). This implementation of the RGB
color model adopts gamma correction to standardize the perception of colors rep-
resented in sRGB. Otherwise, it shares the same general properties with the RGB
model (Zeileis et al., 2020, p. 8).

HSL andHSV

HSVandHSL are transformations of one of theRGB color spaces, that allowto spec-
ify RGB colors with different components with the goal of making them more in-
tuitive toworkwith. The HSL colormodel is a transformation using hue, saturation,
and lightness components. HSVon theotherhandutilizeshue, saturation, andvalue
components (Zeileis et al., 2020, pp. 8–9).

They are used in applications which use RGB, but a more intuitive way of color
specification iswanted, for example ina colorpickerwithin theapplication. HSVand
HSL still share the same propertieswith RGB though, so they are also not perceptu-
allyuniform, therefore their simple and intuitivedesign, and thenamingof the color
components, can bemisleading. Because of this, their use is discouraged by experts,
but as of now, they are still in use on the internet and in GIS applications (Brown &
Feringa, 2003, p. 43).

Munsell

The Munsell system is a color order system which is especially used in the United
States of America, and was developed by the artist Albert H. Munsell in the early
twentieth century to aid education. In this system color appearance is specified by
three variables: hue, value and chroma. The definition of these three values match
the definitions currently used by the CIE,which are given above,withMunsell value
referring to lightness (Fairchild, 2013, p. 99).

The Munsell system is still accepted as a standard, but as a color order system,
theMunsell system ismissing amathematical frameworkaswell as beingnotwholly
perceptually uniform. Also, the three-dimensional color solid that the variables are
applied to is asymmetric, it is neither fully a cylinder nor shaped as a double cone
(Brown& Feringa, 2003, pp. 32–34).

Manymodern color appearancemodels share similaritieswith theMunsell sys-
tem though, so it is an important historical predecessor to them (Brown & Feringa,
2003, p. 37).

CIE color spaces

TheCIE introduced theXYZcolor systemin1931,which is still a standard for colorde-
scription. It is based on the humanoptical systemand offers the advantage of allow-
ing spectrophotometer measurements to be plotted onto a two-dimensional graph
that can be derived from its color space, a so-called chromaticity diagram (Brown &
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2.1. Perception of color

Feringa, 2003, p. 44). One unitwithin the CIELAB color space is approximately cor-
responding to one JND (Szafir, 2018, p. 393).

The system is based on the same primaries as RGB, but uses artificial primaries
which correspond to one of the types of retinal cone each respectively. All of this
has certainadvantages for color science, butas the luminance isonlyrepresentedasa
separatenumber in the chromaticitydiagram, the idea toderive a three-dimensional
color space from the XYZ color system arose (Brown & Feringa, 2003, pp. 44–46).
Two such color spaceswere createdbytheCIE itself, CIELABandCIELUV.Theymade
chromaticitydiagramsmostly obsolete, as these extend tristimulus colorimetry into
“[…] three-dimensional spaces with dimensions that approximately correlate with
the perceived lightness, chroma, and hue of a stimulus” (Fairchild, 2013, p. 79). They
are well-known and especially CIELAB is an established standard among color ap-
pearance models in use today (Brown & Feringa, 2003, pp. 47–48, Fairchild, 2013,
p.210). Thesecolor spacesallowforuniformcolordifferencemeasurements (Fairchild,
2013, p. 79). Yet, CIELAB also has its drawbacks, for example an incorrect hue shift
in the blue hue range. Therefore, it is recommended to use it merely as a bench-
mark to compare more sophisticated color appearance models to (Fairchild, 2013,
pp.209–210).

CIELAB and CIELUV can also be transformed into a cylindrical form, CIELCH,
also known as HCL(Zeileis et al., 2020, p. 9), which uses lightness, chroma and hue
components. The respective versions for CIELAB and CIELUVare also referred to as
CIELCHab and CIELCHuv (Zhou &Hansen, 2016, p. 2059).

HSLuv

One newer, in 2012, developed color space is the HSLuv space, whichwas developed
asanalternative toHSL incolorpickersand isbasedonCIELCHuv (Boronine, 2012). It
specifies colors with hue, saturation, and lightness components. The hue and light-
ness components are the same as in CIELCHuv, while the saturation component is
defined as inCIELCHuv, but rescaled relatively to themost saturated sRGBcolor pos-
sible with the same hue and lightness components. The hue component shares the
same hue distortion problemwith the CIE color spaces, due to the definition of the
saturation component, loses its perceptual uniformity and does not vary smoothly
(Ottosson, 2021).

Oklab

Another recently developed color space is the Oklab color space. It is designed to
be easy to use, perceptually uniform and allowing for even transitions between two
colors. It assumes a D65 illuminant,which is also used in sRGB and thereforemakes
itwell-suited forworkingwith it on the internet (Ottosson, 2020).

Figures 2.1 and 2.2 show two color gradientswith varying huewhile keeping the
other color components stable. Figure 2.1 uses the HSV color space for this, while
figure 2.2 uses the Oklab color space for the transformation. When viewing these
images digitally, figure 2.1 using HSV has shifts in apparent lightness even though
the HSV value is constant. Oklab performs much better in comparison, which also
servesasageneral comparisonbetweenperceptuallynot-uniformanduniformcolor
spaces.

A transformation intopolar coordinates ispossibleandresults in lightness, chroma,
and hue components for color specification, similar to CIELAB and CIELCH (Ottos-
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2. Backgroundoncolor science

son, 2020). This transformationwill be called Oklch in this thesis. Because of these
properties, and the disadvantages of the other color spaces presented before, the
Oklch color space was chosen as the primary color space for the implementation of
the proof of concept.

Figure 2.1: Color gradientwithvaryinghue and constantvalue and saturation inHSV
using the sRGB color space. Source: Ottosson, 2020

Figure 2.2: Color gradient with varying hue and constant lightness and chroma in
Oklab color space. Source: Ottosson, 2020

2.2 Color use and harmony

Thegeneralmethod tovisualize data using color is to applya color palette or colormap
to the data, which is defined as “[…] a mapping from data values to colors that gen-
erates visual structures for the data” (Zhou &Hansen, 2016, p. 2051). Colormaps can
be either discrete or continuous. A discrete colormap works with classified data or
single values that are each assigned a color. Continuous colormaps define a series of
colors along the data range and the colors for values in-between are interpolated. A
continuous colormap is represented by a curve in a color space (Bujack et al., 2018,
p. 926).

Table 2.2: Hierarchy of scales

Scale Properties Operations

Nominal Naming Counting
Ordinal Order, unequal intervals Ranking
Interval Equal intervals, arbitrary zero Addition, substraction
Ratio Natural zero, equal intervals Multiplication, division
Own table, adapted from Fairchild, 2013, p. 43

Decisions regarding color palette design, like this one between a continuous or
discrete colormap, also dependon the kind of data and the resulting perceived scales
to be displayed. For this, the hierarchy of scales, as depicted in figure 2.2 is impor-
tant knowledge to base decisions on. For example, nominal data should not be en-
coded with a color palette that conveys the impression of an ordered succession to
the reader, as the original data does not have this kind of order or rank to it. Note,
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2.2. Color use and harmony

that the mathematical operations per level of scaling are adding to the possible op-
erations of all scale types lower in the hierarchy (Fairchild, 2013, p. 43).

Bujack et al. (2018, p. 924) summarize the following design rules for perceptual
colormaps from the literature:

• Order (intuitive, natural, easy to remember)

• Discriminative power (separation, sensitivity, just noticeable differences, dis-
tinct color levels, color space utilization/ exploitation, perceptual range / res-
olution, discriminability)

• Uniformity(equidistantdifferences, separation, associability, separability, lin-
earity, equal values shall bemapped to equal colors)

• Smoothness (continuity, noboundaries, noMachbands, lowcurvaturenosharp
bends)

• Equal visual importance

• Robust to vision deficiencies

• Robustness to contrast effects

• Robustness to shading on 3D surfaces Background sensitivity

• Device independence (do not leave the gamut)

• Aesthetically pleasing

• Intuitive / natural color choices

• Use different colormaps for different variables

• Separation of values into low, medium, and high

• Avoid rainbow

• Highlighting of prominent values

Bujack et al. (2018) highlight especially order, discriminative power and unifor-
mityas important. This coincideswithmentions of preservationof order (if existing
in the data) and correctly conveying uniformity among values by Levkowitz (1996,
p. 97) andWeninger (2015, pp. 109–110). Although papers and books containing ad-
vice on the scientific use of colormaps exist, usage of colormaps unfit for scientific
data visualization, for example not perceptually uniform rainbow colormapswhich
therefore distort the perception of the visualized data, is still prevalent among sci-
entists as well as the public (Crameri, Shephard, & Heron, 2020, p. 2). Thus, a need
for further information on correct color use in data visualization can be identified.

To aid the comprehension of the data at hand and also to be aesthetically pleas-
ing, colors in a colormap are chosen to be harmonious. Itten defines color harmony
as
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2. Backgroundoncolor science

[…] the craft of developing themes from systematic color relationships
capable of serving as a basis for composition. Since itwould be impossi-
ble to catalogue all combinations here, let us confine ourselves to devel-
oping some of the harmonic relationships. Color chordsmaybe formed
of two, three, four, ormore tones. We shall refer to such chords as dyads,
triads, tetrads etc. (1970, p. 72)

These systemic color relationships are also known as harmony templates. Espe-
ciallyhue templates, operatingwithin a colorwheel, are themostwidely-usedmodel
for color harmony (O’Donovan, Agarwala, & Hertzmann, 2011, p. 2). Templates are
seen as being equally harmonious among each other and to be independent of its
rotational placement on the color wheel. Also, they are defined independently of
the color space the wheel is placed in, so they include an element of uncertainty by
definition and are often rather seen as a starting point than a strict rule (O’Dono-
van et al., 2011, p. 2). Itten (1973) proposes sets of two to six hues equidistant on a
color wheel to be harmonious. Matsuda (1995) defined hue templates with sectors
on a color wheel.O’Donovan et al. (2011, p. 2) evaluated these and templates used by
color picker applications and did not find higher color preferences when templates
were used. This study only examined general color themes and had no specific con-
siderations for data visualization or cartography. At the same time, O’Donovan et
al. (2011) note the trend of colors harmonizing when they have the same hue, sim-
ilar saturation and contrasting lightness. Colors being harmonious with lightness
and saturation de- or increasing systematically towards one end of the colormap is
alsomentioned byWeninger (2015, pp. 109–110). For this thesis, hueswill be seen as
harmonious, when they are equidistant on a colorwheel that represents the polar hue
component of aperceptuallyuniformcolor space. For example, thehue angles of the
CIELch or OKLch color spaces can be used tomap harmonious colors. Palette colors
will be considered harmonious, if they have a systematic lightness and saturation
(or chroma, depending on the color space used) shift and a visual hierarchy emerg-
ing from this value change that matches the order and scale of the data visualized.

2.3 Color for maps and simultaneous contrast

Cartography is defined as “[…] the art, science, and technology of making and using
maps” (Kraak et al., 2020, p. V). When designing a color palette for map use, some
phenomena need to be considered that are especially important in cartography.

Onesuchphenomenon is simultaneous contrast. Simultaneous contrast is theeffect
that the perception of a color may be altered due to surrounding colors. Because in
mapsnot everycombinationof neighboringdatavalues is alwaysknownupfront, for
example in automatically updated digital maps, simultaneous contrast is especially
relevant to cartographic color design (Kraak et al., 2020, p. 42). Simultaneous con-
trast is related to the perception of transparency. A colored element nested within
uniformly colored surroundings appears increasingly transparent the more similar
the colors of the element and its surroundings are (Ekroll & Faul, 2013, p. 350).

Another important topic is the considerationof layered information for the color
design of amap, asmostmaps consist of multiplemap layers. Amap layer describes
a geographic dataset or an abstraction of one. A map layer can be either a structure
layer, a group of features based on the same topological data structure and logically
related, or a thematic layer, a group of features belonging to the same theme. The lat-
ter are not explicitly existing but can be derived from structure layers (Hoop, Oos-
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2.3. Color for maps and simultaneous contrast

terom, & Molenaar, 1993, p. 140). To consider the layered structure of the map for
its color design, Brewer (2016, p. 37) mentions that a basemap is background infor-
mation in a map, and therefore needs to be different enough in lightness compared
to the main map layers to allow the main content to stand out against the basemap.
A basemap is a map layer meant to provide context to the main information con-
tained in amap (Brewer, 2016, p. 21). This also hints at related and helpful concepts:
visual hierarchy and the figure-ground relationshipwithin a visualization. Visual hierar-
chy is the order inwhichmap elements are perceived and should be designed to en-
sure that important information is perceived first (Kraak et al., 2020, p. 49). Brewer
(2016, p. 111) lists color lightness as one characteristic to use to establish visual hi-
erarchy. Kraak et al. (2020, p. 42) recommend designing a map’s visual hierarchy
in grayscalewith only lightness inmindfirst, before building up chroma and hue for
emphasis of themost important features. Thefigure-groundrelationship is a similar
concept frompsychologyandwhenapplied to amap theground is background infor-
mation, like basemaps and less important map layers, and should be less chromatic
and lighter, while the figure is the more important layers and foreground informa-
tion, and should bemore chromatic and darker (Brown& Feringa, 2003, p. 139).

Visual variables

An important conceptwithin cartographyand related sciences is the notion of visual
variables as first introduced by Bertin in 1967. If given a graphical mark with a fixed
position on a two-dimensional plane, this mark can be varying in multiple modes
which are called visual variables. Bertin defined these as size, value, texture, color,
orientation, and shape (2011, p. 42). Brewer (2016) names eight visual variables: size,
lightness, (pattern) spacing, saturation, hue, shape, orientation, and arrangement
(p. 194). While Bertin (2011) includes color only in two variables, ’value’ and ’color’,
which refer to lightness and hue according to the CIE definitions, Brewer (2016) in-
cludes ’lightness’, ’saturation’, and ’hue’, which are named according to the CIE defi-
nitions. So in both approaches, color is represented in multiple visual variables, al-
though the organization in the newer publication ismore easy toworkwith from the
perspective of color science and will be used for this thesis. In general, the concept
of visual variables helps to conceptualize the different qualities a color palette has to
fulfil in visualization and how to use these qualities correctly depending on the con-
text: Hue can be used to differentiate qualitative data, lightness is better suited for
visualizing rank-ordered phenomena, and saturation (or chroma) can help establish
thevisualhierarchywithmore important informationbeingmore chromatic (Brown
& Feringa, 2003, pp. 132–138).

Thematic cartography

Thematic cartography is the subsection of cartography focused on thematic maps
and is theapplicationdomain for this research. A thematicmap “[…]depicts thevari-
ation of one or sometimes several […] geographic phenomena, mapping spatial and
attribute information together. Meeting the SDGs requires thematicmapping of in-
dicator data. Thematic maps enable geographic imagination and spatial thinking,
and often represent abstract or statistical concepts that cannot be observed directly”
(Kraak et al., 2020, p. 58).

Different types of thematic map exist, e.g. graduated point symbol maps and
choropleth maps, and utilize differing visual variables for depiction of information
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(Kraak et al., 2020, pp. 58–59): A nominal map represents differences in mode or a
binaryvalue. A choroplethmap shades enumerationunits according to their respec-
tive attribute values. A proportional symbol map uses point symbols scaled accord-
ing to their respective attributevalues. A graduated point symbolmap is similar, but
uses fixed size intervals. And an isoline map represents a gradient of interpolated
values between sampled attribute values. A map can contain multiple kinds of the-
matic mapwithin it, as eachmap layer can be of one of these types.

2.4 Digital cartography andwebmap applications

Webmapping is a kind of multimedia mapping and “[…] is dynamic and interactive
(most of the time) and makes use of or connects to many different types of media”
(Muehlenhaus, 2014, p. 19). Web mapping is the technological context for the im-
plementation of the proof of concept and also the target medium for many maps
nowadays.

Digital maps as a target medium influence both the design of amap or tool to be
developed and the color space to design a color palette in. As a goal of digital maps
is consistency of colors when being viewed on a range of possible output devices,
colors are necessary that are visible within the color space supported by the screen
in question (Weninger, 2015, pp. 109–110).

User interface and usability

As this thesis is less concerned with the usability of existing tools and primarily fo-
cuses on the aspect of color palette generation and testing for thematic maps, this
section just aims to lay down the core concepts of usability to make sure not to de-
grade the proposed tool from existing solutions.

Usability is defined as a product’s ease of use. Usability is important for the us-
age of the product to lead to a successful and satisfactory result, which is the user
experience (Kraak et al., 2020, p. 112). To ensure usability, awell-designed user interface
is important, throughwhich the user can interactwith andmanipulate elements on
the screen. Graphical user interfaces (GUIs)with the possibility of immediate inter-
action are important in cartography because of its visual nature (Kraak et al., 2020,
p. 94).

Shneiderman (1996, p. 337) lists the following core interaction concepts for user
experience design:

1. Overview. Gain an overviewof the entire collection.

2. Zoom. Zoom in on items of interest.

3. Filter. Filter out uninteresting items.

4. Details-on-demand. Select an item or group and get detailswhen needed.

5. Relate. View relationships among items.

6. History. Keep a history of actions to support undo, replay, and progressive
refinement.

7. Extract. Allow extraction of sub-collections and of the query parameters.
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2.4. Digital cartography andwebmap applications

The proof of concept will be implemented considering these concepts as well as
possible. Additionally, Brewer (2003, p. 161) coins the term cartographic brewer for a
tool with a limited scope and high depth to aid in the cartographic design process
and states the following characteristics of such a brewer:

1. Aselectionof choicesareoffered foraspecificrepresentationchallenge (abrewer
is not simply a general lesson in principles).

2. Choices are organized bya set of mapping principlesmade explicit to the user
(the choices are not merely listed in an unstructured catalog).

3. All of the choices offered are potentially suitable for problems for which the
tool is used (there are no extreme choices or strawmen in a symbol set).

4. All choices can be examined as categories are explored, encouraging the user
to learn about criteria for applying the existing variety of choices.

5. Choices are not software specific (solutions can be implemented in multiple
mapping applications).

6. Only basic skills in the use of mapping software are needed to implement the
representations offered (programming skills are not required).

7. Representations are further augmented with tips on their suitability, though
the user making a quick selection can ignore these details.

8. Users are encouraged tobe critical of the choices offered, evaluating themwith
a display thatwill reveal potential shortcomings.

While these influence the general design requirements for a tool that is to be
deemed a brewer, all of these aspects influence the user interface design aswell.
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CHAPTER3
Related work

This chapter summarizes the research done on existing tools and calculations to be
able to answer the second research question. 42 publicationswere identified as rele-
vant to this thesis in termsof practical implementationand theunderlying concepts.
These are listed in table 3.1 with a description of the content related to this thesis as
well as the category of apparent evaluationmethod thatwas utilized.

From these publications, at least seven of them deal in some fashion with the
ColorBrewer tool. ColorBrewer also gets mentionedmultiple times in the literature
reviewed for chapter 2 (see e.g. Brewer, 2016; Kraak et al., 2020;Muehlenhaus, 2014;
Weninger, 2015). Therefore, ColorBrewer was identified as the most central tool to
thisfieldof research inexistence so farandwill be regardedfirst. Afterwards, further
publications from table 3.1 will be examined in more detail, based on which are the
most relevant to the research objective. A discussion of the works presented here
follows in the beginning of chapter 5.
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3. Relatedwork

3.1 ColorBrewer

ColorBrewer is a collectionof colorpalettes to beused in thematicmaps (andde facto
used in general in datavisualization (see e.g. K. Lu et al., 2021; Gramazio et al., 2017))
and a tool to visualize these online to help with selecting a palette from this collec-
tion. To this end, the tool provides the user with a selection interface to choose the
number of classes and the type of data to be visualized aswell as allowing for filter-
ing the available palettes by further qualities like suitability for printing or for color
vision deficient persons (Brewer, 2016, p. 205). Themain user interface consists of a
side panel on the left side with the adjustable controls and a choropleth map on the
right side. Themap visualizes a chosen color palette on example data that cannot be
adjusted. The background color can be changed aswell as borderlines and the trans-
parency of the choropleth map overlay (ColorBrewer source code, 2021). The palettes
are created by following conceptual arcs through a color space, although theywere
not actually plotted in one color space but used expert knowledge combining cyan,
magenta, yellow and black (CMYK) color mixing as is used in printing as well as the
Munsell color order system. Thediverging colorpalettes arc over lighter colors in the
middle in perceptual color space, the multi-hue sequential palettes change more in
hue in themiddle of the palette andmore in lightness at the ends of the palette. The
qualitativepalettes, apart fromthe ’Paired’ and ’Accent’ palettes, keep saturationand
lightness the samewhile contrasting in hues (Harrower & Brewer, 2003, pp. 30–31).
Forvarying class numbers, ColorBrewer systematicallyderives palettes from shared
sets of colors (Harrower&Brewer, 2003, pp. 36–37). ColorBrewer deviates in its user
interface fromthehierarchyof scaleswithnominal, ordinal, interval and ratio scales
and instead simplifies to three types of color palette: qualitative, sequential and di-
verging. While thequalitativepalettes are suited fornominal data and the sequential
palettes are suited for ordinal, interval, and ratio data, the diverging palettes are a
special case, as they are also meant to be usedwith ordinal, interval, and ratio-scale
data, but with the difference of highlighting a critical value in the data, for example
zero or the mean or median value (Harrower & Brewer, 2003, pp.29–31). The cur-
rent version of the web application is implemented in HTML, CSS and JavaScript.
As ColorBrewer consists only of premade palettes, the tool does not require a back-
end running calculations, just theweb frontend presenting the palettes (ColorBrewer
source code, 2021).

In 2005, Gardner evaluated the ColorBrewer color schemes in terms of howwell
they accommodate map readers with impaired color vision and found the major-
ity of the ColorBrewer color schemes to be accommodating these readers. For the
schemeswhich are not or might not be accommodating, Gardner proposed user in-
terface changes to communicate this to the ColorBrewer user (Gardner, 2005, p. 88).
Brewer (2006) recommends using an additional tool (’Daltonize’ on vischeck.com)
apart from ColorBrewer to better check color palettes for CVD suitability.

3.2 Colorgorical

Colorgorical is anonline tool for qualitative colorpalette generation. It utilizes anal-
gorithm that ensures at least JNDs between all palette colorswhile also allowing for
aesthetically preferable palette generation and user input to use only a certain hue
or lightness range for generation. The aesthetical preference can be influenced by
setting the range filters and adjusting the importance of perceptual distance, name
difference, pair preference, and name uniqueness, which are then used as weights
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3.3. Chroma.js color palette helper

within thegenerationalgorithm(Gramazioet al., 2017). Themainuser interface con-
sists of a side panel on the left sidewith the adjustable controls and themainpage on
the right side,which consists of text informationandafter generationof colors a row
per generated palette, which houses example data visualized as a choropleth map, a
bar chart and a scatter plot using the color palette. The example data cannot be ad-
justed. A small button allows for the displayof additional graphs plotting the palette
colors’ CIELab lightness, and a and b components, aswell as CIELch chroma andhue
(Gramazio, 2016). Colorgorical is implementedwith a backend for palette construc-
tion usingNumPyandC combinedwith a frontend for user interaction usingHTML,
CSS and JavaScriptwith the D3 and Bootstrap libraries (Gramazio, 2016).

3.3 Chroma.js color palette helper

The Chroma.js color palette helper is aweb tool to help create sequential and diverg-
ing colorpalettes. It utilizes interpolation through theperceptuallyuniformCIELAB
color space and automatic checks after palette generation to test for suitability for
color vision deficient viewers. The CVD test checks whether the difference between
twocolors is similar to thedifferenceundernormalvision, therefore itdoesnot check
whether the classes in general are always at least one JND apart (Aisch, 2019a). The
user interface is only one main screen with one columnwith four steps from top to
bottomwhich lead through the generation and export process. The currently gener-
ated palette is visualized as a bar showing the palette colors next to each other and
graphs for the lightness, saturation and hue components of the palette colors. There
is no visualization on example data (Aisch, 2019a). The tool is implemented using
just a frontend which runs all necessary scripts on client-side with HTML, CSS and
JavaScript using the Chroma.js and Svelte libraries.
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CHAPTER4
Methodology

In the following the methods chosen to answer the research questions will each be
described in their own section, as well as argued to why theywere chosen and how
exactly theywere applied in the context of this thesis.

For the overview of the existing theoretical knowledge on the subject in chapter
2 and the review of related applied research and software development projects in
chapter 3, a literature reviewwas conducted. A literature review is defined as

“[the] selectionof availabledocuments (bothpublishedandunpublished)
on the topic,which contain information, ideas, data, and evidencewrit-
ten from a particular standpoint to fulfil certain aims or express certain
views on the nature of the topic and how it is to be investigated, and the
effective evaluation of these documents in relation to the research being
proposed” (Hart, 2009, p. 13).

A literature review can only live up to this definition if itwas conducted system-
atically. The literature reviews undertaken for the chapters 2 and 3 were conducted
following the principles established in (Rossiter, 2018b, pp. 31–46): The search strat-
egyincludedkeywordsearches indigital databaseswhichwere then followedupwith
the ’spider’ approach to identify further publications from the publications previ-
ously identified as relevant. For this, ConnectedPapers, a tool for bibliometric net-
work analysis as described by Kammerer, Göster, Reichert, and Pryss (2021) proved
useful and enabled a time-efficient literature review.

4.1 Requirement engineering

As the research objective includes the design of a new system, a method is needed
to formulate what is necessary for this system to be innovative, necessary and rele-
vant based on the previous work in the field in a structured way. The research field
concerned with this is called requirements engineering, seen as a part of engineering
but also traversing disciplinaryboundaries in the formof multidisciplinaryrequire-
ments engineering (see Crowder & Hoff, 2022). In a general way it can be defined
as “[…] the subset of systems engineering concerned with discovering, developing,
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4.1. Requirement engineering

tracing, analyzing, qualifying, communicating andmanaging requirements that de-
fine the system at successive levels of abstraction” (Dick, Hull, & Jackson, 2017, p. 9)
or as “[…] concernedwith the elicitation, evaluation, specification, analysis and evo-
lution of the objectives, functionalities, qualities and constraints to be achieved by
a software-intensive system within some organizational or physical environment”
(van Lamsweerde, 2009, p. xxi). The latter definition already includes themention of
a software-intensive system and as the system to be designed in this thesis is com-
pletely software-based, there are more concrete definitions of requirements engi-
neering especially forwithin software engineering. Based on and adding to a defini-
tion byZave (1997, p. 315), Laplante (2018) defines requirements engineering as “[…]
the branch of engineering concernedwith the real-world goals for, functions of, and
constraints on systems. It is also concernedwith the relationship of these factors to
precise specifications of system behavior and to their evolution over time and across families
of related systems”(pp. 2–3). Good requirements are supposed to be feasible, valid,
unambiguous,verifiable,modifiable, consistent, completeand traceable (Berenbach,
Paulish, Kazmeier, & Rudorfer, 2009, pp. 9–13).

For software development, a differentiation can be made between user require-
ments and system requirements (Sommerville, 2016, p. 102):

1. User requirements [emphasis added] are statements, in a natural lan-
guage plus diagrams, of what services the system is expected to
provide to system users and the constraints under which it must
operate. The user requirements may vary from broad statements
of the system features required to detailed, precise descriptions of
the system functionality.

2. Systemrequirements [emphasisadded]aremoredetaileddescriptions
of the software system’s functions, services, and operational con-
straints. The system requirements document (sometimes called a
functional specification) should define exactlywhat is to be imple-
mented.

Requirements can be further concretized bysubdividing them into functional and
nonfunctional requirements. The former are defined as “[…] statements of services the
system should provide, how the system should react to particular inputs, and how
the system should behave in particular situations. In some cases, the functional re-
quirements may also explicitly state what the system should not do” (Sommerville,
2016, p. 105) and the latter as “[…] constraints on the services or functions offered by
the system. They include timing constraints, constraints on the development pro-
cess, and constraints imposed by standards. Non-functional requirements often ap-
plyto the systemasawhole rather than individual systemfeaturesor services” (Som-
merville, 2016, p. 105) and consist of product requirements, organizational require-
ments, and external requirements.

Product requirements define or restrict the software behavior at runtime (Crow-
der & Hoff, 2022, p. 132). Organizational requirements on the other hand encompass
vast system requirementswhich result from the context of the development and the
later use. Examples are requirements that define use cases for the system, and de-
velopment process requirements like a specific programming language that has to
be used. And finally external requirements are factors from outside the system that in-
fluence it and the process of its development. Examples include ethical or legal re-
quirements. These categories are in practice not as clearly separated and might be
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4. Methodology

depending on one another, but still provide a useful order to stick to (Sommerville,
2016, p. 105–109).

Understandings of theword requirement can differ (Laplante, 2018, p. 3), for the
use in this thesis, a requirement is seen as the specification of howa goal, or a high-
level objective in other words, should be accomplished by the proposed system (see
Laplante, 2018, p. 4). The requirements for theproof of concept development for this
thesis are structured into user and system requirements, with the latter subdivided
in functional or nonfunctional requirements. Nonfunctional system requirements
will be further split into product, organizational, and external requirements.

4.2 Prototyping

Written requirements are an important part of any software implementation, but
the lack of a visual explanation can lead to misinterpretation, which iswhy a proof-
of-concept consistingof wireframes andprototypes is avaluable support in commu-
nication requirements andshowinghowaconcept is intended towork (Warfel, 2009,
pp. 5–6). The process of creating thesewireframes and prototypes is called prototyp-
ing and can be defined as “[…] externalizing and making concrete a design idea for
the purpose of evaluation” (Muñoz, Miller-Jacobs, Spool, & Verplank, 1992, p. 579).
Awireframe is “[…] avisual representationof the functionalpage structure. Theyvisu-
allycommunicatewhat functionalpieces arepresentonapageand their relationship
to each other. Wireframes are typically in black andwhite or shades of gray” (War-
fel, 2009, p. 6). Wireframes are also known as mockups (Arnowitz, Arent, & Berger,
2007; Bähr, 2017). Evenwireframes can only further the understanding to a certain
extent though, which is where prototypes come in: “A prototype is a representative
model or simulation of the final system. Unlike requirements documents andwire-
frames, prototypes go further than showand tell and actually let you experience the
design” (Warfel, 2009, p. 6). Thereby, prototypes help demonstrate the feasibility of
a software product and provide insight into the possible organization and structure
of the final product (Sommerville, 2021, p. 26). For this thesis, in the beginning of
the prototyping process, a wireframe is being created before moving on to coding a
functional prototype.

Arnowitz et al. (2007, pp. 21–25)name the following fourphases for effectivepro-
totyping:

1. Plan. Determine prototyping needs and plan the prototyping process.

2. Specification. Determine prototypingmethods and tools.

3. Design. Formulate design criteria, and create the prototype.

4. Results. Reviewtheprototype,validate the design, and implement thedesign.

For this thesis, the planning phase consists of establishing the criteria for the-
matic map color palette creation and for the tool itself, and the derivation of the re-
quirements for the prototype from these. This phase is described in the first part of
chapter 5.

The specificationphase is described in the secondpart of chapter 5 as it is rather a
continuous process than a step to be donewith because of the iterative nature of the
prototyping for this thesis: There was not a single prototyping method to be speci-
fied, but instead the process startedwith paper andwireframing prototypingmeth-
ods before moving on more and more to working on a coded prototype. The design
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phasewith making design decisions and creating the actual prototypes is described
indetail in the secondpart of chapter 5 aswell. The results phasewith a reviewof the
prototype and an evaluation of the design is the content of chapter 6 and the further
development of the design after this thesis is discussed in 7.

4.3 Heuristic evaluation

Apart fromreviewingwhether the requirements could bemet ornot, a second evalu-
ationmethodwas added to also evaluate theusabilityof theproof of concept. Heuris-
tic evaluation is a method from usability engineering to identify usability problems
within the design of user interfaces. The key feature is to work with a small group
of evaluatorswho examine the interface and assess its conformance to accepted us-
ability principles, the eponymous heuristics (Nielsen, 1994a). Heuristic evaluation is
among the most actively researched and used usability inspection methods, and it
can be utilized early on in the software development cycle to allow for discussion of
interface changeswhile the product is not yet fully developed (Hollingsed &Novick,
2007). Also, it is suited for all development stages, requires only low training, and
has low costs (Wilson, 2014, p. XIII). Nielsen (1994b) states that usability specialists
normally lead to better results, but are not necessarily required as themethod is easy
enough to apply. For all of these reasons, heuristic evaluationwas chosen as the sec-
ond evaluationmethod for this thesis.

While a single evaluator is prone to miss a lot of the possible usability problems
in an interface, workingwith a small panel of evaluators significantly increases the
proportion of found problems. Nielsen (1994a) recommends working with three to
five evaluators, as the additional information gained per additional evaluator de-
creaseswith eachevaluatormore. For this thesis, five evaluators andmeparticipated
in the heuristic evaluation,which should lead to about 78 percent of possible usabil-
ity problems being detected (Nielsen, 1994a).

Includingme, four evaluators have an education in cartography. These are there-
fore not usability experts, but have some knowledge in the field and at the same time
add knowledge from a user perspective as cartographers are also the target group
of the developed tool. The other two evaluators are a person with communications
background and an artistic researcher, both of which added a second perspective on
the user interface aspects and the color palette generation aspects of the application
each.

Nielsen (2020) names ten general principles for interaction design:

1. Visibility of system status

2. Match between system and the realworld

3. User control and freedom

4. Consistency and standards

5. Error prevention

6. Recognition rather than recall

7. Flexibility and efficiency of use

8. Aesthetic andminimalist design

41



4. Methodology

9. Help users recognize, diagnose, and recover from errors

10. Help and documentation

The form used for the heuristic evaluationwas derived from these ten principles
by assigning heuristics specific to the context of the proof of concept to each prin-
ciple. As a last section in the form, three usage scenarios were added to see if the
evaluators could achieve actual results using the application fromauser perspective.
Themain bodyof the heuristics form is provided in appendix A,while the complete,
formatted Excel spreadsheet sent to the evaluators is providedwith the thesis.
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CHAPTER5
Implementation

This chapter describes how the proof of concept was implemented to fulfil the re-
search objective. It is structured into sections for each of the research questions 1 to
4 and answers them one by one.

5.1 Identified criteria for thematic map color palettes

Research question 1, ’What criteria are necessary to decide whether to use a color
palette for a thematic map considering not only choropleth maps, but also propor-
tional point symbolmaps andmulti-layered combinations?’, aims to encompass the
decision process that the proof of concept is being built to assist. The criteria to an-
swer this question are derived from the theoretical background in chapter 2 and are
unweighted and therefore in random order here. They are phrased as binary ques-
tions that can be answered with yes or no. The important criteria for this decision
are…

1. Is the palette suited for the kind of data to be displayed? Are the visual vari-
ables which vary within the palette suitable to represent the variation in the
data?

2. Does the palette consider human perception to not skew the comprehension
of the data?

2.1 Are the palette colors notably different from one another?
2.2 Are thepalette colors correctlyspreadout inaperceptuallyuniformcolor

space to represent the data?
2.3 Is the palette considering simultaneous contrast (and similar phenom-

ena)?
2.4 Is the palette considering color vision deficiencies in its design? Are the

other criteria also beingmet for viewerswith color vision deficiencies?

3. Is the palette aesthetically pleasing?

4. Are the palette colors harmonious (according to the definition in chapter 2)?
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5. Is the palette supporting the position of the map layer within the visual hier-
archy of themap?

6. Is the palette suitable for the deployment situation of themap?

7. Was the palette tested before use to ensuremeeting the other criteria?

For this thesis, a color palette meeting these criteria will be considered suitable
for use in amap.

5.2 Identified criteria for cartographic color palette tools

While the section before focuses on the color palette itself, this section is directed at
important aspects for the implementation of a cartographic color palette tool with
the aimof improving over existing research and tools. In doing so, researchquestion
2, ’What color palette generation and testing tools exist already? How can a new
tool improve upon the existing ones?’, will be answered and the practical side of the
implementation is considered. Thisbuildsuponthereviewof relatedwork inchapter
3.

Discussion of relatedwork

As ColorBrewer is the most well-known cartographic color palette tool and uses a
screen layout, that e.g. also Colorgorical uses aswell (side panelwith controls on left
side plus right side for visualization), this general layout of the application will be
takenover for theproof of concept, to create a senseof familiarityfor everybodywho
worked with ColorBrewer before and to ensure a certain baseline of user interface
quality.

In the same sentiment, the three categories ’sequential’, ’diverging’, and ’qualita-
tive’ as used by ColorBrewer for possible palettes seem like a good choice and are a
better distinction than for example using the hierarchy of scales directly. Also, this
distinction of possible palettes is well-established, e.g. the Chroma.js color palette
helperalsouses the terms ’sequential’ and ’diverging’ aswell as textbooks like (Brewer,
2016). As the proposed tool is supposed to improve over existing tools, it should be
able to generate palettes of all three categories.

Colorgorical is a powerful tool for the generation of qualitative color palettes and
hasa lot of algorithminput customizationwith intuitivelydesignedcontrols. Also, it
ispossible togeneratemultiplepalettes andcompare themtoeachother. It doesneed
a server backend though,whichmakes the application infrastructuremore complex.
And the used algorithm is very specific to qualitative palettes, cannot be easily ad-
justed to also output sequential and diverging palettes. Furthermore, the given test-
ing environment does not offer customization options apart from the option to tog-
gle a certain visualization on and off and does not offer additional information for
color vision deficiency support or information how to read and properlywork with
the given graphs.

ColorBrewer aswell as Colorgorical only offer a choroplethmap as the only car-
tographic option, so it would be better to include different kinds of thematic map to
allow for more different usage scenarios. For the proof of concept, at least a point
symbol map and a choropleth map should be supported, as well as viewing both as
layers of the same map. Other color palette tools, like the Chroma.js color palette
helper offer no cartographic visualization at all. Also, none of the reviewed color
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palette tools offer the option of displaying the chosen palette on example data in
front of changing basemaps. ColorBrewer only has the option to display grayscale
terrain as a background.

The testing environment in the Chroma.js color palette helper is helpfulwith the
graphs for lightness, saturationandhue, aswell as theautomaticCVDtestingand the
possibility to also apply a CVDview simulation to the palette for manual evaluation
of the generated color palette.

Color harmony templates like used by Tokumaru et al. (2002) can be used to en-
sureacertain levelof harmonyin thegeneratedcolorpalettes. Basemapcolorextrac-
tion could be implemented similar to Tan et al. (2018) and Zheng et al. (2022). If no
libraries toworkwith colorvisiondeficiencys inawebenvironmentare foundduring
prototyping, CVD testing could be implemented with the equations from Machado
et al. (2009).

Six reviewed works only considered color schemes for general design purposes
and not specifically for data visualization andwere thus less relevant for this thesis
(see Hu et al., 2012, 2013; Lindner & Süsstrunk, 2013; Meier et al., 2004; O’Donovan
et al., 2011; Peng & Chou, 2019).

Criteria for cartographic color palette tools

The criteria are formulated to add to the criteria for thematic map color palettes,
therefore e.g. color harmony is not mentioned here again. They are unweighted and
presented in random order. The criteria are phrased as binary questions that can be
answeredwith yes or no. The final important criteria are…

1. Does the tool feature an easy-to-understand screen layout and user interface
similar to the ColorBrewer design?

2. Does the tool offer palette generation and testing for the types ’sequential’, ’di-
verging’, and ’qualitative’?

3. Does the tool offer example visualization for relevant types of map?

4. Does the tool offer example visualization in front of a selection of basemaps?

5. Does the toolofferadditionalgraphs tohelpevaluate thecolorpalettevisually?

6. Does the tool run automatic tests and algorithms to ensure a certain quality
level for the generated output? (Especially regarding JNDs and CVDs)

5.3 Requirements

The criteria for thematic map color palettes and the criteria for cartographic color
palette toolswere combined to derive the requirements for the proof of concept and
therebyanswer research question 3, ’What requirements exist for a tool implement-
ing these criteria and improving upon the existing tools?’.

The user requirements 1 - 7 and the functional system requirements 1 - 7 are or-
dered in the same way as the seven criteria for thematic map color palettes, so the
connection from a criterion to its corresponding user requirement and in turn the
moredetailed systemrequirement is easytomake. Thecriteria for cartographic color
palette tools influenced the same requirements and if necessary, additional require-
mentswere added.
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User requirements for the proof of concept

The general objective of the tool stated as a high-level goal is: The tool assists cartogra-
phers in choosing suitable color palettes for thematic maps.

1. The tool generates colorpalettes suited fora chosenkindof data tobedisplayed
(sequential, diverging, and qualitative) by utilizing changes in lightness, hue
and chroma accordingly.

2. The tool generates color palettes that consider human perception to not skew
the comprehension of the data.

2.1 The tool generates color palettes with colors notably different from one
another.

2.2 The tool generates color paletteswith colors spread out in a perceptually
uniform color space befitting the distribution of data.

2.3 The tool generates color palettes considering simultaneous contrast and
similar phenomena.

2.4 The tool generates color palettes considering color vision deficiencies.

3. The tool generates color paletteswhich please aesthetically.

4. The tool generates color palettes consisting of harmonious colors.

5. The tool generates palettes for multiple map layers at once in a systematical
fashion. This is facilitated through palette derivation from a set of seed colors
aswell as shifts in lightness and chroma per information layer.

6. The tool generates color palettes fitting the deployment situation of themap.

7. The tool provides a testing environment and information to allow the user to
evaluate the previous requirements, as well as running automated tests and
communicating the results of these.

8. The tool is easy to use, easily available online and can be executed on a variety
of target devices.

Functional system requirements for the proof of concept

1. The tool offers modes for the mentioned three kinds of data and changes set-
tings accordingly internally to work with proper visual variables; e.g. for cat-
egorical data the lightness for all colors shall be the same and only the hue
should be varied.

2. Functional systemrequirements for colorpalette generationconsideringhumanperception

2.1 The tool checks the difference between palette colors and ensures it is at
least a JND. The result of this test is given back to the user as a visual
feedback.

2.2 The tool derives color palettes from so-called seed colors by interpolat-
ing between them through a perceptually uniform color space to ensure
correct distances between the colorswithin the palette.
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2.3 Basedon importeduserdata tobedisplayed, layeropacities, symbol sizes,
and the currentlychosen color palette, the tool checks for problematic si-
multaneous contrast and gives the user a visual feedback.

2.4 The tool checks that colors are still noticeablydifferentwhenviewedwith
a color vision deficiency and gives a visual feedback about the result of
this check.

3. The tool utilizes randomness and the option to regenerate seed colors to allow
the user to find a palette aesthetically preferable to them or their target group.
A color picker and simultaneous updating of all displayed colors accordingly
allowfor on-the-flyquick changes to the generated colors tofit them toprefer-
ence if the general direction is already likeable to the user. Seed color hue tem-
plate implementationandfilters allowformore targetedgenerationdirectlyas
well. Seed colors should also be able to be generated from a basemap or one or
multiple start colors, aswell as allow for loading of seed colors.

4. Hue templates with equidistant hues are to be implemented as an option in
seed color generation.

5. The toolfirst generates so-called seed colors fromwhich thenmultiplepalettes
can be derived to aid in generating a uniting theme for multiple map layers.
Lightness and chroma shifts from lighter and less chromatic colors in the back
to darker and more chromatic colors in the front (or vice versa for palettes to
be utilized on a dark background).

6. The tool is specialized on thematicmaps in aweb environment in typical light-
ing situations. The tool considers different deployment scenarios within this
context by considering a variety of basemaps and background colors for the
palette generation.

7. Functional system requirements for the testing environment

7.1 The changes applied per mode are also visualized to the user immedi-
ately.

7.2 Functional system requirements for testing a color palette considering human per-
ception
7.2.1 The user receives feedback on howdifferent colors are from one an-

other perceptually using graphs to visualize the steps in lightness,
hue and chromawithin the palette.

7.2.2 The user receives feedback on how colors are spread out in the color
space by using graphs to visualize the steps in lightness, hue and
chromawithin the palette.

7.2.3 The toolvisualizes twodifferent scale datasets to the user and allows
for random data regeneration or own data import to see unlimited
possible class combinations. A range of freely available basemaps is
supplied aswell. The tool also features an opacity slider to allow for
testing at different opacities per layer and to toggle layervisibilityon
and off in general.

7.2.4 The tool also simulates the view of a personwith a CVD and visual-
izes this view to the user to allow for evaluation by the user them-
selves.
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7.3 The seed colors, the generated palettes and changes to them, e.g. applied
modifiers, are always directlyvisualized to the user to evaluate their aes-
thetics.

7.4 The seed colors, the generated palettes and changes to them, e.g. applied
modifiers, are always directlyvisualized to the user to evaluate their har-
mony.

7.5 The tool offers the user to adjust settings regarding the visual hierarchy.

7.6 The variety of basemaps and background colors is also available in the
given testing environment aswell.

8. The tool’s user interface is designed afterColorBrewer tohelpwith orientation
for cartographers familiarwith this or similar existing tools. Further, the tool
utilizes intuitivemetaphors and standards often used in user interface design.
The generated palettes should be easily exported in multiple formats to ease
continuedworkwith them. The tool features a responsive user interfacewhich
adapts to a range of target devices.

Nonfunctional system requirements for the proof of concept

Product requirements

1. As nouser data is collected and the tool runs directlyon the target devicewith-
out a server backend, no security concerns arise. This also keeps the chance of
reliability failures apart from bugs and the initial loading of the page low as
the program can be run offline as long as the website was loaded fully while
still online.

2. Performance requirementsare supposed tobe low, the implementation ingen-
eral should allow for loading times to be longer on less powerful devices in-
stead of a complete system failure. Also, using a frontend onlyapproach keeps
reaction times comparably small, especially with slow internet connections,
as the software doesn’t need to communicate back and forth outside the target
device.

Organizational requirements

1. Anoperational process requirement is, that the systemshall be useable bycar-
tographersgloballyandwithvaryingskill sets, thereforeaweb-basedapproach
is chosen as themost including.

2. A development process requirement resulting from this is, that a program-
ming language, that can be executed on the web should be chosen. For this,
JavaScript was selected and during the third iteration of prototyping further
specified to TypeScript, a superset of JavaScript.

3. The development environment and process standards are to useVisual Studio
Code for the prototyping, togetherwith the Prettier formatting extension, and
with the Svelte forVSCode extension (added during the third iteration of pro-
totyping).
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4. The operating environment should support a long and cheap product life span
during and after the thesis. For this, also a frontend only approach is prefer-
able, aswell as using only necessary external libraries andweb standard tech-
nologies.

External requirements

1. Asnouser data is being collected, andno cookies are used, there are no specific
ethical requirements.

2. The research context influences the prototyping, because the proof of concept
has to be able to be implemented in a short timeperiod andhas to be adaptable
to new insights, and possible feedback by the thesis supervisor.

5.4 Iterative prototyping process

After the requirementswere fixed, the prototyping process began to develop the ac-
tual proof of concept from the requirements and answer research question 4, ’How
can these requirements be implemented in a proof of concept?’.

The prototyping process is composed of multiple iterations with intermediate
prototypes each, before reaching theworking proof of concept as aweb application
in the last iteration. To keep the thesis concise, only selected screenshots in smaller
scalewill be shown in this section. For a full overviewof screenshots for all interme-
diate prototyping results, refer to appendix B.

First iteration: Wireframe of the intended proof of concept

The first iteration began with brainstorming and first drafts on paper, which were
then transferred and refined into a first digital wireframe. This digital version was
created using Figma, a web-based design platform, and Untitled UI, a user interface
design kit for this platform, to allow for fast wireframing while at the same time
achieving a comparably polished result. The wireframing was helpful in deciding
how to lay out the user interface roughly for the first versions of the proof of con-
cept. Themain viewof thewireframe is depicted in figure 5.1.

Figure 5.1: Wireframe
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Second iteration: Technical capability testing

After the wireframe was done, and I also found JavaScript libraries that appeared
promising for the implementation of the proof of concept, the next step was to do
simple technical tests to better gauge whether I think the technologies and my own
coding skills allow for an actual coded proof of concept. This iteration followed the
idea of an early rapid prototype, a prototype helping to plan out concepts, make them
easier tounderstand, and increaseconfidence in theprojectplanning lateron (Arnowitz
et al., 2007, p. 16).

Figure 5.2: Technical capability test

In this first coded prototype, depicted in figure 5.2, I combined color interpola-
tion throughaperceptuallyuniformcolor spacewith chroma.js and a simple graphic
visualizing these colors with D3.js. Implementing this first prototype worked well,
therefore I moved on to the next, knowing that at least a simple tool for sequential
palettes using color interpolation should be possible to implement.

Third iteration: First coded user interface prototype

This iterationalso followed theprinciple of anearlyrapidprototypeandhad thegoal
to fix the rest of the technologies to be used in the proof of concept, at least the ones
that were clear would be needed: A library to workwith basemaps as D3.js does not
easily facilitate that, a frontend framework to be able to store state and update re-
latedparts of the application on state change aswell as facilitate easier development,
a user interface component library to not have to design every interface control en-
tirely onmyown.

For this test, I usedSvelte asa frontend framework, because it seemed tobeagood
choice for a small-scale applicationwith less boilerplate code than e.g. React would
require. Togetherwith Svelte, I tested switching to TypeScript, as this supports type
checkingwhicheasesdevelopmentbyallowingerrormessagesduringcompilingand
not only during runtime. Using Svelte also made testing of a specific programming
approachpossible: Encapsulated components,where theHTML,CSSandTypeScript
code for each component arewritten together in one ’.svelte’-file. As a UI component
library, I tested daisyUI, which in turn is based on Tailwind CSS and PostCSS. Apart
fromD3.js and chroma.js as in the last iteration, I nowalso tested Leaflet and Open-
Layers for working with basemaps. The implemented prototype for this iteration is
depicted in figure 5.3.

Also during this iteration, the name MapColPal was brainstormed for the tool
as a shortened combination of thewords ’map’, ’color’, and ’palette’, and at the same
time a pun with the word ’pal’ as well. During this test I decided to use Leaflet for
the proof of concept, as it was easier to get D3.js and Leaflet to work together than
D3.js and OpenLayers. To easily use different basemaps within Leaflet, the plugin
Leaflet-providers was added to the libraries in use. As this then all worked without
problems, I decided to continueworkingwith these technologies.
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Figure 5.3: First coded user interface prototype

Identified components of the proof of concept

During this iteration, one decision to makewas, how to divide the planned applica-
tion into parts to structure the code. For this, the concept of encapsulated compo-
nents was applied and the layout of the wireframe was used as an orientation. The
applicationwas divided into the following components:

1. Side panel

2. Map view

a) OpenLayers test map

b) Leaflet test map

This basic structure of dividing the app into the side panel and themapviewwas
kept after this iteration and adapted to house more components as theywere being
programmed, the final structure is being presented in chapter 6.

Fourth iteration: Proof of concept implementation

After having created the wireframe to know how the user interface could look like
generally and having coded two early rapid prototypes to fix the technological base
of implementation, I startedworking on the actual proof of concept.

Itwasdeveloped iterativelyandorganicallyover time inanagilemanner,without
settingmyself clearmilestones forwhat order to code in. Even though Iworked on it
alone, the proof of conceptwas created using theGit version control system, so each
committed change to the code is documented with a commit message. The commit
messages are loosely structured into four categories:

• New: Adds new features to the codebase.

• Fix: Fixes a bug or broken feature.

• Refactor: Rewrites a part of the code to improve readabilityandmaintainabil-
ity, and reduce complexity.

• Merge: Update the ’main’ branchwith thenewcommits from the ’prototyping’
branch.

In total, there were 165 commits. The categories were not used mutually exclu-
sively, so a commit can also be tagged with two categories at the same time. 114 of
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the commits included the category ’New’, 29 commits each included the categories
’Fix’ or ’Refactor’, and 9 commits were of the category ’Merge’. I merged the ’proto-
typing’ branch into the ’main’ branch, when I felt like having done some important
changes, therefore these provide good points to pick for in-between-versions to ex-
emplary summarize the development process here. As some merge points were in
short succession, every secondmergewill be described herewith the last being pre-
sented inmore detail in the Results chapter.

Screenshots are taken at full-screen resolution on a full HD, 1920 x 1080 pixel,
monitor as this is the size the user interface was created at in the beginning before
optimizing the display at smaller resolutions later on in the process.

First merge

Figure 5.4: Implementation - First merge

The application at the first merge, as depicted in figure 5.4, is visually and func-
tionally still similar to the first coded user interface prototype. The main map dis-
play on the right side of the screen features a zoomable and draggable overlay im-
plementedwith D3.js with country polygons andmanually placed points in front of
a Leaflet basemap, which can be chosen from two options. The user interface ele-
ments in the side panel on the left are still placeholders only. The data used for the
country polygons was from Project Linework (projectlinework.org), already with a
loose focus on Europe. The colors applied to the polygons and points are regener-
ated randomly on reload of thewebsite.

Thirdmerge

At the third merge, the application is alreadymuch closer to the final design, as de-
picted in figure 5.5 and also implements all the features planned in the wireframe
visually. The side panel was subdivided into three different sub-panels. Firstly, the
’start’panel for seedcolorgeneration, the ’options’panel forderivationof colorpalettes
from these seed colors and for viewing them, and the ’export’ panel to export the
generated color palettes. A progress indicator in the top of the side panel visualizes
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which step the user is currently in. Within the code repository, Svelte storeswere in-
troduced, to allow for exchange of values between components and at the same time
be able to store them. The seed colors can nowbe regenerated on button click aswell
and the export panel also is functional already. All other user interface elements are
not functioning yet. For the data, the polygons were changed to Natural Earth data
(naturalearthdata.com) and filtered in GIS software to only contain member states
of the European Union. Thiswas done so that the test data, and area depicted, is not
completely randomly chosen. The European Union was chosen, because this thesis
is written within a Master’s programwhich is co-funded by the Erasmus+ program
of the European Union.

Figure 5.5: Implementation -Thirdmerge

Fifthmerge

For the fifthmerge, as depicted in figure 5.6, a faviconwas added that is meant to be
simpleandrepresent the shapeandcolor fromtheprogress indicatorat the topof the
side panel as this is a visually present element in the MapColPal interface. The fifth
merge added alertmessages on error during import of seed colors or after a success-
ful import. Modals, pop-ups which open on button click, were added. At this point
one of themwas intended for additional settings the user could set and the second
one for additional information about the application. Capitals from Natural Earth
were added as point data for the country level visualization andVienna districts and
swimming pools were added as polygon and point data on city level, as Vienna is a
city I like and the geodata is freely and easily available. The size of the displayed
points is relative to the generated data values. The basemap can nowbe chosen from
a control in the side panel. Seed colors can be loaded from a text input or from the
URL of the website. Other generation controls apart from the number of colors are
notworkingyet. The ’options’ panelwas split into two panels, the ’layers’ panelwith
options regarding the structure layers within the map and the color palette genera-
tion for them, and the ’test’ panel for futurepalette testing facilities. The ’test’ panel is
still mostly empty for now, the ’layers’ panel offers the user to choose between coun-
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tryor city level for themap, to generatenewrandomdata for each layer, and to toggle
layers on or off and change their opacities. Also, the background color can be set.

Figure 5.6: Implementation - Fifthmerge

Seventhmerge

Figure 5.7: Implementation - Seventhmerge

For the seventhmerge, as depicted in figure 5.7, the seed colors are nowautomat-
ically updated in the URL as the application is used. In terms of the code, the seed
colors are nowhandled not onlyas an arrayof hexadecimal color codes, but as an ar-
ray of objects containing also an ID,which allows for easierworkingwith them. The
former ’settings’ modal was now changed to host a tutorial as the ’settings’ modal
seemed to stay unnecessary for now, as there are no additional options that need
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space to put them. The tutorial follows the same order as the sub-panels, although
no actual contentwas addedyet. Also, buttons for additional information are spread
out throughout the app. The seed colors are now finally not directly applied to the
data anymore, but insteadapalette is derived fromthe seed colorsdependingonuser
input within the ’layer’ panel. Drag and drop elements were added to choose which
seed colors to use for palette generation for a layer and for the order they should be
used in. Theyare based on thevisualmetaphor of a deck of cards. Further options in
the ’layer’ panel include lightness optimizationwhich differs per palette type, color
curve smoothingwhich utilizes Bézier interpolation through CIELAB color space, a
button to reverse the input color order, and size options for the point layer. Now all
points can also be set to afixed size instead of changingwith the data. The user inter-
face is conditional, for example if a layer is toggled off, all unneeded controls are set
to be invisible aswell. Now, seed colors can not onlybe generated randomly, but also
with a hue template to spread them out equally depending on the number of seed
colors to be generated, and if selected then map them to a certain hue range. The
basemap seed color derivation is also functional now, and a loading animation was
added to signal that the asynchronous process is still running. The basemap color
derivation first merges, for performance reasons only a part of, all loaded basemap
tiles into one image, then extracts the color from each pixel and quantizes the colors
to reduce to a small palette before deriving the mean color from this palette. This
mean color is then used as the first color in the hue template as described before. The
color quantizationwas implemented following Sniurevicius (2022). The ’test’ panel
is now also functional and allows for CVD view simulation, and shows a lightness
graph for each layer. The ’export’ panel is nowmore formatted and offers to export
colors for each generated palette and for the seed and input colors.

Ninthmerge

The ninth merge was the final one and while it will be presented in more detail in
chapter 6, the changes included in this mergewill be discussed here. So far the user
interface contained a mix of flat shading and drop shadows, which were now uni-
fied into a simplified shadingusing coloredCSSborders inspiredbyTanaka contours
with an imaginary light source in the upper left corner of the screen. All informa-
tional texts and the tutorial were added in as well as overall the user interface and
contentwas polished and unified.
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CHAPTER6
Results

This chapter sets out to answer the last research question ’Does the proof of concept
fulfill the requirements set before? And can it fulfil the research objective?’ by pre-
senting the completed proof of concept and then evaluating it. The evaluation is on
one hand done by checking the proof of concept against the requirements set be-
fore. On the other hand, the results of the heuristic evaluation are being discussed
afterwards. Finally, sample resulting palettes are presented and compared to Color-
Brewer palettes.

6.1 Completed proof of concept

Theproof of concept is a responsiveweb application for color palette generation and
testing for thematic maps, as shown in figure 6.1.

Figure 6.1: Proof of concept -Main view
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6.1. Completed proof of concept

It allows to either generate seed colors according to a hue template or randomly,
or to load colors in hexadecimal RGB form. When generation, the first color in the
hue template can be derived from the currentlydisplayed basemap, or the colors can
bemapped to a certain range of hues. Seed colors can be further adapted by the user
on clickwherever they are shown in the user interface.

These seed colors are then used to derive a color palette per map layer. This can
be influenced by choosingwhich seed colors to use and inwhat order, the number of
classes and a palette type from the options ’sequential’, ’diverging’, and ’qualitative’.
The seed colors chosen as input then get interpolated between to derive a palette.
Depending on the chosen palette type, the lightness is optimized fittingly: For se-
quential palettes, it ranges from lowto high orviceversa, for diverging palettes from
low to high to loworvice versa, and for qualitative palettes, the lightness is set to the
same level. The exact middle value and range to use for this lightness correction can
be chosen by the user. A Bézier curve interpolation between the input colors can be
applied to smooth the resulting color palette. If only one seed color is used for se-
quential palette derivation, lightness steps of this color are generated. In the same
situation for diverging palettes, the complementary color, the color on the opposite
side of the colorwheel, is chosen for the other end of the color palette,while diverg-
ing paletteswith onlyone or two input colors use an achromatic color for themiddle
of the palette.

Afterwards, the created color palettes can be viewedwith a CVD simulation and
evaluated using a graph showing the steps in lightnesswithin the palettes. Thisway,
the user canverify that a palette applies lightness in awaybefitting the data type and
distribution, and that it is discriminable alsowhen viewedwith a CVD.

Finally, the palettes can be exported as a JavaScript array,with orwithout quota-
tionmarks around each color element, and formatted as hexadecimal RGB colors, as
the RGB format used in CSS, as CIELAB components, or as CIELCH components.

During thiswhole process, the generated palettes get displayed on a samplemap
in real-time. They are shown as a point symbol map layer and/or a choropleth map
layer in front of a chosen basemap or background with a chosen color. Every map
layer canbeshownornotand theopacitycanbevaried. Thedatavaluesare randomly
generated and can be regenerated toview the same palette in different conditions, as
well as changing the map scale between a city-scale (Web Mercator zoom level 11,
rounded scale 1:300000) and a country-scale (WebMercator zoom level 4, rounded
scale 1:37000000). The point symbols can be changed in size and can be either of a
fixed size or sized relatively to the data.

Additional information on everything is presented in form of a tutorialmodal, a
modalwithmetadata, and contextual pop-ups.

Technologies used

The proof of concept uses the following technologies and libraries:

• HTML, CSS, TypeScript, Node PackageManager, Vite, and Svelte. The ba-
sic technologies the application is based on.

• PostCSS,TailwindCSS,anddaisyUI.The librariesused for theuser interface.

• D3.js. To displayand interactivelyupdate themappoint and polygon data lay-
ers.
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• Leaflet, and Leaflet-providers. To display the basemap tiles.

• Merge-images. To merge the basemap tiles into one canvas element to then
extract its colors.

• Color-blind. To simulate CVDvision.

Component hierarchy

The proof of concept uses the following code structure:

1. Stores

2. Components

a) Map view
b) Controls

i. Side panel
ii. Start panel
iii. Layers panel
iv. Test panel
v. Export panel

c) Elements
i. Exported colors
ii. Help dropdown
iii. Input colors
iv. Lightness graphs
v. Modal
vi. Aboutmodal
vii. Tutorial modal

The ’stores’ hold information that needs to be accessed andmanipulated bymul-
tipleother components. The ’components’ houseall componentswithpartsvisible in
the user interface, such as the ’mapview’which displays themap on the right side of
theapplication. The ’controls’ house themainuser interface control groups. The ’side
panel’ is the parent component for the other four panelswhich are displayedwithin
this parent component. The ’elements’ house all other components of smaller scope.
The ’exported colors’ are used within the export panel, the ’help dropdown’ is used
throughout all side panels. The ’input colors’ and ’lightness graphs’ are used in the
layers panel and the test panel respectively and are extracted as their own compo-
nents because theyare each used twice, once for the point layer and once for the area
layer of the map. The ’modal’ is the parent element for the ’about’ and the ’tutorial’
modal.

User interface elements

The user interface is designed after the flow of the process as described before. It
mainly consists of the side panel housing all important user controls on the left side
of the screen, and the map view on the right side of the screen. On a device with a
small screen themap gets displayed below the side panel. Additional screenshots of
the user interface at different screen resolutions can be found in appendix C.
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6.1. Completed proof of concept

Map view

The map view informs the user about the current settings and allows viewing the
generated palettes. It is depicted in figure 6.1 on the right side of the application’s
interface.

Start panel

The ’start’ panel contains all controls related to seed color generation and loading. It
is depicted in figure 6.1 on the left side of the application’s interface.

Layers panel

The ’layers’ panel, depicted in figure 6.2, holds all controls related to color palette
derivation fromseed colors, aswell as themajormapviewoptions, suchas theability
to change layer opacities for example.

Figure 6.2: Proof of concept - Layers panel

Test panel

The ’test’ panel, shown in figure 6.3, contains the control for the CVD view simula-
tion, and the lightness graphswith the ability to switch between a relative and abso-
lute scale.
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Figure 6.3: Proof of concept -Test panel

Export panel

The ’export’ panel, depicted in figure 6.4, contains customization options related to
palette export aswell as the export button per collection of colors and a textwindow
which allows formanual copying of the colors aswell.
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6.1. Completed proof of concept

Figure 6.4: Proof of concept - Export panel

Tutorial and About modals

The ’tutorial’ and ’about’modals, depicted in figures 6.5 and 6.6 respectively, contain
additional information for new users and users interested in knowing more about
the application in detail.

Figure 6.5: Proof of concept -Tutorial modal
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Figure 6.6: Proof of concept - Aboutmodal

Error and success alerts

The alert messages which appear and disappear on the user interface automatically
as required, give feedback for the import and export steps of theworkflow. The suc-
cess message shown in figure 6.7 appears on successful seed color import, the error
alert depicted in figure 6.8 appears on unsuccessful seed color import, and the mes-
sage shown in figure 6.9 appears on button press to export colors by copying them to
the clipboard.

Figure 6.7: Proof of concept - Success alert

Figure 6.8: Proof of concept - Error alert

Figure 6.9: Proof of concept - Export alert

6.2 Requirements check

Thefinished proof of conceptwill nowbe compared to the set requirements in chap-
ter 5. For this comparison, the functional systemrequirementshavebeen selected, as
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6.2. Requirements check

they are more detailed and implementation-focused compared to the user require-
ments, and comparingbothherewouldyield overlapping results. Thenonfunctional
systemrequirements arenotdiscussedhere indetail, as theywere shaping theproto-
typingprocessmore than thefinal outcomeandwere adhered to during this process.
The tool was tested in the Firefox and Chrome browsers in the current versions for
September 2022.

� Requirement 1 isbeingmetbytheproof of concept, it cangeneratecolorpalettes
of all three kinds.

Functional systemrequirements for colorpalette generationconsideringhumanperception

� Requirement 2.1 is not beingmet, currentlyno automated check for color
difference is implemented.

� Requirement 2.2 is beingmet.
� Requirement 2.3 is not beingmet. To consider visual phenomena like si-

multaneouscontrast inpalettegenerationrequires the importof thedata
used in the end product and more extensive analysis, as the data and its
surroundings, layer opacities, symbol sizes and the current color palette
need to be considered. Given the non-functional system requirements
and restrictions, for the proof-of-concept the focuswas then instead put
onproviding an extensive testing environment. Especially important for
this testing requirement is the possibility to see different combinations
of data, scale, geographic distribution andbasemap. Therefore, the focus
for the current toolwas on providing the possibility to see random com-
binations of classes next to eachother and at different scale levels and for
multiple geographic datasets in front of different basemaps.

� Requirement 2.4 is not being met, there is no automated check for CVD
compatibility.

? Requirement 3 has mostly been met, but seed color generation with a given
start color is not yet implemented in the user interface.

� Requirement 4 is beingmet.

? Requirement 5 is being partlymet. Instead of implementing an automatic dis-
tribution of themap layers along the possible range in lightness, the users can
edit the values themselves. Chroma shifts have not been implemented yet.

� Requirement 6 is being met. Seed color generation based on the background
color was purposefully not implemented to not clutter the interface unneces-
sarily. Instead, it couldbe implementedas a sub-featureof thegenerationwith
a given start colorwhich is part of requirement 3.

Functional system requirements for the testing environment

� Requirement 7.1 is being met, all changes to the controls are visualized
immediately.
Functional system requirements for testing a color palette considering human per-
ception
? Requirement 7.2.1 is being partlymet. Only graphs for lightness are

implemented currently.
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? Requirement 7.2.2 is being partymet. Only graphs for lightness are
implemented currently.

? Requirement 7.2.3 is mostly met. Only import of data by the user
is not implemented yet, see the check of requirement 2.3 for more
information. Also, the opacity setting for the basemap resets, when
the basemap is changed ormoved, and needs to be set again.

� Requirement 7.2.4 is beingmet.

� Requirement 7.3 is beingmet.

� Requirement 7.4 is beingmet.

� Requirement 7.5 is beingmet.

� Requirement 7.6 is beingmet.

� Requirement8 is beingmet. Anexampleof autilizedmetaphor is a card-based
drag and drop interface for rearranging the seed colors for palette generation.

Eleven of the 19 functional system requirementswere fullymet, five of them are
partlymet, and three are not beingmet currently.

6.3 Heuristic evaluation

Theresultsof theheuristic evaluationwerecompiled intooneExcel spreadsheetwhich
isprovidedwith the thesis. Theevaluatorswerepseudonymizedwithnumbers: eval-
uator 1 isme, the author of this thesis, evaluators 2-4 are the evaluatorswith cartog-
raphy background, evaluator 5 is the artist and artistic researcher, evaluator 6 is the
evaluatorwith communications background. If nothing else ismentioned, a ’passed’
heuristicwasmarked as passing by all evaluators.

1. Visibility of system status

� Heuristic 1.1 passed.

? Heuristic 1.2 passed for all but one evaluator, evaluator 6 tended towards
passed, butwas unclear onwhat the heuristic is meant to judge.

� Heuristic 1.3 passed, evaluator 2 mentioned visible loading times for the
’Imagery’ basemap.

� Heuristic 1.4 passed.

2. Match between system and the real world

? Heuristic 2.1 passed for four evaluators and was unclear for two. Evalu-
ator 4 notes that some concepts are advanced for non-cartographers or
cartographers focusedondesign, evaluator6noted fromanon-cartographer
perspective, that the application seemsmostlyunderstandable for them,
but that somewords are unclear to them.

? Heuristic 2.2 passed for all but evaluator 6,who found the drag and drop
capabilities to be unintuitive and suggested a hand symbol when hover-
ing a drag and drop element as a possible solution.

3. User control and freedom
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6.3. Heuristic evaluation

� Heuristic 3.1 passed.

� Heuristic 3.2passed. Evaluator 1noted that changes to the seedcolors can
only be reverted via the browser ’undo’ button. Evaluator 4 noted that
a possible improvement could be to make the progress indicator steps
clickable to switch panelswith this element aswell.

4. Consistency and standards

� Heuristic 4.1 passed.

� Heuristic 4.2 passed.

� Heuristic 4.3 passed.

� Heuristic 4.4 passed. Evaluator 3 was unclear on what the heuristic is
meant to judge.

5. Error prevention

� Heuristic 5.1 passed.

� Heuristic 5.2 passed for all but evaluator 1, who mentioned a bug where
thebasemapseedcolorgenerationruns intoanendless loop,whenabasemap
doesnothave tilesavailable foragivenzoomlevel,whichrequires switch-
ing to a different side panel and back to the start panel to get the button
to reset and the operation to stop.

� Heuristic 5.3 passed.

6. Recognition rather than recall

� Heuristic 6.1 passed for all but evaluator 1. When generating seed colors
with a given hue range, the user needs to remember or look up the cor-
responding hue degrees manually in the tutorial. Similar remarks were
made under heuristic 11.1 by evaluator 4 and 5.

? Heuristic 6.2 passed for all but evaluator 4, who needed multiple trues
to get to know the tool without referring the tutorial and recommends
showing it automatically on first opening of the website. Also, the tuto-
rial is missing a ’finish’ button.

7. Flexibility and efficiency of use

� Heuristic 7.1 passed.

? Heuristic 7.2 passed for all but evaluator 5, who remarked that both the
point layer palette and area layer palette are visible in the export panel
evenwhen onewas disabled in the previous panels.

8. Aesthetic andminimalist design

� Heuristic 8.1 passed.

� Heuristic 8.2 passed.

9. Help users recognize, diagnose, and recover from errors

� Heuristic 9.1 passed. Three evaluators marked it as unclear, but only be-
cause no errorswere encountered.
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� Heuristic 9.2 passed. Three evaluators marked it as unclear, but only be-
cause no errorswere encountered.

10. Help and documentation

� Heuristic 10.1 passed.

� Heuristic 10.2 passed.

11. User stories

� Heuristic 11.1 was not passed by evaluator 2 and marked as unclear by
evaluator 4, whowere either unable to achieve the desired result or only
with trial and error. Evaluator 4 connected their troubles with this user
story to the problem described here under heuristic 6.1.

� Heuristic 11.2 passed.

� Heuristic 11.3 passed. Evaluator 3mentioned that restrictingusers to cor-
rect options in the sense of a cartographic visualization guide could be
helpful. Evaluator 5 needed amoment to realize that the basemap needs
to be disabled fromview to see the chosen background color.

12. Other

Evaluator 2 stated, that it might be helpful to disallow panning the map
on the right side and also remarked about a clickable progress indicator
as described under heuristic 3.2.

Heuristics 1.2, 4.4, 9.1, and9.2 shouldbe rephrasedor receive additional explana-
tion ina similarheuristic evaluation, as theywerenot clear enough for one evaluator,
or in the case of heuristics 9.1 and 9.2 multiple evaluators. With the strict definition
of markingaheuristic asunclearornotpassedas soonasoneevaluatormarked them
as such, 20 heuristics are passing, five are unclear, and three are not passing. Two
of the not passing heuristics were marked as such only by evaluator 1 with in-depth
knowledge.

The mentioned visible loading times for the ’Imagery’ basemap are not directly
related to the application, but most likely due to the tile server of that basemap tile
service or the internet connection of the evaluator, as the basemaps are the only
part of the application that requires internet while using the application. After the
heuristic implementation, the suggestionwith the hand cursor symbol for heuristic
2.2,whenhovering the drag anddrop elements,was implemented directly, aswell as
a grabbing hand symbol on click and also a pointer symbol when hovering the seed
color inputs that allow to change the color, as this was a missing indicator as well.
Heuristic 5.2 is due to a basemap tile servermisfunctioning aswell, but could befixed
easier by either deactivating that basemap option or setting a timeout for the func-
tion and then displaying an error message. Heuristic 6.1 could be fixed by showing
addition informationwhen the control is selected. Heuristic 6.2 can be fixed by im-
plementing the suggested solutionwith ’JavaScript localStorage’, which is similar to
a cookie, but places onlysettings to be used on the client’s side and could be as simple
as one boolean value to check if the tutorial was viewed before. Heuristic 7.2 can be
fixed easily by adding the same controls as for the layer panel and the test panel.
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6.4 Sample results

After these two forms of evaluation, sample palettes are generated after the example
of randomly chosen ColorBrewer palettes of each of the three palette types. These
scenariosareexecutedasexamplesof what results arepossiblewhenusing the tool in
its current state. UsingColorBreweras abenchmark ismeant to ensure thatMapCol-
Pal is able to generate useable color palettes. The seed colors for these comparisons
will all be generatedusing standard settings (6 seed colorswithharmoniouslyspread
hues) andwere not altered afterwards. The comparisons are done usingMapColPal.
For the ColorBrewer palettes, they are exported using ColorBrewer’s export feature
and then imported via the text import of MapColPal. Then the lightness correction
andBézier curve interpolation are deactivated, and all seed colors are used as palette
input colors. Full screenshots of the scenarios are in appendixD and allow to see the
palettes applied to a samplemap each.

Scenario 1: Createasequential colorpalette similar to theColorBrewerYlGnBupalette
with 5 classes.

Figure 6.10: Scenario 1 -MapColPal input colors

For this comparison four of the six seed colorswere used and arranged fromblue
over green to yellow hues, as shown in figure 6.10. With the ’sequential’ mode se-
lected, smoothing and lightness optimization enabled, and the latter set to a range
of ’0.4’ around ’0.8’ lightness, the results depicted in figure 6.11were achieved.

Figure 6.11: Scenario 1 - Sequential MapColPal palette

Whencomparing this to theColorBrewerYlGnBupalette, as shown infigure6.12,
the overall look of the palette is very similar, with the ColorBrewer palette being
slightlymore chromatic. The lightness steps are also similar, with the ColorBrewer
palettemakingbigger stepsat the edgeof thepalette andsmaller in themiddle,while
MapColPal has equally sized lightness steps throughout thewhole palette.

The exportedMapColPal palette as hexadecimal RGB codes in a JavaScript array
is [’#234388’, ’#37769b’, ’#62a99a’, ’#add6a0’, ’#ffffcf’].
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Figure 6.12: Scenario 1 - ColorBrewer YlGnBu palette

Scenario 2: Create a diverging color palette similar to the ColorBrewer PiYG palette
with 5 classes.

For this comparison, seed colors were regenerated until a suitable pink color was
generated, then only this colorwas used as an input color for the palette generation.
With the ’diverging’ mode selected, smoothing disabled and lightness optimization
with a range of ’0.3’ around ’0.9’ lightness enabled, the results depicted in figure 6.13
were achieved.

Figure 6.13: Scenario 2 - DivergingMapColPal palette

When compared to the ColorBrewer PiYG palette, as shown in figure 6.14, the
palettes are similar overall,with the hues being slightlydifferent due to the random-
ness of the seed color generation. The palettes appear to be equally chromatic, the
lightness steps in the ColorBrewer palette are again bigger on the outer sides of the
palette.

Figure 6.14: Scenario 2 - ColorBrewer PiYG palette

The exportedMapColPal palette as hexadecimal RGB codes in a JavaScript array
is [’#e21286’, ’#fca9c9’, ’#ffffff’, ’#a6d3bd’, ’#009b6d’].

68



6.4. Sample results

Scenario3: Createaqualitativecolorpalette similar to theColorBrewerDark2palette
with 8 classes.

Figure 6.15: Scenario 3 -MapColPal input colors

For the last comparison, eight seed colors were generated to match the number
of classes. All eight seed colorswere used as input colors and arranged to match the
order of theColorBrewer palette, as shown infigure 6.15. With the ’qualitative’mode
selected and lightness optimization enabled, set to a lightness of ’0.65’, the results
depicted in figure 6.16were achieved.

Figure 6.16: Scenario 3 - QualitativeMapColPal palette

In comparison to the ColorBrewer Dark2 palette, as depicted in figure 6.17, there
arecomparablymoredifferences than in theother scenarios. While theDark2palette
hasvarying lightness in a range of almost 30percent, inMapColPal all palette colors
receive the same lightness. Also, as all colors are equally chromatic, colors like the
gray in the Dark2 palette are only possible inMapColPalwithmanual adjustment at
themoment.

Figure 6.17: Scenario 3 - ColorBrewer Dark2 palette

The exportedMapColPal palette as hexadecimal RGB codes in a JavaScript array
is [’#00a793’, ’#dd6a00’, ’#8a76fc’, ’#ec5065’, ’#65a24b’, ’#ac8b00’, ’#149dc7’, ’#ce5ac3’].
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CHAPTER7
Conclusion and outlook

The research objective of this thesis is to design, build, and evaluate a tool to as-
sist cartographers in choosing suitable color palettes for thematic maps. To
reach this objective, five research questions were phrased and answered within the
previous chapters of this thesis.

To answer RQ 1, criteria for suitable color palettes for thematic mapswere iden-
tified.

To answer RQ 2, criteria, which a cartographic color palette tool should fulfil to
improve over previous designs,were identified from a reviewof relatedwork.

To answer RQ 3, requirements were derived from both kinds of criteria, which
can serve as a foundation for software development.

To answer RQ 4, building on these requirements, a proof of concept was coded
in an iterative prototyping process.

To answer RQ 5, the proof of concept was evaluated against the requirements
that itwas designed after, aswell as being subject of a heuristic evaluation to further
evaluate its user interface and usability, and used to generate color palettes which
thenwere compared to ColorBrewer color palettes.

Based on the conducted evaluation, the proof of concept fulfilled the majority
of the requirements and the heuristics. The tool offers cartographers a unique ex-
perience inworkingwith colors for mapswith options for the design of fitting color
palettes that previous tools and pre-defined color palettes do not offer. It provides a
newtakeon theoldproblemof selecting colors formaps inawaysuiting thedata, hu-
man perception, and aesthetic preferences. The proof of concept tackles this prob-
lem by deriving color palettes in a structured way from a shared set of seed colors,
visualizing each update immediately, aswell as offering user interaction and palette
testing at all steps along the process.

The lastpartof theevaluationshowed, that the tool in its current state canbeused
to achieve ColorBrewer-like resultswhile offeringmore testing options and consid-
ering the user’s creative freedom and contextual requirements. The main drawback
of the current tool is, that it still requires the user to have in-depth knowledge, as the
automated test features of the tool could not be implementedyet. Also control over a
color’s chroma is limited. This is offset by the color picker functionalitywhich allows
for manual adjustments, as long as the user knows what they are doing. Therefore,
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the research objective is seen as achieved. Improvement is possible for color gener-
ation and testing tools based on MapColPal and further research in this area. Both
will be discussed in the following two sections.

Ideas for further development

Apart from the improvement ideas stated in the last chapter, next possible steps in
developing the application are:

• Refactoring the code further, addingmore comments anddocumentation, and
restructuring the components.

• Saving all application state in the URL, to allow sharing a linkwhich not only
contains the seed colors, as well as enabling full ’undo’ and ’redo’ capabilities
usingweb standards.

• Enable automated chroma (and hue) adjustments and allow for user control
over these adjustments.

• Allowfor different palette class distributions apart fromequal interval classes.

• The import of user data could be enabled to see a possible color palette more
closelyto thefinaldeployment scenario,whichwouldalsoallowimplementing
calculations regarding simultaneous contrast.

• Enabling bivariate color palette generation permap layer.

Further, the following notions specifically for the testing environment exist:

• Example visualization with full map layouts using procedural generation to
generate example title, text, and legend elements, aswell as the layout itself.

• Support derivingpseudo-randomdata fromseedvalues to allowfor reproduc-
tion of the same sample visualization.

• Offer multiple kinds of example visualization per data type, e.g. hexagonal
binned data.

• Offer additional monitoring views, e.g. for hue and chroma.

Lastly, for the user interface, the ensuing ideas exist:

• Optimize themobile view in the responsive design.

• Add a comparison function for direct comparison of multiple color palettes.

• Allow the user to choose the color space the application utilizes.

• Add a custom color picker that also uses the specified color space instead of
relying on the browser standard color picker.

• Allow for exportwithin the currently used color space.

• Showfilters currently applied to palettes in the export panel.
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• Adda toggle to switchbetweenashortened tutorial and the full-lengthdetailed
version.

• Alloweasilyswitchingwhichpalette gets assigned to thepoint layer andwhich
to the area layer.

• Change the automated disappearance of the side panel scrollbar based on fur-
ther user feedback.

• Allow for basic display options like changing the basemap or switching be-
tween country and city scale on all panels.

• Gray out the basemap selection control in the start panel, if the option is not
selected.

• Add an educationalwalkthrough video.

• Add a button to switch the theme to a dark theme.

• Enable option to add or remove layers.

Further research needs

Further development of theMapColPal proof of concept into a fullyfleshed out tool
should go hand in handwithmore extensive evaluation of the tool and the concepts
behind it. For this, in-depth user testing is recommendable. This testing could be
directed at confirming or falsifying the results of the evaluation conducted within
this thesis, or at using the tool for a specific application domain. For example, the
suitability of the tool for color decisions in mapping sustainable development goals
could be examined. Widening the scope of the tool to cover thematicmapsmore ex-
tensively is another promising direction of research, for example by including con-
siderations for printed maps or other kinds of thematic map. Continuing research
could also target transfer of the concepts and criteria the proof of concept was de-
veloped on to other map types, for example, developing a color palette helper for
topographic maps.

At the same time, I also encourage revitalizing the idea of cartographic brewers
in all parts of cartography. I see a lot of potential in using the improving capabilities
of theweb andweb-based applications for help in decision processes in general and
especially within cartographic design. The proof of concept could also be further
developed into a generalized framework to be used as a base for such applications
using the same ideas of bundled user controls and a map view to visualize changes
in real-time.

This thesis offers important contributions for working with colors in cartogra-
phy. The development of the proof of concept can be seen as a first step towards
more advanced research and tools in this domain.
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APPENDIXB
Screenshots of intermediate

prototypes

B.1 Wireframe

Figure B.1: Wireframe - Start view
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B. Screenshots of intermediate prototypes

Figure B.2: Wireframe -Main view
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B.1. Wireframe

Figure B.3: Wireframe - Export view
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B. Screenshots of intermediate prototypes

B.2 Technical capability test

Figure B.4: Technical capability test

B.3 First coded user interface prototype

Figure B.5: First coded user interface prototype
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B.4. Proof of concept implementation - First merge

B.4 Proof of concept implementation - First merge

Figure B.6: Implementation - First merge

B.5 Proof of concept implementation -Thirdmerge

Figure B.7: Implementation -Thirdmerge - Start panel
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B. Screenshots of intermediate prototypes

Figure B.8: Implementation -Thirdmerge - Options panel

Figure B.9: Implementation -Thirdmerge - Export panel
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B.6. Proof of concept implementation - Fifthmerge

B.6 Proof of concept implementation - Fifthmerge

Figure B.10: Implementation - Fifthmerge - Start panel

Figure B.11: Implementation - Fifthmerge - Layers panel
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B. Screenshots of intermediate prototypes

Figure B.12: Implementation - Fifthmerge -Test panel

Figure B.13: Implementation - Fifthmerge - Export panel
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B.6. Proof of concept implementation - Fifthmerge

Figure B.14: Implementation - Fifthmerge - Aboutmodal
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B. Screenshots of intermediate prototypes

B.7 Proof of concept implementation - Seventhmerge

Figure B.15: Implementation - Seventhmerge - Start panel

Figure B.16: Implementation - Seventhmerge - Layers panel
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B.7. Proof of concept implementation - Seventhmerge

Figure B.17: Implementation - Seventhmerge -Test panel

Figure B.18: Implementation - Seventhmerge - Export panel
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B. Screenshots of intermediate prototypes

Figure B.19: Implementation - Seventhmerge -Tutorial modal
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APPENDIXC
Proof of concept - Responsive

views

Figure C.1: Proof of concept -Main viewon a full HD screen
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C. Proof of concept - Responsive views

Figure C.2: Proof of concept -Main viewon a tablet screen
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Figure C.3: Proof of concept -Main viewon a small screen
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APPENDIXD
Screenshots of usage scenarios

D.1 Scenario 1 - sequential palette generation

Figure D.1: Scenario 1 -MapColPal sequential palette - Full screenshot
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D.2. Scenario 2 - diverging palette generation

Figure D.2: Scenario 1 - ColorBrewer YlGnBu palette - Full screenshot

D.2 Scenario 2 - diverging palette generation

Figure D.3: Scenario 2 -MapColPal diverging palette - Full screenshot

103



D. Screenshots of usage scenarios

Figure D.4: Scenario 2 - ColorBrewer PiYG palette - Full screenshot

D.3 Scenario 3 - qualitative palette generation

Figure D.5: Scenario 3 -MapColPal qualitative palette - Full screenshot
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D.3. Scenario 3 - qualitative palette generation

Figure D.6: Scenario 3 - ColorBrewer Dark2 palette - Full screenshot
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