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ABSTRACT: The rapid increase in vehicle numbers and resulting traffic congestion have amplified critical challenges
related to safety, environmental impact, and transportation efliciency. Road accidents account for approximately
1.19 million deaths annually, with an additional 20 to 50 million people injured. Moreover, congestion leads to
the loss of nearly 50 billion hours and around 3 billion gallons of fuel each year. These pressing issues necessitate
innovative and integrated solutions that can enhance the overall performance of the road. This study investigates the
integration of Emerging Computing Technologies (ECT) into smart road infrastructures as a potential response to
these challenges. It explores key enabling technologies (e.g., advanced communication systems, the Internet of Things
(IoT), sensors, Artificial Intelligence (AI), big data, blockchain, and energy harvesting) for their capacity to support
intelligent transportation systems. The paper further reviews real-world applications of smart roads, such as smart
traffic lights, automated road maintenance, intelligent lighting, and energy-efficient infrastructure, illustrating their
contribution to sustainable urban mobility. In parallel, it examines challenges impeding widespread adoption, including
technical limitations, financial and regulatory constraints, cybersecurity risks, and societal acceptance. Finally, the
study highlights future opportunities by discussing ongoing advancements in ECT and renewable energy integration,
outlining their potential to revolutionize road network efficiency, safety, and sustainability.

KEYWORDS: Smart roads; intelligent transportation system (ITS); urban mobility

1 Introduction

The global transportation sector is witnessing substantial growth in vehicle ownership, with over
one billion vehicles operating on roads worldwide [1]. This surge has exacerbated traffic congestion and
introduced complex challenges spanning road safety, environmental sustainability, and economic perfor-
mance [2]. Persistent congestion results in significant productivity losses, with drivers collectively spending
approximately 50 billion extra hours on the road each year [3]. This congestion also leads to the annual waste
of 3 billion gallons of fuel and contributes substantially to carbon emissions. In 2022, passenger cars and vans
accounted for nearly 10% of global CO, emissions, as shown in Fig. la [4]. The environmental implications
are severe, with air pollution contributing to thousands of premature deaths across the globe.
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Figure 1: Comparison of carbon emissions and deaths from road injury.

The rise in traffic volumes has intensified safety challenges across modern transportation systems. Road
traffic crashes cause approximately 1.19 million deaths each year, while an estimated 20 to 50 million people
suffer non-fatal injuries, as illustrated in Fig. 1b [3,5]. Beyond the human cost, the economic consequences
are substantial, with accident-related losses reaching nearly 3% of the gross domestic product (GDP) in
several countries [3]. These observations emphasize the necessity for advanced road safety frameworks,
efficient traffic management mechanisms, and sustainable strategies capable of addressing both safety risks
and environmental pressures associated with increasing transportation demand.

Traditional road infrastructure, primarily designed for lower traffic volumes and simple vehicles, now
struggles under modern transportation demands. Outdated infrastructure often fails to facilitate efficient
vehicle movement, contributing to congestion, productivity losses, and increased fuel consumption [1]. Static
traffic management systems, which rely on manual intervention and fixed signaling schemes, are inadequate
for handling dynamic traffic patterns, thereby increasing the likelihood of accidents [3]. Moreover, the
environmental inefficiency of older road designs exacerbates greenhouse gas emissions [4]. Maintenance
of traditional roads is also costly and resource-intensive, often leading to disruptions that further amplify
emissions [6].

To overcome these issues, ECT provide cutting-edge solutions by combining the latest communica-
tion technologies, IoT, Al, big data analytics, blockchain, and energy harvesting [7]. These technologies
provide intelligent traffic control, improve road safety, and minimize environmental effects [6]. The latest
communication technologies, such as Vehicle-to-Everything (V2X), Vehicle-to-Infrastructure (V2I), and
Vehicle-to-Vehicle (V2V), enable seamless communication between vehicles and infrastructure, which in
turn helps to minimize congestion through intelligent traffic signals [8]. IoT sensors are always on to monitor
road conditions, and Al analytics help to predict traffic flow and potential dangers, which helps enable
proactive maintenance and improve safety. Blockchain technology provides data security and transparency;,
particularly in autonomous vehicle networks [9], and energy harvesting technologies such as piezoelectric
sensors and solar roads help to provide sustainable infrastructure. These technologies help to convert
conventional roads into intelligent roads that can efficiently control traffic, improve safety, and provide
sustainability in transportation.

Although several survey articles have reviewed specific aspects of smart roads and ITS, existing studies
mainly focus on limited technological domains or isolated applications. To explicitly highlight the distinction
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between prior surveys and the proposed work, Table 1 presents a concise comparison based on key enabling
technologies, methodological coverage, challenges, and future research directions.

Keeping in mind the above, the main contributions of this article are:

« A systematic and comprehensive review of recent advancements in Smart Roads, focusing on technol-
ogy integration and development since 2020.

e An in-depth analysis of key enabling technologies, including advanced communication systems, IoT,
Al Big Data, Edge and Cloud Computing, Blockchain, and energy harvesting solutions, demonstrating
their roles in enhancing road infrastructure.

o  Critical evaluation of the challenges associated with Smart Roads, covering technical, financial, reg-
ulatory, data security, privacy, and social dimensions, providing insights into potential barriers to
large-scale implementation.

»  Exploration of emerging trends and future directions in Smart Roads, emphasizing the transformative
impact of technologies like 5G/6G networks, Al-driven analytics, energy-efficient infrastructure, and
resilient urban mobility solutions.

The rest of the article is organized as follows: Section 3 explores enabling technologies for smart
roads; Section 4 covers applications of ECT in smart roads; Section 5 examines the challenges of integrating
these technologies into smart roads; Section 6 discusses future directions; and finally, Section 7 concludes
the study.

Table 1: Comparison of existing survey/review papers with the proposed review.

Ref. IoT Comm. Computing AI Big Data Blockchain Energy PRISMA Challenges Future Dir.

oy v v oo/ - - v - v v
m - - - - - v v
- v - - - - - v v
1 v v - - - - - v v
4 - v - - - - - v v
6] - v - V. - - - v v
5] - v - V. - - - v v
e] - - - V. - - - v v
7 - - - - - - v v
v - - V. - - - v v

ThisWork v Y v v v v v

2 Methodology

This study adopts a systematic literature review methodology to collect, analyze, and present research
literature on smart road technologies, challenges, and future potential. The methodology is structured into
four primary stages: i) Planning, ii) Search Strategy, iii) Quality Assessment, and iv) Reporting. This review
follows the PRISMA guidelines to ensure transparency and reproducibility in the selection and analysis
of studies. During dataset consolidation, all retrieved records were manually verified for duplication. No
duplicate studies were identified; therefore, a separate duplicate-removal stage is not shown in the PRISMA
flow diagram.

The detailed protocols followed in this study are outlined below.
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2.1 Planning Review

The planning phase focused on recognizing the necessity of a comprehensive review of emerging
technologies for smart roads. The study aims to address four primary research questions:

RQI: What are the key enabling technologies for smart roads?

RQ2: How are smart road technologies applied to enhance the functionality of smart roads?
RQ3: What are the primary challenges associated with implementing smart road infrastructure?
RQ4: What are the future trends and potential advancements in smart road technologies?

Each research question is later addressed in specific sections of the paper, allowing a structured and
traceable response.

2.2 Search Strategy

The search strategy aimed to gather relevant research studies based on well-defined inclusion criteria
and research objectives. Table 2 summarizes the primary keyword categories used to construct the database
queries, while the actual searches were performed using refined Boolean combinations and domain-
specific constraints.

Table 2: Search strategy for relevant research study.

Area Keywords Synonyms
Population Roads Transportation OR Mobility OR Road OR Logistics
Emerging Computing IoT OR AI OR Big Data OR Blockchain OR 5G OR Edge
Methodology . . .
Technologies Computing OR Cloud Computing

Smart Transport OR Smart Logistics OR Intelligent

Outcomes Smart Roads Transportation System OR Smart Roads

(“Smart Road” OR “Intelligent Transportation System” OR “Smart Transport”) AND (“IoT” OR
“Artificial Intelligence” OR “Big Data” OR “Blockchain” OR “5G” OR “Edge Computing”) AND (“Traffic
Management” OR “Road Safety” OR “Smart Mobility” OR “Road Infrastructure”).

The search method is broken down into three major parts: i) Population, ii) Techniques, and iii)
Outcomes, as shown in Table 2. The articles were collected from leading scientific databases such as IEEE
Xplore, ScienceDirect, SpringerLink, and ACM Digital Library. With regard to the scope of population, this
research is mainly concerned with smart roads, which include more general terms such as “Transportation,”
“Mobility;” and “Logistics.” With respect to the technological dimension, the research explores ECT, including
IoT, Al, Big Data, Blockchain, 5G, and Edge Computing. These technologies serve as the foundation for
innovations in smart road infrastructure and management systems. Regarding the expected outcomes, the
study evaluates the impact of technologies on smart roads, focusing on outcomes such as Smart Transport,
Smart Logistics, Intelligent Transportation Systems, and Smart Road implementations.

2.3 Quality Assessment Criteria

The quality assessment phase applied specific inclusion and exclusion criteria to filter relevant studies.
The inclusion criteria focused on studies from 2020 to 2025, emphasizing research on emerging technologies
in smart roads with documented methodologies and results. The initial populated studies were narrowed
down based on relevance, clarity of methodology, and applicability to smart road technologies. Finally, 132
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studies were chosen for the review. The quality assessment focused on verifying the relevance, methodolog-
ical clarity, and reported outcomes of the retrieved studies. Studies lacking a clear research methodology or
without reported experimental or analytical results were excluded. This screening process ensured that the
retained literature provided sufficient methodological description and evaluable findings relevant to smart
road technologies.

The inclusion standards applied during the quality assessment are summarized as follows:

o  Studies published between 2020 and 2025.

+  Research focusing on emerging technologies in smart roads.

o  Clear documentation of methodology and research findings.

o  Studies related to smart transportation, logistics, and road management.
«  English language publications.

On the other hand, the following exclusion standards were applied to remove studies that did not meet
the review scope or quality requirements:

« Patents, technical reports, newsletters, and non-peer-reviewed articles.

«  Studies do not focus on smart road technologies or do not provide empirical data.
« Literature related to non-transportation applications of emerging technologies.

«  Publications in languages other than English.

2.4 Reporting Review

The selected studies were thoroughly reviewed to analyze the impact of emerging technologies on
smart roads. The findings were categorized based on the technologies used, their applications, and their
effectiveness in addressing the challenges of smart road implementations. The PRISMA flow chart for this
article is shown in Fig. 2. The detailed checklist for PRISMA is also available at Zenodo [18].

3 Smart Road Enabling Technologies

This section presents a technology-centric analysis of the key enabling technologies for smart roads,
focusing on their fundamental principles, capabilities, and technical roles independent of specific application
scenarios. It introduces the foundational technologies that support smart road ecosystems, while their
application-oriented utilization is discussed later in Section 4.

Smart road functionality relies on a multi-layered technology stack. This section presents enabling
technologies across communication, sensing, data analytics, and energy domains. It integrates advanced
communication systems, [oT, Al, Big Data, Blockchain, and energy harvesting solutions to transform
traditional infrastructure into intelligent, adaptive networks. These technologies, as shown in Fig. 3, enable
real-time data exchange, predictive analytics, and dynamic control, enhancing road safety, traffic efficiency,
and sustainability. The following section explores the key technologies driving the evolution of smart roads.

3.1 Communication Technologies

The evolution of smart road communication is a cornerstone of ITS. Smart road communication
depends on advanced communication technologies to facilitate seamless interaction between vehicles,
infrastructure, and networks [6]. The integration of V2X communication has revolutionized road safety,
traffic efficiency, and autonomous mobility [15]. This section looks at the key components of smart road
communication (e.g., Vehicle-to-Network (V2N), V2I, and V2V) along with the technologies driving these
advancements. Table 3 summarizes the communication technologies’ role in smart roads.
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Figure 3: Smart road enabling technologies and their functional contributions.



Comput Mater Contin. 2026;89(2):4 7

Table 3: Summary of smart road communication technologies.

Technology Utilization Example Tool
V21 Connects vehicles to infrastructure DSRC, 5G/6G
V2v Connects vehicles to share information DSRC, 5G/6G
V2X Connects vehicles to everything around them DSRC, 5G/6G
V2P Connects vehicles and pedestrians for safety Bluetooth, 5G/6G
V2N Connects vehicles to broader networks 5G/6G, LTE
C-v2X Uses cellular networks for low-latency communication 5G/6G, LTE
DSRC Transmits safety-critical information DSRC
Li-Fi (Light Fidelity) Uses light for high-speed data communication Li-Fi
UWB (Ultra-Wideband) Provides precise location tracking UWB
5G/6G Communication  Enables ultra-low latency and high-speed data transfer 5G/6G
Satellite Communication Provides connectivity in remote areas Satellite Technology

Advancements in V2N communication are crucial for smart transportation systems, enabling seamless
connectivity for services. 5G and emerging 6G technologies have enhanced these capabilities, offering
ultra-reliable low-latency communication and massive machine-type communication (mMTC), ensuring
uninterrupted data flow between vehicles and infrastructure [19]. Integrating blockchain in 5G communi-
cation improves data security and integrity, creating a decentralized communication framework [19]. 6G
is expected to utilize AI for predictive maintenance, vehicle automation, and sensor data fusion [20]. The
deployment of these technologies in regional ITS enhances coordination of Connected Vehicles (CVs) and
utilizes edge computing for improved traffic management and congestion detection [21].

V2V communication enables direct data exchange between vehicles, allowing cooperative driving
manoeuvres, collision avoidance, and improved situational awareness. Dedicated Short Range Communica-
tion (DSRC) and Cellular V2X (C-V2X) are key technologies supporting V2V communication [22,23].

Predictive analytics in V2X networks use Machine Learning (ML) to anticipate collision risks, while
Vehicular Ad Hoc Networks (VANET) integrate mobility prediction algorithms to minimize delays in
traffic [22,24]. For autonomous driving, a prioritized road management system allocates resources using V2X
data for reduced congestion and improved safety [25]. Smart road design considers Autonomous Vehicles
(AVs) and CVs technologies in lane configurations and capacity planning, with real-world deployments at
equipped smart intersections [12].

V2I communication connects vehicles with roadside infrastructure, including traffic signals, surveil-
lance cameras, and road sensors. V2I systems integrate edge computing and cloud to enhance ITS, reducing
congestion and improving emergency response efficiency [21,26].

ITS support hierarchical V2I communication, enhancing data exchange between road infrastructure
and vehicles [27]. Communication protocols (e.g., LoRa WAN) optimize traffic management systems [28].
Al-driven automation in smart roads also plays a role in environmental sustainability by supporting
predictive analytics for traffic optimization [29].

Vehicle-to-Pedestrian (V2P) communication enables direct interaction between vehicles and pedestri-
ans, significantly improving road safety for vulnerable road users. V2P facilitates real-time alerts between
vehicles and pedestrians, reducing collision risks, by utilizing IoT sensors, smart crosswalks, and mobile
applications [30]. Pedestrian detection systems utilize computer-vision-based object recognition and LIDAR
(LiDAR) technology to identify pedestrians [31]. Smart road infrastructure (e.g., connected traffic lights
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and road studs) communicates with pedestrian devices, ensuring safe crossing through automated alerts
and adaptive signal adjustments [32]. The implementation of wearable V2P technology (e.g., connected
wristbands and mobile applications) enhances pedestrian safety by notifying both drivers and pedestrians
of potential risks in real-time [33].

3.2 IoT and Sensor Technologies

The integration of the IoT in smart road infrastructure has significantly improved modern ITS. The IoT
environment, with its network of interlinked sensors, devices, and communication systems, supports real-
time data acquisition, transmission, and analysis. The data is essential for efficient traffic control, road safety,
and infrastructure management [12,19-26,34-37]. This section highlights the major elements of IoT-based
smart road infrastructure and the technologies that are fueling these developments. Table 4 summarizes the
IoT technologies’ role in smart roads.

Table 4: Summary of IoT sensors and technologies in smart roads.

Sensor/Technology Utilization Technology Used
Magnetic Sensors Vehicle detection and classification Magnetic Field Detectors
Inductive Loop Detectors Vehicle count and occupancy measurement Inductive Coils
Fiber Optic Sensors Structural health monitoring Fiber Optic Cables
Piezoelectric Sensors Road wear and tear assessment Piezoelectric Crystals
Strain Gauges Measurement of strain on road materials Strain Measurement Devices
Radar Sensors Speed and distance tracking Radar Systems
GPS Modules Vehicle tracking and navigation Satellite-based Positioning
LiDAR Systems 3D mapping for autonomous vehicles Laser-based Detection Systems
Environmental Sensors Monitoring temperature, moisture, air quality IoT-based Environmental Sensors

Magnetic sensors and inductive loop detectors are widely adopted for traffic flow monitoring and
vehicle detection. Magnetic sensors detect changes in magnetic fields caused by metal objects, making them
suitable for monitoring vehicle flow and speed [19]. They are often embedded in road surfaces to support
traffic management and congestion detection [20]. Similarly, inductive loop detectors provide accurate
measurements of vehicle count and speed by measuring changes in inductance when vehicles pass over
them [37]. Their integration with IoT platforms enhances traffic monitoring and adaptive traffic signal
control [24].

Infrastructure monitoring relies on sensing technologies capable of evaluating structural integrity and
pavement conditions. Fiber optic sensors are employed to monitor critical infrastructure such as bridges
and tunnels by detecting strain, temperature variations, and vibrations [21,26]. Piezoelectric sensors generate
electrical signals under mechanical stress, providing valuable data for assessing road wear and traffic
loads [35]. These sensors support predictive maintenance strategies that improve safety and reduce repair
costs [36]. In addition, strain gauges measure material deformation under stress, enabling early identification
of structural weaknesses and supporting maintenance planning before failures occur [22,23].

Perception and mobility-oriented sensing technologies further enhance intelligent transportation capa-
bilities. Radar sensors provide real-time measurements of vehicle speed, distance, and movement patterns,
supporting adaptive traffic control and automated vehicle systems [24,38]. Radar-based sensing improves
situational awareness in complex traffic environments [25]. Global Positioning System (GPS) modules enable
precise vehicle tracking for navigation, fleet management, and emergency response applications [12]. When
integrated with IoT networks, GPS data enhances route optimization and traffic analysis [34,39]. LIDAR
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systems utilize laser pulses to generate high-resolution 3D maps of road environments, supporting obstacle
detection and autonomous navigation in dynamic driving conditions [19,20].

Environmental sensing technologies complement traffic and infrastructure monitoring by capturing
external conditions affecting road safety. Environmental sensors monitor parameters such as temperature,
humidity, air quality, and precipitation, enabling early identification of hazardous conditions [21]. IoT-
based environmental monitoring systems support proactive management of weather related traffic risks and
contribute to safer road operations [26].

3.3 Big Data Technologies

The inclusion of big data technologies in smart road infrastructure has revolutionized the way trans-
portation networks are managed and optimized. Big data, which is defined by its volume, velocity, variety,
and veracity, enables decision-making, predictive analysis, and optimized efficiency within ITS [40-42].
This section highlights the technologies that are propelling big data in smart roads. Table 5 illustrates the
importance of big data technologies in smart roads.

Table 5: Summary of big data technologies in smart roads.

Technology Utilization Technology Used
Big Data Processing Frameworks Distributed data analytics Hadoop, Apache Spark
Data Storage Technologies Scalable data management Data Lakes, NoSQL Databases, Cloud Storage
Real-Time Data Analytics Platforms Dynamic decision-making Apache Kafka, Flink, Stream Processing Engines
ML Tools Predictive modeling and analytics TensorFlow, Scikit-learn
Data Integration Technologies Data aggregation and consolidation ETL Tools, API Gateways
Visualization Tools Data interpretation and presentation Tableau, Power BI
Security and Privacy Technologies ~ Data protection and secure transactions Data Encryption Tools, Blockchain

Big data processing and storage are the backbone of smart road systems based on data. Big data
processing frameworks are critical for efficient management of large amounts of transport data. Technologies
such as Hadoop and Apache Spark make it possible to process transport data in a distributed manner,
allowing for real-time analysis and large-scale processing [43]. Big data processing frameworks improve
the ability to process data from various sources [44]. At the same time, appropriate data storage solutions
are vital for the efficient management of the large amounts of data generated by smart road infrastructure
systems. Data lakes, NoSQL databases, and cloud storage solutions create flexible and scalable environments
for storing both structured and unstructured data [40]. These solutions make it possible to archive and easily
retrieve transport data [41].

Data analytics and integration tools help in intelligent decision-making and synchronized use of data.
Data analytics tools help in dynamic monitoring and quick reaction to changing road conditions. Tools such
as Apache Kafka, Flink, and stream processing engines help in data ingestion, processing, and analysis [44].
These tools are required for smart road applications such as dynamic traffic signal control, incident detection,
and emergency response [45,46]. Data integration and aggregation tools further help in integrating data from
different sources, and ETL (Extract, Transform, Load) tools and API gateways are often used to integrate
data for overall analysis [47]. These tools help in improving data consistency, accuracy, and availability in
smart road environments.

Visualization and security technologies complete the big data ecosystem by supporting interpretation
and protection of transportation data. Visualization and business intelligence tools (e.g., Tableau and
Power BI) are used to interpret and present complex big data insights. These tools enable stakeholders
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to visualize traffic trends, analyze performance metrics, and make informed decisions [48]. Effective data
visualization improves transparency and supports strategic planning in smart transportation systems [27].
In addition, security and privacy technologies are essential for protecting sensitive transportation data from
cyber threats. Data encryption tools, secure access protocols, and blockchain technology ensure the integrity,
confidentiality, and authenticity of data within smart roads [49,50].

3.4 Computing Paradigms

The development of smart road systems is greatly dependent on the use of advanced computing
paradigms that can support the processing of data in real-time, effective resource utilization, and enhanced
decision-making processes. The major computing paradigms (cloud computing, edge computing, and fog
computing) are essential in supporting the infrastructure and applications of ITS [40,41,43,47,51]. This
section discusses the computing paradigms, focusing on their functionalities, benefits, and applications in
smart road systems. Table 6 explains the role of computing paradigms in smart roads.

Table 6: Summary of computing paradigms in smart roads.

Computing Paradigm Utilization Technologies Used

Centralized data storage and

Cloud Computing . TaaS$, PaaS, SaaS, Cloud Platforms
processing
Edge Computing Real-time data processing at the Edge Devices, Gateways, Micro
network edge Data Centers
I . .
Fog Computing ntermediate data p r<.)ces,.s1ng and Fog Nodes, RSUs, Base Stations
resource optimization
Hybrid Computing Integrated data processing across Multi-Tier Architectures,
Models cloud, edge, and fog Orchestration Tools

Cloud computing is a flexible and scalable computing paradigm that uses the internet to offer computing
services for the processing and analysis of large amounts of transportation data [43]. Cloud computing
supports the centralized management of data, which allows smart road systems to collect data from multiple
sources [40,51]. Cloud computing is a centralized computing paradigm that is ideal for large-scale data
analysis and management in smart road systems.

Edge computing is a supporting technology for cloud computing, which processes data closer to
the data source, thus reducing latency and bandwidth consumption [41]. This technology is critical for
time-sensitive applications in smart roads, such as autonomous vehicle routing, traffic management, and
emergency response systems [47,52]. Edge computing accelerates decision-making processes and enhances
system robustness by reducing the latency of centralized processing [45].

Fog computing is an extension of cloud computing, which adds an intermediate layer that brings
computation and storage resources closer to distributed data sources [40]. Fog computing optimizes data
processing and resource management in smart road environments by supporting localized analytics and
edge-cloud coordination [49]. Fog nodes are strategically located at points such as Roadside Units (RSUs)
and base stations, which help with data filtering, aggregation, and analysis, thus alleviating the processing
load on centralized infrastructure while enhancing the performance of time-sensitive applications [3,50].
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Hybrid computing models combine cloud, edge, and fog computing paradigms to leverage their
complementary benefits [27]. In smart road systems, hybrid models provide seamless data communication
and processing across multiple layers of computing, ensuring scalability, reliability, and efficient resource
management [28,53].

3.5 AI Technologies

The Al technologies in smart roads have revolutionized the efficiency, safety, and management of
transportation networks. Al enables real-time decision-making that is essential for modern ITS [19,20,43].
This section discusses key Al technologies that support smart road environments. Table 7 summarizes the
Al technologies’ role in smart roads.

Table 7: Summary of Al technologies in smart roads.

AI Technology Utilization Technologies Used
ML Traffic prediction, anomaly Supervised Learning, Unsupervised
detection Learning, Reinforcement Learning

Image recognition, predictive

DL ; CNNs, RNNs, Autoencoders
maintenance
NLP Incident reporting, sentiment Text Analytics, Voice Recognition
analysis Systems
. Object detection, road Image Segmentation, Object
Computer Vision o o - .
condition monitoring Recognition Algorithms

ML techniques form the foundation of many AI applications in smart roads. Supervised learning
algorithms are used for traffic prediction, accident detection, and vehicle classification [40,54]. Unsupervised
learning helps in identifying traffic patterns, anomaly detection, and clustering of road usage data [45].
Reinforcement learning further supports traffic signal optimization, adaptive routing, and autonomous
vehicle navigation [55].

Deep Learning (DL) models extend learning capabilities by enabling efficient processing of complex
data generated from traffic cameras, sensors, and LiDAR systems [41]. Models such as Convolutional Neural
Networks (CNNs) are effective for image recognition tasks including vehicle detection, pedestrian tracking,
and road condition monitoring [44]. Recurrent neural networks (RNNs) support time series analysis for
traffic flow forecasting and predictive maintenance [51,56].

Beyond learning-based models, Natural Language Processing (NLP) and computer vision technologies
support semantic interpretation and environmental perception in smart road systems. NLP facilitates the
interpretation of unstructured data from social media, emergency call reports, and driver feedback [57].
These technologies enable real-time incident reporting, sentiment analysis for public transport systems,
and voice-controlled navigation services [58]. Computer vision technologies enhance situational awareness
and automation by applying object detection and recognition algorithms to identify vehicles, pedestri-
ans, and obstacles in real-time [42]. Image segmentation techniques further support road mapping, lane
detection, and traffic density analysis [47].
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Al predictive analytics tools utilize historical and real-time data to forecast traffic conditions, predict
accidents, and optimize road maintenance schedules [59]. These tools combine statistical models, ML
algorithms, and Al-driven simulations to improve road safety and operational efficiency [48].

3.6 Energy Harvesting Technologies

The integration of energy harvesting technologies into smart roads has the potential to create self-
sustaining infrastructures capable of generating renewable energy. These technologies generate energy from
various environmental and mechanical sources, converting it into usable electrical power to support ITS
operations [60,61]. This section explores the key energy harvesting technologies used in smart roads. Table 8
summarizes the energy-harvesting technologies’ role in smart roads.

Table 8: Summary of energy harvesting technologies in smart roads.

Energy Harvesting

Technology Utilization

Technologies Used

Piezoelectric Energy Energy generation from Piezoelectric Materials,

Harvesting vehicular pressure Embedded Sensors
Ph Itai 1 1 i
otovoltaic (Solar) Solar energy gen'eratlon and Durable PV Panels
Roadways conversion
ical Hori 1 Axi
Wind Energy Harvesting Generate energy from winds. Vertical and Horizontal Axis

Wind Turbines

IoT-Enabled Energy
Monitoring

Real-time energy
optimization

Smart Grids, AI-Driven
Management Platforms

Electromagnetic and
Inductive Harvesting

Wireless power transfer for
EVs

Inductive Coils,
Electromagnetic Field Systems

Thermoelectric Energy
Harvesting

Power generation from
temperature gradients

Thermoelectric Materials,
Seebeck Effect Devices

Piezoelectric energy harvesting utilizes materials that generate electrical energy under mechanical
stress [62]. Piezoelectric sensors embedded in pavements convert kinetic energy from traffic into electricity,
which can power lights, traffic signals, and other roadside devices [63,64]. This technology is particularly
effective in high-traffic areas, providing a sustainable energy source without additional environmental
impact. Advances in piezoelectric materials have improved durability and energy conversion efficiency,
making them suitable for long-term deployment in smart road systems [65].

Photovoltaic (PV) roadways harvest solar energy by incorporating solar panels into road surfaces [66].
These panels are designed using durable materials capable of withstanding vehicular loads while efficiently
converting sunlight into electrical power [67]. Solar road technologies support applications such as powering
streetlights, traffic management systems, and Electrical Vehicle (EV) charging stations. In addition, smart
monitoring systems enhance the efficiency of PV roadways by optimizing energy capture and distribution
based on real-time environmental conditions [68].

Electromagnetic and inductive energy harvesting technologies generate energy through electromag-
netic fields and inductive coupling, commonly applied in wireless power transfer systems [69]. Inductive
coils embedded in roadways enable dynamic wireless charging of EVs while vehicles are in motion,
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reducing dependency on stationary charging stations. This approach supports sustainable transportation
while improving the practicality of electric mobility solutions. The efficiency of inductive energy harvesting
depends on coil alighment and electromagnetic field frequency [70].

Thermoelectric energy harvesting converts temperature differences between road surfaces and the
surrounding environment into electrical energy [71]. This technology utilizes thermoelectric materials
based on the Seebeck effect, making it suitable for regions with significant temperature variations [72].
Thermoelectric generators can be integrated into road pavements to utilize waste heat from vehicles and
solar radiation, thereby improving the overall energy efficiency of smart road infrastructures [73].

Wind energy harvesting in smart roads produces electricity through roadside wind turbines or
embedded micro wind energy conversion systems [74]. Vertical-axis wind turbines (VAWTs) installed
along highways and tunnels capture aerodynamic forces and convert them into electrical energy capable
of powering streetlights, traffic management systems, and sensing devices [75]. Additionally, small scale
wind energy harvesters integrated into noise barriers and bridge structures further enhance energy efficiency
within urban mobility networks [21].

3.7 Blockchain Technologies

Blockchain technology has emerged as a transformative solution for enhancing the security, trans-
parency, and efficiency of smart roads. Its decentralized architecture ensures data integrity, secure
communication, and transaction processing, making it an integral part of ITS [19,20,43]. This section
explores the key blockchain technologies and their applications in smart road environments. Table 9
summarizes the blockchain technologies’ role in smart roads.

Table 9: Summary of blockchain technologies in smart roads.

Blockchain Technology Utilization Technologies Used

Public and Private
Secure data management

Blockchain Architecture .
and validation

Blockchains, Consensus

Mechanisms
Automated transaction Self-Executing Contracts,
Smart Contracts ,
processing Ethereum, Hyperledger
Decentralized Data Secure data storage and Distributed Ledgers,
Management access control Encryption Protocols

Blockchain technology has come forward as a revolutionary approach to improve the security,
transparency, and efficiency of smart roads. The decentralized nature of blockchain technology provides
data integrity, secure communication, and transaction processing, making it a crucial component of
ITS [19,20,43]. This section discusses the major blockchain technologies and their use cases in smart road
scenarios. Table 9 highlights the role of blockchain technologies in smart roads.

Blockchain technologies in smart road infrastructure are designed to handle secure data transactions
and ensure the reliability of operations [40]. Public blockchain networks, such as Ethereum, are designed
to provide transparency and decentralization, while private blockchains are designed to provide controlled
access for transportation stakeholders [45,76]. Consensus algorithms, such as Proof of Work (PoW) and
Proof of Stake (PoS), are used to secure transactions and ensure the integrity of the network. These algorithms
ensure that the data exchanged between vehicles, roads, and control centers is valid and tamper-proof [55].
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Beyond architectural design, smart contracts enable automated and rule-based transaction execution
within transportation environments [41]. In smart road systems, smart contracts support applications such
as toll collection, vehicle registration, and traffic violation management [44]. For instance, automated toll
payment systems implemented through smart contracts reduce manual intervention and congestion at toll
booths. Furthermore, smart contracts facilitate secure data exchange between vehicles and IoT devices,
strengthening trust and operational efficiency in decentralized transportation networks [51].

3.8 Geographical Information System (GIS) and Mapping Technologies

GIS and mapping systems are very important for the development and management of smart road
infrastructure. These systems help in the analysis and mapping of spatial data, which is necessary for traffic
management, route optimization, and infrastructure development [60,61]. This section discusses the major
GIS and mapping systems used in smart road systems. Table 10 explains the importance of GIS technologies
in smart roads.

Table 10: Summary of GIS and mapping technologies in smart roads.

GIS and Mapping Technology Utilization Technologies Used
Spatial data analysis and GIS Platforms, Spatial
GIS e
visualization Databases

Road monitoring and

Remote Sensing Technologies .
infrastructure assessment

Satellite Imagery, Aerial Drones

I . Navigation and route HD Maps, Real-Time Map
Digital Mapping o .
optimization Updating Systems
1-ti hicl ki PS, Mobil kB
Location-Based Services (LBS) Real-time vehicle tracking and GPS, Mobile Network Based
traffic updates LBS

GIS is a system that helps in the analysis and mapping of spatial data associated with road infras-
tructure [62]. The system helps in smart road development by integrating spatial data from IoT sensors,
traffic sensors, and satellite images [63]. GIS traffic management systems enhance decision-making by
analyzing traffic patterns, predicting congestion, and optimizing routes. Furthermore, the system helps in
the monitoring of road conditions, accident points, and maintenance needs [65].

Remote sensing technologies, such as satellite imaging and aerial drones, further expand spatial
knowledge by allowing large-scale and real-time observation of road environments [66]. Satellite images
enable the creation of high-resolution maps for transportation network mapping, while drones enable flexible
observation capabilities for local-scale monitoring [67]. The combination of remote sensing information
with GIS enhances the accuracy and efficiency of smart road systems [68].

Digital mapping technology enables the creation of high-definition (HD) maps with detailed informa-
tion on road geometry, traffic signs, and lane markings [69]. HD maps play a critical role in autonomous
vehicle navigation, route optimization, and dynamic traffic management. Digital maps are constantly
updated using information gathered from GPS sensors, traffic sensors, and mobile apps, thus ensuring
accurate routing, minimized travel time, and enhanced road safety [70].

Location-based services (LBS) employ GIS information to deliver real-time information on vehicle
location, traffic, and points of interest [71]. LBS enable applications such as fleet management, emergency
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response coordination, and personalized navigation systems, thus enabling more efficient and responsive
smart transportation environments [72,73].

4 Use Cases for Smart Road Technologies

This section takes an application-centric view, examining how the various technologies mentioned
above, taken together, work to solve some of the most important challenges facing smart roads.

Smart road technologies have a wide range of applications, from intelligent traffic control and accident
avoidance to smart lighting and energy-efficient infrastructure. These applications illustrate, as can be seen
in Fig. 4, how the combination of various technologies can improve road safety, traffic flow, and sustainable
mobility. The next section will examine real-world implementations of smart road technologies.

Adaptive Traffic Flow Control
Congestion Detection and Mitigation

Accident Detection and Emergency Response
Collision Avoidance and Adaptive Traffic Control
Driver Behavior and Risk Assessment
Roadside Monitoring and Infrastructure Safety

Traffic and Congestion
Management

Adaptive Traffic Flow Management

Intelligent Traffic Signal Coordination

Data-Driven Signal Optimization

Traffic Incident Response and Emergency Routing

Road Safety and Accident
Response

Smart Traffic Lights and

Signals Automated Road Damage Identification
Road Surface Monitoring
Use Cases for Smart Road Damage Detection and Predictive Maintenance and Infrastructure Health
Road Technologies Maintenance Studs for Traffic and Pavement Monitoring

Adaptive Lighting Systems |
Renewable Energy Integration in Road Infrastructure
Smart Lighting Optimization

Traffic and Environmental Management |

Smart Road Lighting and
Infrastructure

Pedestrian and Vulnerable
Road User Protection

Pedestrian Detection and Collision Prevention |
Automated Crosswalk Safety and Adaptive Signaling]
Urban Safety Monitoring and Incident Prevention
Intelligent Road Features for Pedestrian Safety

Sustainable Road Energy and
Charging Infrastructure

Seamless Electric Vehicle Charging Networks
Solar Powered Roadways for Energy Generation
Energy Harvesting from Road Traffic

Energy Monitoring and Optimization

AALANN

Figure 4: Smart road technologies use cases.

4.1 Traffic and Congestion Management

Smart road infrastructure is an important component of modern traffic management and conges-
tion control. By combining real-time data acquisition and analysis, IoT technology optimizes traffic flow
and minimizes congestion. This section discusses the role of smart road infrastructure in traffic and
congestion management.

Traffic monitoring systems employ sensor networks, smart cameras, and IoT devices to collect traffic
information. These systems help the authorities estimate congestion levels, identify traffic violations, and
optimize traffic signal timing [43,77-79]. More advanced V2I communication also helps optimize dynamic
traffic signal changes according to real-time traffic conditions [80,81]. Moreover, IoT technology-based
adaptive traffic light control optimizes congestion points by adjusting green light time based on vehicle
density [82,83].
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The integration of IoT and AI enhances traffic flow management through predictive analytics and
intelligent optimization. Al-based models analyze historical and real-time traffic data to forecast congestion
patterns, enabling proactive traffic management strategies [84,85]. These models support dynamic lane
configuration, traffic rerouting, and improved road capacity utilization [86-88]. The incorporation of ML
algorithms into traffic monitoring frameworks further improves predictive capabilities and supports early
congestion mitigation [42,69].

Connected vehicle networks equipped with IoT sensors facilitate cooperative traffic management
through V2V and V2I communication. These networks enable coordinated driving behaviors such as pla-
tooning, which enhances road capacity and improves traffic stability while reducing congestion [65,70,89,90].

Congestion detection systems provide continuous insights into traffic density, allowing authorities to
implement targeted mitigation strategies [3,91]. Adaptive traffic management solutions utilize real-time
vehicle data to dynamically adjust lane assignments, reroute vehicles, and manage high traffic zones [89,92].
Additionally, AI-based congestion forecasting models predict congestion hotspots and recommend optimal
traffic distribution strategies [84]. Smart road infrastructure also incorporates dynamic toll pricing mecha-
nisms that adjust usage costs according to congestion levels, encouraging alternative routing and reducing
peak-hour traffic. The deployment of intelligent traffic signaling systems further improves congestion control
by optimizing signal timings based on live traffic conditions [93].

4.2 Road Safety and Accident Response

Enhancing road safety and reducing accident rates are key objectives of ITS. The integration of Al-based
analytics, monitoring, and real-time communication has transformed accident detection and emergency
response mechanisms [94,95]. These technologies enable real-time monitoring, predictive analytics, and
automated interventions to improve overall road safety outcomes.

Smart accident detection systems rely on sensors and data analytics to identify traffic incidents rapidly.
Advanced algorithms analyze data patterns collected from sensor networks, in-vehicle systems, and RSUs
to detect anomalies indicative of accidents [96,97]. Al-based accident detection further utilizes ML and
computer vision techniques to analyze road conditions and vehicle behavior, enabling early identification
of traffic incidents. Smart emergency notification systems integrate IoT sensors with cloud computing
platforms to provide real-time alerts for road accidents, fires, and injury cases [98]. Autonomous accident
detection frameworks employing sensor fusion and data analytics can instantly notify nearby vehicles and
first responders, thereby reducing emergency response time [99].

Collision avoidance mechanisms play a fundamental role in proactive accident prevention. Advanced
cooperative communication enables coordinated vehicle interaction, reducing collision risks in dense traffic
environments [74]. Smart road management systems enhance safety by prioritizing autonomous vehicle
pathways and supporting adaptive traffic control [24]. These systems dynamically adjust speed limits, reroute
traffic flows, and utilize predictive analytics to maintain safer driving conditions.

Driver behavior monitoring represents an additional layer of safety enhancement by identifying high
risk driving patterns. IoT devices and telematics systems track metrics such as speed, braking behavior,
and lane discipline to detect unsafe driving practices [100,101]. AI algorithms analyze this information to
provide real-time feedback that encourages safer driving habits and reduces accident likelihood [102,103].
Driver fatigue detection systems further employ biometric sensors to monitor eye movement, heart rate,
and other physiological indicators, issuing alerts when signs of drowsiness are detected [104]. Moreover, ML
techniques assist in identifying accident-prone conditions by analyzing driving patterns and risk factors.
For example, clustering-based risk diagnosis frameworks classify driving behaviors and detect high risk
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situations, enabling proactive interventions [71]. Al-based safety models using DL techniques analyze
historical crash data and telemetry to provide alerts for both drivers and traffic authorities [105].

Roadside monitoring and intelligent infrastructure further strengthen accident prevention capabilities.
IoT-based roadside monitoring systems integrate sensing technologies to detect abnormal vehicle move-
ments and hazardous road conditions [32]. Smart infrastructure solutions utilize vibration detection to assess
road quality and identify high risk areas [106]. In addition, advanced infrastructure incorporates real-time
environmental monitoring, dynamic hazard warning systems, and adaptive lighting technologies to enhance
safety during nighttime and adverse weather conditions. Collectively, these systems support automated traffic
regulation and improve emergency response efficiency while promoting safer road environments for all users.

4.3 Smart Traffic Lights and Signals

Smart traffic signal control systems are an essential component of ITS as they use sophisticated
computing and data-driven approaches to optimize traffic flow and reduce congestion. Conventional traffic
signals, which follow fixed cycles, are not as effective as smart traffic signals that adapt signal timing based
on real-time traffic data and forecasts [1,107].

Adaptive traffic signal control systems use ML and reinforcement learning algorithms to optimize
intersection performance and reduce congestion. A deep reinforcement learning algorithm-based adaptive
traffic signal control system has been proposed that uses continuous analysis of traffic conditions and signal
timing optimization to minimize waiting times for vehicles [66]. Similarly, ML-based traffic flow prediction
models have been used for adaptive signal control through congestion forecasting [67].

Apart from personal intersections, the intelligent coordination of traffic signals makes it possible to
have a comprehensive traffic management system in urban areas. Intelligent traffic control systems allow
real-time observation and synchronized adjustments of traffic signals for connected intersections. Intelligent
traffic control systems have proved effective in the prioritization of emergency vehicles and congestion relief
in dense areas [73]. Adaptive signal infrastructure developed for smart cities optimizes signal phases, thus
eliminating unnecessary stops and fuel consumption [47]. Smart intersections also incorporate connected
vehicle systems and real-time analysis for improved vehicular traffic and pedestrian safety.

Data-driven signal optimization algorithms improve the responsiveness and adaptability of traffic
signals. Fuzzy logic controller algorithms dynamically control green light time based on vehicle density, thus
increasing road capacity [62]. Moreover, intelligent traffic signal control systems that integrate fuzzy logic
and image processing algorithms have been proposed to optimize vehicle traffic at intersections [108].

Smart traffic signals also contribute to incident management and emergency routing. Emergency
vehicle prioritization mechanisms automatically modify signal timings to establish green corridors for
ambulances and law enforcement vehicles [73]. Furthermore, IoT-based traffic light systems integrate
with urban monitoring platforms to reroute traffic during road closures, construction activities, or severe
congestion [47]. Such adaptive control measures reduce response time and enhance overall road safety.

4.4 Road Damage Detection and Maintenance

Effective road damage detection and maintenance is crucial for ensuring the longevity of the infras-
tructure, road safety, and cost-effective management. The convergence of IoT, Al, and data analytics has
revolutionized the conventional road maintenance process to a predictive and automated system, enabling
road authorities to make informed decisions and enhance road conditions.

Automated road damage detection has been greatly improved by the implementation of the latest ML
and DL models. A DL solution has been proposed for road damage detection and classification in various
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regions by using CNNs models for real-time analysis and automated reporting [109,110]. Furthermore,
smart road monitoring systems use roadside sensors to identify cracks and surface damage, which supports
optimized maintenance activities and minimizes future infrastructure costs [111,112].

Road surface monitoring approaches further enhance maintenance planning through continuous
condition assessment. Vibration sensing technologies are used to measure vehicle-induced vibrations,
providing reliable indicators of deteriorating road conditions and supporting repair prioritization [86,113].
Similarly, pothole mapping systems based on vibration analysis enable authorities to generate damage maps
for proactive infrastructure maintenance [114]. These sensing approaches improve infrastructure durability
by identifying minor defects before they evolve into major hazards.

Predictive maintenance strategies integrate intelligent surveillance and computational frameworks
to improve maintenance efficiency. Road surveillance systems automate damage detection and support
early intervention through predictive analytics. For example, edge-cloud computing frameworks have been
employed for detecting and predicting road cracks, reducing latency and improving response times for main-
tenance operations [115]. Furthermore, Al-based systems analyze pavement conditions using high-resolution
imagery and predictive models to support long-term infrastructure health monitoring [48,116,117].

Continuous monitoring capabilities are further enhanced through intelligent road infrastructure such as
smart road studs. These systems integrate magnetic field detection to assess road surface integrity and enable
continuous vehicle detection and pavement monitoring [118]. Two lane traffic surveillance using smart road
studs has also been explored for simultaneous traffic flow analysis and pavement condition monitoring [119].
Such intelligent monitoring solutions support timely maintenance interventions and contribute to improved
road safety and infrastructure resilience.

4.5 Smart Road Lighting and Infrastructure

Smart road lighting and infrastructure have become integral components of modern transportation
systems, incorporating advanced technologies to enhance energy efficiency, road safety, and adaptive
lighting control.

Adaptive lighting systems dynamically regulate illumination levels based on traffic density and pedes-
trian presence. This approach improves energy efficiency while maintaining adequate visibility for safer road
conditions [68]. LED-based intelligent lighting solutions further reduce power consumption and extend
operational lifetimes of lighting components [59]. Such adaptive systems contribute to sustainable urban
development by minimizing unnecessary energy usage and reducing carbon emissions.

The integration of renewable energy sources into road infrastructure represents an important step
toward sustainable smart city development. Solar roadways embed photovoltaic panels into road surfaces to
generate electricity for powering lighting systems and other roadside equipment [120]. This approach reduces
dependence on conventional energy sources and enhances environmental sustainability. In addition, piezo-
electric energy harvesting from vehicle motion contributes to powering roadway lighting and associated
infrastructure, improving overall energy autonomy [57].

Intelligent optimization mechanisms further enhance lighting efficiency and operational reliability.
Advanced sensing technologies embedded within road lighting systems adjust light intensity according
to environmental conditions and traffic patterns [121]. Fuzzy logic control frameworks have also been
proposed to regulate illumination based on vehicle flow and pedestrian activity, enabling dynamic light
adaptation while conserving energy [122]. These Al-based optimization strategies additionally support
predictive maintenance, reducing operational costs and improving system reliability.
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Road lighting systems are increasingly integrated with traffic monitoring and environmental sensing
platforms to support comprehensive infrastructure management. Automated lighting adjustments improve
visibility during adverse weather conditions and reduce nighttime accident risks [123]. Intelligent lighting
networks facilitate coordination between traffic control centers and infrastructure systems, ensuring optimal
illumination in critical zones. Furthermore, integration with environmental monitoring systems enables real-
time lighting adaptation based on air quality, fog density, and noise levels [124].

4.6 Pedestrian and Vulnerable Road User Protection

Ensuring the safety of pedestrians and other vulnerable road users is a critical component of mod-
ern intelligent transportation systems. Advances in sensing, Al-based detection, and IoT enabled traffic
management have enhanced pedestrian protection, reduced accidents, and improved urban mobility.

Smart road infrastructure integrates advanced pedestrian detection mechanisms to prevent collisions
and ensure safer crossings. Multi-sensor fusion approaches combining cameras and LiDAR have been
implemented to accurately detect pedestrians and analyze movement patterns [30]. In high risk urban envi-
ronments, Al-based detection frameworks further analyze pedestrian behavior, predict potential collision
scenarios, and trigger automated alerts for drivers and traffic control systems [31]. These perception-driven
monitoring solutions significantly improve safety outcomes, particularly in densely populated areas.

Adaptive signaling technologies enhance pedestrian safety at intersections by dynamically adjusting
crossing durations according to pedestrian density and vehicular flow [32]. Smart crosswalk systems
equipped with IoT sensors detect pedestrian presence in real-time and synchronize traffic signals to provide
safer crossing opportunities [50]. In addition, ML-based predictive models analyze pedestrian movement
trends to optimize signal timing and improve coordination between pedestrians and vehicles.

Urban safety monitoring frameworks support proactive incident prevention through connected infras-
tructure and continuous surveillance. Roadside systems incorporating embedded cameras and tracking
technologies enable early identification of jaywalking, unauthorized crossings, and other hazardous behav-
iors [50]. Intelligent road management platforms integrate pedestrian tracking with urban surveillance
networks to facilitate rapid response to safety events [33]. Automated pedestrian notification mechanisms
further enhance awareness and reduce accident risks in high traffic zones.

Intelligent infrastructure features provide an additional layer of physical safety for vulnerable road users.
Smart road stud networks with embedded sensors detect pedestrian crossings and issue dynamic alerts to
approaching vehicles [125]. These systems help regulate vehicle speed, enhance driver awareness, and reduce
pedestrian related accidents [126]. Furthermore, Al assisted safety monitoring integrates environmental
factors to optimize crossing safety conditions and ensure safer mobility for vulnerable road users.

4.7 Sustainable Road Energy and Charging Infrastructure

Developing sustainable and efficient transportation infrastructure is a key priority for modern cities,
and smart road energy and charging systems play an important role in achieving this goal. By integrating
renewable energy sources, wireless electric vehicle charging, and energy-efficient road technologies, these
systems aim to minimize environmental impact and enhance overall road network efficiency.

Seamless electric vehicle charging networks have emerged as a transformative component of smart road
systems. Wireless charging technologies embedded within roadways enable continuous power transfer to
EVs while driving, reducing dependency on stationary charging stations [17,127]. This approach improves
travel efficiency and supports broader EV adoption. Dynamic charging mechanisms further optimize energy
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utilization by adjusting power delivery according to vehicle demand, thereby extending driving range and
improving energy efliciency.

Renewable energy generation through solar powered roadways represents another important direction
in sustainable smart road development. The integration of photovoltaic panels into road surfaces enables
electricity generation while supporting regular traffic operations [120]. Such systems contribute to energy
self-sufficiency by reducing reliance on non-renewable energy sources. In addition, solar road networks can
store surplus energy for use in street lighting, traffic signals, and charging infrastructure, improving overall
urban energy management.

Energy harvesting from road traffic provides an additional method for supporting smart road power
requirements. Piezoelectric energy harvesting systems convert mechanical stress generated by vehicular
movement into electrical energy. Research has demonstrated lever-based piezoelectric harvesters capable of
generating usable electricity from traffic loads [57,128]. This approach allows road infrastructure to partially
self-power sensing and operational components while reducing external energy dependency.

Energy monitoring and optimization platforms enhance efficiency by enabling intelligent management
of distributed energy resources. IoT-based energy monitoring systems utilize embedded sensors to track
energy consumption patterns and support predictive maintenance planning [129]. By integrating AI-driven
analytics, these platforms can dynamically allocate power resources, optimize energy distribution, and
improve operational efficiency across transportation networks.

5 Challenges of Smart Roads

Despite their potential, smart roads face significant challenges, including technical, financial, regulatory,
data security, privacy, and social barriers, as shown in Fig. 5. These obstacles resist large-scale implemen-
tation and integration, requiring strategic solutions to ensure successful deployment. The following section
examines the key challenges impacting the development and adoption of smart road technologies.

5.1 Traffic and Congestion Management Challenges

The integration of emerging technologies in traffic management has significantly improved congestion
control and road efficiency. However, several challenges hinder the large-scale deployment of these technolo-
gies in ITS. This subsection discusses the major technical, economic, and operational challenges associated
with implementing intelligent traffic and congestion management systems.

A primary challenge is the high deployment cost associated with smart traffic infrastructure. The imple-
mentation of emerging technology-based traffic monitoring and congestion management systems requires
substantial financial investment. Smart traffic lights, vehicle detection sensors, and V2I communication
infrastructures involve high installation and operational costs, limiting large-scale adoption, particularly in
developing regions [43,45]. The expense of deploying and maintaining Al enabled smart intersections further
constrains scalability [73].

Interoperability remains another critical limitation in modern ITS. Traffic management frameworks
rely on diverse technologies such as V2V, V2I, and cloud-based analytics, often operating under different
communication protocols. The absence of unified standards across vendors and infrastructure platforms
introduces compatibility issues and hinders seamless system integration. In particular, the coexistence of
C-V2X and DSRC systems presents communication challenges that affect coordination between vehicles and
traffic control networks [21,89].
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Figure 5: Smart road implementation challenges.

Data security and privacy concerns also present significant barriers to deployment. The continuous
collection and transmission of traffic data through IoT devices increase vulnerability to cyberattacks.
Unauthorized access to V2X communication networks may lead to traffic signal manipulation and other
hazardous scenarios [130]. Moreover, privacy risks arise as connected vehicles and monitoring systems collect
sensitive information related to driver location and movement patterns [24].

Latency and processing constraints further limit the effectiveness of intelligent traffic control systems.
Congestion management depends on ultra-low latency communication to support real-time decision-
making in dynamic urban environments. Delays in data transmission and computational processing can
reduce the accuracy and responsiveness of AI-based predictive models and adaptive signal control strategies,
particularly under high traffic density conditions [131,132].

Finally, scalability and infrastructure limitations pose long-term deployment challenges. Expand-
ing intelligent traffic solutions across large metropolitan areas requires complex coordination among
interconnected ITS components. In many cases, existing road infrastructure is not designed to support Al-
driven adaptive traffic systems, making large-scale implementation dependent on costly retrofitting and
infrastructure upgrades [26].

5.2 Road Safety and Accident Detection Challenges

Enhancing road safety and accident detection remains a primary objective of ITS, supported by
advanced AJ, IoT, and V2X communication technologies. However, the deployment of these solutions faces
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several challenges, including detection accuracy limitations, cybersecurity risks, infrastructure constraints,
and scalability issues [131,133]. Addressing these challenges is essential for ensuring reliable and efficient
accident detection and response mechanisms.

A major challenge lies in the accuracy of accident detection and risk assessment systems. Reliable
incident identification requires precise sensor data and robust AI models capable of distinguishing actual
accidents from false alarms. In practice, sensor limitations, adverse weather conditions, and urban occlusions
reduce the effectiveness of CVs-based accident detection systems [99,134]. Furthermore, ML models used
for risk assessment often struggle to generalize across diverse traffic environments, leading to inconsistent
predictions and reduced reliability [105].

Cybersecurity and data privacy risks represent another critical concern in intelligent accident detection
frameworks. Unauthorized access to detection systems may enable data manipulation or false emergency
alerts, potentially disrupting emergency response services. In addition, V2X communication networks
require strong encryption and secure communication mechanisms to mitigate cyber threats that could
compromise road safety operations [130].

Human factor challenges also affect the effectiveness of accident prevention technologies. Monitoring
driver behavior through Al-based telematics and biometric sensing faces reliability and user acceptance
issues. Fatigue detection systems, for example, may produce false positives or fail to adapt to diverse driver
profiles, limiting real-world effectiveness [71]. Continuous monitoring additionally raises privacy concerns,
which remain a significant barrier to widespread adoption [32].

Infrastructure limitations further hinder the deployment of V2X-based accident prevention mecha-
nisms. Many regions lack sufficient communication infrastructure to support low latency V2V and V2I
communication required for collision avoidance systems [12,26]. Moreover, upgrading legacy vehicles and
roadway infrastructure to support V2X capabilities requires substantial investment, slowing adoption of
intelligent safety technologies [24].

Finally, scalability and integration challenges arise when combining diverse accident detection and
prevention technologies within a unified ITS framework. Traffic cameras, IoT sensors, and ML models must
operate cohesively to enable effective accident prevention and response. However, data silos across platforms
and jurisdictions restrict real-time information sharing and limit coordinated decision-making.

5.3 Road Damage Detection and Maintenance Challenges

The integration of IoT, AL, and ML technologies in road damage detection and maintenance has signifi-
cantly improved infrastructure monitoring and predictive maintenance capabilities. Smart road technologies
enable continuous assessment of road conditions, pothole detection, and automated maintenance planning.
However, several challenges hinder the widespread adoption and operational efficiency of these systems.

A major barrier is the high implementation and maintenance cost associated with smart road
monitoring solutions. Deploying intelligent infrastructure requires substantial investment in IoT sensors,
high-resolution cameras, and ML-based analytics platforms. The installation of vibration sensors, LIDAR
systems, and pressure sensors across large road networks demands significant funding, which limits large-
scale deployment [109,111]. In addition, maintaining sensor networks and ensuring proper calibration for
reliable data collection further increases operational expenses [48,114].

Sensor accuracy and environmental sensitivity also present important technical challenges. Road

surface monitoring relies heavily on IoT sensors and image processing technologies, which can be affected
by environmental conditions such as extreme weather, dust accumulation, and road debris. Vibrational
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sensing systems may produce false readings under heavy vehicle loads, while vision-based damage detection
approaches are sensitive to lighting variations and occlusions [86,115,135].

Integration with existing road infrastructure remains another significant limitation. Many cities con-
tinue to depend on conventional inspection and maintenance procedures, making the transition toward
smart monitoring systems complex. Incorporating IoT-based damage detection often requires infrastructure
modifications, including embedded sensing installations and upgrades to municipal data management
systems [75]. Furthermore, interoperability between modern smart maintenance platforms and legacy
infrastructure introduces additional implementation challenges [86].

Cybersecurity and data integrity risks represent further obstacles to large-scale deployment. The massive
volume of road condition data collected through IoT monitoring systems is vulnerable to cyber threats.
Unauthorized access to predictive maintenance platforms could lead to data manipulation, resulting in
incorrect maintenance decisions and compromised road safety [136]. Although blockchain technologies and
end-to-end encryption can enhance data integrity, integrating these security mechanisms increases both
system complexity and deployment costs [51].

Finally, regulatory and standardization issues limit uniform adoption of smart maintenance technolo-
gies. The absence of unified standards for IoT sensor integration, data sharing protocols, and road assessment
models results in inconsistent implementations across regions and platforms [83]. Establishing standardized
frameworks is therefore essential for achieving scalable and interoperable smart road maintenance systems.

5.4 Road User Safety Challenges

Ensuring the safety of pedestrians and other vulnerable road users presents several challenges in modern
ITS. Despite advancements in IoT monitoring, Al-based detection, and V2X communication, multiple
technical and operational limitations hinder the effective implementation of pedestrian safety mechanisms.

Detection accuracy remains a primary challenge in pedestrian protection systems. Al-based pedes-
trian detection approaches are sensitive to environmental conditions such as poor lighting, fog, and
visual occlusions, which can reduce system reliability [30,31]. Improving sensor fusion strategies and
enabling robust real-time processing are critical requirements for achieving dependable pedestrian safety
performance [125,126].

Communication latency also limits the effectiveness of intelligent safety interventions. Pedestrian
protection mechanisms rely on low latency communication among vehicles, roadside infrastructure, and
road users. However, existing communication networks, particularly in underdeveloped regions, often
experience delays that reduce the responsiveness and effectiveness of safety systems [33,50].

Integration with broader traffic management frameworks presents an additional challenge. Although
Al-based pedestrian safety models improve risk prediction, integrating these models with traffic monitor-
ing, congestion control, and signal optimization systems requires seamless interoperability. Coordinating
pedestrian protection with dynamic traffic management remains complex and technically demanding [32].

Human factors and public compliance further influence the success of pedestrian safety technologies.
Even with advanced intelligent systems, safety outcomes depend on user awareness and adherence to traffic
rules. Ensuring that pedestrians and drivers understand and appropriately respond to smart infrastructure
functionalities is essential for maximizing the benefits of intelligent safety solutions [50,137].



24 Comput Mater Contin. 2026;89(2):4

5.5 Smart Road Energy Challenges

The deployment of energy harvesting solutions, including photovoltaic roadways and piezoelectric
systems, introduces several challenges related to cost, efficiency, scalability, and environmental sustainabil-
ity [129]. Addressing these limitations is essential for ensuring the long-term reliability and viability of
renewable energy-based smart road infrastructure.

Infrastructure deployment and associated costs represent a primary barrier to large-scale adoption. The
installation of solar roadways and piezoelectric harvesting systems requires substantial financial investment
and modifications to existing urban infrastructure. Embedding these technologies within road networks
involves specialized materials, structural reinforcement, and advanced installation procedures, increasing
overall implementation costs [57,120].

Energy efficiency and harvesting limitations further constrain practical deployment. Renewable energy
generation in road environments is strongly influenced by environmental variability. Fluctuations in sun-
light exposure, vehicle induced pressure levels, and temperature changes directly affect the efficiency and
consistency of photovoltaic and piezoelectric systems [120,127,128]. These variations reduce predictability in
power output and complicate energy management strategies.

Energy efficiency and harvesting limitations further constrain practical deployment. Renewable energy
generation in road environments is strongly influenced by environmental variability. Fluctuations in sunlight
exposure, vehicle induced pressure levels, and temperature changes directly affect the efficiency and consis-
tency of photovoltaic and piezoelectric systems [120,127,128]. These variations reduce predictability in power
output and complicate energy management strategies. Moreover, existing studies report that solar roadways
and piezoelectric harvesting systems still face durability, maintenance, and cost-effectiveness challenges,
which limit their large-scale real-world adoption.

Environmental and lifecycle sustainability concerns also require careful consideration. Although smart
road energy technologies promote renewable energy utilization, the production, maintenance, and disposal
of photovoltaic cells, piezoelectric materials, and electronic components generate environmental burdens.
Proper recycling frameworks and lifecycle management strategies are necessary to mitigate electronic waste
and reduce long-term ecological impact [120].

5.6 Smart Road Charging Challenges

Wireless and inductive EV charging solutions are considered key enablers of future transportation
infrastructure; however, their deployment faces several technological, economic, and operational challenges.

High deployment cost represents a major limitation in adopting smart road charging systems. The
installation of inductive charging lanes and wireless charging stations requires substantial financial invest-
ment and significant modifications to existing road infrastructure. Replacing or retrofitting conventional
roads to support embedded charging technologies is expensive and technically complex [17,127].

Charging efficiency and standardization issues further constrain large-scale adoption. Inductive charg-
ing performance is affected by coil misalignment, energy transfer losses, and variations in EV battery
specifications. In addition, the lack of unified wireless charging standards limits interoperability among
vehicle manufacturers and charging networks, complicating system integration [17,127].

Road durability and maintenance requirements introduce additional operational challenges. Embed-
ding charging infrastructure into road surfaces raises concerns regarding long-term structural reliability
under heavy vehicular loads and environmental exposure. These factors increase maintenance frequency
and associated operational costs [57,120].
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Scalability and urban grid management also present significant challenges when expanding charging
infrastructure. Supporting large-scale EV charging demands advanced power distribution and grid coordi-
nation strategies. Managing peak energy loads and preventing grid overload in dense urban environments
requires adaptive energy balancing and intelligent load management techniques [129].

5.7 Smart Road Lighting Challenges

The integration of intelligent lighting solutions into smart road systems aims to enhance visibility, safety,
and energy efficiency. However, several technical, economic, and operational challenges limit large-scale
deployment and effective implementation.

High initial deployment and maintenance costs represent a major barrier to adoption. Transitioning
from conventional lighting infrastructure to smart lighting requires substantial investment in LED tech-
nologies, adaptive control mechanisms, and sensor-based automation systems [68]. Replacing or upgrading
existing road lighting networks further increases deployment costs, making large-scale implementation
financially challenging [120].

Interoperability and integration with legacy infrastructure also present significant difficulties. Many
urban areas continue to rely on traditional street lighting systems, complicating the integration of adap-
tive intelligent lighting solutions. Standardized communication protocols are required to ensure seamless
interoperability among diverse lighting platforms and urban management systems [121,122].

Energy efficiency and renewable energy dependency introduce additional operational constraints.
Although smart lighting systems aim to optimize power utilization, reliance on solar energy and other
renewable sources can result in inconsistent power availability during adverse weather conditions [120].
Advanced energy storage and intelligent power management strategies are therefore necessary to ensure
continuous and reliable lighting performance [127].

Data security and privacy risks must also be addressed in connected lighting infrastructures. Smart
lighting networks continuously collect and transmit information related to road conditions, vehicle move-
ment, and environmental factors [83]. Unauthorized access to these networks introduces cybersecurity
threats, requiring robust encryption mechanisms and secure data management frameworks, including
blockchain-based security approaches [51,136].

Scalability challenges arise when expanding smart lighting solutions across large urban environments.
Large scale deployment requires extensive infrastructure upgrades, efficient data processing, and adaptive
energy management mechanisms. The integration of Mobile Edge Computing (MEC)-based lighting control
units has been proposed to reduce latency and improve operational efficiency in large-scale smart lighting
networks [123,131].

6 Future Directions and Potential

The future of smart roads lies in emerging technologies (e.g., 5G/6G networks, Al-based analytics,
autonomous vehicle integration, and sustainable infrastructure solutions) as shown in Fig. 6. These advance-
ments promise to enhance road safety, traffic efficiency, and environmental sustainability. The following
section explores the potential developments and transformative impact of smart road technologies.

6.1 Advanced Communication Networks

Future smart road systems are expected to rely on advanced communication networks capable of
supporting large-scale data exchange, seamless vehicle coordination, and highly efficient traffic management.
The evolution from 5G toward 6G communication technologies is anticipated to provide ultra-low latency,
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enhanced reliability, and significantly higher data throughput, addressing the growing requirements of
connected and AV ecosystems [14,20].
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Figure 6: The future directions and potential of smart roads.

The integration of Al within 6G enabled vehicular networks represents a major research direction for
intelligent transportation systems. Combining Al-driven analytics with next-generation communication
infrastructures will support real-time sensor fusion, distributed decision-making, and predictive traffic
coordination [14]. In parallel, blockchain-based secure communication frameworks are expected to play an
important role in strengthening network security and ensuring trusted V2X data exchange against cyber
threats [19].

Satellite assisted V2X communication is emerging as an important approach for extending connectivity
beyond urban environments. Integrating satellite networks with terrestrial communication infrastructure
can reduce coverage gaps in remote and underdeveloped regions, enabling reliable vehicular communication
and traffic monitoring. Furthermore, high definition satellite imaging combined with intelligent road systems
may support improved congestion detection and adaptive traffic management at regional and national
scales [14].

6.2 Al and Autonomous Mobility

Al is expected to play a central role in intelligent mobility by enhancing traffic management, improving
vehicle coordination, and enabling predictive infrastructure monitoring. Future smart road ecosystems
will increasingly rely on AlI-driven automation and ML analytics to improve operational efficiency, reduce
congestion, and strengthen road safety.

A key research direction is Al enabled traffic flow optimization and intelligent routing. ML models

can analyze historical and real-time traffic data to predict congestion patterns and support dynamic
adjustments in traffic signal timing, lane allocation, and vehicle rerouting strategies [26]. The coupling of V2X
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communication with Al enabled edge computing is also expected to improve responsiveness by enabling low
latency V2I interactions and adaptive traffic control mechanisms [24].

Autonomous mobility further depends on reliable coordination between vehicles and roadside infras-
tructure. Advanced DL techniques, including CNNs models and reinforcement learning, enhance perception
and decision-making by supporting obstacle detection, road understanding, and robust driving policies
under dynamic conditions [31]. In addition, smart intersections and connected infrastructure combined with
V2V communication can enable cooperative driving strategies that reduce collision risks and improve overall
road utilization [21].

Predictive maintenance and infrastructure monitoring represent another important direction for Al
enabled smart roads. IoT sensors can continuously monitor pavement condition, traffic loads, and envi-
ronmental variables, while AI models analyze these data streams to forecast degradation and schedule
interventions before major failures occur [109]. This proactive approach reduces downtime, lowers long-term
repair costs, and extends infrastructure lifespan [114].

At the planning level, Al-driven decision support can strengthen strategic development of road
networks and mobility policies. Decision support systems can analyze large-scale datasets, including traffic
demand, land use, and environmental indicators, to generate optimized infrastructure designs and policy
recommendations [136]. Moreover, Al-based simulation frameworks can evaluate alternative road layouts,
traffic scenarios, and autonomous deployment strategies to support adaptive and data-driven planning [138].

6.3 Sustainable and Resilient Smart Roads

The development of sustainable and climate resilient smart road infrastructure represents a key future
direction for intelligent transportation systems. Integrating renewable energy technologies, advanced con-
struction materials, and environmental monitoring mechanisms can improve long-term efficiency, reduce
environmental impact, and enhance infrastructure durability under varying climatic conditions.

A major research focus involves energy-efficient smart roads that incorporate renewable energy gen-
eration and utilization mechanisms. Technologies such as solar powered roadways, piezoelectric energy
harvesting, and wireless charging systems can contribute to energy self sustainability within transportation
networks. Photovoltaic road surfaces can generate electricity for street lighting, traffic control systems, and
EV charging infrastructure, reducing dependence on conventional power grids [120]. Similarly, piezoelectric
materials embedded within road surfaces convert vehicular pressure into electrical energy to support
roadside systems [57], while inductive charging lanes enable continuous energy transfer to moving EVs and
improve mobility efficiency [127].

The adoption of smart materials in road construction is another promising direction for improving
infrastructure longevity and sustainability. Self healing asphalt and concrete containing embedded rejuvenat-
ing agents can autonomously repair minor cracks, limiting structural degradation and reducing maintenance
requirements [114]. In addition, permeable pavements improve water drainage and reduce surface runoff,
helping mitigate urban flooding risks [48]. Emerging nanotechnology-based materials further enhance
strength, flexibility, and environmental resistance, supporting long lasting and resilient road structures.

Climate resilient road infrastructure supported by intelligent monitoring is also expected to play
an increasingly important role. Roads equipped with embedded temperature sensors and environmental
monitoring systems can provide real-time awareness of changing weather conditions and enable predictive
maintenance strategies. Advanced thermal coatings and reflective materials may reduce heat accumulation
and improve durability in high temperature environments. Furthermore, Al-driven climate adaptation
models can assist in optimizing material selection and infrastructure design based on predictive environ-
mental analytics, improving resilience against extreme climate events.
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6.4 Big Data and Computing for Smart Roads

Big data analytics and advanced computing paradigms are expected to play a fundamental role
in enabling intelligent, adaptive, and scalable smart road infrastructures. By combining large-scale data
analytics, ML models, and distributed computing architectures, future transportation systems can support
improved traffic management, predictive maintenance, and data-driven decision-making [45,131]. The
convergence of edge, fog, and cloud computing with intelligent analytics is anticipated to further enhance
system responsiveness and operational scalability [139].

A major research direction involves the use of big data analytics for traffic optimization and mobility
management. Large scale datasets collected from GPS trajectories, connected vehicles, roadside sensors, and
telematics platforms enable the identification of congestion patterns and traffic dynamics. ML driven pre-
dictive models can support adaptive traffic signal control, real-time rerouting, and infrastructure planning
decisions that improve mobility efficiency and reduce congestion [45,87].

Edge and fog computing paradigms are increasingly important for enabling low latency decision-
making in smart roads. Processing data closer to its source allows traffic analytics and control decisions to be
executed in real-time, reducing reliance on centralized cloud infrastructures [60]. Distributed computation
at RSUs and vehicle nodes improves responsiveness for congestion management, emergency routing, and
safety applications, while supporting reliable V2I and V2V communication for connected and autonomous
mobility [24,131].

Decentralized learning approaches, particularly federated learning, represent an emerging direction
for intelligent transportation systems. Federated learning enables vehicles and infrastructure nodes to
collaboratively train AI models without sharing raw data, improving privacy while supporting distributed
intelligence [140,141]. These frameworks can enhance traffic prediction, routing optimization, and coopera-
tive mobility management while reducing risks associated with centralized data collection [26,136].

As smart roads become increasingly data-driven, ensuring security and privacy remains a critical
research priority. The large-scale exchange of vehicular and infrastructure data introduces cybersecu-
rity risks that require advanced encryption, secure authentication, and privacy-preserving analytics [51].
Blockchain-based data management and decentralized authentication mechanisms can provide tamper-
resistant communication and trusted identity verification within V2X networks [24,142]. In addition,
privacy-preserving techniques such as federated learning, homomorphic encryption, and zero-knowledge
proofs support secure data exchange while maintaining compliance with regulatory frameworks [49,136].

Future smart road ecosystems will also require standardized cybersecurity policies and global risk
mitigation strategies. Multi-layered security architectures combining Al-based anomaly detection, secure
over-the-air updates, and robust encryption protocols are expected to strengthen system resilience against
emerging threats [136]. Establishing international security standards and governance frameworks will be
essential for ensuring interoperability, trust, and long-term sustainability in data-driven transportation
environments [51,143].

6.5 Smart Road Governance and Policy Development

The large-scale deployment of smart road infrastructure requires robust governance frameworks, regu-
latory oversight, and clear policy guidelines to ensure safe and equitable adoption. As transportation systems
increasingly integrate Al IoT, and V2X technologies, governance strategies must address operational safety,
cybersecurity, data management, and public trust to support sustainable smart mobility ecosystems [83].

A primary research and policy direction involves the development of regulatory frameworks for
connected and autonomous mobility. The rapid adoption of intelligent transportation technologies requires
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standardized policies to govern system reliability, Al-driven decision processes, and autonomous vehicle
operations. Regulatory initiatives are increasingly focused on ensuring transparency, accountability, and
compliance with international safety requirements while enabling the safe coexistence of autonomous and
human driven vehicles [21,24].

Effective data governance is also essential as smart roads rely on continuous data exchange among
vehicles, infrastructure, and traffic authorities. Establishing standardized data sharing policies and interop-
erability frameworks can enable secure cross-platform communication across regions [136]. Collaboration
among governments, industry stakeholders, and regulatory bodies is required to develop unified cybersecu-
rity regulations, privacy protection policies, and cross-border data governance strategies. Technologies such
as blockchain-based authentication further support data integrity and trusted information exchange within
transportation ecosystems [51,143].

Ethical considerations represent another important dimension of future smart road governance. The
use of Al-driven automation in traffic control, safety monitoring, and infrastructure management raises
concerns related to algorithmic bias, liability, and decision accountability [136]. Policy frameworks must
therefore establish guidelines for fairness, transparency, and bias mitigation while ensuring responsible use of
intelligent systems. Public acceptance will depend on clear regulatory oversight, transparent system behavior,
and effective communication of the benefits and limitations of smart road technologies [140].

International standardization efforts are expected to play a critical role in enabling interoperability
across global smart transportation networks. Organizations such as ISO, IEEE, and the United Nations
Economic Commission for Europe (UNECE) are actively developing standards for connected vehicle com-
munication, cybersecurity, and intelligent infrastructure management [21,24]. Harmonized global policies
can facilitate cross-border mobility, ensure technology compatibility, and support consistent deployment of
secure and interoperable smart road systems.

6.6 Augmented Reality (AR) and Digital Twin Technologies

The integration of AR and digital twin technologies is emerging as a significant direction for intelligent
and adaptive smart road ecosystems. Digital twin frameworks enable virtual representations of physical
road infrastructures, supporting real-time monitoring, predictive analytics, and data-driven operational
optimization. In parallel, AR technologies enhance situational awareness by overlaying contextual traffic
information onto real environments, contributing to safer and more efficient mobility systems [12,138].

Digital twin-based infrastructure management represents a key research direction for future smart
roads. High-fidelity virtual replicas of road networks can continuously integrate data from IoT sensors,
traffic monitoring platforms, and environmental systems to evaluate infrastructure conditions and support
predictive maintenance [138]. These models enable scenario-based analysis for lifecycle management,
allowing authorities to anticipate structural degradation, optimize maintenance scheduling, and reduce
long-term operational costs through intelligent analytics [48,114].

AR technologies are expected to play an important role in enhancing navigation and traffic safety.
By superimposing real-time navigation guidance, hazard alerts, and traffic information onto the physical
environment, AR assisted systems can improve driver awareness and response time [12]. Heads-up display
(HUD) systems provide contextual road information directly within the driver’s field of view, supporting
safer decision-making under dynamic traffic conditions [21]. Moreover, AR-enabled pedestrian assistance
and V2P interaction mechanisms can improve safety for vulnerable road users through real-time alerts and
adaptive crossing guidance [31].
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The combination of Al-driven traffic simulation with digital twin environments further strengthens
infrastructure planning and mobility optimization. Predictive models can analyze traffic patterns, congestion
behavior, and vehicle interactions to simulate future transportation scenarios and evaluate alternative infras-
tructure designs [87,144]. Such simulation environments support adaptive lane management, intelligent
intersection planning, and optimized road layouts to improve overall system efficiency [24].

The convergence of AR and digital twin technologies is expected to enable more responsive and intel-
ligent mobility ecosystems. Integrated platforms can support autonomous navigation assistance, real-time
infrastructure adaptation, and dynamic traffic coordination by linking virtual models with real-world sensing
systems [21]. This convergence may further enhance autonomous vehicle operation by improving obstacle
awareness, route planning, and cooperative mobility management in future smart road environments [31].

7 Conclusion

This study provides a comprehensive review of smart road technologies, including advanced com-
munication systems, IoT, AI, Big Data, Edge and Cloud Computing, Blockchain, and energy harvesting
solutions. These technologies hold significant potential to enhance road safety, optimize traffic management,
and support the development of sustainable infrastructure. The paper outlines practical applications of
smart roads, such as adaptive traffic management, accident prevention, smart lighting, and energy-efficient
infrastructure. The research critically examines the challenges associated with implementing smart roads,
addressing technical, financial, regulatory, data security, privacy, and social considerations. Overcoming
these challenges is essential for the successful large-scale deployment and integration of smart road systems.
The study also explores emerging trends and future directions, highlighting advancements in 5G/6G
networks, Al-based analytics, and autonomous vehicle integration within urban mobility solutions. By
integrating technological innovations with effective policy frameworks and strategic governance, smart
roads can transform modern transportation networks. These advancements promise safer, more efficient,
and environmentally sustainable urban mobility, aligning with global initiatives to mitigate traffic-related
challenges and enhance smart city development.
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