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Introduction

Partial differential equations (PDEs) play a central role in the mathematical modeling of a wide range
of natural and physical processes. They describe how quantities evolve in space and time according
to fundamental principles such as conservation laws, transport, and diffusion. In particular, diffusion-
type equations are used to model processes involving the spreading or equalization of physical quan-
tities, such as heat conduction, particle dispersion, and fluid dynamics. The strength of PDEs lies in
their ability to capture both local interactions and global behaviors within well-established analytical
and numerical frameworks.

In recent decades, PDEs have also emerged as powerful tools beyond classical physics-based
applications, providing a rigorous mathematical foundation for diverse problems in engineering, bi-
ology, and image processing. The use of PDEs in image processing was popularized by the semi-
nal work of Perona and Malik [39], who introduced an anisotropic diffusion model that adapts the
amount of smoothing according to the local image gradient. This formulation represented a major
departure from conventional linear filtering, as it enabled selective noise removal while preserving
essential structures such as edges and contours. Since then, numerous PDE-based models have been
developed to address various image processing tasks, including denoising, deblurring, and edge de-
tection. Among these approaches, the total variation (TV) model proposed by Rudin, Osher, and
Fatemi [44] has become one of the most influential, as it minimizes the total variation of the image to
produce smoothing while preserving edges. Higher-order PDEs [36, 58] and curvature-driven flows
[38, 42, 57] were later introduced to mitigate drawbacks such as staircasing artifacts and excessive
smoothing. Despite their effectiveness, classical PDE-based models remain fundamentally local: the
diffusion process at each point depends only on its immediate neighborhood. This locality limits their
ability to capture long-range spatial dependencies and fine textures, which are intrinsic to natural
images.

Numerous image denoising strategies have been proposed over the past decades, each based on



distinct assumptions and mathematical frameworks. These include classical spatial filters [29, 47],
transform-domain methods [29, 48], and more recently, data-driven [15, 25] and learning-based ap-
proaches [31, 63]. While such methods offer particular advantages, they often suffer from drawbacks
such as insufficient edge preservation, inadequate texture recovery, or, in the case of deep learn-
ing models [63], a reliance on large annotated datasets and limited interpretability. Among these
methodologies, variational and PDE-based models have gained special prominence due to their solid
theoretical foundations and superior ability to preserve structural details compared with traditional
filtering or transform-based methods [3, 7, 17, 19, 36, 37, 39, 44, 55, 64]. Nevertheless, even classical
PDE-based models, including TV regularization, may oversmooth fine textures or fail to reconstruct
subtle image structures accurately.

To overcome these limitations, researchers have increasingly turned to fractional-order models,
which extend classical PDE formulations by incorporating fractional (non-integer) derivatives. This
generalization introduces nonlocal and scale-dependent interactions, providing a more flexible and
powerful framework for image restoration. The nonlocal nature of fractional derivatives enables these
models to preserve both global structures and fine textures while effectively reducing various types
of noise. Fractional-order diffusion models have shown remarkable success in removing additive
Gaussian noise [5, 9, 23], while other formulations have been adapted to address multiplicative noise
[1, 21, 45, 56, 61, 65].

In this context, fractional partial differential equations (FPDEs) provide a natural bridge between
local and nonlocal models, combining the analytical depth of classical PDEs with the modeling ver-
satility of fractional calculus. By adjusting the fractional order, one can interpolate between strong
smoothing and fine-detail preservation, allowing for precise control of the restoration process. Mo-
tivated by these developments, the present work investigates fractional PDE-based models for image
restoration and denoising, combining rigorous mathematical analysis with numerical implementation

and experimental validation.

Objectives and contributions of the thesis

The primary objective of this thesis is to develop, analyze, and numerically solve advanced fractional-
order models for image denoising, addressing the limitations of traditional methods while ensuring

high-quality image restoration. The focus is on incorporating fractional-order derivatives into nonlin-
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ear diffusion equations to enhance both noise suppression and edge preservation. The key contribu-

tions of this thesis are as follows:

1. Incorporation of fractional derivatives into nonlinear diffusion models
This thesis introduces novel models that integrate fractional-order derivatives within the dif-
fusivity functions of nonlinear diffusion equations. These fractional derivatives improve the
preservation of fine image structures and textures, which are essential for high-quality image
restoration in noisy image. By extending traditional diffusion equations with fractional com-
ponents, the proposed models enhance noise suppression while maintaining edge integrity and

structural features.

2. Theoretical analysis and well-posedness of the models
A comprehensive mathematical analysis is conducted to establish the existence, uniqueness, and
boundedness of weak solutions to the nonlinear fractional diffusion equations. The analysis
is based on Schauder’s fixed-point theorem, ensuring the well-posedness of the models and

providing a robust foundation for the subsequent numerical methods developed in this thesis.

3. Development of efficient numerical methods
To solve the fractional diffusion equations efficiently, this thesis proposes a numerically stable
semi-implicit method based on the additive operator splitting (AOS) technique. This method
ensures unconditional stability, making the numerical solution stable even for large time steps,

without sacrificing computational efficiency.

4. Evaluation and comparison of denoising performance
Extensive numerical experiments are performed on a range of images corrupted by various
types of noise, such as Gaussian, salt-and-pepper, and speckle noise. The performance of the
proposed models is quantitatively assessed using standard metrics, including peak signal-to-
noise ratio (PSNR) and structural similarity index (SSIM). The results show that the proposed
models significantly outperform traditional denoising methods, achieving superior denoising

performance while preserving fine image details and edges.

5. Comparison with existing methods

The proposed models are compared with classical diffusion models and other existing fractional



diffusion models. Experimental results demonstrate that the new models, which incorporate
fractional derivatives, offer superior denoising quality and enhanced edge preservation, making

them more effective and suitable for image processing applications.

Structure of the thesis

This thesis is organized into several chapters, each of which is based on one of our published or
submitted research articles. At the beginning of each chapter, a statement is provided to indicated
the corresponding publication on which the chapter is based. The overall structure of the thesis is
summarized below.

Chapter 1: Image processing: fundamentals, diffusion-based models, and mathematical back-
ground. This chapter introduces the theoretical and numerical background required throughout the
thesis. It begins with an overview of essential image processing concepts related to image restoration
and denoising, such as the main sources and types of noise in digital images and commonly used im-
age quality assessment metrics. The chapter then reviews diffusion-based models in image processing,
covering both classical and fractional formulations. Next, it recalls essential mathematical prelimi-
naries, including functional spaces, basic definitions of fractional calculus, and several fundamental
inequalities and theorems, which provide the analytical framework for studying the well-posedness
of solutions. Finally, the finite difference framework is presented, with emphasis on explicit, implicit,
and semi-implicit schemes, in particular the additive operator splitting (AOS) technique. This chapter
therefore establishes a self-contained foundation for the theoretical analysis and numerical implemen-
tation developed in the subsequent chapters.

Chapter 2: Fractional gradient-based nonlinear diffusion model for image denoising. This chap-
ter is devoted to the development of a fractional gradient-based nonlinear diffusion model for image
denoising. The model extends the classical Rudin-Osher-Fatemi (ROF) framework [44] by incorpo-
rating the Caputo-Fabrizio fractional derivative into the diffusion coefficient, introducing nonlocal
effects that enhance the preservation of image structures and edges. The chapter also addresses the
well-posedness of the model and employs a semi-implicit finite difference scheme based on addi-
tive operator splitting (AOS) to ensure computational efficiency. A comparative study with the Ca-
puto derivative and the classical ROF model is presented, demonstrating that the proposed approach

achieves superior denoising performance while maintaining lower computational costs. This chapter
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thus provides a foundation for further extensions and applications presented in subsequent chapters.
Chapter 3: A nonlinear diffusion equation with gray-level and fractional gradient dependent
coefficients: well-posedness analysis. This chapter develops a nonlinear diffusion model in which
the diffusion coefficient depends on the image gradient, gray-level information, and fractional deriva-
tives in the Caputo sense. The gray-level indicator plays a central role in adapting the diffusion to
local intensity variations, thereby addressing the limitations observed in the Caputo model. Theoret-
ical results on the existence and uniqueness of the weak solution are established, and a semi-implicit
AOS numerical scheme is implemented. Compared to the Caputo model presented in Chapter 2, the
inclusion of a gray-level indicator enhances adaptability to image intensities, leading to improved
denoising performance and better preservation of fine details.

Chapter 4: Weak solution of a spatial fractional nonlinear diffusion equation: existence and
uniqueness. This chapter focuses on the theoretical analysis of a spatial fractional nonlinear diffusion
equation designed for image denoising. The model is formulated as a parabolic PDE that interpolates
between second- and fourth-order diffusion, achieved by replacing the integer-order derivatives in the
classical Perona-Malik equation with Caputo fractional derivatives. This fractional extension pro-
vides greater flexibility in balancing noise removal with the preservation of fine structures. Moreover,
a fidelity term, following the formulation in [7], is added to reinforce the denoising process by enforc-
ing consistency with the observed image data. A rigorous mathematical framework is established to
study the existence and uniqueness of the weak solution, providing solid theoretical foundations for
this class of fractional diffusion models.

Chapter 5: Fractional gradient-based nonlinear telegraph diffusion model for image restora-
tion. This chapter introduces an enhanced nonlinear telegraph diffusion model in which fractional-
order derivatives are incorporated into the diffusivity function to improve image denoising perfor-
mance. Theoretical analysis is carried out to establish the existence, uniqueness, and boundedness of
the weak solution, ensuring a solid foundation for the model. On the numerical side, a semi-implicit
AOS scheme is employed for stable and efficient implementation. Extensive experiments demon-
strate that the proposed approach outperforms the classical telegraph diffusion method, achieving
higher denoising quality and better preservation of image structures. In addition, the study highlights

the influence of the fractional order parameter «, showing that its optimal value depends on the noise



density, thereby enhancing adaptability and denoising performance.
Finally, the thesis concludes by summarizing the main theoretical and numerical findings and empha-

sizing their relevance to image denoising applications.



CHAPTER 1

IMAGE PROCESSING: FUNDAMENTALS,
DIFFUSION-BASED MODELS, AND
MATHEMATICAL BACKGROUND

The objective of this chapter is to lay the groundwork for the theoretical and numerical contributions
developed in the subsequent chapters. To this end, the chapter is structured into five main parts. First,
we introduce the fundamentals of image processing, including the basic concepts of image restora-
tion and denoising, the main sources and types of noise encountered in digital images, and common
image quality assessment metrics. Second, we provide an overview of classical diffusion models in
image processing, emphasizing their key features and applications. Third, we present fractional dif-
fusion models, highlighting their main motivations and advantages compared to classical approaches.
Fourth, we recall several mathematical preliminaries, including Sobolev spaces, fundamental ana-
lytical results, and basic definitions of fractional calculus, which are essential tools for analyzing
existence, and uniqueness of weak solutions. Finally, we introduce the finite difference framework
that underpins the numerical schemes employed throughout this thesis and serves as the basis for their

implementation and analysis.

1.1 Fundamentals of image processing

Digital images play a pivotal role in a wide range of scientific, industrial, and societal applications.
From medical diagnostics and satellite imaging to autonomous navigation, the reliability of visual
data is crucial for both human interpretation and automated analysis. However, image degradation
is almost inevitable during acquisition, transmission, or storage, potentially hindering downstream
analysis and decision-making. Consequently, improving image quality has become a central focus in

image processing and computer vision.
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1.1.1 Image restoration

Image restoration refers to the process of estimating a clean, original image from a corrupted obser-
vation, with the aim of enhancing visual quality and enabling reliable interpretation or analysis. The
degradation may result from various sources, including motion blur, sensor noise, optical distortions,
or partial occlusions. Restoration techniques are therefore essential across a wide range of domains,

including:
e Medical imaging, where visual clarity is critical for accurate diagnosis.

e Astronomical imaging, where faint and distant objects must be reconstructed from noisy mea-

surements.

e Remote sensing, where satellite images are affected by atmospheric interference and sensor

imperfections.

e Microscopy, where fine structural details must be recovered despite physical and optical limi-

tations.

From a mathematical perspective, image restoration is typically formulated as an inverse problem,
where the observed image 1 is modeled as a degraded version of the true image u, through a forward

operator A and an additive noise term 7:
uy = A(u) + 1.

Such problems are generally ill-posed in the sense of Hadamard [32], lacking existence, uniqueness,
or stability of the solution. Consequently, suitable regularization techniques are required to ensure
the well-posedness of the reconstruction process. Common restoration problems include denoising,
deblurring, inpainting, super-resolution, and decomposition. Each of these tasks poses unique chal-
lenges, but they all share the fundamental goal of recovering meaningful structure from incomplete

or corrupted data.

1.1.2 Image denoising

Among all image restoration tasks, denoising plays a foundational role, as it addresses one of the most

prevalent and fundamental forms of degradation. The objective is to reconstruct a clean image from
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a corrupted input affected solely by noise. Image denoising is essential not only as a standalone task
but also as a critical preprocessing step in various image analysis pipelines, including segmentation,
object detection, feature extraction, and image compression.

Despite its apparent simplicity, image denoising remains a challenging and delicate problem. An
effective denoising algorithm must suppress noise while preserving essential image structures. Over-
smoothing can lead to the loss of textures, edges, and fine details, whereas under-smoothing may
leave residual noise that degrades subsequent analysis. This challenge is further compounded by
the diversity of noise types, each with distinct statistical properties and degradation patterns, thus

necessitating specialized modeling and filtering strategies.
Noise in digital images: Sources and types

In the context of image denoising, understanding the nature and origin of noise is fundamental to
designing effective restoration models. Noise refers to any undesired or random fluctuation in pixel
intensity values that degrades the visual quality or obscures relevant image content. It typically arises
from sensor imperfection, environmental disturbances, quantization errors, or transmission faults dur-
ing the image acquisition process.

Regardless of its source, noise compromises image quality and reduces the reliability of image-
based analysis in critical applications. In medical imaging, for instance, noise may obscure fine
anatomical structures and lead to misdiagnoses. In computer vision and machine learning systems, it
can degraded the accuracy and robustness of object detection, classification, and recognition tasks.

Accordingly, image noise is commonly categorized into three principle types:

e Additive noise is the most extensively studied type of noise and is characterized by its inde-
pendence from the underlying image content. The most common instance is additive white
Gaussian noise (AWGN), where the noise values are sampled from a zero-mean Gaussian
distribution with constant variance. AWGN effectively models the cumulative effect of numer-
ous small, independent disturbances and is widely used as a standard approximation for sensor

noise in imaging systems such as CCD or CMOS cameras.

e Impulse noise, on the other hand, arises from sudden disturbances such as bit errors during

transmission or defective sensor elements. A typical example is salt-and-pepper noise, in
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which a certain percentage of pixels is randomly corrupted by replacing their original values
with either the minimum (e.g., 0) or the maximum (e.g., 255) intensity levels. This results
in sparsely distributed black and white pixels across the image, significantly degrading visual

quality, especially in smooth or low-texture regions.

e Multiplicative noise differs fundamentally from additive noise in that it depends on the image
signal itself, resulting in more complex, signal-dependent degradation. A prominent exam-
ple is speckle noise, commonly observed in coherent imaging modalities such as ultrasound,
synthetic aperture radar (SAR), and laser imaging. In these systems, speckle originates from
the interference of multiple coherent wavefronts, producing granular noise patterns that degrade
structural detail. Mathematically, speckle is often modeled using statistical distributions such as
Rayleigh, Gamma, or log-normal, and its multiplicative nature poses significant challenges for
image restoration, as conventional linear and additive-based filtering techniques are generally

ineffective.

Each type of noise exhibits distinct statistical and structural characteristics, necessitating specialized
modeling and denoising strategies tailored to its behavior. Figure 1.1 illustrates representative exam-

ples of these three noise types as they appear in corrupted images.

(a) (b) (© (d)

Figure 1.1: Illustration of common types of noise in digital images. (a) Clean image without noise.
(b) Image corrupted by additive white Gaussian noise (AWGN). (c) Image affected by salt-and-pepper
impulse noise. (d) Image degraded by multiplicative speckle noise.

1.1.3 Image quality assessment metrics

Evaluating the performance of image denoising algorithms requires appropriate quantitative metrics.

These metrics serve two main purposes: enabling comparison between different methods and assisting
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in the tuning of algorithmic parameters during model development. Among the various available
measures, the peak signal-to-noise ratio (PSNR) [51] and the structural similarity index (SSIM) [52]
are among the most widely used objective evaluation criteria.

PSNR: Peak signal-to-noise ratio is a signal fidelity metric that compares the pixel-wise difference

between the original and restored images. It is defined as:

2
PSNR(Up, U) = 101og,, - ,

2
i Ly Ly ((uo)i,j - Ui,j)

where U, denotes the ground truth image of size M X N, max is the maximum possible pixel value

of U (typically 255 for 8-bit images), U denotes the restored image.

Higher PSNR values indicate greater similarity to the ground truth image, and hence, better restoration
performance. However, PSNR does not always correlate well with perceived visual quality.

SSIM: To address the perceptual limitations of PSNR, the structural similarity index SSIM metric was
introduced to better reflect human visual perception. Instead of comparing absolute pixel differences,
SSIM evaluates local patterns of luminance, contrast, and structural similarity between the original

and restored images. It is defined as:

(Zﬂx#y + kl) (Zny + kz)
([u,zc + Uy + kl) (0,25 +oy + kz)’

SSIM(x, y) =

2

where (i, u, are local means, 032(, oy

are local variances, and oy, is the covariance between the local
patches x and y. The constants k; and k; stabilize the division.

The SSIM value ranges from —1 to 1, where value of 1 indicates perfect structural similarity.

1.2 Diffusion models based on PDEs

Partial differential equations (PDEs) are among the most fundamental mathematical tools in image
processing and computer vision. They naturally arise in both diffusion-based techniques and as Euler-
Lagrange equations derived from variational models. Owing to their versatility and solid theoretical
foundation, PDEs have been widely employed in a board range of image processing tasks, particularly
image denoising. In what follows, we first review the classical linear isotropic diffusion model and

then discuss nonlinear diffusion models.
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1.2.1 Linear isotropic diffusion

The linear isotropic diffusion equation, commonly referred to as the heat equation, is one of the oldest
and most extensively studied partial differential equations in image processing. Its introduction into
the field was motivated by the early work of Koenderink [34], who emphasized its intrinsic connection
to Gaussian smoothing, a classical method in signal and image analysis. The equation can be written

as:

Ju
— = Au(x, vy, 1), Qx(0,T],
o (x, y,t) (0, T] (L1)

u(x,y,0) =up(x,y), Q.

The explicit solution of (1.1) is expressed as a convolution with the Gaussian kernel [8, 53]:

up(x, y) t=0,
u(x,y,t) = (1.2)
((K@ * LTO) (x,y) t>0,
where the kernel K N is a two-dimensional Gaussian function, defined as follows:
), gper
7(p(xf y) = 2np2€ »J, (x,y) €R%, p>0, (1.3)

and 11, denotes an extension of 1 from Q) to R?.

Convolution with this positive kernel acts as a low-pass filter, effectively suppressing noise while
inevitably blurring important image structures such as edges. This drawback compromises the per-
formance of subsequent tasks such as segmentation. To address this issue, nonlinear diffusion filters

have been proposed, which adapt to the local image structure and better preserve significant features.

1.2.2 Nonlinear diffusion models

The Perona-Malik model

To overcome the limitations of linear isotropic diffusion, such as excessive blurring and poor edge
localization, Perona and Malik introduced a nonlinear diffusion model [39] that adapts to the local
image structure. Their method relies on an inhomogeneous diffusion process in which the diffusivity
is a function of the image gradient: strong diffusion is applied in regions with small gradient mag-
nitude, while diffusion is reduced near edges, where the gradient is large. The model, known as the

Perona-Malik (PM) equation, is expressed as:

ou .
i div(g(Vul) Vi),  Qx(0,7), (1.4)

u(x, y,0) = up(x, y), Q,
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where the diffusion coefficient function g is referred to as the edge-stopping function. It is a non-

negative, decreasing function that satisfies:
e g(s) — 1ass — 0, which ensures a high diffusion rate within homogeneous or interior regions.
e g(s) — 0ass — oo, which suppresses diffusion across object boundaries.

As an example, the authors proposed the following definitions:

i(s) = §2(s) = %, (1.5)

1
1+ (s/k)*
here, k denotes the edge threshold parameter that controls the sensitivity of the diffusion process to
image gradients. Alternative formulations of the diffusion coefficient can be found in [33, 53, 59].
To illustrates the difference between nonlinear and linear diffusion-based approaches, Figure 1.2
shows the denoising results for a noisy image corrupted by Gaussian noise, where the Perona-Malik

model (1.4) is compared with the heat equation (1.1).

(b)

Figure 1.2: Comparison of image denoising results for the local Barbara image. (a) Noisy image
corrupted by Gaussian noise. (b) Denoising result using the heat equation (1.1). (c) Denoising result
using the PM model (1.4).

The Perona-Malik equation has proven effective in achieving a reasonable balance between noise
reduction and edge preservation. However, the model is subject to both theoretical and practical
limitations. From a theoretical standpoint, the equation is ill-posed due to the occurrence of forward-
backward diffusion induced by edge-stopping functions [53]. In particular, when the squared gradient
exceeds a certain threshold, the diffusion becomes backward, leading to instability. On the practical
side, the model is highly sensitive to noise: oscillations in the image gradient may generate spurious

edges, thereby reducing the effectiveness of adaptive smoothing. Consequently, even very similar
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images can produce divergent solutions and inconsistent edge representations. To mitigate these
drawbacks, modified formulations have been proposed, for instance in [3, 4, 19], to obtain regularized

versions of the model.
Regularized Perona-Malik model

To transform the aforementioned model (1.4) into a more stable and well-posed one, adjustments are
made by incorporating a Gaussian kernel function (1.3) into the diffusion coefficient. In particular,

this approach, proposed by Catte et al. [19], lead to the following model:

3_1; = div (g ([VK, «ul) V), Qx(0,T),

u(x,y,0) = up(x, y), Q.

(1.6)

Another approach to regularizing the PM equation (1.4) was proposed by Amann [4]. Rather than
employing spatial regularization, he suggested introducing regularization in time.

These examples demonstrate that regularization extends beyond merely stabilizing an ill-posed
process: it constitutes a form of modeling. When appropriately designed, regularizations can impart

the desired characteristics to the resulting filter.
The Weickert model

Despite the advantages of nonlinear isotropic diffusion filters, a notable limitation remains. When the
diffusion process is halted near object boundaries, edges are preserved, but noise may still persist in
these regions. To overcome this issue, Weickert [53] proposed a modification of the diffusion oper-
ator, promoting diffusion along directions parallel to edges while restricting it in the perpendicular
direction. In this approach, the image is first smoothed using a Gaussian kernel to reduce the influence
of noise. The local gradient information is then analyzed to construct a symmetric, positive semidef-
inite structure tensor, which captures the predominant orientations and local image structures. The
diffusion tensor is subsequently designed to share the same eigenvectors as the structure tensor, with
eigenvalues chosen according to the desired filtering objectives. This nonlinear anisotropic diffusion
framework effectively smooths homogeneous regions while preserving edges and suppressing noise
along object boundaries, providing a robust and adaptive filtering approach.

Figure 1.3 illustrates the different diffusion approaches discussed above, highlighting their respec-

tive impacts on noise suppression and edge preservation.
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(a) (b) (c) (d)

Figure 1.3: Comparison of image restoration capabilities of diffusion filters. (a) Noisy image. (b)
Linear isotropic diffusion. (¢) Nonlinear isotropic diffusion. (d) Nonlinear anisotropic diffusion.

1.3 Diffusion models based on fractional-order PDEs

Fractional-order partial differential equations (FPDEs) extend classical integer-order PDEs by in-
corporating derivatives of non-integer order. Unlike integer-order derivatives, fractional derivatives
provide enhanced flexibility by capturing long-range interactions and memory effects that classical
models cannot. As a result, fractional-order PDEs have attracted significant attention in image pro-
cessing, particularly for achieving a balance between effective denoising and enhanced edge preser-
vation and texture fidelity. In what follows, we present two representative fractional-order diffusion

models for image restoration.
Time-fractional heat equation

Fractional extensions of the heat equation have been investigated to provide better control over the
diffusion process in image denoising. Cuesta and Finat [23] observed that the intensity of the diffu-
sion process governed by the linear heat equation can be modulated by introducing a fractional time
derivative of order 1 < a < 2; as a — 2, the diffusion intensity becomes weaker than that of the
classical linear heat equation (1.1). Accordingly, they proposed to regulate the diffusion process of
the linear heat equation by selecting the order of the fractional time derivative in the corresponding
equation as follows:
du

— = Au(x,y, 1), Qx(0,T],
o = Ay, ) ©,T] .

u(xl ]// O) = uO(x/ y)/ Q/
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[0

ot

[35]. Since the equation (1.7) provides an interpolation between a linear parabolic equation and a

denotes the fractional time derivative of order 1 < & < 2 in the Riemann-Liouville sense

where

linear hyperbolic equation [27, 28], its solution exhibits intermediate characteristics.
Figurel .4 illustrates the denoising performance of the Perona-Malik model (1.4) and the Time-

fractional heat equation (1.7) on a textured image corrupted by Gaussian noise.

Figure 1.4: Comparison of denoising methods on a textured image. (a) Original image. (b) Noisy
image. (c) Denoised image using the PM model (1.4). (d) Denoised image using the Time-fractional
heat equation (1.7).

Fractional-order nonlinear diffusion model

Anisotropic diffusion models are formulated through energy minimization principles, where the
choice of the underlying energy functional determines the nature of the diffusion process. To over-
come the speckle effect and other undesirable artifacts arising in the Perona-Malik model and related
approaches [20, 22], Bai and Feng [9] proposed a modification of the Perona-Malik energy func-
tional by incorporating the fractional derivative of the image intensity, defined in the Fourier domain.
The corresponding Euler-Lagrange equation yields the fractional-order anisotropic diffusion process,
expressed as:
du

= = ~Dv (g (D"u) D) - D (8 (1D ul) Dyu), (1.8)

where, D¢ is the adjoint of DY, D;‘* is the adjoint of 99, and |D“| denotes the magnitude of the

fractional gradient operator defined by: |[D“u| = \/ (Diu)* + (Dyu)*.
The proposed equation (1.8) provides an interpolation between the classical Perona-Malik equa-
tion (1.4) and the fourth-order anisotropic diffusion equations presented in [45].

To investigate the influence of the fractional order, Figure 1.5 presents the denoising results for
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the noisy Boat image obtained by applying the equation (1.8) with three different values of a, which

allows a visual comparison of how the choice of & influences the restoration quality.

(a) (b)

(d)

Figure 1.5: Denoising results of the noisy Boat image using fractional-order nonlinear diffusion equa-
tion (1.8). (a) original image. (b) Noisy image corrupted by additive white Gaussian noise. (c) For
a =1.2. (d) Fora =1.6. (e) For a = 2.

1.4 Analytical tools and concepts

1.4.1 Functional Spaces

For any Banach space F, LF(0, T;F) represents the normed space consisting of all functions v :

[0, T] — F that satisfy:

1
T P
”U”LP(O,T;F) = (f ”U”’; dt) , 1<p<oo,
0
and

||U||L°°(0,T,~P) =esssup [|[vllp, p=o0.
0<t<T
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Sobolev space

Let Q) be an open, bounded subset of IR". For r € IN, the Hilbert space H"(Q) is defined as the space
of all functions in L%(QQ) whose partial derivatives, in the distributional sense, of all orders up to 7 also
belong to L?(€2). This space is equipped with the norm:

Y ||Dmv||L2(Q)] .

|m|<r

0l ) =

The dual space of H*(Q), denoted by (?{ 1(Q))I, is endowed with the norm defined as follows:
lollyrcyy = {sup @ u) 1€ HUQ), lullyooy < 1.
Fractional-order Sobolev space

The fractional-order Sobolev space is defined as follows [1], [16]. Let (2 be an open bounded subset

of IR”. We define the fractional-order Sobolev space ‘W7 for each « > 0, where & = m + s, with m

= m} ,
equipped with the norm:

|DFu(x) = Dfu(y)|
||u||(W0(J’(Q) ||u||(WnIp(Q) Z f f | n+ps | dx dy
-y

|ul=m

In the case p = 2, we write H*(Q) = W**(Q), with its norm:

DHu x) D*u(y) :
lrllzenicy = | Il + Y f f | Nz |d xdy

|ul=m

Denote the dual of H*(Q) by (H%(2))’, and define its norm:

being the integer partof @ and 0 <s <1,and 1 < p < oo, as follows:

|D“u (x) — D“u(y)|

n+ps

Wer(Q) = {u e W"(Q),

-y

ltll sy = {sup (1,0} : © € HAUQ), ollyoqy < 1}

1.4.2 Fractional calculus

Euler Gamma function

The Euler Gamma function, denoted by I'(«), is one of the fundamental functions in fractional calcu-
lus. It provides a continuous extension of the factorial function to real and complex arguments and

plays an important role in defining fractional integrals and derivatives.
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Definition 1.1. [35]. The Euler Gamma function is defined for all complex numbers a with a positive
real part by the integral:

I'(a) = foo xle*dx, R(a) > 0. (1.9
0
By applying integrating by parts, one obtains the following basic property of the Gamma function:
I'l+a)=al(a), R(a)>0. (1.10)
Riemann-Liouville fractional integral

Definition 1.2. (Left Riemann-Liouville fractional integral) [35].
The Left Riemann-Liouville fractional integral of order @ > 0 of an integrable function u : [0, v] —» R

with v > 0, is defined by:

1 Y
“U(y) = —— -8 u(d)d > 1.11
T3 = s [ -0 e, y>o, L)
I'(a) denotes Euler’s continuous Gamma function (1.9).
Caputo-type fractional derivative

Definition 1.3. (Left Caputo fractional derivative) [35].
The left Caputo fractional derivative of order « > 0 of a function v : [0,v] — R, with v > 0, is

defined by:

o d" 1 4 o1 d"u(0)
Cqy _ n—-a _ _ syn—a-1 _
Dyu(y) = oL, dy"“(y)"—r(n—a)fo(y 0) e 40, n—l<a<neN. (L12)

Caputo-Fabrizio-type fractional derivative

Definition 1.4. (Caputo-Fabrizio fractional derivative) [18].
The Caputo-Fabrizio fractional derivative of order a > 0 for a function u € H'(a, b), where b > a, is

defined as follows:

FDMu(x) = M@) f e~(1%)(x-n) du() dn, 0<a<l, (1.13)
1-a J dn

where M(«v) is a normalization function, which is typically set as M(a) = 1.
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1.4.3 Useful inequalities

In this subsection, we recall some inequalities that will be used in the subsequent chapters.

Young’s inequality [10]. Let 1 < p,gq < oo and % + % = 1. Then:

a? b
ab< —+ —, a,beR". (1.14)
P 9

Lemma 1.1. [2]. If1 < p< coandr,d > 0, thus:
(r+dyf <2071 +d). (1.15)

Lemma 1.2. (Gronwall [30]). Let [J represent an interval on the real line. For ((s) and O(s) be

continuous and non negative functions on J, there is the inequality:
S
O(s) < u+ f C(2)0(2)dz, s € T, (1.16)
0
where |1 is a positive constant, consequently
0(s) < pelb @) se g, (1.17)

1.4.4 Fixed point theorem

Theorem 1.1. (Schauder’s fixed point [26]). Let Y be a real Banach space and Q C Y is a compact

and convex, and assume also
F:Q—-0Q,

is continuous. Then, F has a fixed point in Q.

1.5 Numerical schemes for partial differential equations

Partial differential equation (PDE) models constitute a fundamental framework in image processing,
particularly for tasks such as image denoising and restoration. These models describe the continuous
evolution of image intensity over an artificial time variable, governed by diffusion or variational
principles designed to remove noise while preserving significant image structures such as edges and
textures. As analytical solutions are seldom attainable and digital images are inherently defined on

discrete grids, numerical schemes are essential for approximating the solutions of these PDEs.
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This section delineates the fundamental concepts of spatial and temporal discretization, followed
by the formulation of explicit, implicit, and semi-implicit finite difference schemes. Particular em-
phasis is placed on the Additive Operator Splitting (AOS) technique, renowned for its computational
efficiency and stability in tackling multi-dimensional image restoration problems. The numerical
schemes discussed herein form the computational foundation for a wide range of PDE-based image

processing algorithms.

1.5.1 Spatial and temporal discretization

The image domain is discretized into a uniform grid with spatial step sizes Ax and Ay, and the
temporal domain is discretized with a time step Af. Each grid point (i, j) corresponds to a pixel,
and the continuous intensity function u(x, y, t) is approximated by ”Zj’ representing the discretized
intensity at pixel (i, j) and iteration 7.

Spatial derivatives are approximated using finite difference formulas. For instance, the first-order

partial derivatives can be discretized using forward, backward, or central difference approximations

as follows: ; ;
Wivr,; — Ui ‘
—Ar + O (Ax), (forward difference),
du\’ Wi = Ul
M y = A—x + O (Ax), (backward difference),
M +O(Ax?), (central difference)
2Ax ’ '

Similarly, the second-order partial derivatives are usually approximated by the central difference for-

mula:

n n _ n n
(82u) _ Minj 2up U

ox2 . (Ax)?

+0 (sz) :
Temporal derivatives can also be approximated using different finite difference schemes, depend-

ing on the desired accuracy and stability properties. For the first-order time derivative, the most

common approaches are the forward, backward, and central differences, expressed as follows:

ut —
Z’]A—tw +O0(AY), (forward Euler),
ou\" uy; = u;?].‘l
ot y - T +O(At),  (backward Euler),
ml gyl
% + O(A#?), (central difference).
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For the second-order time derivative, a standard central difference formula is given by:

2u\" u?]’fl — 2u;?j + u?j‘l
= - ~ +O(AP).
( o2 )i,j (Ai’)2 ( )

1.5.2 Explicit finite difference schemes

In explicit finite difference schemes, the image state at the next time iteration #*! is computed directly

from the known values at the current iteration u”. These schemes are straightforward to implement
and offer intuitive control over the diffusion process.

Explicit schemes are widely used in nonlinear diffusion and total variation models [39, 44]. How-
ever, a significant drawback is their conditional stability, often requiring a restrictive bound on the
time step At (e.g., the Courant-Friedrichs-Lewy (CFL) condition) to prevent numerical instability.
This limitation can lead to high computational costs when simulating long evolution times or pro-

cessing high-resolution images.

1.5.3 Implicit finite difference schemes

Implicit schemes compute the new image state u"*! by solving a system of algebraic equations that
couples the unknown intensities at time 7+ 1. This approach leads to a nonlinear system of equations,
Since the diffusion coefficient in nonlinear diffusion models depends on the updated image u"*'.
Such nonlinear systems are typically solved through iterative procedures, such as Newton method,
until convergence is achieved. The primary advantage of implicit methods lies in their unconditional
stability for a wide class of diffusion processes. This property allows for significantly larger time

steps compared to explicit schemes, thereby reducing the overall computational time required to reach

a steady-state solution.

1.5.4 Semi-implicit schemes and the additive operator splitting (AOS) tech-
nique

Semi-implicit schemes combine the desirable properties of explicit and implicit methods. Typically,

linear or stiff components of the PDE are treated implicitly to ensure stability, while nonlinear or data-

driven terms are handled explicitly to reduce computational complexity. In practical implementations,

the diffusion coefficients in nonlinear diffusion models are usually evaluated at the previous time
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level to avoid solving a nonlinear system at each iteration, thereby yielding a linear system that can
be efficiently solved. Semi-implicit schemes are particularly suitable for one-dimensional problem:s,
where the computational cost of solving the resulting linear system remains moderate. However,
in higher-dimensional cases, the associated system matrices become considerably larger and more
complex to handle, leading to significant computational challenges.

Applying direct algorithms such as Gaussian elimination would destroy the sparsity pattern and
result in excessive storage requirements and computational effort. Therefore, iterative algorithms
are typically employed. Classical iterative methods such as Gauss-Seidel do not require additional
storage, and their convergence can be guaranteed due to the favorable properties of these matrices.
Nonetheless, convergence tends to be slow, and the rate further deteriorates for larger image sizes,
as the condition number of the system matrix increases. Consequently, although the semi-implicit
scheme is unconditionally stable, it is often not significantly faster than the explicit scheme in practical
applications.

To overcome these limitations, the additive operator splitting (AOS) technique [54] provides an
efficient semi-implicit alternative for multidimensional diffusion processes. The key idea of AOS is
to decompose a multidimensional diffusion operator into a sum of one-dimensional operators, each
of which can be solved independently and implicitly. This decomposition substantially reduces com-
putational complexity and enables efficient parallel implementation while maintaining unconditional
stability even for nonlinear diffusion models.

In the context of image restoration and denoising, AOS schemes provides an efficient numerical
framework for solving nonlinear diffusion equations that underlie various PDE-based models. From a
computational perspective, AOS methods require solving only tri-diagonal linear systems along each
spatial direction, which significantly reduces computational cost compared to solving fully coupled
multidimensional systems. Owing to their stability and efficiency, AOS schemes have become a

standard choice for implementing nonlinear diffusion processes in image processing.

1.5.5 Comparison of numerical schemes

A comparative summary of the main characteristics of the discussed numerical schemes is presented

below:
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e Explicit schemes: These methods are straightforward to implement and computationally in-
expensive per time step. However, they are subject to strict stability constraints on the time
step size, which can make them inefficient for problems requiring long evolution times or high

spatial resolution.

e Implicit schemes: These approaches offer unconditional stability for a broad class of problem:s,
allowing the use of larger time steps. Their main disadvantage lies in the increased computa-
tional cost due to the need to solve a coupled system of equations at each iteration, which may

become demanding for large-scale image data.

e Semi-implicit and AOS schemes: These methods provide a compromise between explicit and
implicit approaches. They combine the simplicity of explicit treatments for nonlinear terms
with the stability of implicit treatments for linear diffusive terms. The Additive Operator Split-
ting (AOS) technique, in particular, offers a highly efficient and unconditionally stable frame-
work for multidimensional problems by decomposing them into a series of one-dimensional

subproblems.

The choice of the numerical scheme thus represents a trade-off between stability, computational ef-
ficiency, and algorithmic complexity, depending on the specific characteristics and objectives of the

image restoration task.

Remark 1.1. (Stability analysis)
Stability is a fundamental requirement in the numerical solution of time-dependent partial differential
equations, as it ensures that small perturbations in the initial data or numerical errors do not grow
uncontrollably during the iterative process. A stable numerical scheme produces bounded solutions as
the number of time steps increases, whereas instability leads to divergence or nonphysical oscillations
in the computed results.

Although a detailed stability analysis is not presented in this thesis, the numerical schemes em-
ployed in the following chapters are designed to ensure stable and reliable behavior throughout the

evolution process.




CHAPTER 2

FRACTIONAL GRADIENT-BASED
NONLINEAR DIFFUSION MODEL FOR IMAGE
DENOISING

The results presented in this chapter are based on the findings reported in [13].

2.1 Introduction

In this chapter, we propose a model that integrates the nonlinear diffusion equation with a fractional
gradient in the diffusion coefficient, where the fractional gradient is defined using the Caputo-Fabrizio
fractional derivative. This approach extends the ROF model [44] by incorporating fractional deriva-
tives to enhance denoising performance. The Caputo-Fabrizio operator exhibits a nonlocal behavior;
unlike classical derivatives, it depends on the global behavior of the function rather than solely on
local values, which enables improved preservation of image features. As a result, the proposed model
plays a significant role in maintaining edges and structural details while effectively reducing noise.
Additionally, the integration of a Gaussian kernel into the diffusion coefficient contributes to the well-
posedness of the model.

Since explicit finite difference schemes are subject to stringent stability constraints that require
very small time steps-thereby limiting their practical utility-we employ a semi-implicit numerical
scheme based on additive operator splitting (AOS), as originally introduced by Weickert [54], to
improve computational efficiency.

To justify the selection of the Caputo-Fabrizio operator, we carried out a comparative study with
the Caputo derivative using the same model formulation. While both variants yield comparable de-
noising results, the Caputo-Fabrizio-based model exhibits significantly faster convergence, requiring
fewer iterations and shorter computational time. This advantage makes it particularly suitable for

practical image processing tasks that demand both accuracy and efficiency.

25
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Furthermore, we compared our proposed model with the classical ROF model [44]. The numerical
results demonstrate that our approach offers improved denoising performance, especially in preserv-
ing fine details and sharp edges, which are often blurred or lost in the ROF solution due to its reliance
on local regularization. The use of a fractional gradient provides a more effective balance between
noise suppression and detail retention.

The structure of this chapter is as follows. Section 2.2 introduces the preliminaries, including
fundamental definitions and key theoretical results. In section 2.3, we propose our model and its
motivation. In section 2.4 we investigate the existence and uniqueness of the weak solution to the
proposed model. Section 2.5 describes the numerical scheme used to solve the model. Section 2.6
presents the experimental results, which evaluate the model’s performance. Finally, section 2.7 pro-

vides the conclusions of this chapter.

2.2 Preliminaries
The fractional gradient of K, of order « is given by the following definition:
VAR (x, y) = (TDIK,(x, ), DEK(x, y),

where ¢F DK, (x, y) represents the fractional derivative of order a of K, (x, y) in terms of the variable
x, and ¢F DyK,(x, y) represents the fractional derivative of order o of K(x, y) in terms of the variable
y.

From(1.13), we get:

' e~ (%5)(x-n) 9K, y)

o dn, 0 <a <1,

" 1
DI = .

which is equivalent to:

1 o N o
DK 1) = s (Kot = VK 0,) = s [ DK, )y,

and, we have:

9K, (x,
ym 0<a<l1

n

1 o Y o
- (1-a) (Wﬂ(x' y) - e_(m)y«p(x’ O)) N _aa)Z j(: e ()l Ko, 1) dn,

T E— fo (=)
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Claim 2.1. Ler Q Cc R?, v € L*(Q), and i € L*(Q) then there is a constant C, such that

V0| ) < Co lll2(cy - 2.1)

Additionally, there exists a constant ), where

||h(|V“Hp|) - h(ivavl)b”Lm(Q) <y ”” - v”LZ(Q) ‘ (2.2)
where i is a non-negative, smooth, Lipschitz, and decreasing function.
Proof. By convolution property, we have
|V%P| < |(Va7(p) * ”|
< Gl -

Furthermore, since 7 and V1, are C*, it follows that h(|V“ yp|) is C*. Indeed, we have:

[rv° o) = 1V 0l ) < CIIV 0] = [Vl

< Clves) = ] = [(vG) « ol

@)
< C[[[(Va9G) * = (V50 # ]|
= |V %) * (= V)| e
< CCpllpt = vl n
=¥ [l = vl
where ¢ = CC,.
This completes the proof of the claim. N

2.3 The proposed model and its motivation

Diffusion-based methods in image processing are fundamentally influenced by principles from
the calculus of variations [8]. These methods generally rely on an energy functional that balances two
competing objectives: a data fidelity component, which ensures that the restored image remains close
to the observed data, and a regularization component, which imposes smoothness. One of the earliest

variational models for denoising images corrupted by additive noise was introduced by Rudin, Osher,
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and Fatemi, and is commonly referred to as the ROF model [44]. In this model, image denoising is

achieved by minimizing the following energy functional:

E(u) = f |Vu|dxdy + Zf(u — up)dx dy,
Q 2 Jo

where the first term corresponds to the regularization component, and the second represents the fi-
delity to the observed image 1. The parameter > 0 controls the trade-off between regularity and

data adherence. The Euler-Lagrange equation associated with this functional is given by:

. (Vu _ :
—div (@) +y(u—1uy)=0 in Q. (2.3)

Using the gradient projection method [41], equation (2.3) leads to the time-dependent evolution equa-
tion:

—Z)+7/(uo—u) inQx(0,7),

Due to the nonlocal nature of the fractional-order derivative operator, it becomes necessary to de-
velop a new mathematical framework capable of addressing both additive and multiplicative noise in
image restoration. In this work, we propose a novel model based on a nonlinear diffusion equation,
in which the diffusion coefficient depends on a fractional gradient defined in terms of the Caputo-
Fabrizio fractional derivative. This formulation generalizes the classical ROF model by incorporating
fractional order derivatives to improve noise removal while preserving essential image features. By
exploiting the intrinsic properties of the fractional operator, including memory effects and nonlo-
cal interactions, the model effectively preserves edge sharpness and structural details. Furthermore,
the inclusion of a Gaussian kernel within the diffusion coefficient enhances the well-posedness, and
robustness of the denoising process.

Our model is given by:

u

= = div (1 (|Voup|) Vir) + y (g — ), inQx(0,T), (2.4)
u(x,yv,0) = up(x, y), inQ, (2.5)
Vu.ii =0, ondQ x (0,T), (2.6)

where:

e Q) is a bounded domain of IR?, and uy is the original image.
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e O0<a<ly>0,andu, = 7(p + 1. 11 denote the unit outward normal to Q.

e V (respectively. div(.)) denotes the gradient (respectively divergence) operator, and

2 2
o — CF )« CFqy«
IV ”P| = \/| Dx”r)| +| Dy”ﬁi :

e Jiis a positive, smooth, Lipschitz, decreasing function and satisfies the following assumption:

n) =1, lilzrn fi(s) = 0. (2.7)

2.4 Theoretical analysis

In this section, we establish the existence and uniqueness of the weak solution to the proposed
model (2.4)-(2.6). Since the problem (2.4)-(2.6) is nonlinear, we start by considering the linearized
problem, and then we apply Schauder’s fixed point theorem to prove the existence of a weak solution.

We introduce the space:
2 1 dw ., 1 /
W(0,T) = {w € L0, T, H'(Q), - €L (0, T; (H" () )}

Evidently, W(0, T) is a Hilbert space with the norm:

qw
ot

llwllw = llwllr2, 20 + .
L2(0,T;(H (Q))')

Definition 2.1. A function u € W(0, T) is said to be a weak solution of (2.4)-(2.6) if it satisfies the

following relation:

<(c99_btl'§0> + f h('V“uPD VuVedxdy = Vf (o —u) pdxdy,
Q 0

u(x,y,0) = up(x,y), inQ,
for almost every t € (0, T) and for all ¢ € H'(Q).
In the follows, we assume that the initial value 1o € H*(Q) fulfills:

0 <m:=ess inf up(x,y) and S :=esssup uy(x,y) < co. (2.8)
xyeQ x,y€Q
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2.4.1 The linearized problem
We define the following space:
W={ weW0T)NLO,T;IXQ)): m <w(x,y,H) <S, aecin Qx(0,T) }.
For any w € W such that
lwll 0,2 < uollizqy (2.9)
and
dw
= < lluollen (), (2.10)
‘ ot 20,1200 )
we formulate the linearized problem as follows:
Mo _ giy (1 ([Vowp|) Vi) + 7 (0 — 1), inQx(0,T), @2.11)
ot P
uy(x, y,0) = up(x, y), in(Q), (2.12)
Vi, =0, ondQ x (0,T). (2.13)
Lemma 2.1. The following inequalities hold:
& < (Vi) < 1, (2.14)
onh (|Vaw
<|8t P_D <0, (2.15)

where the positive constant &, and O depend only on K, and u.

Proof. Letw € W. Then we have:

(04
|V wp|

IA

C, ||w||L2(Q)

IA

CpC ||M0||¢(1(Q) .
Since 7 is decreasing, positive, and satisfies (2.7), it follows that

& < 1([v*w,|) < 1,for & = 1 (C,Clittollyncy) -
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To verify inequality (2.15), we note that:

oh (|V“w I) ) 0
= = (v v
, d
< |1 (|2 )| [ 7276, a—ﬂ
CC at LZ(Q
< CC lluollynqy
= 0.
This completes the proof of Lemma. O

By using Lemma 2.1, we can apply the classical Galerkin method [26] to prove that the linearized

problem (2.11)-(2.13) has a unique weak solution u,, € W(0, T).
Lemma 2.2. Let u,, € W(0, T) be the weak solution of the problem (2.11)-(2.13). Then
0<m < uy(x,y,t) <Sforae. (x,y,t) € Qx(0,T). (2.16)

Proof. We define (1, — S); as (1, — S); = max {0, u,, — S}.

Multiplying equation (2.11) by (u,, — S). and then integrating over €2, to get
2 T f (= )4 > dxdy = f d1V |V“wp|> Vuw) (1p—S5)+dx dy+7/f (1 — uy) (U — S), dxdy,
by applying integration by parts and the Neumann boundary condition (2.13), we obtain

337 |l =51y

=— f hi (|V“wp|) Vuy - Vug,dxdy +y (1o — Uy) (Uy — S), dxdy,
{uw=S}

{uw>S}

this is equivalent to the following:

a 2
2 = f (it — S)+ P dxdy + j; wzs}h(|v w,|) Vit dx dy
"‘Vf (U — o) (U — S), dxdy = 0.
{>S}

Since i (|V“wp|) > 0 and (uy — u)(ty — S)+ = 0, it follows that:

d 2
Efgl(”“’_s)” dxdy <0,
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integrating over (0, f) yields:

[ =5y Paxdy < [ o= 9).Paxdy
Q Q

because of 1y < S, we obtain

f|(uw—5)+|2dxdy < f (o — S). > dxdy <0.
Q Q

As a result,

uy(x,y,t) < S forae. (x,y,t) € Qx(0,T).

In the same way, we define (1, — m)_ as (1, — m)- = min {0, u,, — m}, multiplying the equation

(2.11) by (1, — m)_ and then integrating over €2, we find:
0 < m< uy(x,yt) forae. (x,y,t) € Qx(0,T).
O

Lemma 2.3. The linearized problem (2.11)-(2.13) has a unique weak solution u,, € W(0,T) that

satisfies the given estimates:

a)
twllierr2) < lMolliz) + K1,

D)

ol o010y < Ka,
c)

T 2

ou
f — dt < K,
0 at (n}(l(Q))/

where the constants Ky, Ky, and K3 are positive and depend on ||uo|lyn ) , Ky, &, m, and S.

Proof.  a): Multiplying equation (2.11) by u,, integrating by parts over (), and using (2.13) yield:

2dtf|“w| dxdy+f ('V“wpDWuwlz dxdy:yj;(uo—uw) Uy dx dy.

Applying Young’s inequality and (2.14), we get:

1d
o f el dxdy + & f Vual dedy < L o= ol + 2l
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By using Lemma 2.2, we obtain

lito = oy < 2 (0l ) + ttallF2(cy))
(2.17)
< 2ol 1y + 2871
From (2.17), we have
SZ
3o J el dedy e [ 1Vaf drdy <l + 95700+ S0
=C (2.18)

By integrating inequality (2.18) over (0, t), we find:

= Nl d¢+5f f|ww| dxdydr < Ct,
2 0 dt L2(Q) 0 Ja y

hence, for a.e. t € (0, T],

1 t 1
> IIuW(t)IIiz(Q) + Ef f \Vu,|* dxdydt < CT + > ””0”%2(9)/
0 Ja

we deduce that

ol 2 < Holliz) + K-

d
b): Multiplying equation (2.11) by %, integrating by parts over (2, and using (2.13) imply that:

a duy, 3 Juy,
‘[Q dxdy+Lh<|V wp|>Vuw.V(7) dxdy_yf(;(uo—uw) 8_d d

According to Young’s inequality, we get that:

I

Noting that:

a 8 o a
LH(W wp|)Vuw-V( o5 )d xdy = Lh |V wp|)Vuw-—(Vuw)dxdy

(
=%L <|V“wp|) Vit | dxdy.

ou, |
ot

8uw
ot

(9uw

ot

. ity s
dxdy + | 1i(|V*w,|) Vi, - V — | dxdy < = lluo - uwlle(Q)+
Q

L2(Q) '

On the other hand, we have also

;f (|V“wp|) Vi, [* dxdy
dn (|Vew,|)

1d . 1
" 2dr Qh('V wp|) Vit dx dy — 2 fQ Codt \Vu,|* dx dy.
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Therefore, by using the inequality (2.15), we conclude that

K

( w)Vuw- (aat)d xdy
1d
=2t Jg

Combining (2.17) and (2.19), we obtain

1
2

2
duy,

ot

1d N
12(Q) " 24t ('V wP|) Vit|* dx dy

0
2 2
< P ol ) + )/ZSZIQI + 5 Vil

Observing in (2.14) that 0 < & < h ('V“wPD gives the following:

which implies

E NVl < fg 1 (|22, |) IVito * dx dy,

1

”Vuw”%z(o) < : h('V“wpDIVuwlzdxdy.

Using (2.20) and substituting Co = 7> ||u0||§{1(0) +9282|Q), we have:

0

where C; =

&
It is evident that

4
dt

1
2

ity | 1d u

9 |l t50 h(IV wp|) Vi dx dy
C

< Cy+ ?1 , h (|V"‘wp|) Vit |* dx dy,

h(lvawp|) \Vu,* dxdy < 2C, +C1fh(|vawp|)|vuw|z dx dy.
Q

Through the use of Gronwall’s lemma, we obtain

f h (|V“wp(x, Y, t)|) |Vuw(x, Y, t)|2 dxdy < e“'(Cy +2Cot),
Q

fora.e. t € (0, T], where C, = fQ h (|V“wp(x, Y, O)|) |Vuw(x, Y, 0)|2 dxdy.

From (2.20), we have

1
||vuw||%2(Q) < E €C]T(C2 + 2CoT).

{1V, Wl dxdy = 5 Vil

(2.19)

(2.20)

(2.21)

(2.22)
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Moreover, from (2.21), we can deduce that

2 1d

Ay, L 1d
LZ(Q) 2 dt Q

C
a 2 1
> n(|Vewp|) Vieul dxdy < Co+ 5 6o+ 2GT). (2.23)

1
2

By integrating (2.23) over (0, ), we get to that
ity ||

t
o 2
‘f; 07 Il dr LH(W wpl%, Y, t)|) |Vita(e, y, 1) dx dy

< (2C + C19(Co +2CoT)) t+ G,

foraet e (0,T].

We see that:

2
oy,

ot

r

According to uy(x, y,t) = u,(x, y,0) + fot ag’—;df, inequalities (1.15), and (2.24), we have

dr < (2Co + C1eT(Cy +2CoT)) T + Ca. (2.24)
L2(QY)

t 2
U, (T)
2 on < 2luol2p o + 2T f v d
”uw”LZ(Q) = ||u0||7-(l(Q) . o1 @ T
< 2luollypr ) + 272 (2C0 + C1 €9(Co + 2Cot)) + G T. (2.25)
From (2.25) and (2.22), it follows that
luwllioo ) < Ke (2.26)

¢): Multiplying (2.11) by ¢ € H(Q) where “qo” sy < 1, applying Cauchy-Schwarz’s inequality,

(®)

and combining (2.17) and (2.26), we acquire that:

Ity )
‘<%I(P>‘ = U;h(w wpi)Vuw-V(pdxdy +)/L(uo —uw)(dedy‘
< (| (v eon| 1V mallzin + 1t = tallizey ) @l
< (Ko + V2y lluollyecy + V2IQ1S) [l0]]1cr -

Consequently, we find

ik

> < Ko+ V2 lluollgnqy , (2.27)

(HY Q)Y
where Ky = K, + v2|Q[yS.

Additionally, by squaring (2.27) and integrating over (0, T), we obtain:
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r

The proof is complete. O

2
duy,

ot

dt <Ks.
(HY(Q)y

2.4.2 Existence of a weak solution

Theorem 2.1. Assuming that uy € H(Q) and that (2.8) holds, the problem defined by (2.4)-(2.6)

admits a weak solution u € W(0, T).

Proof. Through lemma 2.3, we give the subset W of W(0, T) as described by:

Jw

- <K,
ot =

L2(0, T H (Q))

- w € W(O, T); l[wllp=@, @)y < Ko, llwllie, 11200 < ltollr2) -
0<m<w(x,y,t)<Sforae.(x,y,t) € Qx(0,T), w(0) = upy
Furthermore, it can be shown that W is a nonempty and convex subset of W(0, T). Since the
functions in W satisfy uniform bounds, the set is bounded in W(0, T) and is also weakly closed.
As W(0, T) is a reflexive Banach space, the Banach-Alaoglu theorem [43] ensures that W is weakly
compact in W(0, T). Moreover, by the Eberlein-Smulaian theorem [24], weak compactness and weak
sequential compactness are equivalent in Banach spaces. Therefore, W is weakly sequential compact

in W(0, T). Subsequently, we define the next mapping:

QW->W

W > Uy,

To apply Schauder’s fixed-point theorem, we must prove that the mapping Q : w +— u,, is weakly
continuous from W into W. Consider a sequence w, in W that weakly converges to some w in W, and
let u; = Q(w;,). Our objective is to demonstrate that Q(w,) := u, weakly converges to Q(w) := uy.
By applying lemma 2.3 and using classical results of compact inclusion in Sobolev spaces [2], we can

extract sub-sequences of w, and u; (still denoted by w, and u,), hence we obtain:
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w, — w in L*((0, T); L*(Q2)) and a.e. onQ x (0, T), (2.28)
]
FDw)), = Diw,, " Di(w,), »F Djw,in L*((0, T); LX(Q)) (2.29)

and a.e. on Q) x (0, T),

[V4(w))o| = [V*w,| in L*((0, T); L*(Q2)) and a.e. on Q x (0, T), (2.30)
/] (iV“(w])pi) —h (iV“wpl) in L*((0, T); L*(Q)) and a.e. onQ x (0,T), (2.31)
u, — u weakly in L*((0, T); H'(Q)), (2.32)
8u] u ) 1 ’

ETEReT weakly in L°((0, T); (H*(Q2))"), (2.33)
u, = u in L*((0, T); L*(Q)) and a.e. onQ % (0, T), (2.34)
Vu, — Vu weakly in L((0, T); L*(Q)), (2.35)
1,(0) = u(0) in L*(Q). (2.36)

The (2.31) is acquired by applying the dominated convergence theorem [10].
Since u; is the weak solution of (2.11) corresponding to w,, we have, for almost every ¢ € 0,T],
and ¢ € HY(Q):

du,

> pdxdy + f h (iV"‘(w])pi) Vu, Vodxdy = )/f (u](O) - u]) pdxdy. (2.37)
o o o

Integrating (2.37) over (0, T) yields

T 81/[] T
f f —L pdxdydt + f f 1 (|V (@), |) Vi, Vo dx dy dt
0 Q t 0 Q
T
:)/f f(u](O)—u])(pdxdydt. (2.38)
0 Q

From (2.33), we have

T du, T [ ou
f fg(pdxdydtaf fggodxdydt, as | — oo.
0o Ja 0o Ja

Examining the second term in (2.38)
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UTfh(Wa(w])p])w].wpdxdydt—foh(|vawp|)w.v(pdxdydt
0 Q 0 Q

T
Sfo fg‘hqva(w])pD—h(|V“wP|)‘|Vu| |Vg0| dxdy dt

T
j; Lh (lV“(wJ)pi) V(u, —u) - Vodxdy dt‘ )

According to claim 2.1, we deduce, as ] — oo

T
fo fQ ‘h('va(wj)pD—h('vawp|)’|Vu| V| dx dy dt

T
< Cf f||w]—w”L2(Q) [Vl |V(p| dx dy dt
0o Ja

< C(p) ||w] - w”Lz(Q) IVullr2o,my0200) = 0,

+

and also, as ] — oo,

— 0.

T
' fo fQ (Ve Gw)),|) Vi, = 1) - Vop dx dy dt

Through (2.34) and (2.36), we obtain

fOVTfQ(u](O)—u])(pdxdydtﬁfOTfQ(uo—u)(pdxdydt,

Letting j — oo in (2.38) implies that

T T T
f fa—ugodxdydt+f fﬁ<|V“wp|)Vu.V(pdxdydt:yf f(uo—u)(pdxdydt.
o Jo ot 0 Jo 0 Ja

Therefore, by the arbitrariness of ¢ € H'(Q), we get fora.e t € (0, T]

du N
f S pdxdy + f h(|V wp|) VuNVedxdy = )/f (o — u) pdxdy.
Q Q Q

Hence, it follows that
u =1y = Qw).

Furthermore, given the uniqueness of the solution to problem (2.11), the whole sequence

u, = Q(w,) converge weakly in W to u = Q(w). This confirms that Q is weakly continuous.

Therefore, by Schauder’s fixed-point theorem, there exists w € W such that

w = Q(w) = uy.

Consequently, the existence of the weak solution 1, to the problem (2.4)-(2.6), is proved. O
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2.4.3 Uniqueness of the weak solution
Theorem 2.2. Assuming that u is a weak solution to (2.4)-(2.6), then this solution is unique.

Proof. Let uy, up be tow weak solutions of (2.4)-(2.6). Then for a.e t € (0, T), we have

8ui . o

5 = div (1 (V¥ ua)|) Vi) + y (o — ) — Qx(0,T),

ui(x/ Y, O) = leo(x, ]/), Q, (239)
Vu;.ii =0, ondQ x (0,T).

Such thati =1, 2.

Denote i = u; — u,. Then we can get:

i . " _ : " " _ :
a—”t‘ = div(f (|V*(u),|) ViR) = div(( |V (2),]) = 7 (| ()| ) Vi) -y 2 in Qx (0, T),
(2.40)
ii(x,y,0) =0 Q,
(2.41)
Viiii =0, ondQ x (0,T).
(2.42)
Multiplying (2.40) by i, and integrating over (), we obtain:
i _ . -
f — idxdy — f div(h (|Va(u1)p|) (Vin)iidx dy
oot Q
- f div (1 (V¥ (1), ]) = 1 (|V* ()| )) Vi)t dedy - y f | dx dy.
Q Q
By applying the integration by parts formula and using (2.42), we have:
14 f jaf* dx dy + f i (|Ve (), ) Vil dxd
24t J, T Ve Y
= — f (1 (|V (1)) = 1 (|V* (102, |) Vi Vit dedy - y f |l dxdy. (2.43)
Q Q

In view of (2.14), there exists a constant &; > 0, such that:

& <h(|VHun)p(x, v, 1)]) <1, forae. (x,y,t) € Qx (0, T).

Furthermore, according to (2.2) we find
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[ (v al) = (v )., = iz,

where C is a positive constant.

Therefore, by substituting the estimate (2.44) into (2.43), we get

1d _ _ _ _
37 ”u”iZ(Q) + & ||Vu||i2(Q) < Cllallr2q VU2l IVEll2 ) — ¥ ”u”iZ(Q)-
By applying the Young’s inequality

2 2

&p” 1
g< —=—+4+— p,g& R
Pgs ==t o8 Pé
We conclude that:
1d C?

_12 —112 —112 2 51 —112 —112
EE ”M”LZ(Q) + 51 ”vu”LZ(Q) < 2_'51 ”u”LZ(Q) ”VuZ”LZ(Q) + E ”vu”LZ(Q) -y ”u”LZ(Q) s

which implies
d ., _ C2 _
ﬁ ”u”%Z(Q) < (a ”VuZ”iZ(Q) - 27/) ”u”iZ(Q) .

Since, #(0) = 0, applying Gronwall’s inequality yields

Il < 0.

In other words, 11 = u5.

(2.44)

O

Remark 2.1. According to theorem 2.1, the weak solution of problem (2.4)-(2.6) belongs to W and

w = Q(w) = uy, is the fixed point of (2.4)-(2.6). Thus, i, is also in W. Given the uniqueness of the

solution, we conclude that the unique weak solution u = u,, satisfies the extremum principle:

0<m<u(x,yt)<Sforae.(x,y,t) € QAx(0,T),

such that:

0 <m:=ess inf up(x,y) and S := ess sup uy(x, y) < oo.
x,y€Q) x,yeQ
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2.5 Numerical schemes

Nonlinear diffusion equations are typically solved numerically using explicit schemes. However,
these schemes are only stable for very small time steps, which results in poor efficiency and limits
their practical applicability. In this section, we develop a semi-implicit discrete scheme to numerically
solve the problem defined by (2.4)-(2.6). To achieve this, we first introduce the additive operator
splitting and then discretize the Caputo-Fabrizio fractional derivative.

Additionally, to enable a fair numerical comparison with the Caputo-based version of our model,
we also construct a corresponding numerical scheme involving the discretization of the Caputo frac-
tional derivative. This allows both formulations to be evaluated within the same computational frame-

work and ensures a consistent assessment of their efficiency and denoising performance.

2.5.1 Additive operator splitting (AOS) method

Additive operator splitting (AOS) schemes were introduced by Weickert et al. [54] as uncondi-
tionally stable methods for the nonlinear diffusion in image processing. In this subsection, we apply
the AOS technique to our proposed model.

The equation (2.4) can be expressed as follows:
du

=5 = (Ox + Oy) u+7y(u—u, (2.45)

where, O, and Oy are differential sub-operators, as mentioned below:

0 %
O, = B (h(|V“up|) 5)/

(2.46)
0,= 2 h(|Veu |)i
Y oy Yoyl
Applying the forward difference formula to (2.45), we get:
gy
i.j i _ n+l 0 _ .
VIR (Ox + Oy) upi +y (ui,j ui,].). (2.47)

The superscript 1 refers to the current time step, while 7 + 1 refers to the next time step, At > 0 is the

time step size. The subscripts 7 and j index the discrete pixel locations, assuming a spatial step size
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Ax = Ay = As . By uZ]., we denote approximation to u(x;, yj, t,), which represents the known values,

and uz]ﬂ are the values to be determined.

To compute the values of the diffusivity function 7 using the known values of ©", the scheme is
semi-implicit and unconditionally stable. Although 7 depends on the fractional gradient of u, it is
treated as a given function of (x, y).

We can write (2.47) in matrix-vector notation as:

un+1 -y

— = (Oc+ O, ) U +y (U - ). (2.48)
Where U" as the vector with entries u;?]..

Incorporating U"™*! on the right-hand side of equation (2.48) yields the following:

[1-at(0,+0,)|ut =1, (2.49)

where U" = U" + y At (U° — U™), and [ is the identity matrix.

Note that equation (2.49) involves a large bandwidth matrix because all the equations related to
new pixel values U"*! are coupled. Our objective is to decouple this system so that each row and
column of pixels can be handled independently. To achieve this, we rearrange the equation into the
following form:

-1

Ut =[1-At(0c+0,)| U

—[1(1—2At0)+1(1—2mo)]_1'51” (2.50)
=15 D+ . . .

Certainly, we do not intend to invert the matrix to solve the linear system. This formulation is purely
symbolic and is intended for use in subsequent derivations.

Equation (2.50) has interesting form in that it decomposes the system matrix. However, the chal-
lenge is that the decomposed system matrix is within the [ 1! operator. Instead, we aim to construct

the solution in parts as follows:

- (E (I 2At o,c)]_1 ¥ [% (1-2at oy)]_l) . 2.51)

The issue is that the right-hand sides of equations (2.50) and (2.51) are not equal, as can be easily

verified. Hence, To ensure equality, we multiply the right-hand side of (2.51) by a scalar r.
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-1

1 o N~ 71 1 ~
r([E (I — 2At ox)] + [E (1-2at oy)] )u = [5 (I-2At0:) + 5 (1-2at oy)] ur,
this can be simplified to:

) -1

1 -
— (I - 2At "=
r; Ju-2at0)| T
By setting [ — 2At O; = M, we obtain:

u.

21
Z 5 ([=2At0)
=1

thus we have:

Based on this, to apply the additive operator splitting scheme given by equation (2.50), we multiply

1
the right-hand side by T resulting in the following:
2

1 1 -1
=4 y [5 (I = 2At ol)] a

=1

which is equivalent to:

U = QI -4At0) ™ U" + (21 - 4At0,) U™,

Thus, the purpose of this scheme is to transform the equation into a simpler form, enabling the use of

efficient block-wise solvers, such as the Tri-diagonal Matrix Algorithm.

—_ -1 ~
Introduce the notations R = (2 —4AtO,)™' U" and P = (21 —4At Oy) U". The solution now

consists of two components:

U*'=R+P (2.52)

We finally obtain the equations for R and P as follows:

{ (21 - 4AtO,)R = U"
(2.53)

(21-4At0,)P ="
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The differential sub-operators O, and O,, are analogous. Therefore, we derive the difference equation
for a single row of pixels here; the equation for a column of pixels is identical. Consider a row with
N + 1 pixels indexed from O to N.

The first derivative can be approximated using a central finite difference scheme as follows:

(5) = " o)

ox i+ As
OR\  Ri—Ri4 ,
(8x)i_% = s + O (As?).

Note that the neglected error terms are of order As?>. We conclude that:

1+— (Rl+1 - R) 1—— (R Rl 1)
(O:R); = s : (2.54)
We introduce the following notation:
4At 4At
ﬁi A52 (hl__) and 51' = E (FlH_%)
Where
h;_ 1 is an approximation of h( up(xl__, Yj tu) ),
and also,
M1 is an approximation of /i ( V(X 1, Yjo tn) )
From equations (2.53) and (2.54), the finite difference equation simplifies to:
— BiRM 4 2+ i+ LRI — GRIH = U (2.55)

At each time step, we need to solve an algebraic system where the matrix (21 — 4At O,) is an irre-

ducible, strictly diagonal dominant matrix, and thus invertible. such systems can be efficiently solved

using block-wise solvers, such as the Tri-diagonal Matrix Algorithm. Additionally, by applying the

Von Neumann method, we can demonstrate that this semi-implicit scheme is unconditionally stable.
A similar equation applies to P in the y dimension, for j = 0,1, ...M.

— BiP + @+ B+ P — P = ’L'I;?, (2.56)

j+1




2.5. NUMERICAL SCHEMES 45

where
4At 4Nt
Bi= 2z (1), and €= 1= (i;.4),
such that
hj_% is an approximation of h( Ve, (x;, Vi1 t,) ),
and
hj+% is an approximation of h( V&u,(x;, Yisls tn) )

For the first and last nodes, the Neumann boundary conditions are applied:
Ro =Ry ,Ry = Ry~ and Py =Py, Py = Ppoa.

To establish the values of the diffusivity function 71 at the points i + 3,i — 3, j + 3 and j — 3, we
propose discretizing the Caputo-Fabrizio fractional derivative, as detailed below. Moreover, a similar
discretization is constructed for the Caputo derivative to allow a consistent numerical comparison

between the two formulations.

2.5.2 Discretization of the Caputo-Fabrizio derivative

As mentioned above, to obtain the values of the diffusivity function 1, we discretize the Caputo-

Fabrizio fractional derivative. The function
1
2 7

v = ——
1+ |V“up

(2.57)

is used in this chapter.
Based on the definition of the Caputo-Fabrizio fractional derivative (1.13), the discretization of

this derivative over the interval [0, x] is performed using a forward finite difference scheme as follows:

1 T Yas O
o (X, Yj, ta) = T fo e~ (%)@ >£up(s,yj,tn)ds. (2.58)

i_l n _ n
u . — U . Xk+1
( k+1,j k,]) f e_(lf'a)(xi—s) ds.
e As ™

Equation (2.58) can be modified to:

DS 1y (3, j ) ¥ T
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Using the space grid point x; = i As fori = 0,1, ...N, and by integrating, we obtain:

i1
1 l o : o :
CF —( % )(i—(k+1))A —( £ )(i—k)A
Di; (i, Yjotn) ~ ——— D (= ) [ (F) s o ()iias],
k=1

Thus, the discretization of the Caputo-Fabrizio fractional derivative based on the forward finite
difference scheme at the points i + % 50 ] + s, 1— 3 and j—5 W1th respect to the variable x is given by:

e Atapointi + 1:

1 xi*% (%) x, 15 0
CFD? up(x”%,yj, t,) = — f B (1 )( irl )%up(sl Y, t,)ds.
0
The above equation is converted to:

i—1 n n
1 d uk+1 i uk i Yhr1 —(L)(x, —s)
CFZ)“ Uy(X:1,Yi, t) = " e T\ dg
p\Xir 1, Yjrtn) =
i+37 I 1 As 5

Using the space grid point x; 1 = (i + %) As fori =0,1,...N, and by integrating, we obtain:

2

i—-1

CFD? uP(xi+%' yj/ ~ ﬁ Z uk+1 [ —(12) (i=(k+3))As —e -(1%) (- (k=% ))AS]
k=1
b () [L - (],

In the same manner, we can obtain the derivative at the remaining points.

e At a point j + %:

. 1 T (aVes O
CF‘Z)X up(xuy]_'_%,tn) = m . e (1—0{)(7‘1 s) 8 up(s y]+1 tn)ds

i-1 n n
1 Wernjor ~ Wjun ey — Wep) (e (52 )
1-a 243 .

]. a ; a ;
_ —\1=a ( —(k+1 )A _ p\1i2 ( —k)A
= Z (”Z+1,j+1 - ”Z,j+1 + ”Z+1,j - “Z,j) [e (Z5)iertins _ o=(525) S] .
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e Ata pointi — 1:

a 1 i - =) (x 1-s 0
CFDX up(xi—%’yf’ ta) = 1-a L ¢ ( ’ )gup(s, Yj, tn)ds

_ 1 Z ukl o~ (12 (i H)as _ (12 (i (k- >)AS]
k=2

e Atapoint j — 3:

1
CDL (v, Yi1,tn) = 1—a

T (a d
j; e~ (1%)@i-9) —up(s, Yj-1, tn)ds

i1 — Ut

u" ut. X1
~ 1 Z k+1,j k+1,j— 1 k,]—l e_(ﬁ)(xi_s)ds
1-a 2As .

]. a : a z

_ _ _ (52 )=+ 1)As _ (55 )-A

= 5aAs Z(”Zﬂ,j Ui+ Ui g ”Z,j—l) [e (z%5)¢ s e () S].
k=1

An analogue expression is derived for < Z);‘.

2.5.3 Discretization of the Caputo derivative

Based on the definition of the Caputo fractional derivative [35], its discretization over the interval
[0, x] is carried out using a forward finite difference scheme as follows:

CZ)? uy(Xi, Yj tn) = f (x; — up(s Vi ty)ds, 0 <a<1. (2.59)

r(1

I' denotes Euler’s continuous gamma function.

Equation (2.59) can be reformulated as follows:

-1yt oyt
1 Mk+1 . uk . Xie+1 B
C o4 /] /] 0]
ir '/tn =~ i~ d
DL b = gy L ( L ] f (3= 5 ds

Using the space grid point x; = i As fori = 0,1, ...N, and by integrating, we obtain:

(As)“" -

O uy(xi, yjs ta) = uk+1] uk] (z —R = (i -k~ 1)1_“].

re-a) &
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Thus, the discretization of the Caputo fractional derivative with respect to the variable x, based on
the forward finite difference scheme at the points i + %, j+ %, 1 — % and j — 3, is given by:

e At apoint i + %:
" 1 xi+% —a a
CDx up(xi+%/ Yi, tn) = m jo‘ (XH_% - S) gup(s, Yis tn)dS.

i—1 n _qn
1 uk+1,j uk,j] fJCkH —a
R X.,1—8) ds
ra-a — ( As " ( i+3 )

1 Wi~ W Yied —a
- I'l-a) ( As j; (x”% B S) ds

B (AS)_O‘ ' ; . ( 1)1—a ( 1)l—a
“Te—a L (”k+1,j uk,].) i—k+ 5 i—k >
(AS)—a ; . 1 1-a
"Te-a) (1, - ”l"f)(i) '
e At a point j + %:
Dy 3 y04010) = f (=5 (s, Y0 S
—u? + u” —u? Xk+1
k+1,j+1 k,j+1 k+1,j k,j —a
i— d
TT- a)Z[ 245 ]f (i —s) " ds
i-1
_(As)™ n 0 .
= 21“(2 a : k+1 ,j+1 uk,]'+1 + uk+1,j )[(l )1 -k~ 1)1 a] .
:1
e Ata pointi — 3:
c xl-% —a d
14
Z) uP(xl—-’y]’ ”) 1 CY) f 1—— - %Mp(s, Yir tn)ds

11

=yt Xk
k,j k-1,j f -
~ Xj,1—S) ds
R ) P
1 ”?,j - ”?—1,]' i3 —a
T - ( As f (xieg —s) " ds

(As)™
- I'2-a

—_

I
T‘E
—_

.
N—
—_
N[ =
S—
T
R




2.5. NUMERICAL SCHEMES 49

e Ata point j — 3:

CDg up(xi; ]/]'_%, tn) r(l f (xl _T/lp(S y]__ )dS
— U+ Uy —-ul Xk+1
k+1,j k,j k+1,j-1 k,j-1 —
i~ d
F(l @) Z ( IAs ] L (xi —s) “ds
(AS) a i—1 ) ) ) . B . 3
T2 -a) ”k+1,j — Ut U T uk,j_l) [(1 —-G-k-1)" ] _

k=1
Similarly, an expression for CZ);‘ is derived.

We summarize the numerical algorithm for the proposed model in Algorithm 1.
The same algorithm is applied to the Caputo-based model, with the only modification being the re-
placement of the Caputo-Fabrizio fractional derivative 2.5.2 by the Caputo fractional derivative 2.5.3
in the computation of the fractional gradient. This ensures a fair and consistent numerical comparison

between the two formulations.

Algorithm 1 AOS algorithm with diffusivity based on the Caputo-Fabrizio derivative

Input: Original image U°, time step At, number of iterations N;, parameters a, p, ¥
Initialize: U" := U°
1: forn =1to N; do
2. Compute U := U" +y At (U° — U")
3:  Regularization: Compute the smoothed version using convolution v := %K, * U"
4:  Compute the diffusivity:

e  Approximate the fractional gradient V*v using the Caputo-Fabrizio fractional derivative
(Section 2.5.2)

e  Compute the diffusivity function 7 := i(|V*v|) at each pixel
5:  Solve 1D system in x-direction:

= (21 - 4AtO,) T

Solve tridiagonal system using Thomas algorithm
6:  Solve 1D system in y-direction:

= (21 -4AtO,)'U

Solve tridiagonal system using Thomas algorithm
7. Combine results:

uUu+'.=R+P

8: end for
Output: "
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2.6 Experimental results and discussion

In this section, a series of numerical experiments were conducted to validate the effectiveness
of the proposed model (2.4)-(2.6). These experiments, applied to a diverse set of gray scale images,
were performed using the AOS method with As = 1 and p = 2.5. Furthermore, we selected images
of varying dimensions. Figure 2.1 shows an image with dimensions 384 X 256 pixels. Figure 2.2
includes the Shepp-Logan head image with dimensions 600X600 pixels. Figures 2.3 and 2.4 represent
medical images with dimensions 256 X 256 and 200 X 200 pixels, respectively. Figure 2.5 displays
the Barbara image with dimensions 512 X 512 pixels. In addition, Figure 2.6, 2.7, and 2.8 present
the Die image (384 X 256 pixels), the BMRI (256 X 256 pixels), and the Butterfly image (376 X 300
pixels), respectively, which are used specifically for the comparative, analysis with the ROF [44] and
Caputo-based models.

The images in Figures 2.1, 2.2, 2.3, and 2.4 illustrate the effects of different & values on denoising
performance, with smaller « values preserving image details more effectively than larger ones.

Figure 2.1 shows the results obtained by applying our proposed model to an image degraded by
additive Gaussian noise. The denoising performance was evaluated using three different values of
the parameter o to investigate the trade-off between noise removal and detail preservation. As «
increased, the images became progressively smoother.

Figures 2.2 presents the results of applying our model to the Shepp-Logan head image corrupted
by two types of noise: additive Gaussian noise and salt-and-pepper noise. The purpose of this exper-
iment is to assess the robustness of the model under different noise characteristics. To this end, we
tested four different values of the parameter «, allowing us to examine how the choice of « affects the
balance between noise suppression and structural preservation in the reconstructed images.

Figure 2.3 displays a noisy medical image along with the results obtained after processing it using
our proposed model. The processing was performed with a time step of 3 and 12 iterations. To
evaluate the impact of fractional-order parameter, six different values of a were tested. The model
effectively reduced the noise while preserving important structures and edges. This preservation is
essential for maintaining diagnostic quality, ensuring that clinically relevant features remain clear and
intact.

Figure 2.4 presents a medical image corrupted by speckle noise at two different density levels. The
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corrupted images were then processed using our model with three different values of the parameter a.
This experiment aims to evaluate the model’s ability to handle multiplicative noise while preserving
essential anatomical structures.

Additionally, Figure 2.5 illustrates the influence of the parameter by demonstrating how varying
its value affects the balance between data fidelity and smoothness in image processing. In this nonlin-
ear diffusion model, y governs the trade-off between adherence to the original image and the degree
of nonlinear diffusion applied for noise reduction. To investigate this effect, six different values of
were tested. Increasing y enhances the contribution of the data fidelity term, leading to results that
are more faithful to the original image, with better detail preservation and reduced distortion.

Summarizing the observations across all experiments, although a relatively large time step is used
-particularly in Figure 2.2, where At = 10- the proposed model still achieves both stability and ac-
curacy. Overall, the experimental results demonstrate that the model is highly effective in preserving
edges and fine details during the denoising process, while also producing visually superior outcomes
compared to conventional approaches.

To further asses the performance of the proposed model, we conducted a comparative study in-
volving the ROF model and a Caputo-based formulation. The comparison was carried out on a set
of representative test images (Die, BMRI, and Butterfly), using both qualitative visual evaluation
and quantitative metrics, including PSNR and SSIM. The results of this comparison are presented in
Figures 2.6-2.8 and Tables 2.1-2.3.

Figure 2.6 presents a die image corrupted by salt-and-pepper noise. The results clearly high-
light the superiority of the proposed model in effectively removing noise while preserving fine image
details. This is evident both in the visual quality and in the quantitative evaluation metrics (PSNR
and SSIM) reported in Table 2.1. In contrast, the denoised image obtained using the Caputo-based
model still contains noticeable residual noise, especially in homogeneous regions. This is primarily
attributed to the slow convergence behavior of the Caputo derivative, which requires a higher number
of iterations and significantly longer computational time to produce results comparable to those of
the Caputo-Fabrizio-based formulation. Furthermore, although the ROF model [44] performs well
in terms of noise smoothing, it tends to oversmooth critical image features, resulting in the loss of

fine details and edge blurring. This limitation arises from the local nature of the ROF regulariza-
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tion, which lacks the capacity to capture long-range dependencies or preserve textures effectively.
By comparison, the proposed model based on the Caputo-Fabrizio operator demonstrates superior
denoising performance, combining efficient noise removal with enhanced edge and structure preser-
vation. These advantages are corroborated by the higher PSNR and SSIM values reported in Table
2.1, confirming both the visual and numerical improvements achieved by our approach.

Figure 2.7 illustrates the denoising performance on a BMRI image degraded by speckle noise.
The proposed Caputo-Fabrizio-based model demonstrates a remarkable ability to reduce the multi-
plicative noise while preserving anatomical structures and delicate textures within the image. This is
particularly important in medical imaging, where retaining structural integrity is critical for interpre-
tation and diagnosis. The Caputo-based model, although capable of attenuating the noise, exhibits
a slower convergence and leaves behind residual artifacts, especially in regions with subtle intensity
variations. This further emphasizes the computational and practical limitations associated with the
Caputo operator. On the other hand, the ROF model [44] successfully suppresses noise but at the cost
of smoothing out meaningful anatomical details, such as fine tissue boundaries and small structural
features. This loss of detail can hinder the diagnostic quality of the output. In contrast, the proposed
model achieves a better trade-off between noise suppression and structure preservation. This supe-
riority is confirmed by the PSNR and SSIM values reported in Table 2.2, which clearly favor the
Caputo-Fabrizio-based formulation over the alternatives.

Figure 2.8 presents the denoising results for the Butterfly image contaminated with Gaussian
noise. The proposed model based on the Caputo-Fabrizio operator successfully suppresses the noise
while preserving sharp edges and intricate patterns such as the wing textures and fine contours. This
highlights the model’s ability to maintain high-frequency details, which are often lost during the
denoising process. The Caputo-based model manages to reduce the noise to a certain extent; however,
residual Gaussian noise remains noticeable, particularly in smooth background regions. Moreover,
due to the slower convergence of the Caputo operator, this model requires more iterations and longer
computational time to approach the visual quality achieved by our proposed approach. In contrast,
the ROF model [44] effectively eliminates a portion of the noise but overly smooths key features,
resulting in blurred edges and a loss of delicate structures within the image. This limitation arises

from the local nature of the total variation regularization, which cannot fully preserve global texture
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information. Quantitatively, as shown in Table 2.3, the Caputo-Fabrizio-based model outperforms
both the Caputo and ROF models in terms of PSNR and SSIM metrics, confirming its superiority in
balancing noise removal with detail preservation.

Collectively, the results of the numerical experiments across various test images and noise types
demonstrate the effectiveness and versatility of the proposed Caputo-Fabrizio-based model. Com-
pared to the ROF [44] and Caputo-based models, the proposed approach achieves better noise sup-
pression while preserving fine structures and edges. These advantages are consistently reflected in
both visual quality and objective evaluation metrics, confirming the model’s practical relevance for

advanced image denoising applications.

(a) (b)

Figure 2.1: Results obtained by applying our model to the noisy image (b) after 10 iterations, with
At = 5 and y = 0.001. First row: (a) original image, (b) noisy image corrupted by Gaussian noise.
Second row: Filtered versions of image (b) by the proposed Caputo-fabrizio-based model (2.4). First
column: for a = 0.6, second column: for & = 0.7, third column: for o« = 0.8.
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(e (2
(h) () Q) (k)

Figure 2.2: Results obtained by applying our model to the noisy Shepp-Logan head image after 17
iterations, with At = 10 and y = 0.03. First row: (a) Shepp-Logan head original image, (b) noisy
image corrupted by Gaussian noise, (c) noisy image corrupted by salt-and-pepper noise. Second and
Third rows: Filtered versions of images (b) and (c) by the proposed Caputo-fabrizio-based model
(2.4). First column: for &« = 0.65, second column: for &« = 0.75, third column: for a = 0.85, fourth
column: for o = 0.95.
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(d)

(e) ® (€9)

Figure 2.3: Comparison of the effects of different & values using our model on a noisy medical image
after 12 iterations, with At = 3 and y = 0.04. (a) Noisy image, (b-g) denoised images by the proposed
Caputo-fabrizio-based model (2.4) fora« = 0.3, ¢ = 04, a = 05, a = 0.6, a = 0.7, and a = 0.9,
respectively.
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(b)

(d)

€9) ()

Figure 2.4: Results obtained by applying our model to the noisy medical image after 6 iterations,
with At = 4 and y = 0.001. First row: (a) original image, (b) noisy image corrupted by speckle
noise at level of 0.01, (c) noisy image corrupted by speckle noise at level of 0.02. Second and third
rows: Filtered versions of images (b) and (c) by the proposed Caputo-fabrizio-based model (2.4).
First column: for & = 0.6, second column: for & = 0.7, third column: for o« = 0.8.
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(@

Figure 2.5: Comparison of the effects of different y values using our model on the Barbara image
after 40 iterations, with At = 1 and @ = 0.65. (a) Barbara original image, (b-g) processed images by
the proposed Caputo-fabrizio-based model (2.4) fory =2,y =1,y =05,y = 0.2, y = 0.07, and
y = 0.01, respectively.
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1™ _
(c) (d)

Figure 2.6: Denoising results for Die image: (a) original image, (b) noisy image corrupted by salt-and-
pepper noise, (c¢) result from the proposed Caputo-fabrizio-based model, (d) result from the Caputo-
based model, (e) result from the ROF model. All results are shown after 10 iterations, with time step
At =10, y = 0.001, and fractional order &« = 0.5.

‘ Caputo-Fabrizio-based model ‘ Caputo-based model | ROF model [44]

Image
‘PSNR SSIM \PSNR SSIM \PSNR SSIM

Die image | 34.24 0.95 | 3221 089 | 2019 093

Table 2.1: Quantitative comparison of denoising performance on the denoised Die image using PSNR
and SSIM metrics for the proposed Caputo-Fabrizio-based model, the Caputo-based model, and the
ROF model.
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(b)

(d) (e)

Figure 2.7: Denoising results for BMRI: (a) original image, (b) noisy image corrupted by speckle
noise, (c) result from the proposed Caputo-fabrizio-based model, (d) result from the Caputo-based
model, (e) result from the ROF model. All results are shown after 4 iterations, with time step At = 5,
y = 0.01, and fractional order = 0.1.

‘ Caputo-Fabrizio-based model ‘ Caputo-based model | ROF model [44]

Image
\PSNR SSIM \PSNR SSIM ‘PSNR SSIM

BMRI | 37.27 0.97 | 37.16 096 | 3294 092

Table 2.2: Quantitative comparison of denoising performance on the denoised BMRI image using
PSNR and SSIM metrics for the proposed Caputo-Fabrizio-based model, the Caputo-based model,
and the ROF model.
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Figure 2.8: Denoising results for Butterfly image: (a) original image, (b) noisy image corrupted by
Gaussian noise, (c) result from the proposed Caputo-fabrizio-based model, (d) result from the Caputo-
based model, (e) result from the ROF model. All results are shown after 10 iterations, with time step
At =7,y =0.01, and fractional order o = 0.7.

‘ Caputo-Fabrizio-based model ‘ Caputo-based model | ROF model [44]
| PSNR SSIM PSNR  SSIM | PSNR  SSIM

Image

Butterfly image | 26.55 0.82 12589 078 | 2530 081

Table 2.3: Quantitative comparison of denoising performance on the denoised Butterfly image using
PSNR and SSIM metrics for the proposed Caputo-Fabrizio-based model, the Caputo-based model,
and the ROF model.

2.7 Conclusion

This chapter addressed the existence and uniqueness of the weak solution to a nonlinear diffu-
sion model incorporating a fractional gradient, established through Schauder’s fixed-point theorem.
To complement the theoretical analysis, we have developed an unconditionally stable semi-implicit
numerical scheme based on the additive operator splitting (AOS) method. The proposed scheme has

been successfully applied to image denoising, with experimental results demonstrating its effective-
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ness in suppressing noise while preserving essential image structures such as edges and textures.

Moreover, we conducted a comparative study involving the proposed model, a Caputo-based
formulation, and the classical ROF model [44]. The results show that our Caputo-Fabrizio-based
approach consistently achieves higher denoising quality, as reflected in both visual outcomes and
quantitative metrics such as PSNR and SSIM. Unlike the Caputo-based version, which requires more
iterations and computational time due to slower convergence, or the ROF model, which often over-
smooth and blurs image details, the proposed model offers a better trade-off between efficiency and
preservation of fine structures.

An important aspect of the model is the inclusion of the fractional gradient, which introduces a
degree of nonlocality. This contributes to more flexible control over the diffusion process, offering
improved balance between noise reduction and feature preservation compared to classical models.
Moreover, the use of the Caputo-Fabrizio operator-with its exponential kernel- further distinguishes
the proposed approach from models based on traditional fractional derivatives. This kernel structure
not only enhances computational efficiency but also improves convergence behavior, as confirmed by
our comparative experiments.

Overall, this work provides a mathematically sound and computationally feasible framework for

image processing tasks.




CHAPTER 3

A NONLINEAR DIFFUSION EQUATION WITH
GRAY-LEVEL AND FRACTIONAL GRADIENT
DEPENDENT COEFFICIENTS:
WELL-POSEDNESS ANALYSIS

The results presented in this chapter are based on the findings reported in [12].

3.1 Introduction

In the previous chapter, a comparative study between the Caputo and Caputo-Fabrizio-based models
was presented. While the Caputo-Fabrizio operator exhibited faster convergence and higher compu-
tational efficiency, the Caputo formulation revealed certain limitations, particularly regarding numer-
ical performance. Motivated by these findings, this chapter introduces an improved Caputo-based
diffusion model by incorporating a gray-level indicator into the diffusion coefficient. The gray-level
indicator enhances the adaptability of the diffusion process to local intensity variations, thereby ad-
dressing the shortcomings of the Caputo model and improving practical denoising performance.
This chapter focuses on the theoretical and numerical analysis of a nonlinear diffusion equation
in which we propose a model where the diffusion coefficient depends simultaneously depends on the
image gradient, gray-level information, and fractional derivatives. The Caputo fractional derivative
provides a nonlocal mechanism that enhances texture representation while preserving essential image
features. To further suppress noise and retain structural information, a gray-level indicator is inte-
grated into the diffusion coefficient. In addition, a Gaussian kernel function is employed to increase
the model’s robustness to noise and to play a crucial role in establishing its well-posedness. Finally, a
fidelity term, originally proposed in [44], is incorporated as a source term to ensure that the restored

image remains faithful to the observed data. The model is formulated as follows:

62
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B
u
M _ 4 [ U v +y (1o — u), inQx(0,7), (3.1)
ot p A
(My) 1+ |Veu,|
l/l(x, y, O) = Mo(x, y)/ in Q/ (32)
Vui=0, ondQ x (0,T), (3.3)

where:
e ) is a bounded domain of IR?, and 1y is the original image.

O<a<1,>0,A >0,y >0,and i1 denote the unit outward normal to Q.

99,9

® U, = 7(p * 1, here ”+” denotes convolution operator.

We define:

u _
M, = g;géhtp(x, Yy, t)i.

V (respectively. div(.)) denotes the gradient (respectively divergence) operator, and

2 2 . o
|V“up| = \/ |CZ)§up' + |CZ)‘;MP| , where CZ);‘:up represents the Caputo fractional derivative of
order & of u, in terms of the variable x, and Cl);up represents the Caputo fractional derivative

of order & of Up in terms of the variable v.

The remainder of this work is organized as follows. Section 3.2 presents the preliminaries, includ-
ing essential definitions and propositions. In section 3.3, we examine the existence and uniqueness
of the weak solution for the proposed model. Section 3.4 outlines the numerical implementation

developed for the model. Finally, section 3.5 concludes the study by summarizing the key findings.

3.2 Preliminaries

This section presents the essential definitions from fractional calculus.

The fractional gradient of K, of order « is defined by:

VAR (x, y) = (CONK(x, ), C DIK(x, ).
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It follows from definition 1.12 that:

_. 9K, (6, )
F(l f( —0) — — 7205, 0<a <1,
1 (xl IK( Oy) f( P T, (6, }/) )

C@gq(p (x,y) =

“T2-a) e
similarly, we have:
CDYK,(x, y) = f (y-06)" dat (x ) —— 145, 0<a<l1
oK (x 0) P K(x,0) 6)
o (y i f o )

3.3 Theoretical framework

In this section, we establish the existence and uniqueness of the weak solution to the proposed
model (3.1)-(3.3). Owing to the nonlinearity of the problem, we begin by analyzing a linearized
version, and subsequently apply Schauder’s fixed point theorem to prove the existence of a weak
solution.

We introduce the following functional space:
2 1 Jw _ -, 1 /
WO,T) = {we X0, T H'(Q), - €L (0, T (H' Q) -

It is evident that W(0, T) is a Hilbert space equipped with the norm:
Jw
8t LZ(O,T;(‘T(I(Q))’) '

Definition 3.1. A function u € W(0,T) is called a weak solution of (3.1)-(3.3) if it satisfies the

[ollw = llwlli20,r20@) +

following relation:

p
<(3—?’(P> +f |up| 7 L ~Vu Ve | dxdy = yf (uo — u) pdxdy,
ol (M) 1+ |Veu,| Q

u(x,y,0) = up(x, y),
for almost every ¢ € (0, T) and for all ¢ € H'(Q).

In what follows, we assume that the initial value u, € H'(Q) satisfies:

0 <m:=ess mf up(x,y) and € :=esssup up(x,y) < oo. (3.4)
x,y€Q)
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The linearized problem

Let us define the following space:
w={ weWOT)NL 0, T;LAQ)): m < w(x,y,t) <, aein Qx (0,T) |.

For any w € W satisfying
w2 < tollr2qy /

' dw
ot

< Clluollen gy »
L2(0,T;L%(Q2))

where C > 0 is a constant .

The linearized problem is formulated as follows:

p
w
aﬂ: i | p| 1 Vg |+ 7y (U — ), inQx(0,T),
7 e e
(Mp) + |[Vew,
uy(x,y,0) = up(x, v), inQ,
Vi1 =0, ondQ x (0,T).

Proposition 3.1. The following inequalities are valid:

|wp|ﬁ 1
O0<y < <
Ve e
a |wp|ﬁ 1 <
P\ () 1+ v
|(w1)p|ﬁ 1 |(w2)p|ﬁ .
- < &y — wallizy
(M) 1 Ve[ (M) 1+ Vo) | o e

L=(Q)

where positive constants Y, C, and & depend only on K, B, A, m, and uy, while w,, w, € V.

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

Proof. Proof of (3.10). Let w € W. Since 0 < m < w, and 7(p is positive, it follows from the

convolution property that:
{6, | ) = 165 %] < feop] < CoC ooy
By definition, M is given by:

szmax|w X t|.
p x,y€Q) P( ’y’)

(3.13)
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Using (3.13), we have:

M| < C,Clluollgncy -

Hence, for any g > 0, it holds that:

5 < bl <o <l

L@ H(Q) "
Therefore:
B
mﬁ”?(PHLl(Q) < |wp|ﬁ <1 (3.14)
Cgcﬁ”“‘)lliﬂ(o) ) |M§U|ﬁ )

Moreover, by applying Young’s convolution inequality, we obtain:

|Vawp|

IA

(V) * w)

IA

Cp ||w||L2(Q)

IN

CoClluollgn ) -
Accordingly, for any A > 0,

A
1< 1+[Vew,| < 1+ CCMluollyp g,
1 1
<

1+ CgCA ||”0||();{1(Q) T 14 |V“w 'A <1l (3.15)
p
This implies that (3.10) follows from (3.14)-(3.15) for
_ mP ||7{P||i1(o) ' 1
Ol 1+ CCH ol
Proof of (3.11). We note that:
5 |wp|ﬁ , ) priﬁ_l XK, * %—?'(M}j’)ﬁ . %(V“wp)A
| (M2} 1+ Ve, | )| (M) (L+[Vew' P |
A _
By

By the property of convolution and the condition w € \V, it follows that

B B
ﬁcpcﬁ ||u0”(f{l(o)

,if B> 1,
mf |56,

LY(Q)
BC,Clluollen

m %,

,if0<p<1.

LY(Q)
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We also have:

- - A-1
By < AC,T N Mol [V * =

ot

8w)

A A A
< ACACM [l

Q-
Hence,
B
2| Ju < C(B, p,m, Iolbs ) + COA, p, 1, gl )
ot (Mw)ﬂ1+|Vawp|A = &P 0,1 Aol s Py ol ()
P
:C_
Proof of (3.12). We have:
O O T Y
(M;ul)ﬁ 1+|Vagoy),|' (Mv;}z)ﬁ 1+|Va(wy),|' o)
_ mm»f[ 11 ]+ 1 Y
(M) 1+ Ve, 1+ [ve@,[" ) 1+ Ve, | | (M) (M) -
o ool () ~feoa (e
AT R RN CHN () (M52 -
Ay B,

Using the convolution property, we obtain

Ay < CV) |||V, * wr | - [VoK, » w2|”L°°(Q)

< C[[V°%, * w01 = VK, * ]
< CO) [V # (w1 = w2)]

< CA, p) llwy — wall 2y - (3.17)
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Since m ||(KPH (Mw’) fori =1,2, we observe that

LY(Q)

156, <ol (v12) =[5 = ol (na32Y

<—
i |16, ne

LY(Q)

156, ' (w12 = (1))

L“(Q))

< COm B, py o) (6, w015, = 196, e, y, )

samﬁmﬂ

L=(Q)

(Y (156, + il = 196, wef

1@
+ H|7<p * w1|ﬁ - |7(P * w2|ﬁ Lm(Q))
< COm, B, p, o) Iy = wall 2oy (3.18)
By substituting (3.17) and (3.18) into (3.16), we have:
O O T (Y
() 1 ey () 1 e

< C(A, p) llwr — wallizq) + Clm, B, p, o) lwr — walli2q)

= &lwr — wallr2qy) -
This completes the proof of Proposition. |

By using (3.10) and (3.11), we can apply the classical Galerkin method [26] to prove that the

linearized problem (3.7)-(3.9) has a unique weak solution v, € W(0, T).
Lemma 3.1. Let v, € W(0, T) be the weak solution of the problem (3.7)-(3.9). Then
0<m < uy(x,y,t) < €forae. (x,y,t) € QAx(0,T). (3.19)

Proof. We define (1, — €); as (uy — €); = max {0, u,, — £}.

By multiplying equation (3.7) by (1, — )+ and then integrating over (), we get:

zﬂfk% 0. dxdy

B
= f div pri ; L =V, | (U — O)dx dy + yf (1o — Uy) (U — €), dxdy,
Q (Mg’) 1+ |V“wp| Q
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using integration by parts and the Neumann boundary condition (3.9), we have
1d ’
—— w— O+ dxd

|wp|ﬁ 1
= — f ; =Vt - Vi, dx dy + yf (1o — Uy) (U — ), dxdy,
) (M) 1+ [Vow, fia>0

this implies that:

1d f ) f ol 1 )
~ 71 |( w f) | d dy + |v wl d d
2dt o u + axay (120] (Mg))ﬁ 1+ |V“wp|A u xay

+ Vf (e — 1) (g — ), dxdy = 0.
(w2t}

|wp|ﬁ 1

(Mg)ﬁ 1+ |[Vew, |

Since > 0 and (1, — ug)(uy — €); > 0, we obtain:

d

g fQ (10 - O P dxdy <0,

integrating over (0, t) yields:
[ - 0P vy < [ 00 0.Faxdy
o} 0
given that uy < ¢, it follows that:
f|(uw—5)+|2dxdy < f (1o — £), > dxdy <0,
0 Q
As a result, the following inequality holds:
uy(x,y,t) < € forae. (x,y,t) € Qx(0,7).

Similarly, we define (1, — m)_ as (uy,, —m)- = min {0, u,, — m}, multiplying the equation (3.7) by

(1, — m)_ and then integrating over (2, we conclude that:
0 < m < uy(x,y,t) forae. (x,y,t) € Qx(0,7).
O

Lemma 3.2. The linearized problem (3.7)-(3.9) admits a unique weak solution u,, € W(0,T) that

satisfies the given estimates:
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i)

[uwllro@,r2c) < lollrz) + %1,

el 0,10 < 2,

[

where the constants K1, K, and i3 are positive and depend on ||uollyp ) , Ky, ¥, m, and €.

iii)
i, ||

—_— dt < x3,
ot 3

(HY Q)Y

Proof.  1): Multiplication of equation (3.7) by u,,, followed by integration by parts over €2 and the

use of (3.9), leads to:

8 [l g acay= [
u|* dx dy + 7 ~ Vug | dxdy =y | (uo — uy) uydxdy.
2 dt Q (szu) 1+ IVawp| Q

Applying Young’s inequality and (3.10), we obtain:

2dtf|”“’| dxdy+¢f|Vuwl dxdy < —IIuo ol + IIMWIILZ(Q)

By using Lemma 3.1, we find

ity = tollFzy < 2 (ol ey + tolzy)
(3.20)
< 2lluollz g + 2671001
According to (3.20), we have
2
2dtf|”“’| dxdy+1,bf|Vuw| dxdy <y ||uo||ﬂl(g)+y2£2|g|+ —|Q
el (3.21)

By integrating inequality (3.21) over (0, t), we get:

l14ll72cy dT f fl Uy~ dxdydt < Ct,
2 ), dt LAQ) L4 0 Jo Y

hence, for a.e. t € (0, T],

1 ' 1
5 ”uw(t)”iz(g) + be f |V1/lw|2 dxdydt < CT + > ||u0||iZ(Q) ’
0 Q

we conclude that

[l 2y < Itollizqy + %1
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d
i1): Multiplying equation (3.7) by %, integrating by parts over {2, and using (3.9) imply that:

f dxdy + f'wﬁiﬁ L vu,.v (8”w)d xdy
@ (g 1 e

duy,
= yL(uo — Uy) dedy.

According to Young’s inequality, we obtain the result:

8uw
ot

f 8uw Ix d]/"'f iwpiﬁ 1 Viuy - (3uW) dxdy
ot a (Mw)ﬁ 1+ |[Vear, | "
7/ ity ||
< ? [|ug — uw”LZ(Q) ‘ ot L2(Q) .

Observing that:

p
_ f |wp|ﬁ L (Vity) dxdy
o (My) 1 +|Vaw |
p
f |wP| IVuwl dxdy.
(M) 1+|V“w|

We also have:

B B
1 df |wp| 2 f d 'wp' 1 2
57 = [Vup["dxdy - 5 | — Vi, |* dx dy.
“2dt Uy T2 g (M2)' 1+ Ve, | /

Therefore, by using the inequality (3.11), we deduce that

'wp|ﬁ 1 (9 )
Vi, dxd
fﬂ (M2) 1+ [Vow, || T R

'wP| 2 C 2
|vuw| dXd}/ 5 ”Vuw” 2(Q)) * (322)
Zdtf (M) 1+|Vawp| 27




3.3. THEORETICAL FRAMEWORK

72

Combining (3.20) and (3.22), we obtain

duy,

ot

1
2

2 +1if |wp|ﬁ L Vi, | dxd
o 2dt Jg (M;”)ﬁ 1+ |V"‘wp|A ¢ s
C

2 2
< Vol + 72101+ 2 Vil

p
Noting in (3.10) that 0 < ¢ < %1 |V1 r gives the following:
0 +|Vew,

|wp|ﬁ

0 Vil < [

Vit |* dx dy,
oy e

which implies that:

1 |w9|ﬁ 1
IVitlPorey < — f V2 dx dy.
HO Ty o (M;”)ﬁ 1+ |[Vew, | /

Applying (3.23) and substituting Cy = 2 ||u0||,i{1 ot y2€2|QY), it follows that:

B
1d f [, 1 )
+ == Vu,| dxd
20t Jo (¥ 1s v [

B
< Co+ Ef [ 1 — Vit |* dx dy,
2 Q(

4
5

It is evident that

where C; =

Employing Gronwall’s lemma, we derive:

B
wy(x,y,t
f| &Y )| ! A|Vuw(x,y,t)|2dxdy < e“1(Cy +2Co),
Q

(Mg’)ﬁ 1+ IV“wp(x, Y, t)|

(3.23)

(3.24)




3.3. THEORETICAL FRAMEWORK 73

iif):

for a.e. t € (0, T], where

|wp<x v, 0)|ﬁ 1 :
= |Vuw(x, v, 0)| dx dy.
w 1+ |Vawp(x, v, 0)|
From (3.23), we have
1
IVitallfzqy < m ¢“T(Cy +2C0T). (3.25)
Furthermore, from (3.24), we can deduce that
B
1|9us | w
z % = f | p| |Vuw|2 dxdy
2 t LZ(Q) 2 t Mw 1 4 |V“w |
Cy
< Co+ > L oCT(Cy + 2CoT). (3.26)

By integrating (3.26) over (0, t), we get to that
w(x , t) 1
f ' LAl < |Vuw(x, Y, 1f)|2 dxdy
MY 1+ [Vew(x, y, |
< (zc0 +CpeOT(Cy + 2C0T)) t+Cy,

8uw

foraet e (0,T].

We see that:
uy P

> dt < (2Cy + C1 €97(Cy + 2CT)) T + Gy (3.27)

r

According to uy(x, y,t) = u,(x, y,0) + fot %d’[, inequalities (1.15), and (3.27), we have

L2(Q)

ltalPagy < 2ol +2T f [l
w = T
Q) OllHI(Q) o I 9t g
< 2ol gy + 272 (2Co + C1€94(Cy + 2Cot)) + CoT. (3.28)
From (3.28) and (3.25), it follows that
el L0000 < Koo (3.29)

Multiplying (3.7) by ¢ € H'(QQ) where ||g0|| HIQ) < 1, applying Cauchy-Schwarz’s inequality,

and combining (3.20) and (3.29), we acquire that:
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B
|<9uw’(P>l _ f |wp|ﬁ 1 ~Vi, - Vpdxdy +7/f(uo—uw)(dedy
ot o (M) 1+ |Vew,| Q
|wp|ﬁ 1
(Mg) 1+ Voo, |
(KZ + ‘/§V||Mo||w1(o) + V2|Q|Vf)”90“¢11(0>‘

IA

IVuwlliz ) + 7 llto — tawllrzq) ”(PHW(Q)

IA

Consequently, we obtain

dity
ot

< w0+ V2y gl , (3.30)
(HY(Q))

where ko = k2 + V2|Q[yL.

In addition, by squaring (3.30) and integrating over (0, T), we get to that:

[

The proof is complete. O

2

duy,

7 dt < K3.

(H Q)Y

Existence of a weak solution

Theorem 3.1. Assuming that uy € H(Q) and that (3.4) holds, the problem defined by (3.1)-(3.3)

admits a weak solution v € W(0, T).

Proof. We now establish the existence of a weak solution to the underlying problem using Schauder
fixed-point theorem. To this end, we introduce the subset W of W(0, T), defined by:

Jw
ot

< K3,
L2(0,T;(HY(Q))')

w € WO, T); [wllpeo 00 < K2, [l 12y < ol »

0<m<w(x,y,t) < Cforae. (x,y,t) € Qx(0,T),w(0) = ug

W =

Furthermore, it can be shown that W is a nonempty and convex subset of W(0,T). Since the
functions in W satisfy uniform bounds, the set is bounded in W(0, T) and is also weakly closed.
As W(0, T) is a reflexive Banach space, the Banach-Alaoglu theorem [43] ensures that W is weakly
compact in W(0, T). Moreover, by the Eberlein-Smulaian theorem [24], weak compactness and weak

sequential compactness are equivalent in Banach spaces. Therefore, W is weakly sequential compact
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in W(0, T). Subsequently, we define the next mapping:

QW->W

W Uy

To apply Schauder’s fixed-point theorem, we must prove that the mapping Q : w +— u,, is weakly
continuous from W into W. Consider a sequence w; in W that weakly converges to some w in W, and
let u; = Q(w;,). Our objective is to demonstrate that Q(w,) := u, weakly converges to Q(w) := uy.
By applying lemma 3.2 and using classical results of compact inclusion in Sobolev spaces [2], we can

extract sub-sequences of w, and u, (still denoted by w, and u,), hence we obtain:

w, — w in L*((0, T); L*(Q)) and a.e. onQ x (0, T), (3.31)
K, *w, —» K, *w in L*((0, T); L*(Q)) and a.e. on Q X (0, T), (3.32)
196, +w,|" — ¢, +w| in L2((0, T); LA(Q)) and a.e. onQ x (0, T), (3.33)
|(w1)p|ﬁ |wp|ﬁ

5 5 in L*((0, T); L*(Q)) and a.e. on Q x (0, T), (3.34)
(M) ()
“Diw,), = Diw,,” Dij(w)), = Dyw, in L*((0, T); L*(2)) (3.35)

and a.e. onQ x (0, T),

Ve@)),|" = [Vew,|" in L3((0, T); L(Q)) and a.e. onQ x (0, T), (3.36)
1 - — — in L*((0, T); L*(Q)) and a.e. on Q x (0, T), (3.37)

1+[Ve@),|” 1+ |Vew,)

u, — u weakly in L((0, T); H'(Q)), (3.38)

Jd

% — 3—? weakly in L2((0, T); (H'(Q))"), (3.39)

u; = uin L*((0,T);L*(QQ)) and a.e. onQ % (0, T), (3.40)

Vu, — Vu weakly in L*((0, T); L*(Q)), (3.41)

u,(0) = u(0) in L*(Q). (3.42)

The (3.33), (3.34), and (3.37) are acquired by applying the dominated convergence theorem [10].

Since 1, is the weak solution of (3.7) associated with w,, we have, for almost every t € (0,T], and
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¢ € HY(Q):

v |(wJ)P|ﬁ 1
Wgodxdy+f — ~Vu, Vo dxdy = yf(u](O) —u])(pdxdy. (3.43)
0 o (M) 1+ |Ve(w)),| 0

Integrating (3.43) over (0, T) yields

B
T ro T w
ﬁ(pdxdydt+ |( ])p| L Vu, Vo dxdy dt
o ot ) A
o Ja (M) 1+ |V“(w])p|

_y f f 1,(0) - )  dx dydt. (3.44)

From (3.39), we have

T du, T [ ou
f fy(pdxdydtef fggodxdydt, as | — oo.
0o Ja 0o Ja

Examining the second term in (3.44)

iﬁ

T B
ok B 1 TVu, - Vodxdydt - f f |wp| B 1 7V Vodxdydt
(M) 1+ |V“(w])p| 0 Ja (Mg) 1+ [Vow,|

<[ L

f | ) p| L ~V(u; —u) - Vodxdydt|.
MYY 1+ Vo),

|(w1)p |wp|ﬁ

MY 1+ |w(w )l (Mg’)ﬁ 1+ |Vew,|

~| Vil |V(p| dxdydt

According to 3.12, we deduce, as ] — oo
p B
@), 1 B [y

T
L Ly R
0 Ja| (MUY 14 |[Ve@),[ (Mg) 1+ |Vow,|

T
< Cf f”w]—w”Lz(Q) |Vul |Vq0| dxdydt
0 Ja

< C(p) ”w] - w”Lz(Q) ||Vu||L2((o,T);L2(Q)) -0,

~| Vil |V(p| dxdydt

and also, as ] — oo,
T p
f f |(w]:p|ﬁ ! ~V(u, —u) - Vo dxdydt
0 Yo (M) 1+[Va(w),|

— 0.
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Through (3.40) and (3.42), we obtain

fOTL(u](O)—u])gadxdydtﬂfon(;(uo—u)(pdxdydt,

Letting j — oo in (3.44) implies that

B
T ou T |wp| 1 T
ff—(pdxdydt+ff 7 AVu.V(pdxdydt:yf f(uo—u)(pdxdydt.
o Ja ot 0 Q(M;v)1+|wwp| o Jo

Therefore, by the arbitrariness of ¢ € H(Q), we get for a.e t € (0, T]

p
f%(pdxdy+f |wP|ﬁ L AVM.Vgodxdy:yf(uo—u)godxdy.
Q o (M) 1+ |Vaw,| 0

Hence, it follows that

u =y = Qw).

Furthermore, given the uniqueness of the solution to problem (3.7), the whole sequence
u, = Q(w,) converge weakly in W to u = Q(w). This confirms that Q is weakly continuous.

Therefore, by Schauder’s fixed-point theorem, there exists w € W such that
w = Q(w) = uy.
Consequently, the existence of the weak solution 4, to the problem (3.1)-(3.3), is proved. O

Uniqueness of the weak solution

Theorem 3.2. Assuming that u is a weak solution to (3.1)-(3.3), then this solution is unique.

Proof. Let uy, u, be tow weak solutions of (3.1)-(3.3). Then for a.e t € (0, T), we have

ou; '(ui)p|ﬁ 1
8_1‘1 = div 5 AVui +’)/(l/l0 —uz‘) QX (OIT)I
(M) 1+ Ve (3.45)
ui(x, y,0) = up(x, y), Q,
Vo,.ii =0, ondQ x (0,T).

Such thati =1,2.

Denote i = u; — u,. Then we can get:
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_ p
A, |(u1)p|ﬁ L Vi
ot (M) 1+ Ve,

p
_ div |(ul)p| 1 |(u2)p|ﬁ 1 i Vi | =y
(Mul) 1+ |[Ve(u), | (M) 1+ [Va(uz), |

with initial condition:

=

inQx(0,T), (3.46)

ii(x,y,0)=0Q (3.47)

and Neumann boundary condition:

Vii.ii =0, ondQ x (0,T). (3.48)

Multiplying (3.46) by i1, and integrating over (), we obtain:

p
(u
fa—udxdy fdl 1)p' ! ~Vii |idxdy
t M 1+|w(u1)p|

:fdi '(u1)p| 1 |(M2)p|ﬁ 1 Vi, ﬂdxdy—yf|ﬂ|2 dxdy.
0 (MY 1+ [ven| (M) 1+ Vo), 0

By applying the integration by parts formula, we have:

li f || dxdy +f |(u1)p|ﬁ L |Vil? dxdy — |(u1)p|ﬁ L
2dt Jg Q (Mgl)ﬁ 1+ |V“(u1)p|A Q (Mgl)ﬁ 1+ 'V“(lxﬁ)pr

- f D S T Y
Q

Vu, Vit dx dy
(Mgl)ﬁ 1+ |V“(u1)p|A (Mﬁz)ﬁ 1+ |Va(”2)P'A 2

Viii |iids

f |u1)p'ﬁ L [ |,3 L ads—yflﬂlz ixdy.
o[ (M) 1+ Ve[ (M) 1+ |[Va(u), a

Using the homogeneous Neumann boundary conditions stated in (3.45) and (3.48), we obtain

2d flul dxdy+f|( 1)p L |Va|2dxdy
t (MY 1+ Ve, |

_ f O T Y
Q

Vu,.Viidxdy — f|-|2d dy. (3.49)
(MY 1+ V@), (M) 1+ [Va(u),|| A A

In view of proof to (3.10), there exists a constant ¢; > 0, such that:
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_ oy ol 1
1 =
(M) 1+ [Veu e, ),

Furthermore, according to (3.12) we find

|A <1, forae. (x,y,t) € Qx(0,T).

|(u1)p|ﬁ 1 _ '(uz)piﬂ 1

(MY 1+ V)| (M) 1+ [Ve(a), ||

< Cllall 2 , (3.50)

L=(Q)
where C is a positive constant.

Therefore, by substituting the estimate (3.50) into (3.49), we get

1d

—12 —12 — — —112
EE ”u”LZ(Q) + l,bl ”Vu”LZ(Q) <C ”u”LZ(Q) ||Vu2||L2(Q) ”Vu”LZ(Q) -V ”u”LZ(Q) .

By applying the Young’s inequality

P02
v < —
B < S

w,v, wl e R".

We conclude that:

1d C2 Y

_ _ _ 1 _ _
Eﬁ ||u||iZ(Q) + lpl ||Vu||i2(Q) < 2_11[)1 ||u||%2(0) ||Vu2||i2(0) + ||Vu”%2(0) =Y ”u”iz(g) ’

2
which implies

d —112 C2 2 —112
a ||M||L2(Q) < E ”VuZ”LZ(Q) - 2)/ ”u”LZ(Q) .

Since, i(0) = 0, applying Gronwall’s inequality yields

(Bl < O.

In other words, 11 = u,. O

Remark 3.1. (Boundedness of the weak solution). According to theorem 3.1, the weak solution of
problem (3.1)-(3.3) belongs to W and w = Q(w) = uy, is the fixed point of (3.1)-(3.3). Thus, u, is
also in W. Given the uniqueness of the solution, we conclude that the unique weak solution v =

satisfies the extremum principle:
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0<m<u(x,yt)<{forae.(x,yt) € Qx(0,T),

such that:

0 <m:=ess inf up(x,y) and € := ess sup uy(x, y) < oo.
x,yeQ x,y€Q)

The obtained extremum principle ensures that the weak solution remains uniformly bounded between
the infimum and supermum of the initial data throughout the entire evolution. In particular, the solu-
tion preserves its positivity and does not exceed the upper bound determined by the initial condition.
This property plays a fundamental role in the qualitative analysis of the model, as it prevents the
occurrence of nonphysical behaviors such as negativity or blow-up. Moreover, it provides uniform a
priori bounds that are crucial for establishing further results concerning the stability, and regularity

of the solution.

3.4 Numerical implementation

This section is devoted to the numerical implementation of the proposed Caputo-based nonlinear
diffusion model with the inclusion of a gray-level indicator.

The numerical scheme follows the same semi-implicit additive operator splitting (AOS) approach
introduced in Chapter 2, ensuring computational efficiency and stability. The main difference in this
model is the incorporation of the gray-level indicator into the diffusion coefficient, which allows the
diffusion to adapt locally to the image intensity while maintaining the global nonlocal effects of the
Caputo derivative. All other aspects of the finite difference discretization remain as in the previous
chapter.

The main steps of the implementation are summarized in Algorithm 2.
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Algorithm 2 AOS algorithm with diffusivity based on gray-level indicator and the Caputo derivative

Input: Original image U°, time step Af, number of iterations N, parameters a, p, B, A, 1]
Initialize: U" := U°
1: forn =1to N;do
2. Compute U := U" + n At (U° - U")
3:  Regularization: Compute the smoothed version using convolution v := K, = U"
4:  Compute the diffusivity:

e  Compute gray-level indicator:

[off
2 GIndicator W
e  Approximate the fractional gradient V*v using the Caputo fractional derivative (Section
2.5.3)
e  Compute the diffusivity function 7 := (Glndicam, . —A) at each pixel
1+ |Vay|

5:  Solve 1D system in x-direction:

R:= (21 -4AtO)'U

Solve tridiagonal system using Thomas algorithm
6:  Solve 1D system in y-direction:

P:= (21 - 4AtO,)"'U

Solve tridiagonal system using Thomas algorithm
7. Combine results:

Ut :=R+P

8: end for
Output: U"!

3.5 Conclusion

This chapter has introduced and rigorously analyzed a nonlinear diffusion model for image de-
noising, in which the diffusion coefficient depends on the image gradient, gray-level information,
and fractional-order derivatives in the sense of Caputo. The interplay between the Caputo fractional
derivative and gray-level adaptation allows the model to effectively balance noise suppression with
the preservation of essential structural details. Additionally, the incorporation of a Gaussian kernel

improves the model’s robustness and facilitates the derivation of key analytical properties.
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A thorough theoretical investigation of the underlying nonlinear diffusion equation has been car-
ried out. Using Schauder’s fixed-point theorem, we established the existence and uniqueness of the
weak solution and derived a priori estimates ensuring their boundedness. These results confirm the
well-posedness of the proposed model and provide a solid mathematical foundation for its further
study.

On the numerical side, the semi-implicit AOS scheme was adapted to this formulation, with the
gray-level indicator incorporated into the diffusion coefficient. The resulting algorithm offers an effi-
cient and stable implementation, complementing the theoretical findings and supporting the practical

applicability of the model in image denoising.




CHAPTER 4

WEAK SOLUTION OF A SPATIAL
FRACTIONAL NONLINEAR DIFFUSION
EQUATION: EXISTENCE AND UNIQUENESS

The results presented in this chapter are based on the findings reported in [11].

4.1 Introduction

In this chapter, we focus on the theoretical study of a spatial fractional nonlinear diffusion equation.
The proposed model is a parabolic PDE that interpolates between the second- and fourth-order non-
linear diffusion equations. In this model, the integer-order spatial derivatives in the Perona-Malik
diffusion equation are replaced by fractional-order Caputo derivatives. The model is also inspired by
the Catte-Lions-Morel model, where a Gaussian kernel function is used to regularize the diffusion
coefficient, thereby enhancing well-posedness from a theoretical perspective and improving robust-
ness in image denoising. Furthermore, we incorporate the fidelity term, as presented in [7], into this
model.

The structure of this paper is outlined as follows. In section 4.2, we present some basic results
and definitions of fractional calculus, and fractional-order Sobolev space. In section 4.3, we propose
a fractional-order diffusion model. In section 4.4, we study the existence and uniqueness of weak
solution of our proposed model. Section 4.5, provides the conclusion, constituting the final part in

this paper.

4.2 Preliminaries and definitions

This section introduces the fractional calculus and the associated function spaces.

The fractional gradient of order a of K, is defined as follows:
VA, (x, y) = (DK (x, v), DK, (x, v)
p\*r y x FMp\*r ]/ ’ y/ p\ s }/ ’

83
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and the magnitude of the fractional gradient is given by:

[V, )| = | CORTGx, )2 + (CDRK 1))

where CZ);';?(p(x, y) represents the fractional derivative of order a of K (x,y) with respect to the
variable x, and Ci)fﬂ(p (x, y) represents the fractional derivative of order o of K,(x, y) with respect to
the variable y.

From (1.12), we obtain:

coppotn = b [y 22000
DIK,(x,y) = re-a J, (x—=1) pre dn, 1 <a <2
2*K,(0, o K, (1,
el +f e T )
I'G-a) on? 0 on?

and

ot = o [ e 2
Z)y?(p(x,y)—r(z_a) O(y n) Py an, 1 <a <2

1 _, 9K, (x,0) y L PK(x, 1)
v U p—2+f(y—n)2 ——dn).
I@G-a) an 0 an

It should be noted that the kernel (x — 17)>~® belongs to L!(0, +o0) locally.

Lemma 4.1. Let QO C R?, u € L*(QQ), and v € L*(QQ). Then there exists a constant C,, such that:

|(VoT) = ul| o < Collullizey - 4.1

L=(Q)

Furthermore, there exists a constant K such that:

[R(|(VFC) + ) = B((VEKG) * O, ooy < Kl = Dlli2cry s 4.2)

L=(Q)
where h is a non-negative, smooth, Lipschitz, and decreasing function.

Proof. By convolution property, we have:

|(Veg) « | < f (VK (x1 = y1, %2 = y2) u(yn, ya)| dir dys
Q

= L |(Va7(p)(x1 — Y1, X2 — y2)| : |M(y1,yz)| dy, dy,.
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Since u € L?(Q), it follows from the above inequality that:

(V) * ] ) < Co litlezgey -

L>(Q)
Moreover, since i and (V¥K,) * u are smooth, it follows that h(i(V“‘Kp) * u') is smooth. Indeed,

097 ) =)« = T (76 <

. L)
< C[[JV ) * 1 = (V) * 0oy
=C |||(V“7(p) *(u— v)|||L°°(Q)
< C||Cp llt = vl oy
< CCp lu = vll2q
= Kllu — vll2q) ,
where K = CC,,. The proof is complete. -

4.3 The proposed model

In our proposed model, we replace the integer-order spatial derivatives in the Perona-Malik (PM)
equation with fractional-order Caputo derivatives. This modification transforms the equation into a
parabolic partial differential equation that interpolates between the second- and fourth-order nonlinear
diffusion equations. To regularize the diffusion coefficient and enhance the theoretical well-posedness
and robustness in image denoising, inspired by [19], we incorporate a Gaussian kernel into the dif-
fusivity function. Additionally, we introduce the fidelity term H(uo, u) = fQ (log u+ %) dxy dx,, as

presented in [7]. Consequently, the source term in the diffusion equation, defined as:

Ug— U
uz -’

h(ug, u) =

plays a significant role in influencing the denoising process. The proposed model is introduced in the

following part.

4.3.1 Formulation of the proposed model

Consider QO C R? as a bounded domain with dQ as its boundary, and let 1, be the initial condition,

which represents the noisy image in image processing .
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Forl <a <28 >0,y >0,and u, = K, * u, the fractional gradient of order a is given by:

Veu = (O, Diu), [Veu| = \/|CD;';u|2 + [cosul’, and
div® (v1(x, ), v2(x, ) = DL (01(x, y)) + D (0a(x, y)).

The fractional-order diffusion model is then formulated as:

Viu.ii =0, ondQ x (0,T),

where 71 denotes the unit outward normal to dQ.

4.4 Existence and uniqueness

inQx (0,T),

4.3)

4.4)

4.5)

In this section, we prove the existence and uniqueness of the weak solution of the proposed model

(4.3)-(4.5). Since the problem (4.3)-(4.5) is nonlinear, we first consider the linearized problem, and

then use Schauder’s fixed point Theorem to establish the existence of a weak solution. Without loss

of generality, we assume y = 1 in (4.3).

We introduce the Hilbert space:

W(,T) = {w € L*0, T; HY(Q)), ”;—Zt” eL*(0,T; (“H“(Q))’)},

with the norm:

Jw

ot

lwllw = llwllr20,r,202(c2p) +

L2(0,T;(H*(Q))') .

Definition 4.1. We say that a function u is a weak solution of (4.3)-(4.5) if there exists u € W(0, T)

such that

du > f 1 Uy — U
—, )+ ———V*u. Vi |dxdy = f(
<3f 0 [1 | ve, || ] o\ 1

u(x,y,0) = up(x,y), inQ,
fora.e. t € (0,T) and all p € H*(Q)).

Next, we assume that the initial data 1y € H*(Q) satisfies:




4.4. EXISTENCE AND UNIQUENESS 87

0<I:=ess mf up(x,y) and M :=esssup up(x,y) < co. (4.6)
x,y€Q)

For any positive constant N > 0, we define:
w e W(,T) N L0, T; L*(Q)) : [ < w(x, y,t) <M, a.ein Qx (0, T)
Wy =

< Nluollp )

[wllz0,7:22()) < lHollz2cry »
L2(0,T;L%(Q2))

ot

Let w € Wy. We consider the following linear problem P,,:

Po _ Gy (1, Vo) + e inQx(0,7), 4.7)
ot w2
uw(xr Y, O) = uO(x/ y)/ in Q/ (48)
V%, =0, ondQ x (0,T), (4.9)
where the function /,, is given by:
1 )
ho(x, y,t) == — with w, = w * K.
1+ |V0‘wp|

Lemma 4.2. Let u,, be a weak solution of the problem P, then
0<I<uy(x,yt)<Mforae.(x,y,t) € Qx(0,T).

Proof. We define (1, — M), = max {0, u, — M}.

By multiplying equation (4.7) by (u,, — M), and then integrating over (), we obtain:

2dt f (0 = M) dx dy = f div® (I, Vuty) (1t — M) pdx dy + f (

which yields

1d f (1 — M), P dxdy = — f h Vg - Viugdx dy + f (uo _zuw) (U — M), dxdy,
2 dt Q {”wZM} {lleM} w

this implies that

3 [ =Py s [ h Py [ (%) -0, dedy =0
(1 =M) ozmy W

Observe that, h,, > 0 and (1, — ug)(tyy — M), > 0,

— Uy

)( Uy — M), dxdy,

thus, we have

£f|(uw—M)+|2dxdy <0.
dt Jo
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Since uy < M, it follows that:

fl(uw —~ M), [Pdxdy < f (o — M), > dxdy < 0.
o Q

Therefore, u,, < M fora.e. (x1,x,,t) € QX (0, 7).
Similarly, we define (#,, — I)- = min {0, u,, — I}. By multiplying equation (4.7) by(u,, — I)- and

then integrating over (), we deduce that 0 < I < u,(x, y,t) fora.e. (x,y,t) € Qx (0, T). O
Lemma 4.3. The following inequalities are satisfied:

1.0 <x <h, <1,

ot
| ot

where the positive constant Cy depends only on Wp,uo,N,I,M, and p.

2 < Co,

Proof. 1. Let w € Wy. By convolution property, we have:

IA

|Vawp| |(V“7(p) * w|

IA

Cp ||w||L2(Q)

IA

CoN luollye(qry

1< 1+ Vo] < 1+ CONPul

Q)
1 1
p B = B =
1+ CpNﬁ ||1/l()||wa(o) 1+ IV“wp|
Now, we set
.= 1
1+ CONF Jluoll,,
Therefore, 0 < k¥ < hy, < 1.
2. Observe that:
d
—(V« B
(9hw‘ 3 8t(v @)
- B
111+ |vew, |’y
p-1n7p-1 p-1 a Jw
< IBCP N ”uo”?{a(Q) \% 7(’7 * E

< BCON [l

< Co.

This completes the proof of Lemma. O
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By using Lemma 4.3, we can apply the classical Galerkin method [26] to prove that the linearized

problem (4.7))-(4.9) has a unique weak solution u,, € W(0, T).

Lemma 4.4. The unique weak solution u,, € W(0, T) of the linearized problem (4.7) with (4.9) and

the initial condition (4.8), fulfills the estimates:
L luwllzoo, 2@y < ol + C1,

2. ||uw||L°°(O,T;‘I-l"‘(Q)) < G,

MY

where the constants C; > 0, C; > 0, and C3 > 0 only depend on ||ug|| ¢ , Ko, 1,1, M,N, and 5.

t < CS/

((H“(Q))’

Proof. 1. Multiplying equation (4.7) by u,, and integrating by parts over (), we obtain:

a a Uy — Uy
8t = uydxdy = fle (hV¥Uy) uypdxdy + L( . ) Uy dxdy,

2 = f i dx dy + f I Ve 112 dxdy = f ”0 wdxdy.

Using Young’s inequality and Lemma 4.3 (1), we find:

2dtf|uW| dxdy+1<f|V 1 [? dxdy <

Since w € Wy and by Lemma 4.2, we have:

ol

2
— |[U .
B L

IA

Huo — Uy ||?
w2

2
I_4 ”uO - uw”LZ(Q)

2 2 2
< 5 (Imolfie gy + Nl o)

L2(Q)
(4.10)

2 2
< 5 ol + MR
According to inequality (4.10), we obtain:

1d 1
5%['”“" dxdy+1<f|vauw| dxdy < A ””OHW ot M2|Q|+—|Q|

=C,

integrating the last inequality with respect to the time variable, we find that:

1ft d. o f )
= | 7 lualli ds+1<f flV“uwl dxdyds < Ct,
2 Jy ds " UH@ 0 Jo Y
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therefore, for a.e. t € (0, T},

1 f 1
5 ||uw(t)||i2(9) + Kf j‘IV“uwl2 dxdyds < CT + 5 ||u0||i2(0),
0 Jo

we conclude that
[ttollLoo0 T2y < ttollizq) + C1,

where C; = 2CT.

My . .
2. Multiplying equation (4.7) by el and integrating over (),

ot
I

a Yhw Uy — Uy 8uw
dxdy = fdw (Vi) & dxdy+f( — ) 2 gy,

By integrating by parts and applying Young’s inequality, we arrive at the following:
u Ug — Uy

S5 st [ (G asaw s 3

Applying the integration by parts formula, we obtain the result:

8uw

ot

2

8uw
ot

&uw
ot

L2(Q) 12 (Q

[ th“qu“(auw)d xdy = [ BV, 5 () drdy
5 7 . ot

1 d . o
_Z‘Lhw 5 IV u,|" dx dy

_1d o2 1 dhy —n o
=50 f(;hw IV u,|” dx dy 2f IV, |” dx dy.

Then, using Lemma 4.3 (2), we deduce that:

0 1d

f 1o Vit - V° (%) dxdy > == | holVuffdxdy - %nv&uwn;@). @.11)
o) o)

By combining (4.10) and (4.11), we obtain:

duy|* 1d

1 Co
~ hw |Vauw|2 dx d]/ ||u0”7—{&(Q) + M2|Q| + = ||Vauw||L2(Q)
21 ot o I*

Noting that 0 < x < h, in Lemma 4.3, which implies that:

IVl < [ oIV ey,
Q

thus,

1
Q
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From (4.12), we have:

C
where K; = —O, we observe that:
K

8uw
ot

+li
2dt

Q..lm_‘

fh IV, dxdy < 2C+K1fh IV, dxdy.
Q

By applying Gronwall’s Lemma, we obtain:

f hao(6, y,£) [V2 (2, y, 1E)|2 dxdy < eN'(K; +2Ct),
o

fora.e. t € (0, T], where K, = fQ hw(x,y,0) |V"‘uw(x, Y, O)|2 dxq dx;.

From inequality (4.12), we conclude:

ho [Vou,[* dxdy < C+ St f hy |VPu, > dx dy, (4.13)
Q 2 Q

1
IVl < = €T (Kp +2CT). (4.14)

Furthermore, from (4.13) it follows that:

Integrating (4.15) over (0, t), we reach the result that:

[

foraet e (0,T].

8uw
ot

+1i
2dt

8uw
95

Note that
iy, 2

Js

[

Combining u,(x, y,t) = u,(x, y,0) + ‘9”“’ Zxds, inequality (1.15), and (4.16), we find that:

L2(Q)

ds

IA

2 gl geicy + 2T [ |22
2 [uol} ey + 2T% (2C + Ky €1(K; + 2Ct)) + Ko T.

2
Il P

IN

From (4.17) and (4.14), we conclude that:

o \Vu, P dxdy < C+ % AT (K, + 2CT). (4.15)
Q

ds + f h(x, Y, t) |V“uw(x, Y, t)|2 dxdy < (ZC + Ky 57K + 2CT)) t+ Ko,
12(Q) Q

ds < (2C+K; €M7 (K, +2CT)) T + Ka. (4.16)

L) 4.17)

ol ey < Co (4.18)
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3. Multiplying (4.7) by @ € H(Q) with ||¢|

Mo S 1, and applying the Cauchy-Schwarz’s

inequality along with (4.10) and (4.18), we obtain:

- v [
< (ol IV uylli2) + Huow;zuw LZ(Q))”(P|W(Q)
<G+ I%L||7vlo||7+a(g)‘F %M]”(P He(Q) "

Therefore, we have:
duy,

2
<C+ 2 0l -

Furthermore, by taking the square of both sides of the above inequality and then integrating

8t ((]_(a (Q))/

over (0, T), it follows that:

2
duly,

ot

dt < Cs.
(H* Q)Y

[

Theorem 4.1. Let uy € H*(Q) and (4.6) hold, then the problem (4.3)-(4.5) has a weak solution
ue W(,T).

Proof. From Lemma 4.4, we introduce the subspace W, of W(0, T) defined by:

Jw

w € WO, T); [wlliso 1) < Co w112 < tdollizry » oF Ty <G,
L2(0,THHa(Q))

0<I<w(,y,t)<Mforae.(x,y,t)€Qx(0,T),w0)=u

W =

Moreover, it can be proved that W is a nonempty, convex, and weakly compact subset of W(0, T).

Subsequently, we construct the following mapping:

QW-—->W
W Uy
To apply Schauder’s fixed-point Theorem, we need to show that the mapping Q : w — u, is

weakly continuous from W into W. Let w, be a sequence that weakly converges to some w in Wy

and let u;, = Q(w,). Our goal is to prove that Q(w,) := u, weakly converges to Q(w) := u,. By
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Lemma 4.4, we can apply classical results of compact inclusion in Sobolev spaces [2] to extract the

sub-sequences of w; and u, (still denoted by w, and u,), we have:

w, — w in L*((0, T); L*(Q2)) and a.e. onQ X (0, T), (4.19)

VK, »w, — VYK, »w in L*((0, T); L*(Q2)) and a.e. on Q x (0, T), (4.20)
1 5 5 in L*((0, T); L*(QQ)) and a.e. on Q X (0, T), 4.21)

1+ |V“(w])p| 1+ |V“wp|

% — iz in L*((0, T); L*(Q)) and a.e. on Q x (0, T), (4.22)

w; w

u, — u weakly in L*((0, T); H"(Q2)), (4.23)

(91/[] du . 2 ’

FTERe T weakly in L°((0, T); (H*(Q))"), (4.24)

u, > uin L*((0, T); L*(QQ)) and a.e. onQ x (0, T), (4.25)

Ve, — V*u weakly in L=((0, T); L*(Q)), (4.26)

1,(0) = u(0) in L*(Q). 4.27)

The (4.21) and (4.22) are obtained by applying Dominated Convergence Theorem [10].

The aforementioned convergence allows us to pass to the limit in the problem P;, and obtain
u = Q(w).
Considering 1, is the weak solution of (4.7) associated to w,, we have, for a.e t € (0, T], and

@ € H*(Q):

ou; . u,(0) —u,
fy(PdXdy+fhw]V u,.v (pdxdy=f —— |pdxdy. (4.28)
Q Q Q w]

The integral from O to T of (4.28) equals:

T du; T T u,(0) — u,
f f—(pdxdydt+f fhij“u].V“(pdxdydt:f f —— |pdxdydt. (4.29)
0 Jo ot 0 Jo 0 Ja w;

From (4.24), we obtain the following:

T du; T ou .
f fﬁ(dedydt_)f fggodxdydt, as j — oo.
0o Jo 0o Ja
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Considering the second term in equation (4.29),

T
Qhw]V”‘u]V"‘(pdxclydt—jo~ Lth“uV“(pdxdydt

0
T T

< f f o, = To| IV2ul V2| dx dy dt + f f hoo, V(1 — 1)V dx dy dt
0 Q 0 Q

=A+B.

According to Lemma 4.1, we conclude that, as j — oo,
T
A< CI) L”w] —w”Lz(Q) [V ul |V"‘(p| dx dy dt
< C(@) [|w; = 0] 20y IV tlli20 17220000 = O

Also,as j — oo, B — 0.

From (4.22), (4.25), and (4.27), we have:

[

Allowing j — oo in (4.29) yields:

T T T
f f8 (pdxldxzdt+f fth“u.V“(pdxdydt:f f(uo 2”)(pdx1dx2dt.
ot 0 Ja 0o Ja\ W

Hence, by the arbitrariness of ¢ € H*(Q2), we obtain for a.e t € (0, T],

f(;—?(pdxdy+fhwvau.va(pdxdy:f(uo_z
o o o

u)(pdxdy.

This implies that

U= U, = Qw).

Furthermore, since the solution of problem (4.7) is unique, the whole sequence u; = Q(w,) converges

weakly in Wy to u = E(w). Hence Q, is weakly continuous.

Consequently, by Schauder’s fixed-point Theorem, there exists w € W, such that

w = E(w) = uy.

Thus, the existence of the weak solution 4, to the problem (4.3)-(4.5) is proved.




4.4. EXISTENCE AND UNIQUENESS 95

Theorem 4.2. Let u be a weak solution of (4.3)-(4.5), then the solution u is unique.

Proof. Let u; and u, be two weak solutions of (4.3)-(4.5), we have for almost every t € (0, T),

%:dlva[ Vui |ﬁ]+u0_ui QX(OIT)/

2

ot 1+ |V"‘(ui)p Ui
(4.30)
ui(x,y,0) = up(x, y), Q,
Veu;i =0, ondQ x (0,T).
Where i = 1,2, denote u = u; — u,. Then, we obtain:
ou _ . 3 )
5 div®(h,, Vou) = div® ((hy, — hy,)V¥us) + 1 in Qx(0,T), (4.31)
u(x,y,0)=0 Q, (4.32)
Vu.i =0, ondQ x (0,T), (4.33)

. —Moﬁ(ul + l/lz) u
where 11 = > + .
uluz Uil

Now, multiplying (4.31) by u and integrating over (), we find:

f 88_ udxdy — f div®(hy,, (V¥u)udxdy

uO(ul + Up) |ﬁ|2

fle ((hy, = uz)V“uz)udxdy+f o

Q Uiy u M

dxdy.

By applying the integration by parts formula, we obtain:

1d
Ed— |u| dxldx2+Lhul

J
|ﬁ|2 uo(uq + uy) |ﬁ|2
L(h — hy,) uz.V“ﬁdxdy+f—dxdy—L o dxdy.

Vel dxdy

Q Wz uju;
Noting that — S Ilz and uO(L;%:%m) < 7 i , using these inequalities in the above equality,
we get:
2dtf|u| dxdy+f % u| dxdy
f (huy, = M)V 1. V“udxdy+( m 12) f [l dxdy. (4.34)

As seen in the the proof of Lemma 4.3, there exists a positive constant k1 > 0, where:

k1 < h,(x,y,t) <1, forae. (x,y,t) € Q% (0,T).
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Moreover, since (4.2), we have:

hm - hu2

<Cl

L=(Q) 12(Q)”

where C is a positive constant. Thus, using the above estimates in (4.34), we get:

1d,_— _ _ _
2 dt ”u”;(m t ||vau||L2(Q) <C ||uHL2(Q) Va2 ||Vau||L2(Q) + ([_4 + 1_2) ””Hiz(o)'

By using Young’s inequality,
2 bz

K14
ab < T +g, ﬂ,b,‘Kl €R+,
1

we derive the following:

— 2M —
S+ VT < o s I+ S VT, (35 +

from which we deduce that:

(LI, AM? 2\ 2
Tl = (S5 + 25+ 2l
since u(0) = 0, applying Gronwall’s inequality yields:

)] <0

Therefore, we conclude that 1, = u5. m|
Remark 4.1. Through Theorem 4.1, the weak solution of (4.3)-(4.5) is in Wy, and w = E(w) = uy

is the fixed point of (4.3)-(4.5). Therefore, u,, is also in Wy. With the uniqueness of the solution, we

deduce that the unique weak solution u = u,, satisfies the extremum principle:
0<I<u(x,yt)<Mforae.(x,y,t) € Qx(0,T), (4.35)

where

0<I:=ess inf wup(x,y)and M := ess sup uy(x,y) < oo.
X],XzGQ x,}/GQ

4.5 Conclusion

In this chapter, we introduced a nonlinear fractional-order diffusion model based on Caputo fractional
derivatives. This model is applicable to image processing, effectively reducing noise while preserving
edges and structural features. By incorporating spatial fractional derivatives, the model leverages the
strengths of both second- and fourth-order diffusion equations. The existence and uniqueness of the

weak solution were established using Schauder’s fixed-point theorem.




CHAPTER 5

FRACTIONAL GRADIENT-BASED
NONLINEAR TELEGRAPH DIFFUSION
MODEL FOR IMAGE RESTORATION

The results presented in this chapter are based on the findings reported in [14].

5.1 Introduction

Building on the previous chapters, which mainly addressed parabolic PDE-based models for image
denoising, we note that, to our knowledge, most researchers have also predominantly focused on
such approaches. However, several studies have indicated that hyperbolic PDE-based methods are
more effective for edge detection and provide superior image enhancement compared to parabolic
PDEs [6]. In [40], the authors regarded the image as an elastic sheet in a damping environment and
introduced an extension of the diffusion equation, known as the telegraph-diffusion equation (TDE).
The term ’telegraph’ originates from the telegraphers’ equation, as discussed in [60].

In this chapter, we propose a novel model that integrates the nonlinear telegraph diffusion equation
with fractional-order derivatives in the diffusivity function. The primary objective is to apply this
model to image denoising, effectively addressing various types of noise (additive, multiplicative and
impulse noise) while preserving essential image features such as edges and textures. The proposed

model is formulated as follows:

*u u

Sa A= div (7 (|Vu,|) Vae) + 3 (uo — w), inQx(0,T), (5.1)
du(x, y,0

u(x,,0) = uo(x, ), % — 0, inQ, (52

Vu.ii =0, ondQ x (0,T). (5.3)

In this context, () is a bounded domain of IR?, and 1, represent the original image,

97
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where 0 <a <1,A >0,and y > 0.
’9*”

Given u, = K, * u, where

Vo] = o+ [Fog,

denotes convolution operator.

2 .. . .
, where “F Diu, represents the Caputo-Fabrizio fractional deriva-

tive of order « of v, with respect to the variable x, and cF ij‘up represents the Caputo-Fabrizio frac-
tional derivative of order a of v, with respect to the variable y.
i is the unit outer normal vector along JQ).

fi is a positive, decreasing function that satisfies the following conditions:

1.
1(0) = 1,
2.
lim 7(s) = 0.
S—+00

Our proposed model offers the following advantages:

e The telegraph diffusion equation is a parabolic-hyperbolic partial differential equation (PDE)
that can be understood as an interpolation between the diffusion and wave equation. This equa-
tion combines the characteristics of both diffusion and wave propagation. Compared to other
diffusion-based methods, the telegraph diffusion equation more effectively preserves edges and

details.

e The function 7 is an edge-controlled diffusion function that preserves essential features while
smoothing out unwanted signals. Moreover, the fractional derivative operator exhibits a non-
local property; unlike traditional derivatives, it depends on the behavior of the entire function

rather than just nearby values, allowing for enhanced feature preservation.

e The use of Gaussian convolution in the proposed model offers several advantages. Not only
does it enhance robustness in denoising, but it also contributes to the theoretical well-posedness

of the model.

e The term y (uy — u) represents the source term associated with fidelity control [44], where ¥
regulates the balance between maintaining fidelity to the original image and applying nonlinear

diffusion for noise reduction.
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We begin our analysis by establishing the existence, uniqueness, and boundedness of the weak so-
lution using Schauder’s fixed point theorem, thereby providing a rigorous mathematical foundation.
This is followed by the numerical implementation, which employs semi-implicit finite difference
schemes based on the additive operator splitting (AOS) method [54]. This method ensures computa-
tional efficiency and unconditional stability. To evaluate the effectiveness of the proposed approach,
we perform a comparative analysis with the classical telegraph model. The results highlight the advan-
tages of incorporating fractional-order derivatives in the diffusivity function, particularly in improving
noise reduction and preserving image quality.

The reminder of this chapter is organized as follows. In section 5.2, we investigate the existence
and uniqueness of the weak solution for the proposed model. Section 5.3 outlines the numerical
schemes developed for the model. Section 5.4 presents the experimental results to assess the model’s

performance. Finally, section 5.5 concludes the study by summarizing the key findings.

5.2 Theoretical framework and analysis

In this section, we establish the existence and uniqueness of the weak solution to the proposed
model (5.1)-(5.3). To address the nonlinear nature of the problem, we first analyze its linearized form.
Subsequently, we apply Schauder’s fixed-point theorem to prove the existence of a weak solution. The
associated space is defined as follows:

W(0,T) = {w € 20, T; H (Q)), %—Z: € L*(0,T; LZ(Q)), f—:f € L2(0,T; (7{1(9))')}.

It is evident that W(0, T) constitutes a Hilbert space endowed with the norm:

P
ot?

ow +
ot

lwllw = llwllr2, .20 +
L2(0,T;L2(0))

L2(0,T;(HY(Q)Y') '
Definition 5.1. (Weak solution). A function u is said to be a weak solution of (5.1)-(5.3) if u €
W(0, T) satisfies the following:
*u ou N
<w,(p> + fQ(/\ TR h(|V up|) Vu.Vgo) dxdy = ny (o —u) pdxdy,

du(x,y,0) ,
u(x, y,0) = uo(x,y), —>——=0, inQ,

fora.e. t € (0,T) and all p € H(Q).
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We assume that the initial value 1y € H'(Q) satisfies the following conditions:

0<n:=ess mf up(x,y) and € :=esssup up(x,y) < oo.
x,yeQd x,y€Q)

The space WV is defined as follows:

w={ weWOT)NL 0O, T;LAQ)): n <w(x,y,H) < aein Qx(0,T) |.

For every w € W,

Jw
< Cllu )

> lluoll )

[l 0,200 +
L*=(0,T;L2(Q)

Formulation of the linearized problem

The linearized problem is formulated as follows:

2
0%y, duy,

e )\7 = d1v< (|V"‘wp|) Vuw) + v (Up — Uy), inQx(0,T),
(¥, y,0) .

uy(x,y,0) = vo(x, ), — =0, inQ),

Vi, =0, ondQ x (0,T).

Lemma 5.1. The following inequalities hold:

v < h(|V“wp|) <1,

ah(|vawp|) <
ot

a.e. t € (0,T), for any (x,y) € Q, where the positive constant (i, depends only on K, and u.

Proof. See Proof 2.4.1.

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

O

By using (5.9) and (5.10), we can apply the classical Galerkin method [26] to prove that the

linearized problem (5.6)-(5.8) has a unique weak solution u,, € W(0, T).

Lemma 5.2. Let u,, be a weak solution of the problem (5.6)-(5.8). Then

0 <n<uy(x,yt)<lforae.(x,y,t) € Qx(0,T).

(5.11)
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Proof. We define (1, — ), as (1, — €); = max {0, u, — £}.

Integrating the equation (5.6) with respect the time variable, to get

" 0%u, " oy, ' '
gedstA | s = fo div (7 (|[Vow,|) Vi) ds + y fo (110 — 142,) d,

0

using (5.7), this implies that:

t t
T + A (Uy — ug) = fo div (h ('V“wpD Vuw) ds + yfo (up — uy) ds, (5.12)

multiplying the equation (5.12) by (1, — )+ and then integrating over (), we obtain that

duy,
q ot

= f f div (7 (|V*w,|) Vitw) (1t = €)sdx dy ds +7y f f (1o — ) (thyy — €), dxdyds,
0 Q 0 Q

using integrating by part formula and (5.8), we have:

——(Uyp = O)sdxdy + A f(uw — up)(Uy — €)1dx dy

2(ﬁfl(uw 0. dxdy+)\f(uw—uo)(uw—€)+dxdy

f f IV“wP| Vuw Vg, dxdyds + yf f —Uy) (Uy — ), dxdyds,
{upw>0} (>t}

this is equivalent to the following:
Zdtfl(uw €)+| dxdy+/\f(uw—uo)(uw é’)+dxdy+ff |V“wp|)|Vuw| dxdyds
{uw>t}

+Vf f (U — tg) (tyy — ), dxdyds = 0.
0 {up=>t}

Noting that /1 (|V“wp|) > 0 and (uy — to)(Uy — )+ = 0,
consequently, we have

d
y f (1 =€), dxdy <0.

Because of 1y < ¢, we obtain

fl(uw—f)+|2dxdy < f (o — £), > dxdy <0,
Q Q

As a result,

uy(x,y,t) < € forae. (x,y,t) € Qx(0,7).
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In the same way, we define (1, — 17)- as (14, — 17)- = min {0, u,, — n}, multiplying the equation

(5.12) by (u, — 1n)- and then integrating over (2, we find:
0< 1< uyx,yt) forae. (x,y,t) € Qx(0,T).
O

Lemma 5.3. The linearized problem (5.6)-(5.8) has a unique weak solution u,, € W(0, T) that satis-

fies the given estimates:

u
eteollLooo, 00000y + 8tw < Ky, (5.13)
L=(0,T;L2(Q))
T 2
2
il dt < Ky, (5.14)
ot?
0 (HY(Q)Y

where the constants Ky, and K are positive and depend on ||ug|lzn () , V(p, v, 1, and €.

duy : .
Proof. e Multiplying the equation (5.6) by % and integrating by parts on 2 yields

’ a 8uw _ 8
o fQ (v wp|>Vuw-V(7)dxdy—y fg (g = 1) —*ebx dy.

According to Young’s inequality, we get that:

duy,

ot

ity
ot

1d

EE +A

L2(Q)

1d ||duy| Aty || u duy,

Ea of o) + A 7 o) + f(; h (|V wpi) Vuw -V (7) dx dy
V |

= 9 ”uO uwlle(Q) + 8t Q) .

Noting that:

ity . J
fQ h(lV“wpDVuw-V( a”t )dxdy: f (Vo) Vit - 5 (Vry) dxdy
= f <|V“wp|> Vit | dxdy.

N =

On the other hand, we have also

;f (|V“wp|) Vi, [* dxdy
dh (|Vew,|)

1d N 1
" 2dr Qh('V wp|) Vit dx dy — 2 fQ Cdt Vi, |* dx dy.
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Therefore, by using the inequality (5.10), we conclude that

ity 1d .
fQ h(|vawp|)vuw.v(i) drdy > 5 Qh(|v wp|) Vito | dxdy — g Vit oy -

ot
(5.15)
According to (5.15), we observe that
4
dt

By using Lemma 5.2, we obtain

2 2

duy,

2
7 +‘U ||V7/lw||L2(Q) .

L2(Q)

u
+ | #(|Vew,|) Vi dx d )s g = Ul Parey +||—2
Q) L (| P|) y|=7V o @) || 57

2 2 2
lito = oy < 2 (0l ) + ttallF2(cy))
(5.16)

IA

2 ”uO”g_(l(Q) + 2{2 |Q| :
By (5.16), we obtain:

4
dt

< 20 luollGn ) + 20267 101 +

2

It
ot

+ f fi (|V“wp|) Vit |* dx dy)
Q

2
Juy,

ot

L2(Q)

2
+u ||VuZU||L2(Q) .
L2(QY)

Observing in (5.9) that0 < v < i (|V"‘wp|) gives the following:

v ||Vuw||iz(g) < fgh(wawp') IVuwlzdxdy.

Which implies
1
IIVuwlliz(Q) < ;Lh(wawp') IVuwlzdxdy. (5.17)

Using (5.17) and substituting Cy = 22 ||u0||§{1(0) + 2y26%|Q)|, we have:

d
E( +th(|V"‘wp|) |Vuw|2dxdy)

2
oy,

+ f 7 (|2, |) IVito * dx dy), (5.18)
L2(Q) Q

2
duly,

ot

L2(Q)

where C; = max {1, %}

Through the use of Gronwall’s lemma, we obtain

2

k(1)
ot

+ f 1 (|Vew, (x, y, b)) Vit dxdy < e94(Cy + Cot),
L2(Q) Q

for a.e. t € (0, T], where

2

du,(0)

G ==

+ f hi ('V“wp(x, Y, O)|) |Vuw(x, Y, O)|2 dxdy.
o}

((e)
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With the inequality (5.17), we have

1
Vit < = €“T(Co+ CoT). (5.19)
Therefore, for a.e. t € (0, T],
auw 2 2 Cqt
— + ||Vuw||L2(Q) < Ke ' (Cy + Cot), (5.20)
at LZ(Q)

1
where K = max {1, ;}

According to uy(x, y,t) = u,(x, y,0) + fot %d’[, inequalities (1.15), and (5.20), we have

t 2
Ity (T)
2 + 2T d
el < 2l +27 [ |22 ae

<2 ||uo||ﬂl(o) +2T?* K e“ T (Cy + CoT). (5.21)

From (5.20) and (5.21), it follows that

ou
el 70y + 8tw < Ki. (5.22)
L=(0,T;LA(Q))

e Multiplying (5.6) by ¢ € H'(Q) where ||(p|| Q) < 1, applying Cauchy-Schwarz’s inequality,

and combining (5.16) and (5.22), we acquire that:

82 w a w a
‘< &:12 ,(P>‘:'/\f ;1 (pdxdy+fh(|V wpi)Vuw-V(pdxdy +7/f(u0—uw)(pdxdy'
Q Q 0
oy,

(A It iz
< (A+ 1)K+ V2ylluollzn + V21Q1€) el -

IN

+ [ (V520 )| IVtalizy + 7l = uwan(Q)) ol o

Consequently, we find

*u,,

ot?

Where Ky = (A + 1) Ky + v2|Q[yL.

< Ko+ V2y llugllan e - (5.23)
(HY(QY

Additionally, by squaring (5.23) and integrating over (0, T), we obtain:

T 2
uy,

ot?

dt < K,.
(HY QY

The proof is complete. O
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Theorem 5.1. (Existence of weak solution). Assuming that uy € H(Q) and that (5.4) is satisfied,

the problem described by (5.1)-(5.3) admits a weak solutionv € W(0, T).

Proof. We now establish the existence of a weak solution to the underlying problem using Schauder

fixed-point theorem. To this end, we introduce the subset W of W(0, T), defined by:

ow *w
w € WO, T); llwllzo rrny + || 57 <Ky ||=7 <K
W - ot |li20,1.12(2)) M Iz, )y
B 0w(0)
0<n<wlyt)<lforae. (x,y,t) € QAx(0,T),w(0) =1uy, ——=0

ot
In addition, it can be proved that W is a non-empty, convex, and weakly compact subset of

W(0, T). Following this, we define the subsequent mapping:

QW->W

W Uy,

To apply Schauder’s fixed-point theorem, it is necessary to prove that the mapping Q : w — u,, is
weakly continuous from W into W. Consider a sequence w ;in W that weakly converges to some w in
W, and let u, = Q(w,). Our goal is to demonstrate that Q(w,) := u, weakly converges to Q(w) := .
By lemma 5.3, we can use the classical results concerning compact inclusion in Sobolev spaces [2],
which allows us to extract sub-sequences from both w; and u, (still denoted by w, and u,). Thus, we

have:
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w, = w in L*((0, T); L*(Q2)) and a.e. onQ % (0, T), (5.24)
V&(w,), = V*w, in L*((0, T); L*(Q2)) and a.e. on Q2 X (0, T), (5.25)
1 (|ve@w)),|) = 7 (]V*w,]) in LX(©0, T); L*(Q) and a.e. on Q x (0, T), (5.26)
u, — u weakly in L*((0, T); H'(Q)), (5.27)
% — ‘;—Lt‘ weakly in L2((0, T); L*(QQ)), (5.28)
% — ‘;2—;‘ weakly in L*((0, T); (H'(Q))), (5.29)
u, = u in L*((0, T); L*(Q)) and a.e. onQ % (0, T), (5.30)
Vu, — Vu weakly in L*((0, T); L*(Q)), (5.31)
1,(0) = u(0) in L*(QQ), (5.32)
u,(0) PN

- — 0in (H'(Q) (5.33)

The result in (5.26) is obtained by applying the dominated convergence theorem [10].
Given that u, is the weak solution of (5.6) associated with w), it follows that, for almost every

t € (0,T], and for any ¢ € H(Q), the following holds:

azu] 8u] u
fﬁ(pdxdy+/\f§(pdxdy+fh(|v (w])p|)Vu]-V(pdxdy:yf(u](O)—u])qodxdy.
Q Q o) o
(5.34)

By integrating equation (5.34) over the interval (0, T), we obtain the resulting formula:

T u T ou T
—L pdxdydt+ A —L pdxdyadt 1 (|V(@w)),|) Vat, - Voo dx dy dt
ot? paxay ot 4 Yy e ;T Ve Y
0 Q 0 Q 0 Q
T
:)/f f(u](O)—u])(pdxdydt. (5.35)
0 Q

From (5.28)-(5.29), we get

2 avavat o [ P o dedyar
LLﬁ@xy*fonﬁ(Px]//aS]—“”/

T ou, T [ du
)\f f—(pdxdydteAf f—(pdxdydt, as | — oo.

Examining the third term in (5.35)
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UTfh(|va(w])p|)vu].V(pdxdydt—fTfh(|vawp|)vu.v(pdxdydt
0 Q 0 Q

T
< fo fQ 1 (V2 @))pl) = 1 (|2 )| IVl Ve ey e

T
‘fo‘ Lh (|V“(w])p|) V(u] — u) . VQD dXdydt

+

Based on claim 2.1, we infer that, as ] — oo

T
fo fg|h(|w(wf)ﬁ|) - h(|vawp|)‘ \Vul [Veop| dx dy dt

T
< Cf f||w]—w”L2(Q) |Vul |V(p| dxdydt
0 Ja

< C(@) |jw, - w”Lz(Q) IVttllizo,ry2200) — O-
Additionally, as j — oo,

— 0.

T
j; L;—l (|Va(w])p|) V(u] - u) . V(p dxdydt

From (5.30) and (5.32), we have

T T
yf f(u](O)—u])qodxdydt — yf f(uo —u) pdxdydt.
0o Ja 0o Ja

Taking the limit as ;] — oo in equation (5.35) leads to the conclusion that

T Pu T ou T N
ff—atz(f)dxdydth f§<pdxdydt+f fh(]V w,|) ViV dx dy dt
0o Ja 0 Ja 0 Ja
T
=)/f f(uo—u)(pdxdydt.
0 Ja

Consequently, due to the arbitrariness of ¢ € H(2), we obtain for a.e t € (0, T]

*u ou N
W(pdxdy+/\ Egodxdy+ h('V wp|)Vu.Vg0dxdy:y (uo —u) pdxdy.
o o Q 0

As aresult, it can be concluded that
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U =y, = Q(w).

Moreover, considering the uniqueness of the solution to problem (5.6), the whole sequence u; =
Q(w,) converge weakly in W to u = Q(w). This demonstrates that the mapping Q is weakly continu-
ous.

Thus, according to Schauder’s fixed-point theorem, there exists w € W such that
w = Q(ZU) = Uyp.
Therefore, the existence of the weak solution u,, to the problem (5.1)-(5.3) is proved. m|

Theorem 5.2. (Uniqueness of weak solution). Given that u is a weak solution to (5.1)-(5.3), it

follows that u is unique.

Proof. Let uq, u; be tow weak solutions of (5.1)-(5.3). Then for almost every t € (0, T), we have

821/11' 8ui . o
e + /\W = div (h <|V (”i)Pi) Vv) +y(u—u), Qx(0,7T),
8ui X, ,O
ui(xr ]/; O) = MO(xl y)/ % = 0/ Q/ (536)
Vu.it =0, Q% (0,T).

Wherei =1, 2.

Set il = 1y — u,. Then we have:

Pa o

8—: + Aa—”t‘ — div(i |V (u),|) Vi) = div((r ([V2ur)p]) = 2 (V22| )Vi2) -y, Q% (0,T),
(5.37)

i(x,y,0) =0, w =0, Q,
(5.38)

Viit = 0, 9Q % (0,T).
(5.39)

It is sufficient to demonstrate that i = 0. To confirm this, fix 0 <7 < T, and set fori =1, 2,

Ul

i\es d/ 0 t< ’

9B = J; i, odv, 0 <t (5.40)
0 n<t<T.
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Then, 9;(.,t) € HY(Q) for t € (0,T). Define 8 = 9; — 9,. It can be verified that 9(.,n) = 0. By
multiplying both sides of equation (5.37) by 9, integrating over {2 (0, 17) and applying the integration

by parts formula, we get:

i1 99 as i i
f f( azl or Yo +h<|V (”1)p|)Vu-V8)dxdydt

1
= fo fo(h V2 u1),]) = 1 |V @2)y|)Vitz - VO dx dy dt - y fo fQ 79 dx dy dt.

‘;—‘? =—ii for 0<t<T. (5.41)

Since

The above equality becomes

1
f f n | dxdy dt + A f f |a? dx dy dt — f f |va(ul)p Vdedydt
n
- f f (71 (| (r)|) = 7 (|2 (1)) Vasz - VO dxdy dt — y f f 19 dx dy dt.
0 Q 0 Q

By applying the Young’s inequality, we obtain

1 (7 IV
Eff Il dxdydt+/\f flul dxdydt—ff |v“(u1)p|) V9 dxdydt

f f (h |va(u1)p| (|va(uz)p|))vuz.vsoixdydw7 fo fo |a? dx dy dt

+—f fISI dxdydt.
2 Jo Ja

Which implies

1y e T L . IV
S a2y + 2 j; [ fo fQ n(|veGu),|) - - Vo drdyat

Ul ’)/2 Ul )
< [ (9 ) =1 (v o, 0l VSl B [

L 1R d
+§ 0 || ”LZ(Q) t.

Noting that

L7

avV9o
D | Ji

A (|v* ), VS:%g((W%m»Dwm) VP,

V(x, Y 77) =
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with (5.38), we have
1 _ 2 g 2 1 o 2
S 202y + 2 fo izt + 5 fQ (|1 (x, y,00),|) [VO(x, 7, 0)| dx dy

1 [ L O (|ve@u),|)
_§f0 LlV&l — 5 dxdydt

<

2
+j:“h(|va(“1)ﬂ|)_h(|va(”2)p|)HLm(Q)||V”2||L2(Q)||V‘9||L2(Q) dt+%foqllﬁlliz@)dt

+1 q||9||2 dt
2 Jo L2(Q) ***

As seen in (5.9) and (5.10), there exists positive constants vy and (q such that:

o (V*(uy),(x, vy, t)
v < h('V“(ul)p(x, Y, t)|) <1, ( ;tp J ) < u,
forae. (x,y,t) € Qx (0, T).
Moreover, according to (2.2) we deduce:
[ (194 ) ) 1 (|va(u2)p|)HLm(Q) < C ey, (5.42)

where C is a positive constant.

Thus, we arrive at the following inequality:
Ly 2 TR V1 2
S A + 4 1l 4t + 5 IVl

7 2 7]
w7 B 1 y i
ij(; ”VSH%Z(Q)dt+C””2”L°°(0,T;‘]—{1(Q))‘f0 ”u”LZ(Q)”V‘9||L2(Q)dt+? ; ||u||i2(Q)dt

L 1R d
+§ . ” ”LZ(Q) L.

By using the Young inequality, we obtain

1 ’ 1l iy 1 1
E||L-¢(17)||L2(Q)+A fo ||a||§2(0)dt+51||VS(0)||§2(Q)gc( fo 1112 ) Bt + fo ||9||;,1(Q)dt). (5.43)

From (5.40), it deduce that

2 1
19O = <T f ey (5.44)
12(Q) 0

1
IRE
0

Utilizing (5.44) in (5.43), we conclude that

1 2 7] Vv 1 7]
5 17 + 2 fo ||a||§z(g)dt+gnsm)uiﬂ@)sc( fo 1821}y At + fo ||S||3{1(Q)dt). (5.45)
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Now, we define:
t
Vi, t) = f u(.,7)dt, 0<t<T,
0
and, = ¢ — .

Based on the above definition and by integrating the both sides of (5.41) over (0, 17), we observe that:

1] 1]
9(x,1,0) = 9(x, v, 1) + f i, y, byt = f Az, y, Ot = x, v, 1),
0 0

S,y bt =y¢xyn—-yt), 0<t<n.

Consequently, 5.45 implies

1. By L v ’ L 1 B
5 7]+ 2 fo ||u||Lz(Q>dt+3||¢<n)||ﬂ1(g)SC( fo 12y + fo ||¢<n>—¢<t)||ﬂ1(g)dt).

Take note that
lv@ = 0Ol 00 < 20D 00 + 21O -

Thus, (5.46) reduces to

1,._ T
3 130y A [+ 2 o

7 U
< C [y e+ 260 [0, +2C [ O]

This implies
Llaelsg, + 24 [ 1y de + (22 - 20 1) o
2 un L2(Q) 0 u L2(Q) 2 Ui l)l} n HL(Q)
L ; 1 ) ;
<C : i1][72,p At +2C : ||¢||ﬂ1(g) t.
There exists a sufficiently small T; such that
M _orcso.

2
For 0 < 1 < T, (5.49) yields that

Ul
L A 0 ey o I (P A

As a result, applying Gronwall’s lemma implies that # = 0 on the interval (0, T;].

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

In the end, we apply the same procedure to the intervals (Ty,2T;], (2T4,3T;], and so on, step by

step, ultimately concluding that 17 = u;, on (0, T). Consequently, we establish the uniqueness of the

weak solution.

O
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Remark 5.1. (Boundedness of weak solution). As stated in theorem 5.1, the weak solution to problem
(5.1)-(5.3) belongs to W and w = Q(w) = u,, represents the fixed point of the problem (5.1)-(5.3).
Consequently, i, is also an element of W. Due to the uniqueness of the solution, it follows that the

unique weak solution v = uy, satisfies the extremum principle:

0<n<ulx,yt)<{lforae (x,y,t) € QAx(0,T).

Such that:

0 <n:=ess inf up(x,y) and € := ess sup up(x, y) < .
xyed x,yeQ

5.3 Numerical implementation

In this section, to numerically solve the problem defined by (5.1)-(5.3), we construct a semi-
implicit finite difference scheme based on the additive operator splitting (AOS) technique. Originally
introduced by Weickert et al. [54] , this technique provides an efficient, reliable, and unconditionally
stable scheme for nonlinear diffusion in image processing.

Assume a space grid size of Ax = Ay = As and a time-step size of At. Denote v?’j = v(xXj, Yi, tn)
where x; = iAs,0 <i < N;y; = jAs,0 < j < M;t, = nAt, n > 0, where n is the number of
iterations and N X M is the size of the image.

1). Discretize the Caputo-Fabrizio fractional derivatives. Based on definition (1.13), the discretization
of these derivatives over the interval [0, x;] (analogously, [0, y;]) is carried out using the forward finite

difference scheme as follows:

1 R d
CFya e — _(Ta)(xi_s) .
DY u(xi, yj, t,) -4 ﬁ e\ asu(s, Yj, ta)ds. (5.51)

Equation (5.51) can be rewritten as:

1
DS ulxi, yj ta) * ——

i—1
1-a &

u? o—ul. Xjer1
e ) f e (£55)@i9) gg.
As %

k=0
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Using the space grid point x; = iAs fori = 0, 1, ...N, and by integrating, we obtain:
i—1

1 a .
CFpa n ~ _— (1% )= )As _ = (15 )i-k)As
Dx u aAS uk+1] [e 1- 1 ]
k=0
i-1
- Aa’i,k (uZ+1’] - u;;l/]) ’
k=0
where
1 .\ o
Aa,i,k = [e_(m)(l—(lﬁl))As _ e_(m)(l_k)AS] '
a As

An analogue expression is obtained for ¢ D“ ]

j- 1
1 RYe o \(:
Fpe . — Uy — U [e—(m)(l—("“))As - g—(m)(f‘k)As]

X

k:O
j-1

_ ) no _n

= Z ANajk (“i,k+1 uz’,k) :
k=0

The discretization of the gradient magnitude is given by

2
- \/ Dy |+

2). The Symmetric boundary conditions are given by

Veu(, yj, t)| ~

a, N
\Y U

2
'CFD“ u"
Y g

n  _ n —_ n : n _ . n n 4
Ugj = Uy j Uy = Uy 0 < TS M,y = ugy, wiy =iy, 0 SE<N. (5.52)

3). The derivative terms are approximated as follows

*u". u?].“ 2ull, +u”1 u. uttl —yrt

N i ij M "W
or? Atz "ot 2At
n n n n n n

aui,j Mg T Y, 8”1‘,]' M T M
ox As "y As

4). The discrete form of the proposed model (5.1) is represented as

n+1 n-1
i ZuZ] +ul

ui"l-'i—l — " 1 9 aun+1 o aun+1
i,j i Ly 2 n 2 0 n+1
AR +A AT - 9% [in’j o ] 2y (h ) +y (ui,j —uj ), (5.53)

with the initial conditions, the following are specified

ug]. = up(iAs, jAs),0<i<N,0< j< M;u}, = <j<M. (5.54)
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Furthermore, the discretization of equation (5.53) leads to:
At? (
As?

/\At n n n n n
1+ — +yAr + s (hﬂ%’j + hi + h ot h )] u1]+1

n+1 hn n+l )

z+]1+1] 1—111]

2
At n n+1 hn n+l
As? 1',]'+_ 1]+1 ]__ z] -1

ANt
_ n = 2
= Zui,j ( > 1) Ty )/At i jr (5.55)
where i" |, B" | ,B" |,and ii" |, are approximations ofh( Veu,(xi, 1, Yj, ta ),
o] imad LIt Lj=3 2
h ( Vaup(xl__, Y tn) ), h ( VU, (x;, Yisls tn) ), and /i (‘V“up(xi, Yi_1,tn ), respectively.
Equation (5.55) can be expressed in matrix-vector form as follows:
2
D — AP ZAk um |um = ur, (5.56)
k=1

where Ay, represents the diffusive interaction in the k direction, u" is the vector with entries ul’f]., and

At
D—I+AT+yAt2

~ AAt
u" =2u" + (T - 1) Ut +y AP U,
This scheme involves solving a linear system, which is why it is called semi-implicit scheme. The

solution U™ is given by:
-1
u, (5.57)

Ul =|p - AtZZAk(U”

To compute U™, the matrix (D — At? Zk:1Ak (U”)) must be inverted. Typically, this matrix has
a large bandwidth because all the equations for the updated pixel values U"*! are coupled. Direct
methods, such as Gaussian elimination, may fill zeros within the bandwidth, leading to immense
storage and computational effort. Iterative methods, including Jacobi and Gauss-Seidel, also present
challenges, as their convergence slows down significantly for large At due to the increased condition
number of the system matrix. Despite the absolute stability of the semi-implicit scheme, it is often
not much faster than the explicit one. To fully leverage the benefits of absolute stability, it is crucial
to develop a more efficient approach where the computational effort is independent of the time step

size.
Additive Operator Splitting schemes

To address the aforementioned issue, we propose a modification of the semi-implicit scheme (5.57),

known as the additive operator splitting (AOS) scheme. This approach aims to decouple the system,
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allowing each row and column of pixels to be processed independently. To achieve this, equation

(5.57) is reformulated as:

-1

2
1 —
n+l _ | = _ 2 n n
Ul = 2;:1 [D - 2224, WM]| U (5.58)
We then consider the desired form:
2 1 -1
n+l _ = _ 2 n 1
u _Z (2[1) AP A (U )]) u-. (5.59)

k=1
This formulation introduces an interesting decomposition of the system matrix. However, the right-

hand sides of (5.58) and (5.59) are not equal. To ensure equality, we multiply the right-hand side of
(5.59) by a scalar r.

-1

2 -1 2
1 2 n T _ 1 2 n Tn
rZ(E [D-2ar4, U )]) U = EZ[D—zAt Acum]| e
k=1 k=1
Letting By = [D — 2At2 Ay (U")], this implies:
4rB™' =B
Thus, we find:
1
=7

Substituting this result into (5.59) simplifies the equation to:

2 2
U = i Z [% (D - 2284, (u”))] T - Z (2D - 4aP2A, (U”))_l u.  (5.60)
k=1 k=1

Further simplification of (5.60) yields:
-1 — -1 ~
U™ = (2D - 4APA, (U")  U" + (2D - 4APA, (U") U

This derivation shows that the scheme in (5.60) is a modified version of the semi-implicit scheme,
incorporating a one-dimensional semi-implicit approach in arbitrary dimensions. Since it follows an
additive splitting, all coordinate axes are treated equivalently.

Introducing the notation U = (2D — 4APA, (U") " U", and W = (2D — 4APA, (un))_1 U, the

solution can be expressed as the sum of two components:

un+1 — Vn+1 + Wn+1. (561)
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The equations for V and W are given by:

{ (2D — 4APA, (UM) V' = U"
(5.62)

(2D - 4ArA, (UM) W = T,
Since the differential operators A, and A, are analogous, we derive the finite difference equation for
a single row of pixels; the corresponding equation for a column of pixels is equivalent. Consider a
row containing N + 1 pixels indexed from O to N.

We introduce the following notation:

4AF?

2
Oi = 441 (in_%), and 0; = F(Fzﬂ%).

As?

The finite difference equation for U simplifies to:

— SV 24+ AAE+ 2y AP + 0, + o) VI — g, VI = U (5.63)

i+1

At each time step, the numerical scheme involves solving an algebraic system where the matrix
(2D — 4At A, (U")) is irreducible, strictly diagonally dominant, and therefore invertible. Such sys-
tems can be efficiently solved using block-wise solvers, such as the Tri-diagonal Matrix Algorithm.

A similar finite difference equation applies to W in the y dimension, for j = 0,1, ...M.

= O;WIL + (2 + AAE+2) AP +6; + o)W — o, Wi = UL, (5.64)

j+1

where

2 2
0 = %(’@—%)' and 0 = 4AA—:2(E]’+%)'

At the boundary nodes, Neumann boundary conditions are imposed:
Vo=Vi,Vn=Vna and Wo = Wi, Wy = Wy,

In addition to discretizing equations (5.1)-(5.3), it is necessary to establish a stopping criterion
for the numerical simulation. The process begins with the initial value 1, , and the discrete system
is iteratively applied, producing a sequence of progressively smoother images u(x, y,t); t > 0, which
represents filtered versions of 1. The noise reduction process terminates when the restored image
achieves optimal PSNR (Peak Signal-to-Noise Ratio) and SSIM (Structural Similarity Index) values.

We summarize the numerical algorithm for the model (5.1)-(5.3) in Algorithm 3.
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Algorithm 3 AOS algorithm for Telg with diffusivity based on the Caputo-Fabrizio derivative

Input: Original image U°, time step Af, number of iterations N, parameters a, p, A,
Initialize: U" = U"! = U°

1: forn =1to N;do

2:  Compute

At
. D::I+/\T+7/At2

o :=2U"+ (%At = 1) U= + yARPUY

3:  Regularization: Compute the smoothed version using convolution v := K, * U"

Compute the diffusivity:

e  Approximate the fractional gradient V*u using the Caputo-Fabrizio fractional derivative
(Section 2.5.2)

e  Compute the diffusivity function 7 := 71(|V*0|) at each pixel
5:  Solve 1D system in x-direction:

V= (2D - 4ArPA) T

Solve tridiagonal system using Thomas algorithm
6:  Solve 1D system in y-direction:

W:= (2D —4APA,)'U

Solve tridiagonal system using Thomas algorithm
7:  Combine results:

vrl=U+ W

8: end for
Output: V!

5.4 Experimental findings and their interpretation

This section presents a series of numerical experiments conducted to evaluate the effectiveness
of the proposed model (5.1)-(5.3). In all the experiments and for each image type, we applied our
model using three different values of a to evaluate its performance under varying conditions. The
results indicate a direct relationship between noise density and the optimal fractional order. Specif-
ically, as the noise density increases, the optimal fractional order that yields the best performance
also increases. This suggests that higher noise levels necessitate a higher fractional order to achieve

optimal results. These values of & are consistent across all figures and tables, and their impact on the
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results is reflected in the corresponding PSNR and SSIM values.
These experiments were performed on a diverse set of gray scale images using the AOS method

1

withAs =1, p =25, A = 0.1, and h('V“uPD = . The original test images used in these

1+ | Ve, |
simulations are shown in Figure 5.1. The selected images vary in size: the Brain MRI (BMRI) in
Figure 5.2 has dimensions of 225 X 225, while the ultrasound image in Figure 5.3 has dimensions of
976 xX735. Figure 5.4 includes the Circle image, and Figure 5.5 presents the Barbara image, both with
dimensions of 256 X 256.

To assess the robustness and effectiveness of the proposed model, different types of noise includ-
ing speckle noise, salt-and-pepper noise, and Gaussian noise were added at progressively increasing
levels. The performance of the model was evaluated using two widely used image quality metrics:
the peak signal-to-noise ratio (PSNR) and the structural similarity index (SSIM). Additionally, the
proposed model was compared against the classical telegraph diffusion-based model [17] to highlight
its effectiveness in image restoration under various noise types and densities.

Figure 5.2 presents a Brain MRI (BMRI) scan with three different speckle noise densities. The
proposed model demonstrates superior performance in noise removal while preserving fine image
details, compared to the classical telegraph diffusion-based model [17]. This is supported by the
results in Table 5.1, where the PSNR and SSIM values highlight the superior performance of the
proposed model in both objective quality metrics. Additionally, the visual quality of the image shows
a significant improvement, with clearer details and fewer noise artifacts. Such improvements are
especially crucial in medical imaging, where maintaining high image quality is essential for accurate
diagnosis and treatment planning.

Figure 5.3 shows an ultrasound image with various speckle noise densities. This image was used
to further validate the effectiveness of our proposed model in removing speckle noise. The results
confirm the superiority of our model over the classical telegraph diffusion-based model [17], as evi-
denced by the visual quality of the image and the results presented in Table 5.2, where the PSNR and
SSIM values demonstrate the superior performance of the proposed model in terms of both objective
quality metrics.

Figure 5.4 displays a Circle image with salt-and-pepper noise, applied at various noise densities.

This images was used to further evaluate the effectiveness of our proposed model in removing salt-
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and-pepper noise. The results show that our model outperforms the classical telegraph diffusion-based
model [17], as evidenced by the visual quality of the image and the results in Table 5.3, where the
PSNR and SSIM values highlight the model’s ability to preserve image quality while effectively
eliminating noise.

Figure 5.5 presents the Barbara image with Gaussian noise, applied at three different noise densi-
ties. This image was used to evaluate the effectiveness of our proposed model in removing Gaussian
noise, which can introduce random variations in pixel values, thus degrading image quality. The re-
sults indicate that our model provides superior noise reduction compared to the classical telegraph
diffusion-based model [17], as shown by the improved visual quality of the image and the values in
Table 5.4. These values, including PSNR and SSIM, highlight the model’s ability to preserve image
details and fine structures while effectively removing noise.

Building on the previous analysis of the proposed model’s performance across various noise
types and image categories, the numerical experiments further confirm its effectiveness in remov-
ing speckle, salt and pepper, and Gaussian noise at varying densities. The results clearly demonstrate
that the proposed model outperforms the classical telegraph diffusion-based model [17], as evidenced
by both objective quality metrics (PSNR and SSIM) and noticeable improvements in visual quality.
These findings underscore the model’s ability to preserve critical image details while effectively re-
ducing noise, positioning it as a promising solution for applications such as medical imaging, where
image quality is essential for accurate diagnosis. Furthermore, the results highlight the crucial role
of the fractional order parameter «, revealing a direct relationship between noise density and the op-
timal « value. Specifically, as the noise level increases, a higher « is required to achieve optimal

performance, underscoring its significance in fine-tuning the model for different noise conditions.
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(a) BMRI (b) Circle (c) Barbara

(d) Ultrasound

Figure 5.1: Original test images.
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Figure 5.2: Comparison of denoising results for BMRI with varying noise levels after 6 iterations,
using At = 5.2 and y = 0.01. First row: (a-c) Noisy BMRI corrupted by speckle noise at levels of
0.01, 0.05, and 0.1, respectively. Second, third, and fourth rows: Filtered versions of images (a-c)
using (5.1) and [17]. First, second, and third columns: Denoised images by (5.1) fora = 0.1, = 0.3,
and a = 0.5, respectively. Fourth column: Denoised images by [17].
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(d) (e) ®

Figure 5.3: Comparison of denoising results for Ultrasound images with varying noise levels using
y = 0.01. (a,d,g): Noisy Ultrasound images corrupted by speckle noise with densities 0.01, 0.05,
and 0.1, respectively. (b,e,h): Denoised images corresponding to (a,d,g) obtained using (5.1) for
a = 0.1,a = 0.3, and a = 0.5, respectively. (c,f,i): Denoised images corresponding to (a,d,g)
obtained using [17].




5.4. EXPERIMENTAL FINDINGS AND THEIR INTERPRETATION 123

(n) (0)

Figure 5.4: Comparison of denoising results for Circle images with varying noise levels after 6 itera-
tions, using At = 4 and y = 0.001. First row: (a-c) Noisy Circle images corrupted by salt-and-pepper
noise at levels of 0.01, 0.05, and 0.1, respectively. Second, third, and fourth rows: Filtered versions
of images (a-c) using (5.1) and [17]. First, second, and third columns: Denoised images by (5.1) for
a=0.5a =0.7,and a = 0.8, respectively. Fourth column: Denoised images by [17].
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) (0)

Figure 5.5: Comparison of denoising results for Barbara images with varying noise levels after 6
iterations, using At = 4 and = 0.01. First row: (a-c) Noisy Barbara images corrupted by Gaussian
noise at levels of 0.01, 0.05, and 0.1, respectively. Second, third, and fourth rows: Filtered versions
of images (a-c) using (5.1) and [17]. First, second, and third columns: Denoised images by (5.1) for
a=05a=0.8,and a = 0.9, respectively. Fourth column: Denoised images by [17].
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a Values
Image | Noise density a=0.1 a=0.3 a =05 [17] model
PSNR SSIM | PSNR SSIM | PSNR SSIM | PSNR SSIM
0.01 36.04 095 | 3431 093 | 3277 091 | 2641 0.80
BMRI 0.05 31.17 090 | 31.67 091 | 3143 090 | 2599 0.79
0.1 2855 084 | 29.80 0.88 | 30.25 0.88 | 25.32 0.78

Table 5.1: Comparison of PSNR and SSIM for denoised images derived from noisy BMRI with
varying levels of speckle noise.

Image Noise density values
0.01 0.05 0.1
Ultrasound
a=0.1 [17]model | « =0.3 [17] model | « =0.5 [17] model
PSNR 30.42 23.06 27.76 23.40 26.63 23.33
SSIM 0.89 0.59 0.82 0.61 0.78 0.61

Table 5.2: Comparison of PSNR and SSIM for denoised images derived from noisy Ultrasound im-
ages with varying levels of speckle noise.

a Values
Image | Noise density a=0.5 a=0.7 a=0.8 [17] model
PSNR SSIM | PSNR SSIM | PSNR SSIM | PSNR SSIM
0.01 3581 0.89 | 3482 0.88 | 3399 0.88 | 31.88 0.86
Circle 0.05 30.34 0.61 | 30.72 0.61 | 3047 0.60 | 2947 0.59
0.1 2587 053 | 26.38 054 | 2641 0.54 | 26.01 0.53

Table 5.3: Comparison of PSNR and SSIM for denoised images derived from noisy Circle images
with varying levels of salt-and-pepper noise.

a Values
Image | Noise density a=0.5 a=0.8 a=0.9 [17] model
PSNR SSIM | PSNR SSIM | PSNR SSIM | PSNR SSIM
0.01 2699 0.76 | 2640 0.74 | 26.08 0.73 | 23.24 0.61
Barbara 0.05 2332 059 | 24.04 0.64 | 24.02 0.64 | 2214 054
0.1 21.23 048 | 22.15 056 | 22.20 0.57 | 2091 048

Table 5.4: Comparison of PSNR and SSIM for denoised images derived from noisy Barbara images
with varying levels of Gaussian noise.
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5.5 Conclusion

In this study, we proposed a novel nonlinear telegraph diffusion model that integrates fractional-
order derivatives into the diffusivity function to enhance image denoising. We established a rigorous
theoretical framework by proving the existence, uniqueness, and boundedness of the weak solution
using Schauder’s fixed-point theorem, ensuring the well-posedness of the model. From a numerical
perspective, we employed an unconditionally stable semi-implicit finite difference schemes based
on the additive operator splitting (AOS) technique, which has shown high efficiency in telegraph
diffusion while maintaining computational feasibility.

Extensive experimental evaluations showed that the proposed model outperforms the classical
telegraph diffusion approach in terms of noise removal, as well as edge and features preservation.
The results, assessed using PSNR and SSIM, confirmed its effectiveness in restoring image quality
across various types of noise while preserving fine structural details. Additionally, the findings reveal
a direct relationship between the fractional order parameter a and noise characteristics, where the
optimal choice of a varies according to noise density, ensuring enhanced denoising performance.

The improved denoising performance and structural preservation achieved by our model demon-
strate its reliability for image processing applications. Its ability to reduce noise while maintaining
essential usefulness in domains requiring high-quality image reconstruction, such as medical imaging

and remote sensing.




General Conclusion

This thesis has presented a comprehensive study of fractional partial differential equation (FPDE)
models for image restoration and denoising, combining rigorous theoretical analysis with efficient
numerical implementations. The work has focused on nonlinear diffusion and telegraph diffusion
models enhanced with fractional-order derivatives, considered either in the Caputo or Caputo-Fabrizio
sense, to achieve a better balance between noise suppression and the preservation of structural image
details.

From a theoretical perspective, the existence, uniqueness, and boundedness of weak solutions
were established, ensuring the well-posedness of the proposed models. On the numerical side, semi-
implicit additive operator splitting (AOS) schemes were developed, offering unconditional stabil-
ity and computational efficiency. Comparative studies and extensive experiments, assessed through
both visual inspection and quantitative metrics such as PSNR and SSIM, were conducted on im-
ages corrupted by different types of noise, including Gaussian, salt-and-pepper, and speckle noise.
These experiments confirmed that the incorporation of fractional gradients, gray-level indicators, and
fractional-order diffusivity enhances adaptability to local image features, improves denoising perfor-
mance, and preserves edges and fine structures more effectively than classical models. In particular,
the analysis confirmed a direct relationship between the fractional-order parameter o and noise char-
acteristics, indicating that appropriately selecting « according to the noise level leads to improved
denoising performance across varying noise densities.

Overall, the thesis provides a mathematically rigorous and computationally feasible framework for
fractional PDE-based image denoising. The proposed models consistently demonstrate superior per-
formance in terms of structural preservation, robustness to different types of noise, and computational
efficiency, offering valuable tools for real-world applications in medical imaging, remote sensing, and

other areas requiring high-quality image reconstruction.
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Abstract

This thesis addresses the fundamental challenge of image denoising: achieving an optimal balance between noise suppres-
sion and the preservation of essential image structures. It introduces novel fractional partial differential equation (FPDE)
models formulated within nonlinear diffusion and nonlinear telegraph diffusion frameworks, employing fractional deriva-
tives in the Caputo and Caputo-Fabrizio senses to enhance modeling flexibility and denoising performance. Theoretical
analysis establishes the well-posedness of the proposed models by proving the existence, uniqueness, and boundedness of
weak solutions. Efficient semi-implicit numerical schemes based on additive operator splitting (AOS) are developed and
shown to be unconditionally stable and computationally efficient. Comprehensive experiments evaluated using PSNR and
SSIM metrics demonstrate that the proposed fractional-order models significantly outperform conventional approaches.

Keywords: Fractional PDEs; nonlinear diffusion; nonlinear telegraph diffusion; weak solutions; Schauder’s fixed-point
theorem; unconditionally stable numerical schemes; image denoising; image restoration.

Résumé

Cette these aborde le défi fondamental du débruitage d’images, qui consiste a atteindre un équilibre optimal entre la sup-
pression du bruit et la préservation des structures essentielles de I’image. Elle introduit de nouveaux modeles d’équations
aux dérivées partielles fractionnaires (FEDPs), formulés dans les cadres de la diffusion non linéaire et de la diffusion télé-
graphique non linéaire, en recourant aux dérivées fractionnaires au sens de Caputo et de Caputo—Fabrizio afin d’accroitre
la flexibilité de modélisation et d’améliorer I’efficacité du débruitage. L’analyse théorique établit le caractere bien posé
des modeles proposés en démontrant 1’existence, I’unicité et la bornitude des solutions faibles. Des schémas numériques
semi-implicites performants, fondés sur la décomposition additive des opérateurs (AOS), sont développés et démontrés
inconditionnellement stables et efficaces sur le plan computationnel. Des expériences numériques approfondies, éval-
uées a l’aide des indicateurs PSNR et SSIM, montrent que les modeles fractionnaires proposés surpassent de maniere
significative les approches classiques.

Mots-Clés: EDPs fractionnaires; diffusion non linéaire; diffusion télégraphique non linéaire; solutions faibles; théoréme
du point fixe de Schauder; schémas numériques inconditionnellement stables; débruitage d’images; restauration
d’images.
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