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Resumé : Le sujet de cette habilitation est
I'étude de tres petites visualisations de don-
nées, les micro visualisations, dans des contextes
d’affichage qui ne peuvent consacrer qu'un es-
pace de rendu minimal aux représentations de
données. Depuis plusieurs années, avec mes
collaborateurs, j’étudie la perception humaine,
I'interaction et ’analyse conduite avec des mi-
cro visualisations dans de multiples contextes.
Dans ce document, je rassemble trois de mes
axes de recherche liés aux micro visualisations :
les glyphes de données, o ma recherche s’est
concentrée sur 1'étude de la perception de micro
visualisations dans un context small-multiple, les
word-scale visualizations, ot ma recherche s’est
concentrée sur les petites visualisations intégrées

dans les documents textuels, et les petites visu-
alisations de données mobiles pour les montres
connectées. Je considere ces types de petites visu-
alisations sous le terme générique de “micro vi-
sualisations.” Les micro visualisations sont utiles
dans de multiples contextes de visualisation et
j’ai travaillé a une meilleure compréhension de
la complexité des conceptions et utilisations des
micro visualisations. Je définirai ici le terme de
micro visualisation, je résumerai mes propres
recherches et celles d’autres chercheurs, ainsi
que les directives de conception, et j’esquisserai
plusieurs espaces de conception pour différents
types de micro visualisations, sur la base de cer-
tains des travaux auxquels j’ai participé depuis
mon doctorat.

Title: Micro Visualizations: Design and Analysis of Visualizations for Small Display Spaces

Keywords: Visualization, data glyphs, word-scale visualizations, micro visualizations

Abstract: The topic of this habilitation is the
study of very small data visualizations, micro
visualizations, in display contexts that can only
dedicate minimal rendering space for data rep-
resentations. For several years, together with my
collaborators, I have been studying human per-
ception, interaction, and analysis with micro visu-
alizations in multiple contexts. In this document
I bring together three of my research streams re-
lated to micro visualizations: data glyphs, where
my joint research focused on studying the percep-
tion of small-multiple micro visualizations, word-
scale visualizations, where my joint research fo-
cused on small visualizations embedded in text-

documents, and small mobile data visualizations
for smartwatches or fitness trackers. I consider
these types of small visualizations together under
the umbrella term “micro visualizations.” Micro
visualizations are useful in multiple visualization
contexts and I have been working towards a bet-
ter understanding of the complexities involved in
designing and using micro visualizations. Here,
I define the term micro visualization, summa-
rize my own and other past research and design
guidelines and outline several design spaces for
different types of micro visualizations based on
some of the work I was involved in since my
PhD.
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INTRODUCTION

My research has, for many years and in multiple ways, dealt with the
problem of limited display space. During grad school, I worked on
focus+context displays where the goal was to show detail in a focus
region that would otherwise not be visible at the current zoom level.
During my PhD, I combat the problem by looking into increasing the
display space itself. I worked on creating visualizations and visualiza-
tion tools for large displays such as tabletops or large vertical display
walls and worked on collaboration as a socio-technical issue. After my
PhD, I became interested in yet another way to think about limited
display space: creating and using small-scale visualizations that fit
into limited display space by design.

Making visualizations small allows to either show more of them,
to integrate them into contexts that are already visually dense, or
to broaden the communication of data to physically small display
contexts. Data glyphs, such as these star, clock, and profile glyphs
A i, for example, often appear in a small multiple, nested, or
embedded context where many data points need to be compared.
As popularized by Tufte [204], small in-line charts such as this stock
sparkline *"™\ .+ 10439, can display additional information in text doc-
uments and make it quickly accessible to a reader. Nowadays, portable
and wearable personal devices are prominent examples of small dis-
plays with attached computing power. Fitness tracking armbands,
hand-held GPS trackers, smart watches, or mobile phones are ex-
amples of such devices that frequently carry software that renders
small visualizations of a variety of data. Given these use-cases for
small-scale visualizations, I became interested in understanding more
broadly how data can best be communicated in contexts where we
have to “shrink” the visualizations themselves. It is this angle of my
research on the problem of limited display space that I cover in this
manuscript. A general lack of guidance on the topic and my personal
curiosity drove much of the research presented here. The goal of this
manuscript is to offer a description of the research space of micro
visualizations, a discussion of my past work, and to offer a look into
fruitful future research questions and avenues.

1.1 CONTEXT AND DEFINITION
Throughout this document I will use the term “micro visualization” to

describe small-scale visualizations. I developed a first definition of the
term together with my PostDoc Dr. Tanja Blascheck for an ANR-DFG

[ February 22, 2022 at 10:54 — Final Version ]

@ Anes 2020
Tue AIRSVIORI 2020

9o O 858PM
\_ 1858

Micro visualizations
on a smartwatch face.

(XXX XXX XXX
(XXX XXX XXX
(XXX XX X X X X

L 4
e
@

XX X [
(XXX XX XXX J
(XXX XXX X XXX J
(I XXX X X XXX XJ
(X X X X X X J

Small multiple data
glyphs.



2

INTRODUCTION

grant application (project name: MicroVis). The definition here only
slightly varies from our first joint work and, thus, I will use the term

“we” here to refer to both Tanja and myself.

The term micro visualization previously appeared twice in the
visualization literature. Parnow [165] defined micro visualizations in
a way that “micro” stands for “minimalistic” or “fragmentary”:

[the term micro visualization] aims to describe visualisations
that are not only small in physical space but can also be narrowed
in terms of data dimension or points. Visualisations that have
one or multiple of these characteristics are considered as micro.
Hence “micro visualisations” are basic graphical modifications
or additions, that enhance the comprehension of text. [165]

As such, Parnow’s definition is closely related to sparklines by
Tufte [204] and word-scale visualizations by my PhD student Pascal
Goffin [88] which both are word-sized graphics used to accompany
text. Parnow’s usage of the term relates to ours but only describes
a subset of visualizations we consider as “micro.” In our definition
we apply the word “micro” primarily to the perceived small display
space but not the number of dimensions or data points and expand
the application context beyond text. A year before Parnow’s thesis,
Brandes [24] used the term micro visualization to propose a new
research direction in visual analytics: very high-resolution visualiza-
tions for small to medium-sized displays. Brandes argues that micro
visualizations allow to display data in eye span and—when properly
designed—also allow reading on a micro (detail) and macro (overview)
level. He further describes challenges related to displaying complex
interactions across multiple data dimensions and finding appropriate
analytically-driven abstractions, augmentations, or recombinations of
micro visualizations.

Our use of the term “micro visualization” is closely related to
Brandes” usage where we focus on small data representations that
can be read “in eye span.” Next, I describe two characteristics that
are important to discuss the space of micro visualizations: available
display space and complexity.

1.2 AVAILABLE DISPLAY SPACE

Micro visualizations use a display space that, at a typical viewing
distance, would be around the size of foveal vision, plus or minus a
few degrees of visual angle. These can be visualizations embedded in
small spaces (for example within text or small multiple contexts) or
seen on small devices such as smartwatches or fitness bands. Ware [213,
p- 145] in his chapter on glyphs recommends to make visualization
displays as compact as possible to minimize the cost of visual search.
Ware recommends to stay inside an average range of 5° of visual angle
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1.2 AVAILABLE DISPLAY SPACE

Viewing typical  viewing 1° visual angle 5° visual angle
distance context

310cm 75" TV [59] 54cm 27.1cm

57 cm monitor [213] lcm 5cm

28 cm smartwatch [16] 0.49 cm 2.45cm

20 cm smartphone [226] 0.35cm 1.75cm

Table 1.1: Size of foveal vision at different viewing distances.

. —
L3
.
5=
]
-
»
E3
LN
-
»

(a) Pixel-sized (b) Smart- (c) Smart- (d) Monitors
Indicator watches phones

Figure 1.1: Example display contexts for micro visualizations.

due to the effect of saccadic eye movements — which are so fast that
they possibly dwarf important differences in perception performance.
Foveal vision itself covers about 1°-2° of visual angle, which at 57 cm
viewing distance (a good approximation of monitor viewing distances)
would hold an object of 1-2cm width/height [213]. Visual acuities
are well below this limit. A viewer with perfect acuity of 1 cannot
distinguish objects that are smaller in size than 1" (= 1/60 = 0.0167°)
of visual angle. For computer displays, this means that they cannot
distinguish objects smaller than 1.67 mm on monitors and 0.58 mm
on mobile phones at the above assumed viewing distances. As such,
if viewers can actually see differences this small in a visualization
also depends on the resolution of the display. Most recent displays
for smartphones, -watches, and newer desktop displays have a high-
enough pixel density that resolution plays a negligible role in most
situations.

Given an approximate visual-angle based definition for available
display space still results in large possible ranges of physical display
sizes that can hold micro visualizations. Table 1.1 shows sizes of objects
at 1° and 5° of visual angle. Next, I describe several possible physical
display types and sizes on which micro visualizations can be found in
certain viewing scenarios.

PIXEL SIZED INDICATORS: Very small data displays, in the range
of a few to several millimeters fit into this category. Examples
include status indicators such as single LEDs that show battery
charging levels or error states of a machine as illustrated in
Figure 1.1a.
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]

0.5 cm square if
printed without
scaling.

[

0.35 cm square if
printed without
scaling.

1cm square if
printed without
scaling.

5.4 cm line if printed
without scaling.

INTRODUCTION

SMARTWATCHES: Smartwatch displays (Figure 1.1b) are typically
around 3—-4cm wide or high and are viewed from around 28 cm
[16], making micro visualizations on these displays around
0.5 cm—2.5cm wide. Micro visualizations are very common on
smartwatch complications (data carrying elements on a watch
other than time) and show information such as step counts,
calories burned, or heart rate.

MOBILE PHONES: Smartphone screens as shown in Figure 1.1c are
now commonly around 15cm on the diagonal and have a high
resolution of more than 150 px per cm. Compared to watch-sized
displays, phone-sized displays can convey more information but
are held closer than smartwatches (Table 1.1) and subsequently
the size of micro visualizations is smaller at 0.35cm-1.75cm.
Micro visualizations on phones can often be found in widgets or
as part of fitness or health apps.

MONITORS: Monitor-sized displays can cover a fair portion of the
viewer’s field of view even when the viewer is positioned further
away. Micro visualizations on monitors can be as large as 1 cm-—
5cm and the space is often available to arrange many in small-
multiple displays. Examples of micro visualizations designed for
monitor viewing are data glyphs and word-scale visualizations.
In Figure 1.1d very small line charts are embedded on a webpage
to show price changes for graphics cards in a table layout.

Tvs: TV-sized large displays are often viewed from distances of sev-
eral meters. Consumer displays such as TVs are rarely used for
data analysis but visualizations may still be seen, for example
as part of video games to communicate information about an
in-game character or progress in the game. At a recommended
viewing distance of 310 cm for a 75" display, the TV will cover
30° of a viewer’s field of view, leading to a good head-on view-
ing experience [59]. At this viewing distance micro visualizations
could be cm5-27 cm large.

While the size definitions above seem relatively precise, they should
be taken only as rough indications. We still do not know enough
about the differences in reading visualizations of different small sizes
and as such, it is premature to discuss a precise size range for micro
visualizations and it is important to allow for more precise definitions
further on. As such, I want the above discussion to be seen as a range
and not as a restriction to a pre-set visual angle. During human vision
there are certainly other factors that may influence how quickly or
correctly a small visualization can be perceived and at which size
we might see differences in performance. In addition to visual angle,
Healey and Sawant [104] cite resolution, viewing parameters such as
amount of data being displayed, the visualization technique, as well as
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data properties and analysis tasks. For example, this Horizon Graph
[182] i - or this unit-based micro visualization
[9o] tnnmnnmnunnnnn — i were designed for monitor
reading. They are both less than 0.5 cm high but extend beyond 1-2 cm
of foveal vision width outlined above and I would still categorize them
as micro-visualizations. As with most other types of categorizations,
the border between micro- and larger visualizations might be fluid.
Next, I highlight additional complexity-related characteristics that
allow to discuss types of micro visualizations in more detail.

1.3 MICRO VISUALIZATION “COMPLEXITY”

The definitions of Parnow [165] and Brandes [24] point out another
important characteristic of micro visualizations and that is, their com-
plexity. Both definitions seem to contradict each other regarding how
complex micro visualizations are meant to be. While Parnow limits
micro visualizations to a few data dimensions and points, Brandes
discusses them as allowing for complex interactions of multiple data
dimensions. In practice, it is very difficult to describe visualizations
according to how “complex” they are, as complexity is a term that may
apply to a variety of aspects related to a visualization: the data, the
visualization design, the interaction, context of use, tasks, or intents
for example. Previous research on visualization complexity has made
attempts at this question and suggested several complexity measures.
Brath [26], for example suggests to use the number of data points and
different data dimensions encoded, as well as the mapping of visual
channels to data dimensions, how understood or known a used visual
representation is (e.g., bar charts are more known than treemaps),
the presence of occlusion, and how many data points are identifiable.
Zhu [232] proposed two complexity scores for visual mappings: a)
how difficult visual mappings are to interpret ranging from “common
knowledge: there is no need to memorize or refer to a legend” to “very difficult
to interpret. There is no legend. A typical reader has to memorize the mapping
between the value of the visual attribute and the value of the corresponding
data parameter;” and b) how efficient visual search is in terms of how a
target stands out from its background.

Janlert and Stolterman [117] discuss the complexity of digital ar-
tifacts more broadly in the context of human-computer interaction
attempting to derive a description of complexity using an artifact-
centric approach. Using an artifact-based approach allows to describe
the complexity of an artifact as a property of the artifact rather than
a subjective experience of how a viewer relates to the artifact. My
description is inspired deeply by Janlert and Stolterman [117]’s work.
Throughout this document I attempt to describe how complexity can
manifest in micro visualizations. Important in this categorization of
complexity is that it refers relative to the purpose a visualization has
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been designed for. For example, a scatterplot may have been chosen
to show clusters of 150 data points as in the image in the margin.
An analyst attempting to get an overview of the 3 clusters present
might find this scatterplot of low complexity; another analyst trying
to derive an average of the x- and y-axis dimensions might find the
scatterplot too complex. The latter analyst’s purpose does not align
with the visualization’s purpose. Sometimes a visualization might also
be poorly designed and might not fit the purpose it was designed for.
In the following discussion, however, I assume effectively designed
visualizations with a purpose that aligns with a viewer’s purpose. I
use the four of Janlert and Stolterman [117]’s loci where the complexity
of a micro visualization might manifest itself:

INTERNAL COMPLEXITY relates to the data collection, processing,
and wrangling that happens behind the surface of a micro visu-
alization and that is typically invisible to a viewer. For example,
for a fitness tracker display of calories burned 3¢ an algo-
rithm might calculate a basal metabolic rate (e. g., from a person’s
weight, height, gender, age) and combine it with activity data
from device sensors such as accelerometers or heart rate sensors
and manually entered activity data [74]. Each of these calcula-
tions will include specific algorithms to turn sensor readings
into activity information and as such are rather complex. On the
other hand, a display of average star ratings Y Y.t Y Y 7.7 for a
restaurant might be a simple average and less complex internally.
This type of complexity is very related to the application of a
micro visualization and the embedding in a potential device or
device ecology. My past work is least concerned with this type
of complexity but I will mention it occasionally.

EXTERNAL COMPLEXITY relates to how the micro visualization rep-
resents the underlying data. This external complexity can be
apparent and subjective and will vary based on a viewer’s knowl-
edge of the data and representation type, analysis skill, context of
use, etc. Apparent external complexity is often what user studies
in visualization measure with Likert items relating to compre-
hensibility or understandability of the visualization. Janlert and
Stolterman [117] differentiate apparent external complexity from
real external complexity. Real external complexity relates to an
objective and fixed way to determine the complexity of a visual-
ization. This could be some of the countable measures proposed
by Brath [26], such as the number of data dimensions or data
points that a visualization exposes, the density of the encoding,
and others. For example, a heart rate display could include a sim-
ple single number display of the current heart rate § or could
include multiple data points showing data on the fluctuations
of heart rate in the last 10 minutes 68"\""s, Micro visualizations
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of sleep may include a single data dimension such as hours
slept )7h ssmin or include multiple dimensions of sleep such as
the difference between sleep phases (REM, Deep, Light Sleep)

== The design of a data encoding through choice of visual
variables is also an objective property of a (micro) visualization.

While it seems intuitive to think of a visualization that shows
more data points or more data dimensions as more complex,
such a natural progression might not exist for data encoding
types (e. g., length vs. angle vs. position). For example, should an
encoding of a data glyph as a line chart /i be considered more
or less complex than an encoding that uses a sequential color
scale M? Some of the past studies on visual variables (e. g., [54,
106, 201]) allow us to say something about how effective people
are on average at judging certain data encodings; but it is not
(yet) clear whether a more effective encoding leads to a lower
apparent complexity but some indications exist that this might
not be the case.Throughout this document, I will not treat visual
encoding as a potential factor of complexity but will discuss the
encodings based on what we know about their effectiveness in
representing data.

INTERACTION COMPLEXITY describes the complexity of what a per-

son does in relationship to how the micro visualization reacts.
Interaction complexity can but does not have to relate to internal
or external complexity but is highly connected to the purpose
of the visualization. For example, a visualization designed to
communicate a single value such as the current humidity ===
could include very simple passive interaction. Passive interaction
involves a person simply looking at and consuming information
from a visualization; the visualization itself does not change
based on a viewer’s actions and will rest as externally or in-
ternally complex as it has been designed. If a visualization has
been designed to show multiple personal health factors in the
same physical space, interaction complexity will increase beyond
passive interaction when an interaction has been specified to
initiate a change in view to a new visual representation; ideally
with a transition animation that also increases internal complex-
ity. A person could swipe or tap a visualization, for example
to trigger a fading out of the previously shown data dimension
and the fading in of the new dimension. A simple tap could also
be used to show and hide detail-on-demand. Higher interaction
complexity might be required when the visualizations are meant
to reveal how they relate to other representations in a multi-view
setting. Micro visualizations may, for example, support brushing
and linking or other comparison operators to relate the data in
multiple word-scale visualizations shown on a single page. Gen-
erally, micro visualizations with low external complexity (simple
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8 INTRODUCTION

designs) do not necessarily have low interaction complexity as
we will see later in Section 4.3.

MEDIATED COMPLEXITY describes external, contextual factors im-
pacting the complexity of micro visualizations. For example,
a micro visualization displayed on a smartwatch may require
certain design features that can adjust to changing environments
of the wearer. A smartwatch visualization will have to be able
to effectively show data to a person sitting in bright sunlight at
the beach, while riding a bicyle, or when watching a play in a
dark theatre. In the latter two scenarios, we can, for example not
assume long viewing timespans and micro visualizations need
to be readable in sub-second glances.

In summary, complexity as a property of a (micro) visualization
is difficult to define concretely and more research is necessary. In
particular to expand on past work towards real external complexity
measures for visualization would be very interesting (and difficult)
avenues for future work. In this document, I will mostly use intuitive
notions of complexity based on my observations of complexity from
the results of my user studies. As none of my work set out to study
complexity directly, I rely on my own post-hoc review of my past
work in this context.

1.4 RESEARCH SCOPE

Within the general definitions of micro visualizations outlined above,
the work I present in this document is narrowed in scope. Specifically,
I focus on scenarios that:

¢ include non-animated micro visualizations. While using anima-
tion to change content of a representation is one way to tackle
problems of limited display space, we still do not know enough
about how limited display size impacts even static representa-
tions and I started my work there.

* occur in static viewing environments. In particular smartwatches
and fitness trackers are prime usage contexts for micro visual-
izations but here the visualizations often need to be read while
the wearer is in motion—running, walking, or sitting in a mov-
ing vehicle. It is still unclear to which extent our knowledge of
desktop-sized visualizations transfers to contexts that involve
either a moving observer or a moving display and I am actively
working with my PhD student Lijie Yao on tackling this chal-
lenge. The work is still ongoing and will not be covered here.

¢ are made for single viewers. While much of my past research
focused on synchronous collaborative data analysis scenarios,
this work is focused on single viewers. Given their size, mi-
cro visualizations are likely mostly useful for personal viewing
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contexts but could of course be used in systems designed for
asynchronous collaborative work or on large screens seen by a
group of people from afar.

¢ include abstract 2D representations. While I did not actively
exclude continuous spatial (3D) data representations such as
volumes or surfaces, they do not fall into my main research
expertise. Yet, I acknowledge that 3D glyphs are in active use
in tensor visualizations, for example, where additional forms of
mediated complexity arise due to the underlying spatial data.

1.5 RESEARCH GOALS AND METHODOLOGIES

Ultimately, much of my past research, as well as the work covered
here, has the goal to pave the way for a pervasive use of visualizations
in “beyond-the-desktop” contexts. Here I cover my past and current
specific focus on small data representations. In particular, I wanted to
understand more about specific application contexts (small multiple
displays, text, and smartwatches) but also more fundamentally about
how people perceive data when displayed in small display spaces.
When starting this work I still knew little about micro visualization
viewing contexts. My first goal was to conduct fundamental research
on the perception of micro visualizations answering questions that
compared different types of visual encodings. Gaining an understand-
ing of the fundamental components of visualization at this level is
essential for the creation of sophisticated micro visualizations that
can be used with different small displays and convey relevant infor-
mation in an appropriate manner. To tackle these questions I relied
mostly on mixed-methods user studies where a quantitative analy-
sis methodology is coupled with interviews or questionnaires. My
work on micro-visualizations, on the other hand, focused on more
application-centric questions regarding design spaces for placement,
visual encoding, and interaction. My work on mobile micro visualiza-
tions for wearable devices follows both an application-driven approach
with a focus on perception but also aims at understanding current
practices, as micro visualizations in this context are deployed and in
active use by millions of people.

1.6 CONTRIBUTIONS

Throughout this document I added content from my past work and
acknowledged my co-authors in each associated chapter or section. I
reframed and extensively shortened the past work in relationship to
the discussion on micro visualization properties above and did not
copy entire papers. In summary, I contributed:
¢ Perceptual user study results on micro visualizations in small
multiple contexts and in smartwatch usage contexts
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* Design spaces regarding representation and interaction design
for micro visualization in the context of text documents

¢ Research on current practices and experiences with smartwatch
micro visualizations

¢ A design methodology for smartwatch visualization
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Throughout this document I will discuss micro visualizations of three
types: data glyphs, word-scale visualizations, and mobile micro vi-
sualizations for wearable devices such as smartwatches. This related
work section introduces each type and relevant related work. Given
our definition from Chapter 1, several other existing visualization
techniques have been designed as micro visualization outside one of
these three types. Assuming rendering on desktop monitors, Hori-
zon Graphs . 4 [182] are one such example. This time
series visualization manages to use a small vertical display space
through an approach called “two-tone pseudo-coloring,” by cutting
filled line charts into bands, layering them on top of each other, and
using different color hues. Scented Widgets are an example of sim-
ple chart-type micro visualizations embedded in the context of GUI
widgets Hsl.i.o sl 1s..1 to provide information scent [217]. Important
for my work are papers related to the three types of micro visualiza-
tions covered here but also studies on micro visualizations that have
assessed the impact of small physical display spaces on the readability
of the data; I will review them in the last section of this chapter.

2.1 PAST WORK ON DATA GLYPHS

In 2017 we published a systematic review of experimental studies on data
glyphs in IEEE TVCG [82]. This work was led by Johannes Fuchs in collabo-
ration with myself, Anastasia Bezerianos, and Daniel Keim. In this section, I
use the pronouns “we/our” to refer to this set of co-authors. Here, I present
a condensed version of this work with a focus on characteristics related to
the complexities and size characteristics of micro visualizations introduced in
Chapter 1.

2.1.1  What are data glyphs

Data glyphs are a visualization technique for multivariate data where
typically multiple data points (records) are being displayed at once.
Data glyphs encode data points by assigning values for multiple
dimensions to one or more marks and their corresponding visual
variables. Data glyphs in the domain of visualization date back to at
least the 1950s, with metroglyphs & & being one of the first designs
published [4]. A somewhat infamous, and thus well researched, exam-
ple of data glyphs are Chernoff faces (£) [45] which encode data values

11
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Table 2.1: Overview of defining glyph characteristics mentioned in the litera-

ture.

References Data glyph characteristics
small/- encodes differ- | uses different
compact ent dimensions | visual channels

Borgo et al. [20] X X X

Fuchs et al. [80] X X -

Maguire et al. [147] X X -

Brandes et al. [25] - X X

Chung et al. [53] - X X

Levkowitz [137] - X X

Lie, Kehrer, and Hauser [140] - X X

Munzner [153] - X X

Ropinski, Oeltze, and Preim [176] | - X X

Ware [213] - X X

Ward [212] - X -

Chuah and Eick [51] - - X

Ribarsky et al. [175] - - X

in 2D facial features such as the length of the nose or the orientation of
eyebrows. Star Glyphs ¥ are another type of glyph-based encoding
that has received research attention [188] and has been used in various
applications [42, 167, 222].

Definitions of data glyphs vary in the literature. In our past work,
we found that in early years the term “glyph” was often used as a
synonym for the metroglyph [65, 114] but that with increasing num-
bers of different glyph designs published, more abstract definitions of
data glyphs emerged. To compare how researchers have defined the
term, we extracted descriptive keywords from published definitions,
and summarized in which publications they appeared in Table 2.1.
While Table 2.1 is certainly not exhaustive, it serves to show the wide
variety of ways researchers think of, and define, data glyphs, an ob-
servation similarly stated by Munzner [153, p. 280]. It also shows
that in their discussion of glyphs, many researchers did not restrict
glyphs to a small display size. As we will see, however, they have
often been studied in a small multiple setting and, thus, at a small
size. In addition, glyphs often share another frequent characteristic of
micro visualizations such as word-scale visualizations and smartwatch
visualizations: a lack of labels and reference structures.

2.1.2  Querview Articles on the Glyph Design Space

Over the years, many different glyph variations were introduced to
better fit certain data types, or to solve specific tasks more effectively.
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Yet, while many designs have already been explored, the mapping
possibilities of data dimensions to visual glyph encodings is nearly
endless [153] and many more designs are certainly imaginable. Re-
searchers have attempted to structure existing glyphs according to
various criteria. Ward [211, 212] was one of the first to provide a
structure of the glyph design space by classifying different layout
possibilities into data-driven and structure-driven layouts. In a data-
driven arrangement spatial position is determined by data: this can
either be the raw data used as in a scatterplot, or a projection-based ap-
proach such as PCA. A structure-driven layout makes use of relations
between the data points to calculate a layout. For example, hierarchical
information can be used to lay out glyphs in a tree structure. Ward
extended this work with a categorization of the visual characteristics
of data glyphs. He structured data glyphs based on their mapping
of data to visual attributes into three different classes: a many-to-one
mapping where each data dimension is mapped to the same visual
variable (e.g., profile glyph Wl [651); a one-to-one mapping showing each
data attribute with a different visual variable (e. g., Chernoff faces (£)
[45]); and a one-to-many mapping representing the data dimensions
redundantly with many different visual attributes (e. g., using both
position and color to encode a category | I,l).

In contrast, Chung et al. [52] proposed a categorization based on
the visual channels used to represent the data and the spatial dimen-
sionality of the glyph (2D, 2.5D, and 3D). The authors also discussed
design criteria and guidelines for glyph visualizations, such as the nor-
malization of data input for each dimension or the use of redundant
mappings. Glyph size is only tangentially mentioned by the authors
as a factor influenced by the number of glyphs that need to be drawn
in a given space. The authors suggest that in the case of many small
glyphs, simpler designs might be desirable.

An extensive survey on data glyphs was presented by Borgo et al.
[20]. The authors cover different glyph representations and propose
guidelines for designing data glyphs based on a collection of design
principles in the literature. Relating to the small visual footprint of
glyphs, the authors suggest that in particular the global features of
a glyph play a role in how a glyph of interest is found amongst
other glyphs. While Borgo et al. also include several empirical studies
in their survey, their focus is on design study papers showing the
applicability of data glyphs to different data sets and tasks.

A more data-specific survey on glyphs in the medical domain was
presented by Ropinski, Oeltze, and Preim [176]. The authors classified
glyph-based visualizations for medical data into two groups: pre-
attentively and attentively identifiable glyph designs and discuss and
extend some past work, e. g., the placement strategies by Ward [211,
212] to better fit this domain. From an analysis of the literature and best
practices mentioned, the authors further derived design guidelines for
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Table 2.2: Presentation Setting: This table distinguishes between the number
of data glyphs shown to the participants during the studies and
the used layout. Color is used to better distinguish between the
different categories.

‘ Layout ‘ References
%;D [2][22][40][119][199][146]
n Text [91]

Grid [1911321[391[441[46]1[571[581[751[771[76][80lI81][ 100][103][ 1101 115][114][116][126][125]

-é [136][142][149][150][154][170][184][186][197][216]
5’ Geo map [1391[143][1441[1571[148][171][215][227]
% Scatterplot | [49][72][189]
3_; Other [1]1[35][60]
= | Node-link | [43][183]
o | Crid [79][151][190][192][191][229]
E Node-link | [41][66][221]
E Geo map [156][220]

developing glyphs for this domain. The authors do not mention the
influence of size on the readability of data glyphs but mention that
size would depend on dataset resolution and that overlap needs to be
considered. The authors do mention the overall size of a glyph as a
possible channel to map a data dimension to. Should a size-mapping
be chosen, the authors recommend not to use perspective projection.

In contrast to the categorizations above, we focused on providing
a summary of performance assessments of different glyph designs.
From our work, we summarized some design guidelines and provided
further open research questions.

2.1.3 User Studies on Data Glyphs

Other researchers have categorized subsets of the glyph study design
space. Nelson [155], for example, discusses the history of Chernoff
faces [45] with its many variations such as the Flury-Rydwiel [75] @ or
Kabulov faces [120] . She also discusses studies investigating perfor-
mance changes for different data types or visual variations. We took
this work as inspiration, but provided a much more comprehensive
view on the study design space.

For our systematic review we focused on sampling user studies from
64 papers in which participants performed controlled, quantitatively
measured tasks with data glyphs. These quantitative measurements
could (but did not have to) be accompanied by a subjective assessment
of the tested glyphs (e.g., according to aesthetics, confidence, etc.).
Next, I present some of the most important results from this survey
related to micro visualization size and complexity:

[ February 22, 2022 at 10:54 — Final Version ]



2.1 PAST WORK ON DATA GLYPHS

STUDIES ON NUMBER OF GLYPHS AND THEIR LAYOUT: Glyph
complexity has been studied via several characteristics of complexity.
Table 2.2 presents studies conducted using different types of presenta-
tion settings, which can be considered aspects of mediated complexity.
For example, the presence of background information or the possibility
of overlap may influence the design and perception of data glyphs.

We identified three types of studies that considered the number
of glyphs presented as a factor of real external complexity: those
that presented only individual glyphs to the viewers (10.94% ),
those that presented a fixed number of more than one glyph at a time
(71.88% w0 ), and those in which the number of presented glyphs
varied but was always higher than one (17.19% I__1). Seven of 64
papers did not report the exact number of glyphs represented on the
screen: [1, 35, 41, 43, 44, 66, 171].

The goal of most of the studies with multiple glyphs was to investi-
gate changes in performance when increasing the number of visible
data points in grid layouts [151, 190, 192], geographic maps [156, 220],
and node-link diagrams [221]. The amount of glyphs visible to partici-
pants changed from 5-50 [151]; 5-15 [190, 192]; 6-18 [191]; 9—23 [156];
4—300 [220]; and 30—48 [221]. The glyphs used in these experiments
were either faces [151, 156, 190, 192], unique glyph designs (i. e., MIL-
STDz2525 [191], arrow glyphs [220]), or star glyphs [221]. In all studies
the performance of participants dropped with an increasing number
of data points.

For the 46 studies that tested a fixed number of multiple glyphs
at a time, we found five types of layouts. The most frequent was a
common small-multiples grid (65.22% Bl ), followed by geographic
maps (17.39% L1 ), scatterplots (6.52% [ ), node-link diagrams
(4.35% ), and other layouts (6.52% ) like different 3D envi-
ronments. Four studies investigated the influence of positioning or
background information on the performance of data glyphs [79, 103,
148]. Frisson et al. used a visual search task to examine the benefits
of a two dimensional projection compared to a grid layout used in
small multiple settings [79]. Performance was lower for the two di-
mensional projection, since after projection, some data glyphs ended
up overlapping each other, which caused a loss of information making
it difficult to detect the stimulus. The influence of reading data glyphs
with different geographic backgrounds was investigated in only one
study conducted by Martin [148]. He measured the performance of
participants working with weather vane glyphs J{\ placed in a grid
on a varying geographic map. Surprisingly, his results indicated the
background had no influence on the performance of reading these
data-glyphs. Healey and Enns conducted an experiment to compare
the interaction of different visual features in the surroundings of the
glyph stimulus for a visual search task [103]. Results indicated that
color variations due to the presence of other glyphs in the neighbor-
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Table 2.3: Number of Dimensions: This table illustrates the different data
dimension densities used in the studies.

No. of Dimensions | References

2 & 3 Dimensions | [1][39][40][41][60][67][76][771[105][199][139][148][171][186][215][227][229]

4 & 5 Dimensions | [22][43][44][49][72][114][119][142][143][144][146][154][157][156][192][190][191][220]

6 & 7 Dimensions [110][197]

8 & 9 Dimensions [125][189][170][126][115][46][151]

10 - 15 Dimensions | [2][136][183][58][150][32]

17 - 20 Dimensions | [75][149][19][57][100][116][184]

Varying [80][216][81][221]

hood of the stimulus glyph, caused a significant interference effect
when participants had to judge heights of glyphs or density patterns.
However, different densities in the surroundings of the stimulus or
heights of neighboring glyphs had no effect on the detection of col-
ored glyphs. In summary, the influence of background and layout on
reading data glyphs had so far received little research attention. The
limited evidence from this work suggests that the background and
neighborhood of a glyph did not affect glyph readability. Neverthe-
less, more work is needed to determine the perceptual difficulties of
reading glyphs on different backgrounds and using varying layouts.

Studies related to the Number of Dimensions Visualized: The
number of data dimensions may have an influence on the external
complexity of a glyph. Only four studies (6.25% 1) used the number
of dimensions itself as a study factor and thus varied between glyphs
with different dimension counts [80, 81, 216, 221]. The remaining 60
studies tested glyphs with various fixed numbers of dimensions. Of
these, 44 tested less than 10 dimensions. An overview of different
dimensionality settings is provided in Table 2.3. Three papers did not
report about the number of dimensions encoded by the glyph designs
[66, 79, 91].

The results of studies varying the number of dimensions as a factor
showed that different designs were impacted to different extents. In
our own previous work [8o] discussed later, for example, the perfor-
mance of star glyphs dropped significantly in a lookup task when
increasing the number of dimensions from 24 to 96, whereas the per-
formance of line glyphs stayed stable. Wilkinson [216] also varied
the number of dimensions to investigate changes in performance for
different glyph representations. His results indicated that increasing
the number of dimensions had no significant effect on the ranking
of tested glyph designs, although there was a drop in performance
overall. However, it is interesting to note that even slight variations of a
glyph design can be affected differently by the number of dimensions.
We later tested the effect of increasing the number of dimensions on
whisker glyphs (star glyphs without a contour line), traditional star
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glyphs and polygon variations. Although the performance dropped
for all variations, whisker glyphs were affected the least [81]. Thus,
for all four studies increasing the number of dimensions negatively
affected the performance of participants using data glyphs.

2.1.4 Summary

In summary, glyphs are one of the most relevant types of related work
for micro visualizations, because researchers often aim at their design
being holistically perceivable by a data shape (the macro reading
Brandes [24] referred to). From our assessment of studies on data
glyphs we extracted several open research directions including the
following:

TYPES OF USER STUDIES: Even though we focused on user studies
with quantitative components, we found only a few qualitative studies
that considered how glyphs are used in practice within real applica-
tions. One such exception is the experiment conducted by Sreng et al.
[194] where participants used a 3D automotive assembly tool and
answered questions about the perceived usefulness of the embedded
glyphs. Although this study provided qualitative observations in the
form of questionnaires, more in-depth observational studies could in-
form our understanding of how glyph-based applications are adopted
and used in practice and could, thus, provide new insights on which
to base design choices.

STUDY TASKS AND MEASURES: In the majority of studies partic-
ipants had to perform synoptic tasks (i.e., similarity search, visual
search, trend detection). This is not surprising given that glyphs are
often used to provide quick overviews over a large number of multi-
dimensional data points. Exploration tasks or extracting insights from
an unknown dataset are other realistic real-world analysis tasks. They
should, therefore, be added to the repertoire of user study tasks in
glyph evaluation to further reason about the practical applicability of
data glyphs.

GLYPH PRESENTATION SETTING: A large number of studies pre-
sented glyphs as small multiples using a grid layout. This is interesting,
as it is not clear that grid layouts present the most commonly assumed
usage context for glyphs. Evaluating different arrangements of more
complex layouts would help to better understand the influence of
specific data glyph designs on the context and vice versa.

GLYPH TYPES AND DATA ENCODINGS: Quantitative user stud-

ies should be conducted to compare data glyph designs which have
not yet received much research attention (i. e., pie chart glyphs). The
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number of dimensions should be varied during the experiment and
considered as a factor for analysis, to better understand glyph scala-

bility.

2.2 PAST WORK ON WORD-SCALE VISUALIZATIONS

Text documents are often central to a person’s work. In such contexts,
integrating small pieces of contextual information within the text can
be a promising approach to allow the reader to extract detailed infor-
mation without moving his or her eyes from a specific text location.
Here, I briefly review past work related to micro visualizations placed
in the context of surrounding text as a factor of mediated complexity.

2.2.1  Micro Graphics in Text

Small pictogrammatic, iconic, and symbolic graphics have been used
alongside text for centuries. Galileo [83]’s drawings of Jupiter and its
moons /1 g«xx ¥4 are one famous example as well as Byrne [34]’s
illustration of Euclid’s elements .M\ =M. Emoticons © ® are a more
recent example of iconic representations that are incredibly common in
computer mediated communication. Dresner and Herring [64] describe
emoticons’ rich set of functions within written communication that
goes well beyond the expression of emotion. Children’s books are
another place where iconic graphics are sometimes used to replace
words in a sentence to help beginning readers as in “Benny’s Big
Bubble” by J. O’Connor [161]. Designers have also used symbols or
icons as word-scale graphics to tag words in text to provide meta-
information. & Verjat [207], for example, uses a human profile icon to
make names stand out on his online CV.

2.2.2  Micro Visualizations in Text: Word-Scale Visualizations

Tufte [204] was one of the first to argue strongly for using in-line data
graphics — sparklines — to enrich text documents with information
that could otherwise not be succinctly conveyed by the text itself. He
describes sparklines as small, intense, simple, word-sized graphics with
typographic resolution. Examples include small stock charts embedded
next to the name of a company such as Apple ™ \A.r+10439 Or average
rainfall charts next to a city name such as Berlin yilllill 25

In our own previous work [92], we expanded on Tufte’s definition
and proposed the term word-scale visualization to define a wider variety
of small, embedded data-driven graphics. We defined word-scale
visualizations so they can take on a greater variation of display space
than sparklines, ranging from as small as a single character to as
large as several words. We also use the term “visualization” to depart
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from the strong connection to line-based visualization that the term
“sparkline” suggests. The term word-scale visualization more clearly
allows the use of a variety of encodings, including geographical maps,
heat maps, pie charts, and more complex visualizations. As such,
word-scale visualizations are often micro visualizations. Word-scale
visualizations, however, are always placed in context with text, which
is closer to the definition of micro visualizations used by Parnow [165]
without his restriction to only a few data dimensions.

Brath, MacMurchy, and Banissi [27] introduced a design space for
SparkWords, a related concept which embeds categorical, ordered, or
quantitative data into letters or words by modifying their typogra-
phy, color, and other properties. More recently, Latif and Beck [131]
introduced a design space for word-sized graphics based on the data
visualized and show that even multivariate, spatial, and relational
data can be represented at a small scale.

Researchers have previously proposed and tested some specific
word-scale visualization designs. Beck and Weiskopf [12] presented
an overview of word-sized graphics for scientific texts citing many
examples and here, I only highlight some. SportLines [169] W, for
example, show phases of player actions across a soccer field. Brandes
et al. [25] introduced the concept of Gestaltlines which are sparkline-
sized data-intensive graphics designed to convey a general gestalt or
overall form. The authors tested one Gestaltline design (#/#\/i/) and
found that untrained readers could quickly detect holistic patterns,
outliers, and breaks in the data. Greenhill, Ward, and Sacks [98]’s
Separation Plots (-~ ) can help readers assess the predictive
power of models with binary outcomes. A perfect model would cor-
rectly predict all actual outcomes of an event and produce a plot with
all dark red stripes clustered to the right side (as in this example).
Greenhill et al. discuss several examples and potential problems with
the interpretation of their plots, but did not conduct a user study.

2.2.3 Word-scale Visualizations in Non-Continuous Text

While the word-scale visualizations above are meant to be used within
a text document, other designs have been proposed for non-continuous
documents such as tag clouds or tables. For example, SparkClouds [135]
(medical_%2%..) convey temporal trends for words in a tag cloud by attach-
ing small line charts to each word. In their original paper, Lee et al.
[135] compared SparkClouds to three other trend visualizations, and
found that participants could read SparkClouds comparatively quickly
across several tasks, and preferred them over other representations.
Nguyen et al. [160] followed a similar approach, and proposed several
tag designs that use the background of a word to convey temporal
information, while placing tags on a map to further convey geospatial
relationships. Beck et al. [10] propose word-sized eye tracking visualiza-
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tions (F¥=5=2&>]) which are meant to be used alongside think-aloud
transcripts in a tabular view. The authors re-analyzed data from a
previous small user study using the new graphics and show how
their observations could be reported using word-sized eye tracking
visualizations inline.

2.2.4 Interaction with Word-scale visualizations

Work on interaction for word-scale visualizations relate to a variety of
tools that help analysts interactively organize and compare elements
within a text or a visualization. Victor [208]’s “explorable explanations”
show how to use direct manipulation of text or visual elements to
highlight relationships resulting in an improved active reading experi-
ence. In many of his examples, interacting with one element changes
other elements based on a previously established relationship. Closely
related are Dragicevic et al. [63]’s explorable multiverse analysis re-
ports (EMAR) which introduce interactive graphics into the results
sections of research articles.

Previous research has also introduced several kinds of interaction
techniques for word-scale visualizations. Parnow and Dork [166] de-
scribe techniques for placing micro visualizations into the text, brush-
ing and linking between micro visualizations, and highlighting con-
nections between entities and visualizations. Beck and Weiskopf [12]
propose three levels of interaction (no interaction, local interaction,
and global interaction) for word-sized graphics. Their global interac-
tion level, which includes interactions between multiple charts comes
closest to the spirit of our design space [89] introduced in Section 4.3.

Several concrete examples of interactive word-scale visualizations
also exist in other domains. To assist in debugging electronic circuits
Frishberg [78] proposed interactions for details-on-demand by clicking
on a data item in the sparkline. Similarly, Watts [214] implemented
a jQuery library for dynamic and interactive sparklines that allows
hovering over data items to provide more information. Meanwhile,
Hoffswell, Satyanarayan, and Heer [109] described and implemented
a design space of word-scale visualizations for source code. Their
designs demonstrate several interactions, including hovering to show
details-on-demand as well as a variant of brushing and linking.

Finally, Latif, Liu, and Beck [133] describe a framework that inte-
grates text, word-scale visualizations, and larger visualizations. In their
framing, each element has triggers and filters to provide details-on-
demand, highlight content, reset a visualization, or switch its content.
Latif and Beck [132] extend this approach in VIS Author Profiles a
visual analytics system for examining research profiles. They provide a
tighter connection between word-scale visualizations and larger visual-
izations, including interactions that overlay word-scale visualizations
onto larger charts.
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2.3 MICRO VISUALIZATIONS ON MOBILE DEVICES

Research on micro visualizations for wearable devices belongs to a larger
stream of research on mobile visualization I am interested in. With Bongshin
Lee, Eun Kyoung Choe, and Raimund Dachselt we organized a Dagstuhl
seminar in 2019 [50] on mobile data visualization. After the Dagstuhl seminar
we co-edited a book on mobile data visualization [134]. In this section, I will
present from the introduction chapter of the book I co-wrote with Ricardo
Langner, Lonni Besangon, Christopher Collins, Tim Dwyer, Tobias Isenberg,
Bongshin Lee, Charles Perin, and Christian Tominski [130]. Any mentions of
“‘we/our’ in this section refer to this set of co-authors.

We may have an intuitive understanding of what is meant by mo-
bile data visualization. Yet, in the context of data visualization, the
term mobile can be interpreted in several ways. For example, it may
describe visual representations shown on devices that are inherently
mobile. It may also describe visualizations meant to react to viewers
who are mobile relative to the display. Alternatively, it may describe
visualizations that are themselves mobile across devices and screens,
or in space. In this section, I use characteristics of mobile visualizations
presented in our book chapter [130] to introduce and describe com-
plexities inherent to micro visualizations for wearable devices such as
smartwatches or fitness trackers that I have been mostly working on.

2.3.1 (Some) Mobile Visualization Characteristics

PHYSICAL DISPLAY SIZE: Looking at today’s mobile devices, it is
clear that the Physical Data Display Size is an essential aspect as size
impacts mobility. As mentioned in Chapter 1, micro visualizations
can appear on displays of any size and the distance of the viewer will
determine whether they are perceived as micro visualizations or not.
Most of my recent research has focused on smartwatch-sized displays
that are typically around 3—4 cm wide or high. Some deviate from a
standard rectangular form and use a circular geometry, which is an
interesting design constraint for visualization.

DATA DISPLAY MOBILITY: Another key aspects of mobile data
visualization is the Data Display Mobility, which captures the movement
of the display(s) containing visual representations of data. Fixed,
movable, carryable, wearable, and independently moving displays can
be differentiated along this dimension (Figure 2.1).

Most of the existing mobile visualization research has been con-
ducted in the category of carryable devices, including some of my
own [28, 29] that I do not cover here because it did not focus on micro
visualizations. My current work is focused on wearable displays: Data
displays that can be worn on a person and thus do not need to be
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(a) fixed (b) movable (c) carryable (d) wearable (e) indepen-
dently
moving

Figure 2.1: Data Display Mobility types ordered roughly from least to most
mobile.

actively carried. The fact that visualizations can be seen while on-the-
go increases mediated complexity for micro visualization design as
visualizations need to take into account relative movement between
viewer and visualization.

DATA SOURCE: For mobile visualizations it often makes sense to
characterize the source of the data being visualized. We divided this
dimensions into four categories: pre-loaded, connected, and captured
data, as well as in combination (Figure 2.2).

(a) pre-loaded (b) connected  (c) captured (d) combination

Figure 2.2: Categories in the Data Source dimension.

The fact that smartwatches and fitness trackers capture much of the
data they show increases the internal complexity of visualization tools
that now need to preprocess the data. In addition, smartwatches often
show dashboards that combine data captured from the device (battery
life) and data from external servers (weather) as shown in Figure 2.2d.

REACTION OF VISUALIZATION TO DISPLAY MOVEMENT: Another
distinctive aspect of mobile data visualization is if and how a visualiza-
tion changes due to the movement of the display in the environment.

We identified four broad categories for this dimension: no change,
indirect change, direct change, and direct+indirect (Figure 2.3). Visual-
izations that react indirectly to viewer movement show and update
data that is affected by the movement, such as heart rate and EEG
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(a) no change (b) indirect (c) direct change (d) direct + indi-
change rect

Figure 2.3: Categories in the Reaction of Visualization to Display Movement
dimension. Figure a) reprinted with permission from Ramik Sadana.

signals. Figure 2.3b shows a fitness app’s heart rate visualization,
in which the heart rate increases because the owner is exercising.
Visualizations that directly change due to viewer movement show
movement-related data such as step counts, velocity, or position and
location. The in-seat display in Figure 2.3c shows a plane’s location
relative to the Earth. Smartwatch faces as in Figure 2.3d are a common
type of data display dashboard that includes both direct (e. g., step
counts) and indirect (e. g., heart rate) visualizations reacting to move-
ment. How a micro visualization needs to react to movement has an
influence on the internal complexity of the visualization design.

INTENDED VIEWING TIMESPAN: Another perspective of mobile
data visualization opens up when considering the time available for
viewing a visual representation. The Intended Viewing Timespan is
highly related to the context of use and affects mediated complexity.
An intended viewing timespan of a few hundred milliseconds often
arises in situations when people’s attention is directed elsewhere and
they can only briefly take their eyes away from their primary task. GPS
devices in moving vehicles belong to this category. Contexts with rela-
tively simple information needs such as seeing today’s or tomorrow’s
weather require visualizations to be read within a few seconds. Mobile
micro visualizations often have intended viewing timespans of (sub-)
seconds, but in small-multiple settings or embedded in larger analy-
sis environments could also be used in contexts with more complex
information needs.

INTERACTION COMPLEXITY: Compared to traditional data visual-
ization, mobile data visualization needs to support usage scenarios
where people are on-the-go or are engaged in other activities. An-
alyzing a data visualization may not always be a person’s primary
task, but rather an auxiliary step to enhance or support other mobile
tasks. We categorize four levels of visualization interaction complexity
ranging from passive interaction to highly interactive as shown in
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Figure 2.4. Brehmer et al. [30] give a broader overview of mobile data
visualization interaction.

H&OC&

(a) passive interaction (b) simple view  (c) view (d) highly
specification specification & interactive
manipulation

Figure 2.4: Four categories in the Visualization Interaction Complexity dimen-
sion.

suMMARY Overall, we presented several dimensions each with four
to six categories according to which mobile data visualizations can
be organized. Along the described dimensions, we can mark ranges
that are typical for mobile wearable (smartwatch and fitness tracker)
data visualization. On these devices we typically find small, mobile
displays with visualizations that show data that are fetched from the
cloud or captured via sensors. Visualizations often have interactions of
low or moderate complexity and also react to the display movement.
A mobile wearable visualization is typically in use only for shorter
time spans.

2.3.2  Mobile (Micro) Visualization Examples

A crisp definition of mobile data visualization is difficult to articulate,
as computing devices converge and propagate to more and more
different types of activity. The academic literature and web collections
such as MobileVis [177] and Mobile Infovis [181] showcase various
mobile data visualizations developed by researchers, practitioners,
and technology companies. In this section, I show only a few example
that relate to my work on micro visualizations.

Research on mobile data visualization began in the nineties [71, 123].
The term mobile computing emerged to describe people’s interactions
with computing devices that are wirelessly connected, able to exchange
information, and portable. With the wide availability of personal
digital assistants (PDAs), the topic of mobile data visualization also
began to gain momentum [48]. The key research challenges were
primarily focused on technical issues due to limited computing power
and memory, and for visualization also the limited display capabilities.
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Display resolution was low (240 x 320 pixels) and only a few or no
colors were available on early PDAs. Therefore, a visualization had
to be designed carefully to avoid wasting precious pixels, a challenge
shared by micro visualizations more generally. At the same time, the
implementation had to be efficient: any overhead by run-time libraries
or interpreted languages had to be avoided to keep the visualization
reactive and to reduce battery drain. Similar challenges still exist for
small-screen devices such as smartwatches and fitnessbands that are
severely restricted in battery life and computing resources [158] which
is partially why they are usually coupled with a smartphone.

The plethora of data being available on smartwatches is a great
opportunity for visualization. Smartwatches offer various faces and
widgets for people to customize what data to show and how to show
it. Recently, we have seen some research efforts in understanding
how data and representations are currently displayed on smartwatch
faces [113] (see Section 5.2) and how people perceive small-scale visu-
alizations on a smartwatch [15, 95, 159]. Others’ visualization research
described novel visualization designs specifically for smartwatches.
Examples include research on representing health and fitness data on
smartwatches [3], for line charts [159], temporal data [198], activity
tracking more broadly [96], and even for integrating visualizations in
watch straps [124].

2.4 STUDIES ON VISUALIZATION SIZE

It is sensible to assume that making visualizations increasingly small
will impact their readability, similar to what has been observed for
decreasing font sizes [174].

Only few studies compared physical display sizes for small data
representations [36, 104, 107, 118, 169]. Healey and Sawant [104] con-
ducted perceptual experiments at very small visual angles (0.061 25°,
0.1225°, and 0.245°). The authors placed 40 small lines on a jittered
regular grid and varied hue, size, luminance, or orientation of some el-
ements. Participants had to judge if a region with a different encoding
was present or absent. The authors found a decrease in response time
and error with increasing visual angle. Response time and error were
lowest for size encodings and highest for orientation (response time)
and hue (error) encodings. At the lowest visual angle accurancy for
size encoding was only 40% but increased to 99% at the largest visual
angle. Lyons [145] investigated the size of a circle on a smartwatch as a
notification indicator and found that larger circles led to faster reaction
times. Some researchers assessed more complex representations. Heer,
Kong, and Agrawala [107], for example, provide a first indication
that studying micro visualizations under different size and viewing
conditions is important, because it may lead to unexpected results
compared to what we know about larger-sized data representations.
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The authors compared small filled line charts against two types of
Horizon Graphs and investigated the impact of chart height on both
designs. The authors found that small chart heights negatively affected
accuracy and speed of data comparison and that smaller size had a
greater impact on the filled line charts than on the Horizon Graphs.
This is surprising, because line charts are a familiar technique that
has been previously shown to be quickly and accurately readable. The
authors conclude with the recommendation to draw line charts at 24
pixels (6.8mm) height and Horizon Graphs at 6 or 12 pixels (1.7 / 2.4
mm) for desktop monitor viewing. Cai et al. [36] tested simple donut
charts at visual angles of approximately 3.3°-9° (viewing distance esti-
mated from picture of study setup) and found no evidence of an effect
of size on the accuracy or speed of proportion estimation tasks. In
their work on SportLines [169] tested several design alternatives under
different display sizes (ranging from 8ox60-20x15px). The authors
did not control for the participants” screens; therefore, the results can
only be compared relative to one another, because different DPIs and
pixel sizes result in different physical display sizes. The authors asked
the participants to rank representations and the smallest designs were
always the least preferred. The authors did no assessment of reading
comprehension or effectiveness.

2.5 SUMMARY

Research on data glyphs has the longest history of the three types
of micro visualizations I investigated here. Many studies on glyphs
have been published but still rare are studies that investigate glyph
size. More frequent have been studies related to external complexi-
ties where the results were so far mostly consistent: showing more
data dimensions or more data points decreased participant perfor-
mance, although encoding type has been shown to play a role in the
extent of the negative impact. Less frequent were results related to
mediated complexities such as the background on which glyphs are
displayed. Yet, this is an interesting research space, for example for
micro visualizations in video games or augmented sports analytics.

Research on word-scale visualizations has been relatively active
in recent years but only from a small number of research groups.
We have seen interesting applications and designs as well as some
work on interaction but still lack more studies on how word-scale
visualizations are actually read when embedded in text and how or if
they affect the readability of the text.

Mobile visualization research has begun about 30 years ago. In
this time and with the advent of new mobile devices some research
challenges are still important: finding efficient space-saving data en-
codings that consider the often limited computing power, memory,
and connectivity of mobile devices. Research on the smallest devices—
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smartwatches, fitness trackers, or even smaller—is still sparse and we
still know little especially about issues of mediated complexity that
come with the wearable aspect of these devices and the associated
usage scenarios.

In the following chapters I will present condensed versions of the
past research on these three types of micro visualizations I have been
involved with, before discussing open challenges in more detail in the
final chapter.
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DATA GLYPHS

Most of my work on data glyphs focused on studying perception of
glyphs for tasks in small multiple contexts, and in particular using
grid structure to control for distance between target and distractors.
The two studies reported here also tested the effect of the number of
dimensions, as a factor of external complexity, on the effectiveness of
participants.

3.1 LOW AND HIGH-DENSITY TIME SERIES GLYPHS IN A SMALL
MULTIPLE SETTING

One of my first co-authored publications on data glyphs as micro visual-
izations was presented at the ACM CHI 2013 conference and received an
honorable mention award [8o]. This work was led by Johannes Fuchs in
collaboration with Fabian Fischer, Florian Mansmann, Enrico Bertini, and
myself. In this section, I use the pronouns “we/our” to refer to this set of
co-authors.

The goal of our work on temporal glyph designs was to ultimately
understand how different types of small data encodings for time series
affect people’s performance in specific tasks. Through a controlled
experiment, we compared the performance of four glyphs that used
different visual channels to encode the data, a radial vs. linear ar-
rangement, and data density while keeping display size constant at
approximately 2.9° of visual angle. In addition, we varied the viewer’s
purpose by testing three different tasks. Our results showed that de-
pending on tasks and data density, the chosen glyphs performed
differently. Line Glyphs ' were generally a good choice for peak and
trend detection tasks but radial encodings &> ‘ ¥ were more effective
for reading values at specific temporal locations.

3.1.1  Motivation

Time series data is the basis for decision making in many different
application domains—such as finance, network security, or traffic
management—and, thus, constitutes an important area of research
for visualization and data analysis. In these settings, temporal glyphs
can represent data compactly in a small multiple setting and enable
quick visual comparison. Different visual variables such as length,
color, or position can be used to encode two aspects of a data point
dimension in one glyph: a) the location of a data value in time, and

29
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b) the quantity of the data value. The visual encoding type and the
number of data values in time are objective features of a data glyph
that a designer can vary and in particular the number of data values
in time are determinants of the real external complexity of a micro
visualization (see Chapter 1). While one could follow the ranking
of Cleveland and McGill [54] and try to predict the performance of
glyphs based on their ranking of elementary perceptual tasks, it is not
clear whether their results will hold. Temporal glyphs include two
encodings, are used in specific temporal analysis tasks, and their size
and density might influence perception.

3.1.2  Study

In order to learn about the effectiveness of different encodings we
designed a study in which we controlled the following experimental
factors: glyph, task, and data density.

3.1.2.1  Glyphs

We chose four different glyphs based on their characteristics. We chose
the Line Glyph 1" because of its effective position-based encoding
and because it is commonly used, the Stripe Glyph W for its simi-
lar temporal encoding (position) but different value encoding (color
saturation). Glyphs are often designed to encode intuitive pairings of
data to visual variables [212] and, thus, we chose two circular designs
that take people’s potentially intuitive notion of time encoded in a
clock-like fashion into account. We chose to test the Star Glyph ¥ for
its similar value encoding to the Line Glyph ""‘ and the Clock Glyph
w for its similar value encoding to the Stripe Glyph W We chose a
square aspect ratio for each glyph to achieve similar display sizes in
the small multiple setting.

For the color encoded glyphs (the Clock Glyph % and the Stripe
Glyph M) we chose a heatmap colorscale, which was motivated by
the yellow to red colorscale from ColorBrewer [31]. This scale takes
advantage of the fact that the human visual system has maximum
sensitivity to luminance changes for the orange-yellow hue [138] and
it is also suitable for color blind people.

For each trial, we drew the same type of glyph—but showing dif-
ferent data—on the screen in a small multiple layout of 8 x 6 = 48
glyphs in total (Figure 3.1). Each glyph was drawn at a resolution
of 96 x 96 px on a 24in screen set to a resolution of 1920 x 1200 px
and viewed from a distance of approx. 50 cm. This put the glyphs at
approx. 2.9° of visual angle, so slightly larger than the 1-2° of visual
angle discussed for monitor viewing in Chapter 1 but still within the
5° discussed by Ware [213].
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Figure 3.1: Peak detection: Illustration of the different glyphs with one high
data value at a random point in time. For a better understanding
the correct glyph is artificially highlighted here.

3.1.2.2  Tasks

We chose our tasks taking two criteria into account: (1) their ecological
validity, i.e. whether they are performed in environments where the

quick comparison of multiple time series is needed. (2) their hetero-

geneity in terms of the elementary perceptual tasks, i.e. we picked
tasks that involve the comparison of visual variables for encoding data
values, investigating different layouts for time and the combination of
the two. In terms of ecological validity our tasks were inspired by my

collaborators” work with network security analysts from a large uni-

versity computer center who had to monitor large amounts of network
devices. The analysts had to be able to efficiently detect anomalous
traffic patterns (e. g., peak values in none working hours) to be able to
quickly react on a possible threat. Our three tasks were:

Task 1—Peak Detection: Amongst all small multiple glyphs, partic-

ipants had to select the glyph that contained the highest data value
(Figure 3.1). This task, thus, involved scanning each glyph for its
highest va. Value and comparing across glyphs using length (for the Line
Glyph /" and Star Glyph %) or saturation (for the Stripe Glyph
Land Clock Glyph J) judgements.

Task 2—Temporal Location: Among all glyphs, participants were

asked to select the glyph with the highest value at a predefined time-

point. This time-point was shown as text to the participant in advance
(e.g., “3am”). This task, thus, involved first identifying the location of
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Figure 3.2: Differences between the two data densities low (24 values, top
row) and high (96 data values, bottom row) for each glyph design.

a time-point by making positional (for the Line Glyph ' and Stripe
Glyph D or angular judgements (for the Star Glyph = and Clock
Glyph %) and then comparing the peaks as in Task 1.

Task 3—Trend Detection: Among all small multiples, participants
had to select the glyph with the highest value decrease over the whole
displayed time period. This task, thus, involved first detecting all
decreasing trends and then comparing the first and the last value.

3.1.2.3 Data Density

In order to test the scalability of each glyph in terms of the number of
data values it can encode, we tested two data densities. The smaller
density consisted of 24 data values (1 for each hour), and the larger
of 96 data values (1 for each 15 minutes). The rendered size of the
glyphs holding these data points was not varied between each density
(Figure 3.2).

3.1.3 Result Summary

For details on data generation, experiment procedure, and further
analysis details I refer to the original publication [80]. Here, I focus
on a discussion of the results. Figure 3.3 shows the mean and stan-
dard deviations for each task and density while Figure 3.4 highlights
the statistically significant differences in time and accuracy based
on a repeated-measures ANOVA for time and a Friedman'’s test for
accuracy.

In the peak detection task, nearly no mistakes were made with the
Line Glyph 1" and only few with the Stripe Glyph W Apparently,
participants had most problems reading value with the circular layout
that used a length encoding as the Star Glyph =% was the least accu-
rate glyph. In the post-session interview several participants argued
that they had problems comparing lengths with different orientation.
Comparing position/length in a radial design perhaps involves mental
rotation to transfer the overall design to a comparable linear layout.
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Figure 3.3: Bar charts with mean and standard deviation showing the results
for each task and factor. The x-axis represents the different depen-
dent variables. The y-axis illustrates the different tasks.

This is not needed for color comparison, since color does not need
an identical baseline and the Clock Glyph ﬁ performed better than
the Star Glyph = in both densities. We observed another interesting
effect between the colored glyphs: while accuracy was not significantly
different for low data density, the Clock Glyph & outperformed the
Stripe Glyph |l at high data density. Perhaps the additional pixels
towards the outer rings of the circle led to better color discrimina-
tion, wheras the stripes got too small, making the comparison more
difficult.

The trend detection task fundamentally required value judgements,
similar to the peak detection task. Again, the Line Glyph " had
highest accuracy independent of the data density. With an increased
data density the accuracy of the Line Glyph ', the Clock Glyph &*
and the Stripe Glyph H| Ml dropped significantly. The completion time
remained stable with no changes between the two density conditions.

Unlike for the other two tasks, the temporal location task required
finding a location along the x-axis or the circumference and then
reading and comparing the value at this location. In terms of accuracy
both polar designs outperformed the linear designs when data density
was low. To find an explanation for this result, we looked at the
selections made by our participants and discovered an interesting
side effect. The data sets corresponding to these wrongly answered
questions were enriched with distractors very similar to the correct
data instances by showing the same high value but at a different point
in time. Participants seemed less likely to select such distractors when
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Figure 3.4: Summary of the statistical significant differences in accuracy and
answer time for each task and density condition. Thick arrows
indicate a difference in both accuracy and time and thinner arrows
with an “a” label indicate a statistically significant difference in
accuracy only. Arrow direction stands for “significantly better
than.”

using the circular layouts for the time dimension. When data density
was high we observed the same trend, even though only the Star
Glyph % showed significant differences with respect to the Stripe
Glyph |l and the Line Glyph “‘"h.«‘w‘. The good performance of the Star
Glyph % can be explained with the combination of the encodings. The
length encoding for the data values makes it possible to easily spot the
highest value even with lots of datapoints. With the color encodings,
participants had problems spotting the peak value. The circular layout
performed better than the linear one and worked for estimating the

correct point in time.

3.1.4 Design Considerations for Micro Visualization

With the results gained from the analysis and discussions we derive
a number of design considerations relevant to consider for micro
visualizations.
e For quantitative value encoding, position/length encodings should be
preferred to a color encoding:
As can be seen in the results gained from the peak and trend
detection tasks, where a value detection and comparison was
necessary, the Line Glyph s performed best. Even with an
increased data density values could still be compared.
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e For color encodings of quantitative values, circular designs may be

better than rectangular shapes:
The slices used in the Clock Glyph & for encoding single data
values form a triangular shape because of the circular layout.
The additional space given to the slices might have aided value
reading in several conditions.

* Color encodings for higher data densities should be used with caution:
The results from the Peak and Trend Detection task illustrate
that the performance of the color encoded designs (Clock Glyph
&> and Stripe Glyph | I‘) depended on the data density. Having
a higher data density led to a decreased performance.

e Circular layouts rather than linear ones should be preferred for detect-

ing temporal locations:
Polar designs were better for detecting specific points in time.
This guideline results from the analysis of the Temporal Location
task. Participants performed significantly better using the Clock
Glyph ‘%}{’ and Star Glyph “ compared to the Line Glyph i
and Stripe Glyph W The clock metaphor seemed to increase
participants’ chronological orientation.
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Figure 3.5: Three categories of star glyph variations used in our three exper-
iments. Data lines only (D): only the data lines encode the data;
Data lines+Contour (D + C): data lines are connected at the end-
points to create a closed shape; Contour only (C): only the contour
line is drawn. Additional variations are tickmarks (T) (in b, e)),
gridlines (G) (in ¢, f)), and fill style (in g, h)).

3.2 THE INFLUENCE OF CONTOUR ON SIMILARITY PERCEPTION
OF STAR GLYPHS

Our follow-up work on the previous study was published at IEEE InfoVis
2014 [81]. This work was led by Johannes Fuchs in collaboration with myself,
Anastasia Bezerianos, Fabian Fischer, and Enrico Bertini. In this section, I
use the pronouns “we/our” to refer to this set of co-authors.

While the previous work tested the influence of different types of
data encodings, our follow-up work concentrated on variations of a
single glyph type, the star glyph as seen in Figure 3.5. We hypothe-
sized that for data comparisons in small multiple settings, the overall
shape of a star glyph—enhanced through contour lines—would aid
the viewer in “macro readings” and specifically in making accurate
similarity judgments. To test this hypothesis, we conducted three
experiments. In our first experiment, we explored how the use of
contours influenced how visualization experts and trained novices
chose glyphs with similar data values. Our results showed that glyphs
without contours made the detection of data similarity easier. Given
these results, we conducted a second study to understand intuitive
notions of similarity. Star glyphs without contours most intuitively
supported the detection of glyphs that represented similar data. In a
third experiment, we tested the effect of star glyph reference structures
(i.e., tickmarks and gridlines) on the detection of similarity. Surpris-
ingly, our results showed that adding reference structures did improve
the correctness of similarity judgments for star glyphs with contours,
but not for the standard star glyph. As a result of these experiments,
we concluded that the simple star glyph without contours performed
best under several criteria, reinforcing its practice and popularity in
the literature. Contours seemed to enhance the detection of other types
of similarity, e. g., shape similarity and are distracting when data simi-
larity has to be judged. As in our previous experiment we included
the number of dimensions as a study factor and the physical display
size of each glyph was approximately the same at 2.9° of visual angle.
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3.2.1 Motivation

There exists a great variety of alternative designs for star glyphs that
differ in the amount of reference structures used, the use of additional
visual variables on the “rays,” or whether or not the individual rays
are connected to form a contour for the glyph [211]. The version of
the star glyph with unconnected rays is also sometimes called whisker
or fan plot, while the connected version also carries the name star plot
[213]. Star glyphs are frequently used but very little advice exists on
how to choose between different star glyph encodings. The question
arises to what degree changes in the design of a star glyph influence
its perception and, thus, the effectiveness of the glyph in certain tasks.

One important task for glyphs in small-multiple settings is the com-
parison of the encoded data points to one-another. Such a comparison
task may be conducted to find data points that are very close over
all dimensions, very different, or similar in just a subset of dimen-
sions. We focus on the first task: finding data points encoded as star
glyphs that are very similar to a target glyph. We hypothesized that
the ability to perceive a star glyph as a coherent and closed shape
would strongly influence the correctness of data similarity detection
tasks—as it would potentially be easier to compare a single shape than
having to compare individual rays. This hypothesis was motivated by
prior research showing that a closed contour has an influence on the
perception of a coherent shape [68]. As Palmer noted: “Shape allows a
perceiver to predict more facts about an object than any other property” [164].

A wide variety of approaches have been taken to study glyph sim-
ilarity and these vary in methodology and the factors of the glyph
designs. A large body of literature also exists on the effect of contours
on shape perception. A few [68, 85, 179] have particularly inspired
our hypotheses that the presence of contours may be of particular
importance to the effective use of glyphs in visual data analysis tasks.
The study by Klippel, Hardisty, and Weaver [126] is probably the most
related to our work as it also looked at the influence of shape on glyph
perception based on similarity judgments. Yet, instead of the influence
of contour, as in our case, they varied shape by reordering the dimen-
sions in a star glyph with contour. The authors studied how shape
changes influenced the interpretation of data points in a similarity-
based grouping task. They found that differences in shape influenced
cognitive processing of the data and that perceptually salient features
(such as spikes) strongly influenced how people thought about a data
point. We share the question of how design factors influence the per-
ception of data similarity vs. shape similarity. Data similarity judgments
are cognitive tasks, where the viewer has to judge the absolute dif-
ference in data values across all dimensions of two data points. This
differs from other types of similarity judgments, such as detecting
shape similarity e. g., under rotation or scale.
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Figure 3.6: Experiment 1 Setting: The participant was seated in front of a 24”
Screen with a resolution of 1920x1200. The only input device was
a computer mouse.

3.2.2  Study 1: Contours For Novices vs. Experts

In our first study we were interested in the fundamental question:
does contour affect people’s perception of data similarity with star
glyphs? We used three different variations of the star glyph shown
in the margin. To investigate the effect of contours on different data
densities we varied the number of dimensions shown in the glyphs.
The low dimension density consisted of three data dimensions with
corresponding data values, while the high density consisted of ten
data dimensions. We considered ten dimensions to be high, as glyphs
used in the literature rarely visualize more than ten dimensions.

3.2.2.1  Study Setup and Procedure

Participants were seated (Figure 3.6) and shown a highlighted stimulus
glyph surrounded by 8 more glyphs in a 3 x 3 matrix configuration
(Figure 3.7). The participant had to select the glyph closest to the
stimulus in terms of data value. Each participant repeated 4 training
and 4 real trials for each contour variation. Twelve novices (7 female)
and twelve experts (2 female) participated in our study. For further
details on the study design, participants, and analysis methods, I refer
to the original paper [81].

3.2.2.2  Result Summary and Discussion

Our experts were not significantly more correct than novices on aver-
age. This is especially true for the low dimensional condition where
both user groups had a good performance (=~ 80% correct). However,
for higher dimensionalities experts using variation D yé were signifi-
cantly more accurate compared to novices. When comparing the two
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Figure 3.7: Experiment 1 Setting: For each trial glyphs were arranged in a
3x3 matrix. The stimulus is highlighted and positioned in the
middle to assure an equal distance to the other glyphs. This
setting is used in all three experiments.
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dimensionalities, similarity judgments were significantly more accu-
rate for both user groups in the low dimensional condition compared
to higher dimensionalities, providing further evidence that dimen-
sionality is a good measure for external complexity when the number
of marks increases in the same display space. Contrary to intuition
from previous work that contour can improve similarity judgments
[68, 85], we found that contour affected the accuracy of judgments
negatively for experts. No significant effects were found for novice
participants. Mean accuracy for C % (50%) was lower compared to
D + C %9 (59.4%) and D %@ (57.3%). Contrary to our expectations, the
variation without a contour (D %é) led to significantly more correct
answers for high-dimensional glyphs. The effect was not visible in the
low dimensionality case.

Trying to explain the unexpected negative effect of contour on
experts, especially in high dimensional cases, we noted that at least
half of the erroneous answers in the contour variations (D + C % ,
C ) were in the form of scaled versions of the stimulus glyph, and
to a lesser extent rotated versions, i. e. glyphs that have a geometric
form similar to the stimulus glyph. In retrospect, this negative effect
of contour could be explained by the fact that contour, and closure in
general, is one of the factors promoting the notion of unity according
to Gestalt psychology [128]. In our case, contours led our experts
to erroneously consider glyphs as coherent shapes when judging
similarity, rather than data values along specific dimensions. This
resulted in judgments and comparison of geometrical shapes rather
than data, with experts being led to consider data points as more
similar that were either scaled or rotated versions of the stimulus,
rather than the one closest in data space.

Given the overall poor performance of novices in the high dimen-
sional case we conjecture that due to their lack of familiarity and
experience they tended to fall back to judging shape rather than data
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Figure 3.8: Experiment 2 design space: We enriched the design space from
our previous study by adding a “fill” version of the star glyph.
The design variations of the first study (i.e., D, D 4+ C, C) are
applied to both Fill and No-Hill

similarity for all star glyph variations. This is evidenced by the fact
that at least half of their errors were a combination of scaled and
rotated versions of the stimulus glyph.

3.2.3  Study 2: Perception of Similarity

Results from Study 1 indicated that in high dimensional cases contours
mislead even experts to perceive rotated or scaled versions of the
stimulus as more similar, rather than the one closest in data space.
Based on this finding, we conducted a second experiment to better
understand what type of similarity star glyphs naturally support. To
this end, participants were not given any training or explanation of
what similarity means, and we did not inform them that the glyphs
encoded multi-dimensional data. Their only instruction was to select
the most similar glyph. Our goal in this experiment was to examine
what viewers naturally perceive as similar in different star glyph
variations, without being instructed on how to judge similarity. Based
on our results we hoped to identify the star glyph variations, if any,
that naturally promote data similarity rather than shape similarity
and, therefore, are more suitable for data visualization.

3.2.3.1 Design and Procedure

The experiment tested the glyph variations from Experiment 1, as well
as a filled version of the C and D + C glyph. We wanted to examine
whether variations of glyphs that are filled reinforce more strongly the
notion of a closed shape, due to the strong foreground /background
contrast [128]. We conjectured that fill color may lead to more shape
rather than data similarity choices.
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The experiment was a between-subjects design with fill type as
the between-subjects factor. Thus, the D glyph was included in each
group as the baseline. We had a total of 2 fill types (Fill, No-Fill) with
3 glyph variations each, as illustrated in Figure 3.8. To complete a trial,
participants selected the most similar glyph compared to a stimulus
glyph. Participants were shown a highlighted stimulus surrounded by
another 8 glyphs in a 3x3 matrix configuration.

Our study was conducted on Amazon Mechanical Turk. After re-
moving participants who failed control questions we ended up with
36 participants (18 per fill type). Each participant worked on 4 trials
for each variation and dimensionality, and viewed either the fill or
the no-fill types. The order of presenting the glyph variations was
randomized. For further details on the study design, participants, and
analysis methods, I refer to the original paper [81].

3.2.3.2  Result Summary and Discussion

Independent of the fill type, participants using the D y@ glyph varia-
tion selected the data target as more similar significantly more often
than any other type, giving strong evidence that glyphs without con-
tours promote data similarity comparison rather than shape. On the
other hand, the most selected targets in contour variations D + C %,
C Q were indeed either rotated or scaled variations of the stimulus.
This reinforces our findings from the first study, that factors enforcing
perceptual unity of shape [128], such as contour containment led view-
ers to naturally make shape judgments of similarity rather than data,
while open variations of the glyphs led to similarity choices closer to
data comparisons, even without being told what similar means. The
above effects are due mainly to the high dimensional condition. In the
low dimensional condition, across all glyph designs, data targets were
the ones more often select than all other target types.

When comparing filling types we could not prove that filled star
glyphs promote shape judgments more strongly than no-fill star
glyphs. There was also no difference in the selection of data targets
across fill type. In our experiment the stronger figure and ground
distinction, that in the past has been shown to promote unity of shape
[128] did not have a noticeable effect in data selections.

We note again that in this study participants were never told that
they were viewing data visualizations, they were just asked to find
the most similar glyphs without further instructions. Thus, our results
indicate the natural tendency of people to judge glyphs instinctively
in a more “data-centric” manner in low dimensionalities, and in high
ones when factors that enforce coherent shapes are absent. It is clear
that with training we can further enforce data similarity judgments—
but given that some glyphs and glyph variations seem to be naturally
well suited for data judgments, we focus on those designs and try to
further improve their performance with small design variations.
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Figure 3.9: Experiment 3 design space: We have chosen the star glyph only
with data whiskers (D) and with an additional contour line (D +
C) and applied tickmarks (T) and gridlines (G) to these designs.
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3.2.4 Study 3:Improvements for Star Glyphs

The first experiment showed that people judge data similarity with
non-contour designs more accurately while the second experiment
showed that non-contour designs also lead to data similarity judg-
ments to be made more naturally. Yet, accuracy in the high-dimensional
case was quite low for all main design variations we tested previously.
In this last experiment, we thus explore whether we can improve the
accuracy of data similarity judgments by adding simple reference
structures to the designs. Reference structures such as grids and tick-
marks are frequently recommended for data charts to aid in relating
content to axes [129]. In small scale visualizations, reference struc-
tures can quickly increase the visual complexity and designers have to
consider a tradeoff between adding more “ink” [204] and potentially
aiding the completion of certain tasks. In this experiment we focused
on tickmarks and grids that use two different types of reference mech-
anisms. While tickmarks add information to each individual data line
only, grids connect the overall glyph design. While there are many
different ways to draw grids and tickmarks we settled on the designs
shown in Figure 3.9. Of course, the readability of glyphs could further
be improved by adding double encodings (e.g., additionally using
color to distinguish dimensions or data values), dimension ordering
[167], or sorting the glyphs on the display. Yet, all of these encodings
have limitations: use of color is limited to glyphs with a small number
of dimensions, dimension ordering may not improve legibility for a
large number of variable glyphs in a small-multiple setting, and sort-
ing glyphs may disrupt a pre-defined layout based on other meta-data
such as time. We, thus, focused on reference structures in this study.
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3.2.4.1 Design and Procedure

We tested the two star glyph variations that performed best in the
first experiments: the data-only glyph (D) and the star glyph with
data lines and a contour line (D + C). The reason for discarding the
contour only design (C) is the bad performance for previous similarity
judgments, the lack of ability to place tickmarks, and the minimal
number of real-world examples of this glyph type in use. For baseline
comparisons we kept the originally tested versions of the star glyph
(D, D 4 C) and added two types of reference structures (T, G). The
experiment, thus, compared the six different designs (D, D+ T, D +- G,
D+C,D+C+T, D+ C+ G) in Figure 3.9.

We recruited 12 data visualization experts (3 female). Participants
completed data similarity search trials with all 6 designs. Since partici-
pants were already ~ 80% correct in the low dimensional condition in
Experiment 1, we only used high-dimensional glyphs in Experiment 3.
For more details on study results and analysis, I refer to the original

paper [81].
3.2.4.2 Result Summary and Discussion

Adding reference structures to the star glyph did not have the effect
on accuracy we were expecting for our data similarity search task.
Additional anchor points on the data line (i.e., tickmarks) did not
significantly improve the comparison of data points. Nevertheless,
there was a statistical trend indicating that an overall reference in the
background (i. e., gridlines) may increase accuracy, especially in the
case of contour star glyphs. This lack of strong significant effects is
surprising, especially given that most participants mentioned in a post-
questionnaire that for the simple star glyph D, gridlines (81%), and to
a lesser extent tickmarks (72%), helped them find the most similar data
point. Although the mean accuracy for the D 4 G variation (68.8%)
was indeed higher, the effect was not significant, perhaps due to the
already very good performance of the D variation (60.4%). The value
of gridlines and tickmarks in general may warrant further research.
As Few notes [73], gridlines may be useful only in specific cases, e. g.,
when small differences have to be compared. Therefore, it is possible
that for other tasks, such as direct lookup, these additional reference
marks could help more strongly.

For the star glyph with contour (D + C), only 54% of our partici-
pants reported using tickmarks and 36% gridlines to complete the task.
From their reports they felt (erroneously) that glyphs with contours
are easier to compare and, thus, did not make conscious use of the
additional improvements. Thus, in the contour case, participants were
not only more error prone, but also misled to feeling confident in
their choices, ignoring the marks that could help them improve their
performance. Nevertheless, it is highly likely that the addition of read-
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ing marks was taken into account, even if unintentionally, explaining
the trend we see for both the tickmark and grid variation to be more
accurate than simple contour glyphs.

Even though participants using variation (D) performed very well,
it is interesting that they did not like this design variation. On a y-step
Likert scale 63% of the participants rated the design with either 6
(difficult to use) or 7 (very difficult to use). Many participants (46%)
preferred the star glyph with contour and gridlines, with only 1
participant rating it with a 5 (slightly difficult to use) and the others
with 3 or better.

Given the results of this experiment the benefit of using reference
structures for star glyphs is limited. Especially since in real world
scenarios when multi-dimensional glyphs are projected to two dimen-
sional surfaces, there is the possibility of over-plotting, and adding
marks or gridlines could worsen this effect due to the additional ink
introduced.

3.2.5 Design Considerations

With the results gained from the analysis and discussions we derive
the following design considerations.

When judging data similarity avoid contours in glyph designs. Viewers have
a natural tendency to judge data similarity in star glyphs without
contours. In all our experiments viewers were tricked into making
shape-based, rather than data-based judgments when using contours.
This is especially true if glyphs in the visualization are scaled or ro-
tated versions of each other.

For low number of dimensions (around 4) any glyph variation can safely be
used for data similarity judgments. In the first and second experiment
viewers naturally leaned towards data similarity for each glyph varia-
tion in low dimensions, even without training.

When clutter is an issue avoid reference structures in non-contour star glyphs
for similarity search tasks. Results of Experiment 3 illustrate that even
though participants preferred using tickmarks or grids they did not
perform significantly better with them, especially for glyphs without
contours. Nevertheless, there is a statistical trend that shows that tick-
marks and grids improve glyphs with contours.

If references are required use grids rather than tickmarks. Independent from

the design (i. e., with or without contour) gridlines always increased
mean accuracy, which is not true for tickmarks.
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3.3 WHAT DID WE LEARN ABOUT MICRO VISUALIZATIONS?

The past research on data glyphs I collaborated in targeted specific
questions about the encoding of multi-dimensional data points as
glyphs. What unites both studies was the focus on tasks across a set
of multiple glyphs. The first study targeted a specific type of data and
related tasks: temporal quantitative data and peak detection, temporal
locations, and trend detection tasks. The second study, in contrast,
covered only one glyph type and a general similarity judgment tasks.
We saw in both studies that, perhaps not surprisingly, increasing the
number of dimensions decreased participants’ performance. Design
variations in both studies led to different performance outcomes and
we were able to make recommendations for the tested encodings,
data, and tasks. It would be interesting to test the effects of increasing
dimensionality further. Theoretically, we might predict that individual
data values in an encoding are readable up to a certain level of visual
acuity and limits of display resolution [104] but being able to predict
these limits would be useful further work, especially taking other
types of mediated complexity into account such as backgrounds and
other types of glyph layouts.

It would also be interesting to test the influence of shrinking glyphs
further. None of the multi-dimensional glyphs we tested, for example,
were tested in environments that require to shrink them even further
such as on smartwatches or in embedded text.
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WORD-SCALE VISUALIZATIONS

My joint work on word-scale visualization was led by my PhD student
Pascal Goffin and supervised by myself, Jean-Daniel Fekete, and post-
doc Wesley Willett. We worked primarily on issues related to text as a
factor of mediated complexity where we looked into how to best place
these visualizations inside text, how to establish connections between
text and visualization, and how to interact with micro visualizations
placed inside text. In our work on a design space for word-scale visual-
izations, we also touched on factors regarding external complexity. We
also published a few smaller workshop papers regarding the influence
of word-scale visualizations on text readability [91] and a word-scale
visualization application for understanding personal notes [94] that I
do not cover here in detail.

4.1 WORD-SCALE VISUALIZATION PLACEMENT AND DESIGN

Work reported in this section was published as “Exploring Sparkline Place-
ment and Design for In-Text Visualization” co-authored by Pascal Goffin,
Wesley Willett, Jean-Daniel Fekete and myself at VIS 2014 [92]. In this
section, I use the pronouns “we/our” to refer to this set of co-authors.

In our first work on word-scale visualizations we presented an
exploration and a design space that characterized the usage and
placement of word-scale visualization within text documents. One
particularly important aspect of our discussion on placement options
was the notion of a textual entity. We defined an entity as a word or
phrase to which the word-scale visualization is directly related. In
most prior work, word-scale visualizations have typically simply been
placed before or after the word they are related to. This is not always
possible—for example, when annotating scanned documents and other
immutable texts. Furthermore, placing word-scale visualization in-line
with text may not be the most desirable solution as it requires text
reflowing and binds the visualization’s height roughly to font height. A
more complete characterization of word-scale visualization placement
options, was our goal to help designers choose among a range of
design alternatives. Figure 4.1 introduces terminology used in our
work on word-scale visualization placement.

47
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Figure 4.1: Important terminology to describe placement of word-scale visu-
alization in the context of entity and surrounding text.

4.1.1  Design Space

The dimensions of our design space described both impacts on the
word-scale visualization design and text layout. Our goal was to
provide a design-centered view on word-scale visualization placement
that includes considerations about how much one wants to or can
disrupt the text and whether or not requirements for word-scale
visualization size have to be met.

4.1.1.1  Design Space Focus and Definitions

We described a design space that focuses on a broad definition of
sparklines as outlined in Section 2.2 and a specific in-text usage context
as described next.

STATIC VS. DYNAMIC INTEGRATION: To place word-scale visual-
izations into text documents we have two fundamental options: static
or dynamic integration. Dynamic integration places word-scale visu-
alization based on user-input and, thus, requires a screen viewing
setting. The dynamic presentation of word-scale visualizations has
the advantage that the text is not cluttered and can be read without
additional meta-information present. However, it also has several dis-
advantages: comparison between word-scale visualizations becomes
more difficult, incidental hovering over text might trigger unwanted
pop-ups of word-scale visualizations, and—depending on placement
options chosen—the text may have to reflow once word-scale visual-
ization display has been triggered.

Static integration of word-scale visualizations, on the other hand, has
word-scale visualizations always present within the text (as in many
places in this document). Advantages of static integration are that the
text could be printed with contextual meta-data and that word-scale
visualizations can be more easily compared across the document (as
noted by Zellweger et al. [228]). Yet, depending on the number of
tagged entities, word-scale visualizations might overwhelm or disturb
reading the text.
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top l_

baseline right

Figure 4.2: Visual description of the three placement positions: baseline posi-
tion, fop position, and right position.

Our design space applies equally to static and dynamic placements
but we did not discuss ways to activate word-scale visualizations
placement for dynamic integration. We covered an interaction design
space in a follow-up publication (Section 4.3).

PLACEMENT CONTEXT: According to our definition, context is
related to an entity’s bounding box (= the bounding box of the text
measured by: font ascent+descent; width as the size of the word or
word combination) and the word-scale visualization’s bounding box.
The important lengths can be seen in Figure 4.1. The three types of
contextual placement are:

strong context: an entity’s bounding box and a word-scale visual-
ization’s bounding box touch, e. g.a word-scale visualization is
placed just adjacent to a word.

weaker context: bounding boxes do not touch but the position of
word-scale visualizations is still defined by the entity’s position
in the text, e. g.a word-scale visualization is loosely connected to
the position in the text in the same general region as the entity.

out-of-context: word-scale visualization position is not related to
the entity position, e. g.the word-scale visualization is placed
somewhere in the margin of the text.

Our design space concentrated on the strong context case where
word-scale visualizations are placed in a sense “as close as possible”
to the entity. We do not consider the out-of-context and the weaker
context case as these introduce their own set of challenges related
to linking the word-scale visualization back to the entities. This is
interesting future work with potential solutions in previous research,
e. g., context-preserving visual links by Steinberger et al. [196].

4.1.1.2  Design Space Dimensions

The dimensions for our design space can be roughly divided into
two categories: dimensions that have an impact on the word-scale
visualization (1—4) and dimensions that impact the text (5 and 6). The
dimension are:
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CONTROL OVER THE MAXIMUM HEIGHT: The height of a word-scale
visualization is closely related to the amount of potentially distin-
guishable information in the vertical dimension of a visualization.
A designer has limited control over the height of a word-scale
visualization if it is intrinsically bound to a property of the text,
such as the font height or the leading. Full control over word-
scale visualization height means that the designer can freely
choose how to size the word-scale visualization’s height and,
thus, make choices, for example based on the visual encoding.

CONTROL OVER THE MAXIMUM WIDTH: The width of a word-scale
visualization is closely related to the amount of potentially dis-
tinguishable dimensions or data values on the x-axis of data
graphics. A designer has limited control over the width of a
word-scale visualization if it is bound to text properties such
as the width of the bounding box of a word. With full control
over word-scale visualization width the designer can choose the
width freely.

WORD-SCALE VISUALIZATION POSITION: The strong-context posi-
tion of a word-scale visualization is defined by a reference point
on the word-scale visualization’s bounding box—we use the left
bottom corner. Generally, the word-scale visualization can be
placed anywhere around the entity as long as the two bounding
boxes intersect. For simplification purposes we discuss three
main placement positions more closely: a) baseline position: on
the left bottom corner of the entity’s bounding box, b) top position:
on the upper left corner of the entity’s bounding box, c) right
position: the bottom right corner of the entity’s bounding box
(see Figure 4.2).

VISUAL ENCODING: The choice of visual encoding (e. g., line chart,
bar chart, etc.) for the word-scale visualization has an effect on
how much information can potentially be read within a given
aspect ratio. The choice of data and visual encoding can thus
lead to the designer requiring more or less control over width
and height in order to ensure effective data presentation.

AMOUNT OF INTER-WORD SPACING INTRODUCED: Given a specific
word-scale visualization width (freely chosen or defined through
text properties), a designer can decide to introduce additional
inter-word space before or after the entity in order to control the
amount of overlap between word-scale visualization and text.

AMOUNT OF INTER-LINE SPACING INTRODUCED: Given a specific
word-scale visualization height (freely chosen or defined through
text properties), a designer can decide to introduce additional
inter-line space above or below the entity in order to control the
amount of overlap between word-scale visualization and text.
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Table 4.1: Several word-scale visualization placements options and the de-
sign space-related decisions that lead to them. All top placement
options do not overlap with surrounding text. Case 7 is a variant
of Case 2 in which overlap with surrounding text is allowed. All
other cases can be similarly modified.
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For example, additional inter-line space could be introduced to
fit a word-scale visualization of given height between two lines
of text without any overlap.

4.1.2  Word-Scale Visualization Placement in Practice

When considering how to place word-scale visualizations, a designer
may face several practical problems based on the characteristics of the
document, the sparkline data, and usage scenario. Important factors
include:

e [s the text static, or can it be reflowed? If word-scale visualizations
are added to a scanned document (see Figure 4.3a), for example,
it may not be possible to adjust the positions of words or phrases
to accommodate the word-scale visualization. However, in an
electronic reading environment reflowing is easier and the inter-
word spacing can be expanded to make space for word-scale
visualizations.
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(a) Word-scale visualizations used in a
scanned World War I archival docu-
ment. Words are overlaid with color-
coded rectangles to express certainty
of the OCR applied to the word. Small
bar charts appear in the inter-line
space when the mouse hovers over an
entity and show alternative transcrip-
tions of the word according to the OCR
algorithm.

Science fiction

From Wikipedia, the free encyclopedia

For other uses, see Science fiction (disambiguation).

Science fiction is a genre of fiction k deaMh imaginati
content such as futuristic settings, futuristic science and
m)logy, :space travel, Ma travel, Earallel universes, and
e?raterrestrial life. It often explores the potential consequency

£ cciontifi . )

(b) Word-scale visualizations that provide
information scent to help viewers de-
cide whether or not they are interested
in following an article linked to from a
Wikipedia page. Small bar charts show
how frequently the page linked to has
been visited in the last 30 days. Detail-
on-demand from each sparkline gives
information about the exact visit count
for each link.

Figure 4.3: Word-scale visualization placement examples: Scanned docu-

ments and online articles

* Can the inter-line spacing be modified? By increasing the space be-

tween lines, a designer can insert larger visualizations positioned
above or below the text (see Figure 4.3b). However, adding inter-
line spacing can also considerably increase the overall length
and amount of whitespace in the document.

Should the word-scale visualization be read along with the text? If
word-scale visualization are intended to be read in the context
of the sentences (as with the stock trends in Tufte’s original
example [203]), the designer may wish to place them in-line with
the text. If the word-scale visualization provides supplemental
information that could disrupt reading, positioning it in the
inter-line space may be more appropriate.

How important are the word-scale visualization’s size and dimensions
for readability? The designer may need to enforce a minimum size
for visualizations like maps that can contain many small marks.
Line charts and other slope-based visualizations may also need
to be rendered using a particular aspect ratio in order to facilitate
accurate reading and comparison (see Heer and Agrawala [105]
or Talbot, Gerth, and Hanrahan [200]).

Is there an appropriate visual encoding for the data? Visualizations
that include text labels, axes, or visually complex marks may not
be effective at small scale, or may need to be re-interpreted to
work within the available space.

Answering these questions can be challenging, in part, because each
individual choice may impact the size and layout of the document,
as well as the readability of the text and word-scale visualizations. In
addition, we see again that more knowledge on the impact of visual-

[ February 22, 2022 at 10:54 — Final Version ]



4.1 WORD-SCALE VISUALIZATION PLACEMENT AND DESIGN

ization size on readability is needed to make informed design choices.
Moreover, the relationships between these decisions can be complex
and their severity may depend heavily on the characteristics of the
source document. For example, assume two word-scale visualization
designs:

(A) All word-scale visualizations are rendered in front (as an overlay)
of the entities at 20% opacity and displayed at full opacity only when
hovered with the mouse.

(B) All word-scale visualizations are always shown at full opacity and
placed over or next to an entity.

In case A the visual encoding makes overlapping text and word-scale
visualization less problematic, but also makes word-scale visualization
comparison tasks more difficult. In case B, comparison is easier, but
overlap between word-scale visualization and text will impede reading.
However, avoiding overlap, by increasing the inter-line spacing and/or
inter-word padding, can change the size and layout of the document
considerably. To help illustrate the impact of and interactions between
these design decisions, we show seven common placement options in
Table 4.1. They are described in more detail in the original paper.

4.1.3  Evaluation and Design Considerations

In order to explore how different word-scale visualization placement
options alter the size and layout of documents, we conducted a quan-
titative evaluation in which we measured the impact of a number of
different layout parameters, including word-scale visualization size
and position, line height, and padding. We ran the evaluation using
real text documents and systematically varied the number of entities
in the text so that we could characterize the trade-offs between place-
ment options for both sparse and dense distributions of word-scale
visualizations. The original paper describes the choice of documents,
factors, procedure and measures we calculated. From our evaluation
we derived the following design considerations.

4.1.3.1 Placement Advice

One of the main problems when choosing a placement for word-scale
visualizations is the wealth of inter-related factors. When the place-
ment constraints are relatively well defined (as in our OCR example
in Figure 4.3a), the space of options becomes relatively narrow and
it is easier to make an informed decision. If there are no constraints,
the options may become very overwhelming. In this case, we can
contribute two general points of advice from our quantitative analysis:

Use inter-line space where available. If the inter-line space is suffi-
ciently tall to accommodate the desired visual representation, placing
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visualizations above the entity in the inter-line space is often the best
choice. This placement strategy reduces the need to reflow or expand
the text and—unless word-scale visualizations have very long aspect
ratios—it typically results in little overlap between them. For some
small visualizations like horizon graphs and minimalist line charts
Heer, Kong, and Agrawala [107] give experimentally-validated mini-
mum sizes but similar readability or minimum size guidelines do not
yet exist for most chart types, so the discrimination of whether the
space is sufficient rests in the hands of the designer.

Placing sparklines to the right (usually) saves space. If text spacing
must be modified, adjusting the inter-word spacing and placing word-
scale visualizations adjacent to their entities is almost always more
space-efficient than inflating the inter-line spacing to accommodate
them (provided word-scale visualization heights and aspect ratios are
word-like). We found that adding additional inter-line space to place
word-scale visualizations above their entity was more space-efficient
only in a few cases—typically when the inter-line space was already
very close to the desired height or when the number of entities in each
line was very large. Right-side placement also has the added benefit
that word-scale visualizations can typically be taller, including the
height of the font plus whatever inter-line space is available.

4.1.3.2  Considering Interaction

Even though we did not investigate options for interaction in depth,
they should be considered for real-world applications that include
word-scale visualizations. We see four main reasons to include in-
teraction with word-scale visualizations: to disambiguate word-scale
visualizations in case of overlap, to see word-scale visualizations on
demand (hide and show), to increase saliency for specific word-scale
visualizations when the default rendition is set to high transparency,
and for details on demand. Of course, which interactions are most
useful and how exactly the interaction should be implement is highly
context- and word-scale visualization-dependent.

4.1.4 Summary

In this work, we described a space of options for in-text word-scale
visualization placements from a design-centered view. We especially
investigated the impact of word-scale visualization placements on
various factors that influence word-scale visualization design and text
layout. We illustrated the space of options by discussing seven common
placement options and mention how they can be varied and proposed
some design considerations from a small quantitative study on the
effect of placement option on the text itself. Given our exploration it is
clear that text as an embedding context creates mediated complexity to
deal with, especially when one is interested in maintaining readability.
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More in-depth studies of readability of text with embedded word-
scale visualizations are needed. In a follow-up extended abstract we
report on our first investigations in this direction [91]. We eventually
abandoned this line of work ourselves as we did not have access to an
eye tracker with a high-enough resolution that we could—at regular
font sizes—see whether people dwelled on an embedded word-scale
visualizations or on a close-context entity. Instead, we focused on
expanding the design space options through an investigation of the
visual design of word-scale visualizations when embedded in data-rich
documents.
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Figure 4.4: Examples of word-scale graphics and text-connection created by
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4.2 AN EXPLORATORY STUDY OF WORD-SCALE GRAPHICS IN
DATA-RICH TEXT DOCUMENTS

The work reported on in this section is based on a collaboration led by my
PhD student Pascal Goffin and co-authors Jeremy Boy, Wesley Willett, and
myself. The work was published at IEEE TVCG in 2017 [90]. In the following
mentions of “we” or “our” refer to this set of co-authors.

Previous work on word-scale visualizations, including our own, had
focused mainly on the design of these graphics. However, there was
little understanding related to how, when, and why such graphics can
or should be used. Our main focus in this next work was thus the au-
thoring of word-scale graphics, and in a lesser state, their integration in
text documents. We conducted an open ended exploratory study with
9 graphic designers who were tasked with annotating three Wikipedia
articles with small visualizations. Interestingly, the designers created
not only data-driven graphics "\~ il but also non-data-driven
graphics < =l &, Ca. We introduced the term word-scale graphics to refer
to the broader category of graphics that includes both data-driven and
non-data-driven graphics. From our study, we analyzed the graphics
created and derived a rich collection of different types of graphics
(examples shown in Figure 4.4), data provenance, and relationships
between text, graphics, and data. Based on this corpus, we presented
a systematic overview of word-scale graphic designs, and examined
how designers used them. We also discussed the designers” goals in
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creating their graphics, and characterized how they used word-scale
graphics to visualize data, add emphasis, and create alternative narra-
tives. Building on these examples, we discussed implications for the
design of authoring tools for word-scale graphics and visualizations,
and explored how new authoring environments could make it easier
for designers to integrate them into documents. Here, I present only
an abbreviated version of the original paper.

4.2.1  Study: Designing Word-Scale Graphics

To explore the diversity of possible uses and designs of word-scale
graphics, we conducted a qualitative study in which we asked nine
professional graphic designers to graphically annotate existing docu-
ments. We chose three Wikipedia articles as the documents to annotate,
because they provide a realistic scenario and environment for the inte-
gration of word-scale graphics. We designed the study expressly to
elicit new and interesting possible designs for word-scale graphics,
and to explore how designers might use them to enhance existing
documents and engage readers.

Here, I abbreviate several of the study details and focus on the
results. Additional details about participants, data, and analyses as
well as results can be found in the original paper [90].

4.2.1.1  Participants, Tasks, and Data

We recruited nine designers (4 male, 5 female) via word-of-mouth.
All designers had formal training in visual communication and sto-
rytelling and were expert users of Adobe Illustrator. We provided
participants with three Wikipedia articles Figure 4.5 in Adobe Illustra-
tor format. Participants had to read the articles carefully, and envision
how small visualizations embedded in the text could provide a richer
reading experience. We asked them to create small word-scale graph-
ics, and embed them into the document using Illustrator. We chose
these articles for their high density of various data types and diversity
of sub-topics. Taken together, the articles contained examples of the
seven data types highlighted by Shneiderman [187], including 1D,
2D, 3D, multi-dimensional (MD), temporal, hierarchical (tree), and
network data. In order to reduce the overall study time, we allowed
participants to approximate the actual data to visualize, rather than
trying to retrieve and reproduce exact values in their designs.

4.2.2  Results
We collected exactly 200 different word-scale graphics—a mean of 22

(SD = 10) per participant. In order to better understand the broader
space of possible word-scale designs or potential uses for them, we
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Figure 4.5: Thumbnails of the three Wikipedia articles. From left to right:
“Regions of France”, “Europe”, and “Human Body”.

coded all graphics according to a number of characteristics. Our main
focus was to describe the diversity of designs, with a attention to
the designers’ editorial and rhetorical choices. The results here are
abbreviated. Additional information regarding data provenance and
connections between text and graphics can be found in the original

paper.
4.2.2.1 Data vs. Non-Data-Driven Encodings

We first examined whether the graphics in our collection represented
quantitative data or more conceptual ideas. We coded graphics that
used one or more visual variables (position, length, hue, value, ...) to
encode data as data-driven. We refer to the 79.5% mm ] (159/200) of
word-scale graphics that were data-driven as word-scale visualizations.
The remaining 20.5% W] generally represented broad concepts,
ideas, or messages not backed by abstract, quantitative data (see
Figure 4.6).

4.2.2.2  Types of Data

We then coded the types of data used in our word-scale visualiza-
tions. While we designed the three Wikipedia articles to contain all of
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Category Count | Examples

data-driven 159 _, LD Uma, ﬂ:ll, b,

A\ 2 C
. S S0 [mnsy %
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Figure 4.6: Examples of data-driven and non-data-driven graphics.

Level Count | Examples

proportions, cumulative quantities 57 .':', ., _
absolute quantities 35 W
locations 22 ‘, S,
change, variation or trend 20 ﬂ:ll, I\L
temporal 19 1M16, ——t
ranking 15 LI Oms

relations 1 m

Figure 4.7: Levels of types of data, their counts and examples.

Shneiderman’s data types [187], our coding deviated from his set to
make more fine-grained distinctions. From Shneiderman’s set we kept
locations, temporal data and relations, but added proportions & cumulative
quantities, absolute quantities, rankings, and change, variation, or trends
(see Figure 4.7).

prroPORTIONS, cUMULATIVE QuaNTITIES: %, ®, |
Graphics in this category—such as stacked bars or pie charts—
put absolute quantities in relation to other quantities. We classi-
tied 57/159 (35.8% B__1) graphics in this category.

ABSOLUTE QUANTITIES: M{: LS
The 35 (22.0% 1) designs in th1s Category represented sin-
gle quantitative data values, often using graphics made up of
countable units [101]—such as the black dots for countries, and
blue bars for regions in the examples above.

A

LOCATION DATA: 4, , H
Location context or highlights were the basis of 22 (13.8% I
) graphics—many of which were small maps.

CHANGE, VARIATION OR TREND: || [|, " .
The 20 ( 12.6%0___1 ) graphics in this category showed data
values changing according to another data dimension such as
time.
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Level Count | Examples
quantitative abstract visualizations 141 , 'i
s A
geographic and schematic maps 16 | KL,
A\ NP
icons & symbols 36 | P&, @, St
illustrations 7| 18 8

Figure 4.8: Levels of types of graphic, their counts, and examples

1 2016 -800 0 2000

TEMPORAL DATA: wms , ol ol .
The designers included 19 (11.9%0K_—_1) graphics depicting tem-
poral data; mostly in the form of timelines, and often highlighting
a specific time point or period.

RANKING: [ )0u., Bt
Rankings were present in 15 (9.4% 1) designs. These showed
ordered sets, in which typically a focus object was highlighted.

RELATIONAL DATA: Q$426R00.

A single design (0.1%[_]) included relational data depicting
connections between different systems in the human body.

4.2.2.3 Types of Visual Representation

We found examples of quantitative abstract visualizations, geographic or
schematic maps, icons and symbols, and illustrations (see Figure 4.8).

QUANTITATIVE ABSTRACT VISUALIZATIONS: %5, " .
The 70.5% W] (141/200) of word-scale graphics in this cat-
egory used visual variable(s) like length, position, or color to
encode quantities—which were typically numbers drawn from
the text.

GEOGRAPHIC AND SCHEMATIC MAPS: 4., kil

8% I (16/200) of the word-scale graphics were geographic
and/or schematic maps. We coded these separately from quantita-
tive abstract visualizations, as it was often unclear whether they ac-
tually encoded quantitative data (beyond the geo-coordinates of
regional boundaries). For example, A <«@®N-——e 7> is a schematic
representation of the topological surroundings of the city of
Zurich—from left to right: a mountain, a lake, and a forest.

ICONS AND SYMBOLS: [ |"EJ&, (9 SHI5AD

Of the word-scale graphics, 18% B (36/200) did not encode
any quantitative data at all. Instead, they replaced a single con-
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] ]
France is divided into 18 administrative regions (French:

région, [se.3jd]), 13 of which are in Metropolitan France and
five of which are overseas regions.[ﬂ The mainland regions
and Corsica are each funher§ubdivided into (.Jlepartments,
ranging in number from 2 to 13 per region for the

Figure 4.9: Example of an implementation of a reusable graphical system.
The square stands for a region unit and the circle for a department.
A bar chart and a trend visualization are assembled from these
units.

cept or word in the text. Some icons and symbols directly resem-
bled the object they referred to (such as a &9 standing for cranial
bones), while others described an entity—these needed to be
learned to be understood (for example, [l M standing for France).

Icons and symbols were also sometimes used as a part of quanti-
tative abstract visualizations. Here, they had a secondary func-
tion to help relate the shown quantities to known ones [47], or to
give contextual cues. For example in |§ “9® the standard heights
of men and woman are related to a “known” height of a cow
(according to designer who created the graphic). In a second
example ¥ | |M ., the graphic shows a ranking with a human
figure on the left signaling that the graphic shows population
data.

<(portrat de mitterrand)

ILLUSTRATIONS: & @
This group of 7 (3.5% 1) word-scale graphics included more
complex diagrams and sketches. Often, these illustrations tried
to convey a message. For example, the following small graphic
§ #, shows two human skeletons with one sitting in a wheelchair.
The designer wanted to convey the message that people with
disabilities are often not considered in articles on the human
body.

4.2.2.4 Reusable Graphical Systems

Several designers used a coherent visual theme for their word-scale
graphics. They largely remained consistent in terms of coloring schemes
and connection between entity and graphic. One designer (Po) went
further, proposing a visual language based on the assembly of small
data-driven units (see Figure 4.9). This system consisted in introducing
tokens (token grammar), and assembling them (assembly model) to
express various quantities—similarly to the construction of unit-based
visualizations discussed by Huron et al. [111].
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Type of Legend
or Caption

Word-scale graph- e

including carbon, calcium®and phosphorus.

Examples

ics as legends

Entities as leg-

ends including carbon, and phosphorus
. B .
Entities as cap- )
. the human bodyl|is
tions

Figure 4.10: Several ways in which graphics and entities serve as legends or
captions.

4.2.2.5 Legends and Captions

The design of small-scale visualizations allows little space to add
captions or labels to explain a visualization. Interestingly, the designers
in our study addressed this challenge in a variety of ways, summarized
in Figure 4.10.

The top graphic in Figure 4.10, for example, shows how word-scale
graphics themselves can serve as part of a legend to a larger graphic.
Here, small icons added to the individual element names (carbon,
calcium, phosphorus) label the elements of the stacked bar chart
above. In cases such as this one, the larger graphic was typically
connected to multiple entities, which in turn had small associated
iconic representations placed in close proximity to them. For example,
the designer who introduced a token-based grammar for the design
of her graphics (Section 4.2.2.4) used this mechanism to introduce the
tokens of her grammar, placing individual instances of each token
near the first occurrance of the corresponding term.

The second example in Figure 4.10 shows the same text illustrated
by another designer. The designer colored the element names to serve
as the legend to the associated pie chart. In general, graphics with
associated entities as legends included multi-entity associations, in
which the entities were colored according to the elements of the
graphic they were associated with.

These first two techniques use entity text to label parts of word-scale
graphics. The last example on the bottom, instead, uses an entity as a
caption to describe the overall content of the graphic, without giving
any details about the individual stacked bars.

While Figure 4.10 summarizes three common uses of legends and
captions, designers also explored a range of other variations. In a
few cases, designers even created compound captions and legends
like the one shown in Figure 4.11a. Here, the designer introduced a
multi-line entity with nested caption and legend elements that help
readers interpret the larger bar chart.

[ February 22, 2022 at 10:54 — Final Version ]



4.2 AN EXPLORATORY STUDY OF WORD-SCALE GRAPHICS IN DATA-RICH TEXT DOCUMENTS
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nd Black Seas, and the waterways of V /i oY O
The average adult body ‘concept dating back to classica OJde®.
 term "continent" also incorporates
Temporal elements
. surface ar%a covering about — .E
. 2% of the
contains between 5 and 5%|
countries, > Population elements.
. ontinent (although the country has W5 °
litres of blood and isthe smallst. Europe s the tird- L
2 population of 739-743 million or e 10,180,000 km2
a climate heavily affected by warm (3.930,000 sq mi)®l (6th)
m summers on much of the Population 742,452,001 (2013; 3r9)
approximately 10 litres of esin North America and Asia. Further | PoP-density  729%m2 (188/5q mi) (2nd)
European
the mildness of the climate remains.
interstitial fluid. 4= )| coures ~50 countis (and -5 with
0" TBFT The fall of imited recognition)

(a) Nested example (b) Explicit legend in the margin.
of legends and a
caption.

Figure 4.11: A nested legend and caption explains the top bar chart in (a).
The right image (b) shows an example of an explicit legend
created and placed in the margin by a designer.

Finally, one designer also created an explicit legend in the margin
explaining the types of graphics introduced in her article, including
representations showing geographic, temporal, and population data.

4.2.2.6  Supporting Comparison and Providing Context

Designers also used a variety of strategies to support comparison
between word-scale graphics in the document:

SHARED REFERENCE STRUCTURE: Multiple designers used shared
reference structures, including reference lines and grids which
spanned multiple graphics. In one example (Figure 4.12), P1
added a grid connecting two word-scale graphics on the same
line such that the viewers could more easily compare them.
In cases where graphics were further apart in the document,
some designers created duplicate reference structures to preserve
comparability. In Figure 4.13, for example, P3 repeated the same
reference grid and icons in two word-scale graphics, highlighting
small differences between heights more clearly.

TRACES: Another static method we saw (P1, P4, P7) for comparing
word-scale graphics used a graphical overlay or trace of one
graphic in another (Figure 4.14).

SEQUENCING: Several designers (P3, P5, Py) created sequences of
word-scale graphics in which each graphic built upon the previ-
ous ones. For example, in Figure 4.15, P7 placed a small timeline
over each date in the text. Each successive timeline also included
desaturated versions of all of the previous dates, helping to place
the current date in context with the earlier ones. Other exam-
ples of sequencing included sets of maps which built upon one
another, each containing elements of the previous one.
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can vary from a high 75% in a newborn infant to a lower 45% in an

Figure 4.12: Connecting multiple graphics with a support grid.

reference icon g i

The average height of an adult |ma|e human (in developed countries) is about 1.7—1.8m |

; i reference grid

female is about 1.6—1 7 m (5’2" to 5'7”). Height is largely determined by genes and diet.

Figure 4.13: Repeated grid and icons support comparison.

4.2.2.7 Interaction

We did not ask the designers to consider interaction when creating
their word-scale graphics. However, during the post-study debrief
several participants proposed ways of augmenting their designs with
interaction:
* Connecting word-scale graphics: such as with interactive brushing
and linking for exploring relationships.
» Comparing word-scale graphics: through overlay or dragging word-
scale visualizations next to each other.
* Revealing word-scale graphics: to show them on demand.
* Data interactions: to trigger filtering or highlighting on the graph-
ics themselves.

The average adult body

trace of

. trace of

contains between 5 and 5 1/2 approximately 10 litres of

litres of blood and ... interstitial fluid.

Figure 4.14: Overlaying a trace of one graphic over another.
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The term region was officially created by the Law of
_'_
Decentralisation (2 March 1982), which also gave regions

their legal status. The first direct elections for regional
— I
representatives took place on 16 March 1986.21n 2016, the

Figure 4.15: Sequencing of timeline word-scale graphics.

4.2.2.8 Designer’s Goals

During their debrief sessions, designers described a diverse range of
goals that guided the ways they designed and integrated word-scale
graphics with the documents.

FACILITATING UNDERSTANDING: The main goal all nine designers
cited was facilitating understanding. Concretely, they mentioned
using graphics to illustrate concepts (3 out of 9 designers), make
quantities explicit (6 out of 9 designers), provide scales (3 out of
9 designers), or put information into context (4 out of 9 design-
ers). One designer also suggested using word-scale graphics to
provide more detailed information about the entity as a way to
facilitate understanding.

SUMMARIZING THE CONTENT: Six designers expressed the use of
word-scale graphics to help summarizing the content of a sen-
tence. Designers discussed using word-scale graphics to provide
a preview of the content or to expose the most important infor-
mation from the text, providing readers with a clearer take-home
message.

EMPHASIS: Two designers mentioned using word-scale graphics to
emphasize and draw attention to content they felt was partic-
ularly important. We were surprised that only two designers
mentioned this explicitly, as the presence of word-scale graphics
in text already provides a type of intrinsic emphasis effect [99]
where the process of mapping content to a graphic increases
its visual prominence. In addition, many of the text-to-graphic
connections (font color, frames, underlining, background color)
give further extrinsic emphasis [99] to the associated entities.

PROVIDING ALTERNATIVE REPRESENTATIONS: Two designers also
explicitly stated that they used word-scale graphics to provide
alternative representations as a supplement to the written text.
They emphasized that introducing a redundant encoding of the
information in the text could help make the text both more
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understandable and more memorable [21]. For example one of
the designers suggested to add a visual representation of a cell—
i rr

as known from Biology text books—to the entity “cell < =i ” in
order to make it more memorable.

PROVIDING CONTRASTING VIEWPOINTS: Interestingly, two design-
ers also described creating graphics to express a contrasting view-
point that differed from what was written in the text. Here, de-
signers mentioned wanting to encourage readers to think more
deeply about the text and consider alternative interpretations
of it. For example, one designer proposed to add a map of the
world showing where Europe was perpetrating slavery in the
16th century to provide a contrasting viewpoint on how Europe
“controlled” the world at that time. Especially, pointing out that
the word choice “controlled ¥4%. ” seems too neutral.

4.2.3 Discussion: Using Word-Scale Graphics

Having developed a fine grained understanding of the different design
dimensions of word-scale graphics, we here propose a higher-level
definition of use-cases for word-scale graphics. We intend these to
serve as inspiration and starting points for authors and designers
who wish to integrate word-scale graphics into text documents. This
higher-level approach may generally be more accessible for generating
new designs and applications.

4.2.3.1  Applications of Word-Scale Graphics

We characterize three different ways in which designers can apply
word-scale graphics to alter the rhetorical structure of a document.
Specifically, word-scale graphics can support the content, extend the
content, or go beyond the content.

P A e At o PR

SUPPORTING THE CONTENT From Ao e o || e e
an editorial perspective, one of the sim- Al | TS
plest ways of applying a word-scale o) == e :””::
graphic is using it to support its asso- e e e || e
ciated entities. In these cases, word-scale graphics display data (left
image) that comes directly from the entity text itself (shown above
using a green arrow), or use non-data-driven symbolic representations
(right image) that visually emphasize or reiterate the content of the
text.

Thus, when creating word-scale graphics that support the content,
editorial choices are relatively restricted. The editor or designer needs
to choose which entities to visualize or illustrate, how to design them,
and how to place and connect them to the associated text. However,
they do not need to locate or prepare additional data. For example, an
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editor could choose a number in the text as an entity and represent
that value using a chart. Alternatively, an author could add a symbolic
representation such as a flag to represent the name of a country
already included in the text. Although they restate the existing content,
these graphics can still provide useful emphasis—facilitating better
understanding of numbers or concepts [21], providing summaries, or
highlighting alternative versions of the entities (see Section 4.2.2.8).

T aaan
PG e Al

EXTENDING THE CONTENT Word-

scale graphics can also be used to pro- JNFET. T \
vide contextual data that extends the - ,: - :: A
lsdiagadiadadiiitnnd S AeAoman VP

ideas put forward by their associated
entities. These word-scale graphics extend the content with compatible
information (shown above using blue arrows), and do so without
purposefully changing the message of the sentence, or proposing
novel interpretations. Yet, the creation of word-scale graphics that
extend content is somewhat more complicated than for the previous
group—it involves finding data from elsewhere in the text or from
outside the document. It can also involve searching for or creating
non-data-driven graphics that provide additional information. For
example, an author could extend a timeline connected to the date of a
WWII battle by adding outside data such as the start and end dates
of the war. Graphics that extend the content can help provide context
or comparisons for data already contained in the text, or provide
additional material about specific entities.
/

g s aleaddal

GOING BEYOND THE CONTENT The Mw*:/ e o e
previous two applications of word- Pl .| | 7@ -

scale graphics generally complement
and reinforce the content of the origi-

e [7] 7

Aree L Y AT

A A e

nal document. However, authors and editors can also use word-scale
graphics that go beyond the content, including contrasting ideas and
messages (shown above using red arrows) which may significantly
broaden, annotate, or even subvert the original meaning. As a sim-
ple example, an editor can choose to add illustrations or symbolic
representations that express an opinion, make a statement, or show
emotion. For example, by adding a “thumbs up” icon &y next to an
entity expressing an action, the editor can express agreement. Simi-
larly, by including a word-scale graphic showing external data that
contradicts the existing narrative, an editor or designer can suggest
alternative, contrasting viewpoint (see Section 4.2.2.8). While these
contrasting viewpoints may originate with the original author, they
can also be added in response to the article at a later point.
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4.2.3.2 Challenges when Creating Word-Scale Graphics

One of the main challenges our participants had was to find suitable
pieces of text they could complement with word-scale graphics. The
process of deciding what should and could be represented usually hap-
pened at the very beginning of the process of integrating word-scale
graphics. The designers also expressed concerns that the associated
entities in the text had to be below a certain length to be representable
or connectable to a word-scale graphic. We, therefore, updated our
definition of an entity. A word-scale graphic can have one or multiple
entities, or none, and proximity can be a way to link graphic and
text. We argue that this updated definition provides more freedom to
support the linking of word-scale graphics to the text. Entities can also
serve multiple purposes—including acting as a label or caption for the
graphic—a fact that was not recognized in previous work. Moreover,
this definition explicitly acknowledges that word-scale graphics do
not necessarily need an entity if it is clear what the word-scale graphic
represents, and the connection to the text is clear.

In addition, and linked to this thematic of defining associated text,
our participants had difficulties finding suitable places to position their
word-scale graphics. In our instructions, we restricted the positioning
of word-scale graphics to the interline space. However, designers still
hesitated at times, and sought alternative placement options—for
example at the end of a title or along a paragraph. One participant
also told us that she would have liked to rewrite the sentences to
make it easier for her to integrate word-scale graphics. She found the
sentences were too convoluted, which led her to find it difficult to
find suitable positions for her word-scale graphics. Moreover, some
of the information or data that the designers wanted to integrate into
the word-scale graphics was spread over multiple lines. This made
it more difficult to find good places to position graphics. Sometimes,
designers also started to create a graphic first, and then had a difficult
time finding suitable text to associate with the word-scale graphic.

4.2.4 Summary

We presented the results of an exploratory study on the use of word-
scale graphics in text documents. The study resulted in a rich collection
of different types of graphic designs and also helped us to identify
specific design challenges unique to word-scale graphics and the me-
diated complexity of the surrounding text. Designers creating micro
visualization for text embedding must consider the immediate connec-
tions between visualizations and text. Also common to other micro
visualization contexts, they need to find alternatives to common visual
elements like axes, legends, and captions that work given reduced
space—but here found that the surrounding text actually helped in
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providing reference. In addition to the interaction challenges that al-
ready showed in the previous section, we saw again that designing
interactions would present a challenge, since graphics may be dis-
persed, small, and only loosely associated with one another. Based
on the work presented in this section we developed a first library
(http:/ /inria.github.io/sparklificator/) to embed word-scale graphics
in online texts. In follow-up work we explored in more detail how to
integrate interaction with word-scale visualizations.

[ February 22, 2022 at 10:54 — Final Version ]


http://inria.github.io/sparklificator/

70

WORD-SCALE VISUALIZATIONS

A) 1996 .—" and both the Democratic .~ and Republican
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Figure 4.16: Examples of word-scale visualization use in the wild: (A) in a
political news article from FiveThirtyEight [33], (B) embedded
inline in the SurVis analysis tool [11], (C) a word trend ticker
on dictionary.com [61], and (D) inline in Hoffswell et al.’s [109]
source code editor.

4.3 INTERACTION TECHNIQUES FOR EMBEDDED WORD-SCALE
VISUALIZATIONS

In our previous work, interaction with word-scale visualizations emerged
as a clear challenge and opportunity. Designers suggested interactions to
connect, compare, filter, and highlight multiple word-scale visualizations.
They also proposed interactions for incorporating word-scale visualizations
on-demand and switching between alternative views of the same data. In
our follow-up work entitled “Interaction Techniques for Visual Exploration
Using Embedded Word-Scale Visualizations” and published at CHI 2020
[89], Pascal Goffin, Tanja Blascheck, myself, and Wesley Willett described a
design space of view manipulation interactions for word-scale visualizations.
Any mention of “we/our” in this section refers to this set of co-authors.

Interactive word-scale visualizations represent an opportunity to
create rich reading experiences that transcend the limitations of tra-
ditional text + figure paradigms. While larger and more complex
visualizations outside the text can provide other benefits including
more detail and easier comparisons, we showed how view manipu-
lation interactions can also add many of these benefits to word-scale
visualizations. Most examples of word-scale visualizations in-the-wild
(Figure 4.16) are static charts embedded at fixed locations in documents
with no support for interactivity. This makes sense when text and vi-
sualizations are intended for print. Yet, today most text is consumed
on personal computers such as phones, tablets, e-readers, desktops,
or laptops. In these environments people can engage actively with
the text and its embedded content to explore, make comparisons, and
extract details.

We outlined a design space of view manipulation interactions to
expand the active reading capabilities of embedded word-scale visual-
izations. This design space, in particular, allows interactive word-scale
visualizations to serve as a bridge between document-centric and
visualization-centric analyses. In document-centric analyses, the doc-
ument is the main point of interest and figures provide supporting
evidence or contextual information. In visualization-centric analy-
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ses, source text is a secondary element (if it is present at all) and
large visualizations become the focus of the viewer’s attention. Ex-
ample tools that use documents as a data source while providing
larger visualization environments include DocuBurst [55] or Jigsaw
[195]. However, no current environment supports fluidly transitioning
between document-centric analyses that include visualizations and
visualization-centric analyses that still have a close connection to the
text.

4.3.1 A Design Space of View Manipulation Interactions for Word-Scale
Visualizations

View Manipulation [108] tasks are vital to visualization scenarios in
which elements need to be selected, navigated, coordinated, and orga-
nized. Word-scale visualizations are elements that could benefit from
interactive organization and comparison while keeping a close tie to
the source text. Our work explores view manipulation interactions to
support richer active reading and data exploration with word-scale
visualizations. We organize them into a design space of view manip-
ulation interactions for small data representations. In particular, we
focus our design space around four types of analysis tasks:

T1: COLLECTING WORD-SCALE VISUALIZATIONS. Creating small mul-
tiple visualizations that bring together visualizations from across
the document for higher-level analyses.

T2: ARRANGING WORD-SCALE VISUALIZATIONS. Organizing visu-
alizations to expose trends and support reasoning.

T3: COMPARING WORD-SCALE VISUALIZATIONS. Providing tools to
make direct comparisons between visualizations.

T4: NAVIGATING THE DOCUMENT. Using visualizations as entry points
to the text to aid navigation to related locations.

We explored the design space through iterative rounds of ideation,
sketching, and prototyping. We began by examining each of the gen-
eral classes of interactions above, then worked to describe, categorize,
and test a diverse set of interactions by which each could be carried
out.

4.3.1.1  Collecting Word-Scale Visualizations

When reading long scrollable documents enriched with multiple
word-scale visualizations it may be difficult to obtain a clear enough
overview of the visualizations to analyze the underlying data. This is
especially true if the visualizations are embedded throughout the docu-
ment and impossible to view simultaneously on one screen. However,
seeing an overview is often an important first step before engaging
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in other data exploration tasks such as arranging, comparing, sorting,
and navigating the data. To support full or partial overviews, we pro-
pose two interaction techniques for collecting word-scale visualizations
from across a document: gather and drag.

The gather interaction, inspired by Moscovich et al. [152]'s “Bring &
Go” and Ghani, Henry Riche, and Elmqvist [86]’s “Dynamic Insets”
allows a reader to quickly collect a set of word-scale visualizations at
one specified location in the document. Using this interaction, a reader
summons some or all of the visualizations in the text, making it possi-
ble to examine them simultaneously. When gathered, visualizations
animate from their original distributed positions in the document to a
central location. While this point could fall anywhere on or off-screen,
we suggest gathering visualizations around a specific entity of interest,
which we call a focus entity. This permits readers who are focused on
the text to gather multiple visualizations at their current reading posi-
tion, allowing them to continue reading while still using the gathered
visualizations for context and comparison. In cases in which a reader
only wishes to compare a small number of visualizations, dragging
individual charts together provides a simpler and more predictable
collection method.

Both gathering and dragging require design decisions about several
different aspects of these two interactions:

MULTIPLE ENCODINGS/SEMANTICS IN DOCUMENT. A document
may contain word-scale visualizations showing different datasets
which may or may not be comparable to one another. These ini-
tial conditions should be considered when gathering or dragging
word-scale visualizations. In these cases, readers may wish to
only gather those visualizations which share the same data types,
encodings, or semantics. Alternatively, a tool could gather each
type of word-scale visualization into its own distinct cluster.

SCALING. To support meaningful comparisons between multiple
word-scale visualizations which display the same kind of data,
all visualizations must use the same layout, size, and color scales.
However, using a shared scale for all word-scale visualizations
may also hide important details in individual charts. Dynami-
cally aligning the scales for multiple charts when they are col-
lected together can help ensure that they are comparable, but
may also entail complex transitions.

CONNECTING TO PREVIOUS LOCATIONS. When gathering dragging
a word-scale visualization to another place in a document, it is
important to consider how and if to fill the original location of
the dragged item. Completely removing the word-scale visual-
izations leaves gaps in the text. As a result, we find it helpful
to leave a copy of the entity and visualization at the original
position in the document. We call this copy a ghosted word-scale
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visualization as it keeps a visually de-emphasized copy of the orig-
inal element in the text, provides provenance information, and
indicates that a copy of the word-scale visualization is currently
being shown elsewhere. Leaving the ghosted visualizations in
place also prevents the text from re-flowing and preserves the
document layout.

DRAGGING OUT OF THE VIEWPORT. A word-scale visualization may
need to be dragged to a location in the document outside of the
current viewport not visible to a reader. Selecting and dragging
a word-scale visualization should automatically scroll the view-
port when the mouse reaches the viewport’s edge. Word-scale
visualizations can also have suggested interactivity cues [23] to
let the reader know whether or not a word-scale visualization
can be dragged to a given location.

RETAINING CONNECTIONS TO ENTITIES. To preserve the connec-
tion between the text and the visualizations when gathering
or dragging, word-scale visualizations can be graphically cou-
pled to the text entities to which the data refers (such as a
name, a place, or a stock symbol SPX aMv~\,). These small
snippets of entity text can then serve as labels that identify the
charts and preserve a semantic link back to the document when
word-scale visualizations are collected. In addition, rendering
traces that connect gathered entities to their original positions
(as in Figure 4.17-bottom right) further reinforces visualization-
to-document relationships.

DUPLICATE WORD-SCALE VISUALIZATIONS. A document can in-
clude multiple occurrences of the same entity and duplicate
word-scale visualizations. One option to avoid multiple copies
in gathered overviews is to explicitly disallow duplicates and
render only one word-scale visualization per entity. However,
designers must then choose which instance of the entity to anno-
tate with a word-scale visualization. In documents that include
duplicate word-scale visualizations, designers can combat re-
dundancy, for example, by visually stacking duplicates on top
of each other when gathered and adding branching traces that
link charts back to all original locations in the document.

RELEASE BACK TO ORIGINAL LOCATIONS. When a reader has fin-
ished their comparison, the collected word-scale visualizations
need to be released back to their original positions. Using ani-
mated transitions to move charts back to their original positions
can reinforce where the word-scale visualizations came from and
help signal their distribution in a document.
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4.3.1.2  Organizing Word-Scale Visualizations

Collecting word-scale visualizations around a focus entity using a
gather interaction helps to provide an overview of the visualizations
but does not support more detailed comparisons. To see trends or
differences more clearly, the gathered word-scale visualizations need to
be arranged into layouts that convey order and support examination.

LAYOUTS As Beck and Weiskopf [12] highlight, existing uses of
word-scale visualizations often tend to place them in tables, lists, or
other small multiples layouts [204]. Once a reader collects visualiza-
tions, the choice of layout determines how many word-scale visual-
izations can be viewed simultaneously as well as how readers can
examine and compare them.

Grid layouts make good use of available screen space by placing
visualizations both vertically and horizontally. However, they make
comparisons across rows or columns difficult. Column layouts and
row layouts each support consistent comparisons along the charts’
principle axes, but permit fewer visualizations on screen. Column
layouts support comparison along the charts” x-axis, but may require
considerable scrolling and can obscure large sections of the document.
Row layouts, meanwhile, may obscure as little as one line of text, but
are limited by the relatively narrow width of most documents.

While few current applications use non-rectilinear layouts for word-
scale visualizations [12], they may be useful in some scenarios. For
example clustered layouts, which organize entities based on common
characteristics could support identification and comparison of groups
of charts.

LAYOUT PLACEMENT  Once a layout has been chosen, it needs to be
placed relative to the document, entailing a number of further design
decisions.

Being able to quickly glance at the text when analyzing gathered
word-scale visualizations can provide clues that help contextualize the
data. Placing a layout in-front of the text in a separate layer obscures
some text, but keeps the layout of the document stable. Alternatively,
embedding rectilinear layouts like grids and rows into the text can
require re-flowing the document to create the necessary space—similar
to Yoon et al.’s approach for placing ink annotations [225]. These rno-
overlap placements avoid collisions between the visualizations and
text and guarantee that the layout is placed close to a focus entity.
However, by introducing additional space, no-overlap placements also
change the overall size of the document.

Applications may also use persistent placements that position the
collected word-scale visualizations at a fixed location on the page and
allow the document to be scrolled independently of the layout. This
can make it easier to use the word-scale visualizations as an index to
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the document and help readers skim the document without losing
track of the collected visualizations. However, it may also increase the
distance between the layout and visualizations” original positions in
the document.

FILTERING In documents with large numbers of word-scale visu-
alizations, readers may want to see only a subset at any given time.
Interactive filtering controls allow readers to dynamically hide and
show visualizations based on properties of the data, their associated
entities or their semantics. For example, an article with many embed-
ded charts could be tailored to show a limited number of visualizations
per paragraph, to show only visualizations linked to specific entities,
or with particular semantics. Alternatively, a reader could gather word-
scale visualizations to obtain an overview of the document, then filter
the overview to examine and compare the most relevant subset.

ORDERING Interactively reordering word-scale visualizations within
a gathered layout can make it easier for readers to see trends and rela-
tionships within groups of visualizations.

Ordering visualizations based on their document position provides
structural consistency between the layout and the text as word-scale
visualizations appear in the same order in both places. Alternatively,
manually reordering allows readers to impose their own structure by
grouping related visualizations together. Meanwhile, sorting visual-
izations based on their data values (max, min, average), similarity, or
properties of their entities (name, date, etc.), can reveal relationships
between visualizations that exist far apart in the document.

4.3.1.3 Comparing Word-Scale Visualizations

Word-scale visualizations in an ordered or sorted layout are already
much easier to compare through juxtaposition [87] than word-scale
visualizations scattered across a document. However, fine-grained
comparisons, such as comparing values between charts with different
axes is still difficult. We describe two techniques which support more
detailed comparisons between word-scale visualizations—interactions
for aligning grouped charts and interactions for directly comparing
values.

ALIGNING In row and column layouts, word-scale visualizations
can be aligned in various ways. We present three alignment operators
that are useful for different data comparisons. We focus on cases in
which the document contains comparable word-scale visualizations.
However, if a document contains multiple types of charts or data which
cannot be compared directly (such as stock prices and employment
figures) it may be necessary to group related visualizations before
aligning them.
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The first interaction left-aligns the word-scale visualizations in a
column (column-align) and allows readers to vertically compare across
the x-axis. However, if the x-axes of different visualizations are shifted
relative to one another an axis-alignment may be more useful. For
example, when comparing timelines that have different start and
end dates, axis-alignment chooses a common date as the alignment’s
center. Interactive (pan-align) techniques can also be applied when the
word-scale visualizations are arranged in a column or row adjacent
to a focused chart. In this case, panning the column or row slides the
word-scale visualizations of interest past the focused chart, enabling
side-by-side comparisons.

DIRECT COMPARISON  While side-by-side comparison are useful,
more direct comparison mechanisms are often necessary [202].

BRUSH & LINK DRAG TO SUPERIMPOSE OR DIFF
i oa

s Gal AA ‘\if
= o> B |
g W

One simple technique is brushing and linking between word-scale
visualizations. When a reader brushes over values in one word-scale
visualization, corresponding values in other visualizations are high-
lighted [13]. Drag interactions can also be used to support compari-
son by either superimposing word-scale visualizations on top of one
another, by triggering the creation of an explicit encoding such as
difference computations between the data in multiple charts, or by
juxtaposing word-scale visualizations [87].

4.3.1.4 Navigating the Document

Word-scale visualizations in documents are useful, in part, because
they support ad-hoc transitions between reading a document and
exploring associated data. Interactions that allow a reader to jump
from a collected word-scale visualization back to its original position
in the document support fluid transitions between these modes. These
kinds of navigation interactions exhibit two properties of Elmqvist
et al.’s [69] characterization of fluid interfaces, promoting flow and
enabling seamless switching between exploration and reading.

With these kinds of navigation interactions, sets of collected word-
scale visualizations can serve as an index or entry point into the
document, providing graphical overviews reminiscent of interfaces
like Koch et al.’s “VarifocalReader” [127].
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Figure 4.17: Our economic news prototype (left) showing stock charts in
a no-overlap grid. Our European history prototype (top right)
showing timelines in an in-front grid. (bottom right) Our eye-
tracking report prototype with attention maps in a row layout.
In all three, charts are grouped around a focus entity (COMP,
Vladimir Lenin, and Pog). Left and right steppers on the row
layout jump back and forth through the full set of attention
maps.

4.3.2 Prototypes

To demonstrate how elements from this design space translate into
concrete applications, we implemented an active reading environment
that supports interactive word-scale visualizations and illustrate its
functionality using documents from economic journalism, contempo-
rary European history, and eye tracking research. For each context we
designed or used custom word-scale visualizations.

Our economic journalism example allows readers to collect, arrange,
compare, and navigate word-scale visualizations embedded in news
articles extracted from MarketWatch [112]—one of many economic
news outlets that already uses small stock charts in their articles
(typically as tooltips over individual stock symbols or indexes). Our
prototype (Figure 4.17-left) embeds small stock charts directly into
text of articles and adds view manipulation interactions to make the
charts easier to examine and compare. We use a stock chart design
SPX —e——"""""*, which shows the performance of a single stock
or financial index over the 30 days leading up to the publication of
the article. The dark line on the chart shows the stock’s performance
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relative to its value at the beginning of the 30-day period. The light
grey horizontal baseline shows the price on the first day. If the price
on a given day was lower than the price at the beginning of the 30-day
period, the area between the line and the baseline is colored red. If
the price was higher, the area is colored green. A red dot shows the
day with the lowest price, while a green dot shows the day with the
highest price. A grey horizontal line highlights distance between the
lowest and highest days.

In our second example, we embed timeline charts into articles on
European history to help readers better understand the temporal
relationships and overlaps between historical figures, movements,
and events (Figure 4.17-top right). We use a simple timeline design
Alexandra Fedorovna , s with fixed start and end dates that visu-
alizes lifespans and periods using blue highlights. Viewers can use
the timelines to quickly check for overlaps between events and the
lifespans of historical figures, making them easier to contextualize and
compare.

For the third example, we created an interactive version of an aca-
demic research report, which incorporates word-scale eye tracking
visualizations by Beck et al. [9] (Figure 4.17-bottom right). Through-
out the document we visualize eye movement data using Beck et al.’s
gridded attention maps s B8, each of which shows the spatial dis-
tribution of visual fixations for one participant during an experimental
trial. The cells with the most fixations appear dark, while those with
the least appear white. Viewers can use grouping and sorting opera-
tions to more easily compare the performance of multiple participants,
and identify ones who used similar strategies.

To minimize distracting overlaps between word-scale visualizations
and text and help preserve readability and context, all three examples
used in-front and no-overlap layout placements when gathering charts.
The in-front placement always keeps the line of text containing the
focus entity visible, while the no-overlap placement keeps all text
visible by gathering charts between paragraphs.

Our prototype extends our Sparklificator library [92], which allows
developers to insert a variety of word-scale visualizations into HTML
documents. We implemented visualizations using JavaScript and D3.js.
The source code and the three working examples of our prototype are
available at https://github.com/Interaction WSV. To use this library,
the entities in an HTML text must be tagged with span tags and should
use a distinctive class name. Developers can use existing word-scale
visualization designs or implement their own word-scale visualization
renderers.
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4.3.3 User Studies

While many examples of static word-scale visualizations exist, interac-
tive word-scale visualizations are still a new concept. Moreover, we
still know little about the effect of introducing interactive versions of
these charts in online reading environments. Therefore, we ran two
experiments to investigate participants’ experience using our active
reading prototype. We focused on first studying a small set of primary
interaction techniques that make it possible to create and explore
small multiples overviews and compared these against using statically
embedded word-scale visualizations. In our second experiment, we
gave participants a broader set of interaction techniques and allowed
them to freely explore 3 articles and answer an open-ended question.
Here, I only report on the main results and refer the reader to the
original paper [89] for experiment details.

Participants of the first experiment experienced a static and an
interactive word-scale visualization condition. Participants completed
search tasks, during which they located and extracted information
from a single word-scale visualization, and more complex comparison
tasks, which required them to visually scan all of the word-scale
visualizations and identify a single outlier. Participants found both
the static and the interactive word-scale visualization helpful for both
tasks. They chose to use the interactive features when they were
available and appreciated the ease of comparison and reduced need
for scrolling. Participants’ perceived reduction in task completion time
was further confirmed by the quantitative results for the comparison
task. We also collected suggestions from participants which included
requests for faster gathering animations, showing arrangements next
to the cursor, alternative grid arrangements and sorting options, as
well as the ability to annotate word-scale visualizations.

Our log analysis of Experiment 2 showed that participants made
good use of the available interactive options, using a variety of actions.
Yet, participants used a somewhat different mix of interactions than
in Experiment 1, which is not surprising given the more exploratory
prompt. Despite training, participants made little use of sorting and
navigation in particular. Interestingly, most participants used the grid
layout that was provided in Experiment 1 and only four participants
tried the other grid options at all. The improvements and feedback
we received for Experiment 2 were similar to those we collected for
Experiment 1 and were mainly concerned with the positioning of the
grid as well as the slow animation speed.

4.3.4 Discussion

Overall, our prototype implementation highlights one possible ap-
proach for integrating the key interactions from our design space.
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Below we discuss further options to broaden our design space and
elaborate on how interactive word-scale visualizations fit into the
broader space of document-centric and visualization-centric analysis.

4.3.4.1 Broadening the Design Space

The design space we explored focuses primarily on interaction tech-
niques that support what Heer and Shneiderman [108] call “view
manipulations.” Yet, the layouts and arrangements created with our
interaction techniques also serve as a starting point for tasks in their
“data & view specification” category (which includes activities such
as filtering or sorting) and their “process and provenance” category
(with activities such as annotation or sharing for collaboration). For
example, gathered overviews simplify the task of filtering and sharing
these overviews can aid collaboration.

Our current design space includes several interaction techniques
that are useful for comparing groups of word-scale visualizations
but we have not yet deeply explored operations that filter based on
the displayed data or that change encoding properties of word-scale
visualizations—which Yi et al. [224] also identify as important for
visualization. One possible way of supporting operations like filtering
is to treat word-scale visualizations as tokens that can be dynamically
manipulated, shifted, and organized into groups, stacks, and piles.
Using physically-inspired and force-directed interactions like those
in “Kinetica” [178] or piling and sorting techniques like in “Small
MultiPiles” [7] one could enable more nuanced and creative ways
to explore data embedded in documents or even manipulate the
document itself.

The techniques we implemented are mostly initiated from the menu
or from a single word-scale visualization. However, these long hori-
zontal menus are limiting and can hide important text, making alterna-
tives such as pie menus [37] an appealing choice. Another promising
interaction technique is Crossets [168] which could transform inter-
actions like sorting into direct manipulations using the word-scale
visualizations themselves. However, these kinds of techniques call for
word-scale visualization designs which strongly suggest to readers
that these interactions are possible [18, 23].

Finally, our prototypes examine view manipulation interactions
with text documents including economic news articles, history texts,
and research reports. However, word-scale visualizations in interac-
tive applications like Hoffswell, Satyanarayan, and Heer [109]’s code
editor present new opportunities and mediated complexities. In these
contexts, both visualizations and text may appear and disappear dy-
namically. Moreover, applications for source code and larger document
corpora may need to gather or connect word-scale visualizations from
across multiple documents.
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4.3.5 Document-Centric to Visualization-Centric Analysis

View manipulation interactions can help bridge the gap between
document-centric analysis—in which the text is the focus of attention—
and visualization-centric analysis—in which visual representations of
data derived from the text are the focus [93]. Fully document-centric
text analysis tools display the text itself, often with simple highlighting
or annotations added. Meanwhile, visualization-centric approaches,
such as PhraseNets [206] or Wordle [209] focus almost exclusively on
the text as data, displaying entities and their relationships divorced
from the original documents. In the middle are hybrid techniques
such as Jigsaw [195], DocuBurst [55], or Elastic Documents [8] that
either offer side-by-side views of visualizations and original text or
data, or allow a reader to switch between reading visualizations and
source texts.

DOCUMENT reereessrssmssssnmsnnsnssnssnssessnssnssessnsassssssssnsssssnsnans » VISUALIZATION

— A NS
] :
TR e M

Figure 4.18: From left to right: Document with embedded word-scale visu-
alizations; word-scale visualizations collected around an entity
of interest with text visible; small multiples without text; single
visualization.

Helping readers transition from document-centric views to visua-
lization-centric ones and back during the course of an analysis may
lead to more effective analyses which incorportate both analytical
findings from the data and context from the documents. Our view ma-
nipulation interactions aid transitions between both types of views by
introducing a number of interesting intermediate stages (Figure 4.18).
A document with word-scale visualizations represents one step be-
yond a purely document-centric view. While the text remains the
focus, the embedded visualizations reveal additional data in-context.
Small multiples visualizations created by using a gathering interac-
tion represent a pivot point along this spectrum and may serve as
a transition between document- and visualization-centric modes. If
the data is of greater interest to readers, they may then hide the text
completely, allowing the small multiples layout to transform into a
more general purpose text analysis environment, as in Van den Elzen’s
and Van Wijk’s “Small Multiples, Large Singles” [70]. However, when
the text again becomes important, this process could be reversed,
fluidly re-introducing the visualizations back into the document. As
such, interactive word-scale visualizations can also let readers shift
between author-driven and reader-driven narrative modes as noted in
the data storytelling literature [185]. Author-driven analyses require a
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set reading order while reader-driven analyses allow free exploration
of the data.

4.4 WHAT DID WE LEARN ABOUT MICRO VISUALIZATIONS?

The content of the three publications I summarized here show the im-
pact of the surrounding text on the design of word-scale visualizations,
their placement, and their interactions. Text increases mediated com-
plexity but also poses opportunities in that it can be used as part of
the design, for example for legends and explanations or as a reference
point. The micro visualizations we created and studied in our work on
word-scale visualizations were much smaller than those we studied
in our work on data glyphs. Vertical height, in particular, was mostly
bound to font height or the inter-line space. Yet, we saw a multitude
of design ideas emerge in this context. The study with designers, in
particular, showed the opportunities and wide variety of possible data
encodings that can serve as inspiration for micro visualizations in
other contexts. These encodings often included multiple marks and
data encodings making them appear relatively complex externally.
Our work on interaction shows opportunities for small visualizations
in future interactive reading environments. It would be interesting to
consider how to expand our interactions with word-scale visualiza-
tions to small multiple micro visualization in general; for example,
regarding the comparison of glyphs in a small multiples setting.

Across all of our work we saw the need to better understand the
readability of the micro visualizations themselves but in particular also
the impact of word-scale visualizations on document readability. More
detailed eye-tracking and readability studies could help characterize
the trade-offs between different designs, interactions, and placement
options.
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My current work focuses largely on micro visualizations in mobile
context with a focus on fitness trackers and smartwatches. This line
of work began as joint work with my former postdoc Tanja Blascheck,
and is now continuing through a joint ANR-DFG French-German
research grant called MicroVis. We focused our work both on issues
related to mediated complexity that arises from the mobile context
of micro visualizations on wearable devices—as well as on studying
how designers currently solve external complexity issues in micro
visualization design for smartwatches and fitness trackers.

5.1 DESIGNING SMARTWATCH VISUALIZATIONS IN CONTEXT

As part of a Dagstuhl seminar on Mobile Data Visualization, Sheelagh
Carpendale, myself, and Charles Perin discussed methods to design mobile
visualizations in-context. With students Foroozan Daneshzand, Alaul Islam,
Katherine Currier, Peter Buk, Victor Cheung, Lien Quach, Laton Vermette we
engaged in design exercises that we wrote down as part of a book chapter on
mobile visualization design . For this chapter, Tanja Blascheck, Alaul Islam,
and I together with Pantelis Antoniadis, Cristina Morariu, and Anne Reuter
from the University of Stuttgart, engaged in a design exercise as part of a
sightseeing activity at Stuttgart city center that I summarize here together
with a short description of the general methodology. Any mention of “we/our”
refers to this set of collaborators.

The goal of our Dagstuhl discussion and design activities was to
offer a simple, generative process that would work to envision new
ideas for mobile visualization applications in the context of use of
the mobile devices that would later show them. We wanted to illus-
trate our experiences with the use of this design methodology and
show how it allows to consider both the technological differences and
the usage differences of mobile contexts. Concerning technological
differences, visualizations for mobile devices can take advantage of
novel input modalities that do not exist on desktops: accelerometers,
gyroscopes, or personal health related sensors for heart-rate, oxymetry,
skin temperature, etc. Through sensors, mobile devices have direct
access to data and can provide quick contextual information to view-
ers. Most carry-able and wearable devices also have smaller screens
or screens that have completely different form factors than desktop
or laptop screens. This opens up opportunities to develop novel dedi-
cated visualizations rather than trying to make existing representation
techniques fit. Concerning mobile usage contexts, people’s motiva-
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tion for using mobile visualizations is often much unlike those for
stationary office workers sitting in front of larger desktop or laptop
screens. In mobile contexts, for example, people: (1) may want to gain
better awareness and understanding of their surroundings and current
situation, (2) integrate this situational information into their current
activities, and (3) understand, share, or analyze data in non-office
surroundings with motion, uncontrolled lighting, or noise.

To let go of the limitations that come with designing by translating
existing visualizations and adapting them to mobile scenarios, we
have devised and explored a flexible design process. This design
process can help us to think of mobile visualizations by considering
specific contexts of use, mobile-specific tasks, and personal use cases.
Specifically, the design process involves stepping into specific usage
contexts and tasks, then taking moments to reflect on the current
situation and information needs, ideating design ideas, and reflecting
on them with others. The goal of the methodology is to create a rich set
of different ideas in context of a specific use case. Assessing the “value”
of each individual idea, refining it, selecting or discarding it, is a task
intrinsic to the motivation of each idea generating group that uses
the methodology. This section, therefore, does not discuss methods to
assess the novelty, effectiveness, or potential success of an idea. We
also do not claim that the methodology produces “better” ideas than
other methodologies, if that is even something that can ever be claimed
about an ideation methodology. Instead, we offer a methodology that
we explored and found useful for generating rich ideas for mobile
visualizations that communicate data visually. We detail how the
design methodology works in general, how three different design
groups adapted it, and provide examples of the richness of the ideas
that emerged.

The basic ideation methodology, which we used, was first explored
and then published as a workshop paper [56] with a focus on in
situ journaling by a single person. Here, we give more details on the
method, relax the frequency of note taking and sketching, and give
evidence about how the method can be adjusted and appropriated
to different scenarios. Bodystorming [163] is a technique similar to
ours as it focuses on design sessions in the intended context of use
coupled with discussions and further brainstorming on-site. It has
been promoted for the ideation of ubiquitous computing interfaces but
follows a different preparation phase as it gives participants specific
design questions to target.

5.1.1 Mobile Visualization Ideation Methodology

Here, we describe the general ideation methodology that can be fol-
lowed and adapted to conceive new designs for specific mobile visual-
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ization contexts. We have successfully applied this methodology in a
variety of mobile visualization scenarios, with small modifications.

In general, the ideation activity

takes 1-3 hours. It is meant to be

Choose actity " ~ﬂ3 done asBa paired activity to have

| another person to share the expe-

rience with and discuss ideas with

(cf. Figure 5.1). Together both part-

-
Prepare note taking material g,
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Choose note taking interval ° getting food on campus, going to
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[ ]
“| taking procedure. Note taking mate-
J rials can consist of digital devices,
Discuss in group %®? mobile device props made out of

other material such as paper or card-
board, or simple notebooks. Once
Figure 5.1: General steps of the materials and situation are ready,
ideation method. both partners should use a note tak-
ing procedure that works for their
scenario. Typically, both partners start with their activity and stop
after an agreed-upon time interval (choose note taking interval), with
every 30 minutes being a good first estimate. During every activity
gap each partner individually evaluates their information needs in the
current situation and sketches a visualization that would address these
needs in the current situation for the chosen mobile device (ideate).
Notes should be added to the sketches so ideas are clearly communi-
cated for later re-assessment of the sketches. After the sketching time
both partners discuss their ideas and add comments, adjustments, or
variations to their notes and sketches. Then, partners continue with the
activity for the next time interval and repeat the previous two steps. It
is ideal to try the activity at least four times, or more as needed. After
the end of the exercise, partners meet as a group to go over all their
sketches, generate affinity diagrams, and choose the most promising
ideas to iterate on further.

Icon made by Pixel perfect from www.flaticon.com

5.1.2 Ideation Activity

Three different groups used the basic ideation methodology outlined
above. The original bookchapter illustrates how one can adapt and
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adjust the methodology to specific ideation scenarios. Considering
that one of the primary motivations of this ideation methodology is to
leverage the reality of one’s current situation, it seems appropriate to
make adjustments as one’s context changes. The groups involved pro-
fessors, researchers, and students at Simon Frasier University (Group
1), the University of Victoria (Group 2), and the University of Stuttgart,
Inria, and University of Paris-Saclay (Group 3). Here, I only report on
the activities of Group 3 that I was personally involved in.

The examples reported below were created by a group of six people
while sightseeing in Stuttgart, Germany. In contrast to the initial
instructions, the group chose to stay together throughout the activity
and do the design exercises in changing pairs. After each activity
the pairs discussed their designs and ideas together randomly, some
pairs sketched together, some apart, some sketched just one design
and some made multiple sketches. The design exercise focused on
smartwatch applications and involved a physical paper prop in the
shape of a smartwatch. The group conducted the ideation activity
at various locations: at a market hall, the town hall with a famous
paternoster elevator, twice in a museum with a historic clock collection,
and during lunch. After the ideation sessions, three members of the
group met to group, categorize, and discuss the different ideas. During
the meeting they wrote down observations, grouped sketches, redrew
and combined ideas, as well as discussed questions that came up. The
following idea descriptions are grouped by the locations where the
smartwatch visualizations were thought of.

Stuttgart Market Hall

We created eight sketches, which we categorized into three groups. One group
of four sketches was about apps that would help with shopping, such as
a shopping list, a budget manager, or a product info display. One sketch
described an app to find sights in proximity to the wearer’s current location.
Three sketches showed facts about the current sight including opening or busy
time periods, ratings, or payment options. The left image shows a budget
manager for souvenirs, money already spent, and how much a current item of
interest costs. The middle image is a smartwatch face with an abstracted map
that shows nearby sights. Each icon can be touched for more information.
The right smartwatch face gives detailed information about the current sight
being visited. The two inner rings show busy times while the wristband (not
visible) shows additional information and ratings.
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Town Hall—Riding the Paternoster

\;S

At Stuttgart’s main town hall we rode a publicly accessible paternoster
elevator and collected seven sketches in three different categories. Two focused
on a smartwatch app related to elevator riding, with information about which
floor one was on, which services are available on the floor, or also the position
and waiting time for other elevators. One participant drew an app which
would capture his excitement throughout the sightseeing trip—showing a
spike during the visit at the paternoster. The outside ring color represents
the average daily excitement level (left image). Three apps were related to an
imagined administrative visit to the town hall (right image). The purpose of
the visit, place and time of the appointment are shown, as well as an average
wait time and an indication about how many people (17) are in front in line.
All three were focused on way finding in the rather large administrative
building. One app focused on also showing waiting times for certain services,
and one visiting times for a local exhibition.

Landesmuseum Stuttgart—Clock Exhibition

Next, we went to a local museum that featured a historic clock and scientific
measurements exhibition. Here, we held two ideation sessions that resulted
in 12 different sketches. Three sketches contained an app that would help
memory keeping of exhibition pieces (left image). Two further sketches
included floor plans of the museum with tracking of which rooms one had
already visited (second image). Three sketches showed apps that would allow
to have a closer look or get general information about exhibition pieces close
by (third image). Two sketches (right image) were concerned with giving an
overview, recommendation, and ranking of exhibition pieces in the museum
as a guide on what to view next. As we were getting closer to lunch and
the end of our sightseeing activities two sketches showed information about
upcoming events and the time left for the museum visit.
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Lunch

To conclude our ideation activity we went for a joint lunch in a local café
and after ordering foods and drinks, we did one more sketching session
that resulted in nine sketches. Three sketches were concerned with the day
as a whole. Two displayed a history of activities throughout the day and
one focused on showing the weather to inform future sightseeing activities.
One app showed an overview of the sightseeing activities of the day with
measures of knowledge or calorie gain and burn (left image). Six sketches
were related to the restaurant experience with four focusing on apps that
would help to find a restaurant based on price, type of food, or ratings
(middle image). One app was related to choosing a menu item based on
customer reviews, for example, which dessert other people spoke positively
about on public ratings (right image). One app concentrated on more detailed
information inside the restaurant such as waiting times, the table one was
assigned, restroom information, or other people one could meet based on
social media connections.

5.1.3 Discussion

Sightseeing, an inherently mobile activity, was a rich context for the
ideation activity. The large group context and extended activity al-
lowed the team to collect a large number of sketches. Going through
these sketches with a few team members and grouping the ideas into
clusters also helped to uncover interesting questions for the smart-
watch visualization context. For example, the group had previously
not considered the importance of showing the time. Some partici-
pants consistently included a display of time, others did not. From the
collected sketches some designs could be used as smartwatch faces
(8 sketches) while others might be dedicated apps (28 sketches). One
participant wearing a smartwatch with a square display also drew
square designs, pointing to a possible limitation of having used a
round paper prop. Potentially, 17 of the sketches would also work
with a squared smartwatch, but the other half (19 sketches) were de-
signed with a round watch in mind. In hindsight offering a larger
variety of smartwatch-sized props might have been useful for coming
up with designs that are less focused on a particular display format.
However, using the paper prop also gave the opportunity to think
into the future. As the wristband could be drawn on, several sketches
included information displays on the wristbands even though there
are currently no consumer watches with wristband displays.
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5.1 DESIGNING SMARTWATCH VISUALIZATIONS IN CONTEXT

Our motivation for this project was to start developing methodolo-
gies that will encourage us to design mobile visualizations directly
by basing the design process on: 1) visualization needs that emerge
while we are on-the-go and 2) visualization designs that were thought
of directly for on-the-go technology.

We have explored just one context for smartwatches and a few
other context for mobile phones: transit, shopping, and bicycling (only
covered in the original bookchapter). There are countless other possible
scenarios to be investigated: isolation, wilderness, and sporting events
to name just a few.

In reflecting on all of our activities we suggested that several quite
consistent aspects across all the trials led to a successful design experi-
ence with rich ideas:

* Being in-situ: one important part of this methodology is that we
tackled the idea at a location of possible use, with the individuals
doing the ideation being actually physically present at the given
location. While one participant (whose results are only covered in
the original bookchapter) did successfully use imagining of the
being in location, we suspect that needing this vivid imagination
may not work as well for all people.

* Being at the moment: this idea is essentially a time-wise "in
situ.” It is our impression that this immediacy was useful in
triggering ideas, but as one of our participants showed, for some
re-imagining a very recent past may also work well.

* The repetition: while the idea of trying to think of a new idea
every so many minutes did not appear to be necessary to be
rigidly applied, notion of repetition seemed to be generative.
That is, getting one idea and then getting another and then
another and so on, seemed to be freeing in itself. In a way this
took the pressure away. A person did not have to get the perfect
idea first, they could just keep going and also re-apply previous
ideas to new situations and places.

¢ The props: the way different individuals dealt with the device
trigger varied from: looking at a physical device (phone or
watch); imagining a physical device because current circum-
stance made pulling one out embarrassing; having a drawing or
facsimile of a physical device. All three of these were successful
and hint at possibilities of designing for novel devises by being
able to draw one or create a mock-up.

* The notes and sketches: we made strong suggestions that note
taking and sketching were done immediately, however, in reality
this was not always possible. While it may be possible that
some nuances were lost, on the whole post hoc notes were also
successful.
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5.1.4 Summary

In take-away we suggest trying this ideation approach bearing primar-
ily in mind: being in situ; being at the moment; and having or creating
a device mock-up. We do hope that some of our readers will try these
activities. We have found them to be delightfully effective. After we
started, ideas just seemed to flow forth. In addition, it seems that a
great deal of flexibility can be applied to this methodology without
losing its generative power. Important future work involves adjusting
or inventing new ideation methodologies that can help tease out new
ways to generate ideas that also leverage more of the unique features
of common mobile devices, such as their input, output, and sensory
capabilities.
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Figure 5.2: Smartwatch face examples (from Facer [141]) with increasing
amounts of data items and representation types. From left to
right: Material Volcano (Bluelceshard), Pie Charts II (Sunny Liao),
Minimal Colors H (AK Watch), and Earthshade (Brad C). The
graph on the right shows common pairs of data types displayed
on the watch faces our 237 survey participants used. Circle colors
correspond to three data categories: Health & Fitness, Weather &
Planetary, and Device & Location.

5.2 SMARTWATCH VISUALIZATION

While it was fruitful to investigate ways to generate completely new appli-
cations for smartwatches it is important to understand the current use of
these representation types on smartwatches and preferences of smwartwatch
wearers. Led by my PhD student Alaul Islam and in collaboration with Anas-
tasia Bezerianos, Bongshin Lee, Tanja Blascheck, and myself, we published
the findings of a survey with 237 smartwatch wearers as a short paper at
IEEE VIS 2020 [113]. I summarize this work here. We assessed in particular
the types of data and representations displayed on respondents” watch faces.
Supplementary material is available at https://osf.io/nwyz2r/ and any mention
of ‘we/our” in this section refers to this set of co-authors.

In this work, we focused on the use of visualizations on watch faces,
which are the first screen or home screen wearers see when glancing
at or turning on their watch [5, 230]. These watch faces are typically
small, have a resolution between 128—480 px per side with a viewable
area of around 30—4omm [15] and show the current time together
with several data types, such as step count, location, and weather
information. Watch faces are often customizable, allowing wearers to
choose the data they want to see regularly and at a glance. Given the
large variety of data available to display on smartwatches, we were
particularly interested to answer the following research questions:

Q1: Which data types do people show on their watch faces?
Q2: In which form is the data currently represented?
Q3: What more can we visualize?

To answer these questions, we first conducted an online survey
with smartwatch wearers, then complemented these results with an
online search and analysis of smartwatch face examples, as well as an
analysis of the technical capabilities of the watches our participants
reported wearing.
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Table 5.1: Categories of data types shown on watch faces.

Category Data type

Health & Fit- | Heart rate/ECG waveform, step
ness count, sleep related info (e.g., quality,
duration), distance traveled, calories
burned, floors/stairs climbed, and
blood pressure

Weather & | Weather info (e.g., sky condition),
Planetary temperature, wind speed/direction,
moon phase, humidity, and sunset/-
sunrise time

Device & Lo- | Watch battery level, phone battery

cation level, bluetooth, wifi, and location
name
Other Data and representation type not in

our list (open textfield)

5.2.1 Methodology

Here, I present a highly condensed description of the survey but both
the original paper and OSF repository provide details needed for
replication or reproduction.

Inspired by related work [210] and a commercial smartwatch face
app [141], we asked participants about three categories of data on
their watchfaces: health & fitness related data, weather & planetary
data, and device- & location-related data. For each kind of data we
asked participants to tell us if and how the data was shown on their
watch face. We provided participants with five possible representation
types accompanied by a text description. These categories were based
on a review about how numerical or categorical data are displayed on
more than 500 watch faces that we collected from the Facer app and
internet searches.

5.2.2  Analysis & Results

The majority of participants reported wearing a smartwatch with a
round display (mEE—] 150x), followed by a square (1 68x), and
rectangular display (1 17x). Two participants reported having
Squaricle / Rounded square types. Participants” smartwatches came
from 20 different brands with Apple (M1 76x), Fossil (@ 51x),
Samsung (0] 36x), Garmin (__J 17x), and Huawei (C_J 12x)
being the top five brands (80% of our respondents).
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Figure 5.3: Number of data items present on a respondent’s watch face.
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Figure 5.4: Distribution of data types participants displayed and saw on their
watch faces (left); aggregated by categories on the right.

5.2.3  Q1: Which data types do people show on their watch faces?

We were first interested to see whether people had configured their
watch faces to show a large amount or only a few data items. On
average, participants reported showing a median of 5 different data
items on their watch faces. Figure 5.3 shows that having 3, 4, or 5 data
items were the most common answers.

Next, we wanted to learn which data types were the most commonly
displayed (Figure 5.4). From the three categories we asked about,
health-fitness related data were the most commonly reported (530x).
The most common data type in this category was step count (the
third most common overall, 147x). Temperature was the most frequent
weather & planetary data type (the second most common overall,
158x). For device-location related data, watch battery level (165%) was
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Figure 5.5: Average number of representation types for each participant.

the most displayed and also the most common overall. The most
common additional data types mentioned in free-text responses were:
standing up count (43x) and exercise/body movement time (24x).

Next, we wanted to learn about individual watch faces. We analyzed,
which categories were most common per watch face and which data
types often appeared together. On average, most of the data shown
on an individual watch face came from the health & fitness category.
Participants reported seeing on average: 2.24 health & fitness (Mdn
=2, 95% CI [1.98, 2.48]), 1.89 weather & planetary (Mdn = 2, 95% CI
[1.69, 2.08]) and 1.52 device-location related data (Mdn = 1, 95% CI
[1.35, 1.7]) on their watch face.

To know more about which types of data are commonly shown
together, we performed a co-occurrence analysis of data types par-
ticipants saw on their watch faces. The graph in Figure 5.2 shows
combinations of two kinds of data that can be found on at least 25% of
our respondents” watch faces. The thicker the link, the more frequent
the data pair appeared on people’s watch faces. Circle size corresponds
to how often participants reported seeing this data type. Circle color
corresponds to the data type category. Only connections that appeared
more than 59 (= 237 / 4) times are shown.

5.2.4 Q2: In which form is the data currently represented?

Figure 5.5 shows the average number of representation types each
participant had on their watch face. Icon+Text g was the most com-
mon representation type, used to display on average two kinds of data
types on each watch face (M = 2.05, 95% CI: [1.78, 2.32]). The next
most common were Text Only b%%q (M = 1.38, 95% CI: [1.13, 1.66]),
and Icon Only ¥ (M = 1.11, 95% CI: [0.93, 1.3]). Representations us-
ing visualizations were less common. Chart+Text 68", (M =0.82, 95%
CI: [0.64, 1.03]) and Chart Only /"« (M = 0.28, 95% CI: [0.2, 0.37])
appeared less than once per watch face on average.

In Figure 5.6 we can see how many participants showed each data
type with each representation type. Data types most commonly dis-
played with either Chart Only}/"« or Chart+Text 087, were calories
burned (14 + 30 = 44x), step count (10 + 32 = 42x), and watch battery
levels (14 + 28 = 42x).
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Only Text Only Icon Icon + Text Only Chart/Graph Text + Chart/Graph
Heart rate/ECG waveform 20 7 53 4 20
Step counth 8 10 32
Sleep related info 2 1 16 7 7
Distance traveled 24 9 22 4 11
Calories burned 24 11 25 14 30
Floors/Stairs climbed 16 4 15 1 12
Blood pressure 8 1 11 1 3
Weather info 10 4 11
Temperature H 20
Wind speed/direction 15 3 10 2
Moon phase 4 13 10 2 3
Humidity 13 1 11 2
Sunset/Sunrise time 15 7 26 2 7
Watch battery level 24 22 14 28
Phone battery level 7 11 31 3 4
Bluetooth 2 51 6 2
Wifi 1 39 3
Location Name 20 7 8 1
Participants

2 18 34 50 66 82

Figure 5.6: Representation types reported for different data types.

Complementary search of representation types. Surprised by the
high number of icons reported, we decided to investigate further how
different information can be displayed on watch faces. We conducted
an extensive image search, during which we looked for examples
of each representation type in current use. We looked at popular
watch brands” websites, searched the internet for images (keywords:
smartwatch face, popular smartwatch, smartwatch, etc.), and looked
at examples from the Facer watch face creation and distribution app.
Table 5.2 shows exemplary graphics for each kind of data x represen-
tation type combination, redrawn for image clarity. We found only
few examples online of data types represented by an Icon Only ¥
display. Yet, Figure 5.6 shows that participants reported seeing Icon
Only W representations for almost every data with on average around
one Icon Only ¥ display per smartwatch face. We discuss this dis-
crepancy further in Section 5.2.6.

5.2.5 Q3: What more can we visualize?

Complementary investigation of device capabilities. To find un-
tapped opportunities for visual representations, we looked at technical
details for the 54 smartwatch models (from the 20 brands) our partic-
ipants wore. We found that all smartwatches had fitness or activity
tracking as a core feature, including measuring and display of body
movement, steps, sleep patterns, or dedicated exercise tracking. The
smartwatches our participants used also carried a wide variety of

[ February 22, 2022 at 10:54 — Final Version ]



96

MOBILE MICRO VISUALIZATIONS

Table 5.2: Redrawn example representations from real smartwatch faces. Text
color corresponds to the data type category. Bluetooth and wifi
only text and only icon change color based on on/off status.
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sensors [121]: activity sensors such as accelerometers (53 models)
and gyroscopes (46 models); physiological sensors such as heart rate
sensors (47 models); and environmental sensors such as barometric
altimeters (38 models). Many smartwatches allowed for at least blue-
tooth (54 models) or wifi (43 models) connectivity. By tracking which
types of sensors were available on people’s smartwatches, we derived
the types of data their watches could track and participants could see
on their watch faces (Figure 5.7).

[ February 22, 2022 at 10:54 — Final Version ]



5.2 SMARTWATCH VISUALIZATION

@® Dataseen ® Data could see

Temperature

Step count

Weather info

Heart rate/ECG waveform
Calories burned

Distance traveled e o

l

Sunset/Sunrise time o
[

Floors/Stairs climbed ® Sl
@]

®
Sleep related info ®
Moon phase ®
e
®
e

Wind speed/direction
Humidity
Blood pressure

@
0 50 100 150 200 250
Figure 5.7: Difference between # of watches that tracked each data type and
how many participants actually saw it on their watch face.

There naturally is a mismatch between what our participants could
see and what they did see: watch faces do not show all available data.
Nevertheless, this mismatch varies. For example, from health & fit-
ness data that almost all devices track, roughly 62.03% of participants
saw step counts, but this percentage was lower for heart rate (45.61%),
or calories burned (43.88%), and dropped drastically for distance trav-
eled (34.65%), floors count (22.97%), sleep (14.54%), and blood pressure
(13.48%). This list of commonly tracked data that is under-represented
can serve as a starting point for visualization designers. dFor example,
in past work led by my Master’s student Ranjini Aravind [6] we found
that smartwatch wearers would have liked to see sleep data but a
display on their fitness tracker was not available to them.

5.2.6 Discussion and Future Work

It is challenging to determine a right vocabulary for wide-audience sur-
veys. In our case, while we found few examples of icon only displays,
participants often reported this type of representation. One possibility
for these responses might be confusion about what constitutes “data.”
In the survey instructions, we informed participants that we only
cared about information in the form of numbers or categories, such
as step count (numerical) or weather condition (categorical). We also
asked participants not to consider graphics such as settings, calendar,
or music app icons because they do not represent numerical or cate-
gorical information; and gave examples of graphics we cared and did
not care about. Yet, participants might not have read the instructions
carefully and included responses about graphical icons that do not
change based on data. A second possibility for the larger frequency of
Icon Only # responses might be attributed to typical Icon+Text $
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displays that due to missing or currently inaccessible data result in an
icon-only representation (e.g., BB heart icon with currently blank
text). For our analysis reported in Figure 5.7 we had to sometimes
infer based on sensors whether a certain derived value such as calories
burned would be available on a watch. The supplementary material
makes our inferences transparent.

A wide variety of data types is available for our participants” watch
faces. The list of frequently presented data types provides starting
points for creating visual representations that could be valuable to a
broad range of viewers. In addition, when designing perceptual stud-
ies in the future, it might be useful to take into account participants’
familiarity with this data type.

Our participants had five data items on average on their watch faces.
As five is a relatively large number for a small smartwatch display, an
open research question is how to help people cope with such a dense
data display. Given our analysis of common co-occurrences (especially
within the categories) (Figure 5.2-right), it may be useful to consider
combining them into joint representations.

Our survey results indicate that visualizations are still not as com-
mon as other representations such as text, even though they can be
used to represent some of the most commonly displayed data (e.g.,
step counts and battery levels). Our online search of technical capabilities
of smartwatches also indicates that much of the data tracked wearers
do not see. This includes some health & fitness data that most devices
track (e.g., calories, distance, sleep and blood pressure data). Whether
these are explicit customization choices due to specific tasks they want
to carry out, or due to a choice the default displays promote for the
smartwatch face, remains an open question. Further research needs to
investigate representation choices, to determine if the wider adoption
of visualizations is a question of preference, tasks, a lack of exposure,
and if it requires us to rethink visual encodings for smartwatches. In
addition, future work needs to establish at which level of granularity
information should be displayed. For example, are exact wind speeds
important or are broad categories (stormy, light breeze, no wind)
enough; presentation types would change based on this decision.

In summary, our work contributes to the understanding of the
current real-world use of representation types on smartwatches and
additional findings that can inform and inspire the visualization com-
munity to pursue smartwatch visualization.
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One Stimulus on the Watch

Figure 5.8: Left: Example images of the stimuli used in the two perception
studies. We tested three chart types (Bar, Donut, and Radial) with
three data sizes (7, 12, and 24) on a smartwatch. When printed
without rescaling the image, the sizes correspond to the size of
the stimuli as shown on our smartwatch (28.73 mm x 28.73 mm).
Right: One stimulus shown on the smartwatch.

5.3 GLANCEABLE VISUALIZATION: STUDIES OF DATA COMPARI-
SON PERFORMANCE ON SMARTWATCHES

In 2018, I worked with Tanja Blascheck, Lonni Besangon, Anastasia Bezeri-
anos, and Bongshin Lee on a specific aspect of mediated complexity related to
smartwatch visualization: the glanceability of data representations on smart-
watches. We published an IEEE InfoVis paper on the topic in which we report
on two studies that assessed how quickly people can perform a simple data
comparison task for small-scale visualizations on a smartwatch [15]. For a
bookchapter [14] in the Mobile Data Visualization book [134] Tanja Blascheck,
Frank Bentley, Eun Kyoung Choe, Tom Horak, and I illustrated glanceability
as a crucial requirement for several types of mobile visualizations. For exam-
ple, in a difficult terrain, a runner can only check a smartwatch for elevation
or heart rate data for a few hundred milliseconds before the eyes need to
refocus on the trail ahead. Such quick information needs differ from those in
traditional visualizations that are meant for deep analysis and interaction
with possibly large and complex datasets. We described characteristics of
glanceable visualizations in terms of presence and access, simplicity and
understandability, and suitability and purpose. In this section, I report about
the 2018 study on glanceable visualizations and thus, any use of “we/our’
refers to the co-authors of this study.

Visualizations, by design, allow to effectively convey information
and reduce reading time [38]. Therefore, they may be able to convey
a large amount of information during brief glances at a smartwatch.
Many possible application contexts exist, in which visualizations can
help to provide detailed information during quick glances. For ex-
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Figure 5.9: Left: A participant, wearing helmet and smartwatch both with
markers attached, is reading a text displayed on the smartwatch
while sitting. Right: Measurements taken during the pre-study.

ample, in the context of personal data tracking, visualizations on
smartwatches can show workout progress, can be a fitness and health
indicator for runners, or show elevation profiles during a hike in
the mountains. Neither the related work on micro visualizations as
data glyphs nor word-scale visualizations has developed dedicated
guidelines about how to design for quick glances at a visualization.
In our 2018 paper we presented the design and results of two per-
ceptual studies conducted to assess how quickly viewers can read
information from small-scale visualizations shown on a smartwatch.
We considered not only the mediated complexity of the quick-glance
viewing scenario but also external complexity of visualization design
by varying the number of data items being displayed. Next, I present
a condensed version of the study and its results and end with future
research questions and open challenges.

5.3.1 Pre-Study: Position and Orientation of Wristworn Smartwatches for
Reading Tasks

In a pre-study, we investigated at which viewing angle and distances
smartwatches are commonly held while people are reading infor-
mation on them. The full details of this study can be found in our
previous workshop paper [16]. Here, we summarize the most impor-
tant findings.

During the study, participants wore the same smartwatch used in
the main study, but with attached tracking markers. They also wore
a firmly attached bike helmet with tracking markers (cf. Figure 5.9,
left). Participants read 20 sentences per condition on the watch. While
participants were reading, we captured position and orientation for
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helmet and smartwatch using a 6-camera 3D real-time Vicon tracking
system. The Vicon tracking system logged for both the helmet and the
smartwatch: a timestamp, an x-, y-, and z-coordinate for the position,
and the orientation of the object as a quaternion (gx, qy, 9z, quw).

From this data, we calculated: (1) Pitch angle, the angle between the
watch’s normal and the floor’s normal (angle « in Figure 5.9, right);
(2) Smartwatch distance, the distance from the center between both eyes
to the smartwatch’s center, corresponding to the length of the line of
sight (LOS) in Figure 5.9, right; (3) LOS offset, the angle between LOS
and the inverted smartwatch face’s normal (=angle  in Figure 5.9,
right).

The results showed that average pitch angles were 48° (SD = 15°)
when sitting, and 52° (SD = 13°) when standing. This leads to an
average pitch angle of 50° (SD = 14°) for both conditions combined.
For calculating the LOS offset, we removed 23 (4%) out of 480 trials
as outlier trials, i.e., all trials beyond 2 SD per participant. We found
that neither sitting nor standing participants” LOS aligned with the
smartwatch face’s normal, indicating a slightly tilted view. The LOS
offset was 11° (SD = 8°) when sitting and 9° (SD = 6°) when standing.
This gives us an average angle of 10° (SD = 8°) between the two
conditions. Finally, the watch distance was 27.6 cm (SD = 3 cm) when
sitting, and 28 cm (SD = 5 cm) when standing. The average distance
between the two conditions is 28 cm (SD = 5cm).

5.3.2 Two Studies on Minimal Task Times

With the results from our pre-study, we set up two controlled exper-
iments to find a minimum time threshold participants would need to
conduct a simple data comparison task on different small-scale visu-
alizations on a smartwatch. We investigated three chart types (Bar Iifls,
ponut ©), Radial &) and three data sizes (7, 12, and 24).

5.3.2.1 Study Design - Condensed Version

In both studies, we used a two-alternative forced choice (2AFC) de-
sign [97, 122], a popular technique in psychophysics to assess the
perception of visual stimuli. This technique generally involves show-
ing two alternative options per trial and asking participants to select
one of the two options based on a given task. In our case, each stim-
ulus involved a chart type x data size combination. On each chart, we
highlighted two target data values using black dots. Participants’ task
was to select the larger of the two targets. We showed each stimulus
for a specific stimulus exposure duration to be able to study the average
task duration participants need to perform this task. The stimulus
exposure duration was adapted w.r.t. participants” responses—it was
made shorter after three correct responses and longer after an error.
Figure 5.10 gives an overview of the procedure of one study session
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Chart Type 1 Chart Type 2 Chart Type 3
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Figure 5.10: Procedure of one study session. After the introduction, partici-
pants performed nine staircases (for 3 chart types x 3 data sizes).
Between each chart type we asked participants about their strat-
egy. The study ended with a debriefing session.
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Figure 5.11: Procedure for one trial in the study. After a participant’s re-
sponse, we show feedback on the correctness of the answer.
After 15, the next stimulus is shown followed by four interven-
ing images and then a black screen with a prompt to enter a
response.

while Figure 5.11 shows the procedure for one trial. More details can
be found in the original paper. The difference between both studies
concerned primarily how we chose target differences. In Study 1 these
were pre-set and randomly chosen in Study 2.

We used a Sony SmartWatch 3 with an Android Wear 2.8.0 operating
system. The smartwatch has a viewable screen area of 28.73 mm x
28.73 mm and a screen resolution of 320 px x 320 px (= a pixel size of
0.089 mm). Figure 5.8 (right) shows an image of the smartwatch with
a Barllls stimulus. With an average viewing distance of 28 cm the
visualization covered about 4° of visual angle, so the visualizations
were on the larger end of the micro visualization spectrum.

The measure in our study was the time threshold for each staircase.
Given our study design, this threshold should represent ~91% correct
responses for the particular combination of chart type x data size [84].

We recruited 18 participants (7 female, 11 male; 10 researchers, 8
students), with an average age of 30 years (SD = 7.7) for an in-person
lab study for Study 1, and another 18 new participants (7 female, 11
male; 7 researchers, 3 students), with an average age of 35 years (SD =
13) for Study 2.
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Table 5.3: Top: Mean thresholds (T) and confidence intervals (CI) across all
sizes and for each data size given in milliseconds. Bottom: Pair-wise
comparisons (A T) between chart types (CIs were adjusted for 3
pairwise comparisons with Bonferroni correction), and for each
data size (Cls adjusted for g pairwise comparisons).

ALL SIZES 7 12 24
T CI T (I T T CI

BarMlls 245 [221,272] 168[155,181] 208 [187,240] 360 [307,432]
Donut© 159 [155,164] 157[147,165] 158 [154,164] 162 [158,168]
Radial © 1548 [1116,2030] 286 [228,422] 766 [415,1519] 3593 [2515,4679]

AT CI AT CI AT (I AT CI

Bar-Donut 86 [60,117] 10 [-2,29] 50 [19,95] 197 [128,290]
Radial-Donut 1389 [863,1979] 129 [60,370] 608 [187,1984] 3430 [1953,4950]
Radial-Bar 1303 [783, 1899] 118 [45,360] 558 [127,1974] 3233 [1765,4745]

5.3.3 Results—Condensed and Summarized

We analyze, report, and interpret all our inferential statistics using in-
terval estimation [62]. We report sample means of thresholds and 95%
confidence intervals (CIs). We can be 95% confident that this interval
includes the population mean. These results are highly representative
of the plausible values of the true population mean, and the approach
supports future replication efforts.

We set out to assess how quickly people can perform a simple
data comparison task for small-scale visualizations on a smartwatch.
Table 5.3 and Table 5.4 give an overview of the thresholds we collected
for both studies. In our first study that required the comparison of
two visual marks, which differed by 25%, participants were able to
reach time thresholds as low as 160-210ms for 7 and 12 data values
for bar charts and donut charts. These techniques also scaled well to
24 data values, average times around 360 ms and 163 ms, respectively.
Whereas the performance of radial bar charts dropped considerably
from 286 ms for 7 data values to 766 ms for 12 and to 3600 ms for 24
data values. The same trends were also present in our second study, in
which differences between marks were randomly generated. However,
in the second study the threshold values went up by around 50 ms
on average for bar charts and donut charts, and more substantially
for radial bar charts by approximately 200 ms. Because of their overall
poor performance, radial bar charts seem unsuitable for smartwatch
applications that require quick comparisons if the number of data
values is higher than seven.

These results give first evidence to answer our main research ques-
tion. For a small number of data values, participants could estimate if
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one data value is higher than the other one for all three chart types (with
70-92% accuracy) in times between 160 ms-560 ms. For bar charts and
donut charts in particular, they could reliably perform this task when
dealing with 24 data values, on average in ~450 ms using bar charts,
and impressively in ~270 ms using donut charts. These thresholds are
slightly above the 200 ms that the scene perception literature considers
as a “glance” [162]. Even the threshold of the slowest technique with
large data values (radial bar chart, with ~3900 ms) was as low as or
lower than times reported in smartwatch usage studies [172, 210].

Where the differences between the three charts come from is an
interesting question. Our design of the visual stimuli influenced our
results in two ways. First, we used a minimum number of 7 data
values (with at least 5 distractors) for the study stimuli, ruling out that
participants could memorize the individual data items for a single
chart [231]. Second, in terms of visual processing, we speculate that
different visual routines [205] were involved. In particular, the chart
type varied how participants had to associate the location of the black
dots with the values to be compared. In our donut design, dots were
placed at a 50% reference point. In bar and radial charts, they were
placed at the beginning of the bar (i. e., aligned to the axis), to mimic
label placement and to follow previous studies in the visualization
literature [201]. For these two charts a (slower) spatial shift of attention
may have been necessary [173] because participants had to trace a
much longer distance. If the dots had been placed at the top of the bars
in both types of bar charts the results may have been much faster, in
particular for the radial bar chart. However, bar chart labels are more
common at the bottom of the bars. The dot placement likely plays a
role in the ease and speed of association, and it is possibly related to
previous findings [201] on the dot location influencing the correctness
of bar height estimation (dots in the middle made comparisons more
correct).

In addition to the dot location, the variance of colors and lengths of
the non-target bars likely also slowed the search for the endpoint [102].
Generally, conditions that demanded more attentional shifts, involved
more complex target-to-endpoint (dot to value) association, yielded
more imprecise spatial selection, and were more susceptible to sur-
rounding variance resulted in higher response times. In addition, the
strategies participants described suggest that participants did not
necessarily perform the task on both marked targets. Instead they reg-
ularly performed an estimation of the size of one target and then made
a guess, without consulting the other target. Given these strategies, the
low thresholds our participants reached, in some cases hitting the min-
imum threshold of 100 ms without errors, are perhaps not surprising.
Yet, this fast strategy can also be applicable in real life smartwatch use
cases, for example, quickly glancing at one’s physical activity on two
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Table 5.4: Follow-up study with randomized data. Top: Mean thresholds (T)
and confidence intervals (CI) across all sizes and for each data
size given in milliseconds. Bottom: Pair-wise comparisons (AT)
between chart types (CIs were adjusted for 3 pairwise comparisons
with Bonferroni correction), and for each data size (Cls adjusted for
9 pairwise comparisons).

ALL SIZES 7 12 24
T CI T (I T CI T CI

BarMlls 285 [252,333] 181[167,209] 232 [204,276] 443 [376,538]
Donut@ 216 [180,337] 178[162,231] 202 [175,262] 267 [197,507]
Radial@© 1772 [1513,2017] 560 [413,784] 853 [696,1151] 3905 [3273,4439]

AT CI AT (I AT CI AT CI

Bar-Donut 69 [-6,114] 2 [-22,24] 30 [-14,83] 176 [-28,296]
Radial-Donut 1556 [1257,1814] 381 [199,696] 650 [457,1081] 3638 [2808,4295]
Radial-Bar 1487 [1173, 1756] 379 [195,717] 620 [428,1021] 3461 [2598,4201]

different days (Monday vs. Wednesday) or to an average bar drawn
on the side of daily activity data.

5.3.4 Design Considerations

Situations in which visualizations need to be looked at quickly are
common on smartwatches. For example, visualizations can convey
several data values as part of a notification. Our study results showed
that the heights of individual bars or donut sectors up to 24 data
values can be assessed within a few hundred milliseconds. Radial bars
up to 7 data values can also be assessed quickly. Radial bar charts
of higher data values had much larger thresholds and varied widely
across participants. Furthermore, they were the least preferred and
gathered the lowest confidence scores. Another disadvantage of radial
bar charts is the available bar width. Due to its encoding, the bars in
radial bar charts are roughly half the size of a bar chart for the same
number of items, making any discrimination task more challenging.

The results acquired from our studies also highlight that both bar
charts and donut charts provide similar results. For 7 and 12 data val-
ues, the differences are under 100 ms while for 24 it is under 200 ms.
These relatively small time differences lead us to recommend that
when creating visualizations, designers can use them almost inter-
changeably. Given the similar performance of donut and pie charts
found in previous studies [193], pie charts may also be possible candi-
dates.

Nevertheless, the stable performance of donut charts across all data
sizes (going from 7 to 24 data values only increases the threshold by

[ February 22, 2022 at 10:54 — Final Version ]



106

MOBILE MICRO VISUALIZATIONS

<100ms on average) may indicate that this visualization could scale
to more than 24 data values for the particular task. If designers are
considering even larger data sizes, then this visualization could be
considered—keeping in mind the readability of the chart’s labels and
segment color may be impacted with more data values.

It is not straightforward to speculate on the generalizability of our
results to larger display sizes. The charts we chose, their design (e. g.,
no labels, axes, grid lines, tick marks), as well as the number of data
items we tested (7, 12, 24) were influenced by our smartwatch usage
scenario. It is even possible that our small display size is beneficial
for this type of task, as the entire visualization covers on average a
small visual angle (with targets still being in the central vision field)
and can be seen with little to no eye movement. Nevertheless, further
research is required to verify this. In addition, the task that requires
performing comparisons, may be more important to smartwatch or
smartphone usage, during which people often quickly glance at their
devices.

In a later paper we replicated this study [17] on a laptop computer
to see whether we could simplify our technical setup by showing
smartwatch-sized stimuli on a larger screen. We also tested larger
stimuli to see whether the thresholds were influenced by display size.
In general showing the smartwatch-sized stimuli on a laptop instead
of an actual smartwatch led to similar overall trends. We did not
find evidence of a difference between Bar Il and Donut ©) except
for 24 data values where Bar lila was slightly slower than Donut ©.
All threshold averages were slightly higher for the smartwatch-sized
stimuli on the laptop screen compared to the original smartwatch
study; in the order of 100ms for Barllla and Donut © but in the
order of seconds for Radial &. Based on previous work, we also
expected to see a difference for the larger stimulus size. Yet, for our
simple data comparison task we found no clear evidence that the
size of the stimulus had an effect on the answer thresholds. Both
Bar lls as well as Donut © could still be read within less than 360 ms.
We observed the same trends as in the original smartwatch study
Bar llls and Donut © outperform Radial ). In contrast to previous
studies [107, 159]—who found that completion time increased as chart
size increased—we saw an overall decline in completion time for the
larger stimuli. This effect needs to be studied further. In our study,
in contrast to previous work, participants did not explicitly have to
choose their own error vs. completion time tradeoff as each trial had a
pre-determined completion time, which perhaps played a role.

Comparing the rankings, the Bar Mlls was mostly ranked first, fol-
lowed by the Donut @ and last Radial @ for both preference and
confidence across both stimuli sizes. This result was not the same as in
the smartwatch study where the donut was preferred and participants
felt more confident with it. This could indicate that for a smartwatch
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people prefer a different type of chart than for a laptop computer. It
could also be that familiarity with Donut ©) was rated a bit lower in
our replication study (M = 3.5, SD = 1.6) than in the smartwatch study
(M = 4.28, SD = 1.13), however, the difference was minimal.

5.4 WHAT DID WE LEARN ABOUT MICRO VISUALIZATIONS?

Research on visualizations for smartwatches is still at the beginning.
As such, my past work has involved a variety of questions and re-
search methodologies involving thinking about design methods, to
understanding current practices, and performing first evaluations
that considered both issues of mediated and external complexities
of micro visualizations for smartwatches. We learned that context-
specific smartwatch visualizations can be effectively envisioned with
an ideation methodology that involves being in context and think-
ing about one’s own information needs. In terms of current use, we
saw that there are plenty of untapped opportunities for micro visual-
ization on smartwatch faces—but also that many research questions
are open as to how effective and preferred replacing current text or
text+icon representations with visualizations would be. Generally,
current smartwatch visualizations have a low external complexity
in terms of number of dimensions or data values present. Studying
more externally complex visualizations for smartwatch faces would
be interesting. In our glanceability study, we specifically targeted the
mediated complexity issue of the mobile aspect of smartwatch visual-
izations. We saw that simple representations in the form of bars and
donuts could be quickly assessed for value comparison tasks—even
when up to 21 data values were present. Radial bar charts were most
impacted by increasing the number of data items.

On the topic my students and collaborators currently have several
projects ongoing. For example, we are working on studies that tested
thresholds for different tasks and multiple much smaller visualiza-
tions than we tested in the first glanceability study. With my PhD
student Lijie Yao, we are also exploring the mediated complexity
of display movement and how it affects people’s perception of data
encodings. My PhD student Alaul Islam is currently working on a
data-driven project where we explore the visualization of sleep data
on smartwatches in more depth.
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This manuscript started with a definition and with an overview of
past research on micro visualization. Next, I covered my own work
on glyphs, word-scale visualizations, and micro visualizations for
mobile, and in particular wearable, devices. My past research projects
have in common that they focused on small-scale data representations
that were meant to be seen at a visual angles of <5°. Each of the
covered research projects had a specific focus and covered different
aspects of micro visualization complexity. Yet, many questions in
this space remain unanswered, some even unaddressed. One of the
difficulties with studying the perception of data visualizations is the
many possible combinations of data, tasks, or encodings one could test.
Opportunities for new insight seem overwhelming. For this reason
we began to conduct literature reviews on past data glyph studies
and why I applaud efforts such as Beck and Weiskopf [12]'s overview
on how word-scale graphics have been used in scientific texts. In our
overview on the smartwatch faces wearers currently use, we made
similar progress towards understanding which type and how data is
currently represented on smartwatches. Future studies in this space
of micro visualizations can build on these findings and ground tasks
and data choices in existing work and practice.

What we learned from our quantitative studies broadly was that
with certain encodings people were quite effective and fast in com-
pleting specific tasks with micro visualizations. Yet, encodings need
to be carefully chosen. This is the case for glyphs as well as micro
visualizations on smartwatches (I have not yet conducted perception
studies on word-scale visualizations). Next, I cover some of the work
that I consider useful to focus on in the future.

6.1 THE ROLE OF CONTEXT

The context of a visualization’s use impacts how we need to design
and interact with a visualization. For example, in our work on word-
scale visualizations the text was a factor that increased mediated
complexity as we had to design interactions specific to the embedding
of the visualization in text. We also saw how designers created text-to-
visualization connections that would not have been necessary in other
settings.

One contextual factor I am currently interested in is motion of mo-
bile micro visualizations, that is visualizations that are themselves
moving. In an IEEE InfoVis poster [223] lead authored by PhD student
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Lijie Yao (co-advised by myself and Anastasia Bezerianos), we covered
a first design space for visualization in motion more broadly and plan
to extend the work for micro visualizations on smartwatches, fitness
trackers, or mobile phones that are frequently used on-the-go. For a
future submission we are currently working on an extended design
space for visualization in motion and two crowdsouring experiments
to understand how well viewers can read data from moving visual-
izations. Our work is motivated by the prevalence of visualizations
in sports and video games where a static viewer reads data attached
to moving characters, athletes, or equipment. Beyond this usage con-
text, however, visualizations also frequently appear in contexts that
involves motion of the viewer or both viewer and visualization. Imag-
ine, for example, a runner as a moving observer who passes a static
map-based visualization or who reads visualizations on a fitness band
while bouncing up and down during a run. Our preliminary results
show that people can complete simple magnitude estimation tasks
on moving visualizations quite effectively. I expect that we will see
more micro visualizations on TVs and larger displays in the gaming or
sports analytics context where we need to understand the influence of
movement as well as changing backgrounds and perspectives. Micro
visualizations in augmented or virtual reality environments will face
similar mediated complexity issues.

In the future, we will also see displays of different shapes emerge
that may increase mediated complexity. In our ideation activity for
smartwatch visualizations, for example, many participants drew visu-
alizations on watch straps and first prototypes have emerged already
[124]. Similarly, other types of embedded screens in clothing, curved
mobile screens or wristbands will emerge and we have to understand
how people perceive data when seen on these non-flat displays.

In addition, contexts with divided attention require further research
attention. Here, viewers can only afford quick glances at visualizations.
Similarly difficult situations arise where viewers might be focused
on a visualization but are constantly interrupted. Visualizations in
these settings are very difficult to evaluate and test and future work
is needed, in particular as micro visualizations on smartphones or
wearable devices commonly have to deal with this type of mediated
complexity.

6.2 MICRO VISUALIZATION APPLICATION, DESIGN AND SCALA-
BILITY

Some past work has, intuitively, recommended for small data repre-
sentations to be simple in design and to encode only a few data values
and/or dimensions. Studying encoding limits in more depth would be
fruitful. While some of these studies mean going large—adding more
dimensions, more data values, more encoding types—some studies
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should go small by studying visualizations that become increasingly
small. Some of the past studies on visualization size (Section 2.4)
have consistently shown that people prefer larger visualizations but
we have also seen that certain tasks, with certain encodings, could
be quite effectively and correctly completed by participants. In our
current work we are looking at adding more visualizations on smart-
watch faces and testing how quickly people can perform tasks that
involve multiple much smaller visualizations than we did in our first
glanceability study. As such, there are several avenues of scalability to
explore: more data, smaller size, and more visualizations.

In terms of design, we have also began to consider the role of
small visualizations in embedded and situated scenarios. With Pierre
Dragicevic, Yvonne Jansen, and Martin Hachet—and in collaboration
with researchers from the University of Calgary—we are currently
working on an ANR funded project called EMBER to explore situated
visualizations for personal analytics. In a situated data visualization
[218], the data is directly visualized near the physical space, object, or
person it refers to. Situated data visualizations have many potential
benefits: they can surface information in the physical environment and
allow viewers to interpret data in-context; they can be tailored to high-
light spatial connections between data and the physical environment,
making it easier to make decisions and act on the physical world in
response to the insights gained; and they can embed data into physical
environments so that it remains visible over time, making it easier
to monitor changes, observe patterns over time and collaborate with
other people. Situated micro visualizations have, in particular, poten-
tial for empowering people to make effective use of their personal data
in a variety of application contexts and for performing personal analyt-
ics. For example, a person may attach small e-ink displays embedded
with sensors at various locations of their house or their workplace,
in order to better understand their use of space, of equipment, or of
energy resources. Alternatively, a person who wishes to exercise more
may use small GPS-enabled wearable displays to visualize their past
running performance in-place. Tiny data displays may also take the
form of “data jewellery” to help people share personal information in
social settings. Allowing viewers to interpret data in-context and take
action in response to it. Because they make it possible to explore and
act on data in relevant physical locations, they have the potential to
radically transform how we relate to data. They can help people lever-
age information about their own activities in order to adapt and tailor
their personal spaces, make more informed decisions, or improve their
well-being.
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6.3 INTERACTION

Few interactions with micro visualizations have so far been imple-
mented in existing systems. Interactions in glyph small multiple set-
tings could include features similar to some of those we discussed
in our work on interactive word-scale visualizations. Expanding our
work on interactive word-scale visualizations to better understand the
role of data in interactive reading environments would also be useful
as people are spending a lot of time reading on mobile devices or
e-readers.

We also need to better understand the types of interactions that may
be useful to control smartwatch micro visualizations. At this point,
mostly simple swipes and taps are used to switch between different
representations or time intervals but more complex interactions have
been explored for touch interactions on desktop-sized [219] or tablet-
sized charts [180]. If they would be useful and how they can be
used when the “fat finger problem” becomes even more acute is an
interesting avenue for research.

More broadly, it will be important to study further what kind of
interactions people actually need or want to perform with micro
visualizations. For example, does it make sense to allow a runner to
interactively switch the types of data or the data granularity shown on
a smartwatch during a race? Similarly, the scalability of interactions
such as brushing and linking across many micro visualizations—or
even devices carrying micro visualizations—needs further attention.

6.4 CLOSING REMARKS

In this manuscript I only covered some of the research I conducted
since my PhD. I focused on how my work evolved towards the broader
topic of micro visualizations. I left many other topics uncovered that
would show my broad interest in different areas of visualization
research. In general, my research has often been motivated by possibil-
ities of new technologies—such as my work on smartwatchs/fitness
trackers or tabletop and wall displays. Sometimes, I have been mo-
tivated by a simple curiosity about data—such as for my work on
Bitcoin data visualizations or work on understanding the field of Visu-
alization more broadly through published papers or keywords used.
Sometimes, my work is motivated by a personal need, such my past
work on understanding the role and practice of evaluating visualiza-
tions. I am privileged in having a research position that allows me the
freedom to explore a variety of topics of interest and a set of amazing
collaborators and students who go and have gone on these research
adventures with me. I cannot thank them enough.

[ February 22, 2022 at 10:54 — Final Version ]



BIBLIOGRAPHY

[1]

[2]

(8]

Wolfgang Aigner, Silvia Miksch, Bettina Thurnher, and Stefan
Biffl. “PlanningLines: Novel Glyphs for Representing Temporal
Uncertainties and their Evaluation.” In: Proceedings of the Con-
ference on Information Visualisation (IV). July 2005, pp. 457—463.
DOI: 10.1109/IV.2005.97.

Danielle Albers, Michael Correll, and Michael Gleicher. “Task-
driven Evaluation of Aggregation in Time Series Visualization.”
In: Proceedings of the Conference on Human Factors in Computing
Systems (CHI). Toronto, Ontario, Canada: ACM, 2014, pp. 551—
560. DOI: 10.1145/2556288.2557200.

Fereshteh Amini, Khalad Hasan, Andrea Bunt, and Pourang
Irani. “Data Representations for In-Situ Exploration of Health
and Fitness Data.” In: Proceedings of the Conference on Per-
vasive Computing Technologies for Healthcare (PervasiveHealth).
Barcelona, Spain: ACM, 2017, pp. 163-172. DOI: 10 . 1145/
3154862.3154879.

Edgar Anderson. “A Semigraphical Method for the Analysis of
Complex Problems.” In: Proceedings of the National Academy of
Sciences of the United States of America 43.10 (1957), Pp- 923—-927.
DOI: 10.1073/pnas.43.10.923.

Apple Inc. 2015. Apple Watch User Guide — Version 1.0. https:
//manuals.info.apple.com/MANUALS/1000/MA1708/en_US/
apple_watch_user_guide.pdf. Last visited: July, 2020.

Ranjini Aravind, Tanja Blascheck, and Petra Isenberg. “A Sur-
vey on Sleep Visualizations for Fitness Trackers.” In: Posters of
the European Conference on Visualization (EuroVis). 2019.

Benjamin Bach, Nathalie Henry Riche, Tim Dwyer, Tara Mad-
hayastha, Jean-Daniel Fekete, and Thomas Grabowski. “Small
MultiPiles: Piling Time to Explore Temporal Patterns in Dy-
namic Networks.” In: Computer Graphics Forum 34.3 (2015),
pPp- 31—40. por: 10.1111/cgf.12615.

Sriram Karthik Badam, Zhicheng Liu, and Niklas Elmqvist.
“Elastic Documents: Coupling Text and Tables Through Contex-
tual Visualizations for Enhanced Document Reading.” In: IEEE
Transactions on Visualization and Computer Graphics 25.1 (2019),
pp. 661-671. pOI: 10.1109/TVCG.2018.2865119.

113

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/IV.2005.97
https://doi.org/10.1145/2556288.2557200
https://doi.org/10.1145/3154862.3154879
https://doi.org/10.1145/3154862.3154879
https://doi.org/10.1073/pnas.43.10.923
https://manuals.info.apple.com/MANUALS/1000/MA1708/en_US/apple_watch_user_guide.pdf
https://manuals.info.apple.com/MANUALS/1000/MA1708/en_US/apple_watch_user_guide.pdf
https://manuals.info.apple.com/MANUALS/1000/MA1708/en_US/apple_watch_user_guide.pdf
https://doi.org/10.1111/cgf.12615
https://doi.org/10.1109/TVCG.2018.2865119

114

BIBLIOGRAPHY

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Fabian Beck, Yasett Acurana, Tanja Blascheck, Rudolf Netzel,
and Daniel Weiskopf. “An Expert Evaluation of Word-Sized
Visualizations for Analyzing Eye Movement Data.” In: Proceed-
ings of the Workshop on Eye Tracking and Visualization (ETVIS).
IEEE, 2016, pp. 50-54. DOI: 10.1109/ETVIS.2016.7851166.

Fabian Beck, Tanja Blascheck, Thomas Ertl, and Daniel Weiskopf.
“Word-Sized Eye Tracking Visualizations.” In: Eye Tracking and

Visualization. Mathematics and Visualization Series. Springer In-
ternational Publishing, 2016. por: 10.1007/978-3-319-47024-

5_7.

Fabian Beck, Sebastian Koch, and Daniel Weiskopf. “Visual
Analysis and Dissemination of Scientific Literature Collections
with SurVis.” In: IEEE Transactions on Visualization and Computer
Graphics 22.1 (2015), pp. 180-189. po1: 10.1109/TVCG. 2015
2467757.

Fabian Beck and Daniel Weiskopf. “Word-sized Graphics for
Scientific Texts.” In: IEEE Transactions on Visualization and Com-
puter Graphics 23.6 (2017), pp. 1576—1587. DOIL: 10.1109/TVCG.
2017.2674958.

Richard A Becker and William S Cleveland. “Brushing Scatter-
plots.” In: Technometrics 29.2 (1987), pp. 127—142. DOI: 10.2307/
1269768.

Tanja Blascheck, Frank Bentley, Eun Kyoung Choe, Tom Horak,
and Petra Isenberg. “Characterizing Glanceable Visualizations:
From Perception to Behavior Change.” In: Mobile Data Visual-
ization. To appear. CRC Press, 2021.

Tanja Blascheck, Lonni Besangon, Anastasia Bezerianos, Bong-
shin Lee, and Petra Isenberg. “Glanceable Visualization: Studies
of Data Comparison Performance on Smartwatches.” In: IEEE
Transactions on Visualization and Computer Graphics 25.1 (2019),
pp. 616-629. DOI: 10.1109/TVCG.2018.2865142.

Tanja Blascheck, Anastasia Bezerianos, Lonni Besan¢on, Bong-
shin Lee, and Petra Isenberg. “Preparing for Perceptual Stud-
ies: Position and Orientation of Wrist-worn Smartwatches for
Reading Tasks.” In: Proceedings of the Workshop on Data Visu-
alization on Mobile Devices held at ACM CHI. 2018. URL: https:
//www.aviz.fr/smartwatchperception.

Tanja Blascheck and Petra Isenberg. “A Replication Study on
Glanceable Visualizations: Comparing Different Stimulus Sizes
on a Laptop Computer.” In: Proceedings of the Conference on Com-
puter Vision, Imaging and Computer Graphics Theory and Applica-
tions - Volume 3 IVAPP: IVAPP. SciTePress, Feb. 2021, pp. 133-
143. DOIL: 10.5220/0010328501330143.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/ETVIS.2016.7851166
https://doi.org/10.1007/978-3-319-47024-5_7
https://doi.org/10.1007/978-3-319-47024-5_7
https://doi.org/10.1109/TVCG.2015.2467757
https://doi.org/10.1109/TVCG.2015.2467757
https://doi.org/10.1109/TVCG.2017.2674958
https://doi.org/10.1109/TVCG.2017.2674958
https://doi.org/10.2307/1269768
https://doi.org/10.2307/1269768
https://doi.org/10.1109/TVCG.2018.2865142
https://www.aviz.fr/smartwatchperception
https://www.aviz.fr/smartwatchperception
https://doi.org/10.5220/0010328501330143

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

BIBLIOGRAPHY

Tanja Blascheck, Lindsay MacDonald Vermeulen, Jo Vermeulen,
Charles Perin, Wesley Willett, Thomas Ertl, and Sheelagh Carpen-
dale. “Exploration Strategies for Discovery of Interactivity in
Visualizations.” In: IEEE Transactions on Visualization and Com-
puter Graphics 25.2 (2019), pp. 1407-1420. DOIL: 10.1109/TVCG.
2018.2802520.

Ingwer Borg and Thomas Staufenbiel. “Performance of Snow
Flakes, Suns, and Factorial Suns in the Graphical Representa-
tion of Multivariate Data.” In: Multivariate Behavioral Research
27.1 (1992), Pp. 43—55. DOI: 10.1207/515327906mbr2701_4.

Rita Borgo, Johannes Kehrer, David H.S. Chung, Eamonn
Maguire, Robert S. Laramee, Helwig Hauser, Matthew Ward,
and Min Chen. “Glyph-based Visualization: Foundations, De-
sign Guidelines, Techniques and Applications.” In: Proceedings
of the European Conference on Visualization State-of-the-Art Reports.
Eurographics, 2013, pp. 39-63. por: 10.2312/conf/EG2013/
stars/039-063.

Michelle A Borkin, Zoya Bylinskii, Nam Wook Kim, Constance
May Bainbridge, Chelsea S Yeh, Daniel Borkin, Hanspeter
Pfister, and Aude Oliva. “Beyond Memorability: Visualiza-
tion Recognition and Recall.” In: IEEE Transactions on Visu-
alization and Computer Graphics 22.1 (2016), pp. 519-528. DOI:
10.1109/TVCG.2015.2467732.

Margery D. Boulette, Bruce G. Coury, and Nadeem A. Bezar.
“Classification of Multidimensional Data under Time Con-
straints: Evaluating Digital and Configural Display Represen-
tations.” In: Proceedings of the Human Factors and Ergonomics
Society Annual Meeting 31.1 (1987), pp. 116—120. DOL: 10.1177/
154193128703100126.

Jeremy Boy, Louis Eveillard, Francoise Detienne, and Jean-
Daniel Fekete. “Suggested Interactivity: Seeking Perceived Af-
fordances for Information Visualization.” In: IEEE Transactions
on Visualization and Computer Graphics 22.1 (2016), p. 10. DOIL:
10.1109/TVCG.2015.2467201.

Ulrik Brandes. “Visualization for Visual Analytics: Microvisu-
alization, Abstraction, and Physical Appeal.” In: Proceedings
of the Pacific Visualization Symposium (PacificVis). IEEE, 2014,
PpP- 352—353. DOL: 10.1109/PacificVis.2014.67.

Ulrik Brandes, Bobo Nick, Brigitte Rockstroh, and Astrid Stef-
fen. “Gestaltlines.” In: Computer Graphics Forum 32.3 (2013),
pp- 171-180. DOL: 10.1111/cgf.12104.

[ February 22, 2022 at 10:54 — Final Version ]

115


https://doi.org/10.1109/TVCG.2018.2802520
https://doi.org/10.1109/TVCG.2018.2802520
https://doi.org/10.1207/s15327906mbr2701_4
https://doi.org/10.2312/conf/EG2013/stars/039-063
https://doi.org/10.2312/conf/EG2013/stars/039-063
https://doi.org/10.1109/TVCG.2015.2467732
https://doi.org/10.1177/154193128703100126
https://doi.org/10.1177/154193128703100126
https://doi.org/10.1109/TVCG.2015.2467201
https://doi.org/10.1109/PacificVis.2014.67
https://doi.org/10.1111/cgf.12104

116 BIBLIOGRAPHY

[26] Richard Brath. “Metrics for Effective Information Visualiza-
tion.” In: Proceedings the Symposium on Information Visualization
(InfoVis). IEEE, 1997, pp. 108-111. DOIL: 10.1109/INFVIS.1997.
636794.

[27] Richard Brath, Peter MacMurchy, and Ebad Banissi. “The De-
sign Space of SparkWords.” In: Short Paper Proceedings of the
European Conference on Visualization (EuroVis). The Eurographics
Association, 2019, pp. 127-131. DOL 10.2312/evs.20191182.

[28] Matthew Brehmer, Bongshin Lee, Petra Isenberg, and Eun Ky-
oung Choe. “Visualizing Ranges over Time on Mobile Phones:
A Task-Based Crowdsourced Evaluation.” In: IEEE Transactions
on Visualization and Computer Graphics 25.1 (2019), pp. 619-629.
DOI: 10.1109/TVCG.2018.2865234.

[29] Matthew Brehmer, Bongshin Lee, Petra Isenberg, and Eun
Kyoung Choe. “A Comparative Evaluation of Animation and
Small Multiples for Trend Visualization on Mobile Phones.” In:
Transactions on Visualization and Computer Graphics (TVCG) 26.1
(2020), pp. 364-374. DOIL: 10.1109/TVCG.2019.2934397.

[30] Matthew Brehmer, Bongshin Lee, John Stasko, and Christian
Tominski. “Interacting with Visualization on Mobile Devices.”
In: Mobile Data Visualization. To appear. CRC Press, 2021.

[31] Cynthia A. Brewer. Colorbrewer—Color Advice for Maps. Ac-
cessed online September, 2012. 2012. URL: http://www.colorbrewer.
org/.

[32] R.L.Brown. “Methods for the Graphic Representation of Sys-
tems Simulated Data.” In: Ergonomics 28.10 (1985), pp. 1439—
1454. DOI: 10.1080/00140138508963269.

[33] Aaron Bycoffe. The Endorsement Primary. https://projects.
fivethirtyeight.com/2016-endorsement-primary/. Last read:
September 2019.

[34] Oliver Byrne. The First Six Books of the Elements of Euclid. multi-
lingual edition. Reprint of the original 1847 edition published
by William Pickering. Taschen, 2017.

[35] Jesus ]. Caban, Penny Rheingans, and Terry Yoo. “An Evalua-
tion of Visualization Techniques to Illustrate Statistical Defor-
mation Models.” In: Computer Graphics Forum 30.3 (June 2011),
pp- 821-830. por: 10.1111/j.1467-8659.2011.01931.x.

[36] Xiwen Cai, Konstantinos Efstathiou, Xiao Xie, Yingcai Wu, Y.
Shi, and Lingyun Yu. “A Study of the Effect of Doughnut Chart
Parameters on Proportion Estimation Accuracy.” In: Computer
Graphics Forum 37.6 (2018), pp. 300-312. DOIL: 10.1111/cgf.
13325.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/INFVIS.1997.636794
https://doi.org/10.1109/INFVIS.1997.636794
https://doi.org/10.2312/evs.20191182
https://doi.org/10.1109/TVCG.2018.2865234
https://doi.org/10.1109/TVCG.2019.2934397
http://www.colorbrewer.org/
http://www.colorbrewer.org/
https://doi.org/10.1080/00140138508963269
https://projects.fivethirtyeight.com/2016-endorsement-primary/
https://projects.fivethirtyeight.com/2016-endorsement-primary/
https://doi.org/10.1111/j.1467-8659.2011.01931.x
https://doi.org/10.1111/cgf.13325
https://doi.org/10.1111/cgf.13325

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

BIBLIOGRAPHY

Jack Callahan, Don Hopkins, Mark Weiser, and Ben Shneider-
man. “An Empirical Comparison of Pie vs. Linear Menus.” In:
Proceedings of the Conference on Human Factors in Computing Sys-
tems (CHI). ACM. 1988, pp. 95-100. DOIL: 10.1145/57167.57182.

Stuart K. Card, Jock D. Mackinlay, and Ben Shneiderman, eds.
Readings in Information Visualization: Using Vision to Think. San
Francisco, CA, USA: Morgan Kaufmann Publishers Inc., 1999.

Melody C. Carswell and Christopher D. Wickens. “Information
Integration and the Object Display: An Interaction of Task
Demands and Display Superiority.” In: Ergonomics 30.3 (1987),
pp- 511-527. DOI: 10.1080/00140138708969741.

Elizabeth ]. Casey. “Visual Display Representation of Multi-
dimensional Systems: The Effect of System Structure: And
Display Integrality.” In: Proceedings of the Human Factors and
Ergonomics Society Annual Meeting 31.1 (1987), pp. 112—115. DOIL:
10.1177/154193128703100125.

117

Merve Cayli, Murat Can Cobanoglu, and Selim Balcisoy. “GlyphLink:

An Interactive Visualization Approach for Semantic Graphs.”
In: Journal of Visual Languages & Computing 24.6 (2013), pp. 463—
471. DOL: 10.1016/j.jv1lc.2013.09.002.

Yu-Hsuan Chan, C.D. Correa, and Kwan-Liu Ma. “The Gener-
alized Sensitivity Scatterplot.” In: IEEE Transactions on Visual-
ization and Computer Graphics, 19.10 (Oct. 2013), pp. 1768-1781.
DOI: 10.1109/TVCG.2013.20.

Wing-Yi Chan, Huamin Qu, and Wai-Ho Mak. “Visualizing
the Semantic Structure in Classical Music Works.” In: IEEE
Transactions on Visualization and Computer Graphics, 16.1 (Jan.
2010), pp. 161-173. DOI: 10.1109/TVCG.2009.63.

Michael Chau. “Visualizing Web Search Results Using Glyphs:
Design and Evaluation of a Flower Metaphor.” In: ACM Trans-
actions on Management Information Systems 2.1 (Mar. 2011), pp. 1—
27.DOI: 10.1145/1929916.1929918.

Herman Chernoff. “The Use of Faces to Represent Points in
K-Dimensional Space Graphically.” In: Journal of the American
Statistical Association 68.342 (June 1973), pp. 361—-368. DOI: 10.
2307/2284077.

Herman Chernoff and M. Haseeb Rizvi. “Effect on Classifi-
cation Error of Random Permutations of Features in Repre-
senting Multivariate Data by Faces.” English. In: Journal of the
American Statistical Association 70.351 (1975), pp. 548—554. DOL:
10.2307/2285931.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1145/57167.57182
https://doi.org/10.1080/00140138708969741
https://doi.org/10.1177/154193128703100125
https://doi.org/10.1016/j.jvlc.2013.09.002
https://doi.org/10.1109/TVCG.2013.20
https://doi.org/10.1109/TVCG.2009.63
https://doi.org/10.1145/1929916.1929918
https://doi.org/10.2307/2284077
https://doi.org/10.2307/2284077
https://doi.org/10.2307/2285931

118

BIBLIOGRAPHY

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Fanny Chevalier, Romain Vuillemot, and Guia Gali. “Using
Concrete Scales: A Practical Framework for Effective Visual
Depiction of Complex Measures.” In: IEEE Transactions on Visu-
alization and Computer Graphics 19.12 (2013), pp. 2426—2435. DOIL:
10.1109/TVCG.2013.210.

Luca Chittaro. “Visualizing Information on Mobile Devices.”
In: Computer 39.3 (Mar. 2006), pp. 40—45. DOIL: 10.1109/MC.2006.
109.

Eleanor Boyle Chlan and Penny Rheingans. “Multivariate Glyphs
for Multi-Object Clusters.” In: Proceedings of the Symposium on
Information Visualization (InfoVis). Oct. 2005, pp. 141-148. DOI:
10.1109/INFVIS.2005.1532140.

Eun Kyoung Choe, Raimund Dachselt, Petra Isenberg, and
Bongshin Lee. “Mobile Data Visualization (Dagstuhl Seminar
19292).” In: Dagstuhl Reports 9.7 (2019), pp. 78-93. DOIL: 10.4230/
DagRep.9.7.78.

Mei C. Chuah and Stephen G. Eick. “Information Rich Glyphs
for Software Management Data.” In: IEEE Computer Graphics
and Applications 18.4 (July 1998), pp. 24—29. poI: 10.1109/38.
689658.

David Chung, Robert Laramee, Johannes Kehrer, and Helwig
Hauser. “Glyph-Based Multi-Field Visualization.” In: Scientific
Visualization: Uncertainty, Multifield, Biomedical, and Scalable Vi-
sualization. Ed. by Charles Hansen, Min Chen, Christopher
Johnson, Arie Kaufman, and Hans Hagen. London: Springer,
2014, pp. 129-137. DOI: 10.1007/978-1-4471-6497-5_13.

David H. S. Chung, Philip A. Legg, Matthew L. Parry, Rhodri
Bown, Iwan W. Griffiths, Robert S. Laramee, and Min Chen.
“Glyph Sorting: Interactive Visualization for Multi-dimensional
Data.” In: Information Visualization (2013). por: 10.1177/1473871613511959.

William Cleveland and Robert McGill. “Graphical Perception:
Theory, Experimentation, and Application to the Develop-
ment of Graphical Methods.” In: American Statistical Association
79.387 (1984), pp. 531-554. DOIL: 10.2307/2288400.

Christopher Collins, Sheelagh Carpendale, and Gerald Penn.
“Docuburst: Visualizing Document Content Using Language
Structure.” In: Computer Graphics Forum 28.3 (2009), pp. 1039—
1046. DOL: 10.1111/j.1467-8659.2009.01439.x.

Katherine Currier, Soren Knudsen, Miriam Sturdee, and Shee-
lagh Carpendale. “Combining Ideation and Journaling to Ex-
plore to New Possibilities for Visualization on Mobile Devices.”
In: Proceedings of the CHI Workshop on Data Visualization on Mo-
bile Devices. 2018.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/TVCG.2013.210
https://doi.org/10.1109/MC.2006.109
https://doi.org/10.1109/MC.2006.109
https://doi.org/10.1109/INFVIS.2005.1532140
https://doi.org/10.4230/DagRep.9.7.78
https://doi.org/10.4230/DagRep.9.7.78
https://doi.org/10.1109/38.689658
https://doi.org/10.1109/38.689658
https://doi.org/10.1007/978-1-4471-6497-5_13
https://doi.org/10.1177/1473871613511959
https://doi.org/10.2307/2288400
https://doi.org/10.1111/j.1467-8659.2009.01439.x

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

BIBLIOGRAPHY

Geen De Soete and Wilfried Do Corte. “On the Perceptual
Salience of Features of Chernoff Faces for Representing Multi-
variate Data.” In: Applied Psychological Measurement 9.3 (1985),
pp- 275—280. DOL: 10.1177/014662168500900305.

Geert De Soete. “A Perceptual Study of the Flury-Riedwyl
Faces for Graphically Displaying Multivariate Data.” In: Inter-
national Journal of Man-Machine Studies 25.5 (1986), pp. 549-555.
DOI: 10.1016/50020-7373(86)80022-0.

Cedric Demers and Adriana Wiszniewska. TV Size to Dis-
tance Calculator and Science. Website. Mar. 2021. URL: https:
//www.rtings.com/tv/reviews/by-size/size-to-distance-
relationship.

Christian Dick, Rainer Burgkart, and Rudiger Westermann.
“Distance Visualization for Interactive 3D Implant Planning.”
In: IEEE Transaction on Visualization and Computer Graphics 17.12
(Dec. 2011), pp. 2173-2182. por: 10.1109/TVCG.2011.189.

Dictionary.com, LLC. Dictionary.com. Last read: September 2019.
URL: https://www.dictionary.com.

Pierre Dragicevic. “Fair Statistical Communication in HCL"” In:
Modern Statistical Methods for HCI. Ed. by Judy Robertson and
Maurits Kaptein. Springer, 2016, pp. 291-330. DOI: 10.1007/
978-3-319-26633-6_13.

Pierre Dragicevic, Yvonne Jansen, Abhraneel Sarma, Matthew
Kay, and Fanny Chevalier. “Increasing the transparency of
research papers with explorable multiverse analyses.” In: Pro-
ceedings of the Conference on Human Factors in Computing Systems
(CHI). ACM, 2019. DOI: 10.1145/3290605.3300295.

Eli Dresner and Susan C Herring. “Functions of the Nonverbal
in CMC: Emoticons and Illocutionary Force.” In: Communication
Theory 20.3 (2010), pp. 249-268. poI: 10.1111/7j .1468-2885.
2010.01362.x.

Stephen H. C. Du Toit, A. Gert W. Steyn, and Rolf H. Stumpf.
Graphical Exploratory Data Analysis. Springer, 1986. pOIL: 10 .
1007/978-1-4612-4950-4.

Cody Dunne and Ben Shneiderman. “Motif Simplification: Im-
proving Network Visualization Readability with Fan, Connec-
tor, and Clique Glyphs.” In: Proceedings of the Conference on
Human Factors in Computing Systems (CHI). New York, NY, USA:
ACM, 2013, pp. 3247-3256. DOL: 10.1145/2470654.2466444.

David S Ebert, Randall M Rohrer, Christopher D Shaw, Pradyut
Panda, James M Kukla, and D Aaron Roberts. “Procedural
Shape Generation for Multi-Dimensional Data Visualization.”
In: Computers & Graphics 24.3 (2000), pp- 375-384. DOIL: 10.1016/
S0097-8493(00)00033-9.

[ February 22, 2022 at 10:54 — Final Version ]

119


https://doi.org/10.1177/014662168500900305
https://doi.org/10.1016/S0020-7373(86)80022-0
https://www.rtings.com/tv/reviews/by-size/size-to-distance-relationship
https://www.rtings.com/tv/reviews/by-size/size-to-distance-relationship
https://www.rtings.com/tv/reviews/by-size/size-to-distance-relationship
https://doi.org/10.1109/TVCG.2011.189
https://www.dictionary.com
https://doi.org/10.1007/978-3-319-26633-6_13
https://doi.org/10.1007/978-3-319-26633-6_13
https://doi.org/10.1145/3290605.3300295
https://doi.org/10.1111/j.1468-2885.2010.01362.x
https://doi.org/10.1111/j.1468-2885.2010.01362.x
https://doi.org/10.1007/978-1-4612-4950-4
https://doi.org/10.1007/978-1-4612-4950-4
https://doi.org/10.1145/2470654.2466444
https://doi.org/10.1016/S0097-8493(00)00033-9
https://doi.org/10.1016/S0097-8493(00)00033-9

120

BIBLIOGRAPHY

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

James Elder and Steven Zucker. “The Effect of Contour Closure
on the Rapid Discrimination of Two-Dimensional Shapes.” In:
Vision Research 33.7 (1993), pp. 981—991. DOI: 10.1016/0042 -
6989(93)90080-G.

Niklas Elmqvist, Andrew Vande Moere, Hans-Christian Jetter,
Daniel Cernea, Harald Reiterer, and TJ Jankun-Kelly. “Fluid In-
teraction for Information Visualization.” In: Information Visual-
ization 10.4 (2011), pp. 327-340. DOL: 10.1177/1473871611413180.

Stef van den Elzen and Jarke J van Wijk. “Small Multiples,
Large Singles: A New Approach for Visual Data Exploration.”
In: Computer Graphics Forum 32.3pt2 (2013), pp. 191—200. DOTI:
10.1111/cgf.12106.

José L. Encarnacao, Martin Frithauf, and Thomas Kirste. “Mo-
bile Visualization: Challenges and Solution Concepts.” In: Pro-
ceedings of the Conference on Computer Applications in Production
and Engineering (CAPE). Boston: Springer, 1995, pp. 725-737.
DOI: 10.1007/978-0-387-34879-7_75.

David Feng, Yueh Lee, Lester Kwock, and Russell M. Taylor
II. “Evaluation of Glyph-based Multivariate Scalar Volume
Visualization Techniques.” In: Proceedings of the Symposium on
Applied Perception in Graphics and Visualization (APGV). Chania,
Crete, Greece: ACM, 2009, pp. 61—68. DOI: 10.1145/1620993.
1621006.

Stephen Few. “Grid Lines in Graphs are Rarely Useful.” In:
DM Review. Perceptual Edge, Feb. 2005. URL: http: //www .
perceptualedge.com/articles/dmreview/grid_lines.pdf.

Fitbit.com. How Does my FitBit Device Calculate my Daily Ac-
tivity? Website FAQ. Visited: May, 2021. 2021. URL: https :
//help. fitbit.com/articles/en_US/Help_article/1141.
htm?Highlight=calories.

Bernhard Flury and Hans Riedwyl. “Graphical Representation
of Multivariate Data by Means of Asymmetrical Faces.” English.
In: Journal of the American Statistical Association 76.376 (1981),
pPp. 757-765. DOL: 10.2307/2287565.

Camilla Forsell, Stefan Seipel, and Mats Lind. “Simple 3D
Glyphs for Spatial Multivariate Data.” In: Proceedings of the
Symposium on Information Visualization (InfoVis). IEEE, Oct. 2005,
pp- 119-124. DOI: 10.1109/INFVIS.2005.1532137.

Camilla Forsell, Stefan Seipel, and Mats Lind. “Surface Glyphs
for Efficient Visualization of Spatial Multivariate Data.” In:
Information Visualization 5.2 (2006), pp. 112—124. DOIL: 10.1057/
palgrave.ivs.9500119.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1016/0042-6989(93)90080-G
https://doi.org/10.1016/0042-6989(93)90080-G
https://doi.org/10.1177/1473871611413180
https://doi.org/10.1111/cgf.12106
https://doi.org/10.1007/978-0-387-34879-7_75
https://doi.org/10.1145/1620993.1621006
https://doi.org/10.1145/1620993.1621006
http://www.perceptualedge.com/articles/dmreview/grid_lines.pdf
http://www.perceptualedge.com/articles/dmreview/grid_lines.pdf
https://help.fitbit.com/articles/en_US/Help_article/1141.htm?Highlight=calories
https://help.fitbit.com/articles/en_US/Help_article/1141.htm?Highlight=calories
https://help.fitbit.com/articles/en_US/Help_article/1141.htm?Highlight=calories
https://doi.org/10.2307/2287565
https://doi.org/10.1109/INFVIS.2005.1532137
https://doi.org/10.1057/palgrave.ivs.9500119
https://doi.org/10.1057/palgrave.ivs.9500119

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

BIBLIOGRAPHY

Leo D Frishberg. “Interactive Sparklines: A Dynamic Display
of Quantitative Information.” In: Extended Abstracts on Human
Factors in Computing Systems (CHI). ACM. 2011, pp. 589-604.
DOI: 10.1145/1979742.1979655.

Christian Frisson, Stéphane Dupont, Willy Yvart, Nicolas Riche,
Xavier Siebert, and Thierry Dutoit. “AudioMetro: Directing
Search for Sound Designers Through Content-based Cues.” In:
Proceedings of the 9th Audio Mostly: A Conference on Interaction
With Sound. Aalborg, Denmark: ACM, 2014, 1:1-1:8. DOIL: 10.
1145/2636879.2636880.

Johannes Fuchs, Fabian Fischer, Florian Mansmann, Enrico
Bertini, and Petra Isenberg. “Evaluation of Alternative Glyph
Designs for Time Series Data in a Small Multiple Setting.”
In: Proceedings of the Conference on Human Factors in Computing
Systems (CHI). New York, NY, USA: ACM, 2013, pp. 3237-3246.
DOI: 10.1145/2470654.2466443.

Johannes Fuchs, Petra Isenberg, Anastasia Bezerianos, Fabian
Fischer, and Enrico Bertini. “The Influence of Contour on Sim-
ilarity Perception of Star Glyphs.” In: IEEE Transactions on
Visualization and Computer Graphics 20.12 (Dec. 2014), pp. 2251—
2260. DOI: 10.1109/TVCG.2014.2346426.

Johannes Fuchs, Petra Isenberg, Anastasia Bezerianos, and
Daniel Keim. “A Systematic Review of Experimental Studies
on Data Glyphs.” In: IEEE Transactions on Visualization and
Computer Graphics 23.7 (2017), pp. 1863-1879. po1: 10.1109/
TVCG.2016.2549018.

Galileo Galileo. The Galileo Manuscript. Letter. Published on-
line at: http://www. lib.umich.edu/special-collections-
library/galileo-manuscript. Last Viewed: April, 2016. 1609.

Miguel Garcia-Pérez. “Forced-choice staircases with fixed step
sizes: Asymptotic and small-sample properties.” In: Vision
Research 38.12 (1998), pp. 1861—-1881. po1: 10 . 1016/ S0042 -
6989(97)00340-4.

Patrick Garrigan. “The Effect of Contour Closure on Shape
Recognition.” In: Perception 41.2 (2012), pp. 221-235. DOIL: 10.
1068/p7145.

Sohaib Ghani, Nathalie Henry Riche, and Niklas Elmqvist.
“Dynamic Insets for Context-Aware Graph Navigation.” In:
Computer Graphics Forum 30.3 (2011), pp. 861-870. DOI: 10.1111/
j.1467-8659.2011.01935.x.

Michael Gleicher, Danielle Albers, Rick Walker, Ilir Jusufi,
Charles D Hansen, and Jonathan C Roberts. “Visual Compari-
son for Information Visualization.” In: Information Visualization
10.4 (2011), pp. 289—309. DOI: 10.1177/1473871611416549.

[ February 22, 2022 at 10:54 — Final Version ]

121


https://doi.org/10.1145/1979742.1979655
https://doi.org/10.1145/2636879.2636880
https://doi.org/10.1145/2636879.2636880
https://doi.org/10.1145/2470654.2466443
https://doi.org/10.1109/TVCG.2014.2346426
https://doi.org/10.1109/TVCG.2016.2549018
https://doi.org/10.1109/TVCG.2016.2549018
http://www.lib.umich.edu/special-collections-library/galileo-manuscript
http://www.lib.umich.edu/special-collections-library/galileo-manuscript
https://doi.org/10.1016/S0042-6989(97)00340-4
https://doi.org/10.1016/S0042-6989(97)00340-4
https://doi.org/10.1068/p7145
https://doi.org/10.1068/p7145
https://doi.org/10.1111/j.1467-8659.2011.01935.x
https://doi.org/10.1111/j.1467-8659.2011.01935.x
https://doi.org/10.1177/1473871611416549

122

BIBLIOGRAPHY

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Pascal Goffin. “An Exploration of Word-Scale Visualizations
for Text Documents.” PhD thesis. Université Paris Sud, 2016.
URL: http://www.theses.fr/2016SACLS256.

Pascal Goffin, Tanja Blascheck, Petra Isenberg, and Wesley
Willett. “Interaction Techniques for Visual Exploration Using
Embedded Word-Scale Visualizations.” In: Proceedings of the
Conference on Human Factors in Computing Systems (CHI). ACM,
2020. DOIL: 10.1145/3313831.3376842.

Pascal Goffin, Jeremy Boy, Wesley Willett, and Petra Isenberg.
“An Exploratory Study of Word-Scale Graphics in Data-Rich
Text Documents.” In: IEEE Transactions on Visualization and
Computer Graphics 23.10 (2017), pp. 2275—2287. DOIL: 10.1109/
TVCG.2016.2618797.

Pascal Goffin, Wesley Willett, Anastasia Bezerianos, and Petra
Isenberg. “Exploring the Effect of Word-Scale Visualizations on
Reading Behavior.” In: Extended Abstracts of the Conference on Hu-
man Factors in Computing Systems (CHI). ACM. 2015, pp. 1827-
1832. DOIL: 10.1145/2702613.2732778.

Pascal Goffin, Wesley Willett, Jean-Daniel Fekete, and Petra
Isenberg. “Exploring the Placement and Design of Word-Scale
Visualizations.” In: IEEE Transactions on Visualization and Com-
puter Graphics 20.12 (2014), pp. 2291-2300. DOL: 10.1109/TVCG.
2014.2346435.

Pascal Goffin, Wesley Willett, Jean-Daniel Fekete, and Petra
Isenberg. “Design Considerations for Enhancing Word-Scale
Visualizations with Interaction.” Poster Proceedings of IEEE
Conference on Information Visualization (InfoVis). 2015.

Pascal Goffin, Wesley Willett, and Petra Isenberg. “Sharing In-
formation from Personal Digital Notes using Word-Scale Visu-
alizations.” In: Proceedings of the IEEE VIS Workshop on Personal
Visualization: Exploring Data in Everyday Life. IEEE Computer
Society Press, 2015, pp. 1—4.

Steven Goodman, Susanne Kirchner, Rose Guttman, Dhruv Jain,
Jon Froehlich, and Leah Findlater. “Evaluating Smartwatch-
Based Sound Feedback for Deaf and Hard-Of-Hearing Users
Across Contexts.” In: Proceedings of the Conference on Human
Factors in Computing Systems (CHI). Honolulu, HI, USA: ACM,
2020, 279:1-279:13. DOIL: 10.1145/3313831.3376406.

Ruben Gouveia, Fabio Pereira, Evangelos Karapanos, Sean A.
Munson, and Marc Hassenzahl. “Exploring the Design Space
of Glanceable Feedback for Physical Activity Trackers.” In: Pro-
ceedings of the Joint Conference on Pervasive and Ubiquitous Com-
puting (Ubicomp). Heidelberg, Germany: ACM, 2016, pp. 144—
155. DOIL: 10.1145/2971648.2971754.

[ February 22, 2022 at 10:54 — Final Version ]


http://www.theses.fr/2016SACLS256
https://doi.org/10.1145/3313831.3376842
https://doi.org/10.1109/TVCG.2016.2618797
https://doi.org/10.1109/TVCG.2016.2618797
https://doi.org/10.1145/2702613.2732778
https://doi.org/10.1109/TVCG.2014.2346435
https://doi.org/10.1109/TVCG.2014.2346435
https://doi.org/10.1145/3313831.3376406
https://doi.org/10.1145/2971648.2971754

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

BIBLIOGRAPHY

Michelle R. Greene and Aude Oliva. “The Briefest of Glances:
The Time Course of Natural Scene Understanding.” In: Psy-
chological Science 20.4 (2009), pp. 464—72. DOIL: 10.1111/j.1467-
9280.2009.02316. x.

Brian Greenhill, Michael Ward, and Audrey Sacks. “The Sepa-
ration Plot: A New Visual Method for Evaluating the Fit of Bi-
nary Models.” In: American Journal of Political Science 55.4 (2011),
pp- 991-1002. DOL: 10.1111/7.1540-5907.2011.00525. x.

Kyle Hall, Charles Perin, Peter G Kusalik, Carland Gutwin, and
Sheelagh Carpendale. “Formalizing Emphasis in Information
Visualization.” In: Eurographics 2016-State of the Art Reports. The
Eurographics Association. 2016. po1: 10.1111/cgf.12936.

C. G. Hamner, D. W. Turner, and D. M. Young. “Comparisons
of Several Graphical Methods for Representing Multivariate
Data.” In: Computers & Mathematics with Applications 13.7 (1987),
pp. 647-655. DOI: 10.1016/0898-1221(87)90127-1.

Steve Haroz, Robert Kosara, and Steven L Franconeri. “Isotype
Visualization: Working Memory, Performance, and Engage-
ment with Pictographs.” In: Proceedings of the Conference on Hu-
man Factors in Computing Systems (CHI). ACM. 2015, pp. 1191—
1200. DOI: 10.1145/2702123.2702275.

Steve Haroz and David Whitney. “How Capacity Limits of
Attention Influence Information Visualization Effectiveness.”
In: IEEE Transactions on Visualization and Computer Graphics 18.12
(2012), pp. 2402—2410. DOIL: 10.1109/TVCG.2012.233.

Christopher G Healey and James T Enns. “Large Datasets at
a Glance: Combining Textures and Colors in Scientific Visu-
alization.” In: IEEE Transactions on Visualization and Computer
Graphics 5.2 (1999), pp- 145-167. DOIL: 10.1109/2945.773807.

Christopher G. Healey and Amit P. Sawant. “On the Limits
of Resolution and Visual Angle in Visualization.” In: ACM
Transactions on Applied Perception 9.4 (Oct. 2012). DOIL: 10.1145/
2355598.2355603.

Jeffrey Heer and Maneesh Agrawala. “Multi-scale banking to
45 degrees.” In: IEEE Transactions on Visualization and Computer
Graphics 12.5 (2006), pp. 701—708. DOIL: 10.1109/TVCG.2006.163.

Jeffrey Heer and Michael Bostock. “Crowdsourcing Graphical
Perception: Using Mechanical Turk to Assess Visualization
Design.” In: Proceedings of the Conference on Human Factors in
Computing Systems (CHI). ACM, 2010, pp. 203—212. DOL: 10.
1145/1753326.1753357.

[ February 22, 2022 at 10:54 — Final Version ]

123


https://doi.org/10.1111/j.1467-9280.2009.02316.x
https://doi.org/10.1111/j.1467-9280.2009.02316.x
https://doi.org/10.1111/j.1540-5907.2011.00525.x
https://doi.org/10.1111/cgf.12936
https://doi.org/10.1016/0898-1221(87)90127-1
https://doi.org/10.1145/2702123.2702275
https://doi.org/10.1109/TVCG.2012.233
https://doi.org/10.1109/2945.773807
https://doi.org/10.1145/2355598.2355603
https://doi.org/10.1145/2355598.2355603
https://doi.org/10.1109/TVCG.2006.163
https://doi.org/10.1145/1753326.1753357
https://doi.org/10.1145/1753326.1753357

124

BIBLIOGRAPHY

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Jeffrey Heer, Nicholas Kong, and Maneesh Agrawala. “Sizing
the Horizon: The Effects of Chart Size and Layering on the
Graphical Perception of Time Series Visualizations.” In: Pro-
ceedings of the Conference on Human Factors in Computing Systems
(CHI). New York, NY, USA: ACM, 2009, pp. 1303—1312. DOI:
10.1145/1518701.1518897.

Jeffrey Heer and Ben Shneiderman. “Interactive Dynamics for
Visual Analysis.” In: Communications of the ACM 55.4 (2012),
PP. 45-54. DOT: 10.1145/2133806.2133821.

Jane Hoffswell, Arvind Satyanarayan, and Jeffrey Heer. “Aug-
menting Code With In Situ Visualizations to Aid Program
Understanding.” In: Proceedings of the Conference on Human
Factors in Computing Systems (CHI). ACM, 2018, p. 532. DOL:
10.1145/3173574.3174106.

David L Huff and William Black. “A Multivariate Graphic
Display for Regional Analysis.” In: Graphical Representation of
Multivariate Data. Academic Press New York, 1978, pp. 199—218.
DOI: 10.1016/B978-0-12-734750-9.50014-9.

Samuel Huron, Sheelagh Carpendale, Alice Thudt, Anthony
Tang, and Michael Mauerer. “Constructive Visualization.” In:
Proceedings of Designing Interactive Systems (DIS). ACM. 2014,
PpP- 433—442. DOI: 10.1145/2598510.2598566.

MarketWatch Inc. MarketWatch. Last read: March 2019. URL:
https://www.marketwatch.com.

Alaul Islam, Anastasia Bezerianos, Bongshin Lee, Tanja Blascheck,
and Petra Isenberg. “Visualizing Information on Watch Faces: A
Survey with Smartwatch Users.” In: Short Papers of the IEEE Con-
ference on Visualization (VIS). Oct. 2020. poL: 10.1109/VIS47514.
2020.00038.

Robert Jacob. “Facial Representation of Multivariate Data.” En-
glish. In: Graphical Representation of Multivariate Data. Academic
Press, 1978, pp. 143-168. poI: 10.1016/B978-0- 12 - 734750 -
9.50011-3.

Robert Jacob and Egeth Howard. “The Face as a Data Display.”
In: Human Factors 18.2 (1976), pp. 189—200. DOI: http://dx.doi.
0rg/10.1177/001872087601800207.

Robert J. K. Jacob. “Investigating the Space of Chernoff Faces.”
In: Recent Advances in Statistics (1983), pp. 449—468. por: 10 .
1016/B978-0-12-589320-6.50025- 3.

Lars-Erik Janlert and Erik Stolterman. “Complex Interaction.”
In: ACM Trans. Comput.-Hum. Interact. 17.2 (May 2008). por:
10.1145/1746259.1746262.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1145/1518701.1518897
https://doi.org/10.1145/2133806.2133821
https://doi.org/10.1145/3173574.3174106
https://doi.org/10.1016/B978-0-12-734750-9.50014-9
https://doi.org/10.1145/2598510.2598566
https://www.marketwatch.com
https://doi.org/10.1109/VIS47514.2020.00038
https://doi.org/10.1109/VIS47514.2020.00038
https://doi.org/10.1016/B978-0-12-734750-9.50011-3
https://doi.org/10.1016/B978-0-12-734750-9.50011-3
https://doi.org/http://dx.doi.org/10.1177/001872087601800207
https://doi.org/http://dx.doi.org/10.1177/001872087601800207
https://doi.org/10.1016/B978-0-12-589320-6.50025-3
https://doi.org/10.1016/B978-0-12-589320-6.50025-3
https://doi.org/10.1145/1746259.1746262

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

BIBLIOGRAPHY

Wagas Javed, Bryan McDonnel, and Niklas Elmqvist. “Graphi-
cal Perception of Multiple Time Series.” In: IEEE Transactions
on Visualization and Computer Graphics 16.6 (2010), pp- 927-934.
DOI: 10.1109/TVCG.2010.162.

Patricia M. Jones, Christopher D. Wickens, and Stuart J. Deutsch.
“The Display of Multivariate Information: An Experimental
Study of an Information Integration Task.” In: Human Perfor-
mance 3.1 (1990), pp. 1-17. DOL: 10.1207/515327043hup6301_1.

B. T. Kabulov. “A Method for Constructing Chernoff Faces Ori-
ented Toward Interval Estimates of the Parameters.” In: Soviet
Journal of Computer and Systems Sciences 30.3 (1992), pp- 94-97.

Aida Kamis$ali¢, Iztok Fister, Muhamed Turkanovié¢, and Saso
Karakati¢. “Sensors and Functionalities of Non-Invasive Wrist-
Wearable Devices: A Review.” In: Sensors 18.6 (2018), p. 1714.
DOI: 10.3390/518061714.

Frederick Kingdom and Nicolaas Prins. Psychophysics: A Practi-
cal Introduction. 1st. Elsevier Science BV, 2010.

Thomas Kirste and Uwe Rauschenbach. “A Presentation Model
for Mobile Information Visualization.” In: Computers & Graphics
20.5 (Sept. 1996), pp. 669—681. DOIL: 10.1016/50097 - 8493(96)
00041-6.

Konstantin Klamka, Tom Horak, and Raimund Dachselt. “Watch-+-

Strap: Extending Smartwatches With Interactive StrapDisplays.”
In: Proceedings of the Conference on Human Factors in Computing
Systems (CHI). ACM, 2020, pp. 1-15. DOL 10.1145/3313831.
3376199.

Alexander Klippel, Frank Hardisty, Rui Li, and Chris Weaver.
“Colour-Enhanced Star Plot Glyphs: Can Salient Shape Charac-
teristics Be Overcome?” In: Cartographica 44.3 (2009), pp. 217—
231. DOIL: http://dx.doi.org/10.3138/carto.44.3.217.

Alexander Klippel, Frank Hardisty, and Chris Weaver. “Star
Plots: How Shape Characteristics Influence Classification Tasks.”
In: Cartography and Geographic Information Science 36.2 (2009),
ppP- 149-163. DOIL: 10.1559/152304009788188808.

Steffen Koch, Michael John, Michael Worner, Andreas Miiller,
and Thomas Ertl. “VarifocalReader — In-Depth Visual Analysis
of Large Text Documents.” In: IEEE Transactions on Visualization
and Computer Graphics 20.12 (2014), pp. 1723—-1732. DOIL: 10 .
1109/TVCG.2014.2346677.

125

Kurt Koffka. Principles of Gestalt Pschology. London: Lund Humphries,

1935.

Stephen M. Kosslyn. Graph Design for the Eye and Mind. New
York: Oxford University Press, 2007. por: 10.1093/acprof:
050/9780195311846.001.0001.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/TVCG.2010.162
https://doi.org/10.1207/s15327043hup0301_1
https://doi.org/10.3390/s18061714
https://doi.org/10.1016/S0097-8493(96)00041-6
https://doi.org/10.1016/S0097-8493(96)00041-6
https://doi.org/10.1145/3313831.3376199
https://doi.org/10.1145/3313831.3376199
https://doi.org/http://dx.doi.org/10.3138/carto.44.3.217
https://doi.org/10.1559/152304009788188808
https://doi.org/10.1109/TVCG.2014.2346677
https://doi.org/10.1109/TVCG.2014.2346677
https://doi.org/10.1093/acprof:oso/9780195311846.001.0001
https://doi.org/10.1093/acprof:oso/9780195311846.001.0001

126

BIBLIOGRAPHY

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Ricardo Langner, Lonni Besangon, Christopher Collins, Tim
Dwyer, Petra Isenberg, Tobias Isenberg, Bongshin Lee, Charles
Perin, and Christian Tominski. “Introduction to Mobile Data
Visualization.” In: Mobile Data Visualization. To appear. CRC
Press, 2021.

Shahid Latif and Fabian Beck. “Visually Augmenting Docu-
ments with Data.” In: Computing in Science Engineering 20.6
(2018), pp. 96—103. DOI: 10.1109/MCSE.2018.2875316.

Shahid Latif and Fabian Beck. “VIS Author Profiles: Interactive
Descriptions of Publication Records Combining Text and Visu-
alization.” In: IEEE Transactions on Visualization and Computer
Graphics 25.1 (2019), pp. 152—161. DOI: 10.1109/TVCG. 2018 .
2865022.

Shahid Latif, Diao Liu, and Fabian Beck. “Exploring Interactive
Linking Between Text and Visualization.” In: EuroVis 2018 -
Short Papers. Eurographics Association. 2018, pp. 91-94. DOI:
10.2312/eurovisshort.20181084.

Bongshin Lee, Raimund Dachselt, Petra Isenberg, and Eun
Kyoung Choe. Mobile Data Visualization. To appear. CRC Press,
2021.

Bongshin Lee, Nathalie Henry Riche, Amy K Karlson, and
Sheelagh Carpendale. “SparkClouds: Visualizing Trends in Tag
Clouds.” In: IEEE Transactions on Visualization and Computer
Graphics 16.6 (2010), pp. 1182-1189. DOI: 10.1109/TVCG.2010.
194.

Michael D. Lee, Rachel E. Reilly, and Marcus E. Butavicius.
“An Empirical Evaluation of Chernoff Faces, Star Glyphs, and
Spatial Visualizations for Binary Data.” In: Proceedings of the
Asia-Pacific Symposium on Information Visualisation (APVis). Ade-
laide, Australia: Australian Computer Society, Inc., 2003, pp. 1-
10. URL: https://dl.acm.org/doi/10.5555/857080.857081.

H. Levkowitz. “Color Icons—Merging Color and Texture Per-
ception for Integrated Visualization of Multiple Parameters.”
In: Proceedings of the Conference on Visualization (VIS). IEEE, Oct.
1991, pp. 164-170. DOI: 10.1109/VISUAL.1991.175795.

Haim Levkowitz and Gabor T. Herman. “Color Scales for Im-
age Data.” In: IEEE Computer Graphics and Applications 12.1 (Jan.
1992), pp- 72—80. poI: 10.1109/38.135886.

Yi-Na Li, Dong-Jin Li, and Kang Zhang. “Metaphoric Transfer
Effect in Information Visualization Using Glyphs.” In: Proceed-
ings of the Symposium on Visual Information Communication and
Interaction (VINCI). Tokyo, AA, Japan: ACM, 2015, pp. 121-130.
DOI: 10.1145/2801040.2801062.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/MCSE.2018.2875316
https://doi.org/10.1109/TVCG.2018.2865022
https://doi.org/10.1109/TVCG.2018.2865022
https://doi.org/10.2312/eurovisshort.20181084
https://doi.org/10.1109/TVCG.2010.194
https://doi.org/10.1109/TVCG.2010.194
https://dl.acm.org/doi/10.5555/857080.857081
https://doi.org/10.1109/VISUAL.1991.175795
https://doi.org/10.1109/38.135886
https://doi.org/10.1145/2801040.2801062

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

BIBLIOGRAPHY

Andreas E. Lie, Johannes Kehrer, and Helwig Hauser. “Critical
Design and Realization Aspects of Glyph-based 3D Data Visu-
alization.” In: Proceedings of the Spring Conference on Computer
Graphics (SCCG). Budmerice, Slovakia: ACM, 2009, pp. 19—26.
DOI: 10.1145/1980462.1980470.

Little Labs, Inc. Facer - Thousands of FREE Watch Faces for Apple
Watch, Samsung Gear S3, Huawei Watch, and more. https://www.
facer.io/. Last visited: July, 2020.

Mark A. Livingston, Jonathan Decker, and Zhuming Ai. “An
Evaluation of Methods for Encoding Multiple 2D Spatial Data.”
In: Proceedings of Visualization and Data Analysis. Vol. 7868. SPIE,
2011, pp. 109—120. DOI: 10.1117/12.872576.

Mark A. Livingston and Jonathan W. Decker. “Evaluation of
Trend Localization with Multi-Variate Visualizations.” In: IEEE
Transaction on Visualization and Computer Graphics 17.12 (Dec.
2011), pp. 2053—2062. DOL: 10.1109/TVCG.2011.194.

Mark A. Livingston and Jonathan W. Decker. “Evaluation of
Multivariate Visualizations: A Case Study of Refinements and
User Experience.” In: Proceedings of Visualization and Data Analy-
sis. Vol. 8294. SPIE, 2012, pp. 155-166. pOI: 10.1117/12.912192.

Kent Lyons. “Visual Parameters Impacting Reaction Times on
Smartwatches.” In: Proceedings of Conference on Human-Computer
Interaction with Mobile Devices and Services (MobileHCI). Florence,
Italy: ACM, 2016, pp. 190-194. DOIL: 10.1145/2935334.2935344.

Donald MacGregor and Paul Slovic. “Graphic Representation
of Judgmental Information.” In: Human Computer Interaction 2.3
(1986), pp. 179—200. DOI: 10.1207/515327051hci0203_1.

Eamonn Maguire, Philippe Rocca-Serra, Susanna-Assunta. San-
sone, Jim Davies, and Min Chen. “Taxonomy-Based Glyph
Design with a Case Study on Visualizing Workflows of Bi-
ological Experiments.” In: IEEE Transactions on Visualization
and Computer Graphics 18.12 (Dec. 2012), pp. 2603—2612. DOTI:
10.1109/TVCG.2012.271.

Joel P. Martin, J. Edward Swan, Robert J. Moorhead, Zhanping
Liu, and Shangshu Cai. “Results of a User Study on 2D Hur-
ricane Visualization.” In: Computer Graphics Forum 27.3 (2008),
PP- 991—998. DoI: 10.1111/7.1467-8659.2008.01234.x.

Juan E. Mezzich and David R. L. Worthington. “A Comparison
of Graphical Representations of Multidimensional Psychiatric
Diagnostic Data.” In: Graphical Representation of Multivariate
Data (1978), pp. 123—-141. DOIL: 10.1016/B978-0- 12 - 734750 -
9.50010-1.

[ February 22, 2022 at 10:54 — Final Version ]

127


https://doi.org/10.1145/1980462.1980470
https://www.facer.io/
https://www.facer.io/
https://doi.org/10.1117/12.872576
https://doi.org/10.1109/TVCG.2011.194
https://doi.org/10.1117/12.912192
https://doi.org/10.1145/2935334.2935344
https://doi.org/10.1207/s15327051hci0203_1
https://doi.org/10.1109/TVCG.2012.271
https://doi.org/10.1111/j.1467-8659.2008.01234.x
https://doi.org/10.1016/B978-0-12-734750-9.50010-1
https://doi.org/10.1016/B978-0-12-734750-9.50010-1

128 BIBLIOGRAPHY

[150] Shane Moriarity. “Communicating Financial Information Through
Multidimensional Graphics.” English. In: Journal of Accounting
Research 17.1 (1979), pp. 205—224. DOIL: 10.2307/2490314.

[151] Christopher ]J. Morris, David S. Ebert, and Penny L. Rhein-
gans. “Experimental Analysis of the Effectiveness of Features
in Chernoff Faces.” In: AIPR Workshop: 3D Visualization for Data
Exploration and Decision Making. Vol. 3905. SPIE, 2000, pp. 12-17.
DOI: 10.1117/12.384859.

[152] Tomer Moscovich, Fanny Chevalier, Nathalie Henry Riche, Em-
manuel Pietriga, and Jean-Daniel Fekete. “Topology-Aware
Navigation in Large Networks.” In: Proceedings of the Confer-
ence on Human Factors in Computing Systems (CHI). ACM, 2009,
PP. 2319—2328. poI: 10.1145/1518701.1519056.

[153] Tamara Munzner. Visualization Analysis & Design. CRC Press,
2015. DOIL: 10.1201/b17511.

[154] Moshe Naveh-Benjamin and Robert G. Pachella. “The Effect of
Complexity on Interpreting “Chernoff” Faces.” In: Human Fac-
tors 24.1 (1982), pp. 11-18. DOI: 10.1177/001872088202400102.

[155] Elisabeth S. Nelson. “The Face Symbol: Research Issues and
Cartographic Potential.” In: Cartographica 42.1 (2007), pp- 53-64-
DOI: 10.3138/carto-v42-1-053.

[156] Elisabeth S. Nelson, David Dow, Christopher Lukinbeal, and
Ray Farley. “Visual Search Processes and the Multivariate Point
Symbol.” In: Cartographica 34.4 (1997), pp- 19—33. DOIL: 10.3138/
15T3-3222-X25H-35JU.

[157] Elizabeth S. Nelson and Patricia Gilmartin. “An Evaluation
of Multivariate, Quantitative Point Symbols for Maps.” In:
Cartographic Design: Theoretical and Practical Perspectives. Ed. by
Clifford H. Wood and C. Peter Keller. Wiley, 1996, pp. 191-203.

[158] Ali Neshati, Yumiko Sakamoto, and Pourang Irani. “Challenges
in Displaying Health Data on Small Smartwatch Screens.” In:
Studies in Health Technology and Informatics 257 (2019), pp. 325—
332. DOL: 10 .3233/978 - 1-61499 - 951 -5 - 325. URL: http:
//europepmc.org/abstract/MED/30741218.

[159] Ali Neshati, Yumiko Sakamoto, Launa C Leboe-McGowan, Ja-
son Leboe-McGowan, Marcos Serrano, and Pourang Irani. “G-
Sparks: Glanceable Sparklines on Smartwatches.” In: Proceed-
ings of the Graphics Interface Conference (GI). Kingston, Canada:
Canadian Human-Computer Communications Society, 2019.
DOI: 10.20380/GI2019.23.

[160] Dinh Quyen Nguyen, Christian Tominski, Heidrun Schumann,
and Tuan Anh Ta. “Visualizing Tags with Spatiotemporal Ref-
erences.” In: Proceedings of Information Visualisation (IV). IEEE,
2011, pp. 32—39. DOI: 10.1109/IV.2011.43.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.2307/2490314
https://doi.org/10.1117/12.384859
https://doi.org/10.1145/1518701.1519056
https://doi.org/10.1201/b17511
https://doi.org/10.1177/001872088202400102
https://doi.org/10.3138/carto-v42-1-053
https://doi.org/10.3138/15T3-3222-X25H-35JU
https://doi.org/10.3138/15T3-3222-X25H-35JU
https://doi.org/10.3233/978-1-61499-951-5-325
http://europepmc.org/abstract/MED/30741218
http://europepmc.org/abstract/MED/30741218
https://doi.org/10.20380/GI2019.23
https://doi.org/10.1109/IV.2011.43

[161]
[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

BIBLIOGRAPHY

Jane O’Connor. Benny’s Big Bubble. Grosset & Dunlap, 1997.

Aude Oliva and Antonio Torralba. “Building the Gist of a
Scene: The Role of Global Image Features in Recognition.”
In: Visual Perception. Elsevier Science BV, 2006, pp. 23—36. DOIL:
10.1016/50079-6123(06)55002-2.

Antti Oulasvirta, Esko Kurvinen, and Tomi Kankainen. “Under-
standing Contexts by Being There: Case Studies in Bodystorm-
ing.” In: Personal and Ubiquitous Computing 7 (2003), pp. 125—
134. DOL: 10.1007/s00779-003-0238-7.

Stephen E Palmer. Vision Science: Photons to Phenomenology.
London: The MIT Press, 1999.

Jonas Parnow. “Micro Visualizations. How can Micro Visual-
izations engance text comprehension, memorability, and ex-
ploitation.” MA thesis. Potsdam University of Applied Sciences,
2015.

Jonas Parnow and Marian Dork. “Micro Visualizations: Data-
driven Typography and Graphical Text Enhancement.” Poster
Proceedings of the Conference on Information Visualization
(InfoVis). 2015.

Wei Peng, Matthew O. Ward, and Elke A. Rundensteiner. “Clut-
ter Reduction in Multi-Dimensional Data Visualization Using
Dimension Reordering.” In: Proceedings of the Symposium on In-
formation Visualization (InfoVis). 2004, pp. 89—96. DOI: 10.1109/
INFVIS.2004.15.

Charles Perin, Pierre Dragicevic, and Jean-Daniel Fekete. “Cros-
sets: Manipulating Multiple Sliders by Crossing.” In: Proceed-
ings of the Graphics Interface Conference (GI). Canadian Infor-
mation Processing Society. 2015, pp. 233—240. DOI: 10.1145/
2670444 .26704409.

Charles Perin, Romain Vuillemot, and Jean-Daniel Fekete. “Soc-
cerStories: A Kick-off for Visual Soccer Analysis.” In: IEEE
Transactions on Visualization and Computer Graphics 19.12 (2013),
pp. 2506—2515. DOI: 10.1109/TVCG.2013.192.

Rohn J. Petersen, William W. Banks, and David 1. Gertman.
“Performance-based Evaluation of Graphic Displays for Nu-
clear Power Plant Control Rooms.” In: Proceedings of the Confer-
ence on Human Factors in Computing Systems (CHI). Gaithersburg,
Maryland, USA: ACM, 1982, pp. 182-189. DO1: 10.1145/800049.
801778.

David HF Pilar and Colin Ware. “Representing Flow Patterns
by Using Streamlines with Glyphs.” In: IEEE Transactions on
Visualization and Computer Graphics 19.8 (2013), pp. 1331-1341.
DOI: 10.1109/TVCG.2013.10.

[ February 22, 2022 at 10:54 — Final Version ]

129


https://doi.org/10.1016/S0079-6123(06)55002-2
https://doi.org/10.1007/s00779-003-0238-7
https://doi.org/10.1109/INFVIS.2004.15
https://doi.org/10.1109/INFVIS.2004.15
https://doi.org/10.1145/2670444.2670449
https://doi.org/10.1145/2670444.2670449
https://doi.org/10.1109/TVCG.2013.192
https://doi.org/10.1145/800049.801778
https://doi.org/10.1145/800049.801778
https://doi.org/10.1109/TVCG.2013.10

130 BIBLIOGRAPHY

[172] Stefania Pizza, Barry Brown, Donald McMillan, and Airi Lampinen.
“Smartwatch in Vivo.” In: Proceedings of the Conference on Human
Factors in Computing Systems (CHI). ACM, 2016, pp. 5456—5469.
DOI: 10.1145/2858036.2858522.

[173] Michael I. Posner. “Orienting of Attention.” In: Quarterly Journal
of Experimental Psychology 32.1 (1980), pp. 3—25. DOIL: 10.1080/
00335558008248231.

[174] Luz Rello, Martin Pielot, and Mari-Carmen Marcos. “Make
It Big! The Effect of Font Size and Line Spacing on Online
Readability.” In: Proceedings of the Conference on Human Factors
in Computing Systems (CHI). ACM, 2016, pp. 3637-3648. DOL:
10.1145/2858036.2858204.

[175] William Ribarsky, Eric Ayers, John Eble, and Sougata Mukher-
jea. “Glyphmaker: Creating Customized Visualizations of Com-
plex Data.” In: Computer 27.7 (July 1994), pp. 57—64. DOL: 10.
1109/2.299412.

[176] Timo Ropinski, Steffen Oeltze, and Bernhard Preim. “Survey of
Glyph-based Visualization Techniques for Spatial Multivariate
Medical Data.” In: Computers & Graphics 35.2 (2011), pp. 392—
401. DOL: 10.1016/j.cag.2011.01.011.

[177] Irene Ros. MobileVis: Examples of Data Visualization Usage on
Mobile Devices. Website. Accessed December 2019. 2014. URL:
http://mobilev.is/.

[178] Jeffrey M Rzeszotarski and Aniket Kittur. “Kinetica: Natural-
istic Multi-Touch Data Visualization.” In: Proceedings of the
Conference on Human Factors in Computing Systems (CHI). ACM,
2014, pp- 897—906. DOIL: 10.1145/2556288.2557231.

[179] Jukka Saarinen and Dennis M Levi. “The Effect of Contour
Closure on Shape Perception.” In: Spatial Vision 12.2 (1999),
pp. 227-238. DOI: 10.1163/156856899x00139.

[180] Ramik Sadana and John Stasko. “Expanding Selection for Infor-
mation Visualization Systems on Tablet Devices.” In: Proceed-
ings of the Conference on Interactive Surfaces and Spaces. Niagara
Falls, Ontario, Canada: Association for Computing Machinery,
2016, pp. 149-158. DOL: 10.1145/2992154,2992157.

[181] Sebastian Sadowski. Mobile Infovis and Dataviz Pattern: Best of
Data and Information Visualisations for Mobile Devices. Web site.
2018. URL: https://mobileinfovis.com/.

[182] Takafumi Saito, Hiroko Nakamura Miyamura, Mitsuyoshi Ya-
mamoto, Hiroki Saito, Yuka Hoshiya, and Takumi Kaseda.
“Two-tone Pseudo Coloring: Compact Visualization for One-
Dimensional Data.” In: Proceedings of the Conference on Infor-
mation Visualization (InfoVis). IEEE, 2005, pp. 173-180. DOI: 10.
1109/INFVIS.2005.1532144.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1145/2858036.2858522
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1145/2858036.2858204
https://doi.org/10.1109/2.299412
https://doi.org/10.1109/2.299412
https://doi.org/10.1016/j.cag.2011.01.011
http://mobilev.is/
https://doi.org/10.1145/2556288.2557231
https://doi.org/10.1163/156856899x00139
https://doi.org/10.1145/2992154.2992157
https://mobileinfovis.com/
https://doi.org/10.1109/INFVIS.2005.1532144
https://doi.org/10.1109/INFVIS.2005.1532144

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

BIBLIOGRAPHY

Purvi Saraiya, Chris North, and Karen Duca. “Comparing
Benchmark Task and Insight Evaluation Methods on Time-
series Graph Visualizations.” In: Proceedings of the Workshop on
Beyond Time and Error: Novel Evaluation Methods for Information
Visualization (BELIV). New York, NY, USA: ACM, 2010, pp. 55—
62. DOI: 10.1145/2110192.2110201.

P. C. Saxena and K. Navaneetham. “Comparison of Chernoff-
type Face and Non-Graphical Methods for Clustering Multivari-
ate Observations.” In: Computational Statistics & Data Analysis
15.1 (1993), pp- 63—79. DOL: 10.1016/0167-9473(93)96219-J.

Edward Segel and Jeffrey Heer. “Narrative Visualization: Telling
Stories with Data.” In: IEEE Transactions on Visualization and
Computer Graphics 16.6 (2010), pp. 1139—-1148. DOI: 10.1109/
TVCG.2010.179.

Christopher D. Shaw, James A. Hall, Christine Blahut, David S.
Ebert, and D. Aaron Roberts. “Using Shape to Visualize Multi-
variate Data.” In: Proceedings of the Workshop on New Paradigms
in Information Visualization and Manipulation (NPIVM). Kansas
City, Missouri, USA: ACM, 1999, pp. 17-20. DOIL: 10 . 1145/
331770.331777.

Ben Shneiderman. “The Eyes Have It: A Task by Data Type
Taxonomy for Information Visualizations.” In: Proceedings of the
Symposium on Visual Languages. IEEE, 1996, pp. 336—343. DOIL:
10.1109/VL.1996.545307.

J.H. Siegel, E.J. Farrell, R M. Goldwyn, and H.P. Friedman. “The
Surgical Implications of Physiologic Patterns in Myocardial
Infarction Shock.” In: Surgery 72.1 (1972), pp. 126—141.

Harri Siirtola. “The Effect of Data-Relatedness in Interactive
Glyphs.” In: Proceedings of the Conference on Visualization (IV).
July 2005, pp. 869-876. por: 10.1109/IV.2005.123.

Navaneethan Siva, Alex Chaparro, Duy Nguyen, and Evan
Palmer. “Visual Search Efficiency for Features in Chernoff
Faces.” In: Journal of Vision 13.9 (2013), pp- 689—. poI: 10.1167/
13.9.6809.

Navaneethan Siva, Alex Chaparro, and Evan Palmer. “Eval-
uation of MILSTD 2525 Glyph Features in a Visual Search
Paradigm.” In: Proceedings of the Human Factors and Ergonomics
Society Annual Meeting 58.1 (2014), pp. 1189-1193. DOL: 10.1177/
1541931214581248.

Navaneethan Sivagnanasundaram, Alex Chaparro, and Evan
Palmer. “Evaluation of the Presence of a Face Search Advantage
in Chernoff Faces.” In: Proceedings of the Human Factors and
Ergonomics Society Annual Meeting 57.1 (2013), pp. 1610-1614.
DOI: 10.1177/1541931213571358.

[ February 22, 2022 at 10:54 — Final Version ]

131


https://doi.org/10.1145/2110192.2110201
https://doi.org/10.1016/0167-9473(93)90219-J
https://doi.org/10.1109/TVCG.2010.179
https://doi.org/10.1109/TVCG.2010.179
https://doi.org/10.1145/331770.331777
https://doi.org/10.1145/331770.331777
https://doi.org/10.1109/VL.1996.545307
https://doi.org/10.1109/IV.2005.123
https://doi.org/10.1167/13.9.689
https://doi.org/10.1167/13.9.689
https://doi.org/10.1177/1541931214581248
https://doi.org/10.1177/1541931214581248
https://doi.org/10.1177/1541931213571358

132

BIBLIOGRAPHY

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

Drew Skau and Robert Kosara. “Arcs, Angles, or Areas: Indi-
vidual Data Encodings in Pie and Donut Charts.” In: Computer
Graphics Forum 35.3 (2016), pp. 121—130. boOI: 10.1111/cgf.
12888.

Jean Sreng, Anatole Lecuyer, Christine Megard, and Claude
Andriot. “Using Visual Cues of Contact to Improve Interac-
tive Manipulation of Virtual Objects in Industrial Assembly/-
Maintenance Simulations.” In: IEEE Transactions on Visualization
and Computer Graphics 12.5 (Sept. 2006), pp. 1013-1020. DOTI:
10.1109/TVCG.2006.189.

John Stasko, Carsten Gorg, Zhicheng Liu, and Kanupriya Sing-
hal. “Jigsaw: Supporting Investigative Analysis Through In-
teractive Visualization.” In: Proceedings of the Symposium on
Visual Analytics Science and Technology (VAST). VAST. IEEE,
2007, pp- 131-138. DOI: 10.1109/VAST. 2007 . 4389006. URL:
http://dx.doi.org/10.1109/VAST.2007.4389006.

Markus Steinberger, Manuela Waldner, Marc Streit, Alexan-
der Lex, and Dieter Schmalstieg. “Context-Preserving Visual
Links.” In: IEEE Transactions on Visualization and Computer Graph-
ics 17.12 (2011), pp. 2249—2258. DOI: 10.1109/TVCG.26011.183.

Duane Stock and Collin J. Watson. “Human Judgment Accu-
racy, Multidimensional Graphics, and Humans Versus Models.”
English. In: Journal of Accounting Research 22.1 (1984), pp. 192—
206. DOIL: 10.2307/2490708.

Andrei Corneliu Suciu and Jakob Eg Larsen. “Active Self-
Tracking and Visualization of Subjective Experience using VAS
and Time Spirals on a Smartwatch.” English. In: Proceedings
of the Data Visualization on Mobile Devices Workshop held at the
ACM Conference on Human Factor in Computing Systems (CHI).
2018.

Yagneshwara S. Lanka T. ]. Jankun-Kelly and J. Edward Swan
II. “An Evaluation of Glyph Perception for Real Symmetric
Traceless Tensor Properties.” In: Computer Graphics Forum 29.3
(2010), pp. 1133-1142. DOL: 10.1111/j.1467-8659.2009.01711.
X.

Justin Talbot, John Gerth, and Pat Hanrahan. “An Empirical
Model of Slope Ratio Comparisons.” In: IEEE Transactions on
Visualization and Computer Graphics 18.12 (2012), pp. 2613-2620.
DOI: 10.1109/TVCG.2012.196.

Justin Talbot, Vidya Setlur, and Anushka Anand. “Four Experi-
ments on the Perception of Bar Charts.” In: IEEE Transactions on
Visualization and Computer Graphics 20.12 (2014), pp. 2152—2160.
DOI: 10.1109/TVCG.2014.2346320.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1111/cgf.12888
https://doi.org/10.1111/cgf.12888
https://doi.org/10.1109/TVCG.2006.189
https://doi.org/10.1109/VAST.2007.4389006
http://dx.doi.org/10.1109/VAST.2007.4389006
https://doi.org/10.1109/TVCG.2011.183
https://doi.org/10.2307/2490708
https://doi.org/10.1111/j.1467-8659.2009.01711.x
https://doi.org/10.1111/j.1467-8659.2009.01711.x
https://doi.org/10.1109/TVCG.2012.196
https://doi.org/10.1109/TVCG.2014.2346320

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

BIBLIOGRAPHY

Christian Tominski, Camilla Forsell, and Jimmy Johansson. “In-
teraction Support for Visual Comparison Inspired by Natural
Behavior.” In: IEEE Transactions on Visualization and Computer
Graphics 18.12 (2012), pp. 2719—-2728. DOI: 10.1109/TVCG.2012.
237.

Edward Tufte. Envisioning Information. Cheshire, CT: Graphics
Press, 1990.

Edward Tufte. The Visual Display of Quantitative Information. 1st.
Graphics Press, 2001.

Shimon Ullman. “Visual Routines.” In: Cognition 18.1 (1984),
Pp- 97-159. DOL: https://doi.org/10.1016/0010-0277(84)
90023-4.

Frank Van Ham, Martin Wattenberg, and Fernanda B Viégas.
“Mapping Text with Phrase Nets.” In: IEEE Transactions on
Visualization and Computer Graphics 15.6 (2009), pp. 1169-1176.
DOI: 10.1109/TVCG.2009. 165.

Benoit Verjat. Semantic Word-Scale Graphics. Last read: April
2016. URL: http://benoit.verjat.com.

Bret Victor. Explorable Explanations. Last read: March 2019. URL:
http://worrydream.com/ExplorableExplanations/.

Fernanda B Viegas, Martin Wattenberg, and Jonathan Feinberg.
“Participatory Visualization with Wordle.” In: IEEE Transactions
on Visualization and Computer Graphics 15.6 (2009), pp. 1137—
1144. DOIL: 10.1109/TVCG.2009.171.

Aku Visuri, Zhanna Sarsenbayeva, Niels van Berkel, Jorge
Goncalves, Reza Rawassizadeh, Vassilis Kostakos, and Den-
zil Ferreira. “Quantifying Sources and Types of Smartwatch
Usage Sessions.” In: Proceedings of the Conference on Human Fac-
tors in Computing Systems (CHI). ACM, 2017, pp. 3569-3581.
DOI: 10.1145/3025453.3025817.

Matthew O. Ward. “A Taxonomy of Glyph Placement Strategies
for Multidimensional Data Visualization.” In: Information Visu-
alization 1.3/ 4 (Dec. 2002), pp. 194—210. DOI: 10.1057/palgrave.
ivs.9500025.

Matthew O. Ward. “Multivariate Data Glyphs: Principles and
Practice.” English. In: Handbook of Data Visualization. Berlin,
Heidelberg: Springer, 2008, pp. 179-198. DOI: 10.1007/978-3-
540-33037-0_8.

Colin Ware. Information Visualization: Perception for Design. 4.
Morgan Kaufmann, 2021.

Gareth Watts. jQuery Sparklines. https://omnipotent . net/
jquery.sparkline/. Last read: March 2019.

[ February 22, 2022 at 10:54 — Final Version ]

133


https://doi.org/10.1109/TVCG.2012.237
https://doi.org/10.1109/TVCG.2012.237
https://doi.org/https://doi.org/10.1016/0010-0277(84)90023-4
https://doi.org/https://doi.org/10.1016/0010-0277(84)90023-4
https://doi.org/10.1109/TVCG.2009.165
http://benoit.verjat.com
http://worrydream.com/ExplorableExplanations/
https://doi.org/10.1109/TVCG.2009.171
https://doi.org/10.1145/3025453.3025817
https://doi.org/10.1057/palgrave.ivs.9500025
https://doi.org/10.1057/palgrave.ivs.9500025
https://doi.org/10.1007/978-3-540-33037-0_8
https://doi.org/10.1007/978-3-540-33037-0_8
https://omnipotent.net/jquery.sparkline/
https://omnipotent.net/jquery.sparkline/

134

BIBLIOGRAPHY

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

Chris Weigle and Russell M. Taylor II. “Visualizing Intersecting
Surfaces with Nested-surface Techniques.” In: Proceedings of
the Conference on Visualization (Vis). Oct. 2005, pp. 503—510. DOL:
10.1109/VISUAL.2005.1532835.

Leland Wilkinson. “An Experimental Evaluation of Multivari-
ate Graphical Point Representations.” In: Proceedings of the Con-
ference on Human Factors in Computing Systems (CHI). New York,
NY, USA: ACM, 1982, pp. 202—209. DOIL: 10 . 1145 /800049 .
801781.

Wesley Willett, Jeffrey Heer, and Maneesh Agrawala. “Scented
Widgets: Improving Navigation Cues with Embedded Visual-
izations.” In: IEEE Transactions on Visualization and Computer
Graphics 13.6 (2007), pp. 1129-1136. DOI: 10.1109/TVCG.2007.
70589.

Wesley Willett, Yvonne Jansen, and Pierre Dragicevic. “Embed-
ded Data Representations.” In: IEEE Transactions on Visualization
and Computer Graphics (2017), pp. 461—470. DOL: 10.1109/TVCG.
2016.2598608.

Wesley Willett, Qi Lan, and Petra Isenberg. “Eliciting Multi-
touch Selection Gestures for Interactive Data Graphics.” In:
Short-Paper Proceedings of the European Conference on Visualiza-
tion (EuroVis). Aire-la-Ville: Eurographics, 2014. por: 10.2312/
eurovisshort.20141161.

Craig M Wittenbrink, Alex T Pang, and Suresh K Lodha.
“Glyphs for Visualizing Uncertainty in Vector Fields.” In: IEEE
Transactions on Visualization and Computer Graphics 2.3 (1996),
pp- 266—279. DOI: 10.1109/2945.537309.

Yingxin Wu and M. Takatsuka. “Visualizing Multivariate Net-
works: A Hybrid Approach.” In: Proceedings of the IEEE Pacific
Visualization Symposium. Mar. 2008, pp. 223—-230. DOL: 10.1109/
PACIFICVIS.2008.4475480.

Jing Yang, Wei Peng, Matthew O. Ward, and Elke A. Runden-
steiner. “Interactive Hierarchical Dimension Ordering, Spacing
and Filtering for Exploration of High Dimensional Datasets.” In:
Proceedings of the Symposium on Information Visualization (InfoVis).
IEEE, 2003, pp. 105—-112. DOIL: 10.1109/INFVIS.2003.1249015.

Lijie Yao, Anastasia Bezerianos, and Petra Isenberg. Situated
Visualization in Motion. Posters of the IEEE Conference on Visu-
alization (VIS). Oct. 2020.

Ji Soo Yi, Younah Kang, John Stasko, and Julie Jacko. “Toward
a Deeper Understanding of the Role of Interaction in Informa-
tion Visualization.” In: IEEE Transactions on Visualization and
Computer Graphics 13.6 (2007), pp. 1224-1231.

[ February 22, 2022 at 10:54 — Final Version ]


https://doi.org/10.1109/VISUAL.2005.1532835
https://doi.org/10.1145/800049.801781
https://doi.org/10.1145/800049.801781
https://doi.org/10.1109/TVCG.2007.70589
https://doi.org/10.1109/TVCG.2007.70589
https://doi.org/10.1109/TVCG.2016.2598608
https://doi.org/10.1109/TVCG.2016.2598608
https://doi.org/10.2312/eurovisshort.20141161
https://doi.org/10.2312/eurovisshort.20141161
https://doi.org/10.1109/2945.537309
https://doi.org/10.1109/PACIFICVIS.2008.4475480
https://doi.org/10.1109/PACIFICVIS.2008.4475480
https://doi.org/10.1109/INFVIS.2003.1249015

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

BIBLIOGRAPHY

Dongwook Yoon, Nicholas Chen, and Frangois Guimbretiére.
“TextTearing: Opening white space for digital ink annotation.”
In: Proceedings of the Conference on User Interface Software and
Technology (UIST). ACM. 2013, pp. 107-112. DOL 10 . 1145/
2501988.2502036.

Michitaka Yoshimura, Momoko Kitazawa, Yasuhiro Maeda,
Masaru Mimura, Kazuo Tsubota, and Taishiro Kishimoto. “Smart-
phone Viewing Distance and Sleep: An Experimental Study
Utilizing Motion Capture Technology.” In: Nature and Science of
Sleep 9 (2017), pp. 59—65. DOIL: 10.2147/NSS.5123319.

Beth Yost and Chris North. “Single Complex Glyphs Versus
Multiple Simple Glyphs.” In: Extended Abstracts of the Confer-
ence on Human Factors in Computing Systems (CHI). ACM, 2005,
pp- 1889-1892. DOI: 10.1145/1056808.1057048.

Polle T Zellweger, Susan Harkness Regli, Jock D Mackinlay, and
Bay-Wei Chang. “The Impact of Fluid Documents on Reading
and Browsing: An Observational Study.” In: Proceedings of the
Conference on Human Factors in Computing Systems (CHI). ACM.
2000, pp. 249—256. DOL: 10.1145/332040.332440.

Changgong Zhang, Thomas Schultz, Kai Lawonn, Elmar Eise-
mann, and Anna Vilanova. “Glyph-based Comparative Visu-
alization for Diffusion Tensor Fields.” In: IEEE Transactions on
Visualization and Computer Graphics 22.1 (2016), pp. 797-806. DOI:
10.1109/TVCG.2015.2467435.

Hailong Zhang, Haowei Wu, and Atanas Rountev. “Detection
of Energy Inefficiencies in Android Wear Watch Faces.” In:
Proceedings of the Meeting on European Software Engineering Con-
ference and Symposium on the Foundations of Software Engineering.
Lake Buena Vista, FL, USA: ACM, 2018, pp. 691—-702. DOI:
10.1145/3236024.3236073.

Weiwei Zhang and Steven J. Luck. “Discrete Fixed-Resolution
Representations in Visual Working Memory.” In: Nature 453.7192
(2008), pp. 233—235. DOL: 10.1038/natured6860.

Ying Zhu. “Measuring Effective Data Visualization.” In: Ad-
vances in Visual Computing. Ed. by George Bebis, Richard Boyle,
Bahram Parvin, Darko Koracin, Nikos Paragios, Syeda-Mahmood
Tanveer, Tao Ju, Zicheng Liu, Sabine Coquillart, Carolina Cruz-
Neira, Torsten Miiller, and Tom Malzbender. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2007, pp. 652-661. por: 10.1007/
978-3-540-76856-2_64.

[ February 22, 2022 at 10:54 — Final Version ]

135


https://doi.org/10.1145/2501988.2502036
https://doi.org/10.1145/2501988.2502036
https://doi.org/10.2147/NSS.S123319
https://doi.org/10.1145/1056808.1057048
https://doi.org/10.1145/332040.332440
https://doi.org/10.1109/TVCG.2015.2467435
https://doi.org/10.1145/3236024.3236073
https://doi.org/10.1038/nature06860
https://doi.org/10.1007/978-3-540-76856-2_64
https://doi.org/10.1007/978-3-540-76856-2_64

[ February 22, 2022 at 10:54 — Final Version ]



CURRICULUM VITAE

Excluded for the online version of this manuscript. My CV is available
upon request.

137

[ February 22, 2022 at 10:54 — Final Version ]



BIBLIOGRAPHY

138

. Journal/Conference Pub Wm_|>.:mU Death of the Deskiap: omm Data njﬁam_nmzc: Mobile cmﬁaw:m_nm:o:
Poster/Workshop Pub CO-ORGANIZED WORKSHOPS Workshop Workshop Dagstu
@ Edited Book
Book Chapter o
MSc/PhD Lijie Yao
_<_ O m _ _l—m MSc RanjiniAravind
MICRO VISUALIZATIONS
PhD Alaul Islam .
PostDoc Tanja @wn:mnr .
WORD SCALE
VISUALIZATIONS PhD Pascal Goffin PY °® PS
PostDoc Wesley Willett
DATA GLYPHS
PhD Johannes Fuchs (Konstanz, supervised by Daniel Keim) . .
—O O O O O O O S, 0 O 0 0 0
2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020 202 2022
@Inria PostDoc  CR2 CR1 (now CRN)
Maternity Leave Maternity Leave

Figure 6.1: Timeline of my work on micro visualizations including timelines of co-advised or collaborating PhD students and advised PostDocs,

publications, co-organized workshops, and leaves of absence.

[ February 22, 2022 at 10:54 — Final Version ]



COLOPHON

This document was typeset using the typographical look-and-feel classicthesis
developed by André Miede as well as Ivo Pletikosic.

[ February 22, 2022 at 10:54 — Final Version ]



	Publications
	Acknowledgments
	Contents
	1 Introduction
	1.1 Context and Definition
	1.2 Available Display Space
	1.3 Micro Visualization ``Complexity''
	1.4 Research Scope
	1.5 Research Goals and Methodologies
	1.6 Contributions

	2 Related Work
	2.1 Past Work on Data Glyphs
	2.1.1 What are data glyphs
	2.1.2 Overview Articles on the Glyph Design Space
	2.1.3 User Studies on Data Glyphs
	2.1.4 Summary

	2.2 Past Work on Word-Scale Visualizations
	2.2.1 Micro Graphics in Text
	2.2.2 Micro Visualizations in Text: Word-Scale Visualizations
	2.2.3 Word-scale Visualizations in Non-Continuous Text
	2.2.4 Interaction with Word-scale visualizations

	2.3 Micro Visualizations on Mobile Devices
	2.3.1 (Some) Mobile Visualization Characteristics
	2.3.2 Mobile (Micro) Visualization Examples

	2.4 Studies on Visualization Size
	2.5 Summary

	3 Data Glyphs
	3.1 Low and High-Density Time Series Glyphs in a Small Multiple Setting
	3.1.1 Motivation
	3.1.2 Study
	3.1.3 Result Summary
	3.1.4 Design Considerations for Micro Visualization

	3.2 The Influence of Contour on Similarity Perception of Star Glyphs
	3.2.1 Motivation
	3.2.2 Study 1: Contours For Novices vs. Experts
	3.2.3 Study 2: Perception of Similarity
	3.2.4 Study 3:Improvements for Star Glyphs
	3.2.5 Design Considerations

	3.3 What did we learn about micro visualizations?

	4 Word-Scale Visualizations
	4.1 Word-Scale Visualization Placement and Design
	4.1.1 Design Space
	4.1.2 Word-Scale Visualization Placement in Practice
	4.1.3 Evaluation and Design Considerations
	4.1.4 Summary

	4.2 An Exploratory Study of Word-Scale Graphics in Data-Rich Text Documents
	4.2.1 Study: Designing Word-Scale Graphics
	4.2.2 Results
	4.2.3 Discussion: Using Word-Scale Graphics
	4.2.4 Summary

	4.3 Interaction Techniques for Embedded Word-Scale Visualizations
	4.3.1 A Design Space of View Manipulation Interactions for Word-Scale Visualizations
	4.3.2 Prototypes
	4.3.3 User Studies
	4.3.4 Discussion
	4.3.5 Document-Centric to Visualization-Centric Analysis

	4.4 What did we learn about micro visualizations?

	5 Mobile Micro Visualizations
	5.1 Designing Smartwatch Visualizations in Context
	5.1.1 Mobile Visualization Ideation Methodology
	5.1.2 Ideation Activity
	5.1.3 Discussion
	5.1.4 Summary

	5.2 Smartwatch Visualization
	5.2.1 Methodology
	5.2.2 Analysis & Results
	5.2.3 Q1: Which data types do people show on their watch faces?
	5.2.4 Q2: In which form is the data currently represented?
	5.2.5 Q3: What more can we visualize?
	5.2.6 Discussion and Future Work

	5.3 Glanceable Visualization: Studies of Data Comparison Performance on Smartwatches
	5.3.1 Pre-Study: Position and Orientation of Wristworn Smartwatches for Reading Tasks
	5.3.2 Two Studies on Minimal Task Times
	5.3.3 Results—Condensed and Summarized
	5.3.4 Design Considerations

	5.4 What did we learn about micro visualizations?

	6 Summary and Perspectives
	6.1 The Role of Context
	6.2 Micro Visualization Application, Design and Scalability
	6.3 Interaction
	6.4 Closing Remarks

	 Bibliography
	Colophon

