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Abstract

As technologies advance and play an increasingly larger role in our lives, computational
thinking—the ability to understand computing concepts and procedures and their role in
the tools we use—has become an important part of our training and education in the 21st
century. Thus initiatives to improve people’s technical literacy have become a top priority
in many countries around the world, with programming classes becoming a mandatory
part of many K-12 curricula and increasingly available online.

Unfortunately, many find programming intimidating and difficult to learn because it
requires learning abstract concepts, languages, and procedures. Programming concepts
and languages employ abstract terms and unfamiliar syntax and conventions; yet how they
relate to what we already know (e.g., real-life situations and grounding metaphors) is not
always explicated in learning materials or instructions. Learning programming procedures
is also difficult due to its abstract nature. For instance, while learners generally need to be
explicitly trained on the execution steps in order to be able to trace (or abstract) execution
steps, how computer programs are executed and what happens (e.g., in memory) in each
step are often omitted or presented as abstractions (e.g., loop), obscuring the process for
novice learners before they can master the ability to step through the procedure on their
own. As a result, they are often forced to mechanically memorize arbitrary conventions,
procedures, and rules in programming without forming any intuition about them.

The reason for these difficulties can be attributed to dead-level abstracting, a phe-
nomenon where information is stuck in certain levels of abstraction. High or low, the lack
or absence of interplay between abstraction levels makes it challenging to understand new
information in a meaningful, efficient, and effective way. Although the ability to “rapidly
change levels of abstraction” has been recognized as a key characteristic of computational
thinking and its importance has been stressed countless times, instructions in computing
education tend to be mired in abstract levels of abstraction and lack opportunities for
students to develop this ability to move up and the ladder of abstraction.

This thesis aims to address this problem by proposing a model where learners can move
between levels of abstraction. Specifically, I introduce coding strip, a form of comic strip
that has a direct correspondence to code, as a tool for teaching and learning programming
concepts, languages, and procedures. By using comics that directly corresponds to code,
coding strip is a model instantiated from a framework for computational thinking: learners
can move between concrete and abstract levels of abstraction to develop a way of thinking
about programming concepts, languages, and procedures in terms of real-life situations and
objects. To support its use, this thesis contributes methods, tools, and empirical studies to
facilitate the design, creation, and use of coding strips. Specifically, this thesis is structured
as follows.



In Chapter 1, I will explain the motivation, research questions, and scope of this work.
In Chapter 2, I will review relevant studies, theories, and techniques.

In Chapter 3, I will introduce a formative study conducted to test the feasibility and
usefulness of coding strip when the idea was first conceptualized.

In Chapter 4, I will present a design workshop study where I investigated the design
process and tools for coding strip.

In Chapter 5, I will present CodeToon, a digital authoring tool, developed to further
ease the authoring of coding strips with two novel mechanisms—story ideation and auto
comic generation.

In Chapter 6, I will report an in-class study where I administered and tested four use
cases for coding strips to university students in an introductory computer science course.

In Chapter 7, I will discuss the implications of this work and future research opportuni-
ties.

In Chapter 8, I will end with a brief summary of this work.

vi



Acknowledgements

Without the encouragement, guidance, and help of so many people, this work would not
have seen the light of day. At the risk of omitting people who deserve to be mentioned, I
will do my best to acknowledge those who contributed to this dissertation. However, note
that I intentionally avoid listing all names and details to keep this brief. This does not
mean their role was any less significant than those whose names are mentioned here.

First, I would like to thank my supervisor, Edith Law, who believed in this work and
encouraged me to build my thesis around it. Without her support, advice, and patience,
this dissertation would not have come to fruition. Thank you, Edith, for your friendship
and encouraging me to follow my curiosity and passion.

Several mentors and collaborators were instrumental in making this dissertation pos-
sible. Ed Lank suggested running a design workshop with teachers attending the annual
summer conference at Waterloo for my first study. He also advised me to connect with
Celine Latulipe and seek her expertise in CS education. Celine played an important role
in the in-class study. Her perceptive feedback significantly improved this work. Dan Vogel
suggested teaching an introductory computer science course and testing my work, which
led to my in-class study. For the CodeToon study, Jian Zhao recommended the comic
evaluation study and helped articulate the contributions of this work. Martinet Lee helped
with the planning and running of design workshops. Ken Jen Lee helped run the in-class
study. Bernadette Cheng and Gracie Xia assisted in illustrating the comics.

Colleagues and friends at the University of Waterloo also contributed to this disser-
tation. Alex Williams and Mike Schaekermann were one of the reasons I decided to join
Waterloo. When I was deciding, they met with me to share their experience and gave me
confidence that I would also be able to thrive at Waterloo. Without them, this disserta-
tion would not be here. Other faculty and members of the Human-Computer Interaction
Lab and fellow graduate students at Waterloo have been equally important in making this
dissertation come to life. Their friendship helped me cope with the many challenges that
graduate students typically face. A special mention goes to my best friend, Henry Chen,
who made my life at Waterloo fulfilling and unforgettable.

Finally, I would like to thank my parents, who deserve all the credit for any of my
achievements. I would be nothing without their incredible love and sacrifice. I would also
like to thank my Heavenly Father, who filled my life with joy, peace, and hope during this
journey. He is why I continue to be inspired by the topic of my research. Without Him,
this work would not have been possible.

vil



Dedication

This is dedicated to my parents, to whom I owe everything.

viii



Table of Contents

List of Figures Xiv
List of Tables XiX
Preface 1
1 Introduction to Coding Strip 2
1.1 Thesis Statement . . . . . . . . ... 12
1.2 Research Scope . . . . . . . . . ... 13
1.3 Thesis Overview . . . . . . . . . .. 14

2 Related Work 15
2.1 Representations . . . . . . . . . . .. 16
2.1.1 Using Multiple Representations . . . . . .. ... ... ... .... 16

2.1.2  Moving between Representations . . . . .. .. ... ... ... .. 17

2.1.3 Representations in CS Education . . .. .. ... ... ... .... 21

2.2 Comics . . . . . . 21
2.3 Creativity Support . . . . . .. 25

3 Formative Study for Coding Strip 29
3.1 Programming Environment . . . . . . . ... .00 30

X



4 Design Process & Tools for Coding Strip 35

4.1 Design Process & ToOIS . . . . . . . . . . . e 36
4.1.1 Design ProCcess . . . . . . . i i i i e e 36
41.2 DesignTools. . . . . . . . 37

4.2 Design Workshops . . . . . . . . . 38
421 Participants . . . . . .. e 39
4.2.2 Procedure . . .. ... e 40

4.3 Results. . . . . . . e 41
4.3.1 Eectiveness of Ideation Cards . . . . . ... ... ... ...... 41
4.3.2 Generated Stories & COmMics . . . . . . . . ..o 42
4.3.3 EaseofDesignProcess . .. .. ... ... .. .. .. ... .. ... 43
4.3.4 Perceived Utility for Teaching and Learning . . . . ... .. .. .. 45

4.4 DISCUSSION . . . . . v e 45
4.4.1 Extensions and Limitations . . . . ... .. ... ... ... ... 45
4.4.2 Extensibility of Ideation Cards and Design Process . . .. ... .. 46
4.4.3 Design Considerations in Coding Strip . . . . . . ... ... .... 46

4.5 Conclusion . . . . . . . e 53

5 Authoring Tool for Coding Strip 54

5.1 CodeToon: Computational Approach . . . . ... ... ... ........ 55
5.1.1 Design Processand DesignGoals . . ... .. ............ 56
5.1.2 Userlinterface . . . . . . . . . . . . 57
5.1.3 Usage Scenarios . . . . . . v v v i i e e e 60

5.2 Generating ComicsfromCode . . . . .. ... ... ... ... ... .. .. 62
5.2.1 Storyldeation . . . . . ... . ... e 62
5.2.2 Auto Comic Generation . . . . . . ... ... . e 63

5.3 Evaluation . . . . . . . .. e 66
531 Partl:UserStudy . .. .. ... ... .. .. ... 67



54 Results . . . . . . e 69
5.4.1 RQ1. Does CodeToon support the authoring of coding strips? . .. 70
5.4.2 RQ2. Does CodeToon make the process of authoring coding strips

more ecient? . . . . . . ... 75
5.4.3 RQ3. What is the perceived utility and use cases of CodeToon for

teaching and learning programming? . . . .. .. .. .. ... ... 76
5.4.4 Does CodeToon help generate high-quality comics? (RQ4) . . . .. 79

5.5 DISCUSSION . . . . . . e e 80
5.5.1 Implications & Opportunities . . . . . . . .. .. ... ... .... 80
5.5.2 Limitations and Future Work . . . . .. .. ... .. ........ 82

56 Conclusion. . . . . . . . 83

Use Cases for Coding Strip 85

6.1 Methods . . . . . . . . . . 85
6.1.1 Course & Student Information . . . . . ... ... ... ... ..., 86
6.1.2 UsSe Cases . . . . . . i i e 86
6.1.3 SUIVEY . . . . . 89

6.2 Results . . . . . . . . . . e 91
6.2.1 Demographics . . . . . . . ... 91
6.2.2 Analysisof EachUseCase . ... ... ... ... .. ........ 91
6.2.3 Analysis of Overall Experience . . . . . . .. ... .. ... ..... 96
6.2.4 Analysis of Demographics . . . . ... .. ... ... ... ..., 97

6.3 DISCUSSION . . . . . . e 98

6.4 ASummaryofUse Cases. . . . . . .. . . . i i 99

6.5 Conclusion . . . . . . . . 101

Xi



7 Discussion 102
7.1 Summary of Findings . . . . . . . . .. 103
7.1.1 Designing Coding Strip with Ideation Workow . . . . .. ... .. 103
7.1.2 Creating Coding Strip with CodeToon . . . .. .. ... .. .... 104
7.1.3 Using Coding Strip . . . . . . . . 105
7.2 Implications & Opportunities . . . . . . . . . .. .. o 105
7.3 Future Directions . . . . . . . . . . . e e 107
7.4 Limitations . . . . . .. e e 112
7.5 Summary of Contributions . . . . . .. .. .. ... ... .. 112
8 Conclusion 114
References 116
APPENDICES 131
A Materials for the Formative Study 132
Al Pre-Study Survey . . . . . . 132
A.2 TasklInstruction. . . . . . . . . . . . e 133
A.3 Post-Study Survey . . . .. 133
B Materials for the Design Study 135
B.1 Pre-Study Survey . . . . . . . 135
B.2 Task Intruction . . . . . . . . . . . .. .. 136
B.2.1 SketchWarm-Up . .. .. ... ... .. .. .. ... ... ..... 137
B.2.2 Translate StorytoCode . . .. .. .. ... ... ... ....... 137
B.3 Discussion Questions . . . . . . . ... e e e 137
B.4 Post-Study Survey . . . ... e 138

Xii



C Materials for the CodeToon Study

C.1 Partl.UserStudy ..........

C.1.1 Pre-Study Survey . . . . ..
C.1.2 Post-Study Survey with CSI
C.1.3 System Usability Scale . . .
C.1.4 Paired Factor Comparison .

C.2 Part Il. Comic Evaluation Study . .

C21 Survey ............

C.3 CodeToon Implementation Details .

D Materials for the In-Class Study
D.1 Post-Study Survey . ... .....

Glossary
Abbreviations

Nomenclature

Xiii



List of Figures

11
1.2
1.3
1.4
15

1.6

1.7

2.1

2.2
2.3
2.4

My Ph.D. journey in a nutshell. (Credit: Edith Law & Bernadette Cheng
wrote and illustrated this comic, respectively.) . . . . . ... ... ... .. 1

Examples of levels of abstraction in computing . . . . .. ... ... .. ..
Examples used to introduce abstraction ladder in [73] . . . ... ... ...
Comic using piggy bank as a metaphor for variable. . . . . .. ... .. ..
An example of how comics can be used to convey code semantics . . . . . . 9

Comic examples demonstrating how comics can be used to explain program-
ming procedures and highlight di erent aspects (e.g., procedural, cyclic). . 10

While animation (a) shows one scene at a time, comic (b) shows multiple
scenes at once and provides users greater control over the pace at which they
process the information [162]. Furthermore, being able to see all the scenes
altogether allows one to discover any relationship (e.g., connection between

the scenes) moreeasily. . . . . . . . ... o 11

Coding strip aims to bridge programming language with the visual language
of comics. As shown, it provides comic strip and its corresponding code. . . 12

Bruner's framework for concreteness fading, a method for teaching abstract
concept by introducing it in three stages with decreasing levels of concrete-

NesS [137]. . . . . o e e e e 17
Tools that allow users to switch between di erent representations . . . . . 19
Representations used to visualize programming concepts and procedures . 22

Panel placement patterns, which make up the external compositional struc-
ture proposed by [105] . . . . . . 23

Xiv



2.5 An example from [31] showing how the theory of visual narrative grammar
can be used to identify the role of each panel in the narrative arc. . . . . . 24
2.6 Prior work on supporting design process with ideation card-based toolkit . 26
2.7 General framework for auto-generation of comics suggested by Zeeders [166]. 27
3.1 Learning progression based on Bruner's framework for concreteness fading
which introduces recursion in three stages with representations in decreasing
levels of concreteness [137] . . . . . . o o o 30
3.2 Double Recursion: Abstractcode . . . ... ... ... ... .. ... .. 31
3.3 Participants' notes that demonstrate how some learners solved problems
dierently . . . . . . . . . .. 33
4.1 Three high-level stages in the design process, with trigger & scenario cards
supporting transition from concept to story and design cards from story to
coding Strip. . . . . . . . e e 36
4.2 Design board with coding strip on recursion made by a teacher group at our
workshop . . . . . . 37
4.3 Examples ofideationcards . . . . . . . .. ... ... L oo 38
4.4 Example used to introduce the idea of coding strip during the workshops.
Participants were asked to guess the underlying concepts/code from the
comic strip before seeing its code, to show how comics can be used to intro-
duce concepts and start a discussion. . . . . ... ... oL 40
4.5 Design workshops with groups of students (left) and high school computer
science teachers (middle & right). . . . . ... .. ... ... ... .... 43
4.6 Design ideas generated by design patterns and the resulting coding strip on
boolean by a studentgroup . . . . .. ... ... .. oo 44
4.7 Design card types and theirexamples . . . . .. ... ... ... .. ... . 48
4.8 Three Code (Execution$ Comic (Panel) mapping patterns . . . . . . .. 49
4.9 Three Code (Line)3 Comic (Panel) mapping patterns . . . . .. ... .. 50
4.10 Examples of code structures and the layout. . . . . ... ... ....... 51

4.11 Grouping layout. The three panels on the right form their own group both

semantically and structurally. . . . . .. ... ... ... ... .. . ... 52

XV



4.12 Nonlinear Layout . . . . . . . . . . . . . e 53

5.1

5.2

5.3
5.4

5.5

5.6

5.7

5.8

5.9

CodeToon helps users create stories and comics from code. It uses 1-to-1
mapping to make the connections clear across code, story, and comic. For
instance, as indicated by the dotted line, line 1 (code) maps to line 1 (story)

and to row 1 (COMIC). . . . . . o . v v i e e e e 55

System interface: (A) drop-down allows users to check potential code exam-
ples for basic programming concepts, (B) code container, (C) button that
generates story template from code in code container, (D) story template,
(E) drawing canvas for comics, (F) tool palette, (G) style palette, and (H)
buttons for changing the interface layout (between code & story, current, or

canvas-only layout). . . . . . . ... 56
Users can add code by selecting code example (b) or by typing (¢c). . ... 58
Users can add story (to story template) by selecting a list of ideas in drop-

down (b) or by typing into inputbox. . . . .. .. .. ... ... ... ... 58
Users can auto generate comic by selecting either of the arrow buttons. If

canvas already has some drawing elements, as in this case, they can add
the comic to the right (A) or below (B) the existing elements. If canvas is
empty. The comic is added to the center of the canvas. . . .. .. ... .. 59

Users can add templates (e.g., comic panels, speech bubbles, and characters)
to the canvas using the library. . . . . . ... ... . o L 60

A simple loop code and (A) auto generated comic. The bottom two rows
represent (B) comic updated with di erent images (phone) and text (e.g.,
“battery' for “x'). Like in this example, CodeToon can update speci ¢ rows,
giving users ne-grained control over their stories. . . . . .. ... ... .. 61

Our story ideation consists of generating a story template aligned with the
code structure (structure mapping) and allowing users to Il the template
with the help of metaphor suggestions (content composition). . . . . . . . . 62

Variable assignment: code, template, example . . ... ... .. ...... 64

5.10 Conditional expression: code, template, example . . . . . . ... ... ... 64

5.11 Other visual vocabularies (comic templates, left) and examples (right). The

gray boxes are placeholders for text; the dotted squares for ob-
jects (e.g., stick gure); the dotted long rectangles for any visual
vocabulary, e.g., variable assignment, loop, andsoon. . . . ... ... ... 65

XVi



5.12 CodeTooon features' usefulness (1: Not at all useful; 5: Extremely useful) . 70

5.13 Baseline vs CodeToon comparison on the (1) usefulness of the tool for the
task and (2) the di culty of the task with the tool. CodeToon users found
the tool more useful for creating comics from code and the task less di cult. 71

5.14 Mapping accuracy for auto generated comics. (1: Not at all accurate, 5:

Extremely accurate) . . . . . ... . . . ... 72
5.15 Perceived utility of Baseline and CodeToon for teaching and learning pro-

gramming . . . . . . e e e e e e 76
5.16 Interest in teaching and learning with Baseline and CodeToon . . . . . .. 77

5.17 Comic evaluation results. Statistical signi cancef <0.05) is marked with *. 80

5.18 Comparisons of individual pairs according to their concepts. CodeToon
comics were rated as being as good or better than Baseline comics in all
cases across allmeasures. . . . . . . . ... 84

6.1 A Spiderman comic used to introduce the idea that values in variables change

(UC1). Here, variables arename mood age and hobbies . . . . ... .. 86
6.2 Sequence of lecture slides used to introduce code with comid€2) ... 88
6.3 Examples of reviewing with clicker questiondJC3). . . . . ... ... .. 89

6.4 Coding strip example on for loop used for one of the use cases: writing code
from comics UC4 ). Students were asked to translate the comics into code.
A sample submission shows how comics can be interpreted in multiple ways. 90

6.5 Students' assessment of fouruse cases . . . . . . . . ..o 92
6.6 Students' assessment of comicsingeneral . . . . ... ... ... ... ... 94

6.7 Two of the three coding strips used for writing code from comic&JC4 ).
One other coding stripis Fig. 6.4 . . . . .. .. ... .. ... ....... 95

7.1 ConceptToon interface: (A) button for opening Iter panel, (B) panel for
selecting ideation card type (trigger/scenario/design), (C) panel for view-
ing and selecting trigger/scenario/design cards, (D) panel for adding ideas
related to given concept/topic, (E) panel for writing stories, (F) canvas for
creating comics, (G) style palette, (H) tool palette, and (I) button for max-
IMIzing COMIC CaNVas SiZe. . . . . . . . o v v it e e e e e e 109

B.1 Sketching activity . . . . . . . . . . . e 137



B.2
B.3
B.4

B.5

B.6

B.7

B.8

B.9

Cl

Translate storytocode . . . . . . .. . . .. ... . 137
Design board used in the workshops. . . . . . .. ... ... .. ...... 141

Design cards for explanation theme. Number of times each card was used in
design workshops: Narration-based Explanation: 4/18; Conversation-based
Explanation: 4/18; Conversation-based Interaction: 4/18; Character-based
Explanation: 5/18; Legend: 1/18. . . . . . . . . . . . . ... .. .. ..., 142

Design cards for sequence theme. Number of times each card was used in
design workshops: Assign: 6/19; Passing On: 3/19; Annotated Transition:
4/19; Numbered Transition: 3/19; Highlighted Transition: 3;/19 Point-of-

View Switch: 0/19 . . . . . . . . .. e 143

Design cards for selection theme. Number of times each card was used in
design workshops: What-If: 6/16; Alternatives: 3/16; Comparison: 2/16;
IS-1t: 5/16. . . . . e 144

Design cards for repetition theme. Number of times each card was used in
design workshops: Conditional Repetition: 5/8; Counted Repetition: 3/8. . 145

Design cards (1/2) for presentation theme. Number of times each card was
used in design workshops: Moments: 1/27; Visualization: 3/27; Concretiza-
tion: 0/27; Abstraction: 2/27; Flowchart: 5/27; Zoom: 1/27; Grouping:

Design cards (2/2) for presentation theme. Number of times each card
was used in design workshops: Multiple Scenarios: 6/27; Gradual Reveal:
2/27; Question&Answer: 2/27; Lens: 0/27; Break-the-fourth-wall: 0/27;
Visualization: 3/27. . . . . . . . . . e e 147

Implementation of computational pipeline for (a) generating story template
and (b) generating and updating comic from story. . . . . ... ... ... 162

Xviil



List of Tables

4.1 Concepts used in our study. Bolded are the concepts that workshop partic-

4.2

5.1
5.2

ipants chose for their coding strips. . . . . . . . ... ... oL 39

Breakdown of interacting factors that in uence the design of coding strips
and resulting design variations.

........................ 47
Examples of code and corresponding stories . . . . . .. ... ... .. .. 63
CSI Results. CodeToon performed better on every factor in creativity sup-

port. Statistical signi cance (p < 0.05) is marked with . . . ... .. ... 73

XiX



Preface

Figure 1: My Ph.D. journey in a nutshell.
(Credit: Edith Law & Bernadette Cheng wrote
and illustrated this comic, respectively.)

This comic (Fig. 1) summarizes my
Ph.D. journey, showing moments from
the rst time | visited the school to my
thesis defense and graduation.

The rst four panels illustrate my
trip from Seoul, South Korea to Water-
loo, Canada to meet my supervisor for
the rst time during my school visit. The
remaining panels show the milestones in
my journey: conceiving the idea of cod-
ing strip (Chapter 1), running design
workshops (Chapter 4), developing au-
thoring tools (Chapter 5), teaching an
introductory CS course (Chapter 6), and
defending my thesis.

For me, this comic serves as a re-
minder that small moments can add up
to something wonderful someday. | hope
this work inspires those who need this
reminder and brings as much joy to its
readers as it did to me.



Chapter 1

Introduction to Coding Strip

Thinking like a computer scientist
means more than being able to
program a computer. It requires
thinking at multiple levels of
abstraction.

Jeannete Wing[155]

Levels of Abstraction in Computing

Computing literacy has received enormous attention in the last decade, with countries
around the world rushing to make computing education mandatory in schools, to equip

students with the literacy of the 21st century [65, 67]. This surge of interest created the

need to specify what computational thinking is. Although more than a decade has passed
since Wing's article on computational thinking [155], there remains much disagreement
and confusion over what it encompasses [23, ]

One thing many agree on, however, is the importance of "abstraction' and "decomposi-
tion' in computing [91, 75, , , 68], which Donald Knuth described as transitioning
between levels of abstraction [70]. Juris Hartmanis and Dijkstra explained that since
computer science deals with phenomena at an enormous range of scales (for instance, see
Fig. 1.1), computer scientists must reason at varying levels of abstraction [43]. Build-
ing on these ideas, many have used the concept of levels of abstraction to model the
stages of problem solving [135, 6, 38], teach programming design principles [91, , 1,

2



(a) Programming paradigm [64] (b) OSI model for networking system

Figure 1.1: Examples of levels of abstraction in computing

introduce computing concepts [9, ], assess students' learning progress in computer sci-
ence [135, 74, 46], and describe computational thinking [155, 46, 82].

Although it is undoubtedly a critical aspect in computing, the notion of abstraction
levels is not necessarily unique to computer science and engineering [68]; in fact, it has
been around longer than the eld of computer science itself [61], and studied in a wide
range of disciplines, such as philosophy [119, 50], linguistics [42], mathematics [50, 1,
history [48], and law [61]; this should not be surprising given how it forms the basis of our
communication and concept formations: many scholars have claimed that all we know are
abstractions [72]. As shown in Fig. 1.2, they specify levels of concreteness (speci city)
in our language, as well as complexity of explanations and ideas and knowledge [73]. For
instance,Wired a popular magazine focusing on how emerging technologies a ect culture,
the economy, and politics produces a show called "5 Levels' featuring episodes titled
X Explains in 5 Levels of Di culty' (e.g., Computer Scientist Explains
Machine Learningin 5 Levels of Di culty') where experts from various elds explain a
concept in their eld to ve di erent demographic groups: child, teen, college student,
grad student, and expert [156].




Figure 1.2: Examples used to introduce abstraction ladder in [73]

Series of Abstractions Obscures or Severs Connection to Intuitive Grounding

A problem that emerges in disciplines with many layers of abstraction is that it conceals
or severs connection to grounding abstractions (e.g., metaphors) and produces new ab-
stractions [123]. In technical domains, these abstractions often take the form of symbolic
representations for e ciency and e ectiveness. For instance, computational languages in
domains such as math and computing take the form of text-based languages that have
language-speci ¢ syntax, conventions, and rules. The combination of compact syntax and
notation allows them to be e ective at communicating instructions unambiguously and del-
egating computing tasks e ciently. While this requires learners to learn how to command
them (e.g., how to use certain constructs in new programming languages), the discon-
nection makes it challenging for people to develop intuitive and deeper understanding of
the computational concepts, languages, and procedures. Abstract terms (jargons) and
arbitrary conventions can create an impression to learners that computational ideas and
procedures have no apparent relevance to our world. As Giraa et al. [60] put it: in
learning programming, [students] need to imagine and comprehend many abstract terms
that do not have equivalents in real life: how does a variable, a data type, or a memory
address relate to a real-life object? Programming also requires learners to be able to trace
a sequence of execution steps, a task that novices nd abstract [161] because procedures
are often presented as an abstraction (e.g., loop [41]), without delineating steps of the se-
quence. Consequently, without explicit instructions on how abstract symbols and syntax,
as well as computational processes, map to real-life situations and objects, learners can get
stuck in the details and struggle to move (reason) beyond the programming level. Thus,



to promote computational thinking, it is important to address this disconnection and the
lack of support for interplay between abstraction levels. This thesis aims to contribute to
this.

From now on, we will use the term abstraction ladder interchangeably with the term
levels of abstraction. Already a popular term in computing [151, ], it helps our discus-
sion to include the relevant literature that introduces key ideas in this thesis. Introduced
by S.I. Hayakawa [73], the term is widely used in various elds ranging from communica-
tions to computing. An example that Hayakawa gives for the abstraction ladder is "Bessie
the cow." As shown on the left side of Fig. 1.2, the ladder starts with "Bessie the cow' at
the lowest level of the ladder; it abstracts to "cow' and eventually to "wealth." (The other
example on the right of Fig. 1.2 shows the abstracting of an idea.)

Computer Science and Engineering is a eld that attracts a di erent kind of
thinker. . .they are individuals who can rapidly change levels of abstraction,
simultaneously seeing things “in the large' and "in the small." Donald Knuth [70]

While Knuth highlighted moving between abstraction levels as a skill speci c to com-
puter scientists and engineers, Hayakawa argued that it is an important skill for everyone:
the interesting writer, the informative speaker, the accurate thinker, and the same indi-
vidual operate on all levels of the abstraction ladder, moving quickly and gracefully and in
orderly fashion from higher to lower, from lower to higher [73]. He reinforced this by spec-
ifying the danger of remaining at certain levels of the abstraction ladder a phenomenon
that the linguist Wendell Johnson termed dead-level abstracting [85]. Here is Wendell's
explanation [85]:

The low-level speaker frustrates you because he leaves you with no directions
as to what to do with the basketful of information he has given you. The
high-level speaker frustrates you because he simply doesn't tell you what he
is talking about. . . there is little for one to do but daydream, doodle, or simply
fall asleep.

This notion of dead-level abstracting highlights that the key to e ective communication
is the dynamic interplay between levels of abstraction. Moving up and down the ladder
makes our ideas more accessible and meaningful by helping us develop a deeper under-
standing of how they connect to speci c instances, actions, and procedures. Since the
success of teaching and learning depends on e ective communication (the major activity of
educationists is communication [131] teaching is communicating and learning processing
the communicated knowledge) [117, ], the proposed research adopts this idea to support
the interplay within abstraction ladder in computing education.

5



Existing Approaches: Storytelling, Animation, and Concrete Representations

Although instructions and activities in computing education tend to be mired in abstract
levels of abstraction and lack opportunities for students to reason at multiple levels, there
have been various approaches to address this:

" Concept : Storytelling [87], metaphor [152, 35, 49], and analogy have been popular
choices for making abstract concepts more intuitive and engaging. CS unplugged is a
kinesthetic learning method in which students learn computing concepts through hands-
on activities without the use of computers [107]. However, the main limitations of
metaphors and analogies are that they may not map perfectly to concepts and lead to
confusion.

" Language (Syntax & Semantics) : Turning abstract text-based programming into
more concrete, graphic-based languages has been a popular approach. Graphic lan-
guages such as Scratch [120] (a block-based programming language) provide program-
ming constructs resembling LEGO blocks, making code expressions more accessible to
younger audiences. Physical (tangible) programming has also been studied to make
programming more approachable, hands-on, and accessible to younger students and the
visually impaired [100, ]. A set of simpli ed text-based commands speci c to a game
environment has also been explored [94].

Procedure : Tracing execution steps in a program is a skill novice learners need to
master, but the challenge is that in many cases all the steps are not necessarily shown
and instead presented as abstractions. For instance, when describing a program, it is
common to describe the number of times a program loops but omit what happens and
how memory changes in each iteration. While this is to focus on the structural (high-
level) aspects of the program, this makes procedures abstract for learners who have
not yet mastered the ability to process the steps in their head. To address this, many
have researched program visualization and developed new tools; they used animations of
visual objects and models (e.g., characters, robot, and animals in Scratch, Gidget, Logo)
as proxies to show how the code works; similarly, Storytelling Alice [37] illustrated
procedures in terms of characters and stories; others (e.g., Python Tutor) have used
interactive visualizations with diagrams, where learners can step through each line of
code and observe changes in memory state, to understand the execution sequence and
what each line of the code does to memory states [66].



Our Approach: Bridging Abstract with Comics

Motivation.  While prior approaches mentioned above helped lower the barrier to entry
into programming, learners must eventually transition to text-based programming [101].
Although several transition methods have been proposed [76, 88, 53] and they vary in
speci cs, researchers agree that explicitly linking the concrete with abstract programming
bene ts transfer [88, 55]. Thus, | set out to build a model for layered representations
where its theoretical framework is abstraction ladder. (The term ‘layered' is meant to
suggest a tight coupling of these representations.) The reason for using the term layered
representations as opposed to abstraction ladderis to be precise and clear that our
abstraction levels consist of di erent representations. Note that there can be abstractions
of increasing/decreasing concreteness within the same representation (e.g., ‘Bessie the cow'
example shown in Fig. 1.2). Layered representations makes it explicit that we are using
multiple (n  2) layers of representations in our case, comic and code as the layers. (This
is not to say that coding strips can consist only of comic and code. As will be shown in
Fig. 1.4 and Chapter 3, there can be another representation or the same representation as
comic or code but vary in concreteness.)

What is Comics? Comics is a term that refers to a medium that uses images to
convey ideas or narrate stories. Often, it takes the form of a sequence of images and uses
a combination of text and other comic elements such as speech balloons and caption [149].
While some suggest the rst time this art form emerged in the human history can be traced
all the way back to Lascaux cave paintings [98], the term comics and today's form of comics
(with panels and speech balloons) rst appeared in the late 19th century. There have been
many di erent forms of comics and debates surrounding its de nition. For instance, the
early comics (‘cartoons’) had a single image as opposed to a sequence of images. While
some scholars considered them as a form of comics, others excluded them by de ning it
as juxtaposed pictorial and other images in deliberate sequence, implying that it needs
at least two images to be juxtaposed [98]. In this thesis, | do not argue for a particular
de nition of comic. The comics produced in this thesis generally consist of more than one
panel, but it had nothing to do with the de nitions of comics. That is, | did not impose any
rule to produce comics that abide by any particular de nition (e.g., at least two panels).

Why Comics? When justifying the use of comics, many works highlight the power of
the medium to engage and o er various cognitive bene ts, citing its close ties to theories
such as cognitive theory of multimedia learning [98, 97, ]. While they are part of
the reason, | argue for the use of comics based on the medium's (1) expressiveness and
(2) unique a ordance both of which make it a powerful medium suited to teaching and
learning computational ideas and procedures.
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