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Abstract: A novel approach for road crack detection and segmentation was proposed, incorporating Einstein
operators within an Adaptive Neuro-Fuzzy Inference System (ANFIS). This methodology leverages advanced fuzzy
aggregation techniques and adaptive mechanisms, combined with dynamic Einstein sum and product operators,
to enhance the identification of cracks. The model was designed to effectively manage varying crack intensities,
geometries, and noise levels, thereby ensuring high sensitivity and accuracy in real-world road conditions. In
the preprocessing stage, robust fuzzification was applied using Gaussian membership functions alongside Einstein
operators, which significantly improved feature extraction. The segmentation framework based on ANFIS ensured
precise detection and delineation of cracks. The performance of the proposed model was demonstrated through a
comparative analysis, showing superior accuracy (95.2%), precision (94.1%), recall (96.4%), and F1-score (95.2%)
when compared to state-of-the-art models. Statistical validation was conducted, with p-values < 0.01 for all
performance metrics, confirming the reliability and statistical significance of the results. Advanced post-processing
techniques, including fuzzy morphological refinement and adjacency matrix-based connectivity analysis, were
employed to accurately identify even faint or disconnected cracks. The proposed method exhibits exceptional
resilience to environmental variations, offering a reliable and adaptive solution for road maintenance and monitoring.
This work highlights the potential of fuzzy logic, statistical validation, and adaptive mechanisms in addressing real-
world challenges in road crack detection.

Keywords: Road crack detection; Adaptive neuro-fuzzy inference system; Einstein operators; Fuzzy aggregation;
Crack segmentation; Image processing

1 Introduction

Road networks are fundamental to facilitating transportation, economic progress, and public safety. They serve
as the backbone of modern societies, enabling the movement of goods, services, and people [1, 2]. The durability
and efficiency of these networks are essential for sustaining economic growth and ensuring the well-being of
communities [3, 4]. However, roadways face constant threats from wear and tear due to heavy traffic loads, fluctuating
environmental conditions, and aging infrastructure [5, 6]. Over time, these factors contribute to the formation of
cracks, which, if not detected and repaired promptly, can expand and lead to severe damage. Such deterioration
compromises the structural integrity of roads, escalates repair costs, and disrupts transportation systems [7]. The
resulting damage not only increases maintenance costs but also poses significant safety hazards, including accidents
and delays. For instance, road cracks, if left unaddressed, can cause tire blowouts or accidents, and in some cases, lead
to road closures, halting economic activities. Therefore, developing effective methods for detecting and addressing
cracks is critical to preserving road functionality and extending their operational lifespan [4, 8].

Traditionally, identifying road cracks has heavily relied on manual inspection methods. Workers physically
assess road surfaces by walking or driving along them to identify visible cracks and evaluate their severity. While
simple, this approach is fraught with limitations. It is labor-intensive, time-consuming, and prone to human error,
relying heavily on the experience and judgment of inspectors [9]. Subtle or faint cracks often go unnoticed during
manual inspections, especially those located in hard-to-see areas or obscured by debris [10, 11]. These missed
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cracks can grow over time, leading to significant structural failures and costly repairs. Moreover, the subjectivity
inherent in manual inspections results in inconsistencies, meaning that critical areas in need of attention may not
be prioritized [12]. As road networks expand, manual inspections become increasingly impractical. For example,
monitoring extensive highway systems in large cities or remote areas becomes inefficient, highlighting the urgent
need for more scalable and reliable alternatives [13].

To address the shortcomings of manual methods, recent technological advancements have led to the development
of automated road crack detection systems. These systems incorporate techniques from computer vision, image
processing, and artificial intelligence to overcome the limitations of traditional approaches [5, 8, 14]. Automated
methods aim to provide more consistent, accurate, and scalable solutions for crack detection. For example, machine
learning (ML) models have been utilized to classify cracks based on engineered features, such as texture, shape, and
intensity [15]. Image processing techniques, such as contrast enhancement, improve crack visibility by filtering out
irrelevant background noise [9, 10, 16]. While these systems have demonstrated potential in improving detection
efficiency, they face several challenges that hinder their effectiveness in real-world applications [17].

A major limitation of many automated crack detection systems is their sensitivity to variations in road textures,
lighting conditions, and crack geometries [11, 18]. Roads often exhibit diverse surface patterns and environmental
conditions, such as shadows, glare, and debris, which can obscure crack features and hinder accurate detection [19].
For instance, in urban environments, road surfaces may be affected by uneven lighting from streetlights or sun
exposure, which can create false positives or missed cracks in shaded areas. Many current systems rely on static or
predefined rules to detect cracks, making them less adaptable to these changes. Furthermore, noise in captured images
and complex backgrounds can lead to false detections or missed cracks, further diminishing the reliability of these
systems [20]. For example, automated systems may mistakenly identify tire marks or dirt as cracks. The reliance
on manual feature engineering to distinguish cracks from non-cracks is also error-prone and labor-intensive [19].
Additionally, the performance of these systems often degrades when applied to new datasets or road conditions that
differ from their training data, limiting their generalizability [21].

Deep learning (DL) models, such as convolutional neural networks (CNNs), have been explored for road crack
detection due to their ability to learn features directly from raw data. These models have shown promise in reducing
the need for manual feature engineering and improving detection accuracy [17]. However, DL approaches also present
challenges. They are highly dependent on large labeled datasets for training, which may not always be available or
diverse enough to cover all possible road conditions [16]. Furthermore, the computational complexity of DL models
often makes them unsuitable for real-time applications, particularly in resource-constrained environments [22]. For
example, in areas with limited access to high-performance hardware, real-time detection may not be feasible. Even
with powerful hardware, DL models may struggle to detect faint or irregular cracks, leading to incomplete or
inaccurate results [20, 21]. This highlights the need for a more adaptable and comprehensive approach to road crack
detection.

In response to these challenges, this study proposes an innovative solution: the ANFIS-based road crack detec-
tion model, aimed at overcoming the limitations of both traditional and existing automated methods. The proposed
framework combines the adaptability and robustness of fuzzy logic with the learning capabilities of ANFIS to dynam-
ically handle variations in crack patterns, intensities, and geometries (Figure 1). Unlike conventional methods, this
model integrates advanced fuzzy membership functions and Einstein fuzzy operators, enabling precise aggregation
and segmentation of crack features under diverse and challenging conditions. For instance, in environments with
varied lighting or surface textures, the model’s adaptability allows it to accurately distinguish cracks from non-crack
features.

The proposed ANFIS-based model consists of three primary stages, each addressing critical challenges in crack
detection:

* Preprocessing: Advanced fuzzy-based contrast enhancement and noise reduction techniques were applied to
improve image quality and highlight crack features. These methods ensure that the input data is well-suited for
subsequent analysis by reducing the impact of shadows, reflections, and background noise.

* ANFIS-based segmentation: The core of the model introduces enhanced fuzzy membership functions and
Einstein operators to achieve robust and adaptive segmentation. The fuzzification layer dynamically adjusts to
variations in crack features, while the rule-based aggregation employs advanced operators to balance contributions
from strong and weak features. This stage ensures precise segmentation of faint, irregular, and branching cracks.

* Post-processing: Fuzzy morphological operations and graph-based connectivity analysis refine the segmentation
results, ensuring accurate detection of continuous cracks. The graph-based analysis evaluates crack topology,
continuity, and severity, providing actionable insights for prioritizing maintenance efforts.

This model offers the potential to significantly improve crack detection efficiency and accuracy, providing a
solution that is adaptable to different road conditions and capable of real-time implementation, even in resource-
constrained environments. The framework is particularly suitable for large-scale road monitoring, where traditional
inspection methods are impractical.

214



This study introduces several novel contributions to the field of road crack detection:

* Dynamic fuzzy membership functions: The development of adaptive fuzzy membership functions enhances
the model’s ability to accurately represent and segment crack features under varying conditions.

* Integration of Einstein operators: The inclusion of Einstein sum and product operators for feature aggregation
provides robust handling of nonlinear relationships between crack features, ensuring precise segmentation.

* Comprehensive framework: The proposed model combines preprocessing, segmentation, and post-processing
in a unified framework, addressing the interconnected challenges of noise, crack continuity, and varying geometries.

» Real-world applicability: The scalability and adaptability of the framework ensure its applicability across
diverse real-world scenarios, making it a valuable tool for proactive infrastructure management.

In summary, the proposed ANFIS-based road crack detection model represents a significant advancement in
infrastructure maintenance technologies. By combining fuzzy logic with adaptive aggregation and segmentation
techniques, this framework overcomes the limitations of existing methods, ensuring reliable and accurate crack
detection under diverse conditions. The innovations introduced in this study provide a robust foundation for
proactive road maintenance strategies, ultimately enhancing roadway safety and extending the lifespan of critical
infrastructure.

i

Groundbreaking Approach for Road Crack Detection
This paper introduces an innovative method for road crack detection by integrating Einstein op-
erators within an Adaptive Neuro-Fuzzy Inference System (ANFIS) to handle varying crack in-
klensilies, geometries, and noise levels with high sensitivity and accuracy.

( Limitations of Traditional Methods

Traditional road crack detection methods struggle to handle complex crack geometries, noise,
and varying crack intensities, leading to low sensitivity and accuracy, and unreliable segmenta-
\tion under real-world conditions.

Proposed Framework
Integrates Einstein operators with an
ANFIS framework, utilizing advanced
fuzzy aggregation, adaptive mechanisms,
and Gaussian fuzzification for effective
feature extraction and crack segmenta-
tion.

Statistical Analysis
Statistical analysis, including p-value
evaluation and correlation analysis, con-
firms the model’s accuracy and relia-
bility, with exceptional sensitivity and
precision in real-world road conditions.

++xKey Benefits of the Proposed Methodxx
e Combines Einstein operators with ANFIS for high accuracy and sensitivity in crack detection.
o Employs robust fuzzification and advanced aggregation techniques for improved feature ex-
traction.
. Performs exceptionally well in varying environmental conditions and crack intensities.

(This proposed method offers a reliable and adaptive solution for road crack detection, demon-
strating its capability to address the challenges of real-world conditions through fuzzy logic,
statistical validation, and adaptive mechanisms.

A

Figure 1. Graphical abstract of the proposed road crack detection model integrating Einstein operators and ANFIS

2 Literature Review

The field of road crack detection has evolved significantly in recent years, with numerous methods being proposed
to address the challenges of accurate, efficient, and scalable crack identification. Early approaches primarily relied on
manual inspection and basic image processing techniques, such as edge detection and thresholding. These methods,
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while simple, are limited by their inability to handle complex road textures and environmental conditions, leading to
frequent false positives and missed cracks.

Recent advancements have seen the integration of ML and DL techniques. Traditional ML methods, such as
support vector machines (SVM) and decision trees, have been employed to classify road cracks based on engineered
features like texture, shape, and intensity [15]. These models, however, often require extensive feature engineering
and may struggle to generalize to different datasets or road conditions [19]. Moreover, their performance can be
compromised by variations in lighting, surface conditions, and noise in the images.

DFP-Net, proposed by Li et al. [4], is an advanced model for road crack segmentation based on a feature pyramid
network (FPN). By utilizing multi-scale feature extraction, DFP-Net captures cracks of varying sizes and orientations,
enhancing segmentation accuracy even in the presence of noise and complex crack patterns. This approach enables
better crack detection across diverse road conditions, making it highly beneficial for real-world applications.

However, DFP-Net has limitations, including its reliance on large labeled datasets, which may be difficult
to obtain. Additionally, the model’s computational complexity could hinder real-time deployment, especially in
resource-constrained environments. It is also sensitive to environmental factors such as lighting and road surface
texture, potentially affecting detection accuracy. Moreover, DL models like DFP-Net are prone to overfitting and may
struggle to generalize to new road conditions, limiting their effectiveness in practical, large- scale road maintenance
tasks.

In recent years, fuzzy logic has been employed in road crack detection due to its ability to handle the inherent
uncertainty and imprecision in crack characteristics, such as “faint” or “irregular” cracks. Fuzzy logic provides a
flexible framework for modeling these imprecise concepts, making it a valuable tool in situations where traditional
methods fall short [12]. This approach leverages fuzzy logic to handle uncertainties in crack detection, improving
accuracy and adaptability to varying road conditions. The multi-stage process progressively refines detection, and
the inclusion of structural analysis helps assess crack severity, aiding in maintenance prioritization. However, the
framework has limitations, such as the complexity of designing and calibrating fuzzy logic membership functions.
It may not capture intricate crack details as effectively as advanced techniques like DL. The multi-stage process
also increases computational overhead, which can be challenging for real-time applications. Additionally, sparse or
inconsistent labeled data and the need for adaptation to different road conditions may hinder its scalability.

Fuzzy systems have been integrated with image processing techniques to improve crack visibility and contrast
while reducing noise and background clutter [9, 10]. These methods, however, typically lack the ability to learn
directly from data, limiting their application to new road conditions or unseen crack patterns [8]. One such model
is the ANFIS, which integrates fuzzy logic with neural networks to provide a more robust and adaptable solution
for road crack detection [17]. ANFIS has shown promise in overcoming some of the limitations of traditional fuzzy
systems by enabling learning from data while retaining the flexibility of fuzzy logic. The proposed ANFIS-based
model in this study builds upon this concept by incorporating advanced fuzzy membership functions and Einstein
fuzzy operators, offering a more adaptable and comprehensive solution to the challenges faced in real-world crack
detection applications.

The proposed approach significantly addresses several limitations inherent in traditional and automated road
crack detection methods, as demonstrated through a comparative analysis with existing technologies. Traditional
methods, such as edge-detection algorithms and ML-based models, often struggle with variability in road conditions,
including changes in lighting, diverse textures, and irregular crack geometries. The dynamic nature of the ANFIS
framework allows the proposed model to adapt seamlessly to these variations. By leveraging fuzzy logic, the model
effectively handles uncertainty and variability in input data, overcoming a major limitation of the model proposed
by Li et al. [4], which rely on rigid thresholds and exhibit inconsistent performance.

Low-contrast cracks and faint features, commonly overlooked by traditional methods such as Fuzzy Logic for
Road Crack Detection (FL-RCD) [12], are effectively detected by the proposed model due to the integration of
Einstein fuzzy operators. These operators enhance sensitivity to subtle features, ensuring comprehensive detection
even under challenging conditions. Moreover, the advanced preprocessing techniques employed in the proposed
method, including Gaussian fuzzification and Einstein aggregation, significantly reduce the impact of noise and
irrelevant variations, enabling reliable detection in noisy environments. These innovations contribute to an F1-score
of 95.2%, far surpassing the 88.5% and 87.3% achieved by the model proposed by Li et al. [4] and FL-RCD,
respectively.

Scalability is another critical advantage of the proposed framework. Current methods often lack the flexibility
to generalize across larger road networks and require frequent parameter adjustments for different datasets. In
contrast, the modular design and adaptability of the ANFIS framework ensure seamless performance across diverse
conditions without extensive retraining. Furthermore, the proposed method demonstrates remarkable efficiency,
processing images in an average of 2.5 seconds, significantly faster than the model proposed by Li et al. [4] (3.2
seconds) and FL-RCD (4.1 seconds), making it highly suitable for real-time road maintenance applications.

By addressing these limitations, the proposed model offers significant advancements in adaptability, sensitivity,

216



robustness, and scalability. These improvements make it a reliable and efficient solution for road crack detection
and segmentation, outperforming existing technologies across key performance metrics and ensuring suitability for
real-world applications.

3 Proposed Methodology with Einstein Operators

The proposed methodology introduces an advanced framework for crack detection and segmentation, integrating
Einstein operators within an ANFIS. This innovative approach enhances the segmentation process by utilizing
dynamic aggregation techniques, including advanced fuzzy operators and adaptive mechanisms. By incorporating
fuzzy logic principles with the flexibility of Einstein sum and product operators, the framework adapts to varying
crack intensities, geometries, and noise levels. The approach significantly improves the sensitivity, accuracy, and
connectivity of crack detection, making it highly effective in real-world applications where road conditions are often
diverse and challenging.

3.1 Preprocessing with Fuzzy Operators

The preprocessing stage improves image quality and prepares it for feature extraction by enhancing relevant
features while reducing noise. Fuzzy operators were applied to address uncertainties in the image, such as low
contrast or blurry edges. These operators help remove noise, adjust contrast, and refine edges, ensuring that
important crack features are clearly visible. By smoothing the image and emphasizing key details, fuzzy operators
make it easier for subsequent segmentation and analysis steps to identify cracks accurately, even in challenging
conditions with partial or faint cracks.

3.2 ANFIS-Based Segmentation with Advanced Fuzzy Operators

This study presents an enhanced segmentation framework within the ANFIS that incorporates advanced fuzzy
operators, including Einstein operators and dynamic aggregation techniques. This novel approach was designed to
address the challenges posed by variations in crack intensity, size, and structure. By leveraging the adaptability and
robustness of fuzzy logic, this framework ensures highly accurate segmentation even under diverse and complex
road conditions.

The proposed method introduces innovative enhancements at each stage of the ANFIS process, integrating
advanced membership functions, rule-based aggregation, and dynamic normalization to significantly improve the
sensitivity and adaptability of the model.

3.2.1 Fuzzification layer with enhanced fuzzy membership functions

The first stage of the proposed ANFIS framework introduces an innovative approach to fuzzification, transforming
input features into fuzzy membership values. This step is crucial for handling the inherent uncertainty and variability
in crack patterns, such as variations in intensity, texture, and geometry. To achieve this, the framework utilizes
advanced Gaussian membership functions, which dynamically adapt to the characteristics of the input features. The
membership function is mathematically defined as:

pate) = exp () 1)

202

where, z represents the input feature value, c is the center of the Gaussian function, and o controls its spread. The
parameters ¢ and o-were carefully selected based on the statistical properties of the input data, allowing precise
modeling of feature variations.

In this study, the fuzzification layer was enhanced with the integration of adaptive mechanisms that adjust ¢ and
o dynamically in response to varying crack patterns. For instance:

* When detecting faint or low-contrast cracks, o was reduced to sharpen the membership function, increasing
sensitivity to subtle variations.

* For broader or more uniform cracks, o was expanded to generalize the membership function, capturing wider
feature ranges.

Additionally, to further refine the fuzzification process, the proposed framework incorporates advanced fuzzy
operators for feature aggregation. By combining membership values from multiple input features, these operators
ensure a robust representation of crack characteristics. Specifically, Einstein fuzzy operators were employed to
handle nonlinear relationships between features, providing enhanced flexibility and precision.

In the proposed framework, the Einstein operators are a key innovation that enhances the fuzzification layer.
These operators were specifically designed to aggregate fuzzy membership values in a way that dynamically adapts
to the variability inherent in crack patterns. This adaptability is crucial for addressing challenges such as faint cracks,
inconsistent lighting, and noise in road images.
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The Einstein sum operator is defined as:

pa(®) + pup(y)
L+ pa(x) - pp(y)

MA@B(.’E, y) = (2)
This operator is particularly effective at combining high membership values, ensuring that dominant features
contribute strongly to the aggregation. It provides a balanced fusion of information, emphasizing the most relevant
crack characteristics.
The Einstein product operator is defined as:

pa(z) - pe(y)
2 — (pa(®) + pp(y) — pa() - pe(y))

paws(r,y) = ©)

This operator focuses on smaller membership values, making it ideal for capturing subtle or weak features that
might otherwise be overlooked. By highlighting these low-intensity details, the Einstein product ensures that even
faint cracks are represented in the aggregation process.

The integration of the Einstein sum and product operators provides several key advantages to the fuzzification
layer:

* Accurate feature combination: The Einstein sum ensures effective aggregation of features with varying levels
of importance or contrast. This is particularly useful for combining strong and weak crack signals without losing
critical information.

* Enhanced sensitivity: The Einstein product enhances the sensitivity of the model to low-intensity crack features,
which are often missed by traditional methods. This makes the framework highly effective for detecting faint or
barely visible cracks.

* Noise reduction: Both operators work together to minimize the impact of noise or irrelevant variations in
the input data. The result is a robust representation of crack-related features that is resilient to environmental and
imaging inconsistencies.

In this study, the combination of advanced Gaussian membership functions and Einstein operators represents a
cornerstone of the fuzzification process. This integration achieves:

* Dynamic adaptation: By leveraging the Einstein sum and product, the fuzzification layer dynamically adapts
to variations in crack intensity, geometry, and noise. This ensures that the input features are represented with high
fidelity, regardless of the complexity of the crack patterns.

* Strong foundation for aggregation and segmentation: The robust feature aggregation facilitated by Einstein
operators sets the stage for accurate rule-based reasoning in subsequent layers. This ultimately enhances the overall
accuracy and reliability of the ANFIS-based segmentation.

* Improved crack detection performance: The enhanced sensitivity to both strong and weak features ensures that
the model captures all relevant details of the crack structures, leading to superior detection performance compared
to traditional approaches.

The incorporation of Einstein operators into the fuzzification layer is a significant innovation in the proposed
framework. This approach not only addresses the limitations of conventional fuzzification techniques but also elevates
the ANFIS model’s ability to handle diverse and challenging crack conditions. By focusing on both dominant and
subtle features, the Einstein operators play a pivotal role in achieving accurate and robust crack segmentation.

To balance the contributions from the Einstein sum and product, a dynamic weighting strategy was proposed:

Haggregated = O+ LA@B T (1 - a) *HA®B 4

where, « - is a user-defined parameter that dynamically adjusts the contribution of each operator. The term « controls
the weight of the Einstein sum () and Einstein product (), allowing the user to fine-tune the influenceof elach
operation. By adjusting «, the aggregation process can adapt to different crack conditions, ensuring amore effective
handling of features under varying circumstances.

The Einstein sum and Einstein product were chosen because they handle fuzziness in a way that makes them
particularly useful for aggregating fuzzy sets in the presence of uncertainty. This innovative approach ensures the
aggregation process accounts for different types of fuzziness in the crack data, such as varying crack intensities and
geometries.

3.2.2 Rule layer with advanced aggregation

In the rule layer, fuzzy rules were used to capture the relationships between the input features of the cracks
and the output, which in this case would be the crack severity. Each rule is expressed in the form of an “If-Then”
statement. For example:

R;: If zyis Ayj and 29 is Agj, then y; = pjx1 + qjz2 + 75 5)
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where, x1 and x» are the input variables representing different crack features (such as intensity and size), and A
and Aj; are the fuzzy sets associated with those variables. The output y; is a weighted sum of the input variables,
where p;, g;, and r; are the coeflicients determined by the fuzzy rule.

For aggregation of these rules, Einstein operators were applied:

Wi = pA, @A, (T1,72) @ uB,@B, (T3,74) (6)

where, the fuzzy membership values (14,4, and pp, B, are aggregated using the Einstein sum and product. This
ensures that subtle variations in the crack features, such as intensity or size, are effectively captured and that the
relationships between them are meaningfully combined. The result w; represents the strength of each rule, which
was used in further steps.

3.2.3 Normalization layer

In this layer, the rule strengths w; were normalized to prevent any single rule from dominating the final output.
The normalized strength of each rule can be computed as follows:
wy

Z;n:1 wj

where, w; is the normalized weight of rule j, and m is the total number of rules. This step ensures that the
contributions of all rules are balanced, promoting a fair aggregation of all relevant features. Without normalization,
stronger rules might overwhelm the contributions of weaker ones, resulting in biased segmentation.

N

wj:

3.2.4 Output layer with advanced fusion
The final output was generated by aggregating the normalized rule strengths w; with the corresponding aggregated

Yy = Z Wj + [haggregated (-%') (8)
j=1

where, [ygaregated () Tepresents the membership value of the aggregated fuzzy sets, and w; is the normalized weight
of rule 5. The output y represents the final segmentation decision, which is a weighted sum of the contributions from
all rules. This approach ensures that all relevant features are taken into account and effectively fused to produce an
accurate segmentation result.

3.3 Post-Processing with Advanced Fuzzy Operators

After the initial segmentation was performed, post-processing techniques were applied to further refine the
results, ensuring robust detection of crack continuity and minimizing noise. These techniques leverage fuzzy set
theory to address the inherent uncertainty in road crack detection.

To enhance the clarity and connectivity of the segmented cracks, fuzzy-weighted morphological operations were
applied. These operations were designed to smooth the boundaries of detected cracks, close small gaps, and remove
noise while preserving the structural integrity of the cracks. The refinement process is defined as:

Ireﬁned (.13, ZU) = UM (I(Jf, y)) : MOI‘ph(I(JZ‘, y)v B) (9)

where, pps(I(,y)) represents the fuzzy membership function, which assigns a degree of membership to each pixel
based on its intensity and proximity to detected crack features. This ensures that pixels more likely to belong to a
crack are given higher importance. Morph(I(z,y), B) denotes the morphological operation (e.g., dilation, erosion,
opening, or closing) applied to the segmented image I (z, y) using a structuring element B.

Morphological operations improve crack detection by:

- Dilation: Expanding crack regions to connect broken segments.

- Erosion: Removing small noise features that are unlikely to be cracks.

- Opening and closing: Smoothing the boundaries of cracks and eliminating minor noise or gaps.

The integration of fuzzy membership functions with morphological operations ensures that the refinement is
sensitive to the variability in crack intensity and texture. This adaptive approach allows the method to handle
real-world complexities, such as uneven illumination and varying crack widths, effectively.

To ensure the detection of continuous cracks, a fuzzy adjacency matrix was constructed. This matrix quantifies
the likelihood that different crack segments belong to the same continuous crack. It is defined as:

Atuzzy,i; = po (dij) - pr (Li, 1) (10)

where, o (d; ;) is a fuzzy membership function that evaluates the spatial proximity between crack segments ¢ and j.
It assigns higher values to segments that are closer together, ensuring spatial continuity. (7 (I;, I;) is another fuzzy
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membership function that measures the intensity similarity between segments I; and I;. This ensures that segments
with similar brightness or texture are more likely to be connected.

The fuzzy adjacency matrix works as follows: a) Spatial proximity: By considering the distance di, j between
segments, the matrix ensures that only segments in close spatial proximity are linked, avoiding spurious connections.
b) Intensity similarity: By analyzing the intensity patterns of segments, the matrix ensures that only segments with
consistent intensity are considered part of the same crack, enhancing detection accuracy.

Fuzzy morphological refinement and adjacency matrices are particularly effective for this application because
they address key challenges in road crack detection:

- Handling noise and variability: Cracks often appear in noisy environments with variable intensities and textures.
Fuzzy morphological operations refine the segmentation by adapting to these variations, ensuring robustness against
noise.

- Ensuring continuity: Cracks may be discontinuous due to occlusions, lighting conditions, or poor surface
quality. The fuzzy adjacency matrix bridges these gaps by considering both spatial and intensity-based criteria,
leading to more continuous and accurate crack detection.

- Adaptive processing: The fuzzy membership functions provide a degree of flexibility, allowing the methods to
handle diverse road conditions and crack types effectively.

Together, these techniques significantly enhance the model’s ability to produce precise and reliable crack seg-
mentation results, even under challenging real-world conditions.

To refine the connectivity between crack segments, the Einstein sum was applied:

Areﬁned,z’,j = Afuzzy,i,j S Afuzzy,k,l (11)

In the equation, the Einstein sum was used to aggregate the values of the fuzzy adjacency matrix, further refining
the connectivity between crack segments. This step helps improve the detection of faint or disconnected cracks by
strengthening the connections between segments that may be faint or broken but still part of the same crack.

3.4 Key Advantages of the Proposed Framework

The proposed framework offers several key advantages:

* Novel fuzzy aggregation: The dynamic weighting of Einstein operators ensures that the aggregation of crack
features is robust under diverse conditions, adapting to variations in crack intensity, size, and geometry.

* Adaptive segmentation: The use of advanced fuzzy logic allows the system to dynamically adapt to variations
in crack features, making it capable of handling cracks with different characteristics.

* Enhanced connectivity analysis: The fuzzy adjacency matrix and Einstein refinement ensure that continuous
cracks are accurately detected, even if they are faint or disconnected.

* Robust performance: The framework is resilient to noise, lighting variations, and complex road textures, making
it suitable for real-world crack detection applications where conditions often vary.

These advantages make the proposed framework highly effective for crack segmentation and detection, offering
significant improvements over traditional methods. The integration of Einstein sum and product operators into
the fuzzification process offers several advantages over traditional fuzzy aggregation methods. The Einstein sum
accurately combines features with varying importance, balancing weak and dominant features, which is crucial in
crack detection. The Einstein product operator enhances sensitivity to low-intensity crack features, ensuring subtle
signals are captured. Additionally, the Einstein operators reduce noise by dynamically adjusting feature contributions,
resulting in more stable and robust representations compared to conventional methods that may amplify noise.

In the proposed framework, combining advanced Gaussian membership functions with Einstein operators en-
sures dynamic adaptation to variations in crack intensity and noise, leading to high-fidelity feature representation.
This robust aggregation improves the accuracy and reliability of the ANFIS-based segmentation, capturing both
strong and weak features for superior crack detection. Overall, the Einstein operators address the limitations of
traditional techniques, enhancing the model’s ability to handle complex crack conditions and providing accurate,
robust segmentation results.

4 Experimental Results

The experimental results presented in this section evaluate the performance of the proposed road crack detection
model. The dataset used for evaluating the proposed ANFIS-based road crack detection model consisted of 300
annotated road images, encompassing various crack types such as transverse, longitudinal, block, and alligator cracks.
These images were sourced from publicly available datasets. The images were divided into training (70%), validation
(15%), and testing (15%) sets. The experimental setup utilized MATLAB R2015a on a high-performance CPU with
8 GB RAM and Windows 10 (64-bit). Preprocessing included contrast enhancement and noise suppression using a
Gaussian filter. The model utilized entropy-weighted features and dynamic fuzzy membership functions to adapt to
variations in crack intensities and geometries (Figure 2).
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Figure 2. (a) Given cracked image, (b) Simulated image of crack intensity, and (c) Result of the proposed model

Table 1. Key parameters of our model

Parameter Value Section Description
c 0.04 Gaussian Membership The center (mean) of the Gaussian
Function function used for edge enhancement.
o 0.1 Gaussian Membership  The spread (standard deviation) of the
Function Gaussian function used for edge
enhancement.
m 3 Fuzzy Rule The number of fuzzy rules in the
Aggregation rule-based system.
aggregated_membership  {0.9,0.9,0.9} Fuzzy Rule Aggregated membership values for
Aggregation the fuzzy rules, representing the
degree of membership in each rule.
normalized_weights {0.5,0.3,0.2} Fuzzy Rule The normalized weights of the fuzzy
Aggregation rules, defining the importance of each
rule in the final output.
intensity_values {0.5,0.6,0.7} Fuzzy Adjacency Example intensity values for crack
Matrix Construction segments used for calculating fuzzy
intensity-based membership.
A _refined A _fuzzy Einstein Refinement Refined adjacency matrix after

applying Einstein sum refinement to
improve the connectivity between
crack segments.

Key parameters used in the crack detection process, along with their corresponding values and placements within
the code, are summarized in Table 1 to ensure accurate crack boundary detection. The performance of the proposed
model was compared with the competing model proposed by Li et al. [4] and the FL-RCD model [12], which
represent traditional image processing-based approaches. The ANFIS-based model outperformed both in terms of
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detection accuracy, recall, and precision, as shown in the experimental results.

The proposed road crack detection model effectively identifies and traces crack paths with high precision. Figure 3
illustrates the model’s results. The first image presents the original cracked surface, providing the input data for the
analysis. The second image represents the simulated intensity profile of the cracks, showcasing the variations in crack
intensity across the analyzed region. The final image demonstrates the output of the proposed model, effectively
segmenting the cracks with high precision and clarity. This visual comparison highlights the model’s capability to
accurately detect and isolate cracks, even in the presence of complex patterns and intensity variations.

Figure 3 further demonstrates the model’s performance in segmenting road cracks. The first image shows the
original cracked images, while the second image displays the intermediate processed results generated by the model.
The third image highlights the refined crack segmentation results. These results demonstrate the model’s ability
to enhance the contrast between cracks and the surrounding pavement effectively. The refined results confirm the
proposed model’s ability to isolate and highlight crack regions with high precision, minimizing the inclusion of
non-crack features. This reflects the robustness of the ANFIS-based road crack detection model in capturing fine
details and maintaining the structural continuity of cracks, even in complex textures.

Figure 4 presents a comparative analysis of the model proposed by Li et al. [4] and the FL-RCD model. The
first column includes the original cracked images. The second column shows the results obtained using the model
proposed by Li et al. [4], which exhibits moderate crack detection but often includes background noise and fails
to maintain the structural integrity of the cracks. The third column demonstrates the performance of the FL-RCD
model, which improves upon noise reduction but struggles with discontinuities in crack detection. Finally, the fourth
column displays the results of the proposed model, showcasing a superior ability to accurately segment cracks with
minimal noise and enhanced structural consistency. These results emphasize the efficacy of the proposed approach
in addressing limitations observed in existing methods, particularly in the handling of noise, intensity variations, and
crack connectivity.

(a)

Figure 3. (a) Given cracked images, (b) Processed results, and (c) Refined crack segmentation of the proposed
model

(@) (® (© (d

Figure 4. (a) Given cracked images, (b) Results of the model proposed by Li et al. [4], (¢) FL-RCD, and (d) The
result of proposed model
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4.1 Statistical Analysis of Road Crack Detection Models

This section provides a detailed statistical evaluation of the proposed road crack detection model compared to
competing models, i.e., the model proposed by Li et al. [4] (A) and FL-RCD (B). The analysis highlights the strengths
of the proposed methodology through performance metrics, confidence intervals (Cls), and statistical tests, affirming
its superiority in detecting road cracks effectively and efficiently.

4.1.1 Performance metrics

The evaluation of the models is based on the following standard performance metrics, defined mathematically
for precision:
Accuracy measures the ratio of correctly identified cracks to the total cases.

Accuracy = 1P+ TN
TP + FP + TN 4+ FN
Precision represents the proportion of true positives among all positive predictions.
Precision = L
TP + FP
Recall (sensitivity) evaluates the proportion of actual cracks correctly detected.
Recall = L
TP + FN

F1-Score is the harmonic mean of precision and recall, balancing both metrics.

Fl-Score — 2- Precision - Recall

Precision + Recall

Execution time measures the average processing time per image for each model.

4.2 Statistical Comparison
42.1 CIs
Performance metrics for each model were computed along with their 95% Cls using the formula:

o
CI = Mean + 7 - — 12
NG (12)

where, Z is the critical value, ¢ is the standard deviation, and n is the sample size. CIs were chosen as they provide
a clear and interpretable range within which the true metric value is likely to lie, offering a measure of reliability for
the results. This is particularly useful when comparing multiple models.
4.2.2 Hypothesis testing

A paired t-test was employed to assess statistical significance. This test was chosen because it is specifically
designed to compare paired observations, such as performance metrics across different models evaluated on the
same dataset. The null hypothesis (Hy) assumed no significant performance difference among the models, while the
alternative hypothesis (H, ) suggested significant differences.

Hy - MProposed = MA = UB (13)

H,: HProposed # LA F UB (14)

Statistical significance was confirmed at p < 0.05, validating the superior performance of the proposed model.
The t-test was appropriate because it accounts for variability within paired data while determining whether observed
differences are statistically meaningful.

4.2.3 Effect size

Cohen’s d was computed to determine the magnitude of performance differences:

d= Mean Proposed — Mean Competing

15)
Opooled
Cohen’s d was selected as it quantifies the effect size, providing insight into the practical significance of the results.
A d > 0.8 indicates a large effect size, underscoring the robustness of the proposed model. By combining statistical
significance (p-value) and practical significance (effect size), this analysis ensures a comprehensive evaluation of the
model’s performance.
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4.2.4 Rationale for statistical tests

The choice of statistical tests, including CIs, paired ¢-tests, and Cohen’s d, was driven by the nature of the data
and the goals of the analysis. CIs were used to assess the reliability of performance metrics, while the paired ¢-test
was employed to detect significant differences between models using the same dataset. Cohen’s d complemented the
significance testing by providing an effect size measure, ensuring that both statistical and practical differences were
captured. These methods collectively provide a robust framework for evaluating the performance of the proposed
model against competing technologies.

4.3 Results and Observations

Table 2 compares the performance of the proposed model with Models A and B, including Cls.

Table 2. Performance metrics and statistical validation of the proposed and competing models

Metric Proposed Model “f)‘;d]f: ;"2}?‘;‘]"1 FL-RCD Model  p-Value
Accuracy (%) 952+18 905+ 2.1 873+25  <0.001
Precision (%) 94.1 4 2.0 88.7 4 2.4 85.2+ 2.8 <0.01

Recall (%) 96.4+ 1.5 92.04 1.9 88.0+£23  <0.001
Fl-score (%) 952+ 1.7 90.3 4 2.0 86.5 + 2.6 <0.01
Execution time (s) 2.5 3.2 4.1 -

The results in Table 2 highlight the following observations:

a) Performance superiority: The proposed model outperforms the model proposed by Li et al. [4] and FL-RCD
across all metrics. It achieves a significantly higher accuracy (95.2%), precision (94.1%), recall (96.4%), and
F1-score (95.2%), demonstrating its ability to accurately identify cracks, including faint and disconnected ones.

b) Efficiency: The proposed model processes images in an average of 2.5 seconds, significantly faster than the
model proposed by Li et al. [4] (3.2 seconds) and the FL-RCD model (4.1 seconds). This efficiency ensures suitability
for real-time road maintenance applications.

c) Statistical validation: Statistical tests confirm the reliability of the results:

» The p-values for accuracy, precision, recall, and F1-Score are all < 0.01, indicating statistically significant
improvements over the competing models.

* Cohen’s d values, exceeding 0.8 for all metrics, demonstrate large effect sizes and the substantial impact of the
proposed enhancements.

d) Robustness: The narrow CIs highlight the consistency of the proposed model, ensuring reliable performance
even under varied conditions such as noise, lighting, and geometry variations.

The statistical analysis demonstrates that the proposed model is not only more accurate and precise but also
significantly faster and more robust under diverse conditions. The integration of Einstein operators within the ANFIS
framework, coupled with advanced preprocessing and post-processing techniques, establishes a new benchmark for
road crack detection.The experimental results highlight the effectiveness of the proposed ANFIS-based road crack
detection model in addressing challenges such as noise, intensity variations, and crack continuity. By outperforming
models like the model proposed by Li et al. [4] and FL-RCD [12], the proposed approach demonstrates its applicability
for real-world scenarios, ensuring accurate and efficient crack detection.

The broader implications of this research lie in its potential to enhance road safety and infrastructure management.
Accurate crack detection enables timely maintenance, reducing costs and improving road longevity. The proposed
model can be integrated into autonomous systems, drones, or surveillance networks for real-time monitoring and
proactive maintenance. This contributes to sustainable infrastructure development by minimizing environmental
impact and promoting smart city initiatives. This research provides a foundation for advancing intelligent road
monitoring systems, including integration with Geographic Information System (GIS) and Internet of Things (IoT)
networks. Such systems could predict road degradation, optimize repair schedules, and allocate resources efficiently,
paving the way for safer and more sustainable infrastructure.

Potential biases in the experimental setup include limited dataset diversity, as publicly available images may
not represent all road conditions. This was mitigated by dataset augmentation and cross-validation to improve
generalizability. Preprocessing techniques, such as contrast enhancement and noise suppression, were designed to
be adaptive, ensuring fair treatment across crack types. However, future work should explore more diverse datasets
and real-world conditions to validate the model further.

224



5 Conclusion

The proposed road crack detection model, integrating the ANFIS with Einstein operators, offers a novel and robust
solution for precise road crack detection and segmentation. By leveraging advanced fuzzy aggregation techniques and
dynamic Einstein operators, the model effectively addresses challenges such as varying crack intensities, geometries,
and environmental conditions, achieving superior accuracy, precision, recall, and F1-score compared to traditional
methods. The integration of preprocessing techniques like contrast enhancement and noise suppression further
enhances feature extraction, enabling reliable crack detection even under challenging conditions. This research
makes significant contributions to the field by introducing a hybrid approach that combines ANFIS and Einstein
operators for enhanced adaptability and sensitivity. These advancements have practical implications for road
safety and infrastructure management, enabling timely and cost-effective maintenance. The model’s scalability and
efficiency make it a promising candidate for integration into real-time monitoring systems and smart infrastructure
solutions.

However, certain limitations exist. The model’s performance may be affected by low-quality images or high
computational demands in large-scale applications. Its current focus on detection and segmentation, without crack
type classification, limits its scope for comprehensive road assessment. Future research could address these challenges
by incorporating advanced noise reduction techniques, optimizing computational efficiency for real-time applications,
and expanding adaptability to diverse road types and environmental conditions. Additionally, integrating crack type
classification into the framework could further enhance its utility, supporting detailed maintenance planning and
advancing intelligent road monitoring systems.

In summary, this study provides a foundational step towards intelligent and scalable solutions for road infrastruc-
ture management, with the potential to revolutionize maintenance strategies and improve long-term road safety and
performance.
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