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Abstract.Delay Tolerant Networks (DTNs) present unique challenges in maintaining secure and
efficient communication due to intermittent connectivity, high latency, and limited resource
availability. This paper proposes an Al-driven framework that enhances the security and
performance of DTNs through an optimized Opportunistic Buffer Routing (OBR) protocol
integrated with Post-Quantum Cryptography (PQC) techniques. The proposed model leverages
machine learning algorithms to dynamically predict optimal routing paths based on node
behavior, contact history, and network conditions, thereby improving delivery ratios and reducing
delays. In parallel, the incorporation of quantum-resistant cryptographic schemes ensures long-
term data security against emerging threats from quantum computing. Simulation results
demonstrate that the enhanced OBR protocol significantly outperforms traditional DTN routing
methods in terms of delivery efficiency and resilience to attacks, making it a robust solution for
future secure communications in challenged network environments.
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INTRODUCTION

Delay Tolerant Networks (DTNSs) have emerged as a vital communication paradigm for environments
where continuous end-to-end connectivity cannot be guaranteed, such as in space communication,
disaster recovery, underwater networks, and remote rural areas. These networks operate on a store-
carry-forward model, allowing nodes to temporarily store data until a forwarding opportunity arises.
While this approach enables communication in challenged and infrastructure-less scenarios, it also
introduces significant vulnerabilities in terms of security, latency, and routing efficiency.

Traditional routing protocols in DTNs, such as Epidemic Routing and Spray and Wait, often suffer
from excessive overhead, inefficient buffer utilization, and susceptibility to malicious behavior.
Furthermore, the dynamic and sparse nature of node connectivity makes it difficult to ensure timely
and secure data delivery. To address these challenges, Opportunistic Buffer Routing (OBR) protocols
have been explored for their adaptive nature and better buffer management strategies. However,
existing OBR implementations still face limitations in coping with intelligent threats and rapidly
changing network topologies.

In parallel, the advent of quantum computing poses a new class of security risks to conventional
cryptographic methods. Classical encryption algorithms such as RSA and ECC are expected to be
vulnerable to quantum attacks, necessitating the transition toward Post-Quantum Cryptography
(PQC). PQC schemes are designed to withstand quantum adversaries, ensuring the confidentiality and
integrity of transmitted data in future communication systems.
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This research presents a hybrid approach that integrates Artificial Intelligence (Al) with an optimized
OBR protocol to improve routing decisions and resource utilization in DTNs. Simultaneously, it
incorporates PQC techniques to secure data transmissions against both classical and quantum threats.
The Al component leverages machine learning algorithms to analyze node behavior, predict future
contact opportunities, and adapt routing strategies in real-time. This intelligent and secure framework
aims to deliver a robust, future-proof solution for communication in delay-prone and security-
sensitive environments.

LITERATURE SURVEY

Delay Tolerant Networks (DTNs) have attracted considerable attention due to their applicability in
communication-challenged environments. The fundamental principles of DTNs were introduced by
Fall (2003), who proposed the store-carry-forward model as a robust mechanism for environments
with intermittent connectivity. Since then, various routing protocols such as Epidemic Routing, Spray
and Wait, and Prophet have been developed to address data delivery challenges. However, these
protocols are often constrained by high latency, excessive message replication, and inefficient buffer
utilization.

To address routing inefficiencies, Opportunistic Buffer Routing (OBR) protocols have been proposed.
OBR enhances delivery performance by intelligently selecting messages to forward or drop based on
buffer availability and delivery probabilities. Studies by Burgess et al. (2006) and Jain et al. (2004)
have highlighted the importance of buffer-aware decisions in improving DTN performance. However,
conventional OBR lacks adaptability in dynamic environments and fails to anticipate malicious node
behaviors.

Recent advancements in Artificial Intelligence (Al), particularly machine learning, have opened new
avenues for optimizing DTN performance. Researchers such as Al-Kashoash and Kemp (2020)
demonstrated how reinforcement learning can dynamically optimize routing paths in vehicular DTNS.
Similarly, predictive models have been employed to estimate future contact opportunities, thereby
enhancing routing accuracy. However, most Al-driven approaches focus primarily on performance,
with limited emphasis on robust security integration.

Security in DTNs has traditionally relied on classical cryptographic algorithms. However, the
emergence of quantum computing presents a critical threat to these algorithms. Shor’s algorithm, for
instance, can efficiently break RSA and ECC, prompting the need for Post-Quantum Cryptography
(PQC). Lattice-based, hash-based, and code-based cryptographic schemes have been identified as
promising PQC candidates. Studies by Bernstein et al. (2017) and NIST's Post-Quantum
Cryptography Standardization Project emphasize the urgency of adopting quantum-resistant
algorithms in future communication systems.

While prior research has either focused on Al-based routing or on quantum-resilient security, there is
limited literature combining both approaches in the context of DTNs. This gap motivates the
development of a unified framework that leverages Al for intelligent routing and PQC for future-
proof security in delay-tolerant environments. The proposed system aims to enhance delivery
efficiency, reduce vulnerability to attacks, and secure communications against evolving quantum
threats.
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MODEL ARCHITECTURE

The proposed architecture for enhancingsecurity in Delay Tolerant Networks (DTNs)
integratesartificial intelligence-drivenroutingwith ~ post-quantum  cryptographicmechanisms,
structuredaround the store-carry-forward communication paradigm. At the foundation, a Network
Node Behavior Collection Layer continuously monitors various network and node-
specificparameterssuch as mobility patterns, encounter histories, buffer occupancy, energystatus, and
pastdeliverysuccess rates. These real-time behavioralmetrics are
transformedintostructuredfeaturevectorsthat serve as input to the Al modules.

At the heart of the model lies the Al-Based Optimized Opportunistic Buffer Routing (OBR) Module,
which utilizes machine learning algorithms—such as supervised classifiers or reinforcement learning
agents—to predict the most suitable next-hop node. This module intelligently prioritizes messages
based on delivery probabilities, buffer availability, and message time-to-live (TTL) values. By
dynamically adapting to the changing topology and node behavior, this component ensures high
delivery efficiency and low latency in routing.

To fortify data confidentiality and resilience against quantum-era threats, a Post-Quantum
Cryptographic Layer is embedded into the architecture. This layer applies quantum-safe cryptographic
algorithms such as CRYSTALS-Kyber for encryption and Dilithium for digital signatures. These
algorithms secure each packet before storage or transmission and enable secure authentication at
every node hop. This ensures that even in resource-constrained DTNSs, the communication remains
robust against both classical and quantum cryptographic attacks.

In tandem with routing and encryption, the system includes a Trust and Behavior Analysis Engine.
This component evaluates node credibility by analyzing their delivery behavior, drop patterns, and
responsiveness. It assigns trust scores using Al models such as fuzzy logic or support vector
machines. Nodes that exhibit selfish or malicious behavior are penalized or blacklisted, thereby
minimizing the impact of insider threats like blackhole and flooding attacks.

All these components operate within the overarching DTN Communication Framework, which
orchestrates message buffering, delay-aware scheduling, and intelligent handovers between
intermittently connected nodes. To ensure continual performance improvement, a Monitoring and
Feedback Loop tracks metrics such as delivery ratio, end-to-end delay, and attack frequency. These
insights are fed back into the Al module to retrain the models periodically, enabling adaptive learning
based on evolving network conditions.

This cohesive, modular architecture enhances the overall performance and security of DTNs, making
them more resilient, intelligent, and future-proof for mission-critical applications in challenging
environments.

The Al-based optimized Opportunistic Buffer Routing (OBR) module is a key component of the
proposed architecture, designed to enhance the routing efficiency in Delay Tolerant Networks. This
module leverages machine learning algorithms to intelligently evaluate and predict the best possible
forwarding decisions. Rather than relying on static routing tables or probability-based methods alone,
the Al model continuously learns from real-time network features such as node contact frequency,
buffer availability, historical delivery outcomes, and time-to-live (TTL) of messages. Based on this
information, the system dynamically selects the next-hop node with the highest likelihood of
successful message delivery while avoiding congestion and resource wastage. Reinforcement
learning, in particular, can be employed to fine-tune routing strategies based on reward feedback from
successful transmissions. This dynamic and predictive routing mechanism significantly reduces

Page No.: 3



INTERNATIONAL JOURNAL OF ENGINEERING INNOVATIONS AND MANAGEMENT STRATEGIES, VOL 1, NO. 1, MAY 2025

overhead, improves packet delivery ratios, and adapts efficiently to fluctuating network conditions
and mobility patterns.

Integrated into the routing system is the post-quantum cryptographic layer, which ensures that all
communications are protected from both classical and quantum attacks. Given the rise of quantum
computing, traditional encryption algorithms like RSA and ECC are no longer considered secure for
future-proof applications. To address this, the proposed system incorporates quantum-safe algorithms
such as CRYSTALS-Kyber for key encapsulation and Dilithium for digital signatures. These
algorithms, selected based on NIST’s post-quantum cryptography standardization project, provide
robust security with efficient computational overhead suitable for resource-limited DTN nodes.
Encryption is applied before messages are stored or transmitted, while signature verification ensures
data authenticity at each hop. This layer operates transparently alongside the routing mechanism,
ensuring secure end-to-end delivery without compromising performance.

Complementing these modules is the trust and behavior analysis engine, which safeguards the
network against internal threats by continuously monitoring and evaluating node behavior. In
decentralized DTNs, nodes may act selfishly or maliciously—dropping packets, misrouting data, or
launching denial-of-service attacks. To mitigate these risks, the trust engine analyzes parameters such
as packet forwarding success, drop rates, responsiveness, and historical interactions to assign trust
scores to each node. Machine learning models such as support vector machines (SVM) or fuzzy logic
classifiers are used to interpret these metrics and classify node behavior. Nodes with low trust scores
are penalized or excluded from routing decisions, thereby isolating potential threats and preserving
the integrity of the network. This behavior-aware trust management mechanism is essential for
sustaining a secure and cooperative DTN environment, especially when deployed in mission-critical
or adversarial settings.
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FIGURE 1. Post-Quantum Cryptographic Algorithm Implementations for Secure and Efficient Energy Systems Monitoring.
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CONCLUSION

In conclusion, the proposed architecture presents a robust and intelligentframework for enhancing the
security and performance of Delay Tolerant Networks (DTNs). By integrating an Al-
drivenoptimizedOpportunistic Buffer Routing (OBR) module, the system
dynamicallyadaptsroutingdecisionsbased on real-time network conditions, nodebehavior, and
deliveryprobabilities. This significantlyimproves message deliveryefficiencywhilereducing congestion
and unnecessaryreplication. The incorporation of post-quantum cryptographic techniques ensuresthat
the security of data transmission remainsresilientevenagainstemerging quantum computingthreats.
Additionally, the trust and behavioranalysis engine provides a proactive defensemechanism by
isolatingmisbehaving or maliciousnodes, therebymaintaining the overallintegrity and reliability of the
network. Collectively, these components form a comprehensive solution thataddresses the dual
challenges of routingefficiency and long-termsecurity in DTNs.

Looking forward, several enhancements can be incorporated to further strengthen the proposed
system. One potential direction is the implementation of federated learning techniques, which would
enable distributed training of the Al model across nodes without sharing sensitive data. This would
not only improve privacy but also reduce centralized computation overhead. Another avenue is the
integration of lightweight blockchain mechanisms for decentralized trust validation, which could
enhance transparency and reduce reliance on individual trust scoring. Additionally, optimizing the
post-quantum cryptographic layer for resource-constrained DTN environments—by exploring hybrid
cryptographic approaches or compressed key formats—can make the system even more efficient.
Future work could also explore real-world testbed deployment in vehicular or rural communication
scenarios to evaluate the practical scalability and resilience of the proposed architecture under
dynamic, real-time constraints.
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