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Abstract: Objective Automatic detection of illegal parking on highways through surveillance video is a crucial task for
modern traffic management systems because it directly affects traffic flow, public safety, and operational efficiency. How-
ever, detecting parking violations in highway environments presents substantial challenges because of complex traffic
dynamics, varying lighting conditions, and broad surveillance coverage. These challenges include frequent vehicle occlu-
sions in dense traffic that lead to identity confusion and incorrect tracking, substantial perspective distortion that causes
slow-moving vehicles to be mistakenly identified as parked, and degraded detection performance under low-illumination

conditions, where vehicle features become blurred and are prone to false detection because of environmental lighting
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effects. Method To address these problems, this study proposes a novel highway illegal parking detection algorithm that
integrates dual-attention feature fusion and spatiotemporal behavior analysis. The approach introduces a dual-attention
fusion module to enhance multiscale feature representations extracted from YOLOv8, which are used as appearance descrip-
tors in a vehicle tracking framework on the basis of BotSORT-RelD. This framework directly leverages YOLOv8’ s multi-
scale feature outputs and enhances them with attention mechanisms in spatial and channel dimensions. The spatial atten-
tion module emphasizes critical regions related to vehicle targets, suppressing background noise, whereas the channel
attention mechanism selectively emphasizes discriminative feature channels relevant to object identity. These enhance-
ments substantially improve the robustness and accuracy of vehicle tracking, especially in scenarios involving occlusion,
background clutter, or varying viewing angles. The second component of the algorithm focuses on violation judgment
through spatiotemporal feature accumulation. Specifically, it uses an adaptive interframe displacement estimation method
on the basis of exponentially weighted moving averages to identify low-speed or stationary vehicles over a sequence of
frames. A normalized displacement model is employed to correct perspective distortions across different regions of the
image, ensuring that movement estimates are reliable even when vehicle scale varies with the distance from the camera.
This method smooths short-term fluctuations in object position and helps avoid misclassification caused by detection box jit-
ter or gradual deceleration. A secondary validation mechanism is proposed to address the complexity of nighttime detec-
tion, especially in environments with poor visibility or interference from artificial lights. This process involves analyzing the
temporal characteristics of brightness changes to identify flashing hazard lights, which are a strong indicator of stationary
vehicles in emergency situations. Time-series analysis is conducted on grayscale intensity values extracted from target
bounding boxes across frames. Preprocessing steps, including Savitzky-Golay filtering, detrending, and temporal gradient
computation, are applied to isolate periodic brightness variations. Subsequently, Welch’s method is used for power spec-
tral density estimation, and dominant frequencies are extracted and compared with known hazard light flashing frequency
ranges. Only when these frequencies match expected patterns is the object confirmed to be illegally parked, thereby reduc-
ing false positives from nonvehicle light sources or reflections. Result Given the absence of publicly available datasets for
highway parking violation detection, three dedicated highway datasets are constructed for object detection, vehicle track-
ing, and parking violation recognition. The datasets consist of 8 532 labeled images for detection, 34 600 frames for track-
ing, and 77 annotated video sequences (average over 1 min, covering 98 illegal parking vehicles) for violation recognition.
Moreover, they cover diverse conditions, including daytime, nighttime, tunnels, and adverse weather (e. g. , rain and
fog) , thereby ensuring comprehensive evaluation across complex highway scenarios. Experimental results on the con-
structed datasets show that the proposed algorithm consistently outperforms several benchmark methods in terms of preci-
sion, recall, and F1 score. Notably, dual-attention feature extraction improves identity consistency in vehicle tracking,
thereby reducing ID switches and increasing tracking accuracy. The adaptive displacement method demonstrates strong
resistance to jitter and perspective artifacts, and the hazard light detection module substantially reduces nighttime false
positives and improves robustness under difficult lighting. Ablation studies further confirm the contribution of each compo-
nent. For instance, removing the dual-attention module results in reduced tracking quality and an increase in identity con-
fusion. Without the adaptive displacement method, the system becomes highly vulnerable to misclassification because of
minor motion or camera instability. Meanwhile, excluding the temporal signal-based hazard light detection leads to a rise in
false alarms during nighttime evaluations. The full system achieves a balanced trade-off between high precision and high
recall, demonstrating its effectiveness in real-world applications. Conclusion Overall, the proposed algorithm presents a
unified, efficient, accurate solution for illegal parking detection on highways. By combining deep learning-based object
detection, attention-guided feature fusion, motion pattern recognition, and signal-based validation, this algorithm
addresses the key limitations of current methods and achieves robust performance across varying highway surveillance con-
ditions. The integration of lightweight attention modules into the YOLOv8 backbone and the design of spatiotemporal behav-
ioral analysis allow for real-time processing while maintaining high accuracy. The system is thus well-suited for deployment
in intelligent transportation systems and smart city infrastructure where reliability and adaptability are paramount. The
methodology also provides a scalable framework for extending similar detection strategies to other traffic violations or abnor-
mal behaviors in complex road environments.

Key words: highway; spatiotemporal feature; attention feature ; parking violation detection; dual attention
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Fig. 6 Schematic diagram of hazard warning flashing light temporal signal analysis
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Table 1 Statistical analysis of image data in highway

vehicle detection dataset
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Table 2 Statistical analysis of data in highway vehicle

tracking dataset
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Table 3 Statistical analysis of the number of scene

segments in the vehicle illegal parking detection dataset
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Table 4 Results of vehicle illegal parking detection under

different polynomial orders
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Fig. 12 Display of images from different scenarios in

the vehicle illegal parking detection dataset
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Table 5 Experimental results of the proposed algorithm

for illegal parking detection
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94.79 92.86 0.94 2.6 32




$31%5/ET7H /2026 £7 B

X, FE, KET, S¥Ek, FEK, TRA
MAENETENHESHEHENSIELBEEIRN

TEN A1, 55 IR S AR s 55 2 9 iR
B8] A S AE IV 2 A3 T JR XU R =2 T AT ) 4 0
FERRAR B 5 58 3 /s AR 2 R AE B S R TE R AT A
{5 Ak PRGN R . SR 2 AT AN AR M B 5 151
V{50 A 7 T S i ) 7 2 AR, R 1 IRk U 5
55250 5 s Z2 0 id A5 A AT AR PR i A5
FERTEE U 3 5 3 41 7 BB T I8 i 4 £ e A T Y B
B, I N ot (8] 57 8% J0 1% 0 5 HL AR s sh AR S T
el For, Tz % 3 2 PR AL 455 2 DR R
LS TP N B O N &2 A SR I R TR P
T LU 22 h 2208 A% ST AR BLIE R RS 1R, RSt
R HHNB g i e o Ik 26 SR M) R 49 1 i 0] LS B8
Jie SR F ) 4 R D7 i v TR RE R BE LE B0 PR, PR B H ik
ESUR S 5Lk g e

IR A R AR SR A A 0] A5 R R
Z A LB T R AR B AU R AR BB R T BE T Y
[RI IR , A SR PR 1 DRI A LR MR, B R A )
PR N BE .

P13 At o 4 U3 1 5
Fig. 13 Examples of partial vehicle illegal parking detection

3.3.2 HAMERER SRS

ST BT 3R HE 8 T SO0 T 2 R i B
F B AR BR R DT 1 A SR BRASCR , AR SCIE I T AT 2 H
P BB U 6 i ELAT AR SR ) SR A S X L Ak
HE, 53931 BotSORT (bag of tricks SORT) ( Aharon %5,
2022) ,Bytetrack (Zhang %5 ,2022) . StrongSORT ( stron-
ger, faster and more robust SORT) (Du % , 2023) .
Deep OC-SORT (deep observation-centric SORT)
(Maggiolino &5 2023) . MambaTrack (Xiao 25, 2024)
F1 BoostTrack++( Stanojevié 1 Todorovié, 2024 ) .

eSS AR v, B S b A A e B A
DR A B0k H AR AG DA B R AT 25, DT 32 ok
WUAFAIE A9 1 190 265 ) R 7 g 0 B A2 0 22 H P R 2
NG BSE SR fe 4% D7 e i LN B
Wiz B bR R ER I AR b AT S X b, AR RE R bR

GERNER 6 s o ISEERE IR AT LIt 2t i 3k
16 EEIEALFE bR B B BRI PERE . #E HOTA
ShR b AR SO IR E] T 66. 3% RIS, KRR A
iz B BEXT EE BotSORT HA B B - T}, B 9K Boost-
Track++7E HOTA MOTA FIIDF1 | 2B EAL, HEH
15 S W LR R R SRS 2D IR T A
T3 A (R s 2 BRSNS B 5 50t DIk vk it 1 1 L
FHHERAZEAN R X—E5 LRI R R AT
BRI b FRIOE TS, R T AE H bR IR B R P AR
FE B A XS RROE I RE T, B T B 0y DI 4501 32 5 3
TR R L ST T AN BRI R A 1 B

R6 BEABREMRELBER

Table 6 Experimental results of highway vehicle tracking
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Table 7 Comparative experimental results of vehicle illegal parking detection
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Table 8 Ablation experiment on DAFM sub-modules
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Table 9 Ablation experimental results of highway

vehicle illegal parking detection
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Fig. 14 Example diagram of experimental results for the effectiveness of the appearance feature extraction module
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Fig. 15 Example diagram of experimental results for adaptive inter-frame displacement
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Fig. 16 Example diagram of experimental results for secondary verification based on temporal signal analysis
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