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ABSTRACT
Quantum computing is a fundamentally different way of per-
forming computation than classical computing. Many prob-
lems that are considered hard for classical computers may
have efficient solutions using quantum computers. Recently,
technology companies including IBM, Microsoft, and Google
have invested in developing both quantum computing hard-
ware and software to explore the potential of quantum com-
puting. Because of the radical shift in computing paradigms
that quantum represents, we see an opportunity to study the
unique needs people have when interacting with quantum
systems, what we call Quantum HCI (QHCI). Based on inter-
views with experts in quantum computing, we identify four
areas in which HCI researchers can contribute to the field of
quantum computing. These areas include understanding cur-
rent and future quantum users, tools for programming and
debugging quantum algorithms, visualizations of quantum
states, and educational materials to train the first generation
of “quantum native” programmers.

CCS CONCEPTS
•Human-centered computing→Human computer in-
teraction (HCI); • Computer systems organization →
Quantum computing;
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1 INTRODUCTION
Quantum computing [43], once considered purely a theo-
retical domain, is rapidly becoming a reality with the avail-
ability of publicly-accessible quantum computing systems,
advanced software simulators, and domain-specific program-
ming languages and SDKs. Quantum computing has the
potential to solve problems considered intractable for classi-
cal computers. For example, scientists have used quantum
computers to determine the ground-state energy for beryl-
lium hydride (BeH2), a complex inorganic molecule [27].
Performing these kinds of simulations has a tremendous
computational cost – often intractable for classical comput-
ers – but the results of these simulations may lead to the
discovery of new drugs and materials and bolster clean en-
ergy efforts [23].

Quantum computing has potential to tackle complex prob-
lems, such as those with exponential solution spaces, more
efficiently than classical computers because it is theorized
that the parallelism of quantum mechanics can solve NP-
complete problems [5, 12]. Copious amounts of research
demonstrate that the run time for problems considered diffi-
cult for classical computing can be significantly improved
when simulated with quantum computing [11, 54, 55]. Fields
that may benefit include materials sciences and chemistry,
logistics, finance, and cryptography, but the true potential
of quantum remains to be seen.

There are a number of institutions making significant in-
vestments in quantum computing technology across all levels
of the technology stack. These range from low-level tech-
nologies for implementing qubits and their interconnections
to high-level languages and SDKs for simulating quantum
systems and programming quantum algorithms. Companies
such as IBM, Microsoft, and Google have all released tools,
SDKs, and educational materials for people to experiment
with. IBM even made several of their actual quantum com-
puters publicly available for anyone to program [37]. Star-
tups like Rigetti Computing and D-Wave are developing new

CHI 2019 Paper  CHI 2019, May 4–9, 2019, Glasgow, Scotland, UK

Paper 256 Page 1

https://doi.org/10.1145/3290605.3300486
https://doi.org/10.1145/3290605.3300486
https://doi.org/10.1145/3290605.3300486


quantum computing hardware, and 1Qubit and QxBranch
are focused on developing solutions for industries such as fi-
nance and insurance. Universities are also heavily involved in
quantum computing by making learning materials available
online [38] and training students in quantum information sci-
ence. Even governments are getting involved in incubating
quantum computing technologies, evidenced by the intro-
duction of the National Quantum Initiative Act [56] in the
United States, the funding of the Institute for Quantum Com-
puting by the Canadian government [46], and PrimeMinister
Trudeau’s viral explanation of quantum computing [42].

Because of the rapid onset of quantum computing technol-
ogy, our aim is to motivate the HCI community to consider
the study of a wide range of topics in quantum comput-
ing and how users of quantum computers interact with the
technology. Based on our own observations and interviews
with experts in the field, we identify a number of areas in
which HCI researchers can have an impact and define a new
practice of Quantum HCI:

• Understanding current and future users of quantum
computers, including the problems they are trying
to solve, the domains in which they work, and their
workflows to identify gaps in their needs,

• Developing and evaluating educational materials and
designing learning communities to train the first gen-
eration of “quantum native” programmers, as well as
ease the learning curve for existing developers,

• Designing new tools for programming and debugging
quantum computers, including creating and evaluating
programming languages and SDKs for interacting with
quantum computers and simulators, and

• Creating new visualizations of quantum state, includ-
ing exploring the effectiveness of multiple visual rep-
resentations on learning, and representing the extraor-
dinarily high dimensionality of multi-qubit states.

2 A BRIEF PRIMER ON QUANTUM COMPUTING
In classical computing, information is encoded with bits
that are in a state of either 0 or 1. In quantum computing,
information is encoded with qubits, and as with classical bits,
qubits may be observed in a classical state of 0 or 1. Qubits
may also exist in a state of superposition, in which their true
state is unknown until it is measured. In superposition, a
qubit has a probability p of being observed as a 0 and 1 − p
of being observed as a 1. Qubits may be entangled with each
other, such that measuring the state of one qubit tells you
the state of the other without measuring it. Similar to how
classical bits can be manipulated with logic gates, qubits are
manipulated using quantum gates. For example, applying
the Hadamard (H) gate to a qubit in a classical state puts it
into a state of superposition, and vice versa.

Quantum computing can be difficult to reason about and
use for computation because information is represented by
microscopic, isolated physical states that obey the laws of
quantum mechanics. These laws can be hard to intuit as
they cannot be directly observed in our daily lives, unlike
the laws of classical physics (e.g. objects at rest remain at
rest). For example, the no-cloning theorem states that arbi-
trary, unknown quantum states cannot be directly copied
between qubits [68], as the measurement of a qubit destroys
its quantum state.
Quantum states are also notoriously fragile to maintain.

Physical qubits may experience errors when external noise
or stray magnetic fields perturb their quantum state, and
quantum states may decohere after very short timescales;
as of this writing, quantum states can only be maintained
for about 90 microseconds [25] before they decohere to the
classical state of 0 (called the ground state). Quantum error
correction seeks to overcome these challenges by simulating
logical qubits using large numbers of physical qubits.
There are a number of tools available for programming

quantum systems, both in simulation and with actual hard-
ware. GUIs such as IBM’s Composer [47] (part of the IBM Q
Experience), Google’s Quantum Computing Playground [16],
and Quirk [14] enable people to program their own quan-
tum circuits and visualize the results. Programming lan-
guages and SDKs such as IBM’s Qiskit [49], Google’s Open-
Fermion [3, 17], Rigetti’s Forest [7], and Microsoft’s LIQUi|>
[34, 62] allow people to develop quantum algorithms and
run them in simulation, or in some cases, on actual quantum
hardware.

3 METHODOLOGY
Our interest in defining a new practice of Quantum HCI
stemmed from our experiences in joining a team focused on
building tools for quantum scientists. As HCI researchers
new to quantum computing, we found ourselves spending
a lot of time learning many new concepts and terminology,
quite outside our comfort zone. From our own learning pro-
cess, we identified significant gaps in the availability of en-
gaging learningmaterials for complete beginners. During the
course of developing such materials, we realized the tremen-
dous impact that good HCI research and practice could have
on the field, especially as it was a niche field just beginning
to experience significant attention and investment 1.

In order to more rigorously formalize our observations on
how HCI could impact quantum computing, we consulted
with quantum information scientists, applied mathemati-
cians, and theoretical and experimental physicists, all of

1We discuss some criticisms of the maturity and widespread appeal of
quantum computing in Section 5.
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whom currently work with quantum computers. We identi-
fied participants through a snowball method and conducted
seven semi-structured interviews in which we asked them
about their daily workflows with respect to quantum com-
puters and their views on the utility of quantum computing
in the future. In addition to these interviews, we consulted
with other members of our quantum computing development
team to understand their user research and future directions.
These interviews and discussions, as well as our own ob-
servations and experiences, formed the basis of what we
believe is a fruitful landscape for HCI researchers to explore.
Table 1 describes the participants in our interviews and their
background in quantum computing.

Table 1: Interview participants.

Participant Institution Background

P1 Industry Experimental physicist, low
temperatures

P2 Industry Applied physicist, manager of
quantum scientists

P3 University PhD student, quantum comput-
ing

P4 Government Theoretical quantum chemist
P5 University Physicist, superconducting nan-

odevices
P6 Industry Applied mathematician, opti-

mization
P7 Industry Theoretical physicist

Interview Topics
Our interviews were semi-structured and probed the follow-
ing areas.

Education & Background.We asked participants about
their education and background in quantum computing, as
well as about what learning materials they found effective.

Applications & Algorithms. We discussed the kinds of
problems participants used quantum computers to solve, how
quantum computing differs from classical, and thoughts on
the future of quantum computing.

Programming, Tools, &Workflow. Participants told us
about which quantum computing programming languages,
tools, and SDKs they used in their daily work, and how they
collaborated and shared work with others.

Community. Some participants were highly active in
online quantum computing communities and shared their
experiences and ideas for how they would improve those
communities.

Recruitment
We recruited a small batch of participants from our own
organization through an email seeking individuals who con-
ducted research in quantum computing. We then did snow-
ball sampling by askingwho theywould recommend to speak
with, both internal and external to our organization. We re-
alize this recruitment strategy limited our observations on
the diversity of quantum computing tools used. However,
by interviewing individuals external to our organization, we
aimed to capture opinions and skepticism we may not have
seen inside our organization. Furthermore, at the current
stage, most quantum users are experts and scientists in the
field. Given that our agenda is to make quantum comput-
ing more user-friendly and accessible, additional studies are
needed that observe and study the learning curve novices
must overcome when learning about quantum.

4 AREAS OF INQUIRY IN QUANTUM HCI
From our discussions, we identified four main topic areas in
which HCI researchers can make concrete, important con-
tributions in order to actualize the field of Quantum HCI:
understanding users and workflows, developing and evaluat-
ing educational materials, developing and evaluating tooling
to aid programming and debugging of quantum systems, and
designing new visualizations that can represent the ultra-
high dimensionality of quantum systems.
In the rest of this paper, we discuss these areas and pro-

vide concrete examples of what the quantum community has
done to support themselves in each area. We also highlight
specific opportunities for HCI researchers to “move the nee-
dle” by conducting additional studies or building new kinds
of tools. Furthermore, our interviewees shared observations
on the future of quantum computing and its entry into the
mainstream, which we discuss in Section 5.

Understanding Users & Workflows
Designing effective technologies for programming quantum
systems requires an understanding of the different types
of people who will use those systems. Our quantum devel-
opment team had conducted early-stage user research and
identified three groups of quantum users: quantum scien-
tists, science enthusiasts, and developers.We describe each of
these types below, but we note that this categorization does
not represent a complete picture of the landscape of quan-
tum computing learners, domain experts, and programmers
(which we collectively refer to as “users”). As the popularity
of the field grows, many new people are becoming involved,
each with a different background, set of interests, and skills.
Further research is needed to identify who these new users
are and what their specific needs are in order to identify gaps
in existing tooling, documentation, and learning materials.

CHI 2019 Paper  CHI 2019, May 4–9, 2019, Glasgow, Scotland, UK

Paper 256 Page 3



Quantum Scientists. Quantum scientists include professors,
postdocs, and graduate students in physics, quantum infor-
mation science, computer science, and other related fields.
They perform experiments using quantum simulators and
on real quantum computers, such as IBM’s quantum devices.
Quantum scientists see value in being able to run experi-
ments on actual hardware rather than just in simulation, and
the availability of actual hardware is spurring interest in the
field that has not previously been seen.

“I think we are currently in the gold rush of user ex-
perimentation. I’m getting phone calls from German
companies to help them – companies that would not
take my call two years ago.” (P5, physicist)

“None of the other quantum tools lets you run on an ac-
tual machine. No one else has opened up their machine
to the public. No one else has the kind of support that
I’ve seen [from IBM].” (P4, quantum chemist)

We asked the quantum scientists what kinds of problems
quantum computers are good for solving, and one scientist
gave a clear, high-level description.

“A good problem for a quantum computer is a problem
that can be succinctly described but can explode into an
infinite number of possible solutions.” (P2, physicist)

We asked an experimental physicist to describe a specific
problem quantum computers could solve that classical com-
puters could not, and he described how quantum computers
could be used to simulate quantum systems and calculate
the energy states of molecules.

“One [problem] that we know will have an advantage
is a simulation of quantum systems. If you take atoms
and calculate possible energy states and bind them in
molecules and try to calculate the equilibrium energy,
the number of parameters in these molecules go up very
quickly. When you try to simulate something like that
in a computer you use numerical simulations and that
could run forever. When you cut it you incur an error but
for molecules like caffeine, it is complex and simulating
it is nontrivial. So, if we canmap the problem of complex
molecules into the interactions that happen in which
we have a chip we can run the problem there, and that
will tell us about bonding length and reaction speed.”
(P1, experimental physicist)

We also asked them what tools they use when conducting
experiments. Many participants expressed a preference for
programming in Python as they made heavy use of Jupyter
notebooks [29] and Github to share code and results.

“Almost everything goes through Jupyter notebooks”
(P2, physicist)

“I put everything I was doing on Github so I could share
the code when I write a paper.” (P3, PhD student)

One quantum scientist described her workflow, in which
she performed some experiments in IBM’s Composer UI
(shown in Figure 1a) before switching to Qiskit and Juypter
notebooks.

“I will start with the Composer and write out a simu-
lation and see if it works... I’ll use Qiskit if I want to
run a bunch of things or if I want to make changes or
massage the output... If I want to write a Jupyter note-
book to explain what I’ve done then I will use Qiskit.”
(P4, quantum chemist)

Other quantum scientists reported that graphical envi-
ronments such as Composer were tedious to use and they
preferred writing code in Python.

“The nice thing about Qiskit it gives you a free path to
do whatever you like in terms of programming the com-
puter... Every time you run a new thing you have to drag
and drop in Composer. If you want to do some particu-
lar experiments that require looping, it’s very tedious
to do it in Composer. It’s not what any programming
environment looks like.” (P1, experimental physicist)

Science Enthusiasts. Science enthusiasts have an interest in
quantum computing, but no formal background or training
in it yet. These individuals include university students, aca-
demics, and industry professionals, all with varying levels
of expertise in programming and quantum physics. Their
primary needs are for educational materials and front-end
tools that facilitate learning and easy interactions with quan-
tum computers. We further discuss their needs in the next
section.

Developers. Although developers may have a deep under-
standing of classical computing, their knowledge of quan-
tum computing is likely limited. For this audience, SDKs that
provide high-level functionality while hiding lower-level
technical details of the quantum implementation are desired.

“I think there is another layer of user that we will even-
tually connect with, which is: I want to use a quantum
computer to accelerate a certain aspect of a certain prob-
lem, but I want it as a piece of a much bigger solution.
The technical folks in banks and finance and chemical
design already have environment(s) they are used to
working inside and I think they will eventually take
[quantum] and plug it in.” (P2, applied physicist)

In practice, this need may be met by providing developers
with domain-specific APIs that solve problems from a higher-
order specification, leveraging quantum on the back-end but
not exposing it outright. For example, domain-specific APIs
such as Google’s OpenFermion [3, 17] (chemistry) and IBM’s
Qiskit Aqua [52, 58] (chemistry, AI, and optimization) enable
developers to perform experiments on quantum computers
and simulators without having knowledge of the underlying
concepts of quantum computing.
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(a) IBM Q Experience Composer [47]. The H and CNOT (+)
gates are used to entangle two qubits. The measurement
gates (purple) then measure the state of each qubit.

(b) Quirk [14]. The H and CNOT (+) gates are used to entan-
gle two qubits. The subsequent visualizations show themea-
surement state of each qubit; note they are identical.

Figure 1: Graphical interfaces for programming quantum systems. Horizontal lines represent individual qubits. Boxes/circles
on the lines represent quantum gates. Some gates operate on multiple qubits, represented by vertical lines between qubits.

Research opportunities. As discussed earlier, we have cap-
tured only a preliminary snapshot of quantum computing
users. Additional research is needed to more comprehen-
sively identify the people who are currently using quan-
tum computers and those who have a desire to learn. For
quantum scientists, we learned that the tools important to
their workflows satisfy different needs: rapid experimenta-
tion, complex programming, and code sharing. However, the
tools they mentioned using, and others not mentioned, are
somewhat disconnected from each other; for example, code
written in IBM’s Composer cannot easily be shared with
others in Github. Further research is needed to more com-
prehensively analyze the workflows of quantum scientists
in order to understand the extent to which existing tools are
truly satisfying their needs, especially for the collaborative
experiment-code-share cycle discussed by our participants.
Science enthusiasts and developers may also benefit from
more integrated tooling, especially when strong tutorials
and documentation are incorporated. Furthermore, we can
leverage lessons learned from existing work on how software
engineering practice is taken up by non-software-engineer
scientific programmers, such as documentation, code shar-
ing, and community management [61].

Developing and Evaluating Educational Materials
Quantum computing is a highly-technical subject, with a
high barrier between understanding basic concepts such as
superposition and entanglement and being able to craft quan-
tum algorithms that perform useful computations. As one of
our interviewees succinctly described, “quantum computing
is a esoteric subject.” (P6, applied mathematician).

That said, several notable efforts have aimed to make quan-
tum computing more accessible, interesting, and fun for ev-
eryone. For beginners, these efforts include low-math or no-
math introductions to quantum computing, metaphor-based
approaches to teaching fundamental principles of quantum

mechanics, and educational games that teach quantum com-
puting concepts in fun ways. For quantum scientists, the
efforts center around creating online communities that en-
courage information exchange and collaboration in the field.

Teaching Beginners with Guides and Metaphors. One of the
main challenges in designing educational content for quan-
tum computing is to identify an appropriate level of complex-
ity for the audience. Over the last decade, there has been an
emergence of introductory books [28, 70] that are intended
for general audiences. Additionally, institutions including
IBM [48], D-Wave [59], and Microsoft [35] provide introduc-
tory, low-math/no-math guides and tutorials for beginners
to quantum computing.

Another approach to teach the principles of quantum com-
puting is via metaphors. Many readers will be familiar with
the metaphor of Schrödinger’s cat [19], which explains the
concept of superposition via thought experiment – a cat kept
in a box with a bottle of poison is simultaneously dead and
alive because it is unknownwhether the cat drank the poison.
Another metaphor for superposition uses a box with a ball
inside [44]; when one door is opened, the ball is observed to
be red, but when the other door is opened (the superposition
door), we may observe the ball to be green. D-Wave uses
a light switch game [59] to teach how quantum mechanics
can be used to solve combinatorial optimization problems.
Metaphors such as these can be more easily understood by
those lacking a theoretical physics education, although their
ability to convey accurate mental models for how quantum
mechanics works is not well understood.

QuantumGames. Games have effectively been used for teach-
ing educational concepts because they create situations of
collaborative learning and positive interdependence amongst
players [53]. Through the mechanics of game play, players
learn the educational concepts embedded within the game.
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Several noteworthy digital games have been designed to
specifically teach about quantum computing. The Quan-
tum Game [36] teaches quantum mechanics via physics-
based puzzles. Quantum Tic-Tac-Toe [8] teaches concepts
such as superposition and measurement. Meqanic [33] and
Hello Quantum [45, 51] are iOS games that both require
players to solve puzzles by manipulating quantum states
using quantum gates, albeit with different visual representa-
tions. Meqanic, in particular, was developed with the explicit
goal of teaching players how to create “quantum intuition”
through trial-and-error by having players manipulate quan-
tum circuits and see the results in a visualization [60] (Fig-
ure 2e). Quantum Moves [57] is a citizen-science game that
helps physicists solve optimization problems in quantum
physics.
Quantum computing has moved out of the digital realm

and onto paper, as well. Entanglion [50] is a board game de-
signed to teach fundamental concepts of quantum computing
including qubits, quantum states, superposition, entangle-
ment, measurement, and error. It also exposes players to
some of the hardware and software components that make
up a quantum computer. The game is a technically-accurate
simulation of a 2-qubit system designed in concert with quan-
tum scientists at IBM. An evaluation with young students
and industry professionals showed that it was enjoyable and
fun, and it gave players a positive impression of quantum
computing [63].

Quantum Communities. Online Q&A communities have been
quite successful for technical domains, and some of our
participants reported being highly active in the IBM Q Ex-
perience Community [47]. Despite our understanding of
strategies that help community members achieve successful
individual-group interactions, such as asking questions us-
ing less complex language [1] or employing politeness [6],
our participants expressed frustration and disengagement
with the community. Many issues stemmed from how the
platform did not distinguish between discussions amongst
novices vs. experts. Our participants – experts in their field
– expressed preferences for specialized communities that en-
couraged deep discussions and information exchange over
those in which experts were tasked with answering novice
questions. However, as experts in their field, our participants’
opinions do not capture the needs or desires of novices and
amateurs; further work is needed to capture their opinions.

“What I’ve noticed about the community is that there
are few engaging questions to answer... there are a few
questions that are a bit cumbersome to answer because
people ask for particular instructions.” (P7, theoretical
physicist)

There is a significant knowledge gap between quantum
computing experts and novices just coming to the field. Some

of our participants expressed frustration when novices ex-
pressed misconceptions about what quantum computers
were capable of or when they veered off topic.

“When you go on the community you sometimes read
questions from people who clearly have no idea what
quantum computing is because they have high expec-
tations of what it can do and that is not the case.” (P6,
applied mathematician)

Another participant expressed a desire for question-askers
to spend more time searching for answers themselves be-
fore engaging with the community, as well as spend more
time deepening their knowledge of quantum computing. Our
experts spent many years learning their field and although
they generally do enjoy sharing their knowledge, they do not
want to spend their energy on answering novice questions.

“For a while there were posts that I consider to be in-
appropriate but I think they are gone and those people
have left... the posts need to be on subject. I mean they
could vary a little bit, [but] people ask the same ques-
tions over and over again. They say ‘I’m new help me’
but it would be so much more helpful if they looked at
the other thousands of posts and seen the answers there.
I think one of the dangers is that because [quantum
computing] is open to anyone, people get the feeling
that it is easy to learn. It is not easy. You gotta put in
the effort.” (P4, quantum chemist)

“It’s really hard to try to teach someone across a web
forum what people have tried to study for years... this
costs energy to explain things.” (P7, theoretical physicist)

Research opportunities. Opportunities abound for HCI
researchers in the space of creating and evaluating educa-
tional materials for beginners to quantum computing. First,
although several low-math/no-math guides have been cre-
ated to teach beginners the basics of quantum computing, the
extent to which these guides are actually effective at helping
beginners attain mastery is unknown. In addition, the use of
metaphors in science education can be quite effective when
the relevant attributes are identified and explored [2]. How-
ever, the creation of an effective metaphor can be a difficult
process requiring a broad range of interdisciplinary skills –
domain expertise, design, copy writing, evaluation – that the
HCI community is highly qualified to orchestrate.

Other mechanisms for learning quantum, such as through
games, also seem promising because of their ability to engage
learners and create situations of collaborative learning and
positive interdependence [53]. The effectiveness of these
games should also be evaluated for their ability to scaffold
learners through the process of understanding core quantum
computing concepts to the point of programming quantum
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systems. In addition, it is unknownwhether an intuitive, trial-
and-error understanding of how quantum gates manipulate
quantum states leads to an increased ability to learn quantum
SDKs and program quantum algorithms.

Online communities for quantum scientists can be vastly
improved by applying the lessons learned by HCI researchers
in building successful online communities [31]. For example,
topic modeling [22] and the creation of expertise profiles [32]
can ensure questions are routed to the relevant set of people.
Screening questions can be used to filter out or deprioritize
novice questions, entry barriers can be used to build up the
expertise of novices before they are able to participate, and
identifying uniqueness in expertise can be used to motivate
experts to answer questions [31].

Developing and EvaluatingQuantum Tooling
The development of programming languages for quantum
computers largely mirrored that of classical computers, al-
beit on a much more rapid timescale. Early quantum systems
programming evolved from placing quantum gates directly
in a circuit (as shown in Figure 1) to writing assembly-style
code using the Open Quantum Assembly Language (Open-
QASM). Newer SDKs such as Qiskit [49, 52] rely on Python
to provide high-level imperative and functional program-
ming semantics, which are then translated down to the level
of QASM before executing on real quantum hardware or in
simulation. LIQUi|> is another tool suite for quantum com-
puting that includes both a programming language, Q#, as
well as a set of quantum simulators. Circuits are expressed
in the high-level Q# language, which are then translated into
low-level machine instructions for a quantum device [62].

Our participants use a wide range of tools to conduct their
research work, including pencil and paper, visual program-
ming tools, and programming languages like Python and
Matlab. One participant even described a workflow involv-
ing Microsoft Excel.

“The tool chain starts with an Excel spreadsheet. Excel
spat out awk and awk wrote C and C invoked CTF
[Cyclops Tensor Framework] on the super computer.”
(P2, physicist)

Paper, GUIs, and Code. Despite the numerous tools available
for programming quantum systems, low-fidelity tools have
a strong foothold in the day-to-day workflows of quantum
scientists. A theoretical physicist (P7) reported that the ideal
quantum computing tools in many instances were a pen
and paper. However, a quantum chemist (P4) reported the
importance of GUIs and other quantum computing end-user
tools. She remarked that visual tools allowed her to think in
novel ways when approaching problems, and they made the
learning process more enjoyable.

“There is a big difference between writing a circuit on a
piece of paper and actually trying to implement it on
a machine where something like a Toffoli gate requires
numerous gates. It’s like trying to learn computing just
reading the theory of computing but never learning a
programming language or getting anything to work or
debug anything.” (P4, quantum chemist)

Visual tools like IBM’s Composer [47] and Quirk [14]
(Figure 1) use a circuit-like metaphor in which each qubit
is represented by a horizontal line. Quantum gates are then
placed along these lines indicating the order of operations. A
physicist closely involved with the development of the first
version of the Composer interface remarked on the ease of
understanding this metaphor.

“The beauty of the original [Composer] GUI was that
once you understood the representation of it, it was
really easy to understand. There are only 5 qubits and
time went from left to right, so I think it’s a great on
boarding mechanism for people because of the level of
abstraction.” (P2, physicist)

Conversely, because each qubit uses a horizontal line
of screen real estate, the circuit metaphor does not scale
with the increasing numbers of qubits becoming available in
newer quantum computers and the complexity of the prob-
lems being solved.

“This is no longer kindergarten so wemoved from graph-
ics to Qiskit... you can express in text form much more
complex thoughts than graphically.” (P2, physicist)

As is the case for many other technical domains, our par-
ticipants indicated that they prefer low fidelity tools such
as paper & pencil as the initial step in their workflow. Only
later do they use tools such as visual programming UIs and
programming languages to formalize their ideas. Paper and
pencil are preferred in other domains because of the un-
constrained nature of sketching and the nature of moving
a pen across paper with very fine tactile control [24, 66].
Systems for transcribing or digitizing sketches have been
created for other domains, such as medical documentation
in hospitals [66]. We posit that the math-heavy nature of
quantum computing makes pen and paper desirable tools,
but further research is needed to understand the difficulties
quantum scientists have in translating their sketch work into
digitized, sharable, and executable forms.

Documentation and Sharing. As more people delve into quan-
tum computing, such as science enthusiasts and developers, a
need arises for environments that better integrate documen-
tation and sharing tools. Well-documented workflows are
integral to the learning process. Research on transparency
in Github reveals that users leverage transparency to im-
prove collaboration and advance their technical skills [10].
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One quantum scientist expressed the challenge of sharing
knowledge about quantum.

“We realized it might be simple to write or replicate an
algorithm but hard to explain to others what you are
doing.” (P2, physicist)

Technologies like Jupyter notebooks allow users to show-
case their quantum computing projects and experiments.
However, in order to make quantum computing education
more transparent and accessible, HCI researchers can con-
sider how development and dissemination workflows for
quantum differs from workflows in the classical computing
world. For example, paired visualizations of quantum gates
and states (e.g. Figure 1b) with code may not be as important
in classical programming, but may be a boon to programming
and debugging quantum systems.

“I think something between Composer and Qiskit – a
visual aspect would be helpful. You could design a circuit
using gates and your Jupyter notebook is integrated
with Composer. A visual version of Qiskit would be
more understandable.” (P4, quantum chemist)

This desire demonstrates the importance of designing en-
vironments that support transparency of workflows and fur-
thermore represents a space for HCI researchers to ideate,
iterate, and evaluate front-end tools to enhance and improve
the user experience for quantum computing users.

Debugging Quantum Algorithms. As with any development
workflow, debugging is a part of the quantum computing
process. One participant described how she debugged her
code by switching amongst different tools.

“When I am trying to figure out an algorithm or debug
something, I will start with the Composer. If I want to
make any changes I go over the QASM to change things
there and I go back and forth between the two.” (P4,
quantum chemist)

Another described how he used a quantum simulator to
perform debugging, as the simulator enabled one to view the
internal state of all of the qubits.

“To debug we used a C simulator for everything... out
of the simulator you can get internal state of all qubits.”
(P2, physicist)

While we know that debugging is an important part of
the development cycle, it is inefficient when people have
to use multiple tools to debug or cannot debug on actual
hardware. HCI researchers and practitioners can aid in this
area. For example, novel debugging paradigms such as Why-
line [30] have been shown to reduce debugging time for
classical systems by enabling programmers to ask why and
why not questions about their code’s behavior. We have yet
to see such novelty in debugging quantum systems. A deeper
understanding of how quantum programmers conduct the

debugging process would provide opportunities for devel-
oping new kinds of quantum debugging tools. This work
should build on previous research that demonstrates the
best practices for scientific computing, such as performing
optimizations only after a program is correct [65].

“Quantum Native” Programming. Over the last few decades,
programming languages have evolved into higher-level forms
as technologies have abstracted low-level implementation
details. Most programming languages today strive to capture
the intent of the programmer, and special-purpose frame-
works and compilers translate that intent down to the spe-
cific mechanical instructions that drive the CPU (or GPU).
The field of quantum computing is experiencing a similar
evolution, but more rapidly. Quantum programming has
shifted from building low-level quantum circuits, to program-
ming in quantum assembly, to programming in higher-level
languages like Python and Q#. Yet, deep knowledge is still
required to productively program quantum systems, even
when using higher-level languages.

“Today you need a strong background in quantum com-
puting. You need to understand quantum physics in
order to work with a quantum program. This is how
assembly programming language was in the 50s... In
quantum there is no higher level of abstraction. We are
waiting for that day.” (P2, physicist)

One opportunity forHCI researchers to consider is whether
the abstractions used to program classical computers should
be applied to programming quantum systems. How can tradi-
tional notions of “register,” “variable,” and “conditional state-
ment” sufficiently capture the probabilistic state of a qubit,
the accumulated error accrued by the depth of a quantum cir-
cuit, or the statistical nature of quantum algorithms? Might
there be alternative models of programming that explic-
itly capture these qualities, and what would they look like?
HCI researchers are ideally situated to ponder radical new
“quantum native” programming interfaces and environments,
due to expertise with methods for improving programming
tools [40] and past contributions on the development and im-
provement of numerous programming paradigms (e.g. [39]),
including pedagogical paradigms (e.g. [9]). Such develop-
ment should include collaboration with research communi-
ties already dedicated to the design of quantum programming
languages (e.g. [18]).
In addition to radical new designs, existing tooling may

also be improved in collaboration with other scientific pro-
gramming communities. For example, embedded systems
programming has challenges similar to quantum program-
ming around abstraction, running in simulation vs. hardware,
debugging, and validating a program’s correctness [4]. Inter-
faces for FPGA programming, such as Intel’s Quartus Prime,
use similar graphical programming metaphors as interfaces
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(a) The Bloch sphere [64].
The vector |ϕ⟩ represents
the state of a qubit.

(b) Schematic representation of
two-qubit states and transitions
used in Entanglion [50].

(c) Schematic representation of
two-qubit states used in Hello
Quantum [45, 69].

(d) A visualization of two entangled qubits from Gidney [15]. (e) Meqanic [33] uses the Pauli matrix rep-
resentation to show the state of two qubits.

Figure 2: Different visualizations of qubits.

for quantum programming. Thus, HCI researchers have an
opportunity to refine and optimize quantum programming
GUIs by leveraging work done to support other scientific
communities.

Research Opportunities. Our understanding of the col-
laborative needs and practices of quantum programmers,
beyond sharing Jupyter notebooks, is quite limited. A deeper
understanding of existing quantum workflows – toolchains,
collaboration, and debugging – is needed in order to identify
ways in which they can be optimized. For example, collabora-
tive debugging of quantum algorithms may prove challeng-
ing due to the constraints of quantum hardware; as quantum
states cannot be cloned, quantum programmers may not
be able to debug each others’ work. In addition, the transi-
tion points between low-fidelity tools (e.g. pen and paper) to
high-fidelity tools (e.g. Python) needs more study.
One specific area that could benefit science enthusiasts

and developers is in the usability of quantum APIs. API
usability studies have been conducted for programming clas-
sical computers [40, 41], and have led to improvements in
autocomplete, documentation, and usage analysis. Usability
studies of quantum APIs could improve their accessibility

to audiences of developers without formal training in quan-
tum computing, and develop new aids for creating novel,
domain-specific quantum algorithms.

Visualizations ofQuantum State
Visualizing qubit states is another challenging area to which
HCI and visualization researchers can contribute. A common
visual representation for a single qubit’s state is the Bloch
sphere (Figure 2a). This representation shows how a qubit
can be in a superposition state between ground (|0⟩) and
excited (|1⟩).
One major limitation of the Bloch sphere is that it is un-

able to show the entanglement of two qubits. Gidney [15]
describes in great detail an attempt to use multiple, animated
Bloch spheres to show two-qubit entanglement (Figure 2d),
but the results seem difficult to interpret at-a-glance and no
evaluation was performed on its efficacy.
Another approach for representing qubit state is using

matricies of Pauli Expectation Values (PEVs) [20, 67]. This
visual representation is the basis for the Meqanic [33, 60] and
Hello Quantum [45] iOS games. Its defining characteristic
is that qubits are arranged in a matrix, with colors denot-
ing possible measurement outcomes. Wootton [69] gives an
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overview for how this visualization is derived and how it
relates to the Bloch sphere.

Not all visualizations need to focus on a qubit’s state, how-
ever. The two-qubit representation used by Entanglion [50]
focuses on the transitions between qubit states (Figure 2b).
This diagram clearly shows the effects of how different quan-
tum gates act on a two-qubit system in a given state; for
example, the top-leftmost transition line shows how a qubit
in a classical |1⟩ state transitions to the superposition |−⟩
state via the H gate (and vice versa).

Research Opportunities. HCI researchers can utilize in-
formation visualization methods [13] to build more effec-
tive visualizations for quantum computing. Visualizations
of qubit states are particularly difficult to create because the
number of achievable quantum states is exponential with
respect to the number of qubits. A quantum computer with
n qubits can be in a superposition of up to 2n different states
simultaneously, whereas a classical computer can only be in
one of those states at a time. This explosion of state space ne-
cessitates the development of scalable visualizations that can
intuitively help quantum developers understand the states
their systems are in, in order to facilitate the development,
debugging, and validation of quantum algorithms. In addi-
tion, user studies exploring the interpretability of large-scale
graphs and other large-scale visualizations can contribute to
improved visualizations of quantum states. Synergies may
exist with the deep learning community as they develop vi-
sualizations of complex models, such as GANs [26], which
also have an immensely high dimensionality.

5 SKEPTICISM ABOUT QUANTUM COMPUTING
While this paper favorably suggests potential directions of
expansion for quantum computing, we acknowledge that
our optimism must be tempered with the realities of the field.
As enthusiastic as our participants were to discuss quantum
computing with us, they expressed uncertainty about its
future and the need for ubiquitous quantum computers.

“It’s possible that quantum computers work well for very
certain tasks but these tasks are not ubiquitous tasks.
They are specific. Sixty years ago, we didn’t think we
would have a universal Turing calculator in our pocket,
but here we are. I don’t see why an average person that
doesn’t do scientific computing would need a quantum
computer.” (P6, applied mathematician)

“At the moment we struggle with the WIIGF problem
- what is it good for? I think the key will be isolation
of problem domains where quantum computers will be
useful.” (P2, physicist)

“I’m generally optimistic, [but] not as much as what
you read in the media... With regards to error correction
my concern is that we won’t ever be able to build this

thing. Then, it’s still not completely clear what we will
use these things for. I’m hopeful, but I don’t have too
much.” (P3, Ph.D. student)

An Impending “Winter ofQuantum”?
In addition to skepticism over the usefulness or ubiquity of
quantum computing, some participants expressed trepida-
tion over an impending “winter of quantum.” They compared
the current hype of quantum computing with the hype ex-
perienced by AI in decades past. In part due to a lack of
significant breakthroughs, AI funding dried up, resulting in
a “winter of artificial intelligence.” 2

“The same thing happened with Nano and AI. At one
point, they get hyped because they make a few advances
and then they don’t deliver on their promises, and then
they get trashed so then no one gives them attention.
While they are being ignored, they slowly or maybe
even incrementally improve so suddenly they have some
major advances.” (P4, quantum chemist)

“We don’t want the same thing with quantum [as with
AI] – over-hyping it and then realizing that you can’t ac-
complish what you want to accomplish and then aban-
doning it.” (P6, applied mathematician)

With any technology having such a large, but potentially
unknown impact, people may have inflated expectations.
When those expectations are not satisfied, they may become
disillusioned. We argue that the uncertainties around quan-
tum computing and the potential for disillusionment should
not be reasons to avoid approaching the field. Instead, we
see them as opportunities to show the strength that great
HCI research and practice can bring. By making quantum
computing easier to understand and conduct, we can in turn
enable the revolutionary breakthroughs that are so desired.

6 CONCLUSION
We introduce the HCI community to the field of quantum
computing and seek to formalize a new practice of Quantum
HCI (QHCI). From interviews with experts in the field, we
identified four areas central to this practice: understanding
current and future quantum computing users, developing
new tools for programming and debugging quantum sys-
tems, creating new educational materials to teach quantum
computing, and designing visualizations that aid in under-
standing quantum states. In many ways, quantum computing
is still in a state of infancy, but many feel that it has huge po-
tential in fields such as chemistry, cryptography, and finance.
We encourage the HCI community to think deeply about
how best to support quantum computing users and further
establish the field of human-quantum computer interaction.

2A historical summary of the AI winter is given by Grudin [21], with con-
trasts to the co-evolution of HCI.
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