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Abstract -

Pavement crack tracking in unstructured road environ-
ments has been and continues to be a crucial and challenging
task, playing a vital role in achieving accurate crack seal-
ing for automated pavement crack repair. However, slen-
der cracks suffer from insufficient feature extraction and low
tracking efficiency. In this article, a hybrid adaptive control
scheme combined with a self-tuning neural network and pro-
portional-integral-derivative (PID) is proposed for dynamic
visual tracking of pavement cracks. Specifically, the scheme
extracts crack features on the road image plane based on a
S2TNet system and determines an optimal control input to
guide the robot. S2TNet cross-integrates the global features
through the multi-head attention module. It also adaptively
recalibrates the channel responses of partial feature maps for
fusion operations with the transformer module. Moreover,
the Neural-PID controller is designed for adaptive adjust-
ment of control parameters, and the scheme was validated
on a physical robot platform. Extensive experimental re-
sults showed that the effectiveness of the proposed method in
achieving real-time tracking for pavement cracks.
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1 Introduction

Pavement cracks are prevalent and hazardous defects
that significantly impact driving safety in highway trans-
portation. They primarily arise from a range of factors,
such as heavy traffic loads, subpar construction practices,
the influence of climate, and inadequate drainagel[l} [2].
Failure to promptly repair pavement cracks can lead to ac-
celerated deterioration of the pavement structure through
the ingress of rainwater. Even a small crack can rapidly de-
grade into a pothole overnight, posing a significant hazard
to high-speed driving[3| 4]. Hence, regular maintenance
and repair of pavement cracks are imperative to prevent
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crack deterioration and ensure traffic safety([5) 16]]. Manual
sealing is the conventional approach for repairing pave-
ment cracks. However, manual pavement repair proves
to be time-consuming, expensive, and subjective. There-
fore, there is a growing demand for automated and efficient
repair methods in pavement crack tracking.

Recent studies have primarily focused on the develop-
ment of crack segmentation with convolutional neural net-
work (CNN)-based methods in road environments. For in-
stance, [[7]] constructed a novel crack segmentation network
called CrackW-Net, and designed the skip-level round-trip
sampling block, which can be easily used in various net-
work structures. [8] developed mobile robot system can
effectively segment pavement cracks in real scenarios at a
speed of 25 frames per second. [9] used a 3D printer as
a crack-filling machine. In recent years, path tracking re-
search based on mobile device motion control has become
popular. A crack sealing system was designed to control
the experimental three-dimensional (3D) printer to repair
cracks[2]. [10] proposed the cross-entropy-based adaptive
fuzzy control for crack tracking with VT-UMbot.

The insufficient feature extraction is significantly trig-
gered by the limited receptive field in the CNN segmenta-
tion model and it often leads to a coarse segmentation
of the cracks. Over the years, researchers have pro-
posed various techniques to improve object detectabil-
ity. These approaches include encoder-decoder[1 1], multi-
scale attention[12]], and multi-scale feature extraction[/13]].
Additionally, efforts have been made to enhance object
feature representation[14] and fusion[[15]. However, de-
spite these advancements, challenges still persist in the
field, such as inadequate detection of detailed features
and susceptibility to background lighting conditions. On
the other hand, low tracking efficiency is also caused by
Slender pavement cracks have extreme length-width ra-
tio and complex topology, which lead to irregular paths.
Path tracking research mainly focuses on distribution rules
and trajectory obeying certain rules. Recent tracking con-
trol methods range from traditional PID to various op-
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timized and improved PID such as fuzzy control[10], ge-
netic algorithms[16]] and ant colony algorithms[[17]. How-
ever, challenges related to tuning of control parameters in
specialized environments significantly impact the perfor-
mance of path tracking.

This article presents a pavement crack tracking frame-
work that enhances tracking efficiency in unstructured road
scenarios by fusing real-time crack video context features
with transformer-based segmentation and proposing Neu-
ral-PID control strategies in the crack tracking. To address
the insufficient feature extraction and low tracking effi-
ciency, extensive experiments are conducted and verified.
The contributions of this work are fourfold:

* Aiming at the problem of pavement crack tracking,
a joint transformer-based fusion model and Neu-
ral-PID tracking control scheme is proposed. This al-
gorithm successfully achieves stable real-time track-
ing for pavement crack.

* Enhancing the performance and effectiveness of
crack segmentation in challenging road conditions
with insufficient feature extraction. This article In-
troduces a transformer-based fusion model, which
leverages multi-fusion strategies to address the chal-
lenges posed by coarse crack feature extraction.

* Considering pavement cracks with slender shape and
irregular path, a Neural-PID tracking control method
is proposed to improve the performance of tracking.
Specifically, adaptive adjustment of control parame-
ters is achieved by neural network.

* Conducting extensive experiments on self-created
S2T-Crack dataset, the proposed algorithm is suc-
cessfully deployed in self-developed vision-guided
robot. The results show that our method achieved
State-of-The-Art.

The structure of this article is organized as follows.
Section 2 provides the existing related work. Section 3
outlines the detailed design of our methodology. Section
4 presents the experimental validation of our approach.
Finally, Section 5 summarizes the article and discusses
future directions.

2 Related works

This section reviews the literature relevant to our pro-
posed pavement crack tracking.

Crack Segmentation. Crack segmentation is a crucial
distress inspection technique for different infrastructures,
including roads, bridges, tunnels, airports and buildings.
There are numerous crack segmentation methods devel-
oped based on deep learning. YOLOvVS5[18] is a single-
stage object detection model known for its architectural

features such as the incorporation of Cross-Stage Partial
(CSP) and Spatial Pyramid Pooling-Fast (SPPF) methods
in the backbone network, as well as the utilization of Fea-
ture Pyramid Network (FPN) and Path Aggregation Net-
work (PAN) in the Neck network. A lightweight pavement
crack detection model is proposed to realize the dual tasks
of object detection and semantic segmentation[19].

However, CNN models primarily focus on local feature
extraction, which may result in information ambiguity and
coarse segmentation when dealing with long-range de-
pendency relationships. Therefore, this research aims to
fuse YOLOVS5 with Transformer to achieve effective crack
segmentation.

Vision Transformer. Thanks to strong representation
capabilities, researchers are looking at ways to apply trans-
former to computer vision tasks. In various visual bench-
marks, the performance of the transformer-based model
is similar to or better than other CNN types of networks.
[20] classified these visual transformer models accord-
ing to different tasks, and analyzes their advantages and
disadvantages, so as to review them. A new video in-
stance segmentation framework based on Transformer is
proposed, called VisTR, which regards the VIS task as a
direct end-to-end parallel sequence decoding / prediction
problem[21]]. [22] designed a segmentation model called
SEgmentation TRansformer (SETR). A large number of
experiments show that SETR has achieved competitive
results on Cityscapes.

Compared to CNN, transformer incurs higher compu-
tational costs and longer training times. Given the subtle
nature of crack features, achieving fine-grained segmen-
tation of cracks is crucial. Therefore, this research in-
troduces self-attention and cross-attention mechanisms to
enhance feature extraction.

PID Control. PID control is widely used in path track-
ing control of mobile robots. In the absence of robot
knowledge, the PID controller may be the best controller
because it is model-free and its parameters can be easily
adjusted separately. However, the parameters depend on
artificial empirical values, and parameter optimization is
an existing challenge. [23] used the adaptive PID con-
troller to adjust the error to adjust the front wheel angle.
A robust PID controller for flight control of four-rotor air-
craftis proposed[24]]. An adaptive fuzzy control (CEAFC)
method based on cross entropy is proposed for PID param-
eter tuning[10]].

Traditional PID controllers are susceptible to external
disturbances when it comes to parameter adjustments,
leading to convergence issues and system uncertainty. To
address these challenges, this study proposes the Neural-
PID approach to ensure effective tracking performance.
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