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Abstract

The air traffic control (ATC) system is a typical social-technical system with multi-dimensional and
nested “human-machine-environment-management” characteristics, whose operational safety
emerges from the continuous interaction among controllers, pilots, infrastructure, operational pro-
cedures, and the dynamic traffic environment. Based on this, this paper systematically identifies the
major risk factors in ATC operations, and focuses on elaborating the technical architectures and ap-
plication effectiveness of three technical defense systems deployed by the Northwest Air Traffic Man-
agement Bureau—namely the ATC safety protection system, the controller capability profiling sys-
tem, and the meteorological intelligent service system. Through a comparative analysis of key safety
indicators before and after the implementation of these systems, the significant effectiveness of the
technical defense measures is verified in terms of reducing minimum separation infringement warn-
ing events (a decrease of 61.5%), reducing communication errors (a decrease of 55.6%), and short-
ening response time under complex weather conditions (a decrease of 51.1%). Meanwhile, this paper
objectively analyzes the limitations of the technical defense measures in aspects such as data depend-
ency, speech recognition accuracy, automation bias, and system implementation, and distills the fun-
damental principles for ATC safety management from the five dimensions of systematic risk identi-
fication, intelligent early warning, data-driven capability assessment, human-machine collaboration
applicability, and Al embeddability. Finally, this paper provides an outlook on the future application
models of “human-machine augmented intelligence” in the ATC domain, aiming to provide a theoret-
ical basis and practical reference for the transformation of ATC safety management from “passive re-
sponse” to “active defense”.
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Figure 1. Risk factors in air traffic control operations
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Figure 2. System architecture and functional schematic diagram of the Xi’an ATC safety protection system
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Figure 3. Comparison of application effectiveness before and after the implementation of the
ATC safety protection system (one-year period)
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Figure 4. Architecture and functional schematic diagram of the Xi’an controller capability profiling system
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of the controller capability profiling system
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Figure 6. Architecture and functional schematic diagram of the meteorological intelligent service system
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