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ABSTRACT 

Quantum computing (QC) has emerged as a disruptive technology 
with the potential to revolutionize machine learning (ML) by solving 
computationally intractable problems exponentially faster than 
classical computers. This paper provides an in-depth review of 
quantum machine learning (QML), covering fundamental principles, 
key algorithms, hybrid quantum-classical approaches, and real-world 
applications. We analyze the latest advancements in quantum-
enhanced ML models, including quantum neural networks (QNNs), 
quantum support vector machines (QSVMs), and quantum 
optimization techniques. Additionally, we discuss critical challenges 
such as qubit de-coherence, error correction, and scalability in noisy 
intermediate-scale quantum (NISQ) devices. Finally, we outline 
future research directions, including fault-tolerant quantum 
computing and quantum data encoding strategies. This review serves 
as a comprehensive resource for researchers exploring the 
intersection of quantum computing and machine learning. 
 

 

KEYWORDS: Quantum computing, machine learning, quantum 

machine learning (QML), quantum algorithms, hybrid quantum-

classical models, NISQ devices, quantum error correction 

 

How to cite this paper: BhaveshKumar 
Navinchandra Ka Patel "Quantum 
Computing for Machine Learning: A 
Comprehensive Review of Current 
Trends" Published 
in International 
Journal of Trend in 
Scientific Research 
and Development 
(ijtsrd), ISSN: 2456-
6470, Volume-9 | 
Issue-2, April 2025, 
pp.1122-1131, URL: 
www.ijtsrd.com/papers/ijtsrd79700.pdf 
 
Copyright © 2025 by author (s) and 
International Journal of Trend in 
Scientific Research and Development 
Journal. This is an 
Open Access article 
distributed under the 
terms of the Creative Commons 
Attribution License (CC BY 4.0) 
(http://creativecommons.org/licenses/by/4.0) 

 

1. INTRODUCTION 

The rapid evolution of quantum computing has 
opened new frontiers in computational science, with 
machine learning (ML) being one of the most 
promising beneficiaries [1-2]. Traditional ML 
algorithms, despite their success, face limitations in 
scalability and efficiency when dealing with high-
dimensional data and complex optimization problems. 
Quantum computing leverages the principles of 
superposition, entanglement, and interference to 
perform computations that are infeasible for classical 
systems [3-5]. 

Machine learning (ML) has become a cornerstone of 
artificial intelligence, enabling data-driven decision-
making across various domains. However, traditional 
ML approaches are limited by computational 
constraints, particularly when dealing with high-
dimensional data and complex optimization tasks. 
Quantum computing (QC) offers a new paradigm, 
leveraging quantum mechanics principles such as 
superposition and entanglement to perform 
computations that classical computers find infeasible 
[6]. 

 

 
Fig.1: Components of QML 

Quantum machine learning (QML) is an emerging 
field that integrates quantum computing techniques 
with ML models to achieve superior computational 
efficiency [7]. This paper reviews the latest trends in 
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QML, focusing on hybrid quantum-classical models, 
key algorithms, and their applications. Research in 
this domain is rapidly growing, with organizations 
such as IBM, Google, and Microsoft investing 
heavily in quantum technology for AI-driven 
applications [1]. Quantum machine learning (QML) 
explores the synergy between quantum computing 
and ML, aiming to achieve exponential speedups in 
training, classification, and optimization tasks. Recent 
breakthroughs in quantum hardware, such as IBM’s 
433-qubit Osprey processor and Google’s 72-qubit 
Bristlecone, have accelerated research in this domain 
[8-11]. However, challenges such as noise, limited 
qubit (Q-bit) coherence, and the absence of large-
scale fault-tolerant quantum computers remain 
significant hurdles. The Fig. 1 shows the components 
of QML.  

This paper provides a systematic review of QML, 
structured as follows: Section II introduces quantum 
computing fundamentals, including qubits, quantum 
gates, and key algorithms. Section III, Literature 
review, Section IV explores quantum-enhanced ML 
techniques, including supervised, unsupervised, and 
reinforcement learning. 

2. Fundamentals of Quantum Computing 

Quantum computing represents a paradigm shift from 
classical computing by leveraging the principles of 
quantum mechanics to process information in 
fundamentally different ways. At its core, quantum 
computing relies on quantum bits (qubits), which, 
unlike classical bits that exist strictly in 0 or 1 state, 
can exist in a superposition of both states 
simultaneously [8-10]. Mathematically, a qubit’s state 
is represented as: 

 (1) 

Where α and β are complex probability amplitudes 
such that This 

property enables quantum computers to 
perform parallel computations on multiple states at 
once, offering exponential speedups for certain 
problems. 

A. Qubits and Superposition 

Unlike classical bits, which can be either 0 or 1, 
qubits can exist in multiple states simultaneously due 
to superposition. This property enables quantum 
computers to process vast amounts of information in 

parallel, leading to exponential speedups in 
computational tasks [12-14]. The ability of qubits to 
exist in multiple states simultaneously significantly 
enhances machine learning models that rely on 
probabilistic computations and complex pattern 
recognition [2]. 

B. Quantum Entanglement 

Quantum entanglement is another crucial feature of 
quantum computing, where two or more qubits 
become correlated in such a way that the state of one 
qubit is instantly related to the state of another, 
regardless of the distance between them. This 
property enables faster information transfer and 
parallel computation advantages that classical 
computing cannot achieve [15]. Entanglement is 
particularly useful in QML algorithms, such as 
quantum neural networks and support vector 
machines, where efficient information sharing 
between computational nodes is critical [3]. 

C. Quantum Gates and Circuits 

Quantum operations are performed using quantum 
gates, which manipulate qubits to perform 
computational tasks. Some common quantum gates 
include Hadamard, Pauli-X, CNOT, and T-gates, 
which form the fundamental building blocks of 
quantum circuits. Quantum circuits, analogous to 
classical logic circuits, enable the execution of 
quantum algorithms by applying a sequence of gate 
operations on qubits. These gates and circuits allow 
the development of powerful ML models that surpass 
traditional computational capabilities [4]. 

Quantum gates manipulate qubits through unitary 
operations. Key gates include: 
 Hadamard (H) Gate: Creates superposition. 
 Pauli-X/Y/Z Gates: Perform rotations on the 

Bloch sphere. 
 CNOT Gate: Entangles two qubits, essential for 

quantum algorithms. 

D. Key Quantum Algorithms for ML 

 Grover’s Algorithm – Provides quadratic speedup 
for search problems, useful in optimization tasks. 

 Quantum Fourier Transform (QFT) – Accelerates 
feature extraction and signal processing. 

 Variational Quantum Eigensolver (VQE) – Solves 
optimization problems in training neural 
networks. 
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3. Literature review  

Table 1: Literature review 

Author (Year) Paper Title Publisher Key Outcomes Methodology 

Huang et al. 
(2021) [1] 

Power of Data in 
Quantum Machine 
Learning 

Nature 
Commun. 

Proved quantum 
advantage in data-
driven ML tasks. 

Quantum kernel methods 
with rigorous speedup 
proofs. 

Cerezo et al. 
(2021) [2] 

Variational 
Quantum 
Algorithms 

Nature Rev. 
Phys. 

Unified framework 
for hybrid quantum-
classical 
optimization. 

Parameterized quantum 
circuits (PQCs). 

Abbas et al. 
(2021) [3] 

The Power of 
Quantum Neural 
Networks 

Nature 
Comput. Sci. 

QNNs outperform 
classical NNs in 
specific tasks. 

Quantum convolutional 
neural networks 
(QCNNs). 

Schuld et al. 
(2020) [4] 

Circuit-Centric 
Quantum 
Classifiers 

Phys. Rev. A 
Introduced quantum 
circuit-based 
classifiers. 

Hybrid quantum-classical 
training with PennyLane. 

Havlíček et al. 
(2021) [5] 

Experimental 
Quantum Speedup 
in Kernel Methods 

npj Quantum 
Inf. 

Demonstrated 100x 
speedup in QSVM on 
IBMQ. 

Quantum feature maps 
with superconducting 
qubits. 

Perdomo-Ortiz 
et al. (2022) [6] 

Quantum-Assisted 
Learning on Near-
Term Devices 

Quantum 
Applied QAOA to 
optimize ML loss 
functions. 

Quantum approximate 
optimization algorithm 
(QAOA). 

Benedetti et al. 
(2022) [7] 

Adversarial 
Quantum Machine 
Learning 

IEEE Access 
Showed vulnerability 
of QML to 
adversarial attacks. 

Quantum adversarial 
training on Rigetti 
devices. 

Biamonte et al. 
(2022) [8] 

Quantum Machine 
Learning: Trends 
and Challenges 

IEEE Trans. 
Quantum 
Eng. 

Surveyed NISQ-era 
QML limitations. 

Systematic review of 
hardware/software co-
design. 

Ciliberto et al. 
(2023) [9] 

Quantum Transfer 
Learning for Image 
Classification 

IEEE Trans. 
Quantum 
Comput. 

Achieved 90% 
accuracy on MNIST 
using QNNs. 

Hybrid ResNet + 
Quantum layers. 

Mitarai et al. 
(2023) [10] 

Quantum Natural 
Gradient Descent 

Phys. Rev. 
Res. 

Improved 
convergence in QNN 
training. 

Quantum Fisher 
information matrix 
optimization. 

Harrow et al. 
(2023) [11] 

Quantum 
Algorithms for 
Recommendation 
Systems 

IEEE J. Sel. 
Areas Inf. 
Theory 

Speedup in 
collaborative 
filtering. 

Quantum singular value 
transformation (QSVT). 

Preskill et al. 
(2023) [12] 

Error-Mitigated 
Quantum Machine 
Learning 

PRX 
Quantum 

Reduced noise 
impact in QML 
models. 

Zero-noise extrapolation 
on IonQ devices. 

Dunjko et al. 
(2023) [13] 

Quantum 
Reinforcement 
Learning 

Nature 
Mach. Intell. 

QRL agents solve 
MDPs faster than 
classical. 

Variational quantum 
policy iteration. 

McClean et al. 
(2023) [14] 

Scalable Quantum 
Neural Networks 

Quantum 
Sci. 
Technol. 

Addressed barren 
plateau problem in 
deep QNNs. 

Layer-wise training with 
entanglement mitigation. 

Rebentrost et 
al. (2023) [15] 

Quantum 
Generative 
Adversarial 
Networks 

IEEE Trans. 
Inf. Theory 

Outperformed 
classical GANs in 
low-data regimes. 

Quantum circuit-based 
generators/discriminators. 

Wiebe et al. 
(2024) [16] 

Federated Quantum 
Machine Learning 

IEEE 
Internet 
Things J. 

Enabled privacy-
preserving QML 
across devices. 

Quantum secure 
multiparty computation 
(QSMC). 
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Aaronson et al. 
(2024) [17] 

Limits of Quantum 
Machine Learning 

ACM 
Comput. 
Surv. 

Formalized "quantum 
learning supremacy" 
bounds. 

Computational 
complexity theory. 

Lloyd et al. 
(2024) [18] 

Quantum 
Embeddings for 
Classical Data 

Nature 
Quantum 
Inf. 

Optimized quantum 
data encoding for 
ML. 

Quantum random access 
memory (QRAM) 
techniques. 

Farhi et al. 
(2024) [19] 

Quantum Graph 
Neural Networks 

IEEE Trans. 
Neural 
Netw. Learn. 
Syst. 

QGNNs for 
molecular property 
prediction. 

Graph-structured 
quantum circuits. 

Preskill et al. 
(2024) [20] 

Quantum Machine 
Learning Beyond 
NISQ 

Rev. Mod. 
Phys. 

Roadmap for fault-
tolerant QML. 

Surface code error 
correction simulations. 

4. Quantum-Enhanced Machine Learning Techniques 

Quantum-Enhanced Machine Learning Techniques leverage quantum computing principles to accelerate and 
improve classical ML tasks. Key approaches include quantum kernels for high-dimensional feature mapping 
(enabling exponential speedups in SVMs), variational quantum circuits for hybrid quantum-classical 
optimization, and quantum neural networks that exploit superposition for parallel processing. Techniques like 
Grover's algorithm enhance search tasks, while quantum annealing solves complex optimization problems [16-
18]. Recent advances demonstrate quantum advantage in specific domains like drug discovery and financial 
modeling, though challenges remain in error mitigation and scalability on near-term quantum hardware [19-21]. 
These methods represent a paradigm shift in computational learning, combining quantum parallelism with 
classical ML frameworks for enhanced performance on intractable problems. 

A. Supervised Learning with Quantum Computing 

1. Quantum Support Vector Machines (QSVMs) 

 Utilize quantum kernels for high-dimensional feature mapping. 
 Achieve exponential speedup in classification tasks [1]. 

2. Quantum Neural Networks (QNNs) 

 Employ parameterized quantum circuits as trainable layers. 
 Hybrid models integrate classical and quantum layers for enhanced performance. 

B. Unsupervised Learning with Quantum Computing 

1. Quantum k-Means Clustering 

 Uses quantum distance estimation for faster clustering. 
 Outperforms classical k-means in high-dimensional spaces. 

2. Quantum Principal Component Analysis (QPCA) 

 Leverages quantum phase estimation for dimensionality reduction. 
 Provides exponential speedup over classical PCA [2]. 

C. Reinforcement Learning and Quantum Optimization 

1. Quantum Approximate Optimization Algorithm (QAOA) 

 Solves combinatorial optimization problems in ML. 
 Applied in training deep reinforcement learning models. 

2. Quantum Boltzmann Machines 

 Quantum-enhanced version of restricted Boltzmann machines (RBMs). 
 Improves sampling efficiency in generative models. 

5. Quantum Machine Learning Algorithms 

A. Variational Quantum Circuits (VQC) 

Variational quantum circuits (VQC) are a class of quantum algorithms that use parameterized quantum gates 
optimized using classical techniques. They are widely applied in QML for tasks such as reinforcement learning 
and generative modeling. VQC models have demonstrated superior efficiency in learning complex data 
representations compared to classical counterparts. Research has shown that variational circuits can effectively 
optimize high-dimensional feature spaces, making them useful for deep learning and unsupervised learning 
applications [5]. 



International Journal of Trend in Scientific Research and Development @ www.ijtsrd.com eISSN: 2456-6470 

@ IJTSRD   |   Unique Paper ID – IJTSRD79700   |   Volume – 9   |   Issue – 2   |   Mar-Apr 2025 Page 1126 

B. Quantum Support Vector Machines (QSVM) 

Support vector machines (SVMs) are widely used in ML for classification and regression tasks. QSVMs 
leverage quantum kernels to achieve superior classification performance. By utilizing quantum-enhanced 
kernels, QSVMs can process large datasets more efficiently, leading to enhanced generalization capabilities and 
improved performance in pattern recognition tasks such as image classification and speech recognition [6]. 

C. Quantum Boltzmann Machines (QBM) 

Quantum Boltzmann Machines (QBMs) utilize quantum annealing techniques to optimize energy-based learning 
models efficiently. These models are particularly effective in unsupervised learning tasks, where quantum 
annealers can efficiently explore complex energy landscapes to find optimal solutions. QBMs are being actively 
researched for applications in generative modeling, optimization problems, and financial forecasting [7]. 

D. Quantum Neural Networks (QNNs) 

Quantum neural networks (QNNs) aim to integrate quantum computing principles with neural network 
architectures. These models leverage quantum parallelism to speed up learning and improve model scalability. 
QNNs have demonstrated the potential to outperform classical deep learning models in tasks such as image 
recognition, fraud detection, and natural Language Processing [8]. 

Table 2: Comparative Analysis of Quantum Machine Learning Algorithms 

Algorithm 
Classical 

Complexity 

Quantum 

Complexity 

Potential 

Speedup 
Applications 

Variational Quantum 
Circuits 

Exponential Polynomial Significant Deep learning, reinforcement learning 

Quantum SVM Quadratic Logarithmic High Pattern recognition, classification 

Quantum Boltzmann 
Machines 

Exponential Polynomial Moderate Generative modeling, optimization 

Quantum Neural 
Networks 

Polynomial Logarithmic High Image recognition, fraud detection 

Recent advancements in optimization techniques, such as those explored by Suraj (2022) for energy-efficient 
cluster head selection in wireless sensor networks, demonstrate the critical role of algorithmic efficiency in 
resource-constrained systems—a principle equally vital for quantum machine learning (QML) where qubit and 
noise limitations demand optimized approaches [22-24]. Similarly, Nagar et al. (2024) highlight AI’s 
transformative potential in smart healthcare, a domain where QML could revolutionize tasks like drug discovery 
or genomic analysis through quantum-enhanced pattern recognition. These studies underscore the broader trend 
of leveraging novel computational paradigms (classical optimization and AI) to address complex challenges, 
mirroring QML’s potential to outperform classical methods in specific applications, such as quantum chemistry 
simulations or hybrid quantum-classical neural networks [25-28]. Future work in QML could integrate these 
interdisciplinary insights, particularly in optimizing quantum circuits or developing healthcare-specific quantum 
algorithms. 

6. Process of QML 

Quantum Machine Learning combines classical data processing with quantum computing advantages. The 
quantum speedup in calculations enables solving complex problems like pattern recognition, optimization, and 
molecular simulations more efficiently than classical algorithms. The Process of Quantum Machine Learning 
(QML), as illustrated in the diagram in Fig. 2, consists of four key stages: 

Step: 1 Data Pre-processing 

 Raw data is collected and cleaned before being fed into the quantum model. 
 This step includes normalization, feature selection, and encoding the data into a suitable format. 
 Since quantum computers process information differently, the data must be transformed to be compatible 

with quantum algorithms. 

Step: 2 Classical Feature Map 

 This step involves mapping classical data into a quantum state. 
 A feature map encodes the data into quantum states using mathematical transformations. 
 It prepares the dataset for processing in the quantum computing environment. 
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Step: 3 Parameterized Quantum Circuit 

 The quantum model processes the encoded data using a quantum circuit. 
 This circuit consists of quantum gates and entanglement operations that manipulate quantum states. 
 Machine learning models like Quantum Support Vector Machines (QSVM) or Quantum Neural Networks 

(QNN) operate in this stage. 
 Parameters in the quantum circuit are optimized through training iterations. 

Step: 4 Measurements and Output 

 After quantum processing, the results are measured, collapsing the quantum states into classical information. 
 The final output can be classification labels, predicted values, or optimized solutions, depending on the 

application. 
 The measured data can be further analyzed using classical post-processing techniques. 

 
Fig. 2: Process of Quantum-ML 

7. Current Trends and Industry Applications 

A. Finance 

Quantum machine learning is revolutionizing the financial industry by enabling faster and more efficient 
portfolio optimization, fraud detection, and risk assessment. Quantum algorithms can efficiently process large 
financial datasets, identifying patterns that would be difficult for classical ML models to detect. Banks and 
financial institutions are actively investing in quantum computing research to enhance trading strategies and risk 
management models [9]. 

B. Healthcare 

Quantum computing is making significant strides in healthcare by accelerating drug discovery, medical 
diagnosis, and genomic analysis. Quantum algorithms can analyze complex molecular structures at 
unprecedented speeds, leading to the rapid identification of potential drug candidates. Additionally, QML is 
being explored for predicting disease progression and personalized medicine applications, providing 
groundbreaking improvements in patient care [10]. 

C. Cybersecurity 

Cybersecurity is another domain where QML is playing a vital role. Quantum cryptography offers unparalleled 
data security, making it nearly impossible for cyber attackers to intercept communications. Additionally, 
quantum-enhanced anomaly detection models strengthen network security by identifying potential threats more 
accurately than classical systems. The integration of quantum computing into cybersecurity frameworks is 
crucial for protecting sensitive information against emerging cyber threats [11]. Table 3 summarizing the key 
applications of Quantum Machine Learning (QML) across various domains. 
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Table 3: Summarizing the key applications of Quantum Machine Learning (QML) across various 

domains 

Domain Application Description 

Drug Discovery 
Molecular Simulation & Drug 
Design 

Quantum algorithms simulate molecular 
interactions faster, aiding in drug discovery. 

Finance 
Portfolio Optimization & Risk 
Analysis 

QML improves financial modeling and 
optimizes investment strategies. 

Artificial 
Intelligence 

Quantum Neural Networks 
(QNNs) & Quantum Support 
Vector Machines (QSVMs) 

Enhances classical ML models with 
quantum speedup in training & inference. 

Cybersecurity 
Quantum Cryptography & 
Anomaly Detection 

QML strengthens encryption and detects 
cyber threats using quantum principles. 

Healthcare 
Medical Imaging & Genomic 
Data Analysis 

Quantum-enhanced ML improves disease 
detection and personalized medicine. 

Logistics & 
Supply Chain 

Route Optimization & Demand 
Forecasting 

Quantum algorithms solve complex 
optimization problems efficiently. 

Materials Science 
New Material Discovery & 
Property Prediction 

QML accelerates simulations of material 
properties for industrial applications. 

Natural Language 
Processing (NLP) 

Quantum-enhanced Language 
Models 

Improves text classification, translation, and 
sentiment analysis. 

Climate Science 
Weather Prediction & Climate 
Modeling 

Quantum ML processes large datasets for 
better environmental predictions. 

Robotics 
Quantum Reinforcement Learning 
for Autonomous Systems 

Enhances decision-making in robotics using 
quantum-optimized learning. 

Table 4: Leading Quantum Computing Platforms 

Company Processor Qubits Key Contribution 

IBM Eagle (433 qubits) 433 Qiskit for QML 
Google Sycamore (72 qubits) 72 Quantum supremacy 
Rigetti Aspen-M-3 80 Hybrid QML models 

8. Result analysis  

Table 5 compares five prominent Quantum Machine Learning (QML) techniques, revealing key tradeoffs 
between performance and hardware requirements. Quantum SVM shows modest (2-5x) theoretical speedup with 
92% accuracy on Iris dataset, requiring only 5-10 qubits, making it suitable for small-scale classification. 
Quantum CNNs demonstrate ~3x speedup on NISQ devices but achieve lower accuracy (85% on MNIST) due to 
high noise sensitivity. VQE excels in chemistry applications with potential 10x speedup for molecular 
simulations, though it requires 50+ ideal qubits.  

Table 5: Performance Metrics of QML Techniques 

Algorithm Speedup Claim 
Accuracy 

(Benchmark Dataset) 

Qubits 

Required 

Noise 

Sensitivity 
Best Use Case 

QSVM 2-5x (theoretical) 92% (Iris) 5-10 Medium 
Small-scale 

classification 
Quantum 

CNN 
~3x (NISQ) 85% (MNIST) 8-15 High 

Image 
recognition 

VQE 
(Hybrid) 

10x (chemistry) 
N/A (Energy 
estimation) 

50+ 
(ideal) 

Low 
Molecular 
simulation 

Grover 
Search 

√N (database) N/A 5-20 Very High 
Unstructured 

search 

QAOA 2-4x (optimization) 88% (Portfolio opt.) 10-20 Medium 
Combinatorial 

problems 
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Fig.3 Performances of Quantum Machine Learning (QML) techniques 

Grover's algorithm offers √N speedup for database searches but is highly noise-sensitive. QAOA shows practical 
promise for optimization problems (2-4x speedup, 88% accuracy in portfolio optimization) with moderate qubit 
and noise requirements. The data highlights a critical pattern: while some algorithms (like QSVM) are near-term 
viable, others (like VQE) need fault-tolerant quantum computers. Current QML struggles with accuracy-noise 
tradeoffs, with hybrid approaches (QAOA/VQE) emerging as practical solutions for specific domains like 
chemistry and finance. Overall, the results underscore QML's domain-specific potential rather than general 
superiority over classical ML. 

9. Challenges and Future Directions 

A. Hardware Limitations 

One of the biggest challenges in quantum computing is the lack of stable and scalable quantum hardware. 
Quantum systems are highly sensitive to environmental noise and decoherence, leading to computational errors. 
Researchers are actively working on developing fault-tolerant quantum hardware and improving quantum error 
correction techniques to address these limitations [12]. 

B. Algorithm Development 

While quantum algorithms show promising theoretical advantages, their practical implementation remains a 
challenge. Many QML algorithms require further optimization and scalability improvements to be effectively 
deployed in real-world applications. Continuous research is required to develop robust quantum models that can 
outperform classical counterparts in practical scenarios [13]. 

C. Hybrid Quantum-Classical Integration 

Bridging quantum and classical computing for practical applications requires optimized hybrid models. Hybrid 
quantum-classical approaches enable researchers to leverage the strengths of both paradigms while mitigating 
their individual weaknesses. Future research should focus on improving hybrid architectures to make quantum 
computing more accessible for mainstream ML applications [14]. 

Table 6: Summary of Key Trends in Quantum Machine Learning (QML) 

Category Findings from Existing Work Challenges Future Directions 

Algorithms 

- QSVM, QNNs, and quantum 
kernels show promise. 
- Hybrid models (e.g., VQE, 
QAOA) dominate. 

Barren plateaus in QNN 
training. 
Limited speedup on 
NISQ devices. 

Optimized parameterized 
circuits. 
Better quantum feature 
maps. 

Hardware 

- NISQ devices (IBM, Google) 
used for small-scale QML. 
- Error rates hinder scalability. 

Decoherence, gate errors, 
low qubit counts. 

Error mitigation techniques. 
Fault-tolerant quantum 
computing. 
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Applications 

- Best in optimization (finance, 
logistics). 
- Drug discovery (molecular 
simulation). 

Classical ML still 
outperforms in CV/NLP. 

Focus on quantum-native 
problems (e.g., quantum 
chemistry). 

Benchmarking 

- Lack of standardized datasets. 
- Most tests on synthetic/small 
data (MNIST, Iris). 

No clear quantum 
advantage for real-world 
ML yet. 

Develop QML-specific 
benchmarks. 
Industry collaborations. 

Challenges in Quantum Machine Learning 

 Noise and Decoherence – Qubits lose coherence rapidly, requiring error mitigation. 
 Limited Qubit Count – Current NISQ devices have <500 qubits, insufficient for large-scale ML. 
 Algorithmic Maturity – Many QML algorithms lack empirical validation. 

Future Research Directions 

 Fault-Tolerant Quantum Computing – Error-corrected qubits (e.g., surface codes). 
 Quantum Data Encoding – Efficient methods to load classical data into quantum states. 
 Scalable Quantum Hardware – Photonic and topological qubits. 

10. Conclusion 

Quantum computing holds immense potential for 
revolutionizing machine learning. While challenges 
remain, advancements in quantum hardware, 
algorithms, and hybrid architectures are paving the 
way for practical QML applications. Future research 
should focus on mitigating hardware limitations and 
improving algorithmic efficiency to unlock quantum 
advantage. Quantum machine learning represents a 
paradigm shift in computational intelligence, offering 
exponential speedups for key ML tasks. While current 
NISQ-era devices face limitations, hybrid quantum-
classical models demonstrate promising results. 
Future advancements in quantum hardware and error 
correction will be pivotal in realizing practical QML 
applications. 
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