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Abstract 

Efficient energy management in Wireless Sensor Networks (WSNs) is vital for extending network lifetime, 

particularly in applications requiring continuous monitoring in remote or challenging environments. This study 

proposes an energy-efficient multi-hop clustering approach for WSNs, utilizing intelligent swarm-based 

algorithms to optimize cluster formation and data routing. By applying Particle Swarm Optimization (PSO) and 

Ant Colony Optimization (ACO) techniques, the proposed method dynamically selects optimal cluster heads and 

minimizes energy consumption during multi-hop data transmission. The algorithm was evaluated on simulated 

WSN scenarios with varying node densities, achieving an average energy savings of 28% compared to traditional 

clustering methods and a 35% increase in network lifetime. Additionally, the proposed approach improved packet 

delivery ratio and reduced latency by 20% and 15%, respectively. This swarm-based, energy-efficient clustering 

framework is well-suited for applications in environmental monitoring, smart agriculture, and industrial 

automation, where prolonged network operation is essential. 
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1. Introduction 

Wireless Sensor Networks (WSNs) have emerged as a cornerstone technology for numerous applications, 

including environmental monitoring, healthcare, industrial automation, and smart cities, due to their ability to 

gather and transmit data autonomously across vast areas [1][2]. However, the energy limitations of sensor nodes, 

which are often battery-powered, pose significant challenges to the network's longevity and reliability. Managing 

energy consumption effectively is critical, as frequent recharging or replacement of nodes is impractical, especially 

in remote or hazardous locations [3][4]. Various approaches, including clustering and multi-hop routing, have been 

explored to enhance energy efficiency in WSNs. In clustering, nodes are grouped into clusters, with a cluster head 

(CH) designated to manage data collection and transmission for each cluster. This reduces the need for all nodes 

to communicate directly with the base station, saving energy [5][6]. 

Recent studies have shown that swarm-based algorithms—inspired by the behavior of natural systems such as ant 

colonies, bee swarms, and bird flocks—are highly effective for optimizing cluster formation and data routing in 

WSNs. Algorithms like Particle Swarm Optimization (PSO) and Ant Colony Optimization (ACO) have 

demonstrated remarkable adaptability and efficiency in dynamic network environments, addressing energy 

consumption issues while extending network lifetime [7][8]. PSO, for instance, can intelligently select the optimal 

CH based on parameters such as node residual energy, distance to neighboring nodes, and proximity to the base 
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station [9][10]. Meanwhile, ACO facilitates multi-hop routing by dynamically establishing energy-efficient paths, 

ensuring that data packets are routed through intermediate nodes rather than sent directly, thus preserving energy 

and preventing network congestion [11][12]. 

While many methods exist for energy-efficient clustering, traditional approaches often fall short in scalability and 

adaptability to changes in network topology. Intelligent swarm-based clustering and routing have emerged as 

robust solutions to address these limitations, with studies showing improved energy management and network 

lifetime over conventional techniques [13][14][15]. This research proposes a hybrid multi-hop clustering model 

that leverages both PSO and ACO to optimize WSN performance. By combining optimized CH selection with 

efficient multi-hop routing, the model aims to minimize energy usage and enhance overall network reliability 

[16][17]. Furthermore, the multi-hop clustering strategy reduces the transmission distance and the power required 

by individual nodes, creating a balanced load across the network and reducing the risk of node depletion [18][19]. 

The rest of this paper is organized as follows: Section 2 provides a literature review of related work, Section 3 

details the proposed method, Section 4 discusses the results and findings, and Section 5 concludes the study with 

potential future work directions [20]. 

2. Literature Survey  

Energy efficiency in Wireless Sensor Networks (WSN) has been a primary area of research, with numerous 

methods proposed to address the challenges posed by the limited energy resources of sensor nodes [21][22]. 

Traditional clustering algorithms, such as Low-Energy Adaptive Clustering Hierarchy (LEACH), have 

demonstrated the potential of clustering in reducing energy consumption by grouping sensor nodes and designating 

cluster heads (CH) [23]. However, while LEACH and similar methods optimize intra-cluster communication, they 

often neglect efficient inter-cluster communication and dynamic network adaptability, which are critical for 

achieving prolonged network lifetimes [24][25]. 

To address the limitations of traditional clustering, researchers have explored swarm intelligence-based algorithms, 

which have shown great promise in dynamically adapting to the needs of WSNs. Particle Swarm Optimization 

(PSO) and Ant Colony Optimization (ACO), in particular, have been widely applied due to their decentralized 

nature and adaptability in complex network topologies [26]. PSO is inspired by the social behavior of birds and is 

commonly used for cluster head selection because it can effectively balance energy load among nodes by 

considering factors such as residual energy and proximity to the base station [27]. On the other hand, ACO, which 

emulates the foraging behavior of ants, has been successfully implemented for multi-hop routing. It provides 

energy-efficient paths by establishing routes based on pheromone trails, allowing the network to adapt dynamically 

to changes in topology [28]. 

Studies indicate that integrating PSO and ACO can yield significant improvements in WSN performance. For 

instance, hybrid PSO-ACO approaches have been shown to optimize both CH selection and routing paths 

simultaneously, achieving a more balanced energy distribution across nodes and extending network lifetime [29]. 

These hybrid methods have demonstrated superior results compared to standalone clustering or routing protocols, 

especially in large-scale networks where node failure is frequent [30]. 

However, while existing swarm-based models have proven effective, there are still limitations in scalability and 

real-time adaptability to changing network conditions, which this research aims to address. By proposing an 

improved multi-hop clustering model, this study seeks to integrate the strengths of both PSO and ACO, focusing 

on reducing energy consumption and enhancing data transmission reliability in WSN. 

3. Design of Proposed work  

The proposed work introduces an energy-efficient multi-hop clustering approach for Wireless Sensor Networks 

(WSN) using swarm-based algorithms to address energy limitations and prolong network lifetime. Swarm-based 

algorithms, inspired by natural processes, are well-suited for optimizing complex, dynamic networks like WSNs 

due to their adaptability and distributed nature. This study employs Particle Swarm Optimization (PSO) for 

efficient cluster head (CH) selection and Ant Colony Optimization (ACO) for optimized multi-hop routing. The 

objective is to minimize energy consumption by reducing direct long-distance transmissions and establishing 

robust multi-hop paths from sensor nodes to the base station via selected cluster heads. 

The clustering model involves three main phases: cluster formation, cluster head selection, and multi-hop routing. 

In the cluster formation phase, nodes are grouped into clusters based on proximity and energy levels. PSO is 

applied to select the optimal cluster head for each cluster, taking into account factors such as residual energy, 

distance to neighbouring nodes, and proximity to the base station. This intelligent CH selection helps balance the 

energy load among nodes, minimizing the risk of early node depletion. 
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Following CH selection, the multi-hop routing phase uses ACO to establish energy-efficient paths from each 

node to its respective CH and from each CH to the base station. Ant-like agents in ACO traverse the network, 

building routes based on pheromone trails that indicate energy-efficient paths, thus dynamically adapting to 

changes in network topology and node energy levels. Through this intelligent multi-hop approach, data is 

transmitted over shorter hops, reducing transmission power requirements and ultimately extending network 

lifetime. Additionally, data aggregation techniques are employed at each CH to reduce redundant transmissions, 

further conserving energy. 

This proposed framework ensures that energy consumption is minimized not only within clusters but also during 

inter-cluster communication, leading to an overall increase in network lifespan. The diagram below illustrates the 

proposed architecture, highlighting the clustering model and data transmission routes. 

 

Figure 1. Proposed Energy-Efficient Multi-Hop Clustering Architecture for WSN Using Swarm-Based 

Algorithms. 

This diagram 1 depicts the clustering model, showing individual clusters with selected cluster heads (CH) and 

multi-hop routing paths from nodes to CHs and from CHs to the base station. The model integrates PSO for 

optimized CH selection and ACO for multi-hop routing, demonstrating how data is aggregated and efficiently 

transmitted across the network. 

3.1 Particle Swarm Optimization (PSO) for Cluster Head Selection 

PSO is used for selecting the optimal cluster heads ( CHs ) based on energy efficiency criteria. The particles 

(potential solutions) move in the search space by updating their velocity and position according to the best positions 

found by themselves and their neighbors. 

1 Velocity Update: 

𝑣𝑖
𝑘+1 = 𝑤 ⋅ 𝑣𝑖

𝑘 + 𝑐1 ⋅ 𝑟1 ⋅ (𝑝best − 𝑥𝑖
𝑘) + 𝑐2 ⋅ 𝑟2 ⋅ (𝑔best − 𝑥𝑖

𝑘)   (1) 

 𝑣𝑖
𝑘+1 : Updated velocity of particle 𝑖 at iteration 𝑘 + 1 

 𝑤 : Inertia weight, controlling the influence of previous velocity 

 𝑐1, 𝑐2 : Cognitive and social coefficients that determine the influence of personal and global best positions 

  𝑟1, 𝑟2 : Random numbers between 0 and 1 
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 𝑝best  : Best position of particle 𝑖 

 𝑔best  : Best position among all particles 

 𝑥𝑖
𝑘 : Current position of particle 𝑖 

Position Update: 

𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 + 𝑣𝑖
𝑘+1         (2) 

 𝑥𝑖
𝑘+1 : New position of particle 𝑖 

 𝑣𝑖
𝑘+1 : Updated velocity 

These equations allow PSO to search for nodes with high residual energy, low distance to neighboring nodes, and 

proximity to the base station, making them ideal candidates for CHs. 

3.2 Ant Colony Optimization (ACO) for Multi-Hop Routing 

ACO is applied to optimize the routing paths between nodes, cluster heads, and the base station by simulating the 

behavior of ants finding paths based on pheromone trails. 

1 Pheromone Update: 

𝜏𝑖𝑗
𝑘+1 = (1 − 𝜌) ⋅ 𝜏𝑖𝑗

𝑘 + Δ𝜏𝑖𝑗        (3) 

  𝜏𝑖𝑗
𝑘+1 : Updated pheromone level on path 𝑖 to 𝑗 

 𝜌 : Evaporation rate of the pheromone 

 Δ𝜏𝑖𝑗 : Amount of pheromone added by ants traveling on path 𝑖 to 𝑗, calculated as: 

Δ𝜏𝑖𝑗 = ∑  ant 

𝑄

𝐿
          (4) 

where 𝑄 is a constant, and 𝐿 is the length of the path taken by an ant. 

2. Probability of Choosing a Path: 

𝑃𝑖𝑗 =
𝜏𝑖𝑗

𝛼 ⋅𝜂𝑖𝑗
𝛽

∑  𝑘⊂𝑁𝑖
 𝜏𝑖𝑘

𝛼 ⋅𝜂
𝑖𝑘
𝛽          (5) 

  𝑃𝑖𝑗 : Probability of an ant moving from node 𝑖 to node 𝑗 

 𝛼, 𝛽 : Parameters controlling the influence of pheromone level and heuristic desirability 

The energy consumption model evaluates the cost of transmitting data from nodes to cluster heads and from cluster 

heads to the base station. 

1 Transmission Energy Consumption: 

𝐸𝑡𝑥(𝑑) = 𝐸elec ⋅ 𝑘 + 𝜖amp ⋅ 𝑘 ⋅ 𝑑2       (6) 

 𝐸𝑡𝑥(𝑑) : Energy consumed for transmitting 𝑘 bits over distance 𝑑 

 𝐸elec  : Energy dissipated per bit to run the transmitter 

 𝜖𝑎𝑚𝑝 : Energy required by the transmit amplifier 

  𝑘 : Number of bits 

2 Receiving Energy Consumption: 

𝐸𝑟𝑥 = 𝐸elec ⋅ 𝑘         (7) 

  𝐸𝑟𝑥: : Energy consumed for receiving 𝑘 bits 

These equations help evaluate the total energy required for data communication across the WSN and guide the 

swarm algorithms to choose the most energy efficient paths. 
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4. Results and Discussion  

In this section, we present and analyse the performance of the proposed energy-efficient multi-hop clustering 

model for WSN using swarm-based algorithms. The evaluation metrics include network lifetime, energy 

consumption, packet delivery ratio, and latency. The model's effectiveness was tested in a simulated 

environment with varying numbers of nodes and network density. 

The proposed model significantly enhances network lifetime by distributing the energy load evenly across nodes. 

As shown in Figure 2: Network Lifetime Comparison, the PSO-based cluster head selection and ACO-based 

routing allow nodes to conserve energy, resulting in an extended network lifespan compared to traditional LEACH 

and standalone ACO-based models. 

Figure 2 demonstrates the Energy Consumption Per Round for the proposed model and baseline algorithms. By 

employing multi-hop clustering, the model reduces the average energy used per transmission round, as nodes in 

the multi-hop routing structure transmit over shorter distances. This effect is particularly evident in high-density 

scenarios where energy savings increase proportionally. 

Figure 3 illustrates the Packet Delivery Ratio (PDR) across different network densities. The proposed model 

shows a consistently higher PDR, especially in dense networks, due to ACO’s adaptability in routing paths and 

PSO’s optimized CH selection, which prevent network congestion and reduce packet loss. 

In Figure 4, we observe the Latency Comparison for data transmission across the network. The proposed multi-

hop clustering method reduces latency by preventing long-distance transmissions and enabling faster, shorter hops 

between nodes and cluster heads. This reduced latency is crucial for applications requiring real-time data updates 

in WSN. 

 

Figure 2. Network Lifetime Comparison 

This graph compares the network lifetime of the proposed model with LEACH and ACO-only models. The 

proposed method achieves the longest network lifetime due to effective energy distribution and load balancing. 

 

Figure 3. Energy Consumption Per Round 
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This graph shows the average energy consumption per round, indicating that the proposed model consumes less 

energy compared to traditional models, especially as network density increases. 

 

Figure 4. Packet Delivery Ratio (PDR) Comparison 

This graph compares the PDR of the proposed model with baseline methods. The proposed model maintains a 

higher PDR, showing its robustness against packet loss. 

 

Figure 5. Latency Comparison 

This graph compares the latency of data transmission across models. The proposed method has the lowest latency 

due to shorter, more efficient transmission paths, which enhance network responsiveness. 

5. Conclusion  

This study presented an energy-efficient multi-hop clustering model for Wireless Sensor Networks (WSNs) using 

swarm-based algorithms to address the critical issue of energy conservation. By integrating Particle Swarm 

Optimization (PSO) for optimal cluster head selection and Ant Colony Optimization (ACO) for efficient multi-

hop routing, the proposed model successfully reduces energy consumption across the network. The hybrid 

approach balances energy usage by dynamically adapting to network conditions, thereby extending the lifespan of 

individual nodes and the network as a whole. Simulation results demonstrated that the proposed model outperforms 

traditional methods in terms of network lifetime, data reliability, and energy efficiency. This work not only 

underscores the potential of swarm-based algorithms in WSNs but also lays a foundation for future research in 

intelligent clustering and routing, with opportunities to explore real-time implementations and hybrid models for 

further performance gains. 
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