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Abstract 
Advances in artificial intelligence (AI), big data, and the connected vehicle-infrastructure-pedestrian (CVIP) 

environment are transforming traffic management practices and improving transportation system performance. 

The shift from traditional traffic monitoring systems, which primarily focused on space mean speed (SMS) and 

time mean speed (TMS), toward more data-driven and real-time solutions offers unprecedented opportunities to 

improve traffic flow, ease congestion, and boost security. This paper explores the integration of AI in traffic 

management, focusing on the benefits of leveraging real-time multi-source data within the context of connected 

transportation systems. We also highlight how these emerging technologies can be applied to bridge the gap 

between SMS and TMS, offering more accurate and dynamic solutions for managing urban mobility. 
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I. INTRODUCTION  

The evolution of traffic flow theory, particularly since Wardrop's seminal work in 1952, has led to 

significant advancements in how traffic is measured, analyzed, and managed. Wardrop's distinction between 

space mean speed (SMS) and time mean speed (TMS) laid the foundation for understanding traffic behavior, 

with SMS representing the average speed of vehicles over a given stretch of roadway and TMS representing the 

average speed of vehicles at a specific point in time. Traditionally, SMS has been used as a standard 

measurement for estimating traffic flow, but emerging technologies have shifted the focus toward TMS, 

especially with the rise of intelligent transportation systems (ITS) and real-time data analytics. With the rapid 

development of AI, big data analytics, and connected vehicle technologies, traffic management systems are 

transitioning from a static, sensor-driven environment to a dynamic, real-time control system. This paper 

discusses the challenges and opportunities posed by these innovations, particularly in terms of adapting 

traditional traffic management systems to the demands of a connected environment. We also explore how AI 

can be used to enhance the relationship between SMS and TMS and propose potential pathways for improving 

the overall efficiency and sustainability of transportation systems. 

The Transition from SMS to TMS: A Historical Perspective Historically, traffic flow theory has relied 

heavily on the distinction between SMS and TMS to quantify and manage traffic. Wardrop’s analysis, which 

emphasized the relationship between these two measures, has long been foundational in traffic engineering. 

Over the years, practitioners have increasingly preferred TMS to SMS for traffic management, especially with 

the advent of dual-loop detectors and other traffic monitoring devices. 

The shift towards TMS is driven by the fact that it is easier to measure in real-time and can provide a 

more accurate reflection of actual traffic conditions at a specific location. While SMS is still useful in certain 

contexts, TMS allows for more flexible and immediate responses to fluctuations in traffic patterns. This is 

particularly important in managing congestion, detecting incidents, and optimizing traffic signal control. In a 

connected transportation system, the integration of AI can enhance the real-time estimation of both SMS and 

TMS by incorporating data from a variety of sources, including connected vehicles, infrastructure sensors, GPS 

data, and even pedestrians. AI models can process these data streams to provide more accurate traffic 

predictions, identify congestion patterns, and optimize traffic flow at an unprecedented scale. 

 

1.1.1 The Connected Vehicle-Infrastructure-Pedestrian (CVIP) Environment 

The introduction of connected vehicles, infrastructure, and pedestrians represents a transformative shift 

in how traffic data is collected and managed. The interconnected nature of these elements creates an ecosystem 
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where real-time data flows seamlessly across multiple platforms, enabling a more efficient and responsive 

transportation system. 

 

1.1.2   Data Collection and Analysis in a Connected Environment 

Big data technologies and IoT (Internet of Things) devices play a pivotal role in the CVIP environment. 

With the integration of GPS-enabled vehicles, real-time traffic sensors, and even pedestrian tracking systems, 

transportation agencies can collect vast amounts of data at an unprecedented scale. This data is rich in temporal 

and spatial information, which can be leveraged for more accurate traffic monitoring and management. 

AI algorithms, particularly machine learning (ML) models, can be trained to analyze this data and 

identify patterns that were previously difficult to detect. For instance, predictive models can forecast traffic 

congestion before it occurs, enabling preemptive interventions such as dynamic traffic signal adjustments, route 

recommendations, or lane management. 

 

1.2 Enhancing Traffic Safety and Efficiency 

In the CVIP environment, AI can also be used to improve traffic safety and efficiency. Connected 

vehicles can communicate with one another and with infrastructure, providing real-time information on road 

conditions, hazards, and potential conflicts. AI-based systems can process this information to automatically 

adjust traffic signals, alert drivers to potential risks, or even intervene in emergency situations to prevent 

accidents. 

Moreover, pedestrian safety can be enhanced through AI systems that track pedestrian movement and 

predict potential conflicts with vehicle traffic. By incorporating pedestrian data into traffic management 

systems, AI can help reduce pedestrian-vehicle accidents and optimize crosswalk timing, contributing to a safer 

and more efficient urban mobility ecosystem. 

 

1.2.2 AI-Driven Optimization of Traffic Flow 

The application of AI in traffic management goes beyond just data collection and monitoring—it also facilitates 

optimization of traffic flow and system performance. By utilizing machine learning, deep learning, and 

optimization algorithms, AI can significantly improve how traffic is managed in real-time. 

 

1.2.3   Dynamic Signal Control 

AI can optimize traffic signal timings based on real-time traffic conditions. Traditional traffic signal 

systems typically operate on fixed cycles or demand-based schedules, but AI-driven systems can adapt 

dynamically to the actual flow of traffic. By analyzing data from various sources, such as vehicle counts, speed 

data, and congestion levels, AI models can adjust signal phases to minimize delays and reduce congestion. 

For instance, reinforcement learning (RL), a branch of machine learning, has been successfully applied 

to traffic signal optimization, where an RL agent learns the best signal control strategy by interacting with the 

traffic environment and receiving feedback in the form of traffic flow improvements. 

 

1.2.4   Route Guidance and Congestion Management 

AI-powered systems can provide real-time route guidance to drivers, helping to avoid congested areas 

and distributing traffic more evenly across the network. This is achieved through predictive analytics, where AI 

models forecast traffic conditions based on historical data, current traffic patterns, and external factors such as 

weather and incidents. By incorporating this information into route guidance applications, AI can help drivers 

avoid delays and improve the overall efficiency of the transportation network. 

Furthermore, congestion management strategies, such as congestion pricing or dynamic tolling, can be 

optimized using AI. These systems can adjust pricing based on real-time congestion levels, encouraging drivers 

to switch to alternative routes or modes of transport, thus reducing overall congestion and improving the 

efficiency of the network. 

II.  RESULT AND DISCUSSION   

 

2.1   Bridging SMS and TMS with AI  
One of the key challenges in traffic management is the estimation and optimization of both SMS and 

TMS. While Wardrop’s relationship provides a theoretical basis for understanding the difference between these 

two measures, AI can be employed to improve the estimation of TMS from SMS data, and vice versa. 

 

2.1.2 AI-Based Estimation Models 

AI models can be developed to accurately estimate TMS from SMS data by incorporating additional 

variables, such as vehicle density, speed variance, and traffic flow. These models can be trained on historical 

data from loop detectors, GPS-enabled vehicles, and other sensors to create more accurate estimations of TMS 
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in real-time. Machine learning algorithms such as regression analysis, support vector machines (SVMs), and 

neural networks can be used to predict TMS based on SMS and other contextual variables. These models can 

also be applied to account for the impact of various factors, such as weather, traffic incidents, and time of day, 

that influence traffic flow and travel speed. 

 

2.1.3 Real-Time Data Integration 

The real-time integration of multi-source data from connected vehicles, infrastructure sensors, and 

other sources provides a more comprehensive view of traffic conditions. AI systems can process this data in 

real-time to update both SMS and TMS estimates, allowing for more responsive traffic management 

interventions. For example, if real-time data suggests an increase in vehicle density at a specific location, AI 

systems can adjust traffic signal timings or provide route recommendations to alleviate congestion and improve 

overall system performance. 

 

III. CONCLUSION 

The integration of artificial intelligence into traffic management systems, along with the development 

of connected vehicle-infrastructure-pedestrian environments and the availability of big data, offers new 

opportunities for enhancing transportation system performance.  

AI-driven solutions enable more accurate traffic monitoring, dynamic control of traffic flow, and 

improved safety for both vehicles and pedestrians. By leveraging these technologies, traffic management 

systems can be adapted to the demands of the connected environment, offering a more efficient, flexible, and 

sustainable transportation network. 
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