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Abstract: The Internet of Things (IoT) has revolutionized
various industries, but its rapid expansion has also exposed a vast
attack surface, making it vulnerable to cyber threats. Traditional
cybersecurity measures often struggle to keep pace with the
dynamic and diverse nature of IoT devices. Artificial Intelligence
(Al) has emerged as a powerful tool in cybersecurity, offering the
potential to revolutionize threat detection, anomaly detection,
intrusion prevention, and secure authentication in IoT
environments. This review paper explores the latest advancements
in Al techniques for IoT security, discusses the challenges and
limitations of existing approaches, and highlights future research
directions. By examining the intersection of AI and IoT security,
this review aims to contribute to the development of more effective
and resilient cybersecurity solutions for the ever-expanding IoT
landscape.
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I. INTRODUCTION

The Internet of Things (IoT) has transformed our lives,

connecting billions of devices and creating unprecedented
opportunities for innovation and efficiency [42][50].
However, this rapid expansion also exposes a vast attack
surface, making IoT ecosystems prime targets for cyber
threats [1]. Traditional cybersecurity measures often struggle
to keep pace with the dynamic and diverse nature of IoT
devices, leading to vulnerabilities that malicious actors can
exploit [2].

The IoT encompasses a wide range of devices, from smart
home appliances and wearables to industrial sensors and
critical infrastructure components [3]. This heterogeneity,
coupled with the often resource-constrained nature of IoT
devices, poses unique challenges for cybersecurity. Security
vulnerabilities in IoT devices can have far-reaching
consequences, ranging from privacy breaches and data theft
to disruptions in essential services and physical harm [4].

Artificial Intelligence (AI) has emerged as a powerful tool
in the fight against cyber threats, offering the potential to
revolutionize cybersecurity practices [5][47]. Machine
learning algorithms, in particular, can analyze vast amounts
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of data to identify patterns, detect anomalies, and predict
potential attacks [6][46]. Al-powered cybersecurity solutions
can adapt to evolving threats, learn from past incidents, and
provide real-time protection for IoT ecosystems.

The convergence of Al and IoT security presents a
promising avenue for addressing the complex challenges
facing IoT ecosystems. Al can enhance threat detection,
vulnerability assessment, incident response, and proactive
security measures [7]. Recent shifts from encoder-only to
more versatile encoder-decoder configurations in machine
learning models also reflect broader trends in Al
development impacting IoT security strategies [43].
However, integrating Al into IoT security also raises new
challenges, such as ensuring the robustness and reliability of
Al models, addressing potential biases, and safeguarding the
privacy of sensitive data [8][9].

This review aims to provide a comprehensive overview of
the current state of Al-powered cybersecurity for IoT.
Additionally, the latest advancements in Al techniques for
threat detection, anomaly detection, intrusion prevention, and
secure authentication in IoT environments are examined.
Finally, the challenges and limitations of existing
approaches, as well as future research directions, are
discussed.

By examining the intersection of Al and IoT security, this
review aims to contribute to the development of more
effective and resilient cybersecurity solutions for the rapidly
expanding IoT landscape.

II. BACKGROUND

The IoT ecosystem presents a complex and ever-evolving
landscape of security threats and vulnerabilities. [oT devices,
due to their often limited computational resources, diverse
operating systems, and insecure communication protocols,
are inherently susceptible to cyberattacks [2]. Common
threats include unauthorized access, data breaches, malware
infections, denial-of-service (DoS) attacks, and botnet
formation [1]. Vulnerabilities can arise from weak
authentication mechanisms, insecure software
configurations, unpatched vulnerabilities, and inadequate
security protocols [4]. Additionally, the massive scale and
distributed nature of IoT networks make it difficult to
monitor and secure individual devices, creating opportunities
for attackers to exploit vulnerabilities and compromise the
entire ecosystem [3].
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Al offers a transformative approach to cybersecurity by
enabling intelligent systems to learn from data, adapt to new
threats, and automate security tasks. Several core Al concepts
play a crucial role in enhancing IoT security:

1) Generative Al: Generative models, such as Generative
Adversarial Networks (GANs) and Variational
Autoencoders (VAEs), can be used to generate synthetic
data for training cybersecurity models, simulating attack
scenarios, and testing the robustness of security systems
[10].

2) Reinforcement Learning: Reinforcement learning
algorithms enable agents to learn optimal actions
through trial and error, making them well-suited for
tasks such as intrusion detection, adaptive security
policies, and automated incident response [6].

3) Explainable AI (XAI): XAI techniques provide
transparency and interpretability to Al models, allowing
security analysts to understand the reasoning behind
decisions, identify potential biases, and build trust in
Al-powered security solutions [11].

These Al concepts, when combined with other machine
learning techniques like supervised and unsupervised
learning, form a powerful toolkit for addressing the diverse
cybersecurity challenges in IoT environments.

III. GENERATIVE AT FOR THREAT MODELING

Generative Adversarial Networks (GANs) are a class of
machine learning frameworks that consist of two neural
networks, a generator and a discriminator, engaged in a
competitive game [12]. The generator learns to create
synthetic data samples that mimic real data, while the
discriminator learns to distinguish between real and
generated samples. Through this adversarial training process,
GANSs can develop highly realistic data that can be used in
various applications, including cybersecurity.

In the context of cybersecurity, GANs have shown promise
in several areas, including malware detection, intrusion
detection, and data augmentation for training security models
[13]. By generating synthetic malware samples, GANs can
help security analysts understand the characteristics of new
threats and develop effective countermeasures. Moreover,
GANs can generate adversarial examples to test the
robustness of machine learning models used in security
systems, identifying potential vulnerabilities and improving
their resilience [14].

A. Generative Al in Threat Scenario Generation
Techniques and Approaches

Threat modelling is a crucial process in cybersecurity,
designed to identify potential threats, vulnerabilities, and
attack vectors within a system. Generative Al, particularly
GANsS, can play a vital role in threat scenario generation by
simulating realistic attack scenarios and generating diverse
attack patterns. This enables security analysts to assess the
security posture of IoT systems proactively, identify potential
weaknesses, and develop mitigation strategies before attacks
occur [15]. Several techniques and approaches have been
proposed for utilizing generative Al in threat scenario
generation. One approach involves using GANs to generate
synthetic network traffic data that mimics real-world attack
patterns [16]. This data can be used to train intrusion
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detection systems, evaluate the effectiveness of security
measures, and identify potential vulnerabilities in network
protocols. Another approach involves using GANs to
generate adversarial inputs that can fool machine learning
models used in security systems, revealing their weaknesses
and guiding their improvement [17].

B. Case Studies and Examples of Generative Al for
Threat Modelling in IoT

The application of generative Al for threat modelling in
IoT has been demonstrated in several case studies and
examples. For instance, researchers have used GANs to
generate synthetic data for anomaly detection in IoT
networks, improving the accuracy and robustness of anomaly
detection systems [18]. Additionally, GANs have been
employed to generate adversarial examples for testing the
resilience of IoT security systems against various attacks,
such as jamming and spoofing [19].

C. Challenges and Limitations

Despite the promising results, generative Al for threat
modelling in the IoT sector faces several challenges and
limitations. One major challenge is the need for large
amounts of high-quality training data to effectively train
GANSs. In many cases, obtaining real-world attack data is
difficult or infeasible, limiting the applicability of GANs in
specific scenarios. Another challenge is the potential for
misuse of GANs by malicious actors to generate
sophisticated attack tools and techniques [20]. Ensuring the
responsible and ethical use of generative Al in cybersecurity
is crucial to mitigate these risks.

D. Future Directions

The field of generative Al for threat modelling in IoT is
still in its early stages, and there are numerous future
directions and research opportunities to explore. One
promising direction is the development of more efficient and
scalable GAN architectures that can handle the large and
diverse datasets generated by IoT devices. Another direction
is the investigation of novel techniques for developing more
realistic and diverse attack scenarios that incorporate domain
knowledge and expert insights. Additionally, research on
explainable Al (XAI) for GANs can enhance the
interpretability and trustworthiness of threat modelling
results, facilitating their adoption by security analysts and
decision-makers.

IV. REINFORCEMENT LEARNING FOR ADAPTIVE
SECURITY

Reinforcement Learning (RL) is a machine learning
paradigm where an agent learns to make sequential decisions
by interacting with an environment [21]. The agent receives
feedback in the form of rewards or penalties based on its
actions, and its goal is to maximise cumulative rewards over
time. RL is particularly relevant to cybersecurity due to its
ability to adapt to dynamic and unpredictable environments,
learn optimal strategies from experience, and make real-time
decisions in response to evolving threats [22].
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In the context of IoT security, RL can be employed to
develop intelligent agents that continuously monitor the IoT
environment, detect anomalies, and trigger appropriate
security responses. These agents can learn from past
experiences, adapt to new attack patterns, and proactively
defend against emerging threats. RL also enables the
development of self-learning security mechanisms that can
automatically optimize security policies and configurations,
enhancing the overall resilience of IoT systems [23].

A. Reinforcement Learning for Threat

Detection and Response in IoT

Dynamic

RL algorithms have been successfully applied to various
tasks in IoT security, including intrusion detection, anomaly
detection, malware detection, and resource allocation for
security optimization [24]. For instance, RL-based intrusion
detection systems can learn to identify malicious activities in
network traffic by continuously monitoring network data and
receiving feedback based on the accuracy of their detection.
Similarly, RL-based anomaly detection systems can learn to
detect unusual behaviour in IoT devices by analyzing sensor
data and adapting their detection thresholds based on
feedback from the environment [25].

RL can also be used to develop dynamic threat response
mechanisms that automatically adapt to changing attack
patterns. For example, RL agents can learn to allocate
security resources, such as bandwidth and computing power,
based on the severity and frequency of attacks, ensuring
optimal protection while minimizing resource consumption
[26]. Furthermore, RL-based security mechanisms can be
trained to detect and respond to zero-day attacks, which are
previously unknown threats that traditional security systems
may not be able to identify [27].

B. Self-Learning Security Mechanisms: Algorithms and
Frameworks

Several RL algorithms and frameworks have been
proposed for developing self-learning security mechanisms
in IoT. Q-learning, a classic RL algorithm, has been used to
build intrusion detection systems that can learn optimal
policies for classifying network traffic as usual or malicious
[28]. Deep Q-learning, an extension of Q-learning with deep
neural networks, has been applied to anomaly detection in
IoT, enabling the system to learn complex patterns and
relationships in sensor data [29].

Other RL algorithms, such as SARSA
(State-Action-Reward-State-Action) and actor-critic
methods, have also been explored for various IoT security
tasks. These algorithms offer different trade-offs between
exploration and exploitation, enabling the development of
security mechanisms that can balance the need for learning
new information with the need for taking practical actions
[30]. Furthermore, RL frameworks like Ray RLIib provide
standardized environments and tools for developing and
evaluating RL-based security solutions, facilitating research
and collaboration in this field [31].

C. Real-World Applications of Reinforcement Learning
in IoT Security

The real-world applications of RL in IoT security are
diverse and growing. RL-powered intrusion detection
systems have been deployed in various domains, including
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smart homes, industrial control systems, and healthcare
networks, demonstrating their effectiveness in detecting and
preventing cyberattacks [32]. RL-based anomaly detection
systems have also been used to identify faulty sensors, detect
unauthorized access attempts, and prevent data breaches in
IoT environments [33].

D. Challenges and Limitations

RL for adaptive security in IoT faces several challenges
and limitations. One major challenge is the need for carefully
designed reward functions that accurately reflect the system's
security objectives and constraints. Poorly designed reward
functions can lead to suboptimal or even harmful behaviour
in RL agents. Another challenge is the scalability of RL
algorithms to large and complex IoT networks, as the number
of states and actions can grow exponentially with the size of
the network [34]. Furthermore, ensuring the robustness and
security of RL agents against adversarial attacks is crucial, as
attackers may try to manipulate the learning process or
exploit vulnerabilities in the agent's decision-making [35].

E. Future Directions

RL holds great promise for adaptive security in the IoT,
with ample research opportunities and practical applications.
Key advancements will likely involve developing more
sophisticated RL algorithms that can navigate complex,
ever-changing environments, learn from limited data, and
adapt to new situations. Combining RL with other Al
methods, such as deep learning and explainable Al, could
enhance the performance, transparency, and reliability of
security measures. Further research into establishing
standardized benchmarks and evaluation metrics for
RL-based security solutions would also be beneficial for
measuring progress and comparing different approaches.

V. EXPLAINABLE AI FOR SECURITY
DECISION-MAKING

Al-powered cybersecurity systems have demonstrated
significant potential in detecting and mitigating threats in IoT
environments. However, the inherent complexity and "black
box" nature of many Al models pose challenges for security
analysts and decision-makers who need to understand the
rationale behind security alerts and recommendations [11].
Explainable AI (XAI) addresses this issue by providing
transparency and interpretability to Al models, allowing
users to understand how and why decisions are made.

Explainability is crucial in security decision-making for
several reasons. First, it enables security analysts to validate
the accuracy and reliability of Al-generated alerts, reducing
false positives and ensuring appropriate responses. Second, it
facilitates the identification of potential biases and
vulnerabilities in Al models, enhancing their robustness and
fairness. Third, it fosters trust and acceptance of Al-powered
security solutions by stakeholders, as they can understand the
reasoning behind automated decisions and have confidence
in their effectiveness [36].
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A. Explainable AI Techniques and Their Application in
IoT Security

Various XAl techniques have been developed to provide
explanations for AI models in different contexts. Some
common approaches include:

1) Local Interpretable Model-Agnostic Explanations
(LIME): LIME provides local explanations for
individual predictions by approximating the complex
model with a simpler, interpretable model in the vicinity
of the instance being explained [37].

2) SHapley Additive exPlanations (SHAP): SHAP
assigns importance values to features based on their
contribution to the model's output, providing a global
understanding of feature importance and interactions
[38].

3) Counterfactual Explanations: Counterfactual
explanations generate hypothetical scenarios that would
have resulted in a different outcome, helping users
understand the factors influencing the model's decision
[39].

These XAl techniques can be applied to various aspects of
IoT security. For example, LIME can explain why a
particular network traffic pattern was classified as malicious,
while SHAP can reveal the most important features
contributing to an anomaly detection alert. Counterfactual
explanations can show how slight changes in sensor readings
would have prevented a security breach, guiding proactive
security measures.

B. Building Trust and Transparency in Automated
Security Decision

Explainable Al plays a vital role in building trust and
transparency in automated security decisions. By providing
clear and understandable explanations, XAl enables security
analysts to assess the validity of alerts, identify potential
biases, and make informed decisions based on Al
recommendations [40]. This transparency fosters a
collaborative relationship between humans and Al, where
humans can leverage the insights provided by Al while
retaining ultimate control and responsibility  for
decision-making.

To further enhance trust, XAl should be integrated into the
entire security lifecycle, encompassing data collection, model
training, deployment, and monitoring. This ensures that
explanations are available at every stage, allowing for
continuous validation and improvement of the security
system. Moreover, involving domain experts and
stakeholders in the development and evaluation of XAI
systems can help ensure that explanations are relevant,
understandable, and actionable [41].

C. Case Studies and Examples of Explainable Al for IoT
Security

Several case studies and examples demonstrate the
successful application of XAl in IoT security. In one study,
researchers used LIME to explain the decisions of a deep
learning model for intrusion detection in IoT networks,
providing insights into the features contributing to malicious
traffic detection [18]. In another study, SHAP was employed
to analyze the importance of different sensor readings in a
smart home security system, helping users understand the
factors influencing anomaly detection alerts [44].
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D. Challenges and Limitations

A significant challenge for XAl for IoT security is the
trade-off between explainability and model performance.
Some XAI techniques may sacrifice accuracy for
interpretability, while others may require additional
computational resources. Striking a balance between these
competing factors is crucial for practical applications [45].
Another challenge is the need for standardized evaluation
metrics and benchmarks for XAl in security, as the quality of
explanations can be subjective and context-dependent.

E. Future Directions

The potential for Explainable Al (XAI) to revolutionize
0T security is vast. Future advancements are likely to see the
development of XAI techniques that provide nuanced
explanations, combining insights from both individual data
points and broader patterns. Integrating XAl with other Al
methodologies, like reinforcement learning and generative
Al, could lead to comprehensive security solutions that are
not only effective but also transparent. Additionally, research
on the ethical and social ramifications of XAl in security is
crucial to ensure responsible and fair use of Al-powered
security systems.

VI. COMPARATIVE ANALYSIS AND DISCUSSION

A. Strengths and Weaknesses of Each AI Approach

Each AI approach discussed in this review—Generative
Al, Reinforcement Learning, and Explainable Al—brings
unique strengths and weaknesses to the table in the context of
IoT cybersecurity. Generative Al, such as Generative
Adversarial Networks (GANs), excels in threat modelling
and simulation, data augmentation, and vulnerability
assessment. It can generate realistic attack scenarios and
adversarial examples to test the robustness of systems.
However, it requires large amounts of high-quality training
data, is computationally intensive, and has the potential for
misuse in malicious activities. Reinforcement Learning (RL)
adapts well to dynamic environments, learns optimal
strategies through trial and error, and can automate
decision-making processes. It is particularly effective for
intrusion detection, anomaly detection, and resource
allocation. Nevertheless, designing appropriate reward
functions can be challenging, scalability to large networks
can be problematic, and RL systems are susceptible to
adversarial attacks. Explainable Al (XAI) enhances the
transparency and interpretability of Al models, builds trust in
security decisions, and facilitates collaboration between
humans and Al It can also identify biases and vulnerabilities
in Al models. However, XAI may introduce a trade-off
between explainability and model performance, require
standardised evaluation metrics, and can be computationally
expensive for complex models.

B. Suitability of Different AI Techniques for Specific
IoT Security Challenges

The choice of Al technique for a particular IoT security
challenge depends on the specific
requirements and
characteristics of the problem
at hand.
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Generative Al is well-suited for threat modelling,
vulnerability assessment, and testing the robustness of
security systems. It can generate diverse attack scenarios and
adversarial examples, which can expose potential
weaknesses and guide the development of effective
countermeasures. Reinforcement Learning is ideal for
dynamic threat detection and response, where the security
system needs to adapt to evolving threats and make real-time
decisions. It can learn optimal strategies for intrusion
detection, anomaly detection, and resource allocation based
on feedback from the environment. Explainable Al is
essential for building trust and transparency in automated
security decisions. It provides explanations for Al-generated
alerts and recommendations, allowing security analysts to
understand the rationale behind decisions and validate their
accuracy.

C. Hybrid and Integrated Approaches Combining
Multiple AI Methods

Combining multiple AI methods in hybrid or integrated
approaches can leverage the strengths of each technique and
address their limitations. For example, a hybrid approach
could use GANSs to generate synthetic attack data, which can
then be used to train an RL-based intrusion detection system.
The RL agent can learn to detect and respond to these attacks
in real-time, while XAI techniques can provide explanations
for the agent's decisions, ensuring transparency and
accountability.

Another example could involve using RL to optimize the
parameters of a GAN model for generating more realistic and
diverse attack scenarios. The XAI component could then
explain the impact of different parameters on the generated
scenarios, helping security analysts to fine-tune the model
and improve its effectiveness.

D. Hybrid and Integrated Approaches Combining
Multiple A1 Methods

The use of Al in cybersecurity raises critical ethical
considerations and potential risks. One concern is the
potential for bias in Al models, which can lead to
discriminatory outcomes or unfair treatment of specific
individuals or groups [51]. Ensuring fairness and equity in
Al-powered security systems is crucial to avoid perpetuating
existing biases and discrimination [48].

Another concern is the potential misuse of Al by malicious
actors to develop more sophisticated attacks or to evade
detection. The development of adversarial Al, which aims to
deceive or manipulate Al systems, poses a significant
cybersecurity threat. Robustness and security of Al models
against adversarial attacks are essential to ensure the integrity
and effectiveness of Al-powered security solutions [49].

VII. CONCLUSION

This review has highlighted the significant potential of Al
in transforming IoT security. Al-powered solutions have
demonstrated promising results in threat detection, anomaly
detection, intrusion prevention, and secure authentication.
Generative Al, particularly GANs, has proven valuable for
threat modelling and simulation, while reinforcement
learning has shown effectiveness in dynamic threat detection
and response. Explainable AI has emerged as a crucial
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component for building trust and transparency in automated
security decisions. As Al continues to advance, we can
expect to see even more sophisticated and effective
Al-powered security solutions for IoT. Future research
should focus on developing more efficient and scalable Al
models, addressing the challenges of adversarial attacks and
bias, and exploring the integration of multiple Al techniques
for comprehensive security solutions. Additionally, research
on the ethical and societal implications of Al in IoT security
is crucial to ensure the responsible and equitable deployment
of these technologies.

Practitioners should consider incorporating Al-powered
security solutions into their IoT ecosystems to enhance threat
detection and response capabilities. Researchers should
continue to explore novel Al techniques, develop
standardised benchmarks and evaluation metrics, and
collaborate with industry partners to translate research
findings into practical, real-world solutions.
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