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Abstract - The advent of quantum computing promises
to revolutionize computation by solving intricate
challenges that overwhelm conventional machines.
Harnessing phenomena including superposition,
entanglement, and interference at the quantum level, it
opens doors to breakthroughs in encryption,
optimization tasks, Al training, and complex
simulations. Our analysis covers publications from
2020 through 2025, delving into quantum hardware
designs, coding methodologies, innovative algorithms,
and vital software stacks. Key developments focus on
elevating qubit fidelity, advancing error mitigation
strategies, and building dependable scalable quantum
machines. Future directions point to seamless
quantum-classical hybrids, enriched toolkits for
quantum programming, and proactive handling of
technology's broader ethical and social ramifications.
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LINTRODUCTION

The rapid growth of computational demands in
modern applications has exposes the limitations of
classical computing architectures is solving certain
classes of problem efficiently. Quantum computing,
which exploits the principles of quantum mechanics,
has gained significant attention as a promising
alternative capable of delivering exponential
speedups for specific computational tasks. From a
computer science perspective, quantum computing
introduces new models of computation,
programming  paradigms, and  algorithmic
approaches that differ fundamentally from classical
systems. The future of quantum computing in
computer science is poised for significant
advancements, driven by the unique properties of
quantum mechanics. Recent advancement in
quantum hardware, cloud-based quantum platforms,
and quantum software development kits have
accelerated research and practical experimentation.
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This review paper aims to systematically analyze
recent trends in quantum computing, highlight
existing research gaps, and explore future directions
that can guide further research and development in
computer science.

Some key Trends and Future Directions to be
considered

1.Quantum Hardware: Continued development of
qubit technologies and quantum error correction will
enhance the capabilities of quantum computers.
2.Quantum Software: The evaluation of quantum
software and algorithms is crucial for practical
application in various industries.

3.Indusrty Applications: Quantum computing is
expected to revolutionize fields such as finance,
healthcare, and material science.

4.Ethical Considerations: As quantum computing
becomes more accessible, ethical implications will
be critical factor in its development and use.
5.Societal Impact: The potential of quantum
computing to solve complex problems faster than
classical computers will have a profound impact on
society and industry.

IIWHAT IS QUANTUM COMPUTING ?

Quantum computing is an emergent field of
computer science and engineering that harnesses the
unique qualities of Quantum Mechanics to solve
problems beyond the ability of even the most
powerful classical computers.

The field of quantum computing includes a range of
disciplines, including quantum hardware and
quantum algorithms.
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science involves a systematic analysis of the current
state, recent developments, and potential
applications. It includes an exploration of quantum
hardware, algorithms, and software, as well as an
examination of challenges and solutions. The
methodology also considers the industrial impact of
quantum  computing, societal and ethical
implications, and the strategic approaches needed to
achieve practical, large-scale quantum computing
systems.

The objective of the methodology is to ensure that
the selected studies are relevant, high-quality, and
representative of current research developments in
the field.
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Fig: Review Methodology

Literature Sources

The literature was collected from well-established
and reputed scientific databases, including:

e [EEE Xplore

e  SpringerLink

e ScienceDirect (Elsevier)
e ACM Digital Library

e  Google Scholar

These databases were chosen due to their extensive
coverage of peer-reviewed journals and conference
proceedings in computer science and quantum
computing.

Search Strategy

Relevant research articles were identified using a
combination of keywords such as:

e Quantum Computing
o Quantum Algorithms

o Qubits
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e Quantum Hardware
e Quantum Programming
e Future Directions in Quantum Computing

Boolean operators (AND, OR) were used to refine
search results and ensure comprehensive coverage
of the topic.

Inclusion and Exclusion Criteria

The selection of papers was based on the following
criteria:

Inclusion Criteria

e Peer-reviewed journal articles and conference
papers

e Publications related to quantum computing in
computer science

e  Studies published between 2020 and 2025

e Papers discussing algorithms, hardware
architectures, software frameworks, or
applications

Exclusion Criteria
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e Non-peer-reviewed articles and blogs
e  Papers not written in English

e Studies with insufficient technical or scientific
contribution

e Duplicate or outdated publications
Fundamentals of Quantum Computing

Quantum computing is an emerging computational
paradigm that exploits the principal of quantum
mechanics to process information in ways that are
fundamentally different from classical computing.
Unlike classical computers, which use bits to
represent information as either 0 or 1, quantum bits,
or qubits, enabling them to perform complex
computations more efficiently for certain classes of
problems.

Superposition

Superposition allows a qubit to exist in multiple
states at the same time. Mathematically, a qubit state
can be represented as a linear combination of basis
states 0 & 1. This property enables quantum
computers to process a large number of possibilities
in parallel, providing potential exponential speedup
over classical systems for specific algorithms.

Entanglement

Entanglement is a quantum phenomenon in which
two or more qubits become correlated such thar the
state of one qubit cannot be described independently
of the others. This property plays a critical role in
quantum computing by enabling powerful
computational and communication capabilities,
including quantum teleportation and enhanced
algorithm performance.

Quantum Gates and Circuits

Quantum gates are the building blocks of quantum
algorithms and operate on qubits to manipulate their
quantum states. Common quantum gates include the
pauli gates (X,Y,Z), Hadamard gate, and controlled
gates such as CNOT. A sequence of quantum gates
arranged in a specific order forms a quantum circuit,
which represents the execution of a quantum
algorithm.

Quantum Measurement

Measurement is the process of extracting classical
information from a quantum system. When a qubit
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is measured, its quantum state collapses to one of the
classical basis states, either 0 or 1. Measurement
plays a crucial role in quantum algorithms, as it
determines the final output of quantum computation.

Quantum Algorithm

Quantum algorithms are procedures that run on
quantum computers, leveraging the principles of
quantum mechanics to solve problems more
efficiently than classical algorithms. These
algorithms utilize quantum superposition and
quantum entanglement, which are not -easily
simulated on classical computers.

HIL.LKEY QUANTUM ALGORITHMS
Shor’s Algorithm

Shor’s algorithm is renowned for its ability to
factorize integer and solve discrete logarithm
problems in polynomial time. This is significantly
faster than the best -known classical algorithm
which take super polynomial time.

Grover’s Algorithm

Grover’s algorithm provides quadratic speedup for
searching an unstructured database. It can find
marked item in a list of (N) entries using only (0VN)
queries, compared to(o(N)) queries required by
classical algorithms.

Quantum Fourier Transform (QFT)

The Quantum Fourier Transform is the quantum
analogue of the classical discrete Fourier transform.
It is a crucial component in many quantum
algorithms, including Shor's algorithm. QFT can be
implemented efficiently on a quantum computer
using a polynomial number of quantum gates.

Deutsch-Jozsa Algorithm

The Deutsch-Jozsa algorithm determines whether a
given function is constant or balanced with a single
query, whereas a classical deterministic algorithm
would require exponentially many queries.

Quantum Phase Estimation

Quantum phase estimation is used to determine the
eigenphase of an eigenvector of a unitary operator.
It is a fundamental subroutine in many quantum
algorithms, including Shor's algorithm and quantum
simulations.

Simon's Algorithm
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Simon's algorithm solves a specific black-box
problem exponentially faster than any classical
algorithm. It was a precursor to Shor's algorithm and
demonstrated the potential of quantum computing
for certain types of problems.

Software tools and platforms for quantum
Computing

Quantum programming tools play a crucial role by
simplifying the creation and implementation of
quantum algorithms thus enabling researchers and
developers to harness the power of quantum
computing for solving complex problems more
efficiently. Microsoft developed Q Sharp in
December 2017, offering several standard libraries
with pre-defined quantum functions and powerful
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debugging and simulation tools. In November 2018,
computing created Py Quilto develop and run
Python code for quantum algorithms. Py Quil is
rapidly creating Quil programmes using quantum
gates and conventional operations. In December
2021, Quantum developed TKET to create and
execute gate-based quantum computer programs.
Additionally, Quantum designed TKET to solve
problems in chemical, material science, finance, and
optimisation. Recently, the CLOUDS Lab at the
University of Melbourne has developed a novel 1
Quantum Simulator toolkit for quantum cloud
computing by supporting the deployment of
applications on multiple quantum computing
resources offered by different vendors as cloud
services.
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Fig. Software Tools and Platforms for Quantum Computing.

IV.QUANTUM COMPUTER VS CLASSICAL
COMPUTER

A quantum computer was proposed to simulate
processes that a classical computer cannot achieve.
It offers an unrivalled approach to information
processing (Tura, 2021). Quantum computers utilize
the collective attributes of the quantum state such as
superposition, interference, and entanglement
abiding by quantum mechanics principle, unlike its
classical counterpart, abiding by classical physics
principle. Both classical computers and quantum
computers can solve some similar computational

problems. The main difference between a classical
computer and a quantum computer is the time rate
of solving some of the computational issues.
Furthermore, the utilization of the quantum
entanglement principle in quantum computers
greatly intensifies the processing speed According to
Yu increasing the amount of qubit or creating a more
significant entangled state can further enhance the
processing speed of the quantum computer. There
are various other distinctions between a classical and
a quantum computer. Table 1 shows the differences
between a quantum and a classical computer to put
it into perspective.

Quantum Computer

Governed by Quantum mechanics principal.

High rate of error.

Use Qubit or Quantum bit to represent information.

Extremely sensitive to noise. Minimal Inherent noise.

Quantum gate operation or energy state manipulation. Boolean logical operations.
Fig: Quantum computer vs classical computer

Classical Computer

Governed by Quantum physical principal.
Low rate of error.

Use bit to represent information.
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V.CHALLENGES IN QUANTUM COMPUTING

As quantum systems tend to be very fragile,
realizing practical quantum computers is one of the
primary problems to be overcome. The quantum
states of highly sensitive to environmental
interference resulting in decoherence and losing the
unique quantum properties that give quantum
computers which COMPUTATIONAL power. To
overcome this, researchers are developing new,
advanced quantum error correction techniques that
seek to protect quantum information and keep the
coherence of qubits over much longer ranges.

The scalability of qubit architectures is also another
important challenge. Although a lot of current
quantum systems are limited to a few qubits, and
scaling reliably up to the thousands or millions of
qubits needed for practical application remains a
large hurdle, the information technology needs of

the world will drive the technology forward. From
cryptography, to optimization to quantum simulation
and materials science it is hard to think of a problem
that quantum computing may not be useful for. The
second challenge is however the development of
efficient quantum algorithms that can go beyond
classical computers for practical problems.

VI.APPLICATIONS OF QUANTUM
COMPUTING

1.Quantum Computing in cloud

Cloud-based quantum computing services have been
introduced and used in several backgrounds, namely
teaching, research and games. This provides a path
to quantum computing, a quantum computing
platform that anyone can access publicly in cloud
environment setting. It accessible to user around the
globe to execute real quantum processing tasks.

Developer | Quantum cloud Description

Xanadu Xanadu Quantum Cloud A photonic quantum computing platform

Microsoft | Microsoft azure Quantum A quantum system and toolkit

IBM IBM Q Experience A quantum system, simulator and programming tools
Google Quantum Playground A quantum simulator and 3D quantum state visualization

Fig: Existing cloud-based quantum computing platforms

2.Quantum computing in security

Data security is essential as it protects critical
information, including files, databases, accounts and
networks. Effective data security is critical to public
and private sector organizations in this modern
digital technology era, as the consequences of data
breaches can cause severe problems. The field of
cybersecurity has become increasingly significant
due to the reliance on computer systems and
technology advancements. Cybersecurity has
constantly been improving alongside its counterpart,
cyber threats, over the years. Cybersecurity experts
use cryptography to design algorithms and other
measures to protect the data. Cryptography is the
practice  of protecting  information  from
unauthorized access, ensuring the integrity and
authentication of the data.
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Fig: Quantum computing in security
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3.Quantum computing in industries

Quantum computing will revolutionize numerous
industries in the future. According to Dilmegani
JIBM predicted that quantum computing would
evolve over three horizons in the industrial
revolution. Horizon 1: Applications for the
upcoming few years. Horizon 2: Stable quantum
computers but not at the optimal level. Horizon 3:
Beyond 15 years. Figure 3 illustrates some of the
potential quantum computing applications in
industries. quantum computing technology can
significantly impact various industries. For example,
in health care and life sciences, an oncologist from
the German cancer research centre collaborates with
a team of physicists and computer scientists,
planning to utilize quantum computing to help
cancer patients classify and select specific therapies
from heterogeneous therapies data sets. Another
example in renewable energy, Giani expressed the
need for quantum computing to solve crucial
renewable energy problems.

VILFUTURE WORK IN QUANTUM
COMPUTING

Although significant progress has been made in
quantum computing, many challenges remain that
open up wide opportunities for future research. One
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of the primary areas for future work is the
development of more stable and scalable qubit
technologies. Improving qubit coherence time and
reducing noise will be essential for building reliable
large-scale quantum computers.

Another important direction is the advancement of
quantum error correction techniques. Current
quantum systems are highly sensitive to
environmental disturbances, which limits their
practical usability. Future research should focus on
designing efficient error correction codes and fault-
tolerant architectures that can operate on noisy
quantum hardware.

Quantum software development is another key area
for future work. There is a growing need for user-
friendly programming languages, development
frameworks, and debugging tools that can simplify
quantum application design. Improving software
portability across different quantum hardware
platforms will also enhance accessibility for
researchers and developers.

In addition, future studies should explore new
quantum algorithms and expand existing ones to
solve real-world problems more efficiently. Areas
such as optimization, artificial intelligence,
cryptography, and scientific simulations offer strong
potential for quantum advantage.

Finally, ethical, security, and societal implications of
quantum computing require careful attention. As
quantum technologies mature, research should
address concerns related to data security, privacy,
workforce impact, and responsible deployment of
quantum systems.

VII.CONCLUSION

In conclusion, a review of quantum computing and
its application and the essence of quantum
entanglement in quantum computing was presented.
The differences between quantum computers and
classical computers were also discussed, focusing on
the utilization of quantum entanglement in a
quantum computer, an essential key in enhancing the
quantum computers processing speed. Next, some
existing quantum computing applications were also
stated. ~ Even though it is still in the early
development phase for quantum computing to
penetrate the market for commercial use,
considering its limitations, quantum computing has
a huge potential to change the technological world.
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