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Abstract

Visualization as a tool for visual processing of any underlying data has proven to be an
accepted and legitimate part of the scienti ¢ reasoning process. Many different tech-
niques help gaining new insights from captured phenomena, support the development
or evaluation of hypotheses about collected data, reveal potential misconceptions or
false assumptions, simplify communicating knowledge and novel ndings, and enable
a multitude of additional opportunities. The reason for this effectiveness is that the hu-
man visual system is ideally suited to capture and process visually encoded data. The
development of visualization from a niche to an established scienti ¢ eld has made a
signi cant contribution to this success story. A large number of journals, conferences,
seminars, and workshops regularly publish new results, evaluate presented approaches,
and help making knowledge globally accessible. However, this large number of con-
tributions tailored to variable user groups, the underlying data, and the wide variety of
tasks that could be performed with them, emphasizes the plethora of available tech-
nigues and the resulting dif culty in choosing the most suitable visualizations.

Therefore, we investigated common data sets and analyzed typical tasks normally
performed with them. Based on this, we selected well-established and most effective
visualization techniques, combining them to form a hybrid representation. The goal
of such a visualization hybridization was to merge advantages of individual techniques
and, thereby, simultaneously eliminate their limitations. We present so-called hybrid
vigors that make the underlying visualizations more widely applicable instead of ei-
ther having to change required techniques sequentially, or not being able to perform
certain tasks at all. Our contributions are intended to simplify the process of nding
suitable visualizations for already established data sets. During our research, we fo-
cused on two-dimensional point data, depicted on the one hand as scatter plots and, on
the other hand, as relationships between consecutive point such as in line charts. Our
technigues can be used especially when data sets are so large, dense, and overplotted
that conventional techniques reach their limits. We show that hybrid representations
are well suited for combining discrete, continuous, or aggregated forms of visual repre-
sentation. Our hybridizations additionally exploit spatialization cues. Such visual cues
emphasize spatiality of the underlying data through shading, without having to embed
the data in 3D space including its potential disadvantages. We chose this method of
encoding as we consider it the most appropriate choice, given that visualization users
interact naturally and preattentively with a spatial world on a daily basis.






Abstract in Norwegian

Visualisering som et verktgy for visuell prosessering av underliggende data har vist
seg a vaere en akseptert og legitim del av den vitenskapelige argumentasjonsprosessen.
Mange forskjellige teknikker bidrar til & oppna ny innsikt fra et malt fenomen, stgt-
ter a lage eller evaluere hypoteser om innsamlet data, avslarer mulige misforstaelser
eller uriktige antagelser, forenkler kommunikasjon av kunnskap og nye funn, i tillegg

til ere andre muligheter. Grunnen til denne effektiviteten er at menneskets visuelle
system er ngye tilpasset a fange opp og prosessere visuell informasjon. Utviklingen
av visualisering fra en nisje til et etablert forskingsfelt har veert et betydelig bidrag til
denne suksesshistorien. Et stort antall tidsskrifter, konferanser, seminarer, og work-
shoper publiserer regelmessig nye resultater, evaluerer presenterte tilnserminger, og
bidrar til at kunnskapen er tilgjengelig verden over. Men dette store antallet bidrag
rettet mot diverse brukergrupper, underliggende data, og et bredt utvalg av oppgaver
som kan utfgres med dem, fremhever mengden tilgjengelige teknikker og den resul-
terende vanskeligheten i a velge den mest passende visualiseringen.

Derfor undersgkte vi vanlige datasett og analyserte typiske oppgaver som normalt
blir utfgrt med dem. Basert pa dette, valgte vi veletablerte og effektive visualiser-
ingsteknikker, og kombinerte dem til en hybrid representasjon. Malet med en slik hy-
bridisering av visualiseringer var a sla sammen fordelene av de individuelle teknikkene,
og dermed samtidig eliminere begrensingene deres. Vi presenterer hybride vigarer,
som gir de underliggende visualiseringene en bredere anvendelighet i stedet for & enten
matte endre teknikk sekvensielt, eller & ikke vaere i stand til & utfgre visse oppgave i det
hele tatt. Vare bidrag er ment til & gjgre det enklere & nne passende visualiseringer
for allerede etablerte datasett. Vi satte sgkelys pa todimensjonal punktdata som pa den
ene siden var representert som spredningsplott, og pa den andre siden, som forhold
mellom etterfalgende punkt i, for eksempel, et linjediagram. Teknikkene vare er spe-
sielt nyttige nar datasettene er sa store, tette, og overplottede at vanlige teknikker nar
sine begrensinger. Vi viser at hybride representasjoner er passende for & kombinere
diskret, kontinuerlige, eller aggregerte former av visuell representasjon. Hybridiserin-
gene vare utnytter i tillegg spatialisering. Slike visuelle signaler fremhever spatialitet
av den underliggende dataen gjennom skyggelegging, uten & matte plassere dataen i
3D med sine mulige ulemper. Vi valgte denne kodingen siden vi betrakter den som det
mest passende valget, gitt at visualiseringsbrukere interagerer naturlig og preattentivt
med en 3D-verden i det daglige.
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Overview






Chapter 1

Introduction

Visualization—what began about 30,000 to 65,000 years ago with the rst man-made
images in the form of stone-age cave paintings, has developed into its own scienti c
eld. At that time, visual representations were used to, e.g., represent hunting scenes or
mystical depictions of spiritual occurrences. They were either painted with sand, char-
coal, blood, and similar, or engraved in stone using simple tools. Both visualization
technigues and tools have, nevertheless, evolved over centuries and now rely on faster,
more powerful, and fully customizable high-performance computing hardware.

However, the visualization knowledge gained over centuries, driven by innumerable
research results and a multitude of publications, has also led to a vast number of wide-
ranging visualization technigues, each of them being ideal for the speci ¢ scope they
were designed, implemented, and tested for. Unfortunately, this also means that there
is not necessarily a unique visualization technique available for any given use case, as
they are often tailor-made for the underlyidgta, targetedusers andtasksto be per-
formed [118]. We have, therefore researched heuristics that generate the most suitable
hybrid visualizations, combining multiple visual representations, based on typical tasks
derived from common data types. The resulting hybrids, however, are not constant but
their visual representation can vary smoothly according to the underlying data.

1.1 Problem Statement

The requirement for the best possible choice of visual representation is highly depen-
dent on target users and tasks for which it is intended. If both, i.e., users and tasks,
can be de ned accurately, it might be trivial to choose the most suitable visualization
technique. If, however, at least one of the two, i.e., users or tasks, are too broad or dif-
cult to narrow down, several different visualization techniques may be required. The
user is, therefore, forced to either choose the most suitable but potentially insuf cient
approach, or has to tediously switch back and forth between various visualization tech-
niques in order to be able to gain insights from several techniques sequentially.

As an alternative, we have investigated whether distinct visualizations can be mean-
ingfully combined, resulting in what we callsualization hybridizations. If multiple
visualization techniques are required, quanti able data aspects can be examined with
a heuiristic, i.e., through amportance functionwhich speci cally decides the type of
visual representation. The potential advantage of displaying hybrids is to be able to
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explore various data aspects simultaneously through diverse representations, originally
developed for different task-dependent purposes or users. Visualization hybridization is
broadly applicable, opening up unexploited possibilities ranging over diverse aspects,
such as:

Data: Being able to combine different data-speci c encodings, i.e., visual primi-
tives, such as points, lines, convex/concave polygons, surfaces, etc.

Task: Being able to perform tasks that would otherwise require different visual-
ization techniques simultaneously, e.g., density estimation and outlier detection.

User: Being able to use visualizations for communication with different target
users, e.g., hovice users, professionals, domain experts, and so forth.

Technique: Being able to apply different mathematical methods, e.g., discrete,
continuous, or aggregated methods, for estimation or calculation simultaneously.

Scienti ¢ Area: Being able to expand approaches inspired by other research,
e.g., exploiting rendering techniques from computer graphics in visualization.

As part of this thesis, we have explored a fraction of this untapped potential. Un-
fortunately, however, hybridizing different visualization aspects is neither trivial nor
free of costs. The type of hybridization may in uence the effectiveness of the resulting
visualization, for example, whether two visual stimuli are simply juxtaposed, super-
Imposed, overloaded, or nested. Potential changes in the encoding may also lead to
hybrids that are more dif cult to interpret and understand, for example, because of
an increased cognitive workload. Additionally, hybridization may further increase the
initial time required to understand and apply a learned visual encoding, since several
techniques have to be interpreted simultaneously. The aim of this thesis was, therefore,
not only to develop and implement novel visualization hybridization techniques, but
also to verify and evaluate supposed advantages over potential disadvantages.

1.2 Scope and Contributions

There is a sheer endless number of possible, in principle, arbitrary approaches of how
hybridization could be implemented. We, therefore, chose to explore visual cues that
may potentially be easier to understand and interpret than others. Since we, as humans,
inevitably live in and interact with a three-dimensional world, we chose to explore how
visualization hybridization could bene t frorapatialization cues Unlike the trend

that started when computers were nally able to display 3D content, however, we do
not want to naively embed visualizations into three-dimensional space, especially if
they themselves or their data are not 3D per se. This could tend to be disadvantageous
since it, i.a., requires user interaction for navigation and creates perspective and view-
dependent occlusions. Instead, we systematically selected cues which correspond to
spatial hints that are orthogonal to the basic encoding of the underlying data and, there-
fore, avoid typical drawbacks of 3D visualizations. Our initial approach was to analyze
challenges and task variations that can be performed on underlying data, and to use
these as potential control mechanisms, i.e., heuristics, for the hybridization.
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In order to show whether our considerations are expedient, we initially selected
visual representations from a wide range of well-established and commonly used visu-
alization techniques. The analysis of their disadvantages, i.e., tasks that would require
different visual representations, then provides an implicit guide to which other tech-
niques are needed in order to make the resulting hybridization a so-bgted vigor.

Similar to genetic engineering in agriculture, a hybrid vigor may combine several pos-
itive traits of different plants species, such as resistance to drought or ooding, and
a large variety of owers, fruits, or seeds. Our goal is to transfer this hybrid vigor
metaphor to visualization. Our publications relate to several research areas, e.g., con-
ceptual, technical, and empirical contributions, and can be summarized as follows:

1. We propose a novel kernel density-based visualization technique, hybridizing dis-
crete and continuous representations of large bivariate point data.

2. We demonstrate that such density-based hybridizations are extendable to spatial
point aggregations through binning, for example, using hexagonal grids.

3. We introduce additional visual encodings for hybrid aggregation plots, which (a)
serve as subtle aid to perceive color differences between neighboring tiles, (b)
encode the regression plane of underlying bin densities, and (c) blend underlying
point data depending on the bin density with colored hexagonal tiles.

4. We propose spatialization cues for line-based data using importance functions.
Our hybrid blending and weaving approach exploits ordering as well as quantita-
tive importance, which can either be part of the underlying data or derived from
geometric data properties, such as length or complexity of lines.

5. We develop a straightforward algorithm for deriving importance functions for
grouped line data that reduces occlusion and thus improves visibility.

6. We demonstrate that hybridization using a heuristic, i.e., importance function, is
well suited for user interaction. For example, using a magic lens which can either
be used to locally change the bandwidth of a density estimation, or to highlight
individual line bundles by local reordering, e.g., pulling them forward.

7. We verify that all our techniques for high-quality rendering of points, lines, and
grids can be implemented ef ciently on modern GPU architectures. Through
a detailed analysis, we show that the frame rates of our hybridizations remain
interactive even with large amounts of data, containing thousands of items.

8. We analyze perceptual properties of visualization hybridizations through detailed
user studies. We examine a wide variety of visual stimuli, e.g., classic scatter
plots, color-coded scatter plots, heat maps, (un-)shaded hybrids combining scat-
ter plots and heat maps, (un-)shaded hexagonal aggregation plots, and binned hy-
brids exploiting blending or glyph encodings, based on common and frequently
performed locate, explore, lookup, and brows tasks [22].

9. We nd that shading—used with care—provides meaningful shape, i.e., spatial-
ization, cues for diverse visualizations, increasing their information content.
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1.3 Thesis Structure

This thesis consists of two main parts: Part | provides an overview of the research car-
ried out as part of my PhD studies and Part Il contains the resulting paper publications.
The format of the papers, however, was adjusted to t the layout of this thesis and all
bibliographies were merged into a single uni ed bibliography at the end.

Part —Overview—is structured as follows: Chapter 1 introduces visualization hy-
bridization including potential problems and explains how our contributions address
them. Chapter 2 provides the current state of the art in visualization hybridization in-
cluding previous work and how our contributions differ from or expand it. Additionally,
it describes visualization techniques that rely on spatialization cues, and concludes with
relevant work from shape perception. Chapter 3 outlines the contribution of this thesis
and Chapter 4 concludes the rst part by highlighting future research opportunities.

Part Il—Included Papers—contains the three publications corresponding to our con-
tributions in full detail and describes how they were evaluated qualitatively, i.e., in the
context of use cases, but also quantitatively, i.e., through user studies:

PaperA sunspot plotspaperB honeycomb plotsand papefC line weaver



Chapter 2

Related Work

The following chapter discusses approaches related to our contribution, such as the
general functioning of composite views. This relatively broad term refers to techniques
whose overall goal it is to combine multiple visualization techniques into one visual-
ization. Subsequently, we outline a speci ¢ approach of this research area namely what
we refer to as visualization hybridization. The main distinguishing aspect here is the
presence of an additional mechanic, e.g., heuristic, that drives this composition and
de nes especiallyhow andwherethe individual visualizations are combined. Using
representative examples, we discuss how composition concepts become hybrid repre-
sentations through heuristics. We then continue with visual encodings that are capable
of enhancing and augmenting the resulting hybrids in an orthogonal way, i.e., that does
not con ict with the previous encodings while being informative and remaining under-
standable to the viewer. Therefore, we decided to explore spatialization cues and how
these can be used to, on the one hand, make visualizations more expressive and, on the
other, increase their information content. Shading is an established and effective ap-
proach to implement shape cues which has also been examined in perception research.
We, therefore, close this chapter with excerpts from shape perception literature.

In summary, Section 2.1 introduces the broader foundation of our research, namely
composite views; Section 2.2 presents related work and explores representative ex-
amples from visualization hybridization relying on heuristics; Section 2.3 focuses on
approaches that exploit spatialization cues to generate expressive visualizations; and
Section 2.4 analyzes the human visual system's perception of shape cues from shading.

2.1 Composite Views

The term "composite views", i.e., the combination of multiple visualizations, covers
a larger number of related contributions, also referred tgisisal multiplexing hy-

brid mixture composite/nested/embedded/integrated visualizatiotesleaving dual
representationseferring to two underlying visualization techniquesilti-layered vi-
sualizationcorresponding to a higher number of combined visual stimuli, etc.

Javed and EImqvist [87] highlight the necessity of composite visualizations due to
the high complexity, large scale, and heterogeneity of data sets nowadays. They, there-
fore, explore its design space and de ne four (plus one) general strategies, so-called
"composite visualization view (CVV) design patterns". Their foundation for compo-
sition relies on spatial mapping on the one hand and on data relationships between



8 Related Work

the underlying visualizations on the other. Their rst stratggytaposed viewgosi-

tions two or more visualizations side by side within a single view. This corresponds to
the simplest and easiest approach to implement, especially for heterogeneous data usu-
ally requiring fundamentally different visualizations. Juxtaposition, however, is purely
implicit and relationships are potentially hard to understand without advanced user in-
teraction, for example, brushing and linking. Secasuherimposed viewgfer to two

or more overlaid visualizations. Multiple visualizations can, therefore, be directly com-
pared in the same underlying spatial domain. This, however, requires all data sets to
originate from the same spatial domain, and may also implicitly lead to occlusions.
The hybrid visualizations in our contribution correspond to a further development of
superimposed views. Our goal was to reduce clutter and overplotting by using typi-
cal tasks performed by users as driving factor for the heuristics that combine the visual
representations. Thirayverloaded viewsorrespond to individual areas, e.g., unused
canvas space, of one representation which are then used by another visualization in-
stead. Here, data sets can originate from different spatial domains, which consequently
allows for a wider range of clutter prevention mechanisms. Foughted viewsefer

to additional visualizations either inside visual primitives of another visualization, or
even as their replacement. As a result, the visualization remains compact but may be-
come more dif cult to interpret. Fifth, i.e, the plus-one stratagyegrated viewsefers

to augmented juxtapositions wherein additional glyphs, e.g., arrows or lines, are used
to create explicit links between the visual stimuli. This, however, may again result in
clutter or overplotting. Figure 2.1 illustrates all four main strategies.

Figure 2.1: Overview of four composition strategies according to Javed and Elmqvist [87].
From left to right: juxtaposition, superimposition, overloading, and nesting.

Schulz and Hadlak [142] propose presets, a visualization approach combining al-
ready existing techniques through deformation. Their approach relies on numerical
parameters, e.g., sliders, that are used to interpolate between different visual designs.
This way, inexperienced users can select the most adequate visualization by choosing
from a range of interpolation steps, for example presented in a grid layout. Experts, on
the contrary, can actively change individual slider parameters in order to be able to pre-
cisely con gure the in uence of the most diverse visualization techniques. Examples
of both approaches, i.e., for (a) novices and (b) experts, are shown in Figure 2.2.

Figure 2.2: Examples of (a) a palette showing already interpolated candidates embedded in a
grid, and (b) a mixer relying on numeric slider values that can be used to combine different
visualization techniques through continuous deformations by Schulz and Hadlak [142].
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Figure 2.3: Overview of ten categories of visual multiplexing according to Chen et al. [34].

Another theoretical composition framework was introduced by Chen et al. [34].
Their design space is strongly in uenced by signal-processing concepts. The au-
thors refer to their contribution agsual multiplexingand highlight that the human
visual system is capable of separating individual pieces of information from a com-
bined visual signal. They therefore distinguish between four different types of multi-
plexing: frequency-division multiplexing (FDM), time-division multiplexing (TDM),
space-division multiplexing (SDM), and code-division multiplexing (CDM), with SDM
and TDM corresponding to the two main concepts of visual multiplexing. Using SDM,
the available 2D visualization canvas is divided into areas, e.g., pixels or ink dots, which
all simultaneously transmit their own visual signal. TDM, on the contrary, multiplexes
visual signals over time, e.g., as animations. These two, i.e., SDM and TDM, and eight
additional classi cation types are shown in Figure 2.3. Types A and B correspond to
SDM and TDM, respectively. Type C represents a simultaneous superimposition of
all visualizations, which typically leads to occlusions and uncertainty about underly-
ing elements. Therefore, type D exchanges opaque shapes for their outlines and hollow
interiors. Type E replaces opaque forms with transparent objects, but the interpreta-
tion of newly synthesized colors may require cognitive reasoning as to whether they
correspond to blending results or separate information. Another form of multiplexing
is through integrated visual channels, i.e., type F, such as using hue and luminance or
shape and edge count of visual primitives. Type G exploits continuous scalar elds
in which information is extracted through mental interpolation, e.g., bilinear interpo-
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