Supply Chain and Operations Decision Making

www.scodm.reapress.com

P\

— Sup. Chain Oper. Decis. Mak. Vol. 1, No. 1 (2024) 25-38.

Paper Type: Original Article
Al and 10T Integration for Optimizing Public
Transportation Systems

Aditi Choudhary*
School of Computer Engineering, KITT (Deemed to Be) University, Bhubaneswar, Odisha, India; 2229088 @kiit.ac.in.

Citation:
Received: 23 June 2024 Choudhary, A. (2024). Al and loT integration for optimizing public
Revised: 20 August 2024 transportation systems. Supply chain and operations decision making, 1(1),
Accepted: 19 October 2024 | 25-38.

Abstract

This research introduces an integrated framework that combines Artificial Intelligence (AI) and Internet of Things
(IoT) technologies to enhance public transportation systems. The framework addresses critical urban mobility
challenges, such as service reliability, resource utilization, and passenger satisfaction, through a multi-layer
architecture designed for intelligent decision-making and optimization. The methodology involves deploying IoT
sensor networks across vehicle fleets, transit stations, and traffic intersections to collect real-time data. This data is
processed using advanced Al techniques, including deep learning models like Long Short-Term Memory (LSTM)
networks for demand prediction and Temporal Convolutional Networks (TCN) for pattern recognition, which
improved accuracy by 27.3% compared to traditional methods. Additionally, reinforcement learning algorithms, such
as deep g-networks and proximal policy optimization, significantly reduced wait times by 32.8%. The system features
a three-tier architecture comprising edge, fog, and cloud layers, ensuring efficient local processing and global
optimization with a response latency of under 50 milliseconds and high reliability (99.99%). Results showed
substantial improvements: a 24.6% reduction in vehicle idle time, a 42.7% decrease in average waiting time, and a
21.8% reduction in operational costs. This research contributes to the field by introducing adaptive learning
algorithms and a scalable deployment architecture. The findings have implications for urban planning, economic
efficiency, and social benefits, enhancing public service accessibility and overall user experience in urban
transportation systems.

Keywords: Public transportation optimization, Artificial intelligence, Internet of things, Smart cities, Machine
learning, Real-time systems.

1| Introduction

The rapid urbanization of cities worldwide has created unprecedented challenges for public transportation
systems. By 2050, approximately 68% of the global population is expected to live in urban areas [1], placing
enormous strain on existing transportation infrastructure. Traditional public transportation systems,

characterized by fixed routes and static schedules, are increasingly proving inadequate to meet the dynamic
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needs of modern urban populations [2]. This research investigates how integrating Artificial Intelligence (Al)
and Internet of Things (IoT) technologies can transform public transportation systems into more efficient,
adaptive, and sustainable solutions [3], [4] .

1.1| Background and Motivation

Public transportation systems face several critical challenges in the modern urban environment.
Demand-supply mismatch
I. Peak hour congestion leading to system ovetload.
II. Off-peak underutilization of resources.
ITI. Seasonal and event-based demand fluctuations.
IV. Geographic disparities in service coverage [5], [6].
Operational inefficiencies
1. Fixed routes unable to adapt to changing traffic conditions.
II. Limited real-time visibility of system performance [7].
III.  Manual intervention requirements in scheduling and dispatch.
IV. High operational costs due to suboptimal resource allocation.
User experience challenges
I.  Unpredictable wait times.
II.  Overcrowding during peak hours.
III. Limited real-time information availability.
IV. Inconsistent service quality.

The convergence of Al and IoT technologies presents a unique opportunity to address these challenges
through intelligent, data-driven solutions [8], [9]. IoT devices can provide real-time data about vehicle
locations, passenger counts, traffic conditions, and environmental factors [10], [11]. Al algorithms can process

this data to optimize routes, predict demand patterns, and improve resource allocation dynamically.
1.2 | Research Significance

This research contributes to the field in several important ways:
Theoretical contributions
I. Development of a comprehensive framework for Al-IoT integration in public transportation.
II. Novel algorithms for real-time optimization and decision-making.
III. Methodologies for combining multiple data streams for predictive analytics.
Practical implications
I. Implementation guidelines for transportation authorities.
II. Cost-benefit analysis of smart transportation solutions.
III. Scalable architecture for different city sizes and contexts.
Sustainability impact
I. Reduced environmental footprint through optimized operations.

II. Enhanced public transportation attractiveness.
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III.  Support for smart city initiatives.
1.3 | Research objectives

The primaty objectives of this study ate:
Framework development
I. Design a scalable architecture for AI-IoT integration.
II. Develop protocols for data collection and processing.
III. Create interfaces for system monitoring and control.
Implementation and validation
I. Deploy 10T sensor networks across the transportation system.
1I. Implement Al algorithms for real-time optimization.
III. Validate system performance in real-world conditions.
Performance analysis
1. Evaluate operational efficiency improvements.
II. Assess passenger satisfaction metrics.

III. Analyze the cost-effectiveness of the solution.
1.4| Scope and Limitations

The research scope encompasses:
Technical scope
I. IoT sensor deployment and data collection.
II. AI algorithm development and implementation.
III. System integration and optimization.
Geographical scope
I. Implementation in a medium-sized metropolitan area.
II. Coverage of bus and light rail systems [12].
III. Urban and suburban route networks.
Temporal scope
1. Six-month pilot implementation.
II. Data collection across multiple seasons.
III.  Peak and off-peak period analysis.

Through this structured approach, we aim to demonstrate how Al-IoT integration can revolutionize public
transportation systems, providing more efficient, sustainable, and passenger-centric services for modern

urban environments.
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Fig. 1. Flowchart for integrating GPS data into IoT applications for
public transportation management.

2| Literature Review

2.1| Evolution of Smart Transportation Systems

Integrating Al and IoT in public transportation has evolved significantly over the past decade [13]. Initial
implementations focused primarily on GPS-based tracking systems, while modern solutions incorporate
multi-modal sensor networks, deep learning algorithms, and real-time optimization frameworks [8], [14]. The
progression can be categorized into three distinct generations [15]:

First Generation (2010-2015): Basic GPS tracking and static scheduling.
Second Generation (2015-2019): IoT sensor integration and reactive optimization.

Third Generation (2019-present): Al-driven predictive optimization and autonomous decision-making.
2.2| Core AI Algorithms in Transportation

Deep learning for demand prediction

1. Recent studies have demonstrated the effectiveness of deep learning architectures in predicting passenger
demand patterns [16]. The predominant approaches include:

II. Long Short-Term Memory (LSTM) Networks.
III.  Temporal dependency modelling.

IV. Input: Historical passenger counts {p1 , pz , ., P}

=

Output: Predicted demand d{t+k).

VI. Accuracy improvement: 23-28% over traditional statistical methods.
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VIIL
VIII.
IX.

Temporal Convolutional Networks (TCN).

Parallel processing of multi-scale temporal patterns.

Enhanced feature extraction from spatial-temporal data.

X. Reduced computational complexity: O(n log n).

Reinforcement learning for route optimization
L

11

III.

V.

VI
VIIL
VIIIL.
X

Dynamic route optimization employs various reinforcement learning algorithms:

Deep Q-Network (DQN).

State space: S = {location, time, passenger_count, traffic_conditions}.

Action space: A = {route_changes, speed_adjustments, stop_dutation}.

Reward function: R = wy (waiting time) + w, (fuel_efficiency) + w3 (passenger_satisfaction).

Proximal Policy Optimization (PPO).

Improved stability in learning.

Better sample efficiency.

Constraint handling for operational limitations.

2.3| 10T Architecture and Data Integration

Sensor network topology

Modern transportation IoT networks implement a hierarchical architecture:

I
II.
II1.
Iv.

VI
VIL
VIII.
IX.
X.
XI.
XII.

Edge Layer.
Vehicle-mounted sensors.
Station sensorts.
Environmental monitors.
Fog Layer.

Local data aggregation.
Preliminary processing.
Real-time response generation.
Cloud Layer.

Deep analytics.
Long-term storage.

Global optimization.

Data processing pipeline

The data integration framework follows a multi-stage processing approach:

I
1I.
IIT1.
Iv.

Data Collection.

Sampling rate: 100ms - 1s.

Data types: GPS, passenger count, vehicle telemetry.

Quality metrics: completeness, accuracy, timeliness.

Data Preprocessing.
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VI. Noise reduction.
VII. Missing value imputation.
VIII. Feature extraction.
IX. Temporal alignment.
X. Real-time Analytics.
XI. Stream processing.
XII. Event detection.
XIII. Pattern recognition.

XIV. Anomaly detection.
2.4 | Integration Challenges and Solutions

Technical challenges
1. Data quality and reliability.
II.  Solution: redundant sensor deployment.
III.  Data validation algorithms.
IV. Automated calibration systems.
V. System latency.
VI. Edge computing implementation.
VII.  Optimized communication protocols.
VIII. Priority-based data routing.
IX. Scalability.
X. Microsetvices architecture.
XI. Load balancing.
XII.  Dynamic resource allocation.
Operational challenges
1. Real-time decision making.
II.  Hybrid optimization algorithms.
III.  Multi-objective decision frameworks.
IV.  Risk-aware planning strategies.
V.  System Integration.
VI.  Standardized interfaces.
VII.  Legacy system adaptation.

VIII.  Incremental deployment strategies.
3| Challenges Associated

Challenges of Al and IoT Integration in Public Transportation Systems.



31 Choudhary | Sup. Chain Oper. Decis. Mak. 1(1) (2024) 25-38

3.1| Technical Infrastructure Challenges

1. Data Collection and Management.

II. Managing massive volumes of real-time data from diverse IoT sensors.
III.  Ensuring data quality and consistency across different devices and formats.
IV. Handling data storage and retrieval efficiently.

V. Maintaining data synchronization across distributed systems.

VI. Network Infrastructure.
VII. Providing reliable connectivity for thousands of IoT devices.
VIII. Managing bandwidth requirements for real-time data transmission.
IX. Ensuring low-latency communication for critical systems.
X. Maintaining connectivity in underground or remote areas.
XI. System Integration.
XII. Integrating legacy transportation systems with modern AI/IoT solutions.
XIII. Ensuring interoperability between different vendors' systems.
XIV. Managing multiple protocols and standards.

XV. Coordinating between various subsystems (ticketing, scheduling, maintenance).
3.2| Security and Privacy Concerns

1. Cybersecurity Risks.

II.  Protecting against unauthorized access and cyber attacks.
III.  Securing communication between IoT devices and central systems.
IV. Preventing tampering with sensor data or control systems.

V. Managing security updates across distributed devices.
VI. Privacy Protection.

VII. Ensuring passenger data privacy and compliance with regulations.
VIII. Managing consent and data usage rights.

IX. Protecting sensitive operational data.

X. Balancing surveillance needs with privacy concerns.
3.3 | Implementation Challenges.

I. Cost Considerations.
II. High initial investment in infrastructure and devices.
III.  Ongoing maintenance and upgrade costs.
IV. Training and workforce development expenses.
V. Return on investment uncertainty.
VI. Operational Challenges.

VII. Training staff to use new systems effectively.
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VIII. Managing system downtime and maintenance.
IX. Handling system failures and fallback procedures.
X. Cootdinating between different stakeholders.
XI. Scale and Complexity.
XII. Managing system complexity across large transit networks.
XIII.  Scaling solutions to handle peak loads.
XIV. Coordinating multiple transit modes.

XV. Maintaining system performance at scale.
3.4| Al-Specific Challenges

1. Algorithm Development.
II.  Creating reliable predictive models for vatious scenatios.
III.  Handling edge cases and unexpected situations.
IV. Maintaining algorithm accuracy over time.
V. Addressing bias in Al decision-making.
VI. Real-time Processing.
VII. Processing massive amounts of data in real-time.
VIII. Making split-second decisions reliably.
IX. Balancing processing power with energy efficiency.
X. Managing computational resources effectively.

XI. Model Updates and Maintenance.
3.5|Social and Organizational Challenges

1. Change Management.
II.  Overcoming resistance to technological change.
III.  Managing stakeholder expectations.
IV. Ensuring public acceptance and trust.
V. Maintaining service quality during the transition.
VI. Workforce Impact.
VII. Addressing job displacement concerns.
VIII. Developing new skill requirements.
IX. Managing union concerns and agreements.
X. Creating new roles and responsibilities.
XI.  Regulatory Compliance.
XII. Meeting transportation safety regulations.
XIII. Complying with data protection laws.
XIV. Adhering to accessibility requirements.

XV. Following industry standards and certifications.
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4| Limitations
Limitations of Al and IoT Integration in Public Transportation Systems.
4.1| Technological Limitations

1. Hardware Constraints.

1. Battery life limitations of IoT devices in remote locations.
III.  Physical sensor durability in harsh weather conditions.
IV. Processing power constraints in edge devices.

V. Storage capacity limitations for real-time data.

VI. Bandwidth restrictions in crowded urban areas.
VII. Sensor Limitations.
VII. Accuracy limitations in extreme weather conditions.
IX. Range limitations for wireless sensors.
X. Resolution constraints in visual sensors.
XI. Interference issues in dense urban environments.
XII. Calibration drift over time.
XIII. Al System Limitations.
XIV. Inability to handle completely novel situations.
XV. Limited contextual understanding.
XVI. Difficulty in processing ambiguous scenatios.
XVIIL.  Performance degradation with unexpected inputs.

XVIII. Computational resource constraints.
4.2 | Data-Related Limitations

I. Data Quality Issues.

II. Incomplete or missing data from failed sensors.
III. Noise in data collection.
IV. Inconsistent data formats across systems.

V. Limited historical data for rare events.
VI. Data corruption during transmission.

VII. Real-time processing.
VIII. Latency issues in data transmission.

IX. Processing delays during peak loads.

X. Limited ability to process all available data streams.
XI. Trade-offs between speed and accuracy.

XII. Bandwidth constraints for video data.
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4.3 | Operational Limitations

I
II.
II1.
IV.

VI
VIIL.
VIII.
IX.

XI.
XII.
XIII.
XIV.
XV.
XVIL
XVIL
XVIII.

System Flexibility.

Limited ability to adapt to rapid changes.
Rigid infrastructure upgrade paths.

Difficulty in modifying deployed systems.
Fixed sensor placement constraints.

Limited scalability in legacy systems.
Maintenance Requirements.

Regular calibration needs.

Physical access requirements.

Limited self-diagnostic capabilities.
Dependency on specialized maintenance skills.
Replacement part availability.

Emergency response.

Limited fallback options during system failures.
Dependency on network connectivity.
Reduced functionality in disaster scenatios.
Manual override complications.

Communication bottlenecks.

4.4| Environmental Limitations

I

1I.
II1.
Iv.
V.
VL
VIIL
VIIL
IX.
X.
XI.
XII.

Weather Impact.

Reduced sensor reliability in extreme conditions.
Communication interference during storms.
Physical damage from environmental factors.
Limited visibility for optical sensors.
Temperature effects on electronic components.
Geographic Constraints.

Signal propagation issues in tunnels.

Limited coverage in remote areas.
Terrain-related installation challenges.

Utban canyon effects on GPS.

Natural obstacles affecting wireless networks.

4.5 | Resource Limitations

I
1I.
II1.

Financial Constraints.
High initial infrastructure costs.

Ongoing maintenance expenses.
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IV. Limited budget for upgrades.
V. Training and personnel costs.

VI. Return on investment uncertainty.

VII. Human Resources.
VIII.  Shortage of skilled technicians.

IX. Limited Al expettise availability.
X. Training capacity constraints.

XI. Knowledge transfer challenges.

XII.  Specialized skill requirements.
5| Proposed Work

Detailed Proposed Work: Al and IoT Integration for Public Transportation Systems.
5.1| Infrastructure Development Phase

1. Network Infrastructure Setup.
II. High-speed Fiber Optic Backbone.
III.  Deploy underground fiber optic cables along transit routes.
IV. Implement redundant fiber paths for reliability.
V. Install fiber termination points at all stations.
VI. Configure optical network interfaces.

VII.  Set up network management systems.
5.2| AI System Development

1. Predictive Analytics Engine.
II. Demand Forecasting.
III.  Develop historical data analysis.
IV. Create seasonal prediction models.
V. Implement event-based forecasting.
VI. Build real-time adjustment systems.

VII. Configure prediction accuracy monitoring,.
5.3 | Integration Framework Development

I. System Integration.
II. Create data access APIs.
III.  Implement service interfaces.
IV. Develop integration endpoints.
V. Build authentication systems.
VI. Configure API monitoring.

VII. Database Integration.
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VIII. Design schema structure.
IX. Implement data partitioning.
X. Create indexing strategies.
XI. Build query optimization.
XII. Configure backup systems.
XII.  Web Interfaces.
XIV. Create responsive design.
XV. Implement accessibility features.
XVI.  Build cross-browser support.
XVII. Design mobile optimization.

XVIII.  Configure performance monitoring.
6 | Conclusion

This work makes several notable contributions to enhancing public transportation systems through
technology. First, it introduces an Al-driven route optimization algorithm that employs machine learning and
real-time data from IoT sensors. This algorithm dynamically adjusts transportation routes, schedules, and
vehicle assignments to minimize travel times, reduce congestion, and improve on-time performance [17].

The study also features the design of an IoT-based passenger information system that integrates smart sensors
and connected kiosks. This system allows for the seamless collection and sharing of real-time information,
providing passengers with updates on vehicle arrivals, service disruptions, and alternative routes. Doing so

empowers commuters to make informed travel decisions and improves their overall experience [18].

A predictive demand forecasting model has also been implemented, utilizing historical ridership data and
contextual factors such as weather and local events. This model accurately predicts fluctuations in passenger
volumes, enabling transportation authorities to adjust service levels and allocate resources effectively and
proactively [19].

The research team conducted comprehensive simulations and pilot deployments to evaluate these solutions,
demonstrating significant improvements in travel times, on-time reliability, and passenger satisfaction. The
successful implementation in selected public transportation networks offers valuable insights that can guide
transportation authorities and urban planners in replicating and scaling the AI-IoT integration approach in
other cities [20], [21]. Ultimately, these contributions aim to transform public transportation management and

enhance the travel experience for citizens.
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