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Education Platform for Novices

ABSTRACT

QCVis is a quantum circuit visualization and education platform for novices. The rapid growth of
the quantum computing field surpasses the educational capacity of existing systems, which makes
novices particularly in need of accessible tools. Often, novices struggle to understand two funda-
mental concepts: how quantum gates affect both qubit and quantum circuit state probabilities
over time. QCVis contributes two novel visualizations to develop this intuition. One visualization
teaches users about the relationship between gates and single qubit probabilities. This feature in-
tegrates stacked bar charts into the traditional quantum circuit diagram to display the state proba-
bility of a single qubit after each gate application. The other visualization provides insight into the
intermediate steps that contribute to the final state probability distribution. The combination of a
radial bar chart and a time slider helps users see the state probability of a quantum circuit at a user-
specified execution step and observe how it changes over time. We evaluated the design of QCVis
in a user study with novices, who successfully used our interface to understand these key quantum
computing concepts.
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Introduction

0.1 OVERVIEW

THE study of physics is a quest for answers about nature, about its past, present, and future. 26 The
study of computer science is a quest to understand and conduct computational analysis. Quantum

computing, the brain-child of these academic fields, makes use of nature’s quantum mechanical



laws in order to conduct advanced computational analysis. Quantum computers differ from the
classical computers we use daily like smartphones, tablets, or laptops. For years, theorists claimed
that quantum computers could solve problems that are not practically possible for a classical com-
puter to solve. Google and other research teams recently proved this theory, known as quantum
sumpremacy, in late 2020*. This demonstrated to the world that quantum computers may become
the most powerful form of computation yet. Quantum computers conduct this high powered com-
putational analysis on qubits (quantum bits), the basic unit of information in a quantum computer.
Due to this high power, quantum computing is expected to grow quickly and advance many fields
of study. Estimates say it will reach a global market value of 1.7 billion by 2026, up from a 472 mil-
lion market value in 2021.*" Initial applications appear to be in banking and finance**, with more

to come in artificial intelligence *#, molecular modeling”, cryptography 4, to name a few.

0.2 MOTIVATION

WiTH fast paced growth, comes growing pains. The need for many trained quantum computer sci-
entists comes from the industry’s rapid rate of expansion. Already, CEOs of quantum computing
companies have noted a lack of trained quantum computer scientists in hiring**. However, train-
ing large volumes of quantum computer scientists at a fast rate is no easy task. The most common
quantum computer scientist training pathway is through advanced educational programs like un-
dergraduate and graduate degrees. These paths are robust and reliable, yet require years of training
and are accessible to a much smaller audience, given that only 18% of Americans have a STEM de-
gree.”” More so, the general public is unable to grasp quantum computing’s most basic concepts.
For instance, fewer than half of Americans know that an electron is smaller than an atom®. Tools

that aim to teach quantum computing must assume little to no prior familiarity with the field and



its related subjects (math, physics, etc.) Therefore, we have established grounds for a new way to
educate novices about quantum computing concepts, motivated by the fast growth of the field and
lack of accessible educational pathways.

However, in the multitude of quantum computing concepts, which is the most central for these
educational purposes? While there is no clear consensus, we propose that quantum circuits are a
strong contender. Quantum circuits are the code of quantum computers. They act on qubits to
perform and output quantum computation. The building blocks of quantum circuits are quantum
gates, a fundamental quantum operation (ex: rotation) that applies to a small number of qubits.
Quantum gates applied in succession make up a quantum circuit. Quantum circuits output a sin-
gle state (o or 1) for each qubit in the circuit. However, the same quantum circuit may not output
the same result every time it is run. To predict what the quantum circuit will output is to under-
stand the quantum circuit’s state probability. The state probability of a quantum circuit describes
the state probability of each qubit. It describes how likely a qubit is to return a o or 1. Addition-
ally, the state probability of a quantum circuit is not constant throughout the computation time.

It changes overtime as new gates are applied. In short, quantum gates change an individual qubit’s
state probability, which, in turn, changes the quantum circuit’s state probability. Detailed explana-
tions of these and other quantum concepts can be found in Chapter 1. Through this discussion, we
have identified two central tasks that a newcomer must complete in order to understand quantum

circuits, and by relation, quantum computing.

T1: A user must learn how quantum gates change the state probability of a single
qubit over time.
T2: A user must learn how quantum gates change the state probability of the overall

quantum circuit over time.

Understanding these two concepts will help users create intuitions and gain knowledge about quan-



tum COIIlpLItCI‘S.

0.3 RELATED WORK

IN order to meet the intellectual demands of the field, nontraditional educational methods are nec-
essary to quickly onboard newcomers. For this thesis, we focused on creating novel visualizations to
better explain the complexities of quantum computing to novices. Visualizations can “refer to the
process of creating visual imagery” or “the process of interpreting in visual terms or of putting into
visual form”.3° Put another way, visualizations give new meaning to information as they encourage
the formation of new mental images. How visualizations do this is a fascinating field of research,
though out of scope for this thesis. For those interested, Winn** gives a wonderful survey into the
psychology behind visualizations and education. Regardless of the specifics, it is intuitively under-
stood that visualizations are an excellent learning tool, especially in science. The science education
community has always understood that visualizations impact educational development. It is gener-
ally agreed upon that “visualization objects assist in explaining, developing, and learning concepts
in the field of science” '®. Visualizations appear to help people learn and are a reliable method to
teach people about scientific concepts. With this in mind, we define the key qualities of a scientific

visualization. Based on 20 years of research in science education >° ', a successful science education

visualization has two goals:

Gr: A successful visualization will promote learning, understanding, analysis and
problem solving.
G2: A successful visualization will be tested by students who will validate its useful-

ness.

These goals motivate the entirety of this thesis.



Since the inception of quantum computing, formal educational institutions have adopted a va-
riety of visualizations to teach quantum fundamentals. The first and most common is the Bloch

sphere’ a standard 3D model for visualizing the state of a single qubit (Figure 1).

Figure 1: The Bloch sphere and a state |@).

In theory, a qubit can hold an infinite number of states. All of these states are uniquely repre-
sented as a vector on the Bloch sphere, as a sphere has an infinite number of points on its surface.
However, the third dimension of the Bloch sphere introduces the possibility of visual occlusion.
As defined by Szafir in Five Ways Visualization Can Mislead, “visual occlusion occurs when some

marks [in the visualization] make it difficult, or impossible to view others”2®

, a phenomena that
commonly occurs in 3D visualizations. In the Bloch sphere, both a vector pointing into the page
and a vector pointing out of the page, appear to represent the same state. This demonstrates the
limitations of the Bloch sphere as a scientific visualization for quantum computation education.

Another educational visualization is the quantum circuit diagram? that models gate-based quan-

tum computation (Figure 2).

g0} H [ A==
@) —{ H | A
g2) X Z

Figure 2: An example quantum circuit diagram.



We’ll provide an in-depth explanation of the quantum circuit diagram in Chapter 1. Just like the
Bloch sphere, they are used in textbooks and are praised for their visual simplicity. While they are
widespread, their minimalist design means that they are not visually intuitive to novices without
additional context. In our preliminary user testing, we found that they lack the informational con-
text and interactivity to enable users to do meaningful scientific learning and independent problem
solving.

While historically the largest, educational institutions are not the only player in the quantum
computing visualization space. Major technology companies, including IBM 8. have also delved into
quantum computing visualizations, and more specifically, quantum circuit composition interfaces.
However, in our survey of existing platforms, they mainly provide a basic interface for users to access
the company’s quantum computer hardware. They focus very little on educating novices about the
conceptual frameworks behind quantum computing.

Opverall, current visualizations struggle to intuitively and concisely display quantum computa-
tion, especially through quantum circuits, our central model for quantum computation. There is
room to develop a new educational tool to help people learn about quantum computers through

quantum circuits.

0.4 CONTRIBUTION

THE purpose of this thesis is to present QCV7s, a novel quantum circuit visualization and educa-
tional platform designed to teach novices about quantum circuits. The contributions of this thesis

are based on the important attributes of a quantum circuit and educational visualization:

1. We contribute a novel visualization of a single qubit’s state probability over time through

stacked bar charts that display the state probability in the quantum circuit.



2. We contribute a novel visualization of the quantum circuit state probability over time through

a dynamic radial bar chart.

3. We contribute a user study with novices that demonstrates QCVis” higher educational out-

comes over a comparable interface.

The thesis will be structured as follows: Chapter 1 provides a detailed background of quantum
computing and its key concepts. Chapter 2 conducts a task analysis for the platform, detailing the
high-level goals and specific tasks of the project. Chapter 3 presents the original design and imple-
mentation of QCVis. Chapter 4 discusses the user study procedure and results. Chapter s presents

the final design of QCVis. Chapter 6 concludes and summarizes all of the above.



Quantum Computing Background

1.1 INTRODUCTION

THIs thesis aims to create scientific visualizations for the purpose of quantum computing educa-
tion. A solid understanding of the central concepts in quantum computing is essential to under-

stand the contributions of this thesis. Therefore, we dedicate a significant portion of the thesis to a



thorough background of key quantum computing concepts. As established, quantum computing
uses quantum mechanics in order to conduct high-power computations. More specifically, quan-
tum computing uses two main quantum mechanical principles to power its computation. These
quantum mechanical principles are superposition and entanglement. Both of these concepts are
described in detail in the following sections. With the added understanding of superposition and
entanglement, we transition into a deeper discussion about quantum circuits. Our quantum circuit
discussion is divided into the four components of a circuit: input, gates, output, and error correc-

tion.

1.2 SUPERPOSITION

THE first physical phenomena that powers quantum computation is called superposition. Put sim-
ply, an object in superposition exists in different states at the same moment in time. A common
explanation of superposition is through the Schrédinger’s Cat thought experiment®?. It is described

as follows:

Picture a closed box. Inside the box is a cat, a detector, a radioactive source (say, a
decaying atom), and a bottle of poison. If the detector is activated, the bottle of poi-
son is broken, and the cat dies. The detector is activated by the radioactive source, an
atom’s decay. We assume the radioactive source is small enough such that, over the
course of an hour, the atom will decay 50% of the time. After an hour, is the cat dead

or alive?

After puzzling for a minute, most people realize there is not a clear answer. There is a 50% chance

that the cat is alive and a 50% chance that the cat is dead. Schrédinger says that the cat is in a super-



position. The cat is both dead and alive. The cat exists in two different states at the same moment in
time.

What happens when you open the box? Well, the observer determines the answer to the ques-
tion: the cat quickly leaps out of the box, or it lies dead. The state of the cat is clear. In quantum
mechanics, to “open the box” is to collapse (measure) the state. It means to determine with 100%
probability the state of the system. Once an object’s state is collapsed, the superposition is destroyed.

In quantum computers, the objects in superposition are qubits (quantum bits). Qubits are the
“fundamental unit of quantum information”*5. Quantum computers store and compute informa-
tion in qubits. Qubits are the quantum parallel of the o and 1-based bits found in classical comput-
ers. Formally, a qubit is a two-state system, where the two possible states are 0 and 1. These states are

in Dirac (bra-ket) notation are:
|0) and |1)

Dirac notation is the most common notation for quantum states and is used frequently throughout
quantum mechanics®.

Mathematically, the state of a qubit | @) is:

|p) = «[0) +4]1)

where
2 + 18I = 1

Theoretically, a qubit can store an infinite number of states, as there are an infinite number of com-
binations of « and / that satisfy the above equation. This partly explains how a quantum computer
can store much more information and compute much faster than classical computers. A physical
example of a qubit is an electron, where its spin-up and spin-down states satisfy the two state re-

quirement for a qubit'*.

I0



1.3 ENTANGLEMENT

THE second physical phenomena is entanglement. Quantum entanglement is when two or more
objects interact such that the state of one object is intrinsically connected to the state of the other

object. To understand this more concretely, we modify Schrédinger’s thought experiment.

Picture two closed boxes. Inside each box is a cat and a bottle of poison. In between
the boxes, there is a detector and a radioactive source. As before, we assume the ra-
dioactive source will decay s0% of the time. As a result, there is a 50% chance that
the detector is activated by the radioactive source. If the detector is activated, then

it releases the poison in Box 1 and ignores the poison in Box 2. Cat 1 dies and Cat 2
lives. Alternatively, if after an hour the detector is not activated, it ignores the poison
in Box 1 and breaks the poison in Box 2. Cat 2 dies and Cat 1 lives. After an hour,

which cat is dead?

As before, there is no clear answer and even worse, one cat is guaranteed to die. In this scenario,
the observer cannot know exactly which cat died without opening the boxes. Before the box is
opened, both cats are in an equal superposition of the dead-alive states.

However, after opening only Box 1, the observer can determine the state of both cats. If a cat
leaps out of Box 1, then the observer knows that Cat 2 is dead. Similarly, if the observer opened Box
2 and saw a dead cat, then a live cat is certain to be in Box 1. If the state of one cat is known, then the
state of the other cat is known as well, even without opening its box. By the set-up of the thought
experiment, the two cats are inextricably linked - an entangled pair.

Quantum computers entangle and collapse qubits to perform computations. In an entangled
qubit pair, once one qubit’s state is collapsed, the other qubit’s state is also collapsed. After measure-

ment, both the superposition and entanglement are destroyed.

II



With a deeper understanding of the quantum mechanics behind quantum computers, we can

now define a few additional key components of quantum computation.

1.4 QuaNTUM CIRCUITS

Now that we understand what quantum computers are, we can learn how to use them. Parallel

to their classical analog, we can write programs in order to use quantum computers. More specif-
ically, we can write programs which act on qubits and perform quantum computation. The most
common model for these programs is called a quantum circuit?. Its name is inspired by the classical
circuit?’ in computer science. Figure 1.1 is an example quantum circuit.

For the purposes of this thesis, we will treat the quantum circuit model as our main representa-
tion of quantum computation. However, it is worth noting that it is an abstraction of the physical
system that implements the quantum gates. There is remaining work to develop educational mate-
rial for lower level quantum computation*.

Formally, a quantum circuit ¢ contains a number of qubits . The circuit ¢ has 7 inputs and »
outputs, where 7 can be any whole number greater than 1.

A quantum circuit can be broken down into four key components.

-

. Input
2. Gates
3. Measurement (Output)

4. Error Correction (Optional)

I2



1. Input 2. Gates 3. Measurement 4. Error Correction

0) H

€

N
o) T H N

0) S XZH

Figure 1.1: An example quantum circuit diagram segmented by its four components: input, gates, measurement, and
error correction.

1.4.1 INPUT

By definition, quantum circuits have z input qubits. In a quantum circuit diagram, these # qubits
are represented by a column of |0) kets. The length of the column is always 7. This represents how
all qubits are initially set to |0) (the o state) at the start of every quantum computation. If no further

gates are applied and all qubits are measured, then all outputs will be o.

13



1.4.2 GATES

A quantum gate is represented by a letter inside a square on this circuit diagram (Figure 1.1), though
the exact gate symbol differs depending on the type of gate. A list of all common gate symbols is
listed in the Appendix. A quantum gate is the most basic building block of a quantum circuit. Itisa
fundamentally physical operation that acts on one or more qubits and is time reversible. Most gates
affect 1 to 3 qubits.

In this quantum circuit diagram, there are two gates:

0

The first gate is a Pauli-X gate 7, the quantum version of the classical NOT gate 5. It is a single

qubit gate meaning it acts only on one qubit at a time. It is defined as follows in bra-ket notation:

X0)=1)

X|1) = 0)

Essentially, it inverts the qubit’s state. In the diagram, if measurement occurred after the first
gate, then this circuit would always return 1.

The second gate is a Hadamard gate'7, which is also a single qubit gate. It is defined as follows:

Hlo) = 10
Hl1) = L

A Hadamard gate creates an equal superposition. If a qubit is measured directly after a single H
gate is applied, it will have an equal probability of returning a o or 1. Explained another way, if this
circuit ran 100 times, you would expect it to return approximately fifty os and fifty 1s. These are just

two examples of many quantum gates that can be useful in quantum computation.

14



1.4.3 MEASUREMENT (OUTPUT)

THE act of measurement signifies the end of quantum computation. In a quantum circuit diagram,
measurement is represented by a half circle with an arrow inside a square on the quantum circuit

(Figure 1.2).

[~

Figure 1.2: The measurement symbol in a quantum circuit diagram.

Though it looks similar to the gate symbols, it is not a quantum gate. Unlike quantum gates,
the act of measurement is an irreversible process. During measurement, all qubits’ states are col-
lapsed. After measuring the qubits, the circuit outputs a single value (o or 1) for each qubit. The
measurement symbol is often absent from quantum circuit diagrams as it is implied that all qubits

are measured at the end of computation.

1.4.4 ERROR CORRECTION

Theoretically, error correction is not necessary for a quantum circuit. However, in practical systems,
error correction is a crucial part of the quantum computation process. It increases the accuracy of
our computation and ensures reliable data collection. It remains especially important as quantum
computers are expected to be in the NISQ (Noisy Intermediate Scale Quantum) era® for the next
5-10 years, making them especially prone to high error rates. For the sake of educational simplicity,
we focused on the three prior aspects of the quantum computation process when explaining the
quantum circuit. There is remaining work to be done to develop educational material about quan-

tum error correction.

IS5



Task Analysis

2.1 INTRODUCTION

THUS far, we have established the motivation for quantum computing educational visualizations
and provided background on key concepts in the field. In this chapter, we will discuss the high-level

goals that guided the design of QCVis.

16



2.2 DoMAIN GOALS

QCV1s is an experiment in science education. The platform aims to teach students about quantum
circuits and quantum computing through scientific visualizations. Intuitively, it is clear that visual-
izations can aid science education. A visualization provides a visual way to learn about and interpret
scientific material that can be more engaging than written text or auditory lectures. Over 20 years of
research in the science education field supports these intuitions and proves that visualizations are a
necessary part of a science education. Exceptional work conducted by Vavra et. al*>° and Gilbert et.

al'" outlines the main goals of a successful scientific visualization. These goals are as follows:

G1: A successful visualization will promote learning, understanding, analysis and

problem solving.

G2: A successful visualization will be tested by students who will validate its useful-

ness.

These goals motivate all aspects of this thesis. They drive the QCVis designs and user studies,

detailed in Chapters 3 and 4.

2.3  DoMAIN DRIVEN Tasks

THE first goal states that science visualization must teach its students key concepts about the sci-
entific topic to aid in their educational development. Identifying these key concepts in quantum
computing took extensive research. We gathered this information using a two-pronged approach.

First, we conducted an extensive literature review of the main concepts in the field, as summarized in

17



Chapter 1. These concepts underlie quantum computing and are important to cover in any quan-
tum computing education. With this knowledge, we quickly realized that it was not within the
scope of our project to effectively teach all of these concepts. We needed a way to prioritize which
concepts were the most important. For our second approach, we conducted extensive interviews
with quantum computing experts and educational professionals. This helped us synthesize all of

these concepts into one major takeaway:

Quantum circuits are the most important concept to teach in a quantum computing

educational curriculum.

Quantum circuit diagrams are connected to all of the important quantum computing concepts
found in our original analysis. They are an excellent starting point for those new to the field. Fur-
thermore, our experts identified two aspects of a quantum circuit that are essential to understand
the concept as a whole. We treated these two aspects as tasks that our educational platform must
satisfy in order to create a high quality educational experience. Below are the two tasks that QCVis

must complete so that novices can learn, understand, and analyze quantum circuits:

T1: A user must learn how quantum gates change the state probability of a single

qubit over time.

T2: A user must learn how quantum gates change the state probability of the overall

quantum circuit over time.

If our visualization is to achieve the first goal G1, then it must successfully teach both of these
concepts T1 and T2. The next chapter details the design elements of QCVis and shows how the
platform accomplishes the first goal and completes the two tasks. Chapter 4 details the user research
findings and explains how QCVis accomplishes the second goal. With these high-level goals and

tasks in hand, we can properly analyze the success and shortcomings of QCVis.

18



Design

3.1 INTRODUCTION

THis chapter describes the implementation and design of the QCVis platform. It highlights the key
design elements of the interface and describes how they achieve our first goal and its tasks. The first

goal and its connected tasks are as follows:

I9



Gr: A successful visualization will promote learning, understanding, analysis and

problem solving.

T1: A user must learn how quantum gates change the state probability

of a single qubit over time.

T2: A user must learn how the quantum gates change the state probabil-

ity of the overall quantum circuit over time.

The implementation and design of QCVis is one of the two contributions of this thesis.

We present QCV7s, a novel educational platform that uses two visualization techniques to display
state probabilities of both single qubits and quantum circuits over time. Our first visualization tech-
nique is a stacked bar chart incorporated into the quantum circuit wire. It displays the probability
of a single qubit state over time. Our second visualization technique is a radial bar chart that displays
the quantum circuit state probability at a user-specified time in the circuit. The exact time is deter-
mined by a time slider which can be moved to any point in the circuit’s time. This allows the user to
visualize the quantum circuit probability over time.

Over the course of the last year, the QCVis design has undergone many iterations. The first com-
plete version of the platform was called Q« Vis and later became the current QCVis platform. To
describe the design of QCVis, we start by describing the implementation and designs of QuVis (Fig-
ure 3.1)

The QuVis design was built from February 2020 to October 2020, originally as part of a CS271
course project. This design and preliminary user feedback was published under the 2020 IEEE
Quantum Conference. The work for QuVis was done in partnership with Elisa Zhao Hang, Adi-
nawa Adjagbodjou, Robert Krueger, and Johanna Beyer. Chapter 4 details the results of the QuVis

user study. Chapter 5 describes the differences between QuVis and QCVis.
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QuVis About
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Figure 3.1: The QuVis platform, an early version of QCVis. Circuit Composer displays a H gate with a stackd horizontal
barr chart to its right. The State Probabilities panel displays the final state probability of the quantum circuit.

3.2 IMPLEMENTATION

THIs section describes the implementation of the QCVis platform. While QuVis and QCVis dif-
fer in design elements, their implementation architecture and frameworks are the same. QCVis is a
web-based platform and accessible on any device with a browser and internet connection. To focus
on the educational and visual aspects of the platform, we built our platform on top of QCSimula-
tor33 an open-source graphic quantum circuit simulator (Figure 3.2).

QCSimulator (Figure 3.2) computes the state probabilities of the quantum circuit using Python
linear algebra packages. Its graphical interface is built with CSS and Javascript. Building on top
of QCSimulator ensures the platform will have consistent and accurate calculations for the state

probabilities. We thank the QCSimulator creators for providing us with this foundational work.
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Figure 3.2: An overview of the QCSimulator platform. QCVis was implemented on top of QCSimulator to ensure reliable
computation of the state probabilities.

The QCVis platform is implemented with HTML, CSS, Javascript, Python 3 and D3. The
HTML, CSS, and Javascript were used to style the platform. The styling included adding colors,
text, and interactive button elements. This styling made it easier for users to navigate and interact
with the platform. We used Python 3 to calculate the single qubit state probabilities over time. This
data eventually fed into the stacked bar charts visualization, discussed more in the Circuit Com-
poser section. Finally, we used D3, a popular Javascript visualization library, to implement the radial

bar chart visualization discussed more in the State Probability section.

3.3 QUVIs PLATFORM OVERVIEW

THE following sections outline the key design elements of the QuVis platform. QuVis has two main
sections: the Circuit Composer center and the State Probabilities panel. Its two significant contri-
butions are the stacked bar chart and the radial bar chart, located in the Circuit Composer center,

and State Probabilities panel, respectively. Below is an example user flow for the QuVis platform:

A user selects gates from the Add Gates panel and adds them to the quantum circuit
in the Circuit Composer center. Immediately, both of our two visualization tech-
niques are displayed. A stacked bar chart appears to the right of the placed gate and

displays the state probability of the qubit. Simultaneously, the State Probabilities
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panel updates and displays the final state probability of the quantum circuit. A user
reads the State Probability panel and understands the output of their quantum cir-

cuit.
Beyond the two main contributions, there are additional design considerations behind the QuVis
platform discussed at the end of this chapter.
3.3.1 CIRcUIT COMPOSER CENTER

The goal of the Circuit Composer center is to display the state probability of a single qubit state

over time.
Circuit Composer @ Probability state is 0 Probability state is 1 Add Qubit
time 7
i P:D—P:H m

qubit2  |os |
WD m
qubit4  |os | }

Figure 3.3: The Circuit Composer center with a four qubit circuit, showing how the stacked bar chart changes over time.
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In addition, the Circuit Composer center (Figure 3.3) is where users build their quantum cir-
cuit. Upon loading the QuVis site, the user is presented with an empty circuit with two qubits. The
circuit is displayed as two rows of seven open interconnected boxes. Each of the seven boxes corre-
sponds to a time in the circuit execution. Users can add gates to the circuit via the Add Gates panel.

Within the Circuit Composer center lies one of the two main contributions of QCVis, the
stacked bar chart. Between each gate, there are stacked horizontal bar charts that describe each
qubit’s probability of measuring a o or a 1 at that specific timestep. To avoid visual clutter while

increasing the density of data, the bar graphs are integrated with the circuit wire. The stacked bar
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Figure 3.4: An example of an H gate with a stacked bar chart.

chart is a graphical representation of qubit state superposition, teaching users how qubits can be in
both the o and 1 states at the same time. As illustrated by the legend at the top of the Circuit Com-
poser center, the dark blue represents the probability that the qubit state is o, whereas the light blue
indicates the probability that the qubit state is 1. In Figure 3.4, the qubit is in an equal superposi-
tion of o and 1, as shown by the even split of light and dark blue in the bar chart. A user can observe
the qubit’s state probability over time by noting how the stacked bar chart changes after each gate
application. The stacked bar chart visualization is only supported for single qubit gates. Overall, the
stacked bar chart visualization helps users understand how a qubit’s state probability changes over
time, completing the first task T.

Another important component of the Circuit Composer center is the time slider. The time slider
is located at the top of the page. It is represented by a vertical bar and a green dot, which a user can
drag to input a specific time in the circuit. The time slider teaches users that there are different out-
puts at different points in time in the quantum circuit. The radial bar chart visualization in the State
Probabilities panel depends on the position of this time slider. Users can move the slider to observe

how the state probability of the quantum circuit changes over time.

3.3.2 STATE PROBABILITIES PANEL

THE goal of the State Probabilities panel is to display the state probability of the quantum circuit
over time. This panel is where users see the output of their quantum circuit. Quantum circuit state

probability diagrams often suffer from visual clutter. The number of states to display is exponential
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(2”) proportional to the number of qubits. Even a small quantum circuit with 7 qubits will have
128 possible state probabilities to display.

The State Probabilities panel uses a unique radial bar chart to display the quantum circuit’s state
probability. This radial bar chart (Figure 3.5) is the second contribution of the QuVis platform.

State Probabilities at Time 1

Hide Impossible States Update [Enter]

100> 50.0000

110> 50.0000

Figure 3.5: State Probability panel showing a superposition of states 10 and 00.

Our radial bar chart attempts to reduce visual clutter in three ways. The first way is embedded in
the design of the bar chart. The concentric circles represent different probabilities (eg. 40%, 60%,
etc.) and surrounding these circles are all of the possible state probabilities. Each slice of the con-
centric circle is filled based on the probability of the circuit returning that state. The labels on the
radial bar chart correspond to the exact probability. The second way that this visualization reduces
visual clutter is through its automated filtering. Users can select “Hide Impossible States” to only
show states that have a probability greater than o. This reduces the total number of states displayed
making the visualization easier to read. Lastly, at the bottom of the State Probabilities panel, there is

a scrollable list of all the possible states and their exact state probabilities. This ensures that users can
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access all of the state probabilities, regardless of the size of the circuit. Using all of these visualization

tactics to reduce visual clutter, the State Probabilities panel effectively shows users their quantum

circuit’s state probability at a single timestep.
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Figure 3.6: State Probability panel changes over time depending on the time slider.
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The combination of the State Probabilities panel and time slider ensures users to learn how the

state probability changes over time. Updates from the time slider (see Circuit Composer center)

are reflected in the radial bar chart. The panel calculates and displays the quantum circuit’s state

probability up to and inclusive of the current timestep. Figure 3.6 shows how the State Probabilities

panel changes over time based on the time slider. Through this discussion, it is clear that QuVis

teaches users how the quantum circuit state probability changes over time, completing the second

task T2.
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3.3.3 ADDITIONAL DESIGN CONSIDERATIONS

WHILE designing QCVis, there were additional features added for functionality and ease of use.

One such feature is the Add Gates panel (Figure 3.7). This is where users select gates to add to the

Add Gates Delete All Gates
®) a8
T
=

Figure 3.7: The Add Gates panel with all supported quantum gate options.

quantum circuit. Users click to select the available gate options (eg. H, X, etc.) and can place their
chosen gate in the grey squares in the Circuit Composer center. This applies the gate to the qubit
and adds it to the quantum circuit. Any time a gate is added to the quantum circuit, a stacked bar
chart displays to the right of the new gate. (see Circuit Composer Center)

Additionally, we selected a color-blind accessible color palette for QuVis, using Coolors*, a color
scheme analysis tool. This ensures a wide variety of users can successfully navigate the platform.
Users can also increase and decrease the size of their quantum circuit in QuVis. To increase the size
of the quantum circuit by increasing the number of qubits, users can select the “Add Qubit” but-
ton. Similarly, users can select the trash icon to remove a qubit from the circuit. The interface will
update to remove a row from bottom of the circuit.

On the backend, QuVis has an event listener which automatically evaluates the circuit whenever
a user moves their cursor away from the Circuit Composer. Similarly, if the user moves the time
slider to a new value, the circuit is re-evaluated up until that timestep. To manually evaluate a cir-
cuit, the user can click the ‘Update’ button. Each time the circuit is evaluated, the State Probabilities

panel instantly updates to reflect the newly calculated distribution. These design considerations for
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the visualization platform provide real-time feedback and are designed to encourage user exploration

of the quantum circuit.

2.8



User Study

4.1  INTRODUCTION

IN science education, there are two main goals that test the success of a visualization. The previ-
ous chapter describes how QuVis accomplishes the first goal, G1, which states a platform must

effectively teach the key concepts of the scientific area. This chapter assesses how well QuVis ac-
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complishes G1 through an examination of G2. The second goal of a successful science education

visualization is as follows:

G2: A successful visualization will be tested by students who will validate its useful-

ness.

To achieve this goal, we designed a user study and interviewed six students to validate the useful-

ness of QuVis. This chapter details the user study procedure, results, and analysis.

4.2 PROCEDURE

THis section describes the detailed procedure of our user study. For this study, we interviewed six
participants. In visualization research, it is generally accepted that six users can identify the majority
of usability problems and successes*°. All participants were current college students who had at
least completed an introductory computer science course. All participants were true novices; they
had not encountered quantum computing in any of their coursework and this was their first time
learning about the field. Prior to attending the session, users were provided with a brief background
on quantum computing and quantum circuits in the form of a blog post** and presentation '3.

In our user study, the participants were asked to complete a list of quantum circuit creation and
analysis tasks. They completed a similar set of tasks using two quantum circuit creation tools — QC-
Simulator and QuVis (referred to as Tool A and Tool B in the study). We compared our platform
with an existing circuit simulator due to findings from Dow et al.’s work which discovered that peo-
ple provide more useful feedback when reviewing more than one design *°. We structured the tasks
so that participants would be able to complete them using both tools. Half of our users were ran-
domly assigned to use the QuVis platform first, and the other half used QCSimulator first. Users

were encouraged to be descriptive and think out loud as they completed each task.
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Each user was asked to perform a set of quantum circuit operations on each platform. First, we
asked users to add qubits to the quantum circuit, apply specific gates to qubits at certain timesteps,
and evaluate the circuit’s output. Then, we asked users to determine the state probability of the
quantum circuit at a specific timestep and at the end of the computation. Finally, we asked all par-
ticipants to create three different quantum circuits that would output a given state probability dis-
tribution. An example question we asked is: Create a two qubit circuit, where there is a 100% prob-
ability of measuring the state |11). We measured how long it took users to create their final quantum
circuit on each platform. This is the target task analyzed in results. After the study, users were asked
qualitative questions about both platforms’ interfaces and educational quality. In addition, users
were asked about the utility of our two main visualizations - the stacked bar chart and the radial bar
chart to ensure the features completed T and T2. These features were evaluated on a s-point Lik-
ert scale**. Lastly, the participants voted on which tool they found more intuitive. The full list of

questions can be found in the Appendix.

4.3 RESULTS

OUR user research results were highly positive. Overall, users took less time to complete tasks on
QuVis than on QCSimulator. Additionally, most users found QuVis more intuitive and would pre-
fer to use it again. Our two main design contributions were also well-received, though users reported
that the stacked bar chart was easier to understand than the radial bar chart.

To understand the success of the platform, we compared target task completion times for each
participant across both platforms. Regardless of which platform was shown first, five out of the six
participants performed the target task faster using QuVis. The average time to complete the task was

40 seconds. The task took 10.21 seconds less when participants used QuVis.
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Two out of the three participants who were shown QuVis first took longer to complete similar
tasks on QCSimulator. These participants seemed to have difficulty applying the quantum comput-
ing intuition they acquired on QuVis to QCSimulator. This suggests that current circuit simulators

may be limiting user learnings due to their less intuitive user interface.

‘Which tool did you find more intuitive to understand and complete
the tasks?

OCSimulaior

Figure 4.1: User results from the question “Which tool did you find more intuitive to understand and complete the
tasks?”

After using QuVis, users had several positive remarks on the platform’s usability. Starting with
general user feedback, our user study showed that 83% (Figure 4.1) of participants found QuVis
more intuitive than QCSimulator. Specifically, users commented positively on the legibility of
QuVis, noting the large font, high quality, and frequency of descriptive labels. Users noted the plat-
form had a modern appearance which made it visually appealing and user friendly.

There was positive feedback about QCVis’ two main contributions and visualization techniques -
the stacked bar chart and radial bar chart. (Figure 4.2)

Users stated that the stacked bar chart was helpful in their understanding of the circuit process.
When asked “How helpful was the ‘state probabilities’ stacked bar chart in Tool B” on a 5-point
Likert scale, user response was a mean of 4.00 with a standard deviation of 0.71, demonstrating a
positive user experience.

In regards to the radial bar chart, user feedback was mixed. When asked “On a scale of 1-5, how

helpful was the ‘state probabilities’ radial bar chart in Tool B?”, user response was a mean of 3.00
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Figure 4.2: User responses histogram of the stacked bar chart and radial bar chart based on the 5-point Likert scale
responses.

with a standard deviation of 1.22. Even so, users found it helpful to analyze state probabilities over
time, with one user stating that they “like the graphical depiction of state probabilities in Tool B”.

There was also insightful user feedback about the time slider. One user commented that “being
able to see the state distribution at any timestep was really important”. Another user commented
how the time slider enhanced the “visual and written depiction of state distribution at any time
step”. These positive user comments suggest that the time slider was a successful aspect of the
QuVis platform. Users also commented favorably about the “Add Qubit” and “Delete” options
in the Circuit Composer center.

User research suggests that the dynamic nature of our platform contributed to a more expedient
completion of the tasks by helping participants attribute specific actions on the circuit to outcomes
they observed. Several users preferred to automatically see changes to the state probabilities in Tool
B compared to manually selecting the option to run the circuit in Tool A. One user commented that
they “had a good sense of how each action I did (adding a qubit or gate) affected the state probabil-
ity distribution”. This ability to identify how individual components of the interface contribute to
the qubit’s and quantum circuit’s state probabilities over time demonstrates that QuVis achieves
G1. With these results validated by a user study with novices, QuVis also achieves G2. With both

goals accomplished, this proves that QuVis is an effective platform for novice quantum computing
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education.

Even with this demonstrated success, there were still some elements of QuVis that users found
confusing. The most common confusion was uncertainty around how to remove gates from the
circuit, with one user noting that “I expected the gates to drag and drop”. Some participants were
confused by the time slider. In particular, one person mentioned that she was “unclear what ‘time’
referred to”. Implementing additional educational documentation around timesteps and the sig-
nificance of different points in the execution process may help familiarize users. Lastly, we received
mixed feedback about the radial bar chart including, “I didn’t see the state probability distribution
circle... until midway through the exercises”. While the Likert scale analysis suggested the radial bar
chart was useful for users, users reported some difficulty with the visualization due to its placement
on the lower part of the page. Some users did not realize it was there and had difficulty understand-
ing its significance. Moving the panel higher up by swapping its placement with the Add Gates

panel may address this concern.
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QCVis Final Design

5.1 INTRODUCTION

BAsED on user feedback, we have made significant changes to the original QuVis platform. Below
is a list of these changes and a presentation of QCVis, the current version of our quantum circuit

visualization platform. At the end of this chapter, we offer a few suggestions for future iterations of
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the platform.

5.2 DEsiGN CHANGES

FIRsT, let us discuss the design changes from QuVis to the current version of the platform, QCVis.
These changes have been implemented into the current version of QCVis. See Figure s.1for the new

design.

QCVis Help  About

Add Gates
200

Circuit Composer Probability state is 1 @ Probability state is 0 Add qubit State Probabilities
000

P2
A

time

- e fl————— &
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1000> 50.000
1100> 50.000
101> 0.000
1010> 0.000

Figure 5.1: The QCVis platform, the contribution of this paper.

The most significant change is in the State Probabilities panel. The State Probabilities panel was
the most controversial design element on the QuVis platform. Some users thought it was essential to
their understanding, while other users found it confusing. Some of this confusion can be attributed
to its placement on the lower half of the screen. To address this issue, we moved the location of the
Add Gates panel to ensure the State Probabilities panel can be properly viewed. We also changed the
design of the panel to make the state probabilities easier to see by adding lines between neighboring
states. This way, even if neighboring states have the same probability, users can still understand how

the probability is unique to each state.
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Additionally, users also reported some difficulty with the click to select feature in the Add Gates
Panel. The panel now has a drag and drop-based implementation. A user can drag a gate onto the
Circuit Composer to add it to the quantum circuit. To remove a gate, a user can drag and drop it
back onto the Add Gates panel.

The last change is an added educational walkthrough of the platform and its key features. This
feature is a new page on the QCVis platform separate from the current home page. It can be ac-
cessed by clicking the new “Help” icon on the navigation bar at the top of the screen. This page
links to a video walkthrough of the QCVis platform. It explains each design element on the home
page through a walkthrough of an example circuit.

An additional user study is required to analyze the efficacy of these additional elements, though

preliminary user feedback suggests that educational outcomes have improved.

5.3 IMPROVEMENTS

THERE are a number of improvements that can be made in future iterations of the QCVis plat-
form. This section outlines a few ideas, though is by no means a comprehensive list of all possible
growth areas. One improvement is to the State Probabilities panel. Even with our concerted effort
to reduce visual clutter, the State Probabilities panel can still be difficult to read as the number of
qubits grows. Currently, the platform offers one filtering option, where it hides all state probabil-
ities equal to o. However, upon further conversations with experts, there are certain cases where
quantum circuits return probabilities that are only slightly greater than o (say 0.0002), yet are irrel-
evant to quantum circuit analysis. In the current version of the platform, these states would still be
displayed. An advanced view of the State Probabilities panel, where a user can input the lowest pos-

sible probability for displayed states could address this issue. Then, a user could select to only show
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states greater than 0.0002, thereby eliminating small state probabilities and increasing the readability
of the visualization.

Another improvement to the user experience comes from anecdotal user feedback. During user
interviews, one user was disappointed that refreshing the page would cause them to lose all of their
work on the quantum circuit. Therefore, it may be worthwhile to implement a feature that allows
users to save and re-upload their circuits, so they can come back to the platform and expand on pre-
vious work. This feature requires additional user validation and expert interviews before it can be

implemented.
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Conclusion

THis thesis presents QCVis, a novel educational platform that uses visualization techniques to teach
quantum computing concepts. QCVis offers three contributions to the visualization, education,
and quantum computing communities. First, it offers a stacked bar chart that aims to visualize and
explain how a qubit’s state probability changes over time. Second, it offers a radial bar chart that

aims to visualize and explain how a quantum circuit’s state probability changes over time. Lastly,

39



it offers a user study that aims to quantify the platform’s success within its novice target audience.
In addition, we established two success goals for all science education visualizations and found that
QCVis accomplishes both of these goals.

Prior work has shown that quantum computing is a fast growing technology, with new educa-
tional methodologies as a determining factor in its ultimate advancement. This suggests the start of
a new field of educational science, that we are on the precipice of a new quest. We hope that QCVis
advances this burgeoning field of research and encourages others to join this new quest for knowl-

edge.
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Appendix

A.1 List oF COMMON GATE SYMBOLS

Below is a list of common gate symbols used in quantum circuit diagrams. Table courtesy of Wikipedia.
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Operator Gate(s)

Pauli-X (X)
Pauli-Y (Y)
Pauli-Z (Z)
Hadamard (H)
Phase (S, P)

7/8 (T)

Controlled Not
(CNOT, CX)

Controlled Z (CZ)

SWAP

Toffoli
(CCNOT,
CCX, TOFF)

P B 97 BB R G

Figure A.1: Common Gate Names and Symbols

A.2 COMPLETE L1sT OF USER STUDY QUESTIONS

* = This question was used for the time comparison analysis.

A.2.1 QUESTIONS FOR QCSIMULATOR

1. Add three qubits to the circuit.
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A2

Apply one H gate to each qubit at time = 1.

. Apply one H gate to each qubit again at time = 2.

Run the circuit.

. What is the state probability distribution at time = 2?2

Without rerunning the circuit, what is the probability of measuring 1 at time = 1 on qubit 1?

Create a two qubit circuit where there is an equal chance of measuring all states (|00), |10),

|01), [11)). Feel free to use any gates.
Create a two qubit circuit where there is a 100% chance of measuring the state [11).
Create a three qubit circuit where there is less than a 50% but greater than 0% chance of

measuring the state [101).*

QUESTIONS FOR QUV1s

. Add three qubits to the circuit.

Apply one H gate to each qubit at time = 1.

. Apply one H gate to each qubit again at time = 2.

Run the circuit.

. What is the state probability distribution at time = 22

Without rerunning the circuit, what is the probability of measuring 1 at time = 1 on qubit 1?

Create a two qubit circuit where there is an equal chance of measuring all states (|00), |10),

|01), |11)). Feel free to use any gates.
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A2

. Create a two qubit circuit where there is a 100% chance of measuring the state |10).

Create a three qubit circuit where there is less than a 50% but greater than 0% chance of

measuring the state [100).*

QUALITATIVE QUESTIONS

. What aspects of each user interface were clear to you?

Which aspects of each user interface were confusing to you?

. What aspects of each tool helped you better understand the circuits?

On a scale of 1- 5 (Likert scale), how helpful were the stacked bar charts in Tool B?

. On ascale of 1-5, how helpful was the state probabilities radial bar chart in Tool B?

Which tool did you find more intuitive to understand and complete the tasks?
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