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ABSTRACT: Quantum computing is a completely different approach to information processing that makes use of ideas from 
quantum mechanics, such as superposition, entanglement, and quantum interference. Unlike classical computers, which use 
binary bits to process data, quantum computers use qubits to represent and manipulate quantum states. These ideas enable 
quantum algorithms to provide significant computational benefits for certain classes of problems, including integer 
factorization, unstructured search, molecular simulation, and optimization. However, practical quantum computing is still 
constrained by issues like quantum decoherence, noise, gate errors, limited qubit scalability, hardware complexity, and the 
substantial overhead of quantum error correction.An overview of the basic ideas of quantum computing is given in this paper, 
along with an analysis of its benefits, drawbacks, and new uses in fields like cryptography, drug development, materials 
science, artificial intelligence, finance, and optimization. Future directions are also covered, such as the creation of useful 
quantum algorithms, fault-tolerant quantum computing, hybrid quantum-classical architectures, and quantum-resistant 
cryptography. The study highlights that quantum computing is a complementary computational paradigm whose usefulness 
depends on the interaction between quantum algorithms, hardware capabilities, and problem structure rather than a universal 
substitute for classical computing. Reliable quantum advantage for significant real-world computational problems may be 
made possible by ongoing developments in quantum technologies. 

Index Terms :  

Quantum computing, qubits, superposition, quantum entanglement, quantum interference, quantum algorithms, quantum 
error correction, quantum advantage, and post-quantum cryptography are examples of index terms.

 
I. INTRODUCTION  

The history of computing has repeatedly expanded the 
boundaries of what can be considered computationally 
feasible. Decades of progress in hardware, algorithms, and 
information processing have allowed traditional computers to 
tackle increasingly complex problems. But many 
computational tasks are still hard because the resource 
requirements grow exponentially with problem size. This has 
shifted the focus from increasing processing speed alone to 
studying alternative models of computation [1], [2].’ 

This change in perspective leads to quantum computing. 
Quantum computers use quantum-mechanical principles to 
encode and manipulate information, rather than representing 
information exclusively through classical binary states. 
Quantum bits or qubits are able to exist in superposition, and 
entanglement and quantum interference offer additional 
mechanisms for building computational processes [1]. These 
properties do not make quantum computers universally faster 
than conventional computers, but rather their potential 
advantage depends on whether the structure of a particular 
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problem can be effectively exploited by a quantum algorithm 
[1], [2]. 
The possible effects of this approach spans fields such as 
molecular simulation, optimisation, materials science, 
cryptography, and machine learning [2]–[5]. But the road 
from theoretical promise to practical computational advantage 
is still a tough one. Noise, limited number of qubits, finite 
depth of circuits, operational errors, and the large resources 
for quantum error correction [2], [6] affect present-day 
quantum devices. This means that showing an algorithmic 
advantage in theory differs from obtaining a reliable 
advantage on real quantum hardware [2]. 
The theoretical and practical aspects of quantum computing 
are examined in this paper. It looks at the fundamentals of 
quantum information processing, how quantum algorithms 
help achieve computational advantages, new application 
areas, and the current technological constraints that prevent 
large-scale implementation. This study views quantum 
computing as a unique computational paradigm whose value 
depends on the interaction between quantum algorithms, 
hardware capabilities, and the structure of real-world 
problems, rather than just as a quicker replacement for 
classical computing [1], [2]. 
 

 
 
Fig. 1. Overview of quantum computing principles, applications, and 
challenges. 
 
 

II. FUNDAMENTALS OF QUANTUM COMPUTING 
 

A. From Bits to Qubits 

In classical computing, information is represented by bits, 
which normally take one of two logical values: 0 or 1. In 
quantum computing, the qubit is used in place of this binary 
information unit. The computational basis states (|0\rangle) and 
(|1\rangle) can be linearly combined to represent a qubit:  

[|\psi\rangle = \alpha|0\rangle + \beta|1\rangle],  

where (\alpha) and (\beta) are complex probability 
amplitudes that meet the normalization condition 

 [|\alpha|^2 + |\beta|^2 = 1] [1]. 

Interpreting this expression as a classical bit that merely 
holds both values simultaneously is incorrect. While 
measurement yields a classical result, the amplitudes determine 
the probability of observing each state. Carefully adjusting 
these amplitudes 

Quantum algorithms can achieve computational advantages 
through controlled quantum operations prior to measurement 
[1]. 

B. Superposition 

The principle of superposition allows a quantum state to 
contain a combination of computational basis states. The 
corresponding computational state space of a system with (n) 
qubits has (2^n) basis states [1]. 
 
One of the benefits of using quantum systems to represent 
intricate mathematical structures is this characteristic. 
However, characterizing superposition as merely "processing 
all possibilities simultaneously" can be deceptive. In order for 
constructive and destructive interference to amplify beneficial 
outcomes and suppress undesirable ones, a quantum algorithm 
must manipulate probability amplitudes. Consequently, a 
computational advantage is not guarantyd by a large quantum 
state space alone [1], [2]. 
 

C. Entanglement 
Entanglement Correlations between quantum systems that 
cannot be expressed as separate classical states are described 
by entanglement. The state of the combined system must 
typically be described as a whole rather than as distinct states 
of individual qubits when qubits become entangled [1]. 

 
Many quantum algorithms, communication protocols, and 
quantum error-correction techniques rely heavily on 
entanglement [1], [6]. However, entanglement by itself does 
not ensure faster computation. How it is produced, managed, 
and integrated into a specific quantum algorithm determines 
how useful it is. 

D.  Quantum Interference 
Quantum Interference Quantum algorithms use interference to 
change probability amplitudes. While destructive interference 
can lower the likelihood of unwanted outcomes, constructive 
interference can raise the likelihood of desired outcomes [1]. 

 
This idea is demonstrated by Grover's search algorithm, which 
offers a quadratic improvement over unstructured classical 
search in the query model [7]. This illustrates a key feature of 
quantum computing: computational advantage arises not only 
from the existence of superposition but also from carefully 
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crafted quantum operations that take advantage of interference 
[7]. 

III. PRINCIPLE OF QUANTUM COMPUTING 

Quantum computing employs quantum states to process 
information and is founded on the basic ideas of quantum 
mechanics [1]. Quantum computers use quantum operations to 
manipulate qubits, in contrast to classical computers that use 
definite binary states. 
Quantum gates, which change the states of qubits, are used in 
quantum computations. Hadamard, Pauli, phase, and 
controlled-NOT (CNOT) gates are examples of common 
quantum gates [1]. Quantum circuits that carry out quantum 
algorithms can be created by combining these gates. 
 
State preparation, quantum operations, and measurement are 
typically included in a quantum computation. Initialization of 
the quantum state is followed by a series of operations 
intended to change the amplitudes of potential outcomes. 
Ultimately, quantum information is transformed into classical 
information through measurement [1]. 
 
The controlled application of superposition, entanglement, 
and interference is what gives quantum computing its 
computational potential. Certain quantum algorithms can 
solve some problems more effectively than well-known 
classical methods thanks to these principles [1], [7], and [8]. 
Grover's algorithm for unstructured search and Shor's 
algorithm for integer factorization are two examples [7], [8]. 
 
Quantum mechanics does not, however, imply that all 
computations become faster. Quantum advantage depends on 
both the problem and the algorithm. As a result, the main 
objectives of quantum computing research continue to be 
finding appropriate problems and creating algorithms that 
efficiently take advantage of quantum properties [1], [2]. 

IV. ADVANTAGES OF QUANTUM COMPUTING 

A. High Computational Potential 

High Computational Potential For certain classes of problems, 
quantum computers have the potential to significantly improve 
computational performance. Utilizing the characteristics of 
quantum mechanics, quantum algorithms can achieve speedups 
that are hard or impossible to replicate with traditional 
methods [1], [2]. 

B. Effective Problem Solving 

Theoretically, some quantum algorithms are superior to 
classical algorithms. Grover's algorithm offers a quadratic 
speedup for unstructured search, while Shor's algorithm offers 
a polynomial-time quantum algorithm for discrete logarithms 
and integer factorization [7], [8]. 

 

C.  Large State Representation 

As the number of qubits increases, a quantum system's state 
space expands exponentially. This makes it possible for 
quantum computers to compactly represent complicated 
mathematical states; however, effective use of this state space 
necessitates well thought-out algorithms [1]. 

D. Advanced Optimization 

Large search space optimization problems are being studied 
using quantum computing. Scheduling, logistics, routing, 
resource allocation, and financial optimization are some 
possible uses [2]. 

E. Quantum Simulation 

It is challenging to effectively simulate quantum systems with 
traditional computers. Following Feynman's identification of 
quantum simulation as a key driving force behind quantum 
computing, quantum methods for simulating chemical and 
physical systems have been developed [9], [4]. 

F. Potential Contributions to Artificial Intelligence 

Quantum machine learning studies how to combine machine 
learning methods with quantum circuits. Quantum machine 
learning is a significant new field of study, despite the fact that 
practical benefits are still an open research question [10]. 

V. QUANTUM COMPUTING DISADVANTAGES 

Despite its potential, quantum computing has a number of 
drawbacks. 

A.  Quantum Decoherence 
Qubits are very sensitive to changes in their surroundings. 
Computational errors can result from quantum information 
losing coherence due to interactions with the environment [1], 
[2]. 
 

B.  High Error Rates 
Environmental noise, measurement errors, and faulty gates all 
have an impact on current quantum processors. Thus, efficient 
quantum error-correction methods are needed for reliable 
large-scale computation [2], [6]. 
 

C. Complex Hardware Requirements 
Highly controlled environments, such as extremely low 
temperatures, electromagnetic shielding, vacuum systems, 
lasers, or specialized microwave equipment, are necessary for 
many quantum technologies. Building and maintaining 
quantum computers is challenging due to these requirements 
[1], [2]. 
 

D. Scalability 
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One of the biggest challenges is expanding the number of 
qubits while keeping error rates low. Reliable logical qubits 
shielded from physical errors are necessary for a practical 
fault-tolerant quantum computer, which adds a significant 
resource overhead [6]. 
 

E. Limited Universal Advantage 
 It is not anticipated that quantum computers will perform 
better than classical computers on all tasks. Their advantages 
are concentrated in particular computational tasks where 
suitable quantum algorithms are available [1], [2]. 
 

F. High Development Cost 
Considerable financial and technical resources are needed for 
quantum hardware, control systems, cooling infrastructure, 
and specialized research facilities. Large-scale quantum 
systems are currently not widely deployed due to these 
requirements [2]. 

VI. APPLICATIONS OF QUANTUM COMPUTING  

 

 
Fig. 2. Applications of quantum computing across various fields. 

 
A. Cryptography and Cybersecurity 
Quantum computing has significant cybersecurity 
ramifications. Shor's algorithm shows that the discrete-
logarithm and integer-factorization problems that underpin 
significant public-key cryptography systems could be 
effectively resolved by a sufficiently strong fault-tolerant 
quantum computer [8]. Post-quantum cryptography 
techniques have been developed and implemented as a result 
[11]. 
 
B.  Drug Discovery and Molecular Simulation 
 Chemical interactions and molecular structures may be 
simulated with the aid of quantum computers. Chemical 
engineering, materials research, and drug discovery could all 
benefit from such capabilities [4], [12]. 
 
C. Optimization 
Complex optimization problems with big search spaces are 
being studied using quantum algorithms. Transportation 

routing, supply-chain management, scheduling, logistics, and 
resource allocation are some possible uses [2]. 
 
D. Artificial Intelligence and Machine Learning 
Quantum machine learning studies how to combine machine 
learning methods with quantum circuits. Optimization, 
classification, and other computational tasks are examples of 
potential applications; however, research on practical 
quantum advantages is still ongoing [10]. 
 
E. Financial Services 
Portfolio optimization, risk analysis, financial modeling, and 
other computationally demanding tasks may eventually 
benefit from quantum computing. Rather than being proven 
large-scale quantum advantages, these applications are still a 
subject of active research [2]. 
 
F. Materials Science 
Researchers may find materials with desired electrical, 
magnetic, optical, or chemical properties by using quantum 
simulation to study materials at the molecular and atomic 
levels [4], [12]. 
 
G. Energy and Climate Research 
 Research on batteries, catalysts, energy systems, and other 
intricate physical and chemical processes may benefit from 
quantum simulation and optimization [4], [12]. 
 
H. Transportation and Logistics 
Delivery schedules, airline planning, vehicle routing, 
warehouse operations, and other logistical processes may all 
be enhanced by quantum optimization techniques. The 
usefulness of quantum methods over sophisticated classical 
optimization, however, is still up for debate [2]. 

VII. FUTURE PERSPECTIVES 
Continued advancements in quantum hardware, algorithms, 
software, and error correction are critical to the future 
development of quantum computing. The creation of fault-
tolerant quantum computers, in which logical qubits can 
preserve accurate information in the face of physical noise 
and errors, is one of the main goals [2], [6]. 
 
It is also likely that future quantum systems will function 
within hybrid quantum-classical computing architectures. 
Quantum processors might coexist with CPUs and GPUs, 
with each computational platform carrying out the tasks for 
which it is most appropriate, rather than totally replacing 
classical computers [2]. 
 
Another crucial path is the creation of improved quantum 
algorithms. Quantum approaches to optimization, chemistry, 
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materials science, machine learning, simulation, and 
cryptography are being studied by researchers [4], [10], [12]. 
Demonstrating quantifiable advantages over traditional 
methods will determine the practical significance of these 
approaches. 
 
Cybersecurity is also anticipated to be significantly impacted 
by quantum computing. Organizations will need to implement 
cryptographic techniques that are resistant to quantum attacks 
as quantum technologies advance. Three major post-quantum 
cryptography standards have already been finalized by NIST, 
underscoring the significance of getting current systems ready 
for the quantum era [11]. 

VIII. CONCLUSION 

Based on the ideas of quantum mechanics, quantum 
computing is a radically different method of processing 
information. Quantum computers offer new computational 
approaches for specific problem classes by taking advantage 
of superposition, entanglement, and quantum interference [1]. 
 
Cryptography, drug development, molecular simulation, 
optimization, finance, artificial intelligence, materials science, 
and energy research are just a few of the potential uses for this 
technology [4], [8], [10], and [12]. Carefully crafted quantum 
procedures can offer significant theoretical improvements for 
particular computational tasks, as demonstrated by quantum 
algorithms like Shor's and Grover's algorithms [7], [8]. 
 
However, quantum computing is still a relatively new 
technology. Current quantum systems are still limited by 
decoherence, noise, error rates, scalability, hardware 
complexity, error-correction overhead, and high development 
costs [2], [6]. Additionally, the speed advantage that quantum 
computers offer is not universal, and their applicability is 
highly dependent on the particulars of each problem and 
algorithm. 
 
Improvements in qubit quality, the development of scalable 
fault-tolerant architectures, error reduction, the development 
of useful quantum algorithms, and the integration of quantum 
processors with classical computing systems will all be 
necessary for future advancements [2], [6]. As a result, 

quantum computing shouldn't be seen as merely a substitute 
for traditional computing. Rather, it is a complementary 
computational paradigm that has the capacity to push the 
limits of computational power. 
 
As research progresses, quantum computing may become a 
useful computational resource by combining quantum 
algorithms, sophisticated hardware, quantum error correction, 
and classical computing. Achieving a dependable, scalable, 
and observable quantum advantage for significant real-world 
issues will be crucial to its final impact, in addition to 
increasing the number of qubits. 

REFERENCES 
[1] Quantum Computation and Quantum Information: Tenth Anniversary 

Edition, M. A. Nielsen and I. L. Chuang. Cambridge University Press, 
Cambridge, UK, 2010; doi: 10.1017/CBO9780511976667 

[2] J. Preskill, "Quantum computing in the NISQ era and beyond," 
Quantum, vol. (Cambridge University Press). 2, p. 79, 2018, doi: 
10.22331/Q-2018-08-06-79. 

[3] R. P. Feynman, "Computer-based physics simulation," International 
Journal of Theoretical Physics, vol. 21, nos. 6–7, pp. doi: 
10.1007/BF02650179, 467–488, 1982. 

[4] S. McArdle, S. Endo, A. Aspuru-Guzik, S. C. Benjamin, and X. Yuan, 
"Quantum computational chemistry," Reviews of Modern Physics, vol. 
No, 92. 1, doi: 10.1103/RevModPhys.92.015003, p. 015003, 2020. 

[5] M. Cerezo et al., "APS Journals"Variational quantum algorithms, 
Nature Reviews Physics, vol. 3, pp. 10.1038/s42254-021-00348-9, 625–
644, 2021. 

[6] B. M. Terhal, "Quantum error correction for quantum memories," 
Reviews of Modern Physics, vol. No, 87. 2, pp. doi: 
10.1103/RevModPhys.87.307, 307–346, 2015.APS Journals) 

[7] L. K. Grover, "A quick quantum mechanical database search algorithm," 
in Proc. 28th ACM Symposium. Philadelphia, PA, USA: Theory of 
Computing (STOC), 1996, pp. 212–219, doi: 10.1145/237814.237866.

[8] P. W. Shor, "Polynomial-time algorithms for prime factorization and 
discrete logarithms on a quantum computer," SIAM Review, vol. No, 
41. 2, pp. 10.1137/S0036144598347011, 303–332, 1999.SIAM)  

[9] I. Kassal, J. D. Whitfield, A. Perdomo-Ortiz, M.-H. Yung, and A. 
Aspuru-Guzik, "Quantum computer-based chemistry simulation," 
Annual Review of Physical Chemistry, vol. 62, pp. 10.1146/annurev-
physchem-032210-103512, 185–207, 2011 

[10] National Institute of Standards and Technology, "Three Federal 
Information Processing Standards (FIPS) for post-quantum 
cryptography have been approved," August 13, 2024.[12] A. Aspuru-
Guzik, A. D. Dutoi, P. J. Love, and M. Head-Gordon, "Simulated 
quantum computation of molecular energies," Science, vol. No, 309. 
5741, pp. doi: 10.1126/science.1113479, 1704–1707, 2005.  

 
 

 

Published by : International Journal of Engineering Research & Technology (IJERT)
https://www.ijert.org/ ISSN: 2278-0181
An International Peer-Reviewed Journal Vol. 14, Issue 10, NCREHAASTE - 2026

IJERTCONV14IS100012 Page 5

(This work is licensed under a Creative Commons Attribution 4.0 International License.)


