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Abstract. The rapid proliferation of Internet of Things (IoT) devices has introduced unprecedented
security challenges for critical infrastructure systems. Honeypots and honeynets have emerged as
promising deception technologies for detecting, deflecting, and investigating IoT-specific threats. In this
paper, we propose an integrated framework for the design, implementation, and evaluation of adaptive
honeypots in IoT environments. The framework consists of two key components: (1) an adaptive
honeypot architecture that dynamically adjusts its behaviour based on observed attack patterns and (2)
an evaluation methodology with quantitative metrics to assess the effectiveness of IoT honeypots. We
discuss the current usage and future potential of this integrated framework in the context of critical
infrastructure protection, highlighting challenges and opportunities for collaborative defence against
evolving cyber threats.'
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1. Introduction

The rapid proliferation of Internet of Things (IoT) devices has introduced unprecedented con-
venience and efficiency across various domains. However, this growth has also ushered in
a wave of cyber attacks targeting these often vulnerable systems [2]. Critical infrastructure,
increasingly reliant on interconnected sensors and IoT devices, is particularly susceptible to
such attacks due to the expanded attack surface [16]. A security breach in these systems can
compromise sensitive data, disrupt essential services, and inflict severe economic losses [17].
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Traditional security measures struggle to keep pace with the evolving sophistication and scale
of IoT-focused cyber attacks [39]. The heterogeneity of IoT devices, coupled with their resource
constraints and the variety of communication protocols they employ, further complicate the
development of robust defence mechanisms [20]. Consequently, there is a pressing need for
innovative detection and analysis techniques that can effectively identify and mitigate threats
in IoT ecosystems [12].

Honeypots and honeynets have emerged as promising deception technologies for detecting,
deflecting, and investigating IoT-specific threats. By creating decoy systems that mimic real
IoT devices, honeypots can attract and capture attack traffic, providing valuable insights into
attacker behaviour and tactics [26]. However, the efficacy of honeypots in the IoT domain is
heavily dependent on their ability to closely emulate the characteristics and vulnerabilities of
real devices while adapting to the evolving threat landscape [35].

The goal of this paper is to propose an integrated framework for adaptive honeypots in IoT
environments that addresses the challenges of scalability, fidelity, and intelligence generation.
We aim to answer the following research questions:

1. How can we design an adaptive honeypot architecture that dynamically adjusts its
behaviour based on observed attack patterns and enables intelligence-driven deception?

2. What metrics and evaluation methodology can be used to assess the effectiveness of IoT
honeypots in terms of attack interaction, intelligence gathering, and threat containment?

3. What are the current challenges and future research directions for adaptive honeypots in
IoT security?

To address these questions, we propose an integrated framework that consists of two closely
related components: (1) an adaptive honeypot architecture that leverages machine learning
techniques to adjust its behaviour based on observed attack patterns dynamically, and (2) an
evaluation framework with quantitative metrics to assess the effectiveness of IoT honeypots.

The remainder of this paper is organized as follows. Section 2 provides an overview of related
work on honeypots and their applications in IoT security. Section 3.1 presents the proposed
adaptive IoT honeypot framework, including its architecture, implementation, and integration
with intrusion detection systems. Section 3.2 introduces the evaluation framework and metrics
for assessing IoT honeypot effectiveness, along with a case study illustrating its application.
Section 4 discusses the current challenges, future research directions, and potential applications
of adaptive honeypots in critical infrastructure protection. Finally, section 5 concludes the paper
and highlights the main contributions and future work.

2. Background and related work

Honeypots and honeynets have emerged as valuable tools for studying the behaviour of cyber
attackers by luring them into isolated, monitored environments [34]. A honeypot is a single
system designed to attract and contain attackers, while a honeynet is a network of multiple
honeypots. These deceptive systems allow defenders to observe attack tactics, techniques and
procedures (TTPs) without putting production systems at risk.

Honeypots are typically classified as low-interaction or high-interaction based on the level of
activity an attacker is permitted to perform [22]. Low-interaction honeypots, such as Honeyd
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[29], provide limited emulated services and capture limited information. High-interaction
honeypots, like Sebek [4], give attackers access to real operating systems and capture detailed
data but risk being used to attack other systems if not properly contained.

In the context of IoT security, honeypots have been proposed to mitigate the unique challenges
of 10T devices, such as their heterogeneity, resource constraints, and use of non-standard
protocols [26]. Dowling, Schukat and Melvin [9] designed an IoT honeynet architecture using a
hybrid of physical devices and virtual software. Other IoT-specific honeypots emulate standard
protocols like MQTT [38], CoAP [14], and UPnP [13].

For critical infrastructure security, researchers have deployed honeypots to capture threats
against industrial control systems (ICS) [37]. Digital bond’s SCADA honeynet includes emulated
programmable logic controllers (PLCs) to analyze attacks on industrial processes [30]. Antonioli
and Tippenhauer [3] proposed using MiniCPS, a toolkit for simulating cyber-physical systems,
to create high-fidelity ICS honeypots.

However, existing honeypot solutions often fall short in addressing the unique challenges of
IoT environments, such as the diversity of devices and protocols, resource constraints, and the
need for scalable, adaptive deception [9, 26]. Many prior works focus on emulating specific IoT
devices or protocols in isolation, needing a flexible framework for creating comprehensive de-
ception environments that can evolve with the changing threat landscape [13, 38]. Additionally,
limited research exists on the strategic deployment of multiple interactive honeypots to provide
deceptive views of an IoT or ICS network rather than a single device.

3. Integrated framework proposal

3.1. Adaptive loT honeypot framework
3.1.1. Architecture and implementation

Honeypots and honeynets come in various types, each with strengths and weaknesses when
applied to IoT and critical infrastructure security. We classify them into three main categories:

1. Physical honeypots use real IoT devices, providing high interactivity and realism but
limited scalability due to hardware costs [26]. They are well-suited for studying attacks
that exploit device-specific vulnerabilities. For critical infrastructure, physical honeypots
can incorporate fundamental ICS components like PLCs and RTUs to mimic industrial
environments closely [37].

2. Virtual honeypots emulate IoT devices in software, enabling greater deployment flexibility
and lower costs than physical honeypots. However, they may lack fidelity and struggle to
emulate proprietary IoT protocols [9]. Virtual machines can simulate large networks of
ICS devices for honeynet deployment [3].

3. Hybrid honeypots combine physical and virtual elements for balanced realism and scala-
bility [28]. They are promising for IoT scenarios with diverse device types. In ICS, hybrid
honeypots could mix real hardware for critical components with emulated secondary
devices.
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Table 1 compares different types of honeypots (low-, medium-, high-interaction) across
various dimensions relevant to IoT environments.

Table 1

Comparison of honeypot types for IoT environments.

Type Low-interaction Medium-interaction High-interaction
Emulation Limited, static services Partial, scripted interactions|Full OS and services
Scalability High, low resource usage |Moderate, depends on emu-{Low, resource-intensive

lation complexity
Fidelity Low, easily detectable Moderate, can mimic some|High, indistinguishable
IoT behaviours from real devices
Risk Low, attacker confined to|Moderate, some risk of com{High, can be used as pivot
honeypot promise point
Maintenance |Easy, minimal configuration|Moderate, requires updating|Difficult, needs constant
scripts patching and monitoring
Intelligence  |Limited, mainly attack sig{Moderate, some insight into|Extensive, can reveal new
gathering natures TTPs exploits and strategies
IoT suitability |Low, insufficient emulation|Moderate, can mimic com-High, can closely replicate
of IoT protocols and func{mon IoT services but lacks|IoT devices but challenging
tionalities device-specific behaviours [to scale and maintain
Example Honeyd [29], Dionaea [8] |Cowrie [25], Conpot [6] IoTCandy]Jar [28], ThingPot
[40]

To adapt honeypots for IoT and critical infrastructure, we propose:

« Modularity: honeypots should support easy swapping of emulated devices/protocols to
match evolving IoT ecosystems (container and SDN technologies can aid such flexibility).

« Deceptive interfaces: honeypots should expose not just individual devices but deceptive
network topologies and cross-device interactions to mimic real environments better and
support threat analysis.

« Safety: to prevent honeypot compromise from impacting real systems, strict network
isolation and device hardening is critical, especially for physical honeypots in ICS with
potential physical consequences.

« Specialized interaction: honeypots should implement not just generic protocols but also
IoT/ICS-specific functionality, like device pairing or control system alarming, to engage
attackers and learn domain-specific TTPs.

By mixing honeypot types, addressing IoT/ICS-specific needs, and crafting realistic deceptive
environments, defenders can better understand and mitigate novel threats in these domains.
The HoneyScope architecture embodies these principles to enable effective IoT deception [1].

Figure 1 illustrates our proposed IoT honeynet architecture, which leverages SDN to create
device-group-specific deceptive views. The key components are:

+ IoT honeynet controller orchestrates the overall honeynet and adaptively configures the
SDN gateway based on attacker behaviours.
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« SDN gateway presents different virtual network topologies (honeypot device groups) to
attackers, isolating and containing their activities.

« Device groups (1, 2, 3, ...) are Collections of honeypots emulating specific types of IoT
devices and protocols, enabling targeted interaction and data capture.

IoT honeynet controller

Control
Y
SDN gateway
%
View 2 L’ﬂ;
Y
Device group 1 Device group 2 Device group 3

Figure 1: Proposed architecture for IoT honeynet with device-group-specific views.

The data flows from the controller to the gateway (control messages) and from the gateway
to the device groups (attacker traffic redirected to appropriate honeypots). The SDN gateway,
controlled by the honeynet controller, presents distinct virtual topologies to attackers based
on their observed behaviours and target device groups. This architecture supports our goal of
adaptive, intelligence-driven IoT deception by dynamically adjusting the honeynet based on
observed attacks.

Our adaptive IoT honeypot framework is implemented using a combination of open-source
tools and custom components. The key enabling technologies are:

« OpenFlow [21] is an SDN protocol used to dynamically configure the virtual network
topologies and redirect traffic between honeypots and real IoT devices.

« Mininet [18] is a network emulation platform that allows the creation of realistic vir-
tual environments, including IoT-specific protocols and services, to attract and engage
attackers.

+ IoTCandyJar [19] is a high-interaction honeypot used as a base for emulating detailed
IoT device behaviour and vulnerabilities. We plan to extend IoTCandyJar to support a
broader range of IoT protocols, such as MQTT, CoAP, and UPnP.

« Cowrie [25] is a medium-interaction SSH and Telnet honeypot used to capture attacker
keystrokes and analyze their behaviour. We plan to integrate Cowrie into our framework
to handle common IoT attack vectors.
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« Scikit-learn [27] is a machine learning library in Python used to implement the adaptive
decision-making components of the framework. We plan to train models on historical
attack data to predict attacker intent and dynamically adjust the honeypot configuration
[15].

The device-group-specific views are realized by leveraging the SDN controller to create
virtual network segments, each containing honeypots tailored to a specific class of IoT devices
(e.g., smart home appliances and industrial control systems). The controller dynamically assigns
attackers to these virtual segments based on their observed behaviour and the predicted target
device group. This allows for presenting a customized deception environment to each attacker
while maintaining isolation and preventing lateral movement.

3.1.2. Integration with intrusion detection systems

Honeypots and honeynets are not standalone security solutions but rather components of a
comprehensive defence-in-depth strategy. They are particularly effective when integrated with
intrusion detection systems (IDS) to enable proactive threat discovery and informative alert
generation [22].

In a typical integrated architecture, honeypots serve as decoys that attract and contain
attackers while an IDS monitors their activity. The IDS can leverage the knowledge that any
interaction with the honeypot is suspicious to generate high-confidence alerts with minimal
false positives [29]. Conversely, the IDS can tune the honeypot’s behaviour based on detected
threats to optimize attacker engagement.

For IoT environments, honeypot-IDS integration offers unique challenges and opportunities:

« Diverse data sources IoT honeypots must feed a wide variety of IoT honeypots, providing
a wide variety of device-specific log data to the IDS for analysis. This requires robust data
normalization and correlation capabilities [26].

« Edge processing enables real-time detection on resource-constrained devices, where certain
IDS functionalities may need to be offloaded to the honeypot level for local edge processing
[10].

« Adaptive deception allows the IDS to dynamically adjust the honeypot environment,
including topology, exposed vulnerabilities, and service versions, based on attacker
behaviour to enhance intelligence gathering [31].

» Cross-layer detection in IoT addresses attack vectors across multiple layers, from physical
devices to application APIs. Honeypot and IDS integration should capture and correlate
events across these layers for comprehensive situational awareness [5].

HoneyScope architecture [1] exemplifies honeypot-IDS integration for IoT, using SDN to
create device-group-specific deceptive views while leveraging IDS data for dynamic reconfigu-
rations. Such architectures pave the way for more adaptive, intelligence-driven defence in IoT
environments.

Figure 2 shows how our IoT honeypots integrate with intrusion detection systems to enable
proactive defence. The key data flows are:
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o Alerts are generated by honeypots on observed attack traffic and sent to the IDS for
analysis.

« Threat intelligence is provided when the IDS correlates honeypot alerts with other network
data, offering actionable insights used to reconfigure the honeypots for optimal attacker
engagement adaptively.

o Attack traffic is redirected from real IoT devices to honeypots, allowing for contained
analysis without posing a risk to production systems.

Honeypots capture attack traffic and feed alerts to the IDS for analysis. The IDS provides
threat intelligence to reconfigure the honeypots adaptively. Such a bidirectional feedback loop
enables proactive defence and high-confidence attack detection.

Intrusion detection system

Alerts | Threat Intelligence

IoT honeynet

Honeypot IoT device |- - _ __ ) _____110T device Honeypot
IoT device

Figure 2: Integration of honeypots with IDS in an IoT network.

This integration aligns with our objective of leveraging honeypots not just for passive data
collection but for active, intelligence-driven responses to IoT threats.

3.2. loT honeypot evaluation framework
3.2.1. Evaluation metrics

Evaluating the effectiveness of honeypot and honeynet deployments in IoT environments is
crucial for justifying their continued use and identifying areas for improvement. We propose
the following framework and metrics for assessing IoT honeypot performance:

1. Interaction metrics:

« Attack frequency — the number of unique attacks or suspicious interactions with the
honeypot over a given time period.

o Attack diversity — the variety of attack types, protocols, or IoT devices targeted, as
measured by Shannon entropy or similar diversity indices [9].
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o Interaction duration — the average time an attacker spends interacting with the
honeypot, indicating the level of engagement and deception achieved [26].

2. Intelligence metrics:

+ Threat intelligence volume — the amount of actionable information collected about
attacker tactics, techniques, and procedures (TTPs), such as IP addresses, malware

samples,

or exploited vulnerabilities [36].

Intelligence novelty — the proportion of collected intelligence that represents previ-

ously unknown threats or TTPs, as determined by comparison with existing threat
databases [22].

Intelligence relevance — the degree to which collected intelligence aligns with the

organization’s specific IoT assets, vulnerabilities, and risk profile [1].

3. Containment metrics:

« Compromise rate — the percentage of attacks that successfully compromise the
honeypot, indicating the effectiveness of containment measures [24].

« Lateral movement prevention — the ability of the honeynet to prevent attackers from
pivoting to other network segments or real IoT devices, as measured by the ratio of
contained to total attacks [10].

Table 2 defines the specific metrics used in our evaluation framework for assessing IoT hon-
eypot effectiveness. These metrics were chosen to comprehensively cover the key objectives
of honeypot deployment, including attacker engagement (attack frequency, diversity, dura-
tion), intelligence gathering (volume, novelty), and containment capabilities (compromise rate,

Table 2
Proposed evaluation metrics for IoT honeypots.
Metric Description Formula
Attack frequency  |Number of unique attacks or interactions W
perio
over a given time period
n
Attack diversity Variety of attack types, protocols, or de- — > pilogy pi
i=1

vices targeted, measured by Shannon en-
tropy [9]

Interaction duration

Average time an attacker spends interact-
ing with the honeypot

>_r_, Interaction time;
Number of interactions

Threat intelligence
volume

Amount of actionable information col
lected about attacker TTPs

Count of unique TTPs identified

Intelligence novelty

Proportion of collected intelligence repre-
senting previously unknown threats

Number of new threats
Total threats

Intelligence  rele

vance

Percentage of relevant intelligence items

Number of relevant intelligence items
Total intelligence items

x 100%

Compromise rate

Percentage of attacks that successfully
compromise the honeypot

Number of successful attacks
Total attacks x 100%

Lateral movement
prevention

Ratio of contained attacks to total attacks

(11]

Number of contained attacks
Total attacks
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lateral movement prevention). The formulas provided enable quantitative measurement and
benchmarking of honeypot performance.

The proposed evaluation metrics are tightly coupled with our adaptive IoT honeypot frame-
work, enabling the quantitative assessment of its effectiveness in realistic deployment scenarios.
For example, the interaction duration and intelligence novelty metrics directly measure the
framework’s ability to engage attackers and elicit novel attack techniques through its adaptive
deception capabilities. Similarly, the compromise rate and lateral movement prevention metrics
evaluate the effectiveness of the device-group-specific isolation and containment mechanisms.

To support the computation of these metrics, our framework includes comprehensive logging
and data collection components that capture attacker interactions at various levels (network
traffic, system events, honeypot logs). These raw data are processed and analyzed using the
machine learning pipeline to extract relevant features and insights. The evaluation results can
then be used to refine the honeypot configuration and adaptation strategies iteratively, closing
the feedback loop between deployment and assessment.

3.2.2. Methodology and case studies

To illustrate the IoT honeypot evaluation framework, consider a hypothetical smart city deploy-
ment with a honeynet covering various IoT systems, such as traffic sensors, smart meters, and
public Wi-Fi hotspots. Over one month, the honeynet records 100 unique attacks, targeting
12 different IoT device types (high diversity). The average interaction duration is 30 minutes,
and the honeynet captures 10 unique malware samples and identifies 5 new vulnerabilities
(high novelty). The compromise rate is 5% and only 1 attack successfully pivots to a real device
(effective containment).

Figure 3 provides a concrete case study of applying our evaluation framework to a smart city
IoT deployment. The key components are:

o IoT device types: the smart city includes traffic sensors, smart meters, and public Wi-Fi,
each emulated by dedicated honeypots.

« Evaluation metrics: a range of quantitative metrics (attack frequency, diversity, duration,
intelligence novelty, compromise rate, lateral movement prevention) are used to assess
the honeypots’ effectiveness comprehensively.

« Data flows: attack traffic targeting each IoT device type is captured by the corresponding
honeypot for analysis and metric calculation.

Honeypots emulate different device types (traffic sensors, smart meters, public Wi-Fi) and
capture attack data. The proposed metrics assess honeypot effectiveness in terms of attacker
engagement, intelligence gathering, and containment capabilities.

This case study demonstrates how our evaluation framework can be applied to a real-world
IoT scenario, aligning the choice of honeypots and metrics with the specific security objectives
and threat landscape of smart city deployments.

Real-world evaluation faces challenges such as:

« Ground truth involves validating the true nature of captured threats and distinguishing
real attacks from background noise or false positives [28].
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« Longitudinal analysis requires collecting sufficient data over extended periods to iden-
tify trends and assess long-term effectiveness, which is particularly important for low-
interaction honeypots [22].

« Balancing realism and risk focuses on configuring honeypots to be realistic enough to
attract advanced attackers while minimizing the risk of compromise and potential misuse
[24].

To address these challenges, organizations should use threat intelligence sharing platforms,
collaborate with industry partners, and regularly update and validate their honeynet config-
urations based on the latest IoT threats. By combining quantitative metrics with qualitative
analysis and expert judgment, this evaluation framework provides a comprehensive assessment
of IoT honeypot effectiveness and helps guide future improvements.

4. Discussion

While honeypots and honeynets have shown promise for enhancing IoT security, several open
issues and challenges remain to be addressed. These challenges span technical, operational, and
legal domains, highlighting the need for continued research and development.

One key technical challenge is the scalability and adaptability of IoT honeypots. As the
variety and complexity of IoT devices continue to grow, honeypots must be able to emulate a
wide range of device types and protocols efficiently [26]. This requires modular, configurable
architectures that can be easily updated to match evolving IoT ecosystems. Automated honeypot
generation and configuration techniques, leveraging machine learning and network discovery
tools, are a promising direction to address this challenge [9].

Another technical challenge is the fidelity of IoT honeypots. To effectively engage and deceive
attackers, honeypots must closely mimic the behaviour and characteristics of real IoT devices
[1]. This includes not only network protocols but also device-specific functionality, such as
sensor data generation and actuation capabilities. High-interaction honeypots that incorporate
real IoT hardware or advanced simulation engines are needed to provide convincing deception.
However, balancing fidelity with scalability and containment remains an open problem.

Smart city IoT deployment
Evaluation metrics:

- Attack frequency

- Attack diversity
- Interaction duration
Traffic sensors Smart meters Public Wi-Fi - Threat intelligence volume
- Intelligence novelty
- Intelligence relevance

- Compromise rate
- Lateral movement prevention

Y 4

Honeypot Honeypot Honeypot

Figure 3: Hypothetical case study illustrating the evaluation framework for a smart city IoT deployment.
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From an operational perspective, deploying and maintaining IoT honeypots requires special-
ized skills and resources that may be lacking in many organizations [10]. Honeypot management
platforms that simplify deployment, configuration, and data analysis tasks are needed to lower
the barriers to adoption. Integration with existing security tools and workflows, such as SIEM
systems and incident response playbooks, is also crucial for maximizing the value of honeypot
data.

Legal and ethical challenges surrounding honeypot usage must also be carefully considered.
Attracting and monitoring attacker activity raises concerns about privacy, entrapment, and
liability [33]. Organizations must ensure that their honeypot deployments comply with relevant
laws and regulations, such as the European Union’s General Data Protection Regulation (GDPR)
or the United States’ Computer Fraud and Abuse Act (CFAA). Engaging with legal experts and
developing clear policies for data collection, retention, and sharing can help mitigate these risks.

Figure 4 presents a research roadmap for advancing IoT honeypots, mapping key challenges
to promising solution directions. The main challenges are:

« Scalability and adaptability — handling the growing diversity and rapid evolution of
IoT devices and protocols.

+ Fidelity and realism - closely emulating IoT-specific behaviours and vulnerabilities to
engage attackers.

+ Deployment and management - streamlining honeypot setup, configuration, and data
analysis in resource-constrained environments.

Standardized metrics

A

Adaptive deception Cross-layer analysis Collaborative defence

A A

Scalability and adaptability Fidelity and realism Deployment and Management

loT Honeypots

Figure 4: Research roadmap highlighting key challenges and future directions for IoT honeypots.

To address these challenges and advance the state-of-the-art in IoT honeypots, several promis-
ing research directions should be pursued:
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« Adaptive deception: developing machine learning techniques that dynamically adjust
honeypot configurations and behaviour based on attacker activity and network context
[31].

« Cross-layer analysis: integrating network, application, and device-level data from honey-
pots to provide a more comprehensive view of IoT threats and attack chains [36].

+ Collaborative defence : exploring architectures and protocols for sharing honeypot data
and threat intelligence across organizations and sectors to enable collective defence
against IoT threats [7].

« Deception metrics: defining and validating standardized metrics for evaluating the effec-
tiveness of IoT honeypots in terms of attack attraction, intelligence gathering, and threat
containment [24].

This roadmap aligns with our overall objectives by identifying the key technical and op-
erational hurdles that must be overcome to realize honeypots’ full potential in securing IoT
ecosystems against evolving threats. By providing a structured agenda for future research, we
aim to accelerate the development and real-world adoption of next-generation IoT honeypot
solutions.

Our adaptive IoT honeypot framework, while addressing key challenges in terms of scala-
bility, fidelity, and intelligence generation, also opens up several avenues for further research
and improvement. One critical area is the development of more advanced machine-learning
techniques for attacker profiling and intent prediction. Our current implementation relies on
relatively simple supervised learning models trained on historical data. However, the use of deep
learning, reinforcement learning, or transfer learning [32] could enable more sophisticated and
generalizable adaptation strategies that can handle novel attack patterns and rapidly evolving
IoT ecosystems.

Another promising direction is integrating our framework with other security mechanisms,
such as intrusion detection systems, firewalls, and threat intelligence platforms. By correlating
honeypot data with signals from these additional sources, we can achieve a more holistic view of
the IoT threat landscape and enable proactive defence measures. This requires the development
of standardized data exchange formats and APIs to facilitate interoperability and real-time
sharing of threat indicators.

Finally, our framework’s evaluation could be further strengthened by conducting more
extensive and diverse real-world deployments. While our current evaluation metrics provide
a solid foundation, more fine-grained benchmarks that capture the nuances of different IoT
application domains and attack scenarios are needed. Collaborating with industry partners and
research institutions to establish shared testbeds and datasets would significantly accelerate the
validation and refinement of adaptive IoT honeypot solutions.

5. Conclusion

In this paper, we presented “The sweet taste of IoT deception", an integrated framework for
the design, implementation, and evaluation of adaptive honeypots in IoT environments. Our
framework leverages machine learning techniques to create dynamic, customized deception
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environments that can engage attackers and elicit novel attack behaviours. We also proposed
an evaluation framework, including a set of quantitative metrics, to assess the effectiveness of
IoT honeypots in realistic deployment scenarios.

The main contributions of our work include:

1. The design and implementation of an adaptive honeypot framework that integrates
diverse honeypot types and supports intelligent adaptation based on attacker behaviour.

2. The development of an evaluation framework that captures the ability of honeypots to
attract, deceive, and contain IoT attackers.

3. A discussion on the current state and future directions of IoT honeypot research, high-
lighting key challenges and promising solutions.

We also acknowledge several limitations and areas for future improvement. First, more
advanced machine learning techniques are needed to handle novel attack patterns and rapidly
evolving IoT ecosystems. Second, integration with other security mechanisms and threat
intelligence platforms is necessary to enable holistic and proactive defence. Finally, more
extensive real-world deployments and collaborations are required to validate and refine the
proposed framework across diverse IoT domains.

Future research directions include developing more sophisticated adaptation strategies using
deep learning, reinforcement learning, or transfer learning, integrating our framework with
other security mechanisms, and establishing shared testbeds and datasets to accelerate the
validation and refinement of adaptive IoT honeypot solutions.

However, further research and development are needed to address the identified limitations
and fully realize the potential of this technology. In further research, it would be worthwhile to
consider the following aspects:

+ While the paper discusses real-world challenges, a more detailed analysis of practical
implementation and deployment considerations would be beneficial. This could include
investigating the scalability and performance of the proposed framework in large-scale IoT
networks, as well as the integration with existing security infrastructures and processes.

« A deeper exploration of the potential security implications of deploying honeypots,
especially in critical infrastructure, could be valuable. This may involve analyzing the
risks associated with honeypot compromise, such as the potential for attackers to use
captured honeypots as stepping stones for further attacks and developing strategies to
mitigate these risks.

« The ethical implications of using honeypots, particularly in terms of data privacy and
potential legal issues, should be addressed. Future research could examine the compliance
of honeypot deployments with relevant regulations, such as GDPR, and propose guidelines
for ensuring the responsible and transparent use of deception technologies.

+ A more detailed comparison of the proposed framework with existing honeypot solu-
tions would help highlight the unique contributions. This could involve conducting a
comprehensive survey of state-of-the-art IoT honeypots, evaluating their capabilities and
limitations, and demonstrating how the proposed framework advances beyond these
solutions in terms of adaptability, intelligence generation, and evaluation metrics.
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