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Abstract:  

The growing demand for railway transport necessitates the efficient utilisation of existing infrastructure, prompting interest in enhancing throughput per 

track section. This paper explores the potential of AI-powered precise train traffic control to maximise section throughput, combining advances in 

real-time traffic management, virtual coupling, multi-agent rescheduling, and predictive analytics. We survey recent developments in artificial 

intelligence (AI) applied to railway traffic planning and control; examine how AI- enabled systems such as multi-agent rescheduling platforms and 

virtual-coupling control can reduce headway and improve line capacity; and highlight architectural approaches to integrate AI for dispatching and 

control. Based on this survey, we propose a conceptual framework for an AI-driven traffic control system that dynamically adjusts train sequences, 

velocities, and inter-train spacing while ensuring safety and robustness. We discuss challenges including data quality, latency of train-to-train 

communication, interoperability with legacy signalling, and safety certification. Our analysis concludes that, while existing research remains 

fragmented, combining multiple AI-based sub-systems — real-time rescheduling, predictive delay estimation, and virtual coupling control — holds 

strong promise for significantly increasing railway section throughput. We outline a roadmap for future research and practical deployment towards 

smarter, high-density railway operations. 
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I. Introduction 

Railway networks across the world are under mounting pressure to meet increasing demand for both passenger and freight transport, often constrained 

by limited track infrastructure. Given the high cost and long lead time for building new tracks, optimising the usage of existing railway infrastructure 

becomes crucial. One promising direction is to maximise “section throughput” — the number of trains passing a given track section per unit time — by 

reducing inter-train spacing, improving scheduling flexibility, and using intelligent control systems to manage train movements precisely and 

dynamically. Advances in Artificial Intelligence (AI), data analytics, and communication technologies make it plausible to realize such “smart 

automation” in railway traffic control. 

In this context, AI-powered traffic management and control can enable dynamic real-time decisions: adjusting train speed, headway, sequence, and 

routing based on current network conditions, predicted delays or disruptions, and real-time positional data. Techniques such as multi-agent 

rescheduling, predictive delay estimation, virtual coupling (where trains travel closely in “platoons” using direct train-to-train communication), 

and decision-support dispatching systems have shown potential in addressing subproblems related to capacity, efficiency, and robustness. However, 

the research remains scattered: works often focus on one aspect (e.g. scheduling under disruption, safety, predictive maintenance), but seldom on a 

holistic system aimed at maximising throughput under normal high-density traffic conditions. 

This paper offers a survey of the relevant literature, identifies how different AI-based approaches can contribute to throughput maximization, and 

outlines gaps and challenges. Ultimately, we propose a conceptual framework for an integrated AI-driven traffic control system, aimed at enhancing 

section throughput while safeguarding safety and operational robustness. 
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II. Literature Review 

The adoption of AI in railway systems has recently been reviewed comprehensively. In one widely cited work, Zhang and Zhang (2023) analysed 95 

papers on AI in railway traffic planning and management (TPM), covering expert systems, data mining, machine learning, scheduling, planning, 

simulation, and digital twins — and identified a lack of detailed adaptation of AI models specifically for real-time traffic control. 

On the control and capacity-increase front, the paradigm of Virtual Coupling in railways — essentially a “moving-block” like operation where 

trains maintain dynamically small inter-train spacing via direct communication — has attracted attention. Virtual coupling promises higher line 

capacity and better utilization of infrastructure. A recent study presented a “multi-objective optimization approach for virtual coupling train set driving 

strategy,” using PSO-MPC (Particle Swarm Optimization + Model Predictive Control), addressing the trade- off between safety, headway reduction, 

and operational constraints. Another recent effort demonstrated the design and implementation of direct train-to-train wireless communication in a 

virtual coupling system, with very high message reliability (receive rate ~99.9%), showing that the communication backbone required for precise 

control is becoming feasible. 

In summary, while individual components — virtual coupling control, multi-agent rescheduling, AI dispatching architecture — are being actively 

researched, a fully integrated AI-based system targeted at maximizing section throughput under normal, dense railway traffic remains an open 

research frontier. 

Existing studies emphasize the need for intelligent traffic control due to rising congestion in railway networks. European Rail Traffic Management 

System (ERTMS) Level‑2 and Level‑3 systems incorporate continuous communication and moving block operations, but Indian Railways still largely 

depends on fixed block signaling. 

Machine learning applications in railways have shown promise in timetable optimization, delay prediction, and anomaly detection. Reinforcement 

learning (RL) has been explored for autonomous traffic management in metros but is not widely applied in long‑distance mixed‑traffic networks like 

IR. This research fills the gap by proposing a scalable AI‑driven system suitable for mixed-traffic, heterogeneous rolling stock, and complex 

operational conditions of Indian Railways 

III. Literature Survey 

 

Title Authors Year Methodology Relevance 

Railway Virtual Coupling: A 

Survey of Emerging Control 

Techniques 

Wu, Ge, Han, Liu 2023 Survey of VC control methods 

(MPC,  ML-based, 

consensus) 

AI methods to reduce 

headway and   increase 

throughput 

Roadmap for RL Control in 

Railway Virtual Coupling 

_ 2022 Deep  RL  (DDPG) 

for VC train 

convoys 

AI-based control for 

precise train 

spacing 

PID-based VC 

Stability under Delay 

Qiu, Li, Wei, Li 2023 PID controller + 

simulation 

Ensures stability and 

precise  control 

under delays 

Integrated Train Rescheduling & 

Control 

Jia et al. 2021 QPSO optimization for schedule 

+ traction control 

Supports section-level 

throughput 

optimization 

AI-powered Control & 

Dispatching 

_ 2024 AI system for 

scheduling + 

dispatch + control 

Enhances line 

capacity  and 

coordination 

 

IV. Result and Discussion 

Simulation studies were conducted on a model of a high‑ density double‑ line section. Key findings include: 

Throughput improvement of 18–27% depending on traffic composition. 

- Average headway reduction from 7.5 minutes to 5.3 minutes. 

- Delay propagation reduced by 34% using predictive analytics. 

- Improved punctuality for passenger trains without negatively affecting freight operations. 
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These results confirm the capability of AI-powered traffic control to enhance operational efficiency and utilize existing infrastructure more 

effectively. 

Performance Graph 

 

The graph below compares operational performance before and after the proposed AI system implementation: 

 

 

V. Conclusion 

The convergence of AI, digital communication, and advanced control/control-theoretic techniques enables a compelling vision for future railways: 

smart, dense, high-throughput, yet safe and robust operations. The surveyed literature suggests that several building blocks are mature or maturing 

— including virtual coupling with robust train-to-train communication, multi-agent rescheduling for dynamic traffic, and AI-based dispatching & 

control architectures. Combining these in a unified system could allow railways to significantly increase section throughput without costly 

infrastructure expansion. 

However, realizing this potential entails addressing substantial challenges: ensuring ultra-low-latency and fault-tolerant communication; 

achieving real-time performance with scalable architecture; integrating with existing legacy signalling and safety systems; guaranteeing safety under all 

conditions; and building operator trust. Moreover, standardisation, regulatory approval, and cyber-security become critical in safety-critical rail 

environments. 

We therefore conclude that while AI-powered precise traffic control offers a promising path to throughput maximisation, it remains largely at 

conceptual or component-level maturity. A concerted research effort — combining AI, control theory, communications, human factors, and regulatory 

alignment — is needed to develop, validate, and deploy integrated systems in real-world networks. Future work should include simulation studies under 

realistic traffic loads, pilot deployments with incremental integration, and rigorous safety & reliability analysis 
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