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Abstract—The emergence of quantum computers heralds a new fron-
tier in computational power, empowering quantum algorithms to address
challenges that defy classical computation. However, the design of
quantum algorithms is challenging as it largely requires the manual
efforts of quantum experts to transit mathematical expressions to quan-
tum circuit diagrams. To ease this process, particularly for prototyping,
educational, and modular design workflows, we propose to bridge the
textual and visual contexts between mathematics and quantum circuits
through visual linking and transitions. We contribute a design space for
quantum algorithm design, focusing on the textual and visual elements,
interactions, and design patterns throughout the quantum algorithm
design process. Informed by the design space, we introduce QuRAFT,
a visual interface that facilitates a seamless transition from abstract
mathematical expressions to concrete quantum circuits. QuRAFT incor-
porates a suite of eight integrated visual and interaction designs tai-
lored to support users in the formulation, implementation, and validation
process of the quantum algorithm design. Through two detailed case
studies and a user evaluation, this paper demonstrates the effectiveness
of QuRAFT. Feedback from quantum computing experts highlights the
practical utility of QuRAFT in algorithm design and provides valuable
implications for future advancements in visualization and interaction
design within the quantum computing domain. A free copy of this paper
and all supplemental materials are available at https://osf.io/xvzgh/.

Index Terms—Quantum computing, quantum circuit, visual linking, de-
sign space, interaction design, design tool

1 INTRODUCTION

Quantum algorithms take advantage of quantum mechan-
ics (e.g., superposition, entanglement, and quantum inter-
ference) to achieve unprecedented computational capabil-
ities [1]. For example, Shor’s algorithm [2] exploits these
principles to efficiently factor large integers. As the devel-
opment of actual quantum computers progresses [3], vari-
ous domains such as computational chemistry [4], machine
learning [5], and financial modeling [6] stand to gain signif-
icantly from advancements in quantum algorithms. How-
ever, the design of quantum algorithms remains challenging
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due to the conceptual gap between theoretical quantum
mechanics and practical computation models [7]. This gap
manifests in the disconnect between mathematical formu-
lations and quantum circuit implementations (Fig. 1-A, B),
making the translation from theory to practice arduous,
error-prone, and heavily reliant on expert intuition.

While existing quantum development tools provide
valuable functionality, they follow two dominant paradigms
that present challenges for seamless theory-to-practice
translation. Programming tools like Qiskit [8] and Cirq [9]
provide precise control over quantum circuits at the code
level, yet demand cognitive reconstruction—forcing users
to mentally map symbolic equations into syntactic struc-
tures. Meanwhile, visual tools like Quirk [10] and IBM
Composer [11] offer intuitive circuit manipulation through
graphical interfaces, but their tile-based metaphors reduce
quantum operations to isolated gate placements, failing
to capture the underlying mathematical continuity that
governs quantum circuits. The significant modality differ-
ences between textual mathematics and visual quantum
circuits force users into a high-cognitive-load loop of man-
ual translation and mental context-switching, which not
only stifles creativity but also increases the likelihood of
conceptual errors. This challenge is particularly acute in
foundational stages of the scientific and educational work-
flow. While designing novel quantum algorithms requires
high-level creative thinking, a critical bottleneck emerges
when translating well-defined mathematical constructs into
circuits. Students learning quantum computing must deci-
pher how mathematical concepts like unitary matrices or the
Quantum Fourier Transform manifest as gates. Researchers
face similar challenges when reproducing paper results or
integrating known modules into larger algorithms. These
ubiquitous scenarios demand tools that streamline the trans-
lation from mathematical notation to circuit components,
fostering a more direct path from theory to implementation.

To address these challenges, we propose to integrate
visualization and interactive techniques as key strategies in
navigating the complexities of quantum algorithm design.
Previous studies [12], [13] have demonstrated the effec-
tiveness of visual and interactive connections on enhanc-
ing user experience and efficiency in creative authoring
scenarios. This work attempts to explore the potential of
these advancements within the realm of quantum algorithm
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Fig. 1. The QuRAFT interface integrates eight visual and interactive design techniques we have proposed for quantum algorithms.The Quantum
Circuit View (A) displays the circuit implementation of the algorithm, and the Math Board (B) presents the corresponding mathematical formulation
of the algorithm. The Gate Component (C) and Visualization (D) View provide useful tools for algorithm construction and verification.

design. Working closely with domain experts, we contribute
a structured design space that categorizes the components
of quantum algorithm design into four dimensions: Rep-
resentation Type, Quantum Entity, Interaction Complexity,
and Action. Through this framework, we identify prevalent
design patterns that offer valuable insights into the design of
QuRAFT (pronounced similarly to “Craft”), an interface that
incorporates eight design techniques within a user-friendly
visual and interactive environment. QuRAFT is developed
involving user-centered design principles and iterative de-
velopment, aimed at delivering an efficient and intuitive
tool for those researching quantum algorithms. Our research
method is grounded in close collaboration with domain
experts, ensuring that our proposed design techniques ad-
dress real-world needs and enhance the quantum algorithm
design process. Two case studies exemplify the real-world
application of our techniques in quantum algorithm design
scenarios. Furthermore, two user evaluations conducted
with 16 experts demonstrate the effectiveness of our design
approach, highlighting its streamlining of translation from
math concepts to circuits and reduction of cognitive load.

In conclusion, the contributions of this paper are sum-
marized as follows: (1) a design space that categorizes the
quantum algorithm design process, covering both textual
and visual representation spaces, (2) the QuRAFT prototype,
incorporating the design of eight visual and interactive
techniques that bridge the textual and visual contexts in
the quantum algorithm design process, and (3) two case
studies and two user evaluations of our designs, providing
implications for future quantum development tool design.

2 RELATED WORK

In this section, we discuss the related work in quantum al-
gorithm design, quantum algorithm visualizations, and the
techniques for bridging textual and visual representations.

2.1 Quantum Algorithm Design
The recent advancement of quantum computers has marked
a significant milestone for quantum algorithms [3], tran-
sitioning their design from purely theoretical constructs
to an integration of theoretical foundations and practical
implementation [14], [15]. This evolution has sparked a
wave of innovative design techniques and computational
tools tailored for this new era of quantum algorithm design.

The design of a quantum algorithm typically involves
the creative combination of existing algorithmic paradigms,
such as quantum Fourier transform [16] and variational
quantum eigenvalue solver [17]. Quantum researchers con-
stantly explore new paradigms leveraging the power of
mathematics [18], [19] and machine learning [20], [21]. One
of the key challenges in algorithm design is determining
how to effectively combine existing paradigms to con-
struct effective quantum circuit implementations. Kang et
al. [22] address this challenge by introducing the concept
of modular synthesis, which offers a structured approach to
constructing quantum circuits from modular components.
Maslov et al. [23] utilize a template-based method to sim-
plify quantum circuits. KetGPT [24] presents an innovative
extension to existing quantum algorithms through the use
of a generative model. While these methodologies primarily
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target the optimal algorithmic performance, there remains
a notable gap in research concerning the enhancement of
the quantum algorithm design experience. This gap high-
lights the need for innovative approaches that improve the
workflow of designing quantum algorithms, making it more
user-friendly and accessible for designers navigating the
intricacies of quantum computing.

The development and simulation of quantum algorithms
are supported by a growing ecosystem of computational
tools and programming languages, such as Qiskit [8],
Cirq [9], and Pennylane [25]. These tools offer powerful,
low-level control for constructing, simulating, and executing
circuits on quantum hardware. Their primary goal is to
optimize performance and lower the barrier to program-
matic circuit construction. However, these tools enforce a
fragmented workflow that forces users into a high-cost loop
of context-switching between the math, codes, and circuits.
Our work seeks to enhance the user experience from a new
perspective, focusing on easing the transition from mathe-
matical formulations to quantum circuit representations.

2.2 Quantum Algorithm Visualizations

The mechanism of quantum algorithms is intricate and non-
intuitive, posing considerable challenges for researchers in
terms of understanding and development [26]. To miti-
gate these challenges, visualization techniques have been
increasingly adopted [27], for instance by offering graphical
representations of quantum states that make abstract con-
cepts more tangible. Bloch Sphere [28] is a 3D geometric
representation widely used for presenting quantum states.
Following, several designs [29]–[32] are proposed to ex-
tend the expression and capability of Bloch Sphere. Ruan
et al. [33] further integrate the characteristics of quantum
entanglement and superposition into their visual design. To
interpret the procedure of quantum algorithms, researchers
visualize the evolution of quantum states coupled with
quantum circuits [34], [35], revealing how quantum states
change and interact throughout the computation process.
Additionally, Wen et al. [36] augment the understanding
of quantum circuits by embedding semantic information
within circuit diagrams. VIOLET [37] introduces a visual
analytics approach that explains the intricate components
of quantum neural networks, including the input encoder,
ansatz training, and output measurement.

Given that the formulation of quantum algorithms heav-
ily relies on mathematical constructs, visualizing mathemat-
ical elements can significantly enhance the comprehension
of such algorithms. Head et al. [38] conduct an extensive
design study on practical augmentations of math formulas,
providing guidance on how to create visual and interactive
mathematical formulas to improve readability and compre-
hension. Many tools have been developed to facilitate the
sketching and design processes in technical fields through
math augmentation [39]–[41], enhancing the ease and ef-
ficiency of working with complex mathematical concepts.
However, there are few studies on the application of these
advancements specifically for quantum computing. We aim
to integrate interactive math augmentations with quantum
circuit visualizations, supporting researchers in quantum
algorithm design with greater clarity and efficiency.

2.3 Bridging Textual and Visual Representations
The connection between text and visual representations
plays a crucial role in enhancing the interpretation and com-
munication of complex information [13]. This interplay has
been extensively explored by communities of visualization
and human-computer interaction, focusing on the method-
ologies for visualizing and leveraging this connection [42].

Various approaches integrate text with visual elements
to clarify key information. Kong et al. [43] extract references
between text and charts using crowdsourcing to highlight
visual marks related to text. Badam et al. [44] design contex-
tual visualizations connecting text with tables for improved
document readability. Lai et al. [45] introduce automatic
alignment of text and visualizations with animated an-
notations. Sporthesia [46] enhances sports video viewing
by analyzing narrative comments and augmenting iden-
tified entities directly onto video. Recent research further
leverages interactive linking to augment user engagement.
Studies [47], [48] show that interactive linking between text
and visualizations significantly increases user engagement
in storytelling. Kori [49] introduces a mixed-initiative ap-
proach for interactive synthesis of text and charts within
data documents, enabling a more engaging exploration
of data narratives. VizFlow [50] leverages text-chart con-
nections to facilitate the authoring of data-driven articles,
while CrossData [12] enhances the process of creating data
documents by exploiting the relationships between text and
data. Charagraph [51] proposes a method for the interactive
generation of charts, allowing for real-time annotations in
documents rich with data. These advancements highlight
the role of interactive linking in not only clarifying complex
information but also in engaging users more deeply with
the content creation and exploration.

In quantum computing, quantum circuits visually repre-
sent complex math formulations, yet there is a lack of clear
guidelines for bridging these textual and visual represen-
tations. We present a design study that addresses this gap,
aiming to enhance the quantum algorithm design process
by improving user comprehension and engagement.

3 METHODS

The goal of this work is to bridge the gap between the
textual and visual contexts in the quantum algorithm design
process through visualization and interaction techniques.
We worked with two experienced quantum researchers for
design studies. They are both currently working in a univer-
sity quantum computing lab and has extensive experience in
the optimization and design of quantum algorithms. We pri-
marily characterized the problem through a comprehensive
literature review and iterative discussions with the domain
expert. Consequently, we contributed a design space that
delineates four critical design dimensions and identifies
several essential design patterns (Sect. 4).

Informed by the above studies, we crafted a series of
visual and interactive techniques for quantum algorithm
design and iteratively developed a prototype, in collabo-
ration with the quantum experts and visualization experts.
The quantum experts outlined four design goals for sup-
porting their practical workflow, which informed the subse-
quent technique development (Sect. 5). They also provided
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Fig. 2. The illustration of our design space. (A) We characterize the fundamental elements of quantum algorithm design in both textual and visual
representation space. (B) A list of design patterns and their relations to our design dimensions, which also informs the techniques proposed in
Sect. 5.

feedback on the visual design and user experience of our
developed techniques throughout the process. Over three
months, weekly online meetings covered everything from
initial design concepts to development stages, with each
session lasting 30 to 60 minutes. Finally, we evaluated the
prototype system with 10 other quantum experts from the
quantum lab, refining our prototype based on their feedback
and discussing significant design implications in Sect. 8.

4 GENERAL CONCEPTS AND DESIGN SPACE

In this section, we introduce key concepts of quantum
algorithms and present a characterization of the quantum
algorithm design process.

4.1 Concepts of Quantum Algorithms
A quantum algorithm is characterized by its components
of input, computation, and output, similar to the structure
of classical algorithms. However, the units of information,
operations, and executions in quantum algorithms diverge
from those employed in classical computational algorithms.
Consequently, the workflow of quantum algorithm design
is distinct from that of classical algorithm design.

Framework. The three fundamental components of quan-
tum algorithms are significantly different from those in
classical computing [7]:
• Input - Quantum States. In classical algorithms, inputs are

typically binary data represented by bits, which can be ei-
ther 0 or 1. In contrast, the inputs to a quantum algorithm
are quantum states, which are represented by qubits.
Qubits differ from classical bits in that they can exist in
a superposition of states, meaning a qubit can represent
both 0 and 1 simultaneously, denoted as |ψ〉 = α|0〉+β|1〉,
where α and β are complex probability amplitudes. This
property allows quantum algorithms to process a vast
amount of possibilities concurrently.

• Computation - Quantum Operations. Quantum computation
involves the manipulation of quantum states using quan-
tum gates, which are the building blocks of quantum cir-
cuits. These gates operate on qubits in ways that cannot be
replicated by classical logic gates. Quantum gates operate
on the principles of unitarity, ensuring that operations
are reversible and preserve the total probability of the

quantum state. Quantum operations can entangle qubits,
creating a correlation between them that is a key resource
for quantum algorithms, providing an advantage over
classical algorithms in certain tasks.

• Output - Measurements. The output of a quantum algo-
rithm is derived from measurements made on the quan-
tum state after computation. Unlike classical deterministic
outputs, quantum measurements are probabilistic, owing
to the collapse of the quantum state upon observation.
The result of a measurement is typically a set of classical
bits, which are obtained by measuring the qubits’ states.
Due to the probabilistic nature of quantum measurements,
quantum algorithms often require repeated runs to gather
statistical data and deduce the correct output.

Workflow. The intricacies of these components necessitate a
different approach to designing quantum algorithms com-
pared to classical algorithms. Drawing from literature re-
views [14], [15], [26] and consultations with domain experts,
we have identified three core stages in the design process of
quantum algorithms: (1) Formulation, which involves the ini-
tial ideation and mathematical formulation aimed at solving
a specific quantum problem; (2) Implementation, where this
formulation is transformed into a quantum circuit using a
sequence of quantum gates; and (3) Validation, where the
algorithm undergoes extensive testing in iterative cycles to
verify that its performance adheres to theoretical models
and achieves the desired benchmarks. It is notable that our
work deliberately excludes the examination of these algo-
rithms in the context of hardware testing and debugging,
focusing solely on the theoretical and simulation-based as-
pects of quantum algorithm development.

4.2 Fundamental Design Elements

The design of quantum algorithms is rooted in several
key elements, which can be systematically categorized with
Representation Type and Quantum Entity.
Dimension I: Representation Type. Quantum algorithms
are presented through diverse representation types. Typi-
cally, the algorithms are precisely formulated using math-
ematical symbols. However, in practice, these theoretical
constructs need to be transformed into the more tangible
form of quantum circuits, which offer a more intuitive grasp
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of their operational sequences. In light of their modalities,
we categorize the representations into two types:
• Textual Representations involve the use of mathematical

notation and algorithmic language to describe quantum
states, operations, and the behavior of quantum systems,
which are vital for conveying the precise, formal details
of quantum algorithms.

• Visual Representations refer to quantum circuit dia-
grams which provide an intuitive visual narrative of how
quantum information is processed within the algorithm.
They also serve as a blueprint for implementation on
actual quantum computing hardware, outlining the op-
erational sequence required for execution.

Dimension II: Quantum Entity. The basic elements of
quantum algorithms encompass various quantum entities,
including qubits, unitary transformations, measurements,
etc. [14], each with a specific role in the computational
process. The design of quantum algorithms involves the
construction of a quantum system utilizing these entities.
Some entities bear different names in mathematical and
quantum circuit contexts. With consistency in mind, we
uniformly categorize them as follows:
• Qubit is the quantum analogue of the classical bit and

serves as the basic unit of quantum information, which
is textually denoted as |x〉. Sometimes, it may represent
one component within the basis states, articulated as |xi〉
within the larger quantum state |x1x2 · · ·xn〉. In the quan-
tum circuit, a qubit is visualized as a horizontal line that
extends throughout the circuit, denoting its presence and
involvement in quantum operations and transformations.

• State encapsulates the information and condition of
single or multiple qubits. Textually, a quantum state is
represented using a state vector, denoted as |ψ〉. A state
of multiple qubtis is composed using tensor product as
|ψ〉 = |x1〉 ⊗ |x2〉 ⊗ · · · ⊗ |xn〉 = |x1x2 · · ·xn〉. On this
basis, any state of a quantum system can be expressed as a
linear combination of basis states, such as |ψ〉 =

∑
i ci|i〉,

where the coefficients ci represents complex probability
amplitudes, and |i〉 signifies the basis states of the system.
For instance, a two qubit system has four basis states
denoted |00〉, |01〉, |10〉, |11〉. Visually, the quantum states
are intimately related to qubits. The state of a quantum
system at a specific time step is represented as one or a
collection of qubits. These states undergo transformation
after the application of operations on the qubits, reflecting
the dynamic nature of quantum information processing.

• Operators are mathematical entities that modify quan-
tum states and are strictly required to be unitary matrices,
following quantum mechanics constraints. In quantum
circuits, these operators are represented as quantum gates
placed on qubits. A single unitary matrix can be repre-
sented by either an individual gate or a combination of
gates, which are typically visualized as square blocks in
the circuit diagrams. Additionally, a gate can be connected
to other qubits to indicate control mechanisms. For in-
stance, a controlled-NOT gate flips the target qubit’s state
only if the control qubit is in the state |1〉.

• Operation describes the evolution of a quantum state
from its input to its output, facilitated by a sequence of
operators. It is mathematically represented by the appli-
cation of unitary operators to quantum states. For a single

operator, this is expressed as U |ψ〉 = |ψ′〉, where U is
a unitary matrix, |ψ〉 is the input state, and |ψ′〉 is the
output state. For a sequence of operations, the evolution
is described by the composition of unitary operators:
UnUn−1 · · ·U2U1|ψ〉 = |ψ′〉, where the operators are ap-
plied from right to left in chronological order.

• Measurement indicates the end of quantum operations
and the transition from quantum states to classical infor-
mation. In theoretical formulations, researchers usually
compute expected values or probability distribution for
quantum states to predict the outcomes of measurements.
In practice, measurement gates are positioned at the end
of circuits to observe the outcomes of executed operations,
which are then compared with theoretical expectations.

Figure 2-A illustrates the intersection of Representation
Type and Quantum Entity within the design space, offering
concrete examples of how each quantum entity is depicted
across both textual and visual representations. It serves as a
visual guide that connects the abstract math descriptions
with their corresponding circuit representations, demon-
strating how each entity is manifested in the two represen-
tation types within the quantum algorithm design space.

4.3 Interactive Design Process

The creation of quantum algorithms is not only a theoretical
exercise but also an interactive process that requires dy-
namic engagement with the design elements. To encapsulate
this interactivity, we introduce two design dimensions, In-
teraction Complexity and Action, which outline the levels
of interaction complexity and the range of actions that
designers can employ within the design space.

Dimension III: Interaction Complexity. This dimension il-
lustrates the levels of complexity encountered when design-
ers interact with elements within the design environment.
It highlights the varying degrees of engagement required,
from simple to complex as follows:
• Atomic Interaction focuses on interactions with individ-

ual quantum entities, such as a particular qubit or a single
quantum gate, emphasizing direct and straightforward
engagement with single elements. This level is character-
ized by actions performed on isolated design elements,
requiring attention to detail and precision.

• Collective Interaction involves handling multiple quan-
tum entities as a unified group, where the primary con-
cern is the management and coordination of actions across
the collective. While relationships between elements are
not the central focus, the designer must navigate the com-
plexity of dealing with several elements simultaneously.

• Relational Interaction represents the highest level of in-
teraction complexity, where designers must consider and
manage the intricate relationships and dependencies be-
tween multiple quantum entities. This necessitates a deep
understanding of the dynamic interplay among these
elements, as well as the ability to predict and respond to
the cascading effects of actions within this interconnected
system, such as a group of dependent operations.

Dimension IV: Action. This dimension captures the range
of operations or manipulations that designers can perform
within the interactive design process. These actions are
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fundamental to shaping and refining quantum algorithms,
offering a toolkit for creativity and exploration.
• Generating: The creation of new elements in design

space, such as adding new qubits or constructing gate
sequences, laying the foundation for algorithm design.

• Editing: Modifying existing elements, allowing for re-
finement and optimization of algorithm components, such
as setting the state of a qubit or changing the parameters
of a quantum gate.

• Moving: Reorganizing elements within the design en-
vironment, which can influence the algorithm’s structure
and functionality.

• Focusing: Narrowing attention to specific elements
or areas, enabling detailed examination and adjustment,
often to simplify complexity or to enhance precision.

• Comparing: Evaluating elements or configurations
against others, essential for decision-making and selection
of optimal solutions.

• External Visualization: Employing visual aids or repre-
sentations outside the immediate design environment to
enhance understanding or convey complex information
effectively, providing alternative insights or perspectives
on the quantum state.

4.4 Cross-Modal Design Patterns
The interplay between textual and visual representations is
crucial in the design process of quantum algorithms. We
identify some notable design patterns that involve both
textual and visual elements from the workflow of domain
experts. Figure 2-B provides an overview of the design
patterns and their associated parts in our design space.

Formulation (F1–F2). In the Formulation phase, design pat-
terns focus on laying the groundwork for the algorithm.
This involves defining the initial quantum states and estab-
lishing a clear correspondence between the mathematical
underpinnings of quantum operations and their visual rep-
resentations in circuit diagrams. The patterns in this phase
ensure that the foundational elements of the algorithm are
accurately and effectively represented in both modalities.

Implementation (I1–I2). During the Implementation phase,
the emphasis shifts to the construction of the quantum
circuit. The design patterns applied in this phase address the
organization and arrangement of quantum gates and qubits
within the circuit. The goal is to reflect the algorithm logic
in a manner that is both visually coherent and theoretically
sound, facilitating the practical realization of the algorithm.

Validation (V1–V4). The Validation phase is where the
design patterns aid in the examination and confirmation of
the algorithm’s correctness. This phase involves a thorough
cross-checking of the consistency across textual and visual
representations, as well as an analysis of measurement out-
comes and state evolution. The patterns employed here are
crucial for ensuring that the algorithm behaves as expected
and is ready for deployment or further research.

5 QURAFT
Informed by the design space, we design QuRAFT, a proof-
of-concept prototype that enhances quantum algorithm de-
sign process with a series of delicately designed visual and
interactive techniques.

5.1 Design Goals

We distill a set of design goals to inform the development
of QuRAFT, derived from prior design studies and feed-
back from quantum computing experts reflecting on their
experiences in quantum algorithm design. These goals are
continuously refined throughout our iterative development
process, incorporating ongoing expert feedback.

G1. Transform Mathematical Concepts into Circuit Rou-
tines. Feedback from quantum computing experts indicates
that the design of a quantum algorithm typically starts with
a mathematical formulation, followed by the translation of
this formulation into an equivalent quantum circuit. How-
ever, our design space reveals the complexity and diversity
of elements in a quantum algorithm’s formulation. Manu-
ally converting these math concepts into circuit routines is
tedious and prone to errors. Therefore, QuRAFT aims to
automate the detection and transformation of mathemat-
ical constructs into quantum circuit components, thereby
streamlining the design process and reducing errors.

G2. Compose Circuit Components Flexibly and Logically.
The implementation of quantum algorithms involves the
careful composition of various components in a manner that
faithfully reflects their logical relationships defined in math
formulation. However, existing tools for creating quantum
circuits and methods for automatic circuit synthesis often
do not offer explicit rationales for the composition of circuit
components. Consequently, QuRAFT is developed with the
goal of extracting and leveraging the latent relationships
among these components, thus provides a flexible and intu-
itive interface that allows users to logically and effortlessly
compose and rearrange circuit components.

G3. Review and Refine Algorithm Details. Upon the imple-
mentation of quantum circuits, designers need to verify the
correctness of algorithms. However, the validation usually
entails frequent context-switching between mathematical
formulations, quantum circuits, and execution results. Thus,
QuRAFT attempts to introduce capabilities that facilitate the
simultaneous review and refinement of algorithm details,
integrating these various contexts seamlessly.

G4. Maintain Consistency Between the Formulation and
Implementation. As a process involving two closely re-
lated forms of content, the design of quantum algorithms
must ensure that the initial mathematical formulation and
the final quantum circuit implementation are consistently
aligned. However, despite their close relationship, the it-
erative nature of design often leads to misalignments be-
tween these two critical content. As such, QuRAFT should
maintain dynamic association between them throughout the
entire quantum algorithm design process.

In the following three sections, we introduce eight design
techniques in QuRAFT to address these design goals and
how they support the algorithm design process. Specifically,
the formulation and implementation process is supported
by State Preparation, Math-to-Circuit Mapping, Gate Com-
position, and Qubit Arrangement techniques (Fig. 3), while
the validation process is facilitated by Synchronized Anno-
tation, Measurement Correlation, State Evolution Tracing,
and Component Replacement techniques (Fig. 4).
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Fig. 3. Design techniques for formulation and implementation. (A) State Preparation simplifies the initialization of quantum states. (B) Math-to-Circuit
Mapping translates mathematical expressions of quantum operations directly into visual circuit representations. (C) Gate Composition enables the
intuitive and interactive assembly of quantum gates. (D) Qubit Arrangement offers flexible manipulation and organization of qubits in the circuit.

5.2 Math Detection and Transformation

To incorporate G1, we introduce a mechanism that detects
and maps mathematical constructs to their circuit equiva-
lents. Our system employs a rule-based parser that uses reg-
ular expressions to recognize common quantum notations
in LaTeX strings, such as state definitions, unitary matrices,
and state transformations. Upon detection, these expres-
sions are translated into structured circuit components. For
instance, a matrix definition is encapsulated as a custom
gate. To ensure correctness, the system automatically veri-
fies the unitarity of any user-defined matrix, ensuring that
only valid quantum operations are created. The following
two techniques build upon this core functionality.

State Preparation. At the beginning of a quantum algo-
rithm, there is always a specification for the initial state
of the quantum system serving as the algorithm’s input.
QuRAFT detects equations that specify variable values,
and treats them as potential specifications for the initial
state of a quantum algorithm, such as |ψ〉 = |001〉. The
system allows users to input these values textually and
automatically incorporates the requisite circuit components
that generate these values into the quantum circuit. Fur-
thermore, users are afforded the flexibility to interact with
these values—clicking on them toggles the expansion or
collapse of detailed component information, or to edit them
directly within both the textual and visual representations,
as illustrated in Fig. 3-A.

Math-to-Circuit Mapping. The core computation of quan-
tum algorithms is formed by unitary operators and their
composite operations. QuRAFT detects two primary types
of mathematical formulations that correspond to these com-
putational elements.
• Unitary Matrix Definition. A unitary matrix with dimen-

sions 2n × 2n precisely specifies the type of operator that
acts on n qubits. For example, Fig. 3-B1 depicts the Z-
gate, which is a representation for an operator acting on a
single qubit. In QuRAFT, each matrix definition equation
is transformed into an isolated (atomic) gate within the
quantum circuit, where the specific matrix values are
abstracted away from the visual representation. These
matrices are typically fundamental operators within a
quantum algorithm, serving as the building blocks for
more complex quantum operations.

• Quantum State Transition. This formulation encapsulates
the transition of a quantum state resulting from one or a
combination of unitary operators. QuRAFT visually maps
three essential parts of this formulation onto circuit rep-

resentations: unitary operators, input state, output state.
First, we convert each unitary operator into a distinct
gate and visually arrange these gates in accordance with
their combination in the formula. The input and output
states are then concatenated to the respective ends of this
visual sequence, illustrating the flow of the quantum state
through the operation. Figure 3-B2 illustrates our concur-
rent design for both textual and visual representations.
Specifically, quantum gates are visualized as blue rectan-
gles, consistent with the unitary operators highlighted in
the formula, while input and output states are annotated
on their corresponding qubits. User selection on a formula
highlights its quantum circuit counterpart simultaneously.
Additionally, any user edits to the formula automatically
update this mapping. This design ensures coherence and
clarity in the depiction of quantum state transitions.

5.3 Quantum Circuit Implementation

We introduce two techniques that allow users to flexibly
integrate previously generated components into a complete
quantum circuit (G2).

Gate Composition. To implement accurate quantum cir-
cuits, experts are eager to compose the circuit components
with reliable supports of mathematical formulations. Our
system infers the logic relationships between the compo-
nents and provides visual cues to facilitate gate composi-
tion. The key idea of our design is to utilize the logical rela-
tionship inherent in the sequence of quantum operations, as
described by textual formulas. For instance, the sequential
formulas U1|x〉 = |y〉 and U2|y〉 = |z〉 illustrate a state tran-
sition from |x〉 to |y〉 and then to |z〉. These formulas suggest
a sequential application of U1 followed by U2, exemplifying
the logical flow and composition of quantum gates within
a circuit. To support users in accurately assembling circuit
components, QuRAFT maps the input state of user-selected
component to its preceding outputs, providing highlighted
indicators for easy identification. Users are thus enabled to
efficiently arrange quantum gates by simply dragging them
into position. Additionally, by creating visual connections
to the corresponding formulas, we ensure that the logical
integrity is preserved as gates are assembled, fostering a
coherent and consistent circuit design process (see Fig. 3-C).

Qubit Arrangement. The quantum algorithms are typically
formulated without the layout considerations of their prac-
tical implementations. Consequently, experts often need to
rearrange qubits to reduce cross lines and optimize circuit
layout for efficiency and readability. QuRAFT introduces
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Fig. 4. Design techniques for Validation. (A) Synchronized Annotation allows for annotating on math formulas and quantum circuits simultaneously.
(B) Measurement Correlation compares expected outcomes with actual measurements. (C) State Evolution Tracing visualizes the progression of
quantum states through the algorithm. (D) Component Replacement facilitates the easy substitution of algorithm components.

interactive features that enable users to manually adjust the
positioning of qubits to enhance the circuit layout. Users
have the flexibility to select and rearrange the sequence
of qubits (see Fig. 3-D). This arrangement is consistently
represented across both the textual and visual modalities,
ensuring coherence in the design process.

5.4 Interactive Review and Modification

We design four techniques for interactive review and modi-
fication on implemented quantum circuits and formulations
simultaneously (G3).

Synchronized Annotation. While examining mathematical
formulations or quantum circuits, users often need to create
notes or sketches on their essential parts. QuRAFT enables
users to annotate both textual and visual representations si-
multaneously (Fig. 4-A). This technique extends the similar
concept in software debugging tools to the unique cross-
modal context of quantum algorithm design. It establishes
a persistent link between abstract mathematical entities
and their concrete graphical counterparts, implementing a
form of visual linking across linked views. As a result, an
annotation created on a formula is automatically propagated
to the corresponding gate, and vice versa, ensuring concep-
tual consistency and reducing the need for manual cross-
referencing between the two views. QuRAFT establishes
connections between these entities based on the transforma-
tion relationships involved in prior formulation and imple-
mentation processes. Consequently, users are empowered to
highlight annotations in both contexts, thereby verifying the
consistency of mathematics and circuits.

Measurement Correlation. To verify the accuracy of quan-
tum algorithms, experts need to compare the actual mea-
surement outcomes from the circuit with their theoretical ex-
pectations. An external visualization often acts as a bridge,
connecting the expected mathematical outcomes with the
observed probability distributions. QuRAFT runs the cir-
cuit on a local Qiskit simulator [52], then converts both
the expected outcomes, as articulated in the mathematical
formulations, and the actual measurements from the circuit
into comparative histogram visualizations. When a specific
state is selected within the formulation, QuRAFT locates its
corresponding position in the circuit for measurement. The
outcomes are then depicted in Visualization View (Fig. 1-
D). If there is a predefined mathematical expectation for
that state, it is concurrently visualized in the same view,
facilitating a direct comparison between theoretical and
practical outcomes (Fig. 4-B).

In developing the Measurement Correlation technique,
our iterative design process evolved through several stages
to enhance the visualization of comparing actual measure-
ments against theoretical predictions. Our initial design
displayed only the actual measurement distributions (Fig. 5-
A), but experts pointed out the difficulty in comparing
these directly with mathematical values. To improve, we
introduced juxtapose double bars for theoretical and actual
outcomes (Fig. 5-B). Although this improved comparison, it
resulted in visual clutter due to an exponential increase in
bars with the addition of qubits. Continuing to refine, we
experimented with overlapped bars (Fig. 5-C) to conserve
space, yet this approach led to confusion due to a third color
emerging from the overlap of two distributions, complicat-
ing the comparison task. The final iteration introduced each
bar encoded with a similarity metric (Fig. 5-D), offering an
immediate, quantifiable measure of how closely the actual
measurements align with expectations, thus finalizing a
design that balances clarity, detail, and analytic level.

A B C 50%D

Fig. 5. Iterative visual design for measurement outcomes from (A) to (D).

State Evolution Tracing. Understanding the progression
of qubit states throughout an algorithm is essential for
experts to fully comprehend the algorithm’s workings. Un-
like classical programming, where variable values are static
until modified, quantum states evolve interdependently in
textual formulas and quantum circuits, creating dynamic
consistency challenges. To address this, we trace the evo-
lution of quantum states both visually and textually (Fig. 4-
C), ensuring their accurate progression is easily verified and
understood. QuRAFT implements a brushing and linking
interaction across two linked views. When a user selects
a qubit state in the quantum circuit or its mathematical
formulation, the entire evolution of that state is highlighted,
providing a clear depiction of its transformations. Following
expert suggestions, we also incorporate functionality that
allows users to modify the transformations within its evolu-
tion, enhancing the system’s interactivity and user control.

Component Replacement. In the iterative design of quan-
tum algorithms, experts often experiment with various com-
position of quantum operations to observe their effects. To
support this exploratory process, we develop a technique
that enables users to seamlessly switch between different
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Fig. 6. The use case of using QuRAFT to create Grover’s Algorithm. The mathematical formulation is translated into quantum circuit (A1, A2, B1).
Users can interactively compose the circuit component (B2), verify the accuracy of outcomes(C1), and explore creative design (C2, C3).

component configurations, maintaining coherence between
mathematical formulations and circuit implementations.
Users have the option to propose alternative formulations
and select which one to activate at any given time. When
assembling the corresponding circuit components, they can
freely activate alternative configurations (Fig. 4-D). This
feature ensures that changes to the configuration are contex-
tually integrated and can be smoothly executed, enhancing
the flexibility and depth of algorithm design exploration.

6 USE CASES

To demonstrate how QuRAFT supports the quantum algo-
rithm design process in practice, we present two use cases in
collaboration with domain experts. The cases illustrate two
fundamental and recurring workflows: (1) implementing a
well-known algorithm from its mathematical specification,
a common task for researchers reproducing prior work,
and (2) iteratively exploring and modifying a canonical
algorithm, a key part of creative design and optimization.

6.1 Case 1: Grover’s Algorithm
We invited two experts to implement Grover’s algo-
rithm [53] using QuRAFT, a quantum search algorithm
known for its ability to solve the unstructured search prob-
lem faster than any classical algorithm. This case illustrates
how experts develop a quantum algorithm using QuRAFT,
highlighting the efficiency of our designed techniques in
facilitating quantum algorithm creation process.

As the experts were quite familiar with Grover’s algo-
rithm, they quickly formulated the algorithm in mathemat-
ics by typing in LaTex. Firstly, they defined the initial state
|++−〉 of the quantum system. QuRAFT identified the state
as the input of quantum circuit, automatically generating a

state preparation component comprised of H-gates and X-
gates (F1, Fig. 6-A1). Next, they described a CCX operation
applied to three qubits in the math formula, which QuRAFT
adeptly translated into an equivalent circuit component (F2,
Fig. 6-A2). Lastly, the experts typed the matrix to define
a Grover Operator, then QuRAFT encapsulated the matrix
definition as a single quantum gate (F2, Fig. 6-B1).

After the formulation, the experts used QuRAFT to
construct the circuit by dragging and positioning generated
components. QuRAFT maintained the circuit’s consistency
with the formulation by highlighting connections between
components (I1, Fig. 6-B2). Following circuit composition,
the experts predicted specific outcomes from the Grover Op-
erator, expecting a definitive search result of “11”. QuRAFT
offered the visualization that allowed them to compare the
actual measurement outcomes with their expected probabil-
ity (V2, Fig. 6-C1), confirming the algorithm’s correctness.

Eager to delve deeper into the Grover Operator’s design,
the experts experimented with composing two new Grover
Operators using classical quantum gates instead of the ma-
trix definition. They replaced the new designed operators
for previous one (V4, Fig. 6-C2). According to the switching
between different formulations, they found an equivalent
design that yielded the same result “11” and another design
producing “01”. On this basis, the experts came up with
a new idea that they could create another operator that
results in “10” by rearranging the qubit sequence to flip
the component (I2, Fig. 6-C3). They rearranged the qubits
directly within the circuit, with QuRAFT synchronizing the
formulation accordingly. Finally, this exploration enabled
the experts to implement the algorithm in a manner consis-
tent with the math formulation while also expanded design
possibilities, showcasing QuRAFT’s usability and support
for creative exploration in algorithm design.
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6.2 Case 2: Quantum Phase Estimation

In this case, experts were invited to reproduce the quantum
phase estimation, a critical technique in quantum comput-
ing for estimating the eigenvalue of an eigenvector of a
unitary matrix U , as detailed in the IBM Quantum text-
book [54]. This case shows how our features enhance under-
standing and iterations on an existing quantum algorithm.

Initially, the experts typed a unitary operator as
controlled-U in its matrix representation (Fig. 1-B1), iden-
tifying it as the target to be estimated. QuRAFT then trans-
formed this definition into a CU-gate representation within
the quantum circuit (F2). To construct the quantum system,
the experts registered two qubits. The first, denoted as the
data qubit |x〉, is designed to hold the data from subsequent
computations. The second, represented as the quantum state
eigenvector |ψ〉, corresponds to the relevant eigenvector
of U , initialized as |1〉. To note the duty of these qubits,
the experts added annotations next to their notations. The
QuRAFT seamlessly synchronized these annotations on the
circuit diagram, ensuring that the roles of the qubits were
clearly visible and understandable within the visual rep-
resentation of the circuit (V1, Fig. 1-A1). Consequently, a
two-qubit system was initialized in the state |ψ〉|x〉 = |1〉|0〉
(F1, Fig. 1-A2). The experts clicked on the mathematical
representation of initial state to examine its preparation
components in the quantum circuit. They confirmed that an
X-gate was appropriately applied to produce the state |1〉.

Following this setup, the experts formulated a transfor-
mation of the state to |ψ〉|+〉 by applying a Hadamard oper-
ation on |x〉, as shown in the math formulation (Fig. 1-B2).
QuRAFT translated this formulation into a H-gate operation
targeting |x〉 (F2). The experts found the outcomes correctly
fit their expectation, then proceeded to compose the new
generated component into the circuit. They dragged the
component from the Component Panel (Fig. 1-C) to the Cir-
cuit Panel (Fig. 1-A). Connection highlights ensured that the
input of this component |x〉 was connected appropriately
with the output of the state preparation (I1). Meanwhile, the
measurement visualization demonstrated the current out-
put of the circuit was consistent with experts’ expectation
written in math (V2, Fig. 1-B2). Subsequently, the experts
applied the CU operation and calculated excepted results
(F2, Fig. 1-B3). This operation was also transformed and
positioned within the circuit (I1, Fig. 1-A3). They performed
a measurement check against the expected outcomes. Con-
tinuing, applying another Hadamard operation brought the
system to its final state. Through this process, the experts
observed the phase kickback effect introduced by the CU
operation and annotated this phenomenon on the CU-gate
(V1, Fig. 1-A3). Lastly, they varied the parameter θ in the
controlled-U matrix to validate the accuracy of the algo-
rithm through measurement outcomes with different circuit
configurations (V2, Fig. 1-B5).

To enhance the precision of the phase estimation, the
experts introduced a doubling phase method by modifying
the single CU operation to a double CU operation in the
mathematical formulation (Fig. 1-B4), which accordingly
doubled the application of CU-gate in the circuit (F2, Fig. 1-
A4). This increased the effect of phase kickback to 2θ,
thereby improving estimation precision. This phenomenon,

CU(θ)CU(θ) = CU(2θ), was verified by experts using the
combination of Component Replacement and Measurement
Correlation features.

For applying this enhancement to the algorithm, the ex-
perts expanded the quantum system by adding the number
of data qubits, previously denoted as |x〉. When the experts
selected the first |x〉 in formulas for editing, QuRAFT traced
the appearance of this qubit in both math formulas and
quantum circuits with highlights (V3), aiding the experts in
expanding |x〉 to two qubits, now denoted as |a0a1〉. Conse-
quently, they updated the operators previously affecting |x〉,
e.g., applied new Hadamard operations on the new added
qubit. They also defined a new phase kickback component
comprising more CU operations, followed by the applica-
tion of an inverse QFT operation to convert the phase state
into the evaluation state. Finally, they inputted various θ
values and verified the success of algorithm enhancement.

7 USER EVALUATION

To evaluate the effectiveness of our proposed design tech-
niques and their impact on the quantum algorithm design
process, we conducted a qualitative and a quantitative eval-
uation. QuRAFT was developed as a web-based interface,
functioned as a technology probe to facilitate participants
utilizing our techniques in quantum algorithm design tasks.

7.1 Qualitative Evaluation
This evaluation was designed to evaluate the effectiveness
of QuRAFT’s formulation, implementation, and validation
techniques in supporting quantum algorithm design.

7.1.1 Methodology
We conducted the qualitative evaluation through semi-
structured interviews and observational sessions with quan-
tum computing experts.

Participants. We recruited 10 participants (P1-P10, age: 21-
27) from university quantum computing labs, including 2
undergraduates (P1-P2) and 8 graduates (P3-P10), one of
whom also serves as a quantum computing teacher (P6).
While this shared background ensured their familiarity with
the core concepts, we acknowledge that it also represents
a limitation, as their perspectives may not fully capture
those of industry practitioners. Future work should aim to
include a more diverse participant pool. These participants
represented a breadth of specializations within quantum
computing, such as quantum finance, superconducting cir-
cuits, quantum algorithm optimization, etc. None of the
participants were the same as the experts who helped design
the system. Four of them had research experience over two
years. All participants were proficient in Qiskit, alongside
other tools like Pennylane, QuTiP, and Wolfram, reflecting a
well-rounded toolset in their daily work, which ranged from
learning to academic research. Six participants had a strong
foundation in the algorithms explored during the evalua-
tion. The experiments were conducted online and lasted
40 to 60 minutes, with each participant equally receiving
approximately US$15 as an incentive for their participation.

Task. It was divided into two parts. The first part, Repro-
duction, required participants to use QuRAFT to implement
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a well-known quantum algorithm. This part aimed to eval-
uate the system’s ability to facilitate creating an algorithm
accurately, which involves the formulation and implemen-
tation process. The second part, Creative Design, challenged
participants to re-design a part of the reproduced algorithm.
This part was intended to assess QuRAFT’s support for the
creative and innovative aspects of algorithm development,
focusing on how well it enables users to conceptualize,
visualize, and iterate on new ideas of quantum algorithms.
Participants were recommended to sufficiently use our pro-
posed validation techniques to verify their work.

Procedure. The evaluation began with a 5-minute introduc-
tion to outline the study purpose, then followed by a 15-
minute tutorial, providing a comprehensive walkthrough
of QuRAFT’s features, using a specific use case. Before
starting the task, participants were given sufficient time to
freely navigate the system and pose any questions regarding
the algorithm they would be working on, ensuring a level
of comfort and familiarity with the user interface. Partic-
ipants then independently completed the task over a 20-
minute period, encouraged to explore QuRAFT’s features
while having access to support for any inquiries. After task
completion, participants were invited to a 15-minute semi-
structured interview. We elicited their evaluation on each
feature and the usability of QuRAFT using 7-Point Likert
questionnaires, gathered in-depth insights into how these
features might influence their work in practical scenarios,
and collected suggestions for potential improvements.

7.1.2 Results

In summary, the evaluation results highlight the effective-
ness of QuRAFT’s formulation, implementation, and valida-
tion techniques in enhancing the quantum algorithm design
process, as well as the system’s overall usability and user
experience (Fig. 7). We provide a detailed analysis below.

System UsabilityValidationForm. & Implem.

1 2 3 4 5 6 71 2 3 4 5 6 71 2 3 4 5 6 7
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Fig. 7. The results of qualitative evaluation, including the ratings of
QuRAFT’s features and system usability.

Formulation Techniques. Participants found the formula-
tion techniques provided by QuRAFT to be highly effective,
with an average rating of 6.35 (σ = 0.933). The State Prepa-
ration feature (F1) was praised for its “efficiency in setting
up initial states,” which users found essential for starting the
design process on the right foot (P1). The Math-to-Circuit
Mapping (F2) was acclaimed for its “innovative approach
to translating complex mathematical expressions directly
into circuit components,” streamlining the algorithm design
process (P6). Participants acknowledged the usability of
these features in reducing effort and time spent on algorithm
formulation, especially for creating from scratch or repro-
ducing existing one following mathematical descriptions.

Implementation Techniques. The implementation tech-
niques received positive feedback, with an average rating
of 6.3 (σ = 1.031). The Gate Composition feature (I1)
was commended as it provided “an intuitive and reliable
guidance on how to accurately compose quantum gates”
(P5), which was benefited from the consistent visual linking
between mathematical expressions and circuit components.
Participants expressed that composing quantum gates was
most error-prone in traditional quantum programming en-
vironments, and QuRAFT’s feature significantly reduced the
likelihood of mistakes. Meanwhile, the Qubit Arrangement
feature (I2) was appreciated for allowing “flexible and intu-
itive organization of qubits,” enhancing the overall design
clarity and effectiveness (P8). Furthermore, one participant
noted that visually building the circuit is preferable to
typically writing code for sketching out ideas, as it provides
a more intuitive and interactive experience (P3).

Validation Techniques. Validation techniques were highly
valued by participants, with an average score of 6.35 (σ =
0.9753). Synchronized Annotation (V1) and State Evolution
Tracing (V3) were recognized for their roles in “enhancing
understanding of the roles of algorithm components and
qubits,” (P10). The cross-view highlighting that comes with
user interaction was also seen as a significant advantage, as
it reduces the cognitive load when the circuit scales up (P2).
Measurement Correlation (V2) and Component Replace-
ment (V4) were particularly noted for providing “clear, real-
time insights into algorithm behavior and potential issues,”
aiding in swift adjustments (P7).

System Usability. In terms of system usability, QuRAFT
was rated favorably across four metrics: easy to learn (6.3),
easy to use (6.2), likelihood to use again (6.5), and over-
all satisfaction (6.6). Participants appreciated the system’s
user-friendly interface, comprehensive feature set, and the
overall efficiency it brought to the quantum algorithm de-
sign process. Participants also commented that QuRAFT
provided a novel and effective paradigm for quantum al-
gorithm design, “creating quantum circuits tightly coupled
with mathematical expressions was very useful, but it had
remained unrealized in other tools” (P4). The participant
who was also a teacher (P6) indicated that QuRAFT’s user-
friendly and visual interface is more accessible for students
to learn quantum computing algorithms, compared to static
textbooks or traditional programming environments.

Suggestions. Participants also provided crucial critiques
that highlight areas for improvement. A frequently men-
tioned shortcoming was the lack of an undo/redo fea-
ture, which participants considered essential for an efficient
workflow. Some participants expressed concerns about the
system’s scalability, noting that while the interface was ef-
fective for the given tasks, it could become visually cluttered
with more complex circuits. Furthermore, two participants
suggested that a more flexible input method for formulas,
such as pen-based sketching, would better support rapid,
exploratory ideation compared to the rigidity of LaTeX.

7.2 Quantitative Evaluation
This evaluation was designed to evaluate the overall impact
of QuRAFT on the efficiency and accuracy of quantum
algorithm design using quantitative metrics.
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7.2.1 Methodology

We followed a within-subject design to compare the perfor-
mance of participants using QuRAFT and without QuRAFT
in completing a quantum algorithm design task.

Experimental Conditions. The evaluation was conducted
under two conditions for comparison:
• Baseline condition: Participants wrote code using Qiskit

in Jupyter Notebook to complete the task. IBM Quantum
Composer was also available for participants to use if they
needed a visual interface.

• QuRAFT condition: Participants used QuRAFT to com-
plete the task, leveraging its formulation, implementation,
and validation techniques.

Participants. We additionally recruited six participants for
the qualitative evaluation. All of them are quantum com-
puting researchers from university labs, with a minimum
of one-year experience in quantum algorithm design or
development. All participants were proficient in Qiskit and
familiar with basic quantum algorithms.

Task. The task required participants to implement the same
quantum algorithm (3-qubit quantum phase estimation)
under both conditions. The task involved three stages: For-
mulation, Implementation, and Validation. First, participants
were given a description of the algorithm, mathematical ex-
pressions, and pseudocode describing the input, output, and
procedure of the algorithm. They were asked to formulate
the algorithm by mapping each mathematical expression to
quantum circuits. Next, participants implemented the algo-
rithm using provided tools. Finally, participants validated
their implementation by tracing the state evolution and cor-
relating the measurement results with expected outcomes.

Procedure. The evaluation involved two sessions for each
participant, one for each condition. We counterbalanced the
order of the two conditions to mitigate potential learning
effects. The two sessions were separated by several days
to minimize the impact of memory on the results. At the
beginning of each session, participants were given a 5-
minute introduction to the study purpose and the task they
would be performing. Participants were then given a 10-
minute tutorial on how to use QuRAFT if they were in
the QuRAFT condition. Before starting the task, participants
were given sufficient time to familiarize themselves with
the experimental setup and ask any questions. They then
independently completed the task with access to support as
needed. After completing the task, participants participated
in a 5-minute post-study interview to provide feedback
about their experience in each condition and the challenges
they encountered during the task. The evaluation lasted
totally 40-60 minutes for each participant. It was conducted
online, and recorded with participants’ consent. Each partic-
ipant equally received $20 after completing the evaluation.

Metrics. We reviewed the recorded sessions after the eval-
uation to collect two quantitative metrics: task completion
time and the number of errors made during the task.

7.2.2 Results

Table 1 summarizes the quantitative comparison between
the Baseline condition (using Qiskit with IBM Quantum

Composer) and the QuRAFT system. Overall, QuRAFT
yielded substantially lower task completion times and re-
duced number of errors error across all participants.

Task Completion Time. From a timing perspective, partici-
pants in the Baseline condition required an average of 13.01
minutes (SD = 3.32) to complete the assigned tasks. In con-
trast, participants using QuRAFT consistently demonstrated
shorter completion times, ranging between 0.83 and 2.03
minutes, with a group average of 1.16 minutes (SD = 0.45).
Each participant experienced significant reduction in task
duration. These findings suggest that QuRAFT’s interactive
features and automated processes considerably diminish the
manual overhead in developing quantum algorithms.

Error Analysis. Error analysis further supports the effec-
tiveness of the QuRAFT system. In the Baseline condition,
participants recorded an average of 1.17 errors (SD = 0.75),
with a total of 7 errors observed. These errors comprised
incorrect gate placement (1/7), erroneous qubit assignment
(3/7), and circuit structure mistakes during the insertion of
measurement code in Jupyter Notebook (3/7). In contrast,
only a single error was recorded with QuRAFT, which
resulted from a misunderstanding regarding the order of
mathematical expressions. This near-elimination of errors
highlights how features such as visual circuit composition
and context-aware validation can help avoid mistakes com-
monly observed in standard quantum programming tools.

TABLE 1
Quantitative comparison between the Baseline (Qiskit with IBM

Quantum Composer) and QuRAFT conditions.

Participant Task Time (min) Error Count

Baseline QuRAFT Baseline QuRAFT

P1 16.91 1.01 2 0
P2 12.70 2.03 1 1
P3 12.33 0.9 1 0
P4 8.88 0.9 1 0
P5 16.88 0.83 2 0
P6 10.32 1.2 0 0

Mean (SD) 13.01 (3.32) 1.16 (0.45) 1.17 (0.75) 0.17 (0.41)

8 DISCUSSION

In this section, we discuss design implications, limitations,
and future work of our study.

8.1 Design Implications
This design study reveals implications for future research
on quantum algorithm design, informed by our evaluation
results and domain expert feedback.

Augmenting quantum circuit with math significantly en-
hances user comprehension. Most participants (8/10) com-
mended our system for its effectiveness in comprehend-
ing algorithms. Feedback from domain experts indicates
a general preference for reading visual quantum circuit
rather than math formulas to learn algorithms in their daily
work. By visually linking abstract mathematical concepts
to their practical applications in quantum circuits, users
gain a deeper and more intuitive grasp of the underlying
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processes, underscoring the value of mathematical augmen-
tation in quantum computing education and design.

Concurrent interaction across math and quantum circuit
boosts user engagement and efficiency. Participants found
the interactive math formulas engaging and enjoyable to
use. Our techniques are commented “novel” by experts as
their frequently used tools often only provide interactions
on either circuit or math (P6). Our design space that en-
compasses both mathematical and circuit modalities, opens
up a broader canvas for interaction design. Participants
further appreciated how our system “reduces effort cost
in switching between formulation, quantum circuit, and
programming code” (P3). This seamless integration allows
users to directly manipulate and observe the effects of
changes in mathematical formulations on quantum circuits
in real-time, thereby streamlining the design process and
significantly reducing the time and effort needed to develop
and refine quantum algorithms.

Levels of interaction complexity informs design approach.
An observation from user evaluation revealed participants
usually have more requirements on complex interactions.
For basic, atomic interactions, straightforward solutions
such as simple highlight are adequate and provide sufficient
guidance, such as the State Preparation. However, as inter-
actions become more collective and relational, encompass-
ing multiple components or complex relationships between
elements, there is a clear need for more sophisticated tools.
This gradation in interaction complexity underscores the
necessity for a tiered approach to tool design, ensuring that
user needs are met at every level of engagement.

Potential to integrate high-level action techniques. During
the evaluation, we observed participants frequently em-
ployed specific techniques in combination to accomplish
particular tasks. For instance, Qubit Arrangement was often
paired with State Evolution Tracing. Some participants to
suggest that the integration of techniques to facilitate high-
level actions could enhance design efficiency and reduce
the learning curve. Our work lays the foundation for this
advancement, suggesting that future tools could benefit
from merging multiple actions into cohesive operations.

Code is another essential representation for large-scale
quantum algorithm design. In our post-study interviews,
quantum experts expressed a clear shift in tool preferences
based on circuit scale. For small, simple circuits, experts
favor visual interfaces and visualization tools that enable
rapid prototyping and immediate validation of design ideas.
However, as the complexity increases, these intuitive dis-
plays become cluttered and hard to interpret, leading ex-
perts to rely more on programming tools. Techniques such
as looping and code encapsulation allow for efficient exten-
sion and validation of large-scale circuits, making code an
essential modal of representation alongside math formulas
and circuit diagrams. Our work has presented an effective
design paradigm by integrating math and circuit represen-
tation for small-scale quantum algorithms. With the integra-
tion of code representations, it could be extended to support
the development of larger-scale quantum algorithms.

8.2 Limitations and Future Work
Our investigation through QuRAFT uncovers several areas
ripe for future exploration and development, with several
challenges and opportunities ahead.

Scalability. The evaluation demonstrated QuRAFT’s effec-
tiveness for small-scale and toy problems, which is signif-
icant for learning quantum basis and early-stage develop-
ment of scalable algorithms. As the algorithms and circuits
grow in complexity and size, incorporating a greater num-
ber of formulas and quantum gates, the clarity of current
visual designs may be affected. To address this, future
iterations could explore the integration of abstraction and
simplification techniques to reduce the cognitive load on
users and minimize visual clutter [36], potentially adapting
our approach for more advanced quantum computing tasks.

Input Modalities. Currently, QuRAFT relies on LaTeX for
the input of mathematical formulas, a method that, while
precise, may not be the most intuitive for all users. Feed-
back from experts indicates a potential enhancement in
usability through the adoption of pen input for entering
formulas, making the interface more accessible and aligning
with natural writing habits. Additionally, the integration of
sketch-based interactions for mathematical expressions [41],
such as sliding over values to adjust them, could further
streamline the design process, offering a more dynamic and
user-friendly approach to modifying algorithm parameters
directly within the system.

Intelligent Reasoning and Generation. Our concept of
mapping mathematical formulations to quantum circuit
representations has been well appreciated by experts. Our
current methodology relies on visual mappings between
mathematical concepts and quantum circuits, guided by
predefined rules. Moving forward, there is significant poten-
tial to adopt machine learning techniques to enable more so-
phisticated mappings. Furthermore, integrating mathemat-
ical reasoning and error-checking functionalities could also
streamline the design process and reducing the likelihood
of errors in the final quantum algorithm.

Noisy Environment. While our current work emphasizes
the theoretical and logical aspects of quantum algorithm
design, the practical application of these algorithms on real
quantum computers introduces the challenge of noise [3].
To address this, future iterations of our approach could
incorporate features for noise visualization [55] and error
mitigation strategies [56], [57], equipping users with tools
to adapt their algorithms for practical applicability and
enhanced robustness on actual quantum hardware.

9 CONCLUSION

This study explored the design space of bridging mathemat-
ical concepts and quantum circuits in quantum algorithm
design process. We characterize the design process across
its textual and visual representation spaces. QuRAFT is
developed to facilitate the transition between mathematical
concepts and practical quantum circuit, with a series of
delicately designed techniques. Our case studies and user
evaluation have demonstrated the benefits of integrating
math and circuit in quantum algorithm design, which also
provide valuable design implications for future work.
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