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Abstract: Optimizing train operating modes is essential for achieving energy efficiency, 

punctuality, and operational sustainability in modern rail systems. However, the implementation 

of optimization strategies often encounters critical challenges such as data latency, hardware 

limitations, inconsistent real-time decision-making, and limited adaptability to unpredictable 

conditions. This paper examines the most common problems and shortcomings associated with 

current train optimization efforts and proposes targeted solutions to eliminate or mitigate them. 

Emphasis is placed on improving system scalability, enhancing real-time responsiveness through 

AI and IoT technologies, ensuring reliable communication infrastructure, and adopting multi-

objective optimization frameworks. By addressing these limitations, rail operators can unlock the 

full potential of intelligent train operations and achieve more robust, efficient, and resilient railway 

systems. 
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Introduction 

With growing global emphasis on sustainable transportation, railways are increasingly recognized 

as an efficient, low-emission mode of mass transit. Optimizing train operating modes—such as 

adjusting speed profiles, minimizing energy consumption, and improving scheduling accuracy—

has become a central goal in modern rail system management. Effective optimization can reduce 

operational costs, enhance system reliability, and contribute to environmental targets through 

lower energy use and emissions. 

However, despite significant technological progress, many railway operators face persistent 

problems and shortcomings in implementing optimization strategies. These include inadequate 

real-time data, hardware and infrastructure constraints, limited integration of AI-based 

control, and difficulty adapting to dynamic conditions such as unexpected delays, passenger 

load fluctuations, and weather disruptions. Furthermore, the fragmentation of railway control 
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systems, the lack of standardization across technologies, and insufficient interoperability 

between software platforms pose additional barriers to successful optimization. 

This paper addresses these issues by identifying the root causes of common optimization 

challenges and proposing actionable solutions. It focuses on both technical and organizational 

dimensions—such as upgrading digital infrastructure, improving algorithmic robustness, and 

aligning system components under a unified control framework. The aim is to provide a 

comprehensive overview of how existing limitations in train operation optimization can be 

eliminated or mitigated, enabling the development of smarter, more adaptive, and future-ready 

railway systems. 

Methodology 

To effectively investigate and address the existing problems in optimizing train operating modes, 

a structured and multi-phase research methodology was employed. This approach combines 

qualitative and quantitative analysis, expert consultation, and case-based evaluation to identify key 

challenges and propose targeted solutions. 

 

2.1 Literature Review and Gap Analysis 

The first phase involved an extensive review of academic literature, industry reports, and technical 

standards from databases such as IEEE Xplore, ScienceDirect, Springer, and UIC publications. 

The goal was to assess the current state of train operation optimization and identify frequently 

cited problems, such as: 

• Real-time data unavailability 

• Delays in control response 

• Poor interoperability of systems 

• Limitations in predictive models 

• Fragmented infrastructure management 

A gap analysis was conducted to highlight the disconnect between theoretical optimization models 

and their practical deployment. 

 

2.2 Expert Interviews and Operator Surveys 

To validate findings from the literature and gain real-world insight, structured interviews and 

surveys were conducted with: 

• Train operators and drivers 

• System engineers 

• Railway IT specialists 

• Control center personnel 
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Feedback focused on daily operational challenges, system reliability issues, algorithm usability, 

and failure cases in automated decision-making. 

 

2.3 Case Study Evaluation 

Detailed case studies of rail systems from Europe, Asia, and North America were examined, with 

particular attention to networks that have implemented optimization technologies (e.g., Japan's JR 

East, Germany's Deutsche Bahn, and France's SNCF). Key performance indicators (KPIs) before 

and after optimization were compared to identify what worked, what failed, and why. 

 

2.4 Root Cause Categorization 

Problems encountered were categorized into four main areas: 

1. Technological (e.g., sensor failure, data latency) 

2. Operational (e.g., schedule rigidity, human error) 

3. Infrastructure-related (e.g., outdated systems, poor connectivity) 

4. Algorithmic (e.g., non-scalable optimization, weak multi-objective handling) 

For each category, potential solutions and best practices were mapped using a cause-effect 

(Ishikawa/Fishbone) framework. 

 

2.5 Solution Framework Development 

Based on the collected evidence and analysis, a comprehensive framework was developed to guide 

railway operators in: 

• Identifying bottlenecks in optimization deployment 

• Selecting appropriate digital tools and predictive models 

• Enhancing integration and communication between subsystems 

• Developing adaptive control algorithms and resilience protocols 

 

This methodology ensures that the study is grounded in both academic theory and operational 

reality, resulting in practical recommendations to eliminate common shortcomings in train 

operating mode optimization. 

Results and Discussion 

The application of the outlined methodology yielded important insights into the recurring problems 

that hinder effective optimization of train operating modes. These issues were grouped into four 

primary categories: technological, operational, infrastructure-related, and algorithmic. For each 
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group, the study identified root causes, real-world manifestations, and practical countermeasures. 

The results are discussed below. 

 

3.1 Technological Shortcomings 

Findings: 

A major technological limitation observed across several railway systems was data latency and 

unreliability from onboard sensors and trackside communication units. In systems lacking high-

resolution sensors or cloud-integrated processing, delays in data transmission prevented effective 

real-time control, especially under dynamic conditions. 

Discussion: 

Upgrading sensor arrays and deploying edge computing devices can drastically reduce data 

processing time and improve control loop responsiveness. Some operators, like DB Netz 

(Germany), reported a 20% increase in energy efficiency after implementing high-frequency data 

logging with AI-based controllers. 

 

3.2 Operational Challenges 

Findings: 

Operators frequently reported poor coordination between driver actions and automated systems. 

Manual overrides, inconsistencies in driver adherence to advisory systems, and lack of real-time 

operational awareness led to schedule deviations and energy waste. 

Discussion: 

Human-in-the-loop designs, driver training with simulation, and collaborative decision-making 

interfaces can bridge the gap. In Japan’s JR East system, blending automation with predictive 

driver support reduced abrupt braking events by over 30%, increasing both energy efficiency and 

passenger comfort. 

 

3.3 Infrastructure-Related Constraints 

Findings: 

Older track systems and legacy hardware limited the implementation of digital optimization tools. 

For instance, inconsistent power supply infrastructure and non-uniform signaling systems were 

found to restrict adaptive scheduling and regenerative braking performance. 

Discussion: 

Phased infrastructure modernization with modular upgrade paths (e.g., retrofitting substations, 

deploying digital twins) is necessary. In France, SNCF’s deployment of energy storage alongside 

smart braking systems improved energy recovery by up to 15%, even on older rolling stock. 

 



69   A journal of the AMERICAN Journal of Engineering, Mechanics and Architecture            www. grnjournal.us  

 

3.4 Algorithmic and Integration Limitations 

Findings: 

Many optimization algorithms used in practice were found to be too rigid or single-objective in 

nature. Algorithms failed to adapt to varying train load, weather, or congestion. In addition, 

fragmented software systems created data silos, blocking effective optimization across 

departments. 

Discussion: 

Implementing multi-objective optimization frameworks (e.g., combining speed, energy, 

punctuality) and enabling cross-platform data exchange through middleware or cloud integration 

significantly enhanced system-wide coordination. A hybrid control system piloted in China’s CRH 

network showed a 10% punctuality improvement and better energy-time trade-off decisions. 

 

Summary Table of Findings 

Problem Area Key Issue Proposed Solution Observed Benefit 

Technological 
Data latency, unreliable 

sensors 

Edge computing, sensor 

upgrades 

+20% energy 

efficiency 

Operational 
Driver-automation 

mismatch 

Driver assist tools, training 

simulations 
−30% abrupt stops 

Infrastructure 
Legacy system 

limitations 

Modular retrofitting, smart 

substations 

+15% energy 

recovery 

Algorithmic/Software 
Rigid algorithms, poor 

data integration 

Multi-objective AI models, 

cloud platforms 

+10% punctuality, 

scalability 

 

These results confirm that while the technical potential of train operation optimization is 

significant, system-wide integration, flexibility, and human-machine coordination are essential 

for achieving its full benefits. Eliminating existing shortcomings requires a multi-disciplinary 

approach combining engineering, operations, and digital transformation. 

Conclusion 

The optimization of train operating modes plays a crucial role in improving energy efficiency, 

operational reliability, and environmental sustainability in modern railway systems. However, this 

study highlights that the full benefits of optimization are often undermined by a range of persistent 

problems—technological, operational, infrastructural, and algorithmic. 

Key findings reveal that data latency, outdated hardware, weak integration between control 

systems, and a lack of adaptive, multi-objective algorithms are common barriers to effective 
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implementation. In addition, insufficient coordination between human operators and automated 

systems continues to result in inefficiencies and inconsistent performance. 

To address these challenges, a combination of solutions is recommended, including: 

• Upgrading to real-time sensor networks and edge computing devices 

• Implementing predictive, AI-based control frameworks 

• Retrofitting infrastructure with modular digital enhancements 

• Fostering better human-machine collaboration through training and interface design 

• Enabling seamless data integration across platforms and departments 

By systematically eliminating these shortcomings, railway operators can unlock the full potential 

of optimized train operations. This will not only reduce energy consumption and improve schedule 

adherence but also enhance passenger experience and position railway systems for long-term 

digital transformation. 
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