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Abstract: The efficiency of retail checkout systems directly affects the shopping experience. Current systems have diffi-
culty capturing key details of Small-sized merchandise and lack spatial reasoning in crowded scenes, which limits detec-
tion performance. To address the aforementioned issues, this paper develops a hypergraph-driven trinity semantic frame-
work based on YOLOv12. First, the framework uses a cross-layer semantic gathering module. It combines the Cross-
Layer Feature Attention Fusion (CFAF) submodule with Pinwheel-Shaped Convolution (PSConv). This process enables
complementary semantics across different network layers. It also effectively preserves fine-grained features in the deep
network. As a result, the model's ability to capture detailed features of small commodities is significantly improved. Next,

a semantic refinement module is introduced. Its core component, Hybrid Dynamic Perception Hypergraph Computation
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(HDP-HGC), effectively enhances the system's recognition performance in heavily occluded scenarios. Finally, a seman-

tic mapping module is designed to establish semantic interaction pathways between non-adjacent layers. These three mod-

ules work collaboratively to form a complete trinity semantic framework. We conducted systematic evaluations on the

public datasets RPC, FinVolution, and our self-built real-world dataset Mine. Experimental results show that our method

achieved average detection accuracies of 90.94%, 92.04%, and 69.61%, respectively—surpassing most mainstream mod-

els. In particular, it demonstrates significant advantages in small-object recognition and heavily occluded checkout sce-

narios, maintaining high accuracy while effectively controlling model parameters. Furthermore, our approach reduces

missed detections and false detections by approximately 30% and 50%, respectively, further verifying its stability and

practical value in complex retail environments.
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