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Preface
Modern transportation systems have uniquely shaped how we live, commute, and experience our environment. Instead, the ever-increasing levels of traffic fatalities and injuries remain a global challenge. This increasing trend is due to unfit vehicles, poor road infrastructure, reckless driving, and non-compliance with traffic laws. The latest Global Status report on road safety indicates that road traffic accidents resulted in 1.35 million deaths globally in 2016. This number is on the rise with an increase in the population. The toll on vulnerable road users—pedestrians, cyclists, and motorcyclists—is especially worrisome, mainly in low- and middle-income nations.
This is where the need for new solutions using technology comes to step in. With the recent developments in artificial intelligence (AI), machine learning (ML), and the Internet of Things (IoT), there is a huge scope for improvement in road transportation systems’ safety, efficiency, and sustainability. This book, Applications of Computational Learning and IoT in Smart Road Transportation Systems, discusses these transformative technologies in smart road transportation in a comprehensive manner.
The chapters in this book present cutting-edge research and applications of AI, ML, and IoT to solve real-world transportation problems. From dynamic traffic management and smart vehicle monitoring systems to accident detection and environmental sustainability, the contributions showcase diverse solutions to make roads safer and more efficient. The book also highlights collaborative efforts between academia, industry, and government agencies, underscoring the importance of multi-stakeholder engagement in successfully implementing smart transportation systems.
This book results from extensive efforts by researchers and practitioners across various domains. It serves as a valuable resource for professionals, researchers, and students in computer science, engineering, and transportation fields who are working to integrate AI and IoT technologies into modern transportation infrastructure. The insights and methodologies presented here aim to inspire further research and foster innovation to tackle road safety and efficiency challenges.
We thank the contributors for their rigorous research, thoughtful perspectives, and the institutions supporting their endeavours. We hope this compilation will be a meaningful step toward realising the vision of safer, more innovative, and more sustainable road transportation systems worldwide.
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Abstract
Intelligent vehicles (IVs) are an exciting and vital topic for transportation because they can improve roadways’ operational efficiency and safety. Although these expectations may not reflect reality, we should not forget that we still have a long way to go before IVs become commonplace. Research on intelligent cars is a work in progress, where experts continuously deal with old problems and share new ones along its development path. To realise these dreams of integrating IVs into our transportation system infrastructure, it is desirable to cope with existing issues while simultaneously recognising major frontiers that need to be conquered. This paper aims to facilitate researchers’ lives by unveiling them.
Keywords
Road safetySecurityTransportationOpen issuesSignificant challengesResearch roadmapsIntelligent vehicles
1 Introduction
Recent technological advancements have enabled intelligent cars to perceive their environment and make autonomous decisions, redefining the transportation industry [1]. However, several open research issues need to be resolved before these cars can be widely adopted in the real world. These issues include developing practical decision-making algorithms for real-time usage, adapting existing traffic systems for use with intelligent vehicles, and designing policies to regulate their use. Researchers and industrial experts can work together to create an ecosystem where such cars become a reality, ultimately leading to an efficient and safe transportation system for all [2].
The advantages of smart cars in improving efficiency and road safety have made research into these vehicles more crucial. Despite significant progress, challenges remain to making them widely used. With improvements in safety, efficiency, and connection with innovative city systems, the arrival of smart cars marks a significant leap in car technology [3]. Intelligent vehicles, commonly called self-driving or autonomous cars, leverage high-tech technologies including sensor fusion, artificial intelligence (AI), machine learning, and internet connectivity to drive without human intervention [4].
Smart cars can potentially transform industry, city transportation, environmental protection, and social communication [5]. Their creation and use may be a double-edged sword, but they can also reduce pollution, improve accessibility, combat traffic jams, and enhance road safety [6]. Human error, the leading cause of car accidents, can be drastically reduced with autonomous technology. Efficient traffic flow will reduce air pollution and fuel consumption, thanks to smart cars that can drive non-stop without getting tired or distracted [7].
The transition to fully autonomous vehicle environments [8] will be difficult, with challenges including society’s acceptance of AI, complexity of laws and regulations, cybersecurity threats, and technical barriers to developing reliable and secure AI systems. A multidisciplinary strategy involving cooperation between technology developers, lawmakers, urban planners, and the public is needed to overcome these obstacles. Policymakers must foster an environment that promotes creativity, upholds moral and legal standards, and ensures public engagement and education [9].
It is essential to have a comprehensive understanding of the uncertainties that could impact the operation of intelligent vehicles. Guaranteeing their safe and complex deployment in real-world environments is crucial. The external traffic environment and the internal autonomous driving system add to these uncertainties. Assessing the risks involved requires careful consideration and risk-reduction strategies. Reliable environmental perception algorithms must be created for intelligent cars to sense their surroundings and make decisions based on factual data [10].
The rise of smart cars could reshape the transport sector, making our traveling and living conditions more sustainable. Agile cars with environmental awareness and driving autonomy can dramatically improve road safety, congestion, and mobility for the elderly or those in need. This technology could also create new jobs, a more productive workforce, and reduced healthcare costs due to fewer accidents [11]. However, transforming great ideas into vehicles that drive themselves poses important questions related to policy, regulation, and infrastructure investment—even ethics. Researchers and industrial experts need to collaborate on a detailed evaluation of the societal impact, benefits, and challenges associated with intelligent car technologies to prepare for their effective deployment [12].
This analysis aims to provide a comprehensive summary of the latest development status and summarise key challenges, technical research roadmaps, and unsolved issues that need further effort to fully take advantage of intelligent vehicles. We will also focus on the morbidities of road accidents and identify areas where research needs more exploration and novelty, providing a clear roadmap towards realising, deploying, and developing connected vehicles in a future transportation network landscape.

2 Literature Survey
Bachute et al. [13] examined important algorithms for self-driving car applications. For speed control, they suggest Reinforcement Learning (RL), and for pedestrian detection, they suggest the “Locally Decorrelated Channel Features (LDCF)” algorithm. The study emphasises algorithm selection for jobs like fault diagnosis and motion planning. It indicates that algorithms be expanded and improved continuously to meet changing challenges. This lays a strong foundation for further research and improvement of these techniques.
The authors Garg et al. [14] provide an overview of current findings and potential applications of Internet of Vehicles (IoV) technologies while elucidating the evolution of these investigations within the transportation domain. They list the advantages and disadvantages of various IoV technologies in an organised manner. From an IoV perspective, the paper also discusses the potential and challenges for the future of transportation, suggesting that these problems may be resolved shortly. With no prior review addressing IoV technology for transportation, this work aims to assist researchers in applying IoV technologies to solve challenging automation and transportation issues.
Cao et al. [15] discussed the advancements and prospects of smart car technology. They stress how important AI, machine learning, and sensors are to improving the efficiency and safety of vehicles. The authors also examine how these technologies might be used in various fields, including public transportation, delivery services, and city transportation. Their observations provide essential guidance for upcoming advancements in intelligent transportation by shedding light on the regulatory framework and obstacles to widespread adoption.
Yang et al. [16] review the current state of technology for connected and self-driving cars. The article highlights the improved efficiency and safety that these cars can already provide. It discusses typical challenges like social issues, regulations, and technical problems. It also explores future improvements that could make cars better at connecting and making decisions. Finally, the authors emphasize that to benefit from intelligent and connected vehicles fully, we need to do more research and development work.
Dinneweth et al. [17] investigate how autonomous cars can safely share the road with human drivers in mixed traffic situations using multi-agent reinforcement learning (MARL) algorithms. Their paper addresses road safety, personal mobility, and smooth traffic flow concerns. It investigates MARL techniques to enhance autonomous vehicle behaviour and coordination in complex environments.
In their thorough study, Garg et al. [18] explore the exciting world of Internet of Vehicles (IoV) models. These models, which provide creative answers to complex problems, have the potential to transform automation and transportation completely. The writers carefully classify different IoV technologies, emphasising their advantages and disadvantages. Through an analysis of current research, they shed light on how Ivor has developed in the transportation sector. The article also addresses challenges and opportunities for the future while highlighting the possible uses of IoV technologies. This work will benefit researchers and practitioners as they investigate clever solutions for our networked mobility systems.
Author Chen et al. [19] claim that their work on an AI-based pedestrian detection system is a significant development in safe autonomous driving. The system achieves robustness and high detection accuracy in various urban environments using deep learning techniques. Nevertheless, additional investigation is required to tackle computational demands and efficiency issues during severe weather circumstances.
An extensive summary of current research publications on intelligent vehicles’ main takeaways, benefits, and drawbacks can be found in the Table 1.Table 1Some of the other related work with their contributions, advantages, and limitations


	No.
	Title
	Publication year
	Key contributions
	Advantages
	Limitations

	1
	A comprehensive survey on intelligent vehicles: recent trends and future challenges [20]
	2023
	It looks at the most recent developments in AI integration, autonomous driving systems, and V2X communication in cars. It thoroughly explains how these innovations influence intelligent vehicles’ direction
	Provides an extensive viewpoint on upcoming challenges and current trends
	Needs practical applications or in-depth case studies

	2
	Towards fully autonomous driving: systems and algorithms [21]
	2022
	Comprehensively examine algorithms and systems for completely autonomous driving, covering perception, control, and planning
	Thorough explanation of the critical technologies for self-driving cars
	The most recent implementation issues in the real world have not been addressed

	3
	5G-enabled vehicular networks: architecture, challenges, and applications [22]
	2023
	It focuses on the function of 5G in automotive networks, highlighting its support for significant data rates and improved communication capabilities
	Draws attention to the revolutionary potential of 5G in automotive networks
	Interoperability and practical deployment issues receive little attention

	4
	Safety and security of intelligent vehicles: a survey [23]
	2022
	Examines intelligent cars’ safety and security features, considering online and offline dangers
	Detailed synopsis of issues and solutions related to safety and security
	It might not cover all new threats in detail

	5
	Blockchain-based framework for secure and efficient data sharing in intelligent vehicles [24]
	2023
	Suggests utilizing blockchain technology to create a framework to improve the efficiency and security of data sharing between smart cars
	Offers a cutting-edge method for safely transferring vehicle data
	Scalability and implementation issues in practical situations

	6
	Human–machine interface for autonomous vehicles: design and user experience [25]
	2022
	Creates and assesses an autonomous vehicle’s human–machine interface (HMI) to improve user experience and safety
	Positive comments from users regarding safety features and usability
	Not every user’s unique needs and demographic will be met






3 Open Issues of Future Intelligent Systems
Some of the open issues [26, 27] that need to be addressed for all future intelligent systems are represented below in Fig. 1.[image: ]Diagram illustrating key issues in future intelligent vehicles, centered around a main oval labeled "Issues in Future Intelligent Vehicles." Surrounding it are five interconnected ovals: "Protection & Defense," "Responsibility and Policies," "System Enhancements," "Coordination & Compatibility," and "Ethical Considerations." Each oval represents a critical aspect to address in the development of intelligent vehicles.


Fig. 1Open issues of future intelligent vehicles


	1.
Protection and Defence: This article’s primary goal is to educate readers on the advancements being made in intelligent vehicle technology. They have a considerable impact on travel [12]. The advancement of technology has the potential to significantly improve urban living conditions by enhancing safety, efficiency, and environmental sustainability. The following topics will be examined in the next sections of this paper: the advancement of technology, benefits, difficulties, and possible uses for intelligent vehicles in the future. Readers will be able to acquire a rather thorough comprehension of this new, cutting-edge technology in this way.
The development of intelligent vehicles has the potential to completely transform transportation, impacting not only our daily lives and environments but also how we go from point A to point B. Autonomous decision-making and environment understanding are capabilities of intelligent cars. In addition to meeting the mobility demands of the elderly and the disabled, they may significantly improve road safety and alleviate the issue of traffic congestion, which should be of great relief to city traffic management. Furthermore, if intelligent cars become widely used, the economy might be greatly impacted. There will be less medical costs due to fewer accidents, more productivity is probably going to occur, and more jobs will be generated. One major worry is the growing susceptibility of future autonomous cars and those connected to networks to hacking and cyberattacks.
These kinds of contemporary cars must constantly have security installed if they are to be safe for the user and our surroundings. Although these technologies have many benefits, such as safer and more efficient cars, there are also new weaknesses. The risk of hacking and cyberattacks—things that can mean disaster for users and infrastructures—may be the most troubling question. A wide range of sensors, software, and communication systems are needed for autonomous and networked automobiles to operate. On the other hand, a more excellent assault surface is also made available to malevolent actors by this enhanced connectedness. Hackers might be able to take advantage of these systems’ flaws to enter the car without authorisation, endangering the security and safety of occupants and other drivers.

 

	2.
Responsibility and Policies: As autonomous vehicles continue to advance and become more common, concerns about who will be responsible for potential future accidents seem unavoidable. To ease these concerns and prevent policymakers, users, and automakers from making mistakes on who is responsible for what, the question of who is liable should be answered. Questions about who should be held responsible for an accident increase as cars grow more autonomous. This is undoubtedly a vital subject for legislators, drivers, and automakers. As of right now, the regulations are unclear, which makes it challenging for automakers to confidently design and construct autonomous vehicles or for drivers to know what to do next.

 

	3.
Coordination and Compatibility: It will be necessary for future smart cars to integrate both with the current environment and with one another. One of the main responsibilities of developers, manufacturers, and regulators working together in the integration and interoperability of these vehicles is continuity. Traffic lights and road signs are two examples of the systems and roadways that automation must work flawlessly with. The manufacturers of intelligent vehicles, the designers of our roadways, and the regulatory bodies must work together. Failure to do so may result in issues and reduced road safety as the vehicles may not be able to communicate with the systems and roads in a proper manner. These organisations must come to an agreement on some standard protocols for the roads and automobiles to interact to resolve this issue. Ensuring seamless communication and coordination between vehicles and roadways is necessary. We shall be able to enjoy the advantages of this new technology once intelligent cars are able to drive effectively and safely.

 

	4.
Ethical Considerations: Consider the inevitable decision that will have to be made between pedestrian and passenger safety if future intelligent vehicles clash. The kind of intricate moral conundrums that lay ahead are these. Future intelligent cars will have to make extremely tough decisions in scenarios where humans could be hurt. These are just a few ethical dilemmas these vehicles will have to contend with. In the event of an accident, for instance, a car must decide between saving the pedestrian and safeguarding its own occupants. Clothes are one thing. This raises several problems concerning what should be prioritised and how to address them. Good and evil counsellors will be necessary for the individuals designing these autos. To make sure that the automobiles make reasonable and fair decisions, they must collaborate and decide what is right and wrong.

 

	5.
System Enhancements: Some of the most important work will be the modernisation and transformation of existing infrastructure. This involves communications networks, traffic signals, and roads in one system improvement. Self-driving cars call for sophisticated technology to read the roads they travel on properly. In addition, we also need to upgrade our current infrastructure—not only roads but also traffic signals and communication networks like Wi-Fi or cellular systems. This means installing new sensors, cameras, and dedicated communication systems on the vehicles so they can talk with each other or whatever’s around them in real time. For example, traffic signals must be equipped with advanced sensors to move self-driving cars and intersections that are largely ignored today. New lanes and markings for these vehicles will be required on roads. Therefore, the spirit of the upgrade is to permit these vehicles to function safely and efficiently. In this way, traffic jams can be averted entirely whilst all cars will be moving smoothly and efficiently.

 





Future Intelligent Vehicles will only be able to achieve these essential objectives if we can only stave off the numerous problems that presently exist around us. This is especially the case with uncertain areas that require creativity. We need more refined algorithms capable of making new and different decisions under tense time constraints for handling various uncertain ambiguous situations. Plus, the towering need for developing more robust and secure communication protocols that will lend a guarantee of real-time data transmission between intelligent systems themselves on one hand, and their surrounding environment on the other. Moreover, we also need a complete set of testing and validation frameworks. If researchers concentrate on these areas, they can greatly help make future intelligent systems more sophisticated and reliable.

4 Key Challenges
Some key challenges that should be carefully considered are listed below.
4.1 Technology Challenges
With fast technological advances [28], a whole new period has dawned on the transportation industry. In addition to these advances, many technological challenges are present. We must find a way to make advanced intelligent cars built and operated. One such challenge lies in cyber safety, where it is difficult to properly transfer data, and one does not have secure communication networks [29]. Comprehensive intrusion detection frameworks are required because the Controller Area Network (CAN) architecture, essential for connecting components within a vehicle, is a prime target for cyber intrusions [30]. Furthermore, the development of intelligent cities, fuelled by advances in Industry 5.0 technologies, adds new challenges for intelligent cars of the future [31]. The requirement for creative solutions to address the technological challenges brought on by the convergence of intelligent transportation systems with urban environments is highlighted by the integration of various technologies, including cybersecurity, machine learning, and fog computing, within the framework of smart cities.
4.1.1 A Simple Example of Systems for Autonomous Driving
Advanced embedded technologies-driven autonomous driving systems are transforming the automotive industry and have the potential to change the way people travel in the future. Incorporating embedded systems in autonomous vehicles highlights the complex interplay between hardware and software components, allowing for safer and more effective navigation of various environments [32]. These systems improve their skills by learning and adjusting on the spot with the help of artificial intelligence and machine learning. Combining vision and language models in self-driving cars offers an excellent way to understand better the real world, which can make driving more efficient and safer. However, as these systems grow, worries about security, safety, and rules still need careful planning. To make the most of smart cars in changing how we travel, it’s essential to mix the best new technologies, think about rules, and work with different parts of the industry to guide the future of self-driving cars [33].


4.2 Legal and Ethical Challenges
Technology is changing the car industry a lot, and making cars smarter raises essential questions about what’s right and wrong and what the rules should be. Using 5G in smart cities shows how much better things can get when many intelligent gadgets and sensors work together [34]. These new techs can make things more efficient and lead to new ideas, but they also worry people about keeping information private and safe and how to handle so much data. The Internet of Things (IoT) makes everything more connected and complex to manage, especially in big industries like making cars or helping people get better [35]. Considering how we gather, share, and use information is crucial, especially with many devices linked together. As we begin to use advanced cars in new ways, it’s vital to address what is right and what guidelines should be in place. The ethical considerations of collecting, sharing, and using data are critical as we see more Internet of Things (IoT) devices and sensors in areas like cars and healthcare. These ethical and legal questions about privacy, accountability, and rules are critical as we explore the new world of intelligent vehicles. We must solve these issues to ensure technology advances responsibly and sustainably.

4.3 Responsibility and Accountability in Autonomous Vehicles
A big issue with self-driving cars is figuring out who is responsible when something goes wrong. People are worried about who should be held accountable for crashes or breakdowns in these cars since they use advanced sensors, artificial intelligence, and machine learning to control driving. The shift to fully autonomous vehicles blurs the lines between traditional liability, even though current legal frameworks generally assign responsibility to human drivers [36]. It may be necessary to reevaluate current legal frameworks considering the potential roles that manufacturers, software developers, and regulatory agencies may play in ensuring the safe operation of intelligent vehicles. Policymakers must consider responsibility distribution in a way that strikes a balance between innovation and accountability to guarantee the successful integration of autonomous vehicles into society [37]. The potential advantages of intelligent vehicles can be maximised while lowering risks to public safety by proactively addressing these issues [38].


5 Typical Workflow of Intelligent Vehicles
Sensing and perception, together with decision-making and actuation, are intricately linked to creating self-driven automobiles. Using several sensors, the car first builds the information regarding its surroundings and condition. CCTV footage data is used to detect objects and lines on the road. Lidar forms a three-dimensional image with good definition, while radar measures the distance and velocity of an object, even in poor visibility. IMU records the vehicle’s movement, GPS gives the exact position, and an ultrasonic sensor is useful for detecting nearby obstacles.
The car processes the information once it is collected to understand its environment. That involves detecting and recognising objects such as cars and pedestrians, comprehending traffic signals and signs, and identifying lanes. Based on sensor data, the vehicle also constructs and modifies the detailed map of the surrounding environment. Localisation techniques with data fusion from GPS, IMU, and visible clues obtain the car’s position.
Using this knowledge, the car can decide which way to go. It determines a course for a safe and efficient arrival at a goal while satisfying the condition of long-term and short-term planning. In handling different traffic situations, it will deliberate how it will makeover when it wants to merge into the oncoming traffic or when it encounters a group of pedestrians to cross the road. These high-level decisions are translated into movements smoothly and safely, and transitions are accomplished. The typical generalized workflow process of future intelligent vehicles is illustrated in Fig. 2.[image: ]Flowchart illustrating a four-step process: "Capture," "Interpret," "Plan," and "Execute." In the "Capture" phase, environment data is collected using sensors. The "Interpret" phase involves filtering and interpreting sensor data. During the "Plan" phase, actions are selected. Finally, in the "Execute" phase, the selected action is initiated. Each step is connected by arrows indicating the sequence.


Fig. 2Generalized workflow process of future intelligent vehicles



In conclusion, the vehicle executes these choices by actuating the suitable systems. The steering control turns the wheel angle to maintain the launcher’s desired path; the throttle control controls speed; the braking control uses the vehicle’s brake to reduce or stop the vehicle’s speed considerably; and finally, the gear changes are controlled by the Transmission control. Therefore, the car continuously senses, perceives, decides and acts safely and effectively in a complex environment. This entire process is done using a constant referent feedback method.

6 Research Roadmaps of Future Intelligent Vehicles
Research Roadmaps of Future Intelligent Vehicles examines how intelligent vehicle technologies develop and suggests essential directions for further study [39]. The chapter explores developments in sensor fusion, AI, machine learning, and V2X communication essential for autonomous operations. Critical issues like cybersecurity, legal frameworks, and social acceptance are covered, and the importance of interdisciplinary cooperation is emphasised [40]. To guarantee that intelligent cars contribute to safer, more effective urban environments, the roadmap attempts to direct researchers in overcoming integration barriers.
The critical areas of focus needed for the ongoing progress of self-driving cars include:	i.
Using Various Sensors and Understanding the Environment: Gathering data from multiple sensors to understand the area around the car better and make better decisions.

 

	ii.
Improving City Driving with Technology: Methods for choosing routes, navigating in real-time, and controlling vehicles to ensure they operate safely and efficiently in different driving situations.

 

	iii.
Safety: Protecting self-driving car systems from harmful attacks and online threats by addressing weaknesses and implementing strong safety measures.

 

	iv.
Regulations: Dealing with the issues of who is responsible for self-driving cars and following rules while meeting legal and public policy requirements.

 





To make smart cars work well with our current transportation systems, this chapter talks about how important it is for scientists, builders, people who make rules, and city designers to work together. It gives plans for how to speed up the use of these smart cars. It talks about how these cars can help by improving traffic and making transportation work more efficiently. The chapter wants to teach people about smart cars and get them involved so we can all enjoy the benefits of safer and more eco-friendly city travel.

7 Overcoming Autonomous Vehicle Operation’s Complexities
Improving perception, decision-making, control, and interaction capabilities with human drivers and pedestrians are critical to overcoming the challenges associated with operating autonomous vehicles reliably and safely. To attain seamless integration into real-world environments entails creating intense sensor fusion, accurate localisation, complex planning algorithms, and addressing ethical, legal, and cybersecurity issues [41]. Figure 3 gives an overview of the complexities of autonomous vehicles.[image: ]Diagram illustrating the role of IoT devices in future intelligent vehicles. The central blue box labeled "IoT devices" connects to five green ovals: "Safety issues," "Managing huge data," "User and autonomous driving," "Forecasting traffic conditions in real time," and "Remote update retrieval." An orange rectangle labeled "Future Intelligent Vehicles" points to the IoT devices box, indicating the integration of these technologies.


Fig. 3Complexities of autonomous vehicles


	i.
Safety Issues: Safety is still the top priority when operating an autonomous vehicle, especially since most models now need manual intervention capabilities. There is differing public confidence in autonomous technology; however, tragedies involving Tesla’s autopilot feature highlight the need for solid safety protocols. Many users still prefer autonomous cars with manual brakes because they provide a safety precaution in the event of a technical malfunction.

 

	ii.
Managing Abundant Info: Handling the enormous amount of data that self-driving cars produce and analyse is extremely difficult. Terabytes of data from sensors like LIDAR and RADAR can be collected on a single journey, so strong cloud processing, transmission, and storage capabilities are required. Efficiency in data collection, transmission, storage, interpretation, annotation, and algorithmic processing is essential to guarantee that vehicles always operate intelligently and safely.

 

	iii.
Experience of Users with Autonomous Driving: The experience of operating an autonomous vehicle should be like operating a traditional automobile, combining sophisticated backend data processing with a smooth rider interface. Data processing delays that impair vehicle performance can be dangerous while driving, requiring a responsive and dependable driving experience like having a trained human driver in control.

 

	iv.
Restrictions on Getting Updates Remotely: Autonomous cars work well when they improve in essential areas. But if one update doesn’t work, the vehicle might make bad choices, which could lead to accidents and crashes. For example, if the car’s navigation doesn’t know about a road closing soon, it might keep going and cause accidents. The same problems happen when the vehicle doesn’t quickly learn about changes in people or traffic.

 

	v.
Difficulties in Forecasting Traffic Conditions in Real Time: Self-driving cars have a tough job dealing with tricky situations on the road as they happen. It’s tough for people to think of every possible problem on the road, so teaching computer programs to deal with unexpected and different issues is challenging. The main goal is to teach these systems to respond fast and safely to changing road conditions to keep people and things safe in all situations.

 






8 Conclusion
If a novel technology, like autonomous cars, becomes widely used, the way people move around and go from point A to point B may be completely altered. These usually include worries about data privacy, restrictions on where they can be driven, driver and passenger safety, and difficulty staying connected. However, they also have some advantages, such as making travel very affordable, accessible, and safe. It enhanced safety, added the newest technologies to its toolkit, and resolved present problems to ensure their comfortable future. When these vehicles go from being tested to being driven by the general public, regulations, insurance, liability for collisions, and ownership of the cars need to be carefully considered. In the end, autonomous vehicles have the potential to drastically alter the way we travel by substituting passenger comfort for driver-only mode.
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Abstract
As nations become economically stronger and financially capable, more people own their vehicles. Although the road infrastructure has improved, it must cope with the increasing population. With that, more and more road accidents are increasing. Drivers often can’t recognise the appearance of unmarked speed breakers and lose control of the vehicle, causing serious accidents and loss of lives. In many instances, fatalities occur because immediate medical assistance is not readily available due to the absence of a reliable system. With the advancement of technologies like IoT, a pressing need arises to create a system capable of promptly informing relevant authorities with comprehensive data on the incidence of a road accident. The proposed IoT-based speed breaker detection system consists of strategically deployed sensors along roadways equipped with IoT capabilities to detect the presence of vehicles and analyse the vehicle's behaviour to identify potential speed breaker crossings. Upon detection, the system sends real-time alerts to drivers, either through in-vehicle displays, mobile applications, or roadside signage, enabling them to adjust their speed and driving behaviour accordingly. Key components of the system include sensor nodes equipped with accelerometers or distance sensors to detect changes in road surface elevation indicative of speed breakers. These sensor nodes communicate wirelessly with a centralised control system, which processes the collected data and triggers alerts when speed breakers are detected. Along with this, we have incorporated machine learning methods and image processing to accurately identify a road accident. The sensors like accelerometer, Distance sensors, camera, etc., provide data to a microprocessor which matches the sensor data with the machine learning model and determines if there is an accident or not, and if it is, the device sends the related metrics to the server through the internet. Once the data reaches a server, it determines the nearest hospitals, and police stations by looking at the GPS data and sends a notification to them and the registered phone number by the user. The system also incorporates real-time tracking of driver, vehicle, and timing information for speed breaker rule violations, which becomes a life-saving technology.
Keywords
Road accidentsSpeed breakersImage processingInternet of ThingsAlertsSensorsDetection system
1 Introduction
In this fast-moving world, the safety of mankind has become one giant concern. With the ever-rising number of vehicles on roads, the number of activity-related accidents is also rising. Road safety has graduated from making better roads and improving infrastructure already in place to using advanced technologies that might prevent accidents and dampen their intensity [1].
Advanced driver-assistance systems (ADAS) are today what modern technology has in store to enhance road safety. In this chapter, two very important aspects of the safety of roads will be discussed: detecting speed breakers and identifying vehicle accidents using alert sensors. This reduces the chance of accidents and provides drivers and emergency services with timely warnings, hopefully saving lives and preventing injury [2]. A proposed framework will be developed to minimise street accidents while help arrives on time.

2 Reason for Accident
It is observed that most of the speed breakers have asymmetrical dimensions, leading to several problems for road users. The width of the speed breakers is generally measured to be narrowed down, increasing the crash chances because of the sudden braking of vehicles encountering it [3]. Road accidents are multicausal phenomena resulting from an interplay of various factors.	(i)
Human error

 

	(ii)
Road condition/environment

 

	(iii)
Vehicular condition.

 





2.1 Role of Speed Breakers
Speed Speed bumps or speed breakers are designed to prevent overspeeding on the road. Speed Breakers are tools to slow down vehicle speed while driving to manage traffic.
It is usually planted in high-risk areas like schools, colleges, hospitals, pedestrian crossings, toll gates, etc., wherever speed is not allowed [4]. However, unexpected speed breakers pose problems by disturbing passengers, potentially damaging vehicles, and even causing accidents if the driver does not see them in time. The government of each country has set standard norms for constructing speed bumps. Many speed bumps are being built on public roads, leading to severe accidents and vehicle damage. To prevent and reduce further incidents, using alarming sensors comes in handy. That's why an automated speed breaker detection system can make a big difference, enhancing driving safety and comfort.

2.2 Renovation and Maintenance
Road maintenance is crucial for several reasons:	(1)
to maintain the road in its original constructed state,

 

	(2)
to safeguard surrounding resources and ensure user safety,

 

	(3)
to facilitate efficient and convenient travel along the route. However, maintenance is frequently overlooked or inadequately executed, leading to rapid road deterioration and eventual failure due to climatic conditions and vehicular usage. Consequently, constructing and utilising a road without any maintenance requirements is unfeasible.

 





2.2.1 Role of Potholes
Generally, potholes are depressions in the street surface due to cracks developing in the street's top layer, mostly asphalt, which later cracks and breaks away due to constant pressure flow created by the stream of vehicular traffic [5]. When not cared for instantly, a pothole can expand considerably and reach widths of as much as one meter and even ten centimetres or more in-depth. Potholes are commonly seen on numerous streets, with asphalt surfaces particularly prone to their presence, causing significant worry. Potholes pose a danger for accidents, particularly for individuals who ride bicycles and motorbikes.


2.3 Weather Conditions
Extreme weather phenomena significantly affect our road infrastructure. During heat waves, the intense sunlight can cause road surfaces to melt and expand. In instances of flooding or heavy rainfall, roads that require maintenance may develop potholes, cracks, and other surface irregularities [6]. Roads may have been damaged early, but holes can still be formed in winter because that is when heavy snowfall is covered by frost from the freeze–thaw cycles. Travel should only be made necessary if it will be made during severe weather like heavy rain or snow.
Rain
In dry climates, these cracks advance relatively slowly. On the other hand, minor surface imperfections deteriorate very fast in wetter climates because heavy precipitation causes heavy water injection into a crack. Water poured in through a crack leads to further deterioration.
Snow
Snow and ice pose unique threats to the driver since they decrease the friction between the road surface and the vehicle, which may cause one to skid or lose control, leading to an accident. To avoid this scenario, highway maintenance crews are sent ahead to areas expected to fall snow and ice and sprayed with salt and grit.
Heat
Heatwaves can cause the asphalt road surfaces to soften, negatively affecting performance. When an extended heatwave was experienced in 1995, and roads in the UK were found to melt because of extreme temperatures, polymer-modified binders in hot rolled asphalt became the mainstay of the industry to overcome this problem.
Importance of Accident Detection
Swiftly identifying car crashes is crucial in reducing the impact of a collision. Prompt response from first responders is crucial for improving the chances of survival and reducing the extent of injuries received [7]. Accident detection systems with alert sensors are vital in sending timely notifications to the proper authorities and nearby vehicles.
When a sudden disturbance occurs in the mobile device, data from the accelerometer sensor triggers an alarm message to the user before they seek assistance. The user is afforded a ten-second window to cancel the alert if no emergency exists [3].


3 AI in Road Safety
A viable strategy for tackling this challenge is the application of Artificial Neural Networks (ANN). The model introduced, Modelling Smart Road Traffic Congestion Control Using Artificial Back Propagation Neural Networks (MSR2C-ABPNN), employs ANN to oversee and administer road traffic [8]. This MSR2C-ABPNN model anticipates congestion hotspots by integrating a neural network with a backpropagation algorithm. It is organised into two separate sublayers. The initial sublayer, designated as the prediction layer, employs backpropagation to determine occupancy levels. In contrast, the performance layer's second sublayer evaluates the prediction layer's effectiveness using metrics such as RMSE, accuracy, and miss rate.
3.1 Methodologies for Speed Breaker and Potholes
Ultrasonic Sensors
These devices release ultrasonic waves and calculate the time it takes for them to return after encountering an obstacle. Their responsiveness to variations in the height of the road makes them highly aware of the existence of speed bumps.
Light Detection and Ranging, or LIDAR
LIDAR systems utilise laser beams to create a detailed three-dimensional image of their surroundings. By analysing variations in the elevation of road surfaces, these systems can accurately identify speed limiters.
Computer Vision
The camera-based sensor takes real-time images of poorly maintained roads featuring potholes, speed bumps, and breakers. The image processing algorithms process the images captured by the camera-based sensor, which requires a lot of power and central processing time. This use of hardware depends on techniques such as Vision-based, implying several GPUs for parallel processing and requiring large amounts of training data for the algorithm to identify road irregularities effectively [9].
Infrared Sensors
By analysing the differences in heat signatures between the road and the speed bump, these sensors can identify temperature changes and quickly identify speed bumps.
Infrared sensors are frequently used in motion detection systems and are frequently incorporated into security systems to detect unwanted entrances or building management systems to control lights. Within a given angular range, the components of these sensors track the heat radiation (infrared radiation) caused by human activity that changes over time and across different locations.


4 Iot in Road Safety
For instance, IoT sensors on roads and vehicles generate vital data about traffic behaviours or road status to optimise logistics operations. These e-call messages have vital statistics used to make roads safer and for transportation planning and infrastructure development [10].
With the connectivity featured by IoT, vehicles can interact with other vehicles and the infrastructure around them. This significantly improved road safety by using connected vehicles and IoT as an example of accident prevention.
4.1 Methodologies for Alert Mechanism
Alert Mechanism
A system can be designed for raising an alarm in case of an accident. It could have the form of an automated message sent to emergency services with the GPS coordinates of the vehicle and other relevant data [11]. The driver's emergency contact and nearby vehicles can also receive notifications of potential hazards.
Communication Systems
When it detects an accident, the system will trigger an alarm. This alarm can be in the form of a text message to the emergency services with the GPS coordinates of the vehicle and other relevant information. The driver's emergency contacts and other nearby vehicles can be given messages alerting them of the potential dangers.
Zigbee Module
Low-power and low-data-rate WPANs Zigbee modules are wireless communication devices developed for operation in multiple industries. Its use can be found in industrial monitoring, home automation, and Internet of Things projects. ZigBee operates in the 2.4 GHz frequency spectrum. The term ZigBee describes the standard wireless technology and was designed as an open worldwide standard to address the specific needs of low-power networks [12].


5 Integration of Alert Mechanism in Speed Breaker and Accident Detection Systems
Implementation of Integrated Systems
Unified Sensor Network
It creates a unified sensor network that serves both speed break detection and accident detection. Sensors must be located and calibrated to ensure optimal data for both functions.
Centralised Data Processing
Creation of a centralised data processing unit that collects and analyses data from all sensors. This unit should run both speed bump detection and collision detection algorithms, ensuring smooth operation.
User Interface
Creating a user-friendly interface that provides clear and timely alerts to the driver. The interface should display visual warnings, auditory alerts, and haptic feedback when necessary.
Emergency Protocols
Establishing emergency protocols that are triggered upon detecting an accident. These protocols should include automatic notifications to emergency services, sharing of GPS coordinates, and potentially contacting the driver’s emergency contacts.
Radar Sensor Technology
The core component of the advanced safety system is the multi-meter radar sensor, capable of identifying any object entering a vehicle's trajectory before it poses a danger. Radar sensors send radio waves that reflect off an object and return to the sensor, giving details on obstacles’ presence, distance, and speed.
The radar sensor is always scanning the road ahead, looking for potential dangers like speed bumps and road holes.
In this way, it can compute distances with almost complete accuracy by utilising the return time of the radio waves.
High-Resolution Camera with Night Vision Capabilities
A high-resolution camera with night vision capabilities has been integrated with the radar sensor. This camera is vital for visual confirmation and further analysis, capturing detailed images of detected barriers. Unlike radar, which identifies objects through reflected radio waves, this camera utilises visible and infrared light to create thorough visual representations of the roadway and its environment.
Dataset Collection
Datasets for gathering for potholes, speed breakers, and accident detection have to be collected from sources that ensure that the gathered data reflects actual conditions. Data is mainly sourced from camera videos, GPS data, accelerometers, gyroscopes, mobile devices, and car sensor data. Many sensors continuously send information about a vehicle's motion, vibration, and surrounding ambient conditions, which is common in modern vehicles. Additionally, data can be obtained from crowdsourced platforms where users log pothole and speed break locations and severity.
It needs to be a more intricate dataset, incorporating data from accelerometers, gyroscopes, GPS, and even microphones for accident detection. Gyroscopes can detect unusual rotational movements, whereas accelerometers are used to recognise sudden deceleration or impacts. Using GPS data, they can accurately determine an event's exact location. Moreover, microphone data can also capture audio recordings of the collision. Data can be improved by incorporating information provided by emergency response teams and integrated vehicle systems.
Data Fusion and Decision Making
Data fusion represents the final phase in which a decision is reached by integrating the outputs from radar and camera algorithms. The probabilistic results from both sensors can be synthesised through data fusion techniques such as Bayesian networks or Kalman filters. The fusion process results in a more robust and dependable classification by considering the confidence levels linked to the findings of each sensor. Through the system, integrated visual and radar data will minimise false positives and enhance detection accuracy. The holistic approach ensures that the detection system works under any environmental conditions where single sensing alone may not be sufficient, for example, low-light situations or adverse weather conditions.
Environmental factors are considered in the design and installation of pothole detection, speed bumps, and accidents with the assistance of warning sensor technologies. The sensors’ ecological impact and the implication of ambient conditions on sensor performance translate to broader implications for sustainability and urban planning.
After all images are annotated and divided into training and testing datasets, we can train our model. We will use the algorithm of object detection called SSD because of its relatively high speed and decent enough accuracy compared to models like RCNN and other models, which are worse in accuracy but take much more resources. In summary, environmental factors are crucial to designing and deploying sensor-based detection systems for speed bumps, potholes, and accidents. This is achieved through technologies that address the environmental impacts of manufacturing and operating sensors: ensuring effective performance in changed conditions, contributing to sustainable urban planning, and integrating with smart city initiatives. It will enhance road safety and driving experience significantly, furthering environmental sustainability and enhancing urban area management.
Real-Time Feedback and Driver Alerts
The system immediately alerts the driver with every obstruction the radar sensor detects, and the CNN confirms it through image analysis. The input updates knowledge about drivers from would-be hazards early on, thus removing the possibility of accidents.
The system employs some signals that give alerts, including sound signals and visual displays on a car's dashboard or head-up display. Visual warnings may include graphical representations of the obstacles, such as icons that specify the location and type of the obstacle. Other than the visual cues, the auditory warnings can be bells or voice warnings that rapidly alert the drivers to potential dangers.
Besides alerting drivers to obstacles, the technology can provide an advisory on safe speed as a function of distance to the hazard and the state of the road. Drivers can then take steps in advance to reduce their speed while using this information to boost the likelihood of not having an accident due to being surprised by potholes or speed breakers. The performance is dependent on the driver as well as having effective communication. Alerts must be prompt, easily readable, and unequivocal to allow drivers time to act upon the information relayed to them.
Emergency Response Integration
The Emergency Response Integration would be fitted with an accelerometer, which would sense and report rapid changes in the vehicle potentially indicative of a collision in the unfortunate event that one happens. The system can accurately detect crashes because it can record forces applied on the car upon impact.
The device immediately reports the collision to nearby agencies that deal with emergencies, such as hospitals and police stations. This activates emergency procedures. Usually, the notice is sent via a network connection, either satellite or cellular communication, to ensure that the emergency staff receive the notice as soon as possible.
Sensors
Sensors such as accelerometers and GPS within the application in a smartphone would detect sudden changes in speed due to a collision and alert the user, then continue to alert the authorities, for instance, a police station, even if the person remains unconscious.
They measure how fast the velocity of an object changes and are often fitted with accelerometers along three axes, usually X, Y, and Z, interpreted in terms of various directions. They are based on Newton's second rule of motion, which states that a force acting on an object equals mass times its acceleration (F = ma). Accelerometers will generally measure this force and then calculate acceleration from this measurement.
The vehicle position is determined through GPS sensors; all required is identifying the accident location for emergency services. These technologies ensure prompt aid by sending notifications to a local police station and hospitals through GPS data. Real-time monitoring is vital to improve emergency lifesaving and reduce response times.
Distance sensors detect elevation changes in road surfaces, such as the speed breaker. These sensors offer real-time feedback to drivers about the approach of a speed breaker so that drivers may decelerate ahead of time and prevent accidents.
Alarming sensors are specifically used to prevent and reduce accidents caused by speed breakers. Vehicle weight and speed are detected, and information is provided to slow down the vehicle to prevent collisions. Furthermore, they notify surrounding cars and higher authorities about the incident, facilitating speedier emergency response and lowering the possibility of further collisions.
The Integration of Alert Sensors
Alert sensors are the central parts of the mechanisms of speed control as well as accident-detection systems. In the context of speed control, the sensor can measure speed and weight, hence containing essential information that can alert the driver about reducing their speed to avoid accidents. In addition, location systems that have alarm sensors can quickly alert authorities responsible for quick assistance and even inform nearby vehicles of the occurrence, thereby making quick aid and reducing the risk of secondary accidents. Thus, an integrated approach ensures effective management of vehicle speeds, improves road safety, reduces accident rates, and reduces the time taken to respond to emergencies. In reference, the authors presented a system designed to alert the contact with emergency services or police upon detecting an accident. The proposed system included a smartphone-enabled for decision support by Mamdani Fuzzy Logic to detect an accident and log the same in the data centre for later reference. To determine the data related to accidents, an accelerometer and gyroscope, along with four force sensors, were mounted on each side of the vehicle. However, the system hardware was not compact, consisting of many sensors. Even though the system can initiate a text message to emergency contacts or public safety officers, its response time would still depend on how far the accident site is from the public safety service centre.
Radar Signal Processing
The radar algorithm searches for abrupt dips in the contour of the road surface to identify potholes. The program finds elevated parts for speed breakers that are the same height and form as speed bumps. The radar and camera data are merged to improve the detection accuracy. For instance, if the camera detects a potential pothole and the radar confirms a corresponding dip in the road surface, the system can confidently classify the anomaly as a pothole.
Cameras and Microphones
The microphones can capture sounds during a collision, such as the sound effects of an impact and the opening of airbags. Cameras visually capture the incident. Contemporary automobiles are fitted with diverse cameras; these include surround-view systems, dash cams, and rear-view cameras. Strategic mounting is beneficial in taking full movies of the surroundings. Another thing is that microphones can record the sonic impact of the crash, that is, sounds of deployment and hitting of airbags. By analysing acoustic data, this technology can ascertain critical details about the accident, such as the nature and intensity of the impact.
ECU (Electronic Control Unit) Integration
The Electronic Control Unit (ECU) is the primary control centre for numerous vehicle functions. It gathers information from various sensors and systems related to the engine, transmission, and safety features.
The ECU plays a crucial role in accident analysis by providing essential data, which includes:	Airbag Deployment: Details regarding the activation of the airbags.

	Seat Belt Tensioners: Information concerning the operation of seat belt tensioners that secure the seatbelts during a collision.

	Brake Sensors: Data reflecting the condition of the brakes, indicating whether they were engaged at the time of the incident.






6 Case Studies and Real-World Applications
Case Study 1: Urban Deployment
A system that combines speed bumps and accident detection is essential for improving safety in busy city areas with many speed bumps and high traffic. A study in a large city demonstrated that vehicles equipped with the technology experienced reduced accidents and improved compliance with speed limits. Drivers commented on increased awareness of the presence of speed breakers and an increased sense of security with the knowledge that accidents would be soon detected and reported.
Case Study 2: Highway Implementation
On highways, where speeds are higher and the danger of critical accidents is more pronounced, integrated systems bring along critical features related to safety. A study undertaken on a relatively busy highway showed that vehicles equipped with speed breaker detection features reduced the incidents of sudden braking, thereby facilitating smoother traffic flow. In the event of an accident, the rapid response facilitated by the detection system resulted in quicker medical assistance and reduced fatalities.
Case Study 3: Fleet Management
For instance, integrating speed breakers and accident detection systems may enhance operation efficiencies and safety in commercial fleets. The system was integrated across its fleet. This increased the operational efficiency and helped the logistics firm minimise vehicle damage and maintenance costs. Moreover, rapid response to accidents significantly minimised downtime and helped improve safety among drivers.

7 Analysis of Detection System
7.1 Behavioural Analysis
Behavioural analysis of automotive systems refers to studying and analysing various actions or reactions of the drivers involved. Braking, acceleration, steering, and changing lanes are examples of driving behaviours. The above can be used to make an in-depth profile of driver habits and preferences through continuous analysis of various sensors and onboard technologies. For example, a regular high frequency of hard braking might indicate an aggressive driving style, while smooth, steady acceleration might reflect caution.

7.2 Predictive Analytics
It predicts and provides an opportunity to prevent accidents using data and machine learning techniques. A predictive system will be able to identify critical incidents and issue early warnings or interventions made to avoid accidents by analysing patterns in driver behaviour, the traffic state, as well as environmental factors.
The benefits mark a further wave of innovation, one focused on road safety and efficiency. And as such technologies grow and develop, they will be essential in lowering accident rates, smoothing out traffic flow efficiency, and ultimately, saving lives.

7.3 Predictive Modelling
Predictive modelling is a computation process used to predict future events using statistical techniques and machine learning algorithms dependent on historical data and current conditions. Vehicle system applications of predictive modelling can include anticipating multiple scenarios that could result in potential collisions, likely occurrences of road anomalies, and the probability of unique driving behaviours.
Predictive modelling draws upon data from earlier encounters with similar conditions regarding road anomalies such as potholes and speed breakers. Using GPS data coupled with historical records of the road quality, the system can predict where and how severe the anomalies ahead will be. This allows the vehicle to slow down and make necessary suspension settings in advance for an even ride without sustaining damage.
7.3.1 Integration of Behavioral Analysis and Predictive Modelling
This integration is crucial to the development of autonomous driving technology. Autonomous vehicles work significantly on the capability to predict and react to human drivers around their vicinity. Predictive models, based on the enormous data sets of human driving behaviour, enable them to anticipate and respond to manoeuvres like lane changes, reckless stops and unpredictable driving patterns. This predictive ability is essential for ascertaining whether these self-driving cars are safe and reliable under all driving conditions.
This is because modern vehicle systems, especially those with advanced driver-assistance systems (ADAS), infotainment, and other integrated automotive technologies, require emphasis on cross-platform compatibility. The systems are built with smooth functionality across different hardware, operating systems, and vehicle models for better usability, accessibility, and durability. Software standardisation, hardware abstraction, interoperability, and scalability are significant elements of cross-platform compatibility.



8 Importance of Accident Detection System
8.1 Impact on Road Safety
Radar sensors, high-definition cameras and CNNs mark the leading-edge technology in road safety. These devices ward off the adversities emerging from adverse weather by allowing quick response to emergencies and timely detection of obstacles. This system not only offers all-round obstacle detection but also combines futuristic image processing algorithms with the use of radar and camera technology. In concert, potholes and speed breakers are detected early so that adequate time is provided for responding.

8.2 Environmental Impact of Sensors
The environmental impacts of manufacturing, installation, and maintenance of the various sensors of these systems should be given proper thought. Manufacture gyroscopes, cameras, radar sensors, GPS, and accelerometers use many resources. Therefore, raw materials must be sustainably sourced with minimum waste generation and full recyclability.

8.3 Performance in Various Environmental Conditions
Environmental factors include weather, temperature, lighting, and the quality of the road surface. Even in the best circumstances, these sensors can perform poorly in some conditions, such as rain, fog, or snow, which obscure camera lenses and thus lower detection accuracy. Indeed, CNNs and image processing are highly dependent on crisp input visuals. Similarly, poor illumination at night or in darkly lit locations might challenge visual identification systems. Robust sensors, in combination with adaptive technology, will be required to reduce those challenges. Night vision or infrared cameras can enhance vision in low illumination. Other advanced algorithms could be developed that could account for and compensate for the distortion and noise caused by weather.

8.4 Temperature and Humidity Effects
Changes in humidity and temperature will significantly affect the operating efficiency of sensors. Temperatures can even degrade the sensitivity of accelerometers and gyroscopes, resulting in false readings. Excessive moisture may also prevent capturing visual data by condensing on camera lenses. Sensors must, therefore, be designed to function appropriately under a variety of different environmental conditions. It may take integrating a dehumidifying system, introducing a temperature compensation algorithm, and/or incorporating the weather-resistant enclosure to achieve an accurate and reliable sensor.

8.5 Sustainability and Urban Planning
Data from these sensors could be pretty valuable for city planners and sustainability programs: If cities identify and map potholes and speed breakers, for instance, they will know where to target road maintenance efforts, resulting in better resource usage and less environmental degradation from road repairs. In addition, this information on accident hotspots can alert town planners to risky junctions or road segments and safely redesign them, with a lower probability of accidents occurring. Anticipatory planning could make cities more sustainable due to better public safety, less pollution, and reduced traffic congestion.


9 Challenges and Solutions
Accurate Detection
Ensuring accurate detection of accidents is a significant challenge. False negatives (failing to detect an accident) and false positives (incorrectly identifying an accident) should be reduced. This requires robust algorithms and extensive testing under various scenarios.
Privacy Concerns
Collecting and transmitting data related to the vehicle and driver raises privacy concerns. Data security and obtaining the driver’s consent are essential to address these issues.
Reliability
The system must be highly reliable and function correctly even in adverse conditions. Redundancy in sensor systems and regular software updates can enhance reliability.
Cost
Implementing sophisticated accident detection systems can come with a high price tag, potentially hindering their use in budget-friendly vehicles. Creating affordable solutions that maintain high performance is essential for widespread adoption.

10 Future and Trends Innovations
10.1 Artificial Intelligence (AI)
Artificial intelligence is like a key to generating more sophisticated detection algorithms. Machine learning models can be comprehensively trained on bigger datasets that establish their capabilities to detect various road conditions and accident scenarios. These models continue to learn from a vast number of data and become progressively better at the capacity for the detection of patterns and minimising false positives. AI-powered systems greatly enhance road safety by quickly adjusting to different situations and performing effectively in any environment.

10.2 5G Connectivity
The connection of automobiles and infrastructure will be high-speed and reliable with the advent of 5G, potentially revolutionising road safety. With high bandwidth and low latency in networks, real-time data interchange is crucial for autonomous driving and advanced driver assistance systems (ADAS). With the help of 5G, vehicles can rapidly exchange data on accidents, traffic patterns and other road dangers to enhance the overall efficiency and safety of the system.

10.3 Blockchain Technology
It can make the data exchange between vehicles, infrastructures, and service providers more secure and transparent. Blockchain technology can help create a tamper-proof record of vehicle maintenance, driving history, and accident reports. By ensuring the integrity of this information, blockchain can build trust in automated systems and facilitate smoother insurance claims and legal processes. The module for detecting Dynamic Speed Breakers allows a vehicle to identify speed breakers in real time using collected data supplied by the volunteer cars. This module goes straight to connect with the cloud storage holding the route Intelligent location-based data about speed bumps. As soon as this module begins, it identifies the closest path from the car's current position using a specific formula [13].

10.4 Advanced Driver Monitoring Systems
Future vehicles will be equipped with sophisticated driver monitoring systems that use cameras and sensors to track the driver’s attention, fatigue levels, and even health conditions. These systems can provide timely warnings or take corrective actions, such as slowing down the vehicle if the driver shows signs of drowsiness or distraction. Applications are deployed which can continuously scan the smartphone's accelerometer to identify previously unidentified speed-breakers. Since the suggested detection algorithms don't involve reorienting the accelerometer, which is simple to implement [14].

10.5 Enhanced Autonomous Driving
Advances in sensor technology, artificial intelligence algorithms, and legal frameworks will integrate to accelerate the introduction of fully autonomous vehicles into a future with fewer accidents and better transportation. The push toward self-driving technologies continues to advance what self-driving cars can do. Future cars will be able to operate under increasingly complex conditions and reliably perform in a much broader range of settings.


11 Software Standardization
Multiple automotive companies use proprietary operating systems and software environments, which is considered a big obstacle towards cross-platform compatibility. What's more, different automobiles from various manufacturers can run on different proprietary operating systems or adaptations of commonly used ones such as Linux, QNX, Android Automotive, or custom-built RTOSs. Hence, the developers need to exercise software standardisation practices. It applies common programming languages, development frameworks, and platform-independent APIs. For instance, with the C++, Python, or JavaScript programming language integrated with AUTOSAR (Automotive Open System Architecture) as a development framework, one can design applications that run on many OSs with minor adjustments. It also further aligns with the standards of all industries, such as ISO 26262 concerning functional safety and the Automotive SPICE framework regarding their software development processes to ensure that the software is productive and of considerable quality and safety on any platform. One of the existing works includes implementing the software through an Android application deployed in the background on Google Maps and gathering information about speed bumps and poorly maintained roads. It triggers the alert to the drivers of the automobiles; as such, it enhances their response time. The alternative routes suggested act as a warning that warns the driver when it is approaching near the dangerous road [15].

12 Hardware Abstraction
Another area where the hardware abstraction layers come into play is cross-platform compatibility. The HALs allow programmers to create a code that isn't dependent on the hardware details through its uniform interface between the software and the underlying hardware. This implies that only minimal modifications are required for the same application to run with different processors, sensors, and communication hardware. This is especially essential in the auto world because large quantities of sensors, communication modules, and ECUs are applied to different vehicles. Automotive developers can make their applications run on various hardware configurations with a good HAL and reduce development time and costs. Moreover, since the software can be perfectly fine with new hardware, this method makes it easy to change hardware components.

13 Development Tools and Testing
For cross-platform compatibility, it is imperative to have reliable testing frameworks and development tools. Cross-platform development features in integrated development environments like Eclipse, Visual Studio, and Android Studio will introduce the ability to write, test, and debug on different hardware platforms and operating systems. Simulation and emulation technologies allow developers to test their apps in emulated environments, simulating different operating systems and hardware configurations. This speeds up the development process since the demand for tight physical testing is reduced. With automated testing frameworks like Travis CI, Jenkins, and Selenium, aspects of the software can be tested and validated on different platforms following continuous integration and deployment procedures commonly referred to as CI/CD procedures.

14 Literature Survey
Paper 1: Automatic Speed Breaker
In this study, the author has explained how smart speed breakers automatically modify their height in response to a vehicle's speed to improve safety in places like schools and hospitals. Vehicles are detected by sensors, which also compute their speed. When a microprocessor senses exceeding the restriction and raises the bump by turning on a servo motor, drivers are compelled to slow down. This system has several benefits, including improved safety and reduced wear and tear on vehicles following the speed limit. But there's a chance that faults may overload cars or cause collisions, and the initial costs of installation and maintenance might be substantial. Furthermore, this strategy works only in the areas where these smart breakers are installed.
Paper 2: Detect Speed Breakers and Prevent Accidents Using Sensors and AI
This paper addresses the use of AI in road safety. The device notifies drivers to take precautions to avoid such places by utilising car sensors and the AI algorithm. This pre-warning system can either visually or audibly alert the driver away from such areas or even slow down the car through mechanical intervention, significantly reducing accidents due to drivers who either ignore or overestimate the height of bumps. It also looks into the possibility of applying artificial intelligence to data processing from an automobile's in-vehicle network. Here, the system may predict collisions even before occurring by training machine learning models with data to enable precautionary measures such as automated braking. Overall, this paper has presented enormous potential for AI to make our roads from hazard-prone to safe.
Paper 3: Accident Detection and Alert System
This study suggests an app for smartphones that detects accidents. It keeps an eye out for abrupt speed changes that could point to a collision using sensors like accelerometers and GPS. The software notifies the user when it senses a jolt. The user can either confirm an emergency or cancel the alert within ten seconds. The app instantly notifies emergency services and pre-selected contacts of a help request if no answer is received. Response times can be greatly accelerated by doing this, possibly saving lives.
Paper 4: Design and Development of Speed Breaker Detection and Automatic Speed Control System in Vehicle
In this article, the author claims that in traditional automobile braking systems, several operating mechanisms are used. These include hydraulic, pneumatic, air, and mechanical systems. However, all of these braking mechanisms rely completely on manual operation as they receive either their signal or the input power directly from the driver. Adverse weather conditions, such as rainfall or fog, can limit the view of the warning signs that display speed limits, thus causing the brake to malfunction since it receives wrong information from the driver. Also, because driving is at night, the chances of accidents are high since drivers might not respond in time. Additionally, there are no precautions against causing vehicle damage during accidents. This method fails to reduce harm to the two cars and people as well.
Paper 5: Speed Breaker Detection and Speed Reduction Using Machine Learning
This study shows how CNNs may be used for promising detection of speed bumps in road photographs. The chosen method can scale well with various road conditions, assures great precision, and allows real-time integration into driver-assistance systems. However, some restrictions must be taken into account. The quality and variety of the training data are decisive factors for the model's efficiency. Biased or low-quality training data would lead to misidentifications. The solution should be robust by considering the extension of the training data with some illumination, weather, and speed-bump variations. Better performance can also be achieved with adjusted hyperparameters, tweaking the CNN architecture to optimally maximise its extremes.

15 Conclusion
Speed breakers and vehicle accident detection systems, enhanced with alert sensors, represent a significant leap in ensuring the safety of roads and reducing accidents. This proposed method includes the detection of speed breakers and pit holes during rainy or foggy seasons to alert drivers, causing them to slow down and avert from the road. To detect speed bumps or pit holes during the rainy season with greater precision, machine learning techniques like these are advised.
Datasets should be collected, and the factors required have to be noted so that the warning sensors can be used for implementing efficient potholes, speed breakers, and accident detection systems. To a great extent, the systems depend on the timeliness and quality of the features taken into account, besides the completeness and quality of the data being gathered for precise and prompt detection.
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Abstract
Smart cities are changing due to machine learning (ML) and the Internet of Things (IoT), advancing liability, sustainability, and increased efficiency. They maximise urban services, from public safety and environmental monitoring to transportation and energy management, using machine learning algorithms and interconnected IoT devices. Through predictive maintenance, anomaly detection, and sophisticated analytics, the integration of ML expands the possibilities of IoT systems. By detecting and notifying authorities of odd activity or possible security risks, incorporating surveillance systems with ML can improve crime prevention and response. ML algorithms examine this data to enhance efforts to create a healthier and cleaner urban environment by offering insights into pollution trends and health hazards. Significant infrastructure and technological investments are also required to deploy and keep these cutting-edge systems. Government agencies, stakeholders in the corporate sector, and society must work together effectively to address these issues and guarantee data’s secure and moral use. In summary, the development of smart cities depends on the fusion of machine learning and the IoT.
Keywords
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1 Introduction
Scientifically enhanced (by electric systems and millions of sensors that gather technical information), the metropolitan region is a smart city. Data is employed to improve city operations by delivering critical information that efficiently manages resources, assets, and services. This information, which derives from people, things, and their properties or states, as well as other phenomena in conjunction with our city’s infrastructure and ecosystem, assists in observing and learning about neighbourhoods over time. Waste management, investigation of crimes, data centres, educational institutions, libraries, healthcare facilities, and other community services, traffic and transportation systems, power plants, services, urban forestry, and distribution of water networks are the factors where urban life is dependent. These are then sent up for processing and analysis, as a smart city is defined based on its ability to monitor itself, including the use of technology by local government. A smart city is a developed metropolitan region that utilises state-of-the-art information and communication technology (ICT) to promote sustainable growth, increase the effectiveness of city services, and raise the standard of living for its residents.
1.1 Evolution of Smart Cities
1.1.1 Initial Thoughts and Sources (1980s–1990s)
	Smart cities are an idea that emerged from digital cities, which tried to use digital platforms to improve urban administration.

	The connectivity between the different types was improved with the help of communication and the Internet.






1.1.2 First Generation (Early 2000)
	The Pilot Projects, such as security-related surveillance and energy management using smart meters, were used in the cities to make smart cities.

	Basic connectivity during this era was made possible with the help of digital infrastructure and internet technologies.






1.1.3 Second Generation (2010)
	The integration of more smart technologies is used to improve the functions of the urban area.

	The IoT devices flourished to provide real-time data for efficient urban management using big data analytics.






1.1.4 Third Generation (2020)
	Artificial Intelligence and machine learning innovations make cities more responsive and adaptable by helping to forecast and optimize urban operations.

	Urban development satisfies public requirements, and contemporary smart cities strongly emphasise citizen participation and participatory government.







1.2 Role of Technology in Shaping Modern Urban Environments
Internet of Things (IoTs) and Data Analytics enable linking devices and sensors across the city and gathering enormous amounts of information, which is at the core of smart cities. Then, this information is examined to monitor and control energy usage, traffic patterns, environmental quality, and public safety. By utilising data analytics, municipality developers may make well-informed decisions that improve the quality of life for people and result in more efficient municipal systems.
Smart technology makes integrating renewable energy sources like wind, solar, and electricity into the metropolitan grid easier. In addition to lowering cities’ carbon footprint, this guarantees a more reliable and affordable energy source. Smart grids improve energy efficiency even further by using technology to control the supply and demand for electricity.
E-governance is also embraced by smart cities, which use digital platforms to improve citizen-government communication. These platforms encourage transparency, increase citizen participation in city development and decision-making processes, and enhance the effectiveness of public services.


2 Foundation of Smart Cities
2.1 Overview of IoT and Its Significance
IoT is a method that allows them to take control of these devices by combining already-existing resources across the Internet. Early in the 1990s, the Auto-ID Labs at Massachusetts Institute of Technology (MIT) presented the initial idea of the IoT [1]. The first IoT application to be built and the term “IoT” to be coined was the Trojan Room coffee pot [2]. IoT is a potential network model that enables interactions via heterogeneous networks between ubiquitous objects such as people, computers, gadgets, and cars. The IoT refers to the network connectivity of disparate items embedded with sensors, software, electronics, and network connections, such as devices, cars, buildings, and many more. In the future, IoT will be a major player in several industries, including demotics, healthcare, home automation, transportation, and enhanced education [3]. To take precise actions in those areas for improvement, IoT systems often can sense objects and measure and compute data. For instance, in systems connected to healthcare, some medical equipment can be used to track patients’ vital signs, such as blood pressure, temperature, and heart rate. This makes it easier for doctors to treat patients in an emergency since they can quickly assess their condition and begin treating them.
One of the main functions of the IoT is to assemble and analyze environmental information to apply the knowledge gained to enhance the public’s quality of life. This technology was created in response to the need for innovation and for things to be sufficiently capable of measuring, interpreting, discerning, and altering their surroundings. Applications for IoT can be found in several areas, including agriculture, the environment, smart cities, smart homes, smart healthcare, and smart video surveillance [4]. Numerous sectors, including tourism, public safety, transportation, and city consumption, are enhanced as smart cities use this.
2.1.1 Key Components of IoT
The IoT is a collection of networked systems, sensors, and gadgets that can communicate with one another. These gadgets might range from commonplace home goods like thermostats and refrigerators to sophisticated urban infrastructures and industrial machinery.
	Sensors



The sensors carry the information gathered from the surroundings of the physical objects. The data collection from simple sensors such as temperature sensors to complex sensors like industrial robots are used in smart cities. These sensors measure different parameters like temperature, motion, light, humidity, etc.
	Interconnectivity



IoT devices are interconnected with the help of the internet, enabling them to transfer and receive data. The interconnectivity can be provided with the help of a cellular network, Wi-Fi, IoT protocols, and LoRa.
	Processing of Data



The information composed from the sensors needs to be processed and verified. This process is carried out in centralised data centres or cloud service stations. The processed data can be utilised to take actions based on the requirements.
	Interface with User



The information from the IoT devices is provided to the users with the help of mobile apps, voice assistants, or web dashboards. These data will allow the users to monitor and control their used IoT devices.
	Actuators



Based on the processed data, the actuators performed physical actions on a few IoT systems.



3 Integration of IoT in Smart Cities
Smart cities represent a growing reality, helping enable the sustainable and high-quality development of populations in metropolitan regions worldwide. ML is a tool that allows models to be prepared with data sets before live deployment. Based on expected responses, learning associations across a wide range of data forms (i.e., numbers, images, etc.). It may drive changes in utility business models, enabling new and improved services and creating more sustainable mobility with less inconvenience. It tackles correlated issues around urban planning efficiency and citizen service integration to provide individual results [5].
Sensors and actuators are installed in a smart city to capture relevant data across the city. These messages consist of readings from the devices and actuation commands, making them communicate with the IoT platform via various network technologies. The smart city applications used the stored information on the IoT platform to solve several city problems. The technology for smart city applications is related to data security and privacy, which are gaining prominence as two key elements of future IoT [6].
The IoT is acknowledged as a revolutionary technology that broadens its application to various contexts and fields. New research from McKinsey estimates that by 2025, the IoT could have an annual economic impact of up to $11.1 trillion, making it the most valuable disruptive technology of all, outstanding even mobile Internet, knowledge-work automation, cloud computing, and sophisticated robots in terms of value [1]. The context-aware services that underpin the creation of intelligent spaces are supported by the information IoT delivers. A Smart City seeks to create a thriving ecosystem where inhabitants’ lives are enhanced, and new opportunities arise due to streamlined city operations and increased efficiency [7, 8].
Applications like waste management, street lighting, public safety, parking, water, electricity, and traffic. Infrastructure must be installed to enable a sense of key city factors and the control and actuation of various elements to support all these application areas. Infrastructure that is made available across many application areas in a homogenous and resilient manner, rather than being restricted to silos, will be the key to realising the full potential of IoT in Smart Cities. The main obstacles are integrating disparate IoT machinery and obtaining the necessary scalability and safety to share information among authorised parties while keeping it safe from unauthorised access.
In this perspective, the most valuable resource is the data continuously generated by many sensors embedded in real-world environments [9]. The trade operations utilising the data that powers Smart City services as the raw material must be permitted if systems to monitor the origin, calibre, and worth of the information transferred are to be implemented [6].
3.1 IoT in Smart Cities
A smart city is a metropolitan region with digital data-driven technologies that optimise resource utilisation and public service delivery. Environment, smart residents, smart economy, smart government, and smart lifestyle are the six main parts of a smart city. IoT is naturally concentrated on technology, whereas smart cities are more user-focused. They are all heading in the same direction—better services for contemporary cities (Fig. 1) [10].[image: ]Diagram illustrating the concept of Smart Cities, divided into user-oriented and technology-oriented sections. The user-oriented section includes seven components: Smart Living, Smart Governance, Smart Mobility, Smart Health, Smart Citizens, Smart Economy, and Smart Environment, all connected to a central circle labeled "Smart Cities." The technology-oriented section features a triangle labeled "IoT" with arrows pointing towards it, labeled "Any Time," "Any Where," "Any Body," and "Any Device." Two hexagons show the cyclical relationship between "Technology Towards Need" and "Need Towards Technology."


Fig. 1Relationship between IoT and smart cities [8]


3.1.1 Data Collection
Identification and sensing are two categories into which IoT data collecting may be divided. Finding an object’s address and ID within a network is the main goal of the identification procedure. Electronic Product Codes (EPC) and Ubiquitous Codes (uCode) are two commonly used data identification techniques in the IoT. It is possible for an object’s ID in a network to not be unique. An address is utilised to recognise that object in this instance properly. Additionally, a network may include private and public Internet Protocols (IPs), such as IPv4 and IPv6. Data is collected during the sensing process using sensing equipment like actuators, smart sensors, wearable sensors, cell phones, etc. The development of single-board computers is one of the most significant advances in this field (SBCs). SBCs have an application processor that can run sophisticated operating systems such as Windows, Linux, or Android. They can be integrated with sensors, built-in TCP/IP, and security firewalls and are usually set for placement with little configuration required.

3.1.2 Data Delivery
In IoT-enabled networks, communication protocols are important in defining how the data in IoT gets sent. These days, there is a broad usage of different communication protocols such as LTE-Advanced, WiFi, etc. Among the most popular protocols used for IoT data links is the IEEE 802.15.4. The base of this protocol comprises setting up source and destination addresses for headers, frame formats, and node-to-node communication. Another crucial technique of data transport is WiFi, which allows data transfer between smart devices in ad hoc deployments without using any routers. Bluetooth is a short-wavelength radio communication technology that enables smart devices to interchange information over a relatively short area.

3.1.3 Data Analysis
Several software platforms and operating systems have been developed to analyse IoT records. Unlike PCs or mobile devices, many of them will be found in commercial and open-source categories. Real-time operating systems are extensively utilised in managing hardware resources, hosting applications, and processing real-time information. They are essential to the development of trustworthy IoT solutions in the fields of telecommunications, transportation, and automotive. Cloud platforms, also called the fog in cloud computing, are another important computational component of IoT, providing many useful application-specific services in several application domains [8].


3.2 Role of IoT in Smart Cities
Waste Management: Because of the high expense of the service and the issue with garbage being stored in landfills, waste management is a foremost worry in various contemporary cities. However, major cost reductions and financial and environmental benefits may exist from the greater use of ICT solutions in this field. One way to lower garbage collection costs and enhance recycling quality is using smart waste containers, which can identify the quantity of weight and optimise the path for collector trucks. The IoT will link intelligent trash containers, or end devices, to a control centre to realise this smart waste management service. Optimisation software will process the data and choose the finest means to operate the collector truck fleet.
Air Quality: An urban IoT can offer ways to monitor the air quality in parks, busy places, and fitness trails. Furthermore, communication services can be made available so runners’ devices can connect to the infrastructure and execute health applications. Individuals can always locate the healthiest route for outdoor activities in this way and stay in constant contact with their favourite personal training software. Installing pollution and air quality sensors across the city and making the sensor information accessible to the common civic is necessary to execute such a service.
Noise Monitoring: Like carbon dioxide (CO), an air pollutant, noise is considered auditory pollution. To that end, local officials have previously passed rules to limit noise levels during particular hours in the city centre. A metropolitan IoT can provide a noise monitoring service to track how much noise is made in the locations that use it at any given hour. A metropolitan IoT can provide a noise monitoring service to gauge the quantity of noise generated in the areas that use the service. Using sound detection algorithms can be utilised to enforce public safety and create a space–time map of the noise pollution in the area. This service can enhance both the calm of city nights and the trust of landlords of community establishments.
Traffic Congestion: Following in the footsteps of air quality and noise monitoring, monitoring traffic congestion in the city is one potential Smart City service that urban IoT can provide. Although many cities have previously implemented camera-based traffic monitoring systems, low-power wide-area communication can offer a denser data source. Modern cars’ sensing capabilities and GPS systems can be used to monitor traffic. A combination of acoustic and air quality sensors can also monitor traffic on a particular route. Both municipal authorities and residents value this information greatly: the former use it to control traffic and post officers when necessary. In contrast, the latter use it to better plan their shopping trips to the city centre or choose the best route to the office.
City Energy Consumption: Besides providing an air quality monitoring service, a metropolitan IoT may be able to monitor the city’s overall energy consumption. This would allow citizens and government agencies to understand how much energy is needed for various services, such as traffic lights, public lighting, heating and cooling of buildings, and control cameras. As a result, it will be feasible to determine the main foundations of energy consumption.
Smart Parking: This service provides vehicles with the optimum route to park in the city by utilising smart displays and road sensors. This service has many benefits, such as lessening traffic jams, making residents happy, and reducing CO emissions from vehicles that find parking spots faster. An electronic parking permit verification system can be implemented in spots designated for occupants or the incapacitated using short-range communication technologies like NFC or Radio Frequency Identifiers (RFID). This will improve services for those residents who can legally occupy those spaces and provide an effective means of swiftly identifying infractions.
Smart Lighting: The efficiency of street lighting can be increased to optimise the street lamp intensity based on factors such as the time of day, weather, and crowd size. For such a service to work properly, street lighting must be connected to the Smart City infrastructure. The increasing quantity of linked locations may be leveraged to provide WiFi to the general public. It will also be easy to add a fault detection system on top of the street light controllers [11].
Healthcare: IoT technology in smart cities offers numerous benefits in the healthcare sector. Among such uses are automatic data collection and sensing, person identification, and tracking of people and things, such as patients, employees, and ambulances. Regarding people and goal tracking, patient status is tracked in a clinic or hospital to facilitate better and quicker hospital workflow. The availability of various organs for transplantation, blood products, and ambulance locations are tracked online. Patients are identified in a database to reduce the possibility of errors and avoid receiving incorrect medications, dosages, or treatments. Staff authentication aims to enhance how staff members behave with patients. In terms of gathering and sensing data, it facilitates expediting data processing and averting human error. The implementation of sensor devices allows for diagnosing patient problems and the real-time provision of information on patient health indicators, such as medication compliance. Heterogeneous wireless access-based techniques are used to evaluate the patient’s status utilising bio-signal monitoring, allowing patient data to be accessed from any location [12].


4 Applications in Smart Cities
4.1 Intelligent Transportation System
The extensive accessibility of low-cost, wireless networking and high-quality sensors has allowed the emergence of the latest field of study called “Internet-of-Things.” The area, for instance, offers a great deal of potential to enhance smart cities, smart homes, and smart transportation technologies. For IoT-based applications to make sense overall, the physical infrastructure that is put in place is essential. Notably, the nature of research challenges varies greatly among nations with inadequate infrastructure. Roadside units (RSUs) can be useful for rerouting commuters in industrialised nations around gridlock. When people commute to and from work daily, they follow typical patterns. Due to the delayed arrival of emergency services and traffic accidents at the scene, congestion during these periods results in economic loss, pollution, and even fatalities.
This allows for classifying network traffic data, including traffic data from mobile devices, IoT networks, traffic data, and smart cities. Factors including traffic classification, data mining, and datasets are critical to machine learning’s [13] performance. The extraction, selection, ML approach, and its applications should all be included in the network traffic classification. To better anticipate traffic patterns, we can categorise cars into the following groups using an IOV system: The first category contains techniques created in consideration of the time-series forecast; they include, but are not limited to, constituent factor analyses, indices, multiplication models, and addition models. Techniques based on chaos theory include fuzzy logic and neural networks for intelligent control and adaptive control.
4.1.1 Traffic Management
A commonly used solution to address traffic operation problems is an ITM system. ITM systems can upgrade the quality of passenger and logistics transit while easing traffic congestion. Improvements in the public’s quality of life decide how intelligent and sustainable the development of IoT-based ITM Systems is. Smart-city governance is a key.
Element of ITM [14] initiatives since it grows design techniques for better policies. The public value of creative services is one of the main tenets of the smart-city management system [15]. The previous few decades have seen an increase in the intelligence of mobile appliances, sensors, and actuators, making it easier for devices to communicate and do complex tasks. Almost all instruments, wireless sensors, embedded systems, and smart mobile devices are linked to the internet or a local network leading into the IoT.


4.2 Energy Management
Energy management is an inspirational area for emerging renewable energy sources [16]. However, as decentralised energy production grows, power grid administrators find that managing electricity flows requires more quality and reliability and less imbalance between supply and demand. Achieving optimal energy procurement and usage across the company, minimising energy expenditures without compromising productivity, and minimising environmental effects are the main goals of an energy management system. Due to the high consumption in residential structures, modern energy management is a crucial and complicated topic that calls for improved user comfort and energy optimisation.
The objective of all the frameworks developed by researchers to tackle the energy management problem was to preserve the equilibrium between energy consumption and user comfort. Yet, the issue remains unsolved because of its complexity. An inclusive and intelligent energy management system (IEMS) seeks to deliver overall energy efficiency in terms of improved power generation, adaptability, and renewable energy systems. It also aims to lower energy costs, improve energy consumption, raise stability, and lower carbon dioxide emissions. Using the Internet of Energy (IoE) network, ML, a relatively new technique, could estimate energy efficiency more accurately.
4.2.1 Demand Prediction and Resource Allocation
Smart cities are developed metropolitan areas with modern technology [17] that employ ICTs to address specific issues and support the implementation of sustainable social, economic, or environmental growth. In recent years, altering metropolitan regions into smart cities has been a global goal. Many cities have created master plans to accomplish this goal in many ways. When incorporated into a smart city plan, 5G technology raises living standards and productivity while lowering expenses and resource consumption.
Intelligent services offer additional accommodations, resources, shared infrastructure, flexibility, and better quality of experience (QoE) and quality of service (quality of service) methodologies, depending on the location of the essential infrastructure and services. These services improve civilians’ quality of life and enhance the user experience [18, 19].

4.2.2 Integration of Renewable Energy Sources
Recently, the focus of energy use [20] has shifted to low-carbon renewable energy sources, emphasising the need to protect the environment and public health over the long term. To fulfil the growing need for affordable, sustainable energy, the issue is understanding and recognising the increasing quantity of renewable energy sources. Cost and climate change are problems that government organisations, customers, and distributors all face. AI signalled the establishment of a new age in technology and sustainable development.


4.3 Public Safety
Artificial intelligence is also expected to impact significantly long-term public safety and security for expansion [21]. AI has raised the threshold for smart cities, creating high-tech hotspots out of many new IoT sectors and regular communities.
The open-source data mining application Waikato Environment for Knowledge Analysis (WEKA) was used to compare violent crime trends from the Communities and Crime Unnormalized Dataset with actual crime statistical data [22, 23].
It is possible to incorporate Knowledge Flow, a new graphical user interface that can take the role of Internet Explorer while keeping in mind WEKA [24]. It provides a more narrowly focused view of data mining concerning the process orientation, in which certain learning components are used graphically to represent a specific information flow. The viability of applying a predictive analysis of crime estimates in a metropolitan setting is examined in Ref. [25]. Housebreaking, street robbery, and battery were the three types of criminal behaviour incorporated into 200 m × 250 m grids for the retrospective study. The prediction index, precision, and direct hit rate were used to evaluate the forecasts.
The outcomes of the biweekly projections show that utilising a predictive analysis methodology on the data can produce accurate predictions. They concluded that comparing the monthly estimations with a day-night gap between them can significantly improve the findings. In Ref. [26], machine learning was used to investigate crime predictions. Using 560,000 crime reports from 2003 to 2018, they conducted a study that found that 39–44% of crimes may be predicted using machine learning algorithms.
4.3.1 Surveillance Systems and Anomaly Detection
One of the easiest ways to spot odd activity inside and outside a building is to have a monitoring system that can recognise and report abnormal conduct automatically. A rising number of distributed surveillance cameras are positioned in communal spaces such as parks, shopping centres, airports, and so forth to assure public safety and security [27, 28]. While computer vision algorithms can automatically and successfully identify abnormal events, extensive surveillance video collections still require arduous, imprecise, and time-consuming manual analysis.
A strange occurrence can be recognised in a surveillance video if there is target overlap, a high frame rate, target obscuration, noise, or poor handling. Identifying anomalies from the incoming visual data becomes more challenging when vision sensors detect many objects, including regular people and unusual targets. Additionally, because anomalous events are unpredictable, rare, and hard to define, it is difficult to gather all odd samples and define anomalies precisely for an AI model because they are unbounded, rare, and hard to define.
Additionally, abnormality detection may identify a wide range of anomalies, all of which fall under the category of universal anomalies [29, 30]. Numerous conventional feature-based anomaly detection methods exist [31]; however, due to their limitations, they are ineffective in complicated monitoring scenarios [32]. Although the current algorithms for classifying surveillance abnormalities are undoubtedly adaptable, their high degree of domain specificity prevents them from categorising every possible type of surveillance anomaly [33].
Finding abnormalities in videos using AI models for anomaly identification has been the subject of extensive research. Artificial intelligence techniques are differentiated into three groups: unsupervised, supervised, and semi-supervised systems, based on the variables found in the training sets [34]. It has been revealed that future prediction-based, frame reconstruction and clustering techniques effectively detect anomalies when labels are missing from the training datasets [35, 36]. These algorithms have several issues when applied to real security video data. Aberrant and normal data are added to the supervised learning training set to overcome these limitations.
More specifically, compared to strongly supervised approaches, weakly supervised techniques can assist in resolving anomaly identification problems by simply adding video-level labels for normal and abnormal events to the training set [37]. A video is viewed in MIL as a bag full of instances of clips, and anomaly labels are learned at the instance level through the use of bag-level annotations. Events that diverge from expected typical behaviour are referred to as anomalies, which is why semi-supervised approaches are helpful [38].



5 Challenges and Considerations
5.1 Risks Associated with Interconnected IoT Devices
A smart city is a network of interconnected computerised systems that smart devices can access and control, encompassing many facets of human existence, including maintenance, education, logistics, transportation, and healthcare. Many technologies are used to mechanise each step, which still needs finance and labour. Smart cities can significantly improve urban management and facilities by incorporating cutting-edge technology like ML and the IoT. Through Denial of Service and Distributed Denial of Service attacks, hackers can make smart city networks unusable, impacting transportation, communication, and utility systems and cause widespread chaos. Hackers can identify faulty IoT devices through cybercriminals who have unauthorised access to and control them. These can be used as an entry point for initiating more attacks on interconnected city systems.
The information collected from different sensors in a smart city can be manipulated by hackers accessing it illegally. This could result in interruptions to essential services and inaccurate readings. If attackers have physical access to sensors and can directly modify the hardware, negotiating the quality of the information is possible. The IoT system may be provided with false information, leading to inaccurate decisions. Attackers provide such wrong sensor signals to mislead the IoT system. Communication among different units of smart city plans can be interfered with, and exposure of private information is possible by hacking into sensors and other components within the application.
The sensors in IoT systems collect information about people’s locations, and a huge amount of information is available in the system, which can affect people’s privacy, leading to unauthorised tracking. If collected biometric information is not handled securely and ethically for different reasons, it could infringe on people’s privacy rights. Detailed profiles of individuals and organisations can be prepared by combining sensors, which might reveal sensitive information about them. In a shared system, privacy conflict may arise by recognising who owns and has authority over sensor information. The dependability and functioning of the IoT system may be jeopardised by inaccurate or manipulated sensor data, which can result in erroneous judgments and decisions.
While designing IoT devices, it is common to neglect security measures as manufacturers prioritise maximum utility and efficiency. Because of the default usernames and passwords of the IoT devices, they are more susceptible to hacking if they are not changed after installation.
The hacker may unethically capture the user’s sensitive information because of inadequate data encryption in IoT device communications. When software related to IoT devices is not updated regularly, and if its problems are not addressed regularly, it can attract hackers for unauthorised access to information. Quality municipal facilities can be provided to the user when the government safeguards digital infrastructure through careful planning and diverse approaches [39].

5.2 Strategies for Ensuring Data Security and Protecting Privacy
The IoT devices and central servers should communicate securely to ensure data privacy. Illegal access and information breaches can be prevented using robust encryption and secure communication protocols. Updating IoT systems and devices to tackle identified vulnerabilities frequently is important. The smart city’s network should be updated regularly through a central patch management system. Cybersecurity risks or anomalies can be recognised by utilising ML algorithms. Threats can be avoided if response mechanism procedures are introduced in the communication protocols used. Communication between sensors and other components needs to be encrypted to safeguard the transferred information. Better authentication and access controls can be used to ensure that only authorised entities are connected to sensors. Secure communication approaches should be used to protect information accuracy between sensors and the overall system. The design of the sensors used in the IoT systems should include protocols to cope with environmental conditions and ensure reliability in various situations. Reliable and secure communication protocols should be used to encrypt information in transit and prevent eavesdropping. Network activity, identifying anonymous intruders within the system and their unwanted access to the system, can be monitored using Intrusion Detection and Prevention Systems (IDPS). Device security can be enhanced; hence, addressing the known vulnerabilities is made easier by regularly updating the firmware and software. The users of the smart city system should be aware of how the information collection takes place within the system. Users should be given the capability to control privacy settings and provide the opportunity to give consent to share information within the shared media. Establishing rigorous authentication and authorisation procedures can provide authorised access to IoT devices. While installing IoT devices and applications in smart cities, an assessment strategy should be built to assess the associated risk, and different modelling approaches need to be created to identify various threats involved. User privacy can be protected by decentralising the identity management system. State-of-the-art techniques. Decentralising the system could facilitate data collection and processing from IoT devices [37].

5.3 Role of Government and Stakeholders in Supporting Infrastructure Development
A vision of the government is the improvement of a metropolitan city or a portion of a town along the value chain—and a leadership team is the foundation of the government’s main function. The following stage is to work with various stakeholders to understand the digital journey that all parties can share. This knowledge will ultimately assist as the driver’s travel guide. Rules that protect residents’ interests, such as data privacy, are essential to city management. For stakeholders and PPPs to work together on professional and smart city developmental schemes, governments play a critical role in establishing the ecosystem. Significant improvements are being made to city planning when there are increasing demands and opportunities for resource efficiency and sustainability in cities. Better transport, water supply, trash disposal, healthcare, and education could all be areas of great emphasis for improved services. A few examples of digital resources utilised to improve city intelligence are meters, cameras, and sensor technology. Future-focused solutions and cutting-edge service development are frequently the main goals of municipal plans. Several stakeholders are involved in making the city smarter than before. Local politicians, who decide the correct project to be initiated for a city to be smart, are the first stakeholders. Civil servants design these projects relevant to be smart. Since they frequently establish the physical boundaries and contents of new districts, architects play a vital part in the early phases of district development. Before the local plan’s finalisation, construction companies were given a chance to provide feedback. Many companies provide infrastructure to develop the city and make it smarter. Strategic planner’s and residents’ ideas are utilised as input for these developments [40].


6 Conclusion
The issue of how smart cities will look further depends on the effective use of machine learning and IoT. Nevertheless, attaining this vision is challenging, and it implies cooperation between the government, industries, and ordinary people. In conclusion, all the changes in the urban realm can be a blessing if dealt with; all the dilemmas can be solved through a coordinated approach to urban planning and design. In the case of governments, they are required to ensure that they provide the necessary policies and funds. At the same time, industries are supposed to embrace change and operate with professionalism and a sound ethical compass, with society fulfilling the role of demanding change and inclusiveness. Through such cooperation, the emergence of a better and more resistant post-crisis city environment and technology to improve the quality of life will be possible.
The changes in sustainability, efficiency, and quality of life are determined by analysing the role of machine learning and IoT in smart cities. Such advances aggrandise the capacity of cities to balance and oversee the resources, diminish the damaging blows on the natural world, and enhance municipal services. Thus, safe cities are achieved through the help of technologies such as ML and IoT support, creating healthier and more sustainable living environments in cities. Therefore, with the development of the smart cities concept, the further implementation of such technologies will remain essential to building the future of a sustainable, efficient, and high-quality city. Smart cities have a promising future with numerous machine learning and IoT development possibilities. All these developments can potentially improve the quality of life in a town and, in turn, the inhabitant’s quality of life. Nevertheless, realising these advantages will be preceded by ethical, security, and infrastructure considerations. Suppose the mentioned issues are solved in advance. In that case, cities will benefit from implementing ML and IoT systems to make urban spaces more intelligent and responsive in favour of every inhabitant.
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Abstract
An image processing-based smart ambulance detection system provides an enhanced emergency response and traffic management with an all-inclusive solution. Three prominent use cases are integrated into the system to maximise collaboration and communication in urgent circumstances. First, an MIT program allows ambulance drivers to submit messages when the vehicle is far from the camera. The messages are then instantly shown on an LCD screen. This function allows the ambulance crew and traffic management authorities to communicate in real-time, facilitating adequate route clearance and navigation. Second, traffic cops may now remotely regulate LEDs placed along the road thanks to a dedicated app. The technology sounds like a buzzer to inform surrounding cars of an ambulance's impending passing by turning the LED green.
Keywords
Smart ambulance detectionTraffic managementImage processingMIT AppSmart traffic lights
1 Introduction
Road travel has been a primary mode of transportation even to this day in many parts of the world. The number of vehicles on the roads is increasing daily as traffic is needed to regulate the vehicle flow and avoid congestion. Traffic lights are the devices installed at intersections to regulate the traffic flow [1]. These traffic lights were introduced in London in 1898. In modern-day scenarios, they are present and required in almost all cities around the globe. Most traffic signals operate on a fixed timing schedule; the major drawback of this is that it usually leads to unnecessary delays for vehicles and pedestrians when the traffic is unusual where expected clock timing may not work. The above-mentioned drawback has led to inefficient traffic control, which is a significant concern for almost all major cities, leading to congestion and many problems for pedestrians. Currently, various research has already been done, and some valid efforts have been made to make these traffic light sequences more real-time so that they can adapt to the current real-time traffic scenarios [2]. Still, even though some have also been implemented, congestion remains a significant and common issue. Using inefficient traffic systems or signals in managing traffic usually results in wasted time, environmental pollution, fuel consumption, increased transportation costs, and stress. Due to the above reason, Emergency vehicles, such as ambulances, are often delayed in traffic. RFID technology, based on radio waves for object detection and identification, is widely used in various fields, including medicine, commerce, security, and electronic toll collection. RFID technology, though efficient, also has drawbacks [3]. These include a limited range. Another drawback is its reduced readability. Passive RFID tags have a limited range. They need Close contact with RFID readers. It ensures reliable operation. Active RFID tags provide longer ranges. Still, they are more expensive. Besides, they require regular battery replacement. Traffic lights are Crucial for managing traffic. They usually work on a static schedule. They don't consider the number of vehicles. Nor do they think their priority is at intersections. Emergency vehicles such as ambulances and fire trucks can get stuck in traffic. These lead to the wastage of valuable time [4].
Today's world is fast-paced; therefore, we need effective systems which can be used in the context of emergency responses. These usually save lives and lessen the impact of disasters [5]. However, there are various hurdles that must be dealt with, such as traffic congestion, communication challenges, and many other types of issues or problems that must be dealt with later on. These issues can minimise the efficacy of these systems.
To combat these problems, we need to use the latest technologies. Image processing is one such innovative technology. It boosts the detection and handling of Emergency vehicles [6]. An example is its use in ambulances. Innovative ambulance detection systems use computer vision. They utilise various machine learning principles, too. Visual data is analysed. Cameras capture the data. Therefore, the system can now accurately find emergency vehicles. Ambulances are identified based on a set of features like shape and colour. Motion patterns are also essential and usually taken into consideration. Once the system recognises an ambulance, it kicks in its responses. Traffic signals are now adjusted to create a clear path for the vehicle. Such technology seems promising as it can Enhance response times during emergencies. The above-mentioned technology can also improve public safety as well.
Ambulance detection systems can streamline the passage of ambulances. These areas are congested. The systems can save time in urgent medical situations. When time is of the essence, it’s crucial. It ultimately raises the chances of survival during emergencies [7]. This introduction delves into key principles of image processing-based smart ambulance detection. We will touch on its significant components. We will also explore its applications as well as its drawbacks and implications.
The emphasis is on ambulance detection via image processing. It consists of essential parts. These may be helpful. Applications exist. The ramifications are important. This is particularly true for contemporary emergency services. The same is true for efficient traffic management.
This analysis can shed light on how revolutionary this technology is. We have new options thanks to current technologies; it suggests improvements in our response to crises. This is important as it will influence how emergency response systems develop in the future.

2 Emergency Vehicle Detection
In computer vision, emergency vehicle detection is a specific application that uses HOG Feature Descriptor to recognise vehicles such as police cars, fire trucks, and ambulances to optimise emergency response systems. In traffic conditions, this feature is essential for promptly identifying and ranking these vehicles, as these are important and may affect the lives of civilians. Emergency vehicle detection systems use a variety of strategies, ranging from sophisticated deep-learning techniques to conventional image-processing algorithms. These techniques use distinctive characteristics of emergency vehicles like sirens, flashing lights, or specific colour schemes to set them apart from other cars on the road. Convolutional neural networks (CNNs), in particular, have advanced deep learning by automatically extracting unique characteristics from large datasets [8]. Preprocessing techniques like picture enhancement and feature extraction are commonly used in these systems, after which candidate zones are classified as either background or emergency vehicles. For timely detection in dynamic traffic settings, real-time performance is essential, necessitating practical hardware implementations and algorithms. Implementing effective emergency vehicle detection systems can reduce response times, enhance traffic management, and bolster safety for emergency personnel and the public. Ongoing research aims to refine detection techniques and create robust systems that seamlessly integrate into existing emergency response infrastructure (Fig. 1).[image: ]An ambulance is stuck in traffic, surrounded by several cars. A green box highlights the ambulance with the text "ambulance: 95%" above it, indicating a detection confidence level. The scene suggests congestion on a busy road.


Fig. 1Ambulance detection using CNN



3 Estimating Hardware and Their Functionality
This section typically deals with a brief estimation of the hardware the proposed prototype will require. The analysis is based on well-grounded research and the recent development in the field of electronics to conclude the hardware that is to be acquired to build our prototype.
Once the hardware was estimated, it was to know its functionality and capability to be put together and perform the execution (Fig. 2).[image: ]Two images showing electronic components. The top image features a breadboard with two Arduino Uno boards connected by various colored wires. The bottom image displays an LCD screen and a microcontroller, possibly an ESP8266, mounted on a wooden surface with wires attached.


Fig. 2Circuit connection and LCD emergency display


The estimated hardware components are as follows:	1.
Arduino Uno

 

	2.
HC-05 Bluetooth module

 

	3.
Liquid Crystal Display

 

	4.
ESP8266 WiFi Module

 

	5.
Webcam

 

	6.
Power Supply Unit

 

	7.
Jumper

 






4 Smart Ambulance Detection Using Image Processing
Building and fabricating the Smart Ambulance Detection system prototype involves a multi-phase approach that integrates hardware, software, and communication technologies. The first step is to install high-resolution cameras at key traffic intersections and along major roads. These cameras should be capable of capturing clear video feeds under various lighting and weather conditions. The development team will create and use a reliable image processing module at that time. To precisely identify ambulances in real-time, this module will use cutting-edge deep learning techniques, including YOLO (You Only Look Once) or Faster R-CNN, which have been trained on large datasets [9]. The MIT app for traffic cops and ambulance drivers is being developed in the next stage. When the ambulance is far from the camera, the app's simple UI will allow drivers to send an “Emergency” message. This message will be sent to a central control system to warn other drivers and pedestrians, which will then show it on carefully positioned LCD screens.
The software would provide traffic cops with the ability to turn traffic signals green and sound a buzzer manually. This necessitates connecting the app to the buzzer system and traffic light control technology. The application must guarantee dependable and safe communication, perhaps with the help of real-time data transmission protocols and encryption. The controllers for the traffic lights are linked and synchronised with the picture processing system, which will ensure that the traffic light automatically turns green whenever an ambulance is detected, allowing it to pass through without any problems [10]. Appropriate programming needs to be done in the image processing module to ensure that the traffic light controllers will receive and respond based on images and signals. In order to guarantee dependability and efficacy, the complete system will undergo extensive testing in various circumstances, which should make it accurate and dependable. This includes evaluating the MIT app's usability, traffic light controller responsiveness, image processing algorithm correctness, and camera feeds. The prototype will be created based on feedback and performance data to satisfy real-world traffic management and emergency response requirements [11]. Cooperation with emergency services and local authorities will be essential throughout the development stage to guarantee that the system manages all real-world problems and integrates seamlessly with existing infrastructure (Fig. 3).[image: ]Flowchart illustrating a decision-making process for traffic management involving an ambulance. It starts with traffic police input, leading to a camera check. If conditions are met, it proceeds to machine learning analysis. A "Yes" result displays green, activating a buzzer. A "No" result restarts the process. If the initial condition is "No," an app sends a message, displays on an LCD, and checks conditions again. A "Yes" displays green and activates the buzzer, while a "No" restarts the process.


Fig. 3Flow chart of intelligent ambulance detection and enhancing emergency response


Step 1: Setting Up the Development Environment	1.
Install Required Software:	Install Python and relevant libraries for deep learning (TensorFlow or PyTorch).

	Install OpenCV for image processing.

	Set up a development environment using an IDE like PyCharm or VSCode.

	For app development, install Android Studio for the MIT App Inventor.






 

	2.
Set up Hardware:	Install high-resolution cameras at the designated locations.

	Ensure you have access to an LCD and traffic light controllers.






 




Step 2: Develop the Image Processing Module	1.
Collect and Prepare Data:	Gather a dataset of images/videos containing ambulances and other vehicles.

	Label the data to train the object detection model.






 

	2.
Train the Deep Learning Model:	Fine-tune a pre-trained model (like YOLO or Faster R-CNN) on your dataset.

	Split the data into training and validation sets.

	Train the model and evaluate its performance.

	Save the trained model.






 

	3.
Implement Real-Time Detection:	Write a script to capture video feed from cameras using OpenCV.

	Load the trained model and apply it to detect ambulances in real time.

	Integrate the detection output with the traffic light controller.






 




Step 3: Develop the MIT App	1.
Set up MIT App Inventor:	Create a new project in MIT App Inventor.

	Design the user interfaces for the ambulance driver and traffic police.






 

	2.
Implement Functionality for Ambulance Driver:	Add a button to send the “Emergency” message.

	Implement code to send this message to the central control system.






 

	3.
Implement Functionality for Traffic Police:	Add controls for changing the traffic light to green.

	Implement code to trigger the buzzer when the traffic light is changed to green.






 




Step 4: Integrating the System Components	1.
Connect the MIT App to the Control System:	Use Firebase or a similar backend service to communicate between the app and the control system.

	Ensure messages from the ambulance driver are displayed on the LCD.

	Ensure commands from the traffic police are sent to the traffic light controller and buzzer system.






 

	2.
Connect the Image Processing Module to the Traffic Light Controller:	Write scripts to interface with the traffic light controller.

	Ensure that the image processing module detects an ambulance by triggering a signal to change the traffic light to green.






 




Step 5: Testing and Debugging	1.
Unit Testing:	Test individual components such as the image processing module, MIT app, and traffic light controller interface.

	Verify the accuracy and reliability of ambulance detection.






 

	2.
Integration Testing:	Test the integration between the MIT app and the control system.

	Ensure that messages and commands are correctly transmitted and executed.






 

	3.
Field Testing:	Deploy the system in a typically controlled environment.

	The entire system is tested with real ambulances and traffic scenarios.

	Finally, now we can collect feedback based on testing and hence refine the system.






 




Step 6: Deployment and Monitoring	1.
Deploy the System:	First, the initial installation of LCDs and cameras is done in real-time traffic environments.

	Now, we deploy the trained model on a central server or an edge device which can enable real-time processing.

	To monitor the result, launch the MIT app for ambulance drivers and traffic police.






 

	2.
Monitor and Maintain:	Continuously monitor the system's performance based on real-time data, as this can help reduce false positives and increase the model's trust.

	Collect the data and retrain the model periodically to improve the overall detection accuracy.






 




The final step is troubleshooting if any issues come up, which may be both technical and non-technical, and also ensuring regular maintenance.
Step 7: Documentation and Training
	1.
Document the System:	Create appropriate documentation for the system; this may include step-by-step instructions, user guides, tips, and the things to do while some error persists, which are the troubleshooting tips in general.

	Provide generic documentation for the existing codebase and APIs so anyone can access and understand the underlying implementation.






 

	2.
Train Users:	Conduct training sessions for ambulance drivers and traffic police on using the MIT app, as this may be useful for both parties, even for the drivers, and for the model to fine-tune itself.

	Provide appropriate training for technicians to maintain and troubleshoot the system if any issue persists independently.






 





5 Emergency Message Display for Distant Ambulance Using MIT App
The driver of an ambulance can use the MIT app to send an emergency message when the ambulance is out of the camera's field of vision in the Smart Ambulance Detection system. This capability is essential in cases where the ambulance is not immediately visible to ensure that the camera-based detection system receives timely notifications about the incoming emergency vehicle. With just a few touches, the ambulance driver may rapidly send an “Emergency” message thanks to the MIT app's user-friendly UI. The message is relayed to a central control system, which interprets it and sends it to LCD screens positioned at key points along the ambulance's path. These screens are placed at strategic locations like busy crossroads to optimise exposure. These LCD screens boldly display the emergency notification as soon as it is received, warning other cars and pedestrians of the incoming ambulance. Delays are minimised by giving the ambulance advance notice, and emergency response times are accelerated. The MIT app's connection with the LCD system guarantees that the ambulance can efficiently convey its urgent state even outside of the camera range, improving traffic control and emergency response coordination (Fig. 4).[image: ]Flowchart illustrating a system for managing traffic signals for ambulances. The process starts with a traffic light, followed by a camera that detects an ambulance. A decision point asks if an ambulance is detected. If yes, the system displays a green light. If no, the process continues to an app that sends messages to an LCD display, ultimately leading to the green light display.


Fig. 4Flow chart of LCD Display to get notification



6 Traffic Police-Controlled LED and Buzzer Activation via Arduino Bluetooth App
These screens are positioned at strategic locations like busy crossroads to optimise exposure. These LCD screens boldly display the emergency notification as soon as it is received, warning other cars and pedestrians of the incoming ambulance. Delays are minimised by giving the ambulance advance notice, and emergency response times are accelerated. The MIT app's connection with the LCD system guarantees that the ambulance can efficiently convey its urgent state even outside of the camera range, improving traffic control and emergency response coordination. A comprehensive warning system that improves visibility and the urgency of the ambulance's need to pass through is ensured by the combination of visual (LED light change) and aural (buzzer sound) signals. This lowers the chance of traffic delays and speeds up response times. To ensure that emergency vehicles may get to their destinations as soon as feasible, this system enables a more coordinated and efficient traffic control plan (Fig. 5).[image: ]Flowchart illustrating a traffic light control system for ambulances. The process starts with a traffic light connected to a camera, which detects an ambulance. A decision diamond follows, asking "Yes or No" regarding ambulance detection. If "Yes," it leads to "Display Green," allowing the ambulance to pass. If "No," it proceeds to an app, then to an LCD display, and finally to "Display Green" and a buzzer, indicating the system's response.


Fig. 5Flow chart of LCD display and bluetooth with buzzer notification



7 Automated Led Change to Green upon Camera Detection of Ambulance
An automated procedure is created through real-time picture analysis to improve emergency vehicle response speed and efficiency. Video feeds are continuously captured by cameras positioned at key traffic crossings. Advanced image processing algorithms specially trained to identify ambulances evaluate these data. The technology instantly analyses the information and notifies the traffic light controller when an ambulance is found within the camera's range of vision. The ambulance has a free and unobstructed path through the crossing thanks to this signal, which tells the traffic light to turn green. By removing the requirement for physical traffic police intervention, this automated traffic light control drastically reduces response time. In life-saving situations, the rapid change to a green light ensures the ambulance can pass through crowded locations swiftly. Combining real-time image processing with traffic signal control produces a smooth and effective system that prioritises emergency vehicles. This enhances both emergency response effectiveness and traffic management in general (Fig. 6).[image: ]Flowchart illustrating a traffic light control system for ambulances. The process starts with a traffic light connected to a camera. The camera checks for an ambulance. If no ambulance is detected, the system restarts. If an ambulance is detected, an algorithm is applied. If the algorithm confirms the need, the traffic light displays green; otherwise, the system restarts.


Fig. 6Flow chart of LCD display and bluetooth with buzzer notification



8 Conclusion and Future Works
The Smart Ambulance Detection System is evidence of innovative applications of technological activities in critical emergency response scenarios. It integrates an app developed by MIT with the image-processing capability to create a responsive and efficient solution in traffic management. The system empowers ambulance drivers to let everyone on the road know about their approach before reaching the concerned place through “emergency” messages, displayed promiscuously on LCD screens in time to alert every user of that road. The flexibility of manual override of traffic signals is enhanced by using a buzzer that sounds whenever the signal turns green, enhancing consciousness. The system detects ambulances automatically through camera feeds, which will make it change the traffic lights without hesitation so that the emergency vehicles do not face any delay or hindrance in passing through. This orchestration of communication, manual control, and automation not only streamlines the flow of traffic but also underlines the potential of intelligent systems for public safety and saving lives. The Ambulance Detection System through image processing, though innovative as it is, has limitations of the inaccuracy of environmental variables on image recognition, wide camera coverage to avoid any blind spots and reliance on strong network connectivity for communication in real-time. Future work can target optimisation of the algorithmic performance under various scenarios, extend the usage of IoT devices towards more excellent coverage, and advance more complex models of machine learning towards predicting traffic patterns and ambulance routes. Moreover, improved edge computing would promote lower latency, whereas a feedback mechanism would enhance the system's response.
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Abstract
The impact of IoT and ML on smart cities from a city infrastructure development perspective has converged, and data processing, decision-making, and collection have never been more efficient. IoT Sensors are essential for collecting information on environmental parameters, energy consumption, traffic patterns, and public safety. This massive amount of data can provide valuable insights using ML algorithms to predict patterns and enhance local governance. This also aids in projects like waste preservation and traffic provisioning, which work towards efficient energy utilisation within the urbanised spots. Success would require addressing scalability, interoperability, privacy, and data security issues.
Keywords
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1 Introduction
This innovative idea of Smart City has become increasingly popular and might soon revolutionise citizen interactions in urban environments. Urbanisation has caused problems in modern times as many people of the world have shifted to towns, which is dealt with by this invention [1]. Cities must find innovative solutions for them, as urban areas, to cope with rising expectations around first-rate services. To boost the effectiveness and efficiency of public services, smart cities utilise cutting-edge technologies and data-driven approaches [2]. This will represent a significant change in waste management, transport and vehicle control, and health monitoring [3].
The convergence of IoT and ML is indeed presenting smart cities that are more resilient, efficient and sustainable. The collection of all these physical objects connected to the Internet is known as the “IoT” or IoT. One branch of artificial intelligence is “ML,” which involves statistical models and algorithms that enable systems to learn from data and improve incrementally [4]. Adopt an industrial IoT and ML to enable collecting data locally, as well conduct powerful analysis upon this information—in real time that will derive better intuitions for driving city operation decisions.
The integration of both can improve urban services by using ML and IoT. A growing number of ML algorithms are applied to transport scenarios regularly; the aim is often to monitor IoT data sensing as it relates to use cases to better anticipate public transportation needs, improve traffic flow, and reduce vehicle emissions. The latter is employed by ML to absorb flexible, green electricity consumption in a manner that encourages renewable generation while allowing load stability and pro-active waste avoidance signals. Real-time monitoring of energy consumption is obtained in energy management through IoT-integrated devices [5]. Reduce operating costs and unnecessary lifts by programming pick-ups or maintaining routes automatically with Intelligent waste management systems [6].
However, despite these benefits, integrating IoT and ML into smart cities may present several challenges, such as privacy and security issues, because of the volume of collected and shared data. Robust security measures are required because every additional IOT device raises the risk of cyberattacks and data breaches. Financial resources allocated to infrastructure development and data management capability development are necessary for these ethical uses [7]. However, the main goal of developing intelligent cities is to use IoT and ML together to enhance the sustainability of urban life and provide fresh perspectives on how to solve existing problems [8].
The combination of machine learning (ML) and the Internet of Things (IoT) is critical to the development of smart cities because it allows for data-driven, real-time decision-making and automation in a variety of urban processes. IoT devices, which comprise sensors and smart meters, collect copious amounts of data from domains like energy, transportation, healthcare, and environmental monitoring, creating a networked world. After that, machine learning algorithms examine this data to find trends, forecast patterns, and improve resource management (such as waste collection, traffic flow, and energy usage). Predictive analytics and intelligent automation are tools that cities may use to enhance the quality of life, increase public safety, and lower operating costs, but they also promote sustainable growth. As a result, IoT and ML are working together to foster citizen-centric services and adaptive urban planning, making smart cities more efficient and resilient as they prepare for new challenges.
1.1 IoT for Smart City
The IoT is the network of sensors and devices connected that collect, share, and analyse data to improve urban living for intelligent cities. IoT technologies can help cities achieve sustainable development, efficiency, and improved quality of life among their residents [9]. Below is a summary of IoT concerning intelligent towns. Smart city optimises resources by utilising digital technology and data analytics, leading to cost reduction and improving urban services. Waste management, pollution, traffic congestion, and public safety are intended to create a better environment [10].
1.1.1 Role of IoT in Smart City
This means that ordinary objects can be embedded with sensors and connectivity to communicate with one another. Figure 1 illustrates some typical activities or roles IoT plays in developing smart cities.[image: ]Flowchart illustrating IoT applications in a smart city. The central node is labeled "IoT application in Smat City" (note: "Smat" is likely a typo for "Smart"). It branches into three nodes: "Enabling Interaction," "Improving Automation," and "Gathering Information," highlighting key areas of IoT impact.


Fig. 1Role of IoT in smart cities


These sensors all over the city provide real-time data on various parameters such as temperature, air quality, energy consumption, traffic flow, etc. [11]. Communication allows information to be exchanged among different devices and central systems. By automating waste collection, energy distribution, and traffic management using IoT systems, city operations can be more efficient [12, 13].


1.2 ML for Smart City
Smart city integrated with ML is a game-changing strategy that uses cutting-edge algorithms and data analytics to improve urban living. Smart cities can enhance the effectiveness and efficiency of city services, resulting in a higher standard of living for citizens, by integrating multiple data sources and applying ML techniques [14]. This is a quick overview of the idea: An intelligent city maximises resource efficiency, lowers expenses, and enhances the quality of urban services using digital technology and data analytics. By tackling issues like waste management, pollution, traffic congestion, and public safety, it seeks to establish a sustainable environment.
1.2.1 Role of ML in Smart Cities
ML, a branch of artificial intelligence (AI), teaches algorithms to learn from data and make predictions or decisions without being specifically programmed for a task. Intelligent cities generate vast amounts of data from cameras, sensors, social media, and other sources. Figure 2 [15] illustrates how ML algorithms can process and analyse this data to produce insightful results. ML models can predict future trends in energy consumption, pollution levels, and traffic patterns. This predictive capability helps municipalities use resources and services more efficiently. ML can automate tedious tasks and enhance decision-making processes. It can, for example, adjust traffic signals or optimise waste collection routes based on real-time data.[image: ]Flowchart illustrating the application of machine learning in a smart city. The central node is labeled "ML application in Smart City." It connects upwards to "forecast and maximize" and downwards to two nodes: "Improve and automate taking decision" and "examine an abundance of data."


Fig. 2Role of ML in smart cities




1.3 IoT and ML Integration for Smart Cities
As they improve the efficiency, sustainability, and quality of urban life [16], Smart Cities have extensively benefitted from integrating both IoT and ML technologies. When applied to this crusade, ML and Artificial Intelligence (AI) can redefine how we tackle problems concerning intelligent cities. These can facilitate better service delivery to the public, enable efficient allocation of resources, and support decision-making. ML algorithms can also help improve emergency response systems, forecast traffic patterns, and reduce carbon footprints by analysing data from sensors or connected devices [17].
In addition, intelligence nodes placed well-spaced at key intersections provide the possibility of real-time data harvesting and inference/decision-making. This will eventually help connect and make the various components of the smart city ecosystem work together. It ensures more efficient resource utilisation, improved traffic handling, and higher public involvement [18]. IoT integration with ML technology is more critical than in the past, as intelligent city concepts have also started to address some of the challenges associated with expanding urban populations. Relatively little attention has been paid to these technologies’ potential advantages and disadvantages, particularly at a policy/urban planning level where they could promote citizen welfare and sustainable development [19].


2 Literature Survey
Gaber et al. proposed an ML method to detect injection attacks in IoT applications. They assessed two feature selection techniques and several classifiers using the AWID dataset. Their method of detecting injection attacks yielded 99% accuracy, 95% precision, and 90% F1 score using a decision tree classifier with eight chosen features. This study demonstrates how ML can improve security in intelligent IoT environments [20].
Syed et al. proposed an ensemble machine-learning method for crop yield prediction in IoT-enabled agriculture. By combining LR, CART, SVM, and KNN classifiers at Level 0, their method feeds the outputs of these classifiers into a Random Forest meta classifier at Level 1. It predicts 22 crop categories with 99% accuracy, helping farmers choose the best crops for higher yields [21].
Authors Devi et al. suggest a graph-based algorithm for predicting traffic congestion using logistic regression in a static road network. This method provides straightforward and precise forecasts well in advance, allowing for prompt vehicle notifications. The algorithm performs well with 100% precision, 99.5% recall, and 99.9% overall accuracy, guaranteeing efficient traffic control in smart cities [22].
Ng et al. created an ML model to assess road surface conditions using IoT sensors. The model uses statistical features to identify potholes, rumble strips, speed bumps, and smooth and uneven surfaces. For feature selection, they employed Ranker, Greedy Algorithm, and Particle Swarm Optimization (PSO); for classification, they employed linear and polynomial kernels and k-nearest Neighbours (k-NN), Random Forest (RF), and Support Vector Machine (SVM). The study shows how effective the model is in identifying road conditions with 99% accuracy [23].
Tanzila Saba et al. suggested an Intrusion Detection System (IDS) for IoT devices in smart cities to counter growing cyber threats. They used ML algorithms to examine intricate datasets from the TON_IoT telemetry dataset. Their IDS, which used features like thermostats and GPS tracker data, achieved 99.7% accuracy in detecting anomalies by utilising multiple classifiers and a deep learning model [24]. Table 1 illustrates some of the related works based on some important features.Table 1Some of the other related works are discussed below based on certain key features as shown below


	Smart system
	Purpose
	Description
	ML model
	Data collection
	Future work

	IoT attack detection [25]
	Enhancing IoT cybersecurity in smart cities by promptly identifying and mitigating malicious attacks and threats
	To improve the security of IoT devices and enable sustainable, intelligent cities, the authors used XG-Boost and XAI to identify and decipher attacks on IoT devices
	Extreme gradient boosting (XGBoost)
	IoTID20 dataset
	It can be extended to build a federated learning-based autonomous IoT attack detection system based on distributed data streams received on IoT gateways or Fog computing nodes

	Forecast congestion propagation [26]
	Effective congestion management forecasts Buxton traffic using real-time vehicle speed data by lowering pollution levels and preventing traffic jams
	Using long short-term memory networks, the authors forecasted congestion in a busy town at 5-min intervals. Sensors gathered real-time data, and 84–95% accuracy was attained by analyzing univariate and multivariate models based on the road layout
	Long short term memory (univariate and multivariate models)
	Used inductive loop detector sensor to collect the real time vehicle speed
	Increasing the number of traffic sensors yields additional data that helps account for the effects of roundabouts and junctions on traffic flow. Without requiring more data, deep LSTM networks can increase the accuracy of long-term predictions

	Intrusion detection [27]
	To safeguard the network infrastructure from intruders
	The authors suggest two methods: distributed, in which models independently manage feature extraction and selection under the direction of a central body, and semi-distributed, in which edge models use a fog classifier to perform feature selection
	SAE
SVM
CFS
J48
OneR
MLP
	AWID (Aegean wireless intrusion detection cyber-attack) dataset
	They have only examined performance analysis and partial temporal feature removal. They intend to remove all temporal features in the future to assess the effect on performance

	Bot-IoT attacks traffic identification [28]
	To identify anomaly and intrusion traffic flows in an IoT network
	To identify Bot-IoT attack traffic, work was done using five ML algorithms and 44 key features. Naïve Bayes is excellent, according to them, at detecting IoT anomalies and intrusions
	BayesNet
C4.5
Random forest
Naïve Bayes
Random tree
	Bot-IoT dataset
	In addition to real-time detection and response mechanisms and testing across various IoT environments to improve robustness and applicability, exploring advanced deep learning techniques and hybrid models aims to improve the accuracy of Bot-IoT attack detection

	Home energy management [29]
	Scheduling power in smart homes
	The CDBR algorithm uses particle swarm optimization to optimize a randomly generated load over an extended period while also adjusting a fixed load daily. Based on simulation results, it demonstrates notable improvements in power stability and cost reduction
	CDBR—collaborative execute-before-after dependency-based requirement
	Four months of data have been taken
	A cluster community home energy management system can be used with CDBR. Protecting the smart grid against online threats





3 Generalized Architecture for Smart City Using ML and IoT
Figure 3 illustrates the generalized architecture of the combined ML and IoT technology, especially for Smart city developments. A few essential steps exist in implementing an IoT and ML system for smart cities. First, a range of IoT sensors and devices are placed throughout the city to gather data in real-time on pertinent factors like the state of the environment, the use of infrastructure, and public services so that data will be collected and given for the next step. After that, the data is cleaned/pre-processed, and any missing values are handled and combined into a single format that can be analysed to ensure quality. Because of their vast storage and processing capacities, cloud platforms are frequently used to store and process data in scalable databases.[image: ]Flowchart illustrating a machine learning process. It starts with "Data Acquisition," moving to "Data Preprocessing," then "Data Storage & Management." The process continues with "ML Model Selection," "Feature Extraction," and "Analysis." It proceeds to "User Interface & Deployment," followed by "Integration with Infrastructure." The final steps are "Preserving Privacy & Security" and "Maintenance." Arrows indicate the flow direction between each step.


Fig. 3Generalized architecture for smart city development using ML and the IoT


Once the data is stored and organised in Storage, ML models are created in which choosing a model depends on the applications for smart cities, like anomaly detection, classification, and predictive analytics. Feature extraction is done to extract pertinent features from the IoT data. The models are then trained on historical data to predict patterns, spot anomalies, and improve operations. By real-time data processing, incoming data streams are continuously analysed, allowing trained models to be deployed for in-the-moment predictions and decisions. This might entail modifying infrastructure operations, effectively allocating resources, or acting quickly in the event of an emergency.
Interactive dashboards for displaying data, trends, and alerts and alerting systems for anomalous circumstances make monitoring and control easier. After thoroughly testing the system to guarantee accuracy and dependability, it is integrated with the current city infrastructure and services. It is essential to monitor both system performance and model accuracy continuously. A feedback loop should be set up to use real-world results to inform future improvements.
Data privacy laws are followed, and security measures are implemented to shield the models and data from online threats. IoT devices and ML models are kept current and functional through routine maintenance and updates. This all-encompassing strategy makes it possible to efficiently implement an IoT and ML-based system, improving intelligent cities’ effectiveness, security, and resource optimisation.

4 Applications of Integrating ML and IoT
Using ML algorithms and IoT sensors, cities optimise traffic flow and reduce congestion. Intelligent lighting controlled by ML in streetlights improves environmental monitoring and energy efficiency. IoT sensors minimise expenses and environmental impact by analysing real-time data to optimise waste management. IoT and ML for predictive policing enhance public safety and boost citywide security.
IoT-enabled ML systems optimise indoor environmental quality and energy consumption in buildings. ML predictions and real-time updates on parking availability optimise parking space utilisation. IoT sensors and ML monitor ecological data, effectively supporting public health and sustainability initiatives. These applications demonstrate how IoT and ML technologies improve quality of life, sustainability, and efficiency in urban environments across the globe. Figure 4 showcases some of the highlights of the application that are used in integrating ML and IoT.[image: ]Diagram illustrating various applications of smart technology. The central oval labeled "Applications" connects to seven surrounding ovals: "Public Safety," "Smart Buildings," "Smart Parking," "Smart Traffic Management," "Smart Waste Management," "Smart Lighting," and "Smart Factories." Each represents a different area where smart technology can be applied.


Fig. 4Applications showcasing the integration of ML and IoT in smart cities



5 Challenges for Integrating ML and IoT
Several vital obstacles must be removed to fully utilise ML and IoT technologies in innovative city development [30]. Some of the challenges that mainly need to be focussed on are listed below-	i.
Combining Data and Managing Heterogeneity: Large volumes of diverse data are produced by IoT devices from a variety of sources, including sensors and cameras. For this data to be valid, it must be standardised and integrated. Without appropriate integration, the data is still unstructured and challenging to evaluate. Standardising the data facilitates practical analysis by making it more straightforward to combine and compare. Using advanced analytics and ML, this process assists cities in gaining knowledge, making wise decisions, and enhancing urban services.

 

	ii.
Scalability Issues: Expanding IoT deployments and ML models to large metropolitan regions without deteriorating their performance and reliability represents the most challenging problem. To manage more connected devices, data handling and communication must be seamless. It is necessary to carefully manage network resources as there is data that needs to be unction in real-time without overcrowding the existing infrastructure. Solutions that scale and are resilient are required to provide reliable performance in different urban contexts. For any significant smart city projects to work on a large scale, we must break down these barriers.

 

	iii.
Processing Data in Real-Time: Instantaneous applications that include emergency response and, in intelligent cities, traffic management require real-time services for faster data handling as well as decision-making. Sensors and cameras continually report the traffic situation, which computers can evaluate rapidly. This permits fast traffic signal adjustment or the release of emergency services. With this capacity, a city responds more efficiently and quickly to emergencies.

 

	iv.
Privacy and Security Issues: User data is processed by IoT devices present in intelligent cities, and it is necessary to ensure that user data collected is protected according to privacy regulations. They collect an enormous volume of operating and private data, from claims about a specific individual to the situation in which they live. Access controls and data encryption keep cities from being able to access the feeds. The creators of creative city initiatives require compliance with privacy laws such as CCPA (California Consumer Privacy Act), GDPR, and regular security updates to secure citizen privacy, thereby fostering trust in them [31].

 

	v.
Problems with Interoperability: For smart city operations to be meaningful and efficient, there needs to be effective end-to-end integration between different IoT devices, platforms, and ML algorithms. In other words, it is about letting this tech play with each other using minimal human intervention and everyone sharing data and learning in the process. The integration helps cities improve overall urban responsiveness and efficiency by optimising public safety, energy management, and transportation.

 

	vi.
Limitations on Energy Efficiency: ML algorithms and IoT devices must have balanced energy usage for smart cities to be sustainable. While ML algorithms need the power to analyse data, IoT devices gather data and need the energy to run. Cities can use energy-efficient IoT designs and optimise the computational resources used by ML algorithms to manage this effectively. Furthermore, incorporating renewable energy sources lessens the impact on the environment, increasing the overall sustainability of smart cities.

 

	vii.
Cost Management: For smart city projects to be successful, controlling the expenses of establishing and maintaining IoT infrastructure and applying ML solutions is essential. This covers the upfront costs of purchasing hardware, software, and networks as well as continuing maintenance and upgrade costs. Cities looking to cut costs can investigate partnering and funding opportunities to support sustainable development, utilise cloud services for ML, and select scalable IoT solutions.

 





To effectively leverage IoT and ML in smart city development, meticulous planning, continuous technological innovation, and collaboration with various stakeholders are necessary.

6 Smart Services for Smart City
Innovative services powered by IoT and ML are revolutionising urban environments and improving competent city responsiveness, sustainability, and efficiency [32]. Figure 5 showcases the innovative services focused on thoughtful city developments.[image: ]A hexagonal diagram titled "Smart Services" at the center, surrounded by six interconnected hexagons representing different management areas: Hospital Management, Waste Management, Water & Gas Management, Security Management, Transportation Management, and Street Light Management. Each hexagon is labeled with its respective service, illustrating various components of smart city services.


Fig. 5Smart city services

	i.
Waste Management: IoT-enabled municipal infrastructure can enhance smart waste management and maintain clean and healthy cities. Trash cans with sensors that gather data and alert waste management trucks when full are made possible by the IoT. This system improves time management and gives waste management services and associated businesses helpful information about the health and cleanliness of various areas [33].

 

	ii.
Water and Gas Management: In a smart city, water and gas management are as important as power and electricity management. Customers and providers of gas and water can communicate in both directions via an IoT network. Real-time data on requirements for any area, house, building, or city is processed by IoT management and control devices, such as the Raspberry Pi 3. Water waste is reduced by monitoring the fluid levels in residential water tanks. Gas and water supply companies are linked to smart meters to collect data, bill, and schedule. Reduced water and gas waste in smart homes is achieved through automatic valve control and the turning off of heaters, stoves, and motors [34].

 

	iii.
Security Management: IoT systems can effectively manage security in smart cities, improving the safety of residences, structures, highways, and marketplaces. Researchers have used gadgets like the Raspberry Pi and NodeMCU to create an IoT-based building security system. Face recognition, live streaming, fire detection, intrusion detection, and user alerts are just a few features this system offers. In addition to providing real-time monitoring, it can send email or SMS notifications. IoT technology aids in the detection of anomalous activity and incidents like accidents. Drone cameras managed by IoT protocols can also monitor crowded places like airports and train stations. Signals from IoT-enabled locks in homes, cars, and buildings alert security services to crimes or accidents [35].

 

	iv.
Transportation Management: IoT and ML are used in smart city transportation management to optimise traffic flow and lessen congestion. Sensors and cameras gather real-time data on traffic conditions, which is analysed to change traffic signals and offer detours. Intelligent parking systems reduce search times and traffic by directing cars to open spaces. Real-time tracking and predictive analytics help public transportation by guaranteeing punctual arrivals and departures. These innovations raise the standard of the urban environment overall, increase efficiency, and lower emissions [36].

 

	v.
Street Light Management: IoT and ML technologies are applied to boost energy efficiency and enhance security in smart city street light management. To ensure illumination, Streetlight sensors connected to the IoT adjust the brightness based on movement, traffic flow, and light levels. These intelligent streetlights can brighten up areas. Enhance safety by responding to vehicle or pedestrian movements. They also promptly alert for maintenance needs, reducing costs and downtime. The result is energy conservation and improved safety in areas [37].

 

	vi.
Hospital Management: Smart hospitals in cities leverage technology like AI and IoT to elevate patient care standards. These technologies allow healthcare facilities to predict health trends, streamline operations, and remotely monitor patients. These innovations enhance patient care quality by enabling interventions and optimising resource allocation. Contribute to more efficient healthcare services in urban environments [38].

 






7 Comparative Study
The IoT and ML integration that improves smart cities by overcoming the drawbacks of conventional techniques with real-time insights, automation, and resource optimisation across multiple sectors is summarised in Table 2.Table 2Comparative analysis of IoT and ML integration by addressing limitations of traditional methods with real-time insights


	Smart city services
	Traditional approaches
	IoT AND ML integration
	Advantages of integration

	Waste management
	Waste collection schedules that are followed religiously may result in inefficient routes and overloaded bins
	IoT sensors (embedded within bins) combined with ML-based route optimisation facilitate dynamic scheduling, relying on real-time data
	The reduction of fuel usage is significant; it enhances collection efficiency and lowers operational costs

	Transportation management
	The traffic control system is mostly based on static regulations and necessitates human interaction; yet, this technique has its limitations. It offers a fundamental structure, but it might not be able to adjust to changing circumstances
	Uses machine learning-based predictive models with Internet of Things-enabled traffic sensors to provide dynamic traffic control. The sensors collect data in real-time. On the other hand, this method can greatly increase productivity
	One important effect is the elimination of congestion, which maximizes fuel usage while also improving travel time

	Environmental management
	Periodic manual sampling frequently leads to a restricted amount of real-time data capture because it collects data at predetermined intervals. There may be obstacles to a thorough study, budget limitations
	Early pollution detection requires continuous monitoring (using IoT sensors and machine learning techniques)
	In today's fast-paced environment, enhanced response times, enhanced trend detection, and increased monitoring accuracy are all essential

	Healthcare management
	Retrospective data analysis and regular patient visits—both of which are essential—are the foundation of this strategy. This approach can be difficult, too, as it calls for constant work in gathering and analyzing data
	Early disease identification and predictive health monitoring are made possible by the combination of machine learning (ML) with wearables and remote sensors from the Internet of Things
	It is imperative to shift from reactive to proactive treatment since it lowers healthcare expenses dramatically. But it also improves the results for patients





8 Conclusion and Future Work
Transforming city life for the better by integrating IoT and ML technologies is a groundbreaking approach. These tools enable resource management, instant data analysis, and predictive functions, as proven by their use worldwide. Nevertheless, there are challenges to overcome, such as data merging, scalability, and security concerns. Smart cities can harness ML and IoT to create sustainable urban spaces for future generations by addressing these issues and staying abreast of advancements.
Future research and innovation should focus on creating interoperability standards to integrate diverse IoT devices and ML models seamlessly. Developing robust cybersecurity defences and enhancing ML algorithms to handle complicated urban data is also critical. Adopting edge computing and 5G networks can optimise data processing speeds and network reliability, making smart city initiatives more scalable.
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Abstract
This chapter is about how AI is transforming road transportation by improving efficiency, safety, and comfort. By emphasising the importance of AI integration and moving on to main AI technologies such as machine learning (ML) for applications like traffic prediction and autonomous driving. Deep learning techniques, such as convolutional neural networks (CNNs) and recurrent neural networks (RNNs), are essential for vehicle detection and traffic analysis. Also, natural language processing (NLP) enhances traffic planning and customer support by providing real-time information and virtual assistants. We can also know from the chapter that AI applications like self-driving cars that use AI for vision and control, intelligent traffic management systems that optimise signal timings, and predictive maintenance to avoid vehicle problems. It also discusses data privacy, technology, and ethics questions, as well as demonstrates effective real-world AI deployments and future trends. Overall, the chapter emphasises AI’s disruptive impact on road transport and its potential for ongoing innovation and improvement in the pursuit of a smarter, more efficient transportation network.
Keywords
Smart citiesArtificial intelligenceMachine learningAutonomous vehiclesTraffic managementPredictive maintenanceRoad transportSmart transportation systemsAI-based traffic management systemsIntelligent Traffic Management Systems (ITMS)
1 Introduction
AI is entirely changing road transportation through traffic safety, operational efficiency, and sustainability. AI technologies allow real-time processing of huge data that helps in proper traffic forecasting, optimized routing, and increased vehicle performance [1–3]. AI-driven traffic management systems are capable of dynamically changing traffic lights to cut down congestion and increase vehicle flow [4]. Self-driving cars rely on AI for the perception of the environment, decision-making, and navigation. These processes are driven by machine learning, computer vision, and sensor fusion that ensure the safety of operations [5, 6]. AI also helps in the prediction of failures and scheduling maintenance through the analysis of vehicle sensor data, which reduces downtime [7, 8]. Public transportation gains from AI through customized piggy-back schedules and routes that are tied to real-time demand and traffic situations (Fig. 1) [9].[image: ]Illustration of a car stopped at a red traffic light with a Wi-Fi symbol above it, indicating connectivity. The background is teal, and the scene includes streetlights.


Fig. 1AI-driven traffic management



However, the advancements are not without problems, such as data privacy, security, ethical concerns about autonomous decision-making, and technical issues related to data integration and model robustness [10–12]. This part of the book examines the broad range of AI applications in road transportation, focusing on its current state, advantages, and challenges and suggesting future research directions.
AI in road transport systems processes vast amounts of data in real time, enabling accurate traffic prediction, route optimisation, and flow management [13, 14]. AI systems adjust traffic lights and reroute vehicles, reducing congestion and travel time while mitigating pollution [15–17]. AI-powered autonomous vehicles (AVs) are expected to enhance safety by eliminating human error and assisting disabled and elderly individuals [7, 18]. Predictive maintenance models with AI forecast vehicle failures and optimise maintenance schedules, reducing costs and downtime [19]. AI also improves public transport by analysing demand and traffic conditions to optimise routes and schedules, enhancing service delivery and customer satisfaction [20]. Additionally, AI supports sustainable transport initiatives by promoting electric and autonomous vehicles, which decreases fossil fuel consumption and emissions [12, 21].
This chapter deals with Artificial Intelligence in road transport such as Machine Learning, Deep Learning, and NLP [22, 23]. It gives detailed information about ML techniques, Deep Learning algorithms such as CNN and RNN, and NLP; furthermore, it can be used for navigation and customer service. The chapter divulges AI role regarding AVs, smart traffic management, and predictive maintenance whereas with the challenges like data privacy, security, and ethical issues are solved [14]. Real-life case studies show up the successful usage of AI and they help industry professionals and policy-makers with new ideas [24]. Moreover, future trends and research prospectus in AI for transport will be studied along with it.

2 AI Technologies in Road Transport
See Fig. 2.[image: ]A futuristic cityscape with a digital representation of a human head made of circuit patterns, symbolizing artificial intelligence. In the foreground, a sleek car is surrounded by a glowing blue digital interface, suggesting autonomous driving technology. The scene includes multiple vehicles on a highway, with skyscrapers in the background, indicating an advanced urban environment.


Fig. 2AI-technologies in road transport



2.1 Machine Learning (ML) in Road Transport: Types of Techniques and Applications
Machine Learning (ML) is transforming road transport by enabling systems to learn from data, make smarter decisions, and predict outcomes. Here’s a quick look at some key ML techniques and their road transport applications.
Supervised Learning: This method trains models on labelled data that assist them in predicting traffic flow, demand forecasting and route optimisation. For instance, it is applicable for predicting traffic [13], either congestion from history or even in real-time. It also enables license plate recognition and traffic sign detection systems, which improve road safety and law enforcement [14].
Unsupervised Learning: In this approach, we do not use the labelled data to find a similar pattern or irregularity. A nice way of detecting accidents when you see irregular traffic patterns. It assists in detecting congestion hotspots and classifies road users to apply safety measures more efficiently [18].
Semi-supervised Learning: Since labelled data is expensive to obtain, it aims at using both elements for the algorithm not only to adapt from properties of unlabeled training cases but also to leverage insights learned on easy-to-label examples. It can increase the predictive accuracy of traffic prediction models and enhance road sign recognition via data that sensors and cameras directly capture [20].
Reinforcement Learning: The learning here involves interaction and feedback. It is crucial to teach self-driving cars the best driving methods. It’s used to tweak the timing of traffic signals and speed up travel for everyone.
Deep Learning: This refers to algorithms that design complex neural networks and use large amounts of data. For object detection in self-driving cars, CNNs are used to process visual data and RNNs can be employed to predict traffic flow together with demand over time [25].
Applications of ML Techniques in Road Transport	1.
Use-Cases: Traffic Prediction and Management: Ensure metro flow by predicting traffic using supervised learning (Historic Data) and unsupervised learning based on sensor data. In this way, we would be able to anticipate traffic congestion and guide the most appropriate itineraries as well reduce travel time by predicting regular movements, which translates into less fuel consumption in addition to a reduced number of vehicles circulating for transport, thus contributing and providing sustainable development for future generations [23].

 

	2.
Autonomous Vehicles: Self-driving cars use deep learning for object detection, lane recognition, and scene understanding. Reinforcement learning allows these vehicles to plan the best path and avoid obstacles so they can conduct themselves safely and efficiently.

 

	3.
Predictive Maintenance: ML algorithms that analyse sensor data from a vehicle to provide hints about when parts might fail, enabling maintenance before anything breaks (Predictive Maintenance). This leads to less downtime and fewer breakdowns, ultimately making operations safer. This is where supervised and/or semi-supervised learning techniques come in.

 

	4.
Optimization of Public Transport: Machine learning (ML) predicts passenger demand and adjusts schedules to meet passenger needs. It provides fewer wait times and benefits the resources that can be used effectively. Reinforcement learning also learns routes and schedules, planning optimal routing in the short term.

 

	5.
Incident Detection and Management: Unsupervised learning spots anomalies in traffic patterns, like accidents or road blockages. Early detection helps emergency services respond faster and keeps traffic moving smoothly [26].

 

	6.
Driver Behavior Analysis: ML examines driving habits to spot risky behaviours and provides feedback or safety interventions. This often combines supervised learning for pattern recognition and unsupervised learning for anomaly detection.

 

	7.
Smart Infrastructure: ML helps design intelligent traffic lights and adaptive toll systems that use real-time data to improve traffic flow. For example, reinforcement learning adjusts traffic light timings to reduce congestion.

 

	8.
Mobility as a Service (MaaS): ML integrates various transport modes and offers personalised travel recommendations. By analysing user preferences and real-time data, it helps find the best travel options, enhancing the user experience [27].

 






2.2 Deep Learning: Role of CNNs and RNNs in Transportation
Convolutional and Recurrent neural networks (CNNs and RNNs) are at the forefront of deep learning in the transportation industry, a subset of machine learning. CNNs process visual data, while RNNs handle data sequences. These two designs are revolutionary and power everything together, from intelligent traffic control to driverless driving.
Convolutional Neural Networks (CNNs)
Automated vehicles extensively use CNNs, a type of deep neural network that excels at image analysis. These neural networks are responsible for object detection, using video feeds to identify cars, pedestrians, traffic signs, and lane markers [13]. This functionality is critical for self-driving cars, enabling them to perceive and react to the world around them to move about safely. When a car is trying to determine if a pedestrian is crossing the street, CNNs can help stop or slow down as needed to avoid an accident.
Utilisation of CNNs for lane detection and traffic sign recognition in the case of object detection. This is something that should help the car to stay in the lane, something that is essential for fully autonomous driving and advanced driver-assistance systems (ADAS). One of the most important areas for CNNs in traffic sign recognition, this will ensure the cars follow the traffic regulations and make the roads safer. CNNs have other applications in intelligent traffic management, where video feeds are analyzed to monitor traffic, recognize congestion, and detect incidents such as road accidents and vehicles breaking traffic rules like parking illegally [18].
Recurrent Neural Networks (RNNs)
RNNs, good at modelling sequential data, are well-suited for predicting traffic. They are a type of artificial neural network that excels at machine learning tasks involving sequential data, such as speech recognition or text generation; in this case, generating traffic predictions from historical and present information to improve routes and cut down on transit time [20].
These models can be used by RNNs in public transportation to forecast passenger demand, allowing transit agencies to make necessary schedule adjustments and resource reallocations for improved service reliability. For example, at peak times of the day, RNN can be used to selectively deploy additional buses or trains at their scheduled times so that there isn’t a long wait between them.
Predictive maintenance: RNNs can also be employed in predictive maintenance by evaluating sensor data for a vehicle or infrastructure to predict possible failure and schedule maintenance in advance, preventing it from reaching a critical situation. This is a more proactive strategy than leaving things to chance and having the vehicles perish out of the blue.
It’s another big data product, but we’re finding ways to help you know sooner and prepare so that you can do something preventative rather than just being there to pick up the pieces.
Combining CNNs and RNNs
The Magic of CNNs + RNNs in autonomous driving is that CNNs can detect the lanes and objects in real time while RNNs analyze the data sequence to predict the path of the vehicle and make driving decisions based on this prediction. Another solution is to implement it as an all-in-one device. Integrating the two methodologies in a unifying framework would greatly increase the trust and safety of autonomous cars. For example, in traffic management, CNNs may be used to detect congestion and incidents whereas RNNs can predict the future traffic situation. This information can be utilized for dynamic signal adjustments which enable smoother traffic flow. Overall, the goal is to provide more reliable and safer autonomous vehicles. For instance, RNNs are usually used in applications where temporal information is required, such as time series forecasting or natural language processing.

2.3 Natural Language Processing (NLP): Applications in Navigation and Customer Service
NLP is a game changer in transportation, especially in terms of navigation and customer service, by allowing for more seamless, more intuitive interactions. Come join us in this journey below to see that “natural language processing” is doing these areas and why it matters.
Navigation Made Easy
NLP has made navigation more user-friendly than ever before. Voice-activated navigation is a good example. The driver can say, “Find the nearest gas station,” and the system will provide directions without the driver needing to touch the screen. As a result, there are fewer distractions, and the drive is safe. Additionally, you can use digital assistants such as Siri or Google Assistant to ask for traffic or directions more conversationally.
What else can the NLP do? It learns what you like to personalise navigation for every user. For example, if you are always stopping at McDonalds for a quick snack, your in-car system will suggest similar places along the way. This makes, not only your travel easier and more efficient but also helps you in having a happier experience [28].
Customer Service Revolution
On the other hand, the customer service applications of NLP are a great enabler for transportation. Chatbots or virtual assistants with the power of NLP reduce the interaction gap for transportation companies.
These bots can solve everything from booking changes to fare inquiries without any human help and in the form of immediate support. For example, for airlines, NLP chatbots have reduced wait times associated with booking and flight status updates.
NLP is also quite good in sentiment analysis, which enables companies to measure customer satisfaction by analysing feedback. This helps them act on anomalies before they affect customers. Moreover, it allows them to enhance their own services and ensure that customer interactions are smooth and satisfying.
Real-World Wins
Google Assistant and Google Maps’ interaction illustrates NLP in action. This feature makes driving safer and more convenient overall by allowing drivers to utilise voice commands when they require directions.
An example of this is KLM’s NLP-powered chatbot, known as BB, which allows passengers to easily get information on the flight, book tickets and check-ins and outs, among other things, showing how much time and effort it can save in the customer service domain as well [29].
Why It Matters
NLP will result in fewer mental burdens for drivers of all kinds and the service will become more efficient and accessible. It does not matter if it is hands-free driving, or 24/7 customer service; NLP is going to make the experience of travelling ever so smooth, safe and personal.


3 Applications of AI in Road Transport
3.1 Autonomous Vehicles: Levels of Autonomy and AI’s Role
One of the most revolutionary applications of artificial intelligence in the field of road transport is autonomous vehicles. According to the J3016 standard established by the Society of Automotive Engineers (SAE), autonomous driving is divided into several levels of autonomy. These levels are from Level 0 (no automation) to Level 5 (full automation), each of which depicts a rung on the ladder to fully self-driven vehicles driving independently of humans [30, 31].	Level 0: No Automation (ADAS): The human driver is in complete and sole control of the primary vehicle functions and actively monitors the environment (e.g., Automated Emergency Braking that automatically stops the vehicle). Some vehicles may have ADAS systems that intervene with alerts and driver assistance actions, but, in this case, the system is not an automated driving system.

	Level 1: Driver Assistance: The automatic assistance level is insufficient to support both the longitudinal and lateral operating modes simultaneously, also known as adaptive cruise control or active lane-keeping. The driver must always stay aware (although not necessarily fully engaged) and monitor the driving.

	Level 2: Partial Automation: In some driving modes, the AI manages both the steering and speed, as with Tesla’s Autopilot. The driver is expected to stay engaged, keep their hands on the wheel, and be ready to take over.

	Level 3: Conditional Automation (Driver Intervention): The vehicle will carry out most of the driving tasks and monitor the environment, but the driver will be called upon to act when prompted. It is for complex cases where you may need manual intervention.

	Level 4: High Automation: The vehicle is designed to drive autonomously but is limited to a predefined area and/or type of road, and all driving is done autonomously. Although the driver can operate the vehicle, they are not required to be engaged in the operation under such conditions

	Level 5: Full Automation: The vehicle controls all driving tasks in all environments and operates without a steering wheel or pedals. It is the end-state, completely removing the need for a human driver.





Key industry advancements rely on AI technologies like computer vision and deep learning to enhance safety, mobility, and traffic flow and raise new challenges in system reliability and ethical debates.

3.2 Traffic Management Systems: Intelligent Traffic Control and Real-Time Monitoring
Traffic management systems are the need of the hour to have clear passage of vehicles and drastically reduce traffic congestion problems on roads. AI is embedded into these systems, resulting in intelligent traffic control and real-time monitoring solutions for urban traffic management. This in-depth discussion aims to demonstrate how AI is transforming traffic management using different extraordinary implementations (Fig. 3) [32–35].[image: ]Illustration of a smart city intersection with autonomous vehicles, including a car, bus, and small vehicle, navigating roads. A traffic light shows red, yellow, and green signals. Overhead, "AI" is connected to various icons representing data flow and wireless communication. Signs indicate no entry and data flow. The scene depicts advanced technology in urban transportation.


Fig. 3AI-traffic management systems



3.2.1 Intelligent Traffic Control Systems
Dynamic Signal Timing Optimization
In smart cities, AI optimization of signal timings in real-time is one way artificial intelligence is revolutionizing traffic management. Instead of keeping to a predetermined schedule, these AI-powered systems leverage data from traffic cameras, sensors and GPS devices to change how long a signal is green or when a light turns red, all in real-time. By utilizing machine learning algorithms, the historical and real-time data used for those analytics are then examined to predict congestion patterns and make the intersections smarter. In addition, adaptive traffic signals adjust with reinforcement learning to continually optimize timings, enabling reductions in wait times and enhancing overall traffic flow, especially during rush hours or events.
Coordinated Traffic Signal Control
Apart from the above, AI ensures that several traffic signals are well coordinated to form a “green wave” so that vehicles can reach the next intersection with minimal stops. The AI, by coordinating signals along arterial roads, shortens travel times and cuts emissions, making urban traffic more efficient and eco-friendly.

3.2.2 Real-Time Traffic Monitoring
Comprehensive Data Integration
AI-empowered traffic systems consolidate all data from different sources (traffic cameras, social media, connected vehicles, etc.) and offer real-time information on road conditions with the help of coverage maps. This comprehensive data integration allows for highly accurate incident detection, congestion monitoring and proactive traffic management.
Incident Detection and Management
This is the kind of system that has a particularly useful role to play in detecting and managing road incidents, with the video feeds analyzed for unusual events like abrupt stops. The alerts are sent to traffic management centres immediately, enabling rapid responses like rerouting traffic or dispatching emergency services to ensure minimum disruption.
Traffic Dynamics Prediction
It forecasts traffic conditions by analyzing historical and real-time data. Adjusting signals or suggesting alternate routes at peak hours prevents congestion before it even happens, as it helps the traffic to run intermittently.

3.2.3 Provision of Real-Time Traffic Information
Navigation Assistance
The use of AI is prominent in this area, including in navigation apps and digital signage used for traffic management tasks. They deliver up-to-the-minute traffic insights, reroute directions, and time-to-destination predictions by interpreting real-time feed from systems of this sort. AI in apps like Google Maps and Waze allows you to bypass traffic, accidents, blocks, etc., so drivers can have a smoother and faster experience.
Digital Signage and Smart Traffic Signals
Digital Signage and Smart Traffic Signals: AI-enabled digital signs and the rise of smart traffic signals that communicate real-time traffic updates to drivers. While digital signage can immediately let drivers know about issues such as congestion and potential alternative routes, smart signals too can adapt their timing to ensure a smooth traffic flow. For example, when the highway is heavily congested, the digital sign can lead drivers to the surrounding roads with low traffic flow or suggest public transportation modes of travel in this way to reduce the overall congestion and traffic efficiency.

3.2.4 Support for Smart City Initiatives
Urban System Integration
AI-based traffic management systems contribute crucially to the smart city scenario. They are connected with other urban systems, such as public transportation and infrastructure management, to improve overall efficiency and sustainability. AI can, for instance, dynamically adjust public transportation timetables according to real-time traffic data, which can result in a more reliable service and increased punctuality. It can manage smart parking systems, guiding drivers to free parking spaces and saving them from continuously circling around a property trying to find an area.
An integrated approach to creating more seamless connections within cities, a world in which people move more easily through their environment is desired. This means synchronizing traffic management systems with those for public transport and ensuring buses and trains are right on time, greatly increasing the reliability of services. The result is to reduce congestion and pollution, getting drivers to available parking spaces quickly rather than driving in circles looking for one.
Environmental Benefits
Benefits of the environment as a result of the use of AI in traffic: If we can manage traffic flow more efficiently and avoid idling, then we will be stuck in less congestion and produce less exhaust. Cleaner air and therefore, good for the environment! fewer smog-producing contaminants in the air, more efficient city drives and less pollution, thanks to the smart parking solution too.

3.2.5 Challenges and Considerations
While there are various challenges to implementing AI-based traffic management systems in practice, one of the most important concerns is the accuracy of AI algorithms, i.e., an error in this detection can be converted into inefficient signal timings and lead to traffic congestion. Since these models are self-learning in subsequent iterations, it is mandatory to continuously monitor and validate these algorithms. In addition, processing large volumes of real-time data from diverse sources demands high infrastructure and processing capabilities that involve significant investment as well as day-to-day maintenance efforts.
There is a significant amount of work to do on the privacy and security side. AI systems draw from data collected by connected vehicles and sensors like traffic cameras, information that needs to be anonymized to protect individual privacy. To avoid unauthorized access and a cyber-attack, it is crucial to have strong and robust security measures in place. Finally, enforcement of privacy legislation and public trust are also important if we want these systems to be useful in the long term.

3.2.6 The Future Development of Traffic AI
The next years will be about even smarter AI in managing traffic. A potential solution may be found in autonomous vehicles and vehicle-to-everything (V2X) communication. It is possible to fix such things by connecting AVs to traffic systems for real-time data that can optimize traffic flow as well as enhance safety. V2X—vehicles communicating directly with each other also reduces accidents and, in general, benefits the entire traffic network by driving safely.
Traffic management is to be improved further with the help of AI-run predictive analytics. Through analyzing data from multiple resources, AI can predict traffic patterns and incidents with higher accuracy. This enables more preventive measures to mitigate such situations. For instance, forecasting congestion hotspots can trigger timely signal timing changes and driver alerts based on real-time data.


3.3 Predictive Maintenance: AI-Driven Predictive Analytics for Vehicle Health
Predictive maintenance (PdM) is AI-driven too; it is a type of maintenance that predicts when an asset will fail and then services it exceed the point of breaking. While most kind of maintenance requires maintenance engineers to perform routine checks or look for worn or weathered components giving signs that they’re about to break, predictive maintenance is designed to identify issues only when data collected by the sensors suggest failure is imminent. This saves both money and time compared with waiting for a problem to develop or sticking to a simple calendar-based maintenance routine. The result is not just the time and money saved, but also the state of your vehicle. It is easier said than done and naturally requires a solid data system and some planning to coordinate with the existing one smoothly [36].


4 Challenges and Solutions
Improving efficiency, safety, and sustainability, artificial intelligence is undoubtedly the future of road transport. Of course, it is not all plain sailing. Data privacy, technical problems, and ethics are barriers to the development of AI in road transport, but these can be solved. If we want AI to succeed in transportation, we must confront these challenges. This includes smart answers to keeping your data safe, technical problems, and legal or ethical concerns. We have lived through the biggest AI summer, and now it is time to address these challenges as they come along.
4.1 Data Privacy and Security
We’re also seeing a huge bottleneck in the Road Transport industry where all of these systems, be it vehicles, cameras or sensors, collect a large amount of personal data. This potential liability has led to a growing need to handle this data type with stricter privacy and security measures. Strong encryption is the only way to protect data from prying eyes. It is also good practice not to uncover any data which should not be available to specific users, not only to restrict access to sensitive data but also to anonymise data when it is in the wrong hands. Transport Layer Security (TLS) and robust authentication methods are more advanced security means to ensure data protection in transit. By conducting regular security checks, you can identify security issues and fix them before they become a problem [37].

4.2 Technical Challenges
The most critical aspect of safe and reliable AI systems in road transport is high-quality data. Incorrect predictions, poor decisions that lead to accidents, and potential safety hazards arising from malfunctioning systems due to bad data are the consequences of the latter. Sensors, data integrity, and format can be some of the problems. High data quality requires robust validation processes that help to identify issues, standardise the data, and cleanse it. Automated tools allow data to be monitored and cleansed in real-time. It’s difficult to build AI models that work in all situations, whether it’s other road users, types of weather, or unexpected events. This requires a combination of supervised, unsupervised, and reinforcement learning. Testing and regular releases are essential to ensure those models are still performing their best and that they can continue predicting your customers’ preferences as they change.

4.3 Ethical and Legal Issues
Addressing Ethical Concerns
There are some serious ethical questions around AI in road transport. Algorithmic bias, more specifically. Algorithms trained on data that is biased in some way can produce unfair results. For example, an AI trained mostly on data from urban areas is likely to perform poorly in rural spaces. Therefore, to mitigate this, we should be aware of and use non-representational, unfair-aware datasets and algorithms.
In process, there is also a risk of job displacement. For example, as AI takes over some tasks, drivers and traffic-line personnel will be affected. Finding a solution to this depends on planning for workforce transition and upskilling, as well as providing training programs that enable workers to reskill in the AI-first world.
Navigating Regulatory Frameworks
The legal landscape for AI in transport is complex and changing. Compliance with regulations like GDPR in the EU and safety guidelines from the NHTSA in the US is crucial. Engaging with regulatory bodies and staying updated on laws helps ensure that AI systems are deployed safely and ethically [38, 39].

4.4 Proposed Solutions
Enhancing Data Privacy and Security
Using a layered approach is the key to better security and privacy. Data encryption is used for data at rest and transit, and access controls should be restricted to only the necessary users (minimum privilege). Techniques such as data masking and aggregation are also useful for keeping PII data anonymous. Regular security audits and maintaining the latest security updates are also critical to discovering and avoiding vulnerabilities. In conclusion, a company needs a complete incident response plan on how to respond to a data breach with all the necessary runbooks and updated documentation.
Addressing Data Quality and Model Robustness
Good data is key so you need rigorous validation and cleansing. Automated tools can identify and correct errors and inconsistencies. The standardisation of data practice is one use of implementing data governance frameworks. When training data are not diverse and representative, reliable AI models cannot be built. Data augmentation is helpful in that regard, and having software continuously monitor and validate models will help to ensure their accuracy. Models should be continuously monitored and validated to catch if and when they drift and be adapted accordingly. Cross-validation and regular updates make models more robust against new, previously unseen conditions.
Mitigating Ethical Concerns
Diverse training datasets are essential to strive to reduce bias. We need to employ techniques such as fairness-aware machine learning to ensure that AI systems do not make unfair decisions. In practice, this also requires transparency and accountability. In other words, some policies do not aim at making a concrete decision as much as clarifying the process of decision making, which is also how you can refute the charge that all fairness is impossible. However, job displacement is a real possibility. So, we have to give encounter training programs and work with stakeholders to handle job displacement cases.
Regulatory Compliance Considerations
This is, of course, crucial to remain on the right side of the regulations. Additionally, regular audits that ensure compliance with data use, privacy guidelines for different organizations, and safety guidelines are important. “Interfacing with government institutions and collaborating with other key stakeholders to ensure that the transition is managed in an inclusive way that allows time for proper planning between now and the time we reach some level of scale.”


5 Case Studies and Examples
5.1 Real-World AI Implementations in Road Transport
The integration of AI into road transport has been seen worldwide, enhancing various aspects of transportation, from traffic management to autonomous driving. Here are some notable examples.
Autonomous Vehicles: Waymo
Part of Alphabet Inc., Waymo is a leader in self-driving technology. They are cruising at high speed in the real world, evolving their AI models with gargantuan amounts of real-world data. Today, we train our algorithms to recognise and respond to the patterns they see using a combination of lidar, radar, and cameras. Based on this, it can anticipate traffic lights and other cars and manoeuvres to avoid them. Eventually, the taxi cabs in Phoenix, Arizona, owned by Waymo might signal that a future with driverless urban transportation is on the horizon [40, 41].
Traffic Management: SCOOT System
The SCOOT system in the UK completely changes how traffic is managed. It also adjusts traffic signals in real-time based on traffic data to support a more fluid flow and reduce congestion. Using sensors to monitor traffic flow and vehicle speeds, AI adjusts signal timing to decrease waiting times and stop-and-go congestion, reducing emissions from idling vehicles. It’s a big contrast from 3 years ago when the travel times and vehicle emissions were terrible in London, so I would call that a noticeable improvement [42].
Predictive Maintenance: Continental’s ProViu
Giant automotive supplier Continental AG developed ProViu to use AI for condition monitoring in commercial vehicles to keep them in top condition. ProViu monitors sensor data to predict when components may fail, which reduces downtime and increases the return on investment. Thus, the use of ProViu1 led to an increased reliability and efficiency of the fleets of many logistic companies.

5.2 Success Stories and Key Takeaways
Tesla’s Autopilot: A Step Toward Full Autonomy
It is the biggest name when it comes to AI-driven road transportation. Just like how adaptive cruise control, lane-keeping, and automated parking are future driver-assistance technology, Autopilot is an attempt to deal with the complications of the world around it. Autopilot is trained with the billions of miles driven by the customer fleet and made better via over-the-air updates. The system uses computer vision, radar, and ultrasonic-based systems to navigate and act. Although it is far from fully autonomous, Autopilot represents a significant step closer to self-driving cars. It demonstrates that incremental data-driven improvements can enhance efficiency and safety in the long run [43, 44].
Singapore’s Smart Nation Initiative
Singapore is slowly changing the face of urban living in Southeast Asia by launching the Smart Nation initiative with artificial intelligence (AI). One example of this is their intelligent transport system, which employs AI to manage traffic, optimize public transportation, and make Mobility as a Service (MaaS) possible. One big success is its AI-driven bus scheduling, which aims to meet demand and keep the buses moving through real-time adjustments in frequency that occur in response to observations from the system. This has not only decreased the waiting time but also has made the public transportation service more efficient. In particular, Singapore provides an interesting case study for using AI to enable a seamless urban mobility landscape since its strengths are well-matched to creating a connected and efficient environment [45, 46].
Volvo’s Driver Support Systems
Volvo is working on having AI in its driver support systems, making roads safer for everyone. Its City Safety feature uses AI to detect and prevent potential collisions with vehicles, pedestrians and cyclists, while Pilot Assist is the company’s semi-autonomous driving system for highways, which provides steering support to help keep the car centered within the lane markings (but not hands-free). These systems, equipped with cameras, radar, and sensors, provide real-time intervention and can automatically apply brakes while giving steering assistance. Volvo’s AI-powered inventions illustrate the possibilities of next-generation driver aids in climbing down road accidents and enhancing road safety [47–49].


6 Future Trends and Research Directions
6.1 Emerging AI Technologies in Transportation
TIME SHIFT: How AI is About to Kick the Transport Industry into the Future. The road transportation sector is at the dawn of a massive technological revolution as new AI acts set out to increase efficiency, safety, and sustainability. The transition to autonomous driving is well underway, advancing from Level 2 and 3 to Level 5 vehicles that require no human intervention in most conditions. Progress will be also due to advances in sensors, AI algorithms, processing capabilities and the same vehicle-to-everything communication that will be more prevalent in later vehicles. Real-time data processing and communication, essential for autonomous driving and traffic management, will be facilitated by edge computing and 5G connectivity. What they hope AI will do is change the way traffic management is conducted currently, by predicting and relieving congestion based on real-time data. Moreover, IoT-based predictive maintenance solutions prevent vehicle breakdowns and increase the longevity of vehicles by examining sensor data to perform maintenance at the right time, thus driving the growth of AI in the automotive sector. In the end, AI can even help personalize mobility services based on user behaviour and current situation parameters, making them more efficient. These developments are paving the way for a more intelligent and connected transport system [43–46].

6.2 Research Opportunities and Future Directions
With AI transforming the world of road transport, there are now several avenues for future studies aimed at solving the current issues at play in leveraging this technology to its full potential. This belief is underpinned by the understanding that a key aspect is continuing to forge ahead on the robustness and reliability of AI systems to work in an assortment of situations, including unsafe climates, complex traffic environments and more. This can be achieved by building an explainable AI (XAI), which makes the decisions taken by the AI more transparent to humans and improves trust. Moreover, another significant research area is related to ethical and legal challenges: to establish an ethical framework for responsible AI and to protect data privacy and liability in autonomous systems [45]. So, connecting AI to city planning is an additional aspect on which research can focus in hopes of improving efficiency in public transport networks and making urban spaces more sustainable [47]. Meanwhile, considering the ascent of electric and shared flexibility, research is additionally expected to investigate AI frameworks for controlling EV armadas, anticipating energy needs, and building independent ride-sharing arrangements.
At the same time, it is also essential to leverage big data for traffic predictions and enhance the accuracy of the model through advanced machine-learning techniques. If we understand human-AI interaction, we could design AI that is more user-friendly; if we are to explore AI for multimodal transport integration, we can connect different modes of transport better and more effectively.


7 Conclusion
The application of AI to road transport has transformed the sector with significant increases in efficiency, safety and on-demand capacity. In autonomous vehicles, self-driving capabilities were moved forward using AI to allow cars to navigate and decide with little human input. These AI systems (not unlike a CPU) leverage sensor data and cameras to improve safety and provide mobility options for people who cannot drive, such as seniors and disabled individuals. AI has also been a game changer for traffic management, transitioning from fixed schedules to dynamic systems that adapt in real-time. AI and real-time monitoring could help reduce traffic congestion and travel times by optimizing signal timings and flow management at traffic intersections/roads and improving road safety.
Another domain where AI has shone is for conducting predictive maintenance through forecasting component failures using sensor data to save on downtime, increasing vehicle life and reducing costs. In the future to come, AI will further stimulate road transport. In Level 4 and 5 autonomous vehicles, we will see improvements, supported by new sensors and V2X communication, as will probably be the case with other levels of autonomy with less complexity. Edge computing and 5G will lead to instantaneous data processing, as well as creating an enhanced vehicle-infrastructure communication network. AI smart traffic management will enhance the ability to predict and prevent congestion and increase route availability. IoT integration will enable more complex predictive maintenance, which is capable of preventing failures in advance and scheduling maintenance. This will be a time for personal mobility services as they will allow even more of the trend to Mobility as a Service (MaaS).
The future of AI in transport will be one of transparent, reliable systems, with the right balance of regulations regarding ethics and data privacy and with the tight association between urban planning and smarter, more sustainable cities. For example, travelling on public transportation can utilise multimodal transportation connections to allow for convenient and quick travel.
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Abstract
Urbanisation has significantly changed people’s living standards recently, especially regarding mobility and transportation. As cities develop and expand, reliable transit has become necessary, increasing car ownership. Although increased private and public transportation provides convenience and flexibility to city dwellers, it also adds to substantial traffic congestion and environmental pollution. Therefore, more sophisticated traffic management systems are required to manage high traffic density, optimised signal timing and frequent congestion during peak times. Intelligent transportation systems include diverse technologies to enhance urban transportation networks’ safety, sustainability and quality. Adaptive traffic signal systems play a crucial role in the framework of intelligent transportation systems. Adaptability to changing traffic conditions such as traffic volume, waiting time, delay, congestion level and pedestrians’ movement can result in more efficient traffic management for the urban network. Much work has been done on adaptive traffic signal management. Fuzzy controllers are distinguished among the existing adaptive systems due to their exceptional ability to handle uncertainty, facilitate intuitive rule-based decision-making, and excel in human-like reasoning and adaptability, which is crucial in managing the complexities of urban traffic networks. This study explores designing adaptive rule-based fuzzy controllers for isolated traffic intersections and a city-wide road network, integrating dynamic controllers with smart city infrastructure.
Keywords
Fuzzy logicAdaptive fuzzy controllerUrban traffic intersectionSmart city infrastructure
1 Introduction
With the increasing urban population, the need for advanced traffic management systems has become essential. Traditional traffic management systems, which rely on pre-programmed fixed cycles, are inadequate for managing dynamic traffic conditions and fail to accommodate emergency or priority situations. To overcome these limitations, smart signalling systems have been developed, incorporating Artificial Intelligence (AI), Machine Learning (ML), and the Internet of Things (IoT).
The development of traffic signalling systems began many years ago and has evolved significantly over time [1, 2]. Over the years, there has been a shift from simple, manually operated systems to more sophisticated automated systems capable of handling complex urban traffic. Traditional systems, however, often lack adaptability to real-time changes, leading to congestion during peak hours, increased fuel consumption, and higher emissions, which remain significant concerns. The advent of AI and ML has revolutionised adaptive traffic control systems [3–5] by enabling them to learn from historical data and make predictions regarding signal timing and lane priority. These systems are designed to receive feedback from traffic outcomes, allowing them to learn and adjust based on feedback analysis [6]. Reinforcement-based algorithms [7], particularly those using deep neural networks, can be utilised for predictive analysis, making it possible to anticipate traffic congestion and optimise signal timing effectively. Moreover, AI-powered computer vision techniques [8, 9] can analyse images and videos from traffic cameras to provide real-time counts of vehicles and pedestrians and detect incidents. These systems, which utilise deep learning models like convolutional neural networks (CNNs) [10, 11], can be applied to traffic analysis to understand driver behaviour, identify collisions, vehicles driving in the wrong direction or stopped vehicles, and detect abnormal changes in traffic patterns. This enables the system to deliver more accurate information to adaptive signal controls. Again, AI-enabled traffic signalling systems can extend beyond traditional data sources. In this context, Natural Language Processing (NLP) [12] is vital as it enhances the AI-driven signalling system’s ability to analyse and interpret unstructured data from sources such as social media, emergency call transcripts, and news reports to detect traffic incidents. This capability helps identify incidents not immediately detectable through conventional sensors or camera systems.
In addition to AI and ML, IoT plays a crucial role in intelligent traffic signalling [13] by connecting sensors and devices that collect and transmit real-time data. IoT facilitates communication between vehicles and traffic signalling systems through vehicle-to-infrastructure (V2I) communication [14, 15]. Various IoT sensors, such as inductive loop sensors, infrared cameras, and ultrasonic sensors, provide real-time information on traffic density, speed, and direction. These IoT devices send data to a cloud-based platform, which is analysed to make real-time decisions on signal timing. This integration also enables signalling systems to gain a complete overview of the traffic network, allowing for the rapid detection of incidents.
Edge computing is essential for real-time traffic management [16] by significantly reducing latency through data processing closer to the source. This means that data from sensors and other IoT devices is analysed in real-time at the edge, enabling quick decision-making and allowing the system to respond rapidly to sudden changes for optimised traffic management. Edge computing allows direct deployment of AI/ML models on edge devices [17, 18].
Blockchain technology significantly contributes to smart traffic management [19–21] by introducing a decentralised approach to data sharing. It allows for secure traffic data exchange among various stakeholders, such as traffic authorities, transportation agencies, vehicle manufacturers, and others. Given the sensitive nature of traffic data, there is a need for robust protection against unauthorised access. Blockchain’s cryptographic techniques ensure high data privacy and security levels, making it ideal for applications like toll payments, parking fees, and fines. It enables secure transactions and streamlines the process by eliminating the need for third-party involvement.
An intelligent traffic management system should support various applications, including dynamic signal timing that accounts for emergency conditions, pedestrian density, and the safety of non-motorized road users while significantly improving traffic flow by minimising delays. The system needs to be capable of identifying emergency vehicles, such as ambulances and fire trucks, through real-time data analysis. Green light durations should be extended to allow these vehicles to pass through intersections without delay. Smart ticketing and parking management can also encourage drivers to park in less congested areas, reducing traffic congestion.
In this study, we focus on designing and analysing a dynamic fuzzy controller. Unlike traditional fixed-time controllers, a fuzzy controller effectively manages the uncertainty and complexity inherent in urban traffic environments. It reduces congestion and minimises delays through precise decision-making capabilities related to signal timing and lane prioritisation. The study is organised as follows: We are going to discuss how adaptive rule-based fuzzy controllers can be designed. A detailed analysis will be provided on the isolated traffic intersections of various categories, along with the design of a road traffic network that expands across the city and seamlessly integrates dynamic fuzzy controllers and other smart city infrastructures. Additionally, recent advancements in real-time data processing techniques, the incorporation of advanced machine learning models for better predicting future traffic patterns, and improved optimisation algorithms that lead to efficient traffic control decisions will be documented. Finally, there will be a conclusion section promoting integrating dynamic fuzzy controllers with advanced technologies, which will lead to the development of more intelligent and adaptive traffic management solutions.

2 Related Work
Fuzzy logic is a popular and extensively explored technique in traffic management systems due to its efficiency in dealing with the uncertainties present in real-time traffic management since long-time research and development of traffic management systems can be observed. In 2011, Abdel Nasser H. Zaied et al. introduced a fuzzy traffic control for cross-sectional roads, which used a fuzzy decision control system by Hegyi et al. in 2001 [22]. In this work, they tried to optimise green signal time. In 2017, H. Garg et al. designed a fuzzy controller system for traffic management [23]. This system is considered a wireless sensor network for real-time traffic monitoring, and multiple fuzzy controllers are working in parallel to optimise signal timing and phase selection. Again, in 2019, T. Mahmood et al. proposed a two-stage fuzzy controller model [24]. The first stage of this model is dedicated to phase selection and extension of the green time, and the next phase is a decision module. In 2021, Sadiqa Jafari et al. proposed an intelligent fuzzy controller for urban traffic [25]. This controller will formulate effective signal timing based on average waiting time and queue length. Ilhan Tunc et al. in 2021 designed a fuzzy logic controller considering both queue length and the vehicle’s state as input to the controller [26]. Traffic signals are essential in urban areas to prevent delays, excessive exhaust emissions, random vehicle starts and stops, and fuel wastage. Lin et al. suggested that managing traffic control is similar to multi-objective optimisation problems [27]. In 2022, they proposed combining the fuzzy control theory with the adaptive sequencing mutation multi-objective differential evolution algorithm that controls traffic flow. The proposed optimised fuzzy controller is verified with different traffic conditions and compared with the non-optimized one. Recently, Bangalee and Ahmed proposed a hybrid traffic control system that combines fuzzy graph colouring with deep reinforcement learning (DRL) [28]. Their proposed technique uses fuzzy graph colouring to identify the optimal traffic groups based on their degree of independence. Each group is then treated as an action space in the reinforcement learning model, and various DRL models are developed for traffic control. They also observed that their proposed model is more efficient (nearly 50%) than the state-of-the-art methods. To meet safety, compliance, and comfort requirements while driving, Xue et al. proposed a fuzzy-robust model (Fuzzy-RMPC algorithm) that minimises the error caused by the accumulation of uncertainty [29]. The model incorporates a fuzzy control-based dynamic weighting method, which adaptively adjusts the weights of control objectives according to the vehicle’s velocity. They also verified their model by applying five different conditions and concluded that the proposed method has a better control effect. Mehraban et al. introduced an integrated Fuzzy Adaptive Cruise Control (ACC) with Model Predictive Control, referred to as FACMPC [30]. This approach significantly enhanced the longitudinal safety of Autonomous Vehicles and fuel efficiency in dynamic traffic environments. Their model optimises the trade-off between driving safety, efficiency, and comfort.

3 Designing a Dynamic Fuzzy Controller for Traffic Signals
The journey of fuzzy logic began in 1965 when it was formally introduced by Lotfi A. Zadeh [31]. Its remarkable ability to manage uncertainty, imprecision, and approximate reasoning has transformed it from theoretical knowledge into practical tools for various applications. A fuzzy controller is generally a control system that applies fuzzy logic to mathematical models. A dynamic fuzzy controller [32], however, can adapt to changes in the environment in real time. Thus, it can be an effective tool for traffic signalling, as it adapts to changing traffic conditions, optimises signal timing, reduces congestion, and ensures smooth traffic flow. Here is a brief overview of fuzzy logic, followed by the key features of a dynamic fuzzy controller and a step-by-step guide to designing a dynamic fuzzy controller for traffic signals.
3.1 Fuzzy Logic
Fuzzy logic is a framework that employs the concept of fuzzy sets to define rules and perform various operations. A fuzzy set (F) is an extension of classical set theory. Unlike classical sets, where elements have a membership of either 0 or 1 (True or False), a fuzzy set assigns membership values that range between 0 and 1. In a fuzzy set, a universe of discourse (U) is mapped to a unit interval, which can be represented as follows.[image: $${\text{F}}:{\text{U}} \to \left[ {0,{1}} \right]$$]





An element’s membership degree is determined by the membership function, a mathematical function that can be of various shapes. Thus [image: $$\mu_{F} \left( x \right)$$], represents the degree of membership of element x to the fuzzy set F. Some basic operations on fuzzy sets relevant to the design of a dynamic fuzzy controller are defined as follows.
In this regard, we can assume that P and Q are two fuzzy sets, [image: $$\mu_{P}$$] and [image: $$\mu_{Q}$$] Represent the membership functions respectively. x ϵ X represents any element.	The complement of fuzzy set P or Q can be defined as[image: $$\mu_{{P^{C} }} \left( x \right) = 1 - \mu_{P} \left( x \right)\;{\text{or}}\;\mu_{{Q^{C} }} \left( x \right) = 1 - \mu_{Q} \left( x \right)$$]






	Union of two fuzzy sets, [image: $${\text{P}} \cup {\text{Q}}$$], can be defined as[image: $$\mu_{P \cup Q} \left( x \right) = {\text{max}}\left( {\mu_{P} \left( x \right), \mu_{Q} \left( x \right)} \right)$$]






	Intersection of two fuzzy sets [image: $${\text{P}} \cap {\text{Q}}$$] can be defined as[image: $$\mu_{P \cap Q} \left( x \right) = {\text{max}}\left( {\mu_{P} \left( x \right), \mu_{Q} \left( x \right)} \right)$$]











3.2 Dynamic Fuzzy Controller for Traffic Signalling
Before diving into the design of a dynamic controller for a traffic signalling system, it’s essential to consider the key aspects of a basic traffic signal system that accurately reflects real-world conditions. We consider random arrival of vehicles, where the arrival time is uniformly distributed. Every cycle is supposed to be divided into two phases of effective green and effective red. Traffic density in both green and red phase, average waiting time per vehicle, pedestrian crowd and congestion time are considered. We also assume that vehicles leave the queue at a constant speed. Furthermore, if any priority condition is there or not based on which preference of lane can be decided at traffic intersection.
The core of a dynamic fuzzy controller is the Fuzzy Inference System (FIS) [33, 34], which plays a vital role in real-time decision-making. The FIS for dynamic traffic signaling can be designed as follows.

3.3 Processing of Input/Output Parameters
FIS can receive the input from various sensors, which are generally placed at traffic intersections, pedestrian crossing and along roadways. In this study we have considered the following input/output parameters.	Input Parameters: Traffic density, average waiting time, Pedestrian crowd, Priority condition.

	Output Parameters: Effective green time, Total cycle time, Lane Priority





Specify Range and Membership Function for Each Input/Output Parameter: At this stage we need to define parameter range and membership function for every input/output.	Traffic Density:	(a)
Range: 0–100 (Represents number of vehicles per unit area)

 

	(b)
Membership Function: Low (0–30), Medium (20–70), High (60–100)

 






	Average Waiting Time:	(a)
Range: 0–300 s

 

	(b)
Membership Function: Short (0–100), Moderate (80–200), Long (160–300)

 






	Pedestrian Crowd:	(a)
Range: 0–60 People

 

	(b)
Membership Function: Sparse (0–25), Moderate (15–45), Dense (35–60)

 






	Priority Condition:	(a)
Range: 0 or 1 (This can be considered as a binary parameter if any such condition is there it is 1 otherwise 0)

 

	(b)
Membership Function: Low (0), High (1). For binary representation we need crisp membership function.

 






	Effective Green Time:	(a)
Range: 0–120 s

 

	(b)
Membership Function: Short (0–40), Medium (30–90), Long (80–120)

 






	Total Cycle Time:	(a)
Range: 0–300 s

 

	(b)
Membership Function: Short (0–120), Medium (80–200), Long (180–300)

 






	Lane Priority:	(a)
Range: 0 or 1 (This can be considered as a binary parameter if any such condition is there it is 1 otherwise 0)

 

	(b)
Membership Function: Fast Lane (0 or 1), Slow Lane (0 or 1), Moderate Lane (0 or 1), Other specific Lane (0 or 1)

 










Apart from defining parameter ranges for specific membership functions, the shape of the membership function is crucial. To represent extreme conditions (e.g., Short or Long, Low or High, Sparse or Dense), a trapezoidal membership function is effective. The plateau in a trapezoidal function represents gradual change and stability, which is particularly useful in real-world traffic scenarios where the system should not respond too aggressively when approaching extreme conditions. Again, the system must quickly respond to changes from moderate to extreme conditions to maintain traffic flow and prevent congestion. A triangular membership function is ideal in this scenario, as it offers a precise representation of a range of values, enabling the system to make accurate and timely decisions.

3.4 Fuzzy IF–THEN Rule Generation
Now, we need to create fuzzy IF–THEN rules based on the input and output parameters to simulate real-world traffic conditions effectively. In this study, we have included 37 traffic rules that are well-suited for a smart city framework. Table 1 outlines these rules.Table 1Traffic rules tailored for a smart city framework


	SL No.
	Traffic density
	Average waiting time
	Pedestrian crowd
	Priority condition
	Effective green time
	Total cycle time
	Lane priority

	1
	High
	Long
	Low
	No
	Long
	Long
	Fast

	2
	High
	Long
	Low
	Yes
	Long
	Long
	Fast

	3
	High
	Long
	Medium
	Yes
	Long
	Long
	Fast

	4
	High
	Long
	Medium
	No
	Long
	Long
	Moderate

	5
	High
	Long
	Dense
	Yes
	Medium
	Medium
	Fast

	6
	High
	Long
	Dense
	No
	Medium
	Long
	Moderate

	7
	High
	Medium
	Medium
	No
	Long
	Long
	Fast

	8
	High
	Medium
	Medium
	Yes
	Long
	Long
	Fast

	9
	High
	Medium
	Dense
	No
	Medium
	Long
	Moderate

	10
	High
	Medium
	Dense
	Yes
	Medium
	Long
	Fast

	11
	High
	Medium
	Low
	Yes
	Long
	Medium
	Fast

	12
	High
	Medium
	Low
	No
	Long
	Medium
	Moderate

	13
	Medium
	Medium
	Medium
	No
	Medium
	Medium
	Moderate

	14
	Medium
	Medium
	Medium
	Yes
	Medium
	Medium
	Fast

	15
	Medium
	Medium
	Sparse
	Yes
	Medium
	Medium
	Fast

	16
	Medium
	Medium
	Sparse
	No
	Medium
	Medium
	Moderate

	17
	Medium
	Medium
	Dense
	Yes
	Medium
	Long
	Fast

	18
	Medium
	Medium
	Dense
	No
	Medium
	Long
	Moderate

	19
	Medium
	Short
	Sparse
	Yes
	Medium
	Medium
	Fast

	20
	Medium
	Short
	Sparse
	No
	Medium
	Short
	Moderate

	21
	Medium
	Short
	Dense
	Yes
	Medium
	Long
	Fast

	22
	Medium
	Short
	Dense
	No
	Short
	Medium
	Moderate

	23
	Medium
	Short
	Medium
	Yes
	Medium
	Medium
	Fast

	24
	Medium
	Short
	Medium
	No
	Medium
	Medium
	Moderate

	25
	Low
	Short
	Sparse
	No
	Short
	Short
	Slow

	26
	Low
	Short
	Sparse
	Yes
	Short
	Short
	Fast

	27
	Low
	Short
	Dense
	Yes
	Medium
	Medium
	Fast

	28
	Low
	Short
	Dense
	No
	Short
	Medium
	Slow

	29
	Low
	Short
	Medium
	Yes
	Medium
	Medium
	Moderate

	30
	Low
	Short
	Medium
	No
	Short
	Medium
	Slow

	31
	Low
	Low
	Sparse
	Yes
	Short
	Short
	Fast

	32
	Low
	Low
	Sparse
	No
	Short
	Short
	Moderate

	33
	Low
	Low
	Dense
	Yes
	Short
	Medium
	Fast

	34
	Low
	Low
	Dense
	No
	Medium
	Short
	Moderate

	35
	Low
	Low
	Medium
	Yes
	Short
	Medium
	Fast

	36
	Low
	Low
	Medium
	No
	Short
	Medium
	Moderate

	37
	Low
	Short
	Medium
	Yes
	Medium
	Medium
	Moderate





While designing the rules we have carefully analyzed the nature of the high, medium and low-density traffic along with other possible circumstances. With high density traffic we can expect extended green time to clear the traffic volume and accommodate as many vehicles as possible. Therefore, a moderate to long total cycle time can be expected along with other conditions including pedestrian crowd and priority conditions. Again, with moderate traffic, medium green cycle time would be enough to balance the need of a smooth traffic flow, hence, a medium cycle time can be expected. Similarly, with low density traffic a short green cycle time would be enough to clear the traffic intersections quickly. Therefore, a short total cycle time can be considered to optimize the traffic flow and reduce the delay. During the rule design process, careful consideration is given to ensure that the traffic system remains adaptive and highly responsive in the presence of any priority conditions, with lane priorities defined accordingly.

3.5 Designing FIS
We can design FIS by following any of the very popular fuzzy inference systems such as Mamdani [35] or Sugeno [36] fuzzy inference system. These are rule based decision control systems, where linguistic can be used to define any fuzzy IF–THEN rule. Mamdani inference system mimics human kind of reasoning. It provides fuzzy output, therefore defuzzification is required. On the other hand, sugeno inference system provides crisp output which is mostly linear function or constant. Depending on application we can decide whether we need to go for Mamdani or Sugeno. If interpretation can be done based on fuzzy IF–THEN rule then Mamdani can be a better choice, otherwise, if precise computational efficiency is required then we can go for sugeno. As it represents the output as weighted average. In the above table we have mentioned all the fuzzy rules that we have considered for the design of our dynamic fuzzy controller. Here is one example of how the inference system consider these rules as a fuzzy IF–THEN rule and maps the linguistic input to an output.
“IF traffic density is HIGH AND average waiting time is MEDIUM AND there is PRIORITY-CONDITION, THEN effective green time is LONG and total cycle time is LONG.”
Additionally, a dynamic fuzzy controller for traffic signals requires an adaptive, real-time decision-making system that can deliver optimal results in response to any sudden changes in the surrounding environment. Hence, the Sugeno fuzzy inference system may be a more suitable choice for designing a dynamic controller because of its computational efficiency, optimal decision-making capabilities, and flexibility in handling a larger number of parameters and complex IF–THEN rules. However, there are studies that have also explored the use of Mamdani as well as a hybrid model combining both Mamdani and Sugeno.
Based on the example above, we can illustrate how the Sugeno FIS operates. In this scenario, the AND operator is used, which represents the minimum value among the membership inputs connected by AND (in this case, HIGH for traffic density and MEDIUM for average waiting time). Depending on the application requirements, we could also use the OR operator in a fuzzy IF–THEN rule, which would correspond to the maximum of the input membership values. Below is an explanation that clarifies the concept.
Consider a scenario,[image: $$\begin{gathered} {\text{Traffic Density }} = {\text{ 82 per unit area}} \hfill \\ {\text{Average waiting time }} = { 16}0{\text{ s}} \hfill \\ {\text{Priority Condition }} = { 1}\left( {{\text{Yes}}} \right) \hfill \\ \end{gathered}$$]





We can assume output values are constant[image: $$\begin{gathered} {\text{Effective}}\;{\text{Green}}\;{\text{Time}} = {12}0 \hfill \\ {\text{Total}}\;{\text{Cycle}}\;{\text{Time}} = {3}00 \hfill \\ \end{gathered}$$]





Fuzzified input calculating from membership functions[image: $$\begin{gathered} \mu_{{\text{traffic-density-HIGH}}} \left( {82} \right) = 0.{8} \hfill \\ \mu_{{{\text{waiting}}\;{\text{time-MEDIUM}}}} \left( {120} \right) = 0.{8} \hfill \\ \mu_{{{\text{Priority}}\;{\text{condition-HIGH}}}} \left( 1 \right) = 1 \hfill \\ \end{gathered}$$]





Therefore, the strength of the given rule in sugeno inference can be defined as[image: $$\begin{aligned} {\text{Rule - Strength}} &amp; = {\text{min}}\left( {\mu_{{\text{traffic-density-HIGH}}} \left( {82} \right), \;\mu_{{\text{waiting time-MEDIUM}}} \left( {120} \right)} \right., \\ &amp; \quad \left. {\mu_{{\text{Priority condition-HIGH}}} \left( 1 \right)} \right) \\ \end{aligned}$$]





Hence, the weighted effective green time and weighted total cycle time can be calculated as follows.[image: $$\begin{aligned} {\text{Weighted}}\;{\text{effective}}\;{\text{green}}\;{\text{time}} &amp; = {\text{Rule-Strength}} \times {\text{Effective-green-time}} \\ &amp; = 0.8 \times 120 \\ &amp; = {96}\left( {{\text{LONG}}} \right) \\ \end{aligned}$$]




[image: $$\begin{aligned} {\text{Weighted}}\;{\text{total}}\;{\text{cycle}}\;{\text{time}} &amp; = {\text{Rule - Strength}} \times {\text{Total cycle time}} \\ &amp; = 0.8 \times 300 \\ &amp; = {240}\left( {{\text{LONG}}} \right) \\ \end{aligned}$$]





With the Sugeno inference system, multiple rules can be combined to produce a weighted average as a crisp output, which is particularly useful for managing traffic intersections. This approach is essential in synchronizing multiple signal controllers at an intersection.

3.6 Testing and Implementation
Once our FIS is ready, we can simulate the system using real-world data to assess its performance before deployment. There are numerous popular traffic simulators available for this purpose. Some examples include SUMO, VISSIM, MATSim, AIMSUN, Trans-Modeler, Paramics, CORSIM, Open-Traffic-Sim, among others. Afterward, the system can be deployed in a real-world traffic environment. It continuously receives input from nearby sensors, allowing the rule-based controller to adapt to changing traffic conditions and optimize traffic flow effectively. Figures 1, 2 and 3 represent an FIS. This is a 4 input, 3 output system where we have considered a total of 37 distinct rules as mentioned in the above table. The FIS can infer any traffic scenario based on the input. Here we can see one example of FIS rule inference. For the input combination traffic density (50), average waiting time (116) and presence of priority condition it is suggesting medium effective green-time (60), medium total cycle time (150) and fast Lane Priority (1), which is true according to our fuzzy IF–THEN rule.[image: ]Diagram of a Sugeno Type 1 fuzzy logic system for traffic management. Inputs include traffic density, average waiting time, pedestrian crowd, and priority condition, each represented with membership functions (MFs). Outputs are effective green time, total cycle time, and lane priority, also with MFs. Arrows connect inputs to the central Sugeno block, which links to the outputs, illustrating the flow of information.


Fig. 1FIS plot (4 input, 3 output)


[image: ]A table displaying traffic management rules with three columns: "Rule," "Weight," and "Name." Each rule describes conditions based on traffic density (Low, Medium, High) and average waiting time (Short, Moderate, Long) affecting pedestrian flow. All rules have a weight of 1. Names range from rule1 to rule14.


Fig. 2Fuzzy IF–THEN rules


[image: ]A traffic management system interface displaying input values and corresponding graphs for six scenarios. Key parameters include traffic density at 50, average waiting time at 116, pedestrian crowd at 0, priority condition at 1, effect green-time at 60, total cycle time at 150, and lane priority at 1. Each scenario shows graphs with varying lines indicating different traffic conditions and priorities. The interface is designed to analyze and optimize traffic flow based on these inputs.


Fig. 3Rule inference





4 Different Types of Road Junctions and Their Importance in Smart City Infrastructure
A road junction is generally defined as a point where two or more roads intersect. In managing traffic within smart city infrastructure, the design and functionality of traffic intersections are crucial. Here, we provide an overview of different types of road junctions and their significance in smart city infrastructure.	Bi-lane: A bi-lane road consists of two lanes, each designated for traffic moving in opposite directions. In a smart city, these roads are typically used in less congested areas to maintain a smooth flow of traffic. Highways that extend across cities are often of this type. Figure 4 serves as a reference.[image: ]Diagram of a two-lane road with three yellow cars. Two cars are in the left lane, spaced apart, and one car is in the right lane. The background is green, and the road is black with white lane markings.


Fig. 4Bi-lane




	T-Shape Junction: This junction occurs where three roads converge to form a “T” shape. “T” junctions are prevalent in urban areas, especially where minor roads intersect with major ones. They are suitable for moderate traffic levels and can be equipped with smart sensors and adaptive traffic control systems. Figure 5 serves as a reference.[image: ]Diagram of a T-intersection with three lanes. The main road runs vertically with two lanes, labeled "B" and "C," and a side road intersects horizontally with lanes labeled "A" and "D." The background is green, representing grass or landscape.


Fig. 5T-shape junction




	Y-Shape Junction: This is a junction where three roads converge to form a “Y” shape. These types of junctions are typically found in less urbanized areas where two narrow roads merge into one. In a smart city network, such road junctions can be integrated, and adaptive signalling systems can ensure smooth traffic flow within the city. Figure 6 serves as a reference.[image: ]Diagram of a Y-shaped intersection with three roads. The left road has two lanes with two yellow cars traveling in opposite directions. The right road has a single lane with a yellow car moving away from the intersection. The top road has a yellow car approaching the intersection.


Fig. 6Y-shape junction




	Crossroads: A crossroad is a junction where two roads intersect at a right angle, forming a “+” shape. These types of roads are very common in urban networks. In a smart city infrastructure, this type of junction is crucial for the intelligent management of traffic systems. They often create a grid-like structure that facilitates smooth communication and optimized traffic flow (Fig. 7).[image: ]Diagram of two adjacent roundabouts connected by a straight road. Each roundabout has four entry and exit points. Yellow cars are positioned on the road, with one car entering the first roundabout and another exiting the second. The background is green, representing grass or landscape.


Fig. 7Crossroads




	Roundabout: A roundabout is a circular junction where traffic flows continuously from all directions around a central island. It can accommodate multiple roads converging into the circle and may include traffic signals to control entry from each direction. This type of junction is common in urban areas and helps reduce delays, minimize the likelihood of severe accidents, and maintain a continuous flow of traffic. With continuous monitoring by sensors and cameras, the performance of an adaptive signalling system can be optimized. Figure 8 serves as a reference[image: ]Diagram of a six-way intersection with a central roundabout. Each road is labeled with a direction: top left is "NW," top right is "NE," middle left is "W," middle right is "E," bottom left is "SW," and bottom right is "SE." The background is green, and the roads are black with white dashed lines.


Fig. 8Roundabout




	Complex Intersections: Complex intersections involve multiple roads converging at various angles. These intersections are common in urban areas and require advanced adaptive signal control to manage different turning movements effectively. Figure 9 serves as a reference.[image: ]Diagram of a six-way intersection with a central roundabout. Multiple roads converge, each marked with directional arrows and stop lines. Yellow cars are positioned on various roads, indicating traffic flow. The scale at the bottom left shows a distance of 10 meters.


Fig. 9Complex intersections









5 Optimization Algorithms for Adaptive Traffic Signaling
In this section, we will explore the significant contributions of evolutionary algorithms to smart traffic signal control, which demonstrate robust performance in dynamic environments. Evolutionary algorithms are inspired by natural processes and include techniques such as Genetic Algorithms (GA), Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), Bee Colony Optimization (BCO), and Differential Evolution. These algorithms emulate the principle of “survival of the fittest” found in nature. Meanwhile, swarm intelligence algorithms are inspired by the observed behaviours of flocks of birds, bees, ants, and similar organisms. These algorithms typically employ randomized searching across the solution space. For a long time, such optimization algorithms have been applied across a wide range of applications, including smart traffic signal control.
In 2010, Köhler et al. [37] proposed an optimization method for traffic signal control based on Genetic Algorithms. This approach takes into account multiple objectives of an urban traffic environment and performs multi-objective optimization on signal timing at intersections, effectively reducing delays and maximizing throughput. In 2012, Stevanovic et al. [38] developed a hybrid algorithm considering both Genetic Algorithm and local search techniques. This algorithm efficiently balances the traffic demands and enhancing the mobility in urban network. Another multi-objective optimization in 2015, Mohammad S. Ghanim proposed [39] a hybrid approach that combines a Genetic Algorithm (GA) with an Artificial Neural Network (ANN). The GA is utilized to optimize near-optimal signal timing, while the ANN is employed to predict travel time. In 2016, Min Keng Tan et al. proposed a traffic signal timing optimization algorithm [40] using a decentralized genetic algorithm. This method effectively reduces average delays in urban areas during peak hours. In 2021, Nagham A. Al-Madi et al. proposed a Genetic Algorithm-based optimization technique [41] for managing urban traffic in Jordan city. This approach incorporates parameters such as total cycle time, waiting time, vehicle speed, and road congestion duration into the GA, enhancing traffic flow by reducing congestion periods. In 2022, Haifeng Lin et al. developed a mathematical model [27] that integrates fuzzy control theory with a genetic algorithm. This model is designed to optimize total cycle delay, average waiting time, queue length, and emissions at intersections. The approach aims to enhance traffic flow optimization and improve signal coordination at urban intersections. Recently, in 2024, Zhang et al. proposed a real-time urban traffic optimization approach [42] based on grey system theory. This study utilizes a deep Q-network (DQN) for real-time signal optimization to enhance traffic flow management. In 2023, Hao Qin et al. developed a particle swarm optimization algorithm [42] for collaborative decision-making across multiple intersections. This method focuses on optimizing vehicle delay, queue length, and regional access ratio, and implements a regional traffic signal control strategy to enhance overall traffic efficiency. Throughout the study, we have identified that the application areas of optimization algorithms in the context of smart traffic signal control can be extended across the following sectors (Fig. 10).[image: ]A diagram illustrating "Optimization Algorithms" at the center, connected to eight surrounding concepts: Signal Timing, Traffic Flow, Multi-Objective, Congestion Control, Incident Management, Non-motorized User Optimizer, Energy & Environment Optimization, and Delay Minimization. Each concept is enclosed in a blue oval, indicating areas of application for optimization algorithms.


Fig. 10Application areas covered by optimization algorithms




6 Conclusion
Throughout this study, we have emphasized the importance and adaptability of fuzzy logic controllers in managing urban traffic more effectively. As cities expand, traditional traffic signaling systems have struggled to cope with the complexities and uncertainties of modern traffic conditions. In contrast, dynamic controllers based on fuzzy logic can handle imprecise and ambiguous data with greater robustness. Recent advancements in this field demonstrate how fuzzy logic can be integrated with advanced AI and ML techniques, enhancing their effectiveness. A particularly powerful approach involves combining fuzzy logic with optimization algorithms, which allows for the flexibility of fuzzy logic to be paired with the multi-objective optimization capabilities of these algorithms. As technology continues to advance, these systems can now leverage historical data, predict traffic patterns, and make data-driven decisions, resulting in significant reductions in traffic congestion, delays, and emissions, and contributing to the more efficient design of urban transportation networks.
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Abstract
The age of AI for road transport has come to signify a fundamental shift towards smarter, safer, and efficient mobility solutions. With urbanization and population increasing demands on transportation systems, innovative applications of AI can address challenges such as traffic congestion, safety of navigation, energy efficiency, and environmental sustainability concerns. The chapter also intends to examine the current and foreseeable roles of AI in road transport, focusing on prominent applications of traffic management, autonomous vehicles, and fleet optimization. Predictive analytics enable authorities to foretell traffic surges, identify areas of congestion, and offer alternative routes to drivers to minimize delays and emissions. The chapter addresses the layers of vehicle autonomy from allowing driver assistance to full autonomy whilst taking a peek at ethical, regulatory, and technical humps that need to exist for ensuring further propagation.
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1 Introduction
Artificial Intelligence in the realm of road transport is ushering the world into a new era of mobility. With global urbanization driving massive population growth in cities and countries around the world, cities battle not only traffic congestion but also the associated rise in emissions responsible for increased air pollution. This places road infrastructure at the core of an epic battle that has been waged since times immemorial [29]. Traditional traffic management is no longer sufficient for the fluidity required in modern modes of transportation [22]. An Artificially Intelligent system can continuously optimize traffic flows in real-time, use predictive analytics and dynamic routing to minimize wait times, and reduce congestion, fuel consumption, and emissions [1]. In fact, by ensuring seamless communication with the vehicle infrastructure, we can convert road networks into continuously adaptive and responsive systems. In the context of road transport, one of the most revolutionary applications of AI is the development of autonomous vehicles (AVs). AI allows vehicles to perceive their surroundings in real-time enhancing their perception, decision-making, and navigation capabilities. Furthermore, the implementation of AVs starting with Level 1 in the form of advanced driver-assistance technologies and progressing seamlessly into the ultimate form of Level 5 is capable of reducing road accidents by taking the biggest problem of all: humans, out of the equation. Besides having the potential to save hundreds of thousands of lives in an instant, to offer mobility to the millions restricted by a lack of driving age, vision, or health, increase fuel efficiency, and improve the bottom line of prestigious companies in the form of taxi or truck drivers. These come in the form of a need for reduced reliance on human driving and its potential impact on driving professions, ethical concerns related to ethical decision-making when lives are at stake, and the hacking of automated vehicles susceptible to system breaches [12]. AI is not solving traffic problems on an individual basis and in a vacuum, it is affecting every sector of your road ecosystem. In the logistics industry, AI-powered predictive maintenance, demand forecasting, and route optimization can save hundreds of dollars for logistics companies, increase efficiency, and lower the ecological footprint of freight transport. Thus, AI continues to transform road transport by addressing some challenges, one of which is collaboration among policymakers, industry stakeholders, and the public for the future of mobility to be smooth and fair. By optimizing signal control, predicting traffic flow, and analyzing congestion patterns, machine learning models improve traffic management. By learning from real-time data, reinforcement learning (RL) models like Deep Q-Networks dynamically adjust traffic signals to cut down on wait times and improve flow. Long Short-Term Memory (LSTM) networks anticipate congestion and enable proactive management by capturing temporal dependencies in traffic data for traffic flow prediction. Deep learning models, particularly Convolutional Neural Networks (CNNs), handle perception tasks in autonomous vehicles, detecting lanes, objects, and pedestrians with high accuracy. On the other hand, reinforcement learning aids decision-making in navigation and obstacle avoidance by continuously improving from simulations and feedback from the real world. These models create transportation systems that are smarter and more adaptable when combined. The intelligent traffic management system can be shown in Fig. 1.[image: ]Diagram illustrating an intelligent traffic control system. Multiple vehicles, including buses and cars, are shown communicating with roadside units. These units are connected to a central intelligent traffic control system, indicating a network for managing traffic flow. Arrows depict the communication paths between vehicles, roadside units, and the central system.


Fig. 1Intelligent traffic management system



1.1 Brief History of Road Transport and Its Technological Advancements
While road transport may have begun with pedestrian sand trails run by horse-pulled carts around ancient civilizations, it has, ever since, undergone unparalleled evolution [3]. The heating steam engine, technologies forward-looking in the 18th century, brought immense success in the domain of transport, building on concepts that led to the overall development of motorcars in the late 19th century. Ford’s mass production of the automobile brought its general acceptance in urban life and personal transport in the early 20th century. Road transport grew in leaps and bounds thereafter as its technological accessories continued to improve: the internal combustion engine, road measures plus systematic tarmacking or finished road, with the highway system in the 20th century. Since the last few decades, digital technology has been instrumental in streamlining transportation systems to enhance efficiency and safety, through the use of GPS navigation for vehicular routing, real-time traffic alerts, and vehicle telemetry interfacing. Currently, we are appealing to Artificial Intelligence, automation, and electric vehicles to leap with road transport into the millennium management of mobility and roads.

1.2 The Current State of Road Transport Systems
The present road transport systems are dealing with accumulative urban congestion, emissions, and demand for further efficient and sustainable mobility solutions. Though traditionally most road infrastructure and vehicles have significantly improved, the systems are built under severe stress due to the unregulated span of population and urbanization in many ways [24]. Traffic congestion has continued to stand as a significant issue such that cities all over the world suffer serious economic losses resulting from reduced productivity, higher fuel consumption, and increased pollution. Road safety, also the other big problem, has also remained widely affected because of human errors [34]. As the reflective avenue of hope for solutions are certainly emerging lately, including real-time traffic monitoring, ride-sharing platforms, and electric vehicles, these technologies can make these challenges less challenging than they presently are. Surmounting the obstacles, however, remains thanks to the aforementioned shortcomings; hence, the already existing road transport systems remain far from optimal in catering to future mobility challenges and have long needed further innovations in smart traffic management, vehicle automation, and infrastructure and environment sustainability.

1.3 Overview of the New Era of Transportation Driven by AI Technologies
The new epoch of transportation, ushered by AI technology, is putting an end to an era of traditional movement. AI; by itself, has enabled smarter, more efficient management systems through innovations such as intelligent traffic management autonomous vehicles, and quality predictive maintenance for fleets, smart traffic systems powered by AI can analyze real-time data for the optimization of the flow of traffic, reduction of congestion, and cuts in emission. The autonomous vehicles model of machine learning will practically ensure safety in all road walks by downplaying human error involvement [7]. AI-facilitated logistics and fleet management address routing optimization and fuel savings and promote sustainable transport. They also facilitate V2I communication enhancement, leading to better coordination between vehicles and road systems. Such technologies are reshaping transport to be responsive, more sustainable, and adaptive to future mobility challenges [31].


2 Role of Artificial Intelligence in Modernizing Road Transport
AI has a pivotal role to play in revamping road transport by increasing efficiency, safety, and sustainability within a broad set of applications [28]. The analysis of signals in the vehicle control process shows a leading difference in the optimization of traffic systems through AI algorithms which are directed to improve real-time situations by controlling traffic signals, reducing congestion, and improving general flow which will reduce delays and emissions. One of the factors that reduce the side effects of accidents that occur due to human mistakes is the fact that self-driving systems and the advanced development of artificial perception systems provide sufficient situational awareness so that automobiles can navigate and make decisions in complex environments [43]. Moreover, AI uses predictive analytics to enhance fleet management, streamline operations within fleet management systems, optimize routing objectives, perform timely maintenance duties, save upon expenses, and improve service reliability [25]. This brings about better alliances between AI and vehicle-to-infrastructure communication, equipping automobiles to better coordinate with road systems, thus leading to smooth flow of traffic movements and reduce traffic jams. Such advancements modernize road transport and lay the benchmark for safety, efficient, and green future [18].
2.1 Defining AI and Its Key Applications in Road Transport
Artificial intelligence represents intelligent machines mimicking human cognitive. Accordingly, it is capable of carrying out activities like communication, recognition, and perception that call for specific human reasoning processes by comparing data, stimulating thinking, and providing learning [42]. In contrast, in computer vision, AI technologies are integrated into road transport and revolutionize the sector. One way is that they are used in automatic driving, where the AI system detects and interprets the surroundings for safe navigation and autonomous decision-making in real-time [13]. AI systems are also assisting in the management of traffic flows through a predictive analysis system to control the timing of traffic signals and reduce congestion to facilitate more efficient urban mobility. In addition, AI enhances fleet management through route optimization and predictive maintenance [4]. Logistics companies can cut costs and improve service delivery in this way. The ride-sharing space has shifted its model to an AI-driven solution; this is also an important transformation in how people access transport today, relying on smart and flexible mobility-as-service (MaaS). These might drive a vehicle toward a driverless future and foster a much more sustainable approach to transportation in all these capacities of AI in modifying the road transport systems [8].

2.2 Importance of AI for Enhancing Safety, Efficiency, and Sustainability
The role played by AI in making road transport safer, quicker, and more sustainable cannot be emphasized enough [15]. First of all, AI significantly enhances safety by cutting down on human error, which has been reported to be a leading cause of traffic accidents. Using complex algorithms and real-time data analysis, AI systems in autonomous vehicles will quickly detect and respond to hazards, allowing for the flexible resolution of situations requiring decisions in fractions of a second-a feat beyond the capabilities of human drivers. More importantly, AI is credited with increased efficiency in optimizing traffic flow, decreasing congestion, and streamlining route planning for logistics and public transport systems [2]. Such optimizations will benefit the commuters by saving time and the enterprises by reducing fuel consumption and operational costs [33]. Additionally, AI promotes sustainability since it allows for better management of resources by forecasting vehicle maintenance needs to prevent breakdowns as well as being charged with the job of coming up with environmentally friendly routing for vehicles to minimize emissions. As cities and transport networks Project future development, AI will take center stage in developing safer, smoother-running, and greener transport systems on roads, which will generally result in a better quality of life for their urban population.

2.3 Overview of Smart Cities and Connected Transportation Systems
Smart cities eventually provide a more sophisticated manner of working forward in urban development through advanced technologies such as the Internet of Things (IoT), big data, and Artificial Intelligence (AI) that aim to vivify residents’ lives, keep sustainability and eternal progress. Based on that assumption, connected transport systems stem from various multi-modes in one single data-driven network, shiny with some level of IT work from a hardwood seating position; Public transport, ridesharing, and pedestrian pathways will come together as one. With real-time data analytics able to determine traffic patterns and schedules for public transport with road infrastructure dynamically managing between these, all, reducing congestion, improving levels of safety, and providing access opportunities. Besides providing means for effective communication between vehicles connected to transportation systems, for the benefit of road and roadway users, significantly alleviates congestion and promotes communicability by integration of information systems into transport [14]. Cities not so far in the future would like to reduce their environmental impact by upholding electric and shared moves within the fold of the sustainable framework [35]. As the cities keep flowing into these innovations, the propelling smart technologies are expected to make the changeovers into resilient urban settings in accordance with the needs of the fast-evolving people.


3 Autonomous Vehicles (AVs)
Autonomous vehicles represent a highly disruptive innovation that employs sensors, machine learning, and artificial intelligence to move and operate without human control [10]. AVs use LIDAR, radar, cameras, and advanced algorithms to perceive surroundings, recognize obstacles, and make real-time decisions, ensuring safe and efficient driving. There are different levels of autonomy, where level 1 gives some driving assistance to the human driver, while in level 5, the vehicle is able to drive entirely by itself in any environment without human input. Potential benefits of AVs are varied and include reducing car accidents arising from human error, providing transport opportunities to those unable to drive, and enhancing traffic flow via optimization of routing. On the other hand, the broad accessibility of autonomous vehicles will raise a number of challenges, including regulatory challenges, ethical questions regarding decision-making, and protection against cyber threats [5]. As research and development continue, AVs are expected to be further involved in radical change in the transportation industry’s landscape prospect indicating a turning point towards safer, more efficient, and more inclusive mobility in future times [38].
3.1 Overview of AV Technology and Levels of Automation
Autonomous vehicle technology consists of various such advanced systems that enable vehicles to drive or operate with little or no human intervention [32]. The technology integrates several components ranging from sensors to artificial intelligence and machine learning algorithms to perceive the environment, make decisions, and control the vehicle [21]. The Society of Automotive Engineers classifies AVs into six levels of automation, ranging from Level 0 to Level 5. Level 0 has no automation-and the driver is responsible for every driving task; Level 1 has driver assistance systems designed to assist drivers in performing certain tasks, for example, adaptive cruise control; Level 2 allows for partial automation, whereby steering and acceleration or deceleration can be jointly controlled by the vehicle, but the driver must remain involved with their oversight; Level 3 has conditional automation whereby, when in driving mode, the vehicle can perform virtually all driving tasks, although the driver must be available to take over operation upon request; Level 4 allows full vehicle automation to operate independently within specific conditions or designated areas without human intervention; while Level 5 achieves full automation allowing vehicles to navigate in all environments and conditions fully without any human contribution. As AV technology progresses through the various levels, it shall transform the transportation sector through enhanced safety, traffic efficiency, and mobility accessibility [27].

3.2 AI Techniques Used in Autonomous Driving: Machine Learning, Computer Vision, and Deep Learning
Autonomous vehicles require certain key AI technologies such as machine learning, computer vision, and deep learning to enable vehicles to navigate safely and efficiently. Machine learning algorithms are critical for processing the vast amount of driving data, which allows vehicles to gain experiential knowledge that enhances their better decision-making pattern from time to time by being able to identify patterns in traffic, road conditions, and driver behavior. Computer vision is another technology that provides the vehicle with an understanding of its environment through data from cameras and sensors to detect and classify objects like pedestrians, vehicles, and traffic lights. All visual input is processed in real-time to determine vehicle operations to make it responsive to outside changes [45]. While computer vision works with all of the visuals that come to the vehicle, this other subset of machine learning, deep learning, extends this capability through the use of artificial neural networks, allowing vehicles to execute defined complex actions, such as semantic segmentation to learn the context of different objects in their environment. One can say that this unique merging of methods can lead to this unique set of AI methods of enabling autonomous vehicles to function very fast as well as safely while real-time decision-making takes place in complex terrains [30].

3.3 Current Trends and Future Prospects of AVs
The current trend in autonomous vehicles (AVs) indicates a development tide aided by the technological, regulatory, and socially acceptable threshold. Companies focus on building safer and more reliable autonomous cars with large-scale testing and validating processes to address public concerns. Level 4 autonomy is becoming more mainstream, wherein cars function without a driver’s intervention under varying conditions constrained to specific environments and applications such as ride-sharing and delivery [41]. In addition, this kind of cooperation between automotive manufacturers and tech companies opens up avenues for incorporating AI, machine learning, and 5G to enhance the ability of vehicles to communicate and process information [16]. The future looks bright for the wider adoption of AVs alongside advanced V2X communication that enables smooth vehicular interaction with infrastructure and among other road agents, Moreover, this combination of AVs into human life can propel urban mobility redefining the fabric of life, lessening gridlocks, cutting emissions, and enhancing transportation efficiency—opportunities occur with integrated policy frameworks and infrastructures that support AV technology [44].


4 Challenges Faced by Autonomous Vehicles
Countless challenges present stiff opposition to the rainfall of the AVs. One concern is safety: notwithstanding the progress in technology, ensuring that an AV can handle unpredictable road conditions, irregular human behavior, and complex driving scenarios is a major obstacle. Another challenge is posed by public opinion and trust, many consumers are exceedingly hesitant to transfer control from humans to machines, especially in dire situations. Further challenges come from the nature of laws and regulations; the legality of self-driving vehicles will remain a hot topic as various jurisdictions will seek to lay down rules regarding liability and insurance for accidents where AVs were involved [9]. A separate, intractable issue is that the requisite technology cannot be utilized for vehicle operation on many roads and traffic systems, and huge investments will be needed to upgrade such systems. Yet another is the stink of a potential rising threat to cybersecurity; connected vehicles will always remain prime targets for hacking, malfunctions, and compromise of data at the consumer’s expense, safety, and privacy [39]. Data quality and privacy are major concerns because AI models need a lot of real-world data, which often raises privacy concerns and risks from biased data. Another challenge is model interpretability because complex models, like deep neural networks, can behave unpredictablely, making it difficult to guarantee safety and reliability in the real world. In addition, “computational demands” are high in real-time applications like autonomous driving, requiring a lot of processing power and efficient use of energy. As the effectiveness of AI systems is dependent on sophisticated road infrastructure, which varies significantly from region to region, infrastructure readiness also plays a role. Finally, obstacles are posed by “legal and ethical issues,” such as determining who is responsible for accidents involving autonomous vehicles and making sure that everyone has equal access to AI-driven transportation options. Readers can gain a deeper comprehension of the technical, ethical, and operational challenges shaping AI in transportation systems by delving deeper into these issues.

5 Intelligent Traffic Management Systems (ITMS)
ITMS also doubles as an integrated solutions for other transportation modes, such as public transit and ride-sharing, to allow for the establishment of an integrated urban mobility network. These could lead not only to alleviation of traffic congestion, but also to reduced journey time, minimization of fuel consumption, and reduced emissions that are instrumental in urban sustainability. With the development of cities, traffic problems are becoming more and more complicated; thus, the installation of intelligent traffic management systems has become more relevant to building smarter, safer, and more efficient transport networks [6].
5.1 AI-Based Traffic Management: Reducing Congestion, Optimizing Traffic Flow
AI-powered traffic management systems are redefining urban transport, optimizing traffic flow, and vastly reducing congestion. These systems are able to analyze traffic flow patterns, identify bottlenecks, and forecast future congestion through real-time data from various sources, such as traffic cameras, sensors, and GPS systems. Using machine learning algorithms, AI is able to dynamically optimize traffic signal timing to improve vehicle flow at intersections, give preference to public transport, and allow the smooth transition of emergency vehicles. AI-oriented platforms could also provide live traffic updates and alternative route suggestions to drivers, thereby alleviating congested areas. By allowing a far more responsive and adaptive approach to traffic management, such systems are made to improve travel efficiency, reduce travel times, and lower emissions, while generally enhancing road safety. Both these solutions lead to cities with improved intelligent traffic management systems, allowing for much smarter urban mobility now, and hence a sustainable future [11].

5.2 Predictive Analytics for Traffic Forecasting
Predictive modeling for traffic forecasting depends on advanced statistics, along with machine learning algorithms, that can analyze historical and real-time traffic data, allowing transportation authorities to appropriately anticipate and manage traffic patterns. The predictive analytics approach examines input such as weather conditions, special events, and time-of-day trends to provide accurate forecasts of traffic flow and congestion levels. This proactive position allows timely interventions concerning changes in traffic signal timings, public transport schedules, or congestion management strategies prior to such eventualities [36]. Moreover, predictive modeling could provide route planning enhancement for logistics companies by proactively highlighting potential delays, and improving delivery efficiency while conserving on fuel use. Because of the ever-increasing demands of cities towards traffic and its management, predictive analytics integration becomes a key paradigm for enabling responsive and efficient urban transportation systems for safer roads and a superior experience for commuters.

5.3 Real-Time Data Collection and Analysis
Real-time data collection and analysis are inextricably woven into the cloth of modern traffic management systems to communicate more reactions to anomalous road situations in real-time and improve the efficiency of transportation. A network of sensors, cameras, and connected devices gathers real-time data on parameters such as vehicle speeds, traffic volumes, weather conditions, and incident reports. This continues to provide a steady flow of information to traffic management centers, allowing for the assessment of current conditions and the identification of emerging patterns in almost real-time [39]. Using advanced data analytics and machine learning algorithms, these systems can analyze the data and provide actionable insights, e.g., adjusting traffic signal timings, dispatching traffic enforcement resources, or alerting drivers about congestion or accidents ahead.


6 AI-Powered Road Safety Technologies
The revolution in traffic safety and prevention of road accidents has been fueled by AI-powered systems. Such systems analyze potentially risky situations by collecting data in real-time and feeding advanced algorithms. For instance, AI collision-avoidance systems use sensor data from vehicles for the detection of obstacles including pedestrians and other vehicles, hence issuing alerts to drivers in time or issuing autonomous brakes. AI gives their traffic authorities actionable information such as high-danger times and places after collecting accident data [37]. They may require targeted safety measures to improve conditions by putting in place better signage, lighting, or the deployment of traffic enforcement resources. The AI-enabled dash cameras will keep the track of driver behavior in real-time, using built-in analysis to look for indications of distraction or fatigue and to provide immediate feedback to encourage safer driving habits. The cooperation between the technologies will enable the development of a reactive approach before occurring to road safety, reducing the incidence of accidents, aiding in the preservation of human life, and creating a safer environment for drivers.
6.1 Driver Assistance Systems (ADAS) Using AI
Advanced Driver Assistance Systems (ADAS) embody all that contribute to safety and enhanced driving experience in the use of automation and on-board support in luggage delivery. Systems must be integrated to inform from the environmental context of the vehicle via the data received for mobility support [40]. This would include continuous readings from various sensors, cameras, and radar monitoring of driving conditions surrounding the vehicle. On the basis of inputs from the above sensors in an operating context, AI processes these data for instances of adaptive cruise control, lane-keeping assistance, and automatic emergency braking. Adaptive cruise control uses AI to maintain its safe following distance from other cars through adjustment of speed applied automatically, while lane-keeping helps avoid an unintentional exit from a given lane by means of applying steering support. In addition, AI improves the performance of the parking assist system, which might identify suitable parking spots and park itself without any human intervention. As it continues to learn driving habits and environmental conditions, the adaptive nature of ADAS makes it industrious to prevent cases of avoidable accidents in enhancing road safety. Such rapid automation and development thereafter direct the path to the future of fully autonomous vehicles.

6.2 AI in Accident Detection and Prevention
Artificial Intelligence (AI) is redefining the state of the next revolution of accident detection and prevention the preprocesses advanced monitoring further through informed information for road safety. A combined input from a variety of sensors, cameras, and machine learning algorithms enables AI to find dangerous conditions and unsafe driver behavior before an accident occurs. Thus, an AI-enabled system should have the potential to detect erratic driving behavior, identify nearby pedestrians or cyclists, and assess surface conditions, sending timely alerts to the driver. With the capability of information processing speed and vast information from varied sources into a coherent framework, besides allowing them an instantaneous basis, they would enable analysis through such insight into accident-prone zones and may foster long-term improvements in safety [9]. AI is not just discovery but the very pillar of accident prevention involved in vehicle automation and improved vehicles in terms of assisting the driver. ADAS stands for Advanced Driver Assistance Systems and includes automatic emergency braking, lane-keeping assistance, and adaptive cruise control use AI to synthesize input data from onboard sensors and make instantaneous and split-second decisions to prevent accidents. These systems are able to communicate with each other and with the traffic situation, creating a more coordinated response in case of imminent danger and tread into predictive analysis in the identification of pattern and trend recognition in accident statistics for city planners and policy makers who can implement effective correctional measures by adapting the timing of traffic signals and reopening road signs for safety improvement among the other users of the road [15].

6.3 Smart Vehicle Maintenance Using AI
Smart vehicle maintenance powered by AI is reshaping the approach to vehicle servicing while showing significant improvements in efficiency and reliability. AI employs predictive analytics to assess data gathered from a plethora of sources, including but not limited to, onboard sensors, maintenance records, and historical performance data. The system predicts when maintenance is likely to be required and which repairs will take place, given a vehicle’s overall usage patterns. Such data will allow the owners and fleet managers promptly to remedy bits and transition toward preventive maintenance. For example, AI monitors engine functions, gets tire pressure and fluid levels in real-time, and alerts the driver if anything is askew that must be attended to. Machine learning algorithms analyze usage patterns and environmental influences to fine-tune schedules so that maintenance occurs at the best times possible. This additionally extends the lifespan of the vehicle while improving safety and performance. The growing adoption of new AI technologies by the automotive sector means that smart vehicle maintenance will be among the most critical factors in the development of a more efficient, reliable, and safer transportation system [24].

6.4 AI-Powered Emergency Response Systems
Innovative AI technology is thereby transforming first responders and emergency services’ approach toward dealing with incidents, thereby boosting speed and efficacy. Using sophisticated algorithms and real-time data analytics, these systems evaluate incoming emergency calls to assess incident nature and severity concerning resource allocation management. AI, for instance, would analyze data from numerous sources, including traffic cameras, social media feeds, and IoT devices, for the situational awareness of the dispatcher to determine the priority of response based on relevance and closeness. AI may also envision complications in emergencies, including the likelihood of traffic delays or dangerous conditions, and thus respond to more optimal routes. Furthermore, these systems can bring about better inter-agency collaboration, provide real-time updates to responders, and ensure they arrive with the most pertinent information one may need. With a seamless emergency response procedure enabled by AI, safety, and efficiency in emergency services will also ensure that emergencies are resolved effectively and in a shorter time for those critically affected [8].


7 AI in Logistics and Freight Transport
It is widely believed that AI can provide optimized routes for adding ease and speed to freight and logistics operations within the travel industry. By using state-of-the-art algorithms and real-time data, AI can analyze various factors such as traffic patterns, bad weather, and vehicle availability to plan the most efficient routes for drivers [33]. This alone reduces the distance traveled and directs drivers away from congested areas, ensuring on-time deliveries. Moreover, machine learning models update themselves based on historical data, allowing logistics companies to react dynamically to unforeseen challenges. Indeed, the implementation of AI-powered route optimization has directly led to great improvement rates in customer satisfaction, with timely deliveries having become more reliable and predictable.

8 AI in Road Infrastructure Management
The capabilities of intelligent infrastructures are being vastly improved, particularly in road condition monitoring and predictive maintenance. Road transportation agencies have mounted a network of sensors and cameras on roads to collect various data, including factors such as surface conditions, temperature, and traffic loads [5]. The AI algorithm processes this data to ascertain the health of the structure in almost real-time, leading to early detection of any imminent problems, such as cracks, potholes, and surface degradation. AI predictive maintenance allows for repairs before impending repairs result in costly emergency fixes and improvement of road safety. This proactive strategy thus not only extends the life of road infrastructure but also ensures efficient resource allocation, focusing maintenance efforts on the most critical areas. Road construction and planning are in the process of becoming radically changed by using AI technologies. Using advanced models and simulation tools, AI can analyze traffic patterns, environmental impact, and land use to help design new roadways. This becomes all the more crucial as the advent of autonomous vehicles (AVs) brings forth the need for AVs-compatible roads [42]. An AI can help design roads that can include such features as AV lanes, optimized traffic signals, and advanced signage to ensure safe and smooth navigation. Further, AI-driven equipment such as planning tools could simulate traffic scenarios by making projections about developments and enable urban planners to assess the possible implications stemming from development and, consequently, make decisions in line with sustainable growth and congestion minimization. The integration of artificial intelligence into public transport and shared mobility services has transformed how cities manage their transportation systems. AI algorithms, capable of handling vast swaths of data from sources including ridership patterns, traffic conditions, and social demographics, optimize the routes and schedules for the public transit system. This data-driven approach increases the efficiency and reliability of the service while establishing a commuted appeal for public transport. Furthermore, AI is indispensable in managing shared mobility options such as ride-sharing and micro-mobility services, e.g., e-scooters and bikes. AI can optimize fleet distribution options and minimize waiting time by understanding real-time demand and supply, hence providing responsive services to users’ needs [30]. The AI application in public transport and shared mobility enhances not only the operational efficiency but also the sustainability and equity of an urban transportation system as a whole.

9 Challenges
One of the challenges tables on reliability for the whole range of data collected from multiple sensors and cameras. Poor quality data can produce unreliable information concerning driving conduct and environmental situations, and therefore facilitate positive or negative diagnoses. For instance, foggy rainy weather normally imposes constraints on sensor quality at best, thereby penalizing the possibility for equipped systems to identify possible hazards. Moving such systems from research testing to production sites under several unavoidable contexts and environments seems an important hurdle to manage for developers [12]. There lies yet another challenge in their integration into and interaction with existing road infrastructures and the vehicles licensed to drive on such roadways. With most roads and vehicles not equipped with the latest technologies, the landscape remains so fractured that the advanced AI systems may not establish proper communication with older infrastructure. Such incompatibility might compromise the efficacy of the real-time data exchange between vehicles and traffic control systems, limiting coordinated responses to accidents or near misses. Regulatory resistance and standardized protocols being imposed across various regions may also stall deployment and prolong the adoption journey [27]. Finally, the other major challenges with respect to AI technology for crash detection and prevention concerns revolve around ethics and public acceptance. Given that they often require continuous monitoring of drivers and their surroundings, some issues with respect to data privacy and surveillance arise. Maintaining an equilibrium between safety and personal privacy is important in order to gain the public’s trust and support for these technologies [31]. There is also concern that drivers may become over-reliant or complacent on AI systems. The hurdle comes in creating one set of moral tenets that all agree upon and whose nature does not fluctuate since values differ from one culture and region to another. Finally, the collaboration of the intelligent vehicle designers with key stakeholders-for instance, ethicists, policymakers, and the public-is crucial to bringing above-board this sensitive issue and thus, instilling faith on authorities [25]. The introduction of AI technologies in the transport sector also brings along fears about the potential displacement of jobs-majorly, driver jobs, and any other manual positions. With the riding preference for autonomous vehicles and AI-driven logistics systems, employment in the major traditional occupations may come to a forced standstill, causing consecutive layoffs and economic ruin for precious employees in such segments [9]. While some jobs may disappear with the rise of AI, new opportunities will also be created within the field itself: e.g., AI maintainers, data analysis, transportation management, etc. To reduce the unfavorable effects of such a transition, investments in re-skilling and up-skilling programs are highly imperative to prepare the overall workforce for the present-day job race. Policy creators, as well as chief executives, shall cooperate in fund-raising programs that provide relief to these displaced workers based on the efficiency and safety benefits afforded by AI technologies. The rapid evolution of AI technologies in road transport brings along great regulatory challenges. Policymakers have an obligation to create frameworks that ensure the safe yet comprehensive deployment of autonomous vehicles and AI-driven systems while continuously catching up with the pace of growing technologies [21].

10 Case Study
There are some notable examples of cities and companies that have successfully implemented AI in road transport:	Singapore—Smart Traffic Management: The Land Transport Authority (LTA) of Singapore uses AI-powered predictive analytics to control traffic flow with the intention of shortening travel times and decreasing congestion. In order to adjust bus schedules and traffic signals in real time, the system gathers data from GPS devices, traffic cameras, and public transportation. In addition, the “Green Link Determining” (GLIDE) system in Singapore makes use of AI to adjust signal timings in response to traffic conditions. As a result, waiting times are cut down and traffic flows more smoothly in high-density areas [17].

	Waymo—Autonomous Driving in Phoenix, Arizona: Waymo, Google’s project for autonomous vehicles, has a fleet of self-driving cars in Phoenix that are primarily used for fully autonomous ride-hailing services. Waymo’s vehicles utilize progressed PC vision and AI calculations to perceive street signs, path markers, and moving items like walkers and cyclists. In order to train its AI systems, the company has accumulated millions of miles of real-world data. The result is safer, more responsive autonomous driving technologies that are able to deal with complex urban and suburban environments [23].

	Los Angeles—Predictive Maintenance for Roads: Los Angeles uses a system known as “The Automated Traffic Surveillance and Control” (ATSAC) to monitor real-time traffic and road conditions for predictive road maintenance. The system allows city officials to schedule maintenance ahead of time by anticipating infrastructure wear and tear, reducing the need for costly repairs, and minimizing traffic disruptions [19].

	Tesla’s Autopilot and Full Self-Driving (FSD) Beta: For lane keeping, obstacle detection, and automated driving assistance, Tesla’s Autopilot and FSD Beta, which are currently in use in various regions, make use of a combination of neural networks and computer vision. Tesla’s AI models can be improved iteratively based on real-world conditions thanks to the data it collects from its global fleet. The company is a key player in the development of autonomous vehicles because it continuously updates its models to improve driving performance, particularly in complex driving situations like city driving [26].

	London—AI-Driven Public Transport Optimization: AI algorithms are used by Transport for London (TfL) in London to optimize public bus routes and shorten passenger wait times. TfL dynamically adjusts bus schedules by analyzing historical and current data on passenger demand. This ensures that buses operate effectively even during peak times. Additionally, predictive models powered by AI assist the city in anticipating maintenance requirements and minimizing service disruptions, thereby increasing commuter satisfaction [20].






11 Future Prospects and Innovations
Artificial intelligence applications are projected to bring about a considerable change in the landscape of road transport in the near future. One of the most important trends includes the increased usage of AI for data analytics, which enables transport companies to derive actionable insights collected from a large volume of data from vehicles, traffic systems, and infrastructure. As IoT becomes more widespread, the fusion of AI with IoT devices will lead to real-time monitoring and decision-making that will help improve traffic management and route optimization [22]. Likewise, technological developments in machine learning algorithms during this time are expected to impact vehicle-to-everything (V2X) communication. The vehicle will be able to communicate with itself and with road infrastructure seamlessly. These changes will greatly enhance safety and efficiency while, at the same time, providing a concrete basis for the next generation of smart cities. AI is envisioning a magnetic role in the creation and expansion of the mobility-as-a-service (MaaS) platforms meant to offer an integrated yet user-friendly transportation solution. Leveraging AI algorithms, the MaaS platforms can analyze user preferences, travel patterns, and real-time conditions to curate personalized mode transportation options that may include items like public transit, ride-sharing, bike-sharing, et cetera. With such a comprehensive approach to a transportation system, the user experience is enhanced in terms of seamless access to multiple modes of transport, effectively utilizing the resources available. Notably, AI is beneficial, supporting dynamic pricing and capacity management, which helps respond to changes in demand for services. As MaaS gets traction, AI will play a crucial role in ensuring a seamless and efficient transport ecosystem that focuses on convenience and sustainability [24]. AI will parallel a future common with sustaining changing urban ecosystems. AI-friendly simulation-and-data-driven forecasting will allow city planners to anticipate traffic and public transport system impacts from new developments. In essence, while current transportation is enabled, planners can design infrastructure that accommodates proposed development based on forecasts of future traffic needs arising from growth or advances in technology. AI will help design traffic management systems responsive to changing conditions in real time and integrate sustainable practices into urban design. Cities will therefore develop into interconnected ecosystems, obtaining priorities of efficiency, accessibility, and environmental sustainability [32]. Notably, an effective transition to AI-based public road transport needs good synergy between the parties involved in the AI field, governments, and transport authorities. It will also require leveraging public-private partnerships as such forums create avenues for data, resources, and skills sharing needed in developing advanced transportation solutions. Governments will create conducive regulatory frameworks and provide funding incentives for research and development in AI technologies. The transport authority should also engage communities to know what their needs and preferences are so that findings and AI applications align with public interests. Hence, this collaboration will not only enhance the effectiveness of the solutions driven by AI but will also help in building public confidence in technologies reeling to change the way of transportation in the years to come. As multiple stakeholders move in unison, hopes of creating safe, efficient, yet sustainable means will rise to greater heights [29]. Data security in autonomous vehicles and traffic management systems could be revolutionized by combining blockchain and AI. Blockchain ensures data integrity, transparency, and security by enabling decentralized data sharing among autonomous vehicles. Blockchain could be used to secure data exchanges between municipal networks, vehicle manufacturers, and service providers, fostering trust and data privacy, for instance, in AI-driven traffic systems. For autonomous systems’ enormous computational requirements, quantum computing holds promise, particularly for complex real-time decision-making. Quantum-enhanced optimization, for instance, has the potential to greatly enhance the planning of routes for autonomous fleets and make it possible for extremely quick, adaptive learning algorithms to deal with unpredictability in traffic situations. Combining AI and quantum computing could improve energy efficiency and autonomous control in smart transportation systems, even though the technology is still in its infancy.

12 Conclusion
The inclusion of artificial intelligence within the domains of adaptive traffic signal control and smart routing systems represents a paradigm shift toward more efficient control of urban traffic management with greater safety. Artificial intelligence aims at real-time monitoring, to alleviate traffic congestion and ensure dynamic, up-to-date navigation-while at the same time reducing wait times and driving times, thus lowering vehicle-induced environmental impacts. The changing shape of mobility incited by these technologies, however, becomes increasingly apparent with time and would lead to smarter, more sustainable cities. To reap full benefits from it, continuing dialogue between stakeholders, investment in infrastructure, and public education are equally important for the smooth installation and acceptance of AI-centric solutions.
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Abstract
Road accidents are one of the leading causes of death in India. These road accidents are often caused by rash driving while intoxicated, drowsy or fatigued drivers, road conditions and many more. There are many works and literature for detection systems that aim to mitigate these issues but these systems often fail to be integrated on a large scale either due to high installation/maintenance costs or due to poor reliability because of the high complexity of these systems. This chapter aims to review current existing technologies for the detection of driver drowsiness, alcohol intake, overspeeding/reckless driving etc., by carefully examining their advantages, disadvantages, and methodologies. From this information, we propose a conceptual system that is aimed to overcome the limitations of these currently existing systems and is specially tailored to be effective in the Indian context and for other developing countries.
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1 Introduction
As per the UN (United Nations), India is the most populated country in the world as of now (2024). This sheer population poses a major challenge in maintaining road safety and public health. As per various news reports, the average car buyer demographic in India is getting younger [1], and some people with high budgets are aiming for luxury vehicles that boast powerful engines. Young people with highly powerful vehicles usually resort to rash driving, alcohol intake, speeding, etc. These factors contribute significantly to traffic accidents because the above-stated activities reduce the ability of the driver to respond to road conditions with swift reflexes. There are many technologies developed to mitigate these conditions and challenges but a major portion of them is not suitable for Indian road conditions. Road conditions in India are very different from other countries. The sudden emergence of stray animals on roads, bad traffic, lack of adherence to traffic rules, and many unsafe two and three-wheelers cause many of these technologies to fail in these circumstances.
A remarkable strategy combines several sub-technologies into a comprehensive driver monitoring system. For example, the system called Eye Aspect Ratio (EAR) [2] technology has widespread use for detecting driver drowsiness by monitoring eye movements and eye blinking patterns of the driver. Another notable technology, called Vehicular Ad Hoc Networks (VANETs) [3, 4], is used to enable real-time communication between roadside infrastructures and drivers, which aims to improve road safety and mitigate overspeeding. Further, breath sensors like MQ3 and wireless, portable breathalysers available in the market are extremely useful to calculate the Blood Alcohol Content (BAC) of the driver, to assess alcohol intake.
In the generation of Industry 4.0, the rise of Artificial Intelligence (AI) has severely impacted our lives. The sub-domain of AI called Machine Learning (ML) has a lot of useful algorithms and techniques that are very useful for an application like this. These algorithms can vastly improve the prediction and real-time detection of the above-stated parameters. In the category of Supervised Learning, the algorithms called Support Vector Machines (SVM) [5] and Decision Trees are very useful for analysing driving patterns, which can result in very accurate predictions of drowsiness in driver or driver intoxication. Other Deep Learning (DL) algorithms like Convolutional Neural Networks (CNN) are useful for image processing tasks like facial recognition for drowsiness detection, while another technique called Reinforcement Learning has been identified to optimise system performance based on continuous evaluation of real-time data.
Lastly, the stepping stone of autonomous vehicles, called Advanced Driver Assistance Systems or ADAS in short [6], is a very useful technology for mitigating road accidents while also ensuring driver comfort. As per the Society of Automotive Engineers (SAE), ADAS technology is classified into six levels based on the degree of automation that the system provides (Fig. 1):[image: ]The image is a chart illustrating five levels of vehicle automation, ranging from ADAS to Autonomous. Level 1 is Driver Assistance, requiring full attention, where the vehicle assists through alerts. Level 2 is Partial Automation, allowing feet off, with the vehicle controlling speed and lane keeping. Level 3 is Conditional Automation, permitting hands off, with conditional control and driver intervention when needed. Level 4 is High Automation, enabling eyes off, with the vehicle in full control except for few exceptions. Level 5 is Full Automation, allowing mind off, with no human occupant needed. Responsibility shifts from driver to vehicle as levels increase.


Fig. 1Classification of ADAS by Society of Automotive Engineers (SAE) [7, 8]

	Level 0: No automation; the driver must pay full attention to operating the vehicle.

	Level 1: The driver needs to pay full attention; the vehicle assists the driver with basic alerts.

	Level 2: Provides partial automation; the vehicle is now equipped with basic features like Lane Departure Warning (LDW) and Adaptive Cruise Control (ACC).

	Level 3: Provides conditional automation; the vehicle can now drive itself with human intervention at regular intervals.

	Level 4: Provides high automation; the vehicle can mostly drive itself with very minimal human input.

	Level 5: Provides full automation; no human occupant is needed for the operation of the vehicle.





Collective integration of technologies like EAR, VANETs, ADAS and breathalysers can further increase road safety and mitigate potentially fatal road accidents involving cars and two- and three-wheelers, keeping the unique Indian road conditions in mind.
These technologies are, no doubt, the best in class, but when it comes to Indian road conditions, even the most accurate system can fail due to the high randomness of Indian traffic and even due to the presence of stray animals in the road. This chapter evaluates the current technologies like EAR, VANETs, ADAS, breathalysers, and Machine Learning algorithms. It also proposes a conceptual system that integrates some of these technologies into a comprehensive system that is custom-tuned specifically to Indian road conditions. This system aims to mitigate traffic accidents via continuous driver monitoring and an alert system which is triggered when the threshold is crossed and will alert the nearby RTO (Regional Transport Office) and police station.

2 Objectives
The primary objective of this chapter is to evaluate and thoroughly review the currently existing technologies for detecting reckless driving, alcohol intake and drowsiness or fatigueness of the driver. This chapter contains a detailed analysis of technologies like Vehicular Ad Hoc Networks (VANETs) [3, 4], Eye Aspect Ratio (EAR) [2], breathalysers and MQ3 sensors. Strict focus has been given to the evaluation of the limitations and challenges associated with the said technologies and their integration into Indian road and traffic conditions. This comprises identifying technological drawbacks, user-related issues, and environmental conditions that impact these systems’ performance, overall efficiency, and effectiveness within the Indian road-scenario context. Furthermore, this chapter aims also to explore the potential of algorithms and techniques of Machine Learning (ML) and Deep Learning (DL) in increase the accuracy and effectiveness of these detection systems. Ultimately, the chapter aims to consolidate the findings to ideate and conceptualise a comprehensive driver monitoring and alert triggering system that uses multiple of these mentioned technologies in harmony to mitigate reckless driving and accidents and also alert RTO, nearby police stations and to managers/owners in case of fleet vehicles. This system seeks to enhance real-time enforcement and monitoring, which implies safer driving practices on Indian city roads and national highways.

3 Literature Review
Rash driving, overspeeding, driver fatigue, drowsiness and alcohol intake play a significant role in road accidents. There are countless studies and literature, and even some products worldwide, that explore advanced technologies to reduce these road safety hazards. For example, In 2019, the automotive manufacturer from Japan Subaru equipped their SUV called “Forester” with their “DriverFocus Distraction Mitigation System”, which uses a camera angled towards the driver’s face for drowsiness detection, and they won the title of “Best Safety Innovation by the Automobile Journalists Association of Canada” [9]. Another example includes Ford, USA’s “BlueCruise” proprietary system [10]. As per the Consumer Reports, 2023 [11], the BlueCruise system by Ford remains a top choice for Driver Assistance Systems. The BlueCruise system enables hands-free driving along with adaptive cruise control, a driver-facing camera to monitor driver distractions and 130,000 miles of US highways mapped by Ford, which are called “Blue Zones” [10] in which the system is capable of operation. The Ford F-series lineup, Mustang Mach-E, Expedition and the Explorer have BlueCruise equipped (Fig. 2).[image: ]Two images of car dashboards. The top image shows a steering wheel with a Mustang logo, digital speedometer reading "0 MPH," and a range of "157 mi." Blue arrows highlight the dashboard controls. The bottom image displays a touchscreen with SiriusXM playing "The Morning Mash Up" by Ryan, Nicole, and Stanley T, and a navigation map. Blue arrows indicate the control panel above the screen.


Fig. 2Driver facing camera in Ford’s BlueCruise system [10]


While all of these technologies are great on their own, it is important to note that these systems are majorly developed based on traffic rules and regulations in countries like the USA, Canada, etc., where the road infrastructure, road conditions, population, etc., are very different to that of a developing country like India. In developing countries, particularly in India, the presence of stray animals on the roads and highways, paired with inconsistent traffic rules and poor quality of roads, severely impacts the effectiveness of Driver Assistance and Monitoring Systems, almost making them unusable in these scenarios. For example, due to a lack of clearly marked lanes, the Lane Departure Warning (LDW) might beep unnecessarily, or Automatic Emergency Braking (AEB) might perform hard braking when a cow is crossing the road, causing fatal rear-end collisions (Fig. 3) [12].[image: ]A group of cows is standing on a road, blocking traffic. A white car and a motorcyclist are waiting for the cows to move. Trees and buildings are visible in the background. The scene depicts a rural area with vehicles navigating around the animals.


Fig. 3Stray cattle in Indian roads, make ADAS integration challenging [13]


This literature review evaluates the advanced technologies which are aimed to mitigate road safety issues while keeping the Indian road conditions in mind. The review is structured based on the technical approaches like multi-technology systems which combine touch, breath and facial recognition; network-based systems like Vehicular Ad Hoc Networks (VANETs); AI-driven approach and techniques using Machine Learning for driver monitoring and prediction; smartphone and hardware-based systems for detecting reckless driving and other advanced vehicle systems integrating multiple technologies into a comprehensive but compact monitoring system. Via this organisation of the studies and specification of the review focus, the review aims to present a clear understanding of current technologies and solutions and their potential to mitigate hazardous driving and thus improve road safety in India.
One study [14] suggests a solid detection system that involves touch-based, breath-based, and facial recognition technologies to detect the driver’s alcohol intake and drowsiness. This multi-technology integrated system enables real-time alerts via a buzzer and preventive measures such as ignition lock [15, 16] and sending GPS coordinates [17] to nearby emergency services. The system integration with high-quality sensors might produce highly accurate results. Still, this additional complexity can be costly to implement in a developing country like India on a large scale. The breathalyser can sometimes produce false-positive results when, for example, a passenger of the vehicle is drunk, but due to this, the vehicle ignition would be locked by the system. This can defeat the purpose of driving people home from festive occasions by a sober driver.
The author of the paper [18] proposes a heavily AI-driven Driver Monitoring System (DMS) [19] that involves the usage of advanced Machine Learning algorithms under the hood. This includes feedforward neural networks, Convolutional Neural Networks (CNN), AND LSTM networks [20]. This proposed system offers continuous monitoring of the driver and uses Reinforcement Learning to detect drowsiness, inattention, emotion/mood and other parameters that affect precision and safe driving with high accuracy. This system can be very complex and costly for large-scale integration in the Indian automotive market, and it might raise privacy concerns due to continuous driver monitoring.
In another paper [21], the authors propose a system that involves the utilisation of Vehicular Ad Hoc Networks (VANETs) [3] and Internet of Things (IoT) in harmony for continuous monitoring of drunk-driving and over speeding. The system integrates a cloud-based database which gets populated by real-time sensor data logs and traffic office checkpoints. This enables the traffic authorities to timely intervene in any illegal activities, thus reducing road accident risks. But as per the Indian road conditions, the involvement of traffic personnel specifically for monitoring such systems can be very complex, time consuming and expensive. Also corrupt traffic personnel can easily disregard any alerts which may lead to accidents, defeating the whole purpose of the system.
In the paper [22], a sophisticated approach to the detection of accidents is proposed. This approach involves the usage of smartphones and their inbuilt array of sensors like accelerometer and gyroscope and GPS [17] for accident detection, which is quite similar to Apple’s Crash Detection [23] in their products (iPhones, Apple Watches etc.). They have also included the usage of VANET(s) [3] technology to establish communication between vehicle drivers and traffic infrastructure in real-time [4]. This system integrates GPS and GSM to track location and send accident alerts, also it incorporates the detection systems for drowsiness and alcohol intake. This paper’s primary solution is to address the problem of high fatality rates due to delayed emergency services by introducing a multi-layered and comprehensive system.
Another study [24], focuses more on a hardware-based solution for monitoring the alcohol consumption of drivers. It incorporates hardware components like the Arduino UNO microcontroller, MAX30110 sensor for vital signal monitoring and the MQ3 alcohol sensor for analysing driver breath to find alcohol. This system also includes GPS and GSM modules for location tracking and communication respectively. The authors have also added an emergency button to trigger alerts [25] manually. While this system is excellent for preventive measures and continuous monitoring, the hardware systems are prone to fail under severe environmental conditions, which might reduce the reliability factor for the same. Due to the usage of a microcontroller, it has limited GPIO pins which can reduce the potential upgrades/expandability of the comprehensive system.
In the paper [26], the authors present a system called “The Smart Automobile” or SAM. It is a system consisting of multiple layers of technology. This system utilises the Eye Aspect Ratio (EAR) for drowsiness detection [2], alcohol sensors for alcohol intake detection [16] and also vital sign monitoring of the driver to monitor driver health in real-time. The unique aspect of this proposed system is autonomous driving, which is activated only if the driver behaviour data is detected to be abnormal. The autonomous mode, vital sign monitoring and EAR technology are responsible for making this system robust and accurate but they are also the reason for the high installation cost and complexity for large-scale integration in Indian vehicles and they raise reliability questions due to Indian environmental conditions.
Lastly, the paper [27], mainly focuses on the detection of drunk driving and reckless driving via the integration of VANETs [3] and IoT technologies in parallel. The system proposed by the authors includes a cloud-based database that is populated using the data logs from the onboard sensors such that the real-time data can be stored easily and makes the data easily scalable. The system, as stated before, uses VANETs which are useful for enabling driver-to-traffic personnel communication [4] in real-time and also has a GUI-based application for traffic officers to monitor illegal activities. The very robust and reliable system depends on third-party cloud service providers for databases which can cause problems in case of server downtime or internet issues, leading to potential latencies in real-time communication and possibly fail to prevent accidents. These surveyed literature and articles provided us with valuable insights and potential solutions into the domain of road safety and the issues present in it. By the combination of these advanced technologies, an effective and most importantly, cost-effective solution can be developed which requires minimal hardware usage and is easier to implement on a large scale in countries like India where the road conditions are very random and very difficult to interpret. Further research is essential for the advancement and development of these road safety solutions and technologies such that widespread adoption is possible.

4 Future Trends
As the need for cost-effective and highly scalable solutions increases exponentially, future upgrades and trends are likely to leverage standard and comprehensive technologies like smartphones as Driver Monitoring Systems. A promising approach is the development of software applications for smartphones that utilise the existing array of sensors and front cameras in phones to detect driver drowsiness, fatigue, over speeding and highspeed lane changes in real-time. This software-based approach using existing sensors and cameras in phones have the potential to make real-time driver monitoring more mainstream and cost-effective for large scale integration in Indian conditions. Here are some of the methodologies that can be incorporated for a successful and cost-effective Driver Monitoring and Alert Triggering system using minimal hardware:	Drowsiness Detection: The drowsiness of the driver can be detected by leveraging the front camera of their smartphones placed in a suitable place on the car dashboard such that the face of the driver is visible all the time. The detection can be performed using the Haar Cascade Classifier [28, 29] and Support Vector Machines (SVM) algorithms in Machine Learning [5]. If the driver is found to be drowsy [25], nearby police stations and the RTO (Regional Transport Office) can be alerted as well as the driver to wake him/her up.

	Alcohol Detection: Alcohol detection [16] can be performed by measuring the Blood Alcohol Content (BAC) of the driver using wireless, portable breathalysers that are available in the market. The calculated BAC levels can be received by the app to determine if the BAC level of the monitored driver is under the legal threshold or not.

	Location Tracking and Reckless Driving Detection: location data can be gathered and reckless driving/over speeding can be detected by leveraging the Google Maps API offerings and the default GPS [17] in smartphones. If the driver is found to be driving recklessly, performing high-speed lane changes or over speeding, the location coordinates can be alerted to the nearest police station in that particular location as well as the RTO (Regional Transport Office) [25].

	Integration with Existing Speed Cameras: To improve the effectiveness of the driver monitoring and alert triggering system, the smartphone app can be integrated with the existing array of speed cameras installed in Indian cities. These cameras are often equipped with Automatic Number Plate Recognition (ANPR) [30] technology that has the potential to scan and detect number plates of speeding vehicles even in multi lane conditions. The app can receive real-time data from these speed cameras and based on the threshold of the parameters, it can be used to alert the RTO, nearby police stations and even to owners or managers for commercial/fleet vehicles. This approach has the potential to improve the already effective speed cameras with real-time alert system from the app, thus mitigating reckless driving and therefore unfortunate circumstances.






5 Conclusion
This chapter illuminates the significant advancements in road safety and realtime driver monitoring technologies, particularly in technologies for detecting and mitigating driver drowsiness, fatigue, reckless driving and alcohol intake. These technologies, ranging from IoT-based accident detection to AI-driven driver monitoring systems portray a collaborative effort by researchers to address the ever-long issue of road safety. However, our evaluation and analysis has identified some critical limitations that must be rectified and revisited in order to integrate it on a large scale in Indian road and traffic conditions.
One of the major concerns is the high cost and complex hardware systems of many proposed systems. Even though the usage of advanced technologies like breathalysers, VANETs, EAR etc. yield results of the highest accuracy, their integration on a large scale in India is a big challenge due to the high cost and complexity of the same. Another big limitation of these proposed systems is the dependence on human intervention in systems designed for road safety. Technologies like VANET’s effectiveness can be hampered severely due to inconsistent traffic patterns and even potential corruption by the traffic authorities in certain regions. This emphasises the need for autonomous systems that can minimise the level of human intervention needed, potentially reducing and mitigating inefficiency and inaccuracy. Environmental conditions play a huge role in the efficiency of these systems, especially when the system requires driver breath for BAC (Blood Alcohol Content) analysis. India’s climate pattern is very diverse; hence, this can potentially impact the accuracy of these systems. Finally, there are privacy concerns that must be rectified. Since these detection systems require constant monitoring for gathering and analysing real-time data, drivers might feel anxious. Hence, a trade-off has to be made between accurate real-time data and the right to privacy, especially in a heavily populated country like India.
In conclusion, the reviewed technologies and monitoring systems offer optimal solutions to road safety challenges in the form of driver monitoring systems; their limitations must be studied and addressed. For successful large-scale integration of these systems in a huge and diversified country like India with random road conditions and traffic patterns, these systems need to be cost-effective, reliable and adaptable to the unique road conditions. Future research and development should concentrate on creating technologies and systems that are practical, affordable and simple to avoid unnecessary large-scale integration problems in Indian traffic.
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Abstract
Optimization is a fundamental factor that drives the efficiency, effectiveness, and precision of structures in synthetic intelligence, device learning, and the Internet of Things (IoT). Employing optimization techniques, including refining fashions with large datasets or improving supply code, can considerably improve performance, accuracy, and dependability. This bankruptcy explores key optimization standards and their essential roles throughout those interconnected fields. We study a spectrum of optimization techniques, starting from conventional strategies like gradient descent to extra superior techniques including evolutionary algorithms and Particle Swarm Optimization (PSO). In Artificial Intelligence (AI), optimization is essential for boosting the decision-making and problem-fixing skills of algorithms. In Machine Learning (ML), it's far vital for reaching excessive prediction accuracy, fine-tuning hyperparameters, and correctly education fashions. In IoT, optimization is essential to control electricity usage, enhance community performance, and decorate real-time processing. The goal of this bankruptcy is to offer researchers, professionals, and college students with an intensive know-how of the importance of optimization in AI, ML, and IoT, allowing them to increase their paintings in those areas.
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1 Fundamentals of Optimization in Artificial Intelligence (AI)
Optimization is an organized technique for resolving variables in order to attain optimal performance within particular restrictions, with the goal of improving the efficacy or functioning of a system or design. It entails picking the best option from a list of accessible options. In mathematical terms, optimization entails determining the highest or least value of an objective function given a set of constraints. Because optimization has a direct impact on efficiency, cost-effectiveness, and performance, it is vital in many sectors. In the fields of Artificial Intelligence (AI), Machine Learning (ML), and the Internet of Things (IoT), optimization can result in considerable gains in algorithm accuracy, processing speed, resource allocation, and energy efficiency. By using optimization approaches, experts can improve the functionality and performance of their systems, advancing the development of intelligent, adaptable, and effective technology.
The term “artificial intelligence” encompasses the growing presence of systems designed to perform tasks that typically require human intelligence, such as speech recognition, visual data processing, decision-making, and language translation. ML, a branch of AI, involves training models on datasets, enabling computers to analyse data and make predictions or decisions without requiring specific programming for each task [1].
The “IoT” describes a network of physical objects equipped with software, sensors, and other technologies that enable them to connect and exchange data with other systems and devices via the Internet. IoT's goal is to create a more intelligent environment by gathering, analyzing, and responding to real-time data. It brings together a variety of technologies, including both wired and wireless networking, sensor and actuator applications, and Internet-connected physical devices. IoT is an umbrella term for technologies with intelligent interfaces that facilitate active communication. Devices interconnected with sophisticated interfaces can evolve to offer new capabilities beyond their initial functions. IoT is a combination of integrated technologies, including wired and wireless networking, sensor and actuator programs, and physical devices linked to the Internet. It is a popular time period for technologies with intelligent interfaces that actively communicate. Matters that link to one another and have sophisticated interfaces may have new capabilities outside of their own current qualities.
There are relations between IoT, ML, AI, and optimisation. In artificial intelligence, optimisation approaches increase model and algorithm precision and effectiveness. For example, because optimisation reduces the error function and improves model predictions, it is crucial during the training phase for machine learning models. Optimisation is critical for resource management in the IoT, including effective energy utilisation, bandwidth distribution across networks, and real-time data stream processing. Integrating AI and ML allows for intelligent decision-making in connected devices, and optimisation guarantees that these decisions are made effectively and efficiently [2].

2 Fundamentals of Optimization in Artificial Intelligence (AI)
Enhancing AI involves refining models and algorithms to achieve optimal performance that meets a specific objective. This is essential for boosting AI systems’ effectiveness, precision, and reliability.
2.1 Key Concepts
	Objective Function: The function that could be minimised or maximised.

	Constraints: Limitations or criteria that the answer must meet.

	Global Versus Local Optimum: Differentiating between the greatest solution available worldwide and the finest inside a certain location.

	Gradient Descent: A prominent optimisation method for training AI models [3].

	Regularization: Overfitting prevention techniques based on punishing complicated models.





2.1.1 Objective Function
Definition
In a smart road delivery system, the objective feature is the mathematical version you want to optimise, such as cutting ride time, increasing site visitor flow, or lowering fuel consumption.

Example
Suppose you want to minimise the total travel time for all vehicles on a network of roads. Your objective function could be:[image: $${\text{Minimise:}}\,\,T = \sum\limits_{i = 1}^{n} {t_{i} }$$]



where T is the entire tour time, and ti is the tour time for every car n on the street network (Fig. 1).[image: ]A detailed city map highlighting a complex network of multicolored highways and roads, indicating various routes through an urban area. The map includes labels such as "Optimal Route" and features landmarks like parks and a river with a boat. The roads are color-coded, suggesting different traffic flows or routes.


Fig. 1Objective function for smart road optimization




2.1.2 Constraints
Definition
Constraints in a smart road transportation system are limitations or criteria that must be satisfied, such as road capacity, speed limits, and traffic light timing.

Example
A constraint could be the maximum capacity of a road, ensuring that the number of vehicles x on a road does not exceed its capacity C:[image: $$x \le C$$]






2.1.3 Global Versus Local Optimum
Definition
Global Optimum: The best overall solution for optimising traffic flow or minimizing travel time across the entire road network.
Local Optimum: The solution that may be the best for a single area or route but not necessarily overall.

Example
Picking the best route in a city within a neighbourhood of many possible paths may be defined as relative optimization, whereas finding the path to the destination between neighbourhoods at opposite ends is an instance of global optimality.


2.1.4 Gradient Descent
Definition
Gradient descent is a loss-minimizing optimisation algorithm, used extensively in tasks like traffic prediction or pathfinding of any AI model.

Example
In a smart transportation system, it may be utilized in conjunction with gradient descent to minimize the gap between actual and expected traffic congestion through model parameter tuning.


2.1.5 Regularization
Definition
When training a model to anticipate traffic patterns or route optimisation, regularisation prevents models from overfitting by penalising extra complexity.

Example
For example, in route optimization, once again, by adding some L2 regularization to our past traffic data, this helps to avoid your model overfitting to noise and works well when you want an AI that can generalize its training on new circumstances [4, 5].



2.2 Applications in AI
Neural Network Training
Optimization in Weight Fine-Tuning: During training, optimization plays an important role in neural networks by modifying the weights of connections between neurons to minimize the loss function, which quantifies the difference between the expected and actual output. The objective is to identify the best set of weights such that the model performs well on previously unknown data.
Process:	Forward Propagation: Input data is sent via the network, resulting in an output. The loss function is then calculated by comparing the network output to the actual labels.

	Backward Propagation: The loss is transmitted back through the network using gradients, which update the weights in a way that lowers the loss. This process is iterative, with the weights constantly fine-tuned to attain peak performance [6, 7].





Optimization Techniques	Gradient Descent: The general framework for optimizing weights is called Gradient Descent, which simply keeps updating the weights iteratively with a step equal to negative gradient of your loss function.

	Advanced Variants: Techniques such as Adam, RMSprop and momentum adaptively change the learning rate to more quickly converge on the solution (and avoid falling into local minima).





Importance	Convergence Speed: Efficient optimization techniques can significantly reduce the time it takes for the network to converge to an optimal solution.

	Accuracy: Well-optimized networks are better at generalizing to new data, resulting in more accurate predictions.





Hyperparameter Tuning
Role of Optimization: Hyperparameters, including the learning rate, batch size, and the number of layers or neurons in a network, are essential for the performance of AI models but are not directly learned during training. Instead, they must be configured prior to the start of training. Optimization techniques are employed to determine the optimal combination of hyperparameters to enhance model performance.
Optimization Techniques	Grid Search: A exhaustive technique views all the potential combinations of hyper parameters. Even though the test was more comprehensive, it could be computationally burdensome.

	Random Search: Involves trying out random combos of hyperparameters. Although much less exhaustive than grid search, it could regularly pick out powerful answers extra quickly.

	Bayesian Optimization: A superior approach that builds a version of hyperparameter overall performance and makes use of this version to are expecting the maximum promising hyperparameters to check next. This approach finely balances exploration and exploitation; thus the hunt method is more effective [8, 9].





Significance	Model Performance: Improved Hyperparameter Tuning-Lead to good upgradation in model accuracy and more efficiency [10, 11].

	Computational Efficiency: For larger scale applications, efficient tuning techniques apply to it, making the process more feasible and requiring less processing resources.





Reinforcement Learning
Policy Functions: An agent in Reinforcement Learning (RL) learns to make decisions by interacting with the environment such that it completes a task and earns maximum cumulative rewards. The key in training (in non-deterministic environments) is the optimisation of policy function because it directs how should an agent act given its current state. The idea is to find the policy with the greatest long-term scores you can reach [12–14].
Optimisation Methods	Policy Gradient Methods: This method develops the policy by taking a specific action to model gradients of the expected reward with respect to its parameters or simply adjust values towards improving performance.

	Q-Learning: A type of value-based optimisation where the agent learns a value function that estimates its expected reward for each possible action in a given state. The policy is thus decided by choosing actions which maximize this value of Q.

	Actor-Critic Methods: A mixture strategy that takes the best of both Policy gradient and Value-based methods at the same point by training policy (Actor) along with value function (Critic) [15–17].





Exploration Versus Exploitation: Optimization in RL must balance the exploration of new actions with the exploitation of known rewarding actions, which is a key challenge in achieving optimal performance.	Sample Efficiency: Effective optimisation techniques can reduce the interactions required with the environment to learn a good policy, which is crucial in environments where data collection is expensive or time-consuming.






2.3 Challenges
2.3.1 High Dimensionality
Complexity in Optimization: High-dimensional spaces are common in AI models, especially in neural networks with millions of parameters. Optimisation in such spaces is challenging due to the curse of dimensionality, where the volume of the space increases exponentially with the number of dimensions, making it difficult to explore effectively [18].
Impact: Difficulty in Convergence: When the dimensionality increases it is more difficult to find the global minimum as our optimization landscape becomes more complex with a lot of local minima.
Overfitting: Complex models could inevitably end up overfitting a trend where the model works well on training data but performs poorly on unseen data. Optimization should come with a trade-off between model complexity and generalisation [19–21].
Solutions	Dimensionality Reduction: For example, will Dimensionality reduction using something like Principal Component Analysis (PCA) or auto encoders make it easier to solve the optimization problem?

	Regularization: It is beneficial to include penalties that discourage large weights from being pushed into the loss function, as this can avoid overfitting and help the optimization by implying the models should be simple [22, 23].






2.3.2 Local Minima
Sometimes, the optimization algorithm gets stuck in the local minima (which is not the best solution available), which can lead to a sub-optimal model.	Saddle Points: In high dimensions, gradient-based optimisation methods are known to converge slowly or get stuck at saddle points—points with zero gradients but no minimum.

	Stochastic Optimization: Stochastic Gradient Descent might help to escape local minima by injecting noise into the gradient and moving the optimization process away from suboptimal regions [24].

	Resource Intensive Optimization: Large-scale applications like deep learning frequently rely on computationally intensive optimizations for complex AI models. This entails the expenses to be paid for training models from large datasets, hyper parameters tuning, and polishing the final model through Iterations.

	Advanced Initialization: In other words, use better weight initialization techniques so that the optimization can start far from local minimum.

	Learning Rate Scheduling: A learning rate schedule that slowly decreases during training will help fine-tune the model and not get stuck in local minima [25].






2.3.3 Time-Consuming
Improvements to training often come at considerable cost; fine-tuning of an advanced model might need days and even weeks on specialized hardware.	Energy Consumption: These heavy computation needs are causing not only high energy usage—an issue which is increasingly relevant in AI today, given the growing interest in green-tech and sustainable development—however.

	Parallel and Distributed Computing: This is quite easily achievable using parallel processing and distributed computing environments which will dramatically decrease the training time and computational costs [26, 27].

	Model pruning and quantization: These strategies either reduce the number of parameters in neural networks by pruning out unnecessary ones or decrease the calculation precision, so that these can be a lot faster to optimize.








3 Fundamentals of Optimization in Machine Learning (ML)
The process of identifying the ideal model parameters that minimize a cost function is known as optimization in ML. It directly affects machine learning models’ accuracy and generalizability.
3.1 Key Concepts
	Cost Function (Loss Function): Determines how closely the actual data match the model's predictions.

	Gradient-Based Optimization: Gradient descent is a method that uses the loss function's gradient to the novel parameters.

	Stochastic Gradient Descent (SGD): The parameters which is used in gradient descent are updated using the batch value or a single data point.

	Convex Optimization: For optimization, usually it’s easy to solve the convex issues rather than solving non-convex problem because of the presence of single global minimum [28].





3.1.1 Cost Function (Loss Function)
Definition
Evaluating how well a model's predictions match the observed data is done with the cost function's assistance, also called the loss function. The function of cost helps evaluate how well traffic forecasts or route optimization work in a smart road transportation system.

Example
Imagine you are forecasting travel times for multiple routes. Your model predicts Ϸ journey times based on actual trip times (y). Mean Squared Error (MSE) is a cost function that indicates how inaccurate a model's forecast is:[image: $${\text{MSE}} = \frac{1}{n}\sum\limits_{i = 1}^{n} {(y_{i} = \hat{y}_{i} )^{2} }$$]



where the quantity of data points is represented by n. The model's predictions match the actual travel times more closely when the MSE is near zero.

Application in Smart Transportation: For instance, the cost function will display the discrepancy if a route is estimated to take 20 min but actually takes 25. The accuracy of the traffic forecast model is increased by minimizing this expense [29].

3.1.2 Gradient-Based Optimization
Definition
To minimize the cost function, model parameters are changed using gradient-based optimization techniques like Gradient Descent. The cost function's gradient, or slope, with regard to each parameter is calculated, and the parameters are then changed to follow the path of the steepest decline.

Example
Road capacity, traffic signal timings, and vehicle speed can all be taken into consideration when refining a traffic prediction model. To reduce prediction errors, find the cost function's gradient and adjust these values appropriately.

Application in Smart Transportation: For example, if raising the speed factor marginally reduces the overall inaccuracy in estimating journey times, gradient descent will change the speed factor to determine the best value.

3.1.3 Stochastic Gradient Descent (SGD)
Definition
One type of gradient descent, known as stochastic gradient descent, modifies the model parameters using a single data point or a small batch of data rather than the entire dataset. This speeds up and expands the optimization process, especially for big datasets.

Example
In a smart road system, instead of updating your model with data from all routes at once, you may use data from a single or a few routes. The loss is determined for this tiny batch, and the model parameters are iteratively modified.

Application in Smart Transportation: By automatically updating forecasts with every new piece of information instead of waiting for the entire dataset, SGD allows real-time traffic management systems to quickly adapt to new data, such as an unexpected traffic jam.

3.1.4 Convex Optimization
Definition
Optimization of a convex cost function, which has a single global minimum, is referred to as convex optimisation. Since it is guaranteed that any local minimum discovered will also be the global minimum, convex problems are typically simpler to solve.

Example
In a smart transportation system, if the cost function (e.g., total travel time across all routes) is convex, optimizing it ensures that you find the best possible route configuration.

Application in Smart Transportation: When determining the best configuration to minimise congestion, guarantee the shortest travel times, or cut emissions, you can apply optimisation techniques like gradient descent if the problem of optimising traffic flow across a network is convex.
Example Scenario
Imagine you are tasked with optimising the traffic flow in a large city using a smart road transportation system:
Cost Function: You define a cost function that measures the difference between predicted and actual travel times across the city’s road network. The objective is to reduce this discrepancy, ensuring more accurate predictions.
Gradient-Based Optimization: To reduce the overall prediction error, you use gradient descent to adjust your model's parameters, such as the expected speed of vehicles on different roads or the timing of traffic lights.
Stochastic Gradient Descent: Since the city’s road network generates vast amounts of data, you employ SGD to update your model continuously using small batches of real-time data, like recent travel times on specific roads, rather than the entire dataset.
Convex Optimization: You ensure that the cost function is convex, so the optimisation process is more straightforward and guarantees finding the optimal traffic management strategy, minimising congestion across the entire network.


3.2 Applications in Machine Learning
3.2.1 Supervised Learning
Optimisation in Parameter Tuning: Supervised learning entails training models using labelled data to decrease the difference between projected outputs and true labels. Optimisation is essential for refining model parameters and achieving the highest potential prediction performance. This method entails modifying weights in algorithms like linear regression, decision trees, and neural networks to reduce a loss function, such as mean squared error for regression tasks or cross-entropy loss for classification tasks.
Key Techniques	Gradient Descent: Model parameters are adjusted iteratively to reduce loss function in the optimisation technique.

	Learning Rate Schedulers: During the training stage, the learning rate is adjusted to reach convergence faster and to skip tapes in local minima.





Applications	Classification: In classification, the aim is to minimise mistakes in the model, such as healthcare diagnosis, image recognition, etc.

	Regression: To reduce the errors in prediction, the optimization technique needs to be upgraded.





Importance: The supervised learning technique needs to be optimized to guarantee that the used model works for both training data and fresh data in all ML applications.

3.2.2 Unsupervised Learning
Optimisation in Clustering and Dimensionality Reduction: Unsupervised learning focuses on uncovering hidden patterns in unlabeled data. Optimisation plays a crucial role in techniques such as clustering, where the goal is to group similar data points, and dimensionality reduction, which aims to simplify data by reducing the number of features while preserving essential information.
Key Techniques
	K-Means Clustering: An optimisation problem in which an algorithm iteratively modifies cluster centroids to reduce variation within each cluster. The goal is to determine which cluster assignments minimise the overall within-cluster sum of squares.

	Principal Component Analysis: Principal Component Analysis (PCA) is a technique for decreasing dimensionality that involves translating data into a new coordinate system. The new axes (principal components) are selected to optimise variance, allowing the data to be summarised in fewer dimensions.





Applications	Customer Segmentation: In marketing, clustering algorithms optimise the grouping of consumers based on purchase behaviour, allowing for customised marketing techniques.

	Anomaly Detection: Unsupervised learning algorithms are optimised in network security or fraud detection to discover patterns that differ from the norm, hence alerting to possible dangers.





Importance: Optimization in unsupervised learning is critical for discovering meaningful patterns and structures in data without relying on labelled examples, making it valuable in exploratory data analysis and scenarios where labelled data is scarce.

3.2.3 Model Selection
Optimisation in Choosing the Best Model: Model selection entails selecting the best model architecture and tweaking its hyperparameters to attain peak performance for a given job. This method is intrinsically an optimization challenge since it needs to balance model complexity and performance to avoid problems such as overfitting or underfitting.
Key Techniques	Cross-Validation: Cross-Validation is a strategy that includes repeatedly partitioning the data into training and validation sets to evaluate the model's performance. The objective is to improve the model's capacity to generalise to new datasets.

	Bayesian Optimization: Bayesian Optimization is a sophisticated approach for hyperparameter tuning that generates a probabilistic model of the goal function and utilises it to determine the most promising hyperparameters to test while effectively exploring the search space.

	Grid and Random Search: Traditional methods for testing hyperparameter combinations to identify the best-performing model. Although comprehensive, these approaches can be computationally costly and time-consuming.





Applications	Automated Machine Learning (AutoML): Systems that automate the model selection process by using optimisation algorithms to explore various models and hyperparameters, delivering a high-performing solution with minimal manual intervention.

	Ensemble Methods: Techniques like boosting and bagging combine multiple models to optimise performance, selecting and weighting models to minimise errors.





Importance: Effective model selection through optimisation is critical for developing strong machine learning systems that operate well over a wide range of datasets and scenarios, ensuring that the final model is accurate and efficient.



4 Fundamentals of Optimization in IoT
IoT optimisation technique aims to improve the network performance and device connectivity to ensure seamless communication with the network. It is also essential to prolong device life and to improve energy consumption [30, 31].
4.1 Key Concepts
	Resource Allocation: It is the process of efficiently managing the resources like throughput, energy, bandwidth, and memory in different devices [32].

	Data Optimization: The amount of data transfer or store can be minimized with the support of methods like edge computing, data compression, etc.

	Energy Optimization: Various techniques are applied to improve the battery life of devices used in IoT network like energy harvesting, duty cycling, etc. [33].

	Network Optimization: Reducing the delay and packet loss to improve the overall performance of the IoT network and assure the uninterrupted data flow [34].





4.1.1 Data Optimization
Definition
Considering smart road transportation system, data optimization pertains the method of effectively analyzing and controlling a huge amounts of data produced by The IoT sensing devices. Methods like data aggregation, compression, and edge computing which helps in reducing transferred or stored data.

Example
	Compression: The compression technique which is used to capture the high-definition video in Traffic cameras is applied to reduce the file size before sent to the servers for analysis.

	Edge Computing: Rather of transmitting all raw data to a central server, edge devices (such as smart traffic lights) process data locally to make real-time choices (for example, changing traffic signal timings based on actual traffic circumstances).






Application in Smart Transportation: These strategies assist to reduce network congestion, minimize storage costs, and enable faster real-time responses by decreasing the amount of data that must be processed centrally.

4.1.2 Network Optimization
Definition
Network optimization in IoT networks guarantees that data flows smoothly by lowering latency, decreasing packet loss, and controlling traffic. In a smart road transportation system, this optimization ensures that information from multiple IoT devices (such as vehicle communication systems and traffic sensors) is reliably and quickly sent.

Example
	i.
Faster Communication Protocols: Implementing superior communique protocols, consisting of 5G, can extensively lessen latency among site visitors’ sensors and vital systems, permitting faster decision-making.

 

	ii.
Minimizing Packet Loss: Employing error-correction algorithms and redundant communique pathways facilitates save you the lack of essential site visitors information, consisting of twist of fate reviews or congestion notifications, throughout transmission [35].

 






Applications in Smart Transportation: Network optimization is crucial for preserving the reliability and responsiveness of a clever avenue system, making sure that site visitors information is correct and well timed for powerful real-time site visitors management [36, 37].

4.1.3 Resource Allocation
Definition
Resource allocation involves efficiently managing limited resources, such as bandwidth, power, and memory, among multiple devices in a smart road transportation system. This is essential to assuring all the devices runs efficiently without exhausting the network.

Example
	i.
Bandwidth Allocation: It is the method of allocating different data transmission capacity to various sensor nodes or applications in the IoT network.

 

	ii.
Power Management: Controlling power consumption in roadside sensors to improve battery life, particularly in remote locations where battery replacement is difficult.

 

	iii.
Memory Management: Optimizing memory consumption in edge devices to guarantee they can store and process critical data without requiring frequent data transfers to central servers.

 






Application in Smart Transportation: Proper resource allocation ensures that all parts of the smart road system function smoothly, with critical data given priority and devices operating within their limits [38, 39].

4.1.4 Energy Optimization
Definition
Energy optimisation refers to measures for extending the battery life of IoT devices in a smart road transportation system.

Example
	i.
Duty cycling: Duty cycling occurs when devices turn off or reduce activity during low-demand times to preserve energy [40].

 

	ii.
Energy Harvesting: Devices generate electricity from natural sources, such as solar energy, to meet their energy requirements.

 






Application in Smart Transportation: By optimising energy use, smart road systems can reduce maintenance costs and ensure that devices, especially those in remote or difficult-to-access locations, remain operational for longer periods.
Example Scenario
Assume you oversee a smart road transportation system for a large city.
Data Optimisation: Data optimisation would involve your system combining sensor data and compressing high-definition video from traffic cameras to send only pertinent information to central servers, reducing the amount of data needed and enabling quicker analysis.
Network Optimization: By establishing a 5G network, you can reduce latency and ensure that alerts for emergencies and changes in traffic signals are received almost instantaneously. Procedures for correcting errors lessen the chance of losing important data [41, 42].
Resource Allocation: To keep roadside sensors running at maximum efficiency during rush hour, give emergency vehicle communications more bandwidth and give power usage a higher priority.
Energy optimisation: Use duty-cycling solar-powered sensors, which only activate when necessary. By applying this method, we can enhance the lifespan of sensing devices and reduce energy consumption.


4.2 Applications in IoT
4.2.1 Industrial IoT (IIoT)
Optimising Predictive Maintenance and Efficiency: The Industrial Internet of Things (IIoT) generates large amounts of data by using networked sensor devices to monitor the systems continuously. This data is used by optimisation techniques to predict potential breakdown, enabling maintenance just in time, unlike frequent intervals. Predictive maintenance enhances the industrial equipment's lifetime, reduces maintenance costs, and minimises downtime.
Key Techniques
Data analytics: All the sensor data are analysed by the ML algorithms to detect the patterns and anomalies that indicate the possibilities of failure. Optimisation techniques ensure that ML algorithms work smoothly and provide on-time and accurate forecasts [43].	Resource Allocation: All the optimisation models are used to help in allocating the resources to improve the efficiency in critical areas.

	Energy Sector: IIoT systems can increase the overall output by continuously observing and enhancing industrial processes, which reduces waste and energy consumption [44].





Importance: IIoT optimisation enhances industrial operations and efficiency while reducing costs and increasing productivity; all these factors are essential to the industrial sector for competitiveness.

4.2.2 Smart Cities
Optimising Public Safety, Energy Consumption, and Traffic Management: Smart cities utilise IoT networks to enhance the efficiency of urban infrastructure and services. Optimisation is essential in several key areas of smart city management, including:	i.
Public Safety: Optimization improves the effectiveness of surveillance systems, emergency response coordination, and incident detection, leading to quicker and more accurate responses to public safety concerns.

 

	ii.
Energy Consumption: By using real-time data for adjusting heating, lighting, and cooling systems, the optimization technique helps reduce energy consumption, which results in sustainability and cost savings.

 

	iii.
Traffic Management: By evaluating data from sensor devices, cameras, and traffic lights to modify signal timings and control congestion, optimization techniques improve traffic flow reduce trip times and increase overall efficiency.

 





Applications	Traffic Optimization: IoT is being used by many big cities in Singapore to optimise traffic lights and minimise peak time congestion, which improves traffic flow and lowers pollution

	Smart Grids: IoT-enabled smart grids improve energy utilisation in cities like Amsterdam, lowering energy consumption and successfully integrating renewable energy sources [45].





Importance: In smart cities, Optimization enhances the living standards by reducing costs, increasing the sustainability of city services, and streamlining urban infrastructure.

4.2.3 Healthcare
Optimising Healthcare Monitoring System: IoT devices are used in healthcare to continuously capture, monitor, and transmit critical health data. The optimization technique guarantees that this data will be sent consistently and quickly for proper monitoring and appropriate response.
Key Techniques	Data Transmission Optimization: A real-time fitness tracking system requires dependable facts switching and minimal latency. Techniques for optimisation that, by partially computing information toward the source, reduce the transmission times and improve reliability.

	Battery Life Optimization: Wearable gadgets should not require frequent charging and have a very long working life. By reducing power consumption, optimisation approaches increase the battery life without compromising tool functioning.

	Data Compression: Optimization algorithms efficiently handle large volumes of fitness facts by compressing data before transmitting.





Applications	Chronic Disease Management: Healthcare-related data and information can be upgraded by wearable technology that monitors vital indicators like glucose levels, heart rate, and blood pressure. Patients with serious health conditions can now benefit from continuous monitoring and trigger-based therapy.

	Remote Patient Monitoring: IoT sensing devices enable Continuous fitness tracking in remote areas.








5 Future Works
5.1 Advancing Optimization Techniques
Future studies in optimisation inside AI, device studying, and IoT are expected to awareness of the improvement of superior algorithms able to handle the developing complexity and scale of records and models. This consists of exploring progressive processes together with quantum optimization that could probably resolve complicated troubles more correctly than conventional strategies. Additionally, integrating device studying with optimisation strategies, together with reinforcement studying-primarily based totally optimisation, can result in extra adaptive and clever structures which can self-optimize in real-time primarily based totally on evolving conditions.

5.2 Cross-disciplinary Approaches
As AI, ML, and IoT continue to converge, there is a growing need for cross-disciplinary research that combines techniques from different fields. For example, integrating concepts from control theory, economics, and network science with traditional optimisation methods can lead to more robust and scalable solutions for complex systems like smart cities and industrial IoT. Research in this direction could lead to more holistic optimisation strategies considering broader system dynamics and interactions between different components. As AI, device studying, and IoT intersect, there may be a growing call for interdisciplinary studies that merge strategies from numerous fields. For instance, combining insights from management theory, economics, and community technology with traditional optimisation strategies may yield extra sturdy and scalable answers for elaborate structures like clever towns and commercial IoT. Such studies should bring about extra complete optimisation techniques that cope with broader gadget dynamics and the interactions among exceptional components.

5.3 Scalability and Real-Time Optimization
Scalability is still a prime mission, given the proliferation of IoT gadgets and the developing complexity of AI models. Future studies need to develop optimisation strategies that can scale correctly with big datasets and complicated models. This consists of investigating allotted and parallel optimisation strategies and using side computing and federated studying to behaviour optimisation toward records sources. Furthermore, real-time optimisation is increasingly essential for packages like self-reliant automobiles and clever grids, in which selections have to be made rapidly. Research in this area must be aware of growing optimisation algorithms that meet stringent time constraints without sacrificing accuracy or reliability.

5.4 Ethical and Sustainable Optimization
As optimisation strategies end up extra pervasive in crucial programs like healthcare, finance, and self-sufficient structures, it's vital not to forget the moral implications of those technologies. Future studies must pay attention to growing optimisation strategies that aren't the most effective green but are fair, transparent, and aligned with societal values. Additionally, there's a developing need for sustainable optimisation strategies that reduce the environmental effect of large-scale AI and IoT structures, mainly in terms of strength intake and aid use.

5.5 Human-in-the-Loop Optimization
Incorporating human know-how into the optimisation system can produce extra powerful and interpretable solutions, mainly in complicated or unsure environments. Future paintings must discover strategies for integrating human comments and area know-how into optimisation algorithms, growing structures that could collaborate with human beings to obtain higher outcomes. This may want to contain growing new interfaces and gear that permit human beings to manually the optimisation system or offer real-time comments to AI and IoT structures.


6 Conclusion
Optimisation is central to advancing AI, machine learning, and IoT technologies, driving efficiency, scalability, and capability improvements across various applications. Optimisation is essential to AI to improve model performance for tasks like hyperparameter tuning, reinforcement learning, and neural network training. To enhance prediction accuracy, machine learning depends on supervised and unsupervised learning optimisation to select the best models and avoid overfitting. Optimisation is crucial in the IoT for the management of complex systems in smart cities, industries, and healthcare. It makes efficient resource allocation, real-time data transfer, and predictive maintenance possible, which are important for the efficient deployment of IoT applications. However, scalability, security, and interoperability pose challenges requiring constant innovation and research. The optimisation technique will grow when AI, ML, and IoT will continue to progress. It is predicted that future developments will focus on improving the scalability, real-time functionality, and ethical coherence of optimisation techniques to fill the requirements of complex and interconnected systems. Optimisation will continue to be a major driving force behind technological advancement in the upcoming years by addressing these issues and exploring new directions.
Optimisation techniques are expected to facilitate the improvement of new applications previously considered unattainable, with the enhancement of AI, ML, and IoT systems performance through research and innovation. Optimisation has great promise ahead of it, and it is full of opportunities to revolutionise industries, enhance quality of life, and address some of the most important issues facing society.
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Abstract
In the past few years, Big data, machine learning, and artificial intelligence (AI) inclusion have changed the dynamics in various industries, including road transport. This research explores machine learning and artificial intelligence in road transportation, accentuating the advanced image processing methods. We apply these technologies to enhance how traffic is managed, how safe vehicles are operated, and how the most efficient routes are planned. This study also expands to various techniques and methods for analysis, such as image processing, object recognition, and recognition systems, and is effective in implementation. Through extensive experiments and several case studies, we have shown substantial improvements in accuracy and efficiency achieved when image processing in road transport, including machine learning and artificial intelligence. This study points out the tremendous prospects posed by these technologies in shaping the future of transport and suggests further developments and applications.
Keywords
Machine learningArtificial intelligenceImage processingRoad transportTraffic managementVehicle safety
1 Introduction
Road transport systems’ most common image processing techniques present problems, such as the need for extensive data collection, suitable feature laser capture, and continuous attention surveillance devices [1]. The usage of these methods is limited in multi-layered pavement designs and also discourages moving traffic when decisions have to be made [2]. Likewise, the rapid development of a heavy machine called machine learning and artificial intelligence has emerged, offering new opportunities for various business lines with these road transport mending technologies. The latest advancements in technology have made it possible to implement such systems for image processing of road transport that greatly enhance safety, effectiveness, and eco-friendliness. With the introduction of deep learning to feature extraction and pattern recognition, the efficiency in detection and tracking has gone a notch higher without sacrificing the speed component [2]. Using machine learning models in automatic traffic monitoring systems has shown effective results in performing real-time object detection and traffic scene analysis to improve prediction performance using pre-processing image size reduction and image filtering techniques [3]. Cutbacks on the physical and operational constraints of conventional image processing techniques, machine learning, and AI technologies are set to the functionalities and efficacy of road transport systems [4, 5].
Computer vision is one of the components of AI and ML technologies used to scrutinise a significant amount of visual content acquired from stationary and mobile cameras. To focus more on application, these technologies facilitate the automatic identification of road faults like potholes and cracks. These may also enhance the detection of incidents in real-time to improve the safety of roads and operational capacities. In addition, more accurate and timely predictions may be obtained when deep learning algorithms are applied to complicated datasets.
The increased use and implementation of artificial intelligence (AI) is changing the mobility of cities and the efficiency of transport systems. However, with increased city development comes an increase in traffic congestion, which is a significant issue in many places today and requires improvement in current traffic management approaches. With AI, problems can be solved from a different perspective, utilising data from traffic, cameras, sensors, GPS, and past data on traffic to manage the traffic flow on the roads in the most efficient way possible. Intelligent control of traffic signal systems, vehicle adaptive routing, and effective incident management of highways using machine learning models and AI predictive and prescriptive analysis has dramatically reduced travel time and overall fuel wastage while increasing road safety. Traffic Management Systems powered by AI are a massive step towards better, connected cities that are feasible to enhance construct design complexities and promise tolerance against disturbances such as congestion and traffic. Traffic stakeholders are individuals, organisations, and entities somehow affected, involved, or attracted to managing and optimising traffic systems.
Figure 1 illustrates the various stakeholders involved in traffic management and optimisation. It shows a central node labelled Traffic Stakeholder connected to different categories of stakeholders.[image: ]Diagram illustrating traffic stakeholders at the center, connected to seven groups: Government Authorities, Commuters and Road Users, Transport Service Providers, Logistics and Freight Companies, Businesses and Employers, Citizens and Community Groups, and Emergency Services. Each group is represented by an oval, indicating their role in the traffic ecosystem.


Fig. 1Key stakeholders in traffic management

	Government Authorities: These are regulatory bodies like city governments, transportation departments, and law enforcement agencies responsible for traffic regulations, infrastructure development, and road safety.

	Commuters and Road Users: This group includes all individuals who use the road, including drivers, pedestrians, cyclists, and public transport passengers. They are directly affected by traffic conditions and the effectiveness of traffic management strategies.

	Transport Service Providers: Companies and organisations that offer transport services, including public transportation operators, ride-sharing companies, and taxi services, which rely on efficient traffic flow for their operations.

	Logistics and Freight Companies: Businesses involved in transporting goods, such as trucking companies and delivery services, depend on optimised routes to minimise delays and costs.

	Businesses and Employer: All these depend on the fact that proper working traffic systems exist because these influence the movement of workers to and from the offices, the management of the supply chain, and all the business operations.

	Citizens and Community Groups: Residents and other peripheral organisations intent on creating healthier, low-traffic, and environmentally friendly traffic patterns who, therefore, advocate for policy and traffic management changes.

	Emergency Services: Essential services (i.e., police, fire, and ambulances) that require unrestricted traffic flow for timely emergency responses.

	Infrastructure and Technology Providers: Such organisations are tasked with the creation and upkeep of road infrastructure, as well as technology enterprises that offer solutions in AI, sensors, and traffic management.





Benefits of Traffic Prediction

The benefits of traffic prediction is given in Fig. 2.[image: ]A circular diagram illustrating the benefits of traffic flow prediction. Central text reads "Traffic Flow Prediction." Surrounding circles list benefits: "Reduced Congestion," "Enhanced Road Safety," "Efficient Use of Infrastructure," "Optimized Public Transportation," "Reduced Environmental Impact," "Enhanced Emergency Response," "Cost Savings," and "Data-Driven Decision Making." Each benefit is in a different colored circle, emphasizing diverse advantages.


Fig. 2Benefits of traffic prediction

	Reduced Congestion: Accurate traffic forecasts allow for proactive traffic management, such as adjusting signal timings or rerouting traffic, helping to reduce congestion and minimise delays. Accurate traffic predictions are a basis for proactive traffic management and allow signal timing adjustments or revenue speed of goods to minimise congestion and delays.

	Improved Commuter Experience: Being able to predict the state of traffic also allows these navigational apps to offer suggestions for alternate routes and reduce travel time, lessening the stress on drivers and passengers.

	Efficient Use of Infrastructure: By understanding traffic patterns, city planners and transportation departments can make better decisions on infrastructure investments, such as where to add new lanes, roads, or public transit routes.

	Optimized Public Transportation: Traffic forecasting aids public transport operators in adjusting schedules and routes based on expected traffic conditions, leading to more reliable services and better resource allocation.

	Reduced Environmental Impact: Smoother traffic flow results in lower fuel consumption and reduced vehicle emissions, contributing to environmental sustainability and improved air quality.

	Enhanced Emergency Response: Accurate forecasts can help emergency services predict and avoid congested routes, improving response times during accidents or natural disasters.

	Cost Savings: Reducing congestion and optimising traffic flow can lead to significant cost savings for commuters (e.g., fuel costs), businesses (e.g., logistics and delivery times), and city governments (e.g., maintenance costs). The potential for these cost savings, facilitated by AI, offers an optimistic outlook on the economic benefits of AI in transportation, making the audience feel confident about the potential return on investment.

	Data-driven decision-making: Traffic flow forecasting provides valuable insights and data to inform a wide range of decisions, from traffic management policies to urban planning and infrastructure development.





2 Literature Survey
Artificial Traffic Management System based on artificial intelligence (AI) minimises the problems associated with urban transportation systems by being responsive and anticipating congestion through real-time data analysis. Using AI with the Internet of Things and computer vision enables dynamic control of traffic systems, considerably improving urban transportation networks. Urban traffic congestion is a problem in most cities, causing detrimental effects on the economy, society, and the environment [6].
The paper proposes intelligent intersection control systems integrating computer vision, AI, and IoT. The system promptly determines the volume of traffic in the area by real-time video analysis and sophisticated algorithms such as the YOLO V7. The system incorporates an intelligent approach to switch signals in response to traffic conditions in a manner that reduces the level and extent of traffic and pollution. The system aims to improve the urban transport infrastructure by promoting the development of innovative and sustainable urban environments, increasing urban livability.
Zhenhua et al. [7] proposes an AI-based approach to the network’s service quality that results in notable improvements. The efficiency of the approach is verified with real-world data, which indicated enhancements in better bandwidth utilisation, packet loss, and average latency. Deep Deterministic Policy Gradient (DDPG) has shown the most advancement. The study further verifies its robustness and scalability across different network conditions and how well it can manage large-scale VM migrations without much ado. It outperforms state-of-the-art methods with gains of up to 8% in throughput and a 2 ms decrease in latency.
Kadkhodayi et al. [8] examines ant colony optimisation in a networked multi-agent system for improving urban traffic management. To reduce traffic congestion, it criticises traditional traffic solutions and introduces neural networks and evolutionary algorithms as their advanced AI techniques. The paper emphasises that proper traffic analysis, using multi-agent systems that can handle complex urban traffic scenes by collecting and analysing large amounts of data, is critical.
Alekseeva et al. [9] investigates ML techniques for traffic optimisation in mobile networks. It considers 4G mobile traffic data observed for 12 months and further identifies a variety of machine learning algorithms in use for traffic prediction through Random Forest, Boosting, and Gradient Boosting besides AdaBoost. Regarding performance parameters like RMSE and MAE, Gradient Boosting provides the best accurate predictions compared to other approaches, as per this case. These results show that applying such an ML model can significantly enhance network performance.
Junfei et al. [10] applies graph neural networks (GNNs) to research traffic modelling and optimization within data centres. It highlights the challenges of effectively controlling network traffic across large data centres. The authors introduce a GNN-based approach for bettering resource allocation and traffic forecasting by capturing rich relationships between network components. They report that it performs better than traditional methods in getting control over data flow, reducing latency, and managing resource utilisation.
Gayathri et al. [11] presents an AI-based approach to decreasing traffic jams through detection and signal control. It applies machine and deep learning to detect where areas are found in real-time by analysing traffic flow plus the degree of congestion, speed, vehicle density, and other sensor data. It responds by initiating adaptive signal timings to effectively manage traffic flows into congested areas. The technique is beneficial because it uses historical information and improves prediction accuracy. Experimental results indicate that the system has reduced congestion and enhanced overall traffic performance; thus, it can be a viable alternative for urban traffic management.
Aniket et al. [6] addresses urban transport congestion, a vital global issue influencing efficiency and sustainability. It presents a novel traffic management system at the junction using computer vision, artificial intelligence, and Internet of Things technologies in areas. The system undertakes dynamic density of traffic analysis by employing real-time CCTV feeds and state-of-the-art algorithms like YOLO V7. The adaptive signal-switching system changes the timing of the traffic light based on the situation at hand to alleviate congestion and pollution. Ultimately, it is hoped that this system will completely transform urban transport networks by promoting more innovative and more sustainable environments that enhance the quality of city life.
Aniket et al. [12] addressing the increased traffic congestion caused by many automobiles advocates for automated switching of traffic lights by a Machine Learning (ML) system, suggesting it is a beneficial strategy to design adaptive traffic control systems in response to the changing dynamics of urban traffic. Taking advantage of the fast processing and more brilliant computation capabilities of ML, their work tries to tackle the traffic problem by training the system on actual traffic data to achieve an efficient weight optimisation for traffic light control.
Kanchana et al. [13] describes an advanced traffic light control system that employs machine learning and computer vision to reduce the occurrence of urban traffic jams. The technology identifies and follows vehicles in real time by running them through a traffic camera and detecting them with a YOLO algorithm the same algorithm used to detect and track vehicles. It calculates the traffic densities, such as the number of vehicles and vehicular speed, and modifies traffic lights accordingly by making the turning lights green at a geometric intersection. The results are significant reductions in time wasted due to traffic jams and reduced fuel consumption with a consequential decrease in pollution. The system’s features are its low cost, high accuracy, and ability to adapt to changing traffic situations more than the standard traffic control system.
Heltin et al. [14] discusses the challenges of managing city traffic, focusing on reducing emissions and improving air quality. Traditional traffic control methods often struggle to adapt to changing conditions, leading to congestion and pollution. The authors propose Deep Flow (DQF), a new AI-based solution combining Deep Q-learning and flow-based traffic modelling to optimise real-time traffic signal timings. Through extensive simulations, they demonstrate that DQF outperforms existing techniques by reducing emissions while maintaining smooth traffic flow. This study contributes to developing sustainable urban traffic management solutions utilising advanced artificial intelligence.

3 Proposed Methodology
The proposed method emphasises implementing AI (Artificial Intelligence) techniques in managing traffic signals to provide an efficient and reliable urban traffic management system.
Traffic management system has become a difficult challenge due to the increased number of vehicles, especially in urban areas. The Smart Traffic Management System (STMS) focuses on providing an intelligent traffic management solution using computer vision and AI. The proposed model of STMS is provided in Fig. 3.[image: ]Diagram illustrating an AI-enabled traffic signal system at an intersection. The system uses cameras to capture images and detect vehicles, including cars, buses, and an ambulance. The process involves generating vehicle counts and detecting vehicles using the YOLO algorithm. The image shows vehicles in different lanes, with annotations indicating the AI system's functions, such as "AI Enabled Signal System" and "Captures the image and detects the vehicles."


Fig. 3Proposed model of smart traffic management system (SMTS)


The proposed system will use CCTV cameras fixed at the traffic signals to capture the incoming traffic in all lanes. By capturing the vehicles, either audio or video, the input is subjected to the AI technique YOLO7, which detects vehicles such as cars, buses, trucks, and ambulances. Once it identifies the vehicles, the count of the cars is also calculated dynamically, and it is passed to the AI-enabled Signal System that takes the count as input and changes the signal times dynamically to reduce traffic congestion.
All STMS provides a reliable traffic management decision in the following three phases:	Detecting the Vehicle: This phase uses YOLO-Version 7 to detect the vehicle/object. The model is trained with some test images to detect vehicles on the road, such as cars, buses, bikes, and trucks. The model will be able to detect the vehicle by preprocessing the images and running the YOLO model, as shown in Fig. 4. For efficient preprocessing, the YOLO model normalises and resizes the image. This phase detects different types of vehicles on the road/lane based on the Algorithm1 as follows:[image: ]This image displays a step-by-step algorithm for vehicle detection using YOLOv7. It outlines four main steps: looping over input images, preprocessing images for YOLOv7, performing object detection, and processing detection results. The algorithm processes static input images to output images with bounding boxes around detected vehicles such as cars, buses, and trucks. Key actions include loading images, converting them into blobs, performing forward passes for detection, and annotating images with labels and confidence scores if the confidence exceeds a threshold.


[image: ]Aerial view of a busy city street with multiple cars stopped at a traffic light. Vehicles include a blue car, a red car, a black SUV, and a white-roofed Mini Cooper. Green boxes with "car" labels highlight each vehicle. Traffic lights are visible, showing a red signal. Shadows from nearby trees are cast on the road.


Fig. 4Vehicle detection using YOLO7



	Adaptive Signal Switching Algorithm: The SMTS dynamically adjusts the signal timings based on the number of vehicles detected in the lane. The proposed system optimises traffic flow and reduces delay by changing the duration of red, green, and yellow signals based on the traffic condition. The dynamic signal timings based on the number of vehicles are given elaborately in Table 1 as follows.Table 1Signal timings for different no. of vehicles


	S. No
	No. of vehicles
	Green signal
time (s)
	Red signal
time (s)
	Yellow signal
time (s)

	1
	10
	30
	15
	4

	2
	30
	30
	20
	5

	3
	50
	30
	25
	6

	4
	70
	35
	25
	6









From Table 1, based on the no. of vehicles on the lane, the timings are dynamically adjusted to accommodate the traffic flow without congestion. The proposed signal-switching algorithm plays a crucial role in managing traffic lights dynamically, optimising the flow of vehicles, and reducing congestion. The primary goal is to intelligently control traffic signals by analysing real-time data and making decisions to improve traffic flow. The algorithm for adaptive signal-switching is in Algorithm 2.
Cameras, IoT devices, and road sensors collect data on vehicle counts, speeds, and pedestrian movements. AI algorithms are trained on traffic patterns to forecast congestion, traffic signal timings, and the best routes. The AI system uses real-time data to determine when to alter traffic signals. It can prioritise lanes with higher vehicle density or allow more time for buses and emergency vehicles. If a specific road is congested, the algorithm may extend the green light so more vehicles can pass.[image: ]Image of an algorithm titled "Adaptive Traffic Signal Controller." It outlines a process for adjusting traffic signal timings based on vehicle count. The algorithm takes vehicle count as input and updates green, red, and yellow light timings. Initial timings are set at 30 seconds for green, 20 seconds for red, and 5 seconds for yellow. Maximum and minimum bounds are defined for each light. The algorithm adjusts timings based on vehicle count thresholds: if greater than 50, green time increases; if less than 10, it decreases. Similar adjustments apply to red and yellow lights based on different vehicle count conditions.



The waiting time of each lane is based on the vehicle count represented in Table 2. The waiting time of each lane is dynamically calculated by taking the cumulative time (red + yellow + green signals) of each lane (Table 3). The calculation of the cumulative time is given in the Eq. (1).[image: $$T_{n} = \mathop \sum \limits_{i = 1}^{n} \quad T_{i} = \mathop \sum \limits_{i = 1}^{n - 1} T_{i } + Y_{n} + G_{n}$$]

 (1)


Table 2Lane wise vehicle count


	S. No
	Lane No
	Vehicle count

	1
	Lane 1
	120

	2
	Lane 2
	109

	3
	Lane 3
	30

	4
	Lane 4
	34



Table 3Signal timings for different lanes


	S. No
	Lane No
	Green signal
time (s)
	Red signal
time (s)
	Yellow signal
time (s)

	1
	Lane 1
	38
	0
	5

	2
	Lane 2
	20
	43
	5

	3
	Lane 3
	20
	111
	5

	4
	Lane 4
	20
	247
	5



where as,
Ti is the Time of ith lane.
Yn is the default time for yellow signals.
Gn is the variable time for the green signal.
Limitations and future directions
The AI-based traffic lights proposed have a few limitations. Situations of bad weather, poor lighting, or cameras blocked by objects cause visibility issues, lowering the performance of a detection system. YOLO7 may have difficulties with medium uncommon or overlapping vehicles that could cause inaccuracy in counting. Scalability and high infrastructure costs are the two main concerns when handling many intersections simultaneously. Additionally, the system is heavily dependent on a stable internet connection. Hence, the performance may be affected by outages, and recognising ambulances and other such vehicles can also cause many hurdles. In the future, it is expected that thermal infrared cameras will be used in the detection, and it wouldn’t hurt if more AI models were used to make the system smarter in areas like detecting emergency vehicles. Putting the V2X communication into practice could improve the function’s priority management, while AI-based adaptive training would make it possible for the system to respond to changing traffic dynamics. Predictive analytics and data from navigation apps could enable traffic managers to control traffic proactively (Table 4).Table 4Traditional traffic congestion management methods


	Method
	Description
	Advantages
	Limitations

	Fixed-time traffic signals
	Pre-set cycle of green, yellow, and red lights based on average traffic patterns
	Simple and predictable for steady traffic flow
	Not adaptive to real-time conditions; may cause delays in fluctuating traffic

	Traffic monitoring centers
	Centralised centres use CCTV, sensors, and GPS to monitor and adjust traffic
	Can manage incidents and traffic flow dynamically
	Requires human intervention and monitoring

	Loop detectors and inductive sensors
	Road-embedded sensors detect vehicle presence and trigger signals
	Responsive to vehicle presence; effective for moderate traffic
	Limited to detecting vehicles directly over sensors

	Time-based adjustments
	Adjusting signal timing
based on time of day
(peak vs. off-peak) or
events
	Allows for a scheduled response to known traffic patterns
	Not adaptive to
sudden changes
or unpredictable
events





4 Conclusions and Future Works
Traffic congestion is a growing problem due to the increasing number of vehicles on the road. To address this issue, we need an intelligent traffic control system that can adapt to changing traffic conditions in real-time, minimising congestion at traffic signals and enhancing overall traffic flow. Our proposed solution involves using advanced technology to monitor and manage traffic at intersections. A camera is installed at each traffic signal to capture live video or images of the vehicles approaching the intersection. The captured footage is processed using the YOLO7 algorithm, which can accurately identify different types of vehicles. In addition to identifying vehicle types, the system also counts the number of vehicles in each lane. The traffic signals are adjusted dynamically based on the vehicle count data to prioritise the lanes with higher vehicle volumes. This ensures more time is allocated to busy lanes, reducing waiting times and improving overall traffic flow. The proposed system also includes a feature for detecting emergency vehicles such as ambulances and fire trucks. When an emergency vehicle approaches a traffic signal, the system recognises it and immediately changes the signal to allow uninterrupted passage for the emergency vehicle. By implementing this Smart traffic control system, we expect to significantly reduce traffic congestion and improve travel times for all road users. Additionally, by prioritising emergency vehicles, we can ensure timely response during critical situations.
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Abstract
Smart cities are a concept reshaping how urban environments operate to be more efficient, sustainable, and liveable, especially when machine learning (ML) meets the Internet of Things (IoT). This chapter delves into how these two technologies converging—with urban data being delivered in real-time from IoT and analytics taking place via ML algorithms—can create actionable insights. In this paper, we critically analyse the use cases of most importance, including benefits and challenges, alongside emerging trends from a recent survey that provides an in-depth depiction of what is feasible to create a smart city landscape thanks to IoTs and ML. In this podcast, the speakers will discuss how these disruptive technologies can address challenges related to urbanisation—from energy management, public safety and getting around a congested city to environmental sustainability.
Keywords
Internet of ThingsMachine learningSmart citiesTraffic managementUrbanization
1 Introduction
More than half of the world's population lives in cities with significant global urbanisation. Such rapid growth has numerous challenges: traffic jams, pollution, the management of resources, and public safety. Using smart cities to provide more efficient, sustainable urban environments was an approach leveraging technological advances. This transformation is built around the Internet of Things (IoT) and Machine Learning (ML), which, when combined, enable intelligent systems as such but not limited to that can respond to urban needs.
1.1 Background and Innovation
Over the past ten years, “smart cities” have gained popularity, mainly due to the desire to improve urban living conditions and optimise resource utilisation. The main actors in this are ML and IoT. While IoT allows for the collection of large amounts of real-time data from different sources within the city, ML provides tools to analyse and obtain actionable insights from this particular data. Combining both technologies helps improve decision-making and service delivery across different urban sectors.
IoT technology has developed and started to transform many aspects of urban living; the continuous tracking and reporting of many facets of city life by IoT devices in the form of sensors, cameras, and meters embedded in infrastructure such as buildings, roads, and public transport systems produce a massive amount of data. It enables real-time data acquisition and informs city administrators about a granular view of urban dynamics and immediate responses to emerging issues [1].
Conversely, ML makes sense of this massive inflow of data with advanced algorithms that allow cities to make sense of the same. In other words, ML will enable them to detect patterns, predict trends in the future, and gain actionable insights from them. For example, ML can facilitate accurate traffic congestion forecasts, optimise energy consumption, or improve public safety. This interplay between IoT and ML turns cities into smart ecosystems, continuously adapting to the needs of their citizens in real-time.

1.2 Objectives
The main thrust of this chapter is to provide a deep understanding of IoT and ML and their contribution to smart city development. The objectives to be discussed here include:	i.
IoT and ML: definition and relation to smart cities.

 

	ii.
IoT system components and how the system works within urban environments.

 

	iii.
ML techniques and their applications for various smart city initiatives.

 

	iv.
Emphasize some key applications of IoT and ML in traffic management, energy management, environmental monitoring, and public safety.

 

	v.
Some challenges and considerations in implementing IoT and ML within the smart city were discussed.

 

	vi.
Future trends and future developments.

 







2 Internet of Things in Smart Cities
2.1 Definition and Components
IoT is an integrated network of peripheral devices connected to the internet that can send and receive information through it. In smart cities, the IoT consists of sensors, cameras, meters, and other data-gathering devices [2]. These are embedded in practically all forms of urban infrastructure—from buildings, roads, streetlights, and public transport systems to a network that closely monitors and reports various aspects of city life (Fig. 1).[image: ]Illustration of a smart city with various interconnected elements. Tall buildings are labeled with features like smart buildings, smart homes, and smart street lights. Icons represent concepts such as traffic management, air pollution, and public safety. Other elements include electric vehicle charging, waste management, and smart energy. The image emphasizes the integration of technology in urban infrastructure for improved efficiency and sustainability.


Fig. 1Smart city


Any IoT system to be installed in a smart city is composed of:	i.
Sensors and actuators: Sensors generally interact with other electrical equipment due to some variation in their surroundings. Standard sensors will monitor variables such as Light, Sound, Motion, Temperature, and Humidity. On the other hand, an actuator may be capable of causing a physical action upon receiving a command from any controller. In this way, the sensors and actuators shall facilitate real-time monitoring and control of the urban infrastructure.

 

	ii.
It provides connectivity whereby a protocol for communication and topology of the network is possible, thus facilitating the transfer of data from the device to a centralised system quite handily. Wi-Fi, Bluetooth, Zigbee, LoRa, and cellular networks are some of the common ones. Therefore, the connectivity type would depend upon various factors such as volume of data, range, power consumption, and latency requirements [2]. This, in turn, has something to do with potent connectivity—an essential ingredient that guarantees good flow from the IoT devices into the central database.

 

	iii.
Data Processing and Storage: There is so much data that IoT devices generate; hence, the reason behind efficient processing and storage. It has to be performed near the edge of the system, closer to where the creation of data is performed, and it also needs to be done through cloud computing that allows for scalable storage to have more intelligent analytics. Data processing systems filter, aggregate, and analyse data for meaningful insights that drive decision-making.

 

	iv.
User Interfaces: This would cover platforms and tools that allow the creation of different user interfaces serving as touchpoints of interaction between the IoT system and various stakeholders like administrators and citizens. Such interfaces visualise data in an easily comprehensible format, allowing features like monitoring, analytics, and control. An example of this user interface class would range from simple air quality monitoring dashboards to complex ones dealing with traffic flow management.

 






2.2 Data Collection and Communication
Data generated from these devices relate to urban parameters, air quality, and energy consumption. Many of them use different communication protocols to transport data: Wi-Fi, Bluetooth, Zigbee, LoRa, and cellular networks. If any protocol is to be chosen, the key factors that must be considered are related to the volume of data, range, power consumption, and latency [3].
IoT devices capture data and send it to the cloud platforms. Further, data from the cloud platform will be processed and analysed, and valuable insights will be tapped from that same data using advanced data analytics/ML algorithms. Later, it is used to optimise urban operations and services. Data Collection and Communication: The following few steps constitute it:	i.
Data Generation: The IoT sensors will generate continuous data sets on every environmental and infrastructural parameter. Temperature sensors account for the ambient temperature, while motion sensors account for the presence of motion within a given area or none at all.

 

	ii.
Data Transmission: IoT sensors use protocols for transmitting data they create over cloud platforms with the help of specific communication protocols. The selection of the protocol would depend on application requirements to a great extent [4]. LoRa is considered for applications that require low-data-rate usage over a very long distance, and Wi-Fi is quite suitable for applications requiring high-data-rate usage over a short distance.

 

	iii.
Aggregation: The data transferred will be aggregated on the cloud platforms. Aggregation is how data coming from several sensors get collected and then sorted out before sending further for processing. It is one of the primary and significant steps for organising the data that IoT devices gather in a smart city.
Data Processing: Noise is cleaned off the aggregated data, normalised, and treated with ML algorithms and advanced analytics to provide valuable insights. Example: The data from air quality sensors can be filtered and used to find the trends and hotspots of pollution.

 

	iv.
Data Storage: After processing, the data is stored in databases for future use and reference. Cloud storage has been the most feasible, scalable, and safe, making it plausible that the city can handle huge volumes easily.

 

	v.
Data Analytics and Visualization: It is the last stage of the actual analysis of preprocessed data in some comprehensible format. Various visualisation tools and dashboards present multifarious data from different sources in an integrative way for the city administrator's and citizens’ decision-making.

 







3 Machine Learning in Smart Cities
3.1 Definition and Techniques
Machine Learning is a subcategory of Artificial Intelligence that primarily deals with developing algorithms that, to some extent, could learn from or predict data. This is flawlessly applied to volumes of data emanating from IoT devices in smart cities through ML techniques [4]. Some of the key ML techniques include:	i.
Supervised Learning: These algorithms are trained by the pre-availability of labelled data; the desired output is already known. Because of the pre-availability of labelled data, this algorithm learns how to map the input to the production and predict the outcomes for seen data. The standard supervised learning algorithms are linear regression, support vector machines, and decision trees. An example can be taken from traffic management, which uses supervised learning to make a congestion prediction based on historical data.

 

	ii.
Unsupervised Learning: The unsupervised learning algorithms find the pattern and relationship in the unlabeled data in which the desired output is unknown. In other words, unsupervised learning is a type of learning that copes with unlabeled data. Dimensionality reduction and clustering are some of the techniques included in this category. It is possible to conglomerate similar points by applying clustering algorithms, hence allowing the representation of trends in energy use or air quality without prior knowledge of the data.

 

	iii.
Reinforcement Learning: The process of training the algorithms by rewarding for desired outcomes is known as reinforcement learning. In this, trial and error leads the algorithm to the best possible action, with a reward for positive results and penalties for negative ones. This technique is most utilised in dynamic settings where decision-making involves changing conditions [5]. The former will be able to optimally compute real-time traffic signal timings, informed by reinforcement learning regarding the prevailing state of flow.

 

	iv.
Deep learning: This falls under machine learning, comprising more than hundreds of layers of neural networks; hence, it was named deep neural networks. Deep learning works more precisely on image recognition, natural language processing, complex pattern recognition, and similar tasks, yet it is not confined to them. This is achieved in the case of a smart city where video feeds from cameras installed under surveillance are analysed using deep learning techniques for automatic suspicious activity detection.

 






3.2 Data Processing and Analysis
Various forms of IoT devices in smart cities regularly generate a massive amount of data, both structured and unstructured. These data will be processed and analysed by ML algorithms, which can extract substantial patterns, trends, and anomalies that help gain further insight for actionable decision-making. For instance,	i.
Predictive analytics is the procedure that involves predictions about the occurrence of future events with the help of ML algorithms based on analyses done on historical data. Thus, predictive analytics of traffic management can predict congestion using past traffic data flow, weather conditions, and special events. It is a driving force for city planners to be proactive in readjusting the timing of traffic lights or informing drivers about an update in the traffic.

 

	ii.
Anomaly Detection: This is where unusual patterns can be brought into light using ML algorithms, which could indicate the presence of an anomaly—a problem or an opportunity. Conventions for anomaly detection generally involve procedures to find data points far away from the normal data distribution. Energy management is one of those areas in which such anomalies may point out, perhaps, abnormal consumption patterns that indicate some inefficiency or fault in the system. This may be when there is an indication of a power-consuming faulty appliance or even unauthorised tapping into the power grid with higher energy consumption.

 

	iii.
NLP refers to a machine learning method where a computer processes and interprets human language. In essence, NLP means interpreting human language; in response, machines can perceive and respond precisely as in either text or spoken words. Moreover, for instance, NLP for public safety on social media can facilitate monitoring; in this regard, it would be easier to learn about public sentiment and threats in real-time. For example, within one ample public event space, Twitter and posting activities would provide information on identifying emergent situations around security or further deployment requirements.

 

	iv.
Computer Vision: This is the subcategory of machine learning algorithms that describe the visual data of cameras and sensors. It would be best described by saying that computer vision is, at its core, basically an automatic interpretation of visual data in images and videos. It will best be explained through environmental monitoring, where a computer vision system may be involved in tracking sources of pollution or monitoring changes in an urban landscape. It may also be done through video feed analysis from cameras that track illegal dumping sites or monitor the extent of growth of green open spaces in the city.

 







4 Applications of ML and IoT in Smart Cities
4.1 Traffic Management
The biggest problem any urban area faces is traffic congestion; accordingly, it increases travel times and fuel consumption, thus increasing pollution. IoT sensors monitor the flow of traffic, vehicle speeds, and occupancy at intersections and along roadways [5]. Keeping this in mind, machine learning algorithms will try to optimise traffic signal timings to keep congestion at a minimum and improve road safety.
Smart cities use IoT and ML to manage their traffic flow effectively and make their transportation network more effective within their urban area. Applications that can be considered include:	i.
Dynamic Traffic Control: With machine learning models, it is possible to provide real-time adjustments in traffic signals depending on the current traffic situation. Hence, this adjustment reduces delay and improves flow. IoT sensors at intersections gather data on counts, speeds, and waiting times. Further, this information shall be analysed through ML algorithms to optimise timing for traffic signals and maintain smooth flow.

 

	ii.
ML algorithms on historical and real-time data can forecast congestion and hence may suggest routes to avoid congestion to the drivers. Navigation apps and traffic management systems take these predictions to make real-time recommendations of routes and help drivers avoid congestion points, reducing overall travel time.

 

	iii.
Incident Detection and Response: In the IoT, cameras and sensors detect incidents in traffic flow, such as accidents or road blocking. Based on the input from these sources, the algorithms assess the intensity of the incident and send out emergency services with the most significant degree of urgency possible. The keen and ongoing tracking of traffic flow and automatic detection of any anomaly can enable such a system to respond quickly to an incident with a coordinating rapid response that limits the traffic impact and enhances safety.

 

	iv.
Public Transport Optimization: IoT and ML can develop better routes, schedules, and maintenance plans for improving public transportation. Sensors will be fitted on the buses and trains to collect the data. The ML algorithm will analyse the data for improved routing planning and prediction of maintenance needs, thereby keeping any public transport service running effectively.

 






4.2 Energy Management
Energy Management is the most relevant term that comes into play in this connection with sustainable development. Smart Grid implemented through IoT devices monitors and reports the overall pattern of energy consumption in cities [5, 6]. Data of this type forms an input for ML models, which predict energy demand and optimise its distribution with reduced wastage.
This further accelerates IoT and ML, powering various intelligent energy management systems to make urban energy grids efficient and sustainable. A few of the significant applications could be:	i.
Demand Forecasting: Energy consumptions can be forecasted using ML algorithms based on historical data and present usage patterns to achieve a better balance insofar as the supply–demand factor is concerned. The energy demand could be predicted using ML models, considering meteorological conditions, time of day, and past consumption patterns. This will enable utilities to prepare way in advance for peak usage.

 

	ii.
Demand Management: IoT-enabled smart meters provide utilities with actual data related to energy usage in real-time. This is analysed using ML models to realise at what time of the day, week, or month the peak demand is and what type of demand response strategy should be utilised. The utilities can, therefore, create an impetus for the consumer to either reduce energy consumption or shift it in case peak hours are at hand to strike a balance on the grid.

 

	iii.
Integrating Renewables: This would integrate renewable sources, such as solar and wind, at optimum efficiency and effectiveness. This relieves the burden on consumption concerning fossil fuel reserves. Regarding that, the machine learning models try to maximise the utilisation of clean energy with minimal wastage by correctly predicting energy production from renewable sources and then undergoing appropriate adjustments in the grid operations.

 

	iv.
Energy Efficiency Improvements: IoT will equip buildings and infrastructures with sensors, monitor energy utilisation, and keep a log of consumption patterns. These are analysed to focus on those fields where inefficiencies can be improved with the help of machine learning algorithms. This would be such that it could learn from the input, using a model in machine learning, when the HVAC systems are running inefficiently and, over some time, come up with suggestions on how to adjust the input to optimise energy usage.

 






4.3 Environmental Monitoring
The urban environment is afflicted with a few environmental problems: Air and water pollution, Noise, and Different types of waste. Most of the environmental parameters are measured by IoT sensors. Machine learning algorithms can analyse the following types of data: source detection of pollution, prediction of trends, and implementation of corrective measures according to the trend.
IoT and ML in a smart city's environmental monitoring system track and manage various ecological factors. Major applications:	i.
Air Quality Monitoring: IoT sensors measure particulate matter, nitrogen dioxide, and ozone, amongst other pollutants. Further, it tries to find pollution hotspots and predict the air quality trend using machine learning models [6]. Real-time air quality monitoring and future air quality prediction can easily enable administrators to work toward reducing pollution and protecting public health proactively.

 

	ii.
Water Quality Monitoring: IoT devices monitor water quality in rivers, lakes, and reservoirs. Machine learning algorithms analyse and predict contamination in water quality changes to supply safe and clean water. For instance, sensors detect alterations in pH, turbidity, and other harmful elements.

 

	iii.
Noise Pollution Monitoring: IoT sensors monitor the noise in different parts of the city. These machine learning models further analyse the measured data to discover the sources of noise pollution and predict the trend in noise pollution. Hence, city planners will be able to understand the pattern of noise pollution and take measures to reduce it by rerouting traffic flow or enforcing laws related to noise levels within residential areas.

 

	iv.
Waste management: IoT-enabled waste bins monitor the filling level and thus give out efficient routing methods for collecting trash. Machine learning models predict the waste generation pattern, optimising waste collection systems. Using waste generation and collection data, ML algorithms can be analysed for optimum schedules that reduce operational costs and minimise environmental impact.

 

	v.
Green Space Management: The health of green space in cities, such as parks and gardens, is assessed by using IoT sensors. The ML algorithms analyse soil moisture, temperature, and vegetation health data to determine an appropriate irrigation and maintenance schedule. In this way, cities ensure green space sustainability for better air quality, reduction of heat islands, enhancement in the citizens’ quality of life, etc.

 






4.4 Public Safety and Security
The most essential job any city can have for its government is the safety and security of the common public. IoT-based surveillance systems and mechanisms for responding to emergencies are some of those things that enhance public safety [7]. Here, machine learning algorithms process video feeds and sensor data to identify suspicious activities, predict crime hotspots, and optimise response times in an emergency.
The most typical usages in smart cities for the public safety system are IoT and ML, which are applied to monitoring and responding to security threats.	i.
Security Monitoring: Cameras and sensors form part of the IoT, keeping eyes and ears on the public space. These process the video feed to watch for signs of potential or suspicious activities, including unattended bags or loitering, and warn the concerned authorities. The effectiveness of security monitoring could be further enhanced by automation in analysing surveillance footage, reducing the workload on human operators.

 

	ii.
Crime Prediction: ML models consider the analysis of past crime data and socioeconomic factors, pre-calculate in advance what areas would be prone to crimes, and thereby assist the police department in resource distribution. Example: ML algorithms analyse time and location data for incident patterns that enable law enforcement agencies to focus efforts when the time and location are at high risk.

 

	iii.
Emergency Response: IoT devices are serviced to monitor any emergency like fire, flood, accidents, etc. ML algorithms analyse and assess incident severity through the data generated by these devices to coordinate emergency response activities. Such systems will, therefore, render real-time information and insight acceleration and effective responses to emergencies that can help avoid damage and save lives.

 





Sensors and wearables for temperature, heartbeat, and air quality, among others, will be installed as public health indicators running ML algorithms that estimate health risks. Therefore, disease outbreaks can be predicted in advance. For example, ML models can chart a pattern of the spread of disease in case of a pandemic and enable it to forecast which spots will be worst hit by enabling timely interventions to allocate resources.

4.5 Healthcare and Well-Being
The combination of IoT and ML opens excellent perspectives for increasing well-being within healthcare care, monitoring, diagnosis, and treatment among the urban population.
IoT-ML integrated into healthcare systems improves health care within smart cities and health management [7, 8]. Applications include	i.
Remote Patient Monitoring: IoT devices in the form of wearable sensors monitor the patient's vital signs and other health conditions continuously in real time. The ML algorithms analyse the data for abnormal patterns and provide early warning against impending adversities to health. These devices can, for example, continually monitor heart rates, blood pressure, and glucose levels to warn the health worker of a forthcoming problem before these reach a critical level.

 

	ii.
Predictive Health Analytics: The ML models go through health information data to predict the onset of a particular disease and prescribe accordingly to prevent the same. Several patterns may be identified in a patient's data about lifestyle factors and genetic predispositions, which enable ML algorithms to provide personalised recommendations on health and early intervention to reduce risks for chronic diseases.

 

	iii.
Telemedicine: IoT-enabled devices make remote consultation between patients and health professionals easy. The ML algorithms analyse the patient's data and case history for diagnosis and treatment planning. ML functionality in telemedicine platforms depends upon real-time health assessment, based on which doctors can move toward informed decisions about timely intervention.

 

	iv.
IoT-Based Resource Management: IoT and Machine Learning can optimise resources for the usage of a hospital bed and the availability of medical equipment and personnel. That is so because, through that, the ML models shall be able to provide predictions over demands and smoothen operations. Suppose the data on treatment duration, patient admission, and resource utilisation are available, and these resources can be managed effectively and efficiently to provide better outcomes. In that case, that will be icing on the cake.

 







5 Challenges and Considerations
Despite the numerous benefits of integrating IoT and ML in smart cities, several challenges must be addressed to ensure successful implementation.
5.1 Data Privacy and Security
With the vast deployment of IoT devices, massive data will be collected, which thus raises significant privacy and security concerns. There is a dire need to ensure security within data transmission to avoid unauthorised access and data breaches. In addition, this will also help in protecting the individual's privacy and consideration of data protection regulations, such as GDPR [9].
Following are a few key considerations:	i.
The data was encrypted by protocols so that the information may not be stolen during its transmission and storage.

 

	ii.
Access control ensures access to sensitive data only to an authorised person.

 

	iii.
Anonymization: Protects data by masking individual privacy while allowing analysis.

 

	iv.
Compliance: It ensures that protection regulations and data standards are kept within the industry.

 






5.2 Infrastructure and Scalability
IoT and machine learning for smart cities are serious regarding budget. The infrastructure that involves sensors, communication networks, and data processing systems requires colossal investments. Ensuring the scaling up of these systems to handle increasing amounts of data and an ever-growing urban population is significant.
Some of the most critical factors to consider include the following:	i.
Network Infrastructure: These should be robust, comprehensive, and scalable as the IoT devices are supposed to send continuous data over them.

 

	ii.
Storage and Processing: Scaling data storage and processing systems will be able to support the increased volume of data.

 

	iii.
Interoperability: This provides the ability to enable integration and communication of devices and systems resulting from different vendors within the IoT arena.

 






5.3 Data Quality and Management
All of these emerging data-driven insights would mean that the efficiency of the algorithms was based on the quality and preciseness of the data analysed by ML. Preciseness in IoT sensors is crucial to ensure the integrity of the data gathered [10]. Besides, maintenance with high-volume data keeps the limited tasks associated with cleaning, normalising, and integrating data at bay.
Some considerations:	i.
Sensor calibration: Sensors used to gather information should be calibrated from time to time so that data about the Internet of Things can be captured appropriately.

 

	ii.
Cleaning: It cleans the noise and other errors from the data.

 

	iii.
Integrating data: More than one data spot is integrated with an overview of the urban condition.

 






5.4 Ethical and Social Implications
Other ethical and social issues arise, such as increased surveillance, biased ML algorithms, and the digital divide in implementing IoT and ML in smart cities. These issues must be handled for the innovative city initiative to be all-inclusive and equitable.
Some considerations are:	i.
Surveillance and Privacy: How striking a balance between the benefit of increased surveillance in enhancing public safety and ensuring that such an effort does not erode individual privacy is achieved.

 

	ii.
Algorithmic Bias: Ensuring that ML algorithms are not prejudicial or biased nor perpetuate existing inequalities.

 

	iii.
Digital Inclusion: To provide all citizens with the opportunity to benefit from the technologies of a smart city, independently of socio-economic conditions.

 







6 Future Trends and Developments
The field of smart cities, powered by IoT and ML, is continually evolving. Emerging trends and developments will further enhance the capabilities and impact of these technologies.
6.1 Edge Computing
In all, the whole philosophy of edge computing is to process data closer to its source for minimum latency and bandwidth consumption. That trend is highly relevant to smart cities, considering that the most critical piece of innovative city applications involves real-time data processing for applications related to traffic management and public safety.
Some of the key developments are:	i.
Lower latency: Reduce latency in real-time applications, such as autonomous cars and emergency responses.

 

	ii.
Better Security: As dealing with sensitive data within the local confines, it isn't necessary to transfer it onto central servers; hence, security increases.

 

	iii.
Cost Efficiency: Cost reductions in bandwidth can be gained by edge processing because of the decrease in the actual transfer of data back to central systems.

 






6.2 5G Networks
IoT devices will enhance connectivity and data transfer capabilities when 5G networks are deployed within smart cities. 5G provides higher speeds and lower latency, and the potential for significantly expanding this capacity allows faster and more reliable communication.
Key developments include the following:	i.
Improved Connectivity: Supporting a higher density of IoT devices allows for the collection and analysis of data.

 

	ii.
Real-time Applications: This can be utilised for real-time applications such as augmented reality for city planning and innovative public transit.

 

	iii.
Improved reliability guarantees more reliable and robust communication networks, for instance, in critical applications such as public safety and healthcare services.

 






6.3 AI and ML Advancements
Further capability development in AI and ML will be continuously applied in innovative city applications. New techniques, such as federated learning and explainable AI, will make current techniques fall within view by opening new possibilities.
Some of the developments that took place include:	i.
Federated Learning: It helps the device collaborate and learn with other devices without essentially sharing raw data, improving privacy and security.

 

	ii.
Explainable AI: Improving transparency and interpretability in ML algorithms so that the reason for their decisions is understandable and, therefore, acceptable.

 

	iii.
Advanced Analytics: To that end, advanced analytics will be employed through reinforcement learning techniques and generative models, among others, to realise the functionalities of city systems and services at the highest possible level.

 






6.4 Integration of Renewable Energy
In the near future, increasing numbers of solar and wind energy converters will be integrated into urban energy grids. The IoT, combined with ML, will contribute to the ideal use of renewable energy sources, thereby contributing to better sustainability and lower carbon emissions [11].
Key developments include the following:	i.
Smart Grids: Establish smart grids integrated into the network by adapting to renewable energy sources and optimising energy distribution.

 

	ii.
Energy Storage: It enhances the technology used to store energy that balances supply and demand, including storage at the battery and grid level.

 

	iii.
Smart urban infrastructure planning: IoT-ML applications for designing and managing sustainable urban infrastructure, including green buildings and energy-efficient transportation systems.

 







7 Conclusion
The combination and integration of ML and IoT in smart cities shows an evolutionary shift in urban development. Cities can evolve into sustainable, highly efficient and livable environments capable of addressing or fixing the challenges of rapid urbanisation by leveraging these advanced technologies. This confluence of ML and IoT facilitates real-time data collection and sophisticated analysis, enabling informed decision-making.
Challenges and Considerations:
Although the benefits are considerable, data privacy and security are some of the challenges in implementing ML and IoT in smart cities. This being the case, the broad data collection in the innovative city application increases concern about protecting personal information and possible overreach in surveillance. Thus, cybersecurity concerns, combined with personal data protection, need strict adherence to regulations to earn public confidence and preserve respect for individual privacy [12].
Other significant challenges include infrastructure and scalability. Bringing IoT devices on board and their communication networks requires substantial investment, which must be maintained continuously. Also, the systems must be scalable enough to handle the ever-increasing data volume and growing urban populations, which means infrastructure that is robust, capable, and can keep evolving with technology.
Data quality and management are also important. For practical ML algorithms, access to accurate and quality data is needed. Specific best practices involve ensuring reliable sensor performance while focusing on severe data cleaning and integration procedures to develop meaningful insights. Regarding ethical issues, algorithmic bias and digital inclusion will be included in making the smart city equitable and fair.

8 Future Outlook
In the future, the advancement of ML and IoT technologies will shape the features of smart cities. The emergence of edge computing and 5G networks would escalate data communication at a high trust level to facilitate real-time applications by reducing latency. Privacy and transparency challenges would be met through federated learning and explainable AI, hence building trust in decision-making by AI techniques.
Renewable energy sources will become increasingly important with integration into urban energy grids. Smart grids and sophisticated energy storage solutions further optimise clean energy usage, contributing to sustainability with reduced carbon emissions. Besides, sustainable infrastructure-impacted development in smart cities includes building green buildings and creating energy-efficient transportation systems.
In a nutshell, this brings the power of ML into IoT, thereby opening great opportunities for changes in city living. Using these technologies, cities can become far more adaptable, resilient, and responsive to the needs of their citizens. The realisation of this vision indeed calls for paying due regard to associated challenges and undertaking ethical and inclusive development. And insofar as these technologies are developed and honed, the possibilities for brilliant and sustainable cities come within reach; in their turn, this opens up a vista toward a future wherein the urban environment will do much more than support but enhance the well-being and prosperity of all its citizens.
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Abstract
Traffic congestion is one of the unforeseen situations in travel and touring that makes a planned schedule incapable of taking care at the spur of the moment. The problem can even lead to fatal consequences when there is urgency such as fire tendering, healthcare and medical services, criminal investigations, law and order problems, disaster management, etc. The problem is felt more in urban metropolis as there is a sharp increase in the number of vehicles every day and the facilities are always networked among a cluster of roadways as well as their arteries and other transportation services. The proposed study is based on a sensor-based model for the detection of traffic congestion and automated retouring instructions along arterial routes for the commuters keeping the safety and time management as the highest priority goals. The process for resolution of traffic congestion includes automated data display in Wi-Fi connected devices in the vehicles as well as on the traffic control system display giving everybody enough time for decision making on on-the-fly alternate commutation. Furthermore, a prototype of traffic simulation has also been provided to assess the feasibility of the model and its validity using a number of sensor based opto electronic devices. An animated simulation of the prototype has been provided for the veracity of the proposed model.
1 Introduction
Traffic congestion and its control is an everyday problem having variance from mere existence to high volume vehicular accumulation beyond limit that makes the whole system stand still without any predictability on solution or time estimation. A number of studies have been conducted on accommodation of peak value of congestion and lying of the roads and its arteries accordingly. The proposed system is a miniature study using sensors to capture dynamic data as well as continuous computation over data aggregation and semi-automated control resulting in suggested detours. The sensor based fully automatic opto electronic device is not packaged as the part of the project due to financial constraints. However, the prototype generated uses three-sensor based data aggregation and computation to control the traffic congestion with maximum congestion time and detour time for comparison. The commuters are at liberty to take any action accordingly. The proposed system considers a locality having roads and detouring arteries of greater length than the direct reach. The traffic control system is fed with data from three installed sensors on each block of the road and dynamically checks on the following conditions:	1.
The number of vehicles on an identified block of roads exceeds a certain number of vehicles of any variation.

 

	2.
The average waiting time spent by the vehicles on the roads exceeds the estimated time limit.

 





The prototype also computes the loco-motor data such as speed of the vehicles etc. using the first two sensors on the block of the roads under consideration as well as certain static data for the system (width of the road, number of channels allowed, number of connections to the arteries, detouring options, etc.) and the data collected determine the time period to reach the third sensor. If the time spent by vehicles on the road is, say, 30 s greater than the predictable time limit then condition 2 holds true and the flag is ON for condition 2. On the basis of binary combination of these two conditions, a traffic congestion is detected and related data such as average waiting time spent by vehicles on the road to be considered as the weight of the computational implementation of the Boris Kerner’s Three Phase Traffic Theory. The implementation of the prototype is further developed on the basis of a proposed algorithm, known as OptiflowAlgorithm, an algorithm developed to customize a particular situation manipulating data from all the three sensors for better efficiency of predictability. The OptiflowAlgorithm algorithm is capable of finding the shortest path between two points having pre-determined road weights from the first condition on being true. The algorithm is further supported by another set of computational model collecting data to determine the optimal path around the congested channels and arteries leading to the optimum value of the number of vehicles to be accommodated on the particular block of road. This set of computational model is attributed to Congestion detection model.
The system with the proposed computational model can predict accident possibilities and its occurrence in a particular geo-location. The speed sensors and location sensors can predict the time exactly to reach the accident prone geo-location so that the indication through traffic display is generated for avoiding an unfortunate situation of collision between unaware incoming vehicles. This is particularly applicable in two/three or multi-channel arteries meeting a common geo-location from hidden direction. The interface can be made operational with an exclusive web based application or an optional voice-controlled mobile application to communicate the road conditions over the traffic display as well as on the Google Map with location “ON” for the end users such as drivers.
1.1 Problem Definition
A sensor-based traffic congestion, detection and resolution using automated retouring are taken up for animated simulation and its further application in accident avoidance. The system is applicable in any urban or semi-urban communication network of transportation. The data is real-time, dynamic and can be used for forensic evidence when continuously stored in a suitable hybrid cloud. However, the proposed system carries on the study to concentrate on feasibility, veracity and validity in a limited semi-automated system amounting to manual intervention on the basis of suggestion and timely prompts through mobile applications and traffic display.


2 Background Study and Literature Survey
There are a number of systems to tour, travel and transport such as Google Maps [1] and Apple Maps [2] which offer solutions to the problem of traffic congestion, detection and possible prediction over congestion detection. However, the systems are not without flaws and/or vulnerabilities. The pin-pointing a particular geo-location is not at all efficient making the systems in effective in some cases. The necessity of the mobile applications for pin-pointing a geo-location is long overdue and very recently has been introduced with the famous mobile application What3words [3]. Thus, there is always a need for alternate traffic congestion detection and control system that can take care of basic needs of transportation with enhanced efficiency and accident awareness.
The existing systems are developed by independent business houses and researchers having privacy protection of the databases and computational protocols. The compliance of local government rules and regulations is never a priority for such developers. The systems therefore, cannot be customised to the fullest extent even though there is third party maintenance offering limited data access. The proposed system is again an open access system with the divergence of actual code of computation and the respective computational model. The proposed system is capable of having add-ons depending upon the changes in the governance of the nation. Such flexibility makes the proposed system a truly open access traffic management system which can be closely controlled and monitored by city-planners.
2.1 Scope of the Proposed System
The proposed system is presented in a semi-automatic mode considering the limitations of transportation and road conditions that calls for timely manual intervention on the basis of prompt information display. The proposed system can be packaged with static as well as dynamic data sensed by sensors at strategic locations of particular traffic corner making it a fully automatic opto electronic device with certain control over the regular traffic conditions. The scope of the proposed system is limited to the following:	A sensor-based system for congestion detection is hereby proposed in this paper.

	A detour detection and dynamic computation of sensor based aggregated data are used to estimate the best possible route around the congested geo-location.

	The proposed system can be used to predict accidents from hidden corners within a viable span of time enhancing safety.

	The proposed system generates a real time dashboard to display the condition of the road ahead and the optimum favourable alternatives the commuters can avail.

	The proposed system works on accident predictability upon sensing the speed and locomotion of the vehicles.

	The proposed system applies the computed value of coefficient of road quality while predicting the detouring options.







3 Research Methodology and Related Simulation
The proposed traffic congestion detection and its resolution in an automated mode is based on a number of theories and applications. Some of the earlier applications are having similar parameters that can be compared for efficiency analysis. The truncated model of the proposed system has undergone a suitable simulation to present itself for testing and simulation under unforeseen conditions.
3.1 Traffic Congestion Detection and Its Handling
3.1.1 Traffic Congestion
Traffic congestion is recognised under certain specific conditions when these conditions are tested true into the context of capacity of the channels on the road as well as its arteries and time taken by vehicles in an ever-increasing queue. For a congestion to be declared on a particular geo-location following specific conditions are needed to be satisfied:	1.
The number of vehicles on a particular geo-location exceeds a certain number of vehicles of any variation.

 

	2.
The average time spent by vehicles on the same geo-location exceeds expected waiting time.

 





If both conditions are set on Flag ON the condition is considered to be TRUE. The approaching threshold value of a particular geo-location depends upon the dimensions of roads as well as it’s arteries respectively, considering variable data such as size and shape of each vehicle identified including their loco-motor data such as speed and deviations of relative speed among each other.

3.1.2 Three-Phase Traffic Theory
This Three Phase Traffic Theory, given by Russian Physicist Boris Kerner, describes the flow of traffic with reference to space and time, i.e. Traffic Dynamics. The theory helps us to understand the behavioural issues of traffic under ever changing circumstances [4].
Kerner’s theory describes traffic in three phases: Free Flow, Synchronized Flow, and Wide Moving Jam, where the latter two are together called Congested Traffic. The parameters required for defining any traffic state, stated to be: Velocity (V): the rate of change of position with respect to time.	Density (K): the number of vehicles in a certain area of geo-location.

	Flow Rate (Q): the total number of varied vehicles passing a point in a particular geo-location.





Flow rate (Q) is defined as the number of vehicles (N) passing a specific geo-location area within finite time T. Or, Q = N/T. The inverse of flow rate can be defined as Headway (H), which is the distance between two successive vehicles. A shorter headway signifies closer spacing between vehicles, and vice versa.
Therefore, Headway (H) is the inverse of Flow Rate (Q), or in other words, H = 1/Q.
Hence [image: $$T= {\sum }_{i=1}^{N}\left({H}_{i}\right)$$].
Substituting, H = 1/Q = T/N: [image: $$T= \frac{N}{{\sum }_{i=1}^{N}\left({H}_{i}\right)}$$].
Traffic density (K) is defined as the number of vehicles (N) in in a certain area of geo-location. (S), or in other words, K = N/S. While dealing with the traffic, it is always important to keep a track of the parameters such as vehicle length, space between vehicles etc.
Vehicular Safety Gap (G) is defined as the time taken by one vehicle to cross a point such that the succeeding vehicle is at a safe distance when it crosses the same point. In mathematical terms, it is defined as G = S/N.
The traffic movement is dependent on the vehicle’s state (whether it’s moving or is stationary) in a certain time frame, which may be instantaneous or its mean value. Hence we define the instantaneous velocity of a vehicle at any given time frame. If the calculated derivative for any arbitrary point in the geo-location is zero, the vehicle is considered as stationary, otherwise for any incremental values for the derivative, the vehicle will be considered in a state of motion.
In Fig. 1, a vehicle whose instantaneous position is measured at the two points x1 and x2 at the times t1 and t2 respectively. Therefore, from this figure, the velocity is calculated as follows:[image: $$v= \frac{\Delta x}{\Delta t}= \frac{({x}_{2}-{x}_{1})}{({t}_{2}-{t}_{1})}$$]



[image: ]Diagram illustrating two red pentagons at different positions labeled t1 and t2. The pentagon at t1 is lower, with a vertical distance labeled x1. The pentagon at t2 is higher, with a vertical distance labeled x2. The difference between x2 and x1 is marked as Δx. Lines connect the tops of the pentagons, indicating a change in position over time.


Fig. 1Calculation of velocity



3.1.3 Fundamental Traffic Relation (FTR)
FTR defines the relationship between the variables speed, density, and flow. It states that the flow rate is the product of density and velocity. The above statement is formulated as Q = K * V.
The Fundamental Traffic Relation (FTR) comes very handy while studying the actual traffic movements. The traffic is studied on the basis of the density of the road and the flow rate of vehicles. Based on these two factors, conclusions are draw for a traffic state to be free movement traffic with no congestion, or congestion with negligible locomotion.
The transition between these phases can be depicted through a graph presented above considering density at a geo-location and its subsequent equation of complex real-time relationship [5].
Figure 2 shows relation between the Density and Rate of Traffic at different point’s time at different geo-location fitting a curve which is parabolic in nature. From the above graph the following can be concluded:[image: ]Graph illustrating the relationship between rate (q) and density (k) with scattered data points. The x-axis is labeled "Density (k)" ranging from 0 to \(k_{(MAX)}\), and the y-axis is labeled "Rate (q)" up to \(q_{(MAX)}\). A curve peaks and then declines, intersecting a triangular region labeled "TS\(_1\) (k\(_1\), q\(_1\))". Data points are distributed within the graph, showing varying densities and rates.


Fig. 2Relation between traffic flow rate and road density


	When k = 0, the traffic rate will be maximum, but this is contradicted as k = 0 defines no vehicle on the road. Hence at k = 0 the road is empty, which is a true case in contrast to real life.

	As the value of k increases, the traffic flow will increase as well, and at a certain density, it will be maximum as shown by q(max) which is also known as vehicle capacity of road.

	When the density increases beyond q(max), the flow gradually decreases.

	At k = max, the flow once again will be 0, but this time since density is maximum, the systems will display number of vehicles with a peak value, which restricts the vehicle flow, and hence it is a condition triggering Traffic Congestion.

	At any instance, the traffic state from the Fig. 2 can be obtained as the coordinates along k and q axis i.e. TS (k1, q1).

	Here the two slopes are: one with a smaller angle and the other with a greater. They both depict different scenarios; having the same flow rate, but the one with greater slope shows less density value, while the one with the lower slope shows high density value. Hence, just by knowing the gradient, congestion can be identified.

	The region, left to the parabola is a Free Flow condition where traffic can freely move. The right region of parabola shows the congestion in the traffic and is considered as Traffic Congestion. The circles in their respective regions depict the vehicle position, thus reflecting whether it’s a Free Flow or Congestion.

	[image: $$Slope = \frac{{k_{1} }}{{q_{1} }} = \frac{\frac{1}{t}}{\frac{1}{x}} = \frac{x}{t} = Velocity$$]

	[image: $$Speed=Slope= \frac{dx}{dt}$$]

	[image: $$Acceleration=Curvature= \frac{{d}^{2}x}{d{t}^{2}}$$]





Synchronized Flow: Once there is a transition in congestion phase, the Free Flow state changes to Synchronized Flow. In Synchronized Flow, the flow rate of the vehicles drops significantly, but there is no observable change in the flow rate as such. This is due to the increase in the density of the vehicle so that the product of the speed and density remains nearly the same.
Wide Moving Congestion: At this stage, both the rate of flow and the vehicle speed drop as well, as they become relatively uniform than the synchronized flow. Hence the relational analysis of parameters density, speed and flow rate can be simplified in a tabular format as given below (Table 1).Table 1Phases of road traffic


	State
	Speed
	Flow rate
	Density

	Free flow
	High
	High
	Low

	Synchronised flow
	Low
	Close to free flow
	Middle

	Wide moving jam
	Ignorable
	Ignorable
	Highest





3.1.4 Queuing Theory for Congestion and Bottleneck
When the vehicles enter, get struck near the bottleneck, it may get delayed for quite some time, and released in a random fashion that cannot be handled without fitting the situation queuing model. Figure 3 depicts a simple situation where bottleneck creation or other restriction can occur in a random fashion.[image: ]Diagram illustrating a process flow from input to output. The flow passes through a red rectangle labeled "Storage" and then through a green hourglass shape labeled "Restriction/Bottleneck," indicating a potential slowdown before reaching the output.


Fig. 3Queuing model for bottleneck


In Fig. 3, input is the rate of vehicular arrival, storage is the geo-locational area of vehicular space occupied, restriction/bottleneck is the rate at which the vehicle goes before it enters the bottleneck, and output is the rate at which vehicles leave the bottleneck.
Figure 4 considers three vehicles 1, 2, and 3 entering at their respective time t1, t2, t3. T1 is the departure time of Vehicle 1. Therefore, waiting time can be calculated as: w(t) = T1 – t1.[image: ]A step graph illustrating vehicle accumulation over time. The y-axis represents the number of vehicles, ranging from 0 to 3, while the x-axis represents time, marked as \( t_1, t_2, T_1, \) and \( t_3 \). The graph shows step increases at \( t_1 \) and \( t_2 \), with a horizontal line labeled \( A(t) \) at the top. The distance between \( t_2 \) and \( T_1 \) is labeled \( w(t) \), and the distance from \( T_1 \) to the next step is labeled \( Q(t) \).


Fig. 4Vehicle arrival and departure times



3.1.5 Simulation and Feasibility of the Model
The model is considered for a simplistic view of free flow having one vehicle that is considered as input of data at three different point of time on a block of road, namely, t1, t2, and t3 respectively. Before reaching the signal, it is assumed that there is no restriction or bottleneck.
The vehicle initially is located at an arbitrary point from the crossing, whose length will be sensed and dynamically stored in the first sensor. Figure 5 indicates that a free flow is available at t1, and t2 respectively whose aggregated data is available at sensor C. A single vehicle crosses point A and B at t1 and t2. Sensor C passes the data along with aggregated data to the central server for traffic signal to remain open for stipulated duration based on computation on central server. In the schematic diagram (Fig. 5) vehicles are depicted as pentagons.[image: ]Diagram of a T-intersection with a right turn lane. The main road is vertical, intersecting with a horizontal road at the top. A signal is positioned at the intersection. Three positions, labeled t1, t2, and t3, are marked along the main road, with t1 at the bottom and t3 near the signal. Distances x and y are indicated between these positions. An arrow shows the right turn lane curving from the main road to the intersecting road.


Fig. 5A simple road network in a free flow


The inter-sensor distance is designed to be static depicted as x and y in above schematic diagram (Fig. 5). Therefore, speed of the vehicle determined by simply finding quotient of inter-sensor distance and time difference. AB is the distance parallel to which a diversion is noticed. Hence, if any vehicle passes point B will have no option for detour. The geo-location region y is a fixed distance where the traffic congestion will take place. If any vehicle will pass point C, it indicates there is no congestion (Fig. 6).[image: ]Diagram of a road intersection with a signal and directional arrows. The main road runs vertically with sections labeled A, B, and C. A side road branches off to the right, marked with a right-turn arrow. Hexagonal shapes represent vehicles on the roads. Distances are marked as x and y, with time intervals t1, t2, and t3 indicated.


Fig. 6A simple road network of congestion


A scenario, where, the first car could not cross the Point C. The successive vehicles crosses point B and stand in queue behind the first car. Times for each are sensed by the sensors as and when they pass the sensors.
The capacity between B and C is fixed. Therefore, the maximum number of vehicles in the queue is the length of distance BC divided by the inter-vehicular gap N = S/G, or N = ΔBC/G or N = y/G.
G is a value fixed being a constant throughout. When that number of vehicles is equivalent to the number N, the maximum capacity of all the channels of the road, capacity is exhausted. The density of vehicles on the road is calculated as K = N/S. Now, using Fundamental Traffic Relation, we have Q = K * V.
Hence, the values of traffic flow of the vehicles are determined. The time delay is needed to be considered for average waiting time to conclude that whether it is more than the threshold value, (say 30 s or not). If the cars show any deviation within 30 s, the waiting time will be calculated using the equation w(t) = T1 – t1.
If w(t) > 30 s, the scenario is declared as Congestion detection Algorithm is applied.
Congestion Detection Algorithm
The algorithm takes Road X as its primary parameter, three sensors (Sensor A, Sensor B, and Sensor C) as secondary parameters, and three predefined values set as constants (distance_of_AB, distance_of_BC, and maximum_road_vehicles). This algorithm is run every time a vehicle crosses Sensor A.	1.
If a vehicle crosses Sensor A, then record its time of crossing (record as t1).

 

	2.
If a vehicle crosses Sensor B, then record its time of crossing (record as t2).

 

	3.
Calculate vehicle speed by dividing the distance AB by time (calculated by t2 – t1).

 

	4.
Estimate the time to reach sensor C based on vehicle speed and length of road BC.

 

	5.
Enqueue the estimated time into a linked list (initially declared empty).

 

	6.
If the actual time to cross is 30 s greater than the estimated time, AND the road length of the queue (in Step 5) is equal to maximum_road_vehicles, then DO:	Declare Congestion on the road.

	Calculate waiting time based on actual time to cross.

	Set roadweight as the average of actual time to cross.

	call Optiflow_Algorithm().





 

	7.
If a vehicle crosses Sensor C, dequeue the linked list.

 




The velocity of an incoming vehicle is calculated based on the time of crossing the first two sensors. Later, estimated the time to reach the third sensor is calculated.
If the current time exceeds the waiting time by 30 s, congestion is declared, and the current waiting time is set as time of resolution.
The Optiflow Algorithm comes to the rescue for handling traffic.

3.1.6 Optiflow Algorithm
After detection of congestion on a block of road, first initialise road_weight as a double value, which determines the time period for the vehicle to cross the road (in seconds).
This value can be found by the Congestion detection Algorithm; by calculating the average time it takes for a vehicle to cross a given block of road.
Optiflow Algorithm uses recursion to compare two or more road networks to find the optimal solution around the congested area.
To achieve its goal, Optiflow Algorithm computes in the following steps:	1.
Assign original_road_weight as average time taken by a vehicle to traverse the road.

 

	2.
Call find_detour() to find the optimal detour around the congested area.

 

	3.
If a detour is found, calculate the weight of the detour road; else, END.

 

	4.
If there is congestion on detour road, call OptiflowAlgorithm with current detour in place of the original road.

 

	5.
If the original road’s travel time is greater than that of detour road, switch roads; else, END.

 




In other words, the algorithm calls the function find_detour() to find viable alternate routes to the road in question, and then checks them for congestions. If there is congestion, then call OptiflowAlgorithm. Then find an alternate detour to the detour road. OptiflowAlgorithm efficiently determines the optimal detour to a given congested road.
A flowchart of the proposed system is much more evident in its procedures and process. The feasibility of this model has been completed using an animation on the result of computation at the end (Fig. 7).[image: ]Flowchart illustrating a decision-making process for choosing a road. It starts with finding the original road weight, then identifies a detour and its weight. It checks for a jam on the detour. If no jam is present, it assesses if the detour is shorter. If the detour is shorter, it switches roads; otherwise, it finishes. If a jam is present, it loops back to the start.


Fig. 7Flowchart of optiflow algorithm



3.1.7 Accident Prediction and Avoidance
Accidents occurs in case of rush traffics, as the drivers are not aware of the locomotion-related-data of other vehicles. There can a number of reasons for a traffic accident to take place, but the proposed system considers accident as a collision between two vehicles at the traffic junctions of the roads, as the drivers approaching from opposite or adjacent end are not aware of each other’s locomotion data, i.e. speed, position and time. The proposed system works for its prevention rather than management based on a simple application of speed time distance relationship in a state of motion.
As per the proposed system, the position of the vehicles will be captured while they in a state of motion with respective speed along with expected time of reaching geo-located traffic junction. If its speed is found to be a value greater than threshold, a warning will be displayed on the board near the junction which will include the speed and arrival time, acquainting the drivers from other end about the risk. The drivers are liable to obey the traffic rules and restrict themselves accordingly. Figure 8 depicts two vehicles approaching from Road I and Road II respectively.[image: ]Diagram illustrating a traffic intersection with two roads, labeled Road I and Road II. Road I runs vertically with three blue vehicles at positions A, B, and C, moving upwards. Road II runs horizontally with three red vehicles at positions D and E, moving right. A yellow display sign is positioned above Road I. Distances x, y, and z are marked between vehicles and roads.


Fig. 8Accident avoidance system: on Road I, at time t1, the blue vehicle crossed sensor A which detected and noted its time. The same crossed point B at time t2 and using the speed time relation velocity is calculated as [image: $$v= \frac{x}{t2-t1}$$]


If v > threshold value, it is considered as accident prone and speed warning is displayed on the traffic display. The display will also contain the probable time to reach point C for the blue vehicle. Therefore time taken by the blue vehicle to reach the junction will be [image: $$T= \frac{y}{v}$$].
The obtained value of T will again be displayed on the display board along with speed.
The driver of the red vehicle from the other end on Road II, will get timely alert about the peril coming from the Road I. The same calculations can be applied on Road II and vice-versa. The probable locomotory details to the drivers through the display prepares the drivers for accident avoidance.

3.1.8 Detour Discovery Algorithm
Optiflow Algorithm calls the function find_detour() to find suitable detours around the congestion. The function is a modified version of the A* algorithm that finds the shortest route between the vehicle and its destination. The algorithm searches for routes around the congestion area and evaluates the least time to travel through a detour. The following cases can be considered using the algorithm.
Individual Vehicles Versus Roadside Display
For individual vehicles, the algorithm provides optimal path from the location of said vehicles and the destination, whereas for roadside display units, the algorithm will search for optimal paths around the roads on which the congestion has taken place. This will help the individual vehicles to move faster resolving congestions.

Road Condition Checker
This is a toggle on the app for finding detour. The find_detour() algorithm takes quality of the road into consideration when evaluating the road weights.
Road condition here refers to a coefficient floating point variable between 0 and 1 which will be applied to the road weights of every road, where 0 refers to the road that cannot be travelled, whereas 1 refers the road is in perfect condition. It should also be noted that the road condition coefficient can be approaching 0 or 1, but will never be 0. The equation for ‘actual road weight’ will be the obtained as:[image: $$actual\_road\_weight = \frac{apparent\_road\_weight}{coefficient}$$]



For example, if the apparent road weight is 600 s, and the coefficient is 0.5, then the actual road weight will be 1200 s.
In Fig. 9 there is a car at point A moving to Point B, but there is an obstacle on the way. The algorithm find_detour() is called, and two roads are revealed, a village road whose weight is 600, and a city road whose weight is 900 (in seconds). Ordinarily, the village road is 600 < 900. But since the village road has a coefficient of 0.6, divide 600 by 0.6 and get the actual weight of the village road to be 1000. And since 1000 > 900, the city road chosen.[image: ]Diagram illustrating two routes between points A and B with a block in the center. The village road route takes 10 minutes with a coefficient of 0.6, resulting in a total time of 16 minutes and 40 seconds. The city road route takes 15 minutes with a coefficient of 1, resulting in a total time of 15 minutes. Arrows indicate the direction of travel for each route.


Fig. 9Road quality system






4 Implementation
The dry runs of the two algorithms in isolation and together are considered through the Unity Simulation to assess the working of the Congestion detection and OptiflowAlgorithm.
4.1 Demonstration of Congestion Detection Algorithm
The following fictitious data been gathered from the first two sensors (Table 2).Table 2Sensor A and Sensor B


	Time (s)
	Event

	0
	Sensor A pings

	1
	Sensor A pings

	2
	Sensor A pings

	5
	Sensor B pings

	6
	Sensor B pings

	8
	Sensor B pings




Since Sensor A is pinged three times, it is concluded that there are a total of 3 vehicles in the roadblock. Given the distance from Sensor A to Sensor B is 60 m, the velocities of the three vehicles are calculated.
Vehicle 1 speed = [image: $$\frac{({x}_{2}-{x}_{1})}{({t}_{2}-{t}_{1})}$$]=[image: $$\frac{(60-0)}{(5-0)}$$]  = 12 m/s.
Vehicle 2 speed = [image: $$\frac{({x}_{2}-{x}_{1})}{({t}_{2}-{t}_{1})}$$] = [image: $$\frac{(60-0)}{(6-1)}$$]  = 12 m/s.
Vehicle 3 speed = [image: $$\frac{({x}_{2}-{x}_{1})}{({t}_{2}-{t}_{1})}$$] = [image: $$\frac{(60-0)}{(8-2)}$$]  = 10 m/s.
Given there is a Sensor C down the road, and the distance from Sensor B to Sensor C is 600 m, it is estimated that the time it will take for the three vehicles to reach the Sensor C as:
Estimated time = [image: $$initialtime+ \frac{distance}{speed}$$]
Therefore, the Estimated Times (ET) are:
ET of Vehicle 1= [image: $$0+ \frac{600}{12}$$]  = 50 s.
ET of Vehicle 2 = [image: $$1+ \frac{600}{12}$$]  = 51 s.
ET of Vehicle 3 = [image: $$2+ \frac{600}{10}$$]  = 62 s.
The values 50, 51, and 62 are placed in a queue. For every time that Sensor C pings, dequeue the queue, and remove the values. Table 3 is compiled at t = 105 s.Table 3Sensor C information and congestion detection w.r.t. time


	Time (s)
	Event

	48
	Sensor C pings

	52
	Sensor C pings

	92
	Jam declared

	104
	Sensor C pings




At t = 92, since 30 s have passed since the third vehicle entered the zone BC, it is declared traffic congestion. The parameter, maximum_road_vehiclesis disregarded here to consider waiting time only.
At t = 92, a traffic congestion is declared as the waiting time is 92 – 62 = 30, and thus the road weight = average crossing time + waiting time = 54.33 + 30 = 83.33 s. Optiflow Algorithm takes care of the situation and dynamically update the road weight as the waiting time keeps growing, until at last at t = 104, the congestion is resolved, and the algorithm is terminated. But if there were more vehicles in the queue, at t = 104, the average waiting time is set as 104 – 62 = 42, and road weight = 54.33 + 42 = 95.33, and then again Optiflow Algorithm is applied.

4.2 Demonstration of Optiflow Algorithm
Figure 10 is a simplified road network which will run a number of cases. Suppose there is a vehicle at Point A, and it must reach Point B, and it can do so by taking Road X, Road Y, or Road Z.[image: ]Diagram showing three interconnected roads labeled X, Y, and Z. Road X is the base, connecting points A and B. Road Y arches over Road X, and Road Z is the topmost arch, above Road Y.


Fig. 10A simple road network


Road X takes 10 min (600 s) to travel when in free flow condition, Road Y takes 20 min (1200 s), and Road Z takes 30 min (1800s) to travel when there is no congestion. Since vehicle’s top priority is to reach its destination as fast as possible, i.e. spend as little time on the road as possible, Road X is the choice when there is no congestion.
4.2.1 Condition 1
There is a 5 min (300 s) congestion on Road X.
The algorithm at first assigns original road weight as 600 + 300 = 900. The function find_detour() is called, and Road Y is discovered. Detour road weight is assigned 1200. Since detour road has no congestion, Optiflow Algorithm is not required. The comparison of the weight of the original road (900) and that of the detour road (1200) reveals that 900 > 1200 is false, no roads are required to be switched.

4.2.2 Condition 2
There is a 15 min (900 s) jam on Road X.
The algorithm at first assigns original road weight as 600 + 900 = 1500. The function find_detour() is called, and Road Y is discovered. Detour road weight is assigned 1200. Since detour road has no congestion, OptiflowAlgorithm is not required. The comparison of the weight of the original road (1500) and that of the detour road (1200) reveals that 1500 > 1200 is true, the roads are required to be switched.

4.2.3 Condition 3
There is a 15 min (900 s) jam on Road X, and 15 min (900 s) jam on Road Y.
The algorithm at first assigns original road weight as 600 + 900 = 1500. The function find_detour() is called, and Road Y is discovered. Detour road weight is assigned 1200. Since there is congestion on detour road, Optiflow Algorithm is required to be applied.
The algorithm at first assigns original road weight as 1200 + 900 = 2100. The function find_detour() is called, and Road Z is discovered. Detour road weight is assigned 1800. Since detour road has no congestion, Optiflow Algorithm is not required. The comparison of the weight of the original road (2100) and that of the detour road (1800) reveals that 2100 > 1800 is true; the roads are required to be switched.
The comparison of the weight of the original road (1500) and that of the detour road (1800) reveals as 1500 > 1800 is false, no roads are required to be switched.


4.3 Unity Simulation
To assess the feasibility of the Congestion detection algorithm part of this model, a traffic simulation in Unity has been tried.
In this simulation, simple sprite-based entities to act as vehicles are used, all of which will be travelling at a near constant speed with an error margin of 5%, which will be enough so that the vehicles travel the road, but there are occasional congestions as a vehicle moving at 105% speed gets too close to a vehicle moving at 95% speed.
Furthermore, each vehicle will use raycast pointers to determine their distance from other vehicle entities. If the vehicle detects it is too close to another vehicle, it will apply brakes and start to slow down, until it comes to a full halt. And when it detects the space ahead has been cleared, it will again start moving, and slowly increasing its speed until it reaches its default speed. However, since the simulation is of limited resources, a complex grid of road networks cannot be built, and instead an entity_creator and an entity_destroyer are used to mark the starting and ending terminals of a single road. When a specific key is pressed on the keyboard, the entity_creator will spawn a vehicle entity, which will travel down the road at a near-constant speed until it collides with the entity_destroyer, at which point the vehicle will be destroyed and removed from memory.
On the other hand, the roadside sensors will be imitated by trigger entities. At the start of the road, two sensors (sensor_A and sensor_B) are set, and at the end of the road, set one sensor (sensor_C), such that with the first two sensors the speed of vehicle can be calculated (using the previous algorithm), and calculate the time the vehicle is predicted to reach sensor_C. This predicted time will be stored in a linked list.
Furthermore, a static variable number_of_vehicles is added, initially having its value set to 0, to be incremented whenever a vehicle crosses sensor_B, and can be decremented when the vehicle crosses sensor_C, thus telling how many vehicles are in the BC region at any given time.
The canvas function() of Unity to display the desired variables in real-time. The two variables are displayed—the first will be the road condition (displayed as either ‘Free Flow’, ‘Synchronised Flow’, or ‘Wide Moving Jam’), and the second will be the average waiting time of the vehicles.
We run the simulation and these are the results (Figs. 11, 12 and 13).[image: ]Diagram of a road with cars moving freely, labeled "Free Flow" on a green background. The road has cars evenly spaced, indicating smooth traffic. Text below reads "Average Waiting Time: 6.50," suggesting minimal delays. Wi-Fi symbols are present on both sides of the road.


Fig. 11Road simulation: free flow

[image: ]Diagram titled "Synchronised Flow" showing a road with cars moving in both directions. The road is flanked by green areas, and the average waiting time is noted as 6.62 seconds.


Fig. 12Road simulation: synchronised flow

[image: ]Diagram illustrating a wide moving traffic jam on a road, with multiple cars shown in a line. The background is green, and the text reads "Wide Moving Jam" at the top and "Average Waiting Time: 8.40" at the bottom.


Fig. 13Road simulation: wide moving jam


Therefore, it can be concluded that the system is feasible and can work on appropriate geo-locations.

4.4 Roadside Display Units
In order to convey the condition of the road ahead to drivers, a roadside display unit is designed for the passer-by. These devices can be updated in real-time by city-management officials to update the road condition ahead. The devices can, as well be designed as opto-electronic devices taking care of the automated mode from the present semi-automated display system (Fig. 14). [image: ]Diagram illustrating a traffic management system with sensors A, B, and C along Road X. The speed of a vehicle is calculated using the formula: speed equals distance divided by time. The estimated time to reach Sensor C is determined by dividing the distance by speed. If the time taken exceeds the estimated time by more than 30 seconds, a traffic jam is declared, and detours are suggested. The weight of Road X is defined as the actual time for a vehicle to traverse the congested section between Sensors B and C. A detour road is considered if it offers a quicker route than Road X, preventing vehicles from crossing Sensor B.


Fig. 14General diagram and description of the model




5 Conclusion and Limitation of the Study
This paper proposes a solution to the ever-growing problem of traffic congestions through the suggestion of a sensor-based system, in addition to other problems such as accident detection, roadside display units, etc. This project also assesses the feasibility of such a sensor-based model through a suitable simulator to prove the feasibility and validity of the model. However, the limited capacity of the laboratory and the equipment leaves some drawbacks from getting the full-fledged automated device as an opto-electronic one having smart camera and dynamic visibility control in place. Following limitations are identified in our study.
5.1 Limitation of the Study
	1.
It is assumed that all physical parameters (such as road quality, length, topography, etc.) are accurate and up-to-date, which may not be the case as they need to be aggregated continuously over a layered sensor scheme. The other parameters are the part of the E-governance and estimated and entered by city-management officials. The proposed system will not deal with this aspect of the project as there is no way this can be accomplished without real time data.

 

	2.
The proposed system cannot determine if one or more vehicles are stuck on the road if there is a steady flow of traffic. Since the sensors only detect vehicles when they pass through a fixed sensor, it is assumed there is no overtaking and all vehicles move with uniform speed.

 

	3.
In the proposed system all simulations are carried on over the software simulator. No real data has been used and the system has not been tested in a real life situation. The proposed system is simplistic view too less for a smart city demanding a complex grid of interconnected roads with multiple starting and ending points. The extension of the project to tackle grids of roads can be developed on the basis of this mostly theoretical model.

 






5.2 Future Direction of Work
	1.
A mobile app for the commuters is a long standing need for an urban area as well as foe a smart city. The mobile app, though considered to be optional in the proposed system, without the mobile app the system remains ineffective. The full system can only be functional when instead of separate point based sensor technology, a IoT or a package of opto-electronic devices are in placed to take care of the automation. The other options are voice-controlled instructions to the drivers who pay less attention to their devices and can pay more attention to the road, thus reducing the risk of accidents.

 

	2.
Additionally, there is need to make a more complex simulation in order to demonstrate the working feasibility and cost analysis model for the above system.
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Algorithm 1: Vehicle Detection Using YOLOV7
: Input: Static Input images
: Output: Processed images with bounding boxes around detected vehicles
: Step 1: Loop Over Input Images
: for each image i in the range [1, N] do
Load image i
Get image dimensions: height, width
. end for
: Step 2: Preprocess Image for YOLOvV7
: Convert the image into a blob for YOLOv7 with a size of 416 x 416
10: Step 3: Perform Object Detection
11: Get output layer names
12: Perform a forward pass to get detection results
13: Step 4: Process Detection Results
14: for each detection in detections do

15 for each object in the detection do

16: Get the confidence scores for all classes

17: Identify the class with the highest confidence score

18: Get the confidence value of the detected class

19. if confidence > threshold then

20. Get the class label

21. if label is "car", "bus", or "truck' then

22: Compute bounding box coordinates from detection
23: Draw bounding box on the image

24: Annotate Image with label & confidence score
25: end if

26: end if

27 end for

28: end for
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