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Addressing the limitations of traditional static early-warning models in accurately capturing the multi-factor coupling
evolution characteristics of navigational risks for LNG-fuleded vessels (LNGFVs), this paper proposes a dynamic early-
warning model that integrates path dependence theory with STPA-TSPN. Firstly, based on the Systems Theoretic Process
Analysis (STPA), the ship navigational risk mechanism is established, leading to the identification of 16 key risk factors.
Subsequently, the Stochastic Petri Net (SPN) method is introduced to construct a STPA-SPN model comprising 16 places
and 21 transitions. Secondly, a path dependence coefficient (o) and a time constraint factor (B) are introduced to modify
the transition rate (A), establishing a transition triggering time based on a stochastic distribution: prob = 1 - exp(-a*  * A
* dt). Through isomorphism with a Markov chain, the steady-state probability of ship navigational risk is simulated,
enabling dynamic early warning. Finally, a case study focusing on collision risk for vessels on the Yangshan route in
Shanghai Port is conducted. Utilizing AlS trajectory data and expert subjective evaluations, the model is validated for
LNGFV navigational risk early warning. The results indicate that real-time probability prediction of risk states can be
effectively applied to a dynamic early-warning model for ship navigation, enhancing the accuracy of collision risk
warnings. The path "Environmental Perception Failure — Judgment & Decision-making Error — Emergency Response
Delay" is identified as a high-probability risk path. Furthermore, ship risk evolution demonstrates path dependence;
vessels with a history of high-risk records evolve towards a collision state at a faster rate compared to those with low-risk
records. This model can provide a standardized technical framework for the "pre-incident warning and tiered prevention-
control" of collision risks for LNGPVs.
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