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Abstract

Traffic accidents are caused by complex interactions among roadway conditions,
environmental factors, vehicle characteristics, road-user attributes, and collision conditions.
An analysis of 403,532 two-vehicle crash records revealed 402,921 unique combinations of
30 explanatory variables, of which approximately 99.7% were observed only once. This
characteristic makes direct experience-based prediction difficult and limits the reuse of
similar accident cases.

To address this issue, a vehicle damage risk model based on a Product Model of Multi-Layer
Complementary Sets was developed using the National Police Agency Traffic Accident Open
Data of Japan. The explanatory variables were divided into five semantic domains: accident
environment, road structure, ego-vehicle conditions, counterpart-vehicle conditions, and
collision conditions. Odds ratios obtained from a previous ordinal logistic regression analysis
were transformed into a common damage-risk space and integrated through intermediate
and higher-level models.

The results showed that the collision-condition model (M5) and the road-structure model
(M2) exhibited relatively higher explanatory power among the intermediate models. The
final model achieved an R? value of 0.203. Furthermore, the proportion of severe vehicle
damage increased monotonically with the estimated damage-risk rank. Compared with the
lowest 10% risk group, the highest 10% risk group showed approximately 19.7 times higher
occurrence of damage level 2 or greater and approximately 51 times higher occurrence of
damage level 3.

These findings indicate that the proposed model is more effective as a relative risk-ranking
framework for identifying conditions associated with severe vehicle damage than as a
deterministic predictor of individual accident outcomes. This study represents the first
application of a Product Model of Multi-Layer Complementary Sets to vehicle damage risk
assessment and provides a novel framework for understanding traffic accident structures and

supporting future safety countermeasure planning.
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