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This study introduces a hybrid framework for unmanned aerial
vehicle (UAV) deployment and path planning in wireless sensor
networks. The proposed approach integrates three complementary
components: an artificial potential field (APF) method to evaluate the
informational value of environmental regions and ensure obstacle
avoidance, an enhanced NSGA-II algorithm to achieve an efficient
spatial distribution of UAVs with minimal overlap, and a multi-
objective grey wolf optimizer (GWO) to generate collision-free and
energy-aware flight trajectories within a hierarchical UAV structure.
Simulations are conducted on a realistic three-dimensional digital
elevation model (DEM) under two scenarios, with and without
communication constraints. The results demonstrate that the
proposed framework consistently achieves more than 85%
information coverage and over 90% convergence success,
outperforming benchmark algorithms such as PSO and GA. Statistical
analyses, including mean, standard deviation, and t-tests, further
confirm the robustness and significance of the findings. Overall, the
framework provides a scalable and effective solution for intelligent
monitoring of complex environments.
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EXTENDED ABSTRACT

Introduction

Unmanned aerial vehicles (UAVs) have become a transformative technology for data
collection, surveillance, and communication support in wireless sensor networks (WSNs).
Their mobility, cost-effectiveness, and ability to access remote or hazardous regions make
them superior to traditional ground-based vehicles. UAV-assisted WSNs have been widely
investigated for applications such as battlefield monitoring, precision agriculture, disaster
management, and environmental surveillance.

Despite these advantages, challenges remain in energy efficiency, reliable
communication, and robust path planning in complex three-dimensional environments.
Path planning directly influences mission success, energy consumption, and data collection
efficiency. Traditional two-dimensional models oversimplify the environment and fail to
capture real-world terrains. Moreover, many existing approaches optimize only a single
objective, such as minimizing flight distance, while neglecting obstacle avoidance,
communication constraints, and information coverage.

To address these limitations, this study proposes a hybrid framework that integrates the
artificial potential field (APF) method for environmental value assessment and obstacle
avoidance, an enhanced NSGA-II algorithm for efficient UAV distribution, and a multi-
objective grey wolf optimizer (GWO) for collision-free and energy-aware path planning.
Simulations are conducted on a realistic three-dimensional digital elevation model (DEM)
under two scenarios: with and without communication constraints.

Methodology

In The framework is designed as a three-stage process.

Stage 1: Environmental Value Assessment and Obstacle Avoidance using APF The
APF method assigns informational value to different regions of the environment. Unlike
conventional APF applications that focus solely on obstacle avoidance, this study extends its
use to prioritize regions based on informational importance. Areas with higher data value
are assigned stronger attractive forces, guiding UAVs toward them, while obstacles generate
repulsive forces to ensure safe navigation.

Stage 2: UAV Distribution using Enhanced NSGA-II An enhanced version of NSGA-II
determines the optimal spatial distribution of UAVs. Objectives include maximizing
coverage of high-value regions, minimizing overlap between UAV sensing ranges, and
maintaining communication feasibility. The hierarchical design reduces redundancy and
improves efficiency by assigning observer UAVs for local monitoring and an inspector UAV
for data aggregation.

Stage 3: Multi-objective Path Planning using GWO The Grey Wolf Optimizer
generates flight trajectories. The fitness function simultaneously minimizes flight distance,
reduces energy consumption, avoids collisions, and maximizes data collection. Inspired by
the hunting behavior of grey wolves, GWO balances exploration and exploitation in complex
search spaces.

Simulation Setup Simulations are conducted on a DEM representing the Qom-Kashan
region. Two scenarios are considered: (1) with communication constraints, where UAVs
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must maintain connectivity, and (2) without communication constraints, where UAVs
prioritize coverage. Performance is compared against PSO and GA. Statistical analyses,
including mean, standard deviation, and t-tests, validate the robustness of the results.

Results and discussion

Information Coverage and Convergence The framework consistently achieves more
than 85% information coverage. UAVs are successfully directed toward high-value regions
identified by APF. The convergence rate exceeds 90%, showing that the optimization
process reliably reaches stable solutions. Compared to PSO and GA, the proposed method
achieves higher coverage with fewer iterations.

Energy Consumption and Path Efficiency By incorporating both flight distance and
energy cost, the framework ensures energy-aware path planning. GWO-based trajectories
are shorter and more efficient than those generated by PSO and GA, leading to reduced
energy consumption.

Collision Avoidance and Safety The integration of APF ensures UAVs avoid both static
obstacles and dynamic conflicts. The hierarchical structure further reduces redundant paths
and collisions by assigning distinct roles to UAVs.

Impact of Communication Constraints The two scenarios reveal trade-offs. In the
communication-constrained scenario, UAVs maintain stable connectivity, ensuring reliable
data transmission but slightly reducing coverage. In the unconstrained scenario, coverage
increases, but network stability decreases. This demonstrates the flexibility of the
framework in adapting to different operational priorities.

Statistical Validation Statistical analyses confirm robustness. Mean and standard
deviation values indicate consistent performance, while t-tests show that improvements
over PSO and GA are statistically significant.

Comparison with Related Work Unlike previous studies that focused on two-
dimensional environments or single-objective optimization, this work addresses multiple
objectives in a realistic three-dimensional setting. The integration of APF for both obstacle
avoidance and information valuation, combined with enhanced NSGA-II for UAV
distribution and GWO for path planning, represents a novel and comprehensive approach.

Conclusion

This study introduced a hybrid framework for UAV deployment and 3D path planning in
wireless sensor networks by integrating artificial potential fields for information valuation
and obstacle avoidance, an enhanced NSGA-II for efficient UAV distribution, and a multi-
objective grey wolf optimizer for trajectory design. The proposed approach effectively
addresses key challenges such as maximizing information coverage, reducing energy
consumption, avoiding collisions, and considering communication constraints.

Simulation results on a realistic DEM confirm that the framework achieves over 85%
information coverage and more than 90% convergence success, consistently outperforming
benchmark algorithms such as PSO and GA. Statistical analyses further validate the
reliability of these improvements.

The hierarchical UAV structure, combined with the hybrid optimization strategy,
provides a scalable and adaptable solution for intelligent monitoring of complex
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environments. While current validation is simulation-based, future work will extend the
framework to field experiments, dynamic environments through reinforcement learning,
and heterogeneous UAV fleets to further enhance applicability.
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50 200 0.27 1.75 15 2.65
100 200 0.28 1.70 15 2.64
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