Journal of Engineering and Technology Management 80 (2026)
Energy-Efficient Data Aggregation in Wireless Sensor Networks Using Mobile Agents:

Challenges and Optimization Approaches
Amar Kumar Jain! and Dr. Gopindra Kumar?
1 Scholar Department of Computer Science Engineering, ABSSIT, Meerut

2 Dean (R&D), Department of Computer Science Engineering, ABSSIT, Meerut

Abstract

Mobile agents (MAS) integration into wireless sensor networks (WSNSs) is associated with considerable
advantages in the form of energy-efficient data aggregation, maintaining networks, and improving the
general performance thereof. However, it also creates some challenge such as heterogeneous energy
depletion, dynamic network topology, optimization of routing, multi agent coordination as well as
security vulnerability. The proposed study builds mathematical models, simulates the results of the
given method, and suggests the principles of optimization to reduce these problems, thus demonstrating
the effectiveness of mobile agents in lengthening the network life, equalizing energy use, and
streamlining data gathering. The simulation studies based on heuristic and linear-programming methods
indicate that itineraries of agents solved using these methods can increase network lifetime to up to 36 or
so percent longer with respect to random-walk baselines.

Tools and Software Used

The implementation and simulation of the proposed model were carried out using various software tools.
MATLAB and Python (NumPy, SciPy) were used for mathematical modeling and simulation.

NS-2/NS-3 simulator was used for Wireless Sensor Network implementation. For visualization, Python libraries
such as Matplotlib were used to generate graphs and performance charts. Additionally, MS Excel was used for
tabular data analysis.

Keywords: Wireless Sensor Networks, Mobile Agents, Energy Efficiency, Data Aggregation,
Optimization, Heuristic Algorithms.

1. Introduction

Wireless Sensor Networks (WSNs) are spatially distributed sensor nodes, which are designed to measure
environmental and physical conditions. Considering the fact that they are limited by nature in both
energy sources and processing power, data aggregation processes need to be optimized to keep the
networks viable and reliable. Mobile Agents (MAs) are a new and interesting paradigm of improving
data collection and in-network processing. These agents traverse the network, from time to time
gathering and processing data in a local environment, this way reducing redundant transmissions and
consumption of energy.

The deployment of MAs in the WSNs has several benefits such as reduced cost of communication,
reduced bandwidth usage as well as improved scalability. However, there are a number of issues that
would have to be addressed including optimization of routing, load balancing, fault tolerance and
security. This study develops a mathematical
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model that optimizes MA itineraries with maximum energy efficient and then applies the model to
simulated experiments in order to justify it. The importance of WSNs as a critical technology in terms of
monitoring and surveillance, environmental tracking and automation in industries is evident. These
networks are filled with sensor nodes that are resource-limited in energy, computing power as well as
bandwidth and where efficient data integration is essential to preventing unnecessary data transmission,
saving energy, and preserving lifetime of the network.

Traditional methods of data collection often rely on multi-hop communications to pass the sensed data
over to a central base station. Nonetheless, this can cause the imbalance of energy depletion, the
hotspots in the network, and reduced efficiency in coverage. MAs introduce a different point of view
where autonomous software agents explore network paths, gather and do local processing at sensor
nodes before broadcasting aggregate results. The practice eliminates overhead of communication and
improves scalability. Regardless of these advantages, the integration of MAs provides salient challenges
i.e. itinerary planning, energy balancing, fault tolerance, multi agent coordination and security
vulnerabilities. These issues are the main focus of achieving energy efficient and reliable deployments
of WSNE.

2. Related Work

Previous studies in the optimization of wireless sensor network (WSN) have analyzed the clustering,
routing and aggregation techniques as a way of minimizing energy consumption. Ingelrest et al. (2006)
suggested energy-efficient itineraries of mobile agents, whereas the architectural provisions of this sort
of system were discussed by Olariu and Tomjanovich (2006). Dorigo and Stitzel (2004) came forth with
the swarm-intelligence techniques, including the Ant Colony Optimization (ACO), to aid in optimization
of paths. Notwithstanding those improvements, the dynamic nature of WSNs and the nitrites that action
coordination carries on provide a challenge, thus driving the creation of adaptive and mathematically
rigorous models.

Many works have been done on energy-saving protocols of WSNs. LEACH protocol was one of the first
that featured aggregation of clusters thus minimizing long distances. PEGASIS suggested the scheme of
aggregation in chains to balance the energy consumption of the network. Interest et al. (2006) discussed
the use of mobile agent itineraries in minimizing energy usage and Olaru and Tomjanovich (2006)
described the design principles of mobile-agent-based WSNs. Ant Colony Optimization (ACO) was
proposed by Dorigo and Substyle (2004) in optimization of routes. In most recent times, metaheuristics
like Particle Swarm Optimization (PSO), Genetic Algorithms (GA) and Reinforcement Learning (RL)
have been utilized to plan dynamically the paths of agents. Although these techniques prove to be
more energy efficient, have a longer network
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lifetime as well as better coverage, they can also be associated with increased heavy computational load.

A summary of some of the important contributions in this literature is presented in Table 2.

(Lindsey, 2002)

usage

Reference Method Key Contribution | Limitation
LEACH Cluster-based Reduces long- Uneven cluster
(Heinzelman, distance energy depletion
2000) communication

PEGASIS Chain-based Balanced energy | Increased latency

Ingelrest, 2006 Mobile Agents Optimized Static topology
itineraries assumption
ACO (Dorigo, Metaheuristic Improved routing | Computational
2004) paths overhead
RL-based MA Learning-based Adaptive path Requires training
(Chen, 2019) planning and simulation

Routing Protocols Comparison
To evaluate the efficiency of the proposed model, it can be compared with standard routing protocols such as:

o DSDV (Destination-Sequenced Distance Vector): A proactive routing protocol with low latency but high
overhead.

e AODV (Ad hoc On-Demand Distance Vector): A reactive protocol that performs well in dynamic networks.

e LEACH and PEGASIS: Energy-efficient protocols based on clustering and chain structures.

These protocols provide a baseline to analyze improvements in energy efficiency and network lifetime.

3. System Model and Problem Formulation

Were the sensor nodes are represented by N and the number of mobile agents is denoted by M. The
nodes (i) have an initial energy of E i and the distance of node i to node j is Identified as d ij. This is
aimed at the reduction of the overall energy usage and coverage of all the data.

Energy consumption per node can be modeled as:
E tx=E elec*k+E_amp*k*d?E_rx=E_elec * k

where E_elec =50 nJ/bit, E_amp = 100 pJ/bit/mz2, and k = 4000 bits per packet. The optimization
problem aims at minimizing the amount of energy consumed and ensuring no node is missed by an
agent in the form of a mobile.

Data Flow Model

The data flow in the proposed system follows a structured process. Sensor nodes first collect environmental
data. Mobile agents then traverse the network and visit nodes sequentially. At each node, data is locally
processed and aggregated to remove redundancy. The aggregated data is finally transmitted to the base station.
This in-network processing reduces communication overhead and improves energy efficiency .
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4. Proposed Optimization Approach

In the current research, the hybrid optimization structure is used, which combines the linear modeling
methods and the use of the pipeline planning heuristics. The linear modeling aspect provides a
mathematical model of the problem space in a structured and time-saving way that can be utilized to
estimate routing costs, energy usage, and itinerary

constraints efficiently. This model provides a feasible solution with a basis that is computationally
efficient.

The heuristic optimization algorithm, which is useful as a complement to the linear model, presents
adaptive search. It explicitly tradeoff between exploration and exploitation and therefore allows the
algorithm to explore a variety of solution spaces and at the same time refine solutions of high quality.
This balance helps to avoid premature biscuit similar to common problems with optimization processes
when the algorithm can get into local maxima and cannot determine globally optimum route.

Taking advantage of the convergence stability and accuracy of solution optimization, the proposed
hybrid approach improves the robustness of solutions, stochastic heuristic planning, and deterministic
linear modeling. This hybrid setup enables a much more efficient itinerary generation of mobile agents
that are deployed to dynamic Wireless Sensor Networks, which eventually accelerates energy
consumption efficiency and an improved network overall.

The steps are as follows:

Set up positions of mobile agents.

Calculate node distances and determine the level of residual energy.
Assemble itineraries on an energy- distance cost function.

Optimise within local search methodically using itineraries.

Stop when the difference in energy in nodes has minimized.

ok wdeE

Pseudocode:

e The most proximate node must be a node with the highest residual energy.

e Then the routing cost should be recalibrated and the energy consumption in question must
be determined.

e This s to be repeated until the entire nodes are taken into consideration.

4.1 Machine Learning Integration

Machine Learning techniques can further enhance the performance of mobile agents in Wireless Sensor
Networks. Reinforcement Learning (RL) can be applied to dynamically select optimal routes based on residual
energy, node density, and network conditions. These learning-based approaches enable adaptive decision-
making and improve routing efficiency while minimizing energy consumption. This approach aligns with recent
advancements in intelligent routing techniques .

5. Simulation Setup

The simulated world consists of fifty sensor nodes which are randomly made over a sensing field of

100m x 100m hence resembling a realistic medium-scale wireless sensor network deployment. Data

aggregation is completed with the help of three mobile agents each agent starts its work at the randomly
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chosen initial point of work in the sensing area, thus providing an objective coverage of the area and

realism working conditions.

A sensor node has an initial energy reserve of 2J, which is indicative of the small power capability of
cheap wireless sensor devices. The fixed value of the packet size is 4000 bits that includes sensed data,
as well as, control information needed to transmit and aggregate it. This structure allows the ongoing
and justifiable comparison of the communication overheads and energy usage of the various routing
schemes.

The results of the suggested Optimized Path method are compared to the Random Walk method in terms
of performance in 50 consecutive operational cycles. Every operational cycle will amount to one full
cycle of movement, data collection, aggregation, and transmission of the mobile agents to the sink or
base station. Special key performance indicators, such as energy usage, network life, routing efficiency,
and coverage performance, were monitored and noted during these cycles to determine the instability
and efficiency of both solutions to the same simulation conditions.

6. Results and Analysis

6.1 Performance Evaluation

The proposed optimized path model is evaluated using key performance metrics such as energy consumption,
network lifetime, and coverage efficiency.

From the results shown in Table 1 (page 5), the optimized approach retains significantly higher residual energy
compared to the random walk method. Figure 1 (page 6) demonstrates a more balanced energy distribution
across nodes.

Furthermore, Table 3 (page 7) shows that the network lifetime increases from approximately 50-55 cycles in
the random walk method to 72—76 cycles in the optimized approach. Figure 2 (page 8) confirms this
improvement graphically.

Additionally, Figure 3 (page 8) indicates that coverage efficiency improves from around 85-90% to
approximately 95-97%.

Overall, the optimized approach improves network lifetime by approximately 36% and significantly enhances
energy efficiency and coverage .

Table 1: Sample Energy Distribution Across Nodes

Node Random Walk (J) Optimized Path (J)
1.0 0.54 1.12

2.0 0.76 1.05

3.0 0.62 11

PAGE NO: 310



Journal of Engineering and Technology Management 80 (2026)

4.0 0.83 1.09
5.0 0.7 1.08
6.0 0.69 1.06
7.0 0.55 11

8.0 0.78 111
9.0 0.65 1.09
10.0 0.8 1.08
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Figure 1: Energy Distribution of Sensor Nodes under Random Walk and Optimized Path Strategies.

Energy Distribution per Node

e Random Walk
I Optimized Path

1.0
0.8
0.6
0.4
0.2
0.0

Residual Energy (J)

5) 8 10
Node ID

Energy Distribution of Sensor Nodes under Random Walk and Optimized Path Strategies

12
== Random Walk
W Optimized Path
1.0
~ 08
S
>
2
1}
c
woer
©
3
3
9
-4
0.4
0.2
0.0

123456 7 8 91011121314151617 1819 202122 23242526 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
Node ID

PAGE NO: 312



Journal of Engineering and Technology Management 80 (2026)
6.2 Additional Simulation Results

Table 3: Network Lifetime Comparison Across Nodes

Node Random Walk Lifetime Optimized Path Lifetime
(cycles) (cycles)
1 55 75
2 52 73
3 o4 74
4 50 76
5 53 72
6 51 75
7 52 74
8 54 73
9 50 76
10 53 74
11 52 75
12 o1 73
13 53 74
14 54 76
15 50 72
16 52 75
17 51 74
18 53 73
19 52 76
20 50 74
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Figure 2: Network Lifetime under Random Walk and Optimized Path Strategies.
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Figure 3: Coverage Efficiency Comparison across Nodes.
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7. Discussion and Performance Evaluation

The results of this paper have indicated that the application of optimal mobile agent itineraries goes a
long way in alleviating the issue of lopsided or asymmetrical energy drainage in sensor nodes which is
mostly an experienced phenomenon in traditional wireless sensor network data aggregation schemes.
Under non-optimized routing plans, some nodes will consume energy faster because of the repeatable
involvement in the data routing process, and this causes untimely node failure and reduced network
stability. This has been achieved through the use of optimized itineraries by keeping the energy
consumption per node more balanced, which improves the sustainability of the entire network.

The results of the simulations suggest that the suggested optimized path model can substantially enhance
the network lifetime, compared with the use of non-optimized routing methods by 36%. This is a
significant increase in the operating time of the network therefore the network can operate longer
without necessarily requiring the maintenance or replacement of nodes. The network coverage is also
significantly enhanced as it goes up to about 85No longer 97Per cent in the standard strategies and the
optimized itinerary strategy respectively. This improvement ensures that a greater amount of sensor field
is in active surveillance hence guaranteeing better data collection that is more consistent.

rings with it extra computational burden. Most optimization algorithms have trace-computation, state-
evaluation, and itinerary-planning requirements, which can become limiting when implemented in
operational WSN settings (large scale or resource limited). Thus, trade-off between the energy efficiency
and the complexity of computation needs a lot of care to be taken. Future implementations must focus
on developing lightweight and scalable optimization algorithms that maintain the benefits of optimized
routing and have smaller processing and energy overheads in order to transform the method into a more
realistic deployment to the real world.
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8. Conclusion and Future Work

The current paper presents an innovative, energy efficient model of data aggregation in Wireless Sensor
Networks (WSNSs) that utilizes mobile agents where the main goal is to promote the data saving of
energy in the network and extending space-time network life.

Traditional WSN paradigms largely rely on data-aggregation mechanisms that are passive and therefore
requires sensor nodes to transmit data in a continuous fashion. This unforgiving flow of communication
becomes a catalyst to battery drainage, which initiates the onset of node failure, and ultimately
compromises network robustness.

The solution to these weaknesses is that the current study uses a mobile-agent-based data-aggregation
approach.

Mobile agents move around the network with smartness and do local data gathering, aggregation,
compression functions, and this significantly reduces unnecessary data transmission. The manuscript
also gives optimized itineraries of mobile agents making navigation effective and deliberate through the
network.

PAGE NO: 316



Journal of Engineering and Technology Management 80 (2026)
Empirical simulations have convinced beyond reasonable doubt that the optimized itineraries are
superior to the regular and random things called random-walk techniques in terms of energy, reduction
of packet redundancy and a visible reduction in individual network lifespan.

Further simulation results are in line with evidence that optimal routing of mobile agents not only avoids
communication overhead and network congestion, but also improves load balancing across sensor nodes,
and thus, has a positive impact on battery life and general system reliability.

Albeit the difficulties of random-walk schemes in terms of predictability and efficiency, the formulated
optimized itineraries provide a deterministic, controlled, performance-oriented approach of data
aggregation in WSNSs.

The future research is suggested to include reinforcement-learning (RL) into mobile-agent routing,
which will allow the emergence of adaptive agents that are able to establish routes dynamically during
real time, based on the network conditions (residual energy, node density and traffic load).

Furthermore, the paper highlights the importance of introducing security-conscious approaches to ensure
that mobile agents are resistant to attacks including tampering of data, compromising of nodes, and
malicious routing attacks.

Overall, this study places mobile-agent-based data aggregation in WSNSs in the context of scalable,
energy-efficient, and intelligent paradigm, which makes such a method of data aggregation particularly
suitable in the future within the boundaries of smart-sensing applications in the Internet of Things,
environmental monitoring, and Industry 4.0 settings.
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