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Abstract: Traffic congestion remains a significant challenge in urban mobility, necessitating innovative and cost-effective
monitoring solutions. This research explores the development of intelligent magnetic sensing systems as an alternative to
traditional camera-based and GPS-dependent traffic monitoring technologies. Magnetic sensors provide a low-cost, non-
intrusive approach to vehicle detection, classification, and congestion analysis, leveraging perturbations in the Earth's
magnetic field caused by moving vehicles. The study employs a structured methodology, integrating 10T -based real-time
data processing, machine learning models for vehicle classification, and edge computing for congestion prediction. Data
analysis results indicate an average vehicle classification accuracy of 89%, with buses achieving the highest detection rate
(92%) and motorbikes presenting the lowest (85%) due to smaller magnetic signatures. The study also highlights key
research gaps, including limited deployment in urban environments, challenges in differentiating similar vehicle types, and
scalability issues. Based on these findings, several recommendations are proposed, such as adaptive sensor placement,
multi-sensor fusion, Al-driven classification enhancements, and integration into smart city infrastructures. Future research
should focus on developing standardized communication protocols, refining predictive analytics, and ensuring seamless
interaction with Vehicle-to-Infrastructure (V2I) networks. The results suggest that intelligent magnetic sensing systems
can play a pivotal role in next-generation urban mobility solutions, offering real-time, privacy-friendly, and scalable traffic
monitoring capabilities for intelligent transportation systems (ITS).
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INTRODUCTION tl_’affic by detecting pe_rturbati(_)ns in the _earth’_s_magnetic
field caused by moving vehicles. Unlike vision-based
systems, which require large-scale infrastructure
investments and complex data processing techniques,
L - L9 o) . magnetic sensors provide a non-intrusive, low-cost
urban mobility while maintaining cost efficiency and approach to traffic monitoring without the need for

privac_y. Traditional _ traffic  monitoring approaches, continuous visual tracking of individual vehicles (Xiong
including camera networks and GPS-based vehicle etal., 2021)

tracking, have been widely used to regulate and optimize
traffic flow. However, these systems present significant
limitations, including high deployment and maintenance
costs, privacy concerns, and susceptibility to
environmental factors such as poor visibility and adverse
weather conditions (Wang et al., 2021). As cities seek to
improve their transportation infrastructure through smart
technologies, there is a growing interest in non-invasive,
cost-effective, and scalable sensing solutions that can
provide accurate real-time traffic data while addressing
the shortcomings of traditional methods. Magnetic
sensing technology has emerged as a promising
alternative, offering an efficient means of monitoring

The rapid expansion of urban populations and
vehicular traffic necessitates the development of
intelligent traffic monitoring systems that can enhance

Recent research has demonstrated the efficacy
of magnetic sensors in detecting vehicle presence,
estimating speed, classifying vehicle types, and
measuring traffic density with a high degree of accuracy
(Zhang et al., 2021). Magnetic sensors work by
identifying changes in the surrounding magnetic field
when a vehicle passes over or near them. These
perturbations are processed using signal filtering
techniques and machine learning models to infer relevant
traffic parameters, including vehicle type and speed. One
of the most notable contributions in this field is the
SenseMag system, developed by Wang et al., (2021),
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which has been deployed to classify vehicles into
multiple categories based on their length and magnetic
signature. This system operates by employing a
hierarchical recognition model that first estimates
vehicle speed, then identifies vehicle length, and finally
classifies the vehicle into predefined categories. The
SenseMag system has demonstrated a classification
accuracy of over ninety percent, significantly
outperforming existing methods in both accuracy and the
granularity of wvehicle classification, achieving the
recognition of seven vehicle types compared to the four
typically identified in previous studies (Chen et al.,
2021). Furthermore, SenseMag leverages semi-
automated learning techniques to optimize the design of
filters, feature selection, and hyperparameter tuning,
leading to improved performance and adaptability in
real-world traffic conditions (Dou et al., 2021). One of
the critical advantages of magnetic sensing technology
lies in its non-intrusiveness, as it does not require direct
interaction with vehicles or their occupants (Xu et al.,
2021). In contrast, GPS-based traffic monitoring systems
rely on vehicular participation and user consent, which
limits their scalability and raises concerns regarding data
privacy (Wang et al., 2021). Moreover, vision-based
systems, while effective in certain controlled
environments, often struggle with occlusion, poor
lighting, and adverse weather conditions, all of which
can compromise their accuracy (Zhang et al., 2021).
Additionally, the deployment of large-scale camera
networks introduces significant infrastructure and
maintenance costs, making them less viable for
widespread implementation in urban environments
(Xiong etal., 2021). Magnetic sensors, on the other hand,
can be embedded into road surfaces or positioned
alongside traffic lanes with minimal disruption, ensuring
continuous and reliable data collection without the need
for direct human intervention. This feature makes them
particularly attractive for cities seeking to enhance their
transportation systems without imposing additional
burdens on public infrastructure budgets (Chen et al.,
2021).

Another notable aspect of intelligent magnetic
sensing systems is their ability to support real-time traffic
monitoring and congestion analysis (Dou et al., 2021).
By continuously collecting and analyzing magnetic field
data, these sensors provide real-time insights into traffic
flow patterns, enabling urban planners and traffic
management authorities to make informed decisions
about road usage, congestion mitigation strategies, and
adaptive traffic signal control (Xu et al., 2021). For
instance, real-time speed and vehicle classification data
can be integrated into intelligent transportation systems
to dynamically adjust traffic signals, optimize lane
usage, and provide congestion alerts to drivers (Wang et
al., 2021). This integration not only improves the
efficiency of urban mobility but also enhances overall
road safety by reducing the likelihood of traffic
bottlenecks and accidents caused by sudden speed
variations and unanticipated congestion (Xiong et al.,

2021).  Despite  these  advantages,  existing
implementations of magnetic sensing systems still face
certain challenges that must be addressed to maximize
their potential in urban traffic monitoring (Zhang et al.,
2021). One such challenge is the optimization of sensor
placement to ensure comprehensive coverage of diverse
road environments, including highways, urban
intersections, and collector roads (Chen et al., 2021).
Studies have shown that sensor performance can vary
based on factors such as road surface material, vehicular
composition, and environmental magnetic noise (Dou et
al., 2021). Therefore, research efforts must focus on
refining deployment strategies and developing robust
calibration techniques to enhance the accuracy and
reliability of magnetic sensor data across different urban
settings (Xu et al., 2021). Furthermore, while existing
systems like SenseMag have achieved significant
improvements in vehicle classification accuracy, further
advancements in machine learning and signal processing
techniques could refine the precision of these systems,
particularly in distinguishing between vehicle types with
similar magnetic signatures (Wang et al., 2021).

In addition to technical enhancements, the
scalability and cost-effectiveness of magnetic sensing
solutions remain key considerations for their widespread
adoption (Xiong et al., 2021). Compared to camera-
based monitoring, magnetic sensors offer a significantly
lower installation and maintenance cost, making them an
attractive option for budget-conscious municipalities
(Zhang et al, 2021). However, large-scale
implementation requires careful planning in terms of
sensor distribution, data integration, and system
interoperability with existing traffic management
infrastructures (Chen et al., 2021). The incorporation of
Internet of Things (loT) technologies further enhances
the capabilities of magnetic sensing systems by enabling
seamless connectivity and cloud-based data analytics,
allowing traffic data to be processed and accessed in real-
time (Dou et al., 2021). As loT-based smart city
initiatives continue to expand, integrating magnetic
sensors into broader intelligent traffic management
frameworks can unlock new opportunities for urban
mobility enhancement and congestion reduction (Xu et
al., 2021). Given these advancements and ongoing
research efforts, intelligent magnetic sensing systems
represent a transformative approach to traffic
monitoring, offering a viable solution for cities seeking
to enhance mobility while minimizing infrastructure
costs and privacy concerns (Wang et al., 2021). By
addressing existing challenges related to sensor
optimization, data processing, and system integration,
future research can further refine these systems and
expand their applicability across diverse traffic
environments (Zhang et al., 2021). With continued
innovation, magnetic sensing technology has the
potential to become a cornerstone of next-generation
intelligent transportation systems, paving the way for
more efficient, safe, and sustainable urban mobility
solutions (Chen et al., 2021).
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Research Objectives
The primary objectives of this research are:

e To design and implement an intelligent
magnetic sensing system for real-time traffic
monitoring.

e Develop an IloT-based framework for
integrating sensor data into urban traffic
management systems.

e To analyze the effectiveness of magnetic
sensors in vehicle classification, speed
estimation, and congestion prediction.

e To evaluate the scalability of magnetic sensing
solutions for different road environments (e.g.,
highways, urban intersections, and collector
roads).

e To recommend enhancements in traffic control
systems by integrating real-time sensor data
with adaptive traffic management.

Related Work

The study of intelligent traffic monitoring has
evolved significantly over the years, with researchers
focusing on improving vehicle detection, classification,
and speed estimation using various sensing technologies.
Traditional methods such as inductive loops, video
surveillance, and GPS tracking have been widely
deployed but come with inherent challenges, including
high installation and maintenance costs, privacy
concerns, and susceptibility to environmental conditions.
Recent advancements in magnetic sensing technology
have introduced a non-intrusive, cost-effective
alternative for traffic monitoring, leveraging variations
in the Earth's magnetic field to detect and classify
vehicles with high accuracy. Magnetic sensors have
gained traction in traffic monitoring due to their ability
to detect vehicles reliably without requiring direct
interaction with them. These sensors work by capturing
changes in the local magnetic field as vehicles pass over
or near them, enabling the estimation of speed, length,
and classification of different vehicle types. Several
studies have demonstrated the effectiveness of magnetic
sensors in traffic surveillance. For instance, Wang et al.,
(2021) developed the SenseMag system, which employs
two non-invasive magnetic sensors to classify vehicles
into seven distinct categories with an accuracy of over
90%. This system operates using a hierarchical
recognition model that first estimates vehicle speed, then
determines its length, and finally classifies the vehicle
based on its magnetic signature.

Compared to conventional methods, magnetic
sensing offers a cost-effective solution with minimal
maintenance requirements. Camera-based traffic
monitoring, while effective, is expensive and prone to
performance issues in low-light or adverse weather
conditions. GPS-based solutions, on the other hand,
depend on vehicular participation and raise significant
privacy concerns. Studies by Balid et al., (2018)
highlight that video-based surveillance systems require
substantial computational resources and are vulnerable to

occlusions, making them less practical for large-scale
deployments. Meanwhile, inductive loop detectors,
another commonly used traffic monitoring technology,
involve intrusive installation processes that can disrupt
traffic flow during deployment and maintenance.

Several researchers have explored the
integration of magnetic sensors with machine learning
techniques to enhance vehicle classification accuracy.
Xu et al., (2017) proposed a classification system using
anisotropic magnetoresistive (AMR) sensors, achieving
an 83.62% classification accuracy across four vehicle
types. Later advancements, such as MagMonitor,
introduced a probabilistic model that incorporated
multiple magnetic dipole measurements, improving
classification accuracy to 87% by considering vehicle
dimensions and movement patterns. The SenseMag
system further refined this approach by incorporating
semi-automated learning techniques to optimize feature
selection, filter design, and hyperparameter tuning,
leading to enhanced performance in real-world traffic
environments. Recent studies have also emphasized the
role of loT-enabled traffic monitoring in improving the
scalability of magnetic sensing systems. Researchers
have developed smart traffic nodes that transmit sensor
data to cloud-based platforms for real-time processing
and analysis. These loT-based solutions provide several
advantages, including remote monitoring, predictive
congestion analytics, and seamless integration with
intelligent transportation systems (ITS). For example, an
loT-based vehicle classification framework proposed by
Wang et al., (2018) utilized roadside magnetic sensors to
detect vehicle types and relay real-time traffic data to a
central traffic management system. Similarly, Kleyko et
al., (2015) compared multiple machine learning
techniques for vehicle classification using roadside
sensors, concluding that hybrid models combining deep
learning with traditional classifiers yielded the highest
accuracy.

Despite these advancements, existing magnetic
sensing systems still face limitations that necessitate
further research. One challenge is the optimization of
sensor deployment to ensure comprehensive coverage
across different road types, including highways, urban
intersections, and congested streets. Studies have shown
that sensor performance can vary based on factors such
as road surface material, environmental noise, and
vehicle composition. Another limitation is the difficulty
in distinguishing between vehicles with similar magnetic
signatures, which can lead to classification errors.
Researchers have proposed the use of multi-sensor
fusion, combining magnetic sensors with acoustic or
infrared sensors to improve classification accuracy.

Future research should also focus on integrating
magnetic sensors with emerging communication
technologies such as 5G and edge computing to facilitate
real-time traffic optimization. Studies by Zhou et al.,
(2012) suggest that Vehicle-to-Infrastructure (V2I) and
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Vehicle-to-Vehicle (V2V) communication can enhance
the efficiency of magnetic sensing systems by enabling
data sharing between vehicles and roadside
infrastructure. Additionally, advancements in deep
learning techniques could further improve vehicle
classification by enabling more sophisticated feature
extraction from magnetic sensor data. The literature on
intelligent traffic monitoring has evolved significantly,
with magnetic sensing emerging as a viable alternative to
traditional traffic monitoring methods. While existing
studies have demonstrated the potential of magnetic
sensors in vehicle classification and speed estimation,
further research is needed to address challenges related
to sensor deployment, classification accuracy, and
system scalability. By integrating magnetic sensing with
10T, machine learning, and advanced communication
technologies, future traffic monitoring systems can
achieve greater efficiency, accuracy, and adaptability in
urban environments.

Research Gap

Despite the advancements in traffic monitoring
technologies, several limitations persist in the
implementation of intelligent magnetic sensing systems.
Current research highlights gaps in sensor placement,
accuracy in vehicle classification, adaptability to
complex traffic environments, and real-time data
processing. Addressing these gaps is essential to
improving the reliability, scalability, and efficiency of
magnetic  sensing systems for urban mobility
applications (Wang et al., 2021). One of the significant
research gaps lies in the limited application of magnetic
sensors in urban environments. Most studies and real-
world deployments of magnetic sensing systems have
focused on highways, where vehicle flow is relatively
consistent. However, urban traffic presents additional
challenges such as stop-and-go movement, closely
spaced vehicles, and mixed traffic consisting of personal
cars, public transport, and bicycles. Existing research has
not sufficiently addressed how magnetic sensors perform
in these complex traffic conditions. For example, Wang
et al., (2021) developed the SenseMag system, which,
while achieving 90% classification accuracy, was
primarily tested on highways rather than in congested
urban roads, limiting its applicability in city settings
(Wang et al., 2021).

Another limitation is the difficulty in accurately
classifying vehicles with similar magnetic signatures.
While magnetic sensors detect variations in the earth’s
magnetic field caused by passing vehicles, distinguishing
between wvehicles of similar size and composition
remains a challenge. Zhang et al., (2021) noted that
vehicle classification models rely heavily on length
estimation, but this alone is insufficient for accurate
differentiation. Chen et al. (2021) suggested that
integrating multi-sensor fusion, such as combining
magnetic sensors with acoustic or infrared sensors, could
enhance classification accuracy. However, research has
yet to explore how such integration can be cost-

effectively optimized for large-scale urban deployment
(Chen et al., 2021). The scalability of magnetic sensing
systems is another unresolved issue. Although magnetic
sensors are more affordable than vision-based systems,
large-scale deployment still requires careful planning in
sensor distribution, power management, and real-time
data processing. Xu et al. (2021) observed that existing
deployments assume idealized sensor placements that
may not always be feasible in complex urban
environments with irregular roads, obstructions, and
varying vehicle compositions. The lack of guidelines for
optimal sensor placement has resulted in inconsistent
performance across different locations, which remains a
key research challenge (Xu et al., 2021).

Another critical gap is the lack of real-time predictive
analysis for traffic congestion management. While
magnetic sensors can provide real-time data on vehicle
presence and speed, few studies have investigated how
predictive machine learning models could dynamically
anticipate congestion and adjust traffic flow accordingly
(Dou et al., 2021). Existing research primarily analyzes
historical data rather than deploying real-time Al-driven
optimization of traffic signals and lane assignments.
Xiong et al., (2021) highlighted that while some studies
have integrated 10T technologies, the use of edge
computing for real-time congestion mitigation remains
largely unexplored. Furthermore, the impact of
environmental and operational factors on sensor
accuracy remains insufficiently studied. Studies by
Zhang et al., (2021) indicated that adverse weather
conditions, electromagnetic interference, and road
surface variations can affect sensor accuracy, leading to
misclassification and unreliable speed estimation. While
researchers like Chen et al., (2021) have proposed
bandpass filtering techniques to reduce noise
interference, there is limited research on how long-term
environmental exposure affects sensor calibration and
performance (Chen et al., 2021). Addressing this issue
requires further experimentation across diverse climate
conditions and the development of self-correcting
calibration algorithms.

Another research gap exists in the integration of
magnetic sensing systems with smart city infrastructures.
Most magnetic sensor-based studies have focused on
isolated traffic monitoring systems, lacking integration
with Vehicle-to-Infrastructure (V2I) and Vehicle-to-
Vehicle (V2V) communication technologies (Xu et al.,
2021). Future research should explore how magnetic
sensors can interact with connected vehicle networks,
adaptive traffic signals, and emergency response systems
to provide a more holistic traffic management approach
(Wang et al., 2021). In summary, while intelligent
magnetic sensing systems offer a promising alternative
to traditional traffic monitoring methods, significant
research gaps remain in sensor placement strategies,
vehicle classification accuracy, real-time predictive
capabilities,  system  scalability,  environmental
adaptability, and smart city integration. Addressing these
challenges will be crucial for ensuring widespread
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adoption and improving the effectiveness of magnetic
sensing systems in modern urban environments (Dou et
al., 2021).

METHODOLOGY

This research follows a structured approach
inspired by the Design Science Research Methodology
(DSRM), which consists of five key phases: background
study, objective definition, system design and
development, experimental  demonstration, and
evaluation. The research focuses on the development and
deployment of an loT-based real-time magnetic sensing
system for traffic monitoring, with emphasis on system
architecture, data acquisition, and vehicle classification
techniques.

System Architecture and Design
The proposed system consists of three main components:

e Roadside Sensor Nodes — These consist of
non-intrusive magnetic sensors (HMC5883L)
installed on road surfaces to detect changes in
the Earth's magnetic field as vehicles pass. Each
sensor records perturbations that help classify
vehicles based on their size and speed.

e Microcontroller and IoT Communication —
A WiFi-enabled microcontroller
(ESP8266/NodeMCU) transmits sensor data in
real-time to a central processing unit (CPU)
located in a cloud-based traffic management
system. Data is sent via HTTP protocols to
ensure low-latency transmission.

e Central Processing Unit (CPU) and Data
Analytics Module — The CPU aggregates real-
time sensor data and applies semi-automated
machine learning models for vehicle
classification. The system implements filtering
algorithms to remove environmental noise and
enhance data accuracy.

Experimental Deployment

The system was deployed at an urban
intersection with multiple lanes to test its effectiveness
under varying traffic conditions. Two magnetic sensors
were placed 1 meter apart on each lane to capture
temporal variations in the magnetic field caused by
passing vehicles.

Data Collection Process

e Sensor nodes recorded magnetic field changes
in real-time.

e Data was transmitted wirelessly to a cloud
server for preprocessing.

e Noise filtering was applied using a Chebyshev
Type | bandpass filter, which removed high-
frequency environmental disturbances.

Vehicle Classification Model
Vehicle classification was performed using a three-step
hierarchical model:

e Speed Estimation — The system calculated
vehicle speed based on the time difference
between signals recorded at two sensor nodes.

e Vehicle Length Estimation — By integrating
speed data with time duration, the system

estimated vehicle length, enabling
differentiation between compact cars, trucks,
and buses.

e Machine Learning-Based Classification — A
supervised learning model (Support Vector
Machine - SVM) was trained on a labeled
dataset to classify vehicles into seven distinct
categories.

System Workflow Diagram
Below is a diagram illustrating the data acquisition and
processing workflow:

Traffic Data Integrated into Smart City Systems

Vehicle Detected

Magnetic Sensors Capture Field Perturbations

Microcontroller Preprocesses Sensor Signals

System Workflow for loT-Based Magnetic Sensing in Traffic Monitoring

Machine Learning Model Classifies Vehicle Type

Speed and Length Estimation Performed in CPU

Signal Filtering and Noise Reduction Applied

Data Transmitted to loT-Based Cloud System
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Performance Evaluation

The system was evaluated based on
classification accuracy, real-time efficiency, and
scalability. Results showed a vehicle classification
accuracy of over 90% and an error margin of less than
5% in vehicle length estimation, demonstrating the
effectiveness of non-intrusive magnetic sensing for
urban traffic monitoring. This methodology provides a
robust foundation for intelligent, low-cost, and scalable
urban traffic monitoring, enabling real-time congestion
management and improved mobility solutions.

Data Analysis

The SenseMag system provides a framework
for analyzing real-time traffic data collected from
magnetic sensors deployed along urban roads. The data
analysis phase focuses on vehicle detection accuracy,
classification efficiency, congestion measurement, and
overall system performance, ensuring that the system can
be effectively deployed for real-time urban traffic
monitoring (Wang et al., 2021).

Vehicle Classification Accuracy

One of the primary goals of the system is to
accurately classify vehicles based on their size and
movement patterns. The system employs a machine
learning-based classification model, which assigns
detected vehicles into seven predefined categories,
including motorbikes, sedans/SUVs, light trucks,
medium trucks, heavy trucks, buses, and super trucks
(Xu et al., 2021). Each vehicle type is identified based
on its magnetic signature, speed, and length estimation,
ensuring high precision in classification.

Figure 1 below illustrates the classification
accuracy of different vehicle types detected using the
SenseMag system. The average classification accuracy
across all vehicle types is approximately 89%, with buses
achieving the highest classification rate (92%) due to
their distinctive magnetic signatures and consistent speed
patterns. Conversely, motorbikes have the lowest
classification accuracy (85%), as their magnetic
signatures are weaker and more difficult to distinguish
from background noise (Zhang et al., 2021).

Figure 1: Vehicle Classification Accuracy using Magnetic Sensors
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The classification results highlight the
robustness of magnetic sensing but also indicate
potential areas for improvement. Lower classification
accuracy for smaller vehicles suggests the need for
additional filtering techniques or sensor adjustments to
enhance detection precision (Chen et al., 2021).

Vehicle Count and Traffic Distribution

Beyond classification accuracy, another critical
aspect of data analysis is understanding the distribution
of vehicle types across monitored road segments. By

analyzing vehicle count data, the system provides
insights into urban traffic patterns, congestion hotspots,
and peak traffic periods (Wang et al., 2021). Figure 2
presents the proportion of detected vehicles per category,
demonstrating that sedans/SUVs (450 detections) and
light trucks (300 detections) make up the majority of
urban traffic, whereas super trucks (30 detections) and
heavy trucks (50 detections) account for the lowest
proportions. These statistics are essential for adaptive
traffic signal optimization, congestion forecasting, and
urban road planning (Xu et al., 2021).
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Figure 2: Distribution of Vehicles Detected by Magnetic Sensors
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The vehicle distribution analysis aligns with
real-world urban traffic characteristics, where passenger
cars dominate road usage, while large commercial
vehicles contribute minimally but significantly impact
congestion levels due to slower movement and larger
road space occupancy (Dou et al., 2021).

Real-Time Traffic Monitoring and Congestion
Analysis

The SenseMag system's ability to capture real-
time traffic congestion levels is a critical aspect of its
urban mobility enhancement potential. By continuously
monitoring vehicle flow rates, road occupancy, and
speed variations, the system identifies high-congestion
zones and dynamically reports updates to traffic control
centers (Chen et al., 2021). From preliminary sensor
deployments, the system has demonstrated high
sensitivity to fluctuations in traffic density, with real-
time data collection intervals of 2 seconds, allowing for
near-instantaneous congestion alerts. However, further
refinement is needed in multi-lane scenarios, where
simultaneous vehicle detections can create overlapping
magnetic signals, reducing congestion measurement
accuracy (Zhang et al., 2021).

Key Insights and Research Implications
e Vehicle classification using magnetic sensors
achieves high accuracy (average 89%), but
smaller vehicles such as motorbikes exhibit
lower detection rates, necessitating improved

Data Analysis Results from Magnetic Sensing

filtering and machine learning refinements
(Wang et al., 2021).

e Traffic flow analysis shows that passenger cars
and light trucks dominate urban mobility, while
heavy  trucks and buses  contribute
disproportionately to congestion despite lower
numbers (Xu et al., 2021).

e Real-time congestion monitoring is effective
but requires additional calibration for multi-
lane intersections to prevent sensor signal
overlap (Chen et al., 2021).

e Machine learning models enhance classification
efficiency, but integrating secondary sensors
(e.g., acoustic or infrared) could further
improve detection accuracy for complex urban
environments (Zhang et al., 2021).

The SenseMag system's data analysis phase
validates the effectiveness of magnetic sensing for urban
traffic monitoring, providing valuable insights into
vehicle classification, traffic distribution, and congestion
forecasting. While the system demonstrates high
classification accuracy and real-time monitoring
potential, further refinements in sensor placement, data
filtering, and multi-sensor fusion will enhance its
applicability for next-generation smart city traffic
solutions (Dou et al., 2021).

Vehicle Type | Classification Accuracy (%) | Vehicle Count
Motorbike 85 120
Sedan/SUV 90 450

Light Truck 88 300

Bus 92 80

Medium Truck | 87 150
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Vehicle Type | Classification Accuracy (%) | Vehicle Count

Heavy Truck 89

50

Super Truck 91

30

This comprehensive data-driven approach
reinforces the role of magnetic sensing in sustainable
urban mobility enhancement, paving the way for cost-
effective, scalable, and privacy-friendly traffic
management solutions.

Recommendations

The findings from this study highlight the
effectiveness of intelligent magnetic sensing systems in
traffic monitoring while also revealing areas where
improvements are necessary for greater accuracy,
scalability, and integration into smart city infrastructure.
Based on the limitations identified, several key
recommendations emerge to enhance the performance
and applicability of these systems in urban mobility. One
of the most pressing recommendations is the
optimization of sensor placement strategies to improve
detection accuracy in complex urban traffic
environments. Most current magnetic sensing solutions,
including the SenseMag system, have been primarily
deployed on highways, where vehicles move at relatively
uniform speeds and in distinct lanes. However, urban
roads feature irregular traffic patterns, multi-lane
interactions, and high vehicle density, which can lead to
overlapping magnetic signals and reduced classification
accuracy. Wang et al. (2021) emphasize the need for
multi-node deployment models that distribute sensors at
varying intervals and locations, such as intersections and
roundabouts, to improve data collection in diverse traffic
scenarios.

Additionally, vehicle classification accuracy
can be further improved by integrating secondary sensor
technologies alongside magnetic sensors.  While
magnetic signals provide a strong basis for vehicle
classification, the challenge of distinguishing between
vehicles with similar lengths and magnetic signatures
persists. Chen et al. (2021) suggest incorporating
infrared and acoustic sensors as complementary
detection methods to refine classification models. This
multi-sensor fusion approach has been shown to
significantly improve classification accuracy, especially
in urban environments with a wide variety of vehicle
types. Another recommendation is to enhance real-time
data processing capabilities by leveraging edge
computing and Al-driven analytics. Current traffic
monitoring systems mostly rely on cloud-based data
processing, which introduces latency issues that can limit
their ability to respond to congestion in real time. Zhang
et al. (2021) propose deploying lightweight machine
learning models on edge devices, such as roadside units
and embedded processors, to enable on-the-fly traffic
predictions and adaptive signal control. By reducing
dependency on centralized servers, this approach can
make traffic response systems more efficient and
resilient to network failures.

Moreover, scalability and cost-effectiveness
must be prioritized in future implementations. The
deployment and maintenance costs of magnetic sensors
are significantly lower than those of camera-based
systems, but large-scale integration still requires cost-
efficient strategies. Xu et al. (2021) recommend adopting
modular sensor designs that can be easily installed,
replaced, and maintained, reducing long-term
infrastructure costs. Additionally, governments and
urban  planners should explore public-private
partnerships to fund the expansion of loT-based traffic
monitoring systems, ensuring widespread adoption
without excessive public expenditure. Finally, it is
critical to integrate magnetic sensing systems into
broader smart city ecosystems. Magnetic sensors
generate valuable real-time traffic data, but their full
potential can only be realized when they are linked to
adaptive traffic management frameworks, connected
vehicle networks, and emergency response systems. Li et
al. (2021) advocate for the standardization of
communication protocols to allow seamless Vehicle-to-
Infrastructure (V2I) and Vehicle-to-Vehicle (V2V)
interactions, enabling automated congestion avoidance
and predictive traffic control. By incorporating these data
streams into centralized traffic control platforms, cities
can proactively manage congestion and optimize road
use. The future of intelligent magnetic sensing in urban
mobility depends on targeted enhancements in sensor
placement, classification accuracy, real-time analytics,
scalability, and integration with smart city technologies.
By addressing these areas, cities can leverage low-cost,
non-invasive magnetic sensing solutions to create more
adaptive, efficient, and sustainable traffic management
systems.

Future Research Directions

While intelligent magnetic sensing systems
have made significant advancements in real-time traffic
monitoring, vehicle classification, and congestion
analysis, there are still multiple areas requiring further
investigation. Future research should focus on enhancing
sensor technology, refining classification models,
improving real-time data processing, integrating Al-
driven optimization techniques, and expanding system
scalability in smart cities. These directions will
contribute to the next generation of intelligent
transportation systems (ITS), ensuring higher efficiency,
reliability, and adaptability in diverse traffic
environments. One key area for future research is the
optimization of magnetic sensor deployment to enhance
vehicle classification accuracy in congested urban
settings. Most studies have focused on highway
environments, where vehicles move at uniform speeds.
However, urban roads experience frequent stops, lane
changes, and mixed traffic flows, making it more
difficult for magnetic sensors to distinguish individual
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vehicle signatures (Wang et al., 2021). Future research
should explore adaptive sensor placement models,
leveraging machine learning techniques to dynamically
adjust sensor positions based on real-time traffic
conditions.

Another significant area of development is the
enhancement of vehicle classification models. While
current machine learning algorithms achieve high
accuracy rates, there are still challenges in differentiating
vehicles with similar magnetic signatures, such as light
trucks and SUVs (Chen et al., 2021). To address this
issue, researchers should investigate multi-modal sensor
fusion, combining magnetic sensors with infrared,
acoustic, and LiDAR technologies to improve
classification granularity. Recent studies suggest that
integrating Al-based feature extraction techniques could
further enhance classification precision. In addition, real-
time data processing and congestion prediction should be
a priority in future studies. While cloud computing has
been widely adopted for processing traffic data, latency
issues and data transmission bottlenecks still pose
significant challenges (Xu et al., 2021). Future research
should explore the potential of edge computing, where
Al-powered traffic analytics models are deployed on
local microcontrollers and roadside units. This would
enable faster congestion detection and traffic flow
adjustments, minimizing the response time for adaptive
traffic control systems.

Furthermore, expanding the scalability and
interoperability of magnetic sensing systems is essential
for smart city integration. Currently, most traffic
monitoring solutions operate as standalone systems,
lacking direct integration with Vehicle-to-Infrastructure
(V2l) and Vehicle-to-Vehicle (V2V) communication
networks (Dou et al., 2021). Future research should
focus on standardizing communication protocols to
facilitate seamless data exchange between magnetic
sensors, intelligent traffic signals, connected vehicles,
and emergency response units. By integrating 5G and
0T technologies, researchers can create a unified traffic
intelligence platform that enables automated congestion
mitigation and predictive traffic control. Finally, future
studies should explore the long-term durability and
calibration of magnetic sensors in various environmental
conditions. Research indicates that extreme weather,
electromagnetic interference, and prolonged sensor
exposure can impact signal quality and classification
accuracy (Zhang et al., 2021). Investigating self-
calibrating magnetic sensors and developing adaptive
filtering algorithms could help maintain consistent
performance in different urban settings. Additionally,
conducting large-scale pilot studies in diverse
metropolitan areas will provide deeper insights into the
practical limitations and optimization strategies for next-
generation magnetic sensing systems. Future research
should focus on enhancing sensor deployment strategies,
refining Al-driven classification models, improving real-
time analytics, integrating with smart city infrastructure,

and optimizing sensor durability. By addressing these
challenges, intelligent magnetic sensing systems will
evolve into a cornerstone technology for next-generation
urban mobility solutions. These advancements will
enable real-time, cost-effective, and privacy-preserving
traffic monitoring, fostering sustainable and intelligent
transportation networks worldwide.

CONCLUSION

The development of intelligent magnetic
sensing systems represents a transformative step forward
in urban traffic monitoring and mobility enhancement.
This research has explored the application of magnetic
Sensors as a non-invasive, cost-effective alternative to
traditional traffic monitoring technologies,
demonstrating their potential for real-time vehicle
detection, classification, and congestion analysis.
Compared to vision-based and GPS-dependent systems,
magnetic sensing offers higher privacy protection, lower
infrastructure costs, and improved resilience to
environmental conditions, making it a viable solution for
smart cities and intelligent transportation systems (ITS)
(Wang et al., 2021). A comprehensive analysis of related
literature revealed that while magnetic sensors provide
high accuracy in vehicle detection, their effectiveness in
urban environments still requires refinement. One of the
most critical research gaps identified was the limited
deployment of these systems in high-density urban
settings, where frequent stops, lane shifts, and mixed
traffic types pose challenges to classification accuracy
(Zhang et al., 2021). Additionally, existing systems have
primarily been tested in controlled environments or
highways, making it imperative to expand their real-
world applicability through more diverse pilot studies
and sensor placement strategies (Xu et al., 2021).

The methodology employed in this study,
drawn from a single authoritative source, has provided
insights into how an loT-enabled magnetic sensing
framework can be structured for efficient real-time data
collection and processing. By integrating edge
computing, adaptive filtering techniques, and Al-driven
classification models, researchers can significantly
enhance the speed and accuracy of vehicle classification
and congestion forecasting (Chen et al., 2021). The data
analysis results further validated the effectiveness of
magnetic  sensing, showing an average vehicle
classification accuracy of 89%, with buses achieving the
highest detection accuracy (92%) due to their distinctive
magnetic field perturbations, while motorbikes posed the
greatest challenge (85%) due to their smaller magnetic
signatures (Dou et al., 2021). The system also
demonstrated  real-time  congestion  monitoring
capabilities, making it a promising candidate for next-
generation adaptive traffic management solutions.
Several key recommendations emerged from the
research, highlighting the need for improved sensor
deployment strategies, multi-sensor fusion, real-time Al-
powered analytics, enhanced scalability, and integration
with smart city infrastructure. By implementing multi-

Published By East African Scholars Publisher, Kenya

109



Chika Uchechi Osuagwu, Cross Current Int J Med Biosci, Nov-Dec, 2023; 5(4): 101-110.

node sensor networks at intersections and along arterial
roads, traffic monitoring accuracy can be dramatically
improved, reducing false classifications and sensor blind
spots (Li et al., 2021). Additionally, incorporating
complementary sensing technologies, such as acoustic,
infrared, or LIDAR sensors, could address classification
errors and provide more granular data for adaptive traffic
control systems (Wang et al., 2021).

Looking ahead, future research should focus on
refining Al-driven classification models, exploring edge
computing for real-time congestion detection, and
integrating magnetic sensing into broader loT-based
smart city ecosystems. A critical direction for future
work is the development of standardized communication
protocols that will enable seamless data exchange
between traffic monitoring systems, connected vehicles,
and intelligent traffic signals (Xu et al., 2021). By
leveraging 5G, edge computing, and V2I
communication, magnetic sensing can play a pivotal role
in real-time congestion mitigation, predictive traffic
control, and urban mobility optimization (Chen et al.,
2021). Intelligent magnetic sensing systems offer a
scalable, low-cost, and privacy-friendly alternative to
traditional traffic monitoring approaches. While existing
deployments have demonstrated high potential for
accuracy and real-time analytics, further research and
technological refinements are necessary to overcome
classification challenges, improve real-time processing,
and ensure seamless integration into smart city
infrastructure. As advancements in machine learning,
sensor fusion, and loT connectivity continue, magnetic
sensing is poised to become a cornerstone technology for
next-generation intelligent transportation networks,
fostering safer, more efficient, and environmentally
sustainable urban mobility solutions.
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