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Abstract: In intelligent parking management systems, achieving high-precision parking space perception in complex
environments is a core technology for automated guidance and resource optimization. Traditional detection methods suffer
from high costs, difficult maintenance, and limited parking status information. Although vision-based approaches can pro-
vide rich information, they face challenges in underground parking lots, such as dim illumination, strong light interference,
complex backgrounds, and severe vehicle occlusion. To address these issues, this paper proposes a lightweight real-time un-
derground parking space occupancy detection network integrating vision and geometric reasoning, termed real-time under-
ground parking space occupancy detection transformer (RT-UPSO-DETR). First, a lightweight residual F-DBlock (Fusion
DBlock) module with dilated spatial attention is designed, which expands the receptive field to capture global blurred fea-
tures while significantly reducing redundant computation. Second, a multi-mechanism Transformer encoder layer, cognitive
spatial attention layer (CSAL), is constructed to replace the original AIFI module in RT-DETR-R18, significantly enhanc-
ing the model’s feature discrimination ability in low-light and blurred images. Furthermore, to address the missed detection

of rear parking spaces caused by mutual vehicle occlusion, a geometric reasoning perspective topology completion module
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(PTCM) is devised, which uses the detected front parking spaces as geometric anchors to estimate the vanishing point and
then infers the approximate positions of occluded spaces via radial projection, effectively recovering missing bounding box-
es. To validate the effectiveness of the proposed algorithm, we construct an underground parking space detection dataset
and a dedicated occlusion completion test set, and conduct generalization experiments on the public low-light dataset Ex-
Dark. Experimental results on the self-built dataset show that compared with the baseline RT-DETR-R18, RT-UPSO-DETR
improves precision, recall, mAP@0.5, and mAP@0.5-0.95 by 1.5%, 3.3%, 0.7%, and 0.9%, respectively. Meanwhile, the
number of parameters is reduced by 22.1%, GFLOPs by 18.8%, and the inference speed reaches 52.4 FPS, satisfying real-
time detection requirements. On the ExDark dataset, compared with RT-DETR-R18, the proposed model improves preci-
sion, recall, mAP@0.5, and mAP@0.5-0.95 by 2.1%, 1.3%, 2.1%, and 1.0%, respectively, verifying its robustness under
low-light conditions. For parking space completion, the PTCM achieves a missed recall rate of 82.48%, a completion accu-
racy of 74.83%, and a mean center error of 23.27 pixels, demonstrating its effectiveness in reducing missed detections. The
proposed RT-UPSO-DETR network, through lightweight design and multi-mechanism attention fusion, effectively address-
es the challenges of parking space detection in underground parking lots with low illumination, complex backgrounds, and

occlusions. The perspective topology completion module further enhances the system’s robustness to occlusions, providing
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a feasible vision-based solution for practical intelligent parking systems.
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Figure 2 Network structure of F-DBlock module
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Figure 4 End-to-end real-time parking space detection algorithm based

on RT-UPSO-DETR
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Figure 5 Analysis of the special test set for obstruction completion
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Table 1 ~ Experimental parameter settings
SRR SR SRR ZHBE
Epochs 200 Optimizer AdamW
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Table 2 Evaluation indicators of the target detection model
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Table 3 Evaluation indicators of the perspective topology completion

module

T8 FR(Metric) 1545 (Formula)
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Hul IR 22(MCE) MCE =
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Table 4 Results of the ablation experiment

RT-DETR-R18 | F-DBlock | CSAL P/% R/% | mAP@0.5/% |mAP@0.5-0.95/% | Parameters/10° GFLOPs FPS
N 90.8 933 95.5 82.8 19.87 56.9 54.54
N N 91.8 934 96.5 81.8 13.59 452 54.39
N N 91.7 94.4 96.0 83.0 21.72 577 59.02
N N N 923 96.6 96.2 83.7 15.47 46.2 52.40
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Table 5 Comparison of performance indicators tested by different methods

LAY P/% R/% mAP@0.5/% | mAP@0.5-0.95/% Parameters/10° GFLOPs FPS
YOLOv8m 91.5 93.3 96.7 81.9 25.84 78.7 94.93
YOLO-ResNet-18 92.0 93.4 95.7 83.9 13.32 35.2 137.97
YOLO EfficientNet 92.2 92.6 95.2 83.4 23.40 56.4 68.54
YOLOv10b 923 90.9 96.1 83.8 20.41 97.9 71.66
YOLOv10m 89.9 922 96.6 83.8 16.45 63.4 82.61
YOLOv11s 91.5 93.2 96.0 82.5 9.41 21.3 113.29
YOLOv11m 91.6 94.2 96.4 81.9 20.03 67.7 90.06
RT-DETR-R18 90.8 93.3 95.5 82.8 19.87 56.9 54.54
RT-DETR-R34 90.9 93.5 95.6 83.7 31.10 88.8 43.98
RT-UPSO-DETR 923 96.6 96.2 83.7 15.47 46.2 52.40
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Figure 6  Comparison results of parking space detection
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Table 6 Test results of the EXDark dataset unit:%
RAAY AR TV P R | mAP@0.5 | mAP@0.5-0.95
RT-DETR-R18 673 | 47.0 51.2 312
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Figure 7 Detection comparison results of the EXDark dataset
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Table 7 Quantitative evaluation results of the perspective topology completion module unit:%
Rk MRR CA MCE
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(b) Successful cases of the perspective topology completion module
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Figure 8 Result display of the perspective topology completion module
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