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Abstract
Effective Visual Analytics for Exploring

Argumentation and Deliberation in Text Corpora
Argumentation is a natural part of human communication and a focus of in-
terest for social scientists and linguists. Nevertheless, few visualization and
interaction techniques visually support social scientists working with argu-
mentative and deliberative texts. To address this research gap, this thesis
investigates new techniques for visually comparing and analysing the ar-
gumentative and deliberative texts of a whole corpus in order to facilitate
scholarly work and enable exploratory research on such text corpora.

The investigation proceeds from three perspectives:

1. Visual techniques to express both the hierarchical relationships of
multiple argumentation structures and the order of their arguments,
supporting detailed interactive analysis;

2. Visual approaches for analyzing deliberative processes in multiple hi-
erarchical thread structures of online discussions;

3. Interaction techniques to smoothly transition between scatter plots
and parallel coordinates, enabling the exploration of statistical mea-
sures of argumentation structures in relation to other factors such as
topics and human values.

The work advances visualization research through several contributions:
novel aggregation and visualization techniques for tree sets; a scalable rose-
chart-like glyph design for representing node-related attributes in aggre-
gated tree sets, along with a related perception study; and a visual com-
putational notebook for interactive, data-driven research. Furthermore, a
seamless geometric transition between scatter plots and parallel coordinates
facilitates complex analyses, while additional point representatives in par-
allel coordinates enhance cluster and correlation identification.

These contributions not only advance visualization research but also pro-
vide the social sciences with new visual analysis tools that implement the
developed techniques to evaluate their practical value. Many of these tech-
niques enable new ways of conducting research – exploratory as well as
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hypothesis-driven – offering fresh insights from existing data and a broader
range of analysis possibilities for future study results. In teaching, these re-
sults help visually explain argumentation structures, deliberative processes,
and the relationship between parallel coordinates and scatter plots.



Abstract (in German)
Effective Visual Analytics for Exploring

Argumentation and Deliberation in Text Corpora
Argumentation ist ein natürlicher Teil der menschlichen Kommunika-

tion und ein Kernforschungsthema in den Sozialwissenschaften und der
Linguistik. Dennoch gibt es nur wenige Visualisierungs- und Interaktions-
techniken, die Wissenschaftlerinnen und Wissenschaftler bei der Arbeit
mit argumentativen und deliberativen Texten unterstützen. Um diese For-
schungslücke zu schließen, entwickelt diese Arbeit neue Visualisierungs-
techniken um alle argumentativen und deliberativen Texte eines Korpus
miteinander zu vergleichen und zu analysieren, um die wissenschaftliche
Arbeit zu erleichtern und die explorative Erforschung der Korpora zu er-
möglichen.

Dabei wurden drei Perspektiven betrachtet:

1. Visualisierungstechniken, die die hierarchischen Beziehungenmehre-
rer Argumentationsstrukturen sowie die Reihenfolge der Argumente
in den Texten darstellen und eine detaillierte interaktive Analyse des-
sen ermöglichen können;

2. Visualisierungstechniken zur Analyse der deliberativen Prozesse in
hierarchischen Thread-Strukturen von Online-Diskussionen;

3. Interaktionstechniken die den fließenden Übergang zwischen Streu-
diagrammen und parallelen Koordinaten ermöglichen, um die statis-
tischenMaße der hierarchischenArgumentationsstrukturen zu unter-
suchen und sie mit anderen Aspekten wie Themen undmenschlichen
Werten in Beziehung zu setzen.

DieArbeit liefert folgendeKernbeiträge zurVisualisierungsforschung: neue
Visualisierungstechniken für Mengen hierarchischer Strukturen, wie bei-
spielsweise aggregierte Argumentationsbäume oder Thread-Strukturen;
ein Entwurf eines skalierbaren Rose-Chart-ähnlichen Glyphen zur Darstel-
lung von Kommentarattributen in aggregierten Thread-Strukturen, sowie
eine diesbezügliche Wahrnehmungsstudie; und einem Entwurf eines vi-
suellen Notizbuch für interaktive, datengetriebene Forschungsnotizen. Die
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geometrisch fundierte und nahtlose Transition zwischen Streudiagrammen
und Parallelen Koordinaten erleichtert komplexe Analysen, während zu-
sätzliche Punktrepräsentanten in den Parallelen Koordinaten Cluster und
Korrelationen besser identifizierbar machen.

Nicht nur die Visualisierungsforschung profitiert von der Forschung der
Dissertation. Die Sozialwissenschaften erhalten neue visuelle Analysewerk-
zeuge, die die entwickelten Visualisierungs- und Interaktionstechniken im-
plementieren, um den praktischen Wert der Techniken zu evaluieren. Vie-
le dieser Techniken ermöglichen neue Wege zur Durchführung der For-
schungsarbeiten durch Exploration zusätzlich zur Hypothesenprüfung, er-
bringen neue Erkenntnisse aus bereits bekannten Daten und neueMöglich-
keiten der Analyse zukünftiger Forschungsdaten. Die Inhalte der Disserta-
tion bieten als Beitrag für die Lehre auchMittel, um denAufbau einer guten
Argumentation, deliberative Prozesse und die Beziehung zwischen Paralle-
len Koordinaten und Streudiagrammen anschaulich zu erklären.



Publications
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1
Introduction

Argumentation is key to human communication and writing, and has been
subject to research by humanists and linguists for a long time. Aristotle [4]
describes the threemodes of persuasion alongwith different Topoi – rhetori-
calmoves to build arguments – he observed in public talks,Walton [149] ob-
served and formalized common argumentation schemes, and van Eemeren
[142] studies argumentation as complex speech act in his pragma-dialectic
theory – to name only a few well known works in the field. The formal
logic and structure of an argument, the formalization of natural language
arguments, as well as the social dynamics during communication – like the
persuasiveness – have been studied extensively from different perspectives.

Research on well-designed visual support for analyzing argumenta-
tive and deliberative text has received less attention so far. Some tech-
niques have been developed to depict individual argumentation structures
to capture the formal logic or to formalize a natural language argument
[22, 135, 143]. Other works cover different aspects of the communication
dynamics during multi-party discourse [27, 28, 60]. However, all of these
works focus on an individual argumentation or conversation. However, a
social scientist cannot deduce a theory or prove a hypothesis based on an
individual observation. To support the analysis of multiple arguments and
deliberative processes simultaneously, suitable abstractions and aggrega-
tions are necessary. Researchers should be able to identify relationships
between the functional parts of an argument and the text content, compare
argumentation structures, generalize from individual argumentation struc-
tures to groups of similar structures, and analyze the deliberative quality
along thread structures of written discourse.

1



2 1.1 Excursion into Argumentation Theory

Figure 1.1: An individual argument and an argumentation consisting of multiple
arguments. The circles represent argument units: blue for claims and orange for
premises.

In this work, new visualization and interaction techniques are designed,
implemented, and evaluated to support social scientists in the analysis of ar-
guments with different foci: (1) the hierarchical argumentation structures
with their functional parts and their order in written texts, (2) the deliber-
ative process based on arguments in the hierarchically structured threads
of multi-party online debates, and (3) the statistical evaluation of relations
between the functional parts of the argument or/and its content.

1.1 Excursion into Argumentation Theory

An argumentation consists of a complex structure of statements that give
reason to accept or reject other statements [148]. According to van Emeeren
[142], “[a]rgumentation is a verbal and social activity of reason aimed at
increasing (or decreasing) the acceptability of a controversial standpoint
for the listener or reader, by putting forward a constellation of propositions
intended to justify (or refute) the standpoint before a rational judge.”

Argumentation models facilitate the understanding, discussion, and
analysis of arguments [36, 43, 111, 140]. The argumentation model used
throughout the thesis is based on Bayer [79]. The ‘controversial standpoint’
and the ‘propositions’ are statements and form the set of argument units for
an argumentation. The ‘controversial standpoint’ is called claim; ‘Proposi-
tions’ are called premises and give ‘reason to support [or reject] a claim
that is subject to doubt’ [150]. An argument consists of one claim and a set
of premises that support or attack the claim. A premise of one argument
can also be the claim in another argument. The set of all connected argu-
ments is called argumentation. Figure 1.1 shows the construction of the
argumentation structure and illustrates its hierarchical tree-like nature.

A more detailed alternative was developed by Toulmin [140] and cap-
tures real-world argumentation inwhich the usual rules of formal logic that
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Figure 1.2: A sample argument following the argumentation scheme of Toulmin
[140] modelled with the online argument mapping tool Rationale [143]. Color is
used to distinguish between supports (green outline) and attacks (red outline),
while the claim is shown in a blue outlined box. The keywords ‘because’ and ‘but’
help the user construct a cohesively connected argument.

had been the standard before Toulmin proposed his methodmay not apply.
The model consists of six components:

• Claim The central statement or conclusion of the argument.

• Grounds The facts, data, or evidence that support the claim.

• Warrant The reasoning why the grounds support the claim.

• Backing Additional support for the warrant.

• Qualifier Indicates the strength or scope of the claim, like probably,
usually, or in certain cases.

• Rebuttal Addresses counterarguments or exceptions.
Figure 1.2 shows an example argument following this model. The model
establishes a framework for thinking about and analyzing argumentation
in general and helps construct new arguments. But, the high level of de-
tail makes consistent annotation difficult, as statements can sometimes not
be assigned to any of the six components unambiguously. For this reason,
simplifiedmodels are used in practice for computer-aided analyses of larger
amounts of data. In the argumentation model of the dissertation, grounds,
warrant, backing, and rebuttal are referred to as premises.

Figure 1.2 also shows how well the formalization of argumentation
through argumentation models lends itself to visualization. The depic-
tion of the functional parts of an individual argumentation together with



4 1.2 Strategies for Developing Visual Analysis Techniques for Argumentation

their relations is subject to a whole branch of visualization called Argu-
ment Mapping. Node-link diagrams are the dominant type of visualiza-
tion in Argument Mapping, since they support all types of argument mod-
els and allow translating the different argument units and relation types to
respective visual elements. Argument maps have been designed for sev-
eral different tasks including the visual summary of ongoing discussions
(gIBIS [22], ArgVis[69], Belvedere[135], DebateGraph[91], and Dicode[141]),
the support in decision making / contrasting points during a discussion
(Dialectic Map [103], SEAS [90], and VUE [5]), and the presentation and
analysis of a formalized argumentation (Araucaria [116], ArgueApply[112],
Argunet [18], Rationale [143], and Truthmapping [107]). The dissertation,
especially chapter 2, extends the techniques for argument analysis to the
analysis of many argumentative texts at once.

1.2 Strategies for Developing Visual Analysis Tech-
niques for Argumentation

In the process of developing visualization and interaction techniques for ar-
gumentation and deliberation analysis, newways to systematize these tech-
niques emerged: by the granularity of the data used for visualization and
by the general task.

1.2.1 Levels of Granularity

Argumentation and deliberation can be analyzed on different levels of gran-
ularity (see Figure 1.3). On the lowest level, the intra-text level, the visual
analysis focuses on the argumentation of one text. Tasks include the com-
parison of single arguments or the analysis of the order, relations, and the
evolution of meta information, like topics, sentiment, or human values, in
an individual argumentation. Many traditional argument mapping tech-
niques, like ArgVis[69], Rationale [143], or Dicode[141], are intra-text level
techniques. The thesis developed intra-text level techniques as detail views
for individual essays in subsection 2.4.3 and individual threads in subsec-
tion 3.5.5.

On the inter-text, intra-corpus level, multiple argumentative texts are
compared with each other. The analysis highlights commonalities and dif-
ferences in both structure and metadata. A key task is the statistical eval-
uation of how argument units are distributed and how they (co)relate to
metadata – such as stance, topics, or human values – across the entire cor-
pus. Comparing hierarchical argumentation structures poses a particularly



1 Introduction 5

...

...

...

Argumentative Text

...

...

...

Argumentative Text

...

...

...

Argumentative Text

Argumentative Korpus

...

...

...

Argumentative Text

...

...

...

Argumentative Text

...

...

...

Argumentative Text

Argumentative Korpus

...

...

...

Argumentative Text

...

...

...

Argumentative Text

...

...

...

Argumentative Text

Argumentative Korpus

...

...

...

Argumentative Text

Scope of Intra-Text Level

Scope of Inter-Text / Intra-Corpus Level

Scope of Inter-Corpus Level

...

...

...

Argumentative Text

...

...

...

Argumentative Text

...

...

...

Argumentative Text

Argumentative Korpus
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interesting but still rarely addressed challenge: how to compare many hi-
erarchies at once? This thesis addresses this question directly and provides
new approaches for the mentioned analysis tasks.

The highest level is the inter-corpus level. These techniques compare
whole argumentation and deliberation corpora and analyze how they differ
in terms of argumentation structure, argumentation scheme, the proportion
of argumentative text, the number of texts, or the quality and source of the
contained arguments. They may support the user in their decision as to
which corpus is best suited for their use case and may even allow curating
datasetswith texts frommultiple corpora. The dissertation developed inter-
corpus level visualizations to compare the user discourse of different online
news platforms with each other in chapter 3.

1.2.2 Visualization Tasks

Most tasks involved in analyzing a text corpus can be categorized into two
types: exploration and search. Search tasks include testing hypotheses and
locating argumentation structures or argument units with particular prop-
erties or relations. Most standard statistics tools used by social scientists
are specially designed to test hypotheses. The visual analysis techniques
developed in this thesis additionally support the analyst in the interactive
refinement of search queries through direct interaction with the graphical
elements that represent the desired properties of the argument units, argu-
mentation structures, comments, or threads. This step-by-step, user-driven
refinement allows analysts to more easily understand the impact of each
filter step and ultimately increases the quality of the final result set.

The main task supported by the visualizations developed in the disser-
tation is to support visual exploration of argumentative texts. This ex-
ploratory approach expands the analysis beyond anticipated or known in-
formation, providing a holistic view of the corpus. Inspired by the con-
cept of the information flâneur [25], users can let their curiosity guide them
through the data, following unexpected visual cues to discover new insights
about the relationships within or between argumentation structures, delib-
erative quality, or content.

1.2.3 Abstracting Argumentation

In order to visualize an argument, a well-fitting abstraction from the raw
text needs to be found. The argumentation models described in the last sec-
tion define different argument units, their relations to each other, and their
function within the argumentation. Applying an argumentation model to
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an argumentation delivers a basic abstraction that captures the structural
properties of the argumentation. The thus captured interplay between ar-
gument unit types, stances, and the width and depth of the hierarchical
structures makes for very interesting analyzes, but gains even more by con-
sidering additional information.

One often overlooked property is the order of the arguments. Re-
ordering the arguments influences how an argumentation is received, e.g.,
whether it is coherent or persuasive [115, 122]. Most traditional visual-
izations of individual arguments like gIBIS [22], Belvedere [135] or Ratio-
nale [143] do not show the order; they focus on the logic of the argumenta-
tion. However, since in real world argumentation the order of presentation
is a relevant factor for analysis both of arguments and comments, the thesis
developed new visual representatives that preserve the order of arguments
or comments within a structure, so that users can perceive and study its
influence (see chapter 2 and chapter 3).

With the semantic content of the argumentation, the text and its argu-
mentative function can be linked. The relation between the topic of a text
and its argumentation structure is of interest, since it might be that from a
socially grounded, emotionally loaded topic, like child marriage, naturally
other kinds of argumentation structures emerge than from amore scientific
topic, like renewable energies. Similarly, certain human values an argument
evokes might be typical for certain topics or argumentation structures. The
dissertation will take a closer look at those questions in chapter 5.

In a collaboration with social scientists from the Friedrich-Schiller-
University Jena, the deliberative quality played a central role in the anal-
ysis. The social scientists manually curated a set of relevant indicators to
measure deliberative quality in comments to online news articles [62, 96].
With this data, the evolution of individual indicators, groups of indicators
(so-called dimensions) as well as the overall deliberative quality through-
out an online discussion can be traced and dependencies between indicators
analyzed (see chapter 3).

1.3 Research Questions and Contributions

The thesis develops, implements, and evaluates new visualization and in-
teraction techniques that solve common visualization problems related to
the domain of argumentation and deliberation research. The techniques
support social scientists in analyzing argumentative texts and deliberative
threads in detail, contribute insights into the domain, and provide ways to
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explore the data in addition to the traditional, more search-focused data
analysis. The research contributions presented in chapter 2, chapter 3,
and chapter 5 were published in peer-reviewed journal articles. Chapter
4 presents follow-up research in the form of a peer-reviewed short paper
that has been presented at EuroVis 2025.

1.3.1 Visual Analysis of Argumentation in Essays

Chapter 2 presents the article “Visual Analysis of Argumentation in Essays”
by D. Kiesel, P. Riehmann, H. Wachsmuth, B. Stein, and B. Froehlich that
was published in the journal IEEE Transactions on Visualization and Com-
puter Graphics [74]. The major research question in this work is “How
can argumentation structures be depicted so that users can compare ar-
gument strategies between (groups of) essays?”. Employing a corpus of
402 argumentation-annotated student essays [133], the paper develops new
visualization and interaction techniques to group, aggregate, and compare
the multitude of tree structures that stem from the hierarchically organized
argumentation within each essay. The order of stances and the width and
depth of the argumentation structures speak of different argument strate-
gies employed by the students.

The paper yields two main contributions regarding the research ques-
tion: The ArguLines, a pixel-based argumentation structure visualization,
and the Argument Unit Occurrence Tree, which aggregates argumentation
structures. The ArguLines represent the argument units of each essay by a
sequence of small glyphs. Each glyph encodes the stance, the depth, and
the relative position of an argument unit. A list of ArguLines provides an
overview of the corpus and can be ordered in various ways to reveal pat-
terns and outliers. The Argument Unit Occurrence Tree summarizes the
hierarchical argumentation structures of sets of essays by stacking the in-
dividual structures in a node-aligned way. The focus on the hierarchical
structures facilitates the analysis of common structural features, like the po-
sition of the claim in relation to its premises (deduction vs. induction) or
typical argumentation depths across the progression of the argumentation.
The Argument Unit Occurrence Tree also provides means to compare sub-
sets of essays. With theArguLines and theArgument Unit Occurrence Tree,
the paper offers social scientists two new techniques that, in contrast to tra-
ditional argument mapping techniques, are designed for comparing many
argumentative texts at once and allow the user to analyze order-dependent
patterns.
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An additional text view serves to evaluate conclusions drawn from the
other views and comprehend the annotation process. Interaction tech-
niques for visual filtering, (sub)set selection, and comparison enable a deep
analysis of essay corpora. Our expert reviews confirmed the utility of the
system and revealed detailed and previously unknown information about
the argumentation in our sample corpus.

1.3.2 Comment Analyzer: A Tool for Analyzing Comment Sets
and Thread Structures of News Articles

Chapter 3 presents the article “Comment Analyzer: A Tool for Analyzing
Comment Sets and Thread Structures of News Articles” by D. Kiesel, P.
Riehmann, I. Engelmann, H. Ramezani, and B. Froehlich thatwas published
in the journal IEEE Transactions on Visualization and Computer Graph-
ics [76]. The Comment Analyzer supports the analysis of deliberation-
annotated comment-thread corpora. It can yield insights into the distribu-
tions and relations between comment attributes, the homogeneity of thread
sets, frequent thread structures, and changes in comment qualities through-
out a single but in particular of multiple threads at once. The tree structure
of the threads allows the transfer of some principles used to aggregate argu-
mentation structures to the domain of communication research. But: “How
can the tree aggregation technique be extended to cope with the multi-
tude of attributes per node studied in communication research?”

The research contribution to the question is the design of a compound
rose-chart-like glyph that enables the scientist to analyze up to 20 deliber-
ative indicators grouped by four dimensions in relation to the political ori-
entation of the comment. The glyphs are adaptive to different size require-
ments, like as nodes of the small multiple view of aggregated comment-
thread structures, as well as stand-alone as visual representatives of sets of
comments. The visual querying system contributes with simple yet pow-
erful analysis and filtering mechanics to refine the sets of comments and
threads displayed for study.

Additionally, we contribute a fully visual computational notebook that
allows storing and comparing thread sets, preserving lines of research, and
commenting on previous findings. Since the thread set representatives have
the same functionality as those of themain display, each set can be the start-
ing point of a new line of investigation.

The system design was developed in close collaboration with communi-
cation scientists in a user-centered approach. The system proved its utility
in thorough reviews with the communication scientists, by corroborating
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existing findings in the literature, but particularly by provoking and an-
swering new research questions. Final reviews with five independent ex-
perts confirmed these observations and revealed the potential of the Com-
ment Analyzer for other datasets currently being created and analyzed in
the communication sciences.

The design of the radial rose-chart-like glyph generated the question,
whether a radius or area encoding would yield the more accurate estima-
tions in rose charts and similar radial layouts. The study results were pub-
lished in the short paper “Rose Charts: Area or Length Encoding for Fill
Level of Circle Sectors?” by D. Kiesel, P. Riehmann, and B. Froehlich and
presented at EuroVis 2025. Chapter 4 presents the paper. The study re-
vealed that a mixture of both area and length estimation is naturally em-
ployed when judging the fill level of circle sectors. For low and medium
values up to a fill level of about 65% area perception dominates, while for
larger fill levels, a transition to length perception can be observed.

1.3.3 Smooth Transitions Between Parallel Coordinates and Scat-
ter Plots via Polycurve Star Plots

In order to gain a deeper understanding of relations between argument
units as functional parts and other factors like the topic or the human val-
ues evoked in the text, a statistical evaluation of clusters and correlations
between these attributes is essential. Scatter plots are well-suited to depict
correlations and clusters for twodimensions; Parallel coordinates can depict
multi-attribute relations. For an effective analysis of the statistical measures
of arguments, we need both. So: “How can we effectively combine scatter
plots and parallel coordinate plots to support the visual statistics evalua-
tion of argumentation?”

Chapter 5 presents the article “Smooth Transitions Between Parallel
Coordinates and Scatter Plots via Polycurve Star Plots” by D. Kiesel, P.
Riehmann, and B. Froehlich, published in the journal Computer Graphics
Forum [75]. The article contributes a seamless transition between parallel
coordinate plots, star plots, and scatter plots. The star plot serves as a medi-
ator visualization between parallel coordinate plots and scatter plots since
it uses lines to represent data items as parallel coordinates do, and can ar-
range axes orthogonally as used for scatter plots. The design of the transi-
tions also motivated a new variant of the star plot – the polycurve star plot
that uses curved lines instead of straight ones – to facilitate the transitions
between parallel coordinate and scatter plots. Additionally, the polycurve
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star plot has advantages both in terms of space utilization and the detection
of clusters.

Furthermore, we contribute a geometrically motivated method to embed
scatter points from a scatter plot into star plots and parallel coordinate plots
to track the transition of structural information, such as clusters and correla-
tions between the different plot types. The integration of the techniques into
an interactive analysis tool for exploringmultivariate data demonstrates the
utility of the presented approach. A user study and detailed use cases con-
firm the usability of the techniques. A fine-grained analysis of the relations
between the argument units, the topics, and the human values used in the
essays of the argument annotated student essays corpus [133] completes
the evaluation.
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Abstract

This paper presents a visual analytics system for exploring, analyzing and
comparing argument structures in essay corpora. We provide an overview
of the corpus by a list of ArguLines which represent the argument units
of each essay by a sequence of glyphs. Each glyph encodes the stance, the
depth and the relative position of an argument unit. The overview can be or-
dered in various ways to reveal patterns and outliers. Subsets of essays can
be selected and analyzed in detail using theArgumentUnitOccurrence Tree
which aggregates the argument structures using hierarchical histograms.
This hierarchical view facilitates the estimation of statistics and trends con-
cerning the progression of the argumentation in the essays. It also provides
insights into the commonalities and differences between selected subsets.
The text view is the necessary textual basis to verify conclusions from the

13
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other views and the annotation process. Linking the views and interaction
techniques for visual filtering, studying the evolution of stancewithin a sub-
set of essays and scrutinizing the order of argumentative units enable a deep
analysis of essay corpora. Our expert reviews confirmed the utility of the
system and revealed detailed and previously unknown information about
the argumentation in our sample corpus.

2.1 Introduction

Argumentation is key to human communication andwriting, and subject to
research not only of (digital) humanists and linguists but also of computer
scientists for a long time. An argumentation consists of a complex structure
of statements that give reason to accept or reject other statements [148]. The
study of argumentation requires in-depth insights into various structural
aspects, e.g. hierarchical, stance, or sequence relations, of not only one in-
dividual argumentative text but a whole corpus thereof. While humanist
and linguist researchers are often interested in the cultural or topic-based
differences within these aspects, computational linguists might use them
to improve the automatic detection, extraction and analysis of arguments
from argumentative texts. To be successful in those endeavors, however,
all researchers need to gain a deep understanding of typical and common
argumentative structures as well as their differences in a corpus.

So far, visualization research focused mostly on the depiction of in-
dividual argument structures as node link diagrams (e.g. gIBIS [22],
Belvedere [135] or Rationale [143]). Additionally, most of these techniques
lack sequence information. Little work has been done for analyzing text
collections (e.g. Wachsmuth et al. [55]) and only on a basic level: Even
seemingly simple tasks, like determining the fraction of texts that contain a
specific argument structure, are almost infeasible using such tools.

To fill this gap and support researchers in the study of argumentation,
we designed, implemented, and evaluated a visual analytics system that al-
lows the examination and comparison of structural aspects across multiple
argumentative texts. It employs two novel coordinated visualizations: Our
ArguLines summarize each individual argument structure in a glyph-based,
space-saving manner whereas the Argument Unit Occurrence Tree (AUOT)
overlays the argument structures of multiple essays by using extended hi-
erarchical histograms. Elaborate queries for corpus-wide filtering of argu-
mentative structures are enabled by direct interaction with the visual ele-
ments.
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Figure 2.1: An extract from the visual analysis system for essay corpora: On the
right, the ArguLines view represents each document’s structure as an ArguLine
in overview and detail (see section 2.4 for more details). Currently, all documents
of the filtered dataset are selected (highlighted by orange markings in the list).
The filter excludes all essays with more than one major claim. Essay 108 has been
opened in text view on the bottom left. The structure view calledAUOT (argument
unit occurrence tree) on the top left provides an aggregation of all essay structures
currently selected for further analysis of argumentation patterns. Each node of the
AUOT shows the fraction of essayswith amajor claim at the node’s position in blue
or the fraction of pro and con claims or premises in green and red.
It is clearly visible that all essays in the selection have at least two claims (with con
fractions between a quarter and a fifth), most of them three, less than half four and
very fewevenfive claims. Below that, partially filled nodes are displayed indicating
more diverse structures on the premises level.

The development followed a user-centered design process that involved
experts in all stages.

Our work is motivated by discussions and interviews with digital hu-
manists and computer linguists who were dissatisfied with their possibili-
ties to analyze text corpora with respect to argumentation practices. Digital
humanists explained to us that their research includes questions such as
what are the differences between the dominant argument structures of two
sets of texts or which fraction of texts contains a certain argument structure.
Computational linguists, on the other hand, wanted to detain the part of the
structure that tends to be the same in all texts – e.g. to support finding ar-
gument structures in an unseen text – and to compare automatic structure
annotations with those of human curators to assess the quality of the clas-
sification. Digital humanists also noted that it is helpful in the classroom
to show students examples of student essays and good as well as debatable
arguments in a visual way.

To support these and other tasks, our system for the analysis of argumen-
tative text collections – more specifically essays – contributes the following
novel visualization and interaction techniques:



16 2.2 Argumentation Model and Corpora

• The ArguLines which represent each text by a sequence of glyphs
encoding its argument units, the unit’s argument depth, stance and
order of appearance (Figure 2.1, right). The compact design imple-
mented as a variant of small multiples allows the user to quickly com-
pare individual structures with each other and assess typical patterns
as well as anomalies.

• Comparing structures in an entire corpus is enabled by the Argu-
ment Unit Occurrence Tree (AUOT) (Figure 2.1, top left) which ag-
gregates the argument structures of multiple essays into hierarchical
histograms. It supports the user in determining the proportions of
text that contain specific argument structures andmakes it possible to
examine the differences between sets of structures.

• The implemented interactive visual filtering system allows users to fil-
ter the text corpus for texts containing one or more relevant argument
structures by interactingwith the respective graphical representatives
in a visualization.

Our reviews with external experts confirmed the utility of the individual
visualizations and their coordinated interactions. This assessment was im-
pressively substantiated by various new findings on the corpus, whichwere
previously unknown even to experts who have conducted studies on ma-
chine learning with it.

2.2 Argumentation Model and Corpora

Major Claim:
Rick will get seriously sunburnt.

 

 

Claim:
Rick has fair skin, red hair and freckles, and he sun-bathed all day.

Claim:
People with fair skin, red hair and freckles usually get sunburnt easily.

Premise lvl1:
Those people have little melanin in their skin.

Premise lvl1:
Rick's parents both have fair skin, red hair and freckles, but they 
never seem to get sunburnt however much they sit outside.

Premise lvl2:
Melanin protects against sunburn.

Figure 2.2: A sample argument following the argumentation scheme used in this
paper. The black lines symbolize the hierarchical relations between the argument
units; The labels follow the overall color scheme (Sec. 2.4): green ⇒ pro unit, red
⇒ con unit, blue⇒ major claim.
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In this design study, we extend the simple argument model introduced
in the introduction and follow the nomenclature of Stab andGurevych[133]
to facilitate the communication with linguistic researchers. The root units
are called major claims and define both the topic and stance of the essay.
Their children are called claims and serve as starting points for single argu-
ments arguing for or against a major claim; Further units usually contain
examples, evidence or facts in favor or against their parent and are called
premises. Since premises are allowed to relate to other premises, the depth
level of a premise needs to be indicated by a level suffix if an unambiguous
identification is required in the analysis (e.g. premise lvl2) (see Fig. 2.2). In
simple arguments, the major claim is stated only once. In essays, however,
it is not uncommon to repeat or rephrase the major claim during the con-
clusion such that a hierarchy may possess multiple root nodes that are each
connected to all claims of the text.

Only few medium-sized, argument-annotated corpora exist: Micro-
texts [108] (112 texts), Argument Annotated User-Generated Web Dis-
course [47] (340 texts), or AraucariaDB [116] (662 argument maps). The
corpus we focus on is the Argument Annotated Essays 2 (AAE2) cor-
pus [133] of 402 essays written by English students and their prompts from
essayforum.com. The texts aremanually annotatedwith argument units (ma-
jor claim, claim or premise), claims’ stances (pro, con) and relations be-
tween claims and premises (attacking, supporting). We chose the AAE2
since it is the richest with respect to argument structure information. Addi-
tionally, we could acquire the original annotations for the two steps of the
corpus creation process: In the text annotation step, argument units are ex-
tracted and classified as major claim, claim or premise. If multiple annota-
tors are involved, the annotated text spans are then unified to one common
consensus. In the association step, the stances and pro/con relationships are
added to the units. These again are unified to become part of the final cor-
pus.

2.3 Related Work

Argument structure visualization is a special form of text visualization (see
Kucher and Kerren [66] for a survey). Previous work on visualizing ar-
gument structures specialized in visualizing, analyzing and synthesizing
single argument structures. Most of these run under the name of Argument
Mapping and utilize node-link diagrams to depict the argumentation: gIBIS
[22], ArgVis[69], Belvedere[135], DebateGraph[91], and Dicode[141] serve as
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mind maps to support an ongoing discussion. Araucaria [116], ArgueAp-
ply[112], Argunet [18], Rationale [143], and Truthmapping [107] allow for
analysis and evaluation of an argument. Dialectic Map [103], SEAS [90],
and VUE [5] facilitate the decision making process during a discussion by
automatic analysis and visualization. While effective for the tasks they have
been created for, they do not support comparisons betweenmultiple texts or
consider the order of units in the argument. Wachsmuth et al. [55] provided
a static, accumulated argument structure visualization for comparing sets of
texts. However, it is very hard to read for the non-expert user and lacks clar-
ity due to clutter and overplotting. Thus, we provide interactive and new
simplified visual representations for accumulated argument graphs and to
compare the structures of argumentative texts.

The problem of visualizing multiple argument structures can be in-
terpreted as the problem of visualizing multiple trees. In that area, the
DAViewer [162] facilitates the comparison of the discourse trees created
by different discourse parsers using interactive dendrograms. Similarly,
Bremm et al. [12] and Munzner et al. [100] find and display similarities
and differences in phylogenetic trees. Instead of using small multiples of
the full tree like theDAViewer and the works of Bremm et al. [12] andMun-
zner et al. [100], we introduce small multiples of glyph-based tree summa-
rizations accompanied by an accumulated view for detailed comparisons,
since Graham and Kennedy [45], who surveyed different strategies of tree
visualizations, concluded that agglomeration is the most suitable for com-
parative tasks. Viewed from another angle, parts of an argument structure
can also be seen as a sequence of events. Monroe et al. [99] developed a
system for sequential pattern analysis in medical records and Cappers et
al. [15] explored the possibilities of visualizing event sequences contain-
ing multivariate data. Riehmann et al. [121] show the sequence of plagia-
rism events in a text as DiffLine. All approaches are close to the ArguLine
overview visualization, but – like the ArguLines – are not able to represent
the hierarchical nature of argument structures in detail. Therefore, our pro-
posed system implements a coordinated multiview approach to present all
aspects of the data without overloading a single visualization.

Wachsmuth et al. [52, 53, 54] developed a visualization of the sentiment
flow in hotel reviews. Similar to the argument flow in the ArguLines and
structure view, it shows the changes in sentiment throughout an argumen-
tation, but fails to present them in a way that allows the comparison of a
whole corpus of texts.

Spoken argumentation is analyzed by the VisArgue group of the Kon-
stanz University. They specialize in visualizing transcribed discussions,
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showing the topical development and deliberative quality of a discussion
over time [28, 42], finding patterns in a discussion [64], or summarizing a
discussion in amindmap [28]. Outside this group, Conversation Clusters [7]
summarizes discussions in topical word clouds, and GroupMeter [88] sup-
ports students to develop argumentation skills. Group discussions, how-
ever, often contain multiple intertwined threads with separate argument
structures. To develop a first argument structure analysis system, we con-
centrated on the single-threaded, monological argumentation in essays.

Stance visualization has been studied extensively on other kinds of texts,
foremost social media. StanceXplore [94] allows the study of stances in
social media over multiple attributes, like time, space, topic and content
similarity. MultiConVis [60] shows the timeline and stance distribution of
discussions in internet forums. DoSVis [84] enables research on stance in
longer documents. An extensive overview is given by Kucher et al. [85].
Unlike current stance visualizations that focus on the demography of writ-
ers, topics or temporal development, our system allows the study of stance
and its role within arguments.

2.4 Argument Structure Analysis System

Our system for the visual analysis of argument structures is designed to
support (computational) linguists and digital humanists in analyzing the
argument structure of a corpus of essays. We started our development by
deriving an initial list of required functionalities for our system in initial
interviews with domain experts about their usual tasks:

Task 1 The task our experts conduct mostly is finding common structural and
temporal patternswithin a given corpus, since it is the most crucial part
in studying argumentation. It is also highly relevant in building better
heuristics for automatic structure detection. Studentsmight benefit by
developing more sophisticated argumentation skills.

Task 2 The second most important task in argumentation studies is com-
paring the structures of sets of text with each other for revealing e.g. the
differences between the typical argument structures of authors with
different cultural backgrounds. Students might also benefit from vi-
sually exploring the differences of well written and debatable essays.

Task 3 Support for finding texts containing specific or potentially uncommon
structures is crucial for verifying hypotheses about the corpus (e.g. do
texts beginningwith a con argument argue against the given prompt?)
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or comparing defined subsets of essays (e.g. all essays with onemajor
claim against all with two or three major claims).

Task 4 To generate meaningful results, the quality of the corpus is of ut-
most importance. Therefore, means to detect outliers and compare the
original annotations are needed.

Task 5 A system supporting scholarlywork needs away to read/extract suit-
able text passages for evaluation or as prove by example.

Currently none of these tasks are easily manageable using regular node-
link diagrams. Especially comparing argument structures is difficult since
the layout of the diagrams is not unified and the node sizes depend on the
length of the embedded argument unit’s text. So, even similar structures
tend to look different in traditional tools.

To overcome this deficiency, we developed a system consisting of three
interactively coordinated views (see Fig. 2.1): (1) The ArguLines view on
the right summarizes the entire corpus in a Overview and Detail list of Ar-
guLines which represent an essay as a sequence of glyphs, one for each ar-
gument unit. The list can be resorted to find common temporal patterns or de-
tect outliers. Additionally, it provides detail on individually selected essays
on demand, e.g. on their original annotations. (2) The structure view on the
top left allows the analysis of the argument structures of the texts selected
in the overview list using the hierarchical histograms of the Argument Unit
Occurrence Tree (AUOT). It is used to find themost common structural patterns
and to compare the structures of sets of text. (3) The document view on the bot-
tom left provides means to read/extract suitable text passages connected to the
abstractions of the other views. Each visualization can be used as a filter to
reduce the corpus to texts containing specific structures. The ArguLines view
is the pivotal visualization in our system since it is used in common tasks
which first scrutinize the list of essays for potentially relevant texts and se-
lect subsets for closer inspection in the structure anddocument view. There-
fore, the layout was chosen such that the ArguLines have enough space to
be used to maximum effect. The ArguLines exploit the whole height of the
screen and, since the ArguLines’ overview also functions as a scroll bar, is
placed on the right side of the screen. The other two views have been ar-
ranged such that the structure view typically used in an earlier step of the
analysis is on top.

All visualizations follow a system-wide color design to differentiate be-
tweendifferent argument units aswell as selected subsets. The color scheme
for the argument units follows the European standard: green for pro units,
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 There are clearly advantages to exams.
They help to ensure fairness by imposing the same conditions on all exam candidates.
 They are also relatively versatile; different types of exam questions, for example, multiple-choice 
questions and essay tasks, can test different sorts of reasoning ability.
 However,
exams also have some drawbacks.

 
Test-wise candidates can often perform well on exams without having good underlying knowledge 
or skills.
In contrast,
some test-takers perform cannot achieve a satisfying result because of anxiety.

 
In this case,
teachers and learners focus only on theses aspects of the curriculum that are likely to be tested, 
thus narrowing the educational experience for all.

A number of measures should be taken to address these concerns.
Wherever possible,
exams should match the content and activities of the learning environment.
Exam task should be varied to give fair opportunities to candidates with different types of skills.

 Other types of assessment should also be considered, assignment writing, for example, to assess 
independent learning and research skills, or group projects, to measure teamwork ability.

In conclusion, it is convincing that

 
exams have a role to play in ensuring proper and objective assessment of achievement. 〉
 However,
exams need to be carefully designed and supplemented with other forms of evaluation if they are 
to be a truly useful component of the education system.
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Figure 2.3: Construction of an ArguLine. (a) The annotation of a given text con-
tains the identified text chunks as well as their stance and type (pro or con; major
claim, claim, or premise). (b) The relations between the text chunks specify a hi-
erarchical argument structure. (c) The text chunks are transferred into glyphs that
encode the stance (pro or con ) and the type of argument unit (major claim ,
claim , premise lvl1 , premise lvl>1 ). (d) Following the mental text
flow model of our experts and the orientation of the commonly used node-link
diagrams, the graph is rotated; now depicting the text flow horizontally and the
depth vertically. In the last step, the tree is vertically compressed into a line while
preserving the order of the units within the text.

red for con units. The major claims – as the units that express the essence
of the essay – are separately marked in blue. The lightness is mapped to
the depth level within the hierarchical argument structure: the fainter, the
deeper. This schemewas chosen as conceptually, the deeper a unit is within
the hierarchy, the less influence it has on the overall argumentation. There-
fore, it should be less prominent in the visualizations. Unfortunately, this
pro/conmodel is not compatiblewith themost common formof color blind-
ness (red/green). To cover these cases, the color scheme is customizable via
a configuration file. The colors to denote selected subsets were chosen such
that they are easily distinguishable among themselves and do not intersect
with the set of colors for the argument units.

2.4.1 Overview: Corpus Summarization with ArguLines

The overview is conceived as list of all essays in a corpus that gives an im-
pression of its scope and of the frequency of certain temporal patterns in the
argument structures it contains. Detail is available on demand. Each essay
is represented by an ArguLine which abstracts the argument units from the
concrete text and compresses the hierarchical structures into a single line
which provides a compact impression of the text flow and depth within the
argument structure.

An ArguLine is constructed by replacing each argument unit with a rep-
resentative that encodes both its stance and depth level (see Figure 2.3).
Similar to common argumentmaps, claims and premises translate into rect-
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angles, but with a height related to the depth level and a color that en-
codes both the stance of the unit in hue (pro ⇒ green, con ⇒ red) and
the depth level in lightness (the deeper, the lighter the color). Major claims
are treated specially since they compose the most important units in an es-
say defining the topic and stance of the whole text. In many essays, they
figure more than once, mostly within the introduction and/or conclusion.
To have them pop out among other units, major claims are redundantly en-
coded as blue diamonds instead of rectangles. This way, the number and
positions of major claims can be retrieved at a glance just as well as the
number of overall argument units, the distribution of pro and con units,
and the distribution of depth levels. The visualization does not show non-
argumentative text pieces, since theydonot convey any structurally relevant
information. If needed, the information can be shown on demand using the
length-proportional detail view of the ArguLine.

The ArguLines reveal overall tendencies, like the blue major claim at the
start and end of most essays (see Figure 2.4), and subsets of texts with
similar structure: Some texts do not contain any con units, some scatter
them, and some present them as one block. From these subsets and ten-
dencies, samples of interest can easily be identified and selected for detailed
examination either with the other visualizations (subsection 2.4.2, subsec-
tion 2.4.3) or the ArguLine’s own detail views: A tree view to provide the
full argument structure of a single text, a length-proportional view to an-
alyze the actual positional distribution and lengths of the argument units,
as well as an annotation view to review the steps and decisions made dur-
ing corpus creation if the data is available. The tree view (Fig. 2.5, b) is
brought forward on clicking theArguLine’s info icon. On activation, theAr-
guLine’s glyphs move vertically to their respective depths within the argu-
ment hierarchy. Additionally, lines appear to explicitly define the structural
relations between the argument units. The explicit argument tree strength-
ens the mental model of the analyst and resolves uncertainties introduced
through the reduction of the full structure into an ArguLine. The length-
proportional view (Figure 2.5, c, top line) is activated similarly for a single
ArguLine or via a control element for the whole corpus at once. The glyphs
move to their relative positions in the text and stretch or compress to match
the length of the text chunk. Additionally, gray rectangles are included
to show non-argumentative text. The positions and lengths are encoded
relative to the length of the longest essay showing the length-proportional
view, enabling comparisons between texts. Including the unit’s length and
non-argumentative text revealed that there is often a non-argumentative in-
troductory text and hardly any non-argumentative passages between argu-
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(a) (b) (c)
Figure 2.4: Different orderings of the list of minimized ArguLines in a typical
three-step analysis of the AAE2: (a) ordered by the number of argument units.
In (a), the selection of the 40 longest (orange) and 40 shortest (purple) texts was
conducted. (b) ordering by the number of con arguments in the text shows long
essays (orange) are more seldom purely pro than short ones (purple). (c) ordered
by the position of the con units shows short essays (purple) place con units earlier
in the text.

ment units. It also showed that premises are mostly longer than claims or
major claims. The annotation view (Figure 2.5, c) shows the originally an-
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(a) (b)

(c)
Figure 2.5: The (a) regular ArguLine for essay 042, its (b) tree view and its (c)
annotation view (including the length-proportional view in the first line) show-
ing segment lengths, text positions as well as the choices of all annotators when
marking up the argument structure during the text annotation step and the asso-
ciation step. During the text annotation step, annotator 2 and 3 are in consensus
about the positions and lengths of the argument units, but never agree in type. The
color code follows the overall color scheme, adding gray for units that do not have
a stance assigned yet and light gray for non-argumentative text.

notated text chunks of all annotators – in case of theAAE2 corpus: three – in
both annotation steps if that data is available. The visual encoding is equiv-
alent to the encoding in the length-proportional view. The annotations of
each annotator are shown as one line for each step. The annotation view
provides valuable information about the consensus process of the annota-
tors; annotations in a text with many disagreements might be less reliable.
The example in Figure 2.5 shows that annotators 2 and 3 disagreed on the
type of most units while agreeing perfectly on their boundaries during the
text annotation step. In the association step, the relations are mostly agreed
upon; only two disagreements concerning the depth of the fifth and seventh
argument unit are visible.

Reordering the list allows for visual clustering of structurally similar texts
and the detection of patterns. Fig. 2.4 shows a typical three-step analysis of
the whole AAE2 corpus: in (a) the number of argument units is key to the
ordering. In this view also, the selection of the 40 longest (orange selection)
and 40 shortest (purple selection) texts has been conducted. The corpus can
be reordered by the number of con arguments in the text (b). More than half
of the short essays (purple) do not contain any con units, while the fraction
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a) b)

c) d)

e)

Figure 2.6: Construction of the Argument Unit Occurrence Tree (AOUT). The ag-
gregation of the two argument structures a and b by merging positionally equiva-
lent nodes that render the number of overlapping pro and con units at the respec-
tive position as one-bar histogram (c). Adding d extends the aggregation resulting
in an AOUT (e) surveying the argument structures of 3 essays.

of purely pro essays is much smaller in long texts (orange). Interestingly,
the texts with the most con units are, nevertheless, within the shortest texts
(purple). When reordering by the position of conunitswithin the argumen-
tation(c), the list shows con units show up earlier in short essays (purple).

2.4.2 Structure View: Aggregation with AUOT

Argument structure views support the researcher in detecting common
structural and sequential patterns, analyzing texts containing specific sub-
structures, and comparing subsets of essays against each other. Until now,
researchers had to laboriously compare the node-link diagrams from each
relevant argument structure with one another to accomplish any of these
tasks. So, a view that can aggregate a subset of argument structures across
multiple essays would simplify this task considerably.

Early efforts followed the initial suggestion of one of our internal experts
to overlay the logical graph structures of all essays visually into a single ag-
gregated graph visualization while maintaining the full sequential position
information of each argument unit (not depicted but in principle an im-
proved version of the visualization shown in Fig. 2.12). However, it led
to misinterpretations and did not allow deriving reasonable conclusions
for the structural analysis (e.g. for ascertaining the characteristics of a set
of texts such as the typical number of major claims/claims/premises, the
changes in stance between subsequent claims, etc.). Thus, we developed
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Figure 2.7: Comparing 73 essays beginning with con arguments (top) with 80 es-
says ending with con arguments (bottom) using the AUOT visualization. All es-
says have at least one major claim (the first node at the top level is fully filled with
a blue bar), about three quarters of the essays have a second major claim and two
essays have a third one (there are two blue circles in the third node). In the upper
AUOT, there is one essay that has 7 claims, while in the lower AUOT, essays have
only up to 5 claims.

the Argument Unit Occurrence Tree (AUOT) which uses the new concept of
hierarchical histograms and focuses on the hierarchical organization of the
aggregated argument structures (see Figure 2.6). The histogram of each
node in the AUOT, displayed as a rectangular box, indicates the fraction
of essays within the selected set of essays that have a node at that respec-
tive structural position. The colors of the bars represent the fraction of pro
(green) and con (red) units while the white part represents the essays that
do not have a node at that particular position. If a bar gets too small to
be readable, it is replaced by likewise colored circles, which each represent
a text of the corpus and are called countables in the remainder of the pa-
per. To emphasize the hierarchical structure, siblings are connected by a
dark horizontal line. Small vertical stubs indicate the location of the parent
node in relation to the child nodes and the gray level indicates the prob-
ability of that location. Figure 2.7 shows two subsets of essays as AUOTs
that were previously selected in the ArguLines overview and can now be
used to compare a set’s structural characteristics. The most prominent dif-
ference between the sets is the pro/con ratios of the claims. In the upper,



2 Visual Analysis of Argumentation in Essays 27

(a) (b)
Figure 2.8: Detail view of the third claim and its children in Fig. 2.7 (top) (a)
showing the normal node and (b) analyzing the probabilities of its positions by
replacing it with multiple, slimmer subnodes for each position: the claim occurs
most often before all its children but may occur at any other position as well (with
far smaller probability).

(a) (b)
Figure 2.9: Detail view of the second and third claim in Fig. 2.7 (top) analyzing
the evolution in stance between the two nodes with cross-count ribbons: (a) about
a fifth of the pro claims turn into con claims and (b) more than two thirds of the
con claims turn into pro claims. The proportion of second claims that do not have
a third claim (the white band) is very small (about 5% of the selection) and stems
mostly from pro claims (a).

orange subset, all essays start with a con argument (the bar of the first claim
is completely filled in red), while the lower, purple subset shows a higher
probability of a con claim later in the text (from the third claim on, the red
bar is larger than the green one).

The stubs only hint at the parent’s most common position. A more de-
tailed analysis of a parent node’s position in the texts in relation to its chil-
dren can be revealed on demand. Right-clicking on a node leads to its re-
placement by (multiple) slimmer subnodes at the actually existing posi-
tions of the node in relation to its children (Figure 2.8).

The cross-count ribbons enable the analysis of sequential patterns of
changes in stance. They can be drawn between any two nodes in the AUOT.
Figure 2.9 analyzes the similarity of the stance ratio between the second and
third claims in the upper selected subset. One might expect that pro units
would be followed by pro units in the next claim, and con units would be
followed by con units. Spanning the cross-count ribbons between the pro
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Figure 2.10: The document view of essay042 with some text cut off at the right
side. Within the text, argument units are underlined. On the left, vertical bars show
the markup of the three annotators in the two annotation steps and the resulting
consensus. In this example, disagreement among annotators occurredwith respect
to stance and depth of argument units.

part of the second claim and the third claim shows that actually, about one
fifth of the pro units become con units and a small fraction does not have a
third claim at all. Both subnodes and cross-count ribbons have been imple-
mented to only appear on demand since they convey supplementary infor-
mation that would clutter the visualization otherwise.

2.4.3 Document View: Text Evaluation

The document view (Figure 2.10) allows the user to check for the validity
of found patterns in the other views, pick examples for different subsets of
essays in the corpus, and verify the annotations of the argument units. It
shows the full text of one or more essays on demand at the bottom left of
the screen (Figure 2.1). Within the text, all argument units are highlighted
with an underline and a vertical bar on the left hand side. The color scheme
matches the colors used with the ArguLines. The color of the bars encodes
the stance of the unit towards the overall stance of the essay (major claim⇒
blue, pro⇒ green, con⇒ red) as well as the hierarchy level (the lighter the
deeper in the hierarchy). The visualization can be extended to reveal the
original annotations, as well (Figure 2.10). Besides the vertical bar show-
ing the agreed stance and depth of an argument unit, vertical bars reveal
the annotators’ markings during both steps of the annotation process. The
leftmost cluster of lines shows the choices of the text annotation step and
the second cluster shows the annotations of the association step. The text
lines are wrapped such that the information provided by a vertical bar on
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the left applies to the entire corresponding text line. Important characteris-
tics of the original text such as the placement of paragraphs and text flow
are still preserved. To lead the user’s attention to the interesting annotation
cases, we do not show annotation data in sections in which all annotators
concurred with each other.

2.4.4 Visual Queries, Filtering and Linking

One idea of our experts was to shape queries visually to find similar es-
says corpus-wide. Their discussions mainly revolved around two types
of queries: queries regarding the argument’s hierarchical structure (e.g. “I
want to see all essays of a certain complexity/depth and width”, “Showme
all essays with at least 2 major claims”) and queries regarding the text flow
(e.g. “I need all texts starting with a con claim”). Our visualizations are
ideally suited for these types of visual queries since they exactly match our
two types of visualizations. The AUOT expresses aggregated hierarchical
structure, hence, its elements can be used to link and filter essays based on
type, stance and structural position. The ArguLines show sequential data,
thus allowing for type-, stance-, and sequential position-based queries. An
ArguLine expanded to tree view features a mixture of both. As a result,
we implemented a consistent set of filtering and linking techniques that ac-
knowledges the different types of encoded information (hierarchical struc-
ture and text flow) in our coordinated multiview visualization.

Hovering over an argument unit in theArguLine view, for example, high-
lights all matching units at the same sequential position in the text, having
the same type (and optionally also the same stance) in all other ArguLines.
At the same time, the AUOT and text view highlight the positions of the
same argument units in the hierarchical structure and opened texts respec-
tively. On the other side, hovering directly over a particular node (or option-
ally the pro or con stance inside this node) in theAUOT reveals all argument
units sharing the same path through the tree (and optionally the stance of
the hovered node) in the ArguLines which highlights the hovered unit’s
sequential position individually in every ArguLine (Fig. 2.11) and the cor-
responding text parts in the text view. Both highlighting modes affect the
ArguLines overviewwhich slightly fades all non-matching units so that the
number of essays containing a matching unit can be estimated at a glance.
To quickly find the very ArguLine that corresponds to a text or connect the
text of an argument unit to its structural position, hovering over any of text
units in the text view will highlight that particular unit in its ArguLine as
well as in the AUOT.
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The highlight on hover also serves as a preview to filtering (which is in-
voked by clicking an argument unit’s representative), generally removing
all non-matching ArguLines and morphing the AUOT to display only the
subset of matching essays. Multiple filters can be applied on top of each
other to further narrow down the set of essays. Each filtering step can be
undone any time, by clicking on the filtering argument unit’s representa-
tive (marked by a thicker black outline). An inverse filter (removing all es-
says that contain the particular argument unit) and a selection-specific filter
(filtering only within a selected subset of texts) complete the implemented
analytics toolset.

The visual filtering system allows for shaping complex queries by simply
clicking the structural elements that should or should not be part of the
subset. Using comparable filtering and querying systems like SQL, finding
documents that figure e.g. only one major claim and a con claim at first text
position would require a complex SQL statement involving several GROUP
BY andWHERE clauses while using the AUOT and ArguLines only 3 clicks
are necessary: one on the second major claim (while holding the control
key to activate the inverse filter), one to show the ArguLines tree view, and
one on the con claim at the first position in the tree view.

2.5 Expert Reviews and Domain Findings

The developments took place based on a user-centered approach, in which
two local experts evaluated the status quo at regular intervals and provided
feedback for further development. After completion of themain functional-
ities, we additionally asked three external experts, who were familiar with
the used corpora, to evaluate our system. Subsection 2.5.1 describes the
feedback about the system itself and subsection 2.5.2 provides an overview
of the most relevant linguistic findings revealed in these sessions.

2.5.1 User-centered Design and External Reviews

For the user-centered approach, we conducted regular reviews with two lo-
cal experts during development (at least five times with each expert). Both
are very experienced researchers working as computer scientists in compu-
tational linguistics and text retrieval withmore than 15 respectively 10 years
of experience.

After the dissatisfaction regarding early prototypes showing aggregated
structures (not depicted but in principle improved versions of the visual-
ization shown in Fig. 2.12) the introduction of the ArguLines was a turning
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Figure 2.11: Hovering over a node in the AUOT reveals all argument units sharing
the same path through the tree in the ArguLines.

point in the third round of discussions – for our experts as well as for our-
selves. The experts stated that the ArguLines are far better suited for the
task of getting an overview of a corpus. There was even a revision that ar-
ranged the Argulines in a Focus and Context approach, but we decided for
the Overview and Detail layout in the end since it was preferred by the ex-
perts. However, the ArguLine Overview and Detail could not reveal all re-
lations in a corpus that our experts were interested in, e.g. whether connec-
tions exist across different argument substructures. For instance, the graph
visualization by Wachsmuth et al. [55] for the AAE2 corpus indicated that
premises were locally clustered around their claims and the premises of an
argument did not cross-reference the claim or premise of another argument.
However, the legibility of this graph drawing severely suffers from clutter
and overplotting. In order to investigate such relations better, we developed
the AUOT visualization (Section 2.4.2).



32 2.5 Expert Reviews and Domain Findings

For evaluating the final system, we conducted expert reviews with three
independent experts: a computer scientist working with the group that
compiled the AAE2 corpus [133], a linguist who was involved in gathering
the Microtexts corpus [108] and a second very experienced linguist also fa-
miliar with both corpora. All of them are familiar with computer-assisted
research and use basic visualizations in their daily work. During the re-
views, the visuals of each part of the interface were explained separately
and directly demonstrated with sample tasks that they are typically faced
with in their research, like confirming or contradicting hypotheses they had
about the corpus. The gained insights were discussed before moving on
to the next feature. To a certain extent, the responses were similar. All of
them were very enthusiastic about looking at all essays and their argument
structures in a corpus at once using the ArguLine overview. They used the
different sorting options extensively (Section 2.4.1) and were fond of the
patterns and argumentation strategies (Task 1 in Section 2.4) that were re-
vealed as a result. One expert stated: “This is really great, I can immediately
see the distribution of pro and con-arguments.”, one expert declared enthu-
siastically, “You can see very well how different people argue. Some keep
themselves short, try to be succinct, and yet illuminate both sides, others
like to hear themselves talk and write endlessly only about their own point
of view.” The corpus overview also allowed the expert to visually filter the
texts based on the shown structural patterns (Task 3), hence he continued:
“As a personwith little time, I can immediately seewhich texts Iwould read.
I would leave out the long, one-sided ones from the beginning.” meaning
long textswithout any con arguments at all; a large fraction of the entire cor-
pus. Another expert stated: “I would primarily use those [the ArguLines].
I have the sequence and with the icons the argumentational depth as well.”
One wished for being able not only to sort but also to group the ArguLine
list by entering his own criteria.

The pro/con colors were obvious to all of them. Two were very fond of
mapping the depth of the tree nodes as color shades and thus revealing the
level of importance of an argument unit. The two linguists also immediately
understood the potential of the AUOT for comparing individual subsets of
the corpus against each other with respect to pro/con patterns. Here, one
suggested being capable of generating subsets by providing a criterion (see
sorting above) instead of selecting them individually in the list. For the
computer scientist, the pixel-based overview was more revealing since he
realized immediately how large the fraction of essays in the AAE2 corpus
really was that did not contain a single con argument. For investigating this
further, we immediately had a closer look at some of the wordings in the
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texts guided by the argument unit linking provided across the visualiza-
tions. All experts considered it essential to have direct and instant access to
the text of the argument units.

Overall, they stated that our system would facilitate the process of de-
riving and verifying hypotheses. For instance, the experts told us that the
usual way of checking hypotheses in linguistics involved a lot of tedious
manual work. They would look at individual texts or, if available, so-called
RST trees (Rhetorical Structure Theory by Mann [139]). In both cases, they
would have to deal with multiple independent application windows while
we provide linked views in our system. Furthermore, one of them sug-
gested that there is a large potential in extending our ArguLine concept for
providing an overview of all RST trees [104] of a corpus at once. This ex-
pert also would like to use the system for teaching linguistics and to show
students the particular features of the Microtexts corpus.

Even though the five final expert reviews confirm the utility of our sys-
tem, we are aware that humanists who are not used to computer-assisted
research and visualization systems may need a longer training phase than
our experienced researchers. However, the suggestion by one of our exter-
nal experts to use the tool for teaching linguistics shows that the expert felt
that it should be quickly learnable.
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Figure 2.12: Comparing structures of texts with myside bias (bottom) with those
without bias (top) with the early visualization concept used in Wachsmuth et
al. [55]. In this version, argument trees are laid out in their sequential order (iden-
tical to the tree view of the ArguLine) and plotted on top of each other, aggregating
units of the same position and depth. The lightness of the circles representing the
nodes indicates the number of units in the aggregation; the darker the more units.
Some nodes have light red inner circles whose area compared to the overall area of
the node depicts the ratio of con units at this position. Nodes with very few occur-
rences are removed.
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Figure 2.13: Comparing the same structures as in Fig. 2.12 (withmyside bias at the
bottom, without myside bias on top) with the proposed AUOT. The argument’s hi-
erarchy is far better visible, the number of each type of unit (major claims, claims,
premises) countable and the frequency of each unit position interpretable. How-
ever, positional information is less present in this visualization.

2.5.2 Linguistic Findings

Using our system resulted in several intriguing insights about and into the
AAE2 corpus [133] that were previously undiscovered by our experts – de-
spite their thorough investigation and knowledge of the corpus.

With the computer scientists who used the initial version of the Argu-
Lines, we observed different patterns (Task 1) in the sequences and the ar-
gument structure of the essays in the corpus. Amore thorough investigation
using the AUOT’s filtering techniques revealed e.g. that 18% of the essays
have 1 major claim, 78% have 2 and 4% have 3; 57% contain at least one con
unit and 43% do not; the pro/con ratio is exactly balanced for only 2.5% of
the essays, whereas 92.5% lean towards pro and 5% towards con; about 75%
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of the essays start with a major claim, 10% with a con argument unit and
15% start with pro. The first claim, however, is pro in 82% of the corpus, and
con only in the remaining 18%. None of these subsets with their particular
properties became apparent in prior analyses of the corpus.

By analyzing the pro/con ratio of essays (Task 1), together with the ex-
pert who was involved in compiling the AAE2, we found that 173 of the
402 essays contain heavy cases of myside bias[110] and do not contain any
con argument units at all. Cases of less heavy myside bias can be studied
using the categorizations of Stab and Gurevych [132] and Wachsmuth et
al. [55], where an essay has myside bias if it does not have a con claim in its
main body (meaning without the first and last paragraph). Comparing the
cases of myside bias according to that categorization to all essays without
myside bias (Fig. 2.13) reveals a similar general structure: both sets always
have at least one major claim, at least two claims and the odds of having
a second/third major claim or third/fourth/fifth/etc. claim are about the
same. Identical to the original conclusions drawn from the original visual-
ization (Fig. 2.12) by Wachsmuth et al. [55], the visualization suggests the
first major claim to be usually stated before its claims in both sets. However,
the AUOT allows the additional insight that an essay may contain multiple
major claims and how likely it is to encounter a second and third one. Fur-
thermore, Wachsmuth et al. [55] found that should the major claim not be
in first position, the text is likely to start with a con argument; the AUOT,
however, allows for statements about the actual probabilities: about 3/4 if
the major claim is placed after the first claim, about 1/3 when it is after the
second, and about 2/3 when after the third. Furthermore, the ArguLine list
clearly shows that the con sections of most texts cluster either at the start or
end of the essay in the vicinity of a major claim.

An analysis of the subsets with respect to the number of major claims
(Task 1&2) was also conducted with one of the linguistics experts. It re-
vealed that essays with only one major claim place it towards the end of the
essay summarizing the point of view of the writer. The preferred position
of the first major claim – it may be repeated up to two times throughout the
text – across the entire corpus is the very beginning to introduce the stance
of the author along with the topic of discussion. The interplay between the
argument units in the ArguLines and their textual counterparts explored in
the expert reviews lead to the insight that the repetition of major claimswas
in most cases not done by simple rephrasing as one might expect. Instead,
the restatement of a major claim is typically more general, more specific
or raises another but strongly related point, e.g. “[...], we cannot ignore its
[meaning the introduction of machines and technology] negative effects”
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and “[...], the problems posed by machines should draw more attention, as
well”.

Investigation of the order of claim stances during the argumentation
(Task 1) allowed interesting insights as well: Using the cross-count ribbons
between subsequent claims, we found a surprisingly high probability for
a change in stance between them (pro→con: ∼20%, con→pro: ∼80% be-
tween first and second claim, pro→con: ∼50%, con→pro: ∼50% between
second and third claim, etc.). This pattern of changing stances, as one of
the linguists explained, is called thesis-antithesis pattern. Furthermore, the
last claim of an argumentation often presents a con stance. As it seems,
the students liked to close with a weak con argument to further elevate the
major claim.

The detailed visualization of the annotation process (Task 4) with the
same linguist revealed the attention the authors of the corpus paid to an-
notator disagreements. With three annotators, one would expect to see a
majority vote after each annotation step. Instead, in more than half of the
cases, the vote of one annotator was further used or even a completely new
structure was derived through discussions with all three annotators and
became the agreed one. In general, we found a number of annotation in-
consistencies during software development and expert reviews. One case
that would have been difficult to find if it was not for the ArguLines and
their sorting features (here pro/con ratio) was an essay containing only con
arguments without any pro argument at all ( ). One
linguistics expert decided to examine the origins of this outlier and took a
closer look at the corresponding essay (Task 5). Without the need to read
the entire essay, the explicit highlighting of the argument units (see Fig-
ure 2.10) in the text view and the interactive linking to their counterparts
in the ArguLine was crucial in revealing that from the second claim on the
stance annotations of this essay were incorrect.

2.6 Discussion

One major design challenge, we were faced with was the orientation of the
graph view of an essay in theArguLines and theAUOT.Whilewe, as text vi-
sualization researchers, wanted to lay out the nodes representing argument
units from top to bottom and the argument hierarchy from left to right fol-
lowing the idea of a table of contents or indented tree, our experts in compu-
tational argumentation insisted on laying out the argument units from left
to right following the reading direction and the argument hierarchy from
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top to bottom to encode argument depth following the layout of the com-
monly used node-link diagrams. While it meant giving up the possibility
to align the actual text with the corresponding visual elements in the graph
visualization and adding another step to the construction of both the AUOT
and the ArguLines (Fig. 2.3), we could not convince our experts and imple-
mented our visualizations following their mental model.

We used a corpus consisting of 402 essays which is the largest corpus
available that has a detailed markup and categorization of argument struc-
tures and contains even details about the annotation process. There are
other corpora that provide nearly the same annotation detail (see Sec-
tion 2.3), but they are even smaller – probably due to the annotation effort
needed to create high-quality argument structure annotations. While the
used corpus is somewhat a sweet spot for our visualization techniques, our
system is clearly limitedwith respect to the size of the corpus, the total num-
ber of argument units per essay, and the maximal depth of the argument
trees. For much larger corpora, the scrollable overview of the ArguLines
poses a limitation while the AUOT could easily aggregate many more than
402 essays. However, if the corpus is very inhomogeneous, many nodes
could be only sparsely populated. Very long essays with many argument
units will lead to quite small nodes in the AOUT and are also a challenge
for the ArguLine visualization. However, interactively limiting the depth
of the argument units and pruning or replacing subtrees with appropriate
glyphs could make the system quite scalable.

There was some discussion about the countables that were appreciated
and used by two of our experts since they were very interested in outliers
with an unconventional argument structure, but disliked by the third who
focused more on patterns occurring in larger subsets of essays. His point
was comparing the countables of one node with the bars inside another
node is barely possible, as it would require scaling the bars to numbers by
using the size of the selected subset of the corpus. However, the counta-
bles could be just ignored, turned off or the respective nodes pruned since
those nodes would appear to be empty otherwise. In general, using differ-
ent encodings in a single visualization has certainly usability issues but our
experts immediately understood the concept and at two of the three made
good use of it.

Unfortunately, the countables do no scale well to a larger number of es-
says. They are at their best within the subitizing range [70] within which
the number of items is known at a glance without conscious counting; so,
up to 4 pro and 4 con countables per node. Beyond that range, the num-
ber of countables is limited by the space restrictions of the containing node.
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Depending on the maximum depth of the depicted argument structures, a
maximum of about 20 countables can be displayed without becoming visu-
ally too close to the bar representation. While being sufficient for the AOUT
visualization of a subset of the 402 essays of our corpus, it does not scale to
much larger corpora. A possible solution to the problem might be the in-
troduction of aggregated countables that represent more than one essay at
once. However, having three ormore different visual encodingswill require
some cognitive effort to derive and compare the corresponding quantities.

2.7 Conclusion and Future Work

We presented a visual analytics system for exploring, analyzing and com-
paring argument structures in essay corpora. The ArguLines list serves as
an overview providing a short structural summary of both the individual
documents and the entire corpus. Different orderings of the list ease the
identification and analysis of subsets and distributions of argument units
inside the corpus. These subsets can be analyzed in detail in the aggregated
structure view using the Argument Unit Occurrence Tree. Cross-count rib-
bons revealing the evolution of stance between argument units, subnodes
indicating the relative positions of claimswith respect to their premises and
hierarchical histograms enable detailed analysis of the differences and sim-
ilarities of different subsets of documents. The document view provides
examples of scholarly work and the necessary textual basis to verify con-
clusions from the other views as well as the annotation process. Our expert
reviews revealed detailed and unknown information about the argument
structures of the essays including the use of major claims and their relation
to supporting and attacking claims and premises, cases of myside bias, the
use of the thesis-antithesis pattern and the detection of outliers.

Using our system, we discussed the analysis of structure, expressed by
hierarchical relations, the distribution of pro and con arguments and their
order in a document. This already profound analysis and discussion can
be further extended. One possible direction could be comparing the typical
argument structures of authors with different cultural backgrounds. Does a
typical Chinese argumentation look different than anAmerican or Russian?
In which way do they differ and why? Similarly, one can study argument
structures under the aspect of different topics. Do certain topics entail a
certain argumentation strategy? Which topics do, which do not?

In order to allow a deeper analysis of the semantics within an argumen-
tation, the system can also be extended to not only depict stance, but also
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the function an argument unit has within the argumentation: examples,
conclusions, restatements, pieces of evidence, counter-argument, etc. The
extended classification would allow studying effective strategies and com-
mon fallacies. Encoding established schemes, e.g. arguments from exam-
ples, expert opinion or evidence, as glyphs to summarize argument struc-
tures of long, rich argumentative texts and to examine them from a different
perspective is also an exciting challenge. For a quicker assessment of diverg-
ing opinions of annotators during the annotation or the confidence level of
an automatic structure classifier, the ArguLines could be extended to show
uncertainty information, e.g. by distorting, blurring ormorphing the glyphs
accordingly.

The application of the system is not restricted to the study of argument
structures for (computational) linguistics. One promising direction is vi-
sual tutoring in the humanities or in journalism in order to teach the differ-
ent styles of argumentation, their pros and cons. With future improvements
of automatic argumentation recognition, itwould be evenpossible to import
the essays of students at an instant and comparing themwith best practices
in class.

Potential further use cases came up during the expert review sessions,
such as visually evaluating classification results by selecting correctly and
wrongly classified samples as two separate subsets in our system. This way,
the classification process getsmore transparent and can be corrected to yield
better results. Another suggestion was compiling special purpose corpora
from samples of existing corpora. The analyst would set some properties
necessary for the planned research – such as: “there must be a counter
argument for each argument” or “the text needs to include at least three
claims that each have at least two premises” – to create a new corpus from all
matching documents. We believe that these and other use cases will drive
the further development of our system for visual argumentation analysis in
essay corpora.
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Abstract

The lack of visually guided data exploration tools limits the scope of re-
search questions communication scientists are able to study. The Com-
ment Analyzer steps in where traditional statistical tools fail when it comes
to researching the commenting behavior of news article readers. The ba-
sis of such an analysis are comment-thread corpora in which comments
are tagged with various deliberative quality indicators as well as political
stance. Our analysis tool provides a visual querying system for the ex-
ploration and analysis of such corpora and allows social scientists to gain
insights into the distributions and relations between comment attributes,
the homogeneity of thread sets, frequent thread structures and changes in
comment qualities over the course of a single but in particular of multiple
threads at once. We developed the tool in close collaboration with com-
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munication scientists in a user-centered approach. The system has proven
its utility in thorough reviews with the communication scientists, by cor-
roborating existing findings in the literature but particularly by provoking
and answering new research questions. Final reviews with five indepen-
dent experts confirmed these observations and revealed the potential of the
Comment Analyzer for other datasets currently being created and analyzed
in the communication sciences.

3.1 Introduction

Most online news platforms such as the Guardian, The New York Times or the
German Sueddeutsche online allow readers to discuss articles in comment
sections. Readers can comment directly on the news article or respond to
others’ comments. The resulting threads sometimes consist of many indi-
vidual comments, yet often only of a few. Under which conditions long
and/or wide threads emerge, is a research question that communication
scientists investigate [3]. To this end, they collect a large number of com-
ment threads – vast forests of tree structures – and enrich the corpus with
attributes for each comment, e.g., deliberative indicators (e.g., justifying or
polite statements, proposals of solutions), ideological orientation and oth-
ers [62, 96].

We worked with communication scientists who collected a dataset of
about 7 300 threads formed by more than 14 000 comments to 160 online
newspaper articles from nine German news platforms. Each thread is mod-
eled as a tree, where nodes represent comments and links the reply rela-
tion. The comments were manually tagged with 20 binary deliberative in-
dicators and categorical metadata (e.g., ideological orientation), which are
the node attributes. Research questions to be investigated using this corpus
range from “Which political-ideological views of the audience can be identified
when comparing the news platforms? Does the audience tend to reflect the political
orientation of the news website or does it tend to take an oppositional position?” to
“Can types of threads be distinguished according to the length and development of
deliberative quality?”. Such questions were traditionally approached by the
communication scientists with SPSS or Excel. However, statistics software
is not built for structural analysis of thousands of trees.

In information visualization terminology themain challenge is to display,
analyze and compare large sets (forests) of trees, for instance for contrast-
ing the articles of two news platforms, with each article having a set of large
trees of comments. Thus, we need to be able to find, investigate and com-
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a

b

d

c

Figure 3.1: The Comment Analyzer during an analysis process: In the visual set-
shaping component (a), the entire dataset has been split into subsets by ideological
orientation, revealing the differences in the individual deliberative indicators. Each
individual Comment Glyph shows the ideological orientation and the 20 deliber-
ative indicators grouped by four deliberative dimensions (upper right). The set
in the middle, which represents ambivalent comments, has been selected as the
dataset for the structure analysis component below and therefore has a light gray
background. In the structure analysis component (b), the aggregation detail view
has been opened showing the Union Tree (c) and the individual threads (d). One
of these threads has been selected for detailed inspection in the thread detail view.

pare node attributes, patterns of tree structures and subsets of trees. This re-
quires the comparison of thousands of individual trees. However, display-
ing each tree individually can result in a cluttered and incomprehensible
visualization. A solution would be to aggregate or superimpose large sub-
sets of trees, a challenge that has rarely been addressed in research. Closely
related is only Kiesel et al. [74], which is limited to binary node attributes
and a single a priori aggregation criterion.

Thus, we introduce the CommentAnalyzer (Figure 3.1), a visual analysis
tool that enables the visual exploration of highly complex comment tree
corpora. Our research provides the following contributions:

(1) The Union Tree, a flexible tree aggregation technique with multi-
ple aggregation criteria, means to filter, analyze and compare the structures
of aggregates as well as the relations of node attributes. It allows commu-
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nication scientists to draw conclusions about common shapes of comment
trees and sequences of deliberative indicators associated with the tempo-
ral development of a discussion as well as the comparison of attributes and
structures of different news platforms, individual articles and article topics.

(2)TheCommentGlyph, a carefully designedmulti-attribute glyph that
serves as representative of comment sets and also as a node representation
forUnion Trees. It visually summarizes the 20 binary deliberative indicators
in a flower glyph like representation and the categorical attribute ideologi-
cal orientation of the represented comments as a donut chart enclosing the
flower glyph. It is tailored for semantic zooming by design and interactions
with the Comment Glyph allow for filtering of the Union Trees. Moreover,
the Comment Glyph also works independently of a Union Tree. Starting
with the entire corpus, the social scientist is able to visually shape sets of
comments by recursively splitting or merging by e.g., ideological orienta-
tion, news platform, comment length or position in reply chain. This hier-
archical splitting technique keeps visually track of users’ set shaping steps
and allows the comparison of attribute distributions across all levels of the
interaction sequence.

(3) The interactive visual scrapbook provides a persistent record of
analysis results. It contributes with interactive data story elements – fully
functional copies of Union Trees – that go beyond the usual functionality in
notebooks. The analyst can further shape any tree set that has been stored
in the notebook as a Union Tree, so earlier lines of research are not only
documented but can also be refined and extended.

(4) Reviews with two associated experts and five independent experts
demonstrated the usefulness of the Union Tree, the Comment Glyph and
the interactions provided by the Comment Analyzer. During the review
session, current research questions from the domain were addressed and –
for themost part – solved (see Table 3.2) resulting in novel domain findings.
Also, the potential of using our techniques for other datasets in communi-
cation science was discussed.

Overall, the Comment Analyzer integrates these contributions in an in-
teractive system for domain experts. Examples of the analysis workflow can
be seen in our video [73].

The rest of the paper is organized as follows: After reviewing related
work, the paper will introduce the dataset and motivate the tasks the Com-
ment Analyzer was designed to support. Following the motivation, the de-
velopment process and actual design are discussed. The domain findings
with the associated experts, the evaluation by independent experts and a



3 Comment Analyzer 45

discussion of the generalization and scalability of the approach conclude
the paper.

3.2 Related Work

Tree aggregation, visualization and text. Regular tree and graph vi-
sualizations are used to convey relationships in communication (Inter-
net Newsgroups [146], (Multi)ConVis [58, 60], Wikum [161]) or words
(WordTree [93], PhraseNets [35], Netspeak Wordgraph [118, 119]). See
also Yousef and Jänicke’s [159] survey on text alignment, the Dagstuhl
report on text visualization [21] or the Text Visualization Browser [66].
Comparing a huge number of trees is not easy. The DAViewer [162] com-
pares discourse treeswith interactive dendrograms, while Lahmar andHer-
schel [61] aggregate provenance traces. Liu et al. [89], Bremm et al. [12]
and Munzner et al. [100] contrast phylogenetic trees as small multiple or
through aggregation. Graham and Kennedy [45] surveyed tree visualiza-
tions, stating that aggregation – as our Union Tree – is the most space effi-
cient. Kiesel et al. [74] is closely related, aggregating argument structures
of essays, but limited to binary attributes and a fixed aggregation criterion.
PansyTree [24] overlays nodes petal-like but neither the differences in the
innate tree structures nor the node ordering have been studied.

Glyph design and sentiment. Similar to other designs [38, 41, 156], our
work relies on round glyphs due to their aesthetics and perceived closure
(see Borgo et al. [10] for general rules). Designs for multivariate data are
the star glyph [40, 105] and flower glyph [16, 72, 145], both encode values
by length. Part of our Comment Glyph resembles a flower glyph, but shows
two hierarchical levels of grouped attributeswhich allows for semantic scal-
ing. While StanceXplore [94], (Multi)ConVis [58, 60] andDoSVis [85] ded-
icate separate views for stance visualization, the StreamExplorer [156] uses
a pie layout. Similar to Xu et al. [158], our Comment Glyph employs a
donut chart to depict stance. Skau andKosara [131] found that donut charts
and pie charts work similar. Kucher et al. [85] gives an overview about
stance/sentiment.

Set shaping. Our set shaping with the independent Comment Glyph
allows splitting sets subsequently resembling a decision tree. While Yang
et al. [152] chose Sankey diagrams, we adopt a node-link layout, like Castro
and Bertini [31] and PaintingClass [137], to depict the decision hierarchy. In
contrast to allmentionedworks, our layout is space optimized by displaying
each split of a set as one group of subsets that shares one link to connect to
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the original set. OnSet [125] allows direct manipulation of sets through
set operations. We also allow AND and OR operations implicitly, yet not a
combination.

Discourse analysis. Our Union Trees summarize the discourse of mul-
tiple comment threads. Single multi-party discourses have been studied
by El-Assady et al. [28, 29] and ConVisIT [59]. Topical development and
deliberative quality over time can be explored with NEREx [28] or Lexi-
cal Episode Plots [42], patterns in a discussion can be found in Jentner et
al. [64] or the topic-space of a discussion explored with ConToVi [27]. The
iForum [37] allows discovering temporal patterns in multiple online dis-
courses. We extend these by combining structural and attribute-related ag-
gregation of thread sets.

Interactive visual scrapbook. Computational notebooks contribute to
the reproducibility of interim research results [83, 155]. Our scrapbook
stores fully functional Unit Tree representations of intermediate results dur-
ing the analysis. Scientists can interactively document, analyze, refine and
compare these intermediate results during their research.

Design approach. For development, we used a bottom-up approach and
showed individual tree structures to foster the design of a meaningful vi-
sual aggregation. Lee et al. [9] and van Ham and Perer [144] used a sim-
ilar approach for large graph exploration. Luciani et al. [92] showed the
volume details first. And even though our final system adheres to Shnei-
derman’s top-down mantra [130], its development would not have been
possible without the first bottom-up design.

Overall, our work extends the tree aggregation approach by Kiesel et
al. [74] with a more sophisticated node representation and extended set
shaping facilities. The flower glyph [72] was redesigned and further meta-
data and semantic zoom capabilities were added. The scrapbook provides
versatile features for interactive visual exploration and annotation of com-
ment tree corpora in communication science.

3.3 Corpus, Requirements and Tasks

Our experts in empirical communication science have been working for
years on behavior in comment sections of online articles. They collected
a corpus of 14 691 comments containing 7 263 comment threads from 160
online news articles on the nine largest news platforms in Germany about
either of two topics: migration and retirement provision (pensions). With
trained student assistants our experts assessed each of the comments and
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tagged them individually with the categorical attribute ideological orienta-
tion and 20 binary deliberative indicators (see Table 3.1). Reply relations
were also captured, resulting in a forest of tree structures per news arti-
cle. Furthermore, the news articles were tagged with the publication date,
news platform, topic and the sequence of comment threads. To make the
workmore easily accessible to the readers of this paper, the titles of the news
articles and a few representative discussions were translated into English.

Table 3.1: Ideological orientation and the 20 deliberative indicators grouped by
their respective deliberative dimensions (color-coded). Not all of them are simi-
larly relevant in all investigations, so usually a subset is used.

Ideological Orientation:
Unknown Far-Left Left Ambivalent None Right Far-right

Binary Deliberative Indicators:
Dimension: Relevance Topic relevance, Reply, Objective

Justification, Direct Reference
Dimension: Rationality Justification, Agreement, Disagree-

ment, Constructive, Questions, Cor-
rections, Summary, Meta-Talk

Dimension: Respect Empathy, No Degrading, Politeness,
Questioning Sincerity, Emotion, Hu-
mor

Dimension: Solutions Proposal of Solution, Just Solution,
Very Just Solution

With SPSS and Excel, they could only study theory-derived hypotheses
regarding the attributes of the comments in relation to the construction of
the news platforms, the properties of the respective articles and the delib-
erative indicators of response comments [62, 95, 96]. The scientists were
missing a more complete picture of the corpus properties, since statistical
tools are not well suited for exploratory tasks. Especially, structural rela-
tions within the comment threads and the changes of the deliberative in-
dicators along a thread could not be analyzed. Therefore, our design fo-
cuses on the exploration of the tree structures of thread sets and individual
threads as well as the discourse quality and deliberative indicators of the
comments in the trees. Thus, relations within and between thread (sets)
and comments can be analyzed.

Especially valuable to our experts are reply-chains resulting in a very
deep conversation and broad structures, where many comments reply to
the same comment, as they could reveal the circumstances and deliberative
indicators that cause longer and more elaborate conversations. The variety
of different and rare structures requires abstraction and aggregation tech-
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niques to preserve relevant information about the deliberative indicators
and ideological orientation of each comment, typically:

• Scanning: Browsing thread structures and the comment attributes
they contain for common or uncommon patterns in the manner of the
“information flaneur” defined by Dörk et al. [25]

• Outlier Detection: Recognizing patterns that are unusual, unex-
pected or contradictory to theory both in thread structures and com-
ment attributes

• Grouping and Aggregation: Summarizing discussion threads, indi-
vidual threads or comments into groups by article, news platform or
topic

• Type Identification: Identifying types of threads or comments re-
garding their structural or deliberative attributes

• Set Building Shaping: Forming sets of comments (or threads) with
certain deliberative indicator combinations

• Comparison: Finding similarities and differences between single
comments/threads or comment/thread sets

These tasks also can be (sub)tasks, consecutively and alternately applied,
in their process of answering research questions and validating hypotheses.
The realization of these tasks is highlighted in the following sections.

3.4 Design and Evaluation Process

Design and development followed a user-centered approach alongside the
needs of two domain experts. We evaluated the fully developed system
(described in Section 3.5) in two steps. First, we conducted in-depth reviews
with the involved experts (see Section 3.6) to validate existing findings but
more importantly investigate new ones (Table 3.2). Later on, as separate
stage but with a similar protocol, we did reviews with five independent
experts (also communication sciences, described in Section 3.7).

During development, we did 4 preliminary reviews with our experts.
The senior expert, a professor of empirical communication studies, has
more than 18 years of experience, while the “junior” expert accomplished
her Ph.D. about findings from the compiled data set. The findings were
published in several publications [62, 95, 96]. Both never worked with our
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group before and approached us for diving deeper into the structural aspect
of their dataset.

The final design of the Comment Analyzer follows Shneiderman’s top-
down mantra [130] – Overview First, Zoom and Filter, then Details on De-
mand. During our user-centered development process, we use a bottom-up
approach displaying all individual threads and tree structures of all articles
in one scrollable view to scrutinize patterns, possible groups and outliers
– supporting Scanning and Outlier Detection as well as Type Identifica-
tion tasks for our experts and hence enabling them to pose new hypotheses.
These new hypotheses then formed the design of aggregation concepts for
the Comment Glyphs and Union Trees. Or to put it differently: Without
being very familiar with the specifics of one’s data no tailored top-down
approach can be designed.

3.5 Comment Analyzer: Design and Application

The Comment Analyzer (Figure 3.1) is an interactive coordinated multi-
view system composed of three main components: The visual set-shaping
component, the structure analysis component and the scrapbook. Similar
to the “generous interfaces” [153], we designed tangible and visually ag-
gregable representatives for the main data items: The Comment Glyph ag-
gregates comment sets, the Union Tree thread sets.

3.5.1 Comment Glyph

The Comment Glyph is crucial for expressing deliberation indicators of in-
dividuals comment up to the whole corpus where Aggregation of delib-
eration indicators are shown. It combines (the distributions of) ideological
orientation anddeliberation indicators, thus enables the analysiswithin and
Comparisons between individual comments and sets.

The glyph (see iterations in Figure 3.2) conveys the presence of deliber-
ative indicators aggregated for a user-defined selection of comments. It is
organized in four dimensions of deliberative indicators (Relevance , Ratio-
nality , Respect , Solution ; please see Table 3.1 for the indicators). Each
dimension occupies one quadrant with individual circle slices for each de-
liberative indicator as a kind of radial bar. Each bar encodes the percent-
age of comments that have the associated deliberative indicator as the fill
level of the slice. The slice positions are the same throughout the glyph
instances in all components to simplify comparisons. Even though a tradi-
tional bar chart has advantages over a radial one regarding the comparison



50 3.5 Comment Analyzer: Design and Application

(a) (b) (c) (d) (e)

Figure 3.2: Evolved glyph design: (a) Distribution of ideological orientation as
pie in the center and the indicators as radial bar chart surrounding it. (b) Circle
packing to reduce visual inferences between the pie and the bar chart. (c) To em-
phasize ideological orientation, it was moved to the outer border and combined
with a spike bar chart growing from the outer ring inward to give more area to the
indicators. (d) A radial bar chart simplifies the estimation of lengths. (e) Filled
circle slices supported by grid rings for 25%, 50% and 75% provided the best expe-
rience.

between bars due to its more effective length encoding [154], the circular
shape (principle of continuity) separates glyphs nicely fromother elements.
A rectangular glyph of small bar charts would require more effort to sep-
arate them from other visual elements. The fill level – or area encoding –
allows a better estimation of smaller values – a desirable quality since the
average frequency of most deliberative indicators is below 50% – but might
lead to overestimation of larger values. The domain experts favored the area
encoding over the linear one despite this disadvantage. To reduce the effect
of the visual impression described in Stevens’ law [134] and improve esti-
mation accuracy, grid lines at 25%, 50% and 75% are displayed. Since an
area encoding can make it difficult to read exact values despite all efforts of
improvements, it is possible to switch to a linear encoding.

While the deliberative indicators are shown inside, the outer ring rep-
resents the ideological orientation(s) of comment sets. The color scheme
for the ideological orientation – two levels of blue for the right stances, two
levels of red for the left stances, dark gray for ambivalent, light gray for no
stance and white for unknown stance – is based on the color scheme of Ger-
man political parties and was also agreed with the experts.

3.5.2 Aggregating Threads as Union Trees

Due to the large variety of thread structures, we started with a bottom-up
design; first showing each thread as a single left aligned tree with only a
single deliberative indicator encoded as color for each node, so that the
whole corpus could be initially Scanned. Even this basic representation im-
pressed the experts by showing the numerous individual thread structures
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T1

T1 + T2 =

(T1 + T2) +T3 =
((T1 + T2) +T3) + T4 =

T2

T3 T4

The large white node
represents both first
nodes of T1 and T2 T3 adds a red third 

to the doughnut of the first node 
and the third white node 

The gray node 
represents 

the single gray
node from 

T2

T4 adds a gray 
and white node
to the root node

The large node
represents 4 nodes:

3 white, 1 red

Figure 3.3: Construction of a Union Tree: The mechanism superimposes nodes
while maintaining structural positions of every tree. The nodes’ attributes (here
shown as colored donut pieces) are aggregated. New nodes (along with their ad-
jacent edges) were added to the Union Tree. The colors conform with the reduced
color set used for small Comment Glyphs: Dark gray for ambivalent and no stance,
red for left stances, blue for right stances and white for unknown stance.

paired with one selected property of their comments, which they had pre-
viously only known “by number”. The sheer number of threads, however,
suggested the necessity for Grouping and Aggregating the tree structures
by different attributes. The Union Trees are our answer to that need.

Figure 3.3 shows how a Union Tree is constructed. Individual threads
(T1-4 in Figure 3.3) – shown in a simple left aligned tree representation
with simplified Comment Glyphs as nodes – visually merge into a unified
structure that summarizes the nodes’ attributes (aggregate at the right side
of Figure 3.3). It represents the union of all individual trees by merging
nodes according to their sequential position within the hierarchy, e.g., all
starting comments, all first first-order replies, all second first-order replies,
etc. The node frequency is encoded relative to the total number of threads
in the Union Tree as size of the Glyph – the smaller, the rarer the position
in the thread set. We use a logarithmic scaling of a node’s area depending
on its frequency relative to the root node, which improves the visibility of
differences between rare nodes while keeping frequent nodes at a manage-
able size. In its detail representation (see upper section of Figure 3.7), the
length of the thick black outer border of the respective Comment Glyph ad-
ditionally encodes the node frequency; showing that only about a quarter
of the individual threads actually have at least one answer – represented by
the node directly underneath the root.
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Largest Zoom Level:
the single deliberative 
indicators are shown

Mid-Zoom Level:
additionally deliberative 
dimensions are  shown

Smallest Zoom Level:
only ideological

orientation is visible

Figure 3.4: Single-Comment Glyphs at different semantic zoom levels. They are
used to depict the individual threads in Figure 3.8 and T1-4 in Figure 3.3.

3.5.3 Semantically Scaling Comment Glyphs in Union Trees

The Union Trees are shown in different sizes, to which the design of the
Comment Glyphs has to adapt. In the overview view (Figure 3.1b and also
Figure 3.6) usually a multitude of small Union Trees need to be shown to
take advantage of the given screen real estate. Thus, the Comment Glyphs
show only the ideological orientation (as being the most important) either
as a colored donut to represent an individual comment or as a donut chart
for multiple comments (see Figure 3.4 or individual threads in Figure 3.7).

Opening a Union Tree on demand reveals its highest level of detail, using
the full Comment Glyph (see Aggregated Thread Detail in Figure 3.7) for
expressing multiple comments. A Glyph for an individual comment (Fig-
ure 3.4) does not show the grid for the circle segments. For a smooth ap-
pearance between these levels and to investigate dimension related research
questions, we introduced amediumzoom levelwhen zooming in and out of
individual threads. In this level, the individual deliberative indicators are
visually summarized by their quality dimension, facilitating down-scaling
considerably without getting unreadable (see also the video [73] at 9:08).

3.5.4 Interactive Incremental Visual Set-Shaping

The set-shaping component (Figure 3.1a and 3.5) enables users to gain in-
sight into the features of different subsets of comments. It allowsGrouping
and Aggregation and Building Sets, e.g., by analyzing, splitting andmerg-
ing sets in various ways using three graphical elements: (1) Rectangular
black bordered containers that represent Groups of related sets, e.g., all
subsets of a split by a specific attribute; (2) Comment Glyphs depicting the
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subsets within one group and (3) links connecting a set with the (parent)
set it was derived from.

Set Building is provided in different ways. Any set can be split into sub-
sets regarding specific criteria: their ideological orientation, news platform,
topic, reply depth or comment length. Subsequent splits result into a (sort
of) decision tree with a top-aligned tree layout preserving the hierarchical
nature of the splitting process with splits from one subset arranged in or-
der underneath each other (not depicted). Semantically similar subsets of
a Group can be merged, e.g., the far-left and left ideology in Figure 3.1.
This is particularly useful for broader conclusions, for example, whether in
general, left winged comments tend to contain disagreeing statements or
proposals of solutions, and to further analyze the joint set by other criteria.

Figure 3.5: The visual set-shaping component splits the whole corpus (left) by
comment length (long: > 60words, medium: ≤ 60words, short: ≤ 15words, very
short: ≤ 5 words). The set’s sizes are written above and also encoded as length
of the black outer border of each glyph. The split reveals that the more text, the
more often ideological stances are detectable (the proportions of colored parts in
the donut chart increase) and the more often it fits the topic (orange section next
to the yellow area). Also, justifications (yellow section next to the orange area) are
used more frequently in very short texts.

3.5.5 Aggregation-based Structure Analysis

Exploring and analyzing the structure of the threads and their inner evo-
lution of a discussion characterized by the deliberative indicators and ide-
ological orientation is one of the major features of the Comment Analyzer,
which is supported by the structure analysis component (Figure 3.1b-d). It
shows all threads that contain comments from a source set, defined in the
set-shaping component. Relevant comments are defined by the intersection
of the selected combinations of sets. Each thread in the structure analysis
component must then contain at least one of these relevant comments to be
displayed. These threads can then be Grouped and Aggregated by differ-
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(a) The Union Trees of articles from the
news platform Focus are usually rather
flat, due to the uncomfortable comment
function. The Union Trees for themigra-
tion topic (titles in blue) show a bigger
right winged – blue pie slices – propor-
tion of especially starting comments.

(b) The news platform Zeit allows
replies to any comment; therefore, the
Union Trees show much more elaborate
structures than those seen on Focus.

Figure 3.6: The structure analysis component shows one Union Tree per article
from the selected news platforms. The number above each structure denotes the
number of structures summarized by theUnionTree. The text shows the start of the
article’s title as text and topic as background color (light-blue: migration politics,
light-red: retirement provision).

ent features including news platform, articles, number of comments, depth
of the thread structure and topic.

Different semantic levels help exploring the structural information of the
corpus. We usually start at the smallest zoom level that shows the ideologi-
cal orientation as donut charts, somultipleUnion Trees can be observed and
compared at once. Different Groupings can be selected (topics, medium,
depth of discussion, etc.) to Aggregate the threads. Figure 3.6 shows a
Grouping by article for two very different news platforms: Focus and Zeit.
AnyUnion Tree can be opened to reveal the Aggregated ThreadDetail view
(see Figure 3.7) showing the Union Tree with detailed Comment Glyphs,
as well as (on demand) all the individual threads contributing to the Union
Tree unmerged in a separate view below with adjustable semantic zoom.
Both views together enable up-close analysis of the distributions of the de-
liberative indicators and ideological orientation.

While the Union Tree clearly supports Aggregation, the individual
threads support the Scanning. Outlier Detection and Type Identification
is featured by both, yet on different levels. To facilitate comparison and ori-
entation, both the Union Trees and the individual trees have a left-aligned
layout that emphasizes the order in which comments were added to the
thread – the further down or to the right, the newer. Interactive coordi-
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Figure 3.7: The Union Tree (Aggregated Thread Detail) in the upper part sum-
marizes the structures and node attributes of all individual comment threads in
the lower part – here all comment threads from the German news article “Seehofer
about migration politics: Upper limit or nothing” – into an interactive tree. In the
section below, the unmerged individual threads are shown as simple left-aligned
node-link diagrams in the order of their appearance in the discussion. At the small-
est zoom level, they are showing only the political orientation. See Figure 3.4 for
zoom levels.

nation additionally helps when the aggregated thread detail and the indi-
vidual threads are opened (Figure 3.7) by highlighting all comment nodes
of the individual threads that contribute to a node in the Union Tree (and
vice-versa).

For enabling further Set Shaping with a Union Tree, any visual compo-
nent of a CommentGlyph – circle slices for each deliberative indicator, circle
quadrants for quality dimensions, donut parts for the ideological orienta-
tion and thewhole glyph for the node position – can filter the comments and
threads to those that contain the selected feature, thereby updating both the
Union Tree and the individual threads to examine the newly defined sub-
set. Hence, a scientist can study the change in the answer probability, ide-
ological orientation or distribution of deliberative indicators depending on
the starting comment’s attributes. They could study the structural and at-
tribute differences between threads starting with a far-right or far-left (Fig-
ure 3.9) comment as discussed in the expert review section. Details about
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Figure 3.8: The thread detail shows full detailed Comment Glyphs, meta informa-
tion and the actual texts as indented tree. The example shows a discussion about
a convention of the German party CSU where upper limits of immigration were
discussed. It starts with a justified and topic relevant (2 orange slices) proposition
of a solution (purple) from the left-wing (light red ring) arguing against the pro-
posed upper limits for refugee migration. The first two answers disagree (yellow
slice) raising points about the applicability of the asylum law and the conditions
in refugee camps. The last one contains a humorous remark relating the position
of the starting comment to a character from a novel for children. The text has been
translated, anonymized and truncated without removing the main point of each
contribution to keep the example short.

an individual thread can be opened on demand in a separate floating view
(Figure 3.8) providing the thread with all comment nodes, meta informa-
tion (publisher, article, topic) and more importantly with the comment’s
actual text in order to validate text-related hypothesis or checking whether
the previously tagged indicators are correct.

3.5.6 Interactive Scrapbook

The scrapbook component (Figure 3.9) is an interactive, notebook-like en-
vironment designed to enhance the overall workflow. It assists scientists in
recording, analyzing and comparing intermediate results throughout their
investigation using the Comment Analyzer. The user can store interesting
tree sets – that are represented by fully functional Union Trees – and com-
ment on the findings made within that set. Since the Union Tree is fully
functional, the stored set can be drilled down further or contrasted with
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are answered in about equal proportions by left and right comments (9% right, 12% left)

All initial comments in the set are far-right (dark blue). 

28% of the �rst answers 
are also right 
or far-right. 

All initial comments in the set are far-left (dark red). 

The �rst answers contain about the same number of left 
and right wing comments. 

Figure 3.9: Example scrapbook during an analysis. The scientist compares the pro-
portions of ideological orientation between threads starting far-right (dark blue)
and far-left (dark red) and notes down their observations.

different filter options within the scrapbook. This way, the Union Trees in
the notebook do not only document former lines of research, but can also be
used as a starting point for new explorations. Storing multiple tree sets al-
lows for detailedComparisons between them. While a static view yields in-
formation about frequent structures and attributes, filtering both simultane-
ously, allows the researcher to look into the dynamics of attributes through-
out the course of the thread. BesidesComparing or later reviewing tree sets,
the user can take notes on observations and comparisons during the anal-
ysis. For this, they can add text sections with basic formatting (headings,
lists, bold or italic texts).

The content of the scrapbook persists beyond a session, which makes it
a perfect storage for intermediate results (tree sets as well as text). These
recorded observations might be of great help in crafting data stories, theses
or even a draft for research papers.

3.6 Domain Findings with Associated Experts

Wedeveloped the system in close collaborationwith two associated experts.
The development was concluded with a round of final reviews of the sys-
tem and an exemplary deep analysis work flow to find answers to a list of
preconceived research questions (see Table 3.2).
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3.6.1 Reviews of Final Prototype

For the final reviews we followed the pair analytics study approach [67] with
a domain expert as “pilot” and one visualization developer as “copilot”
(helping out, explaining things again when necessary). The reviews con-
sisted of (1) about 20 min of (re)introduction of the system’s features, (2)
a period of solving tasks and investigating the dataset and (3) an interview
and feedback session. We were focusing on two things to prove the utility
of our system:

(1) Canwe visually corroborate findings directly thatwere previously de-
scribed and published by our experts?

(2) More importantly, are we able to answer new research questions
concerning either the deliberative indicators or structural proper-
ties alone or preferably a combination of both by employing the set-
shaping and the structure analysis component?

Prior, we had our experts think of (and write down) new research ques-
tions as well as older ones to corroborate (see Table 3.2). Our experts tried
to answer their questions and hypotheses during a 60-70-minute investiga-
tion phase. They were successful in all cases (see✓in Table 3.2) except one,
whichwould have needed a new feature in the software for aggregating pre-
decessor and successor relationships (see also FutureWork). Another ques-
tion could only be answered generally, since the system lacked the means
to aggregate the actual numbers of particularly selected parts of trees and
subtrees. Answering each research question requires combating the basic
tasks defined on page 3.3. Table 3.2 shows which ones were relevant for
which question.

The results exceeded what our experts imagined. They stated having
understood all visual encodings and interactions with only twominor com-
plaints about zooming at a certain place and being forced to split based on
a right click.

3.6.2 Domain-Related Findings

During the final reviews all but one research question from Table 3.2 could
be answered – at least partially – resulting in novel domain findings. Please
refer to Table 3.2 for more details.

P3 + P4: Validation of previous findings. In their previous studies,
the experts compared single deliberative indicators and quality dimensions
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Table 3.2: Research questions devised and compiled by the experts in order to
proof the utility and usability of the visualization system. Except ✗, all research
questions could be answered with the features of our system; two (✓) partially.
The tags denote the relevant tasks for each research question.

Research Questions and Hypotheses ✓

Relevant (sub)tasks:
S can, B uild sets, A ggregate, C ompare, detect Outliers, identify T ypes

1. Previously published expert findings to be validated
- P1: Commentswith justification aremore often followed by responseswith justification thanwith-
out justification. B A

✓

- P2: Respectful comments are more often followed by respectful responses than irreverent ones. B
A

✓

- P3: More justifications are provided for the pension issue than for the migration issue. B A C ✓
- P4: The issue of pensions is more respectful than the issue of migration.
B A C

✓

- P5: There are more response comments on pension reform than on the migration issue that (jus-
tified) disagree with the initial comments.

✓

B A C

2. New research questions to be answered
a) Questions about comment characteristics in comment sections
- N1: Do ideologically like-minded people discuss in the respective comment sections of more left-
leaning and right-/conservative-leaning news sites or ideologically right-/conservative-minded
people comment on more left-leaning news sites? B A C

✓

- N2: Are there more ideological-driven comments on the migration issue than on the pension is-
sue? – Assumption: Yes B A C

✓

- N3: Are solution-oriented comments more frequent for migration or pension reform issue? –
Assumption: Pension issue B A C

✓

- N4: Does the quality of the deliberative dimensions (i.e., reason-giving/justification, civil-
ity/respect, solution orientation) show differences between the news sites examined? B A C
O T

✓

b) Questions about thread structures in comment sections
- N5: Are there fewer reply comments/reply levels on sites that don’t offer visualization of the dis-
cussion thread? – Assumption: Rheinische Post, Focus and Spiegel do not offer thread visualiza-
tion according to, so fewer reply comments and/or response levels are expected there. B A C

✓

- N6: For which of the two topics (migration or pension reform) do users respond more frequently
with reply comments to initial user comments? — Assumption: Migration issue B A C

✓

c) Questions about linking comment characteristics and thread structures
- N7: Do political-ideologically influenced user comments generate follow-up communication and,
if so, politically disagreeing, politically agreeing or politically neutralizing? – Assumption: Dis-
agreement is more common than agreement B A

(✓)

- N8: How does the quality of deliberative dimensions (i.e., rationality, respect/civility, solution
orientation) change over the course of discussion threads? Does the quality of deliberative di-
mensions decrease, increase or tend to stay the same over the length of the thread?
Contains multiple assumptions/questions, examples are:

(✓)

• N8.1: The quality on the deliberative dimensions remains the same in the length of the discus-
sion. A T

✓

• N8.2: The quality of deliberative dimensions is better in reply comments than in initial com-
ments, especially in Zeit Online, Welt Online and Sueddeutsche Online. B A C

✓

- N9: If the indicators change over a discussion, do they change uniformly or differently, and if
differently what patterns appear? S A O T

✗
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between the topics. They found the pension topic produces more respect-
ful comments and that those comments contain the “justification” indicator
more often than the migration topic. At the medium zoom level that aggre-
gates deliberative indicators by quality dimension (see Figure 3.10a), we
can verify that the pension topic shows indeed more respectful delibera-
tive indicators (green quadrant, 34% for pension, 32% for migration). As a
byproduct we found that it also shows many more proposals of solutions
(purple quadrant, 56% for pension, 17% formigration, solution forN3) and
occurrences of relevance indicators (orange quadrant, 89% for pension, 67%
for migration). At the detailed level (Figure 3.10b), we can confirm that
the pension topic figures slightly more justifications within its comments
(yellow spike next to orange quadrant, 52% pension, 51%migration). Even
better, we could derive new andmore detailed insights immediately such as
the striking difference in topic relevance (orange spike next to yellow quad-
rant), where again the pension topic provides more of (82% pension, 43%
migration).

N2: Does the ideological orientation depend on topic? This detailed
view also clarified a new research question about whether the distribution
of ideological orientation depends on the discussed topic: The migration
topic is discussed to almost a quarter by right oriented comments (light
and dark blue sections of the donut), while for pensions, the right-tended
comments almost do not exist.

N5: “Discussion architecture” affecting the thread structure. Another
issue was how the “discussion architecture” – the features available in the
discussion forum such as a visualization of the thread structures, an acces-
sible reply button or moderation – of the news website affects the response
trees of discussion threads. For this we aggregated unions trees at news
platform level as shown in Figure 3.11. As expected, the platforms that, all
things considered, have the worst UIs (Huffington Post and Focus) have the
smallest Union Trees. Vice-versa, one would expect that the platform with
the biggest Union Tree the Zeit would have the best user interface. Yet, this
is only true in part. Generally speaking, the UI is one of the better ones, but
has a fatal flaw in its reply mechanism. A reply will not be directly attached
to the comment it should respond to; instead, it is placed after the latest one.
The result is a rather sprawling tree with each node representing very few
comments.

N7: Influence of the starting comment upon thread development. Go-
ing beyond purely structural phenomena our experts provided specific re-
search questions only to be answered by employing both the set-shaping
and the structural analysis component. Figure 3.9 shows such an exam-
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(a) (b)

Figure 3.10: Findings about quality dimensions and deliberative indicators over
two topics: (a) The medium zoom level shows how many comments have indica-
tors in each of the four quality dimensions. The size difference of purple quadrants
revealsmore proposals of solutions to comments about pensions than aboutmigra-
tion. (b) The detail level shows how many comments figure each single delibera-
tive indicator. The glyph verifies that the pension topic contains more justifications
than the migration topic. Additionally, the indicator Topic Relevance shows that
comments about pensions stay significantly more on topic than comments about
migration.

Figure 3.11: The Union Trees aggregated up to news platform clearly show the
variability of the width and depth of the trees as well as the size of node areas
(indicating the number of nodes existing at this position). These observations con-
tributed in part to preliminary reasoning of our experts about the influence of well-
designed discussion features provided in the UIs of the news platforms, but will
also be subject to future investigation.
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ple about how the starting comment influences the ideological trend in the
Union Tree, particularly, if the starting comment is either far-right or far-
left. Both scenarios could be shaped and filtered quickly and then put in the
scrapbook for comparison. The upper part in Figure 3.9 shows that a far-
right starting comment is usually immediately answered neutrally or by a
“confirming” right comment (nearly 30%). Left ones only appear later and
more distant. However, with a left starting comment the situation changes
but we did not find it inverted (as one would expect), since the very next
comment below the starting one is more balanced in terms of left and right
(as well as many later ones). This observation supports our experts’ as-
sumption that right-wing commentators like to reinforce each other, while
the reaction to left comments depends probably on the topic.

3.7 Reviews and Case Studies with Independent Ex-
perts

For external evaluation, we reached out to five independent experts (IE1-
IE5with different institutions, ordered by date of appointment) of commu-
nication sciences, two professors (IE2, IE5), one postdoctoral fellow (IE4)
and two senior Ph.D. candidates (IE1, IE3). None had ever seen any itera-
tion of the Comment Analyzer before.

Again, we followed the pair analytics study [67] approach with a domain
expert as “pilot” (operating the tool) and one visualization developer as
“copilot” (helping out, explaining things again when necessary). It con-
sisted of: (1) Introduction to the system (20 min), (2) Investigating with
the system (45-60min), (3) Interview and feedback (15min). One of the vi-
sualization developers/designers (VD) performed the review with each IE.
For the investigation part we started with simple test tasks to see whether
they understood the basic concepts and were able to operate the system,
such as: “Considering ideology, which group has the most proposed solutions?”,
“How does that look like, concerning the two major topics?”, “Which topic has the
larger tree?”, “What is the longest single thread in a Union Tree” and “What is the
ideological distribution of the first replies and what is the distribution of the second
replies?” All IEs were able to solve these test tasks quickly and answer them
correctly.

We continued with 4 sample research questions from our associated ex-
perts – the first research question under 1, 2a), 2b) and 2c) from Table 3.2
respectively – to ensure comparability with our associated experts’ review
and to provide an entry point into the investigation. All IEs found suitable
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solutions to all 4 questions. Usually, after some time, the IEs had their own
ideas of what they would like to see or investigate with the system, which
is described in the next section.

3.7.1 Case Studies and Findings

IE3was interested in relations between ideological orientation and news
platforms. She did different splitting cascades in the Set-Shaping com-
ponent: Total → Medium {Spiegel → IdeologicalOrientation, Sueddeutsche
→ IdeologicalOrientation, Focus → IdeologicalOrientation, Welt → Ideologi-
calOrientation} for comparing the respective glyphs for unknown, far-left, left,
ambivalent, none, right, far-right. Regardless of the political bias of the news
platforms, the respective glyphs for the ideological orientations were quite
similar across the news platforms, which she expected differently. However,
she found that the fraction of right and far-right comments expressed in the
glyphs for Spiegel and Sueddeutschewere surprisingly high given their bias
towards the left, whereas Taz (as expected) had very few right comments
and no far-right at all. IE5 had similar interests and did similar splits but
found an aspect that IE3 had overlooked. The general extent of delibera-
tive indicators was the smallest overall for the Welt, which she considered
might be related to ideological orientation or to “drive-by” comments made
without signing up as user of the news platform, which was still possible
when the data was gathered.
IE4 wanted to investigate audience polarization, a topic she had gath-

ered similar data of English news platforms for and was eager to compare
it to their German counterparts in order to see whether her findings can be
confirmed for German-speaking audiences. One splitting cascade she was
investigating thoroughly was {Total → Topic {Migration → Medium, Pension
→ Medium}, Total → Medium}. It showed her that there was a clear differ-
ence in audience polarization between the two topics (as well as towards
the comments overall) for each individual news platform that contained
comments for both topics such as Focus, Spiegel, Rheinische Post, Sued-
deutsche, Tagesspiegel, Welt and Zeit. For the migration topic the ratios of
ideological orientations shifted with a significant increase of right and far-
right comments for Sueddeutsche, Tagesspiegel, Welt and Zeit and even a
drastic increase for Focus and Spiegel. The left and far-left comments also
changed with the migration topic, foremost for Focus, where they almost
disappeared, and for the Tagesspiegel, but in the opposite direction with
an increase, especially of the far-left comments. Only the Rheinische Post
kept their ratio balanced. The spotted trend is similar to observations IE4
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made from compiled comments fromEnglish-speaking platforms, only that
it took her minutes with the Comment Analyzer and not hours as with her
previous workflow.

Concerning her audience polarization interest IE4 also investigated dy-
namics of comments and replies in light of political ideology in the Struc-
ture Analysis component. There she grouped by topic and explored the
migration Union Tree by filtering the glyphs of the starting comments by
left and by right and putting the two filtered Union Trees in the scrapbook
for comparison and further analysis. There was a clear difference in the
left/right ratios of the comments replying to the starting one. After a left
starting comment, the number of right comments of 1st-order-replies were
notably higher compared to a right starting comment, where the 1st-order-
replies were more balanced. One could even see a pattern that the 2nd-
order-replies (answering the 1st-order-replies) were left to a large degree
and had no right comments at all. On the other hand, for a right starting
point such pattern simply did not exist, as one would expect.
IE1 was interested in intensive conversations and what caused long

threads in the Structure Analysis component, starting with the working hy-
pothesis that these were characterized by left and right comments taking
turns sometimes along with “neutral” and “balancing” comments. A sec-
ond working hypothesis was humor might also play a role. IE1 filtered and
visited longer threads (also put some in the scrapbook for comparison) and
looked closer at their dynamics. Unfortunately, there was not a clear pic-
ture concerning this. Some resembled the first hypothesis, but more did
not. Also, the humor idea did not hold. For other deliberative indicators,
this first sample scan did not show a clear picture either. Further sessions
are needed to find something in the indicators that might constitute such
long conversations. A feature we envision in the Future Work section about
fuzzy filtering node vicinities might help here. Even though IE1 could not
find a general cause for long threads, the interaction clearly showed how
easily hypotheses can be tested with our system.

3.7.2 Feedback, Suggestions and Ideas

All IEs stated having understood the visual and interactions concepts. IE4
appreciated the information density of the Comment Glyph, while all IEs
found its grid rings particularly useful for assessing the values of indicators.

The most frequently mentioned complaint (IE1 and IE2) was that the
default size of the trees was too small, lack of labels for the indicators (IE2)
and missing Undo capabilities (IE3). IE1 would like to be able to split the
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glyphs in the Set-Shaping Component by the deliberative indicators and
inverse filtering. IE5wanted to see the comments that were changed by the
moderation team to see its influence on the structure of threads. All were
fond of the scrapbook; being able to combine intermediate and final analysis
results with their thoughts and notions as a way of recording the analytical
process.

Regarding usage scenarios, IE1 suggested it could be helpful for journal-
ists to do analysis of their readers. IE2 imagined that the tool could help
her when teaching communication science to her students and that Master
and Bachelor candidates could do analysis of similar data sets with the tool,
especially, if they do not have a computer science background or are not yet
proficient with SPSS or R.

Three of the IEs (IE1, IE3 and IE4) were especially enthusiastic, since
(previously unknown to the VD) they were working with similar data sets
that fit the profile of our system. Two (IE1, IE3) were working with dif-
ferent sets of Reddit data that was tagged according to multiple attributes.
IE4 had compiled comment data from English news platforms. They were
not tagged with deliberative indicators, but with a number of social values
instead. Even better, her data set contained exact spots in each comment
(words or word groups) being the reasons for the given tags. These lo-
cations could be easily included and highlighted in our thread detail (in
Figure 3.8). Our experts may not be representative for all the communica-
tion sciences, but the reviews clearly show that there is plenty of interest for
visually aggregating attributes for multitudes of comment trees.

3.8 Scalability and Generalization

The Comment Analyzer was designed for 20 000 comments. However, the
set-based abstraction could handle much larger datasets, since the num-
ber of visual elements does not increase. This also applies for the structure
aggregation in the Union Tree. Yet, the legibility of trees can suffer if the
thread structures vary strongly since many rare nodes enlarge the result-
ing aggregation. The Comment Glyph depicts 20 indicators along with the
ideological orientation, which might be the limit of the design in the used
sizes.

The Comment Analyzer can be applied to other datasets that contain
hierarchical items with multiple binary and one (or more) categorical at-
tributes and have useful aggregation criteria. We provide insight into a sec-
ond dataset example in the supplemental material: a corpus of hierarchical
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argument structures in student essays, where each item is a text passage
with several attributes (20 binary human value indicators and the categor-
ical attribute stance). Union Trees can also be used in other domains. In
social sciences for argumentation structures; in biology for comparing phy-
logenetic trees; and in the digital humanities for matching ontologies.

3.9 Conclusion and Future Work

The Comment Analyzer is a visual analytics tool specifically designed for
exploring and analyzing comment tree structures, developed in collabora-
tionwith social science experts. Our Union Tree aggregates multiple thread
trees by visually superimposing multiple semantically related threads in
node-aligned piles according to news platform, ideological orientation, etc.
The Union Tree uses the Comment Glyph to represent the aggregated de-
liberative indicators within the node. The glyph is particularly designed
for semantic zooming in order to adapt naturally to different zoom levels of
tree sets or comment sets. Interactionswith the glyph allow visual querying
enabling detailed research about the homogeneity of the tree sets, frequent
structures, changes in comment attributes in a single thread or their dy-
namics in multiple comment threads at once. As confirmed by associated
and independent experts, it effectively combines aggregation techniques for
multi-attribute and tree data to provide an overview of the data in a natural
and intuitive hierarchical display. Found insights can be preserved in the
scrapbook – a notebook like environment that can store fully operational
copies of Union Trees and its applied filters as well as written notes on find-
ings.

Although the presented analytical abilities exceed those of the used
statistics software regarding tree data, there are still research questions sug-
gested by our experts that require further development of the Comment
Analyzer. One question was “Does the quality of the four deliberative di-
mensions decrease, increase or rather remain the same over the course of the
thread?”, that can be answered by looking through the thread representa-
tions as our experts did. However, a separate view that shows the evolution
of the deliberative indicators alongside aUnion Tree could facilitate the pro-
cess and could also provide actual numbers. They further asked “Do sub-
trees at different positions in the comment tree exist that are characterized
by similar deliberative indicator patterns?”. Another view for analyzing re-
occurring patterns that aggregates subtrees from different positions in the
reply chain would be helpful in saving the communication scientist a lot of
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additional manual labor – even more than the Comment Analyzer already
does.
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Abstract

This paper examines the accuracy of value estimation from the fill level in
circle sectors of rose charts, a circular chart type where all sectors share the
same angle and encode values through either radius or area. But which en-
coding yieldsmore accurate estimates? We conducted a user study compar-
ing different sector configurations and chart sizes, as well as the estimation
errors of rose versus bar charts. Our findings indicate that both area and ra-
dius influence estimation accuracy. For values below 65%, area dominates
as a visual cue, whereas for larger values, a transition to length perception
can be observed. Based on these insights, we propose a transfer function
to correct for average estimation errors and provide practical guidelines for
the effective use of rose charts.

69
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4.1 Introduction

Circular designs are a common sight in visualization contexts, used to de-
pict time series data [39, 147], but alsomulti-attribute data [80]. A common
one, the rose chart, consists of sectors with the same angle but varying radii.
There are two encodings: either the respective attribute value ismapped lin-
early on the radius (as the majority of the found examples) or on the area
of the slice (see Figure 4.1 (a) vs. (b)). This ambiguity means that viewers
may misinterpret values in a rose chart if no clear indication of the encod-
ing method is given. No guidelines exist on which encoding aligns better
with human perception. Estimates could rely on radius by comparing the
radius length with the length of the whole sector along its edges, or on area
through part-to-whole comparisons. In fact, we would expect both to in-
fluence perception. Other factors, like sector sizes that change the sector’s
shape and the sector orientation that might introduce perspective distor-
tion, might also bias the estimation. There is no question that the size of the
chart affects the value estimation, but how small can you get without losing
too much accuracy? As of yet, these questions remain unanswered.

Thus, we performed two studies investigating human perception and
presentation factors for estimating values in rose charts. Presentation fac-
tors included (1) chart size, (2) number of sectors, and (3) sector orienta-
tion. A comparison with bar charts connects our results to known research.
Our results provide clear indications that value estimation relies on both
cues: first area, then transitioning to radius from about 65% on. Thus, we
provide a transfer function that maps a data value to a radius along the
range of all tested values (in 5-95%), which significantly improves estima-
tion errors.

4.2 Related Work

The rose chart we are dealing with in this paper (Figure 4.1 (a)+(b)) is also
called a circular bar chart, radial column chart, radial histograms [2], Cox-
comb Chart, or Polar Area Chart. The most important historical example
that uses proportional filling of circle sectors is the “Diagram of the Causes
of Mortality in the Army in the East” by Florence Nightingale – part of a
letter [101] sent to Queen Victoria on October 11, 1858. Similar visualiza-
tion designs vary the shape of the sectors; sometimes they are disjointed
and shaped as bars or columns [117]. Some of the sectors start right in the
center (as with our version) or have a small inner circle [123]. Others have
large center areas, empty or used for additional information [106]. A third
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(a) Rose Charts (Length Encoding)

(b) Rose Charts (Area Encoding)

(c) Bar charts (Length Encoding)

Figure 4.1: Comparison between rose charts and bar charts.

variable was the existence (or nonexistence [128]) of an outer ring express-
ing an outer maximum that frames the sectors.

Cleveland and McGill [20] (and Heer and Bostock [49]) showed that
linear encodings outperform angle and area. This affects the reputation of
pie charts, which use angle encoding and are estimated via area [81], or the
arc length [131]. So far, the area is seemingly the most important cue. Pie
charts are particularly suitable for part-to-whole comparisons [82].

Several studies investigate the estimation of bar charts. Diaz [26] found
that boxes surrounding each bar have a positive effect. Talbot [136] inves-
tigated distances between bars, alignment, and absolute value estimation.
Xiong [157] showed that viewers are best at comparing spatially close and
aligned bars.

4.3 Pilot Study

The pilot study provided a first glance at the distribution of errors when
estimating values in a rose chart sector, especially regarding what condi-
tions might affect these results. The first condition is the number of sec-
tors because the number of sectors defines the sectors’ size and shape. We
hypothesize that area recognition is active for wide sectors, while length
recognition is active for narrow sectors. We chose charts with 5 and 8 sec-
tors that also have different symmetrical characteristics to compare charts
with multiple symmetry axes against charts with only one symmetry axis.
Our second condition is the sector orientation. Is the value estimation in
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Figure 4.2: Screens as seen by the participants: two sample pages of the pilot study
(left, 5 sectors and 8 sectors) and two sample pages of the main study (6 bars and
6 sector circle).

a horizontal or vertical sector different from a sector that has some other
orientation? Bar chart studies like Diaz et al. [26], Cleveland and McGill
[20], or Talbot et al. [136] use vertically or horizontally oriented bars, and
we have not found any study that investigates bars with other rotations.

The pilot study was conducted with 7 volunteers (colleagues, computer
scientists) having at least a master’s degree. It was presented as a series of
websites resembling the paper card approach of Cleveland andMcGill [20],
but showing a single rose chart fromwhich a single sector’s value had to be
estimated and entered into a text field (see Figure 4.2). The estimated val-
ues (percentages) range from 5 to 95 in steps of 5 (19 different values) and
were mapped linearly to the radii of the rose charts, e.g., we used a length
encoding. The number of test cases per participant was 247 test cases ((5 +
8 sectors)× 19 values). The test cases were randomized within the number
of sectors. Neither the same sector nor the same value appeared twice in a
row. The order of the number of sectors remained the same for all partici-
pants because no learning effect across the number of sectors was expected.
The actual test pages were complemented by three pages of introduction, a
survey page, and finally, one page showing the average error and time for
this test run. The test pages included a timer, starting with the first task to
give temporal orientation and adding a bit of pressure to prevent spending
toomuch time on a chart and trying to “calculate” the values. A progression
bar served as an additional orientation. Because the study was conducted
online, actual screen densities and pixel sizes are beyond our control. There-
fore, we use a calibration setup that requires adjusting a bar on the screen
to the length of the shorter side of a debit/credit card, to ensure the same
size of the chart on all screens.

Several findings can be reported: (1) Even though the participants have
not been instructed to round to 5 or 10 percent steps, most of them did so
anyway. This is in line with Talbot et al. [136]. (2) Using the length encod-
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ing, the average error shows a tendency to underestimate the shown values
(5 sectors, M=-8.10, SD=4.10) (8 sectors, M=-7.35, SD=2.90). The absolute
error grows with growing values to its largest extent between 40% and 50%
and then gets smaller again for larger values. This is interesting because
Talbot [136] found bar charts to get overrated for small values and under-
rated for large values. Rose charts do not seem to follow this rule. Using
an area encoding, participants overestimated the values (5 sectors, M=9.21,
SD=3.17) (8 sectors, M=10.20, SD=2.58). (3) A two-sided paired sample
t-test between the 5-sector condition and the 8-sector condition did not re-
veal significant differences, t(9)=-0.99, p=0.36. Contrary to our expecta-
tions, the number of sectors does not significantly influence the estimability
of rose charts – at least between 5 and 8 sectors and for our 7 test persons.
(4) Additionally, a one-way ANOVA with repeated measures did not pro-
vide any evidence that the different orientations of the sectors affect the esti-
mation (5-sector case, F(4,24)=0.75, p=0.57), (8-sector case, F(7,42)=0.74,
p=0.64). The pilot study showed no significant influence of sector orien-
tation or number of sectors (5-8) – this may be due to the low number of
participants and should be treated with caution. However, it showed that
the perceptual mechanism to estimate fill level in circle sectors works dif-
ferently from that for bar charts.

4.4 Main study

In the main study, we wanted to derive the shape of the error curve and
compare the estimation errors of a rose chart to a comparable bar chart.
Additionally, we are interested in the effect of the size of the chart on the es-
timation error. Rose charts are often used as glyphs, and as such, in smaller
sizes. We wanted to determine the dependency of the estimation error on
the chart size. Thus, we used diameters of 54.0 mm, 27.0 mm, 13.5 mm
(100%, 50%, and 25% of the shorter side of the regular debit card used for
calibration). The largest size is typical for a single rose chart visualization,
while the smallest size matches small glyph representations. As in the pilot
study, we used values from 5 to 95 in steps of 5. We vary the chart type
between rose and bar charts. In our design, both diagrams consist of 6 sec-
tors and make optimum use of the same space. This way, the height of the
bar chart is slightly less than the diameter of the rose chart, but the effective
length for estimation – because the rose charts use radius and not diameter
to encode the value – is almost twice as large. In a small-multiples visu-
alization, bar charts would need the extra space surrounding the chart to
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(a) Bar Chart (Size: 54.0 mm)

(b) Rose Chart (Size: 54.0 mm)

(c) Rose Charts (All sizes)

Figure 4.3: Histograms, average, and standard deviation of the absolute estimation
errors for rose and bar charts with 6 sectors assuming a linear radius encoding. The
red lines show the error of perfect area estimators (dark red: taking Stevens’ power
law into account, light red: without compensation).

separate themselves from each other. The closed nature of the circular rose
charts does not require any additional separation.

In our within-subject study, the number of test cases per participant
amounted to 114 test cases (3 sizes × 19 values × 2 chart types).

The test caseswithin the chart type and the chart typeswere randomized.
We chose to vary the sector in the presentation so that participants cannot
use the former values as a direct reference.
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Figure 4.4: Average and standard deviation of the relative estimation errors for
rose charts (green) and bar charts (blue) with 6 sectors. Again, the red lines show
the error of perfect area estimators (dark red: taking Stevens’ power law into ac-
count, light red: without compensation).

We reused the interface of the pilot study, except for showing two exam-
ples for both chart types (0% and 100% to not prime the participants as to
which encoding is used) and adding a pause screen after half-time to avoid
fatigue, as some participants reported for the pilot study. As in the pilot
study, we use a calibration setup that requires adjusting a bar on the screen
to the length of the shorter side of a debit/credit card, to ensure the same
size of the chart on all screens. We recruited 100 participants (mean age
of 34.06 (SD = 12.20), frequency of use of visualizations (0-3) 1.06 (SD =
0.96), 64% used rose charts before) from the crowd-sourcing platform Pro-
lific. All participants reported having normal or corrected-to-normal eye-
sight and had at least a high school diploma. The participants were com-
pensated with the recommended 9 GBP per hour, amounting to 2.25 GBP
for the study.

Results: Figure 4.3 (a) and (b) show the absolute estimation errors per
true percent for rose and bar charts, assuming that the true value for rose
charts is a linear radius-based estimate. Each plot shows the average error
as a blue line, the standard deviation as a light blue area, and histograms of
themeasured error per true percent regarding a length encoding. A length-
based estimate would show a mean error curve along the x-axis, as seen in
Figure 4.3 (a) for bar charts. As in Talbot et al. [136], low values tend to
be underrated by less than 3 percentage points. The error curve for rose
charts shows much higher error rates, indicating that linear radius encod-
ing does not align with human perception. We added two reference curves
to the plot to determine whether the error pattern corresponds to estima-
tions based primarily on area. The dark red curve represents the expected
errors if participants perfectly estimated based on area according to Stevens’
power lawwith an exponent of 0.7 [134]. The light red curve reflects a pure
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Figure 4.5: The transfer function (green line) maps input values to fragments of
the maximum radius for rose charts such that the resulting estimation error is min-
imized.

area-based estimation without this correction. Notably, our blue average
error curve falls between these two references. The references and the er-
ror curve show a similar shape for two-thirds of the diagram up to about
65%. The general underestimation of values from rose charts with radius
coding could therefore exist because the area rather than the radius serves
as a reference point for smaller values. After 65%, the slope increases, and
starting with 70/75%, the error curve becomes almost linear. It seems that
there is a shift in perception from area to length. Participants might have
estimated the distance between the outer border of the sector and the start
of the filled region for values above 75%.

The estimation error, especially between 40% and 50%, lies close to 15%
for a length encoding. An area encoding with Stevens’ power law applied
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Figure 4.6: Absolute error histograms of the estimation errors before (gray) and
after (green) applying the transfer function. With the transfer function applied,
the estimation error becomes close but is still worse than the bar chart’s estimation
error (orange).

would reduce the error to about 5%. Figure 4.1 exemplifies rose and bar
charts for different values and illustrates themismatch between the encoded
true percent and the perceived oneswhen using length encoding. If we look
at the relative estimation errors made per true percent for both chart types
(see Figure 4.4), the large error when using length encoding in rose charts
becomes obvious: on average, participants underestimated values below 20
by 60 to 80%! An area encoding corrected by Stevens’ power law reduces
the error to below 20% (distance between the blue average and the dark
red line). A bar chart only shows relative errors between 15% over- and 5%
underestimation.

The influence of the chart size on the estimation error is evident in our
data (see Figure 4.3 (c)). An ANOVA with repeated measures confirms
that there are significant differences in the mean values of the sizes (rose
charts, F(2, 198)=31.4, p = 1.5E-12; bar charts, F(2, 198)=4.4, p=0.01). T-
tests between the individual sizes reveal that the mean error only increases
significantly when reducing the size from 27.0 mm to 13.5 mm (rose charts,
t(99)=5.9, p=5E-08; bar charts, t(99)=2.9, p=0.005). So it seems that a size
of 27.0 mm is large enough on an average screen to fully assess the infor-
mation from the plot, while a plot of 13.5 mm increases the estimation error
considerably.

Error Compensation: Our comparison between rose and bar charts high-
lights the need for a compensation function to reduce estimation errors.
While Stevens’ power law for areas mitigates underestimation in radius-
encoded charts (see especially Figure 4.4 (a)), it fails to capture the S-
shaped curve. Instead, we model a piecewise linear filter function using 21
linear segments fitted via a sliding window approach (window size: 20%).
Each point considers three to five linear values, weighted by their distance
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to the window center, ensuring a smooth curve. This method achieves an r2
score of 0.96 (see Figure 4.5, green curve). The function’s values are avail-
able as a CSV in the supplemental material. Figure 4.6 shows that the trans-
formation reduces the average error to zero.

4.5 Discussion, Guidelines and Future Work

The two studies yielded several insights: (1) the number of sectors – at least
between 5 and 8, and for our small sample size – does not have a signifi-
cant influence on the estimation error, (2) the sector orientation – at least
for 5 and 8 sectors and for our small sample size – does not have a signifi-
cant influence on the estimation error, (3) the estimation error increases for
chart sizes less than 27.0 mm, (4) the estimation of values from rose charts
seems to be based on amixture of area and length estimation, (5) the overall
estimation error inside circle sectors using length encoding is surprisingly
large. An average participant in the main study would underestimate an
encoded 50% by about 15%, concluding that the chart must show only 35%!
(6) An area encoding applying Stevens’ power law already reduces the er-
ror significantly. (7) Our piece-wise transfer function reduces the average
estimation error to zero over the entire range of values.

Regarding the size of the chart, we found that decreasing it below 27.0
mm hurt the estimation error. A follow-up study should determine the ex-
act size at which the effect begins and how the error increases when further
reducing the size. Also, we only studied the effect of 5, 6, and 8 sectors. Even
though these did not show a significant difference, we would hypothesize
that large numbers of sectors (>20) and very few (<4) would affect the es-
timations, because the visual primitives degenerate to either very thin bars
or large, beveled pie slices. In our test, all sectors remained empty except
for the chart’s test sector. We intentionally did this to evaluate perception
without distractors in this study. It is an obvious next step to add distractor
sectors as conditions and evaluate their influence on the estimates.

Our results provide guidelines for the use of rose charts. The most im-
portantmessage is to use bar charts instead, whenever possible. Their linear
length encoding makes for the best estimates. If you, however, need to use
them – tomatch a certain aesthetic, tomake the chart morememorable [11],
to show patterns in a spatial embedding, or to depict a progression of time –
be aware of the large estimation errors especially for small values when us-
ing a radius encoding and applymeasures such as the following: (1) Imple-
ment a grid: grid lines have been shown to enhance the estimability of any
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plot type and will lead to considerable improvements here [6]. (2) Leave
space in the center of the plot: the center of the plot produces the largest rel-
ative error; it is likely – however, not tested yet – that starting from a certain
radius will reduce the estimation error for smaller values. For chart sizes
above 27.0 mm, according to our study, area encoding adjusted by Stevens’
power law for areas (exp=0.7) performs quite well. Our derived transfer
function, shown in Figure 4.5, performs best for the investigated chart sizes,
but could be fitted to specific radii to perform even better.
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Abstract

This paper presents new techniques for seamlessly transitioning between
parallel coordinate plots, star plots, and scatter plots. The star plot serves as
a mediator visualization between parallel coordinate plots and scatter plots
since it uses lines to represent data items as parallel coordinates do and can
arrange axes orthogonally as used for scatter plots. The design of the tran-
sitions also motivated a new variant of the star plot, the polycurve star plot,
that uses curved lines instead of straight ones and has advantages both in
terms of space utilization and the detection of clusters. Furthermore, we
developed a geometrically motivated method to embed scatter points from
a scatter plot into star plots and parallel coordinate plots to track the transi-
tion of structural information such as clusters and correlations between the
different plot types. The integration of our techniques into an interactive
analysis tool for exploring multivariate data demonstrates the advantages
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and utility of our approach over amulti-view approach for scatter plots and
parallel coordinate plots, which we confirmed in a user study and concrete
usage scenarios.

5.1 Introduction

Parallel coordinates and scatter plots are the most popular visualizations
for exploring multivariate data. While parallel coordinates shine in show-
ing relations across multiple attributes [51], scatter plots are most valuable
in assessing the kind and strength of relationships and finding structural
clusters [109]. The usual way to benefit from both visualizations would
be to implement them in a coordinated multi-view framework. However,
matching the representations of one data item in separate yet coordinated
views requires the selection of its representation in one visualization and
finding the corresponding highlighted representation in the other visual-
ization, i.e., brushing and linking.

In order to enhance the cluster and correlation analysis with parallel co-
ordinates for the finegrained analysis of argument units and explain the re-
lationship between data patterns in both visualization types, we developed
novel techniques for seamlessly transitioning between parallel coordinates
and scatter plots and a new way of embedding additional cluster and cor-
relation information into parallel coordinates. The transition is based on
the observation that parallel lines intersect at infinity. Thus, parallel coor-
dinates can be considered as a specific instance of a star plot. By tilting a
pair of parallel axes against each other, the intersection point moves closer
and forms the center of a star plot. The lines representing the data items
are bent in an elliptic manner resulting in a star plot with curved connec-
tors – the polycurve star plot. The polycurve star plot uses rational cubic
Bézier curves instead of the usual lines to improve line tracking and pro-
vide a smooth transition to the scatter plot by shifting and the inner Bézier
control points towards the scatter point and increasing their weight at the
same time (Figure 5.1). As a result, the Bézier curve converges towards
two lines that intersect in the scatter point. We propose to keep the lines
and the scatter points during all stages of the transition. This allows us to
introduce a new way to project the scatter points during the reverse transi-
tion from a scatter plot into star plots and parallel coordinates, thus adding
further cluster and correlation information to the respective plots. We im-
plemented a prototypical visualization tool for demonstrating the concept.
The tool sets parallel coordinates on a rectangular layout of rails and im-
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Figure 5.1: Schematic representation of the transformation from parallel coordi-
nates (pcp) to scatter plots (sp) via polycurve star plots (psp): While the axes of
the parallel coordinates plot rotate, the straight lines representing the data items
bend to form the curved segments of the polycurve star plots (pcp - psp). Then
rational cubic Bézier curves smoothly transition further into the scatter plot (psp -
sp).

plements the described transitions on its turning points at the left and right
end: first to polycurve star plots and on demand to scatter plots and vice
versa. We developed the technique on well known datasets like the wine
dataset [34] since their properties are known and, therefore, well suited for
testing (Figure 5.2).

We were motivated by the limitations of previous attempts to combine
scatter plots and parallel coordinates: Overlaying the scatter plot creates oc-
clusion [48], integrating the intersection points of approximated regression
lines produces visual clutter and difficult to interpret point patterns [164],
redirecting the lines of the parallel coordinates to go through the points of
an associated scatter plot distorts the information from the original parallel
coordinates [160], and projecting the points onto the lines without provid-
ing a transition that can explain the emerging patterns would result in ad-
ditional mental effort for the user[114]. Our work overcomes most of these
limitations by the following contributions:

• A mathematically grounded technique to smoothly transition be-
tween parallel coordinates, polycurve star plots and scatter plots.

• The discussion of the properties of a polycurve star plot. It represents
data items as polycurves approximating an elliptic form for orthog-
onal axis pairs and improves space utilization and the detection of
clusters compared to regular star plots.

• The embedding of scatter points into star plots and parallel coordi-
nate plots that are consistent with our transitions and support the vi-
sual tracking of structural information such as clusters and correla-
tions during the transition between plot types and the analysis with
parallel coordinates and star plots.

• A prototype implementation that demonstrates the seamless integra-
tion of parallel coordinates, star plots, and scatter plots into a sin-
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Figure 5.2: The prototypical implementation of our transition concept between
parallel coordinates and scatter plots from Figure 5.1: The parallel coordinates
(pcp) are set on and can be dragged along rails. At the corners the parallel co-
ordinates smoothly become polycurve star plots (psp). When the axes are perpen-
dicular, the user can grab and drag the corner out to transform the star plot into
a scatter plot (sp). The scatter points on the parallel coordinates in the lower im-
age give hints regarding clusters and (cor)relations. The example shows a wine
dataset [34]; the purple lines mark positive and negative correlations. In the lower
image, a selection was made using point selection in the scatter plot between the
attributes flavanoids and total phenols which highlights the smaller cluster of less
steep positive correlation.
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gle view and smooth, user-controlled, geometrically motivated tran-
sitions between all three plot types.

We demonstrate the advantages and benefits of our techniques with case
studies using the developed prototype and commonly known datasets and
confirm their usability in a user study and the finegrained analysis of the
relations between argument units and textual contents of the AAE2 corpus
[133], we encountered in the last chapter.

5.2 Related Work

Scatter plots are one of the most straightforward visualization techniques
but are still subject to recent research [32, 109, 129, 151]. Harrison et al. [48]
showed scatter plots to be the most efficient visualization to show corre-
lations. However, scatter plots and scatter plot matrices are less effective
when comparing data points across more than two attributes at once. Ad-
ditionally, they do not scale well with an increasing number of attributes.
Star coordinate plots generalize scatter plots to depict more than two di-
mensions [87, 98] and attempt to give a holistic view of the data set. The
axes are individually scaled and rotated to get the best possible view of the
clusters. However, the ability to examine relationships between individual
attributes is lost.

According toHarrison et al. [48], parallel coordinates [63] are the second
most effective visualization for negative correlations. Positive correlations,
clusters, and non-linear relations are less efficiently detectable. However,
research is being conducted to improve these capabilities [163]. Heinrich
and Weiskopf [51] give a comprehensive overview of the field. Holten and
Wijk [57] tested several variants of parallel coordinates regarding their per-
formance in cluster evaluation tasks and showed that only pairing the par-
allel coordinate plot with a scatter plot has a significant effect on cluster
identification. To improve the effect, we propose not only showing scatter
plots and parallel coordinates side-by-side but also smoothly integrating the
scatter points directly into the parallel coordinate system.

Several attempts have been made for integrating of scatter plot informa-
tion into the parallel coordinates: Holten andWijk [57] depict a small 45 deg
rotated scatter plot between two axes of the parallel coordinate plot. Yuan
et al. [160] directly draw a scatter plot of a third attribute between two axes.
Thereby, each line is bent to lead through the corresponding dots to link
points and lines with each other. In contrast, our point projection places
points onto the lines without changing the parallel coordinate itself. Like-
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wise, the point projection of Raidou et al. [114] is applied. Their points,
however, are placed based on the slope of the line in parallel coordinates.
The positions of our scatter points covermore of the given space and base on
the ratio of the respective coordinate values. Related but working towards a
different goal are Zhou andWeiskopf [164], who integrated indexed points
into the parallel coordinates system to depict local correlation. Other hy-
brid visualizations have been proposed. Gruendl et al. [46] seamlessly inte-
grated time series into parallel coordinates. NodeTrix [56] combines node-
link diagramswith adjacencymatrices. Claessen and vanWijk [19] system-
atize axis-based hybrid visualizations with the ARGOI model that shows
how axes are connected.

Star plots and their various variants [124] are often used in the medi-
cal field to compare patient data [14, 97]. Sangli et al. [126] extended the
visualization to deal with very high dimensional data. Xie and Karki [68]
extend parallel coordinates with attached star plots showing context axes
to better exploit the available space in a Focus & Context view. Slightly
different, Fanea et al. [30] combine star glyphs and parallel coordinates to
alleviate visual clutter due to many data items. In this paper, the star plot
is a mediator between parallel coordinate and scatter plot.

Animation in data visualization can be beneficial during data analysis,
as discussed by Fisher [33]. Heer and Robertson [50], for example, showed
a significant increase in data point tracking and change estimation using
simple staged animations and a strong user preference for animation over
direct transitions. Systematic analysis of animations and transitions were
performed by Tominski et al. [17], who coined the term flexible visual ana-
lytics, by Thompson et al. [138], who explore the design space of animated
graphics, and by the Gemini system [78] that proposes a grammar of an-
imation. Ruchikachorn and Mueller [113] propose animated transitions
for teaching visualization techniques. Our proposed method will follow
the notion of fluid interactions coined by Elmquist et al. [102] and employ
smooth user-controlled and naturally emerging transitions to explain the
relations between data representations of parallel coordinates, star plots,
and scatter plots. Bezerianos et al.[8] employ these principles in transform-
ing different views on node link diagrams into one another. Like our work,
transmogrification [13] also describes a smooth transformation of different
visual representations. Their method is, however, limited to transformation
through spatial distortion, while the transformation from parallel coordi-
nates to scatter plots requires the transition from a straight line to a single
point as representative of each data item.
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Figure 5.3: Schematic structure of the polycurve star plot: the axes Xi are placed
at equal angles δ (left: δ = 45deg, right: δ = 90deg) around the center. The
coordinates xi define where the polycurve intersects each axis.

5.3 The need for a transition mediator: the Polycurve
Star Plot

The main aspect of this paper is to define a mathematically sound, intu-
itively comprehensible and aesthetically appealing transition from paral-
lel coordinates to scatter plots that works in both directions and shows the
data at any stage during the transition in an interpretable way. For that the
continuity of the polylines connecting the data values within the parallel
coordinates has to be guaranteed while seamlessly transforming the lines
towards the points of a scatter plot as shown in Figure 5.1 and described
in Section 5.4. To further facilitate the overall impression of looking at a
single visualization in different stages and not at two distinct visualizations
shapeshifting into one another we provide a novel method for projecting
the points of the scatter plot onto their respective lines in the parallel coor-
dinates display (see Figure 5.2 and Section 5.5). This way important phe-
nomena from the scatter plot are directly embedded into the parallel coor-
dinate plot to begin with and all the way during its metamorphosis towards
the scatter plot.

In order to ensure that smooth transition of the line representation to
the scatter points, we need the starplot visualization to meet specific re-
quirements to properly function as a mediator. For orthogonal axes pairs,
we require the connecting curve to form a circle segment for pairs of equal
data values; ellipse segments for unequal ones. For other angles δ between
the axes, the curve segments shall retain the ellipse’s property of intersect-
ing with the axes perpendicularly, such that data items are visualized by a
continuous smooth shape strengthening the connection between polycurve
segments and allowing for easier tracing of polycurves (see Figure 5.3 left).
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(a) standard star plot (b) polycurve star plot

Figure 5.4: Comparison of standard and polycurve star plots using the penguin
data set (345 samples)[1]. The curved connectors in (b) allow for some interest-
ing observations: In the upper left quadrant (purple mark), only few crossings
of curves occur, suggesting a positive correlation. In the lower left quadrant, on
the other hand, a significant number of crossings is visible. On closer inspection,
one can observe that the crossover stems from two clusters of positive correlation
(greenmarks), since within each band, only few crossings are visible. This conclu-
sion could not be drawn from the standard star plot in (a) due to heavy overplotting
issues.
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A polycurve star plot using rational cubic Béziers can be constructed to
meet these criteria. It employs one axisXi per dimension arranged at equal
angles δ around the center as regular star plots, yet with polycurves instead
of straight polylines representing a data item (see Figure 5.3). Those are
modeled as rational cubic Béziers, since they are able to perfectly repre-
sent ellipses, allowing us to always intersect axes orthogonally and offer
a smooth way to transition to the scatter plot by increasing the weights of
the inner control points. Figure 5.4 shows an example of the penguin data
set [1]. Though the general concept of polycurved star plots is not entirely
new (it is used for some infographics and charting tools, e.g. Microsoft
Excel, ggplot, or d3js) it was never thought of as mediator visualization.
Hence, our work will provide – to the best of our knowledge – the first sci-
entific consideration of its benefits and usage as a transitional mediator be-
tween parallel coordinates and scatter plots.

Although the polycurve star plot started as a concept to smooth the tran-
sitions between parallel coordinates and scatter plots, the design has some
additional advantages: (1) The design makes better use of the available
space compared to a regular star plot, thereby reducing some of the over-
plotting issues. (2) The curves conform with the Gestalt Principles of Con-
tinuity and Closure to foster the traceability of individual data items and
the Gestalt Principles of Proximity and Similarity on groups of curves to
highlight patterns and clusters (Figure 5.4 (b)).

5.4 Smooth Line Transition between PCP and SP

The transition between parallel coordinates and scatter plots depends on
two mathematically grounded considerations: (1) parallel coordinates can
be seen as special instance of star plots with axes crossing at infinity, thus
one form can be transitioned into the other bymoving the intersection point
of the axes (Figure 5.1 pcp-psp). (2) shifting and increasing the weights of
a rational cubic Bézier curve’s inner control points smoothly transforms an
ellipse segment to a rectangle segmentwith its corner being the scatterpoint
(Figure 5.1 psp-sp). The idea for this transformation was motivated by su-
perellipses which can also transition from an elliptic segment to a rectan-
gular segment; however, Bézier curves are easier to use since superellipses
require the use of large exponents to converge towards a rectangular shape.

We uniformly denote all axes – the infinite lines defining the spatial posi-
tion and angle of an attribute – asXi and coordinates xi (see Figure 5.5 and
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Figure 5.3). Additionally, d denotes the distance between axes for parallel
coordinates, δ is the angle between axes in the polycurve star plot.

5.4.1 From Parallel Coordinates to Polycurve Star Plots

The transition from parallel coordinates to polycurve star plots (Figure 5.1
(pcp - psp)) follows geometrical considerations: the axes of the parallel co-
ordinates intersect at infinity. By rotating two adjacent axes left and right,
respectively, the intersection point of the axes moves into the finite range.
Thereby, the range of data values is alsomoved to remain in the visible area.
Since the transformation distorts the space between two axes, the lines start
to bend while the axes are rotated, resulting in ellipse segments for perpen-
dicular axes. Thus, we reinterpret the star plot’s radial layout to conform
with polar coordinates: The coordinates are interpreted as radii instead of
lengths connected via ellipse segments rather than straight lines.

5.4.2 From Polycurve Star Plots to Scatter Plots

The design of a transition between polycurve star plots and scatter plots
relies on a rational Bézier curve’s ability to represent ellipse segments and
converge towards rectangle segments (see Figure 5.1 (psp - sp)). A rational
Bézier curve in general is defined as:

B(t) =

∑n
i=0

(
n
i

)
ti(1− t)n−iPiwi∑n

i=0

(
n
i

)
ti(1− t)n−iwi

(5.1)

were Pi are control points and wi are weights. The higher the weight, the
closer the resulting curve will pass by the respective control point. While a
rational quadratic Bézier curve – so n = 2 – suffices to perfectly represent

Figure 5.5: Schematic structure of scatter plot and parallel coordinates denoting
the convention of variables used in the paper: coordinates xi are situated on the
axes Xi to construct the point (scatter plot), line (parallel coordinate) or curve
(polycurve star plot). d describes the distance between two axes in parallel coordi-
nates.
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(a) initial state (b) control points move;
the weight increases.

(c) final rectangle

Figure 5.6: The interplay between linearly shifting the control points (blue) to-
wards the actual scatter point (red) and exponentially increasing the weight of the
control points transforms an ellipse into a rectangle segment.

an ellipse segment, we use rational cubic Bézier curves which obviously
can also represent rational quadratic Bézier curves but additionally allow
us to represent S-shaped curves as required for general polycurve starplots
with tangential transitions across axes as shown in Figure 5.3. In order to
achieve the desired effect of turning the ellipse segment into a rectangle,
we not only need to increase the weights of the inner control points P1 and
P2, but also shift them gradually towards the scatter point (Figure 5.6). For
the whole transition to feel linear – as required later in our implementation
– the control points are shifted linearly towards the scatter point while the
weights are increased exponentially towards infinity to pull the curve into
the rectangular corner.

5.5 Smooth Point Transition between PCP and SP

We introduce a new projection of scatter points onto parallel coordinates
and star plots to continuously show the scatter point on the curves and lines
throughout the whole transition which avoids blending in the actual scat-
ter point of the scatter plot after the transition of the line representation has
concluded. Additionally, some of the structural information that allow the
scatter plot to be so effective in cluster and correlation analysis become ac-
cessible in the PCP. The projection is based on the definition of a regular
scatter plot’s point: A coordinate pair (xi, xi+1) places the point in the scat-
ter plot such that it has a distance of xi from Xi+1 and a distance of xi+1

from Xi. In Figure 5.5, we marked these distances with light gray dashed
lines. The gray dashed lines form the rectangle segment that results from
our transition described in section 5.4. When the range of data values is nor-
malized to [0, 1], the position of the point on this rectangle can be described
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by the ratio of the coordinate xi+1 (the length of the horizontal gray dashed
line in Figure 5.5) to the total arc length of the rectangle (both gray dashed
lines in Figure 5.5), so by the fraction f :

f =
xi+1

xi + xi+1
(5.2)

The points of the resulting embedding move smoothly during transitions
and can be used for the analysis in polycurve star plots and parallel coordi-
nates (Figure 5.7).

Since xi and xi+1 need to be normalized to range [0, 1], the fraction f for
(0,0) results in a division by zero. Thus, the scatter point representing (0,0)
is not defined and will not be displayed in the PCP. The nature of the tran-
sition explains the peculiarity: As the axes are pulled apart in the transition
from star plot to parallel coordinates, (0,0) representing the point of contact
of the two axes is also pulled apart and degenerates to a line.

Please note that these projected points have an entirely different mean-
ing than those proposed by Inselberg himself [63]. Inselberg’s points are
constructed from a line in a scatter plot and could be used for example to
visualize a regression line as a summary of many single coordinates. In our
point projection, each line is enhanced by one point that encodes the same
information in another way, thereby enabling the user to draw refined con-
clusions.

5.5.1 Scatter Point Patterns in a Parallel Coordinate Plot

Geometrically, fraction f projecting a scatter point onto a parallel coordinate
describes the normalized angle of the polar coordinate:

f =
arctan xi+1

xi
π
2

(5.3)

All points with the same ratio between xi+1 and xi, so the points on a
straight positively sloped line through (0,0) will have the same fraction f .
Transforming a straight positively sloped line through (0,0), thus, results
in a straight line parallel to the axes in parallel coordinates. Corresponding
correlation patterns – global strong positive correlations – are, therefore,
also vertically oriented. Since in our model of transforming the parallel co-
ordinates to polycurve star plots (see subsection 5.4.1), we moved the inter-
section point from infinity to a finite position, it makes sense that all lines
through (0,0) in a scatter plot are parallel to the axes in parallel coordinates.
Our positioning of the scatter points is consistent with this.
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(a) scatter plot (b) star plot (c) pcp

Figure 5.7: A regular grid of scatter points in (a) scatter plot, (b) polycurve star
plot, and (c) parallel coordinates (PCP): each transformation warps the original
grid further while still maintaining structural information, especially along the
main diagonal. (0,0) is missing in the PCP, since it is spread across the lower end.

Figure 5.7 shows the distortion in an originally regular grid when trans-
formed to parallel coordinates. Points near (0,0) are dragged apart, while
points near the end of the diagonal are compressed. The embedding trans-
forms the grid’s straight columns and rows in the scatter plot to curves in
the parallel coordinate system. Still, there are three straight lines in the dis-
torted grid, all parallel to the axes: one in the center between the two axes
that constitutes the diagonal and one directly on each axis. These result
from grid lines originally forming straight lines through the origin that will
transform into parallels to the axes as described above. The projection of
the main diagonal onto a straight centered axis-parallel line is particularly
useful since the projected point cloud of a positive correlation will arrange
itself close to it, providing additional visual cues to an otherwise hardly
detectable PCP line pattern. While the embedding does not preserve the
regularity of the original grid, structural relations like neighborhoods are
largely preserved so that the patterns can give valuable cues regarding the
estimation of relations between attributes and the detection of clusters.

Strong positive relations translate into either parallels to the axes if the re-
gression line intersects (0, 0) or into curves that tend towards parallelism on
one end and intersect with one axes on the other forming smoothed L-like
shapes (first row of Figure 5.8). Strong negative correlations show as U-like
shapes intersecting with one or even both axes (second row of Figure 5.8).

The lower half of Figure 5.8 shows two different linear separable cluster
configurations. Even though the shapes of the clusters are distorted due to
the embedding, the clusters are still clearly separable since structural rela-
tionships are preserved. Although densities are distorted during the trans-
formation, even the clusters in the bottom row can be easily told apart. So,
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Figure 5.8: Typical correlation and cluster patterns formed by the scatter points in
the parallel coordinate plot
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the embedding of the scatter plot into the PCP results in an informative vi-
sual aid in analyzing cluster and correlation patters in parallel coordinates.

5.5.2 Comparison to the Point Definition of Raidou et al.

Raidou et al. [114] designed a slope-based embedding: horizontal lines get
a point in the center; the points of positive-sloped lines are closer to the axis
Xi+1; the points of negative-sloped lines are closer to axis Xi (|X| denotes
the axis length, d is assumed to be 1, ∆ represents the slope):

xp =
∆

2|X|
+

1

2

yp = xi +∆ · xp
∆ = xi+1 − xi;−|X| ≤ ∆ ≤ |X|

(5.4)

Raidou’smethod generates awarped embedding of a scatter plot in the par-
allel coordinates plot. Their grid is more compressed but also more evenly
spaced than the scheme introduced in this paper, as can be seen in Figure 5.9
(c) and (e). The tighter layout in Raidou et al. [114] introduces fewer distor-
tions, especially in the lower half of the plot. Assuming a normalized range
of values of [0,1], (0,0) is represented by one point in Raidou et al. [114];
in our scheme, (0,0) is mathematically undefined but can be interpreted as
being spread across the line between the lower ends of the axes. The be-
haviour of points on a scatter plot’s axes also differs: Our scheme projects
the points on the axes as one would expect; Raidou et al. [114] place the
points on a curved line between the center of the line between the lower
ends of the axes and the upper end of the respective axis (green points in
Figure 5.9 (b), (d), and (f)).

5.6 Interactive Analysis Tool

Wedesigned aweb-based, interactive analysis tool to demonstrate the natu-
ral interplay between parallel coordinates, polycurve star plots, and scatter
plots. It implements the smooth, user-controlled transitions from parallel
coordinates to scatter plots via polycurve star plots and the scatter points,
the embedding of the scatter plot into the PCP. The application sets the axes
of the regular parallel coordinates plot on rails, thus defining a closed path
along which the whole plot can be dragged (Figure 5.2). Arcs connect each
adjacent pair of straight rails. When dragging the parallel coordinate plot
over an arc, the parallel coordinate representation is seamlessly transformed
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(a) scatter plot (b) our projection (c) Raidou’s projection

(d) car data set as scatter plot

(e) car data set in our projection

(f) car data set in Raidou’s projection

Figure 5.9: Comparison of the scatter points from this paper with those from
Raidou et al.[114]: Both methods transport indicators for positive (I-shaped point
clouds, orange and red) and negative correlations (U-shaped point clouds, blue
and cyan). The lower parts of our projections are more spread out than those of
Raidou et al.[114]. Points on the axes (green) are only detectable in our scheme.
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into a polycurve star plot, thereby revealing groupings of similar data items
and simplifying the interpretation of the projected scatter points (see Fig-
ure 5.2). The inner arcs have configurable radii to reduce overplotting of
the polycurve star plot near the center. In order to transform the polycurve
star plot into a scatter plot, the user simply pulls out the outer border, which
then becomes square (Figure 5.2, sp on the right turn). We decided to give
the control over the transition to the scatter plot explicitly to the user in-
stead of doing it automatically, so that the user can stop at any in-between
state, better understands what happens during the transition, and to avoid
introducing the interaction delay an animation introduces.

For both our testing use cases (Figure 5.2 and Figure 5.10) and the appli-
cation to the analyis of argument units and textual contents (section 5.11),
we chose a slim rectangular shape to optimize screen space usage. This
layout creates four 90 deg angled spaces for polycurve star and scatter plots,
which is the ideal configuration for both visualizations as established in sub-
section 5.4.2. In order to optimally exploit the available space, the parallel
coordinate plot is spread around the whole rail and closed to form a band
of axis pairs (or a closed path of axes according to the ARGOI model [19]).
Axes can be dragged to be swapped allowing different axis configurations.
Other layouts or angles are possible and might be more useful in special
scenarios.

The application offers two brush types: one to select lines, the well-
known standard that can be easily used to define value ranges along the
axes; one to select scatter points to simplify cluster selection. Moreover, the
user is able to adjust the opacities for lines and points separately. Points can
be faded out when the lines should be scrutinized for correlations, or the
lines can be faded into the background when analyzing the scatter plots.

Other PCP implementations use cubic curves instead of straight lines [44,
120] for connecting the axes. Our own experiments show that cubic curves
for the parallel coordinate plot make the transition appear even smoother
and strengthen the traceability of the polycurves through the plot, we still
decided to use the standard implementation of the parallel coordinate plot
with straight lines because they convey important information for judging
local or global correlation in the datawhichmight not be as apparent if cubic
curves would be used.
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5.7 Proof of Concept with Known Datasets

The first use case analyses a dataset of 179 wines with 13 continuous wine
quality indicators (see Figure 5.2)[34]. Looking at the polycurves, there
seem to be several negative correlations (e.g. flavanoids – nonflavanoid phenols
or hue – color intensity, purple crosses in Figure 5.2) as well as a positive
one between flavanoids and total phenols (Figure 5.2, purple parallels). To
check whether this is indeed a positive correlation, we first add points to
the plot, which gives us another hint towards a positive correlation due to
the point cloud staying within a corridor parallel to the axes. Moreover, we
can even see two clusters of wines that are separable on this attribute pair.
Brushing these points shows that the clusters also has very distinct values
on other attributes. They relate, e.g., to many nonflavanoid phenols and, for
the most part, low hue and OD280/OD315 values. The transition of the axis
pair flavanoids and total phenols to a scatter plot confirms the assumption:
two different positively correlated patterns become visible.

The second use case bases on a dataset of 345 observations of penguins
on three islands [1]. It consists of only 4 continuous and 2 categorical at-
tributes regarding different properties of these penguins. The dataset was
chosen due to its well known and clear data patterns some of which can al-
ready be observed by just analyzing the polycurves of our implementation
in Figure 5.10 (top). The top center parallel coordinates view between the
attributes flipper length and culmen depth seems to show a typical crossing
pattern indicating a negative correlation. But once our novel point projec-
tion is turned on (Figure 5.10 (bottom)) it becomes very clear that there
are actually two clusters each showing a positive correlation – as can be
quickly verified by transforming it smoothly into a scatter plot. The right
star plot even reveals a third cluster and the left one shows the apparently
strong positive correlation between body mass and flipper length in the upper
left quadrant as already described in section 5.3 (both marked in purple in
Figure 5.10).

The dataset of a combined cycle power plant’s measurements and out-
put energy (about 9 500 data, 5 attributes, see Figure 5.11)[71]. The output
energy has been duplicated to better fit the requirements of our application
and to offer quicker analysis between input and output variables. It shows
a strong negative correlations between energy output and temperature and
energy output and exhaust vacuum. Also, the corridor of points between en-
ergy output and ambient pressure hints at a positive correlation between these
attributes. The lines also show a distinct cluster of low exhaust vacuum val-
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(a)without scatter points

(b)with scatter points

Figure 5.10: Two screens of the penguin dataset: a)Without scatter points it seems
to indicate a negative correlation between flipper length and culmen depth (purple
cross). b) The points reveal that the pattern actually stems from two positively
correlated clusters. The top right quadrant even exhibits a third cluster (purple
ellispes).

ues. Highlighting the cluster reveals barely visible clusters in other attribute
pairs, e.g., ambient pressure and energy output.

These cases show how the implementation of our concepts – the combi-
nation of straight parallel coordinates, polycurve star plot and point projec-
tion – supports in analyzing even obscured patterns. The ability to seam-
lessly transition to a scatter plot eliminates the additional analysis step and
mental effort to switch context and getting oriented in a separate scatter plot
for verifying found patterns.

5.8 User Study

We conducted a user study to evaluate how the draggable layout, the
smooth transformation between parallel coordinates, star and scatter plots
and the projected points support the users. 19 participants (5 female, 14
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male) with basic to profound experience with visualization and a back-
ground in computer science took part. All participants successfully partic-
ipated in an introductory visualization course and thus were familiar with
the concepts of parallel coordinates, star plots and scatter plots.

The study consisted of 5 parts:(1) a short introduction to the visualiza-
tion types, how correlation can be deduced from visual patterns, how the
transformation and the point projection works and an introduction to the
web application used for the study, (2) a test phase with 8 test questions to
make sure the participant is familiar with correlation and cluster patterns
in parallel coordinates and scatter plots, (3) a playground where the par-
ticipant can play around with the application to gain confidence using it,
(4) the main study consisting of 7 tasks that lead the participants through
the analytic steps described in section 5.7, (5) an SUS questionnaire and
particular questions about the usefulness of single features.

The main study consisted of 7 tasks with increasing difficulty. Three
tasks required the users to estimate and find a certain type of correlation
(see Figure 5.11 for an example). Another two tasks were about finding
and selecting specific clusters. The remaining two tasks asked about com-
plex multi-attribute relations. The easier tasks could be solved correctly by
most participants (80-95%). For themore complex tasks the correct answers
were in the range of 45-65%. Here participants identified cluster centers cor-
rectly in most cases but had issues with the specification of the outline of
clusterswhichwas somewhat cumbersome. Accordingly, someparticipants
remarked that they would appreciate more fine-grained selection control to
improve the precision of cluster selections.

The overall average SUS score for our system is 74.7 (SD = 13.5), which
translates to a good usability. Particularly noteworthy are the good results
regarding integration (question 5), consistency (question 6) and learnabil-
ity (question 7) with average scores of 4.47 (SD = 0.6), 4.37 (SD = 0.9, in-
verted) and 4.26 (SD = 1.1). They show how much the integration of the
scatter plot into the parallel coordinate systemwas appreciated and that the
points were helpful without obscuring other information.

11 participants found the smooth transitions to be particularly useful.
One of them especially appreciated the continuous control over the transi-
tion; another remarked that being able to transition to the scatter plot greatly
improved his confidence in interpreting the PCP patterns. Also, the selec-
tion tools (10 participants), the point projection (2 participants) and the ad-
justable layout (2 participants) were mentioned as greatly supporting the
given tasks. 9 participants missed the ability to switch axes which was not
made available to simplify the interface. Additional features like a more
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fine-grained selection control (3 participants), snapping the axes to a grid
(2 participants) and flexible spacing of axes (1 participant) have been pro-
posed after the study. Two participants reported that they found the tech-
nique fun to use and found themselves playing around with the data on
their own accord. Another participant even felt “[...] like visual analytic
experts would really appreciate this system”, another agreed in a short oral
recap after the study.

Another five questions surveyed the usefulness of specific parts of the
design to be answered with a Likert scale from 1 to 5. Through them partic-
ipants reported that dragging the axes was easy to do (M = 4.5, SD = 0.6)
and useful (M = 4.8, SD = 0.5), transitioning from parallel coordinates to
the scatter plot was simple to follow and understand (M = 4.5, SD = 0.5)
and the scatter points supported the participants in figuring out clusters (M
= 4.2, SD = 1.0) and correlations (M = 4.2, SD = 0.9).

Overall, the results from the tasks and the participants’ reports regarding
the application’s support in correlation and cluster analysis show the great
potential of the smooth integration of scatter plots and the point embedding
to enhance parallel coordinate views.

5.9 Scalability and Appearance

The 9 500 data items of the power plant dataset [71] used in the user study
(see Figure 5.11) push the technique to its limit in terms of overplotting (in-
teraction still works well). The application’s scalability depends essentially
on its base visualizations’ scalability. Thus, advanced techniques that en-
able scatter plots, star plots, and parallel coordinates to cope with a larger
number of data items such as continuous parallel coordinates and scatter
plots also improve the scalability of our approach.

The 13 attributes of thewine dataset [34] (see Figure 5.2) cap the number
of attributes that could be analyzed at the same time. For a larger number
of attributes, other configurations of rails – like a serpentine line or some
off-screen space – might do a better job. The six attributes of the penguin
dataset [1] (see Figure 5.10) are the recommended minimum for the closed
rectangular form. Five attributes would work but reduce the number of si-
multaneously available orthogonal axis pairs to two but using an axis more
than once is a sensible option in many cases.
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Figure 5.11: Web application with the main study’s first question on the combined
cycle power plant dataset [71]. The form of the point cloud between temperature
and energy output 1 indicates a strong negative correlation. We increased the width
of the axis representations in comparison to the other depictions of the system to
facilitate selecting and dragging the axes during the study.
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5.10 Conclusion and Future Work

We presented seamless and geometrically grounded transitions between
parallel coordinates and scatter plots via polycurve star plots. The poly-
curve star plot serves as a mediator visualization to allow for smooth tran-
sitions between parallel coordinates and scatter plots. It also improves the
traceability of individual data items and cluster detection over regular star
plots. The embedding of the scatter points facilitates the assessment of clus-
ters and relations by adding valuable information to the usual line repre-
sentation of parallel coordinate plots and star plots and provides another
precise way to select data items from the data set. The smooth transitions
in combination with the scatter points allow for visual tracking of various
data configurations across plot types and therefore support the process of
verifying clusters and correlations in the different plots. Thiswas confirmed
by the results of our user study, in particular the SUS score and also by the
participants’ comments especially emphasizing the smoothness of the tran-
sitions.

The flexible layout of the visualization based on rails allows for extend-
ing the technique in various ways. For example, some sections of the rails
could be squeezed or expanded to provide a focus and context view. One
could also imagine a four-sided layout with a larger rectangle in the middle
which could host a control center or a semantically abstracted view of the
data. While the added value of such enhancements depends on the actual
dataset, the usability of the techniques needs to be evaluated in an applica-
tion context where it is just one of many steps in the data analysis process.

Our next step addresses the scalability to larger datasets. To this end, we
plan to investigate the applicability of our approach to cluster-based paral-
lel coordinates and continuous parallel coordinates and scatter plots. How-
ever, even in its current form, our work contributes already to the portfolio
of comprehensible and intuitive transitions between different visualization
techniques.

5.11 Extension: Fine-grained Analysis of the AAE2
corpus

This section extends the original publication to underline the fitness of the visual-
ization and interaction techniques to support the analysis of text corpora.

To gain a deeper insight into the interrelations of the argumentative es-
says in theAAE2 corpus [133], we extracted 8 statisticalmeasures from each
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Figure 5.12: Analyzing the relations between five human values in the AAE2. The
orange numbers denote the correlation coefficients between two adjacent human
values. The lines and point clouds indicate a negative correlation between Security
and Self-direction (the typical line crossings and the u-shape of the point cloud).
A positive correlation can be seen between Hedonism and Stimulation (the point
cloud partially forms a parallel line to the axes).

essay: number of pro and con units, premises, claims, andmajor claims, the
total number of argument units, the maximum depth of the hierarchy, and
the average number of child nodes in the hierarchy. To study the contents,
we automatically extracted 10 topics using Non-Negative Matrix Factoriza-
tion (NMF)[86] and 12 human values with the detector from Schroter et al.
[23]. So in total, we have 30 attributes for all 402 essays of the AAE2 corpus.
The dataset is uploaded to the analysis tool for an analysis ofmulti-attribute
relations.

For the study of the relations between human values (from Kiesel et al.
[65], Schwartz et al. [127]), the axes are rearranged such that the pairs of
human values with the largest correlation (in absolute terms) are placed
next to each other (see Figure 5.12 for an extract of the arrangement). The
strongest correlation found is betweenHedonism and Stimulation (r=0.77).
Since Hedonism is about having pleasure and Stimulation is about having
a varied and exciting life, it makes sense that one value supports the other.
Similarly, Achievement (being successful and ambitious) and Self-direction
(choosing one’s own goals) tend to go together (r=0.44). Other combina-
tions of human values are less likely to be found in one essay: Security and
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(a)Word clouds of the 10 NMF-generated topics contained in the AAE2 corpus.

(b) The topics are for the most part not interrelated, as can be seen by the typical
triangular shapes around each axis. The correlation coefficients (orange numbers)
also show low values, except for the weak correlation between Topic 1 (work life)
and 2 (school/university).

(c) Four pairs of human values and topics that are interrelated.

Figure 5.13: Analyzing the relations of NMF-generated topics in the AAE2.

Self-direction show a negative correlation (r=-0.4), so the thought of a safe
and stable home does not seem to go well with the idea of freedom and
independence, at least in our essay corpus. The correlations partially re-
flect the compatibility of the human values found in Schwartz et al. [127].
Stimulation and Hedonism have a high compatibility and are, therefore,
placed next to each other in Schwartz’s system of basic human values. Self-
direction and Achievement are also close to each other, while Security and
Self-direction are maximally far apart. Achievement and Hedonism, how-
ever, even though close in Schwartz’s system, show a slight negative cor-
relation (r=-0.18) in our corpus. The different interpretation in our corpus
might stem from the deviation of the data source: the original compatibility
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(a) The relation be-
tween the average
number of children and
the maximum depth of
the tree (r=-0.37).

(b) The correlation between the average number
of children and argument depth gets more pro-
nounced if only essays with 15 or more premises
are selected.

(c) Essays with few premises can contain
comparably many con units.

Figure 5.14: Analyzing the statistics of the argument units of the AAE2. As before,
the orange numbers denote correlation coefficients.

between human values stems from survey questions about howwell the hu-
man values go together, while our data is an automated extraction of human
values from essays that might even contain several subtopics.

The analysis of topics yields only weak to no correlations (r≤ ±0.15),
meaning that each essay is assigned to one main topic and varying minor
topics. The visual result is the typical triangular shape around each axis that
can be seen in Figure 5.13 (B). The only exceptions to this are Topics 1 (work
life) and 2 (school/university), which show a weak negative correlation of
r = -0.28. However, some interactions between topics and human values
can be observed (Figure 5.13 (c)): Topic 2 (school/university) has a mod-
erate positive correlation to the value Achievement (r=0.46), probably since
many essays relate to being successful in education. Weaker relations can
be found between Benevolence (be responsible and loyal) and Topic 3 (fam-
ily life) (r=0.34), Power (have influence/wealth) and Topic 7 (government)
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(r=0.26), and Stimulation (have a varied life) and Topic 10 (art) (r=0.28).
The analysis verifies, to some extent, that the argumentation in the essays
draws on values that are typical of the topics they contain.

Within the simple statistics of argument units of each essay, we can verify
and extend some of the insights gained in the last chapter. When looking
at 5.14 (C), we find that essays with five or fewer premises still can contain
high ratios of con units. The same conclusion can be drawn from the corpus
overview visualization in Figure 2.4, where several short essays with many
con units could be observed. The shape of the argumentation structure can
be analyzed by investigating the scatter plot between the maximum depth
and the average number of children (5.14 (A)). It shows a slight negative
correlation between the attributes (r=-0.37). The strength of the correlation
increases to -0.58 if only the essays with 15 or more premises are taken into
account (see Figure 5.14 (B)). So, at least for longer essays, there seems to
be two distinct strategies: either argue deeply (large maximum depth) or
argue broadly (more children).
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6
Conclusion

The presented research proposes solutions to common visualization prob-
lems regarding the exploratory analysis of argumentation and deliberation
in text corpora.

6.1 Main Contributions

Themain contributions of the thesis directly address the research questions
outlined in the introduction.

How can argumentation structures be depicted so that users can
compare argument strategies between (groups of) essays?

As established in the introduction, important components of an argument
strategy, in addition to the argumentation structure, include the order and
stance of argument units. The employed tree aggregation technique stacks
the trees of argumentation structures such that the hierarchical positions
and the order of the argument units are preserved. This is an important
property, since it ensures that argument units with the same function are
aggregated in the same node and, as such, allowmeaningful analysis of the
argument strategy.

The visual design of the nodes is crucial for the analysis of the set of argu-
ment units represented by the node, since it defines the analysis tasks that
can be performed. For the analysis of argument units where the presence
and stance need to be depicted, our research found hierarchical histograms
to be the ideal choice. The stacked bars are easy to understand and can be

109
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estimated with high precision. Countables – small countable visual repre-
sentatives of values that are too small to be reliably estimated from the bars –
introduce a new way to increase the estimation precision for rare argument
unit positions.

The ArguLines are compact pixel-based depictions of individual essays.
The thesis developed them to abstract the text to a sequence of argument
units, represented by their type, position, and stance, reducing the argu-
mentation to its essential information. Their compact nature allows the ana-
lyst, for the first time, to get an overview of the essay corpus in a single view.
In combination with filtering and ordering mechanisms, the technique sim-
plifies complex comparisons of many different argumentation structures to
visual clustering tasks.

How can the tree aggregation technique be extended to cope with
the multitude of attributes per node studied in communication re-
search?

In order to adapt the tree aggregation technique to the new data set and re-
search tasks, both the way how to stack the tree and the design of the visual
node representation were rethought. Stacking threads such that the order
and positions of the comments within the thread structures are preserved
summarizes comment sets of similar impact and function for the delibera-
tive process, as confirmed by the domain experts.

The thesis developed a compound rose-chart-like glyph as a suitable
node representative. The glyph is tailored to the dataset of our communica-
tion scientists and summarizes the properties of the represented comment
set: the frequencies of up to 20 binary deliberative indicators hierarchically
partitioned into 4 dimensions and the distribution of the ideological ori-
entation. This way, communication scientists can analyze the relationship
between deliberative quality indicators and ideological orientation. While
specifically designed for this use case, the glyph can be used in other con-
texts, like the analysis of human values in essays in relation to the stance
distribution of the essays.

Themodular glyph design allows themanual configuration ofwhich and
how many indicators are shown, and can be adjusted to different sizes via
semantic zoom. When the glyph is very small, for example when used as a
node representative in the comparison of many tree aggregates, the glyph
reduces itself to showing the distribution of ideological orientation, adding
in aggregated information about the deliberative quality per dimension if
the amount of space allows.
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The full glyph design serves as the central component of the set shaping
component that extends the tree aggregation by a versatile filter mechanism
that allows the analyst to incrementally shape a set of relevant comments by
subsequent splitting by selected attributes and merging the resulting sub-
sets. The tree aggregation view reacts to the modifications by only showing
threads that contain the selected set of comments.

Computational notebooks are a commonly used tool for computer sci-
entists, but not yet established in the digital humanities. The requirements
regarding the functionality of the notebooks differ due to a lack of program-
ming skills; therefore, a purely visual notebook is a better fitting choice.
Therefore, a visual notebook to store, analyze, compare, and comment on
findings in thread sets has beendeveloped and tested. The experts – both as-
sociated and independent – appreciated the ability to store findings in fully
functional visualizationswithin the notebook, alongwith textual comments
to document their research.

Does an area or a length encoding of the fill level of the circle sec-
tors in rose charts align better with human perception?

The design of the rose-chart-like glyph prompted a research question con-
cerning the perceptionmechanisms involved in estimating values from rose
charts. The two studies revealed that neither pure area nor pure length es-
timation is used when estimating values from the fill level of circle sectors:
It is a mixture of both. Below 65% fill level, area perception is dominant,
while for larger values, there is a transition to length perception. Probably,
when the distance between the outer border of the chart and the fill level
gets smaller, the distance is taken into account when doing value estima-
tions.

How can we effectively combine scatter plots and parallel coordi-
nate plots to support the visual statistics evaluation of argumenta-
tion?

A seamless transition between parallel coordinates and scatter plots com-
bines the strength of the scatter plot to show two-attribute relations and
clusterswith the ability of the parallel coordinates to analyzemulti-attribute
relations.

The thesis developed a new smooth transition based on geometric ob-
servations: (1) (Polycurve) star plots share the layout of axes with scat-
ter plots and the way of representing data items with parallel coordinates
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which mark them as ideal mediator between the visualization types; (2)
Cubic Bézier curves can smoothly transform a curved segment from a poly-
curve star plot to two orthogonal straight lines intersecting at the scatter
point by shifting and increasing the weights of its control points. Since
the transition is based on geometric observations, all in-between states are
meaningful, and the transition itself can provide additional information,
for example, regarding cluster memberships due to the Gestalt principle of
common fate.

The transition naturally suggested a newway to enhance parallel coordi-
nates with scatter points. Each scatter point projects the proportion of two
values on two adjacent axes on the line connecting the values on those axes.
The points blend in beautifully with the proposed transition and improve
the capabilities of parallel coordinates to show clusters and correlations.

The dissertation also contributes a scientific examination of polycurve
star plots that use polycurves instead of polylines to represent data items
and their comparison to line-based star plots. The analysis revealed that the
polycurves are better suited to express both positive and negative correla-
tions as well as clusters. Additionally, the smoothness of the curve supports
the traceability of individual data records through the plot.

6.1.1 Contributions to the Social Sciences

Since elaborate visualization, beyond line charts, bar charts, or scatter plots,
is not commonly used in the social sciences, the visual and exploratory
perspective inspired many experts who tested the developed visualiza-
tion techniques. The new way to see and interact with the data also en-
couraged new ways to think and work with it. The visual approach ad-
vocates the exploration of the dataset and can reveal unusual or unex-
pected relations between data items that would not have been studied if
the usual hypotheses-driven research approach had been followed. Many
details about the change of deliberative indicators during a discussion or
the pro/con patterns of the essays could not be perceived with such clar-
ity when working with statistics and simple charts. A more comprehensive
view of the data encourages interactive exploration and allows scientists to
move beyond testing only preconceived, theory-driven hypotheses.

6.1.2 Contributions to Education

The expert reviews and user evaluations exploring the visualization and
interaction techniques revealed their potential for serving educational pur-
poses. The interplay between the aggregated argumentation structures and
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the individual argumentation visualizations can be used to explain the dif-
ferences between high-rated and low-rated essays in class. Students can
contrast their work with the best essays in the class to analyze where they
could improve their writing as part of a self-assessment. The visual repre-
sentation of the argument units improves understanding and also commu-
nication about the general structure of an argument and typical fallacies. It
allows for contrasting different argumentative strategies or argumentation
schemes (for example, those of Walton [150]).

The Comment Analyzer might support educators in teaching norm dy-
namics and deliberative processes in online debates. The richness of the
glyph allows educators to show how different deliberative indicators be-
have in relation to each other, how the political orientation, norm groups,
and the topic influence the quality of the deliberative process in a thread,
and how the design of the online forum affects the structure of the threads.
The students can become active researchers themselves and curate a data
story based on their findings with the interactive, purely visual notebook.

The smooth and geometricallymotivated transition between scatter plots
and parallel coordinate plots enables students to familiarize themselves
with the relationship between the two visualization types. Since each has
its ideal use cases in data analysis, proficiency in both techniques needs to
be acquired in the study of data analysis. The transition supports students
in building a mental map of how different patterns in one visualization ap-
pear in the other visualization and in learning to recognize relations and
clusters both in scatter plots and parallel coordinate plots.

6.2 Text visualization and LLMs

During the development of the dissertation, new methods for natural lan-
guage processing emerged. Large languagemodels improved the automatic
generation, summarization, and understanding of text drastically. Even vi-
sualizations can be generatedwithmultimodalmodels. Onemight ask one-
self whether developing visual analytics systems for text still makes sense,
if a question to an LLM suffices to get the same information, just quicker,
better formulated, and accompanied by a suitable visualization.

The worth of a visual analysis system lies, as stated before, in its ability
to allow for an exploration of the data. When asking an LLM, some pre-
conception about the data needs to be present to formulate the question.
If the research question is not clear yet, a visual overview of the data sup-
ports generating new and relevant ones in a data-driven way. The visual
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representations that an LLM can generate for depicting derived values are
limited to variations of known representations, since it can only draw from
information it has been trained on. Tailored designs and novel visualization
techniques still need human expertise.

LLMs can increase the worth of the proposed visual analytics techniques
by supporting annotators in extracting the structures and text attributes
from the text. A combination of training examples and instructions for the
definition of each type of argument unit, human value, topic, and deliber-
ative indicator might be enough to teach an LLM how to find this informa-
tion in unknown texts. With an LLM-based automation of the annotation
process, the analysis of common or unusual phenomena in argumentation
could easily be extended to argumentation of different nationalities and lan-
guages or a multitude of different topics.

So, while LLMs can solve many textual and simple visualization tasks,
they will not be able to substitute the research domain of visual text ana-
lytics, but might help in extending the currently still rather rare argument-
annotated corpora for a broader analysis of argumentation structures.

6.3 Open Problems and Future Work

The thesis has raised new research questions that could not be covered in
the dissertation: The visually meaningful aggregation of tree structures has
been a core concept in the thesis. The dissertation focused on the expres-
siveness of the nodes to summarize the key attributes of the represented set
of comments or argument units. But, the links might also offer potential to
add additional information, like the time that elapsed between the posts of
connected comments in an online conversation or the type of relation be-
tween argument units. Also, a way to unambiguously identify individual
trees within the aggregation would visually support the analysis of groups
of similar structure. For the hierarchical bar charts, this could be done by
replacing the aggregated information of the bar with a pixel-based repre-
sentation of each argumentation in the form of a barcode, where each ar-
gumentation is identified as one stripe. Ordering the barcode, e.g., by the
stances of the argument units in a node can yield important information
about the influence of the stance in the argument units of the respective
node on the properties / property distributions of the argument units in
other nodes. However, this would only work for a limited number of ar-
gumentation structures and one attribute, for example, the stance of the
argument unit. New ideas are needed for more than one attribute.
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Written arguments, especially in the political sciences, evolve. To illus-
trate which arguments are taken up by other authors and how they are
changed in the process, new visualization techniques for capturing the mi-
gration of arguments over a corpus of publications need to be developed.
An automated analysis of migration paths yields a graph that connects sim-
ilar text passages. Each text passage might have multiple possible source
text passages from which content might have migrated into the text pas-
sage and multiple target text passages that might have taken ideas or con-
cepts from the text passage. A visualization that captures the distribution
of those source and target text passages over an individual publication can
reveal the research impact of different parts of a publication. To develop vi-
sualization and interaction techniques to trace arguments from document
to document, to zoom out to see an overview of possibly migrating argu-
ments along a timeline, and zoom in again to focus on a specific document
or argument is still future work.

Humankindwill never stop arguing. Many of the complex processes and
language constructs of argumentation are still subject to active research in
social sciences and linguistics. Some of the complexity could be captured,
made tangible, and approachable using the techniques developed and eval-
uated in this dissertation.
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