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Abstract:  

Wireless Sensor Networks (WSNs) have revolutionized applications in environmental 

monitoring, healthcare, and military operations by enabling efficient and real-time data 

acquisition. However, the limited power resources of sensor nodes pose a significant 

challenge to the long-term sustainability of these networks. Addressing this critical issue, 

cluster-based algorithms have emerged as an effective solution for optimizing energy 

consumption by organizing sensor nodes into energy-efficient clusters. 

This paper explores the latest advancements in energy-efficient cluster-based algorithms 

for WSNs, focusing on their design and implementation across various scenarios. The 

algorithms are systematically categorized based on key metrics, including clustering 

techniques, energy optimization strategies, and scalability. By highlighting innovative 

methodologies and their potential impact, this study provides valuable insights into 

overcoming energy limitations while ensuring the reliability and longevity of WSNs in 

diverse application domains. 

Keywords WSN, Energy efficient algorithms, Comparative analysis, Cluster, Cluster 
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1. Introduction 

Wireless Sensor Networks (WSNs) consist of spatially distributed autonomous sensors that monitor 

physical or environmental conditions and communicate the collected data to a central base station. 

These networks have been widely deployed in applications such as environmental monitoring, 

healthcare systems, smart cities, and military surveillance. Despite their potential, the energy 

constraints of sensor nodes significantly impact the network’s operational lifespan, necessitating 

efficient energy management techniques. 

Cluster-based algorithms, a subset of hierarchical routing protocols, aim to optimize energy 

consumption by organizing sensor nodes into clusters. Within each cluster, a designated Cluster 

Head (CH) aggregates data and communicates with the base station, thereby reducing redundant 

transmissions. Recent advancements have focused on adaptive clustering techniques, integration with 

emerging technologies like the Internet of Things (IoT), and the use of machine learning to enhance 

energy efficiency. 

Research from 2020 onwards has highlighted hybrid approaches that integrate traditional methods 

with modern computational techniques. For example, machine learning models have been introduced 

to dynamically optimize cluster head selection, while the synergy between fog computing and WSN 
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clustering has been explored to minimize energy consumption in real-time applications. 

Additionally, blockchain-enabled secure clustering methods have been developed to address both 

energy efficiency and security challenges. 

2. Objective 

The primary objective of this work is to provide a comprehensive review of recent advancements on 

energy-efficient cluster-based algorithms for WSNs, highlighting the key methodologies, 

comparative advantages, and future research directions. This study categorizes algorithms based on 

clustering techniques, energy optimization strategies, and scalability, offering a solid foundation for 

future research opportunities in this domain. 

3. Energy-Efficient Cluster-Based Algorithms 

3.1 Classification of Cluster-Based Algorithms 

Cluster-based algorithms can be broadly categorized based on clustering techniques, energy 

optimization strategies, and scalability. Regarding clustering techniques, algorithms are classified as 

static or dynamic. In static clustering, clusters remain fixed throughout the network's lifespan, where  

an example is Low-Energy Adaptive Clustering Hierarchy (LEACH) [1]. Dynamic clustering, on the 

other hand, involves periodic re-formation of clusters to adapt to changing network conditions, as 

seen in Hybrid Energy-Efficient Distributed Clustering (HEED) [2]. 

Energy optimization strategies play a critical role in cluster-based algorithms, focusing on load 

balancing to ensure even energy consumption across nodes, data aggregation to minimize redundant 

data transmission within clusters, and multi-hop communication, where data is relayed through 

intermediate nodes to reduce the energy cost of long-range transmissions. Scalability and mobility 

support are also essential factors with algorithms like PEGASIS (Power-Efficient Gathering in 

Sensor Information Systems) [3] achieving linear scalability. Additionally, mobility-aware clustering 

algorithms adapt to the movement of nodes, as highlighted in [4]. 

3.2 Recent Advances in Energy-Efficient Cluster-Based Algorithms LEACH Variants: 

 LEACH and its variants have been extensively explored for energy efficiency. LEACH-Centralized 

(LEACH-C) optimizes cluster formation using a central node [1], while LEACH-M is tailored for 

mobile WSNs to address node mobility challenges [5]. Another variant, VLEACH, introduces vice 

cluster heads to back up cluster heads, enhancing the network's robustness [6]. 

Hybrid Clustering Approaches: Hybrid algorithms integrate multiple factors to improve clustering 

efficiency. HEED incorporates residual energy and node degree for cluster head selection, ensuring 

uniform energy distribution [2]. EECS (Energy Efficient Clustering Scheme) balances cluster sizes 

to optimize energy usage [7], while Distributed Weight-based Energy-efficient Hierarchical 

Clustering (DWEHC) refines cluster head selection by accounting for intra-cluster distances [8]. 

Multi-hop Clustering Techniques: Multi-hop techniques improve energy efficiency by optimizing 

data transmission paths. Distributed Energy-Efficient Clustering (DEEC) selects cluster heads based 

on residual and average energy levels [9]. The Threshold-sensitive Energy Efficient Network 

(TEEN) is designed for time-critical applications by prioritizing data thresholds [10], and Adaptive 
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Periodic Threshold-sensitive Energy Efficient Network (APTEEN) extends TEEN's capabilities for 

both periodic and event-driven data collection [11]. 

Machine Learning-Based Clustering: Machine learning has recently been integrated into clustering 

algorithms to enhance energy efficiency and optimize cluster head placement. Reinforcement 

learning approaches enable nodes to make optimal clustering decisions by learning from 

environmental feedback [12, 13]. 

IoT-enabled Clustering Techniques: IoT advancements have led to innovative clustering 

techniques. Fog-assisted clustering combines edge computing with traditional clustering to enable 

real-time data processing and energy savings [14]. Blockchain-based clustering ensures secure 

communication while optimizing energy usage, addressing both security and efficiency concerns 

[15]. 

4.  Comparative Analysis   

The comparative analysis as given in table I, Provides a detailed examination of various energy-

efficient cluster-based algorithms for WSNs. These algorithms are evaluated based on their key 

features, strengths and limitations to offer insights into their applicability in different scenarios. 

Table I: comparison of various Algorithms 

Algorithm Key Feature Strength Limitation 

LEACH 
Randomized 

clustering 
Simplicity Not scalable 

HEED 
Hybrid selection 

metric 
Energy balance High overhead 

PEGASIS 
Chain-based 

clustering 
Linear scalability Delay-sensitive 

TEEN Threshold-based Low latency Limited adaptability 

VLEACH 
Backup cluster 

heads 

Increased fault 

tolerance 
Higher complexity 

EECS 
Balanced cluster 

sizes 

Improved energy 

efficiency 

Not suitable for highly 

dynamic networks 

DEEC 
Energy-aware 

selection 

Prolonged network 

lifetime 

Complexity in 

heterogeneous environments 

APTEEN 
Hybrid threshold 

mechanism 

Flexible for periodic 

and event data 
High computation cost 

Fog-assisted 

Clustering 

Real-time data 

processing 
Low latency Dependency on fog nodes 

Blockchain-based 

Clustering 

Secure and energy-

efficient 
Enhanced security 

Overhead of blockchain 

operations 

 

This categorizes algorithms such as LEACH, HEED, PEGASIS, TEEN, and VLEACH, among 

others, highlighting their distinct characteristics. LEACH is noted for its simplicity and randomized 
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clustering but lacks scalability. HEED employs a hybrid selection metric to achieve energy balance, 

albeit at the cost of higher overhead. PEGASIS leverages chain-based clustering for linear scalability 

but is not ideal for delay-sensitive applications. TEEN and APTEEN focus on threshold-based and 

hybrid mechanisms for latency reduction and flexible data handling, respectively, though they are 

computationally intensive. Advanced approaches, like fog-assisted and blockchain-based clustering, 

integrate modern technologies for real-time data processing and enhanced security while facing 

challenges like dependency on fog nodes and blockchain operation overhead. 

The accompanying Figure 1 visually illustrates the comparative performance of these algorithms 

based on critical parameters such as energy efficiency, scalability, and latency. The X-axis represents 

different algorithms, while the Y-axis quantifies performance metrics such as energy consumption 

and latency. 

 

Figure 1: Comparative Analysis of Algorithm 

The traditional algorithms like LEACH and HEED perform well in simplicity and energy balancing 

but lag in scalability and adaptability as shown in Figure 1. This highlights their suitability for static 

and smaller-scale networks. Conversely, modern approaches like blockchain-based clustering excel 

in scalability and security, indicating their potential for larger, dynamic WSNs. The inherent trade-

offs exist within these algorithms. For instance, fog-assisted clustering leverages edge computing to 

deliver low latency and real-time processing, but its effectiveness is contingent upon the availability 

of fog nodes. On the other hand, blockchain-based methods bolster security, though they impose 

considerable operational overhead. These insights highlight the critical need for hybrid approaches 

that blend the advantages of both traditional and cutting-edge techniques, while overcoming their 

respective limitations. 

5. Research Gaps  

The study highlights several research gaps that warrant further exploration. Existing algorithms face 

significant challenges in handling heterogeneous networks, where nodes possess diverse energy 

capacities and functionalities. Mobility support in dynamic environments remains another critical 

issue, as effective clustering becomes increasingly complex with node movement. Security is a 

pressing concern, with robust mechanisms needed to protect against malicious attacks. Additionally, 

seamless integration with IoT frameworks demands the development of advanced, scalable clustering 

methods to ensure efficiency and adaptability. 
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Incorporating artificial intelligence presents an opportunity to enhance dynamic and context-aware 

clustering decisions, addressing real-time changes in the network. Furthermore, the development of 

energy-efficient protocols that utilize renewable energy sources is vital for achieving sustainability. 

By addressing these gaps, future research can greatly improve the efficiency, adaptability, and 

robustness of cluster-based algorithms for wireless sensor networks. 

6. Research Challenges and Opportunities 

The development of energy-efficient cluster-based algorithms for wireless sensor networks (WSNs) 

faces several significant challenges that must be addressed to ensure their effectiveness and 

adaptability in diverse applications. One major challenge is handling heterogeneous networks, where 

sensor nodes have varying energy levels, processing capabilities, and functionalities. This diversity 

complicates the design of algorithms that can distribute tasks efficiently and prolong network 

lifespan. Additionally, ensuring efficient clustering in dynamic environments, where nodes are 

mobile and network topology frequently changes, remains a critical issue. Mobility support requires 

algorithms capable of adapting to these fluctuations without compromising energy efficiency or 

communication reliability. 

Security is another pressing concern, as clusters are vulnerable to malicious attacks that can disrupt 

communication or compromise sensitive data. Robust security mechanisms must be integrated into 

clustering algorithms to ensure secure and reliable operations. Furthermore, seamless integration 

with IoT frameworks presents a challenge due to the need for scalable and efficient clustering 

methods that can accommodate the massive data flows and interconnected nature of IoT ecosystems. 

Artificial Intelligence (AI) offers promising solutions to these challenges, enabling dynamic and 

context-aware clustering. AI-driven optimization can enhance decision-making processes, allowing 

clusters to adapt to environmental changes in real time. However, leveraging AI effectively requires 

careful consideration of computational overhead and resource constraints. Energy harvesting is 

another area of critical importance, where incorporating renewable energy sources can complement 

energy-efficient algorithms and further extend the operational lifespan of WSNs. By addressing these 

challenges and focusing on innovative solutions, future research can significantly advance the 

capabilities of cluster-based algorithms, ensuring their robustness, scalability, and sustainability in 

increasingly complex and dynamic applications. 

7. Conclusion  

Energy-efficient cluster-based algorithms are vital for enhancing the lifespan and performance of 

Wireless Sensor Networks. This paper highlighted various clustering techniques, from classical 

approaches like LEACH to cutting-edge methods leveraging IoT and machine learning. The 

comparative analysis revealed that while traditional algorithms offer simplicity and cost-

effectiveness, modern methods provide better scalability, security, and adaptability. However, they 

often come at the expense of increased computational complexity and resource requirements. 

The integration of technologies such as fog computing, blockchain, and AI presents exciting 

opportunities for addressing existing challenges. For instance, AI-driven approaches can dynamically 

optimize clustering decisions based on environmental changes, while blockchain ensures secure 
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communication between nodes. Fog-assisted clustering minimizes latency and enhances real-time 

processing capabilities. 

Future research should focus on developing hybrid algorithms that combine the strengths of existing 

methods while mitigating their weaknesses. Attention should also be given to designing energy-

efficient protocols for heterogeneous and mobile networks. Incorporating renewable energy sources 

and energy-harvesting mechanisms could further extend the operational lifespan of WSNs, making 

them more sustainable. By addressing these challenges, the next generation of WSN algorithms can 

meet the demands of increasingly complex and dynamic applications, ensuring robust performance 

and longevity. 
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