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Fig. 1 Schematic diagram of seepage
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Tab. 1 Training parameter configuration

AR Hufe
Image_size 640x640
epochs 300
Batch_size 16

seed 42
1Ir0 0.001

Weight_decay 0.000 5
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Tab. 2 Comparison of ablation experiments

%
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p T A T D, 5 SRR AH L, B A P2 4
e, B (1] 3 (Recall ) i 89. 4% 2 T+ % 92. 4%
(+3. 0N E AN Py s 5 Py s o PIRTE T 1. 24 E 42
Mo DX A HERARAE E B 5] RO B T
ZLA0E5 S /N B AR A N R AR 0 2 T T R
o H U R HE A h 94, 0% T B A 92.4%
(1.6 4310, Uk BHAE RS H BE 1 42 T+ R B, 4
SECT A S AABE S SO AR D X I R A, S
Hh A LA T RGeS A BT PR

TESIA P2 B Al %45 EloU 1 2K 5 , G M
R 92. 4% [MITFE 93. 6% (+1. 24 F 40 5, A 11K
P TF 2 93. 0% (+0. 6 T 43 1) L Py 5o o5 H
68. 0% /NIFHE T+ 2 68. 1% (+0. 14~ H 43 15, , 1M P
145 96. 9% A7A% . R EloU il i X Hhub s 3 5
Bt 1 25 I SRS 20 29 R, FEAS SZ e A e T TR
TR T FOAE [ U AR E MR ToU RME T (Y
FIRERE

TE R M Al B 5] A S E0TC R SimAM
HAE R WERIETF R 95 1% (+1. 5N EH 404, A
MR PE— T2 93, 4% (+0. 4 M E ) L, Py s 5
Py o005 27 K FN 97. 2% (+0. 3 DT 43 5) F1 68. 5%
(+0. 4N E 4R A0 o X UL SimAM A% A4 20 il &2
A5 SR T R BRI, ZE DR A [l Y [ s Gk
PTG FE 5 AR MRS T

25 b, g AR P2ES-YOLO AH % T ik 2k 5 9t
T AR T R R T 1 1A 50 5 (94. 0%

—95.1%) . A Inl F 4 T+ 4 > H 4> 51 (89. 4%—
93.4%) P, $E Tt 1.5 H 43 23.(95. 7%—97. 2%)
Py soos BETE 1. 74N 43 45.(66. 8%—68. 5%) o iR 4
S5 T4 WO AE T AR ST B iR A H A TS A LLL AR
SRR BIRA AT 55 Hh A A Rtk
2.5 Xfeiks

k4 T PEAl P2ES-YOLO 15 32 B £ 405 T A6
15 bR, B YOLOVSn , YOLOvSn . YOLOv9—
T.YOLOv10n,YOLOv1 In %5 3 i 1 9% H ARG
AERXT L, BT A R 3 70 A [R5 B AR ) )1 5
SR ) F b7t Hiakns, 25 5 WL3% 3.

®3 AEEEERBLIMNE RS REEENKQNLER
Xt
Tab. 3 Comparison of detection results of different models

on the dike infrared piping and seepage dataset

%
el P R P, Py 005
YOLOv5n 83.1 75.2 80.6 423
YOLOv8n 94.0 89.4 95.7 66.8
YOLOv9-T 93.8 87.4 95.0 65.2
YOLOv10n 90.6 89.1 94.8 66.8
YOLOvl1n 86.9 87.9 93.9 63.2
P2ES-YOLO 95.1 93.4 97.2 68.5
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Fig. 6 Comparison of piping and seepage detection results
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P2ES-YOLO-Based Detection of Seepage and Leakage in Infrared Images of Embankments

HOU Guoxin', XU Peng’, GAN Zhangze’, OUYANG Zhuoyu®, OU Yangli’, DENG Bin**
(1. Dongting Lake Water Conservancy Affairs Center of Hunan, Changsha 410007, China; 2. School of Hydraulic and Ocean
Engineering, Changsha University of Science & Technology, Changsha 410114, Hunan, China; 3. Hunan Provincial Water Resources
Development and Investment Co., Ltd., Changsha 410007, China; 4. Key Laboratory of Dongting Lake Aquatic Eco—Environmental

Control and Restoration of Hunan Province, Changsha 410114, China)

Abstract: Early and reliable detection of piping and seepage in dikes is critical to mitigating flood risks and ensuring the long-term
stability of hydraulic infrastructure. Recent advances in UAV-based infrared thermography have facilitated efficient, large-scale dike
inspections. However, accurately identifying seepage anomalies in infrared images remains a formidable challenge due to the small
size of targets, low signal-to-noise ratios, blurred and diffused boundaries, and complex background thermal interference. These issues
often result in missed detections and false alarms when conventional deep learning-based object detectors are applied. To address these
limitations, this study proposes a novel lightweight detection framework, termed P2ES-YOLO. Built upon the YOLOv8n architecture,
the framework introduces a collaborative perception-localization-suppression optimization mechanism tailored specifically for infrared
seepage detection. The main contributions are threefold: First, a P2 small-object detection branch is integrated into the feature
pyramid network to leverage high-resolution feature maps from shallow layers. This design preserves fine spatial details and
significantly enhances the detection capability for weak and small-scale seepage targets that are easily overlooked by standard models.
Second, the Efficient Intersection over Union (EIoU) loss function replaces the conventional CloU loss. By explicitly decoupling width
and height constraints, EloU enables more precise bounding box regression, which is particularly beneficial for targets with ambiguous
and gradually changing boundaries, thus improving localization accuracy. Third, a parameter-free attention module, SimAM, is
embedded into the feature fusion stage. This module adaptively refines feature representations by enhancing target-related responses
and suppressing background noise without introducing additional computational overhead, ensuring the model maintains efficiency

while boosting performance. Extensive experiments are conducted on a hybrid dataset that combines publicly available infrared seepage
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data and a self-constructed UAV-based dataset. The dataset covers diverse environmental conditions, including varying illumination,
vegetation interference, and different seepage development stages, to ensure the generalizability of the results. The proposed P2ES-
YOLO achieves a precision of 95. 1%, a recall of 93. 4%, and an P, 5 of 97. 2%, outperforming the baseline YOLOv8n by 1. 1%, 4. 0%,
and 1. 5%, respectively. Comparative evaluations with several state-of-the-art lightweight detectors further demonstrate the superiority
of P2ES-YOLO in both detection accuracy and robustness. Ablation studies verify the effectiveness and complementary contributions
of each proposed module, confirming that the collaborative optimization mechanism is key to the model’s enhanced performance.
Compared with existing approaches, P2ES-YOLO not only improves detection performance for challenging small and weak targets but
also maintains a lightweight structure suitable for real-time deployment on UAV platforms with limited computational resources. The
results indicate that P2ES-YOLO provides a practical and scalable solution for intelligent dike inspection. Furthermore, this study
offers valuable insights into task-oriented optimization of deep learning models for infrared-based anomaly detection in complex
engineering environments, paving the way for more reliable and efficient infrastructure monitoring systems.

Keywords: dike safety; piping and seepage; infrared images; YOLOv8; small-target detection
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