NATIONAL ACADEMY OF SCIENCES OF UKRAINE

INTERNATIONAL RESEARCH AND TRAINING CENTER FOR INFORMATION TECHNOLOGIES
AND SYSTEMS OF THE NAS OF UKRAINE AND OF MES OF UKRAINE

V.M. GLUSHKOV INSTITUTE OF CYBERNETICS OF THE NAS OF UKRAINE

yhernetics _ 1(199)/2020
and Computer Engineering

SCIENTIFIC JOURNAL = FOUNDEDIN 1965 = PUBLISHED 4 TIMES PER YEAR = KYIV

Informatics and Information Technologies

KYYKO V.M. Matching Based Multistyle License Plate Recognition ................... 5
BILOSHYTSKA O.K., NASTENKO Ie.A., PAVLOV V.A. The Use of Complexity

and Variability Characteristics for the Analysis of Complex Dynamic Systems .......... 19

Intelliyent Control and Systems

MISHCHENKO M.D., GUBAREV V.F. Methods of Model Predictive Control
for Discrete Multi-Variable Systems with Input ... 39

Medical and Biological Cyhernetics
GRITSENKO V.., FAINZILBERG L.S. Current State and Prospects for the
Development of Digital Medicine ..............oooiiiiiiii i 59

A3APXOB 0O.10., HEPHMIIOBA T.A. 3actocyBanHs iH(bOpMAIiffHOI TeXHOJIOTii
BU3HAUCHHS  LHUPKYNIOIOYMX  INyXJIMHHAX  KITHH U4 JIarHOCTYBaHHS
3MOSIKICHUX MYXJTHHHUX 3aXBOPIOBAHDB ... .. \ttententett ettt ettt ate et aiennenaenaas 85

To Attention of AUTROPS ... ... 99

© International Research and Training Center for Information Technologies and Systems
of the NAS of Ukraine and MES of Ukraine, 2020
© Glushkov Institute of Cybernetics of the NAS of Ukraine, 2020



NATIONAL ACADEMY OF SCIENCES OF UKRAINE

INTERNATIONAL RESEARCH AND TRAINING CENTER FOR INFORMATION TECHNOLOGIES
AND SYSTEMS OF THE NAS OF UKRAINE AND OF MES OF UKRAINE

V.M. GLUSHKOV INSTITUTE OF CYBERNETICS OF THE NAS OF UKRAINE

yhernetics _ 1(199)/2020
and Computer Engineering

SCIENTIFIC JOURNAL = FOUNDEDIN 1965 = PUBLISHED 4 TIMES PER YEAR = KYIV

Informatics and Information Technologies

KYYKO V.M. Matching Based Multistyle License Plate Recognition ................... 5
BILOSHYTSKA O.K., NASTENKO Ie.A., PAVLOV V.A. The Use of Complexity

and Variability Characteristics for the Analysis of Complex Dynamic Systems .......... 19

Intelliyent Control and Systems

MISHCHENKO M.D., GUBAREV V.F. Methods of Model Predictive Control
for Discrete Multi-Variable Systems with Input ... 39

Medical and Biological Cyhernetics
GRITSENKO V.., FAINZILBERG L.S. Current State and Prospects for the
Development of Digital Medicine ..............oooiiiiiiii i 59

AZARKHOV 0O.Yu., CHERNYSHOVA T.A. Application of Information Technology
for Determination of Circulating Tumor Cells to Diagnostics of Malignant Tumor
DESEASES ... ..ttt 85

To Attention of AUTROPS ... ... 99

© International Research and Training Center for Information Technologies and Systems
of the NAS of Ukraine and MES of Ukraine, 2020
© Glushkov Institute of Cybernetics of the NAS of Ukraine, 2020



HAITIOHAJIbHA AKAJIEMIS HAYK YKPATHUI

MIKXHAPOJHMIT HAYKOBO-HABUAJTBHMI IEHTP .
THOOPMAIIIMHIX TEXHOJIOTTH TA CHCTEM HAH YKPATHY I MOH YKPATHI

THCTUTYT KIBEPHETUKH IM. B.M. ITTYIIIKOBA HAH YKPATHU

Kiﬁenneruua 1(199)/2020
T4 00YucniBaNbHA TEXHIKA

HAYKOBUI1 )KYPHAJI = 3ACHOBAHMI Y 1965p. = BUXOJWTH4 PASMUHAPIK = KHUIB

SMICT

Indhopmatuxa Ta indhopmaniiini TexHonorii

KNMMKO B.M. PosmizHaBaHHS HOMEPHHX 3HAaKiB Ha 300paKEHHSIX 3 KOPEKINE0
S A1 v ) :

BUIOHIMIIBKA O.K., HACTEHKO €.A., ITIABJIOB B.A. BukopucTtanHs MOKa3HUKIB
CKJIQJIHOCTI Ta BapiabeqbHOCTI IS aHAII3Y CKIAMHUX JUHAMIYHUX CHCTEM ..............

INTenekTyanbHe KepyBaHHA Ta cucTemu

MILIEHKO M., 'YBAPEB B.®. Metonu kepyBaHHs 32 IPOrHO3HOI MOACILIIO JUIS
JICKPETHHUX CUCTEM 3 0araTbMa 3MiHHUMU T& BXOIAME  ........ueennseneenneaneeaneanenns

Mepuyna Ta Oionoriyna KidepheTuxa

TPULIEHKO B.I., ®ANH3IIBBEPT JI.C. Cyuachuii cTaH i NMepCIEKTHBH PO3BHTKY
IUQPPOBOT MEITHIIHI . ...ttt ettt et et ettt et et ettt et et

A3APXOB O.10., HEPHUIIIOBA T.A. 3acrocyBanHs iH(GOpPMAIiHHOI TEXHOIOTIT
BH3HAYEHHS  [MPKYJNIOIOYAX  MYXJIWHHAX  KINTHH UL JIQrHOCTYBaHHS
3MOSKICHUX MYXTUHHAX 3AXBOPIOBAHD . ...\t tttentattaeeatet et et eee et aaeaeeeanens

JO YBATU @BTOPIB ...

19

39

59

85

99

© MixHapoJHUN HayKOBO-HABUAJIbHUM LEHTpP iHPOpMaliHUX TEXHOJIOriH Ta cUCTeEM
HAH VYxpaian Ta MOH VYxkpainn, 2020
© Incrutryt kibepretuku iM. B.M.I'mymkosa HAH Ykpainu, 2020






Informatics
and Information Technologies

DOI: https://doi.org/10.15407/kvt199.01.005
UDC 519.1

KYYKO V.M., PhD (Engineering),

Senior Researcher of Pattern Recognition Department

e-mail: vkitko@gmail.com

International Research and Training Center for Information Technologies
and Systems of the National Academy of Sciences of Ukraine

and Ministry of Education and Science of Ukraine,

40, Acad. Glushkov av., Kyiv, 03187, Ukraine

MATCHING BASED MULTISTYLE LICENSE PLATE RECOGNITION

Introduction. A State-of-the-Art of license plate (LP) recognition from images is observed.
Despite the fact that License Plate Recognition (LPR) is often regarded as a solved task,
country-specific systems are mostly designed that limits their application. Pay attention to the
increasing mobility, effective LPR systems must handle multistyle LP including multinational
ones that have different fonts and syntax. Another bottleneck of LPR is that accuracy of
recognition at varying environmental conditions as well as of low resolution or degraded LP
usually is rather low.

The purpose of the article is to develop algorithms for multistyle single line LP learning
and recognition from images as well as for comparatively low resolution LP processing.

Methods. Randomized Hough transform is used for detecting horizontal frame lines and
subsequent LP localization in image. Structural feature matching approach is used for
character recognition. Correction of recognition results is based on calculation of modified
Levenstein distance (MGED) between LP description and templates.

Results. New algorithms for multinational license plate learning and recognition from
images are proposed. Localization of LP in images is based on LP frame detection using a
randomized Hough transform to detect horizontal contour frame line segments. Recognition
of segmented characters inside LP is based on searching key points in skeletonized character
images and matching these points with etalons. Correction of recognition LP output is
carried out by matching and defining MGED between LP input description and templates.
Online active learning for recognition of new LP symbols and templates is also proposed.
Results of testing developed algorithms and software are described.

Conclusions. Algorithms for multistyle LP localization and recognition from images are
proposed. Control and correction of recognition results is based on calculation of MGED
between input LP description and templates which are more general in comparison
conventional text lines. As future work, it is planned to increase accuracy by learning feature
etalon weights, as well as to consider other LP types for recognition and to test developed
means on more representative data samples.

Keywords: license plate localization and recognition, key points matching, Levenstein distance.
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INTRODUCTION

The task of automatic search and recognition of license plates of cars (LP) in
images (LPR — license plate recognition) is a special case of recognition of text
information in the world around us. This task is considered more complicated in
comparison with the recognition of texts on paper, since it must be solved in
uncontrolled conditions and with limited possibilities for using reference data to
correct recognition results. LPR systems [1-6] are actively used to automate
payment for travel and parking, fix accidents, track vehicles and solve other
important problems. The development of new, more effective LPR tools remains
relevant for the following main reasons:

1. Reliability of LP recognition in uncontrolled conditions is relatively low
(60 % — 80 % according to [4]) due to the influence of interfering factors (speed,
weather conditions, changes in illumination, various angles of vision). Recognition
accuracy also depends on the camera-to-car distance: the well-known LPR suggest
that the size of the character in the image should be at least 25-30 pixels, and the
size of the license plate should be 100—130 pixels [1-2].

2. The number of license plate styles (types) is constantly growing, but
most of the well-known LPR systems are designed to recognize national LP of
their countries and have limited options for online learning and recognition of
new LP types or styles.

Most LPRs consist of three main parts: 1) LP localization in the image,
2) segmentation of the LP image into separate characters, 3) segmented character
recognition using optical character recognition (OCR). The OCRs used are usually
developed on the basis of learning (neural networks, SVM, AdaBoost) [1-6] using
a large number of positive and negative examples of symbol images. As a result,
learning requires a lot of time for the preparation of input data and subsequent
implementation. So, e.g., in [6], for the deep learning of a neural network to
recognition of two types Brazilian license plates was used about 4000 allocated
and marked by operators LP images (40 % of the total number, recognition
accuracy on the control part of the set — 85 %). To search for LP in images,
another neural network was used, previously learned on another training set, and
the authors consider the learning to recognize other types of characters and symbol
fonts [6] as a rather complicated task that will need to be solved in the future.

When performing the work, two main goals were pursued: 1) the development
of online learning tools for recognizing various types of single-line LPs and 2) the
recognition of relatively small size noisy LPs. The work is going on of [7] — new
algorithms are considered: 1) preprocessing and segmentation of LP into symbols;
2) character recognition based on matching of so-called "key points" on the
skeletonized image representation [8]; 3) correction of recognition results based on
the modified Levenshtein edit distance (ED) technique [9].

LP recognition accuracy can be significantly increased on the base of
calculation the ED between the input text line and each of the reference LP lines
that can be in view of the camera. This method can be used only in some
especial cases — creating and maintaining a database of all cars is almost
impossible, given the huge number of cars used. In this regard, another
correction is considered, based on comparison of the input LP description with
LP type templates.
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In each country, a relatively small number of templates (types) of national
license plates are used, which specify most of the license plates used and
facilitate the task of recognizing them. The description of the template can be
presented in the form of a list of minimal rectangles, such that each of them
bounds LPs character and has an attribute defining one or more valid codes for
this character. In the simplest case, this attribute takes two values — ‘0’ if
character is a digit, and ‘1’ otherwise. If we neglect size and relative positions of
the characters, we get a description in the form of a text string consisting
of 0 and 1. The correction of the output text line can be performed based on the
calculation of the modified ED (MGED) between the LP input description and
the template descriptions taking into account the sizes and relative arrangement
of the constituent characters. The weights of editing operations (deleting,
replacing and inserting characters) when calculating MGED, in contrast to [9],
are not constant values, but depend on characters, the reliability of their
recognition and position in the line. The MGED features will be considered in
more detail below in Section 3. The LP localization in image and recognition of
the LP characters are performed uniformly for all recognized types of license
plates, the structure of which is taken into account only at the stage of MGED
calculation between the recognized string and license plate templates.

Learning to LP recognition from images can be performed in offline, online
or online-offline modes. In the offline mode, the learning process is close
to [1-3, 5-6] — the operator generates training samples and defines LPs
templates followed by adjusting of etalons feature weights in the best way to
classify training images. In the online mode, the formation of symbol etalons
and LP templates is performed during the operation of the system. In the
combined online-offline mode, feature weights of etalons are further adjusted.

The rest of the paper is organized as follows. Section 1 discusses the LP
localization algorithm in images, and in Section 2 algorithms for preprocessing
LP images, segmenting them into individual characters, and recognizing these
characters are considered. Section 3 contains descriptions of LP templates and
the MGED between LP descriptions. Section 4 describes LPR learning and
Section 5 presents the results of preliminary testing of the developed tools. In
conclusion, a discussion of results and directions for further research is given.

LP LOCALIZATION IN IMAGE

The main stages of the localization and recognition of license plates in images
are presented in Fig. 1.

At the initial stage, LP localization in image is carried out using the randomized
Hough transform for horizontal contour lines detection of the LP frame [10, 11].
To avoid detection of these lines in LP characters area, preliminary image erosion
operation is performed in the horizontal direction (to erode areas with low
brightness). The vertical lines of the frame are detected by tracing vertical edges in
the image. The result of the LP localization is a certain number of quadrangles (FS),
ordered by the conformity assessment estimates of the LP frame. The value of this
estimate depends on the editing operations of the contour line segments during the
formation of the FS, the difference in the angles of inclination of the opposite sides,
as well as the ratio of the lengths of the horizontal and vertical sides.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 1 (199) 7
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Fig. 1. Localization and recognition of license plates in images.

Hough transform is a relatively time-consuming operation. Therefore, in order to
speed up the search, the contrasty image areas, which may include car numbers, are
preliminarily found, and only then, within these areas, more accurate LP localization
based on the Hough transform is performed. The main feature of such areas is a
large number of vertical edges of the contour. The search for these areas is
performed using the so-called “integral” image representation [12] — in each pixel
of the integral image the total number of contour points located to the left and above
this pixel is stored. The integral contour image lets to calculate the number of
contour points in any rectangle using several operations.

PREPROCESSING AND RECOGNITION OF LP IMAGE

At subsequent stages, processing and recognition of the selected image parts with
the highest values P is performed. First, the image is processed to transform
quadrangle to a rectangle with the given dimensions. After that, normalization of
the image by brightness, adaptive image binarization and character segmentation
are performed [7]. Segmentation of LP image into separate areas is performed by
selecting connected objects in a binary image and leaving as candidates for
characters those ones whose sizes and additional parameters satisfy certain
restrictions. If the size of the area significantly exceeds the average size of the
characters, the operation of dividing this area into several parts is performed based
on the use of horizontal projections of the binarized and brightness-normalized
image of this area. An example of segmentation and binarization of characters in a
license plate image is shown in Fig. 2, and examples of processing an image of a
single character are shown in Fig. 3.

Character image recognition consists of the following basic operations:

1. Normalization by brightness, binarization and scaling of the input image
within the symbol area (Fig. 3).

2. Skeletonization of the symbol image [8] and detection the so-called “key
points (KP)” (Fig. 4) on symbol skeleton representation. The main KPs are the
points of ends or intersections of the symbol lines, as well as the points of
changing the bypass direction (clockwise or counterclockwise) of its skeleton
(e.g., the point in the middle of the symbol °S’). Additional KPs are the central
points of the inner contours in symbol images such as ‘0’, ‘O’, ‘D’ or ‘P’.
Generating description of each KP: normalized values of its coordinates, type
and weight (from 0 to 1) KP , as well as the directions of the skeleton line
segments emerging from the main KP. Symbol description includes its KPs
descriptions, width and height of the minimum rectangle bounding the symbol,
as well as features of fragments (a line or curve indicating its position relative to
the KP pair), between some basic KPs.

8 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 1 (199)
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3. Calculation of the distance between the input description and the set of
reference descriptions of symbols used. If this distance is less than the threshold
value, the name of the reference corresponding to this distance is assigned to the
input symbol. Otherwise, the above operations (items 1-3) are performed once
more, but with the other parameters of preprocessing and noise removing on the
skeletonized representation of the symbol (feedback between the result of
recognition of the symbol and its preprocessing in Fig. 1). In both cases, the
recognition confidence (0—100) is calculated based on the obtained distance and

(N FARSTEOMX ). AA S760MX )
d

C
Fig. 2. Position adjustment (b) of the input LP image (a). Brightness normalization (c) and

MMM M M
AAR A
COC0 Q0

Fig. 3. Examples of brightness normalization (b),
binarization (c), skeletonization (d) and noise removing (e)
of character images (a).

ABOS

Fig. 4. Key points examples on skeletonized representations of symbols.

In the online learning mode weights of key points depend on their types and
conditions used of detection in the symbol image. In two other modes, the point
weights are adjusted during learning on a set of image examples. The distance
between the two compared characters is defined on the base of matching of their

KPs. Let P, ={p'},i=1,.n and P, = {pjz.},j =1,...n, be sets of key points
in  two symbols; R( pl.1 eP) —  correspondence function:
R(p, eP)= pjz, e P, if p] corresponds to pf, u R(p;)=0 otherwise;
matching— M (R, P,)={(p;,p}) | R(p;)=p}}.
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Maximal matching M, (F,,P,) is the matching with size equaled to
n= M, (F,P)|=min(n,n,) value. Distance D(P,P,)=(D,, +D,, )/w
between two symbols descriptions is defined on the base of finding optimal
matching M (P, P,) of KPs:

cor

M*(R,P)=argminD, =) (w; +w)d((p},p}), €M, (B.P)),

M, (B.B) k=1
where d(p,, pjz) — distance between two KPs and (w) + wjz) — sum of these
points weights; D,, = K,,w,, — cost of deletion |n, —n, | non matched
points; w,, — sum of weights of deleted KPs; w — total sum of KPs weights;
K ,,, — deletion cost of KP with weight, equaled to 1; D, — value D,, that

corresponds to optimal matching M~ (P, P,).

The distance between two KPs depends on the differences in their
coordinates and types, as well as in the directions of the corresponding line
segments emanating from these points. To make decision about the input symbol
it is necessary to define the distance of its description to the set of reference
descriptions. Therewith, the input symbol belongs to a certain class if the
distance of the description of the symbol to set of reference samples of this class
is the smallest among other classes and less than the specified threshold value.

The distance D, (therefore, D(P,P,)) can be calculated using optimal
algorithms [13—15] or algorithm [7], which belongs to type of so-called “greedy”
algorithms (O(m;n,)). As a result, the correspondence (optimal matching) of the

KPs of two compared symbols is defined, which is used to verify features of the traced
skeleton segments between the pairs of corresponding main KPs of these symbols.

MODIFIED LEVENSTEIN DISTANGE AND LPs TEMPLATES

The Levenshtein distance (ED — edit distance) lev,, between two lines of

characters a,b is equal to the minimum total cost of deleting, inserting and
replacing characters of the first line to convert to the second one [9]. Let
Cuor>Chs» Cop(a; #b;) be the costs of deleting, inserting, and replacing (0, if

ins ° sub

a,=b,, and 1 otherwise) a single character. Then the distance lev,, (i, )

between the first i characters of the text line a and the first j characters of the
text line b can be calculated using the following formulas:
lev,, (i, j) = max(i, j), if min(i, j) =0, and

leva,b @i, )= min(leva,b i-1,))+ Cdel,levmb @, j-1)+C, leva,b i-1,j-D+

ns 2
+C,(a, #b,),ifnot.

The ED between two lines is equal to the minimum number of operations to
delete, insert, and replace characters in one line to convert it to the second one
and is a measure of the proximity of two lines. This measure is not always
effective in solving problems of searching, comparing, and correcting texts;
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therefore, in [13—15] more general types of ED were proposed for assessing the
proximity of compared strings. In [13] the weight of operations depends on the
names of symbols and operations (generalized edit distance — GED), in [14] in
addition to [13] an extended list of editing operations is proposed. In [16] a more
general case (Markov edit distance — MED) was considered to evaluate the
likelihood of each sequence of editing operations and it was shown that ED and
GED are particular cases of MED. The book [17] contains a detailed analysis of
the most common issues related to the use of ED. In this paper we propose the
modified Levenshtein distance (MGED) to evaluate the proximity of the
description of the LP recognition result not only to the reference lines, but also,
unlike [1, 4, 5, 9, 13—15] to the LP templates.

Let R={r},i=1..n be the set of minimal rectangles bounding the
images v, of symbols s, on a license plate; Ng; — the number (size of the

alphabet) of the characters used; £, = {em},j =1,..Ng;k= l,..n; — set of

l

etalons (references) of symbol s,; d, ;(v;,E)) =rnkindist(v,.,ej’k €eE) —

distance between image v, and symbol s ; dg(s,) — a feature equal to 1 if s

is a digit, and 0 otherwise.
Consider the following three types of LP descriptions. The first description

is a list of rectangles, to each 7, € R of which correspond N distances between
v, and symbols. The second description is different in that to each », € R two

pairs of values correspond: 1) the recognized character s, and corresponding to

it the smallest distance (d, ;,); 2) (S;,diJ2 = I,Iil,rll d,;|dg(s)+ dg(s,)). The
third description differs from the first one in that it does not contain data on the
size and coordinates of the recognized characters.

Consider also the corresponding LP reference descriptions. The first
description defines the LP template as a set of rectangles, within each of which
there can be one character from the valid lists. The second description differs
from the first in that to each rectangle has not a symbol, but a feature (1 or 0)
that this symbol should be a number or a letter. The third description represents a
text string of characters. The MGED value represents the minimum cost of
changing the input description to bring it into correspondence (matching) with
the LP reference description. Similarly to GED [13], MGED uses the operations
of replacing, inserting and deleting characters, the cost of which depends on the
names of the characters being edited and the type of operation, but there are also
differences from [9, 13—15].

Using the description of the first type, the cost of replacing the s, character
in the input description with the s, character in the reference is equal to

Cop(s;55,) = rknisndl.Jc (vi,E)+ds(i, j), where S, is the list of numbers of

1

valid characters for replacement and ds(i, j) is the penalty for differences in

sizes and relative coordinates of the characters s; and ;. Using the description
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of the second type, C,(s,,5,)=d, ;;(v;,E,)+ds(@,j), if dg(i)=dg(j),
and C,(s;,s,)=d, ;,(v,E;,)+ds(i, j) otherwise. The cost of replacing one

character with another is lower, the closer these characters are in their drawing,
size and position on the LP relatively to other characters. For example, the cost
of replacing ‘5’ with ‘S’ is much lower than replacing ‘5’ with ‘8’ or ‘4’. Data
on the proximity of individual pairs of characters is either predefined or
generated during the operation of the recognition system.

The cost of deleting a symbol depends on its similarity with the nearest
reference (increases with increasing similarity), as well as on the position of the
symbol in the line (decreases at the beginning and end of the line, since there is a
greater chance of interference). The cost of inserting a character is small if there
is a gap in the LP image at the place of insertion that is not covered by
recognized characters. This symbol cannot be taken from the templates of the
first two types — when using them, the missing symbol can be determined only
by additional recognition of the license plate in defined part of the input image,
and the correction of the results should be performed not outside the LPR, but in
the process of recognition.

LP RECOGNITION LEARNING

LP learning can be performed in offline, online or online-offline modes. In the
first case, the learning process is close to [1-3, 5, 6] — the operator generates a
training set of images, and also defines LP templates. Therewith, due to the use
of informative features and essential part of noise removing at the processing
stage, smaller training set can be used in comparison with most other works.
In subsequent learning weights of character feature weights are adjusted to
minimize image recognition errors from the training set.

In the online mode, the formation of symbols references and LP templates is
performed during the system operation. In this case, the weights of the symbols
features depend on the conditions used of their detection in the image and are
not formed on the base of learning. Before learning it is assumed that there is a
rectangular frame on the LP image and no data on the characters and type format
of recognized license plates. LP search, segmentation and recognition of
characters is performed uniformly for all LP types, the structure of which is
taken into account only at the stage of MGED calculation between the
recognized string and LP templates. If the program cannot recognize the symbol,
the image of this symbol is presented to the user for identification and creation
of an additional reference in taking an appropriate decision. Each group of
recognized characters is checked by the program for matching with previously
added LP templates and, in the absence of close matching, is presented to the
operator for taking a decision on adding a new LP template. The input LP image
and its recognition result can also be presented to the user for verification and
correction of these results. The indicated actions can be considered as the
process of the so-called “active learning” of the program for recognizing new
characters and license plate patterns in images. In the online-offline mode,
automatic adjustment of the features weights of the references is performed after
learning recognition in online mode. After completing the learning process, the
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program switches to a mode in which insufficiently reliable results are stored in
memory and can be viewed by the user at a convenient time for him.

EXPERIMENTAL TEST RESULTS

During the testing, LP were searched and recognized on the following two sets of
images. The first set (B1) consists of 175 images in which cars are photographed
at various distances and angles with respect to the camera. This set contains
19 types of license plates, including three types of Ukrainian numbers, seven —
Polish, three — Belarusian, in two — Russian, Moldavian and Lithuanian. The
second set contains 85 images of two types of Greek numbers from a database [2].
Of these 85 images, 65 are simpler to recognize (sample “day color” — B2) and
20 are most complex of this database (sample “difficult color more than one” —
several cars, different shooting angles, lighting conditions, small size LP — B3).
During the testing, the LP image was considered correctly recognized if all
characters of the text line on this LP image were correctly recognized. Examples
of images from samples B1, B2, B3 (by two images in the upper, middle and
lower parts) and the results of their recognition are presented in Fig. 8.

Images from sample B2 in Fig. 8 (middle part) have interference in the form
of touching the characters to the frame (left image) and varying lighting. Images
from sample B3 in Fig. 8 (lower part) have a horizontal size of less than 65 cells.
At the same time, five out of six LPs are recognized correctly, one of the LPs
(left image) is detected, but not recognized. Main recognition results:

1. Recognition accuracy on sets B1-B2 is 97 % and on set B3 is 72 %,
provided that the horizontal size of the LP in the image is not less than 65 pixels.
Character references and descriptions of the LP templates were obtained during
online learning.

2. For learning in online mode, it is enough to have a relatively small
number of examples of LP types and the characters used. The number of
character references after learning is from one to four for different characters.

3. The average processing time for an input image of 800x600 and
1600x1200 is respectively 0.14 sec. and 0.52 sec.

The database [2] was created in 2008 to provide the possibility of
comparing different LPRs on the same data, since usually the developer provides
recognition results on his data that are not available for testing other LPRs.
However, we are not aware of publications containing comparative test results
for recognizing systems on this database.
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Fig. 8. Examples of localization and recognition of license plates in images from test samples B1, B2
and B3 (by two images in the upper, middle and lower parts).

The introduced restriction of 65 pixels on the minimal horizontal size of the LP
in images is relatively weak. So, for example, the “Nomerok-4" system [18] provides
95 % of the correct recognition of state Ukrainian and Russian LP when the following
conditions are met: 1) the speed of the car is not more than 120 km / h; 2) the horizontal
size of LP in the frame is at least 130 cells; and 3) LP in frame can be recognized by the
operator. The developers of the SecurOS Auto intelligent video analysis system [19]
claim to recognize with reliability up to 96 % of state license plates of vehicles moving
at speeds up to 180 km / h, without providing data on the fulfillment of conditions for
recognition and used restrictions on the size of the number in the frame. With a
decrease in the size of the license plate, the task of its localization and recognition in the
image becomes more complicated. On the other hand, recognition of LP with small
sizes provides the possibility of further video surveillance and control.
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CONCLUSION

Algorithms for localizing, processing and recognizing LP in images are
considered. Algorithms and software for online learning to recognition new
characters and LP templates are developed. Recognition of each character is
performed based on the detection of key points on the skeletonized
representation of the character image and matching them with the key points on
each of the compared reference images. The minimum allowable size of LP in
the image is 65 pixels, which provides the possibility of more distant video
surveillance compared to other systems.

The recognition results are controlled and corrected based on the calculation
of the modified Levenshtein distance between the description of the input LP
and the reference descriptions of LP templates. These descriptions are more
general than usually used text strings on these LP, which are available only for
some applications. In subsequent studies, it is planned recognition also of two-
line types of LP and increasing reliability by additionally adjusting the weights
of symbol reference features during learning. It is also necessary to implement
LP recognition in the video stream and test the developed tools on more
representative data samples.
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POSIIIBHABAHHA HOMEPHUX 3HAKIB HA 30BPAKEHHAX
3 KOPEKLIEIO PE3VYJIbTATIB

Bcmyn. Po3risHyTO cydacHWil cTaH posmi3HaBaHHA HoMepHuX 3HakiB (H3) aBromoOiniB Ha
300pakeHHsX. Bigomi cuctemu posmizHaBaHHs HoMmepHux 3HakiB (CPH3) 3a3Buuaii
3a0e3MeuyloTh  MOPIBHSAHO BUCOKY  HANIMHICTh Yy  COPUATIMBHX  YMOBax  TiUJIBKA
HalnomupeHimux (HarioHaabHUX) THNIB H3 y koXkHIM kpaini. MOXIMBOCTI LIMX CUCTEM JUIs
ONEPATHBHOTO HANAIITYBaHHS Ha pO3Mi3HaBaHHS HOBUX THmMiB H3 Ta CHMMBOJIB € J0BOII
OOMEXCHUMH, IO YCKIAIHIOE iXHE 3aCTOCYBaHHsA. bepydn 10 yBark IIBHIKE 30UTHIICHHS
MOOUTBHOCTI TEpecyBaHHsS TPaHCIOPTHHX 3ac00iB, y 0araTthboxX po0OOTax 3a3HAYAETHCS, IO
HalaKTyaJIbHIIIMMH 3aBAAHHAMU JUI po3poOnenHs cydacHux CPH3 e posmisHaBaHHS pi3HHX
tumiB H3, 0co0nmBO B CKIAmHUX Ta HEKOHTPOJILOBAHMX YMOBaX 3MIHEHHS 30BHIIIHBOTO
OCBITJICHHS Ta HAsIBHOCTI Pi3HUX 3aBajl K Ha camMux H3, Tak i y HABKOJHMITHBOMY CEpPEIOBHILL.

Memoio poOOTH € po3po0IICHHS AITOPUTMIB IOLIYKY 1 pO3Ii3HABAaHHS PI3HOTO BUIIIALY
onHopsinkoBux H3 aBToMOoOLNIB HAa 300pakeHHSX B yMOBaX HasBHOCTI 3aBaJ| Ta MOPIBHSHO
Manux po3mipiB H3 Ha 300pakeHHSX.

Memoou. PanmomizoBane TpaHchopMmyBaHHs Xada BHKOPHCTOBYIOTH Ui TOUIYKY
TOPU30HTANBHUX KOHTYpHUX JTiHill pamku H3 Ta HacTynHoi stokanizanii H3 Ha 300paxeHHsX.
PosmizHaBaHHS CErMEHTOBAaHMX CHMBOJIIB Ha 300pakeHHI H3 BUKOHYETBCS MUITXOM MOIIYKY
Ta PO3MITKH TaK 3BaHHX «OCOOJIMBUX TOYOK» Ha CKEJIETH30BAaHMX IMOJAHHAX IIUX CUMBOJIIB.
Kopexuis pesynpraTiB po3mi3HaBaHHS peajli3yloTh LUIAXOM OOYMCIIEHHS MOAH(]iKOBaHOI
Biacrani Jleenmretina (MBJI) mixk BXigHuM omnrcoMm Ta mabdiaonamu H3.

Pezynomamu. Po3risHYTO HOBI QJITOPUTMH TONIYKY 1 PO3II3HABAHHSA PI3HOTO BHIVIATY
OJTHOPSTKOBUX HOMEPHHX 3HAKIB aBTOMOOLUTIB Ha 300pakeHHsx. Jlokarizamis H3 BUKOHY€eThCS 3a
JIOTIOMOTH TIOUIYKYy TOPH3OHTAIBHUX KOHTYPHHX JIHIH paMKM HOMepa 3a MerogoM Xada.
Po3mizHaBaHHS CErMEHTOBAHHMX 300paXeHb CMMBOJNIB Ha H3 peami3oBaHO ILIAXOM BHIUICHHS
«OCOOJIMBUX TOYOK» Ha CKEJIETM30BAHMX IMOJAHHSIX CUMBOJIB 1 MOMIYKY BiJTOBITHOCTI IUX TOYOK
eTaJIoHHUM orcaM. KOHTponb 1 KopekIisi pe3ysbrariB posnizHaBaHHSA H3 BUKOHYIOTH Ha OCHOBI
obuncnennss MBJI mik BxignuMm omricom H3 1 mabmonamu tumie H3. 3amporionoBaHo Ta
peai3oBaHo 3aco0M aKTUBHOTO HABYAHHS ITiJI KOHTPOJIEM OIlepaTopa po3Mi3HABaHHIO HOBUX THIIIB
H3 Ta cumBoiiB y mporeci podoti cucreMu. HaBeneHO pe3ysibTaTh TECTYBaHHSI PO3POOJICHHX
AITOPUTMIB Y pasi posnizHaBaHHs H3 pizHuX kpaiH.

Bucrnoeku. 3anporioHOBaHO HOBI aJrOPUTMH JIOKAJT3allii Ta pO3IMi3HABAHHS PI3HUX THIIIB
H3. KoHTpoib Ta KOpEKIliss OTpUMaHHUX Pe3yJbTaTiB 0a3yeTbcs Ha OOYMCIIeHHI MOAU]IKOBaHOL
BijcTani JleBeHmTeiina BxinHoro onucy H3 o MHouHM 1m1abioniB TuniB H3, ski MaroTh OLibII
3araJbHUI BUITIAA TMOPIBHSHO 3 €TAIOHHMMH TEKCTOBUMH PSAKAMH. Y HONAIBIIOMY BHKOHAHHI
PpoOOTH 3aIlJIaHOBAHO PO3IVIS AITOPUTMIB po3mi3HaBaHHA H3, sIKi MICTATH EKiJIbKa TEKCTOBHX
PSIKIB, @ TAKOXK TiJBUIICHHS HANIMHOCTI PO3Mi3HABAHHS IIUIIXOM ONTHMAIIBHOTO HAJIAINTYBAHHS
3a JJOIIOMOTOF0 HaBYaHHsI BariB 0COOIMBUX TOYOK CUMBOJIIB.

Kntouosi cnoea: nowyk ma po3nizHasanHs HOMEPHUX 3HAKIE HA 300PAdNCEHHAX, BI0NOGIOHICY
0cobIUBUX MOYOK, giocmany Jlegenwmerina.
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PACIIO3HABAHUE HOMEPHbIX 3HAKOB HA U30BPAXKEHMAX
C KOPPEKIIMEUN PE3VYJIbTATOB

PaccMoTpeHbl aNrOpUTMBI IOWCKAa W PAaCIO3HABAHUS PA3IUYHOIO BHIA OJHOCTPOYHBIX
HOMepHBIX 3HakoB (H3) aBTOMOOMINEH Ha n300paxkeHusx. Jlokanuzauus H3 BeimonHseTCs ¢
MIOMOIIBIO TIOMCKA TOPH30HTANBHBIX KOHTYPHBIX JIMHHHA paMKH HOMepa MeroqoM Xada.
PacrniozHaBaHuMe CErMEHTHPOBaHHBIX H300pakeHWi cUMBOJIOB Ha H3 peanuzoBaHo myTtem
BBIJICJIEHHSI OCOOBIX TOYEK Ha CKEJIETU3MPOBAHHBIX MPEICTaBICHUSIX CHMBOJIOB U IOHCKA
COOTBETCTBHS 3THX TOYEK C 3TAJIOHHBIMHU ONUCAHUAMH. KOHTPOJIb U KOppeKIus pe3yabTaToB
pacrio3HaBaHusi H3 BBINIONHSACTCS HA OCHOBE BBIYMCICHUS MOIU(PHUIMPOBAHHOTO PACCTOSHHS
JleBeHmTeiiHa Mexay BXOAHBIM onmcanueM H3 wu mmabmonamu TumoB H3. IlpuBenens
pe3yJbTaThl TECTUPOBAHUS pa3pa0OTaHHBIX alrOPUTMOB IIpH pacro3HaBaHun H3 u3
Pa3INYHBIX CTPaH.

Knrouesvie cnoea: nouck u pacnosHaeanue HOMEPHbLX 3HAKO8 HdA u306pa9fceHu}1.x,
coomeemcmeue 0coobix mouek, paccmosnue Jlesenwumerina.
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THE USE OF GOMPLEXITY AND VARIABILITY CHARACTERISTICS
FOR THE ANALYSIS OF COMPLEX DYNAMIC SYSTEMS

Introduction. The normal dynamics of a healthy organism is chaotic and the observed
"chaos" is inherent in the very nature of the dynamic processes taking place in the organism
and the degree of chaotic of these processes may vary in case of pathology in one direction
or another. The electrical activity of the brain is also characterized by signs of deterministic
chaos, and changes in parameters of its nonlinear dynamics testify to the characteristic
changes in brain functioning. The problem of diagnostics and identification of the moment
preceding an epileptic seizure or other periods of brain functioning in epileptic patients is
not only a problem of choosing a classification method but also of determining quantitative
estimates of dynamics reflecting the complexity and variability of the Electroencephalogra-
phy (EEG) signal.

The purpose of the paper is to form an effective ensemble of features from the charac-
teristics reflecting the complexity and variability of the EEG signal,to construct the prognos-
tic models for the course of epilepsy and to develop the information technology to support
diagnostic decision-making based on them.

Methods. The methods of mathematical statistics for the processing of diagnostic informa-
tion, the methods of mathematical modeling (stepwise logistic regression) — for the construction
of prognostic models for estimating the course of epilepsy were used, methodological bases for the
creation of information technology for the diagnosis of epilepsy according to the EEG.

Results. Changes in indicators such as Hurst Index, fractal dimension, logistic map-
ping, and algorithmic signal complexity have been investigated. The mathematical models

© BILOSHYTSKA O.K., NASTENKO Ie.A., PAVLOV V.A., 2020
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include variables that are calculated from the EEG data and are available during patient
observation. As a result of the application of step-by-step algorithms, the most informative
features are included in the models. The selected features allow for the most accurate identi-
fication of individual periods of epilepsy flow from the EEG data. It has been established that
the use of a decision support system increases the reliability of determining the periods of an
epileptic seizure (conditional norm, before, during and after an attack) by an average of
6.6% for children and 8% for adults.

Conclusions. The proposed prognostic models allow to obtain additional information
about the periods of epileptic seizures and to predict their onset in time.

Keywords: information technology, EEG, epileptic seizures, epilepsy, complexity and vari-
ability indicators, predictive models, logistic regression.

INTRODUCTION

The objects, the analysis of which is offered in the work, belong to the class of dy-
namic systems, classifying states of which is one of the most difficult task. It is impos-
sible to apply directly the classical methods of object analysis, set by one multidimen-
sional observation, to solve the problems of this class. The reason for the discrepancy
of the developed methods is that the state of such systems can be described only by the
type and character of the movement, and it can be both chaotic movement and stead-
fast trajectory. Consequently, the various types of integral characteristics of the system
movement according to a class of dynamic systems were developed and they have
become an instrumental bridge to the application of classical methods of classification
of objects. Below it is suggested to consider the use of indicators of complexity and
variability of the system motion to assess changes in functional states in patients with a
focal form of epilepsy.

The prevalence of epilepsy in developed countries is 5—10 cases per 1000 popula-
tion. According to the results of population studies conducted in developed countries,
the incidence of epilepsy ranges from 0.28 to 0.53 cases per 1000 population. In
Europe about 6 million people suffer from epilepsy, 40 % of them are not receiving
proper treatment [1, 2]. In the diagnosis and treatment of epilepsy, photo stimulating
and hyperventilation tests are used, which are performed under EEG control. They
allow estimating readiness for epileptic seizures and reaction to treatment, i.e. effi-
ciency of medication therapy. In this case, the doctor's knowledge of the functional
state of the cortex for situational decision-making is essential for the effectiveness of
the treatment process. Therefore, the development of mathematical means of recogni-
tion of brain functioning features before, during and after an epileptic seizure, as well
as in the periods between seizures, is an actual task.

PROBLEM STATEMENT

It was found that the normal dynamics of a healthy organism is chaotic and the
observed "chaos" is inherent in the very nature of the dynamic processes taking
place in the organism [3-5], and the degree of chaotic of these processes may
vary in case of pathology in one direction or another [6]. It has been proved that
besides periodic processes, the electrical activity of the brain is also character-
ized by signs of deterministic chaos, and changes in parameters of its nonlinear
dynamics testify to characteristic changes in brain functioning [7, 8].

Such apparent changes can also be observed in epileptic signals of electro-
encephalograms. The nature of epilepsy is such that corresponding pathological
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changes in the brain cause certain differences in the signs of chaotic dynamics
(i.e. "degree of chaoticity") of the signal. There are a number of works devoted
to the analysis of chaotic dynamics, which use such indicators of complexity as
Hurst index, logistic mapping, fractal dimensionality and algorithmic complexity
of the signal. A number of studies of dynamic systems of the healthy human
brain based on EEG methods of nonlinear analysis have been conducted [5, 9].
In the opinion of the authors of the work, the increase in complex dimensionality
of the EEG superficial in the performance of tasks related to memory operation
is shown and reflects the increase in degrees of freedom in competitive interac-
tions between neural ensembles [7, 10]. However, to solve the problem of identi-
fication of periods of brain bioelectrical activity in epileptic seizures, it is neces-
sary to investigate the suitability of the developed indicators for solving prob-
lems of the corresponding classification. Therefore, the problem of diagnostics
and identification of the moment preceding an epileptic seizure or other periods
of brain functioning in epileptic patients is not only a problem of choosing a
classification method but also of determining quantitative estimates of dynamics
reflecting the complexity and variability of the EEG signal.

The purpose of the article is to form an effective ensemble of features from
the characteristics reflecting the complexity and variability of the EEG signal,to
construct the prognostic models for the course of epilepsy and to develop the in-
formation technology to support diagnostic decision-making based on them.

THE FUNCTIONAL STATES CLASSIFICATION METHODS OF THE CEREBRAL
CORTEX-EPILEPTIC AND BETWEEN EPILEPTIC PERIODS

The data of recorded signals are structured in such a way that for each patient the
data structures characterizing the following functional cortical states are allo-
cated [11, 12, 13, 14]:

- between seizures or periods of the conditional norm (interictal) — periods be-
tween the seizures in which there are no manifestations of the pathological activity;

- Dbefore the seizure (preictal) — periods characterized by the appearance
of noticeable deviations from the normal state;

- seizure (ictal) — existing characteristic manifestations of the pathologi-
cal activity of the brain.

- after the seizure (postictal) — attenuation of the pathological activity.

Based on existing nonlinear analysis methods studies of epileptic EEG sig-
nals in order to assess the suitability for classifying these periods, the following
parameters of chaotic dynamics were selected: Hurst index, fractal dimension,
Kolmogorov algorithmic complexity, logistic mapping and LZW archiving.

The Hurst Index is a measure of the smoothness of the fractal time series,
based on the evaluation of the expression of its long-term dependence [15]. Due
to its clear range boundaries, the Hurst Index is widely used in the analysis of
time series of complex systems. It contains minimum assumptions about the
system under study and allows us to determine the classification of time series
depending on the nature of the signal [16, 17]. Studies [18] have shown that
periods between seizures (conditional norm) correspond to smaller values of the
Hurst index than for the seizure period. Values for the period after an seizure are
close to 0.5. The pre-seizure and postseizure periods vary greatly, but a notice-
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able difference can be seen. The pre-seizure and postseizure periods are charac-
terized by lower values, which indicate antipersetic properties.

Fractal dimensional (FD) is a natural tool for detecting the level of complex-
ity and compactness of chaotic processes. It can be used to measure the com-
plexity of biological signals. The analysis of the fractal dimensionality of the
Minkovsky EEG signal calculated by the Box Counting method shows that epi-
leptic seizures are a state with a lower fractal dimensionality of the EEG signal
compared to a conventionally normal state [6, 13]. Intermediate values of fractal
dimensionality are characteristic for the periods between seizures (conventional
norm) because this period is more complex. In the period before the seizure and
during the seizure, an increase in fractal dimensionality is observed, which indi-
cates a decrease in the signal complexity.

The Lempel Ziv archiving method (LZ or CrossTable) is an algorithm for
lossless data compression, and is a convenient estimation of complexity, charac-
terizing the degree of order or disordered space-time patterns [19]. The parame-
ter LZ-complexity as a measure of regularity and complexity of time series is
included in nonlinear parameters of estimation, and it is expedient to use it for
the analysis of the non-stationary biomedical signals of small length.

The Lempel-Ziv-Welch (LZW) data compression method [20] is based on
calculating the number of letter pair repetitions in an encoded sequence and re-
placing the most common pairs with a new value. The method can be used to
determine the level of complexity of a sequence and is analyzed. When working
with EEG signals, the efficiency of the method is higher, the more pronounced is
the epileptic seizure. The results of the study of patients with focal epilepsy
showed high values of complexity during the period of the conditional norm,
progressively less before and during the seizure, and increased (even in compari-
son with the conditional norm) after the seizure.

One of the possible ways to determine the nature of the trajectories of
nonlinear systems after signal sampling can be realized by means of logistic
(square) map. Below is the map (1), for which the character of trajectory
changes from the value of 7

X, =1, (1-x,), (1)

where 7 is a discrete-time step, 7 is a control parameter. According to the graph
of dependence of x, on r, it is possible to track changes in the state of such a
system, including the transition from chaotic motion to stable trajectories. [21].
After substitution a number of neighboring points x,, x, - ; of the EEG trajecto-
ries in (1) and determination of the value (moving average) of the » parameter, it
is possible to obtain an estimate of the trajectory character by the logistic map.
According to the obtained values, the postseizure period coefficients are in
the range of 2 <7 <3 and indicate that the signal is going to a stationary value
(r —=1)/r , but will first oscillate around it. The preseizure and postseizure peri-

ods are characterized by values in the range of 3 < < 1++/6 which indicates that
the system is moving chaotically.

The development of the classifiers models of brain activity periods with EEG
can provide three possible strategies for comparing periods with each other [22]:
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The strategy "one to three" or "one against all": the comparison of one pe-
riod with respect to three other periods (Fig. 1). Scope: standard procedure for
determining membership class.

1. The strategy "one to one": a pairwise comparison of periods with each
other. Scope: solving the conflict of the classifiers, that can be obtained accord-
ing to item 1.

2. Strategy "two to two": a comparison of any two periods combination
with any two others; Scope: indirect definition of the class by the classifiers for
"groups" of classes, when the allocated class is surrounded by other classes.

Further, we will focus on the strategy "one against all" only.

The selection of informative channels was also carried out. There is the own
set of informative channels for each brain area in focal epilepsy [23-25]:

- the set for frontal area consists from Fp1, Fp2, F3, F4, F7 and F8;

- the set for frontal parietal area consists from Fpl, Fp2, F3, F4, F7, F8, P3
and P4;

- the set for the parietal area consists from P3 and P4;

- the set for the central area consists from C3 and C4;

- the set for the central area consists from C3 and C4;

- the set for the parietal-occipital area consists from P3, P4, O1 and O2;

- the set for temporoparietal central area consists from T3, T4, C3, C4, TS5, T6,
P3 and P4.

To obtain the classifiers, a standard procedure was used to select the best
linear combination of activity periods features and a complicated procedure us-
ing functional transformations of primary features. For this purpose, the inverted

indicators (1/x) and variables of the type (X -x;) and (%/x,) were included in the

models as the applicants besides the initial features. Further, we will call them
generalized variables.

P e
Mepea { Mepen { /
e ~ ~
' ) 7 i e
Nicna Mi>x Micnsa { Mix / .
Hanagy Hanaz amy, Hanagy Hanajamy, Mixc Miens Mix
Hanapamu, Hanagy Hanaaamu,

Fig. 1. Possible combinations of strategies "one against all" comparing the periods of epilep-
tic seizures among themselves
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Multivariate statistical methods were used to solve the following problems.
The primary selection of features was carried out on a degree of statistical con-
nection between the bioelectric indicators calculated by the methods of nonlinear
dynamics and the indicators of patients’ states. Next, the classifiers were found
on the basis of statistical methods of modeling, and periods of an epileptic sei-
zure were distinguished with high accuracy.

Methods of regression and discriminant analysis, logistic regression method
were used to construct the classifiers. The best results were obtained by step
algorithm of the logistic regression method, classifier models were built as a
logistic regression model:

p(y)=——, ()
I+e”
where y =y (x) was obtained in linear (3) or non-linear (4) form:
y=by+ ka:]bik Xiy 3)
y= bo + Z;:I:J bl‘k @, x), 4)

where x;, i = 1, ..., M are the primary features, X; , k=1, ..., m is the best linear

ensemble of features, ¢, (x), k=1, ..., m is the best nonlinear ensemble of gen-

eralized variables, by, b, , k=1, ..., m is the regression coefficients.

e >

DEVELOPMENT AND APPLICATION OF MODELS
T0 CLASSIFY PERIODS OF BRAIN ACTIVITY STATUS

Classification models for each pathological zone of the brain are given below in the
form of linear (3) and nonlinear equations (4). The contenders for inclusion in the
predictive models are the selected complexity indicators (Hurst index, fractal dimen-
sionality, logistic mapping, Kolmogorov algorithmic complexity, LZW method ar-
chiving) and variability indicator (standard deviation). Informative channels of elec-
troencephalograms in a certain pathological region of the brain in prognostic models
are indicated by the indices of the corresponding indicator.

EEG studies were conducted at the Department of Functional Diagnostics
and Ultrasound of the Cardiovascular System of the Consulting and Diagnostic
Center of the State Institution of Science «Research and Practical Center of Pre-
ventive and Clinical Medicine» State Administrative Department. Two age
groups of volunteers — children (under 18 years) and adults (over 18 years) —
were formed from the Center's patients. All the participants gave their written
consent to the anonymous use of the data and research based on it. Fifteen peo-
ple with focal epilepsy were investigated. A diagnostic study and advisory opin-
ion on the International Classification of Diseases (ICD-10) resulted in the diag-
nosis of G40 epilepsy (11, 12, 26). The models used the following designations
of brain regions for focal epilepsy: frontal (F), frontal-parietal (FP), parieto-
occipital (PO), parietal (P), central (C), temporal-parietal (PTC).
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Models for groups of children and adults were developed separately.
Prognostic models to study focal epilepsy [22] in the frontal area (F) of the
brain for children using linear functions were obtained in the form:

V16 et = 0-018- G +0,058- G + 71151+ LZW,, ~109,845 - LZW,
—40,937- FD,., +52,680;
Yoy =32:275+ LZW,., ~12,908: CrossTabe,, 27,527 FD,, +
+21,577- FD,, —0,715- LogRefl,., +5,563;
Vot =15,819- Hurst,., +20,547- FD,, —25,528;
Vo) e =—15-986+ Hurst,., +15,210- LZW, +3,773,

interictal ~—

where o,, and o,, are standard deviations of channel signals F7 and F8
respectively, LZW,, and LZW,, — the method LZW archiving of channel sig-
nals Fp, and F8 respectively, FD,, and FD,, is the fractal dimension of channel
signals F3 and F7 respectively, CrossTabe,, is the Kolmogorov
algorithmic complexity of channel signals F4, LogRefl,, — logistic map of
channel signals F7, Hurst,, — Hurst index of channel signals F4;

The found models using the non-linear functions:

V() et = 19867,414-FD,. +116,577 - - LZW,

Fpl

~62190,942- LZW, - FD,, —

LZW FD FD
23116,873- 265 1 9792,292 . Z 2L 1802,285- — 3 _18475,975- L2F3 415963,319;
Op, ursty, urst,, e

FD, FD,
Yyt = 01060, = 0,121, — 85,626 FD,. —16,224-— 21 2098,599 . — +

F8 OF1

FD
+54,981-———F7+103,510;

LogRefl,.,
V(o) poscr = ~0-014+ 05, + 28,714 Dy 415,856 ——+169.545 - Hurst,., - FD,., ~
ursty,
LZW,
16,8842ty 3 035. LSRN s o geg. LOBREN ey 1oy 740,
F8 Ors 3
I Hurst
V(e ot = ~123,256- CrossTabley,, +13885,269-——— 65504,719 L4
O g Or7
LZW,
—497,085- 227F3 11071,683,

Fpl

where, o, , 0,, 05, and o,; — are standard deviations of channel signals Fpl,
F4, F7 and F8 respectively, LZW,,, LZW,, and LZW,, — the method LZW
archiving of channel signals Fpl, F3 and F8 respectively, FD,,, FD,, and FD,, —
is the fractal dimension of channel signals F3, F7 and F8 respectively, CrossTable,,,
is the Kolmogorov algorithmic complexity of channel signals Fpl, LogRefl,., logis-
tic map of channel signals F7, Hurst,., — Hurst index of channel signals F4.
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The prognostic models to study focal epilepsy in the frontal- parietal (FP) region
of the brain for children using the linear functions are obtained in the form:
V(e ot = =33 713+ LZW,.; + 34,476 - LZW,, +7,626;
Yirpyent = —0,03-0 =0,018-0,, — 45,589 Hurst,, +88,175- LZW, -
~142,462-LZW,, +40,366- FD,, —3,998;
Y (rpypost = 17,682+ FD,p = 17,350;
Y (epymtericial = —25,651- Hurst,, +10,644,

where o, and o,, — standard deviations of channel signals F8 and P4 respec-
tively, LZW,,, LZW,, and LZW,, — the method LZW archiving of channel
signals F3, F4 and F8 respectively, FD,, and FD,, is the fractal dimension of
channel signals F7 and F8 respectively, Hurst,, and Hurst,.,— Hurst index of
channel signals F7 and F8 respectively.

The found models using the non-linear functions:

eyt = 395411 LZW, = 57,386 LZW,. - FD,, — 0,603 FD,., - LogRefl, +10,530;

O'
o =41,336- -0,306-0,, - Hurst,., + 0,257 - ————
y(H’)mlul FDF7 P4 LogReﬂF7
ZW,,
—4, 359 —2159, 452 +90, 158 -100,411;
Ory Org FDF4
Y (ep)postictal = 14,164-FD,., - FD,., —14,216;
Hurst FD,
Y (epyimterictat = 9,866 LogRefl,., —230,279- ——% —13,741- W+95,697,
7 F7

where, o,,, o, and o,, are standard deviations of channel signals F4, F8 and P4
respectively, LZW,,, LZW,, and LZW,, the method LZW archiving of channel
signals F3, F8 and P4 respectively, FD., and FD,, is the fractal dimension of
channel signals F4 and F7 respectively, LogRefl,., and LogRefl., logistic map of
channel signals F7 and F8 respectively, Hurst,, and Hurst,, — Hurst index of

channel signals F7 and F8 respectively.

The prognostic models to study focal epilepsy in the frontal-parietal (FP)
region of the brain for adults using the linear functions are obtained in the form:

y(FP)icta[ = _0’ 014 : O-F4 + 2, 296,
V() posiciar = 2568,138- Hurst,,; —28,909- LogRefl.; —594,780;
y(FP) mtertctal 56 141 HurStP4 + 23 304

where o, is standard deviations of channel signal F4, LogRefl,., — the method
LZW archiving of channel signal F7, Hurst,, and Hurst,, — Hurst index of
channel signals P3 and P4 respectively.
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The found models using the non-linear functions:

Hurst FD
Voot = 29778,394- 720 10611,242- -1 4 43,472
preicta O_F4 O'F4
Vioryo = —0.016-0,, - FD,, +2,463;
1
Vo = 287725 0,053 5, LogRefl, +1014.848;
P3

Ve mericiar = —8290,740 - Hurst ., - Hurst,, +1311,756,

where o, and o,, are standard deviations of channel signals F4 and P4 respectively,
FD,., and FD,, is the fractal dimension of channel signals F7 and F8 respectively,
LogRefl,., — logistic map of channel signal F7, Hurst.,, Hurst,, and Hurst,, —
Hurst index of channel signals F7, P3 and P4 respectively.
The prognostic models to study focal epilepsy in the parietal (P) region of
the brain for children using the linear functions are obtained in the form:
Yioyaat = ~24651- LZW,, +10,655- CrossTable,, +3,545;
oy = —0:002+0, +24,725- LZW,, ~16,024- CrossTable,, +1,424;
Yoyposton = —6:280- FD, =5, 478;
Yipymericar = —10,782 - Hurstp, —12,988 - CrossTable,, +10,927,

where o, is standard deviations of channel signal P3, LZW,, and LZW,, — the
method LZW archiving of channel signals P3 and P4 respectively, FD,, is the
fractal dimension of channel signal P3, CrossTable,, and CrossTable,, are the

Kolmogorov algorithmic complexity of channel signals P3 and P4, respectively,
Hurst,, — Hurst index of channel signals P3.

The found models using the non-linear functions:

LZ
y(P) reictal _37892 '&'F 4, 061,
r Hurst,,

CrossTable,,

Yioyen = 0,009 -0,y - LZW,, —4,064- +7,700;

P3

LZW
8. — 2P 14410,

—4,648-
CrossTable,,

y(P)po.vtictal =

Ypymericiar = —29:175 - Hurst ;- CrossTable,, + 6,045,

where o, is standard deviations of channel signal P3, LZW,, and LZW,, — the
method LZW archiving of channel signals P3 and P4 respectively, CrossTable,,
and CrossTable,, are the Kolmogorov algorithmic complexity of channel signals P3
and P4 respectively, Hurst,, — Hurst index of channel signals P3.
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The prognostic models for studying focal epilepsy in the parietal (P) region
of the brain for adults using the linear functions are obtained in the form:

Yipye = 31,835 FDp, —54,674;
Y (P postictat = 26,498 - CrossTable,, — 9,427,
Y(pyintericiar = —5895,187 - Hurst,; =9107,335- FD,,, +12515,278,
where FD,, is the fractal dimension of channel signal P4, CrossTable,,is the

Kolmogorov algorithmic complexity of channel signal P4, Hurst,, — Hurst

index of channel signals P3.
The found models using the non-linear functions:

C Tabl
¥ ) :_5’035.M+7’825;
(P)preictal HM}"StP3
FD
V(oo = 0,049 21— 41923,627 . —L4 — 36,725;
CrossTable,, O p;
FD
Yp) e = —4,553 ——— 22— +13,637;
postets CrossTable,,

Y (Pyinterictal = —65,351- Hurst,, -CrossTable,, + 12,834,

where o, is standard deviations of channel signals P3, FD,, and FD,, are the
fractal dimension of channel signals P3 and P4 respectively, CrossTable,, and
CrossTable,, are the Kolmogorov algorithmic complexity of channel signals P3 and
P4 respectively, Hurst,, — Hurst index of channel signals P3.
The prognostic models for studying focal epilepsy in the parieto-occipital (PO)
region of the brain for adults using the linear functions are obtained in the form:
Y(poypreiciar = 05005 07py +25,671- Hurstp, +27,684- CrossTable,, —
~60,768- FD,, +44,055;
Yiroyeat = —34,620- CrossTable,, +12,894;
Y(poypostictal = 38,967 Hurst,, —49,711- Hurst,, + 64,554 - CrossTable,, +
+25,089- FD,, —40,953;
Viroymerc = 0:018+04, = 278,473 Hurst,,, +110,532,

where o,, and o, are standard deviations of channel signals P3 and O1 respectively,
FD,, is the fractal dimension of channel signal P3, CrossTable,,, CrossTable,, and
CrossTable,, are the Kolmogorov algorithmic complexity of channel signals P4, O1
and O2 respectively, Hurst,,, Hurst,, and Hurst, — Hurst index of channel signals
P3, P4 and O1 respectively.
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The found models using the non-linear functions:

—245,764- FD,, +108,356-——— 10,037 -0, - Hurst,, -

Ypo)preictai CrossTable,,,

—-113,627 — D 232,824,
CrossTable,,

Vpoyea = 0,501- 045 - CrossTable, —3239,140- CrossTable,, - CrossTable,, +613,546;

Hurst

=245,981- Hurst,, - CrossTable,, —20,143 - —————
CrossTable,,

y(P())poslirta/

FD
+2,522. ———F 11,320,
CrossTable,,

Hurst,,

=-9814,647- +7,892.

by (PO)interictal
Ooi

where o,, and o, are standard deviations of channel signals P3 and O1 respectively,
FD,, and FD,, are the fractal dimension of channel signals P3 and P4 respectively,
CrossTable,,, CrossTable,, and CrossTable,, are the Kolmogorov algorithmic com-
plexity of channel signals P4, O1 and O2 respectively, Hurst,, and Hurst, — Hurst

index of channel signals P3 and O1 respectively.

The prognostic models for studying focal epilepsy in the temporoparietal
occipital (PTC) region of the brain for children using the linear functions are
obtained in the form:

y(PTC)preiL‘tul = 0’231-0—7"5 - 21’572’
=-6,560-0,,-80,380-LogRefl,, +1013,659;
= 904,653-LZW,, - 277,853.

y(PTC)icml

y(PTC )interictal

where o, is standard deviations of channel signal T5, LZW,, is the method LZW
archiving of channel signal T3, LogRefl,, — logistic map of channel signal T3.
The found models using the non-linear functions:

LZ
=-3390,068 -ﬁ+ 13,639;

y(PTC)preictal
O-T 5

= 483,953';—8,054“0” -LZW,, +199,664;

y(PTC)[(‘tal ogReﬂT3

=-86,406- !

+282,378.

y( PTC )interictal
T3

where o5 is standard deviations of channel signal TS5, LZW,, is the method LZW
archiving of channel signal T3, LogRefl,, — logistic map of channel signal T3.
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The prognostic models for studying focal epilepsy in the central (C) area of
the brain for children using the linear functions are obtained in the form:

=70,859- Hurst ., —61,025- Hurst., +17,968- FD,., —20,258;
y(C)[nler[cm/ = _2 1’ 227 : HurStc3 + 10, 020,

by (C) postictal

where FD,, is the fractal dimension of channel signal C3, Hurst., and Hurst., —

Hurst index of channel signals C3 and C4 respectively.
The found models using the non-linear functions:

Hurst
y(C)praictal =-13,350- e +15,023;
Hurst,,
Hurst,
V(eyposicrat =~ 18,864 ~ 21,649 004 141,673,
i D, Hurst,,
Y(Cyimterictat = -33,659 - Hurst., - Hurst., + 6,813.

where FD,, is the fractal dimension of channel signal C3, Hurst., and Hurst., —

Hurst index of channel signals C3 and C4 respectively.

The quality of the forecast of built models for children was tested on the test
sample (Table 1).

The results of the comparison showed the advantage of applying a nonlinear
basis, and the accuracy was obtained over 92 %. When applying the linear basis,
the accuracy was about 81 %.

The quality of forecast of built models for adults was tested on a test sample
(Table 2).

The results of the comparison showed the advantage of applying a nonlinear
basis, while the accuracy was obtained over 95 %. When applying the linear
basis, the accuracy was received on the average 83 %.

Studies of epileptic seizures periods for children using logistic regression yielded
lower results in sensitivity, specificity and classification accuracy than those of adults,
confirming that the children’s nervous system is formed before the age of 18.

The algorithms for calculating complexity (Hurst, LZW, CrossTable, FD) and
variability (o), as well as the obtained classifier models to determine the probability of
a certain period of epilepsy flow with EEG, were applied to support diagnostic deci-
sion making of automatic determination of the epileptic seizure periods.

A decision support system [22] has been developed to improve the information
support for the doctor and to promote the objectification of the treatment process
through automatic classification of EEG fragments in accordance with the calculated
values of the functions of predictive models.
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Table 1. Comparison of learning and test sample results in a study of focal epilepsy for children

Period Function type Sénsitivity, % 'Speciﬁcity, % .A.ccuracy, %
training test training test training test
1 2 3 4 5 6 7 8
Focal epilepsy in the frontal area
Preictal Linear 87,5 83,1 96,5 100 93,8 91,7
Non-linear 100 84,2 100 88,5 100 86,5
Ietal Linear 69,2 86,3 87,3 89,7 81,5 88,2
Non-linear 92,3 86,5 98,2 92,1 96,3 93,2
Postictal Linear 53,3 92,7 93,3 75 87,7 87
Non-linear 91,4 100 93,3 100 91,8 100
Interictal Linear 50 88,5 95,8 82,7 87,7 85,3
Non-linear 100 96,7 100 93,3 100 96,1
Focal epilepsy in the frontal parietal area
Preictal Linear 60 55,5 94,9 54,5 85,2 58,3
Non-linear 96,7 91,9 94,9 90,9 95,6 90,9
Letal Linear 73,3 91,9 94,9 91,3 88,9 81,8
Non-linear 93,3 89,7 97,4 91,7 96,3 91,3
Postictal Linear 67,5 82,7 97,4 86,1 88,9 91,7
Non-linear 83,3 100 94,7 100 96,3 100
Interictal Linear 50 75 95,7 100 88,9 100
Non-linear 100 100 97,8 100 98,1 100
Focal epilepsy in the parietal area
Preictal Linear 38,5 68,3 95,4 81,4 79,1 81
Non-linear 78,5 76,4 92,3 85,7 86,9 86,4
Ietal Linear 444 67,3 89,1 75,6 75,8 77,3
Non-linear 96,1 86,4 92,6 85,4 98 86,4
Postictal Linear 42,5 64,2 97 83,3 78,7 84,2
Non-linear 85,5 78,9 95,5 76,7 92,6 78,9
Interictal Linear 71,6 65,7 98,7 71,5 84,6 85,7
Non-linear 87,1 85,7 97,4 85 93,5 85,7
Focal epilepsy in the parieto-occipital area
Preictal Linear 76,9 88,9 87 89,5 83,3 90
Non-linear 92,3 100 95,7 100 94,4 100
letal Linear 66,7 100 87,5 100 80,6 100
Non-linear 100 100 100 100 100 100
Postictal Linear 88,9 90 100 88,9 97,2 87
Non-linear 93,1 90 100 88,9 97,2 87
Interictal Linear 100 80 100 71,4 100 76,5
Non-linear 90 80 100 71,4 97,2 76,5
Focal epilepsy in the temporo-parietal central area
Preictal Linear 75 85,7 100 85,7 93,3 71,5
Non-linear 85 85,7 100 85,7 96,3 85
letal Linear 100 85,7 100 81,8 100 84,4
Non-linear 100 90,5 100 72,7 100 84,4
Interictal Linear 100 81,8 100 72,7 100 78,8
Non-linear 100 81,8 100 86,4 100 83,7
Focal epilepsy in the central area
Preictal Lincar - — - - - -
Non-linear 87,6 100 93,3 100 91,1 100
letal Linear 78,6 75 93,3 100 86,1 87,5
Non-linear 86,3 87,5 93,3 91,7 90,5 88,7
Interictal Linear 53,3 65 100 100 88,5 92,3
Non-linear 83,3 100 100 100 90,5 100
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Table 2. Comparison of learning and test sample results in a study of focal epilepsy for adults

. Sensitivity, % Specificity, % Accuracy, %
. Function — —. —

Period type training test training test training test
training test training test training test

1 2 3 4 5 6 7 8

Focal epilepsy in the frontal parietal area

Preictal Linear ~ ~ ~ — — —
Non-linear 100 100 100 100 100 100
Ietal Linear 40 62,9 100 100 81,3 92,3
Non-linear 80 90,9 100 100 91,5 94,1
Postictal Linear 100 81,8 100 86,4 100 83,7

Non-linear 100 80 100 77,8 100 75
Interictal Linear 66,7 73,8 92,3 100 87,5 100
Non-linear 100 100 100 100 100 100

Focal epilepsy in the parietal area

Preictal Lincar ~ ~ . - - -
Non-linear 75 100 93,8 100 90 100

Iotal Linear 66,7 - 92,9 - 85 -
Non-linear 83,3 75 92,9 80 90 77,8
Postictal Linear 40 100 93,3 100 80 100

Non-linear 91,3 - 93,3 - 92,1 -
Interictal Linear 100 100 100 80 100 88,9
Non-linear 80 85,7 93,3 84,2 95 85

Receiving information about the EEG period classes, the doctor makes an
informed decision about the EEG as a whole.

To check the efficiency of the developed system, a comparative evaluation
of the results of the classification of EEG fragments performed by functional
diagnostics physicians during the EEG visual analysis and with the help of the
developed decision support system on the examination sample (25 EEG — 10
children and 15 adults) was made.

The use of the developed information technology of EEG processing due to
the classification of a certain period according to the EEG allows to orient the
doctor in decision-making, to increase the accuracy of the classification of the
conditional norm periods, before and after an seizure, on the average by 5.5 %,
4.4 %, 9,9 % and 6.6 % respectively for children, and for adults by 9.2 %,
7.4 %, 8.5 %, and 6.9 % respectively. By reducing the time it takes for a physi-
cian to determine the period of epilepsy with the EEG, the use of developed
information technology makes it possible to classify the conditional norm
periods, before, during and after seizure more quickly for children by 19 %,
15.5 %, 15.4 %, 16 9 % respectively, and for adults by 23.9 %, 18 %, 23.3 %,
17.8 % respectively.

The application of the developed information technology is useful in evalu-
ating the effectiveness of treatment at the stages of patient monitoring.
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CONCLUSIONS

The described methods of nonlinear dynamics allow quantitatively to distinguish the
periods of epilepsy flow according to the EEG data. Changes in indicators such as
Hurst Index, fractal dimension, logistic mapping, and algorithmic signal complexity
have been investigated. Significant differences between these indicators due to
changes in the functional state of the brain, are well reflected in the EEG. The complex
calculation of such indicators allows to quantitatively distinguish the periods of epilep-
tic activity by EEG, and further is used to build classification and prediction models.

With the help of step-by-step logistic regression analysis, prognostic models were
built to detect the risk of a certain period of EEG activity. The application of nonlinear
models allowed to significantly increasing the sensitivity, the specificity, and the accu-
racy even test samples. The determining accuracy of the seizure period on a test sam-
ple was about 6-10 % higher than with the use of models with linear functions.

The mathematical models include variables that are calculated from the
EEG data and are available during patient observation. As a result of the applica-
tion of step-by-step algorithms, the most informative features are included in the
models. The selected features allow for the most accurate identification of indi-
vidual periods of epilepsy flow from the EEG data. The accuracy of classifica-
tion by the test sample was in the range from 71 % to 99 %. Analysis of compo-
sition and structure of the features is also of interest for clinical analysis.

The results of the EEG classification were comparatively evaluated using
the proposed technology and without it. It was found that the use of the decision
support system increases the reliability of determining the periods of the condi-
tional norm, before, during and after a seizure by an average of 6.6 % for chil-
dren and 8 % for adults. It was also possible to reduce the doctor's determination
of the conditional norm period based on the EEG before, during and after seizure
by an average of 16.7 % for children and 20.8 % for adults.

A decision support system has been developed to be useful in the diagnostic
departments of health facilities and in psychoneurological hospitals where EEG
is registered and analyzed.
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HarioHanpHui TEXHIYHUNA YHIBEPCUTET YKpaiHU
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BUKOPUCTAHHA ITOKA3HUKIB CKJIAJJHOCTI TA BAPIABEJIBHOCTI
JJIT AHAJIZY CKITAAHUX JTUMHAMIYHUX CUCTEM

Beryn. HopmasibHa quHaMiKa 3J0pOBOTO OPraHi3My € XaOTHYHO, OCKLIBKU CIIOCTEPEKYyBa-
HHI «Xa0C» BIACTUBHII caMilf MPUPOAI JUHAMIYHHX MPOIECIB, IO MPOTIKAIOTE B OPraHi3Mi.
OxpiM IepioAUYHNX MPOLECIB, IS ENICKTPUYHOI aKTUBHOCTI MO3KY TaKOX € XapaKTePHUMH
O3HaKU JIeTEPMIHOBAHOI'O XaoCy 1 3MiHHU MapaMeTpiB il HeNiHiIHOI AMHAMIKM CBiAYaTh IPO
XapaKTepHi 3MiHU y QYHKIIOHyBaHHI MO3Ky. Taki BUpaskeHi 3MiHU MOXKHA CIIOCTEpiraTu iy
CMUICNTUYHUX CUTHANAX ejekTpoeHuedanorpaM. Po3poOiieHHs: MaTeMaTHYHUX 3aC00iB PO3-
Mi3HABaHHS 0COOJIMBOCTEH (DYHKIIIOHYBaHHS TOJIOBHOTO MO3KY [0, IiJ] Yac Ta Micysl eriJien-
TUYHOTO HAmaly, a TaKOX y MEepiof MK HamaJaMH € aKTyalbHHM 3aBiaHHAM. [IpoOiema
JIaTHOCTHKY Ta BHUSABICHHS MOMEHTY, SIKHIl Iepejye eNiICNTHIHOMY Hamamy, abo iHIINX
nepioiB (GyHKIIOHYBaHHS TOJIOBHOTO MO3KY Y XBOPHUX Ha EIILIETICIIO € IPOOIeMO0 He Tilb-
Ky BUOOpy MeTony Kinacudikanii, ajge 1 BU3Ha4E€HHS KUIbKICHUX OLIHOK JAMHaMIiKH, sIKi Bifo-
OpaxkyIOTh CKJIaJIHICTh Ta BapiabenbHicTh curHaimy EET.

Mertoro craTTi € popMyBaHHs €PEKTUBHOTO aHCaMOJIIO O3HAK 3 XapaKTEPUCTHK, IO Bi-
JI0OpaXkalTh CKIAMHICTh Ta BapiabenbHicTh curHany EET, moOyaoBa nporHOCTHYHUX MOJIe-
Jei i nepeOiry emijerncii Ta po3po0ieHHs Ha TX OCHOBI 1H(QOPMAIIIITHOT TEXHOJIOTIT MiaT-
PYUMKH IPHUIHATTS TIarHOCTHYHUX PIllICHb.

Mertoau. Byno BUKOpHCTaHO METOM MaTEeMaTHYHOI CTATUCTUKH AT 0OpOOIEeHHS Jiar-
HOCTHYHOI iH(oOpMalLlii, METOJ MaTeMaTH4YHOTO MOJENIOBaHHsS (IIOKPOKOBAa JIOTICTUYHA
perpecisi) A moOyJ0BU NMPOrHOCTUYHUX MOJIENIEH OIIHIOBAHHS Iepediry emnijencii; MeToau
CTBOpCHHS 1H(OpMaIIfHUX TEXHOJIOTIH JiarHOCTUKY emnijierncii 3a nanumu EET .

PesyabTaTu. Byno pocimipkeHo 3MiHM TAKMX TTOKA3HHKIB, SIK ITOKa3HUK XepcTa, (hpakTaibHa
PO3MIPHICTb, JIOTICTHYHE BiOOpaXKEHHS Ta aITOPUTMIYHA CKIIAJHICTh CHTHATY. 3a JOTMOMOTOH
MOKPOKOBOTO JIOTICTHYHOTO PErpeciiHoro aHaiily MmoOyJ0BaHO MPOTHOCTHUYHI MOJENI JjIS BHUSIB-
JIeHHS PYBHKY HAacTaHHS HeBHoro nepiomy 3a EEI'. 3acrocyBaHHsS HemiHIHHIX MOJeNel 1aio 3Mory
CYTTEBO MiIBAIIUTH Yy TJIHBICTb, CIICIU(DIYHICTS Ta TOYHICTH HABITh HA TECTOBHX BHOIpKax. 3acTo-
CyBaHHs1 po3po0iIeHo] iH(OpMaLiiHOI TEXHOMOTIT HAaJal0 MOXUIMBICTD MiJIBULLIATY JOCTOBIPHICTH
BU3HAYCHHSI TIEPIOJIIB EMUICNTHYHOrO Hanay (YMOBHOI HOPMH, TEpE HaraoM, Haraay Ta Micis
Harajy) B cepeHsoMy Ha 6,6 % y aiteii Ta Ha 8 % y AOpOCIHX.

BucHoBKH. 3arponoHOBaHI MPOTHOCTHYHI MOJIENI JAIOTh 3MOTY OTPUMATH JIOJATKOBY
iH(OpMAaLif0 TIPO MEPIOU SIS THYHMX MPHUIAJIKIB Ta BYACHO Mepe10aynTh 1X HACTAHHS.

Knwwuosi cnosa: inpopmayivina mexnonocis, EEL, eninenmuuni Hanaou, eninencis,
NOKA3HUKU CKIAOHOCMI ma 8apiabenbHOCMi, NPOSHOCIMUYHI MO0, T02ICMUYHA pecpecisl.
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HCIOJIb30BAHME TTOKA3ATEJIEN CJIOXXHOCTU Y BAPUABEJIbHOCTU
I AHAJIM3A CJIOXKHBIX IMHAMMWYECKHUX CUCTEM

IMpobnema AMAarHOCTUKY U BBISIBIICHUSI MOMEHTA, IIPEIIECTBYIOLIET0 SMUICITHUECKOMY TIPUTIAJ-
Ky WU JPYTHX TIEPHOJIOB (PYHKIIMOHUPOBAHKSI TOJIOBHOTO MO3ra Y OOJBHBIX dMUJICTICUEH SBIISCT-
cs1 mpo0JIeMOl He TOJIBKO BBIOOpa METO/a KIIACCH(UKAIMU, HO U ONPEICIICHNS KOJIMUECTBEHHBIX
OLICHOK JIMHAMHKH, OTPAXKAIONIHX CIIO)KHOCTD U BapHabenbHOCTh curHana D01 .

Beutn wccnenoBaHbl M3MEHEHUS] TaKMX TOKa3aTelieid, Kak Iokas3arenb Xepcra, (pak-
TaJlbHas Pa3MEPHOCTB, JIOTUCTUYECKOE OTOOPaKEHUE U aJITOPUTMUYECKasi CII0)KHOCTh CUTHa-
na. C MOMOIIBIO TIOIIArOBOTO JIOTUCTUYECKOTO PErpecCHOHHOTO aHaM3a IMOCTPOEHBI IPO-
THOCTUYECKHE MOJENU ISl BBISABJICHHUS PUCKA HACTYIUICHHS OIPEACJICHHOro MepHoAa o
D0I. IlpuMeHeHNe HETMHEWHBIX MOJENEeH MO3BOJWIO CYIIECTBEHHO IMOBBICUTH TyBCTBHU-
TEJNBHOCTh, CHENU(UIHOCTS U TOYHOCTh JIaXKe Ha TECTOBBIX BhIOOpKax. [Ipumenenue paspa-
00oTaHHOW MH(POPMAIMOHHOW TEXHOJOTHH ITO3BOJIMIIO MOBBICUTH JOCTOBEPHOCTH ONpesesie-
HUS TIEPUOJIOB SMIIEHTUYECKOro Npunaaka (YCIOBHONH HOPMBI, IIepel Hala/IeHUeM, HaraJe-
HUS U TIOCJIE TIPUCTYTA) B cpeHeM Ha 6,6 % y nereit u Ha 8 % y B3pOCIBIX.

Kntouegvie cnoea: ungopmayuonnas mexnonozusn, I3I, snunenmuueckue npucmynsi,
Snunencus, noKazamenu CIONCHOCMU U 6apuaberbHOCmY, NpOoHOCHUYecKue Mooenl,
JIO2UCMUYECKASL PeSPeCCUs.

38 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 1 (199)



Intelligent Gontrol and Systems

DOTI: https://doi.org/10.15407/kvt199.01.039
UDC 519.688

MISHCHENKO M.D.!, Student

e-mail: mishenkomihailo@gmail.com
GUBAREYV V.F.2, DSc. (Engineering),
Corresponding Member of NAS of Ukraine,

Head of the Dynamic Systems Control Department
e-mail: v.f.gubarev@gmail.com

"National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”

37, Peremohy av., 03056, Kyiv, Ukraine

’Space Research Institute of the National Academy
of Sciences of Ukraine and the State Space Agency of Ukraine
40, Acad. Glushkova, 03187, Kyiv, Ukraine

METHODS OF MODEL PREDICTIVE CONTROL
FOR DISCRETE MULTI-VARIABLE SYSTEMS WITH INPUT

Introduction. There are a lot of systems which can be conveniently modelled as a discrete
linear multi-input multi-variable system. When a control problem for such systems arises, it
is usually done with methods derived from the control theory. But these methods have several
known drawback. For example, for non-deterministic systems, they are based on assumption
about certain convenient statistical properties of noises.

The purpose of the paper is to develop synthesis algorithms based on ideas and ap-
proaches of the Model Predictive Control (MPC).

Methods. In contrast to the common approach, in this work we aim to synthesize the
best control sequence in terms of some criterion. We use results derived from the Kuhn-
Tucker theorem for control synthesis.

Results. A new class of methods capable of leading linear system’s state to zero (or, in
case of noisy environment, to its neighbourhood) and stabilization of cognitive map’s function-
ing was developed. These new methods are capable of controlling not only stable systems, but
also unstable and semi-stable ones, even in presence of random perturbations and with con-
strained control resource. These methods differ in efficiency of control resource utilization and
required computational resources. More efficient methods require more computations. That’s
why it is necessary to choose an appropriate method in each particular case.

Conclusions. The developed methods can be used to control both technical and any
other kinds of systems represented either as controllable linear multi-variable systems with
input or as controllable cognitive maps.

Keywords: variational method, cognitive map, control synthesis, discrete controllable sys-
tem, moving horizon, linear system, MPC.
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INTRODUCTION

Growing profit and activity in model predictive control (MPC) in recent years
are first of all connected with an attempt to use the powerful computer techno-
logy to improve the control of multi-variable complex processes containing un-
certainties and constraints. If five years ago MPC occupied modest place among
popular control methods then now according to report presented by Allgéwer on
the International Scientific Conference “Dynamical Systems: Stability, Control,
Optimization”, Minsk, Belarus, September 2018, these methods enter into lead-
ing position. It is no wonder that there are many publications devoted to MPC
where one can find not only theoretical aspects of this problems [1-6] but also
successful applications especially in the process industries [6, 7].

Original methods of MPC problem solving for discrete linear multi-input
multi-variable (MIMV) system are proposed and theoretically substantiated in
the paper. The approach is based on a Cauchy formula which represents through
the use of the controllability matrix the solution for discrete linear multi-
variable system with input. Such approach reduces optimal control problems to
squared programming ones, which in turn allows us to use necessary conditions
for optimality in analytical form to write its solution. Due to this it is enough
simply to take into account constraints for control and to apply different stabili-
zing control strategies under bounded uncertainty.

The paper is organized as follows. Problem Definition section contains the
problem setting and MPC Approach to MINV Systems’ Control section deve-
lops its formulation using for this MPC approach on the base of Cauchy formula
for discrete systems. Some attainability conditions are formulated in the form of
convergence theorems. Main results are contained in Solving Methods section
where variational and optimal aim solving methods are stated. Feedback Stabili-
zation section different control strategies on top of the developed solving meth-
ods are proposed. Lastly, there is Conclusions section which summarizes par-
ticular qualities of the findings related to the application of obtained results

PROBLEM DEFINITION

Let there be a controlled discrete dynamic multi-input multi-variable system. It
can be either deterministic or stochastic. The system is defined as

xk+1:Axk +Buk +dk’ (1)

where x; and x;, are consecutive states of the system, u; is a control, ap-
plied to it at k -th point of time, d, is the random perturbation at the moment

k , A and B are system matrices. We assume that 4 and B have full ranks. States
are n-dimensional vectors, and controls are r-dimensional. In deterministic vari-

ant perturbation d;, is always equal to 0.

There is a known state x; at the moment k. Our task is to lead the system’s

%
state into a predefined point x (or, in stochastic case, into its neighbourhood) in
finite time and keep it there for indefinite amount of time with synthesized controls.
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In practice, control resource is usually bounded. So, we define its constraints as

|uk,-|Sumaxi, keZ,iel,r, )

where u is a vector of some positive values.

max
We also assume that values of d are constrained in a way, that they do not
exceed the control resource, described in (2).

MPC APPROACH TO MINV SYSTEMS’ CONTROL

Consider MPC approach to MINV control problem as given in (1). Its main aim
is to produce a linear equation which allows to calculate on each step a new
control using previous controls and system’s states (or their estimations), so that
the combination of the original system and such controller were stable in differ-
ent senses and converge asymptotically to the needed point.

In contradiction with this, our approach is to find the best (in terms of some
criterions) sequence of controls among the set of all possible such sequences,
satisfying constraints (2).

The common point in the discussed methods is that the controls are calcu-
lated for predefined number of steps s called finite horizon at once. Thus, the

defining equation of the system (1) in the deterministic case (dj, =0) is trans-
formed into

qu(k’ S) = Xis _As‘xk 2 (3)
U
u(k, s)=| : ,
Upts-1
Q,=(4"B 4B .. 4B B).

. . . . *
In this case our goal is to synthesize such u(k, s), that provides x;_,, = x

and constraints (2).
In the stochastic case instead of (3) we get

k+s-1
Qu(k, s)=x,,, —A'x,— D A""d,. (4)

i=k

There are two main approaches in control of systems with random perturba-
tions: robust and probabilistic. In next two subsections we will show from this
two standpoints, that in the stochastic case we also should use the control, which

. *
satisfies (3), where x; ., =x .

Robust control. According to (4), if there are no constraints on values of d,
the system is assumed to be uncontrollable, because for every predetermined
control u(k, s) the set of possible future states at the k& + s point of time is
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unbounded. If at the stage of controller development there are known constraints
on perturbations in form

|dki|£dmaxi’kezai€1,_n, )

where vector d consists of given positive numbers, then the value of the

max

future state x;_ ¢ at the point of time k +s with MPC without feedback is con-

strained by a polyhedron with point of symmetry Q u(k, s)+ A’x, , according

to formula
k+s—1

X, =Quu(k s)+A'x, + z A™d
i=k
using measured current state x; or its estimation.

Thereby, it is natural to synthesize such a control, that the point of symme-
try of this polyhedron coincides with the aim x" . Controls with this property are
described with the same equation (3). This statement of the problem can be
called robust with respect to external perturbations. Then there is a bounded
neighbourhood of the aimed state, where the system is guaranteed to reach with
the appropriately synthesized feedback controls if the perturbations do not vio-
late their constraints (5).

Probabilistic control. If it is known about the perturbations, that E[d]=0

and that they are mutually independant, then we can express E[x; ] asin
k+s—-1 )
E[xk+s] = E|:Qvu(k) S) + Asxk + Z Ak”lld[:| = qu(k, S) + Asxk .
i=k

Thus, we get equation
Qu(k, s)=E[x,,  ]-Ax,.

With this statement of the problem it is natural to synthesize such a control, so

that E[x; ] = x . This again reduces the control synthesis problem to solving the

equation (3), where we substitute x;  ; with x with linear constraints ).

Control update. It is obvious, that if we can measure each current state of
the system, it is wise to recalculate future controls taking into account measured
system state which may be different due to acting unknown perturbation. It gives
us some kind of feedback MPC, that allows us to take into account previous
disturbances. In practice, this allows us to realize effective control in noisy envi-
ronment in comparison with unchanged synthesized control sequence.
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ATTAINABILITY CONDITION

If for the particular prediction horizon s the aim X is not reachable from the current
state x; , it is desirable at least to have some kind of rule, which helps us to hand-

pick some another reachable aim, so that sequence of such intermediate aims will
either end up in a state, from where the original aim is reachable, or at least will

. . . . . . . * . .
converge to the original aim. It is obvious, that if the aim x is reachable in s,

steps, where s, = ks, k € N, k=2, than such sequence exists, but in general
case it is not obvious how to construct it without simply incrementing s until we find

*
the desired control sequence. But in case when x =0 (stabilization problem) we
can formulate such a rule, which satisfies conditions of theorem 1, 2, 3 or 4.

In the following theorems we assume, that ||A|| >1, because otherwise the

system will converge to 0 even without any controls.
Theorem 1 (1* convergence condition). Let Xy = x; and X, be the next

intermediate aim chosen from state X;. If ||)71 +1” < ||)7i||—8, >0, then the

system’s state will reach d -neighbourhood of 0 in finite number of iterations. If
this inequality remains right until 0 becomes reachable in s steps, then the sys-

tem will reach such state in finite number of iterations.
Proof-

[l < o] 3. (©)

As we can see from (6), there is such number i, so that ”fo” —i0<9. O
Theorem 2 (Consequence of the theorem 1). Let X, = x;, and X; .| be the

next intermediate aim chosen from state X;. If

[l 2
0 -neighbourhood of 0 in finite number of iterations. If this inequality remains

right until 0 becomes reachable in s steps, then the system will reach such state
in finite number of iterations.

A°X; ASH—1)||YZ~||+5 , 0>0, then the system’s state will reach

Proof.

el <z - (o] -Vl <I)-s. o
From (7) follows, that the requirements of the theorem 1 is fulfilled. O
Theorem 3 (2™ convergence condition). Let X, = x; and X;,, be next in-

4 A1) %o +5.

termediate aim chosen from state X;. If

- [l =

d > 0 for every i for which 0 is not reachable from X; in s steps, then the system

will reach such state in finite number of iterations.
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Proof.
ol < [~ (-l = = | (a5 <
A7 (AS X -4 ?co||—5)+||)70||—§s
A (7| -]+ - 1+ o <.... ®)

k
LS|4 A A .

i+l (- N N / k ~ f
(Fl Izl - a2 [ <[zl - 5%
k=0 k=0

As we can see from (8), this process can continue only finite number
of iterations. 0

Theorem 4 (Consequence of the theorem 3). Let Xy = Xx;, and X;| is next
AT [ 2 (|- 1)l 5.,

&> 0 for every i for which 0 is not reachable from X; in s steps, then the system

intermediate aim chosen from state X;. If

will reach such state in finite number of iterations.

Proof.
|25 il < 4*| Il -l ©)
From (9) follows, that the requirements of the theorem 3 is fulfilled. [
SOLVING METHODS
Variational Method

The core idea of the variational method is to calculate the optimal control
without taking into account any constraints, and only after they will be taken in
account for analytical solution obtained.

The control is calculated in following scheme: firstly, we partition Q_ col-
umnwise into matrices Q"' and Q!2, so that Q' is square and invertible, and

I . -
Q. contains all remaining columns.

We can calculate parts of u(k, s) (u; (k, s)and u;, (k, s))asin
u, (ks)=[Q0 +Q5 @) @) (' ~A'x) and  (10)
u, (k s)= QH'@Ql )_lull (k, 5). (11)

For detailed proof see [8].
As a result, we get a straightforward formula to calculate a control sequence

%
u(k, s) for every given current state x;, and aim x in form of a linear equation
*
u(k, s)=K(x —4°x,),

where X is built according to the equations (10) and (11).
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As it was already said, the result calculated in this way is not necessarily

satisfies constraints (2). But if x = 0, then we can use some kind of conver-
gence strategy, as it was described in the Attainability Condition section. In this
section we propose two different convergence strategies: linear approach and
projection approach.

Linear Approach Strategy. The main idea of the linear approach is to apply
control #(k, s) , calculated as in

u .
u(k, s)=| min —2— L.y(k, s
( ) iel...sr|ui(k,S)| ( ) (12)

if u(k,s) does not satisfy constraints (2).

~ 1 . umaxj . .
Theorem 5. If ||x0|| <qr—min . ;. ——, where K ; is the j-th row
‘ _q jel...sr H J

J

of K, then applying U (k, s) calculated as in (12) to the deterministic variant of
the system will produce a sequence of X;, which satisfies the theorem 4.

Proof. If u(k +is, s) satisfies constraints (2), then 0 can be reached from
state X; with u(k +1is, s) control. In other case, we can deduce following.

Let us denote ,; as in

Umax J

o;,= mn —>——.
uj(k+is,s)‘

l e
jel..sr

It is obvious, that 0 < a; <1.
Qu(k+is, s)=0—-AX;,
Qi (k+is, s) =X, — A°X;,
X — A% = Q (ou(k +is, 5))= 0, Quu(k +is, s) = -a,; A°X;,
%= (-0 ) A
Using the Cauchy-Bunyakovsky-Schwarz inequality, we can limit o; as in

Umax J

s
K;A°X;

o, = min
jel...sr
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|45 -l =] 42| - 0 - @] 4% | = a 4% >

i+l

. umaxj
min T
K| a5

jel...sr

o u
‘Asxl.u— min >(HA‘“ —
jelsr || K H

Let us define & as

8= min Pmax j (HAH )|x0||.

jel...sr KJH

Thus, we can write inequality
Azl (|- 5.

0 > 0, so the conditions of the theorem 4 are satisfied. O

As a byproduct of the variational method of control, we get theorem 6.

Theorem 6. For the linear MINV system for every s there is an &-
neighbourhood of 0, from which it is reachable in s iterations with controls satisfy-

u
ing constraints (2). Also, € 2 min,_;— ”maXl , where K is the i-th row of K.

Proof. Let’s try to generate an s-step control sequence u(k, s) from some

state x; to O using the variational method.

u(k,s)=—-KA4%x; .

Using the Cauchy-Bunyakovsky-Schwarz inequality, we get inequality

g )| <K e 7 €T (13)
So,
tma 2 [Ki| - [ P €1.or (14)
is sufficient for control (13) to be valid.
From (14) we get
maxz
bl < min. &

[

In the variational method the control synthesis problem was considered as
one without any constraints on controls at first. After obtaining a solution in
analytic form the set of reachable states is artificially reduced to those, which are
reachable by using the controls synthesized with this method.

Projection Approach Strategy. Another approach is to select a projection of

0 onto the set of states reachable from X; in s iterations with controls generated
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with the variational method. In other words, each X;,; is a solution of quadratic
programming problem
min (x*, x")
K

<K (x"-A4°%)<u

It is obvious, that the resulting next intermediate aim X,,; is such that its

subjectto —u iel...sr.

maxi maxi »

norm is less or equal to norm of the intermediate aim computed from the same
current state X; with linear approach. So, the projection approach strategy also

satisfies the theorem 4.
Optimal Aim Approach

The optimal aim method was proposed in [8, Sect. 5]. In this method we are
repeatedly solving the problem

min J(u(k,s))= (<qu(k,s)+ A'x, —x", Qu(k,s)+ A'x, —x") +

1
2
alu(k,s), u(k,s)))

with constraints (2), while decreasing values of positive coefficient o .
We can describe reachable states’ set X ., as

— . _ S .
Xieach =X x=Qu+A"Xp, =ty SU; SUpayeis L€LLsP

. . * .
and projection x" of x ontoitas

x" = arg min
xeX

*
X—X |.

reach
Theoretically, we can say, that statements

#

Qu(k,s)+A’x; — x and

a—0
u(k,s) > arg  min  (u,u)
a0 Qut A x=x"

are true, so this way we can find with certain precision a control, which brings
the deterministic variant of system at the point of time k + s as close as possible

* . . . . . . . . .
to x . It is uncertain, if it will produce a sequence of intermediate aims, which
. . . * .
converges to the original aim x in general case.

Luckily, if x =0, then this way we find a control u(k,s), which brings the

system’s state even closer to 0 (or at least not further), than the linear approach of the
variational method, in case we can not reach 0 in s iterations yet. This way we can
guaranty, that in this case the sequence of intermediate aims will converge to 0.

We would like also to emphasize, that X .., 1s a set of states reachable

from the current state x; in general, without considering any particular con-
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trol synthesis algorithm. So, it is a superset of the set of states, reachable with
controls generated by the variational method. As a result, this method also gives
us intermediate aims not further, than ones generated by the projection approach

of the variational method. So, using X" computed this way as the next interme-
diate aim also satisfies the theorem 4.

But in practice we can’t calculate the solution of the problem (15), (2) for
any small o because of limited precision of computations with floating-point
numbers. So, the best we can do is to stop decreasing o when next resulting
control u(k,s) leads the system into a state further from 0 than the one from

previous result. This way we synthesize new sequence of controls with reason-
able precision.

As a tradeoff between computation precision and speed, we also can choose
a reasonably small o beforehand and solve the problem (15), (2) only with this

value. Under uncertainty when x, is known with errors it is fully acceptable.

Indexes Partitioning Method
This approach was proposed and considered for the first time in [8].
The main idea of this approach is as follows. Firstly we try guess a right

and [

max

partition of index set 1...s7 into three subsets [, / . Then we are

min
trying to calculate a control u(k,s) according to formulas:
u;(k,s)=-u iel

maxi > min >

I/ll-(k,S) =Unaxi> L € x>

— -1 Imin uImax )_1, ( — -1 . **)
W]min 7 - ((Q )Imin Ulmax u]min U[max (k’ S) (Q )]min U[max X ’

max

min U[max >

_ ok AT Ul
ulo(k’_g)z(g 1)]0 X +(Q l)lgnnu L

sk *
where Q=Q7Q +aF and x = QI (x - 4°x;).
If resulting control satisfies constraints (2) and w; >0, w; <0
min max

(strictness of this inequalities is significant), then we have found a solution of
the problem (15) with constraints (2). In other case we should try another index
set partition.

It would be great to have some kind of rule to choose next index set parti-
tion based on previous tried ones, so that it will lead us to the right one faster,
than just trying all variants in sequence or randomly choosing next variant.

Sequential traversal rule. In [8, Sect. 6] was proposed such a rule, but with
a caveat: for some particular problems it will lead the search of partition into
loop. So, if we want to implement it in practice, we will need to also implement
check for such loops. If a search loop was detected, we should choose next index
set partition in some other way - for example, randomly.

We also need to decide on partition to check first. We suggest it to be

Io=1...sr, Iin =D, I =9, because if A*x; is in certain neighbour-
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hood of x" , then the solution will correspond to this partition.

The idea of the sequential traversal rule is to decide next checked partition
using calculations, which have been done for the previous partition. In particu-
lar, the next partition is generated as following:

e move from [, to [;, those iel,, for which u;(k,s)<—u,y;

(this way it violates the constraint (2));

e move from [, to [, those iel,, for which u;(k,s) >ty

(this way it violates the constraint (2) as well);
to [ those i e/

e move from / min » for which w; <0;

max for which w; 2 0.

This algorithm has one important property: if we try to produce with it next parti-
tion from a partition which corresponds to solution, we will get the same partition.

As it was already said, this algorithm can produce loops. So, if we build a
directed graph of partition traversal, it will consist of one or more connected
components. One of them, obviously, will contain the solution, and we will
reach the solution if we start from any of nodes from this component. Search
started from any node from other component will lead into loop.

According to results of our test runs with randomly generated problems, the
situation when the search process falls into a loop is relatively rare. But it is not too
rare to ignore this possibility. The results of this test runs are shown in Table 1.

In this table columns contain following:

- n— dimensions of state;

- r— dimensions of control vector;

- s — number of produced control’s iterations;

- Trivial — number of samples with solutions corresponding to partition
Io=1...sv, [,,=9, [.x=9;

- Nontrivial — Number of samples, for which the solution was found
without falling into a loop, excluding “Trivial” cases;

- First try — number of samples, for which the solution was found with-
out falling into a loop (”Trivial” and "Nontrivial” cases);

- Loop — number of samples, for which search process have fallen into a loop;

- All — number of all problems with this #, r and s values tested.

We should empathise that distributions used in random sampling of problems
are not chosen with some kind of reasonable methodology - it is only used here for
illustrative purposes. The right way to do it is a topic for further discussion.

min

e move from /[, to [, those ie [

max °

Table 1. Distribution of search situations for randomly generated problems for sequential
traversal algorithm

n r K Trivial Nontrivial First try Loop All

3 3 1 2117 7847 9964 36 10000
4 3 2 6519 3059 9578 422 10000
5 3 2 4646 4989 9635 365 10000
6 3 2 2676 7243 9919 81 10000
7 3 3 6125 3411 9536 464 10000
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Fig. 1. A partition traversal graph with solution’s component consisting of only two partitions

50 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 1(199)



Methods of Model Predictive Control for Discrete Multi-Variable Systems

In those unfortunate cases, when the partition traversal graph consists of
several components, the number of partitions we would check before finding the
right one highly depends on size of the component containing the searched parti-
tion. It is due to the fact, that if we detected a loop, we need to choose next parti-
tion randomly, and probability of continuing search from within the right
graph’s component is equal to the size of this component divided by the size of a
partition pool we are choosing from. An extreme example of a search graph with
a solutions’ component consisting of only two nodes is shown on Figure 1.

On this figure we represent partitions as a strings consisting of symbols 0,
- and +, where each next symbol indicates, that corresponding index belongs to
Iy, Iin or 1. respectively. The solutions’ partition is marked with light-

green colour. It can be also identified by a self-loop on it. The trivial partition
(Ly=1l.sr I, =D, [, =) is marked with light blue. The traversal

loop is marked with red colour. Multiple source nodes of traversal graph which
leads into the same next node is grouped in gray-coloured vertices labeled with
number of the grouped nodes.

Fortunately, in most cases the traversal graph consists of only one component.
Obviously, in this case the problem solution's partition can be either trivial or nontriv-
ial. On the other hand, we have also found some rare cases with three components.

Fortunately, in most cases the traversal graph consists of only one compo-
nent. Obviously, in this case the problem solution's partition can be either trivial
or nontrivial. We have also found cases with two or three components.

As an alternative to loop detection we can instead detect repeated visits of the
same graph nodes. It will guaranty, that the solution will be found in finite time. It will
also make the search faster. But it requires considerable amount of memory.

FEEDBACK STABILIZATION

If we have a controllable system, for which full state vector is either measurable (i.e.
the system is measurable) or can be estimated, then we can construct a feedback loop
to control its state. The approach of the control theory is to apply some kind of linear
transformation to the measured (or estimated) system's state. Contrary to it, we pro-
pose to use one of the control synthesis algorithms described above in the feedback
loop to transform the current measured (or estimated) state into the control vector. But
here arises a contradiction: at each point of time we need to generate only one control
vector, while this method generates a whole sequence of them. There can be different
approaches how to cope with it.

Application schemes

As it was already said, to take noises’ impact into account, we need to re-
calculate controls anew after each control iteration. Otherwise, at the point of
time k + s deviation from expected trajectory will accumulate. In case of unsta-

ble or metastable system (||A|| >1) the deviation can (and in most cases will)

reach considerably large values.
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Thus next questions arise: for what horizon synthesize controls next time

and what aim state X to choose. The most evident application mode on fixed
horizon is following:

1. at the point of time k calculate controls for points of time from £ to
k + s —1 inclusive and apply the first control from the calculated sequence. The

expected state at the & + s point of time denote as X ;

2. ateach k+1i point of time, where i € 1...5 —1, calculate such control for
horizon k+i — k+s—1, so that deviation between new expected state at k + s

point of time and x" is minimal. Apply the first control from the newly generated
control sequence. If i = s —1, then k := k + s and go to the first point.

This way we are striving to reach an intermediate aim x" chosen at the point
of time k. Let’s call this scheme as a “strict with intermediate aim striving”.

But it is not the most rational strategy. All theorems about attainability con-
ditions proven here have one significant common point: the next intermediate

aim’s norm HX#H must not be bigger than certain constraint. That’s why we

don’t need to keep the same intermediate aim - it is enough to minimize the
norm of the system’s state at the k£ + s point of time ||xk +S|| . This approach is

more rational, because in some cases noises may help us instead of interfering,

and after their impact X" may appear not to be the most close to 0 reachable
state. Let’s call this scheme as a “strict with striving for minimum”.

There is also an experimental scheme, according to which we also recalcu-
late the control sequence after each iteration, but we don’t change the horizon
length. Let’s call this scheme as an “asymptotic”. This scheme is not substanti-
ated by the theorems proven in this article, but according to computational ex-
periments it is also working.

If state measurement precision is proportionate to the trajectory deviation, it
is appropriate to continue using previously generated control sequence.

Algorithm testing
Test were performed on a model cognitive map system, which can be de-
scribed with equations

Ax,, = AAx, +Bu, +d,
Axp = X = Xy »
where X is a state of the system, u, is a control and, d} is the random

perturbation at the moment k; A and B are system matrices.
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The particular values used for the model system are as follow:

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

A= 0 0 0 0 1 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1
-0,025... 0,083... -0,449... 0,706... -1,305... 0,636... 0,59

-088 0,73 -0,84
-039 0,44 -0,56
0,2 0,69 -0,16
B=-048 024 -08
-0,38 0,78 0,8
0 -0,46 0,09
0,25 =087 0,74

and uniformly distributed noise with interval [-0,01; 0,01]. Here matrix 4 is a
transposed frobenius matrix with eigenvalues -1,27; 0,77 + 0,537; 0,08 + 0,48i;
0,08 = 0,3i. Thus A4 is an unstable matrix. The control synthesis were performed
for horizons with length up to s = 6 iterations.

The results of modelling for control schemes described in subsection 6.1 with the
optimal aim control synthesis algorithm are depicted on Figures 2, 3 and 4. The results
of modelling with applying whole generated control sequence without changes (in
other words, without feedback) are depicted on Figure 5.

On these figures real system’s trajectory is shown as blue line and forecasted tra-
jectories are shown with different shades from black to light-gray. Forecasts for 6
steps ahead are shown with black; the most pale shade of gray depicts one-step fore-
casts. For each scheme there are two representations: for x (actual system's state) and

Ax (impulse values). Because figures for different vector's components are similar,
here we show only one typical component for short.

On Figures 2 and 3 we can see that initial convergence for the strict
schemes is faster than initial convergence for the asymptotic scheme, as shown
on Figure 4. On the other hand, the asymptotic scheme gives us less drifting of
the system's state x after initial stabilization phase in comparison with the strict
schemes. And on Figure 5 we can see the consequences of applying whole gen-
erated control sequence to system without changes: the difference between fore-
casted and actual future state is rather big (except a few rather lucky occasions).
The only reason why applying unchanged control sequence can still stabilize the
system is because the noise's interval in this particular case is rather small.
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Fig. 2. Strict scheme with intermediate aim striving: a) for Ax , b) for x
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Fig. 3. Strict scheme with striving for minimum: a) for Ax , b) for x
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Fig. 4. Asymptotic scheme: a) for Ax , b) for x
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Fig. 5. Control without feedback a) for Ax , b) for x

Combining application schemes
The strict and asymptotic schemes have different qualities. The strict scheme
is the most suitable for situations, when the last forecasted trajectory leads the

system into 0, while the asymptotic scheme is good either when the system's

initial state is already in certain neighborhood of 0 (which size is proportional to
the noise's standard deviation) or as a fallback for situations, when we can't lead

the system's deterministic model to zero during predefined horizon s .

As a result, we propose to dynamically change the applied scheme as following.
Suppose we have a system with n-dimensional state vector x and m-dimensional
control vector u, we have chosen maximum horizon § and we consider € -
neighborhood of 0 . Let p be the smallest integer, for which m - p > n. Then:

1. If the current system's state is out of the ¢&-neighborhood of 0,
synthesize a control sequence for horizon s .

1.1. If this sequence leads the deterministic system's model to 0,
then proceed with strict scheme by decreasing horizon length by one on each
iteration. When the next horizon length according to the strict scheme should be

less then p, decide again, what scheme to use. Also, if the system's state appear
inside of the € -neighborhood of 0, go to the second clause.

1.2. If this sequence does not lead the deterministic system's model
to 0, then apply the first control of the generated sequence and decide again,
what scheme to use. This way we will apply the asymptotic scheme until we can
lead the deterministic system's model to O in s iterations.

2. If the current system's state is inside of the € -neighborhood of 0, then
synthesize a control sequence for horizon p . Apply the first control of the
generated sequence and decide again, what scheme to use. This way we will
apply the asymptotic scheme until the system's state will appear out of the € -
neighborhood of 0 for some unknown external reason.
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CONCLUSIONS

Original theoretical results developed in the paper are first of all oriented on practi-
cal application of different control strategies based on MPC for discrete linear
MIMYV system and derived from the obtained methods. The concept of finite hori-
zon enables coordination of predictive interval and bounded uncertainty in suitable
way. Under uncertainty instead of prescribed terminal point system will reach its
vicinity so-called invariant set. With proposed approach there is no need to use con-
ventional concept of stability according to Lyapunov.

MPC may also be used in case when instead of a full state vector measure-
ment we have an incomplete measurement that is a vector with dimension less
than 7 . In that case control system should include a state observer.

For MPC in case of noisy measurements we can use a state estimator based
on data on back moving interval like those described in [9].

One of perspective applications of proposed methods is control of processes
in cognitive maps.
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'HauionansHuii TexHiuHmit yHiBepcHTeT YKpaiHu
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METOIN KEPYBAHH 3A ITPOI'HO3HOIO MOAEJUIIO
JJA JMCKPETHUX CUCTEM 3 BAI'ATbMA 3MIHHVMMMU TA BXOJJAMU

Beryn. 3HauHy KiJIBKICTh CHCTEM 3pYYHO MOJICIFOBATH SIK JUCKPETHY JIiHIHHY cucTeMy 3 OararbMa
BXOJlaMHU Ta OaratbMa 3MiHHUMH. Kou mocTtae 3aa4a KepyBaHHS TAKHUMH CUCTEMaMU, MPHAHITO
BUKOPHCTOBYBATH METOJIH, PO3pOOIICHI Ha OCHOBI Teopii kepyBaHHsL. [IpoTe 11i METOIM MaroTh HI3-
Ky Bigommx mpoGieM. Hamprkiaz, sSIKIIO po3IVIAaroTh HeeTePMIiHOBAHI CHCTEMH, TO BHXOJTH 3
TIPHUITYILCHHS TPO TIEBHI CTATHCTHYHI BIACTHBOCTI 30ypEHb.

MerTolo wi€i crarTi Oys0 po3poOJIeHHS AITOPUTMIB CHHTE3y KepyBaHHS Ha OCHOBI inei
Ta MiXO/IiB 10 KEPYBaHHS 32 MPOTHO3HOK MOJECILIIO.

Metoau. Ha BinMiHy BiJ KIIACHYHOIO MiAXOAY, y il pOOOTi 32 METY CTaBUThCS CUHTE3
HaKMKpaIioi 3a MEBHUM KPHUTEPIEM IOCHiZOBHOCTI KepyBaHHs. [Iyii CHHTE3y 3aCTOCOBYIOTBH
pe3yJIbTaTH, OTpUMaHi 3a JornoMoroio Teopemu Kyna-Takepa.

PesyabraT. OTpUMaHO HOBHI KJlaC METOJIIB, 3MATHUX MPUBOJUTH CTaH JIIHIHHOT CHCTEMH JI0
HyJs (a0 y BUIAJKy HasBHOCTI 30ypeHb — 10 HOro OKOJIy) Ta CTaOuli3yBaTH (PyHKI[IOHYyBaHHSI
KOTHITUBHOI KapTH 3a CKiHYeHHHWiI yac. OTpUMaHi METOIM MOXYTh KepyBaTH HE TUIbKH CTPOTO
CTIHKMMH CHCTEMaMH, a TaKOX 1 HaIBCTIMKUMU Ta HECTIHKIMM, 30KpeMa i B yMOBax HasBHOCTI
BUIAJIKOBUX 30ypEHb Ta 3 ypaxyBaHHIM 0OMEKEHOCTI PeCypCy KepyBaHHSL.

Po3po0iieHi MeTOH Pi3HATHCS 32 €PEKTUBHICTIO BUKOPHCTAHHS Pecypcy KepyBaHHS Ta
HEOOXITHUMH OOYHCITIOBAIbBHUMHU pecypcamu. EQeKTHBHIII MeToqu MOTpeOyIOTh Oiblie
O0YMCIICHB JUISl OTPUMAaHHS pe3yJibTary. lle mpu3BOANTE 10 HEOoOXiTHOCTI BUOMpPATH ONTH-
MaJIbHUH METOJI Y KO)KHOMY KOHKPETHOMY BHUITaJKy OKPEMO.

BucHoBkH. OTpuMaHi METOJM MOXYTh 3aCTOCOBYBATHCS M KEPyBaHHS 5K TCXHIYHHU-
MH, TaK 1 Oy[Ib-SIKMMH 1HIIMMH CHCTEMaMH, SIKi OTMCYIOTHCS 5K JIHIHI KepOBaHi CUCTEMH 3
GaraTbMa 3MiHHMMH Ta BXOaMU a00 SIK KepOBaHi KOTHITUBHI KapTu.

Po3po0ieHi METOM 3aJTMIIAIOTH TPOCTIP JUTS MOAANBIINX JOCHIPKEHb Ta TTOKPAIICHb
SK CaMHUX OOYHCIFOBAIBHUX ANTOPUTMIB, TaK i CXeM IXHBOTO 3aCTOCYBaHHS.

Koirouosi csioBa: BapiatiiiHuii METOI, TMCKPETHA KEPOBaHA CHCTEMa, KEPYBAHHS 3a MPOTHO3HOIO
MOJIEJLITIO, KOTHITHBHA KapTa, JIiHIHA CHCTeMa, CHHTE3 KepyBaHHs, KOB3HHMII IHTEpBaJl.
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METO/IbI YIIPABJIEHUS I10 [IPOTHO3UPYIOLIENA MOJEJIN 181 IMCKPETHBIX
CHUCTEM CO MHOT'MMU IIEPEMEHHBIMH Y BXOJOM

BBenenne. CylecTBeHHOE KOJIMYECTBO CHUCTEM YJOOHO MOJIENUPOBATH KaK IHCKPETHYIO
JMHEHHYI0 CHCTEMY CO MHOTHMH MepeMeHHbIMU. Korjia cTaBuTCsI 3a/1a4a yIpaBIeHHs TaKu-
MH CHCTEMaMH, IIPHHATO UCTIONB30BaTh METOJIBI, IOCTPOCHHBIE HA OCHOBE TEOPHH yIIpaBIIe-
Husl. OJJHAKO 3TH METOJIbl UMEIOT MepeveHb U3BECTHRIX MpobiieM. Hanpumep, B ciyyae, eciu
paccMaTpUBaeTCs HEIETEPMHUHAPOBAHHAS CHUCTEMa, TO TaKHE METOIBI UCXOAAT W3 MPEAIo-
JI0)KEHHSI O HEKOTOPBIX CTATUCTHYECKUX CBOMCTBAX, BO3HUKAIONIUX B CHCTEME BO3MYIIICHHUA.

Leab cTath — pa3pabOTKa aTOPUTMOB CHHTE32 YIPABJICHUS HA OCHOBE MPOTHO3UPY-
ol1ei MOAEH.

MeToasbl. B oTiiume OT KIIaCCHYECKOTo IMOIX0/1a, B JAHHOM TPY/E 32 IIeNb CTABUTCS CH-
HT€3 HaWIyylled 10 OIpPEeAENIeHHOMY KPHUTEPHIO IOCIEIOBATENLHOCTH yNpaBieHHH. JIis
CHHTE3a HCIOJIB3YIOTCS Pe3YJIbTAThI, MOTYyUSHHBIE ¢ MOMOIIbI0 TeopeMbl KyHa-Takepa.

Pe3ysibTaThl. BbUI MOSTyYeH HOBBIH KJIacC METOJIOB, CIIOCOOHBIX NMPHBOIMTH COCTOSHHUE
JIMHEHHON CHCTEMBI K HYJIIO (WU, B CIIy4ae IPUCYTCTBUS BO3MYIICHU, K €0 OKPECTHOCTH)
U CTaOMIM3UPOBaTh (HYHKIMOHUPOBAaHNE KOTHUTUBHBIX KapT 3a KOHe4Hoe Bpems. Ilomyyen-
HBIE METOJIBI CIIOCOOHBI YIIPABIATH HE TOJIBKO CTPOrO YCTOWYHBBIMH CHCTEMaMH, HO M CHC-
TEeMaMH Ha TPaHH yCTOHYMBOCTH U HEYCTOWYHMBOCTH, B TOM UHCIIE U B YCIOBHAX MPHCYTCT-
BUSI CITyYalHBIX BOBMYIICHUN H C yYETOM OIPaHHYCHHOCTH pecypca YIpaBJICHNUs.

PazpabotanHbie MeTo/bI pa3nyaroTcs: 3G (HEKTUBHOCTHIO UCIIONB30BAHUS pecypca yIpas-
JICHUsI ¥ HEOOXOIMMBIMU BBIYUCIUTENBHBIME pecypcaMu. bosee 2 deKTHBHbIE METOABI Tpe-
OyroT 0OJIBIIEro KOJIMYECTBA BEYUCIACHUN IS MOIYUIeHHs pe3ysbTaTa. DTO IPUBOIUT K HEOO-
XOJIUMOCTH B KaXJIOM KOHKPETHOM CJydae BEIOMPaTh CBON HanOoJee ONTUMATBHBIA METO/I.

BoiBoasl. [lomydeHHbIE METOIBI MOTYT IIPHMEHSATHCS B YIPABICHUH KaK TEXHHYECKUMH,
TaK W JIIOOBIMU IPYTUMHU CUCTEMaMH, KOTOPBIC OMUCHIBAIOTCS KaK JHHEHHbIC YIpaBsieMble
CHCTEMBI CO MHOTHMH TIEPEMEHHBIMH U BXOJIaMH MJTH KaK KOTHUTHBHBIE KapTHL.

Pa3zpaboraHHble METOABI OCTABISIOT NMPOCTPAHCTBO Ui AAJbHEHIINX HCCIIEAOBAHUN U
VIIUIIEHUH KaK CaMHUX BBIYHCIUTENBHBIX allTOPATMOB, TaK U CXeM HX NPUMEHEHHUS.

Knroueevie cnoea: BapualliOHHBI METOJ, JMCKPETHas yIpaBisieMasl CHUCTEMa, YIIPaBJEeHHE IO
MPOTHO3UPYIOLIEH MO/IeNH, KOTHUTHBHAS KapTa, JIMHEHHAs CUCTEMa, CUHTE3 YIIPaBIIEHHUs, CKOMb3sI-
LI UHTEPBAJL.
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CURRENT STATE AND PROSPECTS FOR THE DEVELOPMENT
OF DIGITAL MEDICINE

Introduction. According to the definition of the International Society of Digital Medicine,
digital medicine is a field of science in which scientists strive to explain previously
incomprehensible pathophysiological phenomena in the human body and to explore new
medical procedures using modern digital technologies to improve the quality of human life.

The purpose of the article is to provide brief information about the current state and
prospects for the development of digital medicine.

Methods. The analysis of the main directions of digital medicine is done. Basic
definitions of the concepts “Intelligent IT signal processing” and “Effective computational
procedure” are formulated. The role of intelligent IT in digital medicine is demonstrated on
the example of fasegraphy method.

Results. Existing methods and means of digital medicine are used for diagnosis,
treatment, rehabilitation, as well as to restore the lost functions of the patient (vision,
hearing, movement). Such technologies make it possible not only to free medical workers
from solving routine tasks, but also to increase the efficiency of performing surgical
operations, radiation therapy and a number of other tasks of practical medicine.

Unlike traditional IT, based on procedures for processing numerical data, intelligent IT
operate with generalized concepts (images) that provide more complete information about
the external environment, and the analysis of such images generates a holistic picture of the
phenomena studied.
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ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 1 (199) 59



Gritsenko V1., Fainzilberg L.S.

Within the framework of the algorithmic approach, the construction of intelligent IT for
solving the problems of digital medicine requires the active participation of a technology
developer, who, using his natural intelligence, creates effective procedures for extracting
diagnostic information from real data under disturbances.

Conclusions. Intelligent IT with the properties of natural intelligence (adaptation,
generalization, learning, etc.) play an important role in expanding the functional capabilities
and increasing the effectiveness of digital medicine.

Keywords: digital medicine, intelligent IT, efficient computing procedures.

INTRODUCTION

In the early 60° of the last century, a new scientific direction was formed — biologi-
cal and medical cybernetics, which has come a long way in the development of its
own mathematical, instrumental and informational methods of gaining knowledge
about living complex systems [1-3].

Subsequently, on the basis of the studies, mathematical models of both in-
dividual organs in normal and pathological conditions, and mathematical models
focused on the diagnosis, prognosis and treatment of various diseases were cre-
ated. Much attention was also paid to automation of organizational and manage-
rial tasks in clinics and health authorities.

Noting the undoubted importance of these results, it should be recognized,
however, that at the initial stage of development biological and medical cyber-
netics did not provide an effective solution to a number of problems [4]. In par-
ticular, it was not possible to create conditions for mass preventive examina-
tions, which provided the identification of dangerous diseases in the early stages,
to reduce the cost of medical services, to ensure their accessibility to the general
public, bringing diagnostic and treatment tools closer to patients.

It is clear that these problems could not be overcome only by minor modifi-
cations and simplification of clinical use devices. It turned out that the develop-
ment of simple and reliable personalized medical devices requires the use of
new approaches to information processing and specific methods for providing
processing results to a user who does not have special medical knowledge [5].

The situation has changed dramatically with the advent of a new class of in-
formation technology (IT) — intelligent IT, which implements elements of natu-
ral intelligence. Unlike traditional ones, such technologies operate with general-
ized concepts — images, the analysis of which gives rise to a more complete and
holistic picture of the phenomena studied, which allows to increase the reliabil-
ity of decisions made.

The use of intelligent IT has led to a new healthcare paradigm — digital
medicine.

The purpose of the article is to provide brief information about the current
state and prospects for the development of digital medicine.
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BASIC DIRECTIONS OF DIGITAL MEDICINE

The concept of “digital medicine” should not be equated with any medical de-
vice built on the elements of digital computer technology. For example, in medi-
cal practice digital electrocardiographs are widely used, which implement tradi-
tional diagnostic algorithms based on the many years of experience of cardiolo-
gists to visually evaluate an electrocardiogram (ECG).

Of course, the use of such electrocardiographs facilitates simplifies the
work of medical personnel and reduces the time to obtain diagnostic results.
However, in our opinion, digital electrocardiographs that implement only tradi-
tional approaches to ECG processing should not be classified as digital medicine
products, since they did not lead to the achievement of the main goal — to in-
crease the reliability of diagnostic results.

Let us give a general description of the tasks that digital medicine is oriented to.

According to the definition of the International Society of Digital Medicine
[7], digital medicine is a field of science in which scientists seek to explain pre-
viously incomprehensible pathophysiological phenomena in the human body
and to explore new medical procedures using modern digital technologies to
improve the quality of human life.

The introduction of digital technologies in medicine opens up enormous
prospects, allowing significantly improving the quality of medical care and fun-
damentally change the approach to early diagnosis and treatment of dangerous
diseases, as well as innovative rehabilitation technologies to restore the func-
tions lost as a result of diseases [8].

In recent decades, there has been a rapid development of new digital tech-
nologies for the rehabilitation of patients suffering from neurological disorders,
which have several advantages over conventional approaches, allowing you to
adjust the intensity and dose of the rehabilitation procedure depending on the
individual characteristics of the body of a particular patient [9].

The original means of this area — the TRENAR® series devices were de-
veloped at the International Research and Training Center for Information Tech-
nologies and Systems of the NAS of Ukraine and MES of Ukraine (follow —
IRTC ITS) [10]. The devices implement the technology of constructing an elec-
tronic image of movement, based on the registration of signals from a healthy
organ (for example, a healthy hand) with the subsequent formation of electro-
stimulating impulses to a damaged limb (Fig. 1).

Fig. 1. TRENAR-01 device: the appearance of the device (left); rehabilitation technology (right)
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An important place in digital medicine programs is given to the development of
special tools for patients who, for one reason or another, cannot fully restore
their natural physiological functions — vision, hearing, movement, etc. The use
of “intellectual” prostheses (Fig. 2) allows such patients not only to return to a
normal lifestyle, but also to work.

A special place in this direction is occupied by exoskeleton, which is an ex-
ternal wearable skeleton that allows people with paralysis of the lower extremi-
ties to walk (Fig. 3). Recent studies confirm the positive effect of the use of exo-
skeleton in patients with spinal cord injuries and brain stroke [11].

The rapid development of robotics and intelligent manipulators opens up
new opportunities in many fields, including medicine [12]. According to the apt
expression of D. Engelberger, who received the title of "father of robotics", the
hospital is an ideal environment for using robots. Original scientific research
aimed at creating an autonomous robot capable of navigating in the environment
is being conducted at the IRTC ITS [13].

oropkick|

Fig. 3. Exoskeleton
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Let us give brief information about medical robots that are already used in prac-
tice [14] and are able to take on the solution of routine tasks of practical medicine.

A drug delivery robot has been successfully used at Veterans Affairs Medi-
cal Center [15]. The robot is able to move around the clinic, performing the
work of the average medical worker, thereby solving the acute problem of the
shortage of nurses (Fig. 4).

Surgical manipulators, in particular the well-known da Vinci system [16],
can significantly reduce the incision and blood loss during surgery, increase the
accuracy of movements, reduce both the time of the operation itself and the pe-
riod of postoperative rehabilitation (Fig. 5).

A special video camera allows you to project on the screen a three-
dimensional picture of what is happening in the surgical field. It was the creation
of the technology of three-dimensional vision that made it possible to implement
the entire technology, since the usual two-dimensional image on the monitor
screen does not allow the operator to accurately position the surgical instrument
in space, especially in the "depth" of the image.

Fig. 4. The drug delivery robot

Fig. 5. Robot surgeon Da Vinci
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The main advantage of the “robot surgeon” is the creation of the possibility
for the human surgeon to remotely micromanipulate with any instrument with-
out the risk of making an accidental awkward movement, which are automati-
cally blocked by the system.

The technique of modern surgery is constantly complicated. Therefore, the risk of
negative consequences for the patient increases both during the operation itself and in
the postoperative period. One of the possible ways to reduce such risks is computer
planning of surgical interventions, which allows you to prepare a surgeon for possible
errors and provide ways to prevent them. Such studies are conducted in Ukraine, in
particular at the Kharkov National University of Radio Electronics [17].

The New Zealand “robot therapist”, who, according to the operator’s com-
mands, can measure the pressure and temperature of the patient, determine the
presence of wheezing in the lungs and perform a number of other operations, has
also gained fame [18] (Fig. 6).

Thanks to the advent of robotic manipulators, radiation therapy for cancer
patients received a new impetus. The high accuracy of the positioning of the
ionizing radiation beam and the ability to follow a moving target are critical
when irradiating a tumor on organs such as the brain, heart, or lungs.

The Cyberknife radiosurgical robot knife allows similar procedures to be
performed automatically [19] (Fig. 7).
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Fig. 7. Robot cyber knife
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The built-in synchronization system monitors the movements of the patient
and his organs with the help of an X-ray camera and optical markers from the
patient’s skin, and a precisely directed beam of particles from a small linear
accelerator destroys cancer cells without touching healthy tissue even with sig-
nificant displacements of the patient.

Intelligent medical simulators are another important area in the field of digital
medicine. With the help of such systems, novice doctors can obtain the necessary
knowledge and improve their skills without causing problems to real patients.

For example, the Japanese company Kokoro has created a robot simulator
"Simroid", which can respond to pain and mimic the corresponding reactions [20].
If the dentist makes a mistake, the virtual patient, who has special sensors in his
mouth, grimaces, demonstrating discomfort and, if necessary, produce the necessary
voice messages (Fig. 8).

The Norwegian company Laerdal has developed an intelligent simulator
“SimMan 3G” [21], which can simulate various human reactions in an accident:
characteristic heart pulsations, pathological lung movements, bowel contrac-
tions, etc. (Fig. 9). Such a system can be invaluable in training novice specialists
working in disaster medicine services.

Fig. 8. Dental simulator

Fig. 9. Patient simulator SimMan 3G
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For visual training of methods for restorative breathing and spinal restoration
techniques 3-D models of virtual instructors were developed at the IRTC ITS
(Fig. 10) [22]. Unlike traditional videos in which real training is demonstrated, vir-
tual instructors adapt the recovery technique to the individual characteristics of a
particular user, taking into account the recommendations of a rehabilitation doctor.

The modern capabilities of telecommunication technologies that provide
almost instantaneous data transmission over long distances, Cloud Service,
which allow you to remotely store huge amounts of biomedical data, and
Grid-systems oriented to distributed computing, laid the foundation of telemedi-
cine — a new promising area of healthcare [23].

According to the definition of the US National Medical Laboratory for
Medical Terms [24], telemedicine provides interactive advisory and diagnostic
services via remote communication (Fig. 11).

Distinguish between synchronous telemedicine systems that can provide
real-time interactive services for emergency consultations, training large groups
of students and medical consultations, and asynchronous telemedicine systems
that exchange previously saved medical images and signals for consultations
when interactive communication with the patient is not required.

Fig. 10. Virtual trainer for
learning of the restorative me-
thods

Fig. 11. Remote consultation
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Consultations with a doctor via the Internet, obtaining a sick-list or prescrip-
tion in electronic form, storing all medical documents of a patient in his personal
office may soon become a common practice for most patients.

Global Market Insights predicts that by 2024, the global market for digital
healthcare technologies, including IT solutions and wearable devices, will ex-
ceed $ 379 billion.

Telemedicine direction is developing intensively in Ukraine [25]. Suffice it
to mention such developing telemedicine services as LEKARIS.com, which is a
communication platform for doctors and patients. Its task is to translate the doc-
tor’s and patient’s communication online, removing various barriers, thereby
saving time on finding a doctor, consultations and personal receptions. Using the
application, users can find the doctor of the desired specialization, urgently re-
ceive advice (messages, audio calls), schedule a consultation on a convenient
day or make an appointment (Fig. 12).

The LIKI24 Internet service provides round-the-clock drug delivery
throughout Ukraine (Fig. 13). The system analyzes the prices of products in
more than 1300 pharmacies every minute, finds the minimum, takes the order
and delivers the medicine to the patient. Due to the mathematical model, which
calculates the optimal route, one courier makes up to 60 deliveries per day.

Lekaris — undpoBun cepsic
kBanidikoBaHoi MeagN4YHoOI
AOOMNMOMOIM, Wo AOCTYNHA KOXXHOMY

LEKARIS.com

nnatcdopma Ana 3B'A3KY

NatiedTIie 2 Nivanau
NAlIERTIE 2 NikapaM,

NowwiTe ese 3apay’

Fig. 12. LEKARIS.com service access window
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Fig. 13. LIKI24 service access window
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MYLAB service of Terra Lab Company is to integrate laboratory re-
search, clinics, and patients into a single ecosystem (Fig. 14). Using this service,
the doctor can obtain the necessary information about the laboratory market,
create electronic appointments, indicating the alleged diagnosis, receive “tips”
about the studies and track the status of the study in your account.

The brief and far from complete overview shows that at the present stage of
the development of society, the existing methods and means of digital medicine
are already actively used to solve practically important problems.

A natural question arises: what are the main promising areas of digital med-
icine that can be expected in the near future.

Analysis of available publications allows us to distinguish two such areas
(Fig. 15), which aim to further increase the effectiveness of diagnosis and treat-
ment based on the principles of personalized medicine: "to treat a specific pa-
tient rather than a disease" [26].

MyLab - Ww1poKi MOXNIUBOCTI
N MeOnYYHY DOEKTIE
BaraTogyHijioHanbiiil Ta saxuieHHwil APl fo380RME peanisyBaTW pisHi cxemu inTerpaul 3i

CTOPOHHIMK CHCTEMaMM, 2 Npodecifina CriywGa nigTpumim 3a6eaneumnTs T Geanepepase
GyHKUOHYBAHHA.

Medical information system | =208
\
\

Pt Laboratory 1
N S

Health portal Laboratory 2
Electronic health records b s Laboratory 3

3anKT Ha NIAKNKOYEHHA

Fig. 14. MYLAB service access window

PERSPECTIVE SCIENTIFIC DIRECTIONS

| |

Analysis of huge volumes of Diagnosis and treatment using
medical data (Big Data) close to the patient
using universal computers specialized digital tools

Fig. 15. The main directions of development of work in the field of digital medicine
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Both directions are developing rapidly. Given the importance of these areas,
we will dwell on them in more detail.

By 2018, IBM released software products for building machine learning
models, which, according to [27], allow, at the request of a doctor, to read about
200 million pages of text from the Internet in just three seconds and structure the
information received.

The doctor can use such information to support the adoption of diagnostic
decisions and choose the optimal treatment tactics for a particular patient based
on a comparison of physiological parameters, symptoms of the medical history,
DNA and other individual characteristics of his body with similar cases in world
medical practice.

The company focuses further development of this direction [28] on solving
such problems:

» providing an individual approach for the treatment of cancer patients;

» studying of mutations of cancer cells, leading to the emergence of resis-
tance to the effects of drugs;

 searching for new, more effective, medications based on the analysis of
the genetic data of hundreds of thousands of patients and healthy people.

Important results were obtained in the field of the second direction of work.
According to the results of analytical studies [29], recently the market for medi-
cal devices has significantly changed its direction from complex systems of clin-
ical use where relative stagnation is observed, to portable digital devices that
patients can use on their own.

The relevance of this area is obvious. Severe illnesses often require inpa-
tient treatment. But few people feel comfortable in the hospital. Hospitalization
causes especially significant psychological trauma to the elderly and children. In
addition, inpatient care suffers significant economic losses for both the patient
and the public health system.

Recently, a new term has appeared — “home hospital”. By this it is mean
the program of constant supervision and rehabilitation at home of elderly people
who have suffered serious illnesses — stroke, acute myocardial infarction, hip
fracture, and the like. The patient is provided with medical care related to the
constant monitoring of a family doctor, blood sampling, consultations of special-
ized specialists, medical injections, nurse services and more.

Let us show that the current level of development of inteligent IT already
today can significantly increase the effectiveness of the "home hospital" by cre-
ating personalized means of processing physiological signals that the patient can
independently use at home.

INTELLIGENT INFORMATION TECHNOLOGIES IN DIGITAL MEDICINE

Scientific research in the field of artificial intelligence (Al) began in the first half
of the twentieth century, which laid the foundation for three areas (Fig. 16).

The founder of the algorithmic approach is rightfully considered the out-
standing British mathematician Alan Mathison Turing. He set as goal to study
the external side of human intelligence, in particular to analyze how a person
performs calculations. These reflections in 1936 led to the creation of an abstract
computer model, which was later called the Turing machine [30].
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Scientific Approaches to Building Al Tools

Algorithmic Neurocomputer Evolutionary

Fig. 16. The formed scientific directions of artificial intelligence

Despite the apparent simplicity, the Turing machine not only standardized
the very concept of the algorithm, but also laid the foundation for the mathe-
matical theory of complexity, the algorithmic theory of information, cryptogra-
phy and many other scientific disciplines.

Discoverers of the neurocomputer approach were American physiologists
Warren Sturgis McCulloch and Walter Pitts, who studied the internal organiza-
tion of the human brain. Based on the study of brain cells, they first established
that the process of thinking organizes by a complex combination of elementary
logical operations such as AND, OR, NOT. As a result, in 1943, the simplest
mathematical model of a neuron was proposed [31], which laid the foundation
for neural network technologies.

And, finally, the formation of an evolutionary approach in the field of Al is
associated with the name of the Italian mathematician Nils Barricelli, who set as
goal to study the process of evolution of natural intelligence. By 1954, a model
was proposed that served as the basis for a number of heuristic algorithms, in
particular the so-called genetic algorithm [32], which actively uses the mecha-
nisms of crossing, mutation, and inheritance, borrowed from Darwin's theory of
the evolution of living nature.

For many years, these three areas developed in parallel and quite often un-
reasonably opposed to each other. However, the complexity of practical tasks
requiring the use of Al tools led to a certain convergence of these approaches.
Currently, scientific programs are actively being formed to create the so-called
NBIC technologies based on the integration of nanotechnologies, biology, in-
formation technologies and cognitive sciences [33].

The priority direction of scientific and technological progress is the construction
of intelligent IT, the concept of which was developed in Ukraine in the nineties of the
last century [34]. Unlike traditional IT based on the procedures for processing numeri-
cal data, intelligent IT operate with generalized concepts (images) that provide more
complete information about the external environment, and the analysis of such images
generates a holistic picture of the phenomena studied.

The term intelligent IT is increasingly mentioned in the scientific and popu-
lar science literature. And this is no coincidence, since at the present stage of the
development of society such technologies have a significant role in solving ur-
gent applied problems, including in the field of digital medicine.

At the same time, the unreasonable application of these terms to application
systems that are neither IT, nor even intelligent IT, can lead to the discrediting
of these important scientific areas, as it has already been done more than once in
the past, for example, to discrediting the term “Automated Control Systems".
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Since science begins with definitions, let us give a more or less rigorous
formulation of the concept of “intelligent IT signal processing”. To do this, we
turn to the basic definition of the term "technology".

The word "technology" combines two terms: "Techno" (Greek "Téchné" —
art, skill, ability) and "Logic" (Greek “Logos” — science). Thus, in the general
case, technology is the art of converting some raw material into a product (for
example, iron ore into steel), and the science of technology is aimed at finding
the most effective ways of such conversion.

This implies the following definition [35].

Definition 1. Intelligent IT for signal processing, including the physiologi-
cal signal generated by a biological object is a set of computational procedures
that have the properties of natural intelligence, which provide an effective transi-
tion from the observed signal (raw materials of the technology) to information
about the current state of the object (technology product).

Formal and informal approaches to the construction of effective procedures that
implement the individual stages of IT are possible. The first approach is based on
the solution of the optimization problem: the computational procedure is constructed
formally from the condition of minimum (maximum) of a certain criterion (super
criterion) characterizing the effectiveness of a particular processing stage.

For example, the Bayesian classification is based on the minimum of the
criterion, which represents the average risk of the decisions made, and the pro-
cedure for constructing the regression model is based on the minimum of the
criterion, which is the standard error of the approximation of the experimental
data by a function specified up to unknown parameters.

However, not all computational procedures can be built on the basis of a
formal approach. It is far from always possible to express the effectiveness crite-
rion for a particular stage of signal processing in the form of a convex function
for which global optimization can be carried out. Other reasons for the limita-
tions of the formal approach can be also pointed out.

In such situations, there is no choice but to build a computational procedure in-
formally on the basis of intuition, and use the criterion only to assess its effectiveness.

Let 3, be the a priori value of the criterion J of an individual IT stage,
which can be estimated (formally or by an expert) before using some computa-
tional procedure R, and let I, be the posterior value of the criterion J esti-

mated after using this procedure.
Then it is legitimate to introduce such definitions.
Definition 2. The procedure ‘R is effective if a strict inequality holds:

31<\50. (1)

Definition 3. The procedure R" is more effective than the procedure R/
if for posterior values of the corresponding criteria the strict inequality holds

<) _ ()
< <\S1 . (2)

Thus, when informally building an effective computational procedure, it is not
necessary at all to solve the optimization problem of finding a global minimum.
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Moreover, in accordance with the introduced definitions, the procedure remains effec-
tive even if it does not satisfy the local minimum of the criterion, but only allows to
reduce the value of the criterion in comparison with its a priori value.

Of course, the formulated definitions can naturally be reformulated if the
procedure ‘R is aimed at increasing the value of 3.

Based on (1) and (2), the selection of a suitable procedure for the interactive syn-
thesis of applied IT can be ensured by trial and error. For the practical implementation
of this approach the tool system was developed at the IRTC ITS [36], which allows:

* conduct the necessary experiments to select and optimally configure com-
putational procedures that implement individual stages of signal processing,
including intelligent computational procedures;

* implement the technological chain of processing algorithms using ready-
made computing components of the tool environment itself;

* expand, if necessary, the composition of the components of the instrumen-
tal system (Fig. 17).

Basic IT Computing Components

y

Applicant choice

y

Determining
of the optimal settings

A

No

Found ?

Yes

Estimation of result by J

No
New component

development

Include in IT

Fig. 17. The conceptual idea of interactive synthesis of IT
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The instrumental system made it possible to solve successfully a number of ur-
gent applied problems, in particular, to create an original technology for processing
electrocardiograms (ECG), which was called fasegraphy and is a vivid example of the
successful use of intelligent IT in digital medicine [37, 38].

The technology is implemented in the FASEGRAPH" complex, which received
a certificate of state registration of medical devices with unlimited validity and is
mass-produced. FASEGRAPH® consists of a microprocessor sensor that provides the
convenience of registering the first standard lead ECG using finger electrodes, and a
computer program that implements all stages of signal processing (Fig. 18).

Despite the fact that such single-channel ECG recorders (Home ECG moni-
tors) are already quite widespread in the markets of medical equipment, FASE-
GRAPH" still has undoubted advantages compared to well-known counterparts
such as Health Frontier (Canada), Win Health (Great Britain), Vitaphone (Ger-
many), Cardiovit MT100 / 200/3 Schiller (Switzerland), Monebo (USA), J1
Portable ECG Monitor (China), CardioQVARK (Russia) and others, which al-
low you to control only the heart rate.

The main advantage of FASEGRAPH" is not the sensor itself, but high-tech
information technology that implements the original method of processing ECG
on the phase plane. Such an approach to ECG processing made it possible to
expand the system of diagnostic features based on an assessment of the speed
characteristics of the process, in particular, to implement for the first time a pro-
cedure for reliable determination of the indicator characterizing the symmetry of
a repolarization fragment of an averaged phase trajectory.

Large-scale clinical trials have confirmed that this indicator increases the
sensitivity and specificity of ECG diagnostics, even in cases where ECG analy-
sis in 12 traditional leads is not informative. FASEGRAPH" is recommended
by the Ministry of Health of Ukraine for coronary artery disease screening [39].

Fasegraphy is based on original computational procedures [40], which have
the properties of natural intelligence, including properties:

» adaptations for the effective suppression of internal and external disturbances
with incomplete a priori information about the characteristics of the interference;

* invariance of the shape of the reconstructed useful signal based on averaging of
the distorted phase trajectories of the cardiac cycles of the observed ECG with possi-
ble time shifts (occurrence non-synchronism) of the same type of fragments;

+ generalizations in the classification of typical and atypical ECG cycles in
the absence of an analytical description of recognizable classes and the inability
to determine generalizing features by machine learning methods;

* learning ability in the automatic assessment and constant correction of the per-
sonal norm of a particular patient to expand the functionality of the complex through
the implementation of the idea of a personalized diagnosis of cardiac activity;

* sociability, which ensured the provision of test results in a convenient and
accessible manner, taking into account the user's qualifications, in particular, the
provision of information to a patient who does not have a medical education.

The experience in the development of fasegraphy has shown that, within the
framework of the algorithmic approach, the construction of intelligent IT in-
volves the active participation of a technology developer who, using his intelli-
gence, creates effective computational procedures for extracting diagnostic in-
formation from real signals under disturbances (Fig. 19).
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Fig. 19. Stages of building intelligent IT

FASEGRAPH" has proven its effectiveness in various fields of application,
including screening for coronary heart disease [41], in pediatric cardiology to
assess cardiometabolic risk in adolescents, the functional state of children with
diabetic cardiopathy, cardiorespiratory desynchronism, and the effect of motor
activity in schoolchildren [42—46], in sports medicine for the rapid assessment of
overtraining and the general functional level of highly qualified athletes [47], in
the clinical setting for evaluating the effects of drugs during the drip of drugs to
cardiological patients and the effectiveness of surgical interventions [48], when
performing scientific research, including studying the effects of external fields
on a person during solar activity, the harmful effects of smoking on the human
body and the search for objective chrono-predictors carrying information about
the level of threat to the patient [49].

FASEGRAPH" occupies a special place in the market of medical equip-
ment (Fig. 20). Before it appearance, the cardiological patient had only two pos-
sibilities: either use the home ECG monitors (smartphone gadgets), which in the
best case allow diagnosing life-threatening cardiac arrhythmias, or conduct a
complete traditional ECG examination in a medical facility using an expensive
and not always affordable professional electrocardiograph.
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Fig. 20. The situation in the medical equipment market

The permanent use of FASEGRAPH® at home allows the patient:

e to optimize a way of life, reasonably distributing a mode of loadings and rest;

e to determine the need for additional intake of medications prescribed
by a doctor;

e to evaluate possible dangerous deviations in the work of the heart from
the personified norm;

e independently accumulate data over a long period of time for subse-
quent consultations with a doctor, which provides a more complete and reason-
able assessment of the patient’s functional state than episodic contact with a
doctor using traditional clinical tools.

The mobile fasegraphy platform currently being developed, which provides
for the implementation of technology elements on a smartphone, provides the
opportunity not only to conduct operational testing in any conditions, but also to
organize a virtual connection between a patient and a family doctor using Inter-
net technologies [50-52].

Fasegraphy has opened the way to the construction of new methods for
biometric identification of individuals based on the unique properties of ECG
phase portraits [53—54].

The intelligent capabilities of phase printing are constantly being developed
due to the inclusion of new program modules in FASEGRAPH®, including
modules for evaluating the randomness of the processed signal shape parame-
ters [55], a phase portrait of permutation entropy, which confirmed the high
sensitivity when evaluating subtle ECG changes under the influence of various
factors, in particular , to detect the effect of electrical heart alternation, which is
used by doctors as a predictor of sudden cardiac death [56], as well as to assess
the tolerance to physical stress based on the regulatory patterns and their display
in the form of cognitive graphic images [57].

Further development of fasegraphy involves the implementation of new prom-
ising approaches to the processing of cyclic signals, in particular, the method of
displaying a signal in a multidimensional parameter space, which, using unified
methodological principles, makes it possible to evaluate the randomness of the
waveform, detect atypical cycles, interpret the signal, personify diagnostic solutions
and economical coding of the signal when it transmission and storage [58, 59], and
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the linguistic method of signal analysis and interpretation based on the calculation of
the Levenshtein distance between codograms of real signals [60].

Preliminary studies have shown that intelligent computational of fasegraphy
procedures allow you to create a new class of competitive medical devices, in
particular, finger photoplethysmograph, which records the patient’s pulse wave
using the built-in smartphone camera without additional external signal sources
[61], as well as an intelligent home blood pressure monitor with advanced func-
tional opportunities.

CONCLUSION

An analysis of the available literature showed that at the present stage of the
development of society, the existing means of digital medicine are used to solve
many urgent problems of practical medicine, including in the diagnosis, treat-
ment and restoration of lost functions. Such technologies make it possible not
only to free medical workers from solving routine tasks, but also to increase the
efficiency of performing surgical operations, radiation therapy and a number of
other complex tasks.

Intelligent IT with the properties of natural intelligence (adaptation, gener-
alization, learning, etc.) play an important role in expanding the functionality
and increasing the effectiveness of digital medicine. Unlike traditional IT based
on the procedures for processing numerical data, intelligent IT operate with gen-
eralized concepts (images) that provide more complete information about the
external environment, and the analysis of such images generates a holistic pic-
ture of the phenomena studied.

Using the example of successful development of the fasegraphy method, it
is shown that, within the framework of the algorithmic approach, the construc-
tion of intelligent IT for solving digital medicine problems involves the active
participation of a technology developer who, using this natural intelligence,
creates effective procedures for extracting diagnostic information from real data
distorted by disturbances.
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CYYACHMIA CTAH I ITIEPCIIEKTHUBU PO3BUTKY LIM®POBOI MEJULIHA

Beryn. 3rigHo 3 o3HaueHHSM MikHapoaHO! acomiamii nudpoBoi MeAWIMHU, HUGPOBOIO
MEIUILIMHOIO € Tally3b HAayKH, B sIKill BUeHi IParHyTh HOSCHUTHU paHillle He3po3yMini marodi-
310JIOTIYHI SIBHIA B OPTraHi3Mi JIFOJWHHM 1 JOCITIKYBAaTH HOBI MEINYHI MPOLEIYPH 3 BUKOPHU-
CTaHHSM CyYacHHX HU(PPOBUX TEXHOJOTIH IS MOMIMIICHHS SIKOCTI )KUTTS JIFOIHH.

Merta craTTi — HaJaTH KOPOTKY iH(GOPMALIII0 PO CYy4YacHUIl CTaH i MEPCIEKTUBU PO3-
BUTKY 3ac001B [HU(POBOI MEAUIMHY.

Mertoau. [IpoBeseHo aHai3 OCHOBHUX HanpsaMiB 1udposoi memuinmau. ChopmynboBa-
HO 0a30Bi 03Ha4eHHS MOHATH «IHTenekTyansHa IT o6pobneHHs curHamiB» Ta «EdexruBHa
obOuncoBaibHa mporenypa». Ha mpukiani merony ¢asarpadii nmpoleMOHCTPOBAHO POJIb
inTenekryanpHux IT B nndposiit MeaunuHi.

PesyabTaTu. HasBHi MeToau i 3aco6u nuppoBOi MEAUIIUHH 3aCTOCOBYIOTH JUISI IiarHO-
CTHKH, JIIKyBaHHA, pealbiiitariii, a TakoX Ui BiJHOBJIEHHS BTpayeHUX (yHKIIH marieHTa
(3ip, cnyX, pyx). Taki TeXHOJOTIT Aal0Th 3MOTY HE TUIBKH 3BUILHUTH MEIWYHUX MPAIliBHUKIB
BiJl BUKOHAHHSI PYTWHHHUX 3aBAaHb, a 1 MiJBHIIATH €()EKTUBHICTh BUKOHAHHS XipYyprigHHX
omnepaniii, MpOMEHeBOi Tepalii Ta psiay IHIINX CKJIAJIHUX 3aBAaHb IPAKTHYHOI MEIULIUHH.

Ha Bigminy Bin Tpamuniiinux IT, ocHOBaHHX Ha Hpouexypax OOpOOJEHHS YMCIOBHX
IaHuX, iHTenekTyanbHi IT omepyroTh y3araJbHEHHMH IOHATTAMH (0Opa3aMu), IIO JarOTh
HOBHilTy iH(pOpMaLilo PO 30BHIIIHE CEPEIOBUILE, a aHAJI3 TaKUX 00pa3iB MOPOIKYE Liilic-
HY KapTHHY JOCIHIIKYBaHUX SBHILL.

B paMkax alropuTMiuHOro mijgxony nobynoa inTenexryansHux IT mis BupimeHHs 3a-
BIaHb IU(POBOI MEIMIMHHU Nependadae akTUBHY ydacThb PO3POOHMKA TEXHOJOTII, SKHH,
3aCTOCOBYIOUHU CBilf IPUPOIHUM IHTENEKT, CTBOPIOE e(heKTUBHI NPOLEAYpHU Ul OJEp>KaHHS
JIarHOCTHYHOI iH(pOpMAIIiT 3 pealbHUX JTaHUX, CIOTBOPCHUX 30yPCHHAMH.

BucnoBku. InrenekryanbHi IT, ski MaroTh BIACTUBOCTI NPUPOAHOTO iHTENEKTY (aJanTaris,
y3araJbHeHHS, 37IaTHICTh JI0 HABYAHHS TA iH.), BIITPAOTh BAKIIMBY POJIb Y PO3MIMPEHHI (yHKITiO-
HAJIBHUX MOYKJIMBOCTEH 1 HiZBUIIICHHS €()eKTHBHOCTI 3ac00iB IIM(POBOI MEUIIMHH.

KurouoBi ciioBa: mugposa MeauimHa, intenextyanbHi [T, edekTiBHI 00urCIFOBaIBHI TPOLCAYPH.
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COBPEMEHHOE COCTOSIHUE Y IIEPCIIEKTHBBI PA3BUTHS
LIU®POBOI MEIULIMHEI

Beenenne. CornacHo ompeseneHno MexayHapoaHOH accouuanuu udpoBoil MeUIHHEI,
IU(POBOI MEIUIIMHON HA3bIBAIOT 00JIACTh HAYKH, B KOTOPOH yUEHbBIE CTPEMATCS OOBICHUTD
paHee HEeTOHSATHbIE NaTO(U3MOIOTHYECKUE SIBICHUS B OPraHM3ME UYeJIOBEKa M HCCIEAOBATh
HOBBIE MEIUIMHCKUE MIPOLEIYPHl C UCIIOIB30BAHUEM COBPEMEHHBIX IIH(PPOBBIX TEXHOJIOTHIHA
JUI yIydIICHHUs KauecTBa XKHU3HU YeIOoBeKa.

Leab cTaTbl — 1aTh KPAaTKyI0 HHPOPMAIMIO O COBPEMEHHOM COCTOSIHUU U IIEPCIIEK-
TUBAX Pa3BUTHS CPEICTB HU(BPOBOH MEIHUIIMHEL

Mertoasl. [IpoBoauTcss aHanu3 OCHOBHBIX HampaBieHUH LupoBoi MeauuuHbl. DPop-
MYJHpYIOTCsi 0a30Bble onpexaencHus: noHstuid «VHtemnekryansHas UT oOpaboTku curHa-
noB» U «DddexTrBHAsS BBIUUCIHTENbHAS Tponenypa». Ha mpumepe metonma daszarpaduu
JIEMOHCTPHPYETCS POJib UHTEILIeKTyalbHBIX VT B 1iudpoBoit Meauiune.

PesyabTaThl. CyniecTByoIIMe METOIBI M CpeACTBA HU(POBONW MEIUIMHBI IPUMEHSIOT
JUISL TUarHOCTHKH, JICUYCHHs, PeaOWINTald, a TakKe ISl BOCCTAHOBJIECHHS YTPAaYeHHBIX
(yHKUMH TanueHTa (3peHue, ciyX, IBIKeHHE). Takue TEXHOJIOTHH HO3BOJISIOT HE TOJBKO
0CBOOOINTH METUIMHCKHX PAOOTHUKOB OT PEIICHUS] PYTHHHBIX 33714, HO W MOBBICHTH d(0-
(DEeKTUBHOCTH BBINIOJHEHUSI XUPYPTUYECKUX OMNepalyid, Jy4eBOH Tepamuu U psaa JIpyrux
3a71a4y MPaKTUYECKON MEJUIIUHBI.

B otiunume ot tpamunuonsbix T, oCHOBaHHBIX Ha Ipoleaypax oOpabOTKU YMCIIOBBIX
JAHHBIX, HHTeJUIeKTyanbHble T omepupyroT 0000meHHbIME TOHATHAME (0Opa3amu), naro-
MM Oosiee MoJHY MH(GOPMALIMIO O BHEIIHEH cpelie, a aHaIu3 TaKhuX 00pa3oB IMOPOKAAET
L[EJIOCTHYIO KapTUHY U3y4YaeMbIX SIBICHHUH.

B pamkax aaropuTMH4eckoro moaxoja MOCTPOCHUE MHTEIUIeKTyanbHbIX U T amst peme-
HUS 327124 TUQGPOBOH METUIMHBI MPEANONAraeT akmugHoe yIacTie pa3padoTIiKa TeXHOIO-
MU, KOTOPBIH, IPUMEHSS CBOW €CTECTBEHHBIH MHTEIUIEKT, co3/1aeT 3(QEKTUBHBIC TPOLIEaY-
PBI U U3BJICUSHHS] JAUArHOCTUUECKOM MHQOpMAalUMHM W3 PEasbHBIX NAHHBIX, MCKa)KEHHBIX
BO3MYIIEHUSAMH.

BeiBoabl. NuTennexryansusle UT, oOnanaromue cBoiicTBAMU €CTECTBEHHOTO MHTEIICK-
Ta (aganrtaims, 0000IIeHre, 00y4aeMOCTb U Jp.), HTPAIOT BAKHYIO POJIb B pacUIMPEHHH (DYHK-
[MOHATIBHBIX BO3MOXKHOCTEH U MOBBIIICHHN d(PPEKTUBHOCTH CPEACTB UPPOBOIT MEUIIMHEL.

KunioueBble ciioBa: nudposas MeAUIMHA, HHTe/LIeKTyanbHble UT, addexTuBHbIC BEIUMCIU-
TEIbHBIE TPOIIETYPEIL.
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ACTOCYBAHHA INOOPMALIAHOT TEXHONOTIT BUIHAMEHHA
HUPKYNIOIOYHX NYXNUHHUX KNITUH ANA LIATHOCTYBAHHA
SNOAKICHUX NYXNUHHUX 3AXBOPIOBAHD

Bcemyn. Jlocniodcenns ModCIugocmi GUKOPUCAHHS GUSHAYEHHS YUPKYIIOIOUUX HYXAUHHUX
KAIMUH 8 Kpo8i X60pux 3a pi3HOI N0OKANI3ayii 310AKICHUX HOBOYMBOPEHb 5K OideHOCTUYHO20
Kpumepiro ma Kpumepiio eqheKmueHOCmi KOHKPEMHOI MaAKmuKy 1iKy8aHHs € OOHUM 3 AKmMyd-
JbHUX NUMAHb CYYACHOI OHKON02I].

Memoro cmammi € ananiz pe3yibmamie UKOPUCMAHHS PO3POOAeHOT THpopmayitiHoT
MEeXHON02I] BUSHAYEHHA YUPKYTIOIOYUX NYXAUHHUX KITMUH 018 O0CNIONCEHHA 3DA3Ki6 Kposi
nayieHmis 3 Memor NiOMeEepONCeH s Uil 8iOXUNICHHSA NePBUHHO20 OIACHO3Y 3 OHKOIO2IYHO20
3aX80PIOBAHHSA PI3HOI TOKANI3AYI].

Pezynemamu. 3anpononosano ingopmayitiny mexHono2io, mobasyemovca Ha GUKOpUC-
MAHHI YOOCKOHANEHO20 MemOOY GUOLNEHHSL YINICHUX | HEVIUKOONCEHUX YUPKYTIOIOUUX KIIMUH, 6i0-
MIHHICIb AK020 NONAAE 8 OONOBHEHHI cmpykmypu 6a306020 memoody ISET nosumu pesxcumamu:
pedcumom 100 % eepmemusayii’ kamepu 3 eemonizamom i 3a0e3neverHs 6 Hill HeobXiOHo2o i noc-
MITIHO20 MUCKY NPOMAZOM BCbO20 Npoyecy Qitbmpayii uisAXom 66e0eHH MAHOMEMPA He2amueHo-
20 MUCKY, @ MAKOoXHC pexrcumom mpupieresoi ginempayii’ LIITK Ha nocniooeHo posmiweHux nonikap-
6oHamHux MemOpanax 3 dlamempamu MiKponop 8 Mkm, 5 Mkm i 3 mMxm.

s oyiniosants 310AKIiCHOCMI BUOLNEHUX KIIMUH Y THHOpMAyitinil mexHon02ii 6UKopu-
cmano memoo eusnauenns LIIIK 3a cpopmosanum xomniexcom Kpumepiig, Hakonuueno 6asu
Ooanux cmeopenux wadnon-wacox LIIK ma xonmponvnux wabionie HOPpMATbHUX KIimMuH y
asmomamuz08aromy pesxcumi. Ilposedeno 00Cuiodncens 3pasKie Kpogi nayieHmie 3 UKOPU-
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cmanuam pospoonenoi IT. Ananiz pe3ynomamie 00CHIONCEHHS 3 YPAXYBAHHAM KOHCHO20 KPO-
Ky MemoOuKy (3 UKOPUCMAHHAM PI3HUX (DINbmpie) NOKA3as, wo 3 CYMApHa Yacmka 3pasKie,
y akux 0ooamkoeo euseieno LIIK i3 3acmocysannsam ne minoku inempy 8 Mkm, a ti ¢inom-
pie 5 mxm ma 3 mxm, ckaana 20,66 %.

Bucnosku. Buxopucmanms po3pobnenol inghopmayiiinoi mexnonoeii 6UsHAUeH s YupKy-
JIOIOUUX NYXTUHHUX KIIMUN NIOBUWYE ePeKmUBHICMb GUHAUEHHS YUPKYIIOI0UUX NYXAUHHUX
KIMuK 3a paxyHoK CKOPOYEHHS 4acy meCmy8ants ma po3uupents 0ianazony 00CIiONCeHH s
3a605KU MOJCIUBOCI GUABNICHHS KIIMUH Manux po3mipie. Yoockonanenna IT 3a paxynox
00nosHenHs 6a3010 3HaHb (KOMNIEKC WAOIOH-MACOK MA GIONOGIOHUX eKCIEPMHUX 6UCHOBKIB)
VMONCTUBTIOE 3ACMOCYBAHHSA 1T Y CKPUHIHE0B0MY OOCHIONCEHHI KPOBI NayieHmis, 6 momy
YUCTE HA OOKNIHIYHOMY emani 0OCMeNCeHHs.

Knrwouogi cnosa: inghopmayitina mexnonozis, YyupKyaowui nyxXaunHi Kiimuru, Memoo i301ayii
YUPKYTIOIOUUX NYXTUHHUX KIIMUH, A6MOMAMU308AHA CUCMEMA, CKPUHIH208e O0CNIONCeHHs
Kpoe6i nayicHmie.

BCTYR

CyuacHa nu¢poBa MeIUIMHA MOTPeOy€e PO3BUTKY iH(OpMAIiHHUX TEXHOJOTIH
JUTS. BAKOPUCTAHHS y JIAarHOCTHYHMX Ta JIIKYBAJIBHHUX MPOIECcax, OCOOIMBO IS
OHKO03aXBOPIOBaHb. Y BCHOMY CBITI BHCOKY CMEPTHICTH MAIli€HTIB, XBOPHUX Ha
pak, 3yMOBJICHO TSDKKICTIO 3aXBOPIOBAaHHS Ta I3HBOIO JIIarHOCTHKOIO, a came
Mi3HIMH TE€pMiHAMK BUSIBICHHS NMEPBHUHHUX MYXJHUH, BICYTHICTIO BHCOKOTOY-
HUX METOJIiB KOHTPOITIO €(heKTUBHOCTI JIIKYBaHHS Ha PI3HUX €Tamnax JiKyBaHHS.

CyuacHy JiarHOCTHKY paKy 31eOLIBIIOro CIPSIMOBAHO HAa BUSBIICHHS ITyXJIUH
Ta iXHIX yCKJIaJHEeHb, TOOTO y MEPiOAN 3aXBOPIOBAaHHS, KOJIU MyXJIMHY MOXKHA I10-
OaunTH 3BUYHMMHE criocobamu Bi3yaumizarlii. BogHouac, 3a pesynpraramu 6aratbox
JIOCITI/DKEHb BBAXKAIOTH JoBeAeHNM, 1m0 y 2070 % oHKOXBOpHX B mepudepuuHiit
KPOBI BUABJIAIOTH IMpKytotoui myxiauHHi Kktituad (LITTK) [1-3], KiAbKiCTh SKHX B
KPOBI1 y XBOpPHX Ha paHHIH pak MOJIOYHOT 3a71034 BUALLIOTE Y 30-52,6 % BUMNajKiB,
Yy XBOpHX Ha MICIIEBOPO3MOBCIOKEHUN pak — y 3652 %, y XBOpHX Ha MeTacTa-
TUYHMIA pak — 110 70 % Bumnaakis [4—6].

JocnimkeHHs MOXXIMBOCTI BUKOPHUCTAHHSI BU3HAYEHHS LUPKYJIIOIOUUX ITY-
XJIMHHUX KJIITHH B KPOBI XBOPHX 3a Pi3HOI JIOKali3alii 310SKiCHUX HOBOYTBO-
pEeHB K JIarHOCTUIHOTO KPUTEPII0 Ta KPUTEPi0 e(PeKTUBHOCTI KOHKPETHOT TaK-
TUKY JTIKYBaHHA € OJHUM 3 aKTyaJIbHUX MUTaHb Cy4acHOi OHKOJIOTii. Aje BiaCy-
THICTh YITKUX KUTBKICHUX KPUTEPIiB OIIHIOBaHHS 3JIOSKICHOCTI BUAUIEHUX IHP-
KYJIIOIOUNX KJIITHH, JOCTYIMHUX iHGOpMaIiiHux TexHomorii BusasieHas LK y
KpOBI TMAIIEHTIB 3 BUCOKOIO UYTJIMBICTIO Ta TOYHICTIO aHami3y Ta TIyMadeHHS
3yMOBJIIOE€ HEOOXiTHICTh MOTTMONIEHOr0 TOCTIIKEHHS Ta YAOCKOHAIEHHS METO-
IiB BUAUIeHHs Ta ominroBanus LI1K [4, 7].

MOCTAHOBKA NPOBNEMM

VY 1869 p. aBctpauniiicekuii matonor T. Ashworth Bnepiue BUCyHyB rimoresy npo
Te, mo mupkynrorodi myxiuaHI KtituaA ({IIK) € ocHOBHOI0O mepenyMoBor Me-
tactazyBaHHs [8]. BukopucTtanHs po3pobieHux y 21-My CTONITTI METO/IIB BUSB-
JICHHS MyXJIMHHUX KJITHH, SKi HIUPKYIIOIOTH Y KPOBi XBOPUX Ha pak, Jaio 3MOTY
KIIIHIIUCTaM JOCTIIUTH IXHIO POJIb B KaHIIEpOTeHe31 i MOCTAaBUTH 3aBIAaHHSA iX-
HBOTO BUKOPHUCTAHHSA 5K OIIHIOBAJIHHUX 1 MPOTHOCTUYHUX IMOKA3HUKIB y KIiHIY-
Hill mpaktuni [7, 9—11]. Busineni 6ionoriyni xapakrepuctuku LK, Ha BiaMiny
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BiJl 3JIOSIKICHUX KJITHH NEPBUHHOI MyXJIHMHH, CBiAYaTh PO HAOYTTS MIyXJIHHOIO
HOBHX SIKOCTEH — 1HBAa3MBHOCTI 1 3JAaTHOCTI JO METAacTa3yBaHHS Ta MOXYTb
OyTH HOBHMM IIPOTHOCTHYHUM MapKepoM, SKHH BimoOpaxae, 30kpeMa, e(heKTHB-
HICTh IPOTUIYXJIUHHOTO JTIKYBaHHS.

Ha ocHoBi MetoxiB iMmyHO]ITyOopecueH i, iMyHOMarHiTHOTO TOiIy, MPO-
TOYHOI ITMTOMETPIi Ta IHITUX IMYHOMarHiTHUX METOIB CTBOPEHO HH3KY 1HGOp-
MaI[ifHMX TEXHOJIOTIHM Ta aBTOMAaTU30BaHUX CHUCTEM, SIKi IAlOTh 3MOTY BUAUTUTH
MYXJIMHHI KJIITHHY 32 JOMOMOTOI0 MarHiTHOTO IOJIsI, BAKOPUCTOBYIOUH BIIACTH-
BiCTh IMX KIITHH B3aEMOIIATH 3 aHTUTUIamMu mpotu mapkepie HIIK 3
KOH FOKTHUBHUMH MAarHiTHUMHU YacTHHKaMu [12—15]. Ane goci HeMae METOIIB Ta
texHonorii aHamnizy LI1K 3 MeTor0 paHHBOTO HEIHBA3UBHOTO BHUSBICHHS PaKy.

Bararo mocmimaukiB mis BusHaueHHs L{IIK B kpoBi mamieHTiB 3 pakoM MOJIO-
gHOi 3anmo3m BukopucToByBamm cucteMy CellSearch xommamii Veridex [12].
LIfo TEXHOJOTII0 CXBaJIEHO YNPABIiHHIM 3 KOHTPOJIO 32 TPOAYKTAMH XapayBaHHsI
ta mequuanMu Bupodamu CIIA (Food and Drug Administration, FDA, USA) mis
BusBneHHs piBHIB LIIIK y marmieHTiB 3 Meractazamu. CrcremMa € HarliBaBTOMAaTHY-
HOIO 1 B il OCHOBI JIeXaTh METOIH IMyHO(ITyopeCHeHIlii, IMyHOMarHiTHOTO IOy
1 mpoTtouynoi nuromeTpii [13], ogHak Ge3 yXBajeHHS MOXIJIHBOCTI KITiHIYHOTO BH-
kopuctanus 1€l cucremu. CellSearch gae 3mory mipaxyBaTu pakoBi emiTeiaabHi
KJIITHHY, BiJTOKPEMITIOIOYH JICUKOIMTH, 3 TOYHICTIO BHSBJICHHS II'SITH 1 OlIbIe
LIIK na 7,5 M kposi [12, 16]. IToniouuii no CellSearch npunimn pobotu peaiti-
30BaHo y cucreMax Ariol. IlepcnexruBHoro € texHonoriss CTC-chip [17], sika 6a-
3yETHCS HA MIKPOIIPOTOUHIM CHCTEMI 3 BUKOPHUCTAHHIM pO3pobieHoro uuiry. Ye-
pe3 1ed il MpoITyCKaroTh MOTIK KPOBiI B YMOBAax JiaMiHapHOI Tedii. Uy TnuBicTbh
Mmetony Bucoka (99 %), U TEXHOJOTIS Aa€ 3MOTy aHaJli3yBaTH HEBEJHKi 00’ eMH
KpoBi (2-3 Mu). Y IOCHIIDKEHHSX BHKOPHUCTOBYIOTH TIONiypPETaHOBHH (HiabTP
Imugard III RC («Terumo», Anownist) 3 giamerpom mop 1o 30 Mxm [4], mo oome-
Kye MoxxuBocTi BuaineHHs LITTK menHoro po3mipy.

Ha croromni po3po6eHo Oinbie 40-ka MeTOiB 1 3aC00iB, OPIEHTOBAaHHUX Ha
po3B’s3anHs 3aBnanHs Bu3HadeHHS LK, ogHak OUTBIIICTS 3 HUX € TMIe aIeKOI0
JIo KJIiHIYHOT peanizaiii [18]. Cepen ux METOJIIB Ta TEXHOJOTIH HANTOUHIITUMH
ta gomymenumu FDA (Food and Drug Administration) g0 KIiHI9HOTO BUKOpHC-
tanHa B CIIA e CellSearch ta ISET (Isolation by Size of Tumor cells). bepyun
JI0 yBard pe3yJbTaTH KIIHIYHUX JOCIHIHKeHb Ta TEXHIYHOI peasizailii MeTO/iB
13ossanii LIIK Ha paHHIX cTamisx iHBa3ii MyXJIHMHHU, aKTyaJbHUM € PO3BHTOK Ta-
KHX METOJIB JUIA iXHBOTO MPAaKTUYHOTO BIpoBakeHHs [19]. HeobximHicTh po-
3MIMPEHHsT MOXIIMBOCTeH TexHomorii BusiBnieHHs LIITK Ta 3a0e3neuenHs aBToma-
THU30BAHOTO PEXUMY JOCIIIPKEHHS 3yMOBHJIO PO3pOOJIeHHS iH(POpMaLiiHOI TeX-
HOJIOTIi 3 yJOCKOHaJIeHHsIM 0azoBoro Merony i3ossmii LUK, dopmyBanHAM KOM-
IJIEKCY KPUTEPIiB OIliHIOBaHHS 370sKicHOCTI BuauteHnx LK 1 3amydeHHsIM me-
TOJIIB OZICP’KAHHS Ta aHAIIi3y MIKPOCKOMYHHUX 300pakeHb UX KiIiTuH [20].

MeTo10 CTaTTi € aHaNi3 pe3yJbTaTiB BUKOPUCTAaHHS po3pobiieHoil iHpopma-
IIHHOT TEXHOJIOTI BU3HAYCHHS HUPKYIIOIOUNX IMyXJIMHHUX KIITHH IS JOCTi-
JOKCHHS 3pa3KiB KPOBI MAIIEHTIB 3 METOIO MIATBEPKECHHS YU BIAXUICHHS Tep-
BUHHOTO JiarHO3y 3 OHKOJIOT1YHOTO 3aXBOPIOBAHHA Pi3HOT JIOKaJi3aii.
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IHOOPMALIAHA TEXHONOIIA BUSHAYEHHA WMPKYNIDIOYMX NYXAMHHMX KNITHH

3amponoHOBaHO HaMH iH(OpMaIiiiHy TEXHOJIOTiIO, 0 0a3yeThCsl Ha BUKOPHUC-
TaHHI YJIOCKOHAJIEHOTO METOAY BHAUICHHS KIITHH, SKi ITUPKYJIIOIOTH y KPOBI
moaunan (1K), Ha ocHoBi Mmetony ISET [21-23]. Merton ISET, sxuii nae 3mory
13omroBaTH Heymiko kel 1K, € eqMHUM KITIHIYHO TEPEeBIPEHUM METOAOM IS
muronaroioriuyHoi giarHoctuku LIIK 3a 3BH4aiiHUMKM IUTONATONIOTIYHUMH KpPH-
TepisMH, SKi 3aCTOCOBYIOTH JIIKapi-IUTOJIOTH Y OIlIHIOBaHHI Ma3ka 3a Ilamaniko-
nay abo tonkorosikoBoi Oiorcii. ISET mae HaGarato Oinbly 4yTIHBICTB, HIXK
iHII MeTonu i3omsmii myxmuHHUX MikpoemOoniB (L[[IM) abo kmactepis, mio
ckmamarotbes 3 aekimpkox LITK. BBaxkarors, mo HasBHICTH L[I[IM kopemroe 3
noranuM nporuozoMm. Came cripomoxHicTh Metony ISET BUIiiaTH 1 KiNbKicHO
ouintoBatu LIITK i IIIIM KkpoBi Aajga MOXIMBICTb BBECTU B MPAKTUKY TEPMiH
«lupKyrorodi MyXJIHHHI MiKPOEMOOII.

Texnomnorist ISET Ha ocHOBI MeTony BakyyMHOI (inbTpanii 3a6e3neuye ¢di-
JBTPaLil0 KPOBi MAlli€HTIB yepe3 MOMiKapOOHAaTHY MeMOpaHy MmopaMu 8 MKM,
micis oOpoOJIeHHS JIiKap OTPUMYE 3pa3oK KIITHHHOTO MpemnapaTy. BusBieHi
HITK mepeBaxHO OLTBII 32 po3MipoM, HiX 3BHYANHI KIITHHU KPOBIi 1 eKcIpe-
CYIOTh Ha CBOTH NOBEpXHI emiTemianbHi MoJIeKylu KiiTiuHHOI anresii (EpCAM),
AKi € criequdiyHIMU MapKepaMu Uil paKOBUX KIIITHH, L0 HaiyacTille BUKOPHU-
croBytoTh misa BusaieHHS LIIIK. HeoOximuicTs MozepHi3arii eTamy i30Jsmii
HITK mast omepkaHHS HEYIIKOJKCHHUX KIITHH MEHIIOrO0 PO3MIpy, 8 TaKOX aB-
TOMaTH3alis BCbOTO MPOLEeCy AOCITIIKECHHS — Bil BUIIIEHHS KJIITHH O OLIiHIO-
BaHHs iXHBOI 3JIOSKICHOCTI Ta HaJlaHHS BiJIIOBIAHOTO BHCHOBKY CIyTI'yBajla MO-
THBAIINHIM YWHHUKOM IIPOBEICHOTO HAMHU JOCTIKEHHS Ta PO3POOJICHHS 1H-
¢dopmauiitnoi rexnonorii BusnadenHs LIIK y kposi mogunu [20].

CTpyKTypHa cxeMa 3allporoHOBaHOI iH(opMaIiifHOI TexHoNoTii 00’ eaHy€
Tpu etanu (Puc. 1). Ha nepwomy emani — ompumanna xnimunnoeo npenapamy
ona eusaenenns L[IIK 13 3pa3ka BEHO3HOI KPOBi Malli€HTa BUKOPUCTAHO yIOCKO-
HaJICHW HaMM METOA 130iLii (BHIOUIEHHS) 3a PO3MIpOM MyXJIWHHHUX KIIiTHH.
BiaMiHHICTS 3ampOITOHOBAHOTO METOAY BUIUICHHS IUTICHUX 1 HEYIIKOKCHUX
LIIK nonsirac B JONOBHEHHI cTpyKTypH 6azoBoro meroay ISET HoBumu erama-
MU (pexuMamu), a came: pexxumoM 100 % repmerusanii kaMepu 3 TeMoJIi3aToM i
3a0e3redyeHHs B Hiii HEOOXITHOTO 1 MOCTIHOTO THUCKY MPOTSATOM BCHOTO IPOIIe-
cy GiIbTpamii NIITXOM BBEACHHS MaHOMETpPa HETaTHBHOTO THCKY, a TaAKOX pe-
)KUMOM TpHpiBHeBOi (inbrpanii L{ITK Ha mocnigoBHO po3MilleHUX MoJikapOo-
HATHUX MeMOpaHax 3 JiameTrpamu Mikporop 8 MkM, 5 MkM i 3 MkMm. OTxe, BHa-
CIIIOK BUKOHAHHS IIEPIIIOTO €TaIry Oy/ie 3aTPUMaHO 1 BUIUICHO KIIITHHH, PO3MIp
SIKMX OUTbIIMIA 32 3 MKM (a He 8 MKM sIK Y cTangaptHomy metozi ISET).

Ha opyeomy emani 3MiACHIOETBCS YOPMYBAHHI MIKPOCKONIUHUX 300PANCEHD
3 BUAUICHUMH KIiTHHaMH. J[J1s1 aBTOMaTH3aLii 3alpOIIOHOBAHOTO METOAY BHKO-
pHCTaHO MiAX0aH 10 00poOIeHHS MIKPOCKOIIIYHUX 0i0300paxkeHs [24, 25]. Me-
TOAMKY YIOCKOHAJCHO BHECEHHSIM JTOJAaTKOBUX KpOKIB, a caMe: Ha MepIIoMYy
KpotIi repedaueHo BUOip po3Mipy BiKHA CKaHYBaHHS MIKPOCKOTA TaKUM, IO HE
MIEPEBUIIYE TiaMeTp HOTO CBITIIOBOTO TOJIA, TIporiec 00pobaeHHs 300paxkens 1K
HaOyBa€e MOCTYNOBO-MOCHTIJOBHOTO XapaKTepy 3aBISKHA aBTOMAaTH3allil mepemi-
IIEHHS MPEIMETHOTO CTOJHMKAa MIKpOCKONa — MPOTPaMyBaHHIO MepeMillleHb
MIPEIMETHOTO CTOJIMKA MIKPOCKOTIA 3 PO3MIIIICHIMH Ha HOT0 TTOBEPXHI MOJIiKap-
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OoHaTHUMH MeMOpaHaMH TPbOX BUAIB 3a po3MipaMu QinbTpyBaibHUX mop. Ha
BOMY €Tami OTpUMaHe MIKPOCKOIIYHEe 300pa)KeHHS KIITHHHOTO IpenapaTy
MIPOXOJIUTH CHCTEMY aJTOPUTMIB TOTIEPEAHKOT0 00poOIeHHs (PiIBTPIB), MO Ta€
3MOTY MIIrOTYBaTH 300pakKeHHs AJIs aHawi3y 1 BUKitounTH apredakru (Puc. 2).
3a3HaunMMo, 10 0 MOJANBIION0 KPUTEPiallbHOTO OIIHIOBAHHS BUIIIEHUX KIIi-
THH Ha KOXHIH i3 3a3HAYCHWX MEMOpaH HE MOMYyCKAINCh 300paXKeHHs, SKi He
MICTSITh BEJIMKUX HEYIIKOPKEHUX KITITHH.

Tpemiti eman cupsMOBaHO Ha araniz 300padicensv L[IIK, BU3HAYCHHS 371051-
KiCHOCTI BUAIJIGHUX KJITHH 3 BUKOPHUCTaHHSAM C(QOPMOBAHOTO KOMIUIEKCY KpH-
TEepiiB 3a 3alpOIIOHOBAHMM METOJOM BHU3HAYEHHS LUPKYIIOIOUYUX MYXJIHMHHHX
KJIITHH Ta HaJIaHHS BIJMOBIIHOIO BUCHOBKY.

IHdpopMaLiliHa TEXHONOTIA BU3HAUYEHHA LUPKYAIOIOUUX NYXAMHHUX KAITUH

Pesynbrart:
* 3abip KpoBi Ta OTPMMaHHSA remonisaTy N
* BakyymHa dinbTpauiaHa 3 rpynax Ginbtpis (8MKM, 5 MKM Ta 3 MKM) Knitunnumii
UL « dap6ysaHA Ta IMYHOMOTiYHE TeCTyBaHHA npenapar
npenapary
P
. . . . . \ 5'6 H
* Br6ip po3mipy BiKHa CKaHyBaHHA i nonepeaHE CKaHyBaHHA 3 BigGopom ionioTeka
iHGopMaTUBHKX 306paKeHb 3°5Pa"‘e""ﬂ-_‘"'
= g . aHans
S « MonepeaHe 06pobneHHa BigjiGpaHUx 306paskeHb AN aHanizy i
06pobneHHa J
306paeHb }
* OUiHIOBaHHA BUAINEHUX KJITUH 32 KpUTEPIAMM 3N10AKICHOCTI i BucHOBOK npo
N A « [lOpiBHANLHKI aHai3 3 LWabIoH-MackaMu 3/10AIKicHicTb
. AManis . . i i
S * MonoBHeHHs 6a3u WabnoH-MacoK (A0BPOAKICHUMM KiTHamM Ta LK) | BUAVIEHMX KATAH
306paxeHb

BUiNIEHWX KAITHI

Puc 2. 306inbnrennii BUaUIeHNH 00’ €KT MIKPOCKOIIIYHOTO 300paKeHHS:
1 — nopa mem6panwu; 2 — xiitnna HIIK (menanoma); 3 — sapo LITIK;
4 — nuroriasMa
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. . . Mincucrema oTpuManus 300paskeHb
Iincucrema pinbTpanii

.. . ®  Mikpockon 3 Kamepoio
BEHO3HOI KPOBI1 P P

3pazok kposi - knimunHul =P ®  Aemomamusosanuti npedyemuuii cmin
npenapam Ha o EIoK KepyBanus Mexanikoio npeomemHnozo
noaikapboHamuux Qinbmpax cmona

v

Ilincucrema nonepeaHb0ro 06poodIeHHs 300pakeHb
®  buok ceamenmayii BubpaxyBaHHs
®  buok cmpykmypuzayii iHmeHCcueHocmi ~ 306p a”fel"” 1o
> He MicTATH

° .

brok eudinenns konmypa BETHKHX
® Lok 8uU3HAueHHs iH(opMamugHux obracmerl HiTiCHUX KJIiTHH
® Lok ghopmyeants 300padiceHb

A 4

Ilincucrema omiHIOBaHHA 3JI0AKIiCHOCTI
° . .

brnox oyiniosanns 3a kpumepisimu ISET OTpumanHs
® bnok oyintoeanms 3a KIMUHHOI0 MOpP@OL02Ii€o =P BHCHOBKY NpO

ma KibKicmio mMimo3sié 3JTOSIKICHICTD
®  Fuok oyinrosanns 3a kpumepianu CellSearch

!

Ilincucrema 30epiranns 300p axkeHb

® Lok 30epedsicenns HenyXnuHHUX KNimuH

®  fnok 30epedicents YupKymoiouux nyXauHHUux
KAimun

® Lok popmysanns 6asu wadnon-macox

® Lok ghopmanizayii i oyino6anHa piutens
excnepmamu

e bnok niomeepoxcents OiaeHOCMUUNUX 6UCHOBKIB

Puc. 3. brok—cxema aBTOMaTH30BaHOI CUCTEMH [IJIsl OTPUMAHHS Ta aHAIII3y MiKpPOCKO-
miuHuX 300paskens LITK

JI1s1 OTIiHFOBAHHS 3JIOSIKICHOCTI BUAUICHUX KIIITHH HaMH C(hOPMOBAHO KOMILTEKC
KpuTepiiB [26], sikuii 00’ €IHy€E TpH TPYITH KPUTEPIiB, MepIlia 3 KX BU3HAYAETHCS 32
merozioM ISET, ie KiliTHHA BBAXKAETHCS 3MOSKICHOIO, SKIIO BiJIIOBIIA€ YOTHPHOM 13
IT’SITH KPUTEPIiB 3 PO3MIMPEHHSIM J[ialla30Hy OIHIOBAHHS HA KIITUHU PO3MIpaMH Bif
9 MKM, a He 24 MKM, sik B ISET (motpiliHuii po3mip mopu HalMEHIIOro QinbTpa).
3 METOI0 YHHKHEHHS TiMepIiarHOCTUKH 32 PaXyHOK XHOHOTIOZUTUBHHX PE3YJIbTATIB
MM BBKAJIH 32 TIOTPIOHE JIOTIOBHUTH IIFO TPYITy KPUTEPIIB IBOMA IHIIIMIMH, a came: 3a
MoudikoBaHoro cxemoro P. Scarft, H. Bloom, W. Richardson Ta 3a mporaoctraamm
TECTOM MEIMYHOro KoMmIuiekcy iM. Xaima [lle0a (I3painb).
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Ha npomy erami cTBOPIOIOTHCS MAOIOH-MACKH Ta (GOPMYIOThCS 0a3u JaHUX
mrabnon-macok L{ITK Ta KoOHTpoNbHUX MabI0HIB HOPMATBHUX KITITHH.

Pospobeny iHdopmariiiiny TEXHOJIOTII0 peali3oBaHO 3 BUKOPHUCTAHHSIM aB-
TOMAaTH30BaHOI CHCTEMHU Uil OTPUMAaHHS Ta aHali3y MIKpPOCKOIIYHUX 300pa-
xenpb LIIK, sixka cknagaeTses 3 4oTUPHOX mifgcucTeM: (inbTpalii BEHO3HOI Kpo-
Bi; OTpUMaHHs 1 momepeqHboro odpobnenHs 3o00paxens LIIK; dbopmyBanHs
300paxkenp L{IIK Ta 00pobaenns 306paxens LIIIK (Puc.3). It cucremy nokia-
JICHO B OCHOBY IIPHUCTPOIO Ul BUSIBJICHHS LIMPKYJIIOOYNX IMyXJMHHUX KJIITHUH B
KpOBIi, pO3pO0JIEHOTO pa30M 3 HAYKOBLSIMUA BiHHHIIEKOTO TEXHIYHOTO YHiIBEpPCH-
tety [27]. Hakonmyenns 6a3u mablIOH-MACOK MO3BOJIUTH IMIJKIIOYATH aHAII3 3
BUUICHHSIM JIOKai3amii TOCTiKYBaHHX MYXJIUH, pO3pPOOUTH TKaHUHOCTICIU]i-
yny knacugikaniro LIIK ta niarHocTyBaHHS KOHKPETHHX BHIIB paKy.

OUIHIOBAHHA 3NOAKICHOCTI UHPKYNIOIOYMX KNITHH
3 BHKOPMCTAHHAM IH@OPMALIMHOI TEXHONOT!I

Jns mpoBeneHHs anpoOaii po3pobienoro merony BusHadeHHs LIIK ta iioro
pearnizanii — iH(pOpManiiHOI TEXHOJIOTIi Ta aBTOMAaTU30BaHOI CHCTEMH, BHUKO-
PHUCTaHO 3pa3Ku KPOBi, OJIepkKaHi 3 OHKOJIOTIYHUX IEHTPIB 1 KINHIYHAX YCTaHOB
M. Mapiynonsa ta M. Binauni. Metagani npo HagaHi 3pa3kd BKIFOYAIX KOJOBI
NO3HAYCHHS MICTa PO3TAIlyBaHHS KIIHIKA Ta HOPSAKOBHHA HOMeEp. 3a3HaueHO
TaKO MEPBUHHUH 4K Bepru(hiKOBaHUH paHillle BUJ PaKy 3a KOXKHHM 3pa3KoM.

Bci 3pa3ku BiAmoBiganmy craHAapTHAM BUMoraMm: 3a0ip KpoOBi 3IiHCHEHO 3
nepudepuanoi Bean — 10 M B po0Oipku 3 anTHKOoaryissaToM EDTA; notpu-
MaHHs JIMITY 4Yacy 30epiranss A0 MOYaTKy aHalizy — He Oinpmie 90 XBUIMH, Ta
Temnepatypu 30epiranas — 4 °C; po3BeleHHsS KpOBi 3MIHCHEHO Yy CHiBBiIHO-
menHi 1:10 (mo 100 mu) nateHTOBaHMM Oy(epHHUM PO3YMHOM (CaHOJIH, mapa-
dopmanbaerin, EDTA, Ouvaunii anbO0ymiH), a00 AUCTUIBOBAHOI BOOI0, KN
BHKOPHCTOBYBAIH IS JTI3UCY EPUTPOITUTIB.

115t OLiHIOBaHHS CTATHCTHYHOI BipOT1THOCTI pe3ybTaTiB JOCTIKEHHS BH-
KOPHUCTaHO KPUTEPii 4yTIUBOCTI, CHeNH(PITHOCTI, TOUHOCTI, @ TAKOK KOEPIIlieHT
acouianii IOna (rp):

_(TP+TN)-(FP+FN)

"0 (7P~ TN)+(FP+FN)’

ne TP — iCTHHHO TO3UTHBHI pe3ynbTaTH o0cTekeHHs; TN — iCTUHHO HeraThB-
Hi pe3ynbTaTH oOCTexxeHHs; F'P — XWOHONO3UTHBHI Pe3yJbTaTH OOCTEKEHHS;
FN — xuOHOHeraTHBHI pe3yJIbTaTH OOCTEKECHHSI.

Bukopucranus po3pobieHoi [T yMoXIuBIIOE BUKOPUCTAHHS TPHOX Pi3HUX
GITBTPIB 3 MIKpOTIOpaMU 8 MKM, 5 MKM Ta 3 MKM JIJIS1 BUSIBJIEHHS Ta OIIIHIOBAHHS
MOYIIMBOTO JDKepesia TOXOIKECHHS MyXJIMHKU. Po3risiHeMo JeTanbHO MOCHiIOBHI
KPOKH 3I1MCHEHHS AOCIIIKEHHS 32 3alPOIIOHOBAHUM METOJIOM.

Ha nepmomy xpomi 3aiticaeno BusBienns L{IIK i3 3acrocyBanasm GinbTpy
3 Mikporopamu 8 MKM. 3 Tabimui | BHIHO, IO i3 BUKOPUCTAHHAM QiIBTPY
8 MKM cepenHe 3HaueHHS JacTKH BrsBieHuX LIIIK 3a gocmimkyBaHUMH TaHUMH
craHoBuTh 76,037 %. BogHovac, HaliOubIna yacTka [{I1K BusBieHa y 3pa3kax 3
paxoM ToBcToi KuIkU (81,82 %), HaiiMeHIna — y pa3i ApiOHOKIITHHHOTO PaKy
nereHiB. lle CBIAYNTE MPO HASBHICTH 3HAYHOI YACTKW HENIarHOCTOBAHWX BHITA]I-
KiB 32 YMOBH BUKOPUCTAHHSI TINbKU QUIBTPY 8 MKM.
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Tabnuyss 1. Po3mopin kinbkocti BusiBiennx IIIK 3a Bukopucranus ¢QuibTpy
3 MikponopamMu 8 MKM

Jlokamizanis BCI’O_FO Bussneno HIIK KinbkicTs 3paskiB 3 pisHoro dacTkoro L{IIK
3I0SIKICHUX L;::gg;i_ R 16 —
UIBKICTh Bif Bix
MyXJIHH . 0
¥y 3pasKiB |3paskiB % no 3 no 10 1o 20 .
Toscra KHIIKa 33 27 81,82 4 10 8 5
Moiouna 3am03a 24 19 79,17 1 6 7 5
JpiOHOKITI THHHUI 19 1 57.89 1 5 3 2

pak (pak JIereHiB)

Ipocrata 19 15 78,95 2 6 4 3
Mlkipa 26 20 76,92 3 7 6 4
Bcesoro, oci6 121 92 76,03 11 34 28 19

Tabauya 2. Po3mopin kinbkocti BuaBiaenunx ILIIK 3a BukopucranHs ¢QiabTp
3 Mikponmopamu 5 MKM

Bc Busisneno LITIK KinbkicTs 3pa3kiB 3 pi3Horo yactkoro LITIK
N bOTO
Jlokamizarist .
. JocHi-
3I0SIKICHUX
JKEHHX
Iy XJINH 3pagKiB Kinbkicts o 10 5 Bi,El 6 Bill 11 >20
3pasKiB ° 1o 10 1o 20
Toscra KHIIKa 33 4 12,12 0 2 1 1
MorouHa 3a103a 24 4 16,67 1 1 1 1
IIplGHOKJ‘IlTl/IHH'l/II/I 19 4 21,05 1 5 1 0
pak (pak JIereHiB)
Ipocrara 19 2 10,53 0 1 1 0
Hlkipa 26 3 11,54 1 1 0 1
Bcesworo, ocib 121 17 14,05 3 7 4 3

Hacrynaum kpokom Oyno BusiBienHst L[ITK i3 3acTtocyBaHHSM ITOAaTKOBOTO
¢bineTpy 5 MKM. AHaui3 Tabn. 2 ToKa3aB, IO 32 BUKOPUCTaHHS LbOTO (QiIbTPY Hakd-
OLIBIIy YacTKy JOCIHIIKEHHX 3pa3KiB 3 BusiBiaeHUMH noaatkoBo LIIIK Bu3HaueHo y
3paskax y pasi ApiOHOKIITHHHOTO paky JiereHis (21,05 %), Toxi sk A7t paKy mpoc-
taru (10,53 %) ta mkipu (11,54 %) momaHo 3HAYHO MEHIII YaCTKH.

Ha 3aBepmansHOMY Kpolli BUKOPHCTAHO 0AaTKOBO PinbTpu 3 MkM (Tabm. 3).
Pesynpraty aHamizy 1mokazaim, Mo BUKOPUCTAHHS ITHOTO (GUIBTPY JAJI0 3MOTY BHSBH-
i nonarkoBo LIIIK B cepemapomy y 6,61 % mociimkysaHux 3paskiB. HaiiOumsiry
YacTKy 3paskiB, y fkux pomarkoBo BusisineHo LIIIK 3a momomororo ¢inerpy
3 MKM, BI3HAY€HO, TAKOXK, U MPIOHOKIIITHHHOTO paKy JiereHis (15,79 %).
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Tabnuya 3. Posnogin kinbkocti BusiBienunx IIIK 3a BukopucranHs ¢QiaibTpy
3 MikponopaMu 3 MKM

Tokanizauis Busisneno LITK KinpkicTs 3pa3kiB 3 pizHoio yacTkoro LITK
. Bceworo
3ITOSIKICHUX .
IyXJINH Spasiis KinpkicTb Big 6 Big 11
0,
3pasKiB % no 3 no 10 1o 20 >20
ToBcTa KUIIKa 33 1 3,03 0 1 0 0
Monouna 3ao3a 24 1 4,17 0 0 0 1
Apibroxnitnammit| 3 15,79 1 1 0 1
pak (pak JiereHiB)
IIpocrata 19 1 5,26 0 0 1 0
kipa 26 2 7,69 1 0 0 1
Bcroro, 3paskiB 121 8 6,61 2 2 1 3

Tabnuys 4. KinbkicTb 3pa3kiB, y sskux BusiejieHo LIIIK 3a Buxopucranus pisHux ¢iabrpis

3 N Po3mip Bukopucranux ¢insTpis
. . arajbHa KilbKicTb
JlocniaKyBaHi OKa3HUKH .
3pasKiB

8 MKM 5 MKM 3 MKM

KinbKicTh 3pa3KiB 3 BUSBICHUMH
LIIK 3a BuKopucTaHHS pi3HUX 117 92 17 8
¢binbTpiB
Yacrka 3paskis 3 LIIK (%) 96,69 76,03 14,05 6,61

AHai3 pe3ynbTaTiB JOCHIPKEHHS 3 YpaXyBaHHSIM KOXKHOTO KPOKY METOIIH-
KU (3 BUKOPHCTaHHAM pi3HHX QinbTpiB) mokazaB (Tabmn. 4), mo 3 BUKOPUCTaH-
HaM (ineTpy 8 MM BusiieHo LIIIK tineku y 76,03 % 3paskis, Toai K momart-
KOBe 3acTocyBaHHs GinbTpy 5 MKM faino 3mory BusButy LITTK me 14,05 % noc-
JKyBaHUX BUIMAJKiB, a JAOJATKOBE 3aCTOCYBaHHS QinbTpy 3 MKkM — 6,61 %.
CymapHa JacTka 3pasKiB, y skux nogarkoBo BusiBneHo LIIIK i3 3actocyBaHHIM
He TUTBKH QUIBTPY 8 MKM, a i1 PinbTpiB 5 MM Ta 3 MkM, ckiana 20,66 %.

OTxe, MOXHa 3pOOUTH BHCHOBOK, IO PO3POOJNIEHUH METOJA BH3HAYEHHS
HITK y kpoBi moauHM, peanizoBaHuil y 3amnpornoHoBaHii [T, nae 3mory BUSBUTH
JIOaTKOBO HASBHICTh 3JIOSKICHUX TyxiuH y 20,66 % BumamkiB (koedirieHT
acouianii FOma ro = 0,98, p < 0,001). Tomy Bxke mix yac MOYaTKOBUX JOCHi-
JUKEHb € MOJKJIMBICTh JIarHOCTYBAaTH HAsBHICTH 3MOSIKICHUX IyXJIHH i 3a0e3re-
YUTH CBOEYACHE JIIKYBaHHS KOKHOMY I’ ITOMY TAL[EHTY.

Otpumani pesynsraTé BuszHaueHHs L[[IK 3a momomororo iHbopMamiiHOi
TEXHOJIOT1i OyJI0 mepelaH0 B OHKOIEHTPH i KJIIHIKU IMiJ THMHU X KOJaMH, i
SKHMH 1 OTPUMAHO.
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B miporieci sikyBaHHS U1l BU3HAYCHHS €(pEKTHBHOCTI Orepallii, IpOMEHeBOi Ta
XimioTepartii, a TAKOK Il BUSHAUCHHS PELUINBY ITyXJIMHH 1 MOYaTKy MeTacTaTHy-
HOTO TPOLIECY PEKOMEHI0BAaHO BHM3HAYATH HASBHICTH IUPKYJTIOIOUHMX ITyXJIHHHUX
KIITHH B KPOBI Tali€HTa (3 ypaxyBaHHSAM BHUAUICHUX KIITHH MAJIOTO TiaMeTpy).
BuxopucranHst TpeTboi Tpyny KpUTEpiiB Y 3alpONOHOBAHIH TEXHOJOTIl pPeKOMEH-
JIOBaHO JUIsl BU3HAYEHHSI MO>KIIMBOTO IIPOTHO3Y Mepediry 3aXBOPIOBaHHSL.

3acTocyBaHHS PO3POOJICHHX METOAY Ta iHPOPMAIitHOT TEXHOJOTIl BUSBICHHS
Ta OIIHIOBAHHS 3JIOSKICHOCTI BUIUICHUX KIITHH MaJIOTO PO3MIipy Y 3pa3kax Kpo-
Bl JIFOIMHY ITiJT 9aC BUKOHAHHS JOCIIHKEHD Y IIUTOTICTOIOTIYHUX JTa00paTopisX,
OCHAIIIEHHUX TMPHUJIaJaMU CBITIOBOI MIKPOCKOIIii 3 BiJJe03aXOIUICHHSIM 300pakeH-
HSl, HaJla€ MOKJIMBICTD OAEPIKATH Ba>KJIMBY Ta CBOEYACHY TOJATKOBY JiarHOCTH-
4yHYy iHpOpMAaIlifo.

HakonnvenHs 6a3u AaHUX MPOIIarHOCTOBAaHHUX 300paXKeHb, SKI OTPUMANN
excnepTHi BucHOBKM moxo Buxy LIIK, Ta momameiie cTBOopeHHS 0a3u 3HaHb
(mabmoH-MacoK) 3a0e3MeYnTh MOMOBHEHHS (YHKIIIOHANTY 3allpOMOHOBAHOI iH-
(dhopMarriiftHOi TeXHOJIOTIi BU3HAYCHHSI THITY ITyXTMHHUX KIIITHH.

Bukopucranus po3poOneHoi iHpOpMaIiiiHOT TEeXHOJIOTiT BH3HAYECHHS
OUPKYJIIOIOYNX MyXJIWHHUX KIITHH MiABUILYE €QEKTUBHICTh BHU3HAUYCHHS
MUPKYITIOI0YIX MyXJIMHHAX KIITHH 32 paXyHOK CKOPOYEHHS Yacy TeCTyBaHHA Ta
PO3IIMPEHHS Jliana30Hy JOCTIKSHHS 3aBJSKH MOXJIMBOCTI BHSIBICHHS KIIITHH
Manux po3mipiB. YaockonaneHHs [T 3a paxyHOK OOMOBHEHHsI 0a3010 3HaHb
(xoMrITIekc mabIOH-MacoOK Ta BiJIOBIIHUX €KCIEPTHUX BUCHOBKIB) YMOMKIIHB-
JIFO€ 3aCTOCOBAHHS ii y CKPUHIHTOBOMY JOCIIDKEHHI KPOBi IMAIli€HTIB, B TOMY
YHCIIi Ha JOKIIIHIYHOMY eTari 0OCTeKEeHHS.
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APPLICATION OF INFORMATION TECHNOLOGY
FOR DETERMINATION OF CIRCULATING TUMOR CELLS
TO DIAGNOSTICS OF MALIGNANT TUMOR DISEASES

Introduction. The study of the possibility of using the circulating tumor cells (CTC) defini-
tion in the patients’ blood with different localization of malignant tumors as a diagnostic
criterion and the criterion of the effectiveness of specific treatment tactics is one of the topi-
cal issues in modern oncology.

The purpose of the paper is to analyze the results of using the developed information
technology for identification of circulating tumor cells for the study of blood samples of
patients in order to confirm or reject the initial diagnosis of cancer of different localization.

Results. Our information technology is based on the use of an advanced method of iso-
lation of intact circulating cells, the difference of which is to supplement the structure of the
basic ISET method with new modes: 100% sealing chamber with hemolysate and providing it
with the necessary and constant pressure during the filtration process by introducing a nega-
tive pressure gauge, as well as the mode of three-level filtering of the CTC on consecutive
polycarbonate membranes with micropore diameters of 8 pm, 5 um and 3 pm.
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To assess the malignancy of selected cells, the information technology used the method
of determining the CTC according to the set of criteria, formed databases with created tem-
plate CTC masks and control templates in the automated mode. Blood samples from patients
were tested using IT. Taking into account each step of the technique (using different filters),
analysis of the results showed that of the total proportion of samples, which additionally
detected the CTC using not only an 8 um filter, but also filters 5 um and 3 um, was 20.66 %.

Conclusions. The use of information technology to identify circulating tumor cells im-
proves the efficiency of detecting these cells by reducing the testing time and expanding the
range of research due to the ability to detect cells of small size. Improvement of IT by sup-
plementing the knowledge base (complex of template mask masks and relevant expert find-
ings) makes it possible to apply it in screening of patients' blood, including at the preclinical
stage of the examination.

Keywords: information technology, circulating tumor cells, method of isolation of circulating
tumor cells, automated system, screening of patients' blood.
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3aB. kadenpoit OMOMETNIIMHCKON HHXEHEPUI

e-mail: alexazarhov@gmail.com

Yepuvluosa T.A42, Bpady,

e-mail: tetyana.che@gmail.com

: IIpuazoBckuii rocyjapcTBeHHbI TexHnueckuii yausepcurer MOH YkpauHsl,

yi. YHUBepcuTeTckas, 7, r. Mapuymnounb, 87555, Ykpauna

* ABHAIIMOHHBII MEMIMHCKHH 1enTp HalHOHATEHOr0 aBHAIIHOHHOTO YHHBEPCHTETA,
mp. Komapoga, 1, 03058, Kues, Ykpanuna

[MPUMEHEHHUE MTHOOPMAILIMOHHOM TEXHOJIOT MU OIIPE/IEJIEHUSA
NUPKYJIMPYIOIUX OITYXOJIEBBIX KJIETOK UL JUATHOCTHUKH
3JIOKAYECTBEHHBIX OITYXOJIEBBIX 3ABOJIEBAHIN

PaccMmoTpenbl pe3ynbTaThl UCIOJIB30BaHUS pa3paboTaHHON MH(OPMAIMOHHOW TEXHOJOTHU
ompeJesieHHs] TUPKyIupyromux omnyxosieBbix kietok (LIOK) mns mcciemoBanust oOpasioB
KPOBH MAIMEHTOB C LEJNbIO IMOATBEPIKICHHUS WINM OTKJIOHEHHS EPBUYHOTO JHArHO3a OHKOJIO-
THYECKOT0 3200JICBaHUs Pa3TMYHOMN JIOKATH3AIHH.

JI71s1 OLIEHKH 37I0KQUeCTBEHHOCTH BBIZCICHHBIX KIETOK B MHQOPMAITHOHHON TEXHOJIOTUH
HCIIONIb30BAHBL:  YCOBEPIICHCTBOBAaHHBIN MeTo BblAeneHuss HemoBpexaeHHBIX [IOK,
c(hopMUPOBAHHBIN KOMILUIEKC KpUTEPUEB, 0a3bl JaHHBIX CO3AaHHBIX mabmoH macok LIOK u
KOHTPOJIBHBIX Ia0JIOHOB JOOPOKAYECTBEHHBIX KJIETOK B aBTOMATH3UPOBAHHOM pEXKHUME.
[TpoBeneHo uccienoBanue 00pa3loOB KPOBU MAIMEHTOB C HUCIOJIB30BAaHHEM pa3paboTaHHOU
UT. AHanu3 pe3yabTaTOB MCCICIOBAHHS C YYETOM KaXKIOTO Iara MeToja (C MCIOIb30BaHH-
€M Pa3IMYHBIX (HIBTPOB) MOKA3aJl, YTO CyMMapHas J10JIs1 00paslioB, B KOTOPBIX JAOTOJHUTE-
npHO oOHapysxeHo IJOK ¢ mpuMeHeHHeM He TOJIBKO GHIbTpa 8 MKM, HO U (HIBTPOB 5 MKM
u 3 MM, coctaBuia 20,66 %.

Knrouegvie cnosa: MHd?OpMCZLﬂtOHH(l}Z mexHosocus, Yupkyaupyrouwue onyxojeevlie Kilemku,
Mmemoo U3ONAYUU YUPKYIUPYIOWUX ONYXO0JIe8blX KIemoK, asmomamu3upoeanHas cucmemda,
CKPpUHUH2080€ ucciredosanue Kpoeu nayuenmoe.
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J10 YBATH ABTOPIB!

VY KypHaji HafaHO Pe3yJIbTaTh AOCIiIKEHb B Taly3i Teopii 1 MPaKTUKU iHTENeK-
TyaJIbHOTO KepyBaHHS, iHpopMaTHKH Ta iHPOPMALIHHUX TEXHOJOTIH, a TAKOXK
010JIOTIYHOT 1 MEIUYHOT KIOEPHETHKH.

LlinboBa ayauTopisi- HAYKOBIIi, IHKEHEPH, aCHIPaHTH 1 CTYJCHTH BUIIMX HaBya-

JILHUX 3aKJIaJiB BIAMOBIAHOTO (haxy.

Bumoru no pykonuciB craTei

1. Pykonmc HamaroTh Ha mamnepi y ABOX MpUMipHHUKaX (MOBa — aHTIIINCHKA,
yKpaiHChKa, pociiichka, 17-22 c.) Ta elnekTpoHHa Bepcis. Jlo pyKomucy T01aroTh:

* aHOTaMii — YKPaiHCHKOIO Ta aHTJIIHCHKOI0 MOBaMH (TIPi3BHUIIE, iHIIIATH
aBTopa/iB, Micuie poboTH, MicTO, KpaiHa, Ha3Ba crtarti, Tekct 250 -300 cmiB, 3
BUJUJICHHAM pPYyOpHK: BCTYIN, MeTa, Pe3ylbTaTH, BHCHOBKH, KJIFOUOBI CIIOBA),
pociticekoro mMoBoto (Y/IK, mpisBuie, iHimianu aBTopa/iB, Ha3Ba craTTi, 7-9
PAAKIB TEKCTY, KITFOUOBI citoBa (5-8 ciiB);

* CITUCOK JIITEpaTypH Ha MOBi OPUTIHANTY - B TIOPSKY 3raJlyBaHHsS B TEKCTI,
3a crangaptoM JACTY 8302:2015;

* CIIMCOK JIITEpPaTypH - epeKiaa JuKepel aHTTiHChKOK MOBOIO, TIPi3BHINA
Ta iHILiaJIM aBTOPIB - TpaHCIITepawis:

* JIeH31HHUI TOTOBIp;

* BIZIOMOCTI NpO aBTOPa/iB YKPAiHCHKOIO, aHTITIHCHKOIO Ta POCIHCHKOIO
MoBaMu noBuHHI Mictutu: [11B, BueHn# cTyminb, HayKOBe 3BaHHs, M0Ca/Ia, Bij-
I, Miciie poOOTH, MOIITOBA ajapeca opraxizaiii, TenedoH (A 3B’A3Ky peaak-
topa), E-mail, aBTopchki inentudikatopu ORCID abo ResearcherID.

2. TekcT cTaTTi NOJAETHCS 3 0O0OB'SI3KOBUMH PYOpPHUKaMU: BCTYII, IOCTAHO-

BKa 3aBIaHHSA/TIPOOTIEMH, METa, PE3yJIBTATH, YITKO CPOPMYIIHOBaHI BHCHOBKH.



Bumoru 10 TekcTtoBoro gaiay

®opmat ¢aitny * .doc, * .rtf. daiin noBuHeH OyTH MiArOTOBIEHHH 3a J0-
MOMOTH TEKCTOBOTO peaakTopa Microsoft Word.

BukopucroBysani ctumi: mpudt Times New Roman, 12 nt, Mi>kpsakoBuii
inTepBai — 1,5. ®opmar nanepy A4, Bci 6eperu - 2 cM.

Gopmynn HabuparoTs y penakropi ¢opmyn Microsoft Equation Editor 3.0.
Omnuii penakropa gopmyit - (10,5; 8,5; 7,5; 14; 10). lllupuna dopmyJ -0 12 cm.

Pucynkn noBuHHI OyTH SIKICHUMH, CTBOPEHI BOYJOBAaHHM PEJaKTOPOM pPH-
cynkiB Word Picture a6o immmmm Windows-nmogatkamMu (pHCYHKH HAIalOTh
okpemMuMu ¢aiinamu Bianosigaux ¢hopmaris). lllupuHa pucyHkis - 10 12 cm.

Tabmu1li BUKOHYIOTH CTaHIAPTHUM BOymoBaHUM y Word iHCTpyMeHTapieM

«Tabmurry. lllupuna Tadaumi - 10 12 cMm.
HepennuaTty Ha :xxypHaJ (IpyKoBaHa Bepcisi) B YKpaiHi 31iliCHIOIOTH:
- 3a «Karanorom Bumanp YKpaiHu», IHAEKC epearuiaTi ApyKoBaHoi Bepcii - 86598;

- 3a IOTIOMOTH IepenIuiaTHoi areHmii « Ykpiagopmuaayka» HAH Ykpainn,

ukrinformnauka@gmail.com, innekc xypHany — 10029
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