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Fig. 1: The visualization system QuantumEyes enhances the interpretability of quantum circuits through the global analysis (A-C)
to explain the operations of quantum gates and local analysis (A2 and B3) to reveal the implicit reasoning of basis state’s measured
probability. Probability Summary View (A) shows the overview of a quantum circuit regarding the measured probability. State Evolution
View (B) supports the in-depth analysis of the basis states across each step. Gate Explanation View (C) explains the effects of quantum
gates via the transformation of qubit states. State Comparison View (A2 and B3) with the geometrical visualization dandelion chart
enables users to better understand the measured probability regarding amplitudes. The original quantum circuit (D) is given for a better
comparison of QuantumEyes and quantum circuit diagrams.

Abstract— Quantum computing offers significant speedup compared to classical computing, which has led to a growing interest among
users in learning and applying quantum computing across various applications. However, quantum circuits, which are fundamental
for implementing quantum algorithms, can be challenging for users to understand due to their underlying logic, such as the temporal
evolution of quantum states and the effect of quantum amplitudes on the probability of basis quantum states. To fill this research gap,
we propose QuantumEyes, an interactive visual analytics system to enhance the interpretability of quantum circuits by visualizing the
evolution of quantum states. Specifically, we develop a suite of visualizations for quantum circuit analysis at both global and local levels.
For the global-level analysis, we present three coupled visualizations to delineate the changes of quantum states and the underlying
reasons: a Probability Summary View to overview the probability evolution of quantum states; a State Evolution View to enable an
in-depth analysis of the influence of quantum gates on the quantum states; a Gate Explanation View to show the individual qubit states
and facilitate a better understanding of the effect of quantum gates. For the local-level analysis, we design a State Comparison View
featuring a novel geometrical visualization dandelion chart to explicitly reveal how the quantum amplitudes affect the probability of
the quantum state. We thoroughly evaluated QuantumEyes as well as the novel dandelion chart integrated into it through two case
studies on different types of quantum algorithms and in-depth expert interviews with 12 domain experts. The results demonstrate the
effectiveness and usability of our approach in enhancing the interpretability of quantum circuits.

Index Terms—Interpretability, Data Visualization, Quantum Circuits, Quantum Computing
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1 INTRODUCTION

Quantum computing has experienced remarkable advancements in re-
cent years. The rapid growth in the quality and quantity of quantum
computers by leading IT companies such as IBM, Google and Ama-
zon is making potential quantum advantages increasingly realistic
for both theoretical quantum algorithms [23, 39, 57, 59] and emerging
applications [6, 9, 12, 24, 36]. For example, quantum computing has
shown its superior speedup on classical problems, such as Grover’s
algorithm for unstructured search [57], and Shor’s algorithm for integer
factoring [39], albeit only on small data sets currently. Meanwhile, re-
searchers have successfully harnessed the power of quantum computing
in various applications, such as machine learning [9], finance [36], and
chemistry [24]. The quantum supremacy experiment by Google [6] has
shown the potential advantage of quantum computers over their classi-
cal counterparts. The recent milestone claimed by Google in quantum
error correction [1] has further improved its chance of success.

Building upon the proliferation of quantum computers, the number of
people learning quantum computing has experienced rapid growth in re-
cent years [38,44]. However, prior research has identified that grasping
abstract concepts in quantum computing remains challenging [31, 66].
For example, quantum circuits, the most fundamental routine to per-
form any quantum programs, lack the transparency and interpretability
needed for easy comprehension [66]. Meanwhile, visualization has
been proven to be an effective learning tool for educating people on
obscure scientific concepts [37,61]. Consequently, a graphical represen-
tation [19] known as quantum circuit diagrams was proposed decades
ago and has been widely used in research papers and textbooks of
quantum computing. Despite its prevalence, it primarily overviews
a quantum circuit and has limitations in revealing deep insights into
quantum circuits’ behaviors. From a quantum circuit diagram, it is
difficult for quantum computing developers and researchers to under-
stand the functionality of each quantum gate and the final measured
probability of each basis state. For example, the viewers cannot in-
spect the quantum states’ initial generation and further evolution or the
functionality of each quantum gate from a quantum circuit diagram.
Thus, how to intuitively reveal the detailed inner workings of a quantum
circuit still remains unclear, and a new visualization approach for better
interpretability of quantum circuits is urgently needed.

However, it is non-trivial to fill this research gap. According to our
extensive literature survey [7, 25, 31, 40, 49, 53, 63] and close collab-
orations with six quantum computing experts, the major challenges
mainly come from the counter-intuitive nature and intrinsic complexity
of quantum gate operations and measured probability of quantum
circuits. First, the quantum gates are the fundamental operators to
manipulate the status of qubits, which makes it crucial for domain users
to understand quantum gate operations in order to interpret quantum
circuits [31, 66]. But quantum gate operations are essential matrix
multiplications that are difficult to visualize and explain. What makes
matters worse is the matrix transformations of quantum gates involves
complex numbers [35] that are counter-intuitive. Second, the mea-
sured probability, determined by the quantum amplitudes of each basis
state, is critical to understand the output of quantum circuits. But
users often do not possess a mathematical intuition regarding the un-
derlying cause of each basis state’s amplitude [49]. Also, quantum
system states of multiple qubits can be entangled together rather than
being a simple accumulation of multiple individual single-qubit states,
and there will be 2N possible basis states if the qubit number is N. It
makes it extremely challenging to visualize multi-qubit states and the
corresponding measured probabilities in a limited space [49].

To address the above challenges, we propose QuantumEyes, a vi-
sualization system to enhance the interpretability of quantum circuits.
QuantumEyes can intuitively explain the functionality of each quan-
tum gate and the measured probability of each basis state for a given
quantum circuit. To ensure the effectiveness of our visual designs, We
follow a user-centered design process [34] by working closely with
six domain experts in quantum computing for over five months. By
summarizing the expert feedback, we distilled design requirements in
terms of two levels of analysis - global analysis and local analysis.

For the global analysis, we further propose three coordinated views to
enhance the interpretability of quantum gates’ operations: a Probability
Summary View summarizes the changes of all quantum states along
a circuit (Fig. 1 A ), a State Evolution View supports analyzing how
quantum gates affect the evolution of multiple quantum states over
time (Fig. 1 B ), and a Qubit Explanation View further explains the
quantum gates’ effect from the view of the single qubit and its acting
quantum gate (Fig. 1 C ). For the local analysis, we propose a State
Comparison View with a novel geometrical visualization dandelion
chart (Fig. 3), which can visually explain the measured probability
of each basis state based on the quantum amplitudes. To evaluate the
usefulness and effectiveness of QuantumEyes, we present two case
studies based on the quantum circuits with different quantum circuit
architectures and qubit numbers, i.e., Grover’s Algorithm and Quantum
Fourier Transform. We further conduct in-depth interviews with 12
domain experts with carefully-designed tasks. The results show that
QuantumEyes can effectively help developers and researchers better
understand the behaviors of quantum circuits.

The major contributions of this paper can be summarized as follows:

• We formulate the design requirements for improving the inter-
pretability of quantum circuits by working closely with quantum
computing experts.

• We introduce QuantumEyes, an interactive visualization system
to assist quantum computing users in intuitively understanding
the behaviors of quantum circuits, including three coordinated
views to support the global analysis and a single view with a novel
geometrical design named dandelion chart to facilitate the local
analysis.

• We conduct two case studies and in-depth user interviews with
domain experts to demonstrate the effectiveness and usability of
QuantumEyes.

To further benefit quantum computing developers and researchers,
we have made our system QuantumEyes publicly accessible online1.
Also, we have published the novel design for quantum state visualiza-
tion dandelion chart as an independent NPM package2.

2 RELATED WORK

Our work is relevant to prior research on visualization of quantum
circuit evolution and quantum state visualization.

2.1 Quantum State Visualization
Many existing approaches studied how to represent quantum states, the
mathematical description of the state of a quantum system. We classify
existing visual representations for quantum states based on whether the
visualization is state vector-based or probability-aware.

State vector-based approaches. The goal of the state vector-based
approach is to visualize the quantum amplitudes of quantum states. The
most widely-used representation in the quantum computing community
is Bloch Sphere [10], which is integrated into many popular quantum
computing SDKs like IBM Qiskit [27] and Google Cirq [21] to visual-
ize quantum states. Bloch Sphere leverages a point on the unit sphere
to represent the quantum amplitude of a pure single-qubit state. Mean-
while, Bloch Sphere can also reflect two important visual effect, i.e.,
single-qubit rotation gates and statistical mixtures of pure states. Prior
work has introduced various extensions of Bloch Sphere [4, 32, 64].
Also, many researchers have studied how to represent quantum states
using 2D shapes. Wille et al. [65] visualized the components of state
vectors using a tree-like design. Several studies explored how to better
visualize quantum states by enabling multi-qubit visualization, such
as the stellar representation [8] and the visualization based on multi-
qubit Bloch vectors [62]. However, several issues exist in the above
visualization approaches. First, these visualizations do not enable a
direct comparison of the probabilities of basis states, making it hard for
users to inspect the measured probability. Second, 3D representations

1https://quantumeyes.github.io/
2https://www.npmjs.com/package/dandelion_chart
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have been proven less effective than 2D counterparts when conducting
precise measurements [5, 56].

Probability-aware approaches. Some prior work focused on im-
proving the state vector-based approach by explicitly visualizing the
measured probability based on the state vector representation. For
example, Ruan et al. [49] introduced a 2D geometrical visualization to
highlight the impact of the state vector on the probability. Galambos et
al. [20] utilized a fractal representation of a multiple-qubit system via a
set of rectangles. Also, Chernega et al. studied several variants [13, 15]
based on Triada of Malevich’s squares [14], which mapped the state
vectors of a qubit onto the vertices of a triangle. Similarly, Miller et
al. [33] proposed an interface with an embedded node-like graph to
explain the quantum circuits and stabilizer groups in quantum error
correction, allow the visualization of the update of quantum states.
Although the prior work can visualize the probability of quantum states,
they still suffer from scalability issues. Most studies can only support
the visualization of one qubit [13–15] or two qubits [20, 49], whereas
most of the accessible quantum computers are already exceeding this
number of qubits. Therefore, it is crucial to enable the inspection of the
quantum states with many qubits. Our work aims to support quantum
state visualization with multiple qubits, while preserving the property
of being probability aware.

2.2 Visualization of Quantum Circuit Evolution

We categorize existing work into two groups: depending on whether the
proposed visualization technique is for a specific algorithm or general
quantum circuits.

Algorithm-specific visualization. Visualization approaches in this
category often aims at a specific quantum algorithm without the gener-
alizability for general quantum programs. For example, Tao et al. [54]
utilized Bloch Sphere and a disk-like design to portray the evolution of
each quantum states along each step of Shor’s algorithm. Karafyllidis
et al. [28] studied how to visually explain the QFT algorithm by visual-
izing the changes of the probability of each quantum state, but it cannot
support the trace-back analysis of basis states. Meanwhile, two online
platforms [29, 43] enabled users to visually understand quantum states
and quantum circuits in Quantum Error Correction, respectively. But it
is challenging to extend to other quantum circuits, which significantly
limits their benefits and impact.

Generally-applicable visualization. Generally-applicable methods
mainly focus on the explanation of general quantum circuits. Unlike
algorithm-specific explainability, they can be applied to arbitrary quan-
tum circuits and are more flexible. One common approach is leveraging
measured probability to depict each step’s behavior in a quantum circuit.
For example, Williams [66] and Lin et al. [31] showed the probabilities
of all possible states after each quantum gate to interpret the gate’s
functionality. However, the vertical coordinates of their visualizations
are based on qubits and basis states, making it challenging for users
to inspect how quantum gates directly affect the probabilities of basis
states. Lamy [47] studied how to reveal the gate effect by visualizing
the change of quantum state in each step with a rainbow box design,
while preserving the visualization of phases. Moreover, Van de Weter-
ing [60] proposed a graphical representation of a linear map between
qubits. Another type of work focuses on explaining the noise in quan-
tum circuits. For example, Ruan et al. [48] introduced a visualization
approach for the awareness of noise hidden in quantum computers and
compiled quantum circuits. Meanwhile, Quirk [46] and Q-Sphere [41]
also enable users to interact with quantum circuits via a web-based plat-
form. While all the above methods focus on visualizing the quantum
circuit evolution via the sequence of basis states’ probability, our work
aims to depict the development of a quantum circuit by visualizing the
relationship of all basis states across all steps, enabling users to inspect
the creation and development of quantum states with greater clarity.

3 BACKGROUND

This section introduces the background of quantum computing relevant
to our study, including quantum states and quantum circuits.

3.1 Quantum State
In quantum computing, quantum states are the mathematical entities
that provide the probability of multiple basis states. The true power
of quantum computing derives from the exponentially increasing state
space, as there will be 2N basis states simultaneously for a specific
quantum state with N qubits [25, 26]. Recalling that for one qubit, the
single-qubit state can be expressed as |φ⟩ = α |0⟩+β |1⟩. The nota-
tion in |φ⟩, namely Bra-ket notation [18], is a standard mathematical
framework used frequently to represent quantum states. Generally, any
quantum state with n qubits can be represented as a linear combination
of 2n basis states:

|φ⟩= α · |0 · · ·00⟩+β · |0 · · ·01⟩+ · · ·+ γ · |1 · · ·11⟩ , (1)

where the complex number α,β , · · ·γ are called quantum amplitudes
(a.k.a. amplitudes) which is used to describe the basis state (e.g.,
|0 · · ·01⟩) of a quantum state. An arbitrary amplitude (e.g., α) can be
expressed as a complex number:

α = a+b · i, (2)

where a is the real part, and b · i is the imaginary part (i is the
imaginary unit). Note that the amplitude of any quantum state can be
used to determine the probability of measuring the corresponding basis
state, which can be written as follows:

Pr(|0 · · ·00⟩) = |α|2 = |a|2 + |b|2. (3)

Since the amplitudes of all basis states satisfy a normalization con-
straint that the sum of the probabilities of all basis states equals 1, thus
all amplitudes satisfy |α|2 + |β |2 + · · ·+ |γ|2 = 1. Note: We use the
phrase “measured probability” in this paper to refer to the probability
of a certain basis state if the quits were measured. Also, we leverage
the quantum simulator to access the measured probabilities before the
final measurement at the end of the circuit execution.

3.2 Quantum Circuit
Similar to classical circuits, quantum circuits implement quantum algo-
rithms by a sequence of physical gates acting on one or more qubits.
The manipulation of a quantum circuit can be represented as a calcu-
lation of unitary matrices [67]. In this paper, we refer to each manip-
ulation module highlighted by the grey rectangle as a block. Thus,
the execution of an arbitrary quantum circuit consists of the matrix
calculation of a set of blocks, as illustrated in Fig. 4 C .

Upon completing the final quantum gate, the execution result would
be measured for the probability distribution of all basis states. Note that
the intermediate quantum state after each gate’s unitary transformation
can be measured if the device is a quantum simulator [11]. In con-
trast, only the final quantum state can be obtained for a real quantum
computer due to the collapse of the quantum state upon measurement.
Hence, for intermediate states, the visualization takes place in a "god
mode" where the probabilities are known although the state is not
actually measured.

4 INFORMING THE DESIGN

In this section, we first introduce the preliminary study, along with the
design requirements distilled from the study. Then we introduce the
dataset we used to fulfill the design requirements.

4.1 Preliminary Study
The primary goal of the preliminary study is to collect the design
requirements faced in the routine tasks of quantum computing users.
Following the guideline [50] of task abstractions for the design study,
we designed the preliminary study as follows:

Participants: The study involved six domain experts (P1-6) (6
males, agemean = 36.5, agesd = 4.9) in quantum computing from ed-
ucational institutions and a national research laboratory. Specifically,
P1-3 are professors from three different universities in Singapore and
the U.S. P4 is a research scientist from Pacific Northwest National Lab-
oratory, and P5-6 are two Ph.D. students whose research direction is
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quantum computing. Among them, P1-2 and P5 are working on Quan-
tum Machine Learning, while P3-4 and P6 study Quantum Systems,
Quantum Chemistry and Quantum Error Modeling, respectively. All
the experts have an average of 6.8 years of research and development
experience in quantum computing.

Procedures: For five months, we collaborated closely with the
experts in quantum computing to conduct the preliminary study. To
ensure our visualization system was tailored to seamlessly fit into
domain users’ routine tasks, we divided the whole procedure into two
separate sessions. First, we began the first session by performing
one-on-one, semi-structured, hour-long interviews with all the domain
experts. During the interview, we posed carefully-crafted questions (see
Appendix A) relevant to the interpretability improvement of quantum
circuits. For the second session, we summarized the initial design
requirements and developed a low-fidelity prototype to meet the basic
needs according to their feedback. Next, we presented this prototype
to the experts for iterative expert tests in the next three months. They
were then asked to explore the prototype freely and share their concerns
and suggestions in a think-aloud manner; we then use their feedback to
refine and improve the prototype accordingly. Throughout the study,
we meticulously recorded observations and notes for each interview
and discussion.

4.2 Design Requirements
We distilled the collected feedback from the preliminary study to inform
our design. Overall, we summarized users’ general process as two levels
of analysis, i.e., global analysis and local analysis. Specifically, the
global analysis aims to explain the effects of quantum gates from a
high-level perspective, while the local analysis provides a more fine-
grained explanation for the quantum states by illustrating the rationale
of the measured probability of each basis state.

For the global analysis, users need to be aware of the functionality
of quantum gates of quantum circuits from the following aspects:

R1 Provide an overall summary of the quantum circuit. Five
participants (P1-4, P6) emphasized the importance of providing
users with a coarse-grained overview of the whole quantum cir-
cuit. They all agreed with the idea of summarizing the evolution
of quantum states regarding the temporal changes of probabilities,
making it easier for users to interactively select the blocks of inter-
est from a large number of operations of quantum gates. P2 also
mentioned the necessity to break the blocks into a linear sequence
of the individual gate operation, namely steps, to illustrate the
effect of each quantum gate better.

R2 Explain the effect of quantum gates visually. All participants
(P1-6) strongly suggested that the visual designs should focus on
the detailed explanation of quantum gates, which are the most ba-
sic ingredients of quantum circuits. Specifically, three participants
(P1, P5-6) encouraged us to utilize the qubit states to depict the
evolution of quantum states. Meanwhile, the other three experts
(P2-4) also expressed the need to “visualize the quantum gate’s
effect via comparing how the amplitudes change the measured
probability before and after the quantum gate.”

R3 Support the trace-back analysis of quantum states. Three
participants (P1, P3, P5) expected the approach to enable the
trace-back analysis of quantum states. They all confirmed that
it is significant to visually reveal how a specific quantum state
was generated from the beginning of the quantum circuit. “I
have no idea about how a quantum state is formed and by what
kind of gate operations before,” P1 commented, “I hope it can
inform me of its evolution intuitively.” Moreover, P3 emphasized
that the intuitive visualization of the original quantum circuit can
significantly flatten the learning curves for domain users.

For local analysis, the following requirements are crucial for visu-
alizing quantum states:

R4 Explain the probability of basis states visually. All participants
(P1-6) confirmed that it would significantly help to inform users of

each basis state’s probability change, enhancing their confidence
in understanding the effects of the quantum gates. In particular,
four participants (P1-3, P5) emphasized the importance of visu-
ally correlating the amplitudes and probabilities other than by a
set of individual visualizations (e.g., several bar charts), because
they believed that the explicit and correlated visual channels could
intuitively highlight how amplitudes determined the measured
probabilities.

R5 Support the visualization of multi-qubit quantum states. Ac-
cording to the suggestions from four participants (P1, P3, P5-
6), the most widely-used visualization for quantum states, i.e.,
Bloch Sphere, cannot support the multi-qubit state visualization.
P3 commented that this issue is unacceptable because the real
power of quantum computing, i.e., entanglement, requires mul-
tiple qubits. P6 also said “I really hope there exists a visual
representation to make the multi-qubit state more intuitive.”

R6 Address the issues of visual scalability. P1 and P3 pointed
out the issue of visual scalability. Specifically, P1 emphasized
that scalability issues are typical quantum-specific problems that
need to be addressed. Also, P1 commented “There will be a
substantial quantity of basis states in the common cases.” P3
also comments that visualizing many basis states is a complex
task, given the requirement to display both the probability and
amplitudes of each basis state concurrently.

4.3 Dataset
Building upon the above design requirements, we developed the sys-
tem QuantumEyes based on Qiskit [42], which is an open-sourced
framework for the implementation of quantum circuits. We utilized a
quantum simulator, i.e., AerSimulator [2], to extract quantum states.
The raw dataset extracted contains the properties of the quantum circuit:
the sequence and implementation of quantum gates on the individual
qubits, the state vectors of the quantum states over each step, and the
transformation matrices of the quantum gates.

Next, to obtain the probability of each basis state, we leveraged
Equation 3 to calculate the amplitudes from the quantum state’s state
vector. Also, we decomposed the matrix of state vector by rows to
extract all basis states of a quantum state, making it available for
analysis of the trajectory of the quantum states (see Appendix E).
Furthermore, based on the principle of unitary transformation [55], we
deconstructed each block (Fig. 4 C ) into multiple steps (Fig. 4 B ) to
better clarify the workflow of a quantum circuit.

5 QuantumEyes
We proposed QuantumEyes, an interactive visualization system to en-
hance the interpretability of quantum circuits. The architecture of
QuantumEyes consists of three tightly-connected modules: (1) data
storage module, (2) data processing module, and (3) visualization mod-
ule. In particular, the data storage module stores all raw input data of
the original quantum circuit. The data processing module supports the
data preparation procedure before visualization, including the proba-
bility calculation of each quantum state, the decomposition of state
vectors for state evolution analysis, and the generation of the trans-
formation representation based on the qubit states. The visualization
module reveals insights hidden in the quantum circuits, where three
views (i.e., Probability Summary View, State Evolution View, and Gate
Explanation View) are applied for the global analysis and the State
Comparison View with a novel design (i.e., dandelion chart) is used for
the local analysis. Furthermore, we also implement an original quan-
tum circuit (Fig. 4 C ), enabling domain users to efficiently conduct the
comparative analysis with our visual designs. The system interface of
QuantumEyes is shown in Appendix D.

5.1 Probability Summary View

We propose the Probability Summary View (Fig. 2 A ) to provide an in-
tuitive summary of the quantum circuit in terms of probability changes
of basis states over each step (R1).
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Fig. 2: The three coordinated views in QuantumEyes for global analysis.
(A) Probability Summary View summarizes a quantum circuit via all
basis states’ temporal change of probabilities. (B) State Evolution View
supports a fine-grained analysis of the basis states’ evolution across
each step. (C) Gate Explanation View visually explains the effect of
quantum gates from the perspective of the qubit state.

We leverage the stacked area chart to portray the basis state’s mea-
sured probability on each step, where the length of line segments
encodes the probability (Fig. 2 A2 ). Specifically, we use a set of line
segments arranged vertically to reveal the probability proportion at
each step. The total vertical length of all line segments at each step
is a constant as the sum of all basis states’ probabilities will always
be 1. Also, we utilize the area (Fig. 2 A3 ) to highlight the probabil-
ity change of each basis state between steps. Moreover, we use a set
of rectangles to denote the hierarchy of blocks and steps, where the
rectangles in the same color are in a common block (Fig. 2 A1 ). Note
that the order of qubit labeling in the annotation is from left to right,
while the qubit order in the view of Original Quantum Circuit is from
bottom to top. Furthermore, we append the annotations (e.g., 01 ) at
the left-most area (Fig. 2 A4 ) to depict the creation of a basis state. To
enable the drill-down analysis from the summary of the quantum circuit
(R1), users can interactively brush the steps of interest in Probability
Summary View.

5.2 State Evolution View
The State Evolution View (Fig. 2 B ) enables a drill-down analysis of
the evolution of quantum states such as the separation and merging of
quantum states for Hadamard gates [3] (R2). The design also supports
the trace-back analysis (R3), making users aware of how a basis state
was generated and further transformed by quantum gates.

We visualize the evolution of all the basis states using a graph-
like design. Due to the consistency of the encoding of the horizontal
axis, State Evolution View can also support a summary of quantum

circuits (R1), enabling users to better compare with the Probability
Summary View. The horizontal coordinate indicates the steps of the
quantum circuit, while the vertical coordinate represents the basis state’s
measured probability. Meanwhile, prior work has also explored the
visualization of quantum state evolution. For instance, Lin et al. [31]
and Karafyllidis et al. [28] studied how to explain the behaviors of
the overall quantum circuit using the encoding of color. Williams [66]
utilized the length to indicate the measured probability of single qubits.
Different from them, we use the vertical height of each basis state to
encode their respective measured probability, which can better support
the probability analysis by inspecting the pattern distribution of basis
states. We use rounded rectangles to represent the entity of the basis
state. Meanwhile, those basis states with the same probability are
grouped by the outer rectangle (i.e., ), as shown in Fig. 2 B1 ,
where the outer rectangles’ short line segments refer to each group’s
measured probability. Moreover, we encode the evolving relationship
between the two steps using pink dotted lines. To indicate the gate
operation, we use a symbol with the acronym inside after each basis
state (Fig. 2 B2 ); we then mark the qubit that the quantum gate acts on
by the arrows. Note that the rectangles of basis states will be colored in
light blue if the phase (i.e., the sign of the state vector) is positive;
otherwise, it will be colored in blue for the negative phase. We
enable flexible interactions to enhance the usability of the system for
users within the domain (R3). Precisely, users can hover over the
specific state to analyze the evolution path highlighted in red lines
(Fig. 2 B3 ).

5.3 Gate Explanation View

The Gate Explanation View (Fig. 2 C ) aims to allow users to under-
stand a gate operation based on the qubit state (R2). We first deconstruct
the quantum system states (e.g., |01⟩) into qubit states (e.g., |0⟩ and
|1⟩); we then visualize the explanation via a table-like design. We
group it into the global category since it is actually proposed to explain
the quantum gates, which belong to the components of the quantum
circuits.

We define an arbitrary transformation as three parts, i.e., the initial
state, operation, and the final state; we then represent the three parts
with the table’s first, second, and third row, respectively. The column
denotes each qubit in the original basis state. Meanwhile, we apply
various colored lines (e.g., for Hadamard gates) to represent the
operation of quantum gates acting on the individual qubits (Fig. 2 C3 ).
Note that the operation will be represented as the dotted grey line
if no quantum gate acts on a qubit. The list of all the implemented
representations of gate operations can be found in Appendix F.

We use a transformation of the Hadamard gate as an example
(Fig. 2 C ) for illustration. Given a basis state of |00⟩, the post-
processed initial state is |0⟩ and |0⟩ for the first and second qubit
respectively. After the Hadamard gate acting on the first qubit |0⟩,
the quantum state of the first gate converts to a state in superposition,
i.e., |0⟩ and |1⟩ each with a probability of 0.5, while the second qubit
without any gate operation keeps the original state, i.e., |0⟩. Thus, the
final state will be |00⟩ (|0⟩⊗|0⟩) and |10⟩ (|1⟩⊗|0⟩) through the tensor
product operation.

5.4 State Comparison View

To enable the explanation of measured probability (i.e., local analy-
sis), we propose dandelion chart, a novel geometrical representation to
visually explain the measured probabilities of basis states (Fig. 3). Ac-
cording to the quantum theory, we encode the amplitudes by 2D shapes
to visualize arbitrary quantum states, including multi-qubit states (R5).
We also visually correlate the probability with the corresponding ampli-
tudes based on geometry principles to explicitly explain the measured
probability of basis states (R4). Moreover, dandelion chart allows
users to mitigating the visual clutter of numerous basis states via a
geometry-based approach (R6).

The dandelion chart is incorporated into the State Comparison View
to facilitate the comparison between two quantum states using a pair of
dandelion charts, as shown in Fig. 4B4-7.
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A B CA B2
B2

B3

Without interaction Amplitudes
The initial dandelion chart  
before reducing the circle 
radius of all circles with a 
severe visual clutter of 
overlapping.

The horizontal 
dotted line         
and the vertical 
dotted line        
represents the 
real part and 
imaginary part 
of amplitude 
respectively.The array of the state vector 

of the quantum state is:
 |φ>=[ [-0.13,0.428],
   [0.07, -0.495],
   [-0.1, -0.2],
   [0.5, 0.5] ]

B3 Measured probability
The area of the circle (e.g.,     ) denotes the 
probability of the basis state (i.e., 0.5).

A1 Basic state

Fig. 3: The dandelion chart embedded in Probability Explanation View. (A) The dandelion chart before interaction with all circles overlapped with
each other. (B) The dandelion chart after reducing the area of all circles by a factor of 0.5, where the visual clutter is mitigated slightly. (C) The
dandelion chart after reducing the area of all circles by a factor of 0.25, where all circles are completely separated apart and can be compared clearly.

5.4.1 Dandelion Chart

Amplitudes. To visually represent a quantum state and the respective
basis states, we leverage amplitudes of quantum states as they are
the basic components of a specific quantum state [17, 58]. Recall
that the amplitude of each state is intrinsically a complex number,
consisting of a real and imaginary part, as illustrated by Equation 2.
For each quantum state, we first apply a Cartesian coordinate system
to represent the series of its amplitudes of each basis state based on
Equation 1, where the x-axis encodes the real part, and the y-axis
encodes the imaginary part. Thus, all the basis states of a quantum
state are visualized as a set of points, as shown in Fig. 3 A1 . To further
highlight amplitudes, the absolute values of real and imaginary parts
are encoded by perpendicular lines in green and red from a point to
the y-axis and x-axis (Fig. 3 B2 ). Furthermore, we visualize the line
connecting the point to the system’s origin to highlight its position.

Probability explanation. According to Equation 3, the measured
probability of each basis state can be calculated by the real and imagi-
nary parts of the amplitudes. Meanwhile, based on geometry principles,
the circle’s area can be calculated using the radius, which is equal to the
distance between the basis states’ points and the origin of the system:

Scircle = π · (|a|2 + |b|2), (4)

where a and b are the real and imaginary parts of the amplitude.
Thus, building on the Equations 3 and 4, we conclude that the area
of the circle can represent the measured probability of a basis state as
the area of the circle is proportional to the measured probability, as
shown in Fig. 3 B3 . By this means, users are allowed to visualize the
probability of the basis state in terms of their corresponding amplitudes
indicated by the x- and y-coordinates of the points. However, there can
exist a severe overlap between the circles (Fig. 3 A ).

Notably, the prior work by Lamy [47] also utilized the rectangle area
to allow the analysis of the measured probability of each basis state as
well as entanglement and phase. Our proposed design, i.e., dandelion
chart, can explain the measured probability regarding the amplitudes
by the location of points in the Cartesian coordinate system, while
preserving the capability of phase and entanglement visualization.

Visual clutter mitigation. We mitigate the visual clutter by scaling
the area of circles through user interaction. By this means, all circles
can be separated apart by decreasing all circles’ radii, like the process
from Fig. 3 A to Fig. 3 C .

If the radii of all the circles are reduced with the same factor k while
keeping the point on the edge of the circle. Then the area of the circles
satisfies the following equation:

S′circle = π · k2 · (|a|2 + |b|2), (5)

where k ∈ [0,1] is the factor for shrinking the area of circles. Mean-
while, based on Equations 3 and 5, then the area of the circle is still
proportional to the measured probability due to the constant factor k.
This means that users can scale the area of circles freely to mitigate the

overlap while preserving the property of the representation of proba-
bilities by the circles. Hence, dandelion chart can support probability
explanations regarding amplitudes of the basis state through the user
interaction of scaling the circles’ radii. We name the design as “dande-
lion chart” due to the dandelion metaphor for each basis state like each
entity in Fig. 3 C .

6 CASE STUDY

In this section, we conducted two case studies on two popular quantum
algorithms, i.e., Grover’s Algorithm [22] and Quantum Fourier Trans-
form (QFT) [16], to demonstrate the usefulness of QuantumEyes. The
users involved in the case studies are two quantum computing experts
(E12 and E3) who also participate in the expert interviews in Section 7.

6.1 Case Study I - Grover’s Algorithm
Grover’s algorithm [22] is a quantum computing algorithm for search-
ing an unsorted database, which is shown to be more efficient than
classical algorithms. It works by repeatedly applying a process called
amplitude amplification, which increases the probability of selecting
the correct item(s) and decreases the probability of other items. We
worked with E12, whose research interest includes applying Grover’s
Algorithm to speed up the unstructured searching problems. To find
more insights behind the quantum circuit used in his research, E12
leveraged QuantumEyes to interactively explore Grover’s Algorithm.
Following the prior study [30], we implemented a 2-qubit Grover’s
Algorithm for the study.

Identifying the functionality block from the visualization. E12
began by examining the Probability Summary View and quickly noticed
that the probability of State |00⟩ was the largest at the beginning of
the circuit. However, this dominance gradually diminished and was
replaced by State |11⟩ eventually. This transition can be observed
through the length of the line segments and stacked areas at the final step
(Fig. 1 A3 ). He noted that this trasition occurred due to the functionality
block of amplitude amplification, which effectively identified the target
state, i.e., State |11⟩, despite having no prior knowledge of the specific
basis state being sought (R1). Bearing this in mind, E12 became
curious about the other functionality blocks of Grover’s Algorithm,
i.e., the initialization and the oracle. With a clear goal, E12 found that
the probabilities of the four basis states were identical, each having
a probability of 0.25 as shown in Fig. 1 A1 . E12 identified the step
following the two Hadamard gates (i.e., H gates) at the end of the
initialization, as all basis states are in a state of superposition with equal
probability, precisely reflecting the characteristic of the initialization.
E12 then noticed that the identified initialization was succeeded by a
gate sequence of the “H-CX-H” combination. “These three gates are
commonly employed as an oracle that flips the signs of states, but I
still have doubts about this and require further clarification to confirm
my understanding.” We directed E12’s attention to the dandelion
chart for analyzing the amplitudes (R2, R4). Utilizing this function,
E12 discovered the amplitudes of State |11⟩ were flipped to negative
values(Fig. 4 A2 ). “This is precisely what I anticipated. The flip of
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Fig. 4: The case for Quantum Fourier Transform. Three coordinated views (A-C) visualize the development of basis states for the global analysis,
while State Comparison View with dandelion chart (B4-B7) explain how measured probabilities are determined by amplitudes for the local analysis.
The S symbols in the quantum circuit diagram (C) indicate the SWAP gates.

State |11⟩ aligns with the findings of the target state we speculated
earlier. Moreover, the flip of the amplitude confirmed that the three
quantum gates are an oracle for sure.”

Uncovering the facts of the initialization and oracle. After the
identification, E12 started to perform an in-depth analysis of each func-
tionality block. By brushing the steps of initialization and the oracle
from the stacked area chart, the State Evolution View was displayed
as shown in Fig. 1 B1 . To delve further into the quantum gate’s effect
from a high-level perspective (R2), E12 clicked the “h” symbols of the
Hadamard gate and displayed the visual explanations of the Hadamard
gates (Fig. 1 C1 ). Taking a close look at the appended view, E12 ob-
served that the first qubit stayed still without any operation, while the
second qubit was split into two states |0⟩ and |1⟩ in superposition. E12
commented “I am truly impressed that this visualization can evidently
explain why the final states are |00⟩ and |01⟩ through the decomposition
of the gate operation.”

The expert then moved on to the analysis of the oracle, which is used
to flip the signs of the target state (i.e., |11⟩). “I am curious about how
the target |11⟩ was generated before the amplitude process” (R3), E12
commented. Through hovering over the target state |11⟩, E12 noticed
an eye-catching red path to indicate how the |11⟩ was generated, as
shown in Fig. 1 B1 . He could confidently identify that the States |01⟩
and |11⟩ are the origin of the evolution, which were merged by the
following Hadamard gate (Fig. 1 C2 ).

Exploring the hidden insights of the amplification. E12 pro-
ceeded to analyze the functionality block of amplification, which is
employed to amplify the probability of the flipped target state. By
brushing the corresponding steps in the stacked area chart, E12 got
a quick intuition of the operations of the CNOT gate (Fig. 1 C3 and
C4 ) and the NOT gate (Fig. 1 C5 ). To determine the reason for the
sudden increase in the probability of State |11⟩ (R2), E12 took a glance
of Fig. 1 C6 and quickly noticed that the Hadamard gate merged the
first qubit’s state (i.e., |0⟩ and |1⟩) and generated a new qubit state (i.e.,

|1⟩). “This is mainly because the first state |0⟩ is negative, leading to
the new state of |1⟩ other than |0⟩”, E12 said, “However, I cannot still
understand why the probability changes into 1 instead of other numbers”
(R4).

Thus, as hinted by us, E12 further moved to the dandelion chart
of the step by clicking the last step’s background. After a glance,
he noticed there are two states (i.e., |01⟩ and |11⟩) at the left system
and only one state (i.e., |11⟩) at the right with a symbol denoting the
operation gate (Fig. 1 B3 ). E12 found that the imaginary parts of all
states are zero, as indicated by their zero y-coordinates. Furthermore,
the real part of State |11⟩’s amplitudes changed from around 0.7 in
the left chart to -1.0 in the right-hand chart. “I am surprised that the
dandelion chart tells me that the flip of phase did not cause the change
of the probability, the real part of the amplitude actually makes the
state’s probability twice its initial state.”

6.2 Case Study II - Quantum Fourier Transform
We worked with E3, whose research direction is Quantum Uncertainty,
to understand a widely-used quantum algorithm, i.e., Quantum Fourier
Transform (a.k.a., QFT) [51]. The QFT algorithm converts the ampli-
tudes of a quantum state into the corresponding values in the frequency
domain, which is similar to what the classical Fourier Transform does
with signals. It forms a foundation for other quantum algorithms, such
as Shor’s Algorithm [52]. We implemented the quantum circuit follow-
ing the guidelines of Qiskit [45] and presented QuantumEyes to E3 to
perform our study.

Understanding the architecture of QFT algorithm. The expert
E3 started by brushing the whole quantum circuit from the probability
overview because he thought the QFT algorithm is an entity that cannot
be split into different functionality blocks. Indicated by the first two
X gates with probabilities of 1.0, E3 commented, “These two X gates
are for the state preparation because the lengths of the line segments
remains the same during Block 1.” Meanwhile, he speculated the
number to be mapped is 5 due to the decimal of State |101⟩. After
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identifying the number to be mapped, E3 started to investigate the
quantum circuit architecture of the QFT algorithm (R2). By exploring
the State Evolution View along with the original circuits, E3 quickly
found that the three key processes of the algorithm “I can easily identify
the three iterations of QFT (as shown in Fig. 4 B1 , Fig. 4 B2 , and
Fig. 4 B3 ) from the three continuous processes with the downward
trend of probabilities from the middle view, each making the probability
drop to 0.25”. He also praised the advantage of the evolution view to
intuitively reveal the temporal change of states’ probabilities along the
circuit, making the analysis of the gate’s functionality more efficient
and smooth.

Disclosing the implicit reasons of the measured probability. E3
then glanced at the probability summary of the QFT algorithm and
found that the probability of the two States |001⟩ and |101⟩ did not
change after the two Controlled Phase gates (Fig. 4 A1 ). Thus, he
planned to find more hidden insights about this phenomenon by drilling
down to the local analysis using dandelion chart(R4, R5). According to
the geometrical representation of Fig. 1 B4 , E3 noticed that the circle of
State |101⟩ rotates around 45 degrees anticlockwise after the Controlled
Phase gate, making the amplitudes change but preserving the circle
area. “This design is fascinating to me because I can analyze the gate’s
effect from a perspective of geometry intuitively.” Next, he clicked the
following Hadamard gate to find the reason for superposition using
the dandelion chart. From Fig. 4 B5 , E3 noticed the both of the two
original States |101⟩ and |001⟩ became two smaller circles. “Before
today, I can only observe the four states with the same probability
of 0.25 after Hadamard gates. It is brilliant to build a mathematical
intuition of the measured probability and the amplitudes.” After an-
alyzing the individual quantum gate, E3 planned to investigate how
the QFT algorithm represents a random quantum state by a series of
continuous basis states (i.e., |000⟩ · · · |111⟩). Hence, E3 clicked the last
two quantum gates before the final SWAP gate and then adjusted the
radius to separate all circles (R6), as shown in Fig. 4 B6 and Fig. 4 B7 .

“This actually matches what I expected,” E3 commented “From the first
chart, I realized that the Controlled Phase gate can only ‘rotate’ a state
but never ‘separate’ a state into multiple states.” E3 further noticed
that the four states are located in four different directions (i.e., cardinal
directions and diagonal). And then, the Hadamard gate generates each
state into a new basis states in the opposite direction, making it possible
to handle eight basis states for 3 qubits. “The dandelion chart provides
me a holistic picture of how the quantum gate changes the amplitudes
of basis states, which makes the analysis of amplitudes more effective
than ever before.”

7 EXPERT INTERVIEW

We further conduct a well-designed interview with actual domain ex-
perts to demonstrate the effectiveness and usability of QuantumEyes
and the embedded dandelion chart.

7.1 Study Design

Participants and apparatus. We recruited 12 domain experts (E1-12)
(12 males, agemean = 34.0, agesd = 5.8) from 6 different educational
institutions (E1-12) in the U.S. to join our in-depth expert interview.
These participants were selected by mainly considering their research
background of quantum computing and check whether they have rele-
vant research or development experience, guaranteeing the reliability
of the collected feedback. More specifically, five participants (E1, E9-
12) are working on Quantum Error Mitigation, six experts (E4-7, E8,
E13-14) study Quantum Machine Learning (QML), two experts (E2-3)
are working on Quantum Uncertainty, and one expert (E7)’s research
direction is Quantum System Design. The interview was conducted via
the online Zoom meeting. Also, all experts were asked to use a monitor
with a resolution of 2560×1600 beforehand.

Procedures. The entire study was conducted on the online system
QuantumEyes. We carried out the one-on-one, semi-structured study
for all experts. Specifically, we first introduced the visual design of
all views of QuantumEyes along with dandelion chart. Afterward, we

Q1 The workflow of global and local analysis can explain
the quantum circuits comprehensively.

Q2 The system can effectively support the evolution analysis
of each basis state.

Q3 The system can intuitively explain the gate effect via the
visualization of qubit states.

Q4 The dandelion chart can effectively explain the measured
probability based on the amplitudes.

Q5 The system is easy to learn.
Q6 The publicly-available QuantumEyes system is helpful

for domain users.
Q7 I would like to use the QuantumEyes system to better

understand quantum circuits in the future.
Q8 The user interaction of the system is smooth.
Q9 The user interaction is easy to use for domain users.

Q10 The overall design is easy to understand.
Q11 For global analysis, the three coordinated views are help-

ful in understanding the effects of quantum gates.
Q12 For local analysis, the dandelion chart is useful to visual-

ize how amplitudes affect the probability intrinsically.

Table 1: The questionnaire consists of four parts, i.e., the effectiveness
for interpretability enhancement of quantum circuits (Q1-4), the usability
of the visualization system (Q5-7), the user interaction (Q8-9), and the
visual designs (Q10-12).

1 2 3 4 5 6 7

Effectiveness
Workflows
State Evolution
Analysis

Easy to Learn

Accessibility

Smooth
Interaction

Easy to 
Understand
Global Analysis
Effectiveness
Local Analysis
EffectivenessEasy to Use

RecommendationGate Effect
Explanation
State Probability
Explanation

Strongly disagree Strongly agree

20%0% 40% 60% 80% 100%
1 2 3 4 5 6 7

Usability

Strongly disagree Strongly agree

20%0% 40% 60% 80% 100%

1 2 3 4 5 6 7

Visual Design

Strongly disagree Strongly agree

20%0% 40% 60% 80% 100%

1 2 3 4 5 6 7

User Interaction

Strongly disagree Strongly agree

20%0% 40% 60% 80% 100%

Fig. 5: The summary of the feedback of the questionnaire.

invited all participants to accomplish six pre-defined tasks using Quan-
tumEyes. The first four tasks are designed to evaluate the effectiveness
of our proposed visualization designs for global analysis, including
analyzing overall trend of basis state probabilities, identifying the gate
effect and explaining the gate effect in terms of the changes of basis
states and qubit states. The remaining two tasks aim to evaluate the
effectiveness of dandelion chart’s effectiveness for local analysis. The
detailed task list can be found in Appendix H. We then asked them
to verbally explain how the quantum states are evolving across the
quantum circuit. The aforementioned process lasts approximately 40
minutes. After completing the tasks, all participants were encouraged
to provide feedback on all the proposed visual designs in a think-aloud
manner. Furthermore, we also invited participants to finish a post-study
questionnaire (Table 1) and rate QuantumEyes using a 7-point Likert
scale. The dimensions of the questionnaire are followed by the prior
work by Ruan et al. [48]. The post-study interview lasted approximately
20 minutes, during which we recorded and took notes about the entire
study process.

7.2 Result
We summarized all collected feedback regarding the four aforemen-
tioned aspects of evaluation as Fig. 5.

Effectiveness. Most participants appreciated the effectiveness
of QuantumEyes to enhance the interpretability of quantum circuits
(ratingmean = 6.02,ratingsd = 1.18). E3-6 agreed that the workflow
of global and local analysis is exactly what quantum computing users
expect to see to explain the effects of quantum gates. Meanwhile, the
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trace-back analysis is praised by E1-2 and E9. “I need to manually
calculate the state vectors to figure out how a state was produced
and developed in my daily work before. This function provided by
QuantumEyes is really fascinating to me”, E2 said. Furthermore, most
participants (E1-7, E9-11) highly appreciate the novel design dan-
delion chart, “which is helpful to grasp the measured probability of
basis states.” E11 also commented that QuantumEyes can help him
with circuit design and debugging due to the intuitive visualization of
probability regarding the state’s amplitudes.

Usability. The majority of participants applauded the usability
of QuantumEyes in interactively enhancing the quantum circuit’s in-
terpretability (ratingmean = 5.88,ratingsd = 1.65). E2-5 mentioned
that the visualization system is user-friendly for quantum computing
researchers and learners. Among them, E4 commented, “I can eas-
ily interact with the interface and accomplish all tasks, even though
I do not have any background in visualization before.” E7 and E12
emphasized that they prefer the easy-to-understand visualizations, and
QuantumEyes indeed provides the visualizations that they are famil-
iar with in their daily routine tasks, like the original quantum circuit
diagram and the visualization of the transformation of the qubit states.

User interactions. Most participants generally agreed that the user
interactions in QuantumEyes is easy-to-use for quantum computing
users (ratingmean = 5.54,ratingsd = 1.66). Among all feedback, E3-4
and E9 gave highly positive feedback for the interactions of decreasing
the circle radius in dandelion chart to reduce the visual clutter. E3
pointed out he feels struggle to adopt Bloch Sphere to inspect only the
single-qubit state. Dandelion chart addresses the limitations perfectly
while preserving the characteristic of displaying the quantum ampli-
tudes. Meanwhile, E9 confirmed that reducing the circle area is feasible

“because users always need to focus on the circle with the largest area.”
Furthermore, E12 also expressed the desire to recommend Quantu-
mEyes to his research group members due to the easy-to-use system
interactions.

Visual designs. Most participants gave positive feedback about the
visual designs in QuantumEyes (ratingmean = 6.05,ratingsd = 0.99).
Specifically, E5 mentioned that the visual designs for global analysis
are informative. “I like the visualization to show the how state evolves
because it can directly tell when and how a basis state is developed.
This characteristic would truly aid the analysis of quantum algorithms
in my daily tasks.” Also, E7 was willing to adopt dandelion chart
for his own local analysis of the quantum states, “To my surprise, this
design is brilliant because everyone can find the rationale of probability
changes without the complex matrix calculation, even for the beginners
in quantum computing.”

Suggestions. In addition to the positive feedback, several par-
ticipants also offered constructive suggestions. E4 suggested that in-
corporating a feature to fold and unfold the blocks would be helpful
for comparative analysis. E9 also noted that QuantumEyes could be
extended to visualize the temporal change of parameters in variational
quantum circuits. E10 expressed that a transition might be useful to
highlight the difference when comparing a pair of dandelion charts.

8 DISCUSSION

In this section, we first summarize the lessons learned during the de-
velopment of QuantumEyes and dandelion chart. Then, we discuss the
limitations of our proposed visual designs.

8.1 Lessons Learned
We reported the learned lessons from the development of QuantumEyes.

Indispensable necessity of visualization to interpret quantum
computing. During the process of working with domain experts in
the requirement collection and evaluation, they confirmed the great
importance of interpreting quantum computing using visualization
approaches. According to the actual use of dandelion chart, experts
appreciated the impressive design, while also pointed out that quantum
computing is not transparent for users to learn, which is exactly the
domain where visualization can aid. Thus, they also mentioned that
they preferred the designs with linked visual channels to offer the
explanation intuitively.

Design considerations tailored for quantum computing users.
By working with domain experts, we realize that lowering the learning
costs of the proposed visual design for domain users is significant. In
our study of design requirements, all participants preferred solutions
that were easy to learn, simplifying the paradigm shifts from reading to
understanding. For example, the overview of the probability is appre-
ciated and used as the starting point of the system. Also, they praised
the implementation of the original quantum circuit in QuantumEyes be-
cause the comparative analysis with the original circuit can significantly
shorten their learning curves.

8.2 Limitations and Future Work

There are still several limitations of QuantumEyes.
Application scope. All the participants highly appreciate the effec-

tiveness of QuantumEyes in helping quantum computing developers
and users understand the working mechanism of static quantum circuits,
which is the widely-used quantum circuits. However, with the growth
of another type of quantum circuits, i.e., variational quantum circuits
(VQC), also gain more and more attention. Our novel design dande-
lion chart can be seamlessly applied to VQC applications to analyze
quantum state evolution. However, the visual analytics system (i.e.,
QuantumEyes) as a whole cannot be directly applied to VQC for now.
In future work, we plan to extend QuantumEyes to analyze variational
quantum circuits and other features such as the generalisation of the
visual feature “Path of state evolution” of QuantumEyes to a “Path of
Bloch coefficient/Pauli probability evolution”.

Scalability. The evaluation has demonstrated that our visualization
works well for visualizing the states of two and three qubits. However,
due to the limited screen space, the visualization components in Quan-
tumEyes for global analysis, i.e., the Probability Summary View, State
Evolution View and Gate Explanation View, may suffer from scalability
issues with the increase of qubits in quantum circuits. The visualization
component of QuantumEyes for local analysis, i.e., dandelion chart,
has better scalability than the above three views, as it can reduce the
radii of circles to explain the measured probabilities of more basis
states. But when there are a large number of qubits in the quantum
circuits, visual clutters may also appear. In the future, it is worth further
exploration on how to enhance the scalability of QuantumEyes.

User-friendly interactions. The availability of QuantumEyes
gained positive feedback from all participants. However, there are
still several limitations regarding the user interactions we collected dur-
ing the interview. First, to aid the obscure connection between the State
Evolution View and the original circuit, we plan to implement the fold-
ing and unfolding of basis states and their corresponding quantum gates.
Also, the comparison of two quantum states in dandelion chart can be
improved by utilizing the transition of circles to highlight the effect of
quantum gates. Further, to address the issue that the entangled states
sometimes cannot be clearly distinguishable in the dandelion chart, we
plan to add extra visual elements to highlight those basis states which
are entangled using sector length distributions. Last, QuantumEyes is
expected to enable the functionality of simulator customization and
circuit data loading to enhance the system’s flexibility.

9 CONCLUSION

We present QuantumEyes an interactive visualization system to en-
hance the interpretability of quantum circuits. By working closely with
domain experts, we formulate six design requirements in terms of two
analysis levels to guide the design of our system. Specifically, we pro-
pose three coordinated views (i.e., a Probability Summary View, a State
Evolution View and a Gate Explanation View) to support the global
analysis of the quantum state evolution over the whole quantum circuit.
Further, we propose a novel geometrical visual design dandelion chart
for local analysis, enabling users to visually analyze the correlation of
basis states’ probability and amplitudes based on geometry principles.
We conduct two case studies and expert interviews to demonstrate the
effectiveness and usability of the proposed visualization approaches.
The result shows that our approaches can effectively facilitate domain
users to better understand quantum circuits.
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A INTERVIEWS IN THE PRELIMINARY STUDY

To carefully inform the designs, we conducted an in-depth preliminary study to collect feedback for the design requirements. Specifically, we
divided the study into two sessions, i.e., the interview and the prototype test. We listed all the questions we asked in the interview process, as
shown in Table 2. The feedback from the questions is used to implement the visualization system prototype. All participants were presented with
the same questions and were asked to answer the questions in a think-aloud manner.

Q1 What property of quantum circuits do you mostly use in your routine tasks?
Q2 Which part of a quantum circuit do you think is most difficult to understand?
Q3 Which component of quantum circuits do you think is most useful for people to understand a circuit?
Q4 How to understand the measured result of a quantum circuit?
Q5 What is your expected way yo explain quantum gates?
Q6 Which aspects do you think visualization can help you with for quantum circuit interpretability?
Q7 How to lower the learning costs for domain users to use a tailored tool?

Table 2: The pre-defined questions used in the preliminary study for the session of the design requirement collection.

B BLOCH SPHERE

A Bloch Sphere, as shown in Fig. 6, is a widely-used representation to visual quantum states in the quantum computing community. Bloch Sphere
utilizes a point on a unit sphere to represent a quantum state, where the angles with the axes indicate the amplitudes of the quantum state. Despite
the prevalence, Bloch Sphere has several limitations which need to be improved urgently:

• Bloch Sphere cannot support the multi-qubit state visualization, while the entanglement of multiple qubits is the power to achieve the
quantum advantages.

• Bloch Sphere cannot visualize the probability of each basis state intuitively - the only way to acquire the probabilities from Bloch Sphere is
a manual calculation based on the angles with the coordinates.

• Bloch Sphere is a 3D geometrical visualization, which has been proven to perform worse than two-dimension counterparts when conducting
precise measurements.

In this work, we propose a novel geometrical visualization named dandelion chart, which can address the above issues through multiple
correlated 2D shapes. In addition, a dandelion chart can mitigate the scalability issue based on the geometry principle using user interactions.

|0

x

y

z

|1

Quantum state

Fig. 6: The graphical illustration of Bloch Sphere.

C USAGE OF DANDELION CHART PACKAGE

According to the suggestions we collected from the post-study interview, several experts recommend we pack the methods of building a dandelion
chart and publish it as a public-available web-based package. To this end, we published the package named “dandelion_chart”3 to the online
software registry, enabling a quick build for developers to visualize a specific quantum state.

The exported function to build dandelion chart requires six parameters, i.e., the array of the state vector of the quantum state, the array of the
names of all basis states, the container to draw the design, the size of the chart, the position of the chart, and a factor to resize the circles in
the chart. We also publish a function named “generateStates()” to generate all necessary state names based on the number of digits. For more
detailed usage instructions and examples, please refer to the package homepage.

D SYSTEM INTERFACE

The system interface of QuantumEyes is shown in Fig. 7. Specifically, the system consists of four views, an original quantum circuit, and a
control panel.

The summary view of a quantum circuit, as shown in Probability Summary View, provides an overview of the measured probability. For a
more detailed analysis of the basis states across each step, State Evolution View is available. The effects of quantum gates and the transformation
of qubit states are explained in Gate Explanation View. By combining State Comparison View with the geometrical visualization of dandelion
chart, users can gain a better understanding of the measured probability in terms of amplitudes. Additionally, the original quantum circuits, the
quantum computing users most familiar with, flatten the learning curves of using the visualization system QuantumEyes.

3https://www.npmjs.com/package/dandelion_chart
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Probability Summary View

Control Panel

State Evolution View

Gate Explanation View

Original Quantum Circuit

Dandelion Chart

Fig. 7: The system interface of QuantumEyes, which consists of four views, an original quantum circuit, and a control panel.

E MATRIX DECOMPOSITION

As shown in Fig. 8, we illustrate the matrix decomposition using an example of a transformation of CNOT gate. First, the state vector of the
initial quantum state is (0,1,1,0)T, which can be split into the sum of the two basis state, i.e., (0,1,0,0)T and (0,0,1,0)T. Meanwhile ,the basis
states of the above two state vectors are |01⟩ and |10⟩. After the transformation of CNOT gate, the above two basis states are converted into |11⟩
and |10⟩, respectively. Thus, we completed the matrix decomposition by manipulating the basis states separately using the quantum gates.

MCNOT

MCNOT MCNOT

MCNOTMCNOT

0
1
1
0

0
1
0
0
0
0
1
0

01 11

10 10

Fig. 8: The illustration of matrix decomposition. We use a transformation of CNOT gate acting on States |01⟩ and |10⟩ as an example. The matrix
represents the state vector of the basis states of a quantum state.

F INTRODUCTION OF COMMONLY-USED QUANTUM GATES

To illustrate the operations of various quantum gates, we proposed several visual designs to depict the transformation acting on the qubit state. As
shown in Fig. 10, we briefly introduce the commonly-used quantum gates regarding the abbreviation, visualization in Gate Explanation View,
matrix representation, and the symbol used in the quantum circuit diagram. Specifically, we implemented the operations of six types of quantum
gates, including two types of Hadamard gates, two types of CNOT gate, Not gate, and SWAP gate.

Hadamard gate is a basic quantum gate that operates on a single qubit, transforming it into a superposition state. It is represented by a matrix
and when applied to a qubit in the |0⟩ or |1⟩ state, it transforms it into a superposition of the two states. The Hadamard gate is a fundamental
building block in quantum algorithms and circuits.

CNOT gate, short for controlled NOT gate, is a fundamental quantum gate that operates on two qubits, a control qubit and a target qubit. It
performs a NOT operation on the target qubit only when the control qubit is in the |1⟩ state, otherwise, it leaves the target qubit unchanged. The
CNOT gate can be represented by a 2×2 matrix and is often used as a basic building block for various quantum algorithms and circuits.

NOT gate, also known as the Pauli-X gate, is a fundamental quantum gate that operates on a single qubit, flipping its state from |0⟩ to |1⟩ or
vice versa. The quantum NOT gate can be represented by a 2×2 matrix and is a basic building block for various quantum algorithms and circuits.
It plays a similar role as the classical NOT gate in classical computing, but also has additional properties in the quantum realm, such as being able
to create entangled states.
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Fig. 9: The design alternatives of QuantumEyes. (A) The initial visualization summarizes the probability change across each step in the quantum
circuit using the multiple-line chart, where the rectangles in the same color in the x-axis indicate the steps in a common block. (B) The design
allows the analysis of the basis state’s evolution via a tree diagram without the awareness of the measured probability of each basis state. (C)
The visualization approach highlights the probability’s change over steps, where the rectangles with different opacity denote the probability of the
corresponding basis state. (D) The design to depict the qubit state before and after a gate operation, where the rectangles positioned horizontally
denotes the initial state and the rectangles positioned vertically represent the final state.

SWAP gate is a fundamental quantum gate that operates on two qubits, allowing them to exchange their states. When applied to two qubits in
the states |a⟩ and |b⟩, the SWAP gate transforms them into the states |b⟩〉 and |a⟩, respectively. The quantum SWAP gate can be represented by a
4×4 matrix and is a basic building block for various quantum algorithms and circuits. It is often used to implement quantum data exchange and
to swap the states of two qubits in quantum registers.

Hadamard gateHadamard gate

H gate CX gate X gate S gateAbbreviation

Symbol

Matrix
representation

Visualization 
in

 Qubit Analysis 
View

(for separating) (for merging) (control qubit is 0) (control qubit is 1)
Controlled NOT gateControlled NOT gate NOT gate SWAP gate

Fig. 10: The introduction of six types of commonly-used quantum gates based on their functionality, including two types of Hadamard gates, two
types of Controlled NOT gates, NOT gate, and SWAP gate. For a better illustration, we select the two-qubit transformation for Hadamard gate,
Controlled NOT gate, and NOT gate, while we use the three-qubit transformation for the SWAP gate.

G DESIGN ALTERNATIVES

G.1 Probability Summary View

Initially, we attempted to use a multiple-line chart to show the probability change of each basis state in the circuit, as shown in Fig. 9 A . However,
we encountered problems with the lines crossing over and overlapping, which made it hard to see. The design also didn’t make it easy to see the
proportion of each basis state’s probability. In the end, we decided to use a stacked area chart, which is able to (1) avoid any overlapping between
multiple entities, and (2) visually reflect the proportion of each basis state using the fixed height of the vertical coordinate.

G.2 State Evolution View
We explored a couple of different design options before landing on the current visual design. Initially, we tried using a tree diagram to organize
all of the basis states (Fig. 9 B ), but an expert pointed out that there were no discernible patterns regarding the gate’s effect on the states, as they
were all located evenly in each step. Next, we tried a design that utilized the opacity of corresponding rectangles to visualize the probability of
each basis state (Fig. 9 C ), while the dotted lines depicted the state evolution. However, we encountered problems with severe line overlapping
between adjacent steps, so this design was not scalable. Ultimately, we developed the current design, which enables to clustering of the basis state
at each step based on their measured probability, making it easy to find the patterns of the quantum circuit and also differentiate the basis states to
avoid any visual clutter.
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G.3 Gate Explanation View

We also explored other options where a set of rectangles were used to represent the qubit states (Fig. 9 D ). A rectangle was colored white if the
quantum state is |0⟩, black if it is |1⟩, and half black and half white if it is in a superposition state (Annotation D1 ). The initial states were placed
vertically, while the final states were placed horizontally. However, this design was not preferred as it only showed the initial and final states
without explicitly visualizing the gate operations. Therefore, we use the current visual design with a layout of "before-transformation-after,"
which can highlight the gate operations process more apparently. The design is more compact to enable the state visualization with more qubits.

H PRE-DEFINED TASKS IN EXPERT INTERVIEW

We conducted well-designed expert interview to demonstrate the effectiveness and usability of our visualization system QuantumEyes. Specifically,
we asked each expert to perform the pre-defined tasks and rate the system based on the exploration of the tasks. All six tasks are categorized into
two groups: i.e., the effectiveness evaluation of visual designs for global analysis (T1-4) to and local analysis (T5-6). We listed all tasks in Table
3 for a better illustration.

T1 Identify the overall trends of all basis states regarding the measured probability.
T2 Identify the generation of the basis states via the trace-back analysis.
T3 Describe the operations and effects of the quantum gates by comparing the basis states before and after.
T4 Explain the effect of the quantum gates from the perspective of the qubit state analysis.
T5 Explain how quantum gates change the amplitudes of the basis states.
T6 Explain how amplitudes of basis states change the corresponding measured probabilities.

Table 3: All pre-defined tasks are grouped into two categories, i.e., the effectiveness evaluation of visual designs for global analysis (T1-4) and local
analysis (T5-6). Specifically, T1-4 are designed to evaluate the purpose of each view for global analysis (i.e., T1: overall trend perception, T2-3: gate
effect explanation, T4: fine-grained gate explanation regarding individual qubit), and T5-6 are proposed to test dandelion chart’s effectiveness of
measured probability explanation.

I SYSTEM ARCHITECTURE

Fig. 11 illustrates the architecture of QuantumEyes, which consists of three tightly-connected modules: (1) data storage module, (2) data
processing module, and (3) visualization module.

Data Storage Visualization
Global Analysis

Data Processing

quantum circuit

Qubit Implementation
Quantum Gate Operation

quantum state
Amplitude & State Vector

Probability Calculation

�

Matrix Decomposition

Gate Explanation Generation

Local Analysis

Probability Summary View

State Evolution View

Gate Explanation View

State Comparison View

interaction

1

2

3

Dandelion Chart

Fig. 11: The system architecture of QuantumEyes consists of three modules, i.e, a data storage module, a data processing module, and a
visualization module.
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