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ABSTRACT In the contemporary era of scientific and technical innovations, we are witnessing remarkable
progress in the realm of quantum computing. Today’s phase is referred to as the second quantum revolution,
characterized by ongoing research and progress in the hardware, software, and applications of quantum
computers. While the theoretical foundations of quantum computing have been in place for decades, the
practical tools and technologies that have emerged in recent years have catapulted this field from theory
into reality. This paper provides a brief overview of the fundamental principles of quantum computing
and explores the various technologies that support them. From quantum programming languages and
simulators to quantum hardware platforms and software development kits, these tools have paved the
way for groundbreaking research, experimentation, and the exploration of quantum’s boundless potential.
Furthermore, it addresses the current developments, existing challenges, ongoing improvements, and future
prospects in this dynamic field.

INDEX TERMS Quantum computing, quantum revolution, quantum algorithm, quantum gates, quantum
programming language, quantum simulators, error correction.

I. INTRODUCTION

The idea of quantum computing is built upon the principles
of quantum mechanics. It introduces the concept of qubits,
which can exist in multiple states simultaneously. Because of
this property, quantum computers can perform complex com-
putations exponentially faster than classical computers [1].
Unlike classical computers that rely on binary digits, 0 and 1,
for computational processes, quantum computers leverage the
potential of qubits [1]. As the complexity and scale of a task
increase, classical computers often experience a significant
reduction in their performance, which follows an exponential
downward trend. Additionally, a critical distinction between
quantum and classical computers is that quantum computers
are more sensitive to noise. Noise can cause qubits to lose
their quantum state, resulting in calculation errors [2].
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For instance, current climate change predictions are based
on analyzing historical data trends and variations collected
over time [3]. This analysis uses past climate data and
statistical analysis, which may lead to less precise and
inaccurate results. In contrast, quantum computers can use
real-time data to simulate complex atmospheric processes
with much greater accuracy [4]. This can lead to highly
precise predictions of climate outcomes, resulting in accurate
warnings about upcoming natural disasters. These predictions
can help mitigate the risk to both life and property, making it
easier to prepare for and potentially prevent calamities.

Due to the enormous amounts of data generated in
various fields, classical computers are facing challenges
when it comes to processing and analysis [6]. Quantum
computers on the other hand have the potential to perform
computations much faster, providing faster results. It can
address logistical issues by optimizing routes, managing
supply chains, and overseeing inventory levels [7]. Quan-
tum computing can significantly enhance machine learning
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algorithms by processing and analyzing vast amounts of
data and efficiently handling complex computations [8].
Quantum algorithms can be used for various computational
tasks, including quantum simulation, big data analytics,
optimization problems, solving differential equations, and the
Quantum Fourier transform [9], [10], [11].

Although full-fledged quantum computers are not yet
available, several major players are investing in and working
towards achieving quantum supremacy [12]. This includes
tech giants like Google, IBM, Microsoft, and Alibaba as well
as startups like PsiQuantum, D-Wave, Xanadu, and Rigetti
are actively participating to reach this feat. The field is rapidly
evolving, and numerous other organizations are advancing the
technology and its applications [13].

Examining the tools and technologies underpinning quan-
tum computing, we aim to provide a holistic overview of the
field’s present status and identify promising directions for
future progress. This survey focuses on presenting a brief
review of the basics of quantum computing for quantum

VOLUME 12, 2024

FIGURE 2. A researcher at IBM's Thomas J. Watson Research Center
examining some of the quantum hardware being constructed there.
(Photo by Connie Zhou via Flickr [5]).

hardware and software enthusiasts. It aims to provide
readers with various new tools and technologies available
in this field. We have also delved into its challenges and
limitations, from the delicate nature of qubits to the hurdles of
scalability and error mitigation. The promising advancements
in optimization, cryptography, drug discovery, and machine
learning across industries have been illuminated. Following
sections of the paper are shown in FIGURE 1.

Il. RELATED WORKS

The field of quantum computing is rapidly evolving,
revolutionizing the way we approach complex computa-
tional problems. Researchers and practitioners alike have
delved into various aspects of quantum computing, ranging
from foundational principles and algorithmic advancements
to the practical implementation of quantum technologies.
This section provides a comprehensive overview of the
key contributions in the field, emphasizing the evolution
and progress that have shaped the landscape of quantum
computing research as shown in TABLE 1.

Li et al. [14] provides a comprehensive overview and
comparison between quantum optimization and quantum
learning algorithms. This field has gained attention in recent
years due to its potential to solve certain types of optimization
problems exponentially faster than classical methods. The
paper explores various approaches and techniques used
in quantum computing for solving optimization problems
and machine learning tasks. However, it still faces several
challenges, including the need for large-scale and fault-
tolerant quantum hardware.

Kusyk et al. [15] addresses the various without-error and
error-tolerant algorithms and their performances on both
accurate compilation and noise tolerance. The paper explores
the challenges faced on NISQ devices due to noise and qubit
connectivity. It discusses the role of artificial intelligence and
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TABLE 1. Related works.

Author(s) and Refer-
ence

Summary

Advantages

Disadvantages

Yangyang Li et al. [14]
[2020]

It provides an overview of
quantum mechanics and in-
telligent algorithms and ex-
plores quantum optimization al-
gorithms (QEA, QAA, QPSO)
and quantum learning algo-
rithms (QNN, QBN, QWT).

- Powerful computing power
and parallel ability

- Shor’s and Grover’s algo-
rithm, provide exponential ac-
celeration and efficiency for
certain problems

- Development of quan-
tum hardware lags be-
hind

- Most quantum algo-
rithms are currently sim-
ulated rather than imple-
mented

Janusz Kusyk er al. [15]
[2021]

It discusses the challenges of
mapping quantum circuits onto
NISQ hardware and its limi-
tations, and explores Al-based
methods.

- NISQ computers have the po-
tential to compute expensive
applications such as machine
learning, aerospace design, and
financial modeling

- Physical constraints and
limitations of the quan-
tum architecture

- Limited connectivity
and high error rates

Paramita Basak Upama
et al. [16] [2022]

Provided an overview of vari-
ous quantum computing tools,
about present quantum comput-
ing layers, and application of
quantum computing tools.

- Improved performance using
Quantum Computing Layers

- Quantum Simulators for better
understanding of quantum cir-
cuits

- Hardware scalability

- High sensitivity of
quantum systems

- Low error correction
rates

Marcello Caleffi et al.
[17] [2022]

Explained quantum internet and
distributed quantum comput-
ing, where a number of individ-
ual quantum processors cooper-
ate to solve a problem.

- Enhanced fault-tolerance

- Increased computational
power

- Improved scalability

- Increased complexity

- Resource intensive

- Heterogeneity among
quantum links

Zebo Yang et al. [18]
[2023]

It discusses the key elements
of the quantum internet in de-
tail, namely quantum comput-
ers, quantum networks, quan-
tum cryptography, and quantum
machine learning.

- Problems can now be solved
with great efficiency using
quantum algorithms
- It can solve problems that
were not possible before, with
classical computers

- Lack of error correction
mechanism

- Quantum networking
requires  high level
knowledge and skill set
to work upon

Our work [2023]

Presented a survey on recent in-
novations and discussed avail-
able tools and technologies
used for quantum computing.
Discussed its present landscape
and its applications, challenges,
and future directions.

- Comprehensive coverage of
the basics of quantum comput-
ing

- Detailed analysis of tools,
challenges, and forthcoming
applications

- Explained using tables and
figures

- Limited coverage on
distributed quantum
computing, neural
network QNN, and QML

its role in improving accuracy and efficiency of the quantum
circuit compilation process for noisy quantum computers.

Upama et al. [16] presents a comprehensive survey of
the evolution and advancements in the field of quantum
computing tools. The paper explores the various tools and
frameworks that have been developed to facilitate quantum
computing research, including quantum programming lan-
guages, simulators, compilers, and quantum development
environments. It discusses the features and functionalities
of these tools and provides insights into their applications
in different areas, such as quantum algorithm design, error
correction, and quantum machine learning.

Caleffi et al. [17] provides an overview of various
approaches to distributed quantum computing, including
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network-based architectures, distributed quantum algorithms,
and communication protocols for quantum information
exchange. It discusses the benefits and limitations of
distributed quantum computing, such as increased com-
putational power and fault tolerance. Additionally, the
paper addresses the key challenges in implementing dis-
tributed quantum computing systems, including quantum
entanglement distribution, synchronization, and error correc-
tion.

Yang et al. [ 18] focuses on topics such as quantum machine
learning, quantum internet, quantum neural networks, and
quantum cryptography in detail. The paper highlights the
need for efficient algorithms and error correction techniques
to mitigate the effects of noise and decoherence in quantum
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systems. Furthermore, it analyzes the challenges and limita-
tions that arise when applying quantum computing to finance,
such as noise, error correction, and hardware constraints.
It also covers the impact on encryption and security protocols,
as well as the need for new techniques to ensure secure
quantum communication.

The literature boasts of numerous review papers that
have made remarkable contributions to the field of quantum
computing. These papers have carried out in-depth analyses
of various technical topics, including quantum algorithms,
quantum machine learning, quantum neural networks, quan-
tum distributed networks, and many other related topics.
However, most of the papers that include this topic are
very difficult to understand due to their technicality and
complexity or lack of a detailed discussion of the most
recent advancements. Also, most of the existing literature
on this topic is mainly for readers either belonging to the
field of physics or computer engineering, which creates a
gap for readers. This survey bridges this gap by covering the
topics from the basics with the use of figures and tables for
better understanding. There are no prerequisites for reading
this paper. It presents an analysis of tools and technologies
enabling quantum computing and its applications. This study
aims to highlight some significant advances in quantum
computing and offer the reader practical pointers for further
research.

1Il. BASICS OF QUANTUM COMPUTING

In this section, we present the foundational principles of
quantum mechanics essential for understanding quantum
computing. Concepts such as superposition, entanglement,
and quantum interference are explained, shedding light on
the unique characteristics of quantum systems [19]. This
section explores the properties of qubits, quantum gates and
circuits, quantum algorithms, and qubit technologies. The
layered process architecture of a quantum computer is shown
in FIGURE 3.

A. BACKGROUND

Quantum computing uses the principles of quantum mechan-
ics to carry out complex calculations at unbelievable speeds.
Quantum mechanics is a branch of physics that describes the
behavior of matter and energy at the atomic and subatomic
levels [20]. Several principles of quantum mechanics are
fundamental to understanding quantum computing [21].
These unique properties of qubits form the foundation
of quantum computing and distinguish it from classical
computing [22]. The ability to leverage superposition and
entanglement opens up exciting possibilities for tackling
complex problems. Quanutm principles like superposition
and entanglement allows qubit to exist in multiple states
and become correlated regardless of distance. Quantum
error correction is crucial to protect qubits from noise
and ensure the reliability of quantum computations [23].
Several quantum mechanics principles relevant to quantum
computing are:
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FIGURE 3. Processing architecture of a quantum computer.

1. Superposition: States that a qubit can exist in multiple
states simultaneously and helps in parallel computation [24].

2. Entanglement: Occurs when two or more qubits become
correlated in such a way that the state of one qubit is
dependent on the state of another [25].

3. Interference: Different paths that a quantum system can
take to reach a specific state can interfere constructively or
destructively to produce meaningful results [26].

4. Measurement and Collapse: When a quantum system is
measured, it collapses into one of its possible states with a
certain probability [27].

5. No-Cloning Theorem: As per the no-cloning theorem,
it is impossible to create an exact copy of an arbitrary
unknown quantum state [28].

6. Heisenberg’s Uncertainty Principle: It is impossible
to simultaneously know both the qubit’s position and
momentum, introducing inherent uncertainties in measure-
ments [29].

B. QUANTUM GATES
1) QUANTUM GATES
Quantum gates are elementary operations that act on
individual qubits, altering their quantum states. Each quan-
tum gate performs a specific quantum operation, such as
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TABLE 2. Properties of commonly used basic quantum gates.

Gate Matrix Notation Description
1 0
Identity (1) < > 1 Acts as an identity operation, leaves the quan-
0 1 tum state of a qubit unchanged.
0 1
Pauli-X (X or NOT) < > X Performs a bit-flip operation, changing the 10)
10 state to 1) and vice versa.
0 —i
Pauli-Y < ) Z) Y Performs a bit-flip operation combined with a
i 0 phase flip, changing the 10) state to the imagi-
nary unit times 11) and vice versa.
1 0
Pauli-Z < ) VA Changes the sign of the qubit’s state along the
0 -1 Z-axis (l0) state: unchanged I1) state: Flip).
1 1
Hadamard (H) % ( > H Transforms a classical bit into a quantum su-
1 -1 perposition, representing both 0 and 1 simulta-
neously.
10 0 0
0 1 0 O . .
Controlled-NOT CNOT Performs a NOT operation on the target qubit,
(CNOT) 00 01 but only if the control qubit is in the state I1).
0 01 0

creating superpositions, rotating qubit states, and entangling
qubits [30]. Matrix representation and notations of some
common gates are given in TABLE 2 which include:

— lIdentity gate: Maintains the state of qubits during
operations, ensuring that qubits remain unchanged
during operations [31].

— Pauli Gates (X, Y, Z): Perform rotations of qubit states
around the X, Y, or Z axis of the Bloch sphere [32].

— Hadamard Gate: Creates superpositions, allowing
qubits to be in multiple states simultaneously [33].

— Controlled-NOT (CNOT) Gate: Entangles two qubits
based on the state of a control qubit, making it a crucial
gate for quantum circuit design [34].

C. QUANTUM CIRCUITS

Quantum circuits consist of an arrangement of quantum gates
that represent quantum algorithms or computations. Similar
to classical circuits, which use logic gates to process classical
bits, quantum circuits utilize quantum gates to manipulate
quantum information stored in qubits [35]. As qubits pass
through these gates, their states undergo transformations, and
their entanglement patterns change, allowing for complex
quantum computations [36]. The final output of the quantum
circuit represents the result of the quantum computation. One
such exmaple of teleportated circuit generated using Qiskit is
shown in FIGURE 4.

D. QUANTUM ALGORITHMS
Quantum algorithms are specialized sets of instructions
designed to run on quantum computers. Quantum algorithms
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FIGURE 4. The quantum state teleportation circuit produced using Qiskit.

are formulated based on the principles of quantum gates and
circuits, facilitating the manipulation of quantum information
stored within qubits [44]. One popular quantum algorithm
is Shor’s algorithm, which solves the factorization problem
efficiently. It has significant implications for cryptography
as it can break many of the currently used encryption
schemes, making it a vital algorithm to study in the
context of quantum computing [45]. Another example is
Grover’s algorithm, which provides a quadratic speedup for
searching unsorted databases. This algorithm has potential
applications in various fields, including optimization and
data analysis [46]. Researchers are actively engaged in
tapping into the capabilities of quantum algorithms and
examining their impact across diverse problem domains [47].
Few examples of quantum algorithms along with the types
of problems they are designed to solve are shown in
TABLE 3.
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TABLE 3. Common Quantum Algorithms.

Quantum Algorithm Problem Type Description Application
Grover’s Search Algorithm [37] Unstructured Speeds up Database Search, Molec-
Search unstructured search in ular Simulation, Image
an unsorted list Recognition
Shor’s Factoring Algorithm [38] Integer Factors large numbers Cryptography, Quantum
Factorization into primes Chemistry Simulations

Quantum Approximate Opti- Optimization Prob-

Approximate solutions Combinatorial optimiza-

(QSVM) [40]

mization Algorithm (QAOA) lem to optimization prob- tion, Portfolio optimiza-
[39] lems tion
Support Vector ~ Machine Machine Learning Enhancing support Classification tasks, pat-

vector machines using
quantum features

tern recognition

Quantum Principal Component Data Analysis Extracting  principal Data compression, di-

Analysis (PCA) [41] components from data mensionality reduction

Quantum Fourier Transform Signal Processing Discrete Fourier trans- Cryptography, Solving

[42] form on a state linear systems of
equations

Quantum Approximate Count- Counting Problems Counting  Solutions Statistical Analysis,

ing (QAC) [43] Approximating  the Graph Theory

number of solutions to
the problem

E. QUBIT TECHNOLOGIES

Qubit technologies serve as the building blocks of quantum
computing, each harnessing unique physical properties to
store and manipulate quantum information. These qubit
technologies are pivotal in shaping the quantum computing
landscape and unlocking the potential of quantum supremacy.

— Superconducting Circuit: Carry electric current with
zero resistance when cooled to ultra-low temperatures,
qubits can be entangled and manipulated through
microwave pulses [48].

— Cavity Quantum Electrodynamics (CQED): Interaction
between light and matter, quantum emitters are coupled
to optical cavities, enhancing their interaction [49].

— Photonic Qubits: Quantum information are encoded
in photons, offers secure and high-fidelity quantum
information processing [50].

— Trapped Ions: lons are confined using electromagnetic
fields, allowing control and manipulation of their
quantum states [51].

— Silicon-based qubits: Utilizes advanced fabrication
techniques, its inherent isotopic purity contributes to
qubit coherence times [52].

— Topological Qubits: Quantum information is stored in
the braiding of anyons—quasi particles to achieve fault-
tolerant computation [53].

— Hybrid Quantum Systems: Combine different qubit
technologies to leverage the unique advantages of each
qubit technology [54].
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Quantum computing possesses the potential to address
computationally demanding challenges spanning fields like
cryptography, drug discovery, climate modeling, and opti-
mization [55]. The global interest and competition to propel
this realm forward underscore its capacity to transform
multiple industries [56]. The imperative to develop stable and
scalable quantum systems remains paramount in realizing
the complete potential of quantum computing and effectively
confronting real-world issues [57].

IV. TOOLS FOR QUANTUM COMPUTING

Although quantum computing is in its initial phases of
development, several tools are enabling the development
of quantum applications [58]. This section delves into the
essential tools enabling quantum computing, encompass-
ing quantum processors, quantum programming languages,
quantum simulators, quantum hardware platforms, and quan-
tum error correction tools [59]. As we traverse this quantum
landscape, we discover how these tools are paving the way for
innovation and revolutionizing the way we approach complex
problems in science, industry, and beyond [60]. FIGURE 5
shows the important milestones in this everchanging field of
quantum computing.

A. QUANTUM SIMULATORS

Quantum simulators are advanced experimental platforms
engineered to emulate quantum systems, aiding research in
quantum physics. They help researchers experiment with
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Quantum Computing Developement Timeline
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2020
Stage 5 2021
D-Wave Advantage was Stage 6
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5,000 qubits and 15-
way qubit connectivity
with 35000+ couplers
with error rates less
than 0.04%.

rigetti

« Release of the
Rigetti Aspen-10.

* Release of the IBM
Q System Three.

FIGURE 5. Quantum computing development timeline.

algorithms, validate results, and explore quantum phenomena
in controlled environments [61]. For instance, trapped ions
manipulated by lasers have been used as simulators to mimic
complex quantum behavior, offering insights into materials,
high-energy physics, and cryptography, propelling innovation
in diverse scientific domains [62].

1) INTEL QUANTUM SIMULATOR

The Intel Quantum Simulator, known as qHiPSTER (Quan-
tum High Performance Software Testing Environment),
represents a robust and adept quantum circuit simulator.
It deviates from traditional matrix-based methodologies and
harnesses the computational capabilities of multi-core and
multi-node architectures [63]. Unlike conventional methods,
the simulator adopts an all-encompassing approach to
representing qubit states, thus eliminating the requirement
for explicit matrix expressions denoting gates and quantum
operations. Employing the MPI (Message Passing Interface)
protocol, the simulator skillfully coordinates communication
among distributed resources that participate in the storage and
manipulation of quantum states. This innovative approach
enhances the simulator’s efficiency and scalability, making
it a valuable tool for quantum circuit simulation and
exploration [64].

2) GOOGLE CIRQ

Google Cirq is an open-source quantum computing frame-
work developed by Google Al, designed for creating,
simulating, and running quantum circuits on Google’s

57980

Release of IBM Q
System One and Qiskit
SDK. Development of
new qubit materials and
control techniques that
significantly reduced
error rate ..

Stage 7

Honeywell

« Honeywell releases
quantum computer
with 10 trapped ions.

« Google releases
Sycamore processor.

« IBM releases Condor
with 1000+ qubits.

2019

Stage 4

Google

« Google released
the Bristlecone
processor.

« Rigetti released
Aspen-4, which had
81 qubits.

« IBM released IBM Q
System Two, which

had 53 qubits.

2025

Stage 8

Quantum computers
begin to be used for
practical applications,

such as drug discovery. 2030

quantum processors or other supported hardware. It provides
a high-level quantum programming language that allows
users to define and manipulate quantum circuits using
Python. Users can craft, visualize, and simulate quantum
algorithms, allowing for a deeper comprehension of quantum
phenomena [65]. Cirq offers sophisticated noise modeling
tools, allowing researchers to account for these imperfections
in simulations, thereby producing more accurate results.
Researchers can ensure that quantum hardware operates
correctly and optimally by employing Cirq’s calibration tools.
Cirq stands out for its emphasis on noise-aware simulations,
making it particularly suitable for understanding how noise
and errors affect quantum computations [66]. FIGURE 6
shows the general overview of the Google Cirq programming
framework.

3) QUEST

QuEST (Quantum Exact Simulation Toolkit) is developed
by Quantum Technology Theory Group (qtechtheory) and
the e-Research center (oerc) at the University of Oxford.
QuEST is a cutting-edge quantum simulator developed for
advanced quantum research and simulation purposes. Origi-
nating from a collaboration between academics and industry,
QUuEST offers a versatile platform for simulating quantum
systems with remarkable precision and flexibility [67]. Its
features include high-performance simulations of quantum
circuits, advanced error modeling capabilities, and support
for various quantum algorithms. Recent developments have
further enhanced QUEST’s capabilities, with optimizations
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for heterogeneous computing architectures and increased
scalability to handle larger quantum systems [68].
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FIGURE 6. A general overview of Google Cirq.
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4) SCAFFOLD/SCAFFCC

Scaffold/ScaffCC is a quantum circuit simulator developed
by the Princeton Quantum Information Center. It uses a
C++ based framework that allows it to be easily extended
to support new features and hardware architectures. It is
designed to be scalable and extensible, making it a valuable
tool for simulating large and complex quantum circuits.
It also uses a variety of optimization techniques to improve
performance, such as caching and parallelization. It can
be used to simulate noisy quantum systems. By simulating
noisy quantum systems, researchers can study how noise
affects the performance of quantum algorithms. In recent
developments, the simulator has seen enhancements in
its quantum algorithm analysis capabilities, optimization
techniques, and support for various quantum hardware
platforms [69]. Internal structure and dataflow in the ScaffCC
compiler is shown in FIGURE 7.

CTQG
Clasical
modules

Scaffold
s.if f:-(;l.-: > =Y Quantum SAfM = Gate .
g Modules inker ecomposition
[ No-Cloning Check ] {Entanglemenl Analysis] <_m QASM-to-IR

[ No-Cloning Check })[ Remodularization ]

R
[ Timing Anlaysis }--»)[Instruction Rsordering] > Output H

FIGURE 7. Internal Structure of the ScaffCC Compiler.

CTQG
Separation

B. QUANTUM PROCESSORS

Quantum processors, a cornerstone of quantum computing,
manipulate qubits to enable exponentially faster calculations.
Physical quantum hardware platforms, such as superconduct-
ing qubits, trapped ions, and photonic qubits, serve as the
building blocks of quantum computers [70]. These processors
provide the foundation for performing quantum operations
and calculations [71]. Their potential is exemplified by
Shor’s algorithm, which efficiently factors large numbers,
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threatening classical cryptography [72]. However, challenges
such as qubit stability and error correction impede practical
large-scale implementation, necessitating ongoing research
and innovation. Some examples are IBM Quantum Hum-
mingbird, Google Sycamore, Rigetti Aspen-7, and Xanadu
X8.

C. QUANTUM PROGRAMMING LANGUAGES

A quantum programming language is designed for writing
quantum algorithms to be executed on quantum computers.
They often include built-in functionalities for constructing
quantum circuits, specifying quantum gates, and imple-
menting quantum algorithms [73]. Specialized programming
languages like Qiskit, Quipper, Q#, and PyQuil enable
developers to write and simulate quantum algorithms [74].
For instance, in Qiskit, entanglement can be achieved through
operations like the Hadamard gate: “q = hadamard(q)”.
These languages abstract the complexities of low-level
quantum operations, making it easier to create quantum appli-
cations [75]. Q#, for instance, is developed by Microsoft and
is tailored specifically for quantum computing. It seamlessly
integrates with conventional programming languages such as
C#, facilitating the creation of quantum programs, simula-
tions, and the integration of the Quantum Development Kit
(QDK) [76]. Quipper, on the other hand, is a domain-specific
quantum programming language developed by Microsoft
Research and the University of Oxford [77]. Each of these
languages offers distinctive features, adeptly catering to a
diverse spectrum of quantum programming requisites [78].

D. QUANTUM HARDWARE PLATFORMS

Quantum hardware platforms, pivotal for advancing quantum
computing, embody diverse physical systems harnessed to
manipulate quantum states. Prominent examples encompass
superconducting qubits, exemplified by IBM’s Quantum
Experience, and trapped ions like those employed by
Honeywell [79]. These are the physical devices that can
execute quantum algorithms. These platforms leverage var-
ious physical systems such as superconducting circuits and
trapped ions to generate and manipulate qubits [80]. Among
the notable quantum hardware platforms are IBM Quantum
Experience, IonQ Quantum Cloud, and Rigetti Quantum
Cloud.

1) IBM QUANTUM EXPERIENCE

The IBM Quantum Experience is a pioneering platform that
offers cloud-based access to a diverse array of quantum
processors. Developed by IBM, this platform has garnered
considerable attention due to its user-friendly interface,
extensive documentation, and access to quantum devices
with varying qubit counts [81]. Researchers can deploy
quantum circuits on real hardware, gaining insights into
the behavior of quantum systems and testing their algo-
rithms in a practical setting. The platform also includes a
comprehensive set of simulation tools, allowing users to
verify their quantum circuits before execution. Furthermore,
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TABLE 4. Quantum computing tools.

Release
date

Organization Designation

Qubit Technology

Number of | Features

Qubits

Google Sycamore 2023

Superconducting 53

Demonstrated quantum supremacy with
53 qubits and low error rates.

IBM Condor 2023

Superconducting 1121

Scalable quantum system with high-
fidelity qubits and advanced error correc-
tion techniques.

Intel Tunnel Falls 2022

Silicon-based

12 High-performance quantum processor
with advanced qubit control and connec-
tivity.

Alpine Quantum | Pine 2022
Technologies

Trapped Ion

20 Versatile quantum system with high-
fidelity qubits and flexible programming
framework.

TonQ Forte 2022

Trapped Ion

32 High-coherence trapped-ion quantum
computer with low error rates and qubit
entanglement.

Xanadu Borealis 2022 Photonic

216 Photonic quantum computing platform
with continuous-variable qubits and
quantum machine learning capabilities

Rigetti Aspen-M 2022

Superconducting

80 Integrated quantum processor with scal-
able qubit architecture and robust error
correction techniques.

D-Wave Systems Advantage 2020

Superconducting

5760 Quantum annealing platform with 5000+
qubits for solving optimization problems.

the IBM Quantum Experience encourages collaboration
within the quantum community by enabling users to share
their quantum programs and collaborate on groundbreaking
research [82].

2) RIGETTI QUANTUM CLOUD

The Rigetti Quantum Cloud offers cloud-based access to
superconducting qubit-based quantum processors. Rigetti’s
platform not only provides users with the ability to deploy
quantum circuits on their processors but also delivers an
array of software tools for designing, testing, and optimizing
quantum algorithms [83]. The platform places significant
emphasis on practicality, allowing users to gain insights
into quantum programming techniques and execute hybrid
quantum-classical algorithms. Rigetti Quantum Cloud strives
to bridge the gap between theoretical quantum algorithms
and their practical realization by offering a comprehensive
environment for quantum exploration [84].

3) IONQ QUANTUM CLOUD

TonQ Quantum Cloud provides access to trapped ion quantum
processors developed by IonQ. This platform stands out for
its emphasis on trapped ion qubits, which are known for their
low error rates and potential for performing intricate quantum
operations. Users can interact with these qubits through
a cloud-based interface, designing and executing quantum
circuits for various applications. IonQ Quantum Cloud
offers a glimpse into the capabilities of trapped ion qubits,
enabling researchers to explore error mitigation strategies and
applications that demand high qubit fidelity [85].

4) HONEYWELL QUANTUM SOLUTIONS
Honeywell Quantum Solutions is a division of Honey-
well International Inc. that focuses on developing and
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advancing quantum computing technologies. The company
has developed a quantum computer based on trapped-ion
technology, which is recognized for its potential to provide
highly stable and error-resistant qubits [86]. Honeywell’s
quantum offerings include quantum processors, quantum
hardware platforms, and associated software tools that
allow researchers, developers, and businesses to access and
experiment with quantum computing resources. They have
continually enhanced qubit counts, error rates, and gate
fidelities, which are critical metrics for assessing quantum
computing performance [86].

5) D-WAVE LEAP

Leap provides access to D-Wave’s quantum processing
units (QPUs), facilitating quantum computing experiments
and application development. It stands out for its unique
approach to quantum computing, focusing on quantum
annealing to solve complex optimization and sampling
problems [87]. D-Wave has been steadily increasing the
qubit count of its QPUs, making them more powerful and
capable of addressing a wider array of real-world problems.
Organizations such as Google, NASA, and various research
institutions have utilized Leap to explore quantum algorithms
for optimization, machine learning, and other fields. Its prac-
tical applications extend to logistics optimization, financial
portfolio management, and more [88].

E. QUANTUM ERROR CORRECTION TOOLS

Quantum error correction tools involves designing codes
that preserve quantum information from decoherence and
errors [89]. Quantum error correction codes, such as surface
codes, help in mitigating the impact of errors, preserving the
accuracy of quantum computations, and thereby enhancing
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the reliability of quantum information processing [90].
Such tools are pivotal for realizing fault-tolerant quantum
computation [91]. It can be observed from FIGURE 8 that the
percentage of error is continuously decreasing over the years
to achieve the milestone of a fault-tolerant quantum computer.

— Surface Codes: Surface codes are a specific class
of stabilizer codes that organize qubits on a two-
dimensional lattice. They enable error detection and
correction by measuring certain stabilizer operators
associated with qubit interactions [92].

— Quantum Repeaters: Quantum repeaters work by break-
ing down the transmission into shorter segments, which
are individually processed and corrected for errors. This
enables quantum information to be transmitted over
extended distances with higher fidelity [93].

— Error Syndromes: Error syndromes are distinctive pat-
terns of measurement outcomes that unveil the presence
of errors within a quantum system. By examining these
patterns, error correction algorithms can pinpoint the
type and location of errors [94].

— Code Concatenation: It employs multiple layers of
error correction codes to encode qubits. By embedding
qubits within nested layers of codes, errors that escape
detection at one level can be caught and corrected at
subsequent levels [95].

Error Rate (%)

0.12

0.1

0.08

0.06

0.04

0.02

2011 2013 2015 2017 2019 2021 2023

FIGURE 8. Historical trend of quantum gate error rates.

V. TECHNOLOGIES ENABLING QUANTUM COMPUTING
This section provides an overview of the technologies that
form the foundation of quantum computing. Our exploration
encompasses quantum hardware platforms, the bedrock of
quantum computation [96]. We scrutinize quantum APIs and
software development kits, the gateway to quantum algorithm
creation, and delve into quantum cloud services, facilitating
accessibility to quantum resources. Lastly, we investigate
quantum sensors, heralding a wave of precise measurements,
and quantum networking, catalyzing secure information
exchange [97].

A. QUANTUM SOFTWARE DEVELOPMENT KITS

Integrated development kits, like IBM’s Qiskit and
Microsoft’s Quantum Development Kit, offer tools, libraries,
and simulators to design, test, and optimize quantum
algorithms and circuits. These are software development
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kits(SDKs) that represent comprehensive sets of tools
and libraries tailored for the development of quantum
algorithms [98]. These kits offer a range of functional-
ities, encompassing simulators, specialized programming
languages, and various resources aimed at facilitating the
creation and execution of quantum code. Among the notable
quantum SDKs are IBM Qiskit, Google Cirq SDK, and
Microsoft Quantum Development Kit.

1) OCEAN SDK

The Ocean SDK, developed by D-Wave Systems, focuses
on quantum annealing algorithms. This SDK comprises
a comprehensive suite of tools and libraries meticulously
designed to tackle optimization problems through the utiliza-
tion of D-Wave’s cutting-edge quantum annealers [99]. The
toolkit surrounds utilities for the formulation of problems,
the execution of quantum annealing experiments, and the
in-depth analysis of resultant data. It enables researchers to
leverage quantum annealing’s unique properties for solving
complex optimization challenges [100].

2) FOREST SDK

The Forest SDK, created by Rigetti, is a quantum software
platform that empowers users to explore quantum program-
ming and research. This SDK offers access to Rigetti’s
quantum processors, simulators, and quantum cloud services.
It includes tools for developing quantum algorithms, as well
as quantum-classical hybrid algorithms. Beyond this, the
Forest SDK serves as a virtual laboratory for researchers,
offering a space to experiment with an array of quantum oper-
ations and to explore innovative error mitigation techniques.
Through this immersive experience, it provides invaluable
insights into the behavior and constraints of quantum
hardware, contributing significantly to the ever-evolving
landscape of quantum computing research [84].

3) QISKIT

Qiskit is an open-source software development kit (SDK)
developed by IBM for working with quantum computers
at the level of circuits, pulses, and algorithms [101].
Distinguished by its primary integration with the Python
programming language, Qiskit offers a comprehensive set
of tools for creating and manipulating quantum programs.
Users can run these programs on prototype quantum devices
available on IBM Quantum Experience or simulate them
locally [102]. Following the circuit model for universal
quantum computation, Qiskit is adaptable to various quantum
hardware architectures, presently supporting superconduct-
ing qubits and trapped ions [103]. FIGURE 9 shows the
overview and working of Qiskit Runtime.

4) MICROSOFT QUANTUM DEVELOPMENT KIT

The Microsoft SDK stands as a comprehensive toolkit
crafted by Microsoft to empower quantum programming and
research endeavors. This software development kit (SDK)
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FIGURE 9. Structure of giskit runtime.

offers an expansive array of tools, libraries, and resources,
effectively facilitating the creation and simulation of quantum
programs using the Q# programming language [104]. Within
this versatile framework, users can seamlessly explore a mul-
titude of aspects, from quantum algorithms to error correction
techniques and quantum-classical interactions. The Microsoft
Quantum Development Kit aspires to catalyze collaboration
within the quantum community and provide essential support
for the advancement of quantum applications [105].

B. QUANTUM SOFTWARE LIBRARIES:

Quantum Libraries encompass pre-written code, functions,
and resources designed to streamline the development
of quantum algorithms and applications. These versatile
collections of tools, algorithms, and resources are tailored
to exploit the immense power of quantum computers.
QuTiP, for instance, excels in quantum optics and quantum
information science, offering tools for simulating and solving
quantum systems [106]. Cirq, developed by Google, focuses
on quantum circuit creation and noise-aware simulations,
while OpenFermion specializes in quantum chemistry sim-
ulations [107]. Prominent tech companies and research insti-
tutions are pioneering the development of quantum software
libraries. IBM, Google, Microsoft, and Rigetti are notable
players in this domain. They expedite the development of
quantum applications by providing high-level abstractions,
thereby reducing the complexity of quantum programming.
They offer comprehensive libraries accompanied by educa-
tional resources, making quantum programming accessible
to a broader audience.These libraries provide means to
design and simulate quantum algorithms, perform quantum
chemistry calculations, and explore quantum hardware [108].

C. QUANTUM COMMUNICATION

Quantum Communication establishes methods for quan-
tum communication over long distances, enabling secure
transmission of quantum information [109]. One prominent
illustration of this technology is quantum key distribution
(QKD), a technique that harnesses quantum particles, such as
photons, to generate encryption keys. This method guarantees
that any illicit attempt to intercept these keys would unavoid-
ably disturb their delicate quantum states, promptly alerting
users to potential eavesdropping activities [110]. Another
example is the QUESS satellite, which enables secure
communication via the transmission of entangled photons
between space and Earth [111]. This approach guarantees
the absolute integrity of transmitted information, rendering
it impervious to conventional cryptographic attacks [112].
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Moreover, quantum networks hold the promise of enabling
ultra-rapid and highly efficient data transfer capabilities,
potentially catalyzing transformative changes in industries
that heavily rely on real-time data transmission [113].

D. QUANTUM CLOUD SERVICES

Quantum cloud services provide access to quantum comput-
ing resources and tools through cloud-based platforms. These
services allow users to run quantum algorithms and applica-
tions without having to own or operate their own quantum
computers [114]. Cloud-based platforms provided by com-
panies like IBM, Google, and Rigetti offer remote access to
quantum processors [115]. IBM Quantum Experience offers
cloud access to IBM’s quantum processors and simulators,
and Amazon Braket, a service by Amazon Web Services
(AWS) that provides quantum computing resources [116].
These platforms allow experimenting with quantum algo-
rithms, conduct quantum simulations, and explore the
potential of quantum computing [115]. FIGURE 10 shows the
basic model of quantum cloud computing software. Benefits
of using quantum cloud services:

a: ACCESSIBILITY

Quantum cloud services make quantum computing accessible
to a wider range of businesses and researchers, regardless of
their size or budget.

b: FLEXIBILITY
Quantum cloud services allow users to scale their quantum
computing resources up or down as needed.

¢: EXPERTISE
Offer a team of experts who can help users get started
with quantum computing and develop their own quantum
applications.

Quantum Cloud Service

Quantum

Brcorom / T \“’

My Computer Quantm Hardware

FIGURE 10. Model of quantum cloud computing.

E. QUANTUM API:

Quantum APIs (Application Programming Interfaces) are
software interfaces that enable developers to interact with
and harness the capabilities of quantum computers and

VOLUME 12, 2024



P. Singh et al.: Survey on Available Tools and Technologies Enabling Quantum Computing

IEEE Access

TABLE 5. Quantum Computing Programming Frameworks.

Framework Features Programming Compatibility with Quantum
Languages Hardware
Supported
IBM Qiskit Quantum circuit modeling, inte- Python, Cirq, IBM Quantum Experience,
gration with Python ecosystem, OpenQASM Rigetti Forest, Amazon Braket,
and error mitigation. Google Quantum Engine
Google Cirq Quantum hardware access via Python Google Quantum Engine, IBM
cloud services, quantum noise Quantum Experience, Rigetti
modeling. Forest
ProjectQ Open-source software Python IBM  Quantum Experience,
framework, supports circuit- Rigetti Forest, AWS Braket
based quantum computing and
NISQ devices.
Microsoft QDK Kit for developing quantum pro- Q#, Python Microsoft Quantum Simulator,
grams on Microsoft’s quantum Azure Quantum
computers, integration with Vi-
sual Studio.
Xanadu Library for photonic Python Google Quantum Engine, Rigetti
Strawberry quantum computing, supports Forest, Xanadu Quantum Hard-
Fields continuous-variable  quantum ware
computing.
Rigetti Forest Library for simulating quantum Python Rigetti Quantum Cloud Services
systems, access to Rigetti quan- and Rigetti Quantum Hardware
tum devices and Forest SDK.

simulators in their applications [117]. One of the illustrative
examples of quantum API application is in quantum-
inspired optimization. Companies like D-Wave Systems offer
quantum-inspired solvers through APIs, thereby empowering
enterprises to streamline intricate tasks such as optimiz-
ing logistics, managing complex financial portfolios, and
enhancing supply chain operations [118]. Another examples
include IBM Quantum Experience API, which allows users
to access IBM’s quantum processors and simulators for
quantum computations via the cloud [119]. These APIs
serve as a crucial bridge, effectively connecting conventional
programming languages with the potential of quantum hard-
ware. They enable developers to create quantum algorithms,
conduct simulations, and explore the boundless possibili-
ties of quantum computing seamlessly and accessibly, all
without necessitating an in-depth understanding of quantum
physics [120]. This democratization of quantum capabilities
through APIs is poised to drive innovation and the integration
of quantum computing into diverse domains.

F. QUANTUM SENSORS:

Quantum sensors are highly sensitive devices that utilize
quantum properties for highly sensitive measurements, with
applications in fields like geology, navigation, and medical
imaging [121]. Examples include atomic clocks like the
cesium variety, which harness atomic vibrations to maintain
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highly accurate timekeeping. Quantum magnetometers, with
their remarkable sensitivity, are employed in fields like
geology and brain imaging to detect subtle magnetic
fields [122]. Gravitational wave detectors such as LIGO rely
on quantum principles to detect minuscule spacetime ripples,
offering insights into astrophysics. Quantum gas sensors,
utilizing ultracold atoms, provide exceptional accuracy for
applications like accelerometers and gyroscopes. These
quantum sensors are transforming industries and scientific
research by enabling precise measurements and enhancing
our understanding of the physical world [123].

VI. CHALLENGES AND FUTURE LANDSCAPE

The future of quantum computing is at a crossroads of
great potential and significant challenges. Recent strides in
this cutting-edge field have unveiled a host of promising
advances, including breakthroughs in quantum hardware and
pioneering quantum algorithms. As we delve deeper into this
subject, we will explore these promising advances, dissect
the challenges lying ahead, and speculate on the remarkable
potential future developments that await us in the quantum
realm [124].

A. PROMISING ADVANCES

Recent years have witnessed remarkable advancements
in quantum computing. These advancements include
breakthroughs in qubit stability, error correction codes,
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FIGURE 11. Industry forecast for quantum computing.

and quantum algorithms. The development of supercon-
ducting qubits, topological qubits, and other novel qubit
technologies has shown promising results in enhancing
the performance and reliability of quantum systems [125].
Ongoing research focuses on improving gate fidelities,
enhancing qubit connectivity, and exploring new quantum
algorithms. Quantum machine learning, quantum chemistry
simulations, and optimization tasks show great promise, with
practical applications drawing nearer [126]. Major tech giants
and startups alike are investing in quantum hardware and
software, fueling innovation [127]. Quantum supremacy has
been achieved, demonstrating the computational might of
quantum devices. Quantum communication networks are
becoming a reality, heralding a new era of secure information
transfer.

B. RACE FOR QUANTUM SUPREMACY

In the current scenario, the landscape of quantum computing
is marked by a fervent race for achieving quantum supremacy.
Quantum supremacy refers to the point where a quantum
computer can outperform the most advanced classical super-
computers in solving specific problems [128]. Governments
and corporations around the world are investing heavily in
quantum computing research, and new hardware and software
startups are emerging all the time. Companies understand
that being at the forefront of quantum technology can
provide a significant competitive advantage and open up new
revenue streams [127]. As a result, they are vying to secure
their share of the emerging quantum computing market,
which is poised for substantial growth as the technology
matures and becomes more accessible to industries and
researchers worldwide [129]. The market share for quantum
computing is still very small, but it is expected to grow
rapidly in the coming years. According to Fortune Business
Insights, the quantum computing market is projected to reach
$6,528.8 million by 2030 [130]. FIGURE 11 shows the
projected growth of the quantum computing industry over
time.

C. QUANTUM HARDWARE CHALLENGES
Contemporary quantum computers, recognized as NISQ
systems, are characterized by their constrained qubit numbers
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and finite coherence durations [131]. Despite their promise,
NISQ devices face several quantum hardware challenges that
affect their performance and limit their scalability [15]. These
challenges arise due to the delicate nature of quantum systems
and the need for precise control and manipulation of quantum
states [132]. One of the most critical challenges is the issue
of decoherence. Quantum states are exceptionally fragile and
tend to interact with their environment, leading to the loss of
coherence and introducing errors during computations [133].
Additionally, the construction and maintenance of quan-
tum devices come at a high cost, limiting accessibility. Scal-
ability remains a challenge, as extending quantum systems
while preserving coherence is a complex undertaking [134].
Gate fidelity and error rates present ongoing concerns. Errors
that accumulate during gate operations can undermine the
overall performance of quantum algorithms [135]. Quantum
systems are extremely sensitive to external disturbances, and
any unwanted interaction between qubits can lead to errors in
the measurement outcomes [136]. Moreover, the cryogenic
temperatures required by many quantum hardware platforms
pose engineering and logistical challenges [137]. Cryogenic
systems must be developed to ensure efficient cooling
and thermal isolation [138]. Addressing these challenges
requires interdisciplinary efforts from researchers in physics,
engineering, materials science, and computer science.

D. POTENTIAL FUTURE DEVELOPMENT

With ongoing advancements in quantum hardware, including
increased qubit counts and reduced error rates, we anticipate
the realization of practical quantum computers capable
of solving complex problems with unprecedented speed.
Quantum supremacy, once a remarkable milestone, may soon
be eclipsed by even more powerful quantum devices [139].
Quantum networks could ensure secure communication, and
quantum sensors might revolutionize fields like healthcare
and environmental monitoring. The quantum cloud may
democratize access to quantum computing resources, foster-
ing innovation across industries [129]. FIGURE 12 shows
some of the most promising future applications of quantum
computing.

1) DRUG DISCOVERY AND HEALTHCARE

Quantum computers could be used to design new drugs and
treatments by simulating the behavior of molecules. This
could lead to the development of new treatments for diseases
such as cancer and Alzheimer’s [140].

2) SUPPLY CHAIN OPTIMIZATION

It will optimize supply chains by efficiently managing
inventory, demand forecasting, and transportation logistics.
This will reduce waste, lower costs, and enhance the overall
efficiency [141].

3) FINANCE
Quantum computers could be used to develop new financial
trading strategies and analyze large amounts of data by
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accurately predicting market trends, optimizing portfolios,
and managing risk more effectively [142].

4) ARTIFICIAL INTELLIGENCE

Can be used to develop new Al algorithms that are more
powerful than current Al algorithms. This will lead to
advancements in natural language processing, computer
vision, and robotics [143].

5) ADVANCED CRYPTOGRAPHY
Quantum computers could be used to break current
encryption algorithms. Quantum-resistant cryptography will

become crucial for securing sensitive data in a post-quantum
world [144].

6) WEATHER FORECASTING

Quantum computers could be used to improve weather
forecasting by simulating the behavior of the atmosphere.
This could help to save lives and property [145].

VII. CONCLUSION

In conclusion, this research paper provides an overview of
critical components in the quantum computing landscape,
including quantum algorithms, gates, circuits, simulators,
and error correction techniques. Quantum hardware must
overcome challenges for practical and scalable quantum
computers. Quantum supremacy milestones achieved by
platforms like Google’s Sycamore and IBM’s Quantum
Hummingbird have catapulted the technology into the spot-
light. Integrating quantum computing with classical systems,
quantum machine learning, and quantum-safe cryptography
showcases its potential across diverse domains. As we
venture further into the quantum era, it is evident that collab-
oration between academia and industry and interdisciplinary
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research will continue to propel the development of quantum
computing tools and technologies.

REFERENCES

[1] L. Gyongyosi and S. Imre, “A survey on quantum
computing technology,” Comput. Sci. Rev., vol. 31, pp.51-71,
Feb. 2019. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S1574013718301709

[2] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information. Cambridge, U.K.: Cambridge Univ. Press, 2010.

[3] M. Nivelkar, S. Bhirud, M. Singh, R. Ranjan, and B. Kumar, “Quantum
computing to study cloud turbulence properties,” IEEE Access, vol. 11,
pp. 70679-70690, 2023.

[4] T. Palmer, The Primacy of Doubt: From Climate Change to Quantum
Physics, How the Science of Uncertainty Can Help Predict and
Understand Our Chaotic World. London, U.K.: Oxford Univ. Press, 2022.

[51 C. Zhou, iBM Quantum Scientist Dr. Maika Takita in Lab CC-BY-SA
2.0 via IBM Newsroom. [Online]. Available: https://newsroom.ibm.com/
media-quantum-innovation?keywords=quantumd&l=100

[6] A.Pandey and V. Ramesh, “Quantum computing for big data analysis,”
Indian J. Sci., vol. 14, no. 43, pp. 98-104, 2015.

[7] S. Harwood, C. Gambella, D. Trenev, A. Simonetto, D. Bernal, and
D. Greenberg, “Formulating and solving routing problems on quantum
computers,” IEEE Trans. Quantum Eng., vol. 2, pp. 1-17, 2021.

[81 G. Mengaldo, A. Wyszogrodzki, M. Diamantakis, S.-J. Lock,
F. X. Giraldo, and N. P. Wedi, “Current and emerging time-integration
strategies in global numerical weather and climate prediction,” Arch.
Comput. Methods Eng., vol. 26, no. 3, pp. 663-684, Jul. 2019.

[9] B. Torgler, “Big data, artificial intelligence, and quantum computing in
sports,” in 21st Century Sports: How Technologies Will Change Sports in
the Digital Age, 2020, pp. 153-173.

[10] W. Scherer, Mathematics of Quantum Computing, vol. 11. Cham,
Switzerland: Springer, 2019.

[11] Z. Zilic and K. Radecka, “Scaling and better approximating quantum
Fourier transform by higher radices,” IEEE Trans. Comput., vol. 56, no. 2,
pp- 202-207, Feb. 2007.

[12] R. Courtland, “Google aims for quantum computing supremacy [news],”
IEEE Spectr., vol. 54, no. 6, pp. 9-10, Jun. 2017.

[13] V. Hassija, V. Chamola, V. Saxena, V. Chanana, P. Parashari, S. Mumtaz,
and M. Guizani, “Present landscape of quantum computing,” [ET
Quantum Commun., vol. 1, no. 2, pp. 42-48, Dec. 2020.

[14] Y. Li, M. Tian, G. Liu, C. Peng, and L. Jiao, “Quantum opti-
mization and quantum learning: A survey,” IEEE Access, vol. 8,
pp. 23568-23593, 2020.

[15] J. Kusyk, S. M. Saeed, and M. U. Uyar, “Survey on quantum
circuit compilation for noisy intermediate-scale quantum computers:
Artificial intelligence to heuristics,” IEEE Trans. Quantum Eng., vol. 2,
pp. 1-16, 2021.

[16] P. B. Upama, M. J. H. Faruk, M. Nazim, M. Masum, H. Shahriar,
G. Uddin, S. Barzanjeh, S. I. Ahamed, and A. Rahman, “Evolution
of quantum computing: A systematic survey on the use of quantum
computing tools,” in Proc. IEEE 46th Annu. Comput., Softw., Appl. Conf.
(COMPSAC), Jun. 2022, pp. 520-529.

[17] M. Caleffi, “Distributed quantum
Tech. Rep., 2022.

[18] Z. Yang, M. Zolanvari, and R. Jain, “A survey of important issues
in quantum computing and communications,” IEEE Commun. Surveys
Tuts., vol. 25, no. 2, pp. 1059-1094, Mar. 2023.

[19] T.M.Forcer, A.J. G. Hey, D. A. Ross, and P. G. R. Smith, ““Superposition,
entanglement and quantum computation,” Quantum Inf. Comput., vol. 2,
no. 2, pp. 97-116, Feb. 2002.

[20] E.Rieffel and W. Polak, “An introduction to quantum computing for non-
physicists,” ACM Comput. Surv., vol. 32, no. 3, pp. 300-335, Sep. 2000.

[21] T. Hey, “Quantum computing: An introduction,” Comput. Control Eng.
J., vol. 10, no. 3, pp. 105-112, 1999.

[22] T. M. Khan and A. Robles-Kelly, “Machine learning: Quantum vs
classical,” IEEE Access, vol. 8, pp. 219275-219294, 2020.

[23] B. M. Terhal, “Quantum error correction for quantum memories,” Rev.
Modern Phys., vol. 87, no. 2, pp. 307-346, Apr. 2015.

[24] M. H. Devoret, A. Wallraff, and J. M. Martinis, “Superconducting qubits:
A short review,” 2004, arXiv:cond-mat/0411174.

computing: A survey,”

57987



IEEE Access

P. Singh et al.: Survey on Available Tools and Technologies Enabling Quantum Computing

[25]

[26]

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

57988

I. Bengtsson and K. Zyczkowski, Geometry Quantum States: An
Introduction to Quantum Entanglement. Cambridge, U.K.: Cambridge
Univ. Press, 2017.

J. Faist, F. Capasso, C. Sirtori, K. W. West, and L. N. Pfeiffer,
“Controlling the sign of quantum interference by tunnelling from
quantum wells,” Nature, vol. 390, no. 6660, pp. 589-591, Dec. 1997.

V. B. Braginsky and F. Y. Khalili, Quantum Measurement. Cambridge,
U.K.: Cambridge Univ. Press, 1995.

W. K. Wootters and W. H. Zurek, “The no-cloning theorem,” Phys.
Today, vol. 62, no. 2, pp. 7677, Feb. 2009.
J. Hilgevoord and J. Uffink, “The
Tech. Rep., 2001.

D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coté, and M. D. Lukin,
“Fast quantum gates for neutral atoms,” Phys. Rev. Lett., vol. 85, no. 10,
pp- 2208-2211, Sep. 2000.

K. Khodjasteh, H. Bluhm, and L. Viola, “Automated synthesis of
dynamically corrected quantum gates,” Phys. Rev. A, Gen. Phys., vol. 86,
no. 4, Oct. 2012, Art. no. 042329.

M. N. Sarfaraj and S. Mukhopadhyay, “All-optical scheme for implemen-
tation of tri-state Pauli-X, Y and Z quantum gates using phase encoding,”
Optoelectron. Lett., vol. 17, no. 12, pp. 746-750, Dec. 2021.

N. Ghaeminezhad and S. Cong, “‘Preparation of Hadamard gate for open
quantum systems by the Lyapunov control method,” IEEE/CAA J. Autom.
Sinica, vol. 5, no. 3, pp. 733-740, May 2018.

J. H. Plantenberg, P. C. de Groot, C. J. P. M. Harmans, and J. E. Mooij,
“Demonstration of controlled-NOT quantum gates on a pair of super-
conducting quantum bits,” Nature, vol. 447, no. 7146, pp. 836-839,
Jun. 2007.

M. Mottonen, J. J. Vartiainen, V. Bergholm, and M. M. Salomaa,
“Quantum circuits for general multiqubit gates,” Phys. Rev. Lett., vol. 93,
no. 13, Sep. 2004, Art. no. 130502.

G. Chiribella, G. M. D’ Ariano, and P. Perinotti, “Quantum circuit archi-
tecture,” Phys. Rev. Lett., vol. 101, no. 6, Aug. 2008, Art. no. 060401.
L. K. Grover, “Quantum mechanics helps in searching for a needle in a
haystack,” Phys. Rev. Lett., vol. 79, no. 2, pp. 325-328, Jul. 1997, doi:
10.1103/physrevlett.79.325.

P. W. Shor, “Polynomial-time algorithms for prime factorization and
discrete logarithms on a quantum computer,” SIAM Rev., vol. 41, no. 2,
pp. 303-332, Jan. 1999, doi: 10.1137/s0036144598347011.

Z.Wang, S. Hadfield, Z. Jiang, and E. G. Rieffel, ““Quantum approximate
optimization algorithm for MaxCut: A fermionic view,” Phys. Rev. A,
Gen. Phys., vol. 97, no. 2, Feb. 2018, Art. no. 022304.

J. Heredge, C. Hill, L. Hollenberg, and M. Sevior, “Quantum support
vector machines for continuum suppression in b meson decays,” Comput.
Softw. Big Sci., vol. 5, no. 1, p. 27, Dec. 2021.

S. Lloyd, M. Mohseni, and P. Rebentrost, “Quantum principal component
analysis,” Nat. Phys., vol. 10, no. 9, pp. 631-633, 2014.

Y. S. Weinstein, M. Pravia, E. Fortunato, S. Lloyd, and D. G. Cory,
“Implementation of the quantum Fourier transform,” Phys. Rev. Lett.,
vol. 86, no. 9, p. 1889, 2001.

E. Farhi and A. W Harrow, “Quantum supremacy through the quantum
approximate optimization algorithm,” 2016, arXiv:1602.07674.

R. Cleve, A. Ekert, C. Macchiavello, and M. Mosca, ‘“Quantum
algorithms revisited,” Proc. Roy. Soc. London. Ser. A: Math., Phys. Eng.
Sci., vol. 454, no. 1969, pp. 339-354, 1969.

J. S. Kottmann, S. Alperin-Lea, T. Tamayo-Mendoza, A. Cervera-Lierta,
C. Lavigne, T.-C. Yen, V. Verteletskyi, P. Schleich, A. Anand, M. Deg-
roote, S. Chaney, M. Kesibi, N. G. Curnow, B. Solo, G. Tsilimigkounakis,
C. Zendejas-Morales, A. F. Izmaylov, and A. Aspuru-Guzik, “TEQUILA:
A platform for rapid development of quantum algorithms,” Quantum Sci.
Technol., vol. 6, no. 2, Apr. 2021, Art. no. 024009.

Z. Yu, “The improved quantum secret sharing protocol based on
Grover algorithm,” J. Phys., Conf. Ser., vol. 2209, no. 1, Feb. 2022,
Art. no. 012031.

K. Bharti, A. Cervera-Lierta, T. H. Kyaw, T. Haug, S. Alperin-Lea,
A. Anand, M. Degroote, H. Heimonen, J. S. Kottmann, and T. Menke,
“Noisy intermediate-scale quantum algorithms,” Rev. Modern Phys.,
vol. 94, no. 1, 2022, Art. no. 015004.

J. Clarke and F. K. Wilhelm, “Superconducting quantum bits,” Nature,
vol. 453, no. 7198, pp. 1031-1042, 7198.

P. R. Berman, “Cavity quantum electrodynamics,” Tech. Rep., 1994.

uncertainty  principle,”

[50]

[51]

[52]

[53]

[54]
[55]
[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

A. Nicolas, L. Veissier, L. Giner, E. Giacobino, D. Maxein, and J. Laurat,
“A quantum memory for orbital angular momentum photonic qubits,”
Nature Photon., vol. 8, no. 3, pp. 234-238, Mar. 2014.

C. D. Bruzewicz, J. Chiaverini, R. McConnell, and J. M. Sage, “Trapped-
ion quantum computing: Progress and challenges,” Appl. Phys. Rev.,
vol. 6, no. 2, Jun. 2019, Art. no. 021314.

M. F. Gonzalez-Zalba, S. de Franceschi, E. Charbon, T. Meunier,
M. Vinet, and A. S. Dzurak, ““Scaling silicon-based quantum computing
using CMOS technology,” Nature Electron., vol. 4, no. 12, pp. 872-884,
Dec. 2021.

M. Cheng, R. M. Lutchyn, and S. Das Sarma, “Topological protection
of Majorana qubits,” Phys. Rev. B, Condens. Matter, vol. 85, no. 16,
Apr. 2012, Art. no. 165124.

1. B. Djordjevic, “Hybrid CV-DV quantum communications and quantum
networks,” IEEE Access, vol. 10, pp. 23284-23292, 2022.

A. Steane, “Quantum computing,” Rep. Prog. Phys., vol. 61, no. 2,
p. 117, 1998.

N. D. Mermin, Quantum Computer Science: An Introduction. Cambridge,
U.K.: Cambridge Univ. Press, 2007.

I. L. Chuang and Y. Yamamoto, *“‘Simple quantum computer,” Phys. Rev.
A, Gen. Phys., vol. 52, no. 5, pp. 3489-3496, Nov. 1995.

T. Alladi, V. Chamola, N. Sahu, V. Venkatesh, A. Goyal, and M. Guizani,
“A comprehensive survey on the applications of blockchain for securing
vehicular networks,” IEEE Commun. Surveys Tuts., vol. 24, no. 2,
pp. 1212-1239, 2nd Quart., 2022.

B. Tan and J. Cong, “Optimality study of existing quantum com-
puting layout synthesis tools,” IEEE Trans. Comput., vol. 70, no. 9,
pp. 1363-1373, Sep. 2021.

H. Ball, M. J. Biercuk, A. R. R. Carvalho, J. Chen, M. Hush,
L. A. De Castro, L. Li, P. J. Liebermann, H. J. Slatyer, C. Edmunds,
V. Frey, C. Hempel, and A. Milne, “Software tools for quantum
control: Improving quantum computer performance through noise and
error suppression,” Quantum Sci. Technol., vol. 6, no. 4, Oct. 2021,
Art. no. 044011.

A. Trabesinger, “Quantum simulation,” Nature Phys., vol. 8, no. 4,
p- 263, 2012.

F. Tacchino, A. Chiesa, S. Carretta, and D. Gerace, ‘“Quantum
computers as universal quantum simulators: State-of-the-art and
perspectives,” Adv. Quantum Technol., vol. 3, no. 3, Mar. 2020,
Art. no. 1900052.

J. Fitzjohn, A. Winckles, G. Wilson, and D. Vicinanza, “A software
development kit and translation layer for executing Intel 8080 assembler
on a quantum computer (August 2022),” [EEE Trans. Quantum Eng.,
vol. 3, pp. 1-12, 2022.

G. G. Guerreschi, J. Hogaboam, F. Baruffa, and N. P. D. Sawaya,
“Intel quantum simulator: A cloud-ready high-performance simulator
of quantum circuits,” Quantum Sci. Technol., vol. 5, no. 3, May 2020,
Art. no. 034007.

W. Liu, Q. Wu, J. Shen, J. Zhao, M. Zidan, and L. Tong, “An
optimized quantum minimum searching algorithm with sure-success
probability and its experiment simulation with Cirq,” J. Ambi-
ent Intell. Humanized Comput., vol. 12, no. 11, pp. 10425-10434,
Nov. 2021.

S. Pattanayak, Quantum Machine Learning With Python: Using Cirg
From Google Research and IBM Qiskit. Cham, Switzerland: Springer,
2021.

H. Bian, J. Huang, J. Tang, R. Dong, L. Wu, and X. Wang,

“PAS: A new powerful and simple quantum computing
simulator,” Softw., Pract. Exper, vol. 53, no. 1, pp.142-159,
Jan. 2023.

T. Jones, A. Brown, I. Bush, and S. C. Benjamin, “QuEST and high
performance simulation of quantum computers,” Sci. Rep., vol. 9, no. 1,
Jul. 2019, Art. no. 10736.

P.E. Zanni and V. Vieira de Camargo, ““A systematic mapping on quantum
software development in the context of software engineering,” 2021,
arXiv:2106.00926.

L. DiCarlo, J. M. Chow, J. M. Gambetta, L. S. Bishop, B. R. Johnson,
D. 1. Schuster, J. Majer, A. Blais, L. Frunzio, S. M. Girvin, and
R. J. Schoelkopf, “Demonstration of two-qubit algorithms with a super-
conducting quantum processor,” Nature, vol. 460, no. 7252, pp. 240-244,
Jul. 2009.

C. Monroe and J. Kim, “Scaling the ion trap quantum processor,”
Science, vol. 339, no. 6124, pp. 1164-1169, Mar. 2013.

VOLUME 12, 2024


http://dx.doi.org/10.1103/physrevlett.79.325
http://dx.doi.org/10.1137/s0036144598347011

P. Singh et al.: Survey on Available Tools and Technologies Enabling Quantum Computing

IEEE Access

[72]

[73]
[74]

[75]

[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

P. Rabl, D. DeMille, J. M. Doyle, M. D. Lukin, R. J. Schoelkopf, and
P. Zoller, “Hybrid quantum processors: Molecular ensembles as quantum
memory for solid state circuits,” Phys. Rev. Lett., vol. 97, no. 3, Jul. 2006,
Art. no. 033003.

S. . Gay, “Quantum programming languages: Survey and bibliography,”
Math. Struct. Comput. Sci., vol. 16, no. 4, p. 581, Aug. 2006.

P. Selinger, “Towards a quantum programming language,” Math. Struct.
Comput. Sci., vol. 14, no. 4, pp. 527-586, Aug. 2004.

S. Garhwal, M. Ghorani, and A. Ahmad, “Quantum programming
language: A systematic review of research topic and top cited lan-
guages,” Arch. Comput. Methods Eng., vol. 28, no. 2, pp.289-310,
Mar. 2021.

K. Singhal, K. Hietala, S. Marshall, and R. Rand, “Q# as a quantum
algorithmic language,” 2022, arXiv:2206.03532.

J. M. Smith, N. J. Ross, P. Selinger, and B. Valiron, “Quipper: Concrete
resource estimation in quantum algorithms,” 2014, arXiv:1412.0625.

B. Heim, M. Soeken, S. Marshall, C. Granade, M. Roetteler, A. Geller,
M. Troyer, and K. Svore, “Quantum programming languages,” Nature
Rev. Phys., vol. 2, no. 12, pp. 709-722, 2020.

X. Qin, W. Zhang, L. Wang, Y. Zhao, Y. Tong, X. Rong, and J. Du, “An
FPGA-based hardware platform for the control of spin-based quantum
systems,” IEEE Trans. Instrum. Meas., vol. 69, no. 4, pp. 1127-1139,
Apr. 2020.

B. Nash, V. Gheorghiu, and M. Mosca, “Quantum circuit optimizations
for NISQ architectures,” Quantum Sci. Technol., vol. 5, no. 2, Mar. 2020,
Art. no. 025010.

M. Steffen, D. P. DiVincenzo, J. M. Chow, T. N. Theis, and M. B. Ketchen,
“Quantum computing: An IBM perspective,” IBM J. Res. Develop.,
vol. 55, no. 5, pp. 13:1-13:11, Sep. 2011.

A. C. Santos, “The IBM quantum computer and the IBM quantum
experience,” 2016, arXiv:1610.06980.

C. Alexandrou, L. Funcke, T. Hartung, K. Jansen, S. Kiihn, G. Polykratis,
P. Stornati, X. Wang, and T. Weber, “Investigating the variance increase
of readout error mitigation through classical bit-flip correction on IBM
and rigetti quantum computers,” 2021, arXiv:2111.05026.

J. Olivares-Sanchez, J. Casanova, E. Solano, and L. Lamata,
“Measurement-based adaptation protocol with quantum reinforcement
learning in a rigetti quantum computer,” Quantum Rep., vol. 2, no. 2,
pp- 293-304, May 2020.

F. M. Weidner, M. Rossini, J. Ankerhold, and H. A. Kestler, “A protocol
for the use of cloud-based quantum computers for logical network
analysis of biological systems,” STAR Protocols, vol. 4, no. 3, Sep. 2023,
Art. no. 102438.

R. Stutz, “Trapped ion quantum computing at Honeywell,” Bull. Amer.
Phys. Soc., vol. 65, no. 1, 2020.

F. Hu, B. Wang, N. Wang, and C. Wang, “Quantum machine learning
with D-wave quantum computer,” Quantum Eng., vol. 1, no. 2, p. el2,
Jun. 2019.

T. Zaborniak and R. de Sousa, “Benchmarking Hamiltonian noise in
the D-wave quantum annealer,” [EEE Trans. Quantum Eng., vol. 2,
pp. 1-6, 2021.

W. Diir, M. Skotiniotis, F. Frowis, and B. Kraus, “Improved quantum
metrology using quantum error correction,” Phys. Rev. Lett., vol. 112,
no. 8, Feb. 2014, Art. no. 080801.

A. Ekert and C. Macchiavello, “Quantum error correction for communi-
cation,” Phys. Rev. Lett., vol. 77, no. 12, p. 2585, 1996.

D. G. Cory, “Experimental quantum error correction,” Phys. Rev. Lett.,
vol. 81, no. 10, p. 2152, 1998.

C. K. Andersen, A. Remm, S. Lazar, S. Krinner, N. Lacroix, G. J. Norris,
M. Gabureac, C. Eichler, and A. Wallraff, “Repeated quantum error
detection in a surface code,” Nature Phys., vol. 16, no. 8, pp. 875-880,
Aug. 2020.

Y. Jing, D. Alsina, and M. Razavi, “Quantum key distribution over
quantum repeaters with encoding: Using error detection as an effective
postselection tool,” Phys. Rev. Appl., vol. 14, no. 6, Dec. 2020,
Art. no. 064037.

A. S. Fletcher, P. W. Shor, and M. Z. Win, “Channel-adapted
quantum error correction for the amplitude damping channel,”

IEEE  Trans. Inf. Theory, vol. 54, mno. 12, pp.5705-5718,
Dec. 2008.
T. Jochym-O’Connor and R. Laflamme, “Using concatenated quantum

codes for universal fault-tolerant quantum gates,” Phys. Rev. Lett.,
vol. 112, no. 1, Jan. 2014, Art. no. 010505.

VOLUME 12, 2024

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

A. Acin, I. Bloch, H. Buhrman, T. Calarco, C. Eichler, J. Eisert, D. Esteve,
N. Gisin, S. J. Glaser, F. Jelezko, S. Kuhr, M. Lewenstein, M. F. Riedel,
P. O. Schmidt, R. Thew, A. Wallraff, I. Walmsley, and F. K. Wilhelm,
“The quantum technologies roadmap: A European community view,”
New J. Phys., vol. 20, no. 8, Aug. 2018, Art. no. 080201.

J. P. Dowling and G. J. Milburn, “Quantum technology: The second
quantum revolution,” Philos. Trans. Royal Soc. A, Math., Phys. Eng. Sci.,
vol. 361, no. 1809, pp. 1655-1674, Jun. 2003.

R. LaRose, “Overview and comparison of gate level quantum software
platforms,” Quantum, vol. 3, p. 130, Mar. 2019.

J. L. Hevia, G. Peterssen, and M. Piattini, “QuantumPath: A quantum
software development platform,” Softw., Pract. Exper., vol. 52, no. 6,
pp. 1517-1530, Jun. 2022.

D. Willsch, M. Willsch, C. D. Gonzalez Calaza, F. Jin, H. De Raedt,
M. Svensson, and K. Michielsen, ‘“‘Benchmarking advantage and D-wave
2000Q quantum annealers with exact cover problems,” Quantum Inf.
Process., vol. 21, no. 4, p. 141, Apr. 2022.

H. Norlén, Quantum Computing in Practice With Qiskit and IBM
Quantum Experience: Practical Recipes for Quantum Computer Coding
at the Gate and Algorithm Level With Python. Birmingham, U.K.: Packt
Publishing Ltd, 2020.

D. Fortunato, J. CAMPOS, and R. ABREU, “Mutation testing of
quantum programs: A case study with qiskit,” IEEE Trans. Quantum
Eng., vol. 3, pp. 1-17, 2022.

N. N. Hegade, N. L. Kortikar, B. Das, B. K. Behera, and P. K. Panigrahi,
“Experimental demonstration of quantum tunneling in IBM quantum
computer,” 2017, arXiv:1712.07326.

J. Hooyberghs and J. Hooyberghs, ‘‘Develop with the Microsoft quantum
development kit,” in Introducing Microsoft Quantum Computing for
Developers, 2022, pp. 71-100.

J. Hooyberghs and J. Hooyberghs, “Azure quantum,” in Introducing
Microsoft Quantum Computing for Developers: Using the Quantum
Development Kit and Q#, 2022, pp. 307-339.

J. R. Johansson, P. D. Nation, and F. Nori, “QuTiP: An open-source
Python framework for the dynamics of open quantum systems,” Comput.
Phys. Commun., vol. 183, no. 8, pp. 1760-1772, Aug. 2012.

J. R. McClean, “OpenFermion: The electronic structure package for
quantum computers,” Quantum Sci. Technol., vol. 5, no. 3, Jun. 2020,
Art. no. 034014.

M. Fingerhuth, T. Babej, and P. Wittek, “Open source software
in quantum computing,” PLoS ONE, vol. 13, no. 12, Dec. 2018,
Art. no. e0208561.

R. Van Meter, Quantum Networking. Hoboken, NJ, USA: Wiley, 2014.
M. Alshowkan, P. G. Evans, B. P. Williams, N. S. V. Rao, C. E.
Marvinney, Y.-Y. Pai, B. J. Lawrie, N. A. Peters, and J. M. Lukens,
“Advanced architectures for high-performance quantum networking,” J.
Opt. Commun. Netw., vol. 14, no. 6, pp. 493-499, Jun. 2022.

C. Koushik, S. B. Choubey, A. Choubey, and K. Pachori, “A literature
review on quantum experiments at space scale—Quess satellite,” in
Innovations in Electronics and Communication Engineering, 2020,
pp. 13-25.

M. R. Nosouhi, K. Sood, V. Chamola, J. J. Jeong, and A. Gaddam,
“Towards quantum-secure software defined networks,” IET Quantum
Commun., vol. 5, no. 1, pp. 66-71, 2023.

R. V. Meter, “Quantum networking and internetworking,” IEEE Netw.,
vol. 26, no. 4, pp. 59-64, Jul. 2012.

D. Subhi and L. Bacsardi, “Using quantum nodes connected via the
quantum cloud to perform IoT quantum network,” Condens. Matter,
vol. 8, no. 1, p. 24, Feb. 2023.

P. J. Karalekas, N. A. Tezak, E. C. Peterson, C. A. Ryan, M. P. da Silva,
and R. S. Smith, “A quantum-classical cloud platform optimized for
variational hybrid algorithms,” Quantum Sci. Technol., vol. 5, no. 2,
Apr. 2020, Art. no. 024003.

Y. Ding and A. Javadi-Abhari, “Quantum and post-Moore’s law
computing,” IEEE Internet Comput., vol. 26, no. 1, pp. 5-6, Jan. 2022.
T. L. Patti, J. Kossaifi, S. F. Yelin, and A. Anandkumar, ‘““TensorLy-
quantum: Quantum machine learning with tensor methods,” 2021,
arXiv:2112.10239.

C. F. A. Negre, H. Ushijima-Mwesigwa, and S. M. Mniszewski,
“Detecting multiple communities using quantum annealing on the
D-wave system,” PLoS ONE, vol. 15, no. 2, Feb. 2020, Art. no. e0227538.

57989



IEEE Access

P. Singh et al.: Survey on Available Tools and Technologies Enabling Quantum Computing

[119]

[120]
[121]

[122]

[123]
[124]

[125]

[126]

[127]

[128]
[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

57990

J. Garcia-Alonso, J. Rojo, D. Valencia, E. Moguel, J. Berrocal, and
J. M. Murillo, “Quantum software as a service through a quantum API
gateway,” IEEE Internet Comput., vol. 26, no. 1, pp. 34-41, Jan. 2022.
K. Kirkpatrick, “Software-defined networking,” Commun. ACM, vol. 56,
no. 9, pp. 16-19, Sep. 2013.

C. L. Degen, F. Reinhard, and P. Cappellaro, “Quantum sensing,” Rev.
Modern Phys., vol. 89, no. 3, 2017, Art. no. 035002.

L. Thiel, D. Rohner, M. Ganzhorn, P. Appel, E. Neu, B. Miiller, R. Kleiner,
D. Koelle, and P. Maletinsky, ‘“‘Quantitative nanoscale vortex imaging
using a cryogenic quantum magnetometer,” Nature Nanotechnol., vol. 11,
no. 8, pp. 677-681, Aug. 2016.

N. Aslam, “Quantum sensors for biomedical applications,” Nature Rev.
Phys., vol. 5, pp. 157-169, Mar. 2023.

M. Gotarane and S. Gandhi, “Quantum computing: Future computing,”
Int. Res. J. Eng. Technol, vol. 3, no. 2, pp. 1424-1427, 2016.

M. Moller and C. Vuik, “On the impact of quantum computing
technology on future developments in high-performance scientific
computing,” Ethics Inf. Technol., vol. 19, no. 4, pp. 253-269, Dec. 2017.
V. Hassija, V. Chamola, A. Goyal, S. S. Kanhere, and N. Guizani,
“Forthcoming applications of quantum computing: Peeking into the
future,” IET Quantum Commun., vol. 1, no. 2, pp. 35-41, Dec. 2020.

E. R. MacQuarrie, C. Simon, S. Simmons, and E. Maine, ‘“The emerging
commercial landscape of quantum computing,” Nature Rev. Phys., vol. 2,
no. 11, pp. 596-598, Oct. 2020.

A. Deshpande, “Assessing the quantum-computing landscape,” Com-
mun. ACM, vol. 65, no. 10, pp. 57-65, Oct. 2022.

A. Bayerstadler, “Industry quantum computing applications,” EPJ
Quantum Technol., vol. 8, no. 1, p. 25, 2021.

(Oct. 2023). Asia Pacific Quantum Computing Market Share
| Growth, 2030. Accessed: Oct. 4, 2023. [Online]. Available:
https://www.fortunebusinessinsights.com/asia-pacific-quantum-
computing-market-107724

K. Bertels, A. Sarkar, and I. Ashraf, “Quantum computing—From NISQ
to PISQ,” IEEE Micro, vol. 41, no. 5, pp. 24-32, Sep. 2021.

R. Biswas, Z. Jiang, K. Kechezhi, S. Knysh, S. Mandra, B. O’Gorman,
A. Perdomo-Ortiz, A. Petukhov, J. Realpe-Gomez, E. Rieffel, D. Ven-
turelli, F. Vasko, and Z. Wang, “A NASA perspective on quantum
computing: Opportunities and challenges,” Parallel Comput., vol. 64,
pp- 81-98, May 2017.

J. E. Martinez, P. Fuentes, P. M. Crespo, and J. Garcia-Frias, “Approxi-
mating decoherence processes for the design and simulation of quantum
error correction codes on classical computers,” IEEE Access, vol. 8,
pp. 172623-172643, 2020.

R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y. Chen, Y. Yin,
B. Chiaro, J. Mutus, C. Neill, P. O’Malley, P. Roushan, J. Wenner,
T. C. White, A. N. Cleland, and J. M. Martinis, “Coherent Josephson
qubit suitable for scalable quantum integrated circuits,” Phys. Rev. Lett.,
vol. 111, no. 8, Aug. 2013, Art. no. 080502.

A.R. Calderbank, E. M. Rains, P. W. Shor, and N. J. A. Sloane, ‘“Quantum
error correction and orthogonal geometry,” Phys. Rev. Lett., vol. 78, no. 3,
pp. 405-408, Jan. 1997.

Y. Ohkura, T. Satoh, and R. Van Meter, “Simultaneous execution of
quantum circuits on current and near-future NISQ systems,” IEEE Trans.
Quantum Eng., vol. 3, pp. 1-10, 2022.

R. F. Spivey, I. V. Inlek, Z. Jia, S. Crain, K. Sun, J. Kim, G. Vrijsen,
C. Fang, C. Fitzgerald, S. Kross, T. Noel, and J. Kim, “High-stability
cryogenic system for quantum computing with compact packaged ion
traps,” IEEE Trans. Quantum Eng., vol. 3, pp. 1-11, 2022.

M. F. Brandl, M. W. van Mourik, L. Postler, A. Nolf, K. Lakhmanskiy,
R. R. Paiva, S. Mdller, N. Daniilidis, H. Héffner, V. Kaushal, T. Ruster,
C. Warschburger, H. Kaufmann, U. G. Poschinger, F. Schmidt-Kaler,
P. Schindler, T. Monz, and R. Blatt, “Cryogenic setup for trapped ion
quantum computing,” Rev. Scientific Instrum., vol. 87, no. 11, Nov. 2016,
Art. no. 113103.

F. Bova, A. Goldfarb, and R. G. Melko, “Commercial applications
of quantum computing,” EPJ Quantum Technol., vol. 8, no. 1, p.2,
Dec. 2021.

R. Ur Rasool, H. F. Ahmad, W. Rafique, A. Qayyum, J. Qadir, and
Z. Anwar, “Quantum computing for healthcare: A review,” Future
Internet, vol. 15, no. 3, p. 94, Feb. 2023.

S. J. Weinberg, F. Sanches, T. Ide, K. Kamiya, and R. Correll, “Supply
chain logistics with quantum and classical annealing algorithms,” Sci.
Rep., vol. 13, no. 1, p. 4770, Mar. 2023.

[142]

[143]

[144]

[145]

D. J. Egger, C. Gambella, J. Marecek, S. McFaddin, M. Mevissen,
R. Raymond, A. Simonetto, S. Woerner, and E. Yndurain, “Quantum
computing for finance: State-of-the-art and future prospects,” IEEE
Trans. Quantum Eng., vol. 1, pp. 1-24, 2020.

M. Ying, “Quantum computation, quantum theory and AL’ Artif. Intell.,
vol. 174, no. 2, pp. 162-176, Feb. 2010.

V. Chamola, A. Jolfaei, V. Chanana, P. Parashari, and V. Hassija,
“Information security in the post quantum era for 5G and beyond
networks: Threats to existing cryptography, and post-quantum cryptog-
raphy,” Comput. Commun., vol. 176, pp. 99-118, Aug. 2021.

F. Tennie and T. N. Palmer, “Quantum computers for weather and climate
prediction: The good, the bad, and the noisy,” Bull. Amer. Meteorolog.
Soc., vol. 104, no. 2, pp. E488-ES500, Feb. 2023.

PRATEEK SINGH is currently pursuing the
B.Tech. degree with the Kalinga Institute of Indus-
trial Technology (KIIT), Bhubaneswar. He has
completed a few projects in the field of machine
learning and web designing. In Summer 2023,
he did research internship with the Birla Institute
of Technology and Science (BITS), Pilani, under
Dr. Vikas Hassija. His research interests include
machine learning, blockchain, quantum comput-
ing, and deep learning.

RITANGSHU DASGUPTA is currently pursuing
the B.Tech. degree with the Kalinga Institute
of Industrial Technology (KIIT), Bhubaneswar.
He has completed a few projects in the field of
| machine learning and web designing. In Summer
2023, he did his research internship with the
Birla Institute of Technology and Science (BITS),
Pilani, under Dr. Vikas Hassija. His research
interests include machine learning, reinforcement
learning, quantum computing, and deep learning.

ANUSHKA SINGH is currently pursuing the
B.Tech. degree with the Kalinga Institute of
Industrial Technology (KIIT), Bhubaneswar. She
is doing her research internship with the Birla
Institute of Technology and Science (BITS),
Pilani, under Dr. Vikas Hassija. Her research
interests include machine learning, reinforcement
learning, quantum computing, and deep learning.

HARSH PANDEY is currently pursuing the
B.Tech. degree with the Kalinga Institute of
Industrial Technology (KIIT), Bhubaneswar. His
research interests include machine learning, quan-
tum computing, and deep learning.

VOLUME 12, 2024



P. Singh et al.: Survey on Available Tools and Technologies Enabling Quantum Computing

IEEE Access

VIKAS HASSIA received the B.Tech. degree
from Maharshi Dayanand University, Rohtak,
India, in 2010, and the M.S. degree in telecom-
munications and software engineering from the
Birla Institute of Technology and Science (BITS),
Pilani, India, in 2014. He is currently pursuing
the Ph.D. degree in IoT security and blockchain
with the Jaypee Institute of Information Technol-
ogy (JIIT), Noida. He is an Assistant Professor
with JIT. His research interests include the IoT
security, network security, blockchain, and distributed computing.

VINAY CHAMOLA (Senior Member, IEEE)
received the B.E. degree in electrical and elec-
tronics engineering and the master’s degree in
communication engineering from the Birla Insti-
tute of Technology and Science, Pilani, India, in
2010 and 2013, respectively, and the Ph.D. degree
in electrical and computer engineering from the
National University of Singapore, Singapore,
in 2016. In 2015, he was a Visiting Researcher

- with the Autonomous Networks Research Group
(ANRG), University of Southern California, Los Angeles, CA, USA.
He also was a Postdoctoral Research Fellow with the National University
of Singapore. He is currently an Assistant Professor with the Department of
Electrical and Electronics Engineering, BITS Pilani, Pilani, where he heads
the Internet of Things Research Group/Laboratory. He is the Co-Founder and
the President of a healthcare start-up Medsupervision Private Ltd.

VOLUME 12, 2024

His research interests include the IoT security, blockchain, UAVs, VANETS,
5G, and healthcare. He is a fellow of IET. He is listed in the World’s Top 2%
of Scientists identified by Stanford University. He serves as the Co-Chair for
various reputed workshops, such as IEEE GLOBECOM 2021 Workshop,
IEEE INFOCOM 2022 Workshop, IEEE ANTS 2021, and IEEE ICIAfS
2021. He serves as an Area Editor for Ad Hoc Networks, Elsevier,
and [EEE Internet of Things Magazine. He also serves as an Associate
Editor for IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, IEEE
NETWORKING LETTERS, IEEE Consumer Electronics Magazine, IET Quantum
Communication, IET Networks, and several other journals.

BIPLAB SIKDAR (Senior Member, IEEE)
received the B.Tech. degree in electronics and
communication engineering from North Eastern
Hill University, Shillong, India, in 1996, the
M.Tech. degree in electrical engineering from
Indian Institute of Technology Kanpur, Kanpur,
India, in 1998, and the Ph.D. degree in electrical
engineering from Rensselaer Polytechnic Institute,
Troy, NY, USA, in 2001. He was a Faculty
Member with Rensselaer Polytechnic Institute,
from 2001 to 2013, and an Assistant Professor and an Associate Professor.
He is currently a Professor and the Head of the Department of the Electrical
and Computer Engineering Department, National University of Singapore,
Singapore. His current research interests include wireless networks, security
for the Internet of Things, and cyber-physical systems. He has served
as an Associate Editor for IEEE TraNsacTioNs oN CommuNicaTioNs, IEEE
TRANSACTIONS ON MOBILE CoMPUTING, IEEE INTERNET OF THINGS JOURNAL, and
IEEE OPEN JOURNAL OF VEHICULAR TECHNOLOGY.

57991



