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ABSTRACT

Data Physicalization is an emerging area of data representation using a wide variety of phys-

ical data representations. Through powerful tools such as physical artifacts and tangible

and actuated user interfaces, data can be presented to users so that they can perceive and

interact with digital information in the real world. This thesis introduces NetworkBots, a

novel approach that integrates Swarm User Interfaces (SwarmUIs) with Network Visualiza-

tions to create an interactive swarm-based network physicalization. NetworkBots facilitates

the physical representation of networks, empowering users to comprehend and apply various

network-related methodologies and tasks tangibly. This thesis also discusses Laptop-Toio,

a platform for prototyping tangible user interfaces using mobile wheeled robots. This work

delves into the interaction space, implementation details, potential applications, inherent

limitations, and avenues for future research within the realm of NetworkBots.
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CHAPTER 1

INTRODUCTION

The true delight is in the �nding out rather than in the knowing.

| Issac Asimov

In 1736, a resident of the Prussian city of K•onigsberg reached out to the mathematician

Euler with a problem that had been troubling the local populace: �nding a path that would

cross all of the city's seven bridges exactly once (Figure 1.1). While Euler initially dismissed

the problem as trivial, he quickly found himself immersed. He wrote, \This question is so

banal, but seemed to me worthy of attention in that [neither] geometry, nor algebra, nor

even the art of counting was su�cient to solve it." Eventually, he found his solution: such

a path could not exist. In the process of solving this problem, Euler pioneered an entirely

new �eld of mathematics: Graph Theory [2, 3, 4]. Today, graphs, also known as networks,

are used to represent a wide variety of information, from genomic data to the internet. They

have been incredibly impactful in the development of computing, as well as a valuable tool

for understanding abstract information about the world around us. Our understanding of

networks only exists due to Euler approaching what seemed like a simple problem in a novel

way. Re
ecting on the problem of K•onigsberg's seven bridges, one can't help but ask: How

does our understanding of the world in
uence our approach to solving problems?

Humanity has been attempting to comprehend the world around us for millennia. Even

before computers, people have been constructingvisualizations, which express information

through visuals, andphysicalizations, which express information through physical artifacts.

The oldest known visualizations are cave paintings in Spain, dating back over 64,000 years

[6]. The use of physical objects as accounting tokens in Mesopotamia occurred over 4,000

years ago [7]. For millenia, people have been carrying on the grand tradition of visualizing

and physicalizing information. The �rst known use of visualization to represent data was

the Turin Papyrus map (Figure 1.2), which recorded mineral distribution and mining data

1



(a) The seven bridges of
K•onigsberg [5]

(b) Euler's visualization of the seven bridges prob-
lem [2]

Figure 1.1: The Puzzle of K•onigsberg's Seven Bridges

Figure 1.2: The Turin Papyrus map (1150 BC) (a), as well as an interpretation of the map
(b) [1]

dating back to 1150 BC [8]. In 1644, Michael Florent Van Langren is thought to have created

the �rst visualization of statistical data [9, 8].

In recent times, pioneers like Tufte, Cleveland, and McGill de�ned guiding principles

and systems for Data Visualization [9, 10]. These works provided a clear outline for how

data visualizations can use channels of information like position, size, and color to present

information to users. When appropriately used, visualizations can act as a powerful tool for

communicating information. Jansen et al. recognized how the growing alternative of Data

Physicalizations used physical forms to express data, analogous to data visualizations [11].

In particular, she described how the developing tools of fabrication, tangible user interfaces,

and shape displays were serving as new platforms to express data. One example of this

2
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