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Abstract

To address the heterogeneity of vehicle trajectory data sources, insufficient spatiotemporal continu-
ity, and the limited ability of fixed-rule methods to characterize the normal travel patterns of differ-
ent vehicles, this paper designs and implements a vehicle anomalous trajectory detection and risk
early-warning platform based on multi-source data fusion and personalized spatiotemporal base-
lines. The platform integrates multi-source trajectory data, including vehicle GPS positioning data,
road checkpoint recognition records, and parking-lot entrance and exit records. Coordinate stand-
ardization, temporal alignment, interpolation, and Kalman filtering are applied to fuse heterogene-
ous trajectory data and construct continuous trajectories. Vehicle mobility features, such as stay re-
gions, frequently visited regions, and high-frequency routes, are then extracted. Spatial locations are
jointly modeled with cyclic hour-of-day and day-of-week features, and a Gaussian Mixture Model
(GMM) is employed to establish a personalized spatiotemporal baseline of historical normal travel
behavior. The negative log-likelihood of each trajectory point under the baseline model is used as
the anomaly score, and the anomaly threshold is determined according to the distribution of anom-
aly scores derived from historical normal samples. The degree of anomaly is further mapped to low-,
medium-, and high-risk levels and to P3, P2, and P1 warning levels. A Streamlit-based Web interface,
together with Folium and map tile services, is used to visualize vehicle trajectories, anomalous points,
heat maps, risk-level distributions, and warning records. Considering the sensitivity of real vehicle
location data and the security requirements of operational data, all system validation in this study is
conducted using programmatically generated synthetic multi-source trajectory data. The simulation
results are intended only to verify the end-to-end workflow of data generation, trajectory fusion,
baseline modeling, anomaly detection, risk early warning, and visualization, rather than to represent
detection accuracy in real-world operational scenarios. The system results demonstrate that the pro-
posed platform can implement a complete functional workflow from multi-source trajectory pro-
cessing to hierarchical warning output, providing an engineering reference for vehicle anomalous
trajectory analysis, risk assessment, related teaching and research, and prototype system develop-
ment.
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Figure 1. Overall workflow of the vehicle trajectory anomaly detection and risk early warning platform
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Figure 2. Overview dashboard
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39.990000 -+ zhang_san 2026-01-01 00:06:00 399075 116.3963 18243 home gps home gps
zhang_san 2026.01-01 00:07:00 39.8077 1163873 20568 home gps home gps
zhang_san 2026:01-01 00:08:00 39.8077 1163971 24302 home gps home gps
HERE zhang_san 2026-01-01 00:08:00 399077 1163975 0.3907 home gps home gps
EEEE (8E) ~

Figure 6. Data details
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Table 3. Main experimental parameters
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Table 4. Sensitivity analysis results for the number of GMM components K (Threshold = 95%)
< 4. GMM B4 8 K BUE M SEI 45 R (FME R 95%)

K Precision Recall F1 FPR

2 0.3422 1.0000 0.5090 0.0629
3 0.3509 1.0000 0.5185 0.0606
4 0.2565 1.0000 0.4079 0.0943
5 0.1974 1.0000 0.3296 0.1317
6 0.1230 1.0000 0.2190 0.2315
7 0.1699 1.0000 0.2902 0.1584
8 0.7538 1.0000 0.8568 0.0111

H B E GMM B A K AIREIR . [958 5 BREL RN A i ST A AR 5 0 B 95% 0 i, 4 K
£ 2~8 Z 1824, HoR IRl P SRR e B AR — 2. 48R K 4. HRTRUR W 5 1R H L
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Table 5. Sensitivity analysis results for the Anomaly-Threshold percentile (K = 4)
#5 RENEENUBRAMIEERK=4

REE 2D % Precision Recall F1 FPR
90 0.1516 1.0000 0.2631 0.1815

92.5 0.1858 1.0000 0.3132 0.1423

95 0.2565 1.0000 0.4079 0.0943

97.5 0.3791 1.0000 0.5488 0.0536

99 0.6135 1.0000 0.7595 0.0206
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Table 6. GMM feature ablation results (K = 4, 95th-percentile threshold)
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