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Abstract: [Objectives] To address the limitations of existing zero-watermarking algorithms for vector maps—
specifically their reliance on handcrafted features, insufficient robustness, and weak security—this paper propos-
es a highly robust zero-watermarking algorithm based on a graph attention network (GAT). The objective is to
enhance copyright protection capabilities under complex and compound attacks. [Methods] The proposed algo-
rithm first abstracts vector map elements into a hybrid graph structure, adopting a unified KNN+Delaunay con-
struction strategy that balances local density and global connectivity. Unlike conventional zero-watermarking
methods that rely on handcrafted geometric features, a dual-stream graph attention architecture with decoupled
node-level and graph-level encoding is designed: the node stream captures local topological dependencies via dy-
namic attention, the graph stream extracts global geometric semantics, and the two are nonlinearly fused in a uni-
fied mapping layer, thereby removing the dependence on handcrafted features. During training, a multi-objective
joint optimization strategy combining contrastive, similarity, diversity and binarization-consistency losses jointly
enhances feature robustness and uniqueness under a single objective. In the zero-watermark construction phase,
copyright images are encrypted with an independent key derived from the unique registration number and a time-
stamp to strengthen security. [Results] Experiments were conducted on six representative vector map datasets
covering point, line, and polygon layers, and ten types of attacks across three categories spanning topological ed-
iting (vertex insertion, deletion, and cropping), geometric transformation (translation, rotation, and scaling), and

information-level interference were applied both individually and in sequential combination. The results demon-

s B 3 :2026-03-31; f& 2 H # :2026-06-26.

E&UH : HREARPEEEE T H (42101420,42571533) s VLA R A BT AL I 24 5T H (SICX25_1880) . [ Founda-
tion items: National Natural Science Foundation of China, N0.42101420, No0.42571533; Jiangsu Province Undergrad-
uate Innovation and Entrepreneurship Training Program, No.SJCX25 1880. ]

EEET: 2 J(1990— ), 5 VLHRERH Wt RIS  AF 5807 ) R 28 45 B2 42 B4 . E-mail: xixu@usts.edu.cn

SEAES R (1957— ), 5, & ARFT A ML 2% i 7 10 8 0T #8577 . E-mail: zhangxc@gzhu.edu.cn



2 BT S NS S 2026 4F

strate that the proposed algorithm achieves strong robustness across all attack types: under the three categories of
single attacks, the average normalized correlation (NC) of the reconstructed watermark consistently remains
above 0.9. Notably, under extreme compound attacks that sequentially superimpose all ten attacks—simultane-
ously involving vertex-level, object-level, geometric, and topological distortions—the average NC of the recon-
structed watermark image reaches 0.95 across the six datasets, whereas the best-performing baseline method at-
tains only 0.65, and several comparison methods cannot support point data. The reconstructed watermark images
remain clearly recognizable, and ablation observations confirm that both the node stream and the graph stream
contribute complementarily to the overall robustness. These results substantially outperform existing baseline
methods and verify the practicality of the algorithm in complex editing environments. [Conclusions] The pro-
posed dual-stream zero-watermarking algorithm based on graph neural networks effectively overcomes the limi-
tations of traditional handcrafted feature-dependent methods. By decoupling node-level and graph-level encod-
ing and jointly optimizing multiple objectives, it learns highly robust and cross-scenario-consistent watermark
features without modifying the original data, thereby preserving the geometric precision of high-precision vector
maps. The algorithm exhibits superior robustness and generalization capabilities under diverse and compound at-
tack scenarios, and the representation-learning paradigm it adopts also offers a transferable reference for robust
feature extraction on other non-Euclidean data such as transportation networks and three-dimensional geometric
models, providing a reliable solution for copyright protection of high-precision vector maps.

Key words: zero-watermarking; vector map; graph attention network; contrastive learning; robustness; dual-
stream graph neural network
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