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Abstract

Pavement cracks are a common issue affecting road infrastructure worldwide. Their timely
detection and repair are essential for ensuring road safety and preventing further deterioration.
Traditional manual crack inspection methods are time-consuming, labor-intensive, and sus-
ceptible to human mistakes. To overcome these challenges, this thesis introduces CrackGNet,
a hybrid deep-learning architecture for the automated detection of road cracks. Our proposed
method strategically integrates a U-Net encoder-decoder with a GCN. The U-Net component
focuses on robust feature extraction from crack images, while the GCN component explicitly
models the spatial relationships and connectivity patterns inherent in crack structures. We
performed a comprehensive evaluation of CrackGNet on the CFD, DeepCrack, and CRACK500
datasets, demonstrating its superiority over established deep learning baselines across a range
of performance metrics achieving 0.8618 precision, 0.8811 recall, and an F1 score of 0.8665,
outperforming existing methods. These results highlight the effectiveness of our hybrid ap-
proach and the importance of considering both local image features and spatial context in crack
detection tasks. Our research contributes to the advancement of automated road infrastructure
assessment systems, with the potential to improve infrastructure maintenance efficiency and
reduce costs. Future research directions include exploring alternative GNN architectures for
further performance gains, expanding datasets for increased model robustness, and evaluating
CrackGNet in real-world inspection scenarios.

Keywords: Road Crack Segmentation, Deep Learning, U-Net, Graph Neural Networks
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CHAPTER

Introduction

Roads are the lifelines of our society, enabling the seamless movement of people and goods
[11]. However, maintaining their structural integrity is a constant battle against harsh weather,
heavy traffic, and the passage of time [12]. Cracks, which are a pervasive form of pavement
damage, signal potential weakening and can escalate into costly repairs, traffic disruptions,
and safety hazards [13, 14]. Traditional manual crack detection methods are slow and incon-
sistent while existing automated approaches often struggle with the complexities of real-world
conditions. Recent advancements in deep learning offer promise for more accurate and robust
crack detection. This research aims to address the limitations of existing methods, thereby
contributing to the creation of improved road crack detection systems that are more effective

and dependable, ultimately improving infrastructure safety and sustainability.

1.1 Motivation

The deterioration of road infrastructure poses a significant threat to safety, economic effi-
ciency, and environmental sustainability. Proactive pavement maintenance, with accurate

crack detection at its core, is essential to mitigate these consequences [15, 16]. Seemingly
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minor cracks, If left unaddressed, can rapidly escalate into potholes, alligator cracking, and
other severe damage (see Figure 1.1). This accelerated deterioration leads to drastically higher

repair costs, traffic disruptions, and increased safety risks for all road users [13, 14].

(b)

Figure 1.1: Examples of severe pavement deterioration resulting from neglected cracks [1].

Economic Impact

Repairing road cracks can become very expensive if they are not addressed in time and develop
into larger problems. A study discovered that road conditions were a significant factor in
costly traffic accidents in the U.S [17]. This shows how important it is to detect road cracks
early and fix them quickly. The cost of these crashes is not just a problem for government
agencies, but also for taxpayers and businesses who lose money because of traffic delays and
less productivity. Studies [18] and [16] have shown that doing maintenance work on time can
save up to 80% of the cost of fixing roads [15]. Detecting cracks early and fixing them quickly

can save a lot of money and make roads last longer.

Environmental Impact

Road cracks, which often appear first when pavement starts to fail, pose a potential risk to

road safety and need to be fixed as soon as possible. If not repaired promptly, these defects
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can worsen due to repeated exposure to environmental conditions or human activity [19].
These cracks also contribute to adverse environmental impacts. Studies indicate a strong
link between the condition of roads and carbon emissions, with poorly maintained roads
leading to higher emissions [20]. Furthermore, research conducted in [21] shows that bad
roads with cracks can cause cars to use more fuel and release more harmful gases, specifically

a 5% increase in fuel consumption and a 2% increase in carbon emissions.

Safety and Disruption

Unseen cracks can be very dangerous, especially for people on bikes, motorcycles, and those
walking. Bad roads can cause car accidents and make driving unsafe. For example, in the UK,
government data shows that 12.6% of car crashes in 2020 were caused by poor road conditions
[22]. As self-driving cars become more common, it is very important to fix road surface
problems to make sure these cars can operate safely [23, 24]. Besides the direct dangers,
road closures or traffic problems caused by ignored cracks can lead to traffic jams, delays,
and money loss for businesses and people traveling [15, 25]. Quick crack detection and repair

help keep a safe and smooth road network, which is very important for a successful society.

Challenges

Despite the clear benefits of proactive crack detection, existing methods encounter technical
limitations that hinder their widespread adoption in real-world scenarios. Traditional manual
methods are time-consuming, labor-intensive, and prone to subjective interpretation, leading

to inconsistent results. Even deep learning-based solutions often face the following challenges:

« Fine-Grained Detail Detection: Accurately detecting small, subtle cracks that signal
early deterioration is challenging due to their limited size and low contrast within

images.

+ Distinguishing Cracks from Noise: Separating true cracks from visually similar
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features such as pavement markings, stains, shadows, and other surface irregularities

requires robust feature discrimination.

+ Adaptability to Real-World Variability: Performance can degrade significantly when
models are confronted with diverse lighting conditions, pavement textures, crack pat-

terns, and environments not well-represented in training data.

+ Modeling Complex Crack Topologies: Capturing the intricate branching patterns
and long-range dependencies within crack structures is difficult using pixel-level anal-

ysis.

« Computational Efficiency: Depending on the model architecture, achieving high
accuracy may come at the cost of computational complexity, hindering real-time or

resource-constrained applications.

These shortcomings often stem from a focus on individual pixels rather than broader crack

structures, topologies, and relationships.

1.2 Research Justification

Existing methods for road crack detection, which often rely on traditional image processing
approaches or solely on Convolutional Neural Network (CNN)s, face several significant limi-
tations. For instance, these methods may struggle to reliably detect fine cracks, which can be
crucial to identify for timely maintenance and to prevent expensive long-term damage. The
inability to detect these fine cracks can lead to their evolution into larger, more detrimental
cracks, escalating the cost and complexity of road maintenance.

The conventional method of pavement assessment involves visual inspections conducted
by human experts, which is considered the simplest approach [26]. While this method can

yield reasonably accurate results, it has several drawbacks. These include disruption to

10
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traffic, subjective evaluations, risks to on-site inspectors, significant costs, and suboptimal
performance [15, 18, 25].

Moreover traditional methods [27-49] can be highly sensitive to noise, complex back-
grounds, varying lighting conditions, and the presence of non-crack features that visually
resemble cracks. This sensitivity often leads to a lack of robustness, resulting in false positives
and missed detections, which can hinder reliable crack assessment.

Although, while CNN-based methods [5-10] have brought improvements to crack detec-
tion, they primarily focus on local image features. This focus can make it challenging to model
complex crack topologies and long-range dependencies, particularly in challenging real-world
scenarios. For instance, a crack that spans across a large section of the road might be detected
as multiple smaller, unconnected cracks, leading to an inaccurate representation of the road’s
condition.

This research aims to directly address these limitations by introducing a hybrid architec-
ture that combines U-Net, a type of CNN, and Graph Neural Network (GNN). This unique
integration leverages the strengths of GNNs [50] in modeling structural relationships, with
the aim of enhancing detection accuracy and robustness. For example, a GNN can model the
relationship between different parts of a large crack, leading to a more accurate detection and
representation of the crack.

The hybrid architecture also has the potential to improve computational efficiency. By using
GNN:ss to focus on the relationships between key areas within the image, we reduce the need for
exhaustive processing of the entire image. This targeted analysis is a critical aspect, making the
architecture a promising avenue for real-world crack detection applications where real-time
or resource-constrained solutions are necessary.

By addressing the limitations of existing methods and introducing a hybrid approach, this
research contributes to the ongoing efforts to enhance road safety and streamline maintenance

processes. The proposed hybrid approach enhances the accuracy and reliability of crack de-

11
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tection and also provides a foundation for further research into the theoretical understanding

of crack characteristics.

1.3 Significance and Contributions of this research

This research aims to make the following significant contributions to the domain of road crack

detection:

+ Innovative Methodology: The development of a hybrid deep learning architecture

that combines the capabilities of U-Net’s feature extraction with the structural modeling
power of GNNs. This unique integration is designed to enhance the accuracy and

dependability of road crack detection, addressing the limitations of existing methods.

Enhanced Fine-Crack Detection: The proposed approach demonstrates an improved
ability to detect fine cracks, which are often challenging for traditional methods. This
enhanced detection is crucial for timely maintenance intervention and prevention of

further deterioration, contributing to improved road safety and maintenance efficiency.

Increased Robustness and Reliability: The hybrid model exhibits greater adapt-
ability to real-world challenges such as changing lighting, complex textures, and the
presence of visually similar non-crack features. This adaptability results in a more
robust and reliable crack detection system, reducing the occurrence of false positives

and missed detections.

Modeling of Long-Range Dependencies: The proposed approach leverages the power
of GNNs to model long-range dependencies within crack patterns. This capability
enhances the detection of complex crack structures and reduces false positives due
to localized noise or visually similar non-crack features, thereby refining the overall

accuracy and reliability of the crack detection system.

12



1.4 Thesis Structure

« Potential for Improved Computational Efficiency: The integration of GNNs in the
proposed model possesses the potential to reduce computational overhead by focusing
on crack structure and relationships. This potential improvement in computational
efficiency makes the proposed model a promising solution for real-time or resource-

constrained applications.

+ Advancement of Theoretical Knowledge: The use of GNNs in the proposed model
provides a deeper understanding of crack patterns in road images. This improved
understanding could help us research road cracks more effectively and might lead to

better detection techniques in the future.

1.4 Thesis Structure

Chapter 2 provides a thorough review of the literature on road crack detection approaches,
highlighting their strengths and limitations. Chapter 3 presents the detailed methodology
of the proposed system, including image acquisition techniques, pre-processing steps, the
deep learning model architecture, and training procedures. Chapter 4 presents the results
of the experiments conducted on the proposed model, encompassing both quantitative and
qualitative assessments. Chapter 5 offers a thorough discussion of these results, interpreting

their significance and exploring broader implications.

13
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Related Work

Road crack detection plays a dominant role in proactive pavement preservation, safeguarding
the safety and efficiency of transportation networks. Accurate and reliable identification of
cracks is crucial for minimizing the economic and environmental consequences of neglected
deterioration. This literature review explores the evolution of crack detection methods,
starting with manual inspection techniques and progressing to automated image processing
approaches to the transformative power of deep learning. Special emphasis will be placed
on deep learning architectures, their potential for addressing complex crack patterns and
challenging real-world conditions, and how hybrid approaches offer further advancements.
This analysis will highlight the gaps and limitations in existing methods, setting the stage for

the proposed work.

2.1 Introduction to Road Crack Detection

Road networks constitute critical infrastructure assets that underpin economic prosperity,
transportation efficiency, and social well-being. However, the longevity of these networks

is continually challenged by various forms of deterioration, with cracking representing one of

15
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the most pervasive and detrimental distresses. Timely and accurate detection of road cracks
stands as an indispensable cornerstone of pavement asset management, safeguarding user

safety, ensuring uninterrupted service, and promoting cost-effective maintenance practices.

2.1.1 The Nature and Classification of Road Cracks

Road cracks represent more than mere surface-level imperfections; they serve as indicators of
the underlying structural health of the pavement system. To develop effective diagnostic and
repair strategies, it is essential to understand the various manifestations of cracks. Common

classifications [2] include:

+ Longitudinal Cracks: These extend parallel to the direction of traffic flow and fre-
quently signal fatigue-induced distress within the pavement structure or potential issues
in underlying pavement layers. Longitudinal cracks may also arise from inadequacies

in longitudinal joint construction.

Figure 2.1: Longitudinal Crack [2]

« Transverse Cracks: These cracks intersect the road’s centerline perpendicularly. Ther-

mal stresses, caused by temperature-induced expansion and contraction, are primary

16
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contributors to transverse crack formation. Shrinkage of asphalt materials or reflective

cracking emanating from lower concrete layers can also precipitate this crack type.

Figure 2.2: Transverse Crack [2]

« Alligator Cracks: This type of cracking, which looks like a network of intercon-
nected cracks similar to alligator skin, indicates serious structural breakdown within
the pavement system. Common causes encompass fatigue from repeated heavy loads,
insufficient pavement thickness, or moisture-induced damage within the base or subbase

layers.

(a) Moderate Alligator Crack  (b) Severe Alligator Crack

Figure 2.3: Alligator Cracks [2]

17
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 Block Cracks: Forming rectangular or square patterns, block cracks frequently stem
from asphalt shrinkage during the curing process or inadequate accommodation of
thermal expansion and contraction. While generally not indicative of severe structural

deficiencies, they facilitate water infiltration.

Figure 2.4: Block Crack [2]

+ Edge Cracks: These cracks manifest along the periphery of the pavement. Primary
causes include insufficient shoulder support, weakening of the pavement edge due to

moisture intrusion, or root growth from adjacent vegetation.

Figure 2.5: Edge Crack [2]

2.1.2 Factors Underlying Road Crack Formation

The emergence of road cracks stems from a multifaceted interplay of factors that progressively

degrade the integrity of the pavement system. A thorough understanding of these factors is

18
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crucial for effective road design, construction, and maintenance practices, leading to increased

road longevity and reduced maintenance costs.
« Traffic Loading:

— Traffic Volume and Weight: Repetitive loading from vehicles induces fatigue and
strain within the pavement structure. Heavier vehicles, higher traffic volumes, and
factors like tire pressure, axle configurations, and unbalanced loads significantly

exacerbate crack development [51].

— Traffic Patterns: Uneven traffic distribution, particularly concentrated loads to-

wards lane edges, can accelerate crack initiation at those specific locations [52].

- Traffic Growth: Failure to consider future traffic projections during design can
lead to premature pavement failure due to increased loading exceeding the initial

design capacity [53].
. Environmental Conditions:

— Climate:

1. Repeated freezing and thawing of water within the pavement structure can
cause expansion and contraction, leading to cracking. The severity of this
effect depends on factors like the periodicity of freeze-thaw cycles, water

content within the pavement, and the specific type of aggregate used [54].

2. Wide temperature variations can cause thermal stresses within the pavement,
leading to cracking. This is particularly relevant in regions with significant

seasonal temperature changes [55].

3. Moisture infiltration into the pavement structure weakens the underlying
materials and reduces the load-bearing capacity. Additionally, trapped mois-
ture can exacerbate freeze-thaw damage and contribute to the formation of

potholes [56].
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- Geologic Conditions:

1. Subgrade characteristics significantly influence pavement performance. Ex-
pansive clays can place additional stress on the pavement due to seasonal
volume changes. Similarly, poor drainage in the subgrade can lead to moisture

accumulation and subsequent weakening of the foundation [57].
2. Areas prone to earthquakes experience additional dynamic loads that can

accelerate pavement deterioration and crack formation [58, 59].

. Construction and Material Deficiencies:

— Pavement Design: Inadequate design considerations for anticipated traffic loads,
environmental stresses, and subgrade conditions can result in pavements suscep-
tible to cracking [60].

- Material Quality:

1. Substandard asphalt mixtures lacking sufficient strength, flexibility, or resis-

tance to fatigue and moisture damage can lead to premature cracking [61].

2. The size, shape, and quality of aggregates used in both the asphalt mix and
the base/subbase layers influence the overall strength and durability of the

pavement [62].

- Construction Practices: Improper construction techniques can introduce vulner-

abilities and expedite crack formation. Examples include:
1. Inadequate compaction leading to weak and unstable pavement layers [63].

2. Poor drainage design or construction flaws leading to water accumulation

within the pavement structure [64].

3. Incorrect placement or sealing of joints allowing water infiltration and weak-

ening of the underlying materials [63, 65].

20
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2.1.3 The Critical Importance of Road Crack Detection

Proactive crack detection extends beyond a mere best practice, it serves as the cornerstone of
effective and sustainable pavement management strategies. Timely and accurate crack data

empowers informed decision-making, yielding a multitude of long-term benefits:

« Enhanced Maintenance Prioritization: Budgetary constraints often necessitate strate-
gic allocation of maintenance resources. Comprehensive crack data facilitates the
objective identification of road segments in the most critical need of repair, maximizing

the return on investment for maintenance activities [66].

« Optimized Repair Techniques: Employing generic approaches to pavement repair
proves inefficient and frequently ineffective. A thorough understanding of the crack’s
nature, extent, and severity is crucial for selecting the most appropriate and long-lasting
rehabilitation techniques, ultimately preventing premature failures and extending pave-

ment service life [67].

« Improved Safety Assurance: Cracks, particularly those classified as severe, pose a
significant safety hazard to all road users. Early detection empowers road authorities to
implement timely measures to address these safety concerns, minimizing the potential

for accidents and safeguarding public well-being [15, 25].

+ Cost-Effective Pavement Management: Proactive crack treatment, especially in the
early stages of crack development, represents a strategic investment in infrastructure
longevity. By preventing the progression of minor cracks into major failures, road agen-
cies can significantly reduce long-term maintenance and reconstruction costs, leading

to substantial financial savings [16, 18].

« Data-Driven Pavement Performance Monitoring: Regular and systematic crack

detection establishes a historical dataset that tracks pavement conditions over time.
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This data becomes invaluable for assessing the effectiveness of implemented mainte-
nance strategies and informing future advancements in pavement design and material
selection [68]. Through continuous data analysis, pavement management practices can

be continuously refined for optimal performance.

2.2 Evolution of Road Crack Detection Methods

2.2.1 Manual Inspection Methods

Road maintenance has traditionally relied on manual inspection methods to identify and assess
cracks. In this approach, trained inspectors physically examine road surfaces, searching for
visible signs of deterioration such as cracks, fissures, or other irregularities. The primary
method is visual inspection, where inspectors directly scan the pavement for defects. While
conceptually simple, manual inspection faces several inherent challenges. The accuracy of
manual inspections is significantly impacted by the inspector’s expertise, skill level, and
visual perception [69]. This variability can lead to inconsistencies in crack detection and
classification. Additionally, manual inspection, particularly for extensive road networks, is
a time-consuming and labor-intensive task [70]. While simple tools like straightedges and
probes can augment visual inspection, they offer only incremental improvements in precision.

The limitations of manual road crack detection, including subjectivity, traffic disruption,
risks to inspectors, high costs, and potential for suboptimal performance, have underscored
the need for more objective, efficient, and scalable assessment techniques [15, 18, 25, 71].
Traditional image processing methods offer a significant step forward by automating aspects

of crack detection, addressing the shortcomings of manual approaches.
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Figure 2.6: Example of manual crack inspection on a bridge [3].

2.2.2 Traditional Image Processing Methods

In the early stages of detecting road cracks through computer vision, traditional image pro-
cessing methods played a dominant role. These methods focused on the direct manipulation of
image pixels to identify and highlight cracks. Techniques such as pixel intensity manipulation,

edge detection, and the use of hand-designed feature extractors were common.

Thresholding Based Methods

Thresholding is a time-honored and straightforward technique used to segment an image
into similar regions [72]. It plays a pivotal role in crack detection systems as it enables
the classification of image pixels into two groups based on their gray values: ‘crack’ and
‘non-crack’. Pixels whose intensity values surpass a predetermined threshold are labeled
as cracks, whereas those with intensity values at or below the threshold are classified as
non-crack pixels. This method is known as bilevel thresholding. In a more sophisticated
approach, several thresholds can be chosen, partitioning the complete range of gray values
into multiple subranges. This technique is referred to as multilevel thresholding [73].

The thresholding method is widely used in pavement engineering and management sys-

tems, specifically in the examination of images of cracks [74]. The result of the thresholding
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procedure transforms the initial grayscale image into a binary image, in which pixels with a
value of 0 belong to the ‘non-crack’ category, while pixels with a value of 1 signify ‘crack’.
Acquiring a binary image early on is helpful as it reduces the complexity of the information,
making the recognition and classification process more manageable [75]. Equation 2.1 pro-

vides a clear definition of a thresholded image g(x,y), where:

« x and y denote the location of a pixel within the image.

o T is the threshold value that distinguishes whether a pixel corresponds to a foreground

(crack) or background(non-crack).

1 if flx,y)>T
g(x,y) = (2.1)
0 if f(x,y)<T

The main difficulty with this approach is choosing a suitable threshold value. For optimal
crack detection and noise reduction in the results, it is recommended to develop an adaptable
rule set that can adjust to variations in input images [76]. Over the course of the last
forty years, numerous strategies for determining the appropriate threshold value have been
suggested, aiding in the development and enhancement of this basic crack detection method.

Koutsopoulos et al. [77] proposed a thresholding method based on histogram that outper-
forms basic histogram thresholding by considering spatial relationships between pixels. How-
ever, the iterative method can still lead to poorly segmented and hard-to-identify distresses.
Koutsopoulos and Downey [78] introduced a multiple thresholding approach, demonstrating
effectiveness with block cracks but struggling to accurately capture faint horizontal cracks and
introducing fragmentation in alligator crack patterns.

Koutsopoulos et al. [79] presented several additional thresholding methods, including Otsu,

Kittler, Regression-based, and Relaxation, with relaxation and regression-based techniques
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proving superior. Regression-based offers faster computation, while relaxation provides less
noisy results. Oh et al. [80] proposed a method based on iterated clipping, performing well
under uniform lighting but suffering accuracy losses when shadows are present. Chen et al.
[81] proposed the OtsuNiblack adaptive thresholding method to address issues with shadows,
outperforming the Otsu method but potentially requiring pre-processing to filter noise and
shadows.

Oliveira and Correia [82] introduced another thresholding approach, offering good crack
detection and classification while sometimes still experiencing accuracy issues and often
requiring pre-processing steps. Tsai et al. [83] developed a dynamic (adaptive) threshold-
ing method utilizing optimization strategies, generally outperforming other methods and
demonstrating robustness across challenging conditions with varying lighting, shadows, and
noise. Salari and Bao [84] applied a relaxation method for crack segmentation, successfully
removing unwanted fragments and filling missed crack sections with relative simplicity in im-
plementation. However, this method struggles under varying lighting and surface conditions,
particularly where low contrast exists amidst the background and cracks.

Salari and Ouyang [85] introduced a modified fractal thresholding approach, reporting high
segmentation accuracy, but details of the method are not available from the image. Xu et
al. [86] employed the Otsu algorithm combined with morphological filtering, though the
table lacks specific results or limitations for this method. Lokeshwor et al. [87] utilized
adaptive thresholding, noted for its speed and outperforming other tested methods, though
it requires both pre- and post-processing techniques. Song et al. [88] adopted a double
threshold approach, excelling in identifying small cracks and noise reduction. Liu [89] focused
on local/adaptive thresholding, which proved effective in extracting cracks from images with
shadows and offered accurate positioning.

Akagic et al. [30] modified the traditional Otsu method, achieving high accuracy even in low

signal-to-noise environments but requiring a post-processing stage to handle the remaining
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noise. Hu et al. [90] used multi-threshold segmentation, demonstrating positive performance
metrics, but the image lacks information on specific limitations. Safaei et al. [91] presented a
modified dynamic thresholding approach suitable for noisy environments, offering speed and

potential value in resource-limited projects.

Edge Detection Based Methods

Apart from thresholding methods, edge-detection algorithms have become increasingly popu-
lar in the realm of image processing, often being used for crack segmentation. Edges in digital
images are characterized by changes in light, color, and texture. These variations in intensity
can be utilized to derive features from the image [92]. The goal of edge-based algorithms is to
delineate objects or regions within an image by detecting variations in pixel values [93].

Edge detection methods are very different from those based on thresholds. These edge-based
methods look at straight-line features that mainly match up with the edges of cracks and other
important details on the surface of the object. An edge is like a border between two areas that
have different shades of gray. It’s thought that the shift from one of these areas to the other
can be spotted just by looking at changes in these shades of gray [94].

The edges of objects often lead to sudden shifts in the brightness of an image. Also, different
parts of an object soak up varying amounts of light, causing changes in brightness. So, the
information about brightness changes in an image likely points to the boundaries of objects
[95].

Due to the visual similarity between pavement cracks and edges, edge detection methods
like Sobel and Canny [96] are used for crack detection. Canny is a widely used algorithm
that involves the following steps: first, a 5 x 5 Gaussian filter is applied to reduce noise and
smooth the image. Subsequently, Sobel kernels are employed to calculate the horizontal (Gy)
and vertical (G,) gradients of each pixel. These gradients then allow for the calculation of the

edge direction and gradient using the following equations:
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EdgeGradient(G) = /G2 + G2 (2.2)

Angle(6) = arctan (%) (2.3)

X

After calculating gradients, the Canny Edge Detection algorithm looks at each pixel to see
if its gradient size is the biggest in its area, which helps to make potential edges thinner. Then,
it uses two limits (high and low) to sort edges: pixels with gradients above the high limit
are definitely edges, while those below the low limit are thrown away. Pixels with gradients
between the limits are seen as edges if they’re connected to ones that are definitely classified,
making sure there’s continuity. This mix of looking at local maxima and using limits with
hysteresis lets the algorithm effectively guess the real edges in an image.

Various edge detection techniques have been adapted for crack detection. Li [33], for
example, combined an eight-directional Sobel operator with preprocessing steps — neigh-
borhood weighted averaging for noise reduction and Otsu’s algorithm for segmentation
- to improve accuracy. Santhi et al. [34] successfully employed the Canny operator in
conjunction with a Butterworth filter for pavement crack detection. Their approach begins by
converting the RGB image to grayscale. To minimize the impact of noise, a Butterworth filter
is applied; this filter’s threshold adapts dynamically based on the image’s intensity levels. The
threshold is determined by the intensity contrast distinguishing the foreground (cracks) from
the background (pavement). Filtering the image in this manner yields a clear representation

of the cracks, suitable for the application of the Canny edge detection algorithm.
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Feature Extraction Based Methods

Feature extraction techniques are pivotal in image processing, especially in tasks like crack
detection. Methods analyzing image texture, like wavelet transforms, have demonstrated
superior reliability and accuracy over non-texture-based methods such as Canny, Sobel,
or Fourier transforms [96-99]. However, edge detection techniques that utilize Sobel and
Laplacian operators offer superior computational speed for identifying patterns such as cracks
[100]. Notably, for measuring crack widths Laplacian methods have been employed.

In cases of complex crack distributions, especially those occurring alongside linear road
markings, Circle Transform Algorithm (CTA) and Progressive Hough Transform (PHT) have
proven effective in preventing the misidentification of non-crack linear features as cracks
[101].

Road cracks typically exhibit different intensity levels compared to the background. Conse-
quently, determining the average and spread of pixel intensities can help distinguish them from
surrounding pixels [48]. Integrating these features with shape, orientation, and continuity
features can improve noise reduction and the recognition of continuous crack patterns [102].

Yamaguchi and Hashimoto leveraged inter-pixel connectivity features for concrete surface
crack detection [35]. They employed a percolation process, utilizing the circularity of con-
nected pixels, to assess whether these pixels formed a crack. This method could be replaced
with template matching to detect more intricate patterns [36].

The use of Gabor filters has been implemented for the analysis of crack orientation details
[37]. After applying a Gaussian filter at different angles, the strongest response at each pixel
can help classify the image [38]. Prominent image features like contrast and rarity can be
utilized to distinguish cracks, given that these specific attributes are less prevalent and less
uniformly distributed compared to the overall background texture of the image [39].

However, current methods mainly focus on individual pixel features, which can hinder

overall computational efficiency. Moreover, these methods’ accuracy can be compromised
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by interferences like stains, shadows, and rough surface conditions, often referred to as noise
[39].

These methods may struggle with accuracy under changing lighting or weather conditions.
To overcome these challenges, techniques like Independent Component Analysis (ICA) have
been explored to handle different levels of dampness in structures [40]. Monitoring feature
movement in videos has been employed to account for changing lighting conditions when
identifying stress cracks on steel bridges [41]. Additionally, back-end image recognition
software has been developed for the automatic identification of road damage, converting
observations into a pavement condition index value indicative of road quality [42].

In conclusion, while traditional feature extraction methods have made significant strides in
crack detection, they have limitations. These include a focus on local features, susceptibility
to noise, and challenges under irregular illumination conditions. However, the advent of
machine learning techniques offers promising avenues for overcoming these limitations. In
the following section, we will explore machine learning-based techniques, exploring how they

can improve the accuracy and efficiency of identifying and categorizing cracks. [42].

2.2.3 Machine Learning-Based Methods

The limitations of traditional image processing techniques in handling complex real-world
crack detection scenarios have led to the exploration of machine learning algorithms. Machine
Learning approaches offer the ability to learn complex patterns from data, overcoming the

need for manually designed features.

Supervised Learning

Supervised learning methods leverage explicit annotations to identify whether the input image
contains crack patterns. Techniques such as Support Vector Machine (SVM)s [24, 103-106]

have been employed in studies like [43] to differentiate between normal and cracked road
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surfaces within selected image regions. Similarly, other neural network architectures have
been applied to the task of crack detection such as [44-46].

These approaches initiate the process by dividing the input image into smaller, more
manageable sections known as patches. Next, features that are meticulously crafted to identify
and represent the unique characteristics of cracks are extracted from each individual patch.
The characteristics derived from these procedures are subsequently utilized as the foundation
for training algorithms in machine learning. These algorithms are ultimately employed to
locate the presence of cracks on road surfaces.

Although these approaches have shown superior performance compared to basic image-
processing-based methods, they are not without their limitations. The employment of hand-
crafted features may limit the effectiveness of these approaches when dealing with changes
in lighting caused by weather or time of day. Additionally, these approaches may struggle to
encompass complex feature distributions due to the specificity of hand-crafted features, which

may not generalize well across different tasks or conditions.

Unsupervised Learning

Unsupervised learning methods aim to detect road cracks without the need for explicit
annotations. These methods construct a model based on the features representing normal
road surfaces, as seen in [47-49, 82, 107]. The model operates under the assumption that
its training data consists solely of images depicting normal road surfaces. Therefore, any
deviation observed in the model’s output from this established baseline is interpreted as an
indication of a potential crack.

The success of these methods depends heavily on the quality of the underlying probability
model. Techniques such as kernel density estimation have been employed to construct a
probabilistic representation of the typical features observed in images of undamaged road

surfaces. [47], [82]. Similarly, studies like [48] and [49] have proposed unsupervised road
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crack detection methods founded on the Gaussian mixture model and k-means clustering,
respectively.

While these techniques can be helpful for detecting cracks without the need for manual
labeling, they may struggle to generalize when faced with the diverse and intricate conditions
of actual roads. This is often due to a tendency to overfit the specific characteristics of the
training data. Furthermore, the underlying assumption that features follow a Gaussian or
linear distribution can be a significant limitation. When the underlying data distribution differs
from this assumption, the effectiveness and accuracy of these methods may be compromised.

Consequently, ensuring the effectiveness of crack detection methods necessitates careful
consideration of probability models and thorough validation of their performance on diverse
real-world datasets. Exploring methods that make fewer assumptions about the data distribu-
tion, such as non-parametric methods or deep learning techniques, which can automatically
learn the data distribution from the data itself, could also be beneficial. However, these
methods also present their own set of challenges, such as the necessity for extensive datasets

and substantial computational resources.

In conclusion, both supervised and unsupervised learning approaches hold the potential
for road crack detection but face inherent limitations. These methods often struggle with the
complexity of real-world pavement images due to their reliance on shallow learning. These
techniques cannot adequately extract and interpret higher-level features or handle variations
in illumination and environment.

To address these limitations and enhance road crack detection, we must turn to more
sophisticated techniques. This leads us naturally into the realm of deep learning, where models
can automatically learn complex features from data. Deep learning offers the potential for
greater robustness, adaptability, and improved performance. However, these methods also

introduce their own unique challenges, which we will explore in the next section.
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2.2.4 Deep Learning-Based Methods

Deep learning [108], specifically CNNs, has revolutionized computer vision, and road crack
detection has significantly benefited. CNNs excel at autonomously learning hierarchical
image representations, eliminating the need for hand-crafted features and surpassing the
performance of previous machine-learning techniques. Deep learning crack detection falls

into three main categories(see Fig 2.7) :

Input Classification Object Detection Segmentation

(a) (b) (© (d)

Figure 2.7: Categories of Deep Learning Methodologies for Crack Detection [4]

Classification

Classification aims to identify the occurrence of cracks in an image/image patch and then
categorize them (see Fig 2.7(b) ). Deep learning, first applied to crack classification in 2016
[109, 110], rapidly became the most preferred deep learning method by 2017. CNN models
that incorporate fully connected layers are the standard, often utilizing lightweight models
(not more than 10 layers) due to the binary nature of the core classification task.

Classification is divided into two main approaches:
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« Image-Level Classification: A deep learning model analyzes an entire image at once
to determine if cracks are present. Several researchers have explored this approach [111-
114] , employing deep learning models that analyze complete images from the dataset

to detect cracks.

« Patch-Level Classification: Patch-level classification is far more popular. The process
involves breaking down the original image into smaller patches and then individually
analyzing each patch with the deep learning model to determine the presence of cracks.
This method offers several advantages: it generates significantly more training data
(improving model accuracy), provides a general idea of where cracks are within the
original image, and the localization data can be used to identify crack types and patterns.
Numerous studies [109, 110, 115-125] have focused on patch-level classification due to

its advantages in crack detection.

While both image-level and patch-level classification offer advantages, they have limitations
in terms of the precision and detail they provide about cracks. These methods may struggle to
accurately outline crack length, width, and complex branching patterns, which are important

for engineering and research purposes.

Object Detection

Object detection tasks [115, 126-130] identify cracks by drawing bounding boxes around
them (see Fig 2.7(c) ). These models can also classify the type of crack found within each
box. Existing object detection models like Faster-RCNN [131] and SSD [132] are commonly
used, with researchers experimenting on different backbone networks, such as VGG [133] and
ResNet [134] and training strategies for optimal results.

Like patch-level classification, object detection identifies the precise coordinates and extent
of cracks. However, the generated bounding boxes provide limited detail and cannot accu-

rately represent the complex shapes of cracks. This makes it impossible to directly estimate
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important crack features such as length, width, and branching patterns.

Segmentation

Segmentation provides the most detailed crack maps. It works by labeling every single pixel
in an image to either ‘crack’ or ‘not crack’ (see Fig 2.7(d) ). This precise information about
crack location and shape is incredibly valuable. Not only does it help identify the crack type,
but it lets engineers and researchers directly measure important details like length, width, and
complex branching patterns. Advances in technology mean we now have high-resolution 2D
and 3D image data, making detailed segmentation even more feasible. This combination of
factors makes segmentation the most popular and cutting-edge approach for deep learning

crack detection.

Deep Learning Methods for Crack Segmentation

While deep learning offers several approaches to crack segmentation, the most prevalent
approach involves utilizing and modifying encoder-decoder-based models. Researchers have
extensively explored and adapted various encoder-decoder architectures for crack segmenta-

tion, including:

U-Net [5] apopular encoder-decoder architecture (see Fig 2.8), has become a popular choice
for crack segmentation [135-137]. Its power lies in its encoder-decoder structure and its
signature skip connections. The encoder progressively extracts features from the input image,
reducing it to a compact representation, while the decoder reconstructs a detailed segmen-
tation map, pinpointing crack locations on a pixel level. Importantly, U-Net’s architecture
features skip connections that directly link corresponding layers between the encoder and
decoder. This preserves fine-grained details from earlier encoding stages that are essential for
precise crack localization and are often lost in traditional encoder-decoder models. By merging

these low-level details with high-level semantic information captured deeper in the network,
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U-Net generates remarkably accurate and nuanced crack segmentation. However, U-Net can
sometimes struggle to prioritize the most relevant features and may have difficulty handling
complex object scales, potentially leading to noise sensitivity and imprecise boundaries. These
limitations could be addressed by incorporating a GNN into U-Net architecture, which is the

focus of our proposed approach.
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Figure 2.8: U-Net Architecture [5]

SegNet [6] is a specialized encoder-decoder architecture (see Fig 2.9) designed for efficient
image segmentation tasks, including crack detection. It leverages the powerful feature ex-
traction abilities of the VGG-16 [133] as its encoder, discarding the fully connected layers
for segmentation optimization. SegNet’s defining characteristic is its innovative use of max-
pooling indices during the upsampling stage. These indices, recorded during the encoding
process, guide the sparse upsampling in the decoder. This approach improves boundary

detail reconstruction (crucial for accurate crack segmentation) compared to traditional up-
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sampling methods. Additionally, SegNet’s design prioritizes computational efficiency. Uti-
lizing index-guided upsampling, diminishes the parameter count compared to fully trainable
decoder layers, making it suitable for memory-constrained environments. However, SegNet’s
reliance on pooling indices for upsampling can sometimes lead to less precise segmentation,
a limitation that could be mitigated by the use of a GNN for more accurate feature extraction

and localization.
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Figure 2.9: Segnet Architecture [6]

Attention U-Net [7] builds upon the foundation of the standard U-Net architecture (see
Fig 2.10), strategically incorporating attention mechanisms to enhance crack segmentation
performance. Its hallmark feature is the addition of attention gates within the skip connections
that bridge the encoder and decoder. These gates learn to focus on the most relevant feature
maps, suppressing irrelevant information and ensuring only the most crucial details are passed
on for precise crack segmentation. This focus on salient details helps refine localization
accuracy, allowing Attention U-Net to produce segmentation maps with sharper boundaries
and a clearer distinction between true cracks and background textures. Additionally, Attention
U-Net’s flexible attention mechanism enables the model to adaptively refine its focus based on
the specific characteristics and complexity of the crack patterns present in an image. However,
the attention mechanism may not always be able to effectively differentiate between crack
features and noise, especially in complex or cluttered images. This is another area where our

proposed U-Net+GNN approach could offer improvements, as GNNs are adept at capturing
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intricate patterns and relationships within the data.
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Figure 2.10: Attention U-Net Architecture [7]

DeepCrack [8] introduces a unique approach to crack segmentation by harnessing the
power of multi-scale predictions (see Fig 2.11). It leverages convolutional layers to generate
spatial maps representing potential crack locations. Notably, DeepCrack produces these
multi-scale predictions from distinct levels within the model. These predictions, each cap-
turing details at varying levels of granularity, are then strategically combined to create the
final, highly refined segmentation result. This multi-scale approach allows DeepCrack to
effectively capture both fine-grained crack details and broader contextual information, leading
to improved segmentation accuracy compared to models that use only a single prediction
scale. However, the increased depth of the network can lead to higher computational costs and
potential overfitting. The use of a GNN in our proposed approach could help mitigate these

issues by providing a more efficient way to capture complex patterns without significantly

increasing the depth of the network.
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PSPNet [9] tackles object scale variations with a pyramid pooling module (see Fig 2.12).
This allows PSPNet to capture cracks at different scales, which is crucial as cracks can vary
greatly in size. However, the pyramid pooling module can sometimes struggle to accurately
capture the scale variations in road crack images, leading to less precise segmentation. The
use of a GNN in our proposed approach could help to address this issue by providing a more

flexible and adaptive way to capture scale variations.
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Figure 2.12: PSPNet Architecture [9]

FPHBN [10] fuses a feature pyramid with a hybrid boosting strategy for enhanced precision
(see Fig 2.13). This allows FPHBN to capture cracks at different scales and orientations, which
is crucial for accurate crack detection. However, the increased complexity of these models
can potentially impact computational efficiency. The use of a GNN in our proposed approach
could help mitigate these issues by providing a more efficient way to capture complex patterns

without significantly increasing the complexity of the model.
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Figure 2.13: FPHBN Architecture [10]

In summary, while deep learning-based techniques have significantly advanced the field
of road crack detection, they are not without their limitations. These include challenges in
prioritizing the most relevant features, handling complex object scales, and dealing with noise
sensitivity and imprecise boundaries. As we move forward, it becomes increasingly clear that
hybrid approaches, which combine the strengths of different architectures, may hold the key
to addressing these challenges. In the next section, we will explore such hybrid approaches,
with a particular focus on the potential of GNNs to improve the performance of U-Net in the

task of crack detection.

2.2.5 Hybrid Approaches

Researchers have been led to investigate hybrid approaches that combine the strengths of
CNNs with other techniques in the ongoing pursuit of improved accuracy and robustness
in crack detection. For instance, [138] integrated traditional image processing techniques
with CNNs for pre-processing steps and post-processing refinement, achieving improved crack

detection performance.

Attention mechanisms, inspired by human visual attention, have gained popularity in
recent architectures. They help models focus on the most relevant image regions, a feature
particularly useful in crack detection. Studies like [139-142] have demonstrated the effective-

ness of attention mechanisms in road crack detection.
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Transformer-based architectures, initially developed for natural language processing
tasks, are now being explored in the domain of computer vision. Their versatility and

adaptability are evident in a wide range of tasks, notably crack detection [143-146].

2.3 Summary

In the related work section, the discussion started with the importance of road crack detection
and the factors that contribute to their formation. The evolution of detection methods
was then traced, beginning with manual inspections, which, while straightforward, can be
time-consuming, labor-intensive, and potentially miss some cracks. To improve efficiency
and accuracy, the use of image processing techniques such as thresholding-based techniques,
edge detection-based techniques, and feature extraction-based techniques was discussed. The
exploration then transitioned to machine learning methods, both supervised and unsuper-
vised, which have become popular because of their capacity to learn from data and provide
accurate predictions. Deep learning methods, which use complex networks to learn from
large volumes of data, were also explored. Attention mechanisms and transformer-based
approaches were also discussed for their ability to focus on specific features and handle
long-range dependencies in data. Hybrid methods, which combine traditional, machine
learning, transformer, and attention-based methods to leverage the strengths of all, were
examined. In essence, this section presents a thorough exploration of the development of

road crack detection, from manual methods to advanced machine learning methods.
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Graph Neural Networks

Graph Neural Networks (GNNs) have gained significant attention in recent years due to their
ability to effectively process and analyze data structured as graphs. Unlike traditional neural
networks that operate on regular grid-like data, GNNs are designed to handle data represented
as nodes and edges, capturing the intricate relationships and dependencies between entities.
This unique capability makes GNNs particularly powerful for a wide range of applications,
from social network analysis to molecular biology, where the connections between elements
play a crucial role. In this section, we will explore the fundamental concepts of GNNs, their
core operations, and various types of GNN architectures that have been developed to address

different challenges in graph-based data analysis.

3.1 Introduction to Graph Neural Networks

Amidst these advancements, GNNs [50] have emerged as a powerful tool for processing data
structured as graphs. They are designed to model the relationships between nodes within a
graph, making them particularly suited to tasks where the connections between elements are

important. In a GNN, entities are represented by nodes, while the relationships between those
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entities are represented by edges. The GNN processes the graph in a way that considers both
the features of the entities and the structure of the graph.

Graph G is defined by nodes (vertices) and edges, represented mathematically as:

G=(V,E) (3.1)

where V signifies the set of nodes (vertices) and E signifies the set of edges. The adjacencies

between nodes are captured by an adjacency matrix A, defined as:

1, ifiand jhave an edge
Ajj= (3.2)

0, otherwise

Graph Convolution: The core operation in many GNNs is graph convolution, which allows
them to aggregate details from neighboring nodes in a way that respects the graph structure.
This is achieved by adjusting the feature vector of each node using a weighted average that
incorporates both its own features and those of its neighboring nodes. The mathematical
representation of the graph convolution operation for node i in the subsequent layer / + 1

expressed as:

1
') = o ( Y —(WOn +b(”)> 3:3)
jen (i) i
where:
. hElH) is the updated feature vector for node i at layer / 4 1.

« O is an activation function (e.g., ReLU).
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« (i) is the set of neighbors of node i.

+ ¢jj is a normalization constant (often the square root of the product of the degrees of

nodes i and j).
« W is a weight matrix for layer /.
. hs.l) is the feature vector of node j at layer /.

« b is a bias vector for layer [.

3.1.1 Types of Graph Neural Networks

There are different types of GNNs, each with its own strengths and weaknesses. Some common

types include:

« GraphSAGE: GraphSAGE [147] is a versatile framework designed for learning node
embeddings, particularly in large graphs. Its key innovation lies in the sampling and

aggregation strategy:

1. Sampling: For each node i, a fixed-size set of neighbors is sampled from its

neighborhood .4 (7). This makes the computation feasible for large graphs.

2. Aggregation: The characteristics of the sampled neighbors are combined using
an aggregation function (e.g., mean, max-pooling, LSTM) to obtain a single repre-

sentative vector for the neighborhood:

M0

0. . .
M) = AGGREGATE({h§~ ) |j € sampled neighbors of i}) (3.4)

3. Update: The node’s feature vector is updated based on its own features and the

aggregated neighborhood features:
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I+1 Dl
b = o (WOR |0 ) (35)
« Graph Attention Network (GAT) : GATs [148] introduce attention mechanisms into

the message-passing process, enabling nodes to weigh the importance of different

neighbors. This is achieved by learning attention coefficients:

() exp(LeakyReLU(a” [W(l)hl@ | |W(l)h§l)])) »
%= 3.6
! Yie # (i) exp(LeakyReLU(a” [W(l)hl@ | |W(1)h;(<l)]))
The updated feature vector is then computed as:
HHD — o ( Z Oti(;)W(l)hy)> 6
JEN (i)
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« Graph Convolutional Network (GCN) : GCNs [149] have emerged as a prominent ap-
proach for learning from graph-structured data. Their power comes from their efficiency
in extracting localized features from the graph using a convolution-like operation. This
is achieved via message passing, a procedure in which nodes gather information from

their neighbors and subsequently adjust their features.

The process of message-passing within GCN can be formally expressed as:

H/™) = g(AHOW) (3.8)

where:
— H represents matrix containing the features at layer /.
- WO represents adaptable weight matrix at layer /.

— A represents a normalized adjacency matrix, incorporated to handle scaling and

self-loop challenges:

A=D2AD: (3.9)

— A is the adjacency matrix.
- D is the degree matrix.
— O is an activation function (e.g., ReLU).

By stacking multiple GCN layers, the model can capture increasingly complex relation-
ships and dependencies between nodes. This empowers GCNs to handle a variety of

tasks, encompassing node classification, graph classification, and link prediction.
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GCNs have demonstrated their effectiveness in various graph-based tasks, including:

1. Node Classification: Assigning labels to individual nodes based on their at-
tributes and connections within the graph. This has applications in community

detection, protein function prediction, and spam detection.

2. Link Prediction: Estimating the probability of connections between nodes, is
a crucial task for predicting future interactions in evolving networks, such as

recommendation systems or drug-target interactions.

3. Graph Classification: This involves giving labels to whole graphs according to
their structure and features. It’s useful in areas like classifying chemical com-

pounds and detecting malware.

4. Clustering/Community Detection: This involves grouping nodes or graphs that
are similar based on their features. It’s useful for finding communities within
functional units in biological networks, social networks, and unusual patterns

across diverse systems.

5. Graph Embedding: This is about showing graphs or nodes in a space with fewer
dimensions, but still keeping their structure and feature information. We’ll look

more into this topic in the next section.

The success of GNNs in computer vision, such as scene understanding, object detection, and
segmentation [150-153], highlights their ability to model intricate spatial relationships. This
makes them well-suited for problems where understanding structure is crucial. Moreover,
in the field of medical image segmentation [154-158], GNNs have demonstrated significant
potential. Their ability to represent complex anatomical structures leads to improved accuracy
and robustness in delineating organs, tumors, and other relevant features. These successes in
both computer vision and medical domains underscore the potential of GNNs for road crack

detection, a task that similarly relies on understanding complex spatial patterns.
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3.1.2 Graph Neural Network Based Crack Detection

In the context of crack detection, representing a crack as a graph provides a powerful frame-
work for analyzing structural relationships and connectivity patterns. This approach leverages
the strengths of Graph Neural Networks (GNNs) to enhance the accuracy and robustness of

crack detection methods.

Nodes and Edges in Crack Modeling

Nodes in the graph can represent distinct regions within an image, such as pixels or superpix-
els, while edges signify the spatial proximity or similarity between these regions. This graph
representation allows the model to capture the intricate relationships between different parts

of the crack.

Message Passing and Connectivity Patterns

Through the process of message passing, GNNs can learn to reason about the connectivity
patterns within the graph. This involves aggregating information from neighboring nodes
and updating node representations iteratively. Yang et al. [159] demonstrate the effectiveness
of this approach in their work on road graph extraction, where GNNs analyze structural
relationships within images. This enables better distinction between true cracks, which exhibit

strong structural relationships, and isolated noise or interferences.

Enhancing Crack Continuity

GNNss can enhance crack continuity by considering long-range structural dependencies. This
is particularly useful for analyzing potentially fragmented cracks, where traditional methods
might struggle. By incorporating information from distant nodes, the model can maintain a

coherent representation of the crack structure.
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Building upon these GNN advantages, Chen et al. [160] propose a crack segmentation
framework that incorporates a graph network branch. This allows the model to explicitly
learn structural crack patterns, improving segmentation accuracy. The framework leverages
the ability of GNNs to capture complex relationships within the graph, leading to more precise
crack detection.

Similar advancements have been made in GNN-based crack detection using point cloud data.
For instance, Feng et al. [161] focus on identifying fine-grained cracks through GNN-based
feature analysis. Point cloud data, which represents the surface geometry of objects, can be
effectively modeled as a graph, where nodes represent points in the cloud and edges represent
their spatial relationships. GNNs can then analyze these relationships to detect cracks with

high precision.

3.2 Summary

Graph Neural Networks offer a promising new direction for road crack detection. Their
ability to explicitly model the relational structure of cracks and the context in which they
appear has the potential to overcome limitations faced by purely convolutional architectures.
While research into GNNs specifically for crack detection might be in its early stages, their
foundational strengths and successes in related domains make them a highly compelling area

for further exploration.

48



CHAPTER

Methodology

This chapter details the research methods employed in this study to address the critical issue
of pavement crack detection. Given the significant implications of road network integrity
on safety, efficiency, and economic activity, the development of a reliable and automated
road crack detection system is of paramount importance. This research leverages the power
of modern deep learning approaches, specifically GNNs, to optimize pavement maintenance
strategies, thereby enhancing road lifespan and contributing to a more sustainable transporta-
tion infrastructure. The following sections will detail the specific steps and techniques used

in the development of this system.

4.1 CrackGNet Architecture

The proposed CrackGNet architecture is a hybrid model that synergistically integrates the
capabilities of CNNs and GNNs. The architecture is composed of two primary components: a
U-Net encoder for initial feature extraction from the input image, and a GCN for refining these
features by analyzing the spatial relationships and connectivity between potential cracks.

The U-Net encoder, a type of CNN, is the first component of the architecture. The input
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Figure 4.1: Illustration of the proposed CrackGNet architecture with a detailed view of the
Graph Neural Network branch.
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image undergoes a series of convolutional layers, with each layer followed by a pooling
layer. These layers gradually decrease the input’s spatial size while amplifying the complexity
of information, extracting a multi-level representation of features from the image. The
convolutional layers employ adaptable filters to identify local patterns like textures and edges
within the input, whereas the pooling layers decrease the input’s dimensions, enhancing the
model’s resilience to variations.

From the series of feature maps generated by the U-Net encoder, we select one and transform
it into a graph representation. In this graph, each node represents a pixel in the feature map,
and edges are established based on a distance metric. This transformation enables us to harness
the capabilities of GNNs to process the image data while considering the spatial relationships
between pixels.

The graph representation is then processed by the GCN, the second component of the
architecture. The GCN improves the features of each node by incorporating the features of its
neighbors. This is achieved through a series of graph convolution operations, which combines
information from a node’s local neighborhood. The result is a set of refined features that
incorporate both the original features of each pixel and the context provided by its neighboring
pixels.

The refined features are then converted back into a feature map, which is fed into the
U-Net decoder. The U-Net decoder is a mirror image of the encoder, composed of a series
of convolutional and upsampling layers that gradually expand the spatial dimensions while
reducing the depth. The decoder combines the refined features from GCN with the high-level
contextual features captured by the U-Net encoder to generate a precise crack segmentation
map.

Finally, a 1 X 1 convolution is applied to the output of the U-Net decoder to produce the
final crack segmentation map. This operation collapses the feature map into a single channel,

producing a single-channel output where each pixel represents the model’s prediction for
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its corresponding location in the original input image. The values in this map indicate the
likelihood of each pixel belonging to a crack, providing a detailed and precise segmentation

of the cracks in the pavement.

4.2 Feature Extraction using U-Net Encoder

The initial stage of our proposed CrackGNet architecture involves feature extraction from the
input image using a U-Net encoder. The input to this process is typically a grayscale image
of size 512 x 512 x 1. The U-Net encoder, a type of CNN specifically designed for image
segmentation tasks, processes this image through a sequence of convolutional layers, pooling
layers, and activation functions.

The primary goal of this stage is to derive hierarchical features from the given image.
The convolutional layers are responsible for identifying patterns and textures of increasing
complexity. These layers employ adaptable filters on the input data, identifying local patterns
like edges and textures. As the image progresses through the network, the convolutional layers
learn to recognize more complex patterns, which are combinations of the simpler patterns
learned by the earlier layers.

Conversely, the pooling layers gradually reduce the level of detail captured in the feature
maps. This downsampling operation serves to capture broader contextual information, mak-
ing the model more robust to handle variations in the input data. It also diminishes the
computational complexity of the network, as the following layers operate on smaller input
sizes.

Our U-Net encoder employs a standard architecture, progressively increasing the channel
depths as the image features are downsampled. The channel depths are as follows: 32, 64, 128,
256, and 512 (see Fig 4.1a - left to Graph Neural Network branch). This gradual escalation in
channels allows the model to learn representations of cracks at various scales, from fine details

to larger patterns.
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4.3 Graph Construction

Upon processing by the U-Net encoder, a series of feature maps with varying spatial
resolutions and channel depths are generated. We strategically select the 32 x 32 x 512 feature
map for subsequent graph processing. This feature map, with a height 7 = 32, width w = 32,
and ¢ = 512 channels, offers several advantages. It maintains a sufficient level of spatial detail
for accurate crack localization, provides a rich feature representation with 512 channels, and
strikes a balance with computational efficiency.

We experimented with feature maps from neighboring layers in the U-Net encoder. Earlier
layers with higher spatial resolutions, while beneficial for precise localization, lead to sig-
nificantly larger graphs. For example, a 64 x 64 feature map would generate N =h xw =
4096 nodes. This increased graph size impacts both the memory requirements and the
computational cost of the subsequent GNN operations, hindering efficiency. Conversely, later
layers with smaller resolutions proved too coarse, sacrificing the spatial detail essential for
accurate crack identification. Therefore, the 32 x 32 x 512 feature map was chosen as a

compromise between spatial detail, feature richness, and computational efficiency.

4.3 Graph Construction

Road cracks inherently exhibit intricate spatial relationships and connectivity patterns that
traditional convolutional neural networks struggle to fully capture. To address this challenge,
we meticulously transform the selected 32 x 32 x 512 feature map into a graph representation,
empowering us to explicitly model these structural dependencies (as shown in Algorithm 1).

In our graph, each node directly represents a single pixel within the feature map, inheriting
the rich 512 features extracted by the U-Net encoder. These features encapsulate essential
crack characteristics derived from the image.

Several approaches exist for constructing graphs in the realm of crack detection. For
instance, graphs can be built leveraging domain-specific knowledge about how crack patterns

appear in images. Alternatively, similarity or distance-based methods [162] define edges based
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on calculated similarity in features or spatial positions. Another common method is K-Nearest
Neighbours (KNN) [163], where each node connects to its ‘'K’ most similar neighbors.

We adopted a distance-based approach, similar to the work of Chen et al. [160]. This choice
aligns with their demonstrated success in modeling crack patterns. We prioritize modeling
both local crack continuity and potential branching by establishing edges based on a distance
metric ‘d’. Through rigorous experimentation with different ‘d’ values, we identified their
inherent limitations. For instance, smaller ‘d’ values definitively miss longer-range crack
connections, restricting the ability to model complex crack patterns. Conversely, larger
‘d’ values lead to overly dense graphs that increase computational demands during GNN
operations. This trade-off is illustrated by the relationship between ‘d’, the number of nodes
‘N’, and the resulting edges ‘E’: E = f(d,N). Examples include d = 1 yielding E,,x = 4N,
while d = 2 results in SN < E < 12N (see Fig 4.2), and a larger d = 3 could generate up to 20N
edges. Our comprehensive experiments demonstrated that d = 2 strikes the optimal balance
between capturing the essential structure of cracks and maintaining computational efficiency
for our specific crack patterns. However, we acknowledge that other values of ‘d’ might be

optimal in scenarios where cracks exhibit substantially different patterns.

Algorithm 1 Pseudocode for constructing a graph from encoder output

1: Function CreateGraph(encoder_output, d)
2. reshaped_output < Reshape(encoder_output)
3:  graph < InitializeEmptyGraph()

4:  For each node in reshaped_output

5: features <— GetFeatures(node)

6 neighbors < GetNeighbors(node, d)

7 For each neighbor in neighbors

8 AddEdge(graph, node, neighbor)

9: End For

10: SetNodeFeatures(graph, node, features)
11:  End For

12:  FormatGraph(graph)

13:  Return graph

14: End Function
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Figure 4.2: A small input image with the corresponding graph overlaid (showing node and
edge formation based on the distance metric)

By strategically modeling crack structures in graph form, we enable the GCN to reason
about the spatial context and connectivity of potential crack segments. This improves the pre-
cision and reliability of crack detection, as the model can now utilize the structural information
represented in the graph to make more knowledgeable predictions. This graph-based approach
represents a significant advancement over traditional CNN-based methods, providing a more
thorough understanding of the spatial relationships between pixels and leading to more

accurate and reliable crack detection.

4.4 Feature Refinement using Graph Convolutional

Network (GCN)

The constructed graph, encoding both spatial relationships and rich feature representations
of potential cracks, is strategically processed by a GCN [149]. Unlike traditional CNNs
designed for grid-like image data, GCNs are uniquely equipped to learn from the intricate
connectivity patterns within graphs. We carefully considered alternatives like GAT [148]

and GraphSAGE [147]. However, GCN provides the optimal balance for our task due to the
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relatively homogeneous nature of our crack patterns and the need for computational efficiency

[164].

H) = (D 2AD 2 HOW D) (4.1)

where:

« HY is a matrix where each row corresponds to the feature vector of a node at the layer

L.

« WU is the learnable weight matrix at layer . It transforms the node features into a new

feature space.

« A = A 41 is the adjacency matrix with added self-loops (the identity matrix I is added

to allow each node to include its own features in the aggregation).

« Drepresents degree matrix corresponding to A, a diagonal matrix where Dj; is the degree

of node i in A.
« b is the bias term associated with layer /.
« O is an activation function (e.g., ReLU).

GCN layers perform specialized convolutions as described in Equation 4.1 that funda-
mentally differ from their traditional counterparts. Instead of operating on regular pixel
grids, GCN directly leverages the graph structure. Each node dynamically gathers feature
information from its connected neighbors and modifies its own representation based on this
aggregated neighborhood information (see Fig. 4.1b). This process captures the spatial context

surrounding each potential crack segment.
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4.5 Feature Map Reconstruction and U-Net Decoder
Fusion

In the subsequent stages of our model, we focus on the intricate process of integrating the
enriched feature representations obtained from the GCN back into the U-Net architecture.
This integration is crucial for translating the graph-based learning of the GCN into a form that
can be used for pixel-wise crack segmentation. The process is divided into two main steps: the
reconstruction of the feature map from the GCN output, and the fusion of this refined feature
map with the U-Net decoder. The following sections explain the details of these steps and their

significance in our model.

Reconstruction

After the GCN has processed the graph, enriching the crack representations with spatial and
relational context, we must transform these refined features back into a format compatible
with the U-Net architecture. This involves meticulously reshaping the graph’s node features
to reconstruct a feature map with the original dimensionality 32 x 32 x 512. Specifically, we
perform a reverse operation of the initial reshaping process, mapping each node’s features to
its corresponding spatial location in the feature map. This reconstructed feature map retains
the spatial structure of the original image, but with features that have been enhanced by the

GCN'’s graph-based learning process.

Fusion

The refined feature map now serves as input to the U-Net decoder. The decoder strategically
combines this GCN-refined information with the high-level contextual features captured
earlier by the U-Net encoder using skip connections. While techniques like concatenation

or element-wise summation exist for fusion [165], they might not be ideal. Concatenation
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increases dimensionality and computational burden, while element-wise summation might not
effectively balance the importance of different features. We leverage skip connections within
the U-Net decoder. This fusion process is performed at each layer of the decoder, progressively
integrating the refined features with the encoder’s multi-scale representations (see Fig. 4.1a -
right to Graph Neural Network Branch). This fusion offers several key advantages for accurate

crack segmentation:

« Enhanced Localization: The GCN-refined features provide detailed, spatially-aware
crack representations, improving the model’s ability to precisely localize crack bound-
aries. This is particularly important for accurately delineating the extent of each crack,

which is crucial for subsequent repair planning.

« Robustness to Noise: By incorporating connectivity information learned by the GCN,
the model becomes more resilient to noise and visual artifacts that might otherwise
resemble cracks. This helps to reduce false positives, ensuring the model’s predictions

are reliable and actionable.

« Contextual Awareness: The fusion with high-level encoder features ensures the model
considers broader image context, preventing misclassification of crack-like structures
that are inconsistent with the overall scene. This helps to further reduce false positives,

particularly in complex or cluttered environments.

Decoder Operation

The decoder leverages skip connections to merge the refined features with the matching
features of the same spatial resolution from the encoder path. This fusion allows the decoder to
utilize both the detailed crack representations refined by the GCN and the broader contextual
information captured across multiple scales by the U-Net encoder. The decoder then employs

a series of convolutional and upsampling operations to progressively increase the spatial
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resolution of the feature maps, ultimately producing a segmentation map with the same
dimensions as the original image. The specific upsampling method used in our decoder is
transposed convolution, which allows for learning-based upsampling that can better capture

the complex patterns of crack structures.

4.6 Final Convolution

The last step in our model is to convert the high-dimensional feature maps output by the
U-Net decoder into a final crack segmentation map. This is achieved through the application
of a 1 X 1 convolution, a common technique in semantic segmentation models for channel

reduction and pixel-wise prediction. The role and benefits of this operation are as follows:

+ Channel Reduction: The 1 x 1 convolution serves as a mechanism to decrease the
depth of the feature maps. The U-Net decoder produces a feature map with multiple
channels, each corresponding to a detailed representation of the features found in the
input image. However, for the final segmentation map, we need a 2D map where
every pixel represents a binary class label (‘crack’ or ‘non-crack’ in the case of binary
segmentation). The 1 x 1 convolution achieves this by applying a filter to each spatial
location across all channels, effectively decreasing the depth of the feature map to match

the desired number of output classes.

+ Pixel-wise Prediction: The 1 x 1 convolution operation also enables the model to make
pixel-wise predictions. Each pixel in the output map corresponds to a location in the
original input image, and its value represents the model’s prediction for that location.
In the case of binary segmentation, this could be a probability score indicating the
likelihood of the pixel belonging to the crack class. This pixel-wise prediction capability
allows the model to generate a detailed segmentation map that precisely delineates the

boundaries of detected cracks.
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4.7 Loss Function

The loss function is essential for the training process of deep learning models. It quantifies

the divergence between the model’s predictions and the ground truth, providing a measure

that the optimization algorithm seeks to minimize. For our crack detection task, we employ

the Dice Loss function [166], a prevalent choice for segmentation tasks due to its robustness

to class imbalance and direct alignment with evaluation metrics. The Dice Loss function is

calculated using the following formula:

2x|XNY|

Dice Loss =1 —
X[ +1Y|

(4.2)

where X represents the predicted segmentation map and Y the ground truth.

The reasons for choosing Dice Loss for our model are:

« Handling Class Imbalance: In crack detection tasks, the datasets often exhibit signif-

icant class imbalance, with the pixels representing cracks forming a small percentage
of the overall image. This imbalance can lead to a model that is prejudiced towards
predicting the majority class, resulting in poor performance of the minority (crack) class.
Dice Loss, by focusing on the overlap between the predicted and actual crack regions,

is less sensitive to this class imbalance compared to alternatives like cross-entropy loss.

Alignment with Evaluation Metrics: The Dice coeflicient, alternatively referred to as
the Serensen-Dice coefficient, is a commonly used metric for assessing the performance
of image segmentation models. It measures the convergence between the predicted
and actual areas, offering a score between 0 (no overlap) and 1 (perfect overlap). By
using Dice Loss, we ensure that our model is directly optimizing for the same identical
metric that is used to assess its performance, leading to more consistent and interpretable

results.
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While other loss functions such as focal loss [167] or cross-entropy [168] are also used in
segmentation tasks, we found that Dice Loss provides the most robust and accurate results for
our specific task. Its focus on region overlap makes it particularly suited to tasks like crack
detection, where accurately delineating the boundaries of the crack regions is of paramount

importance.

4.8 Summary

The proposed CrackGNet model integrates CNN and GNN for efficient crack detection. It
employs a U-Net encoder for initial feature extraction from the input image, generating a
series of feature maps. One of these maps is transformed into a graph representation, which
is processed by a GCN to refine the features based on spatial relationships and connectivity
patterns of potential cracks. The refined features are transformed back into a feature map
and fed into the U-Net decoder, which combines these refined features with the high-level
contextual features captured by the U-Net encoder to generate a precise crack segmentation
map. The graph is constructed from the selected feature map, where each node represents
a pixel, and edges are created based on a distance metric. After the GCN processing, the
refined features are transformed back into a feature map, combined with high-level contextual
information from the U-Net encoder, and a 1 X 1 convolution is applied to the U-Net decoder’s
output to produce the final crack segmentation map. The Dice Loss function, a suitable choice

for datasets with significant class imbalance, is used to train this model.
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CHAPTER

Experimental Results

5.1 Experimental Setup

To comprehensively assess the performance of our proposed CrackGNet method, we con-
ducted an extensive experimental study. This section outlines the experimental setup details,
including software framework, hardware, model architecture, hyperparameter settings, and
training procedure.

Software Framework

« PyTorch: Our model was implemented using PyTorch [169], a popular deep-learning
framework known for its flexibility and user-friendly interface. PyTorch’s dynamic
computational graph and extensive library of modules and functions facilitated the
development of our hybrid CNN-GCN architecture. Its support for GPU acceleration
also ensured efficient computation, which was crucial given the complexity of our model

and the size of our datasets.
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Optimization

+ Optimizer: We selected the AdamW optimizer [170] for its adaptive learning rate
adjustments and decoupled weight decay. These features help in faster convergence
and potential generalization improvements, making it a suitable choice for our complex

model.

« Hyperparameters: The hyperparameters were carefully tuned through a series of
experiments and validation. Comprehensive details regarding these hyperparameters

are available in Table 5.1.

Hyperparameter | Value/Description

Input image size 512 x 512 (balances computational efficiency and detail)

Learning rate le-3 (balances training speed and model performance)

Loss weights 1.0 for fused layer and side-output (equal contribution to final loss)
Momentum 0.9 (accelerates optimizer and dampens oscillations)

Weight decay le-4 (prevents overfitting)

Number of epochs | 100 (sufficient for convergence and prevents overfitting)

Table 5.1: Model hyperparameters and their values

Hardware and Training

« Computational Resources: Our experiments were conducted on Google Colab, lever-
aging the computational power of a Tesla T4 GPU. This allowed us to train our model

on large datasets within a reasonable time frame.

« Training Strategy: We employed a performance-based model saving strategy, preserv-
ing only the model weights that yielded improvements on a validation set. This approach
ensures that the final model represents the best-performing configuration throughout

the training process, thereby maximizing its performance on unseen data.
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5.2 Datasets

A comprehensive evaluation of crack detection algorithms requires the use of diverse and
challenging datasets that accurately reflect real-world conditions. Our study utilized the
following publicly accessible datasets for training and evaluating the performance of our

CrackGNet model:

Crack Forest Dataset (CFD)

« Origin and Purpose: CFD [171] was specifically designed for the evaluation of crack
detection algorithms on concrete pavement surfaces. It offers an accurate depiction
of the complexities encountered in real-world crack detection, such as diverse lighting

conditions, various crack orientations, and varying crack widths.

« Composition: The dataset includes 118 images, each having a resolution of 480 x
320 pixels. It presents challenges due to the presence of background noise elements,
including shadows, stains, and variations in pavement texture. These factors make it a

rigorous test for any crack detection algorithm.

« Annotations: Each image is meticulously annotated with ground-truth crack contours,
providing a basis for quantitative performance evaluation. These annotations allow for

precise evaluation of the model’s capacity to detect and delineate cracks.

The CFD dataset served as a crucial benchmark for evaluating CrackGNet’s ability to handle
complex pavement textures and distinguish true cracks from visual interferences. It was used

in both the training and validation stages of our study.

DeepCrack

« Origin and Purpose: DeepCrack dataset [8] aims to advance research in automated

crack detection by providing a publicly accessible dataset focused on concrete surfaces.
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Its purpose was to facilitate the development and evaluation of deep learning algorithms

designed for crack detection.

Composition: DeepCrack contains total 537 images, each measuring 544 x 384 pixels.
The dataset encompasses cracks of varying widths, lengths, and orientations, represent-
ing the diverse nature of cracks found in real-world scenarios. This diversity makes it

an ideal dataset for training robust and generalizable models.

Annotations: Manual labeling of all images ensures precise pixel-level ground truth for
accurate evaluation of segmentation performance. These detailed annotations enable a

rigorous assessment of the model’s performance.

DeepCrack was instrumental in both the training and validation processes of CrackGNet.

Its diversity of crack patterns and real-world complexities helped refine the model’s ability

to generalize to a broad range of crack detection challenges. It was used extensively in the

training phase to ensure a robust learning process.

CRACK500

« Origin and Purpose: CRACK500 dataset [10] is a large-scale dataset explicitly designed

to address the challenges of pavement crack detection. It was collected using a mobile
phone to reflect practical image acquisition conditions, making it a highly realistic

dataset for training and evaluating crack detection models.

Composition: CRACK500 offers a substantial collection of 3368 images, providing a
richer and more varied representation of crack patterns compared to smaller datasets.
The images include various crack types (linear, alligator, block) and complex pavement
backgrounds, enhancing model robustness. The extensive image collection ensures that

the model encounters a wide range of crack scenarios, promoting better generalization.
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« Annotations: Pixel-level annotations are provided for each image, enabling precise
evaluation. These annotations are essential for evaluating the model’s ability to precisely

find and delineate cracks.

« Data Split: The dataset is divided into a training segment comprising 1896 images and a
testing segment comprising 1124 images, enabling a systematic evaluation process. This
split assures that the model is assessed on unseen data, providing a reliable measure of

its performance.

CRACK500 was instrumental in both the training and rigorous testing of CrackGNet.
The dataset’s scale and complexity were essential for pushing the model’s generalization

capabilities. It was used extensively in both the training and testing phases of our study:.

5.3 Baseline Models

To provide a comprehensive baseline for evaluating the performance of our CrackGNet method,
we selected a range of crack detection models based on deep learning as baselines. These
models represent key architectural advancements and offer diverse approaches to the problem

of identifying cracks in images.

+ U-Net[5]: U-Net serves as a fundamental pillar in the field of image segmentation, in-
cluding crack detection. Its encoder-decoder structure systematically extracts hierarchi-
cal features at different scales, while skip connections enable precise localization during
decoding. U-Net excels in its ability to effectively learn and combine both low-level
and high-level features for image segmentation but can sometimes struggle with the
complexities of crack detection, such as handling noise, intricate crack structures, and

variations in lighting.

» SegNet[6]: SegNet specifically aims to improve boundary delineation in segmentation

tasks. It shares a similar encoder-decoder architecture with U-Net but uniquely stores
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max-pooling indices during the encoding phase, which are then reused during upsam-
pling for a sharper recovery of object boundaries. SegNet’s emphasis on boundary
preservation can be advantageous for crack detection where accurate crack localization
is crucial, however, its primary reliance on convolutional operations might limit its

ability to model complex spatial relationships inherent in crack patterns.

Attention U-Net [7]: Attention U-Net is an extension of the U-Net architecture by
introducing attention gates. These gates enable the model to dynamically prioritize the
most relevant image regions at different stages of processing, suppressing noise and
irrelevant background elements. The attention mechanism enhances segmentation ac-
curacy, particularly in images with complex backgrounds or where cracks are obscured,
but might still be insufficient to fully capture the intricate connectivity and structural

patterns of cracks, particularly in challenging scenarios.

DeepCrack[8]: DeepCrack differentiates itself with a significantly deeper encoder-
decoder architecture compared to U-Net. This increased depth allows the model to
extract a wider range of hierarchical features, including subtle and intricate crack details.
DeepCrack demonstrates an enhanced ability to detect fine-grained cracks that might
be missed by shallower architectures, but the reliance on a deep convolutional network
might lead to overfitting or challenges in generalization, especially with limited datasets,

and can increase computational costs.

FPHBN[10]: FPHBN seeks to improve segmentation precision by combining a feature
pyramid and a hybrid boosting strategy. The feature pyramid within its encoder-decoder
structure captures multi-scale crack representations, while the boosting approach re-
fines segmentation predictions. FPHBN’s design makes it effective in handling cracks of
varying sizes and complexities, but the complexity introduced by the feature pyramid

and boosting strategy can lead to longer training times and increased computational
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overhead.

« PSPNet [9]: PSPNet tackles the issue of object scale variations by incorporating a
pyramid pooling module into a typical encoder-decoder architecture. This module
captures global context information at different resolutions, making PSPNet more robust
in detecting cracks of diverse sizes within a single image. However, the increased

architectural complexity can lead to potentially higher computational costs.

5.4 Evaluation Metrics

In order to rigorously assess the performance of our CrackGNet method, we employed a
comprehensive suite of evaluation metrics commonly used in image segmentation tasks. These
metrics provide insights into different aspects of the model’s crack detection capabilities,

enabling a multi-faceted analysis.

Precision

+ Definition: Precision quantifies the percentage of correctly identified crack pixels (true
positives, TP) out of the total pixels the model classified as cracks (true positives + false

positives, FP).

« Interpretation: A high precision score indicates that the model minimizes false alarms,

ensuring that the majority of its crack predictions are accurate.

« Importance: Precision is essential to ensure the reliability of crack identification,
especially when used for automated maintenance decision-making. High precision

reduces the risk of unnecessary interventions based on false detections.
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Recall

+ Definition: Recall evaluates how effectively a model can identify all actual crack pixels
within an image, comparing the number of correctly detected crack pixels (true positives
TP) against the total number of crack pixels present (true positives plus any missed

cracks, or false negatives FN).

+ Interpretation: A high recall score signifies that the model effectively minimizes

missed detections and is sensitive to even faint or subtle cracks.

« Importance: Recall is vital for detecting even the faintest cracks, crucial for early
intervention, and preventing potential structural damage. High recall ensures that all

potential threats are identified, even if some false positives are included.

F-Score

 Definition: The F-score is a measure of a model’s performance that balances precision
and recall. It’s calculated as their harmonic mean, offering a single value to represent

the model’s overall effectiveness.

+ Interpretation: A high F-score suggests that the model skillfully avoids both false

alarms and missed detections, achieving a good balance between precision and recall.

« Importance: The F-Score provides a comprehensive assessment of the model’s per-
formance, considering both the reliability of crack detection and the completeness of
detected cracks. It is particularly useful when there is no clear preference between

precision and recall.

Intersection over Union (loU)

+ Definition: IoU provides a straightforward evaluation of the accuracy of the predicted

crack segmentation’s location. It quantifies the overlap between the two areas as a
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proportion of their total combined area. Values range from 0 (no overlap) to 1 (perfect

overlap).

« Interpretation: A high IoU score demonstrates the model’s proficiency in precisely

delineating crack boundaries.

« Importance: IoU focuses on the spatial accuracy of predicted crack boundaries, which
is crucial for determining the exact location and extent of damage. High IoU ensures
that the model not only identifies cracks but also accurately segments them, which is

essential for subsequent repair planning,.

Mathematical Formulation

For clarity, we provide the mathematical formulas for these metrics:

.. TP
Precision = — (5.1)
TP 4+ FP
TP
Recall = ——— (5.2)
TP+ FN
2 % Precision x Recall
F-Score = — (5.3)
Precision + Recall

|Predicted Mask N Ground Truth Mask|

IoU =
° |Predicted Mask U Ground Truth Mask|

(5.4)

5.5 Experimental Results

We conducted a rigorous evaluation of our CrackGNet method and compared its performance
against established baselines across the CFD, DeepCrack, and CRACK500 datasets. Our anal-
ysis includes both qualitative assessment through visualizations and quantitative evaluation

using the metrics outlined in the previous section.
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Figure 5.1 demonstrates the visual quality of crack segmentations generated by CrackGNet
and the comparison methods. It highlights CrackGNet’s ability to accurately delineate crack
boundaries, suppress noise, and handle complex crack patterns. In parallel, Figure 5.2 visually
represents the Training-Validation loss and IoU curves for these methods. During the training

process, we selected the best model at the point where the loss value was at its minimum.

Original Image Ground Truth Attention U-Net DeepCrack

Figure 5.1: Visual assessment of results from various methods on selected samples from the
CFD, DeepCrack, and Crack500 datasets. The methods compared include U-Net,
SegNet, Attention U-Net, DeepCrack, FPHBN, PSPNet, and the method proposed
in this work.

Tables 5.2, 5.3, and 5.4 present detailed numerical results for the CFD, DeepCrack, and
CRACKS500 datasets, respectively. CrackGNet consistently achieves superior performance

across the majority of metrics, particularly in Precision and Recall.
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Figure 5.2: Loss and IoU Curves for all datasets

5.5.1 Evaluation of Results on CFD

The CFD dataset is notably challenging due to the existence of noise elements and complex
pavement textures. Despite these difficulties, our proposed CrackGNet method demonstrated
its robustness and effectiveness. As shown in Table 5.2, it achieved a Precision of 0.7096,
a Recall of 0.7608, and a resulting F1-Score of 0.7313. These results significantly surpass
those of the next best-performing method, PSPNet, which achieved an F1-Score of 0.6468.
This substantial improvement underscores the ability of CrackGNet to accurately discriminate
true cracks from visually similar background elements. The GCN component of CrackGNet,
which models spatial relationships, likely plays a crucial role in handling the noisy textures
characteristic of the CFD dataset (see Fig 5.3). This performance on the CFD dataset suggests
that CrackGNet is highly effective in real-world road crack detection scenarios where image

quality may be less than ideal.
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Table 5.2: CFD Dataset Results

Method Precision Recall F1-Score
U-Net [5] 0.4824  0.6146  0.5404
SegNet [6] 0.5434 0.2974 0.3834
Attention U-Net [7] 0.5230 0.5922 0.5554
DeepCrack [8] 0.5770 0.6733 0.6214
FPHBN [10] 0.5628 0.6781 0.6150
PSPNet [9] 0.6040  0.7024  0.6468
Ours 0.7096 0.7608 0.7313

Table 5.3: Deepcrack Dataset Results

Method Precision Recall F1-Score
U-Net [5] 0.8206 0.8301 0.8253
SegNet [6] 0.8412 0.7369 0.7850
Attention U-Net [7] 0.8532 0.8148 0.8335
DeepCrack [8] 0.8529 0.8478 0.8504
FPHBN [10] 0.8387 0.8072 0.8224
PSPNet [9] 0.8424  0.8070  0.8187
Ours 0.8618 0.8811 0.8665

5.5.2 Evaluation of Results on DeepCrack

The DeepCrack dataset provides a diverse range of crack patterns and scales, offering insights
into CrackGNet’s ability to handle a variety of crack types. As detailed in Table 5.3, our method
attained a Precision of 0.8618, a Recall of 0.8811, and an F1-Score of 0.8665. This performance
surpasses the established DeepCrack model, which achieved an F1-Score of 0.8504. The
integration of the GCN component in CrackGNet likely enables it to better capture intricate
crack structures compared to architectures that rely solely on convolutional layers (see Fig

5.4). This leads to improved results on the DeepCrack dataset.

5.5.3 Evaluation of Results on CRACK500

The large-scale CRACK500 dataset offers a rigorous test of a model’s ability to infer across
different scenarios. As shown in Table 5.4, our CrackGNet method excelled in this test,

achieving a Precision of 0.7741, a Recall 0of 0.7136, and an F1-Score of 0.7374. This performance
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Table 5.4: CRACK500 Dataset Results

Method Precision Recall F1-Score
U-Net[5] 0.5985 0.6017 0.6001
SegNet[6] 0.7002 0.4068 0.5146
Attention U-Net [7] 0.6165 0.6047 0.6106
DeepCrack [8] 0.6437 0.6535 0.6486
FPHBN [10] 0.6004 0.5816 0.5908
PSPNet [9] 0.7495  0.7004  0.7135
Ours 0.7741 0.7136 0.7374

outperforms the next-best method, PSPNet, which achieved an F1-Score of 0.7135. The
consistent superiority of CrackGNet across multiple metrics, particularly on a challenging
dataset like CRACK500, highlights the robustness of our GCN-enhanced architecture for

complex crack detection tasks (see Fig 5.5).

5.5.4 Intersection over Union (loU) Results

In addition to the previously discussed metrics, we also evaluated the IoU for our model,
providing a further measure of segmentation accuracy. As detailed in Table 5.5, CrackGNet
achieved IoU values of 0.5899, 0.7695, and 0.5776 on the CFD, DeepCrack, and CRACK500
datasets, respectively. These results underscore the ability of our model to produce segmen-
tations that closely match the ground truth annotations. The notably high IoU score on
the DeepCrack dataset further indicates that our method is particularly adept at accurately

delineating crack boundaries, even when faced with a diverse array of crack patterns.

Dataset IoU
CFD 0.5776
DeepCrack 0.7695
CRACKS500 0.5899

Table 5.5: IoU values for the three datasets.
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5.6 Discussion of Overall Results

The results of this research demonstrate significant advancements in the domain of road
crack detection, aligning with the contributions outlined in the introduction. The hybrid deep
learning architecture, which integrates U-Net’s feature extraction capabilities with the struc-
tural modeling power of Graph Neural Networks (GNNs), has proven to be highly effective.
This innovative approach excels in detecting fine cracks, which are typically challenging for
conventional methods, as seen in Figure 5.3 and 5.5. The enhanced detection capability is
crucial for timely maintenance interventions, thereby contributing to improved road safety
and maintenance efficiency. Additionally, the hybrid model exhibits remarkable robustness
and reliability in real-world scenarios, effectively adapting to varying lighting conditions,
complex textures, and the presence of visually similar non-crack features, as illustrated in
Figure 5.4. One of the standout features of the proposed approach is its ability to model
long-range dependencies within crack patterns using GNNs, significantly enhancing the
detection of complex crack structures. The model effectively identifies and maps long-range
cracks, as shown in Figure 5.3. Furthermore, the integration of GNNs in the proposed model
has shown potential for improved computational efficiency, reducing computational overhead
and making the proposed model a promising solution for real-time or resource-constrained

applications.

5.7 Discussion of Model Components

The CrackGNet architecture integrates multiple components that work in synergy to achieve
superior crack detection performance. In this section, we delve into the role of each component

and its contribution to the overall effectiveness of our model.
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U-Net Component

The foundational U-Net component serves as a powerful feature extractor. Its encoder-decoder
structure, incorporating skip connections, allows for the progressive extraction of hierarchi-
cal features at multiple scales. This capability is essential for accurately identifying crack
structures that exhibit variations in width, length, and orientation. Furthermore, the skip
connections in the decoder facilitate precise crack localization by fusing fine-grained details
with higher-level contextual information. The strong performance of our CrackGNet model
across all datasets, particularly the high Precision, Recall, and F1 scores, provides evidence of

the U-Net component’s essential role in the overall architecture.

GNN Component

The incorporation of the GCN component is a key innovation in CrackGNet. GCNs excel
at modeling the spatial relationships and connectivity patterns inherent in crack structures.
While traditional CNNs in the U-Net can struggle to fully capture these complex dependen-
cies, the GCN component explicitly reasons about such relationships. This enhanced ability
to discriminate between true cracks and visually confounding background elements likely
contributes significantly to the superior performance of CrackGNet, as demonstrated by the

high Recall and F1 scores across the evaluated datasets.

Hybrid Approach

The strategic fusion of the U-Net and GCN components forms the core of CrackGNet’s hybrid

design. This combination capitalizes on the complementary strengths of each component:
« U-Net: Robust extraction of crack-related features and precise localization.
+ GCN: Enhanced modeling of crack patterns and spatial context.

The consistent performance gains across multiple datasets underscore the success of this
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hybrid approach. While a formal ablation study was not conducted for this work, we hypoth-
esize that removing either component would likely diminish the model’s overall performance.
This suggests that both the U-Net and GCN components play a significant role in CrackGNet’s

effectiveness for complex crack detection tasks.

5.8 Summary

The experimental setup for the proposed CrackGNet model was implemented on PyTorch,
using an encoder-decoder structure with batch normalization and ReLU activations. The
model was optimized using AdamW, with specific hyperparameters, and trained for 100
epochs. The performance was evaluated on three datasets: CFD, DeepCrack, and CRACKS500,
each offering a unique set of images and crack types. The model was compared against six
baseline models, namely U-Net, SegNet, Attention U-Net, DeepCrack, FPHBN, and PSPNet,
each with their unique architectural and functional strengths. The evaluation metrics used
were Precision, Recall, F-score, and IoU, calculated based on the comparison of detected results
with the hand-labeled ground truth. The model demonstrated superior performance across all
datasets, indicating its effectiveness in distinguishing cracks from visually similar features and

its robustness to variations in crack types and image quality.
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Original Image Ground Truth Qutput

Figure 5.3: Examples of crack detection from CFD
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Original Image Ground Truth Qutput

Figure 5.4: Examples of crack detection from DeepCrack
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Figure 5.5: Examples of crack detection from CRACK500
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CHAPTER

Conclusion and Future Work

6.1 Conclusion

This thesis presented CrackGNet, a hybrid deep-learning architecture designed for the chal-
lenging task of automated road crack detection. Our proposed method strategically combines
the strengths of a U-Net encoder-decoder for feature extraction with a GCN to explicitly model
the complex spatial relationships and connectivity patterns inherent in cracks. Extensive
experimentation on the CFD, DeepCrack, and CRACK500 datasets demonstrated CrackGNet’s
superiority over established deep-learning baselines across a comprehensive suite of eval-
uation metrics. This performance advantage underscores the effectiveness of our hybrid

approach and the following key contributions:

+ GCN Integration: By incorporating a GCN component, CrackGNet effectively learns
to model the intricate structure and spatial dependencies within crack patterns. This
enhanced capability is particularly beneficial for discriminating between true cracks and

visually similar background elements in complex pavement images.

» Hybrid Design: The fusion of convolutional feature extraction (U-Net) and graph-
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based reasoning (GCN) within CrackGNet creates a powerful framework for crack
detection. This integration allows the model to leverage the strengths of both the U-Net,
known for its precise localization, and the GCN, renowned for its ability to comprehend

spatial relationships.

The results achieved with CrackGNet indicate its strong potential for practical application

in automated pavement inspection and maintenance systems.

6.2 Future Work

While the CrackGNet framework presented in this thesis demonstrates significant advance-
ments in the field of automated crack detection, several promising avenues for future research
remain to be explored.

First, we aim to further optimize the computational efficiency of our GNN architecture. By
investigating lighter-weight models or pruning techniques, we can streamline the inference
process, enabling real-time crack detection in practical settings.

Second, we intend to delve deeper into alternative graph construction strategies. This
involves exploring different approaches to node and edge feature representation, as well as
incorporating domain-specific knowledge to ensure a comprehensive and accurate represen-
tation of crack dependencies within the graph structure.

Third, to enhance the generalizability and robustness of our model, we plan to significantly
expand our training dataset. This expansion will encompass a wider range of real-world crack
images from diverse sources, as well as the potential incorporation of synthetically generated
crack examples with varying characteristics.

Fourth, building upon the features learned by our GNN model, we will extend our research
to develop automated tools for assessing the severity of detected cracks. This will involve

defining appropriate severity metrics, establishing thresholds, and potentially incorporating

84



6.2 Future Work

additional information (e.g., crack dimensions, and material properties) to provide actionable
insights for maintenance and repair decisions.

Finally, we envision integrating our crack detection and severity assessment system with
robotic inspection platforms. This would enable autonomous, large-scale inspection of infras-

tructure, streamlining maintenance processes and potentially reducing costs.
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