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Abstract

We live in an era where the amount of data to be processed grows rapidly and has
grown exponentially over the last few years [9]. This data is being generated by
multiple sources such as online platforms, research labs, observation of the world
around us and so on. This data however belongs to di erent categories depending
on their origin. For example, we have datasets on geographical locations, datasets
on medical records, weather conditions and so on. Most times, these datasets
have similar features and properties and there are visualisations idioms that best
display the information represented by each of these datasets [21]. In the context of
information visualisation, it is good to use a visualisation idiom which is best suited
to represent a certain type of data as this makes data analysis and comprehension
easier. As a result of this, research in the information visualisation community has
made some observations over time to make suggestions on the types of visualisation
idiom to use for speci c datasets [21].

Furthermore, the need to make visualisations more accessible to a wider audi-
ence and also increase the performance of the already existing visualisations idioms
gave rise to research areas such as data physicalisation [25]. Though physicalising
data has existed for centuries, it only becomes a formal area of research in the past
couple of years. The existing visualisation idioms make use of the visual senses to
analyse data but data physicalisation comes as a multi-modal way for analysing
datasets. It was found that the multi-modal exploration of data was more perfor-
mant as the users can use more than just their visual senses to explore data [25].
It should however be noted that the cost of physicalising data is often expensive
and constitutes a major reason why extensive research has not yet been made on
this topic [28].

With regard to data physicalisation, it is important to have physicalisations
that could be used to represent multiple datasets, considering that it will be really
expensive to build a single physicalisation for every dataset we want to physicalise.
Therefore, while trying to physicalise data, care should be taken to make the
physicalisation dynamic and which can be easily modi ed to be used to represent
another dataset.

In this regard, we present in this thesis SphereBurst which is an early proto-
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type that can be used to physicalise data on a sphere. People can make use of
their multi-modal senses to explore and make data analysis of the dataset under
observation using our prototype. SphereBurst focuses on the fusion of tangible
interactions and augmented reality to enable the multi-modal understanding of
datasets on a sphere. The data physicalisation is facilitated by the use of some
electronic hardware which will provide tangible feedback to users. The Augmented
reality enabled by the use of an Android application adds a dynamic overlay that
supplements the tangible representation with visual information.

In a nutshell, SphereBurst is an early prototype that is used to explore how to
physicalise data on a sphere. This novel approach was evaluated by conducting a
user study where participants engaged with our prototype. Feedback was collected
on the way they interacted with our prototype and they were asked to perform some
basic data analysis tasks to help us evaluate the performance of our prototype.

We noticed more excitement and engagement from the audience who tested
our prototype. One participant said the setup was captivating and made them
more focused while performing the data analysis task. We also noticed that all
the participants who took part in our user study rotated the sphere to navigate
through it and none walked around the sphere. Based on this, we can say that the
most preferred way of exploring a sphere is by rotating it in all directions and this
should be taken into account while designing future spherical visualisations.
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Chapter 1

Introduction

What is data physicalisation all about? Are there any signi cant advantages in
physicalising existing digital visualisations such as spherical ones? While data
physicalisation as a whole has been slowly getting attention in the research com-
munity and especially in the context of data visualisation, visualising data on
a sphere is a more speci ¢ area of research within the general research area of
information visualisation.

Very little known research has been made in the context of physicalising data
on a sphere which is our area of concern in this thesis. Some artwork involving the
use of spheres exists whereby artists use spheres to represent data. An example
is the sphere within-sphere! bronze sculpture present in multiple locations around
the globe such as the Italian parliament, Dublin and in Tel Aviv which represents
the project or the vision of creating a new world from the old world.

While data physicalisation has only recently gotten more attention in the infor-
mation visualisation research community, the concept of representing data phys-
ically has been around for a very long time and dates back thousands of years.
From clay stones used in Mesopotamia to the Ishango Bone used in the Congo
Basin [43], humans have for a very long time (around 20,000 BC) made use of
physical artefacts to convey information or as a means of communication [54].
However, some researchers in the information visualisation community have been
wondering if going through the complex experience of trying to physicalise data is
really worth it [22] and many observations have been made in this regard and it
was found that data physicalisation provides a multi-modal way of interacting and
analysing data which increases the performance of idioms which make not only use
of their visual senses. This comes with a cost and therefore, such physicalisations
have to be dynamic and not static to accommodate not just a single dataset [28].

A more formal and often used de nition of data physicalisation proposed by

Ihttps://www.un.org/ungifts/sphere-within-sphere
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10 CHAPTER 1. INTRODUCTION

Jansen et al. [28] is: \Data Physicalisation is a physical artefact whose geometry or
material properties encode data". Another used de nition of data physicalisation
is that it is an area of research that investigates the bene ts or advantages of
using computer-supported physicalisations in areas such as education, accessibility
and problem-solving in general [28].

One of the motivations behind data physicalisation which is related to other
research areas such as tangible interfaces and human-computer Interaction, with
the most prominent one being data visualisation is to determine how users com-
prehend, manipulate, perceive and interact with data beyond the 2D screens which
have been widely used to display data for human comprehension to date.

Since we are interested in applying the concept of data physicalisation to spher-
ical visualisations, this thesis is an attempt to provide a high-level data physical-
isation prototype that can be used in the context of spherical visualisation. \We
later proceed to investigate how we can make our proposed implementation dy-
namic for future use. By dynamic, we aim to have a solution whereby changes
in our underlying data are directly re ected and perceived in our physicalisation,
unlike static data physicalisations where the shape of the physicalisation cannot
be changed. That is the size or shape cannot be changed to represent a di erent
dataset or a change in data. More about static and dynamic data physicalisation
will be discussed later in this thesis.

Spherical visualisations or sphere-based visualisations which are at the centre
of our research in this thesis are simply the visualisation of data on a sphere.
Visualising data on a sphere is mostly suitable but not limited to geographical
data. Visualising data on a sphere comes with some advantages such as distortion
reduction when analysing relative positions on a globe and some disadvantages
such as the fact that data such as images will be distorted at the edges of the
sphere due to its curvature, unlike a at surface which can has no curves and such
data images will not be distorted [5]. Furthermore, we will investigate the outcome
of the physicalisation of these spherical visualisations and observe if it enhances
user experiences or provides some insights into new research areas.

In our quest to have a dynamic prototype and referring to the dynamic data
physicalisation we mentioned above, we propose a physical sphere that is built
of individual modules whereby each module contains some physical variables that
will be used to represent the data values we want to physicalise.

Augmented reality has been used considerably in several data physicalisations
as a means to achieve dynamic data physicalisations. Devices such as the Hololens?
have been released recently to get the immersive e ect performed using augmented
reality. Augmented reality applications can also be deployed on devices such as
Android and 10S devices. With augmented reality, graphics can be superim-

2https://nl.wikipedia.org/wiki/Microsoft_HoloLens



1.1. PROBLEM STATEMENT 11

posed/overlaid to physical objects leading to an idiom that combines tangible
objects and virtual information.

We conducted a user study to evaluate our prototype and highlight its draw-
backs and limitations for future studies. The research done in this thesis is an
attempt to explore the opportunities and challenges involved in physicalising spher-
ical visualisations and the data displayed on them and possibly create new research
questions for the data visualisation research community.

1.1 Problem Statement

Visualising information on spheres allows better analysis and understanding of
data belonging to a speci c category. Geographical data have been widely used
in the context of spherical visualisation. However, spheres have also been used to
represent other types of data such as datasets that have elements which are inter-
connected such as networks where it is important to see the di erent connections
between the nodes in a network [20]. Representing data on a sphere can also be
used to achieve a sh-eye view when trying to explore data in scenarios where we
want to focus on data in a dataset while having awareness of the entire dataset.
An example of a dataset that can be used in this context is a dataset about the
organisation of lesin a le directory [10].

Bene ting from the work and research of cartographers, it is important to
represent information in shapes that are a re ection of our actual world. This
improves a ordance and eases the understanding of the subject being investigated.
In this regard, spheres constitute an appropriate medium through which global
data is represented [67]. Displaying information on spheres gives characteristics
that are unique and are known to enhance user engagement.

One of these unique characteristics o ered by spherical visualisation is: a 360-
degree unobstructed visual eld achieved by either moving around the sphere or
just rotating the sphere around its axis [2]. This not only provides a di erent
user experience which was found to be more engaging but also makes the user
apprehend the data being displayed on the sphere from di erent viewing angles.

In the context of visualising data on spheres, the geometry of a sphere makes
a user better understand the relative position of objects found or displayed on a
sphere unlike on a at surface. If we take the example of the world map, having a
world map drawn on a at surface like a computer screen makes it more di cult
for a user to rapidly apprehend the inherent distance between countries located
on the map, unlike on a sphere. Displaying information on spheres also facilitates
multi-user interaction [2].
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The most readily available spherical visualisation we could nd is the repre-
sentation of the world map which can be seen below:

Figure 1.1: Display of a globe. Credit: Shavul

As shown in Figure 1.1, this type of representation of the globe makes it easier
for a user to make observations and ease understanding of the data being displayed.
Such observations could be the relative distance between di erent locations on the
globe. This representation has been widely used in schools for learning purposes [6].

Another fascinating example of spherical visualisation is the work by Alexander
McDonald who brought the concept of Science on a Sphere® which is basically a
system where data on our planet is projected on spheres of a diameter of six feet
to make the comprehension of the science of the earth easy to people of all ages.
An illustration of a Science on a Sphere project is shown in Figure 1.2a.

3https://s0s.noaa.gov
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(b)

Figure 1.2: Examples of existing spherical visualisations: (a) Science Museum in
Kolkata by Digital Studio India; (b) Science Museum in London by Evikka.

As shown in Figures 1.1, 1.2a and 1.2b, some of the existing visualisations
on spheres are visualisations which have static data (e.g. Figure 1.1) or dynamic
(e.g. Figure 1.2b). However, the data being displayed on the surface of these
spheres is in digital form and provides no means of tangible exploration of the
data being displayed. As a result of this observation, the work presented in this
thesis addresses this problem and the research questions investigated are as follows:

 How do we physicalise data being displayed on a tangible sphere and are
there any signi cant advantages of doing this?

e What physical variables can we use to physicalise the data on a sphere?

» Does physicalising data displayed on a sphere make it more engaging and
does it have a noticeable e ect on performance as compared to its digital
form?
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1.2 Contribution

The work concluded in this thesis is an attempt to contribute to the research on
data physicalisation and more precisely, the physicalisation of spherical visualisa-
tions. In this regard, the contributions (some at the conceptual level) being made
in this thesis are:

« ldentify the unique characteristics of data visualisation on spheres.

An attempt to provide a design space on how to display physicalised data
on a tangible sphere.

Establish guidelines on how to physicalise data on a sphere.

Propose a prototype accessible to a wide audience including people with
disabilities.

A user study to evaluate our proposed solution and evaluate the user expe-
rience.
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1.3 Research Methodology

In order to investigate the topic at hand in this thesis, we opted for the Design
Science Research Methodology by Pe ers et al. [41]. This methodology serves as
a guideline for conducting our research in a way that is scienti cally appealing to
the audience. This methodology makes it easier for reviewers to evaluate the work
done in this thesis.

The methodology is summarised in six points which are: identi cation of the problem
and motivation, objectives of the proposed solution, design and development, demon-
stration, evaluation and communication.

Following these guidelines and applying them in the context of our research on
data physicalisation of spherical visualisations, we start by identifying the existing
problems or limitations of representing data in digital format on spheres. We
also highlight the limitations of some existing spherical displays as we did in our
introduction above, one of which was that the data presented on these tangible
spheres was nal and could not be altered [40]. In the case of interactive spherical
displays, the users have little to no haptic feedback and also little to no means of
physically interacting with the data being displayed [70].

A study related to our topic under investigation is the work by Satriadi et al. [51]
where they investigated how tangible globes can be used for data visualisation in
augmented reality. Gaining insight from their research, led us to our proposed
solution where we provide a design space on how to design our tangible sphere
made of hexagonal building blocks which we call modules. Each of these modules
has a couple of physical variables that can be used to represent di erent features
of a given dataset. The objective of this proposed solution is to evaluate the
performance of dynamic data physicalisation on a sphere.

In the design and development phase, we start with a conceptual model which
is a sphere made up of individual hexagonal components or units. Each of these
units will represent some region on the sphere and will be enhanced by augmented
reality. In this phase, We also identify the physical variables that we shall use to
physicalise our data.

After the design and development, we test our prototype in the demonstration
phase by taking a use case in order to identify the strengths and weaknesses of
our proposed solution. Since one of the goals of data physicalisation is also to
have prototypes that can be used for data analysis, we also demonstrate how our
prototype which is an early model of our ideal prototype can be used to perform
some basic data analysis tasks and therefore be useful to a wide audience.

During the evaluation phase, we perform a user study where we invite selected
participants to interact with our prototype and keep track of how they interact
with our system while collecting feedback for analysis and evaluation. This feed-
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back is collected by using questionnaires* and the data collected is analysed and
observations made based on this.

We observe if our proposed solution e ectively solved some of the problems we
highlighted in our introduction. We leave the door open for feedback on how to
make our proposed solution more e ective and reapplying feedback collected by
the users who interacted with our proposed solution in a later iterative process.

Finally, as stated earlier, the existing spherical visualisations have data dis-
played on them either in digital form or static printed form and this thesis is a
high-level proposal on how to physicalise this data dynamically in such a way that
makes it more engaging and performant.

We intend to bene t from the unique characteristics of spherical displays cou-
pled with augmented reality to have a system that could give us a di erent perspec-
tive on data visualisation. All of this is done in the last phase of this design science
research method where we present all of this in this thesis for the appreciation of
our readers and the jury.

1.4 Thesis Structure
An overview of the structure of this thesis is shown below:

e Chapter 1: Is the introduction, where we present an overview of the re-
search questions and give motivation as to why we perform this research and
more speci cally data physicalisation of spherical visualisations.

e Chapter 2: In this chapter, we present some background history and related
work on data physicalisation. We highlight the di erent types of physicalisa-
tions and bring out the advantages and limitations of these di erent types.
At the time of writing this thesis, we could not nd any related work on an
attempt to display data on spheres in a dynamic and physical way. There
however exists research on how to represent information on spheres in digital
form and so we will be presenting in this chapter some related work on digital
spherical visualisation and some other studies on dynamic data physicalisa-
tion with some using augmented reality technology to lay a foundation for
our proposed solution which comes as an answer to some of the limitations
observed in these related works. This chapter also covers some background
knowledge on digital spherical visualisations and their limitations.

A Dbrief overview of how augmented reality has been used for good in this
research eld in order to validate our choice to use it in our prototype solution
is also highlighted in this section. This topic will help the audience in general

4https://www.ueg-online.org/
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and not just experts or people in the data visualisation community to have
some background knowledge to have a minimal understanding of the topic
discussed in this thesis.

Chapter 3: This chapter deals with the proposed solution to the research
problem introduced in Chapter 1. It brings out a conceptual model and
design of a solution which shall be implemented in the next chapter. We
present here the software and hardware requirements to implement our pro-
posed solution.

Chapter 4: Here, more details about the actual implementation of our
proposed solution are given. The prototype solution is brought to life and
ready to be evaluated.

Chapter 5: This chapter gives more details about the evaluation of our pro-
posed solution. Here, a user study is done with some participants interacting
with our proposed solution and their feedback was collected.

Chapter 6: In conclusion, observations are made based on the results ob-
tained from our evaluation process and more insights into what could be
done in future to improve our solution are documented in this chapter.
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Chapter 2
Related Work

2.1 History of The Physical Representation of
Data

Representing data in physical form is a practice that has existed for a very long
time. Dating back to over 20000 BC [30] even though the concept of data phys-
icalisation is just a recent research area in the research community involved in
information visualisation and to an extent human-computer interaction (HCI).
One of the goals of data physicalisation is to provide a better understanding, ex-
ploration and communication of data using data represented in physical forms and
sometimes with the help of computer systems [28]. Research in the eld of data
physicalisation has shown that exploring data in their physical form as opposed
to their digital counterpart on 2D screens enhances the way people perceive data
and also increases information memorability [28]. One of the reasons for this ob-
servation is that these physical representations assume the practical advantages
of the objects we handle in our day-to-day activities such as touching and being
possessed [27].

Examples of such physicalisations that have been around for a very long time
are the blombos ocher shown in Figure 2.1a which is one if not the oldest known
physical object used to represent data/information [11]. Research to date has not
yet been able to say with certainty if the marks on this object encode some sort
of data or if they are just used as ornaments [26]. Another example of ancient
data physicalisation is the Mesopotamian clay stones shown in Figure 2.1b. These
stones were used 8000 BC and each of these stones represented a particular amount
of an entity such as goods or the entity as a whole. This gave birth to a counting
system known as concrete counting system which is basically a system whereby
things are being counted with the use of di erent objects. This system was used
to do trade by barter. Another example of such an old artefact that could be put
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