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ABSTRACT

Quantum computing is an emerging technology with a burgeoning
industry and growing workforce needs. The demand for computer
scientists with quantum computing knowledge is increasing, as
their skills are needed to make quantum computing a scalable and
useful resource. However, few computer scientists are formally ed-
ucated in quantum computing, with most education occurring in
physics curricula. Although some open source learning resources
and software tools for quantum computing are available, they em-
ploy a quantum mechanical, hardware-driven framing that poses ac-
cessibility challenges for computing-focused learners. Educational
games have seen some success in quantum computing outreach ini-
tiatives, particularly in building intuition for quantum mechanical
concepts, but rarely relate to computing practices. This submis-
sion outlines a doctoral research programme that seeks to develop
computing-centred interactions with quantum computing systems,
and to explore how play can be leveraged in these interactions as a
means of building quantum intuitions in a computing context.
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1 INTRODUCTION

Quantum computing is an emerging computing paradigm that
utilises quantum mechanical principles to approach complex prob-
lems [41]. Its central promise is that of ‘quantum advantage’: ef-
ficiently solving problems that are highly challenging, or even
intractable, using typical binary (referred to as ’classical’) comput-
ers [46]. As the tangibility of this promise is growing, so too are
industry investments and associated workforce needs [5, 10, 19, 22].
In particular, there is increasing demand for individuals with both
computer science expertise and working knowledge of quantum
computing systems [1, 26, 57], whose skills are required to make
these systems scalable and practically useful [1, 2, 16]. However,
finding such individuals is a difficult task: quantum computing
education is by no means commonplace, and is delivered primar-
ily in physics curricula [11, 17, 40, 44, 48]. Although the quantum
computing community has created some open-source educational
materials for technical audiences, they typically begin with a ’crash
course’ in quantum mechanics, positioning this knowledge as a
prerequisite for programming [57, 59]. Such an approach priori-
tises understanding the quantum before—and sometimes even with-
out-the computing: appropriate for physics curricula, but for other
disciplines not necessarily so.

In response, computer science educators have begun to create
their own materials and courses, using quantum computing soft-
ware tools—including programming libraries and a limited range
of graphical user interfaces (GUIs) [21]—as the primary mode of
instruction [11, 40, 48, 49]. However, these software tools require
users to perform computations at the level of individual quantum
bits: a hardware-motivated approach that, for learners with a com-
puting background, conflicts with common mental models of pro-
gramming and computation [24, 33], and thus is challenging to
integrate within the framework of their prior knowledge. Some ed-
ucators have taken a different approach, exploring games as an edu-
cational medium for quantum computing [51]. Although there is as
of yet little empirical assessment of these games’ educational qual-
ity [51], games and play are a fairly well-established instructional
modality in computer science education [20, 25, 27, 43]. They have
been found to support learners in forming and refining mental mod-
els of computing [31, 47], in addition to developing computational
thinking [7, 28, 56] and programming skills [29, 37, 38]—in other
words, the competences needed to address the computing skills gap
in the quantum computing industry. Despite this promise, there
is a key obstacle: in quantum computing, some familiar comput-
ing concepts (information and errors, for example) take unfamiliar
forms, whilst others (such as entanglement and superposition) are
new altogether. As a result, what constitutes computational think-
ing and programming can be quite different, and the applicability
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of existing guidelines for games in computer science education is
uncertain. This research programme therefore seeks to investigate
what playful, computing-focused learning in the quantum comput-
ing context might look like: which concepts should be conveyed,
what kinds of abstractions could embody them, and how games
and play could help learners to integrate them within a broader
mental model of computing.

2 RELATED WORK

2.1 Software and interfaces for quantum
computing

There is currently a modest but growing range of software tools for
quantum computing, including libraries, software development kits
(SDKs) and a small number of graphical user interfaces (GUIs) [21].
Most of the available tools use a gate-based approach to quantum
computing [21], in which a program is built by applying quantum
logic gates to quantum bits (more commonly known as ’qubits’),
which collectively are referred to as a circuit. Programs written in
Qiskit, for example—a popular Python-based SDK—refer to each
qubit in a circuit with an index number, and successively append
individual gates to the specified qubit(s). Likewise, IBM’s Quantum
Composer GUI! visualises a Qiskit program using a circuit diagram:
a series of parallel lines and boxes to represent qubits and gates
respectively.

This circuit-gate model of computation is not unique to quan-
tum computing; it is a fundamental concept in computer science
and forms the basis of almost all digital systems. However, the
widespread use of high-level programming languages means that,
for most computing paradigms, working with individual bits and
gates is uncommon in practice [23]. A computing-focused user,
even with significant programming experience, will therefore likely
find existing quantum computing tools challenging. Although some
GUIs include features intended to reduce this challenge (such as
drag-and drop circuit building, automatic code generation and qubit
state visualisations [21]), the interactions they afford are limited
and provide little indication of purpose or utility from a computing
perspective. Given that programming is an active, goal-driven and
task-oriented process [24], this is a particular point of concern.

2.2 Games and play in quantum computing
education

In response to ongoing accessibility challenges in quantum com-
puting (as described above), there are increasing efforts to develop
more accessible and diverse educational resources [18, 51]. Within
such initiatives, the use of games has become a favoured approach,
informed by prior work in computer science and STEM education
[51]. These games are often designed with the aim of building play-
ers’ ’quantum intuition’, such that they can draw upon quantum
mechanical concepts when solving problems within the game space
without extensive instruction [3, 42]. Both intuition-forming [52]
and problem-solving [28, 50, 58] have been described as core el-
ements of computational thinking: the development of "the full
set of mental tools necessary to effectively use computing to solve
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complex human problems" [32], but "without understanding [a com-
puting system’s] every detail" [58]. Computational thinking is thus
especially pertinent given the quantum computing labour gap (see
Section 1), in which the ability to practically apply and implement
aspects of quantum computing—as opposed to deep system knowl-
edge—is increasingly desirable [1, 26, 57]. Games have been shown
to effectively support computational thinking in computer science
education [7, 28, 29, 53], whilst some play theorists argue that play
is in fact the ideal means by which to learn and build intuitions
about complex systems [14, 15], owing to its structured yet emer-
gent nature [14]. Games and play have also been described as forms
of constructivist learning [13, 36, 45], which itself has been pro-
posed as an optimal approach to computing education [6, 8, 9, 34]
and the development of computational thinking [54]. A games and
play-focused approach therefore seems promising for supporting
computing-centred learners in the quantum computing context.

However, almost all existing games for quantum computing edu-
cation share similar issues to the software tools previously discussed
(see Section 2.1), in that they operate solely at the level of individual
qubits and gates [51]. Initially, this may not seem problematic—such
games may well be effective for learning about the qubits and gates
they depict (although empirical evidence on this matter is scarce
[51]). But for computational thinking, learning concepts in isolation
from a broader computing system is insufficient. Learners need to
be supported in thinking about a computing system at multiple
levels of complexity; not just (qu)bits and gates, but functional
combinations thereof to create algorithmic structures [58]. In or-
der to support such thinking, a game must therefore enable direct
application of concepts through game-play, clearly relating them
both to each other and the real-world context in which learners
might apply them [29]. As such, these games’ support for quantum
computational thinking—for forming intuitions about quantum
computing and applying them to problems—appears limited. To
realise the educational potential of games and play in this field,
multiple layers of abstraction (and associated representations) need
to be developed, and their interrelation by the learner facilitated
through playful, contextually relevant interactions.

3 RESEARCH GAP AND QUESTIONS

Existing educational resources and software for quantum comput-
ing frame it as a quantum mechanical endeavour, reducing accessi-
bility for learners with a computing background. Games and playful
interactions have proven effective in making aspects of quantum
computing more accessible, but provide little support for the mul-
tiple levels of abstraction needed to develop computing-centred
intuitions and skills. These factors lead to the core aspiration of
my research: to ask how playful interactions with quantum comput-
ing systems might be used to support computing-centred intuitions.
Within this goal I identify four main research questions:

e RQ1: Which concepts within quantum computing are rele-
vant for computing-centred learners?

e RQ2: What are possible design guidelines for computing-
centred abstractions of these concepts that afford playful
interaction?

¢ RQ3: How might game mechanics be used to structure and
interrelate such abstractions and interactions?
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e RQ4: To what extent do the resulting abstractions and inter-
actions support learners in developing computing-centred
intuitions?

4 METHODS

We investigated RQ1 by conducting semi-structured interviews and
sense-making sessions with quantum computing educators. Having
asked them to prepare their own examples of quantum comput-
ing abstractions, we used their explanations of these examples to
elicit key concepts of quantum computing. The experts were then
asked to rank the key concepts in terms of perceived complexity
and challenge level for learners. This was followed by a discussion
of the concepts’ relevance for computing-centred learners, which
was grounded by the use of a persona we developed to represent
one such learner. We then explored RQ2 through the collection
and analysis of existing quantum computing abstractions. These
were gathered from both semi-structured interviews with quantum
computing experts and literature. Drawing upon Lakoff and John-
son’s framework [30], we identified the metaphors employed in
each abstraction to communicate a given concept. We subsequently
gathered ratings from quantum computing experts, who assessed
each abstraction on several dimensions of communicative quality.
Finally, we used Barr et al’s taxonomy of interface metaphors [4] to
investigate how the abstractions, and the metaphors they contain,
help or hinder computing-centred action and playful interactions,
and thus formulated suggestions for developing abstractions that
better support learners with a computing background. RQ3 and RQ4
are currently being investigated in a Research through Design (RtD)
process [60], in which interactive prototypes are produced and it-
erated upon, based on feedback from both quantum computing
experts and novices with a computing background.

5 RESULTS AND DISCUSSION

Regarding RQ1, my first study yielded seven key concepts for quan-
tum computing education, the most challenging (as perceived by
our expert participants) of which being entanglement, measurement
and algorithms. Through our persona discussions, the participants
reflected critically on their own didactic approaches, and agreed that
a more computing-centred approach would be valuable. Some made
suggestions for developing such an approach, including focusing
on algorithms and programming, creating higher-level abstractions,
and supporting exploratory interactions.

Regarding RQ2, the results of my second study highlight the
scarcity and limitations of existing abstractions for quantum com-
puting. Thirteen distinct abstractions were compiled, the majority
of which relate to quantum mechanical concepts. Our analysis
and expert ratings indicate that few afford any form of interac-
tion, and in fact misrepresent quantum information as unknowable
or unalterable, discouraging exploration or play. Additionally, the
abstractions do not clearly indicate the computational role of the
concepts they represent, nor their relation to each other within a
computing system. Consequently, I have proposed the following
design guidelines for computing centred-abstractions of quantum
computing: (1) the metaphorical basis of an abstraction should
be derived from the computational process(es) in which it is ap-
plied; (2) abstractions should convey the probabilistic nature of
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information in quantum computing; (3) they should afford multi-
ple interactions that communicate the extent and end to which a
user can interact with such probabilities; (4) interactions should
illustrate how timing and sequencing affect probabilities, and how
this manifests in algorithmic structures.

6 LIMITATIONS

In both of my completed studies, the majority of participants are ex-
perimental or theoretical physicists, and as such the perspectives of
algorithm specialists, or other more software-focused experts, has
been comparatively limited. Although this is partially a reflection
of the quantum computing community’s demographics, I am pur-
suing a more diverse participant sample for my current and future
work. Additionally, there is very little existing literature regarding
quantum computing abstractions or interactions, and even less re-
garding these topics in the human-computer interaction research
community [3]. As such, the design guidelines and prototypes I
produce are a first foray into this area, and further work is needed
to establish any form of best practice.

7 FUTURE WORK AND CONCLUSION

As mentioned in Section 4, my present and future work is structured
as a RtD process, where I develop and iterate upon prototypes to in-
vestigate RQ3 and RQ4. I am currently exploring how a turn-based
game format might support intuitions for the programmatic imple-
mentation of variational quantum algorithms (an algorithm type
with near-term feasibility and industrial applicability [12, 39, 55]).
In this work, I am developing audiovisual abstractions of the key
concepts identified in my first study, implementing the guidelines
developed in my second study (see Section 5), and applying turn-
based game mechanics to provide structure for these abstractions,
opportunities for their interrelation, and context for their use in
(computational) problem-solving. I aim to test my prototypes with
novice quantum computing users who have either academic or pro-
fessional experience in computing. This will likely take the form
of task-based cognitive walk-throughs [35], ideally in addition to
co-creation sessions with quantum algorithm experts. It is my hope
that these activities will demonstrate the validity and value of a
playful approach to interacting with quantum computers, and en-
courage further dedicated HCI work in the quantum computing
field.
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