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ABSTRACT 

Quantum computing grounded in principles of superposition, entanglement, and quantum interference, 

represents a paradigm shift in computation, surpassing the capabilities of classical systems for specific 

domains. This paper reviews the historical foundations, theoretical principles, hardware architectures, 

and software ecosystems of quantum computing. It highlights transformative applications across 

cryptography, artificial intelligence, finance, healthcare, and climate science, while addressing critical 

challenges such as decoherence, scalability, and algorithmic limitations. Finally, it outlines future 

directions including fault-tolerant processors, hybrid quantum-classical architectures, and global policy 

frameworks. The study consolidates research to provide a holistic perspective on the trajectory of 

quantum technologies in the 21st century. 
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Introduction and Historical Background 

Quantum computing marks one of the most profound technological shifts of the 21st century, 

reshaping computation and information processing [1], [2]. Unlike classical bits restricted to binary 

states of 0 or 1, quantum bits (qubits) leverage superposition to exist in multiple states simultaneously. 

This exponential parallelism enables exploration of vast solution spaces far beyond classical capabilities. 

The conceptual roots trace back to Richard Feynman’s 1981 insight that classical computers face 

exponential overhead when simulating quantum systems [1]. He argued that only a computer governed 
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by quantum mechanics could efficiently model such systems. Building on this, David Deutsch proposed 

the universal quantum computer [2], formalizing the computational model that underpins algorithmic 

design today. 

The 1990s ushered in quantum algorithmic breakthroughs. Shor’s algorithm demonstrated 

polynomial-time factoring, threatening RSA cryptography [3], while Grover’s algorithm enabled 

quadratic speedups in database search [4]. These results established theoretical proof of quantum 

advantage. 

A major experimental milestone occurred in 2019, when Google’s Sycamore processor achieved 

quantum supremacy by completing a task in 200 seconds that would take classical supercomputers 

millennia [6]. Meanwhile, IBM pioneered cloud-based access through the IBM Quantum Experience [7]. 

Such milestones marked the transition from theoretical vision to practical prototypes. 

 

Principles and Models of Quantum Computing: 

The power of quantum computing is built upon three pillars: 

 Superposition allows qubits to represent multiple states simultaneously, exponentially increasing 

representational capacity. 

 Entanglement creates correlations across qubits, enabling collective computation beyond 

classical analogues [5]. 

 Interference amplifies correct outcomes while suppressing erroneous ones, a mechanism 

exploited in Grover’s and Shor’s algorithms [3], [4]. 

Mathematically, qubits are represented as vectors in Hilbert space, manipulated through unitary 

transformations. Visualization via the Bloch sphere aids in conceptualizing their probabilistic states. 

Quantum computing is fundamentally different from classical computing, not only in how it processes 

information but also in the models and architectures used to implement it 

A. Models of Computation 

1. Gate-based model: The most widely studied, supporting universal algorithms via quantum logic 

gates. 
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2. Quantum annealing: Optimized for combinatorial optimization, exemplified by D-Wave’s 

systems. 

3. Measurement-based model: Employs entangled cluster states with measurements driving 

computation. 

4. Topological quantum computing: Encodes information in braids of anyons, promising inherent 

fault tolerance [14]. 

Each model faces distinct engineering and scalability challenges. Current efforts largely focus on noisy 

intermediate-scale quantum (NISQ) devices, which operate with tens to hundreds of qubits but without 

full error correction [9]. 

Comparison of Quantum Computing Architectures 

Feature Gate-Based 
Quantum 

Annealing 
Topological 

Purpose Universal computation 
Optimization 

problems 

Fault-tolerant 

computing 

Qubit Type Superconducting, trapped ions Flux qubits 
Annoys (topological 

states) 

Error 

Resistance 
Low, needs correction Moderate 

High, intrinsically 

protected 

Flexibility High Low Medium 

Examples IBM, Google, Righetti D-Wave 
Experimental 

prototypes 

Each architecture serves different computational goals. Gate-based systems provide universal 

computation, quantum annealers solve specific optimization tasks efficiently, and topological 

architectures promise long-term error-resilient computing. 
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Hardware Platforms and Cloud Ecosystems: 

Quantum hardware development has diversified across multiple physical platforms, each offering unique 

trade-offs in scalability, fidelity, and engineering requirements. 

 Superconducting qubits: These dominate current industrial research, featuring fast gate times 

and relative ease of fabrication using existing semiconductor techniques. However, they require 

dilution refrigerators operating at millikelvin temperatures. Companies like IBM, Google, and 

Rigetti have made substantial progress in scaling superconducting systems, with IBM now 

hosting cloud-accessible devices exceeding 100 qubits [7]. 

 Trapped ions: Known for their exceptional coherence times and high-fidelity gate operations, 

trapped-ion systems are attractive for precision computing. IonQ and academic institutions have 

pioneered architectures where ions are confined and manipulated using lasers, providing a 

scalable path to fault-tolerance [8]. 

 Photonic qubits: Encoding information in photons makes this platform particularly suited for 

quantum communication. Photonic systems can operate at room temperature and can leverage 

existing optical fiber infrastructure, making them attractive for building quantum networks. 

 Topological qubits: Still in experimental stages, topological approaches promise resilience 

against decoherence by encoding quantum information non-locally in the braiding of anyons 

[14]. While practical implementations are not yet realized, this line of research offers potential 

breakthroughs in error-resistant computation. 

The 2019 Google Sycamore demonstration validated the superconducting approach by solving a 

benchmark problem in seconds that would take classical supercomputers millennia [6]. Meanwhile, IBM 

continues to push scalability with public cloud access to progressively larger quantum processors, 

signalling the practical accessibility of these technologies [7]. 

Quantum Cloud Computing: 

Cloud platforms play a pivotal role in democratizing quantum computing. They eliminate the need for 

researchers to build costly hardware while providing direct access to state-of-the-art devices. 

 IBM Quantum Experience enables users to run quantum circuits on real hardware and 

simulators, fostering global collaboration and hands-on education [7]. 

 Microsoft Azure Quantum integrates diverse hardware backends—including ion-trap and 

superconducting qubits—through a unified cloud interface, with programming support from its 

Q# language. 

 Amazon Braket delivers hybrid workflows by linking quantum backends to classical cloud 

infrastructure, supporting research and enterprise adoption through familiar AWS tools. 

These platforms not only expand accessibility but also accelerate algorithm development and 

benchmarking, providing a bridge between experimental devices and practical applications. 

Software Ecosystems: 

Complementing hardware, open-source software frameworks empower researchers to design, simulate, 

and deploy quantum algorithms. 

 Qiskit (IBM) provides a Python-based framework with modules for quantum circuit design, 

noise modelling, and execution on real devices. 

 Cirq (Google) emphasizes quantum circuit simulation and integration with Google’s hardware 

for algorithm prototyping. 

https://www.ijsat.org/


 

International Journal on Science and Technology (IJSAT) 

E-ISSN: 2229-7677   ●   Website: www.ijsat.org   ●   Email: editor@ijsat.org 

 

IJSAT25038356 Volume 16, Issue 3, July-September 2025 5 

 

 PyQuil (Rigetti) integrates with the Forest platform, supporting hybrid quantum-classical 

computation. 

These ecosystems also support the development of hybrid algorithms such as the Variational Quantum 

Eigensolver (VQE) and Quantum Approximate Optimization Algorithm (QAOA), both suited for 

today’s noisy intermediate-scale quantum (NISQ) devices [9]. By lowering barriers to entry, they have 

cultivated a rapidly growing developer community, fostering cross-disciplinary innovation in quantum 

research and application. 

Applications across Domains: Quantum computing’s impact spans numerous scientific and industrial 

sectors. 

Cryptography: Shor’s algorithm undermines RSA and elliptic curve cryptography [3], motivating post-

quantum cryptography. Simultaneously, Quantum Key Distribution (QKD) promises secure 

communication by exploiting quantum measurement principles [10]. 

Healthcare and Pharmaceuticals: Quantum simulation enables accurate modelling of biomolecular 

interactions, accelerating drug discovery and personalized medicine [11]. Variational Quantum 

Eigensolvers (VQE) help compute molecular ground states with unprecedented efficiency. 

Artificial Intelligence and Machine Learning; Quantum-enhanced AI offers improvements in 

optimization, sampling, and generalization. Quantum machine learning models may accelerate training 

and manage large-scale data analysis across fields such as vision, NLP, and reinforcement learning [12]. 

Finance and Economics: Financial institutions employ quantum algorithms for portfolio optimization, 

fraud detection, and risk modelling. Quantum annealers are particularly effective for combinatorial 

optimization in trading and logistics. 

Climate Science, Energy, and Transportation: Quantum simulations improve climate models, 

optimize renewable energy deployment, and aid in smart grid design. Transportation companies such as 

Volkswagen experiment with quantum solvers for real-time traffic optimization [13]. 

These cross-disciplinary applications highlight quantum computing’s transformative potential. 

Quantum Supremacy and Implementations: 

Quantum supremacy refers to the point at which a quantum computer performs a computational 

task infeasible for any classical supercomputer within a reasonable time [6]. Importantly, this milestone 

does not require solving useful problems but instead demonstrates the raw computational potential of 

quantum systems. Supremacy validates that superposition, entanglement, and interference can be 

reliably exploited in hardware. 

Milestone Experiments: 

The most notable demonstration came from Google’s Sycamore processor, a 53-qubit 

superconducting device that performed random circuit sampling in 200 seconds—a task estimated to 

take 10,000 years on the fastest classical supercomputer [6]. This proof-of-concept confirmed that noisy 

intermediate-scale quantum (NISQ) devices can outperform classical systems on specialized tasks.IBM 

has advanced superconducting processors with over 127 qubits available via its IBM Quantum 

Experience [7], emphasizing universal gate-based quantum computing. These processors are 

benchmarked using quantum volume, a holistic performance metric that incorporates gate fidelity, 

connectivity, and error mitigation. 

Other implementations highlight the diversity of approaches: D-Wave employs quantum annealing for 

optimization, IonQ and Honeywell utilize trapped ions for high-fidelity gates [8], while photonic and 
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spin-based systems offer alternate routes to scalability. Each platform demonstrates trade-offs in 

coherence times, noise resilience, and scalability. 

Challenges and Outlook: 

Despite successes, significant hurdles remain: decoherence, gate errors, fabrication 

imperfections, and the cryogenic requirements of superconducting systems [14]. NISQ devices rely 

heavily on error mitigation, while fault-tolerant quantum computers will require scalable error correction 

codes and millions of physical qubits [15].Nonetheless, the significance of supremacy lies in its role as a 

benchmark—guiding hardware development, inspiring hybrid quantum-classical algorithm design, and 

fueling global investment. Research is evolving toward practical quantum advantage, where quantum 

processors solve problems of real-world relevance in cryptography, drug discovery, logistics, and 

artificial intelligence [9]. 

 

Challenges and Future Directions: Despite rapid progress, formidable challenges persist. 

Technical Challenges: Qubits are fragile, prone to decoherence from environmental noise [16]. Error 

correction techniques like surface codes [14] require significant qubit overhead, with millions of 

physical qubits needed for thousands of logical ones [15]. Infrastructure demands include cryogenics, 

shielding, and vacuum systems, raising scalability and sustainability concerns. 

Algorithmic Limitations: Only a handful of algorithms—Shor’s [3], Grover’s [4], VQE, and QAOA—

offer proven advantages. Broader algorithmic ecosystems remain under development. 

Future Prospects:  

Research envisions: 

 Fault-tolerant processors employing error-corrected logical qubits. 

 Hybrid quantum-classical systems bridging NISQ devices with HPC infrastructures [9]. 

 Topological qubits for resilience against noise [14]. 

 Integration with AI, enabling quantum-enhanced machine learning [12]. 
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National initiatives in the U.S., Europe, China, and India, coupled with industrial investment, are 

accelerating development [7]. Standardization by IEEE and NIST seeks to ensure interoperability and 

post-quantum cryptographic readiness. 

 

Conclusion: 

Quantum computing represents a revolutionary shift in computational capability. Its theoretical 

foundations, established by Feynman [1] and Deutsch [2], have evolved into experimental prototypes 

and cloud platforms accessible worldwide. Applications across cryptography, AI, healthcare, finance, 

energy, and climate science demonstrate its far-reaching impact.Yet significant challenges remain—

fragile qubits, scalability hurdles, and limited algorithms. Addressing these demands advances in fault 

tolerance, hardware innovation, and interdisciplinary collaboration. With sustained global investment, 

quantum computing is poised to complement classical systems, redefine computational boundaries, and 

transform science, industry, and society in the coming decades. 
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