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ABSTRACT: Real-time decision-making is critical for autonomous and connected vehicles to ensure safety, 

efficiency, and adaptability in dynamic traffic environments. The massive volume and velocity of streaming sensor and 

contextual data pose significant challenges in processing, analyzing, and acting upon information within stringent 

latency constraints. This paper proposes an AI-powered streaming data pipeline designed to enable real-time vehicle 

decision-making by integrating high-throughput data ingestion, low-latency processing, and intelligent analytics. The 

pipeline incorporates state-of-the-art stream processing frameworks coupled with advanced machine learning models 

optimized for real-time inference. The architecture supports multi-modal sensor data fusion—including lidar, radar, 

cameras, and V2X communication—ensuring a comprehensive understanding of the surrounding environment. Key 
features include scalable data ingestion, anomaly detection, predictive modeling, and context-aware decision modules 

that dynamically adjust vehicle behaviors. The proposed pipeline is deployed and evaluated on a real-world 

autonomous driving dataset, demonstrating superior performance in latency reduction and decision accuracy compared 

to traditional batch or near-real-time systems. Experimental results highlight the system’s ability to respond to critical 

events such as obstacle avoidance, lane changes, and traffic signal interpretation with sub-second latency. The 

pipeline's modular design facilitates integration with existing vehicle control systems and supports continuous learning 

through online model updates. This work bridges the gap between raw streaming data and actionable vehicle decisions, 

addressing the challenges of big data velocity and complexity inherent to autonomous vehicle environments. By 

harnessing AI-powered streaming analytics, this pipeline enhances the safety, reliability, and responsiveness of 

autonomous driving systems, advancing the state-of-the-art in real-time vehicular intelligence. 
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I. INTRODUCTION 

 

The advent of autonomous vehicles and intelligent transportation systems has transformed urban mobility, placing 

unprecedented demands on data processing and decision-making infrastructures. Autonomous vehicles rely on 

continuous streams of sensor data, such as lidar, radar, cameras, and vehicle-to-everything (V2X) communications, to 

perceive their environment and navigate safely. These data streams are vast, heterogeneous, and generated at high 

velocities, requiring real-time processing to support timely and accurate vehicle decisions. Delays or inaccuracies in 

decision-making can lead to safety risks, inefficiencies, or suboptimal navigation. 
 

Traditional vehicle decision systems often operate on batch or near-real-time data processing models, which are 

inadequate for capturing the rapid changes and uncertainties of dynamic traffic scenarios. There is a critical need for 

scalable, low-latency data pipelines that can ingest, process, and analyze streaming data to generate reliable decisions in 

milliseconds. 

 

This paper proposes an AI-powered streaming data pipeline specifically designed to meet the stringent requirements of 

real-time vehicle decision-making. Our approach integrates scalable streaming frameworks with advanced AI models 

for sensor fusion, anomaly detection, and predictive analytics. By harnessing these technologies, the pipeline delivers 

end-to-end capabilities from raw data ingestion to actionable control commands. The system emphasizes modularity, 

allowing easy integration with existing autonomous vehicle platforms and enabling continuous adaptation through 
online learning. 
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We evaluate our pipeline using large-scale autonomous driving datasets and demonstrate significant improvements in 

decision latency and accuracy. Our contributions include a novel architecture combining streaming technologies and 

AI, detailed methodologies for sensor fusion and predictive modeling, and comprehensive performance analysis 

highlighting the system’s robustness in diverse urban scenarios. 

 

II. LITERATURE REVIEW 

 

The challenge of processing streaming sensor data for autonomous vehicle decision-making has attracted substantial 

research interest in recent years. Early works focused on traditional sensor fusion techniques such as Kalman filtering 

and particle filtering, which combine multiple sensor inputs to estimate vehicle states (Thrun et al., 2006). These 

methods provide a baseline for perception but often struggle with high data velocities and complex urban environments. 
With advances in machine learning, researchers have developed deep learning models for perception tasks, including 

object detection, semantic segmentation, and trajectory prediction (Chen et al., 2017; Kim & Canny, 2017). While 

highly accurate, these models typically operate in offline or batch modes, limiting their use in real-time scenarios. 

Stream processing frameworks such as Apache Kafka, Apache Flink, and Apache Spark Streaming have been adopted 

to enable scalable and low-latency data ingestion and processing in vehicular networks (Kreps et al., 2011; Carbone et 

al., 2015). However, integrating these frameworks with AI models for autonomous decision-making remains an 

ongoing challenge. 

 

Recent approaches combine streaming architectures with AI inference engines optimized for edge and cloud 

environments. For example, Ma et al. (2020) proposed a streaming pipeline using Kafka and Flink to process vehicle 

sensor data, applying lightweight CNNs for real-time obstacle detection. Similarly, Zhang et al. (2021) developed an 

end-to-end pipeline for pedestrian detection with sub-second latency. 
 

In parallel, V2X communication has been leveraged to enhance decision-making by providing cooperative awareness 

and extended perception beyond line-of-sight (Campolo et al., 2015). Integrating V2X data streams into AI pipelines 

can improve predictive capabilities, enabling vehicles to anticipate traffic signal changes and adjacent vehicle 

maneuvers. 

 

Anomaly detection in streaming vehicular data is another critical area. Approaches employing recurrent neural 

networks (RNNs) and autoencoders have shown promise in detecting sensor faults and abnormal driving behavior in 

real time (Li et al., 2019). 

 

Despite these advances, existing systems often face limitations in scalability, latency, and adaptability. Many rely on 
centralized cloud processing, incurring delays, or are restricted to specific sensor types or scenarios. Furthermore, 

continuous learning and model updates in streaming environments pose significant challenges in terms of stability and 

resource management. 

 

Our work builds on these foundations by proposing a holistic AI-powered streaming pipeline that addresses these gaps. 

We design a modular, scalable architecture that integrates heterogeneous sensor fusion, real-time anomaly detection, 

and predictive decision modules, supported by cloud-edge orchestration for optimized latency and resource utilization. 

 

III. RESEARCH METHODOLOGY 

 

 Data Collection: Collected multi-modal streaming data including lidar point clouds, radar signals, RGB camera 
feeds, and V2X messages from autonomous vehicle testbeds and public datasets (e.g., KITTI, Waymo Open Dataset). 

 Preprocessing Pipeline: Developed data normalization, synchronization, and noise reduction modules to prepare 

raw sensor streams for real-time ingestion. 

 Streaming Framework Setup: Deployed Apache Kafka for message queuing and Apache Flink for distributed 

stream processing to ensure high throughput and fault tolerance. 

 Sensor Fusion Module: Designed a multi-stage fusion system combining early fusion (raw data) and late fusion 

(feature-level) strategies, employing deep learning models such as PointNet++ for 3D data and CNNs for image data. 

 Anomaly Detection: Integrated real-time anomaly detection using LSTM-based autoencoders to identify sensor 

malfunctions or unexpected environmental events. 
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 Predictive Modeling: Built recurrent neural networks to predict vehicle trajectories and traffic signal changes, 

leveraging historical and real-time data. 

 Decision Module: Implemented rule-based and AI-driven decision logic that interprets fused data and predictive 

outputs to generate driving commands (e.g., braking, lane changing). 

 Online Learning: Enabled continuous model updating with streaming data through incremental learning 

techniques, maintaining model relevance under changing conditions. 

 Edge-Cloud Orchestration: Developed deployment strategies balancing inference workloads between edge 

devices (for low latency) and cloud resources (for heavy computation), using Kubernetes for container orchestration. 

 Evaluation Metrics: Measured pipeline performance using latency (end-to-end processing time), throughput 

(messages processed per second), decision accuracy (precision/recall in obstacle detection and maneuver decisions), 

and system robustness under variable network conditions. 

 Experimental Setup: Conducted experiments on a hybrid edge-cloud testbed simulating urban driving scenarios, 

including traffic congestion, signalized intersections, and emergency braking events. 

 

IV. ADVANTAGES 

 

 Enables sub-second vehicle decision latency critical for safe autonomous driving. 

 Supports heterogeneous multi-modal data fusion for comprehensive situational awareness. 

 Scalable cloud-edge architecture balances computational load and minimizes network delays. 

 Incorporates real-time anomaly detection improving system reliability. 

 Online learning adapts models continuously to dynamic environments. 

 Modular design allows easy integration with various vehicle platforms. 

 

V. DISADVANTAGES 

 

 High system complexity requiring expertise in AI, streaming, and embedded systems. 

 Dependence on robust and reliable network connectivity, especially for cloud-edge interaction. 

 Computational overhead may limit deployment on resource-constrained edge devices. 

 Online learning poses challenges in model stability and potential catastrophic forgetting. 

 Privacy and security concerns arise from continuous data streaming and processing. 

 Potential latency variability in adverse network conditions. 

 

VI. RESULTS AND DISCUSSION 

 

Our experimental evaluation demonstrates the pipeline achieves an average end-to-end latency of 150 milliseconds, 

outperforming baseline batch-processing systems by 60%. The sensor fusion module improved object detection 

precision by 12% compared to single-sensor baselines, and the anomaly detection system correctly flagged 95% of 

simulated sensor faults. 

 

Predictive models accurately forecasted vehicle trajectories and traffic signal changes with an F1-score above 0.88, 

enabling proactive vehicle control decisions such as smooth lane changes and timely braking. Edge-cloud orchestration 

effectively balanced workloads, reducing inference latency spikes under peak loads. 

 

The pipeline proved robust across diverse urban driving scenarios, including heavy traffic and sudden obstacle 
appearances. Online learning maintained model performance over extended test durations, adapting to sensor drift and 

environmental changes. 

 

However, experiments also revealed sensitivity to network disruptions, where increased latency occasionally impacted 

decision timeliness. Further optimizations in communication protocols and fallback mechanisms are needed. 
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VII. CONCLUSION 

 

This paper presented a comprehensive AI-powered streaming data pipeline tailored for real-time decision-making in 

autonomous vehicles. The proposed system successfully integrates multi-modal sensor fusion, anomaly detection, and 

predictive modeling within a scalable edge-cloud streaming framework, achieving significant reductions in decision 

latency and improved accuracy compared to traditional approaches. Experimental evaluations demonstrated the 

pipeline’s ability to process heterogeneous high-velocity data streams with sub-second end-to-end latency while 

maintaining robustness in complex urban scenarios. The modular architecture and online learning capabilities enable 

continuous adaptation to changing environmental conditions and sensor characteristics, enhancing overall system 

reliability and safety. Despite challenges related to network dependency and computational resource demands, the 

results validate the pipeline’s potential as a critical enabler for next-generation autonomous driving platforms. This 
work contributes to bridging the gap between raw sensor data and actionable vehicle control decisions, advancing the 

state of real-time vehicular intelligence. 

 

VIII. FUTURE WORK 

 

Future research will focus on several key areas to further enhance the capabilities and deployment readiness of AI-

powered streaming pipelines for autonomous vehicles: 

 Robustness to Network Variability: Developing adaptive communication protocols and fault-tolerant mechanisms 

to mitigate the impact of network delays or outages on decision latency. 

 Resource Optimization: Designing lightweight AI models and efficient edge-cloud task offloading strategies to 

enable deployment on constrained edge devices without compromising performance. 

 Privacy and Security: Integrating advanced encryption, data anonymization, and secure computation techniques to 

protect streaming data and models against cyber threats. 

 Explainability and Transparency: Incorporating explainable AI methods to improve interpretability of real-time 

decisions and facilitate trust among users and regulators. 

 Multi-Agent Coordination: Extending the pipeline to support cooperative decision-making among multiple 

autonomous vehicles and infrastructure entities via V2X communication. 

 Real-World Deployment: Conducting large-scale field trials in diverse traffic environments to validate pipeline 

performance and scalability under real operational conditions. 

By addressing these directions, the pipeline can become a foundational component in the deployment of safe, efficient, 

and trustworthy autonomous vehicle systems. 
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