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Spatial Intelligence for Autonomous Intelligent Heavy—Haul Railways:
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Abstract: Autonomous intelligent heavy-haul railways provide an important direction for safe, efficient
and low—carbon operation with reduced human intervention. Spatial intelligence provides a foundation for
closing the loop among perception, decision-making and execution. This paper clarifies the concepts of au-
tonomous intelligent heavy—haul railways and their spatial intelligence, proposes an autonomy analysis
framework based on task scope, environmental adaptability and human—-system responsibilities, and de-
velops a common reference architecture. It reviews the research progress and key challenges in physically
equivalent digital twins, multimodal spatial reasoning and multidisciplinary collaborative spatial agents, and
examines the applications in integrated logistics organization, coordinated train-group operation, autono-
mous infrastructure maintenance and transportation-energy coordination. The analysis identifies the integra-
tion of multiscale object representations, multidisciplinary process simulation and coordinated action under
engineering constraints as a central requirement for railway autonomy. Geomatics should strengthen its inte-
gration with railway engineering, artificial intelligence and automatic control. By combining data, models

and knowledge, spatial information services can extend from state representation to cognitive reasoning,
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decision support and execution feedback, providing a spatial-intelligence foundation for the autonomous

operation of complex engineering systems.

Key words: heavy—haul railway; spatial intelligence; digital twin; multimodal spatial reasoning; spatial

agent
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Fig. 1 Conceptual Framework of Autonomous Intelligent Heavy—Haul Railway System
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Fig. 2 Common Reference Architecture for Spatial Intelligence in Autonomous Heavy—Haul Systems
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Fig. 3 Key Technologies and Their Interactions for Autonomous Spatial Intelligence
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Fig. 4 Autonomous Integrated Transport Organization in Heavy—Haul Logistics Network
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Fig. 6 Autonomous Infrastructure Operation and Maintenance with Reduced Human Intervention
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Fig. 7 Autonomous Transportation-Energy Coordination Based on Grid-Generation-Storage-Train-Cloud Framework
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