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General description of the work
Relevance of the topic
In the twenty-first century, the rapid development of digital technologies, Artificial Intelligence, and

Machine Learning (ML) has significantly influenced the way visual information is processed, analyzed,
and used in decision-making systems. Digital images are now widely used in scientific research, medical
diagnosis, autonomous systems, remote sensing, surveillance, industrial inspection, and many other
applied domains. In these areas, image classification systems are expected not only to recognize visual
objects under ideal conditions, but also to remain reliable when the input data are affected by noise, blur,
compression artifacts, illumination changes, weather effects, or other forms of degradation.

Deep Convolutional Neural Networks (CNN) have become the dominant approach for image
classification due to their ability to learn hierarchical representations directly from image data. Modern
CNN architectures can achieve high performance on standard benchmark datasets and have become the
basis of many visual recognition systems. However, their strong performance under clean benchmark
conditions does not guarantee reliable behavior in real-world environments. In practice, images may differ
from the training data distribution because of sensor limitations, environmental changes, motion,
compression, or corruption. Under such conditions, CNN classifiers may lose accuracy, become poorly
calibrated, or produce overconfident incorrect predictions. Therefore, robust image classification remains
an important and practically relevant problem.

The relevance of this problem is especially clear in application areas where incorrect visual decisions
may lead to serious consequences. In autonomous driving and driver-assistance systems, camera images
may be affected by rain, fog, snow, low illumination, or motion blur. In medical image analysis,
diagnostic images may contain acquisition noise, low contrast, or scanner-dependent artifacts. In remote
sensing and drone imagery, atmospheric effects, compression, and illumination changes may degrade
visual quality. Similar problems occur in surveillance, traffic monitoring, industrial visual inspection, and
edge-based vision systems. In all these cases, the reliability of image classification depends not only on
clean-data accuracy, but also on robustness under non-ideal visual conditions.

The need for robustness has led to the development of corruption-oriented benchmarks such as
CIFAR-10-C and CIFAR-100-C, where standard image datasets are extended with controlled corruptions.
These benchmarks make it possible to measure how much model performance degrades under different
types of image distortion. Such evaluation is important because it reveals weaknesses that are not visible
when only clean test accuracy is reported. A model that performs well on clean CIFAR-10 or CIFAR-100
may still be sensitive to Gaussian noise, impulse noise, motion blur, contrast changes, pixelation, or JPJEG
compression. Thus, robustness-oriented evaluation has become a necessary part of studying the practical
reliability of CNN-based classifiers.

At the same time, improving robustness requires more than simply increasing model size or training
longer. Modern CNNs may learn representations that contain redundant, nuisance, or corruption-sensitive
information. Information-Theoretic tools provide a principled way to analyze and control such
representations. In particular, the Information Bottleneck (I1B)! principle and its variational formulation
encourage a model to preserve task-relevant information while compressing irrelevant variability. This

1 Tishby N., Pereira F. C. and Bialek W., “The information bottleneck method”, arXiv:physics/0004057, 1999.
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makes the Variational Information Bottleneck (VIB)? especially relevant for improving generalization,
calibration, and stability of neural-network representations.

However, Information-Theoretic compression alone does not explicitly impose spatial structure on
visual features. Image data have strong local spatial organization: neighboring pixels form edges, textures,
contours, and object parts. Therefore, robustness in image classification also depends on the stability of
early spatial feature extraction. Partial differential Equation (PDE)? based methods are relevant in this
context because they provide mathematically interpretable mechanisms for smoothing, diffusion, and
structural regularization. The work also develops PDE-based convolutional prior layers as front-end
components and extends them into a lightweight diffusion-based trainable PDE module with learnable
nonnegative channel-wise diffusion coefficients for improving low-level feature extraction in CNN-based
image classification.

Thus, the relevance of the dissertation is determined by the need to develop CNN-based image
classification models that are not only accurate on clean data, but also more stable, better calibrated, and
more robust under corrupted visual conditions. The work addresses this need by combining two
complementary principles: diffusion-based PDE regularization for stabilizing early spatial feature maps,
and VIB compression for controlling the information content of learned representations. This combination
provides a principled basis for improving the reliability of CNN classifiers under both clean and corrupted
input conditions.

The practical importance of the topic is also supported by the moderate computational cost of the
proposed approach. Since real-world systems often operate under resource constraints, robustness
improvements are most valuable when they do not require a substantial increase in model size or inference
latency. The PDE-CNN-VIB architecture developed in this dissertation is therefore relevant not only as
a theoretical and experimental contribution, but also as a step toward more reliable visual recognition
systems for practical applications.

Main Aim of the Work and Considered Problems
The main aim of this dissertation is to improve CNN-based image classification and to develop a

robust image classification architecture.
To achieve this aim, the following problems were considered.

1. Analyze and compare existing strategies for applying Information-Theoretic tools in ML,
identify their role, effectiveness, and limitations in solving problems related to feature
selection, representation learning, model regularization, generalization, calibration, and
robustness.

2. Integrate the two-dimensional predefined convolutional layers based on parabolic and
hyperbolic PDEs as front-end components in CNN-based image classification, to learn
low-level spatial abstractions before conventional feature extraction.

2 Alemi A. A., Fischer I, Dillon J. V. and Murphy K., “Deep variational information bottleneck”, arXiv:1612.00410, 2019.

3 Aubert, G. and Kornprobst, P., Mathematical Problems in Image Processing: Partial Differential Equations and the Calculus of
Variations, New York: Springer Verlag, 2002.
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3. Combine the Information-theoretic control of the learned representation with the spatial
structural regularization extracted by PDE based layers and develop a new hybrid
architecture for image classification.

4. Experimentally evaluate the effectiveness of new architecture's generalization, robustness,
callibration and computational overhead on several datasets and CNN backbones.

Research objects
The research objects of this dissertation are CNN architectures for image classification, the

representation learning processes within these architectures, PDE-based convolutional prior layers and
diffusion front-end modules for spatial structural regularization and information-theoretic bottleneck
mechanisms for controlling learned representations. These objects are studied in the context of clean and
corrupted image classification with attention to generalization, calibration, robustness, and dependence
on dataset setting and backbone architecture.

Research methods
The results of the dissertation are based on a combination of mathematical, information-theoretic,

numerical, and computational-experimental methods. The theoretical part of the work uses the basic tools
of Information Theory, including entropy, conditional entropy, joint entropy, Mutual Information,
normalized Mutual Information, cross-entropy, Kullback-Leibler divergence, the IB principle, and the
VIB framework. These methods are used to analyze uncertainty, dependence between variables,
representation compactness, probabilistic reliability, and the compression-prediction trade-off in ML
models.

To study structural regularization in image recognition, methods of PDE and finite-difference
approximation are used. In particular, parabolic and hyperbolic PDE-based formulations are considered
as mathematical foundations for predefined convolutional layers. For the final PDE-CNN-VIB
architecture, the PDE-based prior idea is adapted into a diffusion-based trainable front-end using residual
Laplacian updates with learnable nonnegative channel-wise diffusion coefficients. This makes it possible
to combine the interpretability of PDE-based smoothing with the flexibility of trainable CNN-based
feature extraction and Intormation-theoretic compression mechanism.

The computational part of the dissertation is based on Deep Learning methods for image
classification. CNN architectures and their representative backbone families, including ResNet, VGG,
and DenseNet, are used to study the behavior of the proposed models under clean and corrupted image
conditions.

Experiments

The experimental results are obtained using standard benchmark datasets for image classification and
robustness evaluation, including CIFAR-10, CIFAR-100, CIFAR-10-C, and CIFAR-100-C. Clean-data
performance is evaluated using classification accuracy, train-test generalization gap, Negative Log-
Likelihood, and Expected Calibration Error. Robustness under corrupted inputs is evaluated using
corruption-wise accuracy, corruption-category averages, and mean corruption accuracy.

In addition, computational efficiency is studied through the number of trainable parameters, average
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training time per epoch, inference latency, and robustness-cost trade-off.

Scientific novelty
The scientific novelty of the dissertation consists in the development of PDE-based convolutional

prior layers for learning low-level spatial abstractions in CNN-based image classification and their
transformation into a lightweight diffusion-based trainable front-end. The proposed front-end uses
repeated residual Laplacian diffusion updates with learnable nonnegative channel-wise diffusion
coefficients, which allows spatial structural regularization to be integrated into an end-to-end trainable
neural architecture. This construction preserves the interpretability of PDE-based smoothing while
making it compatible with convolutional feature adaptation, VIB compression, channel reconstruction,
and residual blending.

The new developed hybrid PDE-CNN-VIB architecture combines the adapted diffusion-based PDE
front-end with a VIB module. The architecture also includes channel reconstruction and learnable residual
feature blending, which allows deterministic PDE-enhanced features and stochastic VVIB-compressed
features to be combined before classification. This forms a new modular approach for robust CNN-based
image classification, applicable to different CNN backbones rather than to one specific network only.

Practical significance
The practical significance of results consists in the development of a software and experimental

framework for studying robust image classification under clean and corrupted input conditions. The
implemented system allows training and evaluating baseline CNN, PDE-CNN, and PDE-CNN-VIB
models on standard image classification datasets, including CIFAR-10 and CIFAR-100, as well as their
corrupted variants CIFAR-10-C and CIFAR-100-C. The framework makes it possible to compare the
effect of diffusion-based PDE regularization and VIB compression under identical training and evaluation
conditions.

The software implementation was developed in Python using modern deep learning libraries, mainly
PyTorch and Torchvision. It supports the construction of different CNN backbone variants, including
ResNet, VGG, and DenseNet, and enables the proposed PDE-CNN-VIB front-end to be combined with
these architectures. This modular structure makes the implementation suitable not only for the
experiments presented in the dissertation, but also for further research involving other CNN backbones,
datasets, or robustness settings.

The developed experimental framework allows the calculation of several evaluation metrics that are
important for reliable image classification. In addition to standard classification accuracy, the system
computes Negative Log-Likelihood, Expected Calibration Error, train-test generalization gap, corruption-
wise accuracy, mean corruption accuracy, and computational-cost indicators such as training time and
inference latency. The obtained results can be exported in tabular formats such as CSV, which makes
them suitable for further statistical analysis, visualization, and comparison.

The practical value of the new PDE-CNN-VIB architecture is that it can serve as a basis for building
more reliable image classification systems in environments where visual inputs may be degraded. Such
conditions may occur in autonomous driving, medical image analysis, remote sensing, surveillance, traffic
monitoring, industrial visual inspection, and edge or mobile vision systems. In these scenarios, images
may be affected by noise, blur, compression artifacts, illumination changes, weather effects, or sensor-
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related distortions. The proposed architecture is designed to improve the stability of learned
representations under such non-ideal conditions while keeping computational overhead moderate.

The results of the dissertation may also be useful for future studies on robust neural-network design.
The developed framework demonstrates how structural regularization and information-theoretic
compression can be combined in a single trainable architecture. Therefore, the developed approach can
be extended to other image classification tasks, larger datasets, alternative PDE formulations, and
different information-theoretic regularization mechanisms.

Approbation and Testing of the Obtained Results

The main scientific and experimental results of the dissertation were presented at the International
Conference on Computer Science and Information Technologies, CSIT 2025, held in Yerevan, Armenia.
The presented work concerned the integration of PDE-based preprocessing with the Variational
Information Bottleneck framework for improving CNN-based image classification.

The results of the dissertation were also discussed at the general seminar of the Institute for
Informatics and Automation Problems of the National Academy of Sciences of the Republic of Armenia.

Publications
The main scientific and experimental results of the dissertation were published in 5 scientific papers,
the list of which is presented at the end of the synopsis.

Scope and Structure of the Work
The dissertation is 125 pages long and consists of an introduction, 4 chapters, a conclusion, and a
bibliography comprising 86 references.

Content of the work
The Introduction section substantiates the relevance of the dissertation topic, defines the main

objective of the research, outlines the problems under consideration, and presents the scientific novelty,
practical significance, and key propositions submitted for defense.

The first chapter has a foundational character. There was introduced the image classification
problem, the role of Convolutional Neural Networks, benchmark datasets for image classification, and
the Information-Theoretic tools used in the dissertation. Image classification is considered as the task of
learning a mapping from an input image to a finite set of class labels. CNNs are discussed as the main
architecture for this task, since they preserve the spatial structure of images and learn hierarchical feature
representations through local convolutional filters, nonlinear activation functions, pooling operations, and
deeper classification layers.

In the chapter the role of benchmark datasets is also described. CIFAR-10 and CIFAR-100 are
considered as standard clean-image classification datasets, while CIFAR-10-C and CIFAR-100-C are
discussed as corrupted-image benchmarks used to evaluate robustness under distribution shift. This
distinction is important because clean test accuracy alone is not sufficient to characterize the reliability of
CNN-based classifiers under real-world image degradations such as noise, blur, compression artifacts,
and contrast changes.



Then there are presented the main elements of Information Theory used in the dissertation. For a
discrete random variable X, entropy is defined as

HO) = = ) p@) log p(),

XEX
where x € X is a possible outcome of the variable, p(x) is the possibility of observing outcome x. H(X) is

interpreted as a measure of uncertainty. Mutual Information between random variables X and Y is given
by
I(X;Y) = HX)+ HY) — H(X,Y),

where H(X) and H(Y) are the entropies of the random variables X and Y, H(X,Y) is their joint entropy.
I(X;Y) measures the amount of information shared between them. Kullback—Leibler divergence is
introduced as a measure of discrepancy between two probability distributions P and Q:

Da(PlQ) = Zp(x) log (”E 3)

where p(x) and q(x) are the probabilities aSS|gned to the outcome x by P and Q.
Special attention is given to the IB principle, where representation learning is formulated as a trade-
off between compression and predictive relevance:
Lig = 1(X;T) — BI(T;Y),
where X represents the input variable or original data, T denotes the compressed representation or
bottleneck variable, Y represents the target variable or class label and g is a positive trade-off parameter
that controls the balance between compressing the input information and preserving information relevant
to the target.
Its variational form, the VIB, introduces a stochastic latent representation z
=u+ o0Q@e e~N(0,1),
which is later used in the new PDE-CNN-VIB architecture. Here u represents the mean vector of the
latent distribution, o represents the standard deviation vector of the latent distribution, € is a random noise
vector sampled from a standard normal distribution with mean 0 and identity covariance matrix | and the
© denotes element-wise multiplication
Thus, in the first chapter the basic concepts required for the dissertation are established: CNNs as the
computational framework, CIFAR and CIFAR-C datasets as the evaluation environment, and
Information-Theoretic tools as the mathematical basis for studying uncertainty, representation
compactness, calibration, and robustness.

The second chapter is devoted to the analysis and comparison of existing Information-Theoretic
strategies used in ML. In particular, the applications of entropy, Mutual Information, Kullback—Leibler
divergence, cross-entropy, and bottleneck-based methods in ML were analyzed.

The discussions how Information-Theoretic tools are used in feature selection, dimensionality
reduction, decision trees, clustering, metric learning, neural-network regularization, and deep
representation learning. Special attention is given to the IB framework and its variational extension. The
IB principle describes representation learning as a trade-off between compression and predictive
relevance, while the VIB makes this principle applicable to neural networks through stochastic latent
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representations and KL-divergence regularization.

The limitations of Information-Theoretic methods in modern ML are also analyzed in the chapter. In
high-dimensional settings, the estimation of entropy and Mutual Information becomes computationally
difficult, and approximation errors may reduce the reliability of information-based objectives. In addition,
modern CNN classifiers remain sensitive to distribution shifts, corrupted inputs, and shortcut learning,
even when they achieve high accuracy on clean benchmark data.

As a result of the analysis carried out in [1], it is concluded that Information-Theoretic methods,
especially the IB and VIB, are powerful tools for improving representation compactness, generalization,
and calibration. However, these methods do not explicitly impose spatial structure on image features. This
conclusion motivates the use of VIB as the information-compression component of the later PDE-CNN-
VIB architecture, where it is combined with a separately developed PDE-based structural mechanism.

The third chapter is devoted to the work, where predefined convolutional layers derived from PDEs
were studied for image recognition. The chapter investigates how parabolic and hyperbolic PDE-based
operators can be inserted before standard CNN backbones in order to improve low-level feature
extraction. Here the structural-prior direction that is later adapted and combined with the VIB in the PDE-
CNN-VIB architecture is introduced.

In Section 3.1, the motivation for using PDE-based priors in image recognition is discussed. CNNs
usually learn their first convolutional filters entirely from data. Although this approach is flexible, it also
means that the network must learn low-level structures such as edges, local textures, and smooth regions
without any explicit mathematical prior. PDEs, on the other hand, have long been used in image
processing for smoothing, diffusion, propagation, and structural regularization. Therefore, finite-
difference approximations of PDEs can be interpreted as predefined convolutional operators that impose
meaningful local structure before the main trainable CNN begins its feature extraction process.

In Section 3.2, the mathematical construction of the predefined PDE layers are presented. Two types
of equations are considered. The parabolic case is based on the two-dimensional heat equation

ou 9*°u d0%*u

ot a2 Ty
which models diffusion-type smoothing. After finite-difference discretization, the update can be written
in a convolutional form, where the next feature state is obtained by applying predefined local kernels
corresponding to second-order spatial differences.

The hyperbolic case is based on the two-dimensional wave equation

0°u  9*u  0%’u

Unlike the parabolic update, the hyperbolic formulation includes a second-order temporal
dependence and therefore uses information from both the current and previous feature states. This gives
the hyperbolic layer a propagation-like behavior, while the parabolic layer has a diffusion-like behavior.
Thus, the two PDE types introduce different structural transformations into the early stages of the neural
network.

In Section 3.3, the general PDE-CNN architecture is described. The input image is first passed
through a small number of predefined parabolic or hyperbolic convolutional layers. The resulting feature
maps are concatenated and then forwarded to a standard deep neural network for classification. The
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general architecture is shown in Fig. 3.1. The main advantage of this design is that the PDE-based block
acts as a lightweight structural front-end and can be attached to different CNN backbones without
redesigning the whole architecture.

_ i P —_— DNN Model — Cat

|

|
3 T 32
3 : Output Feature Map

!

Hyperbolic or Parabolic Layer

Input Image

Figure 3.1. General architecture of the PDE-CNN model. The input image is first processed by
predefined parabolic or hyperbolic convolutional layers, and the resulting feature maps are passed to the
downstream CNN backbone for classification.

In Section 3.4 the experimental evaluation results on the CIFAR-10 dataset are summarized. The
predefined PDE layers were combined with several representative CNN architectures, including ResNet,
ResNeXt, VGG, and DenseNet. The experiments showed that the PDE-based layers improve image
recognition accuracy in many cases while adding only a very small number of additional trainable
parameters. This indicates that the improvement is not caused by a significant increase in model size, but
by the structural prior introduced at the beginning of the network.

A compact summary of representative results is given in Table 3.1.

Backbone Baseline Acc. (%) Best PDE-Enhanced Acc. (%)
ResNet-18 94.47 95.70
ResNet-34 95.20 95.85
ResNet-50 94.72 95.65
ResNext29 94.90 95.93
VGG-11 92.19 92.65
VGG-13 93.57 94.34
VGG-16 93.85 93.93
DenseNet-121 95.50 96.00

Table 3.1. Representative CIFAR-10 accuracy results for baseline and PDE-enhanced CNNs.

In the chapter there is also a comparison of the PDE-based method with PCFNet, a related predefined-
filter approach. The comparison shows that the PDE-based front-end achieves competitive or better
accuracy on selected backbones. In addition, the chapter studies the influence of the number of predefined
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layers. The results indicate that using a large number of PDE layers is not necessary; a small number of
parabolic or hyperbolic layers is usually sufficient to obtain the main improvement.

In the final part of the chapter the visualization of the learned predefined kernels is discussed.
Hyperbolic kernels often show more directional or polarized behavior, while parabolic kernels tend to
resemble Laplacian or cross-shaped smoothing patterns. This confirms that the two PDE families produce
different types of low-level structural transformations.

Thus, the results of the third chapter show that PDE-based predefined convolutional layers can serve
as lightweight and interpretable structural priors for image recognition. In the dissertation, these results
serve as the structural foundation for the next chapter. In Chapter 4, the PDE-based idea is adapted into a
diffusion-based trainable front-end and combined with VIB compression in the proposed PDE-CNN-VIB
architecture.

In the fourth chapter the main methodological and experimental results of the dissertation are
presented, the PDE-CNN-VIB architecture is developed and investigated here. The model combines a
diffusion-based PDE front-end, convolutional feature adaptation, a VIB module, residual feature
blending, and a CNN classification backbone. The initial idea of combining PDE preprocessing with VIB
was introduced in [3], the clean-data evaluation was presented in [4], and the robustness analysis under
common corruptions was extended in [5].

First in the chapter, the transition from PDE-based structural priors to the PDE-CNN-VIB
architecture are explained. The PDE-based convolutional prior framework used predefined parabolic and
hyperbolic PDE layers as front-end components for CNN image recognition. This idea is modified:
instead of directly using the full predefined parabolic/hyperbolic construction, the model uses a
lightweight diffusion-based parabolic PDE front-end. This front-end applies repeated residual Laplacian
updates with learnable nonnegative channel-wise diffusion coefficients. Thus, the PDE component
preserves the interpretation of heat-equation-type smoothing while becoming better suited for integration
with stochastic representation compression.

The main PDE update used in the architecture has the form

uﬁ”l) = uﬁ” + /chuET),

where ugr) is the feature map of channel cat diffusion step r, A is the discrete Laplacian operator, and A,

is a learnable nonnegative diffusion coefficient. This update corresponds to a parabolic diffusion process
and is used to stabilize early feature maps and reduce sensitivity to high-frequency perturbations.
The general architecture of the proposed PDE-CNN-VIB model is shown in Fig. 4.1.

After the PDE front-end and convolutional feature adaptation stage, the VIB module is applied to the
intermediate feature maps. The VIB module produces the parameters of a Gaussian latent representation
using two 1 x 1convolutional heads:

=W, *g+b,, logo®=Ws*g+b.

The stochastic representation is sampled by the reparameterization rule
t=pu+0Q@®e¢ e~N(,I.

The sampled tensor is reconstructed to the original channel dimension and combined with the pre-
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bottleneck feature map f using a learnable residual blend, using « learnable parameter to control the

strength of the feature map f:
h=at+ (- a)f.

The resulting representation is passed to a CNN backbone, such as ResNet-18, VGG-16, or
DenseNet-121, and then to the final classifier. The training objective combines the standard cross-entropy
classification loss with a KL-divergence regularization term:

L = Loy, logits) + B DKL(q( tlx) p(t)).

Here, B controls the strength of information compression. The role of the VIB module is to suppress

redundant and task-irrelevant information while preserving the information necessary for classification.

PDE-CNN-VIB pipeline (CIFAR-10)

Baseline = backbone only PDE-CNN = + PDE front-end PDE-CNN-VIB = + PDE + VIB

VIB Bottleneck
(PDE-CNN-VIB only)

PDE Front-End
(TrainablePDEBank)

Conv Stem

X: image 1x1:C—»Cb
(3 % 32 x 32) 1x1 expand: 3 = C 3x3 conv + BN + RelU eI e el
X R steps: U+ U + A_C - AU e (T :
BN + RelU 11 Cb o €
~
\
\

\

\

\

\
Y
\
\
. logvar

7 (skip) |
e 1
e |
-~ /
- /

Loss
Backbone CEly, logits)
ResNet-18 / VGG-16 / DenseNet-121 logits € R® + B - KL{N(iL, 0?) | N(O, 1)}
(CIFAR-friendly stem) label smoothing 0.05
B: linear warm-up

a-Residual Blend
a-t+{l-a)-f

E] PDE block E] Conv  blend [:] VIB black [j Backbone D 110 rensor D Loss

dataflow = o—————— loss term

Fig. 4.1. PDE-CNN-VIB architecture used in CIFAR-based experiments. The input image is
processed by a diffusion-based PDE front-end and a convolutional stem. The resulting feature
representation is passed through a VIB branch and also preserved through a skip connection. The
reconstructed VIB representation and the skip representation are combined by a learnable residual blend
before being forwarded to the CNN backbone.
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The clean-data experiments first evaluate the proposed model on CIFAR-10. In the initial experiment,
three variants are compared: a baseline CNN, a PDE-enhanced model, and the full PDE-VIB model. The
results show that the PDE-VIB model gives the best balance between classification accuracy and
probabilistic reliability. In particular, it improves clean accuracy and reduces Expected Calibration Error
compared with the baseline and PDE-only variants. This indicates that PDE preprocessing improves
feature extraction, while VIB compression improves representation quality and calibration.

To study longer training behavior, an additional 100-epoch experiment was conducted using ResNet-
18 as the base architecture. The results are shown in Table 4.1.

Model Train Test Acc. | Gap (%) NLL ECE CIFAR-10-C
Acc. (%) (%) mCA (%)
ResNet-18 99.40 91.77 7.63 0.3281 0.0369 69.77
Baseline
ResNet-18 99.63 92.59 7.04 0.2998 0.0385 75.27
PDE-CNN
ResNet-18 99.22 94.66 4.56 0.2113 0.0235 78.26
PDE-CNN-VIB
Table 4.1. Final clean CIFAR-10 and CIFAR-10-C results for the 100-epoch ResNet-18
experiment.

The results show that the PDE-CNN-VIB model achieves the highest test accuracy, the smallest train-
test gap, the lowest NLL, and the lowest ECE. Although its training accuracy is slightly lower than that
of PDE-CNN, its test accuracy is substantially higher. This indicates that the VIB component does not
simply increase memorization, but improves generalization by regulating the information flow through
the network.

Then robustness under common image corruptions is evaluated. Robustness is measured using mean

corruption accuracy:
15
1
mCA = EZ Acgy,
i=

where Acc; is the classification accuracy for the i-th corruption type. The CIFAR-10-C and CIFAR-100-
C benchmarks are used at severity level 3.

Examples of clean and corrupted images used in the robustness evaluation are shown in Fig. 4.2. The
figure demonstrates how the same clean CIFAR image can be transformed by different corruption types,
including noise, blur, frost, and impulse noise. Although the semantic content of the image remains the
same, the visual appearance is degraded: local structures may become distorted, textures may be
weakened, color distributions may change, and important object boundaries may become less clear.

Therefore, corrupted-image evaluation is more challenging than standard clean-data testing. In this
setting, the model is expected not only to classify clean images correctly, but also to preserve stable
prediction behavior when the input is affected by common visual corruptions. This makes corrupted-
image benchmarks important for evaluating the robustness and practical reliability of image classification
models.
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(class: truck, severity: 3)
Original Shot Noise Defocus Blur

Snow Contrast Jpeg Compression

Fig. 4.2. Examples of clean and corrupted CIFAR images used in the robustness evaluation.

First, the architecture is tested under a 20-epoch training protocol with three representative CNN
backbones: ResNet-18, VGG-16, and DenseNet-121. The results are summarized in Table 4.2.

Backbone Variant Accuracy (%) NLL ECE mCA (%)
ResNet-18 Baseline 86.23 0.4896 0.0323 60.80
ResNet-18 PDE-CNN 88.00 0.4042 0.0229 66.09
ResNet-18 PDE-CNN-VIB 89.44 0.3432 0.0206 71.24
VGG-16 Baseline 84.13 0.5146 0.0203 62.16
VGG-16 PDE-CNN 84.52 0.4998 0.0187 58.86
VGG-16 PDE-CNN-VIB 87.15 0.4121 0.0118 67.24
DenseNet-121 Baseline 85.65 0.3632 0.0333 65.48
DenseNet-121 PDE-CNN 89.56 0.3415 0.0283 68.84
DenseNet-121 | PDE-CNN-VIB 91.07 0.3284 0.0237 69.28

Table 4.2. Initial 15-epoch CIFAR-10 and CIFAR-10-C results across different CNN backbones.

The table shows that PDE-CNN-VIB gives the best overall result within each backbone family. This
is important because it shows that the proposed approach is not restricted to a single CNN architecture.
The VGG-16 case is especially informative: PDE-CNN alone reduces mCA, while PDE-CNN-VIB
improves it substantially. This confirms that the VIB module plays an important stabilizing role and helps
make the PDE-enhanced representation more robust.

The 100-epoch ResNet-18 experiment also confirms the robustness advantage of PDE-CNN-VIB. In
this setting, the model improves CIFAR-10-C mCA from 69.77% for the baseline to 78.26%. The
strongest gains are observed for corruptions that affect local image structure, especially Gaussian noise,
impulse noise, glass blur, zoom blur, snow, and frost. Category-wise analysis shows that PDE-CNN-VIB
improves all major corruption families: noise, blur, weather, and digital distortions.
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To verify that the method is not limited to CIFAR-10, the model is also evaluated on CIFAR-100 and
CIFAR-100-C. CIFAR-100 is more difficult because it contains 100 classes instead of 10, while
preserving the same 32 x 32 image format. The results are shown in Table 4.3.

Model Clean Acc. (%) NLL ECE mCA (%)
ResNet-18 Baseline 67.09 1.2892 0.0519 41.18
ResNet-18 PDE-CNN 66.91 1.2711 0.0482 43.86
ResNet-18 PDE-CNN-VIB 73.05 0.8023 0.0321 45.66

Table 4.3. CIFAR-100 and CIFAR-100-C results for ResNet-18-based models.

The CIFAR-100 results show that PDE-CNN-VIB improves clean accuracy from 67.09% to 73.05%,
while also reducing NLL and ECE. The CIFAR-100-C mCA also increases from 41.18% to 45.66%.
Thus, the proposed architecture improves both clean-data behavior and corrupted-data robustness even
when the classification problem becomes more fine-grained and difficult.

The computational cost of the new architecture is also considered in the chapter. The PDE-CNN-VIB
model introduces only a small increase in the number of parameters. In the ResNet-18-based setting, the
parameter count increases from 11.17 million to 11.20 million. The inference latency increases only
slightly, from 1.463 ms per image to 1.516 ms per image. In the 100-epoch experiment, the average epoch
time increases from 111.17 s for the baseline to 120.84 s for PDE-CNN-VIB. Therefore, the robustness
and calibration improvements are achieved with moderate computational overhead.

In the final part of the chapter possible practical use-case scenarios are discussed. Since the model
improves robustness under noise, blur, compression artifacts, and other non-ideal image conditions, it
may be useful in autonomous driving, medical image analysis, remote sensing, surveillance, industrial
visual inspection, and edge/mobile vision systems. In all these domains, visual inputs may be degraded,
and therefore classification reliability depends not only on clean accuracy, but also on robustness and
calibration.

Thus, the fourth chapter presents the main contribution of the dissertation. The previously studied
PDE-based structural prior is adapted into a lightweight diffusion-based trainable front-end, and this
front-end is integrated with VIB-based stochastic compression in the PDE-CNN-VIB architecture. The
obtained results show that the proposed architecture improves clean classification behavior, reduces
calibration error, increases mean corruption accuracy on CIFAR-10-C and CIFAR-100-C, and remains
applicable across several CNN backbones.

Main results of the work

1. A comprehensive analysis of the current implications of Information-Theoretic tools and
methods in ML was conducted, which highlighted the critical role of Information-Theoretic
methods in controlling representation quality, reducing redundancy, and improving
generalization, but also revealed that such methods alone do not explicitly impose spatial
structure on visual representations [1].

2. A PDE-based convolutional prior was introduced for CNN image classification by adding
two-dimensional predefined convolutional layers based on parabolic and hyperbolic PDEs
as front-end layers before standard CNN backbones. The method showed accuracy
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improvements across several architectures, while preserving low computational overhead
in terms of trainable parameters and FLOPs. [2].

3. A new hybrid PDE-CNN-VIB architecture was developed by integrating the adapted

diffusion-based PDE front-end with convolutional feature adaptation and a VIB module.
The resulting architecture combines two complementary mechanisms: PDE-based
structural regularization for stabilizing early spatial feature maps and VIB-based
information-theoretic compression for suppressing redundant and task-irrelevant
information. This integration forms a new CNN-based model for robust image
classification under clean and corrupted input conditions [3].

4. The effectiveness of the new PDE-CNN-VIB architecture was substantiated through

experiments on multiple benchmark datasets and CNN backbones. Results provide
empirical evidence that the new model is not dependent on a particular benchmark or
underlying architecture. The experiments showed improved clean-data behavior,
calibration, generalization, and corruption robustness, while keeping the inference
overhead nearly unchanged compared with the baseline models [4, 5].
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BHEI.I.JPEHVIE MHCTPYMEHTOB TEOPUU NHDPOPMALLUN B APXUTEKTYPY MNYBOKUX
HEWPOHHbIX CETEU OJ19 NOBbLILUEHUA 3PdPEKTUBHOCTU KNIACCUDPUKALLUN
U30BbPAMEHUA

A6cTpakr

B ycroBusx ObICTpOro pasBUTUSL IMUQPPOBBIX TEXHOJIOTMH, MCKYCCTBEHHOTO HHTEIEKTa H
MAIIMHHOTO OOy4YeHHs 3aJaydl aHalu3a W KIACCH(PUKAUUH H300pakeHUH HpUOOPETaloT 0co0YIo
HaydyHyI0 ¥ NpUKJIAJHYI0 3HaunMOCTh. [{ndpoBele wn300paKeHHsS IIHPOKO HCHONB3YIOTCA B
MEIUIMHCKOH  IMarHoCTHKe,  aBTOHOMHBIX  CHCTeMaX,  JWCTAHIMOHHOM  30HIMPOBAaHMHH,
BU/ICOHAOIIIOICHUH, TIPOMBIIIIICHHOM KOHTPOJIE Ka4ecTBa M IPYrux obnacTsax. B Taknx mpuiokeHMsIX
MOJIENH JTOJDKHEI OBITh HAaJEKHBIMH HE TOJBKO Ha YHCTHIX TECTOBBIX JaHHBIX, HO U B CUTYAIHsX, KOT/a
n300pakeHUs coJepkaT LIyM, pa3MbITHe, apTe(akThl CXaTHsA, U3MEHEHMS OCBEICHUs HIM ApYTue
HCKAKEHHS.

Ceeprounbie Heiiponnsie cett (CNN) sBIsSroTCST OZHUM H3 OCHOBHBIX HHCTPYMEHTOB
KIacCH(UKANK U300paKEHHH, IOCKOIBKY CIIOCOOHBI H3BJIEKaTh HEPAPXHUECKHE IPU3HAKUA U3
BU3yaNIbHBIX JaHHBIX. OJHAKO BBICOKAas TOYHOCTh HAa CTAHJAPTHBIX STAJOHBIX HaboOpax He Bceraa
rapaHTHUpPyeT YCTOWYNBOCTH MOJENH B PEaNIbHBIX YCIOBHAX. [IpH M3MEHEHNH pacrpeeeHus BXOIHBIX
naHHbIX CNN-Mozenu MOryT TepsTh TOYHOCTh, IEMOHCTPHPOBATh CIa0yi0 KaJHOpOBKY M BBIAABAaTh
Ype3MEpHO yBEpEeHHbIC OMNOOUHbIE Ipecka3anus. [loaTomy pa3paboTka Gonee yCTOHYUBBIX, XOPOLIO
KanOpoBaHHBIX 1 0000maromux CNN-kIaccuprKaTopoB 0CTaeTCs aKTyalnbHOU 3a1adeii.

AKTyalbHOCTh IAHHOM IHCCEPTallMM CBs3aHA C HCCICJOBAaHMEM JABYX B3aMMOJIOMONHSIIONINX
HampaBieHnil. I[lepBoe HampaBieHHE COCTOMT B HCIIONB30BAHMHM CBEPTOUHBIX M JU(D(Y3MOHHBIX
MOJLyJIei, OCHOBaHHBIX Ha JU((PepeHIHATBHBIX YpaBHEHUSX B 4YacTHBIX Npou3BoiHbiXx (PDE), mis
MIPOCTPAHCTBEHHON CTPYKTYPHOH perysspu3aliy paHHUX NMpu3HaKkoB. Takue KOMIIOHEHTHI MO3BOJISIOT
YUYHUTBIBATH JOKAJIBHYIO CTPYKTYPY U300paKeHHs M CTaOMIM3UPOBaTh HU3KOYPOBHEBBIE ITPE/ICTABICHHSI.
Bropoe HamnpaBieHHe CBA3aHO ¢ TPUMEHEHHEM NH()OPMAIIMOHHO-TEOPETHIECKUX METOJIOB, B YaCTHOCTH
Variational Information Bottleneck (VIB), mist yripaBieHnsi KOIM4ecTBOM HH(POPMAIINH, TTepeaBacMon
gepe3 MOJelb. OTO IIO3BOJISIET YMEHBIINTH W30BITOYHBIE W HECTAaOMIbHBIE MPU3HAKH, YIIyUIIUTH
0000MIaI0NIYI0 CIIOCOOHOCTH, KATMOPOBKY M YCTOMYHBOCTH KJIACCH(PHUKATOPA.

Takum oOpa3om, auccepTalys HampaBleHa Ha pa3pabOoTKy W HCCIENOBaHHE THOPUAHON
apXHUTEKTYpbl, o0bemuHstomeil PDE-perymspusamuio W HHPOPMAIIOHHO-TEOPETHUECKOE CHKATHE
HpeCTaBIeHUH U1t 6oJIee HaAEKHOH KilacCU(pUKAIMU N300paskeHUH.

OcHOBHBIE pe3yJIbTaThbl PA00ThI
1. IlpoBeneH MHOTOCTOPOHHHUII aHAIM3 COBPEMEHHBIX INPHUMEHEHHH HWHCTPYMEHTOB M METOIOB

TEOpHH HHPOPMALIUK B MAITHHHOM 00YYEHHH, KOTOPBIH TTOUEPKHYIT PEIIAIOIIYIO POJIb METOJOB TCOPUH
uHGOPMAIIMK B KOHTPOJE KadyecTBa MPEICTABICHUH, CHIKCHHHM H30BITOYHOCTH M YIy4LICHHH
0000mmaronEeil cnocoOHOCTH, HO TAKXKe IMOKa3all, YTO CaMM IO cebe Takhe METOAbLl HE HAaBSA3BIBAIOT
BU3YaJIbHBIM [PECTABICHUSM SIBHOW MPOCTPaHCTBEHHOM CTPYKTYpHI [1].

2. JIns xmaccudukanuu uzobpaxenuit ¢ momornbio CNN ObUT mpeanokeH KOHBOJOIIMOHHBIN
ATPUOPHBIA paclpe/enuTe]b Ha OCHOBE AU(dEpPEHINANBHBIX yPABHEHUH B YaCTHBIX HPOH3BOHBIX
(PDE): nepen cranmaptasiMu 6a30BbiMu ceTkamu CNN ObUTH 100aBIICHBI IByMEPHEIE 3apaHee 3aJaHHbIe
KOHBOJIIOIIMOHHBIC CJIOM, OCHOBAaHHbIC Ha mapabonudeckux u runepdonmyeckux PDE. JlanHblid MeTox
IIPOJIEMOHCTPHPOBAJI TTOBEIIIEHHE TOYHOCTH Ha HECKOJIBKUX aPXUTEKTYPaX, COXPaHUB IIPU STOM HHU3KHE
BBIUUCIIUTENIbHBIC 3aTPaThl C TOYKM 3PEHUS KOJMYECTBA OOy4aeMBIX I[1apaMETPOB M KOJIMYECTBA
omnepanuii ¢ masaroruei 3amsroit (FLOP). [2].
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3. beora paspaborana HoBas tubpuaHas apxutekrypa PDE-CNN-VIB myrem wunTerpanmu
a/laNTHPOBaHHOTO (PPOHT-3H/IA HA OCHOBE AU((Y3HOHHOTO yPaBHEHUS C KOHBOJIOLMOHHOM aJianTannei
npu3HakoB ¥ MoxyieMm VIB. ITomyduBmascst apXuTekTypa coueraet B cebe JBa B3aNMOIOTIOTHSIONIIX
MEXaHU3Ma: CTPYKTYpPHYIO PEryJIsipU3alUio Ha ocHOBe ypaBHeHus PDE mmst cra®unmmsamum paHHUX
MIPOCTPAHCTBEHHBIX KapT MPU3HAKOB U MH(OPMAIMOHHO-TEOPETHYECKoe cxkaTue Ha ocHoBe VIB mms
TIOIaBJICHUS] N30BITOYHON M HEpeNeBaHTHOM Mg 3a1aun MHpopManuu. Takas uHTerparms Gopmupyer
HOBYIO Mozenb Ha ocHoBe CNN [uis1 Hage)HOU Kitaccu(pUKay U300paKeHHH KaK ITPU YUCTOM, TaK U
[PH TIOBPEXKACHHOM BXOHOM curHane. [3].

4. DododexruBnocts HoBoW apxurekTypsl PDE-CNN-VIB 0buta moatBepkieHa B Xone
9KCIICPIMEHTOB C WCIOJIB30BaHUEM HECKOJIBKHX TECTOBBIX Ha0OpoB MaHHBIX M 0a30BbIX CNN-
apXUTEKTyp. Pe3ynabTaTel SKCIEPHMEHTOB CBUICTENLCTBYIOT O TOM, YTO HOBas MOJENb HE 3aBUCHUT OT
KOHKPETHOTO TECTOBOTO Habopa Miu 0a30BOH apXUTEKTYphl. DKCIIEPUMEHTHI MPOJEMOHCTPUPOBAIH
yIIyqIIeHHEe XapaKTepUCTHK IIPU paboTe C YUCTHIMU JaHHBIMH, KaJTUOPOBKY, CIIOCOOHOCTH K 00001IIeHHIO
U YCTOHYMBOCTh K MCKa)KEHHSIM IAHHBIX, IPH 3TOM HaKJIaJHBIE PAcXO[bl HA BBIYHCICHUS OCTAIHCh
MPAKTHYCCKU HEM3MEHHBIMH [0 CPaBHEHHIO ¢ 6a30BbIMH Mojiensimu [4, 5].

hLdNNPUUSPUSPh SEUNRE3UL FNNohLU4UlUh LENHNRUC uNMLRU3PL
LE3MNLUSPL SULSh AUNSUNUMESNRE3NRLNRYY MUSYENPLEND
HUUULUNGUUL UMSNhLUYESNRE8UL PUNINUSUUL LNUSUYNY

Wdthnthnd

(GJwihtu  wbluuninghwubph, wphbunwywu  pwiuwlwungywu U JdEpGuwjwlwu
nunigdwi wpwg qupgqugdwi htin dEyuntin wwunytipubiph ybipinnyegjwiu b nwuwlwpgdwu
fuunhpubpp &binp Gu pbpnwd wnwuduwhwwnny ghnwlwu L gnpduwywu Upwuwyniegniu:
([FJwhu wwwlbpubpp jwiunpbu Yppwnynud Gu pdolwlwt  wjunnpnadwu, wywnund
hwdwlwpgbiph, htnwquudwu, nbuwhuydwu, wpyniwpbpwywu npuyh Jpwhuldwu W
w)| ninpunubipnut: Wuwhuh Yhpwnnieniuutipnid dnnbjubipp wbwup £ (hubu hnwwih ng dhwju
dwpnip  hnpdwpldwu  nduiutph  nbwpnd,  wylt wiuwhup  hpwyhbwlubpnd,  Gpp
wwwybpubpp  wwpniwwynwd Gu - wndnly, ubnddwt  wnwywnnudubp,  nwwynpnyejwu
thnthnfunigyniubp Ywd w)) wnwdwnnwiutp:

Unuynpgnighnu ubjpnuwihu gwugbpp (CNN)  wwwlbiph nwuwlwpgdwu  hhduwlwu
gnpdhpubiphg Gu, pwuh np Jwpnn Gu wnbunnuiwu wnyjwjubphg hwub) hhbpwpfupy
wnwuduwhwunyneniuutip:  Uwlwyu unwinwpn hnpdwpwpwlywt  wndjwiubph
pwqunteyniuph ypw pwpép dogpuninyeniup dhown sk, np Gpwtuwynpnid £ dnnbih hnwwih
woluwwnwupp hpwlwt wofuwphh wwydwutbpnu: Gpp dnwnpwiht wdjwijubph pwtunidp
thntuynwd £, CNN dnnbjubpp  Ywpnn Gu  Unpgubp Gogpuinigyniup, gnigwpbipb  eny|
Ywihppwgnd b ww| swihwquug hupuwyunwh ufjuw] Ywujuwwnbunwubp: Nwnh wybih
nhdwgyniu, jwy Ywipppwgywd b uyniu CNN nwuwlwpghsubph dowynwip owpniiwynd
duw| wpnhwlw futnhp:

Wu wyfuwwnwuph wpnhwlwunyeniup Yuywund £ Gpyne hwdwipnn ninnnieniuubiph
nwnwiuwuppnigjwu dbg: Unweoht ninnnipiniup ubpwnnid £ Ynudnynighwih b nh$nighwih
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dnnnuubiph Yhpwnnwip, npnup hhdujwsé U dwutwlyh wéwugjuutipny nhytiptughw)
hwlwuwpnwiubph (PDE) Jpw' Jwn thnywiht wnwuduwhwwnynipniuubph tnwpwdwywu
Ywnnigywdépwiht  Ywpguwynpdwt  hwdwp:  Bpypnpn ninnnggniup ubpwinnd - |
hupnpdwghwih  wbunyeywu  dbennutiph, Jwutwynpuwwbu Ywphwghnu  hudnpdwghnu
Fugwuh (Variational Information Bottleneck, VIB), Uhpwnnwip dnnbih dhongny thnfuwugynn
wnbntiwwyngywu pwuwlyp Jbpwhuybint hwdwp: Uw oqunwd £ udwqgbiguly Ynluynn L
wulwynit hwwnlwuhgubipp b pwpbwyl] nwuwlwpgsh punhwupwgdwu nuwynieniup,
Yuwihppwynpnuip b Ywyniungyniup:

Wuwhuny, woluwwnwupp twwwwly nwh dowytp b nwnwuwuppl  hhpphnwhu
Swpunwpwwbnnyentu, npp hwdwwbnnd £t PDE  Jwunuwynpnuip b hubnpdwghwih
wbunipjwu  Jpw  hpdudwd  ubpYujwgdwt  ubndnwdp' wdbh  hnwwih  wwwnybpubph
nwuwlwngnd wwwhnybnt hwdwn:

Upjuwwnwuph hhduwlwu wpryniupubpp

1. bwuwwnpyb £ depbuwjwlywu  nwnigdwu  dbe  hubnpdwghwih  nbunipjut
dwdwuwlwyhg gnpdhpwlwqgdh  Yhpwnnigiwtu  hwdwwwpthwy hbGnwgnungniu L
ytipinwnipyniu, pungdyb) £ npwug Ywpunp nbipp ubipyujwgnudubph npuyh ypwhuldwu
punhwupwgdwu pwnpbjwydwu fuunhpubpnud, dhuunyu dwdwuwy gnyg £ wipdt), np ndjuy
dbpnnubpp hupunipnyt s6U wwpwwnpnd wbunnuywu ubpluywgnuiubph ypw hunwy
nwpwdwywt Yunnigdwdp [1]:

2. Muwuwybpubph nwuwlwpgdwtu hwdwp ubpnpdbp £ dwutwyh  wdwugjwutipny
nhytiptughw| hwjwuwpnuwubph Yypw hhduwsd vwhuwhwjnmwpwpjws twfuwbipn, npp dh
owpp Gwpunwpwwbinnigniuubipnud gnigwpbipt) £ Gogpuinigjwu pwpbjwynwdutip, gwdp
wwhbiny hwaynnulwu pwpnnup)niup [2]:

3. Uawlyb E unp hhpphnwjhu PDE-CNN-VIB dwpunwpwuwbinnyeniu, npp hwdwwnbnnud £
wnwwwnwgywd  nhdnighnu PDE  uwfuwpbipnp,  Ynuynpynighn  hwwnwuhpubiph
hwpdwpbtignuip bW Ywphwghntu hubnpdwghwih fugwuh dnnnyp: Swpnwpwwbnniegniup
hwdwwnbnnu £ Junwdwd nwpwdwlwu wnwuduwhwwnyniyeniwutiph PDE Ywunuwynpnidp
U hu$pnpdwghnu-nbuwlwu ubndnuip' wybinpn b ng hwdwwwwnwufuwu wbnbywunynieiniup
duobnt uywwnwyny [3]:

4. Lnp Swpunwpwuwbnnut wpryniuwybnngniup hwuwnwngb) b hnpdwpynwiubpny’
ogunwgnndtiiny wmwpptip wyjwutiph hwjwpwdniubp W CNN hpdptip: Upryniupubpp gnyg Gu
wwihu, np unp dnnbip Yuiudwsd sk ynuypbinn indjujubph hwdwpwdnithg Yuwd CNN hhdphg:
Pnpdwpynwiubipp gnyg Gu ndbp pwpbjuynd dwpnip wdjwiubph ypw dogpuninyeniund,
Ywihppwghwih  gnpdpupwgnud, punhwupwgdwu nwynygniund b wnwywnnwiubiph
Uywwndwdp  Yuyniungeyniunwd, dhugntin hwoywplyuwiht pwpnnugyniup duwgk) £ gpbeb
wuthnihnfu hwdbdwwnwd hhduwywu dnnbutph [4, 5]:
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