
International Journal of Recent Advances in Engineering and Technology 

© 2025 The Authors. Published by MRI INDIA.   
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-ncnd/4.0/). 

 
 

A Comprehensive Review of Spectral Graph Methods for Multi-Domain 
Routing Protocols: Security Models, Optimization Techniques, and 
Emerging Computing Applications 
 

M. T. Anderson, F. Müller, L. Kovács 
 

Peer Review Information  
  

Submission: 12 Oct 2025 

Revision: 28 Oct 2025 

Acceptance: 14 Nov 2025 
 

Keywords  

  

Spectral Graph Theory, Multi-
Domain Routing, SDN, IoT, 
MANET, Security Models. 
 

Abstract 
Spectral graph methods have emerged as a powerful analytical and 
optimization framework for modern multi-domain routing protocols, 
especially in heterogeneous environments such as Software-Defined 
Networks (SDN), Internet of Vehicles (IoV), Wireless Sensor Networks 
(WSN), and Mobile Ad Hoc Networks (MANETs). This review 
investigates the integration of spectral graph theory into routing 
protocol design, emphasizing security models, optimization strategies, 
and emerging computing paradigms including machine learning, 
blockchain, and edge computing. The study systematically reviews 30 
research works published between 2018 and 2023, highlighting 
advancements in spectral clustering, graph Laplacian-based routing 
optimization, and graph neural networks (GNNs). Security models such 
as blockchain-based trust management, encryption-based routing, and 
intrusion detection systems are analysed alongside optimization 
techniques including reinforcement learning, SDN-based control, and 
energy-efficient routing. Additionally, emerging applications in IoV, 
UAV networks, and smart cities are discussed. Comparative analysis 
reveals that spectral methods significantly enhance routing efficiency, 
scalability, and resilience, particularly in multi-domain environments. 
However, challenges remain in computational complexity, dynamic 
topology adaptation, and real-time implementation. The paper 
concludes with future research directions focusing on hybrid AI-
spectral frameworks and quantum-inspired routing models. 

 
 
Introduction  
Modern communication networks are evolving 
toward highly distributed, heterogeneous, and 
dynamic architectures. Multi-domain routing 
protocols play a crucial role in enabling 
communication across diverse domains such as 
cloud, edge, vehicular networks, and wireless 
sensor systems. Traditional routing techniques, 
including shortest-path and distance-vector 
approaches, are increasingly inadequate in 
handling the complexity, scalability, and security 
requirements of such environments. 
Spectral graph theory has gained significant 
attention as a mathematical foundation for 
analysing and optimizing network structures. By 

leveraging eigenvalues and eigenvectors of graph 
Laplacians, spectral methods enable efficient 
clustering, anomaly detection, and routing 
optimization. These methods are particularly 
useful in multi-domain routing scenarios where 
network topology is complex and constantly 
evolving. Recent advancements in routing 
protocols across domains such as IoV, MANETs, 
and SDN highlight the importance of integrating 
intelligent and adaptive routing mechanisms. For 
instance, routing in IoV environments must 
consider vehicle mobility, traffic density, and 
real-time decision-making constraints. Similarly, 
SDN-based routing introduces centralized 
control, enabling global optimization of routing 
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paths using machine learning and graph-based 
techniques. 
Security remains a major concern in multi-
domain routing. Networks are vulnerable to 
attacks such as blackhole, grayhole, and 
distributed denial-of-service (DDoS). To address 
these challenges, researchers have proposed 
various security-enhanced routing models, 
including blockchain-based trust frameworks, 
encryption-based routing, and intrusion 
detection systems. Spectral methods also 
contribute to security by enabling anomaly 
detection through graph-based pattern 
recognition. 
Optimization techniques in routing protocols 
have evolved significantly with the integration of 
artificial intelligence. Reinforcement learning, 
genetic algorithms, and deep learning models are 
increasingly used to improve routing decisions. 
Spectral reinforcement learning, for example, has 
shown promising results in dynamic network 
environments such as UAV networks, where 
routing decisions must adapt to rapidly changing 
topologies  
Furthermore, emerging computing paradigms 
such as edge computing, fog computing, and 
blockchain are transforming routing 
architectures. These technologies enable 
decentralized processing, improved latency, and 
enhanced security, making them ideal for next-
generation networks. Spectral graph methods 
complement these paradigms by providing 
efficient mechanisms for resource allocation and 
network partitioning. 
Despite these advancements, several challenges 
remain. Spectral methods often require high 
computational resources, limiting their 
applicability in real-time systems. Additionally, 
integrating spectral techniques with existing 
routing protocols and ensuring scalability in 
large networks are ongoing research challenges. 
This paper presents a comprehensive literature 
review of spectral graph methods applied to 
multi-domain routing protocols, focusing on 
security models, optimization techniques, and 
emerging applications. A total of 30 studies 
published between 2018 and 2023 are analysed, 
providing insights into current trends, 
challenges, and future directions. 
 
Literature Review  
Jiang et al. (2018) proposed a blockchain-based 
IoV architecture that enhances routing security 
through decentralized trust management. The 
study integrates distributed ledger technology 
with vehicular networks to prevent data 
tampering and unauthorized access. The results 
demonstrate improved data integrity and 
resilience against attacks. Elmahdi et al. (2018) 

introduced a secure routing mechanism to 
mitigate blackhole attacks in MANETs. The 
protocol uses trust evaluation and anomaly 
detection techniques to identify malicious nodes, 
significantly improving packet delivery ratio and 
network reliability. Tamil Selvi & Suresh (2019) 
developed an energy-efficient zone-based 
routing protocol for MANETs. The study 
emphasizes optimization through clustering and 
load balancing, reducing energy consumption 
while maintaining network performance. 
Kadhim & Seno (2019) proposed an SDN-fog 
based multicast routing protocol for vehicular 
networks. The integration of fog computing 
reduces latency and enhances scalability, making 
it suitable for real-time applications. Surabhi & 
Heman (2020) introduced a regression-based 
link failure prediction model for MANETs. The 
study uses predictive analytics to improve 
routing decisions, reducing packet loss and 
improving network stability 
Zhang et al. (2020) proposed a spectral 
clustering-based routing optimization 
framework for Software-Defined Networks 
(SDN). The study utilizes graph Laplacian 
eigenvalues to partition network domains 
efficiently, reducing inter-domain routing 
overhead. Results indicate improved scalability 
and reduced latency in large-scale network 
deployments. Kumar & Singh (2020) introduced 
a trust-aware secure routing protocol for 
Wireless Sensor Networks (WSNs). The protocol 
combines node behaviour analysis with spectral 
anomaly detection to identify malicious nodes. 
The results demonstrate enhanced security with 
minimal computational overhead. 
Li et al. (2021) proposed a Graph Neural Network 
(GNN)-based routing optimization model for 
multi-domain networks. By learning graph 
embeddings, the model dynamically adapts 
routing paths based on network conditions. The 
study shows significant improvements in 
throughput and packet delivery ratio. Abdelaziz 
et al. (2021) developed a reinforcement learning-
based routing protocol for UAV networks. The 
approach integrates spectral state 
representation for improved decision-making in 
dynamic environments. The results show 
enhanced adaptability and reduced routing 
delays. 
Sharma & Patel (2021) introduced a blockchain-
enabled secure routing framework for IoT 
networks. The model ensures secure data 
transmission using decentralized authentication 
and encryption mechanisms. Performance 
evaluation indicates improved resistance to 
routing attacks and data breaches. Wang et al. 
(2021) proposed a spectral graph partitioning 
approach for load-balanced routing in multi-
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domain cloud networks. The method leverages 
eigenvector centrality to distribute traffic 
efficiently across domains. Experimental results 
show reduced congestion and improved network 
throughput. 
Reddy & Kumar (2021) introduced an intrusion 
detection-based secure routing protocol for 
MANETs. The model integrates machine learning 
with graph-based anomaly detection to identify 
malicious patterns in routing behavior. The 
protocol significantly improves detection 
accuracy and network resilience. Chen et al. 
(2022) developed a deep reinforcement 
learning-based routing optimization framework 
for SDN-enabled IoT networks. The system 
incorporates spectral features of network 
topology to enhance learning efficiency. Results 
indicate improved QoS and adaptive routing 
performance. 
Alshammari et al. (2022) proposed a blockchain-
assisted secure routing model for multi-domain 
edge computing environments. The approach 
ensures trust management and data integrity 
using decentralized consensus mechanisms. The 
framework demonstrates robustness against 
data tampering and insider attacks. Patel & Joshi 
(2022) introduced an energy-efficient clustering-
based routing protocol for Wireless Sensor 
Networks. The method uses spectral clustering 
techniques to optimize cluster formation, leading 
to reduced energy consumption and prolonged 
network lifetime. 
Singh et al. (2022) proposed a hybrid spectral 
and heuristic-based routing optimization 
technique for multi-domain networks. The model 
combines graph Laplacian analysis with genetic 
algorithms to optimize routing paths. Results 
show improved convergence speed and 
enhanced routing efficiency in complex network 
environments. Hassan et al. (2022) developed a 
secure multipath routing protocol for IoT 
networks using trust-aware mechanisms. The 
protocol incorporates spectral anomaly 
detection to identify compromised nodes and 
ensure secure data transmission. The study 
reports increased reliability and reduced packet 
loss. 
Zhou et al. (2023) introduced a Graph Neural 
Network (GNN)-driven routing framework for 
intelligent transportation systems. The model 
leverages spectral graph embeddings to predict 
optimal routes in real-time traffic scenarios. 
Experimental results demonstrate improved 
routing accuracy and reduced latency. Kaur & 
Singh (2023) proposed an energy-aware routing 
protocol for MANETs using spectral clustering 
techniques. The protocol optimizes node 
grouping and communication paths, significantly 

reducing energy consumption and improving 
network lifetime. 
Rahman et al. (2023) developed a blockchain-
based secure routing architecture for UAV-
assisted networks. The model ensures data 
integrity, authentication, and secure 
communication across multiple domains. 
Performance evaluation shows strong resistance 
against routing attacks and enhanced trust 
management. Gupta et al. (2023) proposed a 
machine learning-assisted routing optimization 
framework for SDN-based multi-domain 
networks. The model integrates spectral graph 
features with supervised learning to predict 
optimal routing paths. Results indicate improved 
network efficiency and reduced congestion. 
Ahmed & Ibrahim (2023) introduced a secure 
routing protocol for Wireless Sensor Networks 
using hybrid encryption and trust evaluation. 
The system incorporates graph-based anomaly 
detection to identify malicious nodes. The 
approach significantly enhances data 
confidentiality and integrity. Park et al. (2023) 
developed a spectral graph-based traffic 
engineering solution for large-scale cloud 
networks. The study applies eigenvalue 
decomposition to optimize bandwidth allocation 
and minimize latency. Results demonstrate 
improved scalability and resource utilization. 
Mehta & Shah (2023) proposed an AI-driven 
routing protocol for Internet of Vehicles (IoV) 
environments. The model uses graph neural 
networks combined with spectral clustering to 
adapt to dynamic vehicular conditions. The study 
reports enhanced routing accuracy and reduced 
communication delays. Fernandez et al. (2023) 
introduced a decentralized routing framework 
for edge computing using blockchain technology. 
The model ensures secure and transparent 
communication across domains while optimizing 
routing decisions. Performance evaluation shows 
improved trust and reduced latency. 
Liu et al. (2023) proposed a spectral graph-based 
anomaly detection framework for secure routing 
in multi-domain networks. The method uses 
Laplacian eigenvalues to detect irregular traffic 
patterns and potential attacks. Results show 
improved detection accuracy and faster response 
time. Verma & Tripathi (2023) introduced a QoS-
aware routing protocol for MANETs using hybrid 
optimization techniques. The protocol combines 
spectral clustering with particle swarm 
optimization (PSO) to improve routing efficiency. 
The results demonstrate better throughput and 
reduced delay. 
Kim et al. (2023) developed a deep learning-
based routing optimization framework for SDN 
environments. The model integrates spectral 
graph embeddings to enhance decision-making. 
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Experimental findings show improved scalability 
and network performance. Omar et al. (2023) 
proposed a trust-based secure routing 
mechanism for IoT networks. The framework 
incorporates spectral analysis to evaluate node 
trustworthiness and detect malicious behaviour. 
Results indicate improved security and network 
reliability. 

Das & Roy (2023) introduced an energy-efficient 
routing protocol for Wireless Sensor Networks 
using spectral clustering and fuzzy logic. The 
approach optimizes cluster formation and 
routing decisions, leading to extended network 
lifetime and reduced energy consumption. 

 
Comparative Table  

Study Year Domain Technique Used Security Model Key Contribution 

1 2018 IoV Blockchain Trust-based Secure data sharing 

2 2018 MANET Trust detection IDS Blackhole mitigation 

3 2019 MANET Clustering None Energy efficiency 

4 2019 IoV SDN + Fog Partial Low latency routing 

5 2020 MANET Regression None Link prediction 

6 2020 SDN Spectral clustering None Domain partitioning 

7 2020 WSN Trust + spectral IDS Secure routing 

8 2021 Multi-domain GNN None Adaptive routing 

9 2021 UAV Reinforcement learning None Dynamic routing 

10 2021 IoT Blockchain Encryption Secure communication 

11 2021 Cloud Spectral partitioning None Load balancing 

12 2021 MANET ML + IDS IDS Attack detection 

13 2022 IoT Deep RL None QoS optimization 

14 2022 Edge Blockchain Trust model Secure edge routing 

15 2022 WSN Spectral clustering None Energy efficiency 

16 2022 Multi-domain Hybrid spectral + GA None Path optimization 

17 2022 IoT Multipath + spectral Trust-based Reliable routing 

18 2023 ITS GNN + spectral None Real-time routing 

19 2023 MANET Spectral clustering None Energy-aware routing 

20 2023 UAV Blockchain Authentication Secure UAV routing 

21 2023 SDN ML + spectral None Congestion reduction 

22 2023 WSN Encryption + trust Secure Data integrity 

23 2023 Cloud Spectral analysis None Traffic engineering 

24 2023 IoV AI + spectral None Adaptive routing 

25 2023 Edge Blockchain Secure Decentralized routing 

26 2023 Multi-domain Spectral anomaly IDS Attack detection 

27 2023 MANET PSO + spectral None QoS improvement 

28 2023 SDN Deep learning None Performance boost 

29 2023 IoT Trust + spectral Trust-based Secure routing 

30 2023 WSN Spectral + fuzzy None Energy optimization 

 
Analysis  
The analysis of the selected 30 studies highlights 
several key trends in the application of spectral 
graph methods in multi-domain routing: 
1. Dominance of Spectral Techniques 
Spectral clustering and graph Laplacian-based 
methods are widely used for network 
partitioning, routing optimization, and anomaly 
detection.  

2. Integration with AI Techniques 
Many recent studies (2021–2023) combine 
spectral methods with:  

o Graph Neural Networks (GNN)  
o Reinforcement Learning  
o Deep Learning 

This hybridization improves adaptability and 
decision-making.  
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3. Security Evolution 
Security models evolved from:  

o Basic trust mechanisms (2018–2019)  
o IDS-based detection (2020–2021)  
o Blockchain-based decentralized security 

(2022–2023)  
4. Energy Efficiency Focus 
WSN and MANET studies emphasize energy-
aware routing using spectral clustering.  
5. Emerging Domains 
Increasing focus on:  

o UAV networks  
o Edge computing  
o IoV systems  

6. Challenges Identified  
o High computational complexity of spectral 

methods  
o Scalability in large networks  
o Real-time implementation constraints  

 
Discussion  
The reviewed literature demonstrates that 
spectral graph methods have become a 
cornerstone in the design and optimization of 
modern multi-domain routing protocols. Their 
ability to model complex network topologies and 
extract meaningful structural information has 
enabled significant advancements in routing 
efficiency, scalability, and security. One of the 
most notable trends is the integration of spectral 
methods with artificial intelligence techniques. 
Studies utilizing Graph Neural Networks (GNNs) 
and reinforcement learning have shown 
remarkable improvements in adaptive routing. 
These approaches allow networks to dynamically 
adjust routing paths based on real-time 
conditions, making them particularly suitable for 
highly dynamic environments such as UAV 
networks and IoV systems. The use of spectral 
embeddings enhances the learning process by 
providing a compact and informative 
representation of network topology. 
Security has also emerged as a critical area of 
focus. Early approaches relied on trust-based 
models and intrusion detection systems, which, 
while effective, were limited in scalability and 
robustness. More recent studies have adopted 
blockchain technology to provide decentralized 
and tamper-proof security mechanisms. The 
combination of spectral anomaly detection with 
blockchain-based trust management offers a 
powerful solution for securing multi-domain 
routing protocols. Energy efficiency remains a 
primary concern, especially in resource-
constrained networks such as WSNs and 
MANETs. Spectral clustering techniques have 
been widely used to optimize network 
partitioning and reduce energy consumption. 
These methods enable efficient grouping of 

nodes, minimizing communication overhead and 
prolonging network lifetime. 
Despite these advancements, several challenges 
persist. Spectral methods often involve 
computationally intensive operations such as 
eigenvalue decomposition, which can limit their 
applicability in real-time systems. Additionally, 
integrating these methods with existing routing 
protocols and ensuring scalability in large-scale 
networks remain open research problems. 
Another important observation is the growing 
adoption of emerging computing paradigms such 
as edge computing and fog computing. These 
paradigms require decentralized and low-latency 
routing solutions, which spectral methods are 
well-suited to support. However, further 
research is needed to address issues related to 
interoperability and standardization. Overall, the 
literature indicates a clear shift toward hybrid 
approaches that combine spectral graph theory 
with advanced AI and security technologies. 
These approaches hold significant promise for 
the future of multi-domain routing, particularly 
in the context of next-generation networks. 
 
Conclusion  
This comprehensive review has examined the 
role of spectral graph methods in multi-domain 
routing protocols, with a particular focus on 
security models, optimization techniques, and 
emerging computing applications. By analysing 
30 studies published between 2018 and 2023, 
the paper provides a detailed understanding of 
current research trends, challenges, and future 
directions in this field. Spectral graph methods 
have proven to be highly effective in addressing 
the complexities of modern network 
environments. Their ability to capture the 
structural properties of networks through 
eigenvalues and eigenvectors enables efficient 
routing optimization, network partitioning, and 
anomaly detection. These capabilities are 
particularly valuable in multi-domain networks, 
where traditional routing approaches often fall 
short. 
One of the key findings of this review is the 
increasing integration of spectral methods with 
artificial intelligence techniques. The use of 
Graph Neural Networks, reinforcement learning, 
and deep learning has significantly enhanced the 
adaptability and performance of routing 
protocols. These hybrid approaches allow 
networks to respond dynamically to changing 
conditions, making them well-suited for 
applications such as IoV, UAV networks, and 
smart cities. Security has also seen significant 
advancements, with blockchain-based models 
emerging as a promising solution for 
decentralized trust management. These models 
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provide enhanced security by ensuring data 
integrity, authentication, and transparency. 
When combined with spectral anomaly detection 
techniques, they offer a robust framework for 
protecting multi-domain routing protocols 
against various types of attacks. 
Energy efficiency is another important aspect 
addressed in the literature. Spectral clustering 
techniques have been widely used to optimize 
network structures, reducing energy 
consumption and extending the lifetime of 
resource-constrained networks. This is 
particularly important for applications such as 
Wireless Sensor Networks and Mobile Ad Hoc 
Networks. However, the review also highlights 
several challenges that need to be addressed. The 
computational complexity of spectral methods 
remains a significant barrier to their widespread 
adoption, particularly in real-time applications. 
Additionally, issues related to scalability, 
interoperability, and integration with existing 
network infrastructures require further 
research. 
Emerging computing paradigms such as edge 
computing, fog computing, and blockchain are 
expected to play a crucial role in the future of 
multi-domain routing. These technologies 
require efficient and secure routing solutions, 
and spectral graph methods are well-positioned 
to meet these requirements. However, further 
research is needed to fully realize their potential. 
In conclusion, spectral graph methods represent 
a powerful and versatile tool for the design and 
optimization of multi-domain routing protocols. 
Their integration with advanced technologies 
such as artificial intelligence and blockchain has 
opened up new possibilities for improving 
network performance, security, and scalability. 
Future research should focus on developing 
more efficient algorithms, addressing scalability 
challenges, and exploring new applications in 
emerging network environments. 
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