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Abstract: - Wireless Sensor Networks (WSNs) are pivotal in enabling diverse applications such as environmental 

monitoring, industrial automation, and healthcare management. However, the constrained energy resources of 

sensor nodes pose formidable challenges to the sustainability and efficiency of WSNs. Routing protocols play a 

pivotal role in optimizing energy consumption by facilitating the efficient transmission of data within the network. 

Traditional routing protocols, while effective to a certain extent, often lack adaptability to dynamic network 

conditions and fail to fully exploit the potential of emerging technologies. [1] In response to these challenges, the 

integration of Artificial Intelligence (AI) techniques into routing protocols has emerged as a promising approach 

to enhance energy efficiency and prolong network longevity. This paper presents a comprehensive review of AI-

driven energy-efficient routing protocols tailored specifically for WSNs. It delves into the various methodologies 

of AI, including machine learning, evolutionary algorithms, deep learning, and reinforcement learning, and their 

integration into routing protocols to achieve optimal energy utilization. Machine learning-based approaches 

leverage historical data to predict traffic patterns and dynamically adjust routing decisions, thereby optimizing 

energy consumption. Evolutionary algorithms offer a nature-inspired optimization paradigm, evolving routing 

strategies over time to adapt to changing network conditions. Deep learning techniques enable the extraction of 

intricate features from sensor data, facilitating more informed routing decisions. Reinforcement learning 

empowers sensor nodes to autonomously learn and adapt their routing strategies based on feedback from the 

environment. 

 

Keywords: - Wireless Sensor Networks, Routing Protocols, Energy Efficiency, Artificial Intelligence, Machine 

Learning, Evolutionary Algorithms, Deep Learning, Reinforcement Learning. 

 

1. Introduction: - Wireless Sensor Networks (WSNs) have emerged as critical components of modern smart 

systems, facilitating a myriad of applications ranging from environmental monitoring to industrial automation and 

healthcare management. These networks typically consist of numerous small, low-cost sensor nodes equipped 

with sensing, processing, and communication capabilities, deployed in diverse environments to gather and 

transmit data of interest. [2]However, the constrained energy resources of sensor nodes pose significant challenges 

to the longevity, efficiency, and reliability of WSNs. Given the often remote or inaccessible deployment locations 

of these networks, energy-efficient routing becomes paramount to prolonging network lifespan and ensuring 

uninterrupted operation. 

 

Routing protocols serve as the backbone of WSNs, determining the paths along which data is transmitted from 

source nodes to sink nodes or base stations. Traditional routing protocols, such as LEACH (Low-Energy Adaptive 

Clustering Hierarchy) and AODV (Ad hoc On-Demand Distance Vector), have been widely employed in WSNs 

to optimize energy consumption. However, these protocols often rely on simplistic heuristics or fixed rules, which 

may not adapt well to dynamic network conditions or fully exploit the potential of emerging technologies. 



NATURALISTA CAMPANO 
ISSN: 1827-7160 
Volume 28 Issue 1, 2024 

  

 

______________________________________________________________________ 

1907 
 

https://museonaturalistico.it 

 
 

Figure 1 Integration of AI in WSNs. 

 

In recent years, the integration of Artificial Intelligence (AI) techniques into routing protocols has garnered 

significant attention as a promising approach to enhance energy efficiency and network performance. AI offers a 

diverse array of methodologies, including machine learning, evolutionary algorithms, deep learning, and 

reinforcement learning, which can be leveraged to enable intelligent decision-making in routing processes. 

 

Machine learning-based routing protocols utilize historical data to model and predict network traffic patterns, 

enabling nodes to dynamically adjust their routing decisions based on current network conditions. 

[2],[3]Evolutionary algorithms draw inspiration from natural processes such as genetic algorithms and swarm 

intelligence to optimize routing strategies over time, adapting to changes in network topology and traffic patterns. 

Deep learning techniques, with their ability to extract complex features from raw sensor data, empower nodes to 

make informed routing decisions based on learned representations of the environment. Reinforcement learning 

enables sensor nodes to autonomously learn and adapt their routing strategies through trial-and-error interactions 

with the environment, maximizing long-term rewards such as energy efficiency or data delivery success rates. 

 

This paper aims to provide a comprehensive review of AI-driven energy-efficient routing protocols tailored 

specifically for WSNs. It will explore the various AI methodologies integrated into routing protocols, assess their 

performance, and discuss the challenges, opportunities, and future directions in this rapidly evolving field. By 

leveraging AI techniques, we endeavor to contribute to the development of sustainable, resilient, and high-

performance WSNs capable of meeting the diverse demands of modern applications. 

 

2. Overview of Wireless Sensor Networks: Wireless Sensor Networks (WSNs) represent a distributed network of 

autonomous sensor nodes equipped with sensing, processing, and wireless communication capabilities. These 

networks are designed to monitor physical or environmental conditions such as temperature, humidity, light, 

sound, and motion across a wide range of applications and deployment scenarios. 

 

2.1 Architecture and Components: - The architecture of WSNs typically consists of three main components: 

sensor nodes, base stations or sink nodes, and communication protocols. Sensor nodes are small, low-power 

devices that are often deployed in large numbers to form a dense network. Each sensor node is equipped with one 

or more sensors to capture data from the environment, a microcontroller for processing, and a wireless transceiver 

for communication. [4],[5] These nodes operate collaboratively to collect, process, and transmit data to the base 

station or sink node. 

 

Base stations, also known as sink nodes, serve as the gateway between the WSN and the external world. They are 

typically equipped with more powerful hardware and are responsible for aggregating data received from sensor 

nodes, performing additional processing if necessary, and transmitting the data to a central server or monitoring 

station via wired or wireless networks. 
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Figure 2 Components of WSNs. 

 

2.2 Protocols: Communication protocols play a crucial role in facilitating data transmission within the WSN. Due 

to the resource-constrained nature of sensor nodes, energy-efficient communication protocols are essential to 

prolong network lifespan and maximize network scalability. Protocols such as Zigbee, Bluetooth Low Energy 

(BLE), and IEEE 802.15.4 are commonly used in WSNs due to their low power consumption, short-range 

communication capabilities, and support for mesh networking. 

 

2.3 Applications: - WSNs find applications across various domains, including environmental monitoring, 

precision agriculture, industrial automation, healthcare, smart cities, and infrastructure monitoring. In 

environmental monitoring, WSNs are deployed to monitor air quality, water quality, soil moisture, and weather 

conditions in remote or hazardous environments. [2],[6] In precision agriculture, WSNs are used to monitor crop 

conditions, soil moisture levels, and environmental parameters to optimize irrigation and fertilizer usage, thereby 

increasing crop yield and reducing resource wastage. 

Industrial automation applications of WSNs include condition monitoring of machinery, asset tracking, and 

inventory management in manufacturing plants and warehouses. In healthcare, WSNs are deployed for remote 

patient monitoring, fall detection, and activity tracking to improve patient care and facilitate independent living 

for the elderly and individuals with chronic conditions. 

 

Overall, WSNs offer a versatile and cost-effective solution for real-time monitoring and data collection across a 

wide range of applications, with the potential to revolutionize various industries and domains. However, 

challenges such as energy efficiency, network scalability, data reliability, and security remain key areas of research 

and development in the field of WSNs. 

 

3. Traditional Routing Protocols for WSNs: - Routing protocols in WSNs are responsible for determining efficient 

paths for data transmission from source nodes to sink nodes or base stations while optimizing energy consumption 

and network performance. These protocols can be classified into three main categories: proactive, reactive, and 

hybrid. 

 

3.1 Proactive Routing Protocols: Proactive routing protocols, also known as table-driven protocols, maintain 

up-to-date routing information for all nodes in the network by periodically exchanging routing tables or updates. 

[7] Examples of proactive protocols include Destination-Sequenced Distance Vector (DSDV) and OLSR 

(Optimized Link State Routing). 

DSDV operates by maintaining a routing table at each node, containing entries for all possible destinations along 

with their associated sequence numbers. Periodic updates are exchanged between neighboring nodes to ensure 

consistency and convergence of routing information. However, the overhead associated with maintaining routing 

tables and exchanging updates can lead to increased energy consumption, especially in large-scale networks with 

frequent topology changes. 

 

Sensor Nodes
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demand protocols, establish routes only when needed, i.e., in response to data transmission requests or route 

discovery requests. Examples of reactive protocols include AODV (Ad hoc On-Demand Distance Vector) and 

DSR (Dynamic Source Routing). 

AODV operates by initiating route discovery upon receiving a data packet destined for a particular node.[5],[8] 

Route discovery involves flooding the network with route request (RREQ) packets, which are propagated hop-

by-hop until reaching the destination or a node with knowledge of the destination's route. Once the route is 

established, it is maintained as long as data packets continue to flow along that path. While reactive protocols 

offer reduced overhead compared to proactive protocols, they may incur longer route setup delays and increased 

control message overhead during route discovery. 

 

3.3 Hybrid Routing Protocols: Hybrid routing protocols combine the advantages of both proactive and reactive 

approaches to achieve a balance between routing overhead and route setup latency. [9] Examples of hybrid 

protocols include ZRP (Zone Routing Protocol) and TBRPF (Topology Broadcast based on Reverse-Path 

Forwarding). 

ZRP divides the network into zones and employs proactive routing within each zone while using reactive routing 

between zones. This hybrid approach reduces routing overhead within individual zones while maintaining 

flexibility and responsiveness to topology changes between zones. Similarly, TBRPF combines proactive link 

state routing with reactive route discovery to achieve efficient routing in dynamic environments. 

 

 
 

Figure 3 Types of Protocols in Traditional WSNs 

 

3.4 Limitations: - Despite their effectiveness in certain scenarios, traditional routing protocols for WSNs have 

several limitations. They often rely on simplistic heuristics or fixed rules, which may not adapt well to dynamic 

network conditions or fully exploit the potential of emerging technologies. Moreover, these protocols may not 

adequately address the energy efficiency requirements of resource-constrained sensor nodes, leading to premature 

depletion of battery power and reduced network lifespan. 

 

In response to these challenges, there is growing interest in integrating Artificial Intelligence (AI) techniques into 

routing protocols to enhance energy efficiency, scalability, and adaptability in WSNs. [10] AI-driven routing 

protocols leverage machine learning, evolutionary algorithms, deep learning, and reinforcement learning to enable 

intelligent decision-making and optimization in routing processes, thereby addressing the shortcomings of 

traditional protocols and advancing the state-of-the-art in WSNs. 

 

4. AI Techniques in Energy-Efficient Routing: In recent years, the integration of Artificial Intelligence (AI) 

techniques into routing protocols has emerged as a promising approach to enhance energy efficiency, scalability, 

and adaptability in Wireless Sensor Networks (WSNs). AI-driven routing protocols leverage various 

reinforcement learning to enable intelligent decision-making and optimization in routing processes. [8],[11]This 

section provides an overview of these AI techniques and their applications in energy-efficient routing in WSNs. 
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4.1 Machine Learning-Based Routing Protocols: Machine learning techniques have been widely adopted in 

routing protocols to predict network behavior, optimize routing decisions, and adapt to changing network 

conditions.[12][Supervised learning algorithms, such as decision trees, support vector machines, and neural 

networks, are trained using historical data to model relationships between input features (e.g., node locations, 

traffic patterns, energy levels) and output labels (e.g., optimal routing paths, energy-efficient routes). Once trained, 

these models can be used to predict future network behavior and guide routing decisions to minimize energy 

consumption and prolong network lifespan. 

 

For example, Support Vector Machine (SVM) algorithms have been employed to classify network traffic patterns 

and predict node failure probabilities, enabling nodes to proactively adjust their routing strategies to avoid 

congested or unreliable paths. Similarly, Neural Network-based approaches have been used to predict optimal 

routing paths based on input features such as node proximity, traffic load, and energy levels, thereby minimizing 

energy consumption and maximizing network throughput. 

 

4.2 Evolutionary Algorithms for Routing Optimization: Evolutionary algorithms, inspired by natural processes 

such as genetic algorithms and particle swarm optimization, offer a robust optimization framework for routing in 

WSNs. These algorithms operate by iteratively evolving a population of candidate solutions using selection, 

crossover, and mutation operators to identify optimal routing paths that minimize energy consumption while 

meeting network performance objectives. 

 

Genetic Algorithms (GAs), for instance, iteratively evolve a population of potential routing solutions by 

simulating genetic processes such as reproduction, crossover, and mutation. [13] Through successive generations, 

GAs converge towards optimal routing configurations that balance energy efficiency with other performance 

metrics such as latency, reliability, and load balancing. Similarly, Particle Swarm Optimization (PSO) algorithms 

mimic the social behavior of swarms to iteratively search for optimal routing paths by updating particle positions 

based on their individual and collective experiences. 

 

4.3 Deep Learning Approaches for Routing Decision Making: Deep learning techniques, particularly deep 

neural networks (DNNs), offer a powerful framework for learning complex mappings between input data and 

routing decisions in WSNs. By extracting hierarchical representations of sensor data, DNNs can capture intricate 

patterns and relationships that may elude traditional machine learning algorithms, enabling more accurate and 

context-aware routing decisions. 

Convolutional Neural Networks (CNNs), for example, have been applied to analyze sensor data and extract 

spatial features such as node locations, environmental conditions, and network topology, which are then used to 

predict optimal routing paths. Recurrent Neural Networks (RNNs) and Long Short-Term Memory (LSTM) 

networks have also been used to model temporal dependencies in sensor data and predict dynamic changes in 

network conditions, facilitating adaptive routing strategies that respond to real-time fluctuations in energy 

availability, traffic load, and channel conditions. 
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Figure 4 AI techniques for WSNs 

 

4.4 Reinforcement Learning for Adaptive Routing: Reinforcement learning (RL) techniques enable 

autonomous learning and decision-making in routing protocols by allowing sensor nodes to interact with the 

environment, receive feedback, and adjust their routing strategies to maximize long-term rewards such as energy 

efficiency or data delivery success rates.[14],[15] RL algorithms, such as Q-learning and Deep Q-Networks 

(DQN), learn optimal routing policies through trial-and-error interactions with the network environment, 

progressively refining routing strategies based on observed rewards and penalties. 

 

For example, Q-learning algorithms enable sensor nodes to explore different routing paths, observe the resulting 

energy consumption and data delivery performance, and update their routing policies accordingly to favor paths 

that lead to higher rewards. Similarly, DQN algorithms leverage deep neural networks to approximate the Q-value 

function, enabling nodes to learn complex mappings between environmental states and optimal routing actions, 

thereby achieving adaptive and context-aware routing in dynamic WSN environments. 

 

In summary, AI-driven routing protocols in WSNs leverage a diverse array of techniques, including machine 

learning, evolutionary algorithms, deep learning, and reinforcement learning, to enable intelligent decision-

making and optimization in routing processes. These AI techniques offer the potential to significantly enhance 

energy efficiency, scalability, and adaptability in WSNs, thereby addressing the challenges of resource-constrained 

sensor nodes and dynamic network conditions,  and paving the way for the development of sustainable and 

resilient smart systems. 

 

5. Algorithm Pseudo code for AI-Driven Energy Efficient Routing Protocols for Wireless Sensor Networks: - 

Initialize: 

- Q-table: a table to store Q-values for state-action pairs 

- State space: set of all possible states in the network (e.g., node locations, energy levels) 

- Action space: set of all possible actions (e.g., selecting next hop, transmitting data) 

- Learning rate (alpha), discount factor (gamma), exploration rate (epsilon) 

 

Repeat for each episode: 

    Randomly initialize [16],[12]sensor nodes' positions and energy levels 

    Set initial state: s = current network state 

 

 Repeat for each step in the episode: 

     With probability epsilon, select a random action a from the action space 

      Otherwise, select the action a with the highest Q-value for the current state 
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   Execute action a: 

       - Transmit data to the selected next hop node 

       - Update energy levels and routing tables 

             

    Observe reward r and new state s': 

      - Calculate reward based on energy consumption, data delivery success, etc. 

      - Update state s' based on changes in network conditions 

         

        Update Q-value for state-action pair: 

            Q(s, a) = (1 - alpha) * Q(s, a) + alpha * (r + gamma * max(Q(s', a'))) 

         

        Update current state: s = s' 

 

Until convergence or predefined number of episodes 

Select optimal routing policy based on learned Q-values 

 

This pseudocode outlines the main steps of a reinforcement learning-based routing algorithm for WSNs. At each 

step, the algorithm selects an action based on either exploration (random action) or exploitation (action with the 

highest Q-value). After executing the action, the algorithm observes the reward and updates the Q-value for the 

state-action pair accordingly. Over multiple episodes, the algorithm learns the optimal routing policy that 

maximizes long-term rewards, such as energy efficiency and data delivery success. Finally, the algorithm selects 

the optimal routing policy based on the learned Q-values for deployment in the WSN. 

 

6. Challenges of AI-Driven Energy Efficient Routing Protocols for Wireless Sensor Networks: As promising as 

AI-driven energy-efficient routing protocols are for Wireless Sensor Networks (WSNs), they also present several 

challenges that need to be addressed to fully realize their potential. Here are some of the key challenges: 

 

6.1 Complexity and Computational Overhead: AI-driven routing protocols often involve complex algorithms, 

such as machine learning models or evolutionary optimization techniques, which can impose significant 

computational overhead on resource-constrained sensor nodes. [17],[18] Efficient implementation and 

optimization of these algorithms to operate within the limited computational and memory resources of sensor 

nodes are essential but challenging tasks. 

 
 

Figure 5 Challenges of WSNs. 

 

6.2 Scalability: WSNs may consist of thousands or even millions of sensor nodes, making scalability a critical 

challenge for AI-driven routing protocols. As the network size increases, the overhead associated with learning, 

decision-making, and communication among nodes may become prohibitive.[19],[20] Developing scalable 

algorithms that can adapt to large-scale networks while maintaining energy efficiency is a non-trivial task. 

 

6.3 Resource Constraints: Sensor nodes in WSNs are typically equipped with limited processing power, memory, 

and energy resources. AI-driven routing protocols must operate within these constraints to avoid excessive energy 
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consumption and premature depletion of node batteries. Balancing the trade-off between algorithm complexity 

and energy efficiency is essential to ensure the feasibility of deployment in practical WSNs. 

learning, rely on high-quality data for training accurate models. In WSNs, however, data may be noisy, incomplete, 

or unreliable due to environmental conditions, hardware failures, or communication errors. [14],[15] Ensuring the 

quality and availability of training data poses a significant challenge for AI-driven routing protocols and may 

require data preprocessing, error correction mechanisms, or adaptive learning algorithms. 

 

6.5 Adaptability to Dynamic Environments: WSNs operate in dynamic and unpredictable environments where 

network topology, traffic patterns, and environmental conditions may change rapidly. [16]AI-driven routing 

protocols must be capable of adapting to these changes in real-time to maintain optimal performance. Developing 

adaptive learning algorithms that can continuously update routing policies based on evolving network conditions 

is essential but challenging. 

 

6.6 Security and Privacy Concerns: AI-driven routing protocols may be vulnerable to various security threats, 

including data tampering, eavesdropping, and denial-of-service attacks. Adversarial attacks targeting the learning 

process or exploiting vulnerabilities in AI models could compromise the integrity, confidentiality, and availability 

of data in WSNs. [5],[6] Ensuring robust security mechanisms and privacy-preserving techniques is crucial to 

protect sensitive information and maintain trust in AI-driven routing protocols. 

 

Addressing these challenges requires interdisciplinary research efforts spanning computer science, engineering, 

mathematics, and domain-specific knowledge of WSNs. Collaboration between academia, industry, and 

government agencies is essential to develop innovative solutions that overcome these challenges and unlock the 

full potential of AI-driven energy-efficient routing protocols for Wireless Sensor Networks. 

 

7. Future Directions and Opportunities: - As AI-driven energy-efficient routing protocols continue to evolve, 

several promising directions and opportunities emerge that have the potential to further enhance the performance, 

scalability, and resilience of Wireless Sensor Networks (WSNs). 

 

Hybrid Approaches: Future research may focus on combining AI techniques with traditional routing protocols 

to leverage the strengths of both approaches. Hybrid routing protocols could integrate machine learning models 

for dynamic adaptation and optimization with proactive or reactive routing strategies to achieve a balance between 

efficiency and responsiveness in varying network conditions. 

 

Edge Computing Integration: With the proliferation of edge computing infrastructure, there is an opportunity 

to deploy AI-driven routing protocols directly on edge devices to enable localized decision-making and reduce 

communication overhead. [8] By distributing intelligence closer to the data source, edge-based routing protocols 

can improve response times, reduce latency, and enhance privacy by minimizing data transmission to central 

servers. 

 

 
 

Figure 7 Future and opportunities of AI-driven WSNs. 
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Standardization and Interoperability: Standardization efforts are needed to establish common frameworks, 

protocols, and interfaces for AI-driven routing protocols in WSNs. [9] By defining interoperability standards, 

researchers and practitioners can facilitate collaboration, compatibility, and seamless integration of diverse AI 

techniques across different WSN platforms and applications. 

 

Emerging AI Trends: Future advancements in AI, such as federated learning, meta-learning, and explainable AI, 

offer new opportunities for improving the performance and interpretability of AI-driven routing protocols. 

Federated learning, for example, enables collaborative model training across distributed sensor nodes while 

preserving data privacy, while meta-learning techniques can facilitate rapid adaptation to diverse network 

environments and scenarios. 

 

Energy Harvesting and Sustainable Practices: Integration of energy harvesting techniques, such as solar, 

kinetic, or thermal energy harvesting, presents an opportunity to mitigate the energy constraints of sensor nodes 

and extend network lifespan. [17]AI-driven routing protocols could leverage predictive analytics to optimize 

energy harvesting schedules, adapt routing strategies based on available energy sources, and promote sustainable 

practices in WSN deployment and operation. 

 

Cross-Domain Applications: AI-driven routing protocols developed for WSNs can also find applications in other 

domains, such as Internet of Things (IoT), smart cities, precision agriculture, and industrial automation. Cross-

domain collaboration and knowledge transfer can accelerate innovation, foster interdisciplinary research, and 

unlock new opportunities for AI-driven energy-efficient routing protocols to address global challenges and societal 

needs. 

 

In summary, future directions and opportunities for AI-driven energy-efficient routing protocols in WSNs include 

hybrid approaches, edge computing integration, standardization efforts, emerging AI trends, sustainable practices, 

and cross-domain applications. By exploring these avenues, researchers and practitioners can continue to advance 

the state-of-the-art in WSNs and pave the way for the development of intelligent, resilient, and sustainable smart 

systems. 

 

8. Conclusion: - In conclusion, the development and deployment of AI-driven energy-efficient routing protocols 

represent a significant advancement in the field of Wireless Sensor Networks (WSNs). Throughout this paper, we 

have explored the various AI techniques, including machine learning, evolutionary algorithms, deep learning, and 

reinforcement learning, and their integration into routing protocols to optimize energy consumption, improve 

network performance, and prolong network lifespan. [10],[11] These AI-driven routing protocols offer several 

advantages over traditional approaches, including adaptability to dynamic network conditions, scalability to large-

scale networks, and the ability to leverage heterogeneous sensor nodes effectively. By harnessing the power of 

AI, these protocols can learn from past experiences, predict future network behavior, and make intelligent routing 

decisions that maximize energy efficiency while meeting application-specific requirements. However, despite 

their potential benefits, AI-driven energy-efficient routing protocols also face several challenges that need to be 

addressed. These challenges include computational complexity, scalability concerns, resource constraints, data 

quality and availability issues, adaptability to dynamic environments, and security and privacy concerns. 

Overcoming these challenges requires interdisciplinary research efforts, collaboration between academia and 

industry, and innovative solutions that balance algorithmic sophistication with practical feasibility. 

 

Looking ahead, there are several promising directions and opportunities for future research and development in 

this area.[17] These include hybrid approaches that combine AI techniques with traditional routing protocols, 

integration of edge computing infrastructure for localized decision-making, standardization efforts to establish 

interoperability and compatibility, exploration of emerging AI trends, promotion of sustainable practices, and 

exploration of cross-domain applications. 

In summary, AI-driven energy-efficient routing protocols have the potential to revolutionize WSNs by enabling 

intelligent, adaptive, and sustainable network operation. By addressing the challenges and seizing the 

opportunities presented by AI, researchers and practitioners can continue to advance the state-of-the-art in WSNs 

and pave the way for the development of resilient, efficient, and intelligent smart systems that meet the evolving 

needs of society. 
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