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Abstract— Real-time road condition detection has
recently become an important research topic because of
the growing needs of intelligent transportation systems,
autonomous vehicles, and smart infrastructure. Road
conditions have a direct impact on traffic safety, vehicle
dynamics, fuel economy, and overall transportation
reliability. Conventional road condition monitoring
methods are mostly dependent on manual road
inspection, interval road surveys, or fixed roadside
sensors, which are often expensive, outdated, and
geographically restricted. Real-time road condition
detection systems, on the other hand, have the objective
of continuously monitoring road surface conditions like
potholes, cracks, wetness, ice formation, rough surfaces,
and debris accumulation using automated and computer-
driven methods. The real-time nature of the detection
system is also significant because road conditions can
change very rapidly because of weather, road
construction, and traffic-related deterioration. Real-time
road condition detection systems are increasingly able to
handle large-scale road condition monitoring with high
accuracy because of the rapid development of sensing
technology, edge computing, and machine learning. This
research area is at the nexus of transportation
engineering, computer vision, signal processing, and
artificial intelligence, which makes it both technically
complex and highly relevant to society.
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L. INTRODUCTION
Real-time detection of road conditions is a crucial factor in
improving transportation safety and efficiency. Poor road
conditions are one of the primary causes of vehicle damage,
traffic congestion, and road accidents around the world.
Potholes, road deformations, and slippery roads are some of
the road hazards that can increase the braking distance of
vehicles and affect stability, especially during adverse weather
conditions. Real-time road condition detection helps provide
warnings to drivers and systems to adjust their speed, route, or
driving accordingly. In the case of connected and autonomous
vehicles, real-time road condition detection is even more
important because autonomous driving systems require
accurate perception of the environment to make safe
decisions. Moreover, transportation departments can also
benefit from real-time data because they can focus on the most

critical road maintenance based on priority rather than conducting
regular maintenance checks. As the number of urban residents and
traffic density continues to rise, the need for continuous monitoring
of road conditions will continue to increase, and real-time road
condition detection systems will be the backbone of future mobility
infrastructure [3].

Conventional road condition monitoring systems are mainly based
on manual road surveys, visual checks, and road inspection vehicles
equipped with costly sensors. Although these systems can offer
high-precision data, they have a number of natural drawbacks.
Manual road surveys are time-consuming, laborious, and error-
prone, and thus not suitable for frequent or large-scale road
condition monitoring. Road inspection vehicles, although accurate,
are expensive to maintain and operate, and thus can only be used for
major highways or periodic road condition monitoring. Fixed
roadside sensors have limited spatial coverage and cannot detect
sudden changes in road conditions. Moreover, conventional road
condition monitoring systems are often not real-time, leading to
delayed identification of potential hazards that could have been
mitigated in advance. Real-time road condition detection systems
seek to address these limitations by using widely available sensors,
mobile platforms, and intelligent algorithms to offer timely and
comprehensive road condition information.
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Contemporary real-time systems for road condition detection
utilize a broad spectrum of sensors to record physical properties
of the road. The most widely used sensors for this purpose are
cameras, accelerometers, gyroscopes, LiDAR, radar, and
environmental sensors such as temperature and humidity
sensors. Camera-based systems allow for visual inspection of the
road surface, making them ideal for detecting cracks, potholes,
water accumulation, and changes in road surface texture. Inertial
sensors, especially accelerometers, are useful for detecting
vibrations and shocks caused by road irregularities or potholes.
LiDAR and radar sensors are capable of depth and surface
profile measurement, enabling accurate detection of
deformations and obstacles. Environmental sensors provide
additional information that can be used to detect conditions such
as icing or wetness on the road surface. The selection of sensors
to be used depends on several factors, including cost, accuracy,
durability, and the target platform for deployment. Multiple
sensor modalities are often used together to improve the
reliability of road condition detection by overcoming the
limitations of individual sensors, especially in adverse
environmental conditions such as low light or rain.

Vehicles themselves have emerged as robust platforms for the
real-time collection of road condition data. Modern vehicles are
increasingly equipped with sophisticated sensor systems,
computing capabilities, and connectivity solutions. By
leveraging the sensors already installed in vehicles, such as
accelerometers, cameras, and wheel speed sensors, road
condition detection can be achieved without incurring additional
infrastructure costs. Crowdsourcing data from a large number of
vehicles enables broad spatial coverage and frequent updates,
allowing for the monitoring of road networks at the city or
national level. Vehicle-based systems enjoy natural exposure to
a wide range of road conditions, offering a rich source of data
that captures real-world usage patterns. However, differences in
vehicle make, suspension systems, and sensor calibrations pose
challenges that must be mitigated by normalization and
algorithm design. In spite of these challenges, vehicle-based
platforms are one of the most scalable and cost-effective
solutions for real-time road condition detection.

. LITERATURE REVIEW

A.  Evolution of Decision and Analytics Models

Smartphones have proven to be a viable and widely available
platform for road condition detection because of their sensor
capabilities and connectivity. The accelerometers, gyroscopes,
GPS, and cameras present in smartphones are capable of
detecting motion patterns, location information, and images
that are useful for road surface analysis. The smartphone-based
system allows for the collection of data on a large scale using
the crowdsourcing concept, which uses millions of people
without requiring any additional hardware. Smartphone-based
systems are very appealing in areas where the budget for
infrastructure development is limited. The smartphone-based
system also faces some difficulties in terms of orientation,
mounting location, user activity, and sensor quality. Advanced
signal processing and machine learning algorithms are
required to eliminate noise and extract useful information.
Despite the difficulties, smartphone-based systems have
shown great promise for real-time pothole, rough road, and
road anomaly detection.[7]

Computer vision is a key component of real-time road condition
detection, especially for visual inspection of road surfaces. Images
and videos taken by cameras mounted on vehicles or installed along
roads are processed to detect surface irregularities like cracks,
potholes, ruts, and debris. Approaches vary from traditional image
processing techniques like edge detection and texture analysis to
modern deep learning-based object detection and segmentation
algorithms. Deep convolutional neural networks have demonstrated
outstanding ability to learn complex visual patterns related to road
damage in varying lighting and weather conditions. However, real-
time processing requirements impose strict efficiency demands on
model design and hardware support to facilitate timely detection.
Though computer vision-based systems provide highly informative
context, their performance can be adversely affected in low visibility
conditions, requiring additional sensing modalities for robust
operation.
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B. Weaknesses in Traditional Indicator Choice Techniques
Vibration-based road condition detection involves the analysis of
signals obtained from accelerometers and gyroscopes to determine
road surface irregularities. As a vehicle moves over irregular
sections of the road, specific patterns of vibration are created,
which can be analyzed to detect irregularities. Filtering, spectral
analysis, and time-domain analysis of signals are employed to
identify road-induced vibrations independent of vehicle dynamics
and driver input. Real-time analysis of signals allows for
immediate detection of potholes and rough road surfaces. The
challenge in vibration-based road condition detection is the effect
of vehicle-specific parameters, such as suspension hardness and
speed. Effective models must therefore address these factors to
provide consistent results across different vehicles. Vibration-
based road condition detection is computationally efficient and
suitable for real-time analysis [10].

Machine learning has emerged as an integral part of real-time road
condition detection systems because of its capability to analyze
complex patterns and noisy data. Supervised learning algorithms
are widely employed to classify road conditions based on labeled
sensor data, while unsupervised learning algorithms are capable of
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detecting anomalies in the data without any labeling.
Machine learning models are trained on features extracted
from visual data, vibration patterns, and environmental
factors to differentiate between normal and deteriorated road
conditions. Machine learning models are capable of adapting
to different road conditions and learning from increasing
amounts of data. Nonetheless, data quality and generalization
of machine learning models are still major challenges
[12][13].
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C. The Role of Data Quality and Context in Decision-
Making

Deep learning has made substantial progress in the state of the
art for visual road damage detection. Convolutional neural
networks are able to learn hierarchical features that represent
fine-grained visual patterns of surface degradation. Object
detection and semantic segmentation models are able to jointly
detect multiple damage types. For real-time deployment,
pruning, quantization, and edge inference are needed. Deep
learning-based systems have achieved high accuracy on a wide
range of road conditions and are a crucial part of contemporary
road monitoring systems.[14].

D. Research Gaps

Multimodal sensor fusion is an important facilitator of reliable
real-time road condition detection because no single sensing
modality is capable of effectively capturing all the variations
of road surface conditions under different environmental and
operational settings. Vision sensors are rich in spatial and
contextual information but are extremely vulnerable to lighting
conditions, shadows, rain, fog, and occlusions. Inertial sensors,
such as accelerometers and gyroscopes, are robust to visual
degradation but lack accurate localization and semantic
interpretation of surface damage. Multimodal fusion of
complementary data sources can improve the accuracy of
detection and minimize uncertainties. Fusion approaches can
be performed at different levels, such as raw data fusion,
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feature-level fusion, or decision-level fusion, with trade-offs
between computational complexity and robustness. In real-time
applications, feature-level fusion and decision-level fusion are
generally favored because of efficiency considerations. For
example, vibration-based pothole detection can be validated through
visual information to eliminate false alarms triggered by vehicle
dynamics. Robust fusion approaches are important for enhancing
system robustness in adverse weather conditions, varying traffic
patterns, and diverse sensing infrastructures [16].

II. METHODOLOGY

A. Architectural Design

The real-time detection systems also have to meet very rigorous
latency requirements such that the detected real-time hazards are
acted upon effectively. In other words, delayed detection of the
hazards considerably reduces the usefulness of the systems. The
systems may include several stages of detection, including the
acquisition of raw data from the various involved sensors, followed
by preprocessing, feature detection, and communication. It is
therefore crucial that each of the stages is well engineered to
minimize the cost of the computations while ensuring efficiency is
maintained. In this regard, several methods are used, such as the
systems using the sliding window approach. Another key factor is
the challenges that are experienced in urban centers, particularly
because of the population density. The urban centers are normally
more challenging and are therefore a crucial part of the automation
systems. Consequently, real-time is not regarded as a technical
objective but an intrinsic part of the systems.[17].

Edge computing has emerged as an essential facilitator of the
process of real-time road condition detection due to its capability of
processing the data in proximity to the source of data generation.
This removes the end-to-end latency experienced in the transmission
of raw data to central processing systems. This process allows for an
instantaneous detection of hazards, which is of critical importance
in real-time processes. Edge computing also helps in reducing
bandwidth utilization in large systems, thus enhancing scalability.
However, the processing capabilities of these devices are limited,
thus requiring the optimization of algorithm processing. This is
achieved by employing certain suitable techniques in the design of
these systems. Edge computing is therefore an optimal solution in
achieving an appropriate balance between the requirements of the
process [18].

B. Five Ranking Methods and Iterative Thresholding

Even though immediate detection is made possible through edge
computing, the role played by cloud computing platforms in
aggregating the data and conducting historical analysis and strategic
planning cannot be ignored. The data collected from the distributed
edge nodes can be sent to the centralized cloud computing systems,
which will be useful for long-term storage and analysis. Analysis of
the stored data will enable identifying trends and conducting
predictive maintenance and performance analysis on the
infrastructure. Aggregated data relating to the conditions of the
roads can be analyzed to determine the best course of action
regarding the repair of the road. Therefore, the use of the cloud
computing platforms allows the system to be updated, with the
detectors being updated with new data whenever it is available. The
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approach of using a combination of edge computing and cloud
computing is ideal and thus widely recommended for use in
intelligent transportation systems.

C. Iterative Thresholding for Consensus Indicator
Selection

The integration of real-time road condition detection with a
geographic information system significantly enhances
spatial awareness and decision-making capabilities. GIS
platforms organize mapped data for detected anomalies on
specific road segments, enabling the visualization of spatial
patterns and the severity distribution. It was this spatial
context that was pivotal for interpreting detection results and
planning focused maintenance interventions. GIS integration
also enables route optimization and navigation services with
dynamic updates based on prevailing road conditions. For
instance, detected potholes or flooded segments can be
communicated to navigation systems to reroute traffic
proactively. In addition, spatial analysis tools allow
authorities to identify high-risk zones, recurring locations of
damage, and even correlations between road conditions with
environmental factors. Embedding real-time detection in a
geographic context, GIS integration transforms raw sensor
data into actionable infrastructure intelligence.

[I. EXPERIMENTAL SETUP
A. Datasets

Weather and environmental conditions have a major impact on
the road conditions and the performance of the detection
process. For example, rain, snow, ice, and other extreme
weather conditions can change the road conditions suddenly.
Thus, it is necessary to take into account the weather while
implementing real-time detection methods and while dealing
with the classification outcomes. Change in weather can affect
the road conditions significantly. Hence, while implementing
real-time detection techniques, it is necessary to take into
account the change in weather. Therefore, while implementing
real-time techniques, it is necessary to take into account the
impact of such change in weather while implementing the
actual classification process. Handling the impact of the
environment is a major requirement while implementing the
real-time road condition detection process.

B. Advanced AI-Driven Mechanism

Quality of data forms a critical component, as accurate
detection of road conditions is impossible in a real-time
scenario. However, it is challenging to achieve high-quality
data, as no matter how hard we try, there is always a possibility
of getting noisy signals from sensors. Sensor signals are prone
to different types of noises, and their quality may degrade due
to different types of distortion. These types of noises may
include those caused by sensors, vehicles, traffic, and even
environmental factors. Filtering, normalization, and removal
of outliers are critical preprocessing steps that are necessary
for extracting meaningful insights from raw data. Hence,
managing these types of noises is critical, especially when
dealing with crowdsourced data, as managing data quality is a
critical aspect that can get affected by a variety of factors.
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IV. RESULTS & DISCUSSION
A. Raw Indicator Score Analysis

The issue of privacy and security is a major concern with
crowdsourced approaches to detecting road conditions. There is a
likelihood of inadvertently collecting and disclosing sensitive
information regarding the routes and itineraries of individuals who
participate in such projects, particularly if data is collected from
sources such as cars and smartphones. The issue of ensuring privacy
is critical with regard to urban planning and the regulation of
crowdsourced approaches to collecting data on the conditions of
roads and other infrastructure. Therefore, the privacy of individuals
must be respected and ensured with such approaches. There is a need
to balance the issue of scalability with the issue of data quality with
regards to ensuring privacy within the urban setting.

B. Correlation Structure of Numeric Indicators

The evaluation process of real-time road condition detection
systems can be measured by various parameters. The accuracy of
road condition detection is very important, but on the other hand, the
performance of the system can also play a significant role in the
overall detection process. The traditional parameters, like
classification accuracy, precision, and recall, need to be
supplemented with other parameters concerning the detection
process itself, as detection in these cases is more important than
accuracy, as qualitative parameters can be more important than
quantitative parameters in the long run. There are many ways to
evaluate these systems, which can also be validated during the real-
world implementation of these systems.

For urban and rural road networks, various challenges may occur for
real-time road condition detection. An urban road network may be
thought of as an environment with dense traffic, complex scenes,
and dynamic infrastructure. On the other hand, rural road networks
may involve instances of limited connectivity, limited data
availability, and varied road nature. Therefore, the detection system
has to cater well to these contrasting conditions through flexible
strategies. Challenges related to deployment involve considerations
of environmental, infrastructural, and operational factors. The
concept of successful detection systems has integrated robust
properties.
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CONCLUSION

Real-time detection of road conditions is an essential
component of an intelligent transportation system, which
allows for dynamic and effective management of traffic on the
roads while ensuring proper safety services are provided.
Through integration with other services, road conditions can
be utilized in an effective manner while providing accident
prevention services and dynamic congestion management
services. Furthermore, integration can also ensure that data
sharing is achieved among interested players in transportation,
which will eventually help create effective response strategies
as transportation systems become more intelligent with time
and its integration with road condition detection systems
becomes a necessity.

Precise and timely road condition information is crucial for the
safe operation of autonomous and connected vehicles. Road
surface anomalies directly influence vehicle control, braking,
and path planning. The output of real-time detection systems
is a key input to onboard decision-making algorithms, which
increases situational awareness well beyond that achievable
with onboard sensors. Shared knowledge of road conditions
amongst the connected vehicle fleet enhances collective
safety. As higher levels of automation are reached, the
reliability of road condition detection will become increasingly
important, making it one of the key enablers of autonomous
mobility.

The application of real-time road condition detection system is
beneficial in various ways and has considerable economic and
social implications. Not only does it cut the long-run cost of
repair, but it can also prolong the lifespan of the roads and
other infrastructures. Furthermore, it can improve road safety,
reducing the cost and enhancing the social benefits of the
residents and the public. Other social benefits include reduced
traffic congestion, lower vehicle maintenance costs, as well as
providing equity in transport.

Future research directions in real-time road condition detection
will be oriented toward achieving greater precision, scalability,
and flexibility. Emerging trends such as improvements in
sensor technology, ML, and edge computing will provide the
momentum for future research directions. The challenges to be
addressed in the future will be the handling of extreme
conditions, generalization, and interpretability. This will be
achieved through multidisciplinary research.

Therefore, real-time road condition detection is seen as a
revolutionary innovation in transportation systems, enhancing
road safety, efficiency, and resiliency. Among its many
applications, this technology would be beneficial in providing
critical knowledge related to road conditions. Recent and
future studies in overcoming road condition challenges would
be necessary to take this innovation to its next level. As road
transportation systems become smarter and more connected,
real-time road condition detection is expected to feature in
redefining its future.
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