D
/&m| 'é‘ ISSN(O): 2320-9801
IJ I RCCE ISSN(P): 2320-9798

International Journal of Innovative Research in

Computer and Communication Engineering
(A Monthly, Peer Reviewed, Refereed, Scholarly Indexed, Open Access Journal)

Impact Factor: 8.771 Volume 13, Issue 9, September 2025

@ www.ijircce.com X ijircce@gmail.com +91-9940572462 (O +9163819 07438




© 2025 1JIRCCE | Volume 13, Issue 9, September 2025| DOI:10.15680/IJIRCCE.2025.1309001
www.ijircce.com | e-ISSN: 2320-9801, p-ISSN: 2320-9798| Impact Factor: 8.771| ESTD Year: 2013|

% k‘,ﬁ} m International Journal of Innovative Research in Computer
; and Communication Engineering (IJIRCCE)
IJI n GCE (A Monthly, Peer Reviewed, Refereed, Scholarly Indexed, Open Access Journal)

Optimized Deployment Strategies of Wireless
Sensor Networks for Enhanced Fire Detection
and Coverage

Loay Bushara', Abuagla Babiker?, Salaheldin Edam?
Department of Electronics Engineering, College of Graduate Studies, Sudan University of Science and Technology,

Khartoum, Sudan. >3

ABSTRACT: This paper presents a comprehensive study on the deployment strategies of Wireless Sensor Networks
(WSNs) for enhancing spatial coverage and improving the accuracy and responsiveness of fire detection systems,
particularly in large-scale and high-risk outdoor environments. Traditional fire detection approaches often suffer from
limited coverage, delayed response times, and inadequate adaptability to varying terrains, rendering them less effective
in rapidly evolving scenarios such as wildfires. To overcome these limitations, this research investigates and compares
four key sensor deployment strategies: grid-based, cluster-based, random-based, and edge-based formations. Each
strategy is evaluated in terms of its ability to achieve optimal sensor positioning, maximize network efficiency, and
reduce blind spots in fire-prone regions. The experimental framework involves deploying these strategies within a
clearly defined geographic area segmented into seven distinct regions. This structured approach enables systematic
testing and simulation under controlled yet varied spatial conditions. Key performance metrics such as coverage
efficiency, transmission frequency, responsiveness, energy consumption, and resource utilization are assessed to
determine the relative strengths and weaknesses of each deployment model. Simulation results reveal that strategic
deployment significantly enhances fire detection accuracy and improves network performance by minimizing detection
delays and optimizing node distribution. Notably, the grid and clustered deployment approaches yield superior results
in terms of balanced coverage and reduced redundancy, while edge-based configurations show potential in perimeter
surveillance applications. The findings underscore the importance of adaptive deployment strategies in achieving
scalable, energy-efficient, and resilient fire monitoring systems. In addition to providing comparative insights, the study
aims to guide the design of next-generation WSN-based fire detection systems capable of adapting to complex
environmental conditions. By aligning deployment strategies with application-specific needs, this research contributes
to the realization of reliable, responsive, and cost-effective fire detection infrastructures that can significantly mitigate
risks to public safety and property.

KEYWORDS: Wireless Sensor Networks, Grid-based deployment, Cluster-based deployment, Random-based
deployment, Edge-based deployment

L. INTRODUCTION

Wireless sensors have transformed fire detection practices by offering real-time data gathering, simplicity in
deployment, and superior scalability, particularly in areas with difficulties for conventional systems|[1]. Wireless Sensor
Networks (WSNs) are composed of numerous spatially dispersed sensor nodes capable of sensing various
environmental parameters such as temperature, smoke, gas, and light intensity, each being important indicators of fire
[2]. Every sensor node in a WSN has the ability to function by itself and transmit wirelessly to a central monitoring
device, which allows free positioning and remote monitoring across extensive areas. This setup is applicable where
there is a direct necessity for quick fire detection in areas such as forests, industrial regions, and urban regions to reduce
potential damage [3]. Effective deployment of sensors is a key foundation stone in the development of efficient WSNs
for fire detection. Sensor deployment significantly affects the accuracy of fire detection, localization, and size
estimation. Optimum placement of sensors offers maximal coverage, minimizes blind areas, and decreases response
latency to fires[4]. Various deployment schemes, depending on environmental conditions and network design
requirements, are needed to overcome the challenges of fire-prone regions [5].
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Sensor placement in fire detection systems is a critical subsystem with direct implications on both the effectiveness and
efficiency of the system. Various factors, processes, problems, and optimization solutions must be taken into
consideration in order to come up with the most optimum placement of the sensors[6]. Some of these factors are
environmental considerations, sensor specification, fire hazard analysis, and networking connectivity requirements.
Taking these considerations into account, various distribution strategies are utilized with each one of them being
suitable for various applications. Yet, issues such as coverage holes, environmental interference, energy efficiency
issues, and budget limitations may impair overall performance[7]. To resolve these issues and develop an efficient
distribution strategy, various optimization methods such as algorithmic solutions, machine learning techniques, and
simulation software are employed [8].

The simulation and testing processes are vital in determining the effectiveness and reliability of fire detection systems
before they are implemented[9]. These processes are crucial in identifying potential weaknesses and improving the
performance of the system under various environmental conditions. Some of the important simulation and testing
aspects are, Software Platforms: PHP, MATLAB, etc., are utilized to develop a virtual deployment of the wireless
sensor network[10]. Simulation and testing provide a controlled situation to mold fire detection systems for operation
under diverse conditions and prepare them better for real use[11].

Current fire detection systems, particularly in large-scale outdoor environments, often exhibit significant limitations in
achieving comprehensive spatial coverage and ensuring timely, precise fire detection[12]. This results in potential blind
spots and delayed responses, exacerbating risks to public safety and property. While Wireless Sensor Networks
(WSNs) offer a promising solution, the effectiveness of their application heavily relies on optimal deployment
strategies[13]. The core problem lies in the absence of thoroughly evaluated and optimized deployment methodologies
such as grid-based, cluster-based, random-based, and edge-based formations that can consistently maximize spatial
coverage and precision in fire detection while ensuring network efficiency and scalability across diverse environmental
settings. This gap hinders the full realization of effective, reliable, and scalable WSN-based fire detection systems,
preventing timely fire localization and mitigation.

II. RELATED WORK

Wireless Sensor Networks (WSNs) have been extensively studied to enhance their deployment strategies for fire
detection systems, focusing on maximizing coverage, improving reliability, and ensuring energy efficiency. Several
studies have explored general deployment methods, emphasizing the importance of trade-offs among coverage,
connectivity, and cost. The auther in [14] provided a comprehensive survey on deployment approaches, categorizing
them into deterministic, random, and hybrid strategies, and highlighting how these configurations influence the
performance of WSNs in diverse environments. In [15] introduced dual-objective optimization techniques, combining
coverage maximization with energy minimization through meta-heuristic algorithms such as Particle Swarm
Optimization (PSO) and Genetic Algorithms (GA). These strategies address significant challenges like resilience and
adaptive deployment in dynamic environments.Focusing on fire-specific deployment strategies, a study [16] introduced
a Hierarchical WSN (HWSN) framework for forest fire prediction. This framework uses multi-level clusters with
dynamic head-node selection, achieving scalable coverage and energy efficiency. Similarly, the auther in [17]
emphasized the benefits of strategic placement of intelligent sensors, demonstrating their potential to enhance early fire
detection capabilities in forested areas. These studies underscore the critical role of optimized layouts in mitigating fire
risks effectively.

Reliability and fault tolerance are crucial in WSN-based fire detection systems. The auther in [18] explored reliability
modeling for forest fire scenarios, identifying potential weaknesses in deployment strategies caused by sensor failure.
The study employed advanced simulation tools to evaluate node failure patterns and their impact on detection accuracy.
In a related [19] proposed a novel "Hotspot-Mitigated Prairie Genetic Algorithm (HM-PGA)" for balancing energy
consumption and extending network lifetime, which can be adapted for fire-monitoring deployments. Additionally, a
recent in [20] introduced an improved clustering algorithm using density peaks and kernel estimation, offering
enhanced energy balance and prolonged network operation.Advances in artificial intelligence (AI) and network coding
have further enhanced the deployment of WSNss for fire detection. A study published in [21], integrated network coding
into WSN fire detection systems to improve reliability and security in hostile or failure-prone environments.
Furthermore, an Al-enhanced architecture combined machine learning with optimal sensor placement, demonstrating
significant improvements in coverage and early detection.
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Finally, hybrid sensing systems integrating WSNs with remote sensing technologies have gained attention. The auther
in [22] review emphasized the synergy between ground-based sensors and satellite imaging, highlighting the
importance of ground deployment strategies in maximizing the effectiveness of hybrid networks. However, challenges
remain in developing empirical comparisons and real-world testing under diverse terrains and fire-risk conditions.

This paper builds on these advancements by evaluating specific deployment strategies grid-based, cluster-based,
random-based, and edge-based formations tailored to fire-prone environments. By addressing gaps in reliability,
scalability, and empirical testing, this study contributes to the ongoing development of robust and efficient fire
detection systems using WSNSs.

III. SYSTEM MODEL

This study adopts a comparative, simulation-based methodology to evaluate the performance of different Wireless
Sensor Network (WSN) distribution methods under identical environmental conditions. As illustrated in Fig .1, the
simulation domain is defined as a 10x10-unit area alternatively expressible in real-world dimensions by mapping each
unit to a fixed metric length (e.g., 1 unit = 5 m, yielding a 50x50 m area) and partitioned into seven distinct geographic
zones representative of a large-scale setting. A fixed set of 70 sensor nodes is then deployed across these zones using
four established strategies: Grid, Random, Edge, and Clustered. Holding constant the node count, zone boundaries, and
randomization controls across strategies ensures a fair, controlled comparison. The analysis visualizes the resulting
layouts and quantifies key performance indicators such as spatial coverage, blind-spot reduction, transmission
frequency, energy consumption, and overall network efficiency to characterize the relative strengths, weaknesses, and
trade-offs of each deployment model.

Zone 6 Zone 7
Zone 4 Zone 5
Zone 1 Zone 2 Zone 3

Fig. 1. strategic placement of sensors (7-Zones)

NODE DISTRIBUTION METHODS:
The core of the methodology evaluates four distinct node distribution strategies. For each method, the coordinates for
each node (xi, yi) are generated using a specific mathematical model:

SENARIO 1 RANDOM DISTRIBUTION:

This method simulates an ad-hoc deployment where node coordinates are generated using a uniform random number
generator within the zone boundaries:

IJIRCCE©2025 |  AnISO 9001:2008 Certified Journal | 15133




© 2025 1JIRCCE | Volume 13, Issue 9, September 2025| DOI:10.15680/1IJIRCCE.2025.1309001
www.ijircce.com | e-ISSN: 2320-9801, p-ISSN: 2320-9798| Impact Factor: 8.771| ESTD Year: 2013|

\r }j\\ Hi International Journal of Innovative Research in Computer
2 : and Communication Engineering (IJIRCCE)
IJI R ccE (A Monthly, Peer Reviewed, Refereed, Scholarly Indexed, Open Access Journal)

xi=xmin+ ( xmax— xmin) - U1
vi=ymin+ ( ymax — ymin) - U2

where Ul and U2 are independent random variables from a uniform distribution between 0 and 1. The result is a set of
nodes with coordinates that are unpredictable and not evenly spaced, which can lead to areas of high density and other
areas with no coverage (gaps).

SENARIO 2 CLUSTERED DISTRIBUTION:

Simulating a deployment focused on specific points of interest, nodes are concentrated around the central point of each
zone. The coordinates are generated using a normal (Gaussian) distribution:

xmin + xmax
xi = +oc.N1
2
niirn + ymax
yvi = (y 2y J + oc. N2

where o is a scaling factor for the standard deviation (set to 0.5) and N1, N2 are independent random variables from a
standard normal distribution, N (0,1). The result is a concentration of sensor nodes around a central point, with the
density decreasing as the distance from the center increases.

SENARION 3 GRID DISTRIBUTION:

This simulates a highly structured, planned deployment. Nodes are placed in a uniform grid pattern using linear
spacing. The coordinates are generated as follows:

-1
Xj =xmin + J—( Xmax — xmin)

k=1

[-1
yl=ymin+ ——( ymax — ymin)

where jc— [., / Nzorne ] is the number of grid points per dimension. The result is a highly predictable,
symmetrical grid of nodes with uniform spacing, providing even and consistent sensor coverage.

SENARIO 4 EDGE DISTRIBUTION

Designed for perimeter monitoring, this method places nodes along the four boundaries of each zone. Nodes are
distributed using linear spacing along the top, bottom, left, and right edges. The result is a set of nodes strategically
positioned exclusively along the perimeter of the zone, leaving the central area uncovered.

IV.FLOWCHART STEPS EXPLAINED

1.Start
The process begins.

2.Define Simulation Domain
e A 10x10 unit domain is defined.
e  FEach unit represents 5 meters, so the total area is 50x50 meters.

IJIRCCE©2025 | AnISO 9001:2008 Certified Journal | 15134




© 2025 1JIRCCE | Volume 13, Issue 9, September 2025| DOI:10.15680/1IJIRCCE.2025.1309001
WWW. 'jircce_com | e-ISSN: 2320-9801, p-ISSN: 2320-9798| Impact Factor: 8.771| ESTD Year: 2013|

International Journal of Innovative Research in Computer
and Communication Engineering (IJIRCCE)

R ccE (A Monthly, Peer Reviewed, Refereed, Scholarly Indexed, Open Access Journal)

- _______________________________________________________________________________|
3. Divide Area into Zones
e  The domain is split into 7 zones labeled from zonel to zone7.

4.Set Constants
e Number of Nodes: 70
e Distribution Methods:
e Random

e Grid
e  (Clustered
o Edge

5.For Each Distribution Method (m)
o Deploy Nodes: 70 nodes are distributed across the 7 zones using method m.
e Visualize Result:
e  Draw zone boundaries.
e  Use 7 distinct colors, one for each zone.

6.Repeat or Compare
e If more methods remain, repeat step 5.
e If all methods are done, compare all methods and visualize them together in a 4-panel layout.

DISTRIBUTION METHODS FLOWCHART:

A general flowchart shown in Figure [2] is created to outline the chronological order of processes starting with sensor
distribution and moving to simulation and testing. This flowchart clearly shows the methodology and guarantees that
every step is logically related, hence simplifying a consistent workflow and reproducing it.

( start )
Define Simulation Domain
10><10-unit domain with

unit meter mapping (1 unit
=5 m > 50x%x50 m)

v

Divide area into 7 Zones (zonel .... To zone 7)

v

Set Constant :
Number of Nodes (70)
Methods (Random, Gird, Clustered, Edge)

For each Methods m from Distribution
ves Methods
No

zonel..to zone7 according to

method m

Deploy 70 Node across
| methods

Compare all distribution |

Visualize ALL Methods Together
Visualize Method m Result : (4-panels)
Draw Zone boundaries
Use 7 distinct colors (one per
zone)

More Methods to
Visualize ?

Fig. 2. General Flowchart sequence of processes
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V.RESULTS AND DISCUSSION

In this paper, the study area was divided into seven distinct zones Fig. 3. to optimize the distribution of sensors for
detecting the location and size of fires. These divisions play a crucial role in enhancing the accuracy of early fire
detection and analyzing its spread. The sensors, strategically placed across these zones, continuously collect data,
enabling precise identification of the fire’s source and the extent of the flames in real-time. Through these well-planned
distributions, it is possible to improve rapid response strategies and achieve higher levels of safety in fire-prone areas.

Zone 6 Zone 7
Zone 4 Zone 5
Zone 1 Zone 2 Zone 3

Fig. 3. seven distinct zones

Based on this MATLAB code, the color of each sensor node directly corresponds to the zone it was placed in. The
script assigns a numerical label to every node—from 1 for Zone 1 to 7 for Zone 7—and the plotting command then uses
these labels to select a unique color from a continuous color map. This allows for a clear visual representation, where
each of the seven zones is distinguished by a specific color, making it easy to identify the distribution of nodes across
the partitioned area. In short, each of the seven zones will have a unique and distinct color, allowing you to easily see
the distribution of nodes across the partitioned area.

SCENARIO 1 RESULT RANDOM DISTRIBUTION

The results of the Random Distribution method shown in Fig. 4. indicate that WSN nodes are not evenly distributed
across the designated zones. This method simulates real-world deployment situations where nodes are scattered in an
unpredictable manner. The main observations include:
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Fig. 4. Random Distribution Method
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Random Distribution, by its nature, may not be uniform; instead, it offers significant flexibility and ease of deployment
in dynamic or large-scale environments. However, this lack of structure can lead to certain drawbacks, as certain areas
might have a higher concentration of nodes while others could be less populated, resulting in possible sensing gaps.
The random arrangement of nodes may also lead to weak or inconsistent connections, which can impact the stability of
the network. Furthermore, in some regions, overlapping coverage can occur, leading to increased energy use and
decreased efficiency. Despite these challenges, this approach is particularly beneficial for real-world applications where
controlled placement isn't feasible, such as in disaster monitoring or wildlife tracking, where rapid deployment is a
priority.

SCENARIO 2 RESULT CLUSTERED DISTRIBUTION
The results of the Clustered Distribution method shown in Fig. 5 led to an organized yet adaptable arrangement of
WSN nodes, with nodes in each zone being grouped into clusters instead of being evenly or randomly distributed

o Clustered Distribution of WSN Nodes Across 7 Zones -
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Fig. 5. Clustered Distribution Method

Clustered Distribution effectively balances connectivity and energy efficiency, making it well-suited for applications
that need organized communication and localized data processing. Nodes in each cluster are closely grouped, which
significantly improves local connectivity and lowers the energy needed for intra-cluster communication. Shorter
distances among cluster members result in less transmission power and enhance data aggregation, as a cluster head can
efficiently gather data from its neighbors before sending it to a base station. However, while coverage within clusters is
robust, the deliberate gaps between clusters might result in some areas being inadequately covered. Despite this, the
arrangement is ideal for hierarchical communication protocols like LEACH, where cluster heads effectively gather and
send data, leveraging the inherent structure of the network.

SCENARIO 3 RESULT GIRD DISTRIBUTION

The results of the Grid Distribution methods shown in the following Fig. 6 demonstrate an even and structured
placement of WSN nodes within each predefined zone. By positioning the nodes in a uniform grid pattern, the approach
ensures optimal coverage with minimal sensing gaps.
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Fig. 6. Gird Distribution Method

Grid-based deployment offers a highly structured and balanced network layout, as nodes are evenly distributed to
minimize clustering and enhance overall efficiency. This organized arrangement guarantees that each sensor covers a
unique area, thereby maximizing operational performance and preventing redundant data collection. Due to their
consistent positioning, the nodes are able to maintain stable and reliable communication links throughout the network.
Furthermore, this grid-based approach easily accommodates different numbers of nodes and varying zone sizes without
greatly affecting the network's performance. As a result, this method is especially useful for applications that require
thorough coverage and consistent data collection, such as in environmental monitoring and precision agriculture.

SCENARIO 4 RESULT EDGE DISTRIBUTION
The results of the Edge Distribution method shown in Fig. 7. places WSN nodes at the edges of each designated zone.

Edge Distribution of WSN Nodes Across 7 Zones
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Fig. 7. Edge Distribution Method

Edge Distribution strategically positions nodes along the boundaries of each zone, providing robust monitoring of
perimeters while deliberately leaving the central areas with less coverage. This arrangement is highly advantageous for
applications that specifically need perimeter monitoring, such as intrusion detection or environmental sensing along
borders. However, with nodes located primarily on the edges, communication within the zone may be less effective
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compared to other configurations, necessitating careful placement of relays to ensure connectivity. Furthermore, nodes
situated along the edges might face uneven energy consumption, especially if certain boundary regions are responsible
for a higher volume of data transmission. Despite these challenges, Edge Distribution works exceptionally well for
applications that focus on boundaries but may require extra relay nodes or adaptive routing strategies to ensure
complete network connectivity.

SCENARIO 5 RUSLT COMPARISON OF DISTRIBUTION METHODS

The result shown in Fig. 8 and the assessment of various WSN node distribution methods reveal the advantages and
disadvantages of each technique in terms of coverage, connectivity, and their suitability for different applications. Each
distribution method caters to particular application needs. Grid and clustered distributions provide organized coverage,
whereas random and edge distributions allow for adaptability in real-world scenarios. Choosing the best method relies
on the network's goals, the surrounding environment, and the communication needs.

Random Distribution Grid Distribution
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Fig.8. Comparison of Distribution Methods

DISTRIBUTION METHODS ADVANTAGES AND DISADVANTAGES

The various WSN deployment strategies each present unique advantages and disadvantages for network performance.
Grid Distribution ensures uniform coverage with evenly spaced nodes, which helps minimize sensing gaps and
optimize data collection; however, it does not adapt well to changing environments. In contrast, Random Distribution
provides a flexible arrangement of nodes, making it ideal for unpredictable terrains, although this can lead to coverage
gaps and connectivity issues due to uneven node placement. Clustered Distribution organizes nodes into localized
clusters, which improves communication within the clusters and enhances energy efficiency. While this method works
well for hierarchical networks, it can result in isolated clusters if not managed properly. Finally, Edge Distribution
focuses on covering the boundaries, making it perfect for perimeter monitoring applications; however, this approach
may leave central areas unmonitored and might require additional relay nodes to ensure balanced connectivity. Each
method thus represents a distinct trade-off between coverage, connectivity, and adaptability.

VI. CONCLUSION

This study has demonstrated that the strategic deployment of Wireless Sensor Networks (WSNs) can significantly
enhance fire detection capabilities, especially in large-scale and complex outdoor environments. By evaluating and
comparing grid-based, cluster-based, random-based, and edge-based deployment strategies, the research highlights how
careful sensor placement directly impacts spatial coverage, detection accuracy, and overall network performance. The
findings confirm that optimized deployment not only minimizes detection delays and blind spots but also enhances the
precision of fire localization. The study thus contributes valuable guidance for the development of scalable, energy-
efficient, and resilient fire monitoring systems capable of adapting to diverse environmental settings.
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VII. FUTURE RECOMMENDATIONS

Future work should focus on several key directions to evolve WSN-based fire detection into a more robust and
intelligent tool. The first and most critical step is Real-World Validation, which involves deploying the proposed
strategies in actual fire-prone regions to evaluate their performance under dynamic and unpredictable environmental
conditions. Furthermore, there is significant potential for Integration with IoT and Remote Sensing, where
combining WSNs with IoT platforms, drones, or satellite data could enhance system scalability, improve situational
awareness, and enable automated response mechanisms. Research should also explore advanced Energy Optimization
Techniques, such as duty cycling or energy-harvesting technologies, to extend the operational lifespan of WSN
deployments. For improved reliability, the development of Adaptive and Self-Healing Networks would allow the
system to reconfigure itself in response to node failures or environmental changes. Finally, expanding the WSN design
to include Multi-Hazard Detection Systems to detect other environmental threats (e.g., gas leaks, floods, or
landslides) could significantly increase the utility of the system for comprehensive disaster monitoring. These
directions will ensure that WSN-based fire detection continues to evolve into a robust, intelligent tool for
environmental safety and disaster risk reductio
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