
THE UNIVERSITY OF CHICAGO

NETWORKBOTS: SWARM USER INTERFACES AS A PLATFORM FOR

PHYSICALIZING NETWORK-BASED DATA

A DISSERTATION SUBMITTED TO

THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES

IN CANDIDACY FOR THE DEGREE OF

BACHELOR OF SCIENCE

DEPARTMENT OF COMPUTER SCIENCE

BY

RAMARKO BHATTACHARYA

CHICAGO, ILLINOIS

APRIL 2024



Copyright © 2024 by Ramarko Bhattacharya

All Rights Reserved



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 RELATED WORKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 Data Visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Tangible and Swarm User Interfaces . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Data Physicalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 LAPTOP-TOIO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1 Technical Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Overall Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.2 Rust Server . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.3 Processing Applications . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Laptop-Toio v1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 Laptop-Toio v2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.3 Laptop-Toio v3.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 NETWORKBOTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1 Interaction Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.1 Perception Modalities . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.1.2 Network Exploration . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.3 Network Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 Technical Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.1 Physical Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.2 Network Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.3 Physicalizing and Visualizing the Network . . . . . . . . . . . . . . . 22
4.2.4 Supporting Tangible Interactive Functionality . . . . . . . . . . . . . 23

5 APPLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.1 Network of Research Faculty . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.2 Network of Transportation Data . . . . . . . . . . . . . . . . . . . . . . . . . 25

iii



6 EVALUATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
6.1 Technical Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
6.2 User Reaction from Public Exhibitions . . . . . . . . . . . . . . . . . . . . . 30

6.2.1 Exhibitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
6.2.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
6.2.3 Reection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

7 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

7.1.1 Improved Graph Expression . . . . . . . . . . . . . . . . . . . . . . . 33
7.1.2 Higher Quantity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
7.1.3 Advanced Gestures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

7.2 Potential Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
7.2.1 Dynamic Graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
7.2.2 Algorithm Expression and Education . . . . . . . . . . . . . . . . . . 35
7.2.3 Applied Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

8 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

A MY PUBLISHED WORKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
A.1 FabRobotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
A.2 Threading Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
A.3 [e]Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

B OTHER LAPTOP-TOIO PROJECTS . . . . . . . . . . . . . . . . . . . . . . . . 44
B.1 Physica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
B.2 ThrowIO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

iv



LIST OF FIGURES

1.1 The Puzzle of K•onigsberg's Seven Bridges . . . . . . . . . . . . . . . . . . . . . 2
1.2 The Turin Papyrus map (1150 BC) (a), as well as an interpretation of the map

(b) [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Using inForm, a tangible user interface to display geospatial information . . . . 3

2.1 Previous works in Swarm User Interfaces . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Previous works in Interactive Physicalizations . . . . . . . . . . . . . . . . . . . 9
2.3 Previous works in Network Physicalizations . . . . . . . . . . . . . . . . . . . . 10

3.1 The System Overview of Laptop-Toio . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 The Development of Laptop-Toio and its corresponding projects . . . . . . . . . 14
3.3 Comparing the Terminal Line Interfaces of Laptop-Toio . . . . . . . . . . . . . . 16

4.1 Exploring the interactions of NetworkBots . . . . . . . . . . . . . . . . . . . . . 17
4.2 The Interaction Space of NetworkBots . . . . . . . . . . . . . . . . . . . . . . . 18
4.3 The Technical Implementation of NetworkBots . . . . . . . . . . . . . . . . . . . 20
4.4 The Physical Setup of NetworkBots at the Museum of Science and Industry . . 21

5.1 Exploring a simple graph of CS professors at UChicago . . . . . . . . . . . . . . 25
5.2 Exploring a layered graph of CS professors at UChicago . . . . . . . . . . . . . . 25
5.3 Exploring Graphs with Multiple Views . . . . . . . . . . . . . . . . . . . . . . . 26
5.4 Using Physical Constraints to Interact with NetworkBots . . . . . . . . . . . . . 27

6.1 The plot of the values and averages found in Table 6.1 . . . . . . . . . . . . . . 29
6.2 Demonstations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

A.1 My Published Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

v



LIST OF TABLES

6.1 Measured Communication Speed (ms) by number of connectedtoios . . . . . . . 29

vi



ACKNOWLEDGMENTS

Thank you to Ken for serving as an incredible mentor over the last two years of my research

career. You changed how I see technology and opened the door to life-changing opportunities

and a community of researchers, designers, and creators I couldn't have imagined. From

Austria to Ireland to Austin, you've helped me explore both the world and the limits of

technology. You changed how I imagine the future and let me be a part of it.

Thank you, Professor Kindlmann, for deciding to help so much with this thesis. You

went above and beyond as a reader, giving me advice on how that helped improve this thesis

and will help improve all of my future work.

None of the work presented here would have been possible without all of my friends at

the Actuated Experience lab. From camp�res at the point to late nights at the Danube, this

lab has provided me with two years of incredible experiences that have changed me. First

and foremost, my Baxtie, Lillith Yu. We joined together two years ago, and I never could've

imagined how close we would become. From late nights at the lab to early mornings at Ars

Electronica, the experiences we shared have guaranteed that you will always be my best

friend at this lab. To Jonathon Lindstrom, my partner in crime. We worked on a project

that seemed impossible for weeks and then became a reality in a matter of days. Your

humor and intelligence made you one of my closest friends in only a matter of days, and our

work together will stand the test of time. To Emilie Faracci, Harrison Dong, and You Li,

we turned Threading Space from drawing into an exhibition together. Through trials and

tribulations, we turned a simple idea into an incredible experience. Not just for those who

saw the �nal product but also for us, who made it a reality. Finally, thank you to Raymond,

who joined me on the journey of turning NetworkBots into something tangible. Along the

way, you helped the project evolve over the course of exhibitions and presentations.

To my AxLab PhD Mentors, Willa Yang, Anup Sathya, and Ran Zhou. Thank you for

the guidance and help you three have given me. Despite your experiences, you always treated

vii



me as an equal and let me learn alongside you. Willa, time and time again, you have proven

to be a great friend and a close con�dant. From rock climbing to late-night talks in the

lab, you've always cheered my mood and helped me become a more well-rounded researcher.

Anup, we had the rare opportunity to make a class together, and even though we helped

teach it, I never stopped learning from you. Ran, thank you so much for the advice you have

given me over the few months I've known you. Even in that time, you've helped me improve

so much as a designer and a researcher.

Thank you to Antares for planting the seeds of this project and watching it transform

from a simple idea to something real. This would not been possible without your guidance,

feedback, and help.

Finally, thank you to my family. Without the way you fostered my love for technology

and science, I never would have been here or searching for the questions I am now.

viii



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.

ix



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

does our understanding of the world inuence 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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