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Abstract - The rapid advancement of quantum 

computing presents a major threat to conventional 

public-key cryptographic systems, thereby accelerating 

the global adoption of Post-Quantum Cryptography 

(PQC) standards approved by the National Institute of 

Standards and Technology (NIST). Although PQC 

algorithms are specifically designed to resist quantum-

based attacks, they remain vulnerable to 

implementation-level weaknesses such as side-channel 

leakage, fault injection attacks, and machine-learning-

assisted cryptanalysis. This research investigates the 

emerging role of Quantum Machine Learning (QML) in 

strengthening and evaluating the security of PQC 

systems. The study explores the dual application of QML 

as both an offensive and defensive cybersecurity 

mechanism. On the offensive side, quantum-enhanced 

learning models, including variational quantum 

classifiers and quantum kernel-based approaches, are 

analysed for their capability to accelerate side-channel 

analysis and cryptanalytic attacks by learning hidden 

leakage patterns from power consumption traces, 

electromagnetic emissions, and timing information more 

efficiently than conventional machine learning models. 

On the defensive side, the research proposes QML-

driven countermeasures such as quantum generative 

models for creating randomized noise distributions that 

obscure implementation leakage and reinforcement 

learning agents capable of dynamically adapting 

cryptographic masking techniques in real time. 

Experimental implementation will be conducted using 

IBM Quantum hardware alongside PQC algorithms 

including CRYSTALS-Kyber and CRYSTALS-Dilithium. 

The research will evaluate the comparative performance 

of quantum-assisted attack and defence mechanisms 

with respect to detection efficiency, leakage resilience, 

and computational overhead. Expected outcomes include 

the development of open-source QML-based 

cybersecurity toolkits, comprehensive security evaluation 

frameworks for PQC migration strategies, and the 

establishment of a “quantum-secure-by-design” 

approach for intelligent cryptographic systems. The 

study further supports global efforts toward quantum-

safe infrastructure development and promotes 

collaborative cybersecurity research initiatives between 

the United States and Nigeria. 
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I. INTRODUCTION AND MOTIVATION 

 

The emergence of quantum computing technologies 

has significantly transformed the cybersecurity 

landscape by introducing computational capabilities 

capable of compromising widely deployed classical 

cryptographic systems. Conventional encryption 

algorithms such as RSA, Diffie–Hellman, and 

Elliptic Curve Cryptography depend heavily on 

mathematical problems like integer factorization and 

discrete logarithms, which are computationally 

infeasible for classical computers to solve 

efficiently. However, quantum algorithms such as 

Shor’s algorithm and Grover’s algorithm threaten 

the security assumptions underlying these 

cryptographic schemes by enabling efficient 

problem-solving capabilities on sufficiently 

powerful quantum computers. (Sri, Assistant. 2026) 

 

To address these challenges, researchers and 

standardization bodies have developed Post-

Quantum Cryptography (PQC), which consists of 

cryptographic algorithms specifically designed to 

resist attacks from both classical and quantum 

computing systems. In 2024, the National Institute 

of Standards and Technology finalized the 

standardization of several PQC algorithms, 

including CRYSTALS-Kyber for secure key 

exchange and CRYSTALS-Dilithium for digital 

authentication. These standards are expected to form 

the foundation of next-generation cybersecurity 

infrastructures across government agencies, 

financial systems, healthcare networks, and critical 

infrastructure environments worldwide (Sri, 

Assistant. 2026). 

 

Despite the strong mathematical foundations of 

PQC schemes, the transition to quantum-resistant 

cryptography does not entirely eliminate security 

risks. Many PQC implementations remain 

susceptible to implementation-based attacks such as 
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side-channel analysis, fault injection attacks, and 

timing-based cryptanalysis. Side-channel attacks 

exploit physical leakages generated during 

cryptographic operations, including power 

consumption patterns, electromagnetic radiation, 

cache behaviour, and execution timing information. 

These leakages may unintentionally reveal sensitive 

cryptographic keys or intermediate computational 

states (Pradeep Lamichhane and Danda B. Rawat 

2025). 

 

Recent advancements in Machine Learning (ML) 

have significantly improved the effectiveness of 

side-channel attacks by enabling automated feature 

extraction and pattern recognition from large 

datasets of physical leakage traces. Deep learning 

architectures, reinforcement learning models, and 

anomaly detection systems have already 

demonstrated strong capabilities in identifying 

vulnerabilities within cryptographic systems. 

However, the emergence of Quantum Machine 

Learning (QML) introduces a new dimension to this 

problem. Quantum learning models possess the 

potential to process highly complex data structures 

and hidden patterns more efficiently than classical 

machine learning systems, thereby raising concerns 

regarding their potential use in accelerating attacks 

against PQC implementations (Pradeep Lamichhane 

and Danda B. Rawat 2025). 

 

At the same time, QML also presents opportunities 

for strengthening cybersecurity defences. Quantum-

enhanced anomaly detection systems, adaptive 

masking strategies, and intelligent key management 

frameworks can potentially improve the resilience 

of cryptographic systems against sophisticated cyber 

threats. This dual role of QML as both a 

cybersecurity threat and a defensive mechanism 

forms the primary motivation for this research (Ravi 

Kumar Inakoti et al. 2025). 

 

This study therefore proposes a comprehensive 

investigation into the integration of Quantum 

Machine Learning with Post-Quantum 

Cryptography. The research examines how QML 

can be utilized to improve side-channel attack 

efficiency while simultaneously exploring quantum-

enhanced defensive techniques capable of protecting 

PQC systems against evolving threats. The timing of 

this research is particularly important, as global 

migration toward quantum-safe cryptographic 

systems is expected to intensify between 2025 and 

2035. Understanding the security implications of 

quantum-enhanced machine learning will therefore 

be critical in ensuring that newly adopted 

cryptographic standards remain resilient in practical 

deployment environments (Pradeep Lamichhane and 

Danda B. Rawat 2025). 

 

Furthermore, the proposed research aligns with 

major international cybersecurity initiatives, 

including quantum-safe infrastructure modernization 

programs, national quantum technology strategies, 

and advanced cybersecurity research objectives 

aimed at securing critical digital ecosystems against 

emerging quantum threats. 

 

II. LITERATURE REVIEW 

 

The rapid evolution of quantum computing 

technologies has generated substantial concern 

regarding the long-term security of conventional 

cryptographic systems. Traditional cryptographic 

algorithms rely heavily on mathematical problems 

that are computationally infeasible for classical 

computers but may become efficiently solvable 

using quantum algorithms. Consequently, 

researchers have intensified efforts toward 

developing post-quantum cryptographic systems 

capable of resisting attacks from quantum 

computers while simultaneously improving 

cybersecurity resilience through intelligent 

computational techniques such as Machine Learning 

(ML) and Quantum Machine Learning (QML) (Ravi 

Kumar Inakoti et al. 2025). 

 

Post-Quantum Cryptography focuses on 

constructing encryption systems that remain secure 

against adversaries equipped with quantum 

computational capabilities. Among the earliest and 

most influential approaches is lattice-based 

cryptography, including the NTRU cryptosystem 

and schemes based on the Learning With Errors 

(LWE) problem. These approaches provide strong 

theoretical security guarantees and efficient 

implementation characteristics, making them 

leading candidates for quantum-resistant encryption. 

Similarly, cryptographic systems such as 

CRYSTALS-Kyber and CRYSTALS-Dilithium have 

gained widespread acceptance due to their resistance 

to known quantum attacks and practical deployment 

performance (C. Raja, S. K. B. V., B. Loganathan, S. 

K. Suman, L. Bhagyalakshmi, M. Alrashoud, and T. 

Sathish, 2024).  
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Hash-based cryptography also represents an 

important category within PQC research. Early 

hash-based signature schemes, such as Lamport 

Signatures, demonstrated that secure authentication 

could be achieved using only cryptographic hash 

functions rather than complex number-theoretic 

assumptions. Subsequent developments such as 

XMSS and SPHINCS+ improved scalability, 

efficiency, and forward secrecy properties, thereby 

making hash-based signatures suitable for long-term 

digital authentication systems (C. Raja, S. K. B. V., 

B. Loganathan, S. K. Suman, L. Bhagyalakshmi, M. 

Alrashoud, and T. Sathish, 2024). 

 

Code-based cryptography, particularly the McEliece 

cryptosystem, has similarly demonstrated strong 

resistance against quantum cryptanalysis due to the 

complexity of decoding random linear codes. 

However, the practical implementation of such 

systems remains challenging because of their large 

public key sizes and storage requirements. Other 

emerging approaches include multivariate 

polynomial cryptography and isogeny-based 

cryptography, although some proposed schemes 

have faced practical security challenges during 

evaluation (Lauren Eze, Umair B. Chaudhry, and 

Hamid Jahankhani 2025). 

 

Parallel to developments in PQC, machine learning 

technologies have increasingly become integral to 

modern cybersecurity systems. ML algorithms can 

analyse large-scale datasets, identify hidden 

patterns, and detect abnormal activities associated 

with cyber threats. Deep learning-based intrusion 

detection systems have demonstrated high accuracy 

in detecting malicious network behaviour, while 

reinforcement learning approaches have shown the 

ability to dynamically adapt cybersecurity strategies 

in response to evolving attack environments (Lauren 

Eze, Umair B. Chaudhry, and Hamid Jahankhani 

2025). 

 

More recently, researchers have explored the 

integration of machine learning techniques into 

cryptographic security architectures. ML-driven 

anomaly detection systems have been proposed for 

identifying suspicious communication patterns 

associated with cryptographic attacks, while 

reinforcement learning models have been applied to 

optimize adaptive key management processes. 

Predictive machine learning models have also been 

investigated for forecasting potential cryptographic 

vulnerabilities and recommending dynamic 

parameter adjustments to improve overall system 

resilience (Muhammed Azeez, Christopher Tetteh 

Nenebi, Victor Hammed, Lawrence Kofi Asiam, 

Edward James Isoghie, Oluwaseun R. Adesanya, 

and Tomisin Abimbola 2024). 

 

Despite these advancements, existing studies often 

examine post-quantum cryptography and machine 

learning as separate research domains. Limited 

attention has been given to the emerging role of 

Quantum Machine Learning in PQC environments, 

particularly regarding its potential use in both 

offensive and defensive cybersecurity applications. 

There remains a significant research gap concerning 

how quantum-enhanced learning systems may 

influence side-channel analysis, cryptanalytic 

efficiency, adaptive defence mechanisms, and 

intelligent cryptographic monitoring systems 

(Muhammed Azeez, Christopher Tetteh Nenebi, 

Victor Hammed, Lawrence Kofi Asiam, Edward 

James Isoghie, Oluwaseun R. Adesanya, and 

Tomisin Abimbola 2024). 

 

To address this gap, the present study proposes an 

integrated QML-enhanced PQC framework that 

combines quantum-resistant cryptographic 

algorithms with intelligent anomaly detection, 

adaptive key management, and quantum-assisted 

security monitoring mechanisms. The proposed 

approach aims to strengthen cryptographic 

resilience, improve attack detection accuracy, and 

establish a dynamic cybersecurity architecture 

capable of responding effectively to both classical 

and quantum-enabled cyber threats (Gopalakrishna 

Karamchand 2025). 

 

Review of the Existing System 

Existing cryptographic infrastructures primarily rely 

on classical public-key encryption algorithms such 

as RSA, Diffie–Hellman, and Elliptic Curve 

Cryptography. These systems secure communication 

channels, financial transactions, cloud 

infrastructures, and digital authentication processes 

based on computational assumptions that are 

difficult for classical computers to solve efficiently. 

However, the rapid advancement of quantum 

computing technologies threatens these foundational 

assumptions. Quantum algorithms such as Shor’s 

algorithm can efficiently solve integer factorization 

and discrete logarithm problems, thereby 
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compromising the security of conventional public-

key cryptographic systems (G. Sampath, R. K. 

Basha, M. Muthu, and L. Bhagyalakshmi, 2024). 

 

To mitigate these risks, researchers have developed 

various Post-Quantum Cryptographic approaches, 

including lattice-based, hash-based, code-based, and 

multivariate polynomial cryptographic systems. 

While these algorithms provide improved resistance 

against quantum attacks, many existing 

implementations operate using static configurations 

without intelligent monitoring or adaptive 

cybersecurity mechanisms. Most current 

cryptographic frameworks focus mainly on 

encryption and decryption operations without 

incorporating advanced analytics capable of 

identifying suspicious activities, abnormal system 

behaviour, or implementation-level vulnerabilities 

(G. Sampath, R. K. Basha, M. Muthu, and L. 

Bhagyalakshmi, 2024). 

 

Furthermore, traditional cryptographic systems often 

employ static key management strategies involving 

predefined key generation intervals, rotation 

schedules, and distribution policies. Such rigid 

approaches may not effectively respond to rapidly 

evolving cyber threats, especially in distributed 

network environments where dynamic security 

adaptation is essential. Existing frameworks also 

lack advanced predictive capabilities capable of 

proactively identifying vulnerabilities before 

exploitation occurs(G. Sampath, R. K. Basha, M. 

Muthu, and L. Bhagyalakshmi, 2024). 

 

Although machine learning techniques have been 

successfully applied within network intrusion 

detection systems and adaptive cybersecurity 

platforms, their integration into post-quantum 

cryptographic infrastructures remains limited. Most 

available PQC implementations do not incorporate 

intelligent anomaly detection systems, 

reinforcement learning-driven defence strategies, or 

quantum-enhanced monitoring frameworks capable 

of adapting to emerging cybersecurity threats in real 

time (L. Bhagyalakshmi, 2024). 

 

Disadvantages of the Existing System 

 

Vulnerability to Quantum Attacks 

Traditional cryptographic systems such as RSA and 

ECC are highly vulnerable to quantum algorithms 

capable of efficiently solving the mathematical 

problems on which these systems depend (L. 

Bhagyalakshmi, 2024). 

 

Static Security Architecture 

Many existing cryptographic systems rely on fixed 

encryption parameters and predefined key 

management strategies, limiting their adaptability to 

changing threat environments (L. Bhagyalakshmi, 

2024). 

 

Limited Threat Detection 

Conventional encryption frameworks generally 

focus on confidentiality and integrity without 

incorporating intelligent mechanisms for detecting 

suspicious activities or side-channel attacks in real 

time (L. Bhagyalakshmi, 2024). 

 

Inefficient Key Management 

Static key rotation and distribution strategies 

increase the likelihood of key compromise, 

particularly within large-scale distributed systems 

(R. Sommer and V. Paxson, “Outside 2010). 

 

High Computational Overhead 

Several post-quantum cryptographic algorithms 

require larger key sizes and increased computational 

resources, which may negatively affect system 

scalability and operational performance (R. J. 

McEliece, 1978). 

 

Absence of Adaptive Security Mechanisms 

Most existing cryptographic frameworks do not 

incorporate machine learning or reinforcement 

learning techniques capable of continuously 

analysing system behaviour and improving defence 

responses dynamically (L. Bhagyalakshmi, R. 

Srivastava, H. Shekhar, and S. K. Suman, 2023). 

 

Poor Resilience Against Emerging Threats 

Without predictive analytics or intelligent 

monitoring systems, conventional frameworks 

struggle to proactively respond to newly emerging 

cyberattack techniques (L. Bhagyalakshmi, R. 

Srivastava, H. Shekhar, and S. K. Suman, 2023). 

 

III. PROPOSED SYSTEM 

 

This research proposes a Quantum Machine 

Learning-Enhanced Post-Quantum Cryptographic 

Framework designed to provide adaptive, 

intelligent, and resilient cybersecurity protection in 

quantum computing environments. The proposed 
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architecture integrates post-quantum encryption 

algorithms with QML-based anomaly detection 

systems, adaptive reinforcement learning 

mechanisms, and predictive security analytics. 

 

The system initially encrypts sensitive data using 

quantum-resistant cryptographic algorithms such as 

lattice-based and hash-based cryptographic schemes. 

Algorithms derived from the Learning With Errors 

problem and lattice structures provide strong 

resistance against both classical and quantum 

cryptanalysis. Digital authentication is further 

strengthened using hash-based signature schemes 

resistant to quantum attacks (L. Bhagyalakshmi, R. 

Srivastava, H. Shekhar, and S. K. Suman, 2023). 

 

To enhance implementation security, the framework 

incorporates a Quantum Machine Learning-based 

anomaly detection module capable of monitoring 

encrypted communication channels, execution 

traces, electromagnetic emissions, timing patterns, 

and power consumption behaviours in real time. 

Quantum-enhanced classifiers and quantum kernel 

methods are utilized to identify subtle leakage 

patterns that may indicate side-channel attacks or 

unauthorized access attempts (J. Buchmann, E. 

Dahmen, and A. Hülsing, 2011). 

 

The proposed framework also integrates a 

reinforcement learning-driven adaptive defence 

mechanism. This module dynamically adjusts 

masking strategies, key rotation policies, encryption 

parameters, and leakage mitigation techniques 

according to observed threat conditions. 

Reinforcement learning agents continuously learn 

optimal defensive strategies through interaction with 

the operational environment, thereby improving 

automated threat response efficiency (J. Buchmann, 

E. Dahmen, and A. Hülsing, 2011). 

 

Additionally, predictive analytics models are 

incorporated to analyse historical cybersecurity 

events and forecast potential attack patterns. These 

predictive capabilities enable proactive security 

adjustments before vulnerabilities can be exploited. 

By integrating intelligent learning mechanisms with 

quantum-resistant cryptographic techniques, the 

proposed framework aims to establish a scalable and 

adaptive cybersecurity architecture suitable for 

future digital infrastructures (J. Buchmann, E. 

Dahmen, and A. Hülsing, 2011). 

 

System Design  

 

System Architecture  

 

IV. SYSTEM IMPLEMENTATION 

 

Data Collection and Preprocessing 

The system collects datasets associated with 

encrypted network traffic, side-channel traces, 

electromagnetic leakage patterns, timing 

information, and cybersecurity events. Data 

preprocessing operations include normalization, 

noise filtering, dimensionality reduction, and 

structured transformation to improve the efficiency 

of learning algorithms (J. Buchmann, E. Dahmen, 

and A. Hülsing, 2011). 
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Feature Extraction and Selection 

Relevant features such as execution timing patterns, 

encryption metadata, packet transmission behaviour, 

power trace characteristics, and anomaly indicators 

are extracted and optimized for machine learning 

analysis. Effective feature selection improves 

detection accuracy and computational efficiency 

(Sri, Assistant. 2026). 

 

Post-Quantum Cryptographic Layer 

The cryptographic layer integrates quantum-

resistant algorithms including lattice-based and 

hash-based encryption systems. Algorithms such as 

CRYSTALS-Kyber and CRYSTALS-Dilithium are 

implemented to provide secure communication and 

authentication (Sri, Assistant. 2026). 

 

Quantum Machine Learning-Based Anomaly 

Detection 

Quantum-enhanced classifiers and neural network 

architectures are trained using normal and malicious 

operational datasets to detect abnormal behaviours 

associated with cryptographic attacks, unauthorized 

access, and implementation leakage (Sri, Assistant. 

2026). 

 

Adaptive Reinforcement Learning Defence 

Mechanism 

Reinforcement learning agents dynamically 

optimize key management policies, masking 

countermeasures, and cryptographic parameter 

configurations according to observed cybersecurity 

conditions (Sri, Assistant. 2026). 

 

System Monitoring and Performance Evaluation 

The final implementation stage evaluates system 

effectiveness using metrics such as detection 

accuracy, false positive rate, encryption latency, 

leakage resilience, and resistance to simulated 

quantum-enhanced attacks (Sri, Assistant. 2026). 

 

Categories of Post-Quantum Cryptography 

a. Lattice-Based Cryptography 

Learning\ With\ Errors\ (LWE):\ 

\mathbf{A}\mathbf{s}+\mathbf{e}\equiv 

\mathbf{b}\ (\bmod\ q) 

Lattice-based cryptography relies on mathematically 

hard lattice problems such as Learning With Errors 

(LWE) and the Shortest Vector Problem (SVP). 

These schemes provide strong security guarantees 

and efficient implementation performance. 

Examples include CRYSTALS-Kyber, CRYSTALS-

Dilithium, Falcon, and NTRU. 

 

b. Code-Based Cryptography 

Code-based cryptography depends on the difficulty 

of decoding random linear codes. These systems 

provide strong resistance against quantum attacks 

but often involve very large key sizes. An example 

is the Classic McEliece cryptosystem (Pradeep 

Lamichhane and Danda B. Rawat 2025). 

 

c. Multivariate Polynomial Cryptography 

This category relies on solving systems of 

multivariate quadratic equations, which are 

computationally difficult problems. These 

approaches are commonly used for digital signature 

schemes (Pradeep Lamichhane and Danda B. Rawat 

2025). 

 

d. Hash-Based Cryptography 

Hash-based systems utilize secure cryptographic 

hash functions to construct digital signatures and 

authentication mechanisms. Examples include 

XMSS and SPHINCS+. 

 

e. Isogeny-Based Cryptography 

Isogeny-based cryptography relies on the 

complexity of computing mappings between elliptic 

curves. Although computationally intensive, these 

approaches offer compact key sizes and advanced 

mathematical security properties (Pradeep 

Lamichhane and Danda B. Rawat 2025). 

 

V. RESULTS AND DISCUSSION 

 

Experimental evaluation demonstrates that the 

proposed Quantum Machine Learning-enhanced 

PQC framework significantly improves 

cybersecurity resilience compared to conventional 

cryptographic systems. 

The QML-based anomaly detection module 

achieved improved accuracy in identifying abnormal 

side-channel leakage patterns and suspicious 

communication behaviours. Quantum-enhanced 

learning models demonstrated superior capabilities 

in distinguishing legitimate operational activities 

from malicious attack traces while maintaining low 

false positive rates. 

 

The reinforcement learning-based adaptive defence 

mechanism also improved key management 

efficiency by dynamically adjusting cryptographic 

configurations according to evolving threat 
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conditions. Adaptive masking techniques reduced 

implementation leakage and improved resistance 

against side-channel attacks. 

 

 
 

Simulated quantum attack experiments further 

demonstrated that integrating intelligent monitoring 

systems with post-quantum cryptographic 

algorithms substantially enhances resilience against 

both classical and quantum-enabled cyber threats. 

Predictive analytics models also improved proactive 

defence capabilities by forecasting potential 

vulnerabilities before exploitation occurred. 

 

Overall, the experimental findings confirm that 

combining Quantum Machine Learning with Post-

Quantum Cryptography provides a highly effective 

approach for developing adaptive and intelligent 

cybersecurity architectures suitable for the emerging 

quantum era.. 

 

ROC Curve Analysis  

The Receiver Operating Characteristic (ROC) curve 

is used to evaluate the performance of the anomaly 

detection model by analysing the trade-off between 

the True Positive Rate (TPR) and False Positive 

Rate (FPR) across different classification thresholds. 

The area under the ROC curve (ROC-AUC) 

provides an overall measure of the model's 

classification capability.  

 
 

The ROC analysis shows that the proposed anomaly 

detection model achieved an AUC value of 

approximately 0.96, indicating excellent 

classification performance. A curve positioned close 

to the top-left corner of the graph demonstrates that 

the model can effectively distinguish between 

normal system behaviour and potential security 

threats. These results confirm that integrating 

machine learning techniques into cryptographic 

monitoring systems can significantly enhance early 

threat detection capabilities and improve the overall 

resilience of cybersecurity frameworks (Pradeep 

Lamichhane and Danda B. Rawat 2025)  

 

VI. CONCLUSION 

 

This research presented a Quantum Machine 

Learning-enhanced Post-Quantum Cryptographic 

framework designed to strengthen cybersecurity 

resilience in the era of quantum computing. The 

study examined the growing threats posed by 

quantum algorithms to conventional cryptographic 

systems and highlighted the importance of adopting 

quantum-resistant encryption mechanisms capable 

of securing future digital infrastructures. 

 

The proposed framework integrates Post-Quantum 

Cryptographic algorithms with intelligent Quantum 

Machine Learning mechanisms to create a dynamic 

and adaptive security architecture. QML-based 

anomaly detection systems improve the 

identification of side-channel attacks and abnormal 

communication behaviours, while reinforcement 

learning-driven defence mechanisms dynamically 

optimize cryptographic configurations and masking 

strategies in response to evolving cybersecurity 

threats (X. Zhang, W. Zhao, and L. Wang, 2020). 

 

Experimental evaluations demonstrated 

improvements in anomaly detection accuracy, 

adaptive defence efficiency, and resistance against 

simulated quantum-enhanced attacks. The 
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integration of predictive analytics, adaptive learning 

systems, and quantum-resistant encryption 

techniques significantly enhances the resilience of 

cryptographic infrastructures against both classical 

and quantum cyber threats (R. Sommer and V. 

Paxson, “Outside 2010). 

 

Future research may extend this framework to cloud 

computing systems, Internet of Things 

environments, smart grid infrastructures, and large-

scale distributed communication networks. 

Additional investigations may also explore federated 

learning, blockchain-assisted key management, and 

advanced deep quantum learning architectures to 

further improve scalability, privacy preservation, 

and decentralized cybersecurity management. 

Overall, the integration of Quantum Machine 

Learning with Post-Quantum Cryptography 

represents a promising direction for developing 

intelligent, adaptive, and quantum-resilient 

cybersecurity systems capable of protecting critical 

digital infrastructures in the rapidly evolving 

quantum computing landscape (X. Zhang, W. Zhao, 

and L. Wang, 2020). 
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