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Preface

The research book is a continuation of our previous books which are focused on the
recent advances in computer vision methodologies and technical solutions using
conventional and intelligent paradigms.

e Computer Vision in Control Systems—1, Mathematical Theory, ISRL Series,
Volume 73, Springer-Verlag, 2015

e Computer Vision in Control Systems—2, Innovations in Practice, ISRL Series,
Volume 75, Springer-Verlag, 2015

e Computer Vision in Control Systems—3, Aerial and Satellite Image Processing,
ISRL Series, Volume 135, Springer-Verlag, 2018

e Computer Vision in Control Systems—4, Real Life Applications, ISRL Series,
Volume 136, Springer-Verlag, 2018.

Image processing and analysis remain a vital part of numerous real-time applica-
tions in every discipline. The main contribution of this book is an attempt to
improve algorithms by novel theories and complex data analysis in different scopes
including object detection, remote sensing, data transmission, data fusion, gesture
recognition, and medical image processing and analysis.

Recent research results in the image and video processing, transmission, and
image analysis are included in Part I, while a wide spectrum of algorithms for
medical image processing are included in Part II of the book.

The book is directed to the Ph.D. students, professors, researchers, and software
developers working in the areas of digital video processing and computer vision
technologies.

We wish to express our gratitude to the authors and reviewers for their contri-
bution. The assistance provided by Springer-Verlag is acknowledged.

Krasnoyarsk, Russian Federation Margarita N. Favorskaya
Canberra, Australia Lakhmi C. Jain
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Chapter 1 M)
Advanced Decisions in Technical et
and Medical Applications:

An Introduction

Margarita N. Favorskaya and Lakhmi C. Jain

Abstract This chapter presents a brief description of chapters pertaining to
advanced decisions for technical and medical systems. Recent research results in
the image and videos processing, transmission, and image analysis are included in
Part I, while a wide spectrum of algorithms for medical image processing are
included in Part II of this book. Each chapter involves detail practical implemen-
tations and explanations.

Keywords Autoregressive models «+ Random fields - Image analysis -
Multidimensional image processing - Pseudo-inverse matrix singular-value -
Copyright protection - Sign language - Clinical decision support system -
Histological image processing « Convolutional neural network

1.1 Introduction

At present, image processing and analysis remain a vital part of numerous appli-
cations in many fields. In spite of numerous methods and algorithms developed in
the past, this topic is of current interest in various control systems based on com-
puter vision paradigms. Researchers are looking for more effective and accurate
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algorithms to process the high resolution images in real-time mode with low
computational costs. However, this requirement cannot be achieved fully at current
stage of technical development. The main contribution of this book is the attempts
to improve algorithms by novel theories and complex data analysis in different
scopes including object detection, remote sensing, data transmission, data fusion,
gesture recognition, and medical image processing and analysis. Part I includes the
Chaps. 2, 3, 4, 5 and 6 and Part II of the book contains Chaps. 7, 8, 9 and 10.

1.2 Chapters Including in the Book

Chapter 2 explores the processing of multidimensional images, referring to aero-
space images and remote sensing multispectral and hyperspectral images [1, 2].
New mathematical models of multidimensional images are proposed. Based on the
procedures of vector Kalman filtering, optimal recurrent estimates of the autore-
gressive sequences with multiple roots of characteristic equations are constructed.
Additionally to Kalman algorithm, Wiener filter was synthesized and investigated
when processing random sequences generated by autoregressive model with mul-
tiple roots of characteristic equations. Compact analytical relations have been
obtained for analyzing the effectiveness of random fields filtering algorithms with
multiple roots of characteristic equations [3]. The behavior of filters was studied at
various correlation intervals and in the processing of random fields with the roots of
characteristic equations of various multiplicities. Thus, for large correlation inter-
vals for the model with multiple roots, the filtering error variance is 5-10 times less
than that for the ordinary autoregressive model. An algorithm for identification of
the parameters and orders of the autoregressive models with multiple roots of
characteristic equations based on solving Yule-Walker system of equations is
proposed. Quasi-optimal and optimal filtering algorithms for random fields based
on autoregressive models with multiple roots of characteristic equations have been
developed and investigated. In particular, on the basis of Kalman filter, a solution of
sequential row-by-row and column-by-column estimation was obtained, which
makes it possible to reduce computational costs in comparison with optimal vector
filtering. For models of the Ist and 2nd orders, the proposed algorithm loses no
more than 10% in terms of the variance of the filtering error. The obtained algo-
rithms are tested on real images. Experiments show that the use of autoregressive
models with multiple roots provides a significantly lower filtering error variance
than traditional approaches based on first-order models.

Chapter 3 studies the problems of multidimensional images and image
sequences representation and processing within the framework of the Earth remote
sensing [1]. Correlated data multidimensional arrays description and optimal and
suboptimal processing are based on the proposed doubly stochastic autoregressive
models. Application of doubly stochastic autoregressive models is twofold. First,
the doubly stochastic models are used for description of multidimensional random
fields and time sequences. A time sequence of multidimensional satellite images
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have four-dimensional random field with one-dimension corresponding to discrete
time [4]. Second, doubly stochastic models allow to estimate the spatially hetero-
geneous images with probabilistic properties, such as rivers, forests, fields, etc.
Doubly stochastic models are based on autoregressive with multiple roots models of
characteristic equation. For two-dimensional case, random field model based on
doubly stochastic model ought to have the characteristics of a real image [5].
Identification technique based on a combination of on doubly stochastic model
varying parameters estimation by means of a sliding window and by means of
pseudogradient procedures is developed. The proposed algorithms are available to
synthesize multidimensional images filtering algorithms and even several classes of
such algorithms can process the multispectral satellite images as the real-time
sequences. Actual satellite observations obtained in 2001-2017 are used for
experiments.

Chapter 4 covers the analysis of inverse problems related to the applied elec-
trodynamics, and radio, acoustic and optical wave physics [6]. For this purpose, a
concept of matrix or tensor equations technique for direct problem derivation, as
well as, the inverse problem resolving, which deals with determination and local-
ization of the radiated sources’ distribution a few limited cases of canonical objects
and media, is developed. Matrix-vector systems of linear equations allows to find a
solution of the inverse problems occurring in the optic and radio communication,
wired and wireless, presented in 1D and 2D forms [7]. It is shown that the most of
the inverse problems can be declared via system of linear algebraic equations with
singular-value decomposition based on Moore-Penrose matrix. For non-linear
equations solutions, Levenberg—Marquardt algorithm is applied. Also, Wiener’s
filtering with regularization is investigated in order to increase the accuracy of
solution of the inverse problem, for example, reconstruction of blurred images.
Some practical examples regarding to inverse problems, viz. source localization,
micro-strip sensors reconstruction, and signal analysis, are discussed.

Chapter 5 contains a detailed overview of the transmitting specifications of video
content, such as H.264/AVC, H.264/SVC, and H.265/HEVC in the sense of
authentication and copyright protection. Internet attacks against video sequence are
classified as the intentional and accidental attacks. Intentional attacks are directed
on the distortions of a part of video or a single frame and categorized into common
image processing and geometric attacks. Accidental attacks are concerned to the
common processing attacks of video. Authentication and copyright protection of
videos represented in some formats are developed in this chapter. The proposed
video watermarking method is robust to several types of typical Internet attacks,
e.g. the common image processing attacks, global and local geometric attacks, and
permutation attacks. Proposed method supports the detection of I-frames and
selection the best regions for embedding using the joint map, which excludes
moving and salient regions [8] and involves high textural regions [9] with prevailed
blue component [10]. Invariance to the main types of attacks regarding the com-
pressed videos is provided by a feature-based approach for embedding with the
original procedures. The novelty is that the coordinate values of speeded up robust
features as they were in the host frame are embedded in the stable regions.
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This allows to avoid the corresponding matches between SURF descriptors in the
host and watermarked frames and extend a volume of embedded information after
desynchronization attacks. In order to provide invariance to rotation, scaling, and
translation attacks, exponential moments on a unit circle were applied. The
experiments were conducted with simulation of rotation, salt and pepper noise,
Gaussian noise, gamma correction, blurring filter, median filtering, scaling, crop-
ping, and JPEG compression. Also, combination of attacks was simulated. Obtained
experimental results show that the proposed algorithm is robust to the most types of
attacks but strongly depends of video content.

Chapter 6 describes the multi-threshold analysis of monochromatic images.
Typical limitations arise from low signal-to-background ratio in the area of interest,
low quality images, excessive quantization, fuzzy boundaries of objects and
structures. The original idea is to select and set the optimal threshold value based on
the results of the selection of objects in multi-threshold framework to achieve the
best selection based on a posteriori information. This approach was originally
proposed in [11] for the selection of small-scale objects. Further development of
this idea is described in this chapter and includes the evaluation of certain geometric
parameters of the object in binary images after multi-threshold processing and the
corresponding selection of objects [12, 13]. The optimal threshold value is selected
according to the extremum of the selected parameter. This geometric parameters are
the area of the object, the ratio of the perimeter square to the area of the entire
object, or the ratio of the square of the main axis to the area of the object. The
authors develop the idea of reconstructing a three-dimensional hierarchical structure
of objects based on the multi-threshold analysis of the raw image. The objects are
separated from each other based on the percolation effect. This effect is associated
with the elimination of empty pixels that appear below the enhanced threshold from
the object content, which ultimately leads to the breakup of the integrity of the
object and the emergence of new isolated objects as its fragments. Thus, the objects
of interest are represented in the form of 3D structures spanning through a series of
binary layers. After 3D reconstruction, one can select the objects of interest using
various criteria, such as their percolation properties, geometric characteristics, or
texture parameters.

Chapter 7 reports the recognition results of one-handed gestures represented by
Russian sign language as a way of communication among deaf and hearing
impaired community [14]. The distinguish feature of this research is a combination
of hand movements and facial expressions (including lips position). The proposed
methodology is applied for the static, dynamic, and both static and dynamic ges-
tures simultaneously. The chapter provides extended review of methods for hand
gestures recognition and lip reading in the context of sign language and datasets in
this scope. Many techniques for recognition of static and dynamic gestures are
analyzed, and deep neural network with long short-term memory cells was chosen
for implementation. First, the motion relevant to signs regions (hands and face
regions) are detected as the regions of interest. The wrists and mouth regions are
localized by certain landmarks. Second, for detection of the hand region and shape
of the hand classification, MobileNetV2 as a very effective feature extractor for
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object detection and segmentation was trained. Finally, deep neural network with
long short-term memory cells is applied as the best decision from recurrent neural
network modeling time or sequence dependent behavior. The recognition results are
obtained on the single-hand part of the collected TheRuSLan database [15] with
promising values.

Chapter 8 conducts the investigations in the development of new methods for
endoscopic images processing and analysis, which can be used as a base for con-
struction of clinical decision support systems. The important issue for high effective
physician analysis is a high quality of images [16]. The propose methods of noise
reduction and image enhancement process the endoscopic images with computa-
tional cost permitting a real-time realization and high signal/noise ratio. New
method of virtual chromoendoscopy consists of two stages. The first stage is a
visualization of tissues and surfaces of mucous membranes including vessels
structure stressing and the second stage is a tone enhancement [17]. The experi-
mental test of proposed method was conducted on open KVASIR dataset of
endoscopic images. For differential diagnostic implementation, methods for polyp
and bleeding detection and segmentation in conditional of small database for
training were developed. The method of polyp detection is based on combination
traditional machine learning technique (random decision forests) and convolutional
neural network. The special data augmentation—the sinusoidal image transform is
applied in order to solve the problem of insufficiently large endoscopic images
dataset. Some original procedures permitted to obtain rather good characteristics of
medical images classification under their high variability and, the same time, small
dataset for training.

Chapter 9 examines the computational methods for evaluating the indicators of
the tissue regeneration process using clinical experiment with mesh nickelide
titanium implants. For processing of scanning electron microscopy and classical
histological images, a set of algorithms with high accuracy estimates are developed.
Algorithms based on the shearlet and wavelet transforms with brightness correction
provide better edge information [18, 19]. Algorithms for elastic maps generation
with color coding allows to obtain more representative visualization of spatial data.
The designed software helps to analyze a sequence of medical images in order to
understand a dynamics of reconstructed tissues. The modified fast finite shearlet
transform increases the accuracy of selection of linear structures and visual quality
of the studied clinical images. Brightness correction using Retinex algorithm [20]
allows to obtain a unified average brightness of analyzed images and, in some
cases, increase a local contrast. The estimates of morphometric indicators of his-
tological images include a calculation error for the main studied parameters.
Evaluation of tissue germination was performed on the basis of scanning electron
microscopy images. More objective data were used for images obtained from dif-
ferent angles. As a part of the study, for the evaluation of computer techniques a
medical expert specified objects that were defined as tissue, fibers, red blood cells,
etc., and the areas with the implant structure were specified separately. For the
specified reference samples, parameters were calculated taking into account the
indicators of texture characteristics and color code.
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Chapter 10 presents the algorithms for histological images segmentation by
convolutional neural network with morphological post-filtration [21]. Such algo-
rithms can be used in decision support systems for early diagnosis of breast cancer
by pathologists, as well as, a means of training or control for beginners in the field
of breast cancer diagnosis. Algorithm 1 based on AlexNet neural network provides
the high quality of histological images segmentation. However, this approach
cannot be used for direct analysis of medical images in real time due to significant
time costs. Thus, Algorithm 1 can be used to create the markup of the training
dataset automatically. Algorithm 2 based on U-Net convolutional neural network
with subsequent morphological filtering can be successfully used to implement the
segmentation of histological images based on automatically obtained markup in real
medical practice. Algorithm 2 allows the histological images to be processed 2,700
times faster than Algorithm 1. The segmentation results were evaluated using such
segmentation quality assessment metrics as a simple match coefficient, Tversky
index, and Serensen coefficient. Numerical experiments confirmed a necessity to
use the morphological filtering as a means of additional processing of histological
images binary masks obtained at the output of convolutional neural networks.

1.3 Conclusions

This chapter includes a brief description of the chapters with original mathematical
theories, algorithms, and extended experimental results in the image and videos
processing as the basic components for creation of intelligent decision making
systems, as well as, clinical decision support systems. All investigations included in
this book provide the novel ideas, decisions, and applications in computer vision.
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Image Representation and Processing ki
Using Autoregressive Random Fields

with Multiple Roots of Characteristic
Equations

Konstantin K. Vasil’ev and Nikita A. Andriyanov

Abstract An analytical review of mathematical models of images was performed,
and their main advantages and disadvantages were noted. It is proposed to use
Random Fields (RF) generated by AutoRegressive (AR) models with multiple roots
of characteristic equations for describing images with a smooth change in bright-
ness. Results of the study of the proposed models probabilistic properties are
presented. The results obtained for Random Sequences (RS) are generalized to
multidimensional RF. The filtering efficiency of simulated images is investigated.
Analytical expressions are obtained for the relative variance of the filtering error of
the arbitrary dimension and multiplicities RF against the background of white noise.
Algorithm for identifying the parameters and the multiplicity of the model using the
Yule-Walker equations is proposed. The possibilities and efficiency of application
of the developed algorithms on real images are considered.
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2.1 Introduction

Nowadays methods of multidimensional statistical analysis are widely used in
various fields of science and technology. One of the most important classes of
applied tasks for such an analysis is the representation and processing of multidi-
mensional images. Examples of such images are aerospace images, remote sensing
data (Earth remote sensing), medical image sequences, etc. In recent years, sensors
have been increasingly used to obtain multispectral (up to 10 spectral ranges) and
hyperspectral (up to 300 ranges) images. As a result, multidimensional arrays of
information are obtained, which are described by coordinates in the space, time, and
range of the spectrum. Thus, there is a rapid increase in the amount of information
received, and new methods of presenting and analyzing data as a single multidi-
mensional set are required.

It is obvious that obtaining and processing large amounts of information is a very
complex task and requires significant computational cost [1-8]. The most important
stage of image preprocessing is filtering stage [9-13]. The effectiveness of the
filtering largely determines the results of post-processing. Errors obtained at this
stage can have a significant impact when solving subsequent problems, such as
image clustering or detecting anomalies. In this regard, it is important to use various
methods of noise suppression in the images to be received [14—17].

Another important task is the identification of model parameters [18, 19]. It is
clear that the more accurately the model describes a real image, the better its
model-based processing will be. However, choice of a model assumes the necessity
of its complexity analysis. For example, the development of algorithms for some
models can be a simple task from a mathematical point of view. However, the
processing efficiency based on such models will be low. On the other hand,
increasing the complexity of the model leads to significant computational cost.
Thus, it is necessary to describe images using models that combine possibility of
analytical study and do not require significant computational cost for image pro-
cessing tasks.

This chapter is devoted to development and investigation of new mathematical
models of multidimensional images, which allow to solve simple recurrent pro-
cessing algorithms synthesis problems and to analyze the effectiveness of using
such algorithms.

The rest of the chapter describes the advantages and disadvantages of known
mathematical models of images (Sect. 2.2), the one-dimensional AR with multiple
roots model and its processing (Sect. 2.3), the properties and processing of RF
generated by multidimensional AR with multiple roots (Sect. 2.4), and the real
image processing results (Sect. 2.5). Section 2.6 contains more significant con-
clusions of the work.
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2.2 Mathematical Models of Images

When solving problems of image processing, an important step is the choice of an
adequate model for observations. Currently, there is no universal way to form RF
with arbitrarily specified characteristics. In addition, there is no sufficiently com-
plete solution to the problem of describing real images. Therefore, the well-known
models of RF correspond to real images only by a limited number of parameters,
such as the form of Correlation Function (CF), the distribution of amplitudes, etc.
There are a large number of methods for simulating RF. In [20], all models of RF
are divided into two classes. First class models describe fields with continuous
distributions. Gauss and Markov RF [21] models can be categorized into this class.
Such models are usually obtained either using spectral transformations or by
shaping filter method. Given the discrete nature of real systems of spatial infor-
mation sensors and additional time sampling when transmitting signals over digital
communication channels, it is possible to consider only those models that represent
RF on multidimensional space-time grids [22-26].

Let us analyze a number of well-known RF models that can be used for
description of images during the synthesis of various image processing procedures,
such as, for example, filtering, segmentation, or restoration and prediction. AR
stochastic models are usually considered as the most well-known models.

It is possible to describe the images by RF, defined on multidimensional grids. In
this case, a general description of RF is achieved using tensor difference stochastic
equations [27]. Then the sequence of multidimensional frames is defined as
changing in the discrete time RF, specified on the multidimensional grid
Jt = {] = (il7j27 .. -7jN)7jl = l,Ml,l = 1,2, .. .,N}, where j17j27 .. ~7jN are the
space coordinates. Figure 2.1 shows an example of such image.

Fig. 2.1 Multizone image k
frames

k=N
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The elements of RF are scalar values, which describe brightness of the image at a
given point. Thus, the sequence of changing frames of the analyzed image can be
considered as RF on the direct product J; ® T [3], elements of which will be
denoted as x (the value of RF at the time moment ¢ at the point j).

In some cases, the following linear tensor stochastic difference equation [27] can
be taken as the mathematical model of RF:

5= plx T G e (2.1)

where {&,1 € J,} is RF of independent standard Gaussian Random Variables (RV),

;1’ z?’ are the tensors with two group indices. This ratio determines Gaussian
Markov RF on the direct product J; ® T. Such RF supposes that previous elements
(I'; = {x!,j € Jg,q<t}) and future elements (I'," = {x{,j € J,,q > 1}) are frame
r, = {)c}’.7 J € J,} independent. Problems of analysis and synthesis of this model are

considered in [27].

However, such a representation of a multidimensional RF leads to considerable
computational difficulties. In this regard, it is advisable to use the representation of
RF by recurrent procedures both in time and in spatial coordinates [28]:

x5 = 0i(x;, &), 1 € G, (2.2)

where G; are the areas of elements 1 € J, on which the previous values of RF {x}
are already determined, i.e. causal window.

In 1956, Levi [29] was the first to introduce Markov RF (MRF) models. Discrete
two-dimensional MRF based on the continuous case proposed by Levi have been
described by Woods [30]. The discrete MRF model describes each pixel as a
weighted sum of neighboring pixels and normal RV. Such RF provides a proba-
bilistic basis for modeling and integrating prior knowledge of images and scenes,
and is widely used in digital image processing.

The most studied RF class is the class of AR models [31-33]. One of the main
reasons for the widespread use of AR models is the mathematical apparatus
developed for RS simulation. The class of AR models of RF is generated by linear
stochastic difference equations of the following form [27]:

%= ox it hG, i€, (2:3)

jeb

where X = {x;,i € Q} is RF to be simulated, which is determined on N-dimen-
sional grid Q= {i = (i, ip,...,iy) : {ix = 1.. .M}, k=1...N}; {5, B.j € D}
are the coefficients of the model; {5;7 i € Q} is RF of standard Gaussian RV, DCQ
is the causal region of local states.
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It is quite convenient and simple to choose a normally distributed RF with
independent components for the generating process. In this case, RF X also has a
Gaussian distribution. Let us consider the formation of RF X = {x;,i € Q}, using
AR model supposed by Habibi [33]:

Xij = puXio1j+ PyXijo1 — PxpyXict i1+ i =1 .My j=1.. My, (2.4)

where p, and p, are the correlation coefficients of neighboring elements
column-wise and row-wise, respectively; {éi, j} is two-dimensional field of inde-
pendent Gaussian RV with zero mean M{¢ ;} =0 and variance
o} = M{fu} = (1= p})(1 = p})oz; a7 = M{x;;}, My x M; is the size of simu-
lated image.

RF generated in this way is anisotropic, and its CF due to anisotropy is a
generalization of CF of a one-dimensional first-order AR to the
two-dimensional case. It can be shown [34] that it is described by the following
expression:

B(ki,k2) = a2pltlplel, (2.5)

where afc is the variance of RF X, p and py are the model parameters, k; and k, are
the distances between the elements of RF X along the axes x and y, respectively.

The analysis of probabilistic properties of RF is considerably simplified if their
spectral density can be factorized. So called separable RF is a convenient object for
research. Since these fields have normalized CF R(k) = [, Ri(k;) which can also
be factorized, then to solve the problem of statistical analysis of CF of a multidi-
mensional RF, it suffices to use the properties of the RS generated by
one-dimensional AR with characteristics R;(k;),i = 1...M;, where M; characterizes
the multidimensionality of such RF.

AR models have significant drawbacks associated with the limited size of the
local state regions, which do not allow it to be fully used as a model of a multi-zone
image. Therefore, for an adequate representation of real images, it is necessary to
expand the region of local states, which leads to a significant increase in compu-
tational costs when simulating RF.

Models [35-39] based on the possibility of extending to the multidimensional
case of AR of the second and higher orders with multiple roots of characteristic
equations serve as a certain compromise. For example, for the second order AR
process with multiple roots of characteristic equations:

X = 2pxi1 — pXica + & (2.6)

the corresponding eight-point model of a two-dimensional RF can be obtained:
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Xij = 2pxx,‘_1_’j + 2,0) Xij—1 — 4pxpyx,~_17j_1
— PiXicaj — PyXij2 2000y Xi2 i1 (2.7)
+2030.Xim1,j2 — PapiXioa 2 + by,

where b is the normalization coefficient, which allows to simulate RF with a given
variance.

The analysis shows that increase of multiplicity of the model makes RF
realization form close to isotropic. Obviously, the corresponding changes should
influence the form of CF. Thus, we first consider the two-dimensional case with
multiplicity m = 2. Then CF of one-dimensional sequence takes the following
form:

1 p2
(7@|k\)p§,i= 1,2,.... (2.8)

O =0 )

If 1 —p; <1, the asymptotical expression for CF of two-dimensional RF
assumes the following form:

K k2
R(k17k2) = R(kl)R(k2) =1- a_; - b_i +k%k§(1 - px)z(l - py)zA(px)B(py)a
(2.9)
1+ p2 . 1+p2 _14p, _l+p
whete a = \ /ity b = \ [y Aled) = T Bloy) =

It is obvious that cross sections of CF R(k,k;) at the level near R(ky, k,) = 1
can be approximated by ellipsoids.

It can be shown that subject to minor assumptions, CF of two-dimensional
RF (Eq. 2.9) generated by AR with multiple roots of characteristic equations can be
written as follows [34]:

KB a0
5 Hhk (1= p)™ (1= py)"A(p,)B(p,),

R(ki,k2) = R(ki)R(k2) = 1 =5 — 3
(2.10)
where mj, my are the multiplicities of roots of one-dimensional AR.

Along with AR or causal models of RF on flat and spatial rectangular grids, there
are a number of non-causal models. Non-Causal AR (NCAR) models represent the
values of each pixel as a linear combination of the pixel values of local states and
the addition of additive white noise. The difference between the MRF and NCAR
models is the spatial correlation of these RV. In [40], an iterative estimation method
and an algorithm for synthesizing two-dimensional NCAR models were proposed.
This work illustrates the application of NCAR model for representing near-real
images with local repetitive properties.
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It is possible to get an isotropic model by search for an adequate model in a
non-autoregressive class. For example, there is the class of wave models [34]. For
wave models, RF is formed as follows:

Seet) = > flot w,ti; @), (2.11)

{iit <t}

where x = (x1,x2,...,%,), u = (s, ,,...,u;,) are the points of n-dimensional
space, t and t; is the time characteristics, {(u;, 7;)} is the discrete Field of Random
Points (RPF), @; is the function random parameter vector.

Such RF can be interpreted as the result of the cumulative effect of random
perturbations or waves f(x, t; u;,7;; @;), occurring in random places u; at random
times t; and varying according to some law in time and space. Choosing a wave
formation method f, parameters of RPF and @; allows one to get a wide range of
types of RF. Examples of such RF are Poisson fields, a model of weighted sums,
models of random walks.

Simulation of such RF requires significant computational costs. At present the
problem of analytic representation of the laws of probability distribution of wave
models is not resolved and is a very difficult task.

Obviously, discarding the connection of elements throughout the image and
taking only the connections between the nearest elements as a basis, it is impossible
to fully describe the properties of real images. The crucial reason for the incom-
pleteness of such a description is the fact that in a real image different sections are
usually characterized by different statistical properties. A typical example would be
images containing outlines. In [41, 42], a version of the model is proposed that
considers the image as the sum of two independent components namely a
piecewise-smooth (contour) spatial component defining global brightness changes,
and a high-frequency component defining texture, noise, and small details.

Also, non-causal models include Gibbs fields [43, 44], when the value of RF at a
point depends on the nearest pixels that do not precede this point in the order of a
certain image scanning. The stochastic equations of such RF have the following
form [44]:

x(p) :f<{x(u)7u € Gp}v ép)’ (2'12)

where x(p) is the value of RF at point p; G, is the set of nearest neighbors; &, is the
random disturbance.
In linear models, Eq. 2.12 can be written as:

x(p) =A- (x(u),u € Gy,) +¢&,, (2.13)

where A is the matrix, (x(u),u € G,) is the vector of RF samples by the set of
nearest neighbors G, ¢, is the random disturbance. When simulating RF using this
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model, disturbances ¢, are first generated and then linear equation system
(Eq. 2.13) is solved.

If all the eigenvalues of the matrix A are modulo less than one, then it is possible
to implement the model provided by Eq. 2.13 by running through, starting, for
example, with the identically zero approximation. Such a case occurs, when
Eq. 2.13 is the averaging over the nearest samples with the sum of the modules of
coefficients less than one.

In [43, 45], the image synthesis of Gibbs model is considered as an iterative
process using Monte Carlo-Markov Chain (MCMC) methods, for example
Metropolis Exchange Algorithm (MEA). Given the symmetry of the neighborhood,
it is possible to determine Gibbs energy on the grid. The joint probabilities cor-
responding to the Gibbs energies form Gibbs RF:

P(x) = ;exp{—;E(x)}, (2.14)

where Z is the constant; T is RF temperature.
It is considered [43] that the parameter 7 changes on each iteration step
according to the law:

c
Ti=— . (2.15)

tg(1+)
where i = 0, 1, ... is the current iteration number, i, is the total iteration number,

c is the constant.

By varying these parameters, it is possible to get different fields. The main
disadvantage of this approach is the need to perform a large number of iterations in
the simulation. In addition, the analytical description of this model is very
cumbersome.

In image processing, textures are widely used [46, 47]. This is due to the large
range of the resulting images, which can be matched quite close to real. In addition,
aerospace observations have rather complex space-time properties, which makes it
difficult to analyze data only by spectral features. Unfortunately, there are currently
no methods for the synthesis of textures that could provide recognition with a
minimum average error.

In [48], the simulation of multispectral spatially inhomogeneous dynamic
brightness fields is carried out based on the use of random texture synthesis
methods. The phase spectrum method is used as a basic mathematical model for
generating realizations of two-dimensional stochastic textures. Such RF are real-
izations of a two-dimensional spatial spectral model that generalizes the results of
processing images of the brightness fields of natural formations obtained in aero-
space experiments for different observation conditions.

The power spectral density can be represented as:



