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LINGUISTIC APPROACH FOR ESTIMATION OF ELECTROCARDIOGRAMS 'S
SUBTLE CHANGES BASED ON THE LEVENSTEIN DISTANGE

Introduction. The linguistic approach, based on the transition from electrocardiogram
(ECG) to codogram, gained fame for the analysis of heart rhythm. To expand the functional-
ity of the method, it is advisable to study the possibility of simultaneously monitoring the
dynamics of changes in the duration of cardiac cycles and the indicator of simmetry T-wave
that carries information about ischemic changes in the myocardium.

The purpose of the article is to develop algorithmic and software components to solve
this problem and conduct experimental studies on model and real data.

Methods. ECG of certain groups was automatically encoded, Levenshtein distance was
calculated between ECG pairs for group and the reference codogram of the group was con-
structed. The evaluation of the results of experimental studies was carried out on the basis of
traditional methods of statistical analysis.

Results. It is shown that based on the Levenshtein distance between all pairs of codo-
grams of the test group, the reference codogram of the group of patients with coronary artery
disease (CAD) and the group of healthy volunteers can be determined. It was established that
making decisions based on the comparison of the ECG codogram of the person with the
reference codogram allows for the separation of representatives of the indicated groups with
sensitivity Sg = 72% and specificity Cp = 79% even in those cases when the traditional
analysis of the ECG in 12 leads is not informative.

© FAINZILBERG L.S.. DYKACH Ju.R.. 2019
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Conclusions. The proposed approach allows to obtain additional diagnostic informa-
tion when solving actual problems of practical medicine.

Keywords: linguistic approach, diagnostic sign of ECG, Levenshtein distance.

INTRODUCTION

The physiological processes occurring in biological systems are often repetitive
in time. Such processes generate specific signals, which are commonly called
cyclical in the scientific literature [1, 2]. A typical example of a cyclical signal is
an electrocardiogram (ECG), reflecting the cyclical nature of the circulatory
system and respiratory organs of a living organism.

Despite the fact that electrocardiography for over a hundred years has been
the most common method of functional diagnostics in cardiology, the sensitivity
and specificity of traditional ECG examinations are not high enough. Thus, in
work [3] it was shown that resting ECG, assessed by generally accepted criteria,
remains normal in approximately half of patients with chronic coronary artery
disease (CAD), including during episodes of chest discomfort.

Modern digital electrocardiographs, which implement traditional ap-
proaches to the analysis and interpretation of ECG, also do not provide the re-
quired reliability of diagnostic results. Moreover, experienced clinicians still
prefer visual interpretation of ECG, not completely trusting computer algo-
rithms, which, because of the complexity of real signals, often lead to errors at
the stage of recognition of informative fragments [4].

Therefore, scientists are constantly looking for alternative approaches to
computer processing of cyclic signals, in particular, ECG. One of these ap-
proaches is based on the transformation of the original signal into a word
(sequence of characters), for the analysis of which the concepts of formal
languages are used. Such an approach in various publications is called linguistic
[5, 6], structural [7] or syntactic [8].

In cardiology practice, the linguistic approach has become famous for ana-
lyzing heart rhythm [9, 10]. It has long been known that the heart rhythm is a
universal reaction of the organism to any influence from the external and inter-
nal environment [11]. Mathematical analysis of the heart rhythm allows you to
obtain important information about the functional state of all parts of the regula-
tion of human life, both in normal conditions and in various pathologies [12].
Computer technologies of mathematical analysis of heart rate variability of the
heart rate (HRV) are still actively used to assess the state of the autonomic nerv-
ous system and adaptive reserves of the body [13].

However, only on the basis of control over the sequence of lengths of the
R — R -intervals it is impossible to judge the functional state of the heart itself as
the main system-forming organ, in particular, the ischemia of the heart muscle.
To increase the credibility of the conclusion about the functional state of the
body, it is reasonable to supplement the analysis of the dynamics of the
R — R -intervals with an analysis of the dynamics of other ECG indicators.

In [14, 15], a method for analyzing an ECG signal was proposed, which
provides for encoding ECG symbols of a given alphabet that carry information
about the increment signs of both the R — R -interval lengths and the amplitudes
of R -wave of adjacent cycles. As a result, the observed ECG generates words

4 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)
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(codograms), the processing of which by machine learning methods expands the
capabilities of the mathematical analysis of heart rhythm.

The International Scientific and Training Center for Information Technologies
and Systems of the National Academy of Sciences of Ukraine and the Ministry of
Education and Science of Ukraine has developed an innovative method for processing
electrocardiograms (ECG), which is called fasegraphy [16, 17]. A distinctive feature
of the method is the use of intelligent IT for processing the observed time signal
z(t) on the phase plane z(t),z(t), where zZ(t) is the rate of change of the electrical
activity of the heart [18]. This difference made it possible for the first time to imple-
ment a procedure for reliably determining the novel ECG feature (indicator 3, ) char-

acterizing the symmetry of the 7" -wave of the cardiac cycles [19].
Large-scale clinical studies conducted with the help of the FASEGRAPH®
software and hardware complex, which implements fasegraphy method, con-

firmed that measuring the indicator 3, and evaluating its standard deviation
RMS B, makes it possible to increase the accuracy of detecting the initial signs

of myocardial ischemia, even in cases where the analysis of traditional ECG
features in 12 leads is not informative [20].

It follows that, remaining within the framework of linguistic analysis, it is
advisable to study the possibility of simultaneously analysis the dynamics of

changes R — R - intervals and dynamics of changes [3,-indicator on the se-

quence of cardiac cycles.
The purpose of the article is to develop algorithmic and software compo-
nents for solving this problem.

BASIC COMPONENTS OF LINGUISTIC ECG ANALYSIS

Recall that the general scheme of linguistic analysis of the time signal z(z) sug-
gests segmentation z(¢) into a sequence of separate fragments, reflecting the

alternation of elementary events during the development of the process under
study [6]. Thus, a transition is made from the k -implementation of the signal

z,(t)observed on a limited time interval ¢e[0,7] to the word
S, = 0,0, -0 as finite chain of characters a; € A, j=1,...,K from the al-
phabet of the “names” of the fragments. A set of all-possible words (not neces-
sarily finite) forms a formal language for which the grammar is built [21]:

G=(Q,.Q,.P,0,). (1)

where ) is a set of non-terminal symbols (variables); €, — a set of terminal
symbols (constants), Q, UQ =A,Q, NQ = ; P, — aset of grammatical
rules (substitution rules); ®, € €2, — initial (root) non-terminal character.

In the majority of works devoted to linguistic analysis of signals, it is assumed
that the alphabet of reference fragments is known in advance [22], and the construc-
tion of grammar makers adequate to the set of observed signals is carried out by man
on the basis of informal knowledge of an expert in the subject area.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne2 (196) 5
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Despite the fact that in a number of papers, particular, in [23], the main theoretical
concepts of the general formulation of the problem of restoring grammars on a training
set of observations were revealed, it should be stated that there are still no universal
methods for practical solution of this difficult problem.

Therefore, following the works [14, 15], we will make the transition from

the k -th observed signal z,(f) to the word S, =a,a., -0, , analyzing the

sequence of sign differences in the values of ECG indices on adjacent cycles.
Let we have N ECG cycles and values of several indicators are determine-
don on each of cycles , for example, the duration of RR intervals and the index

B, of T wave symmetry.
Denote each of these sequences as:

Xp5 Xy Xy - )

Let us determine the values of the indicator variable V,, i =2,...,N , by the
signs of the increments of the quantities on each cycle in relation to the previous cycle:

B +1if x,—x_, >0,
P -1, if x_,—x >0. )

As a result, for the indicators RR and 3, , we will get two sequences of
indicator variables Vl.(RR) and me respectively, and each ECG cycle will be

encoded with one of the four symbols of the alphabet A = {a,b,c,d} as follows

(Tabl. 1).
The sequence of characters received in accordance with Table 1 forms a

N -bit word S, (codogram) that uniquely encodes the k -th processed ECG.
For illustration, a flowchart of the codogram’s generation S, where N is

the total number of registered cardiac cycles (Fig. 1).
The proposed method of linguistic analysis and interpretation of ECG is

based on the Levenshtein distance L(S,,S,)between two words S, S, of

N and M symbols, respectively. Recall that the Levenshtein distance is equal to
the minimum number of editing operations such as insertion, deletion, and re-
placement of a character for converting a word §, into a word S, [24, 25].

The algorithm for calculating the Levenshtein distance is as follows.

Table 1. Principle of ECG cycle coding

The value of the indicator variable V’.(RR ) +1 +1 -1 -1
The value of the indicator variable Vi(ﬁT) +1 -1 +1 -1
Symbol a b c d

6 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)
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> 0<i<N

S(i-1)=a S(i-1)=b S(i-1)=c S(i-1)=d

Codogram
ddabdcbadcbadca

Fig. 1. The algorithm's block diagram for the formation of codograms

We form a matrix D of dimension N +1, M +1and fill the first row and
first column of the matrix D as follows:
D(@i,0)=i, Vi=0...N,
D0, )= j, Vj=0...M. (4)

The remaining elements of the matrix D (i >0, j>0) is filled in accor-

dance with the rule:
D(, j)=min{D(i,j =D +1, D=1, /) +1, D=1 j =D +m(S,()S, (N} (s

where

0.if S,(i)=5,(j).

m(Sl(i),Sz(j)):{L itS(i)%S.()). (6)

As a result the value D(N, M) determines the Levenshtein distance.

In general, there may be several optimal paths from cell D(1, 1) to cell
D(N,M)that provide the minimum number of editing operations. Figure 2
illustrates this fact and shows the "optimal" sequence of transition from the word

S| = ddabdcbadcbadca 7

to the word
S2 = bacdaaacdadccbb. (8)

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196) 7
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d{d|a| b|d|c|b|a|d|c| b|fa | d|c]|a
of1l2]3]als]e|7]8]o]w0]u]1z]13]14]15
b1 ((MD+@)| 334|567 |8]|910[11|12]13|14
a2 2|2/@]3]4]s5]6|6|7]8]0]|10]11]12]13
cl3l3|3|3[@ala]s]e]7]7]8]9]10]11]12
Ed43344\®—@)\5667399]011
a8 4434|4567 ]8]s]9]10]10
al6 5|54/ 4]5][5/®G]6|7]s8]s]9]10]10
al2l6l6|s|s|s]e|l6[@®N®]7]8]8]9]10]10
cl8]7]|7]6]6]6|s5]6|6|6|®7]8]9]9]10
alols|7]7]7]6]6]6|7]6| 7@ s8]8]9]10
a0 o|s|7|s|7][7]7]6|7]7]8[@8]9]9
ali0]ols|s|s|s]s]|7]6]|7]8]s[@s]o
clizl1n|1w0]oolols|ols|7|6]7]s|@ID) s
c 3| 12|11]10]10]10]0]olols|7]7]s8]9 @G
b |14 3]12]1fo]ufw]ofw|o]s]7]s]9]0@O
b [35] 14] 1312/ 11 1 f11f10]10/10] 9[8[ 8[9]1000)

Fig. 2. Possible ways to ensure the optimal transition from the word S to the word S,

Table 2. The optimal transition from word S, to word S,

Step Source word Operation Result of editing
Replacement
1 S, = ddabdcbadcbadca d—b S;=bdabdcbadcbadca
2 S, = bdabdcbadcbadca Deletion d S1=babdcbadcbadca
3 S1=babdcbadcbadca Rep;aii:r:ent S1 = bacdcbadcbadca
4 S1 = bacdcbadcbadca Deletion ¢ S1 = bacdbadcbadca
5 S1 = bacdbadcbadca Replacement S1 = bacdaadcbadca
b—a
Replacement
6 S, = bacdaadcbadca S, = bacdaaacbadca
d—>a
7 S1 = bacdaaacbadca Replacement S1 = bacdaaacdadca
b—>d
8 S, =bacdaaacdadca Replacement S1 = bacdaaacdadcc
a—>c
9 S1 = bacdaaacdadcc Insertion b S1=bacdaaacdadccb
10 S; = bacdaaacdadccb Insertion b S; = bacdaaacdadccbb

8 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)
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The step on i symbolizes the removal of the next symbol from the word
S|, the step on j — inserting the next word S, symbol into the word S, , and the

step on both indices symbolizes the replacement of the S, symbol with the next

S, symbol or the absence of changes.

Table 2 demonstrates one of the optimal options shown in Fig. 2.

In addition to the classic Levenshtein distance, a number of its modifica-
tions are known, for example, the Damerau-Levenshtein distance, in which an
additional editing operation in the form of transposition - permutation of two
adjacent symbols, or the Levenshtein extension where different prices for ele-
mentary editing operations is introdused.

INFORMATION TECHNOLOGY OF LINGUISTIC ECG ANALYSIS

A number of important tasks can be formulated based on the calculation of the
Levenshtein distance between the ECG codograms, including:

Task 1. Study of the properties of the Levenshtein distance based on the
analysis of model signals generating an ECG of a realistic shape

Task 2. Decision making on the affiliation of the examined person one of
two groups, for example, a group of patients or a group of conditionally healthy
people, a group of trained or untrained, etc.

Task 3. Evaluation of the intra-individual characteristics of the codograms
of one person over a sufficiently large segment of observations.

Task 4. Study of the possibility of using Levenshtein distance to assess
changes in the functional state of the body under the influence of physical and
emotional stress, medication, surgery, etc.

To perform the necessary research, an information technology (IT) has been
developed, the structure of which is shown in Fig. 3.

To study the properties of the Levenshtein distances a software simulator that im-
plements a stochastic model of generating artificial electrocardiograms of a realistic
form [26] was uncluded in the IT. The generative model generates a sequence of ECG
cycles, built on the basis of the sum of asymmetric Gaussian functions.

zy(t) = ZAI exp{— %} )

with a given level of distortion of parameters that characterize the shape of the
k -th fragment k € {P,Q,R,S,ST,T}

Studies of the possibilities of the proposed approach for solving other
problems were carried out on the basis of real ECGs accumulated in the
database of the FASEGRAPH" complex. The complex consists of an
ECG recorder with finger electrodes and a computer program that pro-
vides automatic ECG processing and determination of traditional and
original diagnostic features, in particular, the duration of RR - intervals
and parameters 3, beat to beat.
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IMITATOR OF ARTIFICIAL
ELECTROCARDIOGRAMS

U !

Sequence of values 3, and RR

U

Words (codograms) generation module
aacbadabbcbacbaabac

g

Levenshtein distance calculation module

g

The module of statistical processing and visualization

| o ' 5
Fig. 3. Structure of information technology

19 [ §
m [
H

.'Mjl
w |3

According to the accumulated data, corresponding codograms were formed
and reference codograms of individual groups of subjects were determined, for
example, reference codograms of verified patients and conditionally healthy
volunteers, athletes and people who are not actively involved in sports, etc.

The algorithm for constructing reference ECG codograms is as follows.

Let O, and O, ECG which represent one of the two studied groups was re-
corded as a result of the experiments. Each of O, ECG of the first group (for
example, a group of patients) is encoded in words S;l) , q=1,...,0, , in accor-
dance with Table 1. According to formulas (4) - (6), the Levenshtein distance
LHV(SS),SS)) between each pair S}El),S(l), p=1..,0,,v=1..,M, encoded

ECG is determined.
Next, we form a square Q, xQ,-matrix of  distances

L, (S;l) ,Sil)) ,u=1L..,0,, v=1,..,0, between all pairs of words correspond-

ing to the ECG of the first group of subjects
10 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)
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L, le,...,LlQl

L, L,,.., L
A=| T 2 20,

L, ., L L

0,1°70,2°°°>770,0,
The row of this matrix, the sum of the elements of which is minimal, defines
the reference word Sél) of the first group, i.e.

%
S =argmin) L .
o) =argmin) L, (10)

The reference word Séz) of the second group is determined in a similar way
by analyzing the sum of the elements of the Levenshtein distance matrix
LHV(Sﬁz),Siz)) , u=0L...,0,, v=1...,0, constructed for all pairs of codograms
of the second group, i.c.

%3
S =argmin L, .
’ 15v<0, ; ! (11)

Reference codograms (10), (11) allow solving various tasks, for example, re-
lating the analyzed ECG to the first or second groups based on a comparison of

the Levenshtein distance between the code word S, of the analyzed ECG and the
reference words S.” and S{”

ECG belongs to the first group, if L(S,,S{") < L(S,,S), (12)

ECG belongs to the second group, if L(S,,SS") > L(S,,S”). (13)

A similar rule can be used to make a decision about the level of fitness of a
person on the basis of Levenshtein’s distance between his codogram .S, and ref-

erence words Sé” and Sé” , constructed separately for groups of athletes and

people who are not actively involved in sports.

To assess the intraindividual features of the codograms (task 3), the data
of the concrete person was extracted from the database, which were registered
for a sufficiently large period of time. We analyzed only those persons who had
no serious organic cardiac abnormalities during the observation period.

On the basis of processing the Q codograms of a concrete person we de-

termined a reference word S for this person and calculated the Levenshtein
distance L(S, ,S,) L(S,,S,), ... , L(S,,S,) relative to S,. The values
L(S,,Sy) L(S,,8y), ... » L(S,,S,) were considered as the implementation

of a random value for which an estimate of the distribution was constructed and
its statistical characteristics were determined.
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For the study of changes in Levenshtein distances in the course of physical and
emotional loads, drip injections of drugs and other experimental studies (task 4), we
used the electrocardiogram accumulated in the database, recorded during the corre-

sponding observation period 7, and plotted the changes of the distances

L(S, .S, ) during the experiment relatively discrete time ¢ = 1,2,..., 7.

RESULTS OF EXPERIMENTAL RESEARCHES

Let us briefly review the first practical results obtained using the developed IT.
Figure 4 shows graphs of test signals generated by an artificial ECG simula-
tor. The first signal (the signal A)is a periodic function - a sequence of ECG

cycles of a given shape without distortion. Obviously, the codogram of such a
signal contain only one letter:

S, =dddd...dddd.

The codogram S ,was used as a reference for calculating the Levenshtein

distances to the codograms of two other test signals: a signal B that simulated a
sequence of reference cycles with distortions of the shape of the wave T only,
and a signal C that additionally distorted the durations RR - intervals. The stan-
dard deviation of 3, for both signals was RMS f3,= 0,3 units, and the standard
deviation of the RR -duration (the standard indicator of the mathematical analy-
sis of heart rate variability) was SDNN =140 ms.

The codograms constructed for the distorted signals had the form:

S, = aacddccbaabdccbacabbcaaddcddadbbcaabbdaddadbabcc. ..
...babccdbabbdccbabcbababdcdacbabadcbadcdcbaddcd

S =bbabcbcabccaabddcbdcabdcaaabddcabdcbabbcbcecabdccabdce. ..

... beebabdcbdcbcabdcebdcbdcabddcbeabcaabddca.

Table 3 summarizes the results of the comparison of distorted signals B and
C with the reference signal A .

As can be seen from Table 3, the Levenshtein distance increases as the level of
ECG cycle distortion increases. However, it was established that the statistical de-

pendence of the distance L(S,,S,) of the analyzed codogram S, relative to the ref-
erence one 5, and index SDNN is substantially nonlinear: the coefficient of deter-

mination of the linear dependence R* < 0,5 .
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Table 3. The results of the comparison with the test signal A

SIGNAL | Incrementof RMS 3 ,un. | Incrementof SDNN ,ms Levenshtein distance, un.
B 0,03 0 L(S,8,) =46
c 0,03 140 L(S.,S,)="1

bl
L LE

RMS B, =0,03, SDNN =0

__

RMS B, =0,03, SDNN =140 ms

Fig. 4. Test signals: A — without distortion, B — distortion of 3, only, C —
both distortion BT and RR -intervals

Interesting results were obtained for athletes and people who are not ac-
tively involved in sports. The studies were conducted on the basis of real ECG,
obtained when testing young volunteers of both sexes aged 18—24, which were
divided into two groups:

* Group 1: Q, =47 highly qualified athletes who are engaged in boxing,
various types of wrestling and triathlon;

* Group 2: O, =113 people not involved in sports.

Investigations were carried out while performing the Martin test: 20 squats
in 30 seconds. We recorded ECG all person from each group before the load, at
the height of the load, and after a 3-minute rest. The values of the average heart
rate (/R ) and the average index [3, characterizing the symmetry of the 7" wave
were determined in these three states.

Following the previously obtained results [26], we will assume that an ade-
quate response of the organism to the load is that with the load both indicators
increase, and after resting they return to their original state, i.e.
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(HR® - HR") > (HR® - HR"), (14)
B —B) > (B —pY). 15)
where n(l),n(z),nm — the value of the corresponding indicator in the initial

state, at the height of the load and after a 3-minute rest.
We studied the differences in the body's response to exercise in athletes and
people who are not actively involved in sports, based on conditions (14), (15), and

also based on an estimate of the Levenshtein distance L(S“®,S")and
L(S§?, 8" ) between the codogram S at load height and codogram S after

resting with respect to to the original codogram S .

As a working hypothesis, it was assumed that the condition
L(S(z),S(l)) > L(S(3),S(l)) (16)

also confirms an adequate response of the organism to the load.
The results of the research are summarized in Tables 4 and 5, in the cells of
which the symbol “+” and “-” denote fulfillment or non-fulfillment of conditions

(14) — (16).

As can be seen from the data given in Tables 4 and 5, the athletes and non-
athletes observed small differences in the frequency of occurrence of events W,
i =1,...,8, which form a complete group. To confirm the reliability of the de-

tected differences, additional data processing was carried out on the basis of the
calculation of confidence intervals.

From probability theory it is known [29] that the frequency P " of a random event,
calculated from a sample of observations by volume Q , with reliability of inference

¥ determines the confidence interval I=[P" P*] of probability P, the
boundaries of which are determined by formulas:

Table 4. Athletes reaction to load

Indicator's recovery after the load
Random <@ Event
HR Br L (59, s®)
event frequency, %
Condition (14) | Condition (15) | Condition (16)

Vv1 + + + 23,40
W, - + + 2,13
W3 + - + 2,13
W, - - + 2,13
W, + + - 36,17
W - + - 10,64
W, T R - 14,89
Wy - - - 8,51
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Table 5. The response of non-athletes to the load

Rand Indicator's recovery after the load Event
andom R Br L (57,59 ven .
event — — — frequency, %

Condition (14) | Condition (15) Condition (16)
W, + + + 26,55
W, - + + 6,19
W; + - + 8,85
W, - - + 2,65
\x]5 + + - 34,51
W, - + - 7,08
W + - - 11,50
Wg - - - 2,65
S 1 [PA=p) 1t
PO — Y Q 0
= 2 17
1 i
+ L
Q
2 * * 2
.1z PA-P) 1¢
"™ o Tag
P =
= 2 ; (18)
1 i
+ L
2
* 1 + * 1 P ’L
where 7, =arg® (TY)>O,and<I) (x)= > Ie 2drt.
T —o0

On the basis of expressions (17), (18), according to the data of Tables 4 and
5, taking into account the volumes O, =47 and Q, =113 of the respective sam-
ples, the confidence intervals of the probability of random events W, ,i =1,...,8

are determined. It has been established that with reliability of inference
¥ =99% the reliability intervals of the probability for events W,, W,, W, do

not overlap in the group of athletes and people who are not actively involved in
sports (Table 6). And this with high credibility indicates that the probabilities of

these events are different. For example, in athletes P(W,)< 0,397, while
P(W,) > 0,498 in people who are not actively engaged in sports.

Table 6. Significant differences in confidence intervals of probabilities

Random event Confidence intervals of probabilities l'leliability of
Athletes Non-athletes inference Y
W, [0,100 ; 0,397] [0,498 ; 0,727] 99 %
W, [0,100 ; 0,397] [0,786 ; 0,941] 99 %
Ws [0,675 ; 0,940] [0,173 ; 0,383] 99 %
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Note that the indicators /R and [, represent the averaged values of the pa-
rameters of individual ECG cycles, and the condition (16) characterizes the dy-
namics of the RR -intervals and the index [, beat to beat. Therefore, condition

(16), to a greater extent than conditions (14), (15), characterizes transient proc-
esses when performing load tests.

The found statistically significant differences in the response of the body of ath-
letes and non-athletes to the load test may be related both to the athlete's overloads at
previous trainings and also to indicate that in the process of regular workouts the ath-
lete's body learns to more economically adapt to the load test. Both are reflected in the

features of the dynamics of change HR,B, and L(S*,S™). Of course, the study

of the found fact requires further deeper investigations on representative samples of
observations.

Recently, scientists have paid attention to intraindividual ECG changes of a
healthy person at rest [29], which is not a precursor of any pathology. In this regard, it
is interesting to study the intra-individual changes in the codograms of the same per-
son over a fairly long observation period.

The basis of such studies was based on the analysis of the ECG series of two

subjects, registered for six years. J; =26 codograms of the first test subject

(male) and Q, = 25 codograms of the second test subject (woman) are analyzed.

Based on the processing of the available codograms, the reference codo-
gram of the first person

S él) =bccabcbadabdcadcabcabcecbdcbbeabecaddcbbdaba. ..
...cbccbdabadadccdbcadccbaccbdcabdabbcabcabdcbacabbeadccbda
and the second person
S? = addaddacdadadcbdabcaddacbdcadabdadcadcadacd. ..
...adbccadcbbcadbcdadcadcdcdbedaddacbacbedacdadaacbabbcada

was constructed using the method described above.
Levenshtein distance between reference codograms is

L(SS",8)=52.

Estimates of distributions of random variables L(S",S{") and

L(St(z),Séz)) , t=1,..,0, (histograms) corresponding to ECG’s codograms
recorded during the observation period are presented in the (Fig. 5).
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Fig. 5. Histograms of distance distributions L(S,m , S(()l)) and L(St(z) , S(()Z))

As can be seen from Fig. 5, Levenshtein distances
LS, S L(S®,S{) varied over a fairly wide range of values for both
individuals during the observation period. For comparison, we note that during
this period there were also significant fluctuations in traditional indicators 3,

and standard deviation of RR -intervals which amounted
B(T” =0,771+0,079, B(Tz) =0,752+0,125, SDNN®" =379+16,1,
SDNN® =325+10,5.

The study of the diagnostic capabilities of the proposed method was carried
out using a database of real ECG recorded at the Ischemic Heart Diseases De-
partment of the V.D. Strazhesko’s Research Institute of Cardiology Academy of
Medical Sciences of Ukraine (Kyiv) and four clinics in Germany — Essen Uni-
versity Hospital (Essen), Katholical Hospital "Phillpusstift" (Essen), German
Heart Center (Berlin).

The clinical material consisted of 100 ECG records of patients with chronic
ischemic heart disease (CAD), whose diagnosis was previously established by

coronary angiography (class V), and 100 ECG records of healthy volunteers
included in the control group (class V)

By the formulas (10), (11) two reference codograms for the specified classes are de-
fined: the reference codogram of patients with ischemic heart disease

S\" = adcbdadcadabdabcadabdadcbdab

and reference codogram of a healthy volunteers

S = cbedcabdcabddcaadcaa.
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The Levenshtein distance between these codograms was
L(S, 8% =15.

Based on the processing of the available data, it has been established that
decision making according to the rules (12), (13) provides sensitivity

Sy =72% and specificity C, = 79%.
For illustration, we present the results of the ECG evaluation for two patients —
a verified patient (male, 69 years old), whose codogram was

S = adcabdadcadabdaddabdaadabdbdda

and a representative of the control group — a male, 54 years old, whose codo-
gram was

S® = bdcbbcdcabedcabedchaa.

It is easy to verify that L(S"”,S")=13 and L(S",S{’) =15, i.e.

LSO, 8" < LSV, 8

and in accordance with the rule (12), the survey must be reduced to the
CAD-group.

Similarly, for the second person we have L(S'”,S{")=14 and
L(S?,87)=8,ie.
L(S?,8") > L(S, 57)

and in accordance with the rule (13) the person should be reduced to a healthy
group.

It is important to note that traditional signs of myocardial ischemia (eleva-
tion or depression of the ST segment) not observed on all patient’s ECG. And
this means that conventional electrocardiography would classify all processed
ECG into healthy group.

At the same time experiments show that it is possible to classify representa-
tives of the classes even on such “complex” clinical material on the basis com-
parison of the Levenshtein distances.

Fig. 6 presents estimates of the conditional distributions P(L(S, ,S{")) and

P(L(S, ,S$?)) of Levenshtein distances with respect to the reference codograms
of the sick and the healthy person.
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Fig. 6. Conditional distributions of Levenshtein distances to patient (top) and healthy
(bottom) standards

Testing the hypothesis of homogeneity of conditional distributions
P(L(S,,S"))and P(L(S,,S{’)) according to the Kolmogorov-Smirnov
criterion showed that the hypothesis of equality of distributions should be re-
jected with high statistical significance (p < 0,001). The similar fact was con-

firmed by Mann-Whitney U test.
Consequently

P(L() | V)) # P(L() V). (19)

If also the diagnostic sign L(-) is conditionally independent of indicators
SDNN and RMS, i.e.

P(L,SDNN,RMS B, |V,)= P(L|V,)P(SDNN,RMS B, |V,),

k=12, 0

then, according to a theorem proved in [30], the Levenshtein distance is guaran-
teed a useful diagnostic sign in conjunction with SDNN and RMS in terms of
reducing the probability of erroneous decisions.

The analysis of the Levenshtein distances was also useful for illustrating the dy-
namics of ECG changes during the drug treatment of cardiovascular pathologies.
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Fig. 7. Schedule of changes in the distance L (S, S;) in the process of
intravenous drug infusions

Fig. 7 is a graph of the change in the distance L(S,,S,) between ECG

codograms, which were recorded during intravenous infusion of drugs to patient
R. (male, 72 years old), diagnosed with atrial fibrillation.

Patient R. was hospitalized at the Scientific and Practical Center for Preven-
tion and Clinical Medicine (Kyiv). ECGs were recorded every 5 minutes for 1
hour and 20 minutes in the process of intravenous infusion of Tivomax prepara-
tions followed by the addition of the drug Armadin.

Before the administration of the drugs, there was a pronounced extrasysitivity on
the patient's ECG, which decreased significantly to 20-th minute. With the further
administration of drugs, the heart rhythm gradually normalizes. By the end of 100
minutes, the standard deviations of the RR -interval were within the functional norm
(SDNN =30 ms). As can be seen from Fig. 7, the positive dynamics of intravenous
infusion of drugs is clearly illustrated by the graph of Levenshtein distances
L(S,,S, ) changing.

The analysis of the Levenshtein distance was also used to monitor the con-
dition of patient S. (male, 61) diagnosed with atrial fibrillation combined with
arterial hypertension, who was hospitalized for 47 days in a hospital for scien-
tists of the National Academy of Sciences of Ukraine. Monitoring was carried
twice a day (Fig. 8).

The patient was treated with antiarrhythmic drugs (Digoxin et al.) and
blood pressure lowering drugs (Captopres, etc.). Periodically intravenous infu-
sions of a number of drugs were conducted.

During the entire period of treatment, the patient's condition was stable,
which was reflected only by insignificant fluctuations of the Levenshtein dis-
tance between codograms except for some moments of time
(Fig. 8). One of such measurements, marked by an arrow in Fig. 8, was associ-
ated with the treadmill study, when the heart rate was 139 beats / min, and the

T -wave symmetry index assumed an excessively high value 3, = 2,05 unit.
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Fig. 9. Histograms RR- intervals before (left) and after (right) treatment of patient S

Daily monitoring of ECG indices using the method fasegraphy combined with
monitoring of Levenshtein distances, confirmed the effectiveness of the medical
treatment of the patient B.: the index decreased from the initial value of ms to the
value of ms. heart rate variability decreased by 73%, what clearly illustrates the com-
parison of the histograms of the durations of the RR -intervals (Fig. 9).

In conclusion we note that the considered approach of ECG coding with
subsequent analysis of the Levenshtein distance between codograms can natu-
rally be generalized to the cases when not only the intervals R — R and indicator
B, are used for ECG coding, but also other informative indicators, in particular,

amplitudes of R and 7" waves.

CONCLUSIONS

The proposed approach is based on converting sequences of parameters that
characterize the form of individual electrocardiogram cycles into a word — a
finite string of characters of a given alphabet. The words (codograms) obtained
in this way are analyzed on the basis of the Levenshtein distance, which deter-
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mines the minimum number of editing operations (inserting, deleting, and re-
placing a character) to convert one word into another.

The calculation of the Levenshtein distances between all pairs of codograms
of the group of subjects allows one to determine the reference codogram of this
group. Comparison of the Levenshtein distances, including the analysis of the
editorial distance between the current codogram and the reference codogram,
makes it possible to make diagnostic decisions about patient ownership of the
corresponding group.

An information technology based on the implementation of the components of
the proposed approach has been developed. Experimental studies conducted using
model and real data confirmed the potential diagnostic effectiveness of the proposed
approach for obtaining additional information in solving actual applied problems. Of
course, from the point of view of evidence-based medicine, such research should be
continued on a significantly larger amount of clinical material.

REFERENCES

1. Kanjilal P. P., Bhattacharya J., Saga G. Robust Method for Periodicity Detection and
Characterisation of Irregular Cyclical Series in Terms of Embedded Periodic Compo-
nents. Phys. Rev. 1999. Vol. 59. P. 4013—4025.

2. Fainzilberg L.S. Generalized Method of Processing Cyclic Signals of Complex Form in
Multidimension Space of Patameters. Journal of Automation and Information Sciences.
2015. Vol. 47. Issue 3. P. 24-39. DOI: 10.1615/JAutomatInfScien.v47.i13.30

3. Connolly D.C., Elveback L.R., Oxman H.A. Coronary heart disease in residents of
Rochester, Minnesota: Prognostic value of the resting electrocardiogram at the time of
initial diagnosis of angina pectoris. Mayo.Clin.Proc. 1984. Vol. 59. P. 247-250.

4. Solopov V.N., Sadykova A.R., Fedoseeva T.S. Limitations of automatic computerized
analysis of an electrocardiogram. Kazan Medical Journal. 2012. Vol. 93. No. 4.
P. 687-691. (In Russian).

5. Pavlidis T. Linguistic analysis of waveforms. Sofiware Eng. 1971. Vol. 2.
No. 4. P. 203-225. — https://doi.org/10.1016/B978-0-12-696202-4.50019-X.

6. Mottl N.V., Muchnik 1.B., Jakovled V.G. Optimal segmentation of experimental curves.
Automation and remote control. 1983. Issue 8. P. 84-95. (In Russian).

7. Haralick R.M. Structural pattern recognition homomorphisms and arrangements. Pattern
recognition. 1978. Vol. 10. No. 3. P.223-236.

8. Goldberger A.L. Fractal mechanisms in the electrophysiology of the heart. JEEE Eng.
Med. Biol. 1992. No 11. P. 47-52.

9. Cherkay A.D., Vlasov Ju.A. Linguistic analysis of the sequence of time intervals
between heartbeats. Theory and practice of automation of electrocardiographic and
clinical research. Kaunas: Kaunas Medical Institute. 1977. P. 128-131. (In Russian)

10. Maksimov A.V. ECG signals analyzing using translating grammars. News of the Tagan-
rog University of Radio Engineering. Thematic issue "Computer technology in engineer-
ing and management practice”. 2001. P. 210-216. (In Russian).

11. Tsidypov Ch.S. Pulse diagnosis of Tibetan medicine. Novosibirsk: Science, 1988. 134 p.
(In Russian).

12. Bajevsky R.M., Ivanov G.G. Heart rate variability: theoretical aspects and possibilities of clinical
use. Ultrasound and functional diagnostics. 2001. No 3. P C. 108-127. (In Russian).

13. McCrafy R. New Frontiers in Heart Rate Variability and Social Coherence Research:
Techniques, Technologies, and Implications for Improving Group Dynamics and Outcomes.
Front Public Health. 2017. No. 5. P. 2—13. https:// doi:10.3389/fpubh.2017.00267.

14. Uspenskiy V.M. Diagnostic System Based on the Information Analysis of
Electrocardiogram. Proceedings of MECO 2012. Advances and Challenges in Embedded
Computing (Montenegro, June 19-21). 2012. P. 74-76.

22 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)



Linguistic Approach for Estimation of Electrocardiograms’s Subtle Changes Based

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kolesnikova O.V., Krivenko S.S. Information analysis of electrocardiosignals: justifica-
tion and possibilities. Papers of scientific works of the First International Scientific and
Practical Conference "Information Systems and Technologies in Medicine" (ISM-2018).
Kharkiv: KNURE. 2018. P. 161-163. (In Ukrainian)

Fainzilberg L.S. The basic of fasegraphy. Kyiv: Osvita Ukraini, 2017. 264 p. (In Russian).
Fainzilberg L.S. Computer diagnostics based on the electrocardiogram phase portrait.
Kyiv: Osvita Ukraini, 2013. 191 p. (In Russian).

Fainzilberg L.S. ECG Averaging based on Hausdorff Metric. International Journal of
Biomagnetism. 2003. Vol. 5. Ne 1. P. 236-237.

Fainzilberg L.S. Intellectual possibilities and prospects for the development of fasegraph infor-
mation technology of processing signals of complex shape. Kibernetika i vycislitelnad
tehnika. 2016. Issue 186. P. 56—77. (In Russian). https://doi.org/10.15407/usim.2018.03.003
Dyachuk, D.D., Gritsenko, V.I., Fainzillberg, L.S. 2017. Application of a method of a
phasagraphy during the screening of ischemic heart disease. Methodical
recommendations of the Ministry of Health of Ukraine No. 163.16 / 13.17, K.: Ukrainian
Center for Scientific Medical Information and Patent and Licensing, 32 p. (In Ukrainian).
Gonzalez R.C. Syntactic pattern recognition. Introduction and survey. Proceedings of the
National Electronic Conference. 1972. Vol. 27. No. 1. P. 27-32.

Braverman E.M., Muchnic I.B. Structural methods for processing empirical data. Mos-
cow: Nauka. 1983. 492 p. (In Russian).

Biermann A.W. A Grammatical inference program for linear languages. International
Conference of System Science (Hawall, 1971). 1971. Vol. S1. P. 117-141.

Levenshtein V.I. Binary codes with corrections for fallouts, insertions and substitutions
of characters. Reports of the USSR Academy of Sciences. 1965. Vol. 163. No. 4. P. 845—
848. (In Russian).

Wagner R.A., Fischer M.J. The String-to-String Correction Problem. Journal of the ACM. 1971.
Vol. 21. Issue 1. P. 168—173. https:// doi: 10.1145/321796.321811

Fainzilberg L.S. Simulation models of artificial electrocardiogram generation under
internal and external disturbances conditions. Journal of Qafgaz University. Mathematics
and Computer Science. 2012. No. 34. P. 92-104. (In Russian).

Fainzilberg L.S., Orikhovska K.B. Information technology of the organism adaptation
reserves assessment in field conditions. Kibernetika i vycislitelnad tehnika. 2015. Issue
181. P. 4-22. (In Russian).

Gornan LI. Probability theory and mathematical statistics for researchers and engineers.
Kyiv: IPMMS NAS of Ukraine, 2003. 244 p. (In Ukrainian).

Schijvenaars B.J.A, Van Herpen G., Kors J.A. Intraindividual variability in electrocar-
diograms. Journal of Electrocardiology. 2008. Vol. 41. Issue 3. P. 190-196. doi:
10.1016/j.jelectrocard.2008.01.012

Fainzilberg L..S. Guaranteed estimate of the features utility while statistical recognition of two
classes. Journal of Automation and Information Sciences. 2010. Vol. 42. Issue 10. P. 32-48.

Received 01.04.2019

JITEPATYPA

L.

Kanjilal P. P., Bhattacharya J., Saga G. Robust Method for Periodicity Detection and
Characterisation of Irregular Cyclical Series in Terms of Embedded Periodic Compo-
nents. Phys. Rev. 1999. Vol. 59. P. 4013-4025.

. Fainzilberg L.S. Generalized Method of Processing Cyclic Signals of Complex Form in

Multidimension Space of Patameters. Journal of Automation and Information Sciences.
2015. Vol. 47. Issue 3. P. 24-39. DOI: 10.1615/JAutomatInfScien.v47.i3.30

. Connolly D.C., Elveback L.R., Oxman H.A. Coronary heart disease in residents of

Rochester, Minnesota: Prognostic value of the resting electrocardiogram at the time of
initial diagnosis of angina pectoris. Mayo.Clin.Proc. 1984. Vol. 59. P. 247-250.

. ConomoB B.H., CangsixoBa A.P., ®enoceeBa T.C. OrpanndeHust aBTOMaTHYECKOTO KOM-

MIBIOTEPHOT0 aHAJIN3a NEKTPOKapaAHorpaMMel. Kazanckuti meouyunckui scypran. 2012.
T.93. Ne 4. C. 687-691.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196) 23



Fainzilberg L.S., Dykach Ju.R.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

24

. Pavlidis T. Linguistic analysis of waveforms. Softiware Eng. 1971. Vol. 2. No. 4.

P. 203-225. — https://doi.org/10.1016/B978-0-12-696202-4.50019-X

. Mortnes B.B, Myunuk WN.B., SIxoBneB B.I' OntumansHas cerMeHTalus 3KCIIEPUMEH-

TaJbHBIX KPUBBIX. Agmomamuka u menemexanuxa. 1983. Beim. 8. C. 84-95.

. Haralick R.M. Structural pattern recognition homomorphisms and arrangements. Pattern

recognition. 1978. Vol. 10. No. 3. P.223-236.

. Goldberger A.L. Fractal mechanisms in the electrophysiology of the heart. /JEEE Eng.

Med. Biol. 1992. No 11. P. 47-52.

. Uepkait A.Jl., Braco I0.A. JIuHrBucTHUeCKnii aHaIU3 MOCIEIOBATEILHOCTH BPEMEH-

HBIX UHTEPBAJIOB MEXIY YAapaMH cepaua. Teopus u npakmuxa aemomMamu3ayuu d1eK-
mpoxapouozpaguueckux u kiunuyeckux uccreoosanuii. Kaynac: Kaynackuit Meanims-
cKkuif uHCTUTYT, 1977. C. 128-131.

MakcumoB A.B. Ananmn3 OKI'-cHrHajaoB ¢ HUCIOJIB30BAaHUEM TPAHCIUPYIOMIUX I'paMMa-
TUK. M36ecmus TaraHpOrcKOro paJUOTEeXHUUYECKHH YHHUBEPCHTETAa. TeMaTHYeCKUil BbI-
myck «KoMITbIOTepHBIE TEXHOJOTWH B HHXEHEPHOW W YIPaBIEHUECKOH ITPAKTHKE».
2001. C. 210-216.

Hpiaeimo Y.C. IlynscoBas nuarHoctika tuderckoi meauuunsl. HoBocubupek: Hayka,
1988. 134 c.

Baesckuit P.M., VBanoB I'. I'. BapuabenpbHOCTh CEpAEYHOTO PHUTMA: TEOPETHUYECKHE
ACIIeKTHl ¥ BO3MOXXHOCTH KIMHHYECKOTO NPUMEHEHUs. Yiompaszeykosas u QyHKyuo-
HanvHas ouaznocmuka. 2001. Ne 3. C. 108-127.

McCrafy R. New Frontiers in Heart Rate Variability and Social Coherence Research: Tech-
niques, Technologies, and Implications for Improving Group Dynamics and Outcomes. Front
Public Health. 2017. No. 5. P. 2-13. — https:// doi:10.3389/fpubh.2017.00267.

Uspenskiy V.M. Diagnostic System Based on the Information Analysis of Electrocardio-
gram. Proceedings of MECO 2012. Advances and Challenges in Embedded Computing
(Montenegro, June 19-21). 2012. P. 74-76.

KonecnixoBa O.B., Kpisenko C.C. IndopmariiiHuii aHamiz eneKTpoKapAioCHIHAIB:
OOTpYHTYBaHHSI 1 MOXIHUBOCTI. 36ipHuk Haykosux npays I[lepuioi Mixcnapoonoi nayko-
60-npakmuunoi KoHgepenyii «Inghopmayitini cucmemu ma mexwonocii 6 MeOUYuHi»
(ISM-2018). Xapkis: XHYPE, 2018. C. 161-163.

®aiinzunboepr JI.C. OcHoBbl dazarpadun. Kues: Ocurta Yikpaunnsl, 2017. 264 c.
Qaitm3mwipoepr JI.C. KoMmbroTepHas IMarHocTuka Mo $Ha3oBOMy HOPTPETY dICKTpOKap-
nuorpammbl. Kues: Ocsura Ykpaunst, 2013. 191 c.

Fainzilberg L.S. ECG Averaging based on Hausdorff Metric. International Journal of
Biomagnetism. 2003. Vol. 5. Ne 1. P. 236-237.

Qaiinzunboepr JI.C. MHTemeKkTyanpbHbIe BO3SMOXKHOCTH U NMEPCIEKTUBBI pa3BUTHS (ha3a-
rpapun — HHPOPMANMOHHON TEXHOJIOTUU 00paOOTKU CUTHAJIOB CIOXKHOM (opmbl. Ku-
bepremuka u eviuuciumenvras mexuuxa. 2016. Beim. 186. C. 56-77.

Haayx J1.J1., I'punenko B.1., @aiin3zine6epr JI.C. u np. 3actrocyBanHs MeTony ¢aszarpadii
MIPY MPOBEACHHI CKPHHIHTY ilIeMiYHOT XBOopoOu cepist. Metoanyni pekomeHnaanii MO3
Ykpainu Ne 163.16/13.17. K.: Ykpaincbkuil neHTp HaykoBoi Meau4HOi iHdopmanii i ma-
TEHTHO-JIiIeH3iiHoi podoTtu, 2017. 32 c.

Gonzalez R.C. Syntactic Pattern Recognition — Introduction and Survey. Proceedings of
the National Electronic Conference. 1972. Vol. 27. No. 1. P. 27-32.

bpaBepman DO.M., Myunuk WM.B. CTpykrypHBIE METOABI OOPa0OTKH AMIHUPHYECCKHX
nmaHHbIX. M.: Hayka. 1983. —492 c.

Biermann A.W. A Grammatical Inference Program for Linear Languages Intern. Conf. of
System Science (Hawall, 1971). 1971. Vol. S1. P. 117-141.

JleBenwmrelin B. M. JIBonuHbIe KOABI C UCIPABICHUEM BBINAJCHUI, BCTABOK M 3aMelle-
Hul cuMBOJIOB. Joxn. AH CCCP. 1965. T. 163. Ne 4. C. 845-848.

Wagner R.A., Fischer M.J. The String-to-String Correction Problem. Journal of the
ACM. 1971. Vol. 21. Issue 1. P. 168—173. — https:// doi:10.1145/321796.321811.
Qaiim3mwipoepr JI.C. IMUTAMOHHBIE MOJIEITH MOPOXKICHHS HCKYCCTBEHHBIX JIIEKTPO-
KapZMorpaMM B YCJIOBHSX BHYTPEHHHX M BHEUIHUX Bo3MyuieHuil. Journal of Qafgaz
University — Mathematics and Computer Science. 2012. Ne 34. C. 92—-104.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)



Linguistic Approach for Estimation of Electrocardiograms’s Subtle Changes Based

27. ®@aitmzunsoepr JI.C., Opuxosckas K.b. MHpopMalioHHas TEXHOIOTHS OLCHKH ajariTa-
LUOHHBIX PE3epBOB OpraHU3Ma B MOJIEBBIX YCIOBUSIX. Kubepnemuxa u goluuciumenvHas
mexnuka. 2015. Bemm. 181. C. 4-22.

28. TopGanb I.I. Teopist HIMOBIpHOCTI 1 MaTEMaTHYHA CTATUCTHUKA JJIsl HAYKOBUX IPALliBHUKIB
ta imkenepis. K., IIMMC HAH VYkpainu, 2003. 244 c.

29. Schijvenaars B.J.A, Van Herpen G., Kors J.A. Intraindividual variability in electrocar-
diograms. Journal of Electrocardiology. 2008. Vol. 41. Issue 3. P. 190-196.

30. Fainzilberg L.S. Guaranteed Estimate of the Features Utility while Statistical Recogni-
tion of Two Classes. Journal of Automation and Information Sciences. 2010. Vol. 42.
Issue 10. P. 32-48.

Otpumano 01.04.2019

Gaiinzineoepe JI.C.!, 1-p Texn. Hayk, mpodecop,

TOJIOB. HAayK. CIIBPOO. BiJI.

IHTENEeKTYaIbHUX aBTOMAaTHIHUX CHCTEM

e-mail: fainzilberg@gmail.com

Jluxau FO.P. 2 CTYICHT

(hakynpTeT O10MEIUYHOI IHXEHEepiT

e-mail: jul.dykach@gmail.com

: MixHapoaHUI HAYKOBO-HaBYAJIbHUHA LEHTP
iH(pOpMaLIIHHUX TEXHOJIOTIH Ta CUCTEM

HAH VYxpainu ta MOH Ykpainu,

np.-T. Akanemika ['mymikosa, 40, M. Kuis, 03187, Vkpaina,
* HartioHampHuit TexHiqaHmit yHiBepcuTeT YKpaiHu
«KuiBcbkuil noiTexHiyHu# iHCTUTYT iMeHi [ropst CikopchKoroy,
mp.-T. [Tepemoru, 37, m. Kuis, 03056, Ykpaina

JIIHTBICTUYHUM ITIAXIT TS OLIIHIOBAHHS TOHKHX 3MIH
EJIEKTPOKAP/IIOI'PAMHU HA OCHOBI BIICTAHI JJEBEHIIITEMHA

Beryn. JlinrsictiaHuii minxin, ocHoBanuii Ha niepexoi Bin EKI™ no xomorpamu, 3100yB nomysisp-
HICTB JUIS aHAMI3Y cepiieBoro putMy. st po3impenHs: yHKHAIBHIX MOXIIHBOCTEH METOIY JIOIi-
JIBHO BHMBYUTH MOXKJIMBOCTI OJJHOYACHOTO KOHTPOJIIO JIMHAMIKM TPUBAIOCTI CEpPLEBHX LMKIIB 1
OpHUTIHAJIBHOTO MOKA3HUKA, SIKUAH Hece IHPOPMALIIFO TPO iIIeMiuHi 3MiHH MiOKap/ia.

Merta cTaTTi — PO3pOOUTH AITOPUTMIYHI 1 IPOrpaMHi KOMIIOHEHTH IS PO3B’SI3aHHS LbOIO
3aBJJaHHS 1 IPOBECTH EKCTIEPUMEHTAITBHI JIOCITI/PKEHHS 32 MOZICIIBHIMH 1 peaSTbHUMU JJAHUMH.

Metogu. 3abe3neno aBroMarnyHe komyBaHHS EKI, oOuncienHst Bincraneii JleBeHinreiiHa
Mmix mapamu EKI' meBHOT rpynu BHIPOOOBYBaHHX 1 MOOY/OBa pe)epeHTHOI KOJOTPaMU TPYIIH.
OuiHIOBaHHS Pe3yJIBTATIB EKCIEPHUMEHTAIBHUX JIOCIIDKEHb TIPOBOAMIIOCS Ha OCHOBI TPaIMIIHUX
METO/IiB CTATUCTUYHOTO aHAI3Y.

PesyabTaTu. [TokazaHo, 110 Ha OCHOBI BijicTaHel JIeBeHIITeiiHa MK yciMa IapamMu KoJorpam
TPYNHU BUMPOOOBYBAaHUX MOYKHA BH3HAYMTH pe)epeHTHY KOAOrpaMy IPYIH XBOPHX HA ilIEMIUuHY
xBopoOy cepust (IXC) i rpymu 300poBHX 100pOBONIBLIB. BeTaHOBIEHO, 1110 NPUIHATTA pillleHb Ha
OCHOBI TopiBHsAHHS Kozorpamu EKT™ BUIIpOOYyBaHOTO 3 €TAIOHHOK KOJOTPaMOI0 3a0e3Medye oI
MPEJICTABHUKIB 3a3HAYEHUX TPyN 3 4yTMBIicTIo Sy = 72% 1 cnemmdiunictio Cp = 79% HaBiTh B
THX BUIAJIKaX, KOJU Tpauiiamii anamiz EKT y 12 BinBeneHHIX BUSBISETHCS HEIHPOPMATUBHUM.

BucHoBKH. 3arporioHOBaHMH MIXiJ JAa€ 3MOTY OTPUMATH JIOJIATKOBY JIArHOCTHYHY iH(Op-
MAIIifO JUTsI BUPIIICHHS aKTyaJIbHUX 3aBJaHb PAKTHYIHOI METHIHU.

Knrouoei cnosa: ninzeicmuunuti nioxio, oiacnocmuuna ozuaxa EKT, éiocmans Jlesenwumerina.
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JIMHT BUCTUYECKUI IOIXO/T /151 OLIEHUBAHUS TOHKUX I/I3MEH’EHI/H71
OJIEKTPOKAPANOI'PAMMbBI HA OCHOBE PACCTOSAHMA JIEBEHIITEMHA

BBenenme. JIunrBucTrueckui moaxon, ocHoBaHHBIM Ha mepexoae oT ODKI' k komorpamwme,
MIOJIyYHJI U3BECTHOCTH ISl aHANIM3a cepAeyHoro putMa. /s pacumpenns GpyHKIMOHAIbHBIX
BO3MOKHOCTEH MeTo/a IeJIeco00pa3HO U3YYHTh BO3MOXKHOCTH OJHOBPEMEHHOTO KOHTPOJIS
JTUHAMUKH U3MEHEHUS MPOJOJDKUTENBHOCTH CEPICUHBIX IIMKIOB M OPUTMHAIBHOTO IOKa3a-
TeJsl, Hecylero HHpopManuio 00 HIIeMHYeCKUX H3MEHEHUSIX MHOKapAa.

Heab craTbu — pa3paboTaTh aIrOPUTMUYECKHE M NPOrPaMMHBIE KOMITOHEHTBHI IS
pelIeHus 3TOM 3aJadd U IIPOBECTU HKCIEPHUMEHTANIbHbIE HCCIIEJOBAaHHMS Ha MOJEIBHBIX U
peabHbIX TaHHBIX.

Metoabl. ObecnieunBasioch aBToMaTudeckoe koaupoanue DK, BeIUMCIEHHE paccTo-
sHui JleBenmrelina mexny napamu OKI' ompeneneHHON Tpynbl UCTIBITYEMBIX M IIOCTpOE-
HHE pedepeHTHOH KomorpaMMbl Ipynmnbl. OLeHKa pe3ylbTaToB dKCIEPHUMEHTAIBHBIX HCCIe-
JIOBaHUI1 TPOBOIMIIACH HA OCHOBE TPAIUIIMOHHBIX METOJJOB CTATUCTUYECKOTO aHAIU3a.

PesyabTaThl. [lokazano, uto Ha ocHOBe paccrostHmid JIeBeHIITeitHA MEeX Ay BCeMH Ta-
paMH KOJOTpaMM TPYHIIBl HCIBITYEMBIX MOXKHO OIPENENIUTh PEPEPEHTHYI0 KOAOTPaMMy
Tpynmnsl OONBHBIX HIIeMudeckoil 6onesnpto cepana (MBC) u rpynmsl 310poBHIX 100pOBOIE-
1EeB. YCTaHOBJICHO, YTO NMPUHATHE PEIICHUH HAa OCHOBE cpaBHEHUs koxorpammbl DKI ucmbl-
TyEeMOTO C 3TAJIOHHOW KOJOTPaMMOW 00eCTieurBaeT pa3ie/ICHUE MPEICTABUTENCH YKa3aHHBIX
IPYIII ¢ 4yBCTBUTEIBHOCTBIO Si = 72% u cnerupuunocteio Cp = 79% naxe B TeX Cllydasx,
Koraa TpagunuoHHbiid ananus DKI' B 12 oTBeieHHSIX OKa3bIBaeTCSI HEUH(POPMATHBHBIM.

BoiBoabl. [IpeioxkeHHbIH TOAX0/] TO3BOJISET HOIYYUTh JOIOJIHUTEIbHYIO JUArHOCTH-
YecKyro HH()OPMAIHIO TIPH PEICHUH aKTyaIbHbIX 3a]a4 IPaKTAYECKOH MEIHIHHBL

Knrouesnie cnosa: nuneeucmuyeckuii nooxoo, ouacnocmudeckuti npuziak IKI, paccmosnue
Jlesenwmeiina.
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USING SEMANTIC MODELING TO IMPROVE THE PROCESSING
EFFICIENCY OF BIG DATA IN THE INTERNET OF THINGS DOMAIN

Introduction. The development of the Internet of Things (10T), equipped with various electronic sensors
and controllers that distantly operate with these things is an important step of a new technical revolution. In
this article we look at the features of Big Data generated by the Internet of Things (IoT) technology, and
also present the methodology for processing this Big Data with use of semantic modeling (ontologies) at all
stages of the Big Data life cycle. Semantic modeling allows to eliminate such contradictions in these
technologies as the heterogeneity of devices and things that causes the heterogeneity of the data types
produced by them. Machine learning is used as an instrument for Big Data of analyzes: it provides logical
inference of the rules that can be applied to processing of information generated by Smart Home system.

The purpose of the article is to use deep machine learning, based on convolutional neural networks
because this model of machine learning corresponds to processing of unstructured and complex nature of
the IoT domain.

Results. Proposed approach increases the efficiency of loT Big Data processing and differs from
traditional processing systems by using NoSQL database, distributed architectures and semantic modeling.
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Conclusion. The conceptual architecture of the Big Data processing system for loT and describe it
on on the example of the NoSQOL database for Smart Home were given. This architecture consists of five
independent levels. At each of these levels, a combined approach of semantic modeling and data mining
methods can be used. Currently, this platform can be combined with a lot of open source components.

Keywords: Industry 4.0, Big Data, Internet of Things, ontology, Semantic Web, non-formal
and informal learning.

INTRODUCTION

Industry 4.0 is defined in [1] as a process of the digital transformation of
industrial markets with smart manufacturing currently on the forefront.

The new capabilities of Industry 4.0 deal with intellectualization of digital
technolologies used in industrial processes. Specialists say about the phenomena
of ‘smart anything’ in environment of people: from smart grid, smart buildings
and smart plants, smart services and smart manufacturing and so on. Internet of
things also is influenced by this tendency.

Various advanced digital technologies are already used in manufacturing
for realization of Industry 4.0. It will lead to greater efficiencies and change
traditional relations among suppliers and customers. In [2] nine most important
technologies that build Industry 4.0 are defined:

- Big data and analytics;

- The cloud computing;

- Autonomous robots;

- Simulation;

- Horizontal and vertical system integration;

- The industrial Internet of things;

- Cybersecurity;

- Additive manufacturing;

- Augmented reality.

Industry 4.0 actively uses digital context for industrial objective therefore
the tasks of collection and comprehensive evaluation of data from various dis-
tributed sources—production equipment and systems as well as enterprise- and
customer-management systems— now become standard to semantic support of
decision making processes in real-time mode.

Competencies can be used for adaptation of Industry 4.0 for semantic man-
agement of personnel.

Now a lot of research works, deal with this problem, are provided. For
example, in [3] authors try to analyze the most significant aspects of the new
forms of human work that they face in this Industry 4.0 revolution in order to
know what is currently being done. With all the advances that have been made
over time in the problem of knowledge age, the participation of organizations
requires them to create and maintain environments that foster learning.

The development of the Internet of Things (IoT), equipped with various
electronic sensors and controllers that distantly operate with these things is an
important step of a new technical revolution.

The term «Internet of Things» was proposed in 1999 by K. Ashton. Now
IoT signigies a complex system of interrelated computing devices, mechanical
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and digital machines, objects, animals or people that are provided with unique
identifiers and the ability to transfer data over a network without requiring
human-to-human or human-to-computer interaction. IoT has evolved from the
convergence of wireless technologies, microelectromechanical systems,
microservices and the Internet. [oT components (devices — sensors, actuators,
mobile devices etc. — and services) are heterogeneous and dynamic, with
unknown nature of the network topology.

IoT proposes new technological infrastructure that expands the technology
of wireless sensors, involves the Internet connecting for a lot of things around a
person and distance management of these things [4].

However, IoT is a complex and heterogeneous environment that should evolve
towards creating a more structured set of solutions, where “things” should be
represented in some uniform way and be equally detectable, able to communicate with
other objects, and also be directly integrated with the Internet infrastructure and with
Web services irrespective of the specific method of connection [5].

Data collected by different sensors and devices is usually polysemantic
(temperature, light, sound, video, etc.).

The Internet of Things is widely used in various areas of society. Health,
environment, traffic, vehicles, aviation, manufacturing, defense, home
automation, telecommunications are the most known examples of IoT
applications. The number of electronic devices connected to the IoT is
increasing every year. Analysts expect that the number of electronic devices
connected to the IoT will grow up by 2020 from 50 to 100 billion. It is expected
that the total amount of data generated as a result of mass usage of such devices
will become than 35 zettabyte [6] and can be considered as Big Data.

The development of IoT devices, systems and solutions, huge amounts of
heterogeneous and unstructured data is a contiguous process. This Big Data
needs to be analyzed and processed in order to acquire hidden knowledge. The
heterogeneity of loT devices and systems causes additional problems in
processing and analyzing Big Data generated by IoT.

ANALYSIS OF NON-FORMAL AND INFORMAL LEARNING

Among the key modern innovations in the world today is the concept of non-
formal and informal education [7]. The current problem is the study of the
systematic combination of all forms of education: formal, non-formal and
informal. The UNESCO Education Glossary [8] contains the following
definitions:

Learning — individual acquisition or modification of information,
knowledge, understanding, attitudes, values, skills, competencies or behaviours
through experience, practice, study or instruction.

Formal education is an institutionalized, deliberate and planned education
through public organizations and recognized private institutions and, in their
totality, creates a system of formal education of the state.

Non-formal education — education that is institutionalized, intentional and
planned by an education provider. The defining characteristic of non-formal
education is that it is an addition, alternative and/or a complement to formal
education within the process of the lifelong learning of individuals. It is often
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provided to guarantee the right of access to education for all. It caters for people
of all ages, but does not necessarily apply a continuous pathway-structure; it
may be short in duration and/or low intensity, and it is typically provided in the
form of short courses, workshops or seminars. Non-formal education mostly
leads to qualifications that are not recognized as formal qualifications by the
relevant national educational authorities or to no qualifications at all. Non-
formal education can cover programmes contributing to adult and youth literacy
and education for out-of-school children, as well as programmes on life skills,
work skills, and social or cultural development.

Informal learning — forms of learning that are intentional or deliberate but
are not institutionalized. They are less organized and structured than either
formal or non-formal education. Informal learning may include learning
activities that occur in the family, in the work place, in the local community, and
in daily life, on a self-directed, family-directed or socially-directed basis.

These definitions are intended to provide a general understanding of the
concepts, but today they are not yet fully enshrined in Ukrainian legislation and
do not satisfy the principle of legal certainty. These definitions indicate the key
differences that distinguish one type of education from another. In particular, the
main difference between formal and non-formal education is that the latter is an
addition or alternative to the formal, as well as in the official recognition or non-
recognition by the state or authorized non-state bodies of qualifications obtained
on the basis of educational achievements. The main difference between informa-
tion education and other types is that it is not institutionalized.

The Law of Ukraine "On Education" (Article 9. Forms of Education) [9]
contains the norms concerning formal, non-formal and informal education:

1. A person exercises his right to education throughout his life through
formal, and informal education. The state recognizes all these types of
education, supports educational actors providing relevant educational services,
and encourages the acquisition of education of all kinds.

2. Formal education — education acquired through educational programs in
accordance with the levels of education, branches of knowledge, specialties
(occupations) prescribed by the legislation, envisages the achievement of the results of
the education of the corresponding level of education and the recognition of
qualifications recognized by the state determined by the students of education.

3. Non-formal education — education acquired through educational programs
and does not stipulate the awarding of state-recognized qualifications to the levels of
education and obtaining an education document established by the legislation.

4. Informational education (self-education) — education, which involves the
self-organized acquisition of certain competencies by the person, in particular
during everyday activities related to professional, community or other activities,
family or leisure activities.

5. Qualifications and learning outcomes acquired through non-formal and
informal education can be confirmed and recognized in the system of formal
education or in other cases stipulated by the legislation of Ukraine.

In Ukraine, as in other countries of the world today, the task is to legalize non-
formal and informal education, as well as to create legislative preconditions for
official recognition of educational results obtained in these types of education.
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Fig.1. Ontology of competences (fragment).

EU Council Recommendation 2012 [7] highlights the issue of creating a
systematic approach to "validation", increasing the visibility and value of learn-
ing beyond the formal education and training systems. The document developed
4 phases of validation for non-formal and informal learning. To specify the main
features of validation, the recommendation defines four distinct phases: identifi-
cation; documentation; evaluation; and certification.

The national qualifications frameworks are now being implemented in Europe.
These frameworks can contribute to the implementation and integration of validation.

Today, the transformation of a market economy into a knowledge economy
is taking place. Highly skilled professionals are the greatest value for the IT
industry. In the process of learning, students study and apply in practice a variety
of tools and Internet technology things, including: IoT devices and physical
objects, equipped with IoT, consumer devices, sensors, gadgets and a wide range
of Internet applications. [4]. Devices used for different learning systems generate
a stream of Big Data that needs to be efficiently handled for decision making
and the creation of intelligent learning systems.

We use for analysis an ontology of competences that use such main compo-
nentsand their types as it represented (Fig.1.)

This ontology spesifies the types of competences, their level ets. and can be
used as as base either for matching of various natutal-languige texts, or for their
semantic mark-up.

We propose to use an additional ontology class — atomic competence [10],
which is meant for correlating instances of different IO classes by assessing their
semantic proximity. Atomic competence has the following properties:
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— aeC, where K is the set of IO class "Competence" and C is the set of
atomic competences, i. e. C,_, =C;

—every competence can be represented by a set of atomic competences

atomic

n

i=1nk=Ua;
i=1
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atomic?

—no atomic competence is a subset of another atomic competence
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atomic*®

SEMANTICS IN 10T

The distribution of the IoT sensors gives rise to various data types, data formats
and time measurements specifications that cause of problems deal with data
integration. This problem can be overcome by Semantic Web solutions used for
data representation with the single knowledge model. RDF, RDF Schema and
OWL are the main means for knowledge representing on the Semantic Web
[11, 12]. These languages represent only the conceptual data model and rules,
but do not specify the particular formats of serialization.

Now some specific languages for semantic data representation such as
Turtle, N3 and JSON-LD are developed. [13] emphasizes the importance of
semantics for the knowledge representation of the IoT domain and provides an
assessment of the various knowledge representation languages in terms of
efficiency of their use (in the field of data exchange and processing). The author
evaluates all actual semantic formats: extensible Markup Language (XML),
Resource Description Framework (RDF), SenML, Notation3 (N3), Turtle,
N-Triples and JavaScript Object Notation for Linked Data (JSON-LD). The
latter — JSON-LD is an effective and modem solution for experimental results.

Unfortunately, semantic data representation alone is not enough to solve the
IoT heterogeneity problem. We also need general dictionaries for representation
of domain semantics. Ontologies are used in the Semantic Web domain to
provide a common language for representation of various “things”, their
relationships, etc. The Ontology Semantic Sensor Network (SSN) developed by
the W3C Semantic Sensor Network Incubator Group is the first step on this path.
SSN ontology is used to represent sensors, their properties and observations
(generated data), domains, etc. in very simple general terms and it is assumed
that they will be used by all types of sensors all over the world.

A number of papers deal with attempts of development of IoT ontologies. A
common knowledge base for IoT domain that supports semantic detection of IoT
sensors and their service infrastructure is offered in [14]. Ontologies for an IoT domain
consisting of ontologies of devices, domains and computations are offered in [15]. The
development an [oT ontology that covers the following aspects of the [oT domain: IoT
resources, [oT services, observation and measurement, physical locations, deployment
platform, QoS, and tests for IoT services is described in [16].

In addition, some researchers propose semantic structures and IoT
platforms. Barbero et al. [17] offers the conceptual IoT platform that uses such
languages as XML and OWL.

32 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)



Using Semantic Modeling to Improve the Processing Efficiency of Big Data in the Internet

INTERNET OF THINGS AND BIG DATA IN SMART LEARNING ENVIRONMENTS

Smart learning environments are equipped with digital components that create
better, more efficient, and smoother learning process. Ideally, they create a
perfect synergy between physical and digital realities, allowing students to
absorb information from their environment and creating opportunities for
seamless transitions between a variety of learning approaches: individual and
group learning, formal and informal settings, in analog and digital formats. [oT
can track whether homework was done and collect data about how much time a
student needed to complete an assignment. This data can help teachers better
understand whether their methods are working, which students need additional
help, and which tasks they struggle with the most.

Big Data may provide the chance to say goodbye to much-maligned
standardized testing. Data collected during routine tasks and classwork —
processed with the help of Al tools — may offer greater insights into the skills
and abilities of individual students compared to any standardized test. This alone
could produce a tremendous restructuring of the entire education sector.

BIG DATA AND MACHINE LEARNING IN 10T

We propose to use machine learning (ML) algorithms to acquire the semantics
of Big Data generated by IoT devices. [oT data should be considered as Big Data
if it has some specific Big Data features from 5V set [18]:

- Volume — the large amounts of data;

- Velocity — the high-speed generation of new data;

- Variety — the heterogeneous data representation (various formats and types);

- Veracity — the level of data conformity to facts;

- Value — the pertinence to user needs.

Big Data in IoT differs from traditional Big Data by its specific
characteristics in terms of data generation, data interoperability and data quality.

Speed, scalability, dynamics and heterogeneity are important issues for loT
data creating. Data quality can be measured using signs of uncertainty,
redundancy, ambiguity and inconsistency of data [19].

These characteristics of IoT data should be considered in process of
development of new model or structure for Big Data processing. In addition,
streaming data transmission causes another big problem that should be
considered in new loT structures and models: streaming data also has its typical
characteristics such as continuity, unordered data flow, unlimited data, and the
absence of persistent data objects. Technological platforms and solutions for
storing large loT data have been developed only recently. Methods of Big Data
storage also differ from traditional data storage methods. Such critical factors
should be considered for IoT data storing: consistency, availability and
sensitivity to data partitioning [20]. For example, Jiang et al. [21] offer an IoT-
based storage environment that runs on cloud computing platforms. Li et al. [22]
propose a solution for storing large loT data based on NoSQL. Cecchinel et al.
[23] develop an IoT architecture that collects and processes loT sensor data
using MongoDB as storage mechanism for Big Data.
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The literature also describes the use of machine learning algorithms in areas
related to IoT. Khan et al. [24] and Altun et al. [25] use an artificial back-
propagation neural network to recognize human activity, such as walking,
sitting, running, etc. Choi et al. [26] use a neural network of reverse propagation
for Smart Home applications. Lane et al. [27] offer deep learning networks and
convolutional neural network models for processing data from IoT sensors.

Thereby, machine learning algorithms are widely used in areas related to
IoT. However, these research works solve local and limited problems, and they
are not suitable for data processing from heterogeneous loT sensors and devices.

PROBLEM DEFINITION

The main idea of paper — we propose to use of competence ontology for re-
trieval and analyzing of Big Data from individual digital devices (mobile tele-
phones etc.). Such data can characterize the level of person’s competence for
concrete proposal in situations with informal and non-formal education. We
propose to match atomic competencies that are integrated into domain ontology.

Semantic representation (ontologies) that simulate the behavior and
characteristics of IoT things is essential for the interoperability of these things,
their discovery and selection for specific tasks.

The external ontology of IoT-things sensors (SSN ontology) for preliminary
processing of heterogeneous unstructured and semi-structured Big Data
generated by these sensors at the Extraction-Transformation-Loading (ETL)
stage can be used. Methods of machine learning and logical inference can help
in generation of the rules for Big Data processing.

REQUIREMENTS FOR SEMANTIC-ORIENTED loT BIG DATA PROCESSING ARCHITECTURE

Overview of existing [oT platforms indicates the main directions of development
of their functionality:

- Simulation of semantic data. Semantic Web allows to describe IoT
domain by standard protocols and dictionaries. New frameworks support various
aspects of semantic-oriented modeling, storage and processing of data oriented
to semantics. However, one of their missing features is the use of logical
inferences on knowledge and rule-based inference.

- Big Data analytics and machine learning: Big Data generated by IoT (as
opposed to previous sensor systems with limited data storage and processing
capabilities) needs in analysis of large volumes of data. Therefore, we plan to use not
only Big Data analytics, but also modem ML approaches, such as deep learning.

The implementation of above functionalities can be realized if the following
non-functional requirements are fulfilled:

- common JoT standards that increase requirements for interoperability.
Therefore, the new 10T structure should be based only on common standards and
refrain from developing its own solutions.

- system openness: higher interconnection and interoperability are possible only
on base of open systems. Nowadays, a service-oriented approach where the
functionality of the system can be accessed through standard Web services or by open
API is required. Web services provide interconnectivity and openness.
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Semantic data modeling is very suitable for IoT. To solve the problems of
data modeling and management in complex information systems, recent works
use innovative solutions based on Semantic Web technologies.

The Semantic Web use for sensors is analyzed in [28]. IoT is the next target for
the Semantic Web, where heterogeneity is inherent in many types of sensor devices
and their output signals, multiple communication protocols and data formats, etc.

MACHINE LEARNING FOR BIG DATA ANALYTICS

Deep learning is a particular learning model that combines well with unstructured and
complex nature of the IoT domain. Deep neural networks are basically multilayered
ones with a large number of cascading layers that have learning capabilities for
hierarchical features. Deep learning works well in cases where the data set is huge and
there has a large number of functions (for example, individual image pixels, individual
elements or time series sequences, signals, etc.).

The main reason that makes deep learning the preferred choice for data
researchers is that traditional neural network models are not scalable enough to
provide solutions for Big Data. Meanwhile, deep neural networks usually do not
require domain knowledge and characteristics, and also work well with Big
Data, so directly submitting of raw data to deep learning model provides fast,
scalable and more accurate data analysis solutions.

ARCHITECTURE OF THE SEMANTIC PROCESSING OF 10T BIG DATA

We propose the conceptual architecture of the system intended for semantic
processing of IoT Big Data. It has multilevel structure for performing different
independent tasks. System contains five basic levels, namely:

(1) data collection,

(2) extraction-transformation-loading (ETL),

(3) logical inference based on semantic rules,

(4) machine learning,

(5) the result of the work of the levels from the lowest to the highest.

System processes the raw data from the sensors, adds semantics and rules,
executes machine learning, and finally, carries out some actions.

The first level in the structure is the level of data collection,

which is responsible for collecting all kinds of data from various sources, in
particular from sensors. It can be considered as an input layer, since the platform
uses this level to interact with sensors.

The incoming data is raw data, and the only task that this level performs is
receiving and transmitting the raw data to the ETL level for processing.

Vx € Tdd = ETL(x)

The second level in the structure is the level of ETL (Extract- Transform-
Loading). Incoming data from the acquisition level is accepted by the ETL level for
analysis. Since sensors of different types send data of different types and formats, the
ETL level contains sensor drivers to receive and analyze data accordingly. For
example, a humidity sensor and a temperature sensor send data in different formats.
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Fig. 2. Multilevel architecture of the semantic processing of IoT Big Data.

In addition, each sensor driver is responsible for receiving data in the
correct form, the correct block and format, depending on the sensor, its type and
version. For example, a temperature sensor from supplier A may provide data in
units of degrees Celsius, while another sensor from supplier B may provide data
in units of Fahrenheit. For this purpose, the ETL level is responsible for storing
data in the correct type and format, regardless of the type of sensor, with the help
of semantic technologies.

Data is converted to a semantic format RDF that is a basic language for
describing statements. At this stage, artifacts from the sensor network ontology
SSN are used together with ontology constructs.

The third level is the level of inference based on semantic rules. This layer
uses semantically enriched data from the ETL layer that analyzed with the help
of parsing rules defined by the corresponding drivers. The main purpose of the
reasoning layer is to mark the domain boundaries and draw basic conclusions
from the RDF data by use of the built- in reasoning mechanism. Two types of
rules are used for semantization of data from sensors. The first one is the rules of
logical inference characteristic for RDF, RDFS and OWL (these oriented on
particular language rules are automatically processed by inference engine). The
second type are the rules specific to the domain or user.

For example, in a smart home environment, we can maintain a temperature
of between 25 and 45 degrees Celsius. For this purpose, you can enter a domain
rule "If the temperature is above 45 degrees Celsius, then activate the air
conditioner or, if it is below 25, activate the heater." Domain-specific rules are
just important for system as semantic ones. The fourth level is the level of
learning. This level basically acquires features from data by machine learning
techniques. This level consists of two sub-steps — preprocessing and learning.
Various deep learning algorithms can be used for this purposes.
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The last level is the action layer. The results of learning are used for
selection of appropriate actions. For example, if the learning algorithm produces
three different results using data of meteorological indications to determine the
probability of rain, such as “low probability”, “average probability”, and “high
probability” then user decides what actions are caused by each result - if rain has

high probability then take an umbrella.

CONCLUSION

Implementing the new loT infrastructure is a challenge. There are many options
for this architecture and its components, but choosing the right technology and
method is a difficult task. Now we can choose many open source components to
create such structure. New features of such platform have two directions:
semantics and analysis of Big Data.

In this article we reviewed and discussed the requirements for the Big Data
processing platform architecture coming from IoT using new approaches to
using Big Data semantics and analysis. The platform will combine the semantic
infrastructure and Big Data and machine learning capabilities that will be
implemented based on semantic data.

This platform is designed to provide effective support for all types of sensors in
order to preserve data, substantiate the semantic rules for inferring these data and then
use machine learning methods to obtain the best results from Big Data processing.

We plan to implement the structure with the above tools and methods. We
will also use real-life examples of use in such areas as smart grids, e-health’s,
smart home, etc.
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BUKOPUCTAHHA CEMAHTHUYHOI'O MOJEJIIOBAHHA .
JJIS1 ObPOB OBPOBJIEHH BIG DATA B JJIOMEHI IHTEPHETY PEUEU

Beryn. BaxiMBrM KpokOM HOBOT TEXHIYHOI peBOIOLIT € po3BUTOK [HTepHeTY peueit (IoT), 06-
JIaAHAHOTO PI3HUMH €JIeKTPOHHUMH JaBadyaMH Ta KOHTPOJEpaMH, SIKi AUCTAHIIHHO MpPaIiOIOTh 3
LUMH pedaMu. Y CTaTTi po3mIsiHyTo ocobnuBocti Big Data, ctBopenux 3a TexHomnoriero [Hrepre-
Ty pedeil, a TakoX MPE3EHTOBAHO METOIONOTiI0 0OPOOICHHS IMX BEIMKHUX JAHUX 3 BUKOPUCTAH-
HSIM CEMaHTUYHOTO MOJICITIOBAHHS (OHTOJIOTIT) Ha BCIX €Tarax XUTTEBOTO IUKITY BENMKHX JAHUX.
CeMaHTHYHE MOZIENIIOBAHHS 1€ 3MOTY YCYHYTH TakKi CyNepedHOCTi B IINX TEXHONOTISX, K HEO.I-
HOPIHICTD MPUCTPOIB 1 peyeid, 110 3yMOBIIOE HEOIHOPIIHICT TUIIIB JaHUX, 5Kl IX BUPOOJISIOTS.
MarvHHe HaBYaHHsI BUKOPHCTOBYOT SIK IHCTPYMEHT JUTSl aHANI3y BEJIMKUX JaHUX: BiH 3a0e3re-
4ye JIOTIYHE BUBECHHS MPABHUII, SIKi MOXXYTh OYTH 3aCTOCOBaHI 0 0OpOOIeHHS iH(popMaIil, mo
reHepyeTbest cuctemoro Smart Home.

MeTo10 CTaTTi € BUKOPUCTAHHS TTHOOKOTO MAIIMHHOTO HaBYaHHs, OCHOBAHOTO Ha 3r0-
PTKOBUX HEHPOHHUX MEpEeXax, OCKUIBKH L MOJIENb MAIIUHHOTO HABYaHHS BiAMOBilae 00-
POOGJIEHHIO HECTPYKTYPOBAHOTO Ta CKJIagHOro fomeHy loT.

Pe3yabTaTu. 3anponoHOBaHUI MiaXiJ MiABHINYE €(EKTHBHICTH OOPOOICHHS BEIUKUX
nauux [oT 1 Bigpi3HIETHCS BiJl TPAIUIIHUX cECTeM OOpOOJICHHS 3a JOMOMOTH 0a3u JaHuX
NoSQL, po3nofineHux apXiTeKTyp i CEMAaHTUYHOTO MOJICIIFOBaHHSI. 3apONOHOBAHO BUKOPHU-
CTOBYBATH INIMOOKE MalllMHHE HaBYaHHs, 10 0a3yeThcs Ha HEHPOHHHUX Mepekax, MPUCTOCO-
BaHHMX I HECTPYKTYpoBaHMX HaHuX loT.3ampomoHoBaHy KOHIENTYalbHY apXiTEKTypy
cucreMu o0poOieHHs Beinukux AaHux it [oT omumcano Ha mpukmani 6a3u naHnx NoSQL
mist Smart Home.

BucHoBKkH. 3arporoHoBaHa apXiTeKTypa CUCTEMH OOpOOJIEHHS BENUKHX AaHuX s [oT
CKJIQJIA€THCS 3 M'SITH HE3aJIeKHHUX piBHIB. Ha KOX)KHOMY 3 IUX pIBHIB MOXKHa BHKOPHCTOBYBATH
KOMOIHOBaHHMH TiJIXiJl CEMAHTUYHOTO MOJIEITFOBAaHHS T4 METO/IB IHTEIEKTyalbHOrO aHalli3y Ja-
HHX. 3a3HauyeHy iaThopMy MOXKHA TIOEIHYBATH 3 BEIMKOIO KiIbKICTIO BIIKPUTHX KOMITOHEHTIB.

Knrwowuoegi cnosa: Inoycmpis 4.0, Beauki oani, Inmeprnem peueil, OHMONO2IS, CEMAHMUYHULL
Web, negopmanvhe ma inghopmanvhe HAGUAHHS.
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UCHOJIB30OBAHUE CEMAHTUYECKOI'O MOJEJIMPOBAHUA
JJIS1 OBPABOTKU BIG DATA B JOMEHE MHTEPHETA BEIIEU

Paccmotpena crnenuduka Big Data, koTOpble TeHepHpyeT TeXHOIOrus MHTepHeT Belieil, a
TaKoKe MPEJCTaBIeHA METOMOJIOTHS X 00pabOTKH CEMAaHTHYECKOTO MOJEIMPOBAHUS (OHTO-
JIOTHiA) Ha BCEX dTarax KU3HEHHOro LKA 0ONbIINX JaHHBIX. CeMaHTHYeCKOe MOJIEINPOBa-
HHUE T03BOJIAET YCTPAaHUTh TaKWe NMPOTHBOPEUMs B TEXHOJIOTHUAX, KaK I'€TepPOreHHOCTb YCT-
polictB u naHHbIX. [Ipemiaraercss ucnosibp30BaHHE MaIIMHHOE OOydeHHe Juid aHanu3a Big
Data, co3gaBaeMbIX HH(QOPMAIIMOHHOW CHCTEMOM YMHOTO JIoMa. [IpeanokeHo UCIoib30BaTh
riry6okoe MalIMHHOE 00y4yeHue, 6a3upyrollieecs Ha CBEPTOUHBIX HEHPOHHBIX CETSIX, IPUCIIO-
COONEHHBIX 111 HECTPYKTYpHpoBaHHBIX NaHHBIX [0T. IIpencTaBieHs! HOBBIC HMOAXOABI UL
00paboTKu OOJNBIIMX JAaHHBIX, KOTOPHIC MOBBIMAIOT d(dekTHBHOCTL 00padoTkn Big Data B
IoT. IlpencraBneHa KOHLENTyalbHas apXUTEKTypa CHCTEMBI 0OpabOTKH OOJIBIINX TaHHBIX
quist VIHTepHeTa Bellled Ha mpumepe CreHepupoBaHHOM 0a3bl naHHBIX NoSQL a1 ymHOro
noMa. JlaHHas apXHUTEKTypa COCTOUT M3 IIATH HE3aBUCHMBIX YPOBHEH, KaXIblif U3 KOTOPBIX
MOJKET UCII0JIb30BaTh CEMaHTUYECKOE MOJIENNPOBaHHUE.

Knrwuesvie cnosa: Hnoycmpus 4.0, Bonvwue Oaunvie, Humepnem eeweil, OHMONO2US,
cemanmuyeckuti Web, negpopmanvroe u ungopmanvroe obyuenue.

42 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196)



Intelligent Gontrol and Systems

DOL: https:// 10.15407/kvt196.02.043
UDC 550:531; 681.51

YEFYMENKO M.V.', PhD (Engineering),

associate professor of Zaporizhzhia National Technical University,
Chief Designer of SMC

e-mail: nefimenko@gmail.com

KUDERMETOV R.K.?, PhD (Engineering),

associate professor of Zaporizhzhia National Technical University,
Head of Computer Systems and Networks Department

' "HARTRON-UCOM LTD.",

166, Soborniy av., Zaporizhzhia, 69035, Ukraine

? Networks Department,

64, Zhukovsky str. Zaporizhzhia, 69063, Ukraine

TOPOLOGICAL ANALYSIS OF ANGULAR MOMENTUM
RANGE VALUES OF THE GYRO MOMENT CLUSTERS
BASED ON COLLINEAR GYRODINES PAIRS

Introduction. To ensure the high dynamic characteristics of Earth remote sensing satellites
in their orientation systems, the gyro moment clusters (GMCs) based on excessive number
(more than three) two-gimbals control moment gyrodines (GDs) can be used as actuators.
The attitude control by GD actuators task is the most difficult among the tasks of spacecraft
(SC) reorientation control. The central issue in solving this task is the synthesis of the control
laws for precession angles of individual GDs when there are excessive. Success in solving the
control problem is substantially determined by the choice of the GMC structure, it means the
number of GDs used and their mutual positions of the precession axes. From this choice
depends on the possibility of forming by GMC the necessary control momentum, the existence
and number of special GMC states, the complexity of the control laws for the precession
angles of the individual GDs included in the GMC. This is because in order to maintain the
desired SC orientation for a long time and to perform its turns with the required angular
rate, the GMC must have a sufficient margin of angular momentum. The allowable values of
the total angular momentum created by the GDs form a certain area that is bounded by a
closed surface of complex shape in a coordinate system rigidly attached to main SC body.
Inside this area there are particular surfaces on which the control of the GDs is complicated
or unfeasible. These surfaces are called singular. In this regard, for SC attitude control in
addition to control the precession rate of individual GDs it is also necessary to control the
mutual orientation of the angular momenta of the GDs in GMC. That is why one of the most
important problems of the control laws synthesis with the use of GMC is the identifying sin-
gular surfaces (topological analysis) in the area allowable angular momentum of the GMC.

© YEFYMENKO M.V., KUDERMETOV R.K., 2019
ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 2 (196) 43



Yefymenko M.V., Kudermetov R.K.

The purpose of the article is to develop a technique for detecting singular states in
GMC based on three collinear pairs.

Results. The analysis was carried out and the singular states of the GMC with three col-
linear pairs were revealed.

Conclusion. An original technique of a topological analysis of GMC based on collinear GD'’s
pairs is proposed. This technique may be useful to developers of SC attitude control systems.

Keywords: spacecraft, gyrodine, singular vector, singular surface.

INTRODUCTION

The task of a SC attitude control is the control by angular motion around CS
mass center. Nowadays this task is very actual due to the ever-increasing re-
quirements for the dynamic characteristics of CS angular maneuvers. The turns
must run from any current position to any given position. Wherein the attitude
accuracy after turning should be angular minutes, and the angular rates can attain
the values 2-3 degrees per second. For example, the French SC Spot 7 for shoot-
ing the Earth’s surface with high-resolution launched on June 30, 2014, provides
the following dynamic characteristics of spatial maneuvers:

— angular orientation accuracy — 1,7 arcmin;

— the maximum angular rate — 2,1 deg/s.

The assurance of such high dynamic characteristics is complicated by the
fact that the mass increase trend is observed for high resolution Earth remote
sensing satellites. If the mass of the earlier satellites Ikonos, OrbView-3 was 720
and 304 kg, respectively, then the mass of the subsequent satellites QuickBird-2,
WorldView-1, Geoeye-1, WorldView-2 exceeds 2000 kg. It is known that for
SC with a considerable mass the most effective actuators of attitude control sys-
tems are the GMCs based on excessive number (more than three) two-gimbals
control moment GDs [1, 2]. The main advantage of GMC is that they have the
best “created control moment /own mass” ratio among other actuator types and
at the same time allow for complex rotational movements of the SC necessary
for solving many practically important attitude control tasks. The tasks of con-
trolling angular motion with the help of GMC are one of the most difficult tasks
among the SC attitude control tasks. The general approaches to the solution of
these tasks and some fundamental results were first presented in the domestic
publications by papers of Ye. N. Tokar in the 1970s — 1980s. A significant con-
tribution to the development of this subject matter was also made by the results
presented in [3, 4, 5, 6]. The modern approaches to the development SC attitude
control algorithms using GDs are considerd in [7, 8].

In order to maintain the SC given orientation for a long time and to turn
with the required angular rate the GMC must have a sufficient angular momen-
tum store. Possible summary angular momentum generated by the GDs form a

certain area S, in SC body fixed frame. This area is bounded by a closed sur-

face of complex shape. Inside area .S, there are particular surfaces on which the

control of the GDs is complicated or unfeasible. These surfaces are called singu-
lar. There are two types of singular surfaces: passable and impassable. Passable
are called surfaces that can be passed by changing the mutual configuration of
GDs angular momenta without changing the summary angular momentum of
GMC. If this is not possible, then the surface is called impassable. In the class of
GDs systems, the most rational are the GMC on the base of collinear pairs. The
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aggregating of GDs into so-called collinear groups, in which the precession axes
are arranged in parallel, gives one very important advantage: if there are six or
more GDs, all the singular surfaces of such schemes are strictly passable [9].
Quite a lot of work has been devoted to the problem of analyzing singular sur-
faces. As an example, one can cite the works [10, 11], in which singular passable
and impassable surfaces were classified based on analytical criteria for GMC
arbitrary schemes, and a technique for the type surface determining was pro-
posed. The works [12—16] deserve attention, where the attitude control problems
using GMC are studied in detail. Despite the fact that a lot of work has been
devoted to the problem of GMC topological analysis, interest to this problem
continues unabated today.

The main goal of this paper is to develop an analytical technique for identi-
fying singular surfaces for GMC based on collinear GD’s pairs and to carry out a
topological analysis of such GMC built on six GDs.

FORMULATION OF THE PROBLEM

The SC will be considered as a rigid body containing arbitrarily mounted collin-
ear pairs of GDs. Let us introduce the right orthogonal coordinate system B
rigidly attached to main SC body or Body Frame (BF) and the right orthogonal

coordinate system G, rigidly attached to mounting plains of the GDs in the i th

pair. Let us determine the position of the basis G, relative to the basis B by the
transition matrix Cpg, . We assume that all the GDs have the same proper angu-
lar momenta /%y =const .

For the GDs angular momenta vectors /y;_; , hy;, i=1,2,---, N in the i
collinear pair, the following relationships are valid:

hai1y = CpG,Maiig, »
(1)

haig = CpG; haig, -

Hereinafter, the subscript in the vector designation indicates what basis it is
projected.

Introduce the vector a = (al yees OO )T and Jacobi gradient matrix

Ohp . Ohwp |
6(11 6(12N

L<°°)=( 2)

To ensure SC angular motion complete controllability it is necessary that
the rank of the Jacobi gradient matrix L(a), which is determined by the dimen-

sion of its column space, is three. Consider the following problem: to find re-
strictions on the vector of the GDs precession angles o in the scalar equations
form (equations of special surfaces)

fila)=0, k=12..K ,

where K is the number of singular surfaces in GMC at which the rank of the
Jacobi gradient matrix L(a) is less than three
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rang L(a) <3 3)

The solution of the problem. If the condition (3) is satisfied, then the col-
umns of the matrix L(a) lie in the same plane. In this case GMC cannot gener-

ate control torque components along unit vector A g of the normal to this plane.

Such an unit vector Ag =(A;5, %25, M5 B)T is called the GMC singular vector
and is determined from the condition

ABL(0)=0 . )

This task can be reformulated as follows: to find all the restrictions on the
GDs precession angles vector, for which the homogeneous overdetermined sys-
tem of equations (4) has nonzero solutions. Equation (4) taking into account
expressions (1) and (2) can be represented as follows:

9 KT
8(11 1Gl
0 T
day G

CeB

CG] B

A‘B = 0 . (5)

_ 0 T C

ooy 2Nlon GN-1B
0

T haw

ooy y GaN

CGzNB

h

Denote by g, = h—’ the angular momenta of the GDs in relative units. Then
0

equation (5) can be represented as:

Suppose R; is the coordinate system associated with i GD rotor. The axis
xp of this system coincides with the precession axis of the i GD, the axis Vi

coincides with the rotor rotation axis of i GD and the z r axis complements
the system to a right-hand one. Further assume that the mutual orientation of the
bases G, and R, corresponds to Fig. 1.
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ZR

O

g
Fig. 1. Mutual orientation of the bases G; and R;

In this case, for the i collinear pair GDs angular momenta in the relative

units, the following expressions are valid:

0 0
ng =|cosa; |=|y; ,j=1,2,...,2N. (7)
sinocj zZ;

It follows from (7) that

P 0 0

ng B . B

aa] = _Slnaj = Zj . (8)
COS(lj y]

By substituting (8) into (6), we obtain N subsystems

0 —zp y2i—1j

Ag. =0,i=12,..,N,

[0 ~Z2i Y2 ) ©)
where
rG; =CapMp - (10)
Consider the matrices
—Z2i-1 Y2i-1
Api1 i Z( J

B VR Y (1D

Denote by D,, , ,; the determinant of the matrix 4,, , ,;. Finding this de-

terminant, we obtain
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Dy 10 =23:Y5i 1 = 2911 Vy = SIN 0L, COS 0Ly, | —COS Oy, SINQLy; | =

(12)

=Sin( 0y =0y, )

The solution of the systems (9) depends on the values of the determinants
and is determined by the expression:

+1
0 |, Dyi12; #0;
A Cpg. A 0
B~ ¥BG G sing; sing; ’ (13)
¥2i €08&; | =| £ yy;_1cosg; |, Dy =0;
Z5; COSE; tz,;_jcosg;

where €, is an arbitrary angle. The geometric interpretation of the solution (13) is as

follows. According to equation (9), the vector A, is a singular vector of the h ol

linear pair. If the angular momenta of the included in the collinear pair GDs do not lie
on one straight line, then the singular vector A, is perpendicular to the plane passing

through the vectors 8Gyi 1> &Gy, and parallel to the GDs of precession axes, which,

according to Fig. 1, is the axis x; . If the angular momenta of the included into collin-

ear pair GDs lie on one straight line, then they form a straight line to which an infinite
number of perpendiculars can be drawn, which position in the basis G; is determined

by the angle ¢; . Since, if the condition D,;_; »; =0 is satisfied, the angular momenta
in the i collinear pair are related by the relationship g, | =+gg,, , hereafter only
vectors g, are considered. Then, taking into account expressions (7) and (10), for a

singular vector A p it is true the relationship

BG, .
o, Dyyy #0;

Ay =Cp A =
5 = “56,7%, BG, . BG, BG, o
¢, 'SIng; +¢; 'Y, COSE, + ¢y 'zy, 088, D, , =0;

> (14

where cf Gi ,k=1,2,3 are the columns of matrix CBGi. N relationships (14)

define the same vector A, therefore, if A is not a zero solution to system (4),
then forany i # j, i,j=1,2,..., N, the equalities should be satisfied

CpG,hg; =CBg*a, -

(15)

Thus, if there are the GDs precession angles vector o and angles ¢; for
which all N(N —1)/2 equalities (15) hold, then there exist nonzero solutions of
system (4) and there is a singular state. If there are no such angles, then Az =0
and there is no singular state.
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TOPOLOGICAL ANALYSIS OF THE 3-SPE SCHEME

As an example of the application of the proposed technique, consider the GMC
containing three collinear pairs. In the original work of J.W.Crenshaw [17], the
excessive multiple scheme based on three collinear GDs pairs was named as
3-Scissored Pair Ensemble (3-SPE).

We will assume that the precession axes of the GDs of the first group coincide
with the axis zp , the precession axes of the second group coincide with the axis yp

and the precession axes of the third group coincide with the axis xp (Fig. 2). For such
a GMC scheme the transition matrixes C BG; » i=1,2,3 have the forms:

0 0 -1 0 -1 0 1 00
CBG] = 0 1 0 N CBG2 = 1 O 0 N CBG3 = 0 1 O .
1 0 O 0 0 1 0 0 1

Fig. 2. Precession axes arrangement of GDs in 3-SPE
scheme
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In this case, for the projections of the relative angular momenta along the
axes of B basis, the following expressions are valid:

—Sil’l(ll —Z1 X1B —sinaz —Zy X2B
g, =| cosay |=| VI |=| VB |> &,B=| COSay |=| Y2 |=| V2B |5
0 0 0 0 0 0
—Ccosag -3 X3B —C0Say — V4 X4B
g3B = 0 = 0 = 0 5 g4B = 0 = 0 = 0 5 (16)
Sil’l(l3 z3 Z3B sina4 Z4 ZAR
0 0 0 0 0 0
g5 =|COSA5 |=1 V5 |=| V5B |, &cB=|C0S0g |=| V6 |=| V6B |-
sinog Z5 Zs5p sinag Zg Z6B

To determine the conditions under which the homogeneous system (4) has a
nonzero solution, we analyze the dependence of the solution of this system on
the values of the determinants Dy ,, D34, Ds¢. According to (12) these deter-

minants are defined by the formulae
D, =sin(oc2 —al), Ds 4 :sin(a4 —0c3), Ds g :sin(oc6 —0(5).

Depending on the numerical values of the determinants D, ,, D34,Dsg,

the following different options are possible:

1) D172 #0, D3,4 #0, D5,6 #0.
In this case, according to (15), the condition for the existence of a nonzero

0 0 +1
solution of system (4)is | 0 |=|x1|=| O
+1 0 0

But obviously equalities are impossible. Therefore, A 5 =0 and no singular state.
2) Dl,2 ZO, D3’4 =0, D5,6 #0.

From relationships (14) and (15) it follows that for the existence of a non-
zero solution the equalities

—Z, COS €| 0 +1
ypcosg [=|£1|=| 0
sing; 0 0

must be satisfied, which is impossible and there is no singular state.
3) D1,2 #0, D3’4 =0, D5,6¢0'

In this case, for the existence of a nonzero solution the equalities
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0 — V4 COSEy *1
0 |=| singy, |[=]0
+1 Z4COSEy 0

must be satisfied, which is impossible and there is no singular state.

4) D1,2 =0, D3’4 =0, D5,6 =0.
In this case, for the existence of a nonzero solution the equalities

0 0 sin €5
0 |=|£1|=]| ygcoses
+1 0 Zg COS €3

must be satisfied. These equalities are not satisfied, Az =0, therefore there is no

single state.
5) D1,2 0, D3’4 =0, D5,6 =0.
A necessary condition for the existence of a nonzero solution for this case is

the validity following equalities:

0 — Y4 COS€) sin ez
0 |=| sinegy, |=|ygcoses
+1 Z4COS€y Zg COS €3

These equalities are possible when &, =0,m; e3=0,1; y; =0, yg=0,
z4 =%1, zg =%1. Therefore Az # 0 and there is a singular state. Let us find the

equation of the surface in the basis B on which this state arises. From the equal-
ities of the determinants D; 4 and Ds¢ to zero and expressions (16) it follows

that y3 =y, =—x3p =Fx4p =0, ys =%ys =ysp =£yep =0. Then

2 2 2 2
X3p +xip +y5p +vep =0. (17)
The constraint (17) defines a surface in the basis B in the form of a unit circle ly-
ing in a plane OX yYj , to which the singular vector Az = (0,0, + 1)T corresponds.

6) Dl,2 =0, D3’4 0, D5,6 =0.
In this case, the condition for the zero solution existence is

— 2, COS €| 0 sin €5
yocosgy |=|x1|=| ygcoses
sin g; 0 Zg COSE3

It is satisfied if €, =0,7; e3=0,7; y, =%, yg =21, z; =0, zg =0. From
the  conditions Dj,=0 and Dsg=0, the equalities follow:
VI=tyy=—x1p=Fxp =0, z5 =*tzc =z5p =tzcp =0. A nonzero solution will
occur if there is a constraint
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2 2 2 2
X\ t X2p +Z55 t ZgR =0. (18)
To the constraint (18) corresponds a circle lying in a plane OX zZ5 of the

basis B and a singular vector A = (0,+1,0)" .
7) Dl,2 =0, D3,4 =0, D5,6 #0.

Making the transformations similar to those performed in cases 6) and 7),
we obtain the following equation for the singular surface:

2 2 2 2
Yip +y2p +235 + 245 =0. (19)
The constraint (19) defines a circle lying in a plane OYgzZp of the basis B

and a singular vector Ag =(+1,0, 0)T .
The spatial positions of singular planes for cases 5) — 7) are shown in Fig. 3, [14].
8) Dj» =0, Dj3=0, Dy3=0.
The condition for the existence of a nonzero solution in this case is

— 25 COS§ — Y4C08€) sines
Ag =| ypcosg |=| singy, |=| ygcoses |. (20)
sing Z4COSEy Zg COSE3

Considering that the sines of angles €;, k£ =1,2,3 are the coordinates of the

vector Ap:

My, =singy, Ay, =singy, A3, =sing @1)

and Ap is the normalized vector, then from the equality of its norm to one fol-
lows the condition for the existence of a nonzero solution

Fig. 3. The set of special GMC surfaces when
two pairs GDs are in singular state
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sin? g + sin® €y + sin? e3=1. (22)
To satisfy equalities (20), it is necessary that the following relationships
hold for the coordinates of vectors g»; :

_sing, _ singgy
cosg; cosg|
_ singg _sing| |
Yyg=—T— 4=, (23)
COS€p COS€p
sing, sing,
y6 :——’ = —
coS€;3 coS¢€;3
Consider a few special cases:
a) €1=0, 8 #0, e5#0;
b) 81¢0,82:O,83¢0;
C) 81?50,82750,83:0;
T
d) 81=0,82=O,83=i5.

In the case a) from conditions (22—23) we have the following relationships:

sin? g+ sin’ €+ sin? €3 = sin’ €+ sin’ ez =1,

sin’ € =1—sin? €3 = cos? €3, sing, =+*coses, cosg, =tsings,

sing sing .
= 2 =ZXcosgz, zZp=-— 3 =-—singg,
cosg| cosg
sing; sing;
ya=——— =kl zy=—>l=0,
cos€y cos€y
sing, sing,
y6 = — = il’ = —= O .
cosé€j COS€j
=%y,  z1=%zy,
y3=tyq,  z;3=tzy,
Yys =%y,  Z5==zg.
By substituting these relationships into (16) we find
X1B iZZ F Sin83 X2B -2z Si1’183
g B=|V1B |=|* ¥y |=| £coses |, g,5=|V2p [=| V2 |=|Ecoses |,
0 0 0 0 0 0
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x3p| (-3 (%1 X4p ) (V4 Tl
g,5=| 0 |=| 0 |=| 0], g,5= 0|2 0 |50
Z3B z3 0 Z4p Z4 0
0 0 0 0 0 0
gs=|Ysg |=| Vs |=|%1|.8,8=|Yen |=| Vs |=| 1]|.
Z5p Z5 0 Z6B Zg 0

In this case, the singular surface is a unit circle lying in a plane OX Y5 .

Having done the similar calculations for cases b) and c), we obtain that in
case b) the singular surface is a unit circle in the plane OX 3Zp , and in case c) it

is a unit circle lying in the plane OYzZ5.
For the case d) a nonzero solution will exist if the following equalities hold

—z) [(—ya) (*1
ig=| y2 |=| 0 |=] 0],
0 Z4 0

from which it follows that y,=y,5=0, zy=—xyp=%1, yy=—-x4p==I1,
z4 =245 =0 and the singular surface is a straight line coinciding with the axis

OX p . Similarly, it can be shown that when &, = ig , € =0, g3 =0 the singular
surface is transformed into a straight line that coincides with the axis OZp, and
as g, =0, g, = ig , €3 =0 the singular surface is transformed into a straight line

that coincides with the axis OYp.

Fig. 4. The set of special GMC surfaces when three pairs GDs are in
singular state
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Thus, when one of the angles ¢,, k=1,2,3 tends to zero or to =, the sin-
gular surface is transformed into a circle lying in one of the coordinate planes,

3n . .
and when one of the angles ¢; tends to % or to > the singular surface is trans-

formed into a straight line coinciding with one of the BF axes. In the general
case, when Dy, =0, D;3 =0, D,3 =0, the singular surface has a quite complex

shape. The boundary of this shape has six cavity (“craters”), the axes of which
coincide with the BF axes. The set of possible native singular states of the 3-SPE
scheme is shown in Fig. 4.

CONCLUSION

An original technique of a topological analysis of GMC based on collinear GD’s
pairs is proposed. Using this technique, the analysis was carried out and the
singular states of the GMC containing three collinear pairs were revealed. The
proposed technique may be useful to developers of SC attitude control systems.
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TOITOJIOTTYHUI AHAJII3 OBJIACTI JIOITY CTUMMUX 3HAYEHb KIHETUYHOI'O
MOMEHTY CHUJIOBUX I'TPOCKOITTYHUX KOMIUIEKCIB KPATHUX CXEM

Beryn. s 3a0e3medyeHHs] BUCOKUX JMHAMIYHMX XapaKTEPUCTHK CYMYTHHKIB IHCTAHIIHHOTO
30H/IyBaHHS 3eMIli B iXHIX CHCTeMax Opi€HTaIlii B SIKOCTI BUKOHABYMX OPraHiB MOXYTh BUKOPHC-
ToBYyBaTucs cuioBi ripockoniyHi komiuiekcH (CI'K), ki € HagmmmkoBoro (Oibire 3) cucTeMoro
JIBOCTYTNICHEBUX CHJIOBHX TIPOCKOIIB (TipOMiHOB). 3aBIaHHS TiPOCHIOBOTO KEPYBaHHS KyTOBUM
PYXOM € OTHMMH 3 HAMCKJIAJIHIIINX cepes 3aBlaHb KepyBaHH: nepeopieHraniero KA. LlenTpanb-
HHMM NIUTaHHAM IIiJ 9ac BUPIIIEHHS [IMX 3aBIAHb € MUTAHHS CHHTE3Y 3aKOHIB KEPYBaHHS KyTaMH
nperecii OKpeMHX TipOAiHOB 3a 1X Ha/UIMIIKOBOCTI. YCIHIX y pO3B’sS3aHHI 3aBIaHHS KepyBaHHS
OaraTo B YoMy BHU3Ha4aeThcsi BUOOpoM cTpykTypu CI'K, min sikor0 po3yMi€eThCsl KiIbKICTh BUKO-
PUCTOBYBaHMX TipOIIHOB 1 B3a€MHE po3TallyBaHHs iXHiX oceil mpeuecii. Bix Takoro BuGOpY
3aISKUTh MOXKIUBICTE (hopmyBanHs CI'K HE0OXiHOroO Kepyrouoro MOMEHTY, HasBHICTb 1 Killb-
KicTh ocobnuBux craHiB CI'K, ckiaHicTh 3aKOHIB KepyBaHHS KyTaMU IIpelecii OKpeMHX Tipoi-
HOB BxojaTh B CI'K. Lle 3yMOBJI€HO THM, IO YISl TPUBAJIOTO MiITPUMAHHS MOCTIHHOI OpieHTAIlT
ariapara i BUKOHaHHS HUM PO3BOPOTIB 3 HEoOXifHOW KyToBoto miBuakicTio CI'K moBuHeH matu
JIOCTaTHiN 3anac KiHetnaHoro MoMeHTy (KM). lomyctumi 3HadeHHs1 cymapHoro KM, ctBoproBa-
HOTO TipofiiHaMy, YTBOPIOIOTh B CHCTEMi KOOPAMHAT, KOPCTKO MoB'13aHol 3 KA, nesky o0nacts,
sIka OOMEKCHA 3aMKHYTOIO TOBEPXHEI0 CKIAmHOT Gopmu. YcepeauHi 1€l 00IacTi po3TamioBy-
I0TbCSl OCOOJIMBI [OBEPXHI, Ha SIKUX KePyBaHHs TipoAiHaMU YCKJIaJHEHO abo B3araii HEMOXKIIUBE.
i moBepxHi MPUITHATO HA3UBATH CUHTYJIAPHAMH. Y 3B'SI3KY 3 IIUM, Y pa3i KepyBaHHI Opi€HTAIIIE€0
KA 3a ponomoru CI'K, kpiM KepyBaHHs IIBUJKICTIO Hpelecii OKpeMux IipoAiHOB, HEOOXiTHO
KEpyBaTH 1 B3aEMHOIO OPI€HTAIlI€I0 KIHETHYHUX MOMEHTIB TipojIiHOB, 110 Bxoath B CI'K. Bon-
HOYaC OJJHUM 3 HaWBaXIUBIIINX 3aBJaHb CHHTE3y 3aKOHIB KepyBaHHS 3 Bukopucranusam CI'K e
3aBJIaHHs BUSIBJICHHSI CHHTYJIIPHHX ITOBEPXOHb (TOIOJIOTIYHOTO aHajli3y) 00JacTi JOITyCTUMOTO
kiHetnyHoro MmomeHty CT'K.

MeTa po6oTH — PO3POOJICHHS METOJMKH BHSBICHHS CHHTYJISIPHUX MoBepXoHb B CI'K
KPaTHHUX CXEM.

Pe3yabTaT — NpoBeseHO aHali3 Ta BUABIEHO CUHTYIsIpHI ctanu cxemu CI'K, mo mic-
tuTh Tpu KoniHneapHsi mapwu.

BucHoBkH. 3alpoNOHOBAHO OPUTIHAIBHY METOAUKY IIPOBENCHHS TONOJOIIYHOIO aHali3y
CI'K kparHux cxemu. Meroanka Moxke OyTH KOpUCHA pO3pOOHMKaM cucTeM opieHTartii KA.

Knrouoei cnosa: xocmiunuii anapam, 2ipo0iH, CUHSYIAPHULL 6eKMOP, CUHSYISPHA NOBEPXHSL.
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TOITOJIOTUYECKUI AHAJIA3 OBJIACTH JJOITYCTUMBbIX 3HAYEHUI
KHHETMYECKOI'O MOMEHTA CHJIOBBIX
I'MPOCKOITMYECKHX KOMIIIEKCOB KPATHBIX CXEM

BBenenmne. i1 oGecrieyeHNs] BHICOKHX THHAMHYIECKUX XapaKTEPUCTUK CITyTHHKOB JUCTAH-
IIMOHHOT'O 30HAUPOBAaHMS 3€MJIM B MX CUCTEMaxX OPUEHTALMM B KAueCTBE HCIIOIHHUTEJIBHBIX
OpraHoOB MOTYT HCIOJB30BaThCS CHIIOBBIE Thpockonmdeckne komruiekcsl (CI'K), mpencras-
mstronye coboit u30bITOuHyl0 (Gonee 3) cUCTEeMy JBYXCTEHNEHHBIX CHJIOBBIX THPOCKOIIOB
(rupouHOB). 3amaull TUPOCHIOBOTO YIIPABICHHS YIJIOBBIM JIBIDKEHUEM SIBIISIIOTCS OXHUMU
u3 HauOoJee CIOXHBIX Cpeld 3ajgay ympasieHus nepeopueHrauueid KA. LleHTpanbHbIM
BOIIPOCOM TP PEIICHUH ITHX 3a1ad SBISETCS BOIPOC CHHTE3a 3aKOHOB YIIPaBIECHHS yTIIAMH
MPELECCUU OTACIbHBIX THPOAUHOB MPH UX U30BITOYHOCTH. YCIIEX B PEIICHHH 3aJlau yIIpaB-
JIEHUsI BO MHOTOM onpezeinsiercs: BeioopoM cTpyktypsl CI'K, mox xoTopoil moHMMaeTcst Ko-
JIMYECTBO UCIOJIb3YEMbIX I'MPOAMHOB U B3aUMHOE paclojoXkeHHue ux ocell mperneccuu. OT
TAaKOro BBIOOpA 3aBUCHT BO3MOKHOCTH (hopmupoBanuss CI'K TpeGyemoro ymnpasisroiiero
MOMEHTa, HaJM4YKe U KOJIHYecTBO 0co0bIX cocTosHUM CI'K, CI0)KHOCTh 3aKOHOB yIIpaBJICHUS
yIJIaMH TIPEeCCHU OTACNBHBIX THPOIUHOB, BXomamux B CI'K. OOycioBieHo 3TO TeM, 4To
JULSL IPOOJDKUTENBHOTO MOJ/IepKaHUs 3alaHHOW OpUEHTallMy almapaTa U BHINOIHEHUS UM
pa3BopoToB ¢ TpebyeMoi yrioBoi ckopocthio, CI'K momkeH o0iaaaTh TOCTaTOYHBIM 3ama-
coM kuHetndeckoro momeHnta (KM). Jlonmyctumsie 3HaueHus: cymmapaoro KM, coznaBaemo-
ro TUpoJUHAMHM, 00pa3yloT B CHCTEME KOOPAUHAT, XKECTKO cBs3aHHOH ¢ KA, HekoTopyro
001acTh, KOTOpasi OrpaHUYeHa 3aMKHYTOH MOBEPXHOCTHIO CIIOKHOW (QopMbl. BHyTpH 3Toi
o0nacTy pacroJyiaralotcsi ocoOble IMOBEPXHOCTH, Ha KOTOPBIX YIpAaBJIEHHE THUPOIUHAMU
YCII0)KHEHO WM BOOOIIE HEOCYIIECTBUMO. DTH MOBEPXHOCTH MPUHATO HA3bIBATh CHHTYJIISP-
HBIMU. B cBs13u ¢ 3TUM, nipu ynpasienuu opuentanueii KA ¢ nomompio CI'K, kpome ympas-
JICHUSI CKOPOCTBIO NPELECCHH OTACNBHBIX TUPOJMHOB, HEOOXOIUMO YIIPABIATh U B3aUMHOM
OpHeHTalMell KHHeTHYECKHX MOMEHTOB rupoanHoB, Bxosamux B CI'K. Ilpu stom oxHoii u3
BaKHEHININX 3a/7a4 CHHTE3a 3aKOHOB ympasiieHus ¢ ucronb3oBanueM CI'K sBisiercs 3amaua
BBISIBIICHHUS CUHTYJISIPHBIX ITOBEPXHOCTEH (TOMOJIOTMYECKOro aHaJIn3a) 00IacTH IOIyCTUMOTO
kuHeTHyeckoro momenta CI'K.

Heas padorbl — pa3paboTka METOAWKU BBISBICHHS CHHIYJSIPHBIX IOBEPXHOCTEH B
CT'K kpaTHBIX CXeM.

Pe3yabTaT — NpOBENEH aHAIM3 W BBIABICHBI CUHTYIIsIpHbIE cocTosiHuA cxembl CI'K,
cozeprKaliell TpU KOJUTMHEapHbIe Maphl.

BoiBoabl. IIpeuioxkeHa opUruHagbHas METOJUKA MPOBEICHUS TONOJIOTHYECKOrO aHa-
nu3a CT'K kpaTHbIX cxeM. MeToanka MOXeT OBbITh MOJIe3Ha pa3paboTYMKaM CHCTEM OpHEH-
tanuu KA.

Knioueevie cnosa: xocmuueckuil annapam, upoOUH, CUHSYIAPHBIN BEKMOP, CUMSYIAPHAS
NOBEPXHOCMb.
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THE METHOD OF DETERMINING CONDUCTIBILITY FOR CORONARY
VESSELS BY TERMOGRAPHY

Introduction. The character of the distribution of temperature in the heart is determined by
the process of heat exchange between the myocardium and coronary vessels, as well as the
state of microhemodynamics of the coronary vessels of the heart. For quantitative estimation
of changes in temperature distribution on the surface of the heart, the algorithm for calculat-
ing a quantitative criterion, that may be an objective marker for effective protection of the
heart and brain, is proposed. The method of determining the conductibity of coronary vessels
is implemented on the basis of the algorithm for determining the thermal contours, calculated
from the gradients of the temperature field on the image of the heart in the infrared spectrum.
The improvement of the previously developed method for determining the thermal contours
on the basis of Canny's algorithm consists of the transition from qualitative to quantitative
assessment of the rate of change in temperature on the surface of the myocardium.

The purpose of this study is to evaluate the conductibity of coronary vessels for the
study of blood flow in the surface layer of the myocardium during warming up and cooling of
the heart in conditions of cardiopulmonary bypass.

Results. The numerical value of the quantitative criterion obtained is calculated by de-
termining the difference in temperature between the blood and the myocardium, calculated as
the difference between the geometric areas under the temperature distribution curves in the
temperature field equation for the constant and the current fluxing temperature. The contour-
ing method for determining the conductibity of coronary vessels allows to select areas on the
surface of the myocardium, in which the change in temperature significantly lags behind the
average temperature on the surface during warming or cooling of the heart, which indirectly
allows evaluating the state of small coronary vessels in the myocardium.
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Conclusions. The method for determining the conductivity of coronary vessels for the study
of blood flow in the surface layer of the myocardium is proposed, which allowed to allocation
contours of sites on the surface of the myocardium with uneven distribution of temperature during
warming up and cooling of the heart. Scientific novelty of the method consists of the allocation of
thermal contours of sites in which the temperature change significantly lags behind the average
temperature on the surface during warming up or cooling of the heart.

Keywords: mathematical modelling, the algorithm of detector Canny, heart temperature,
temperature profiles, hypothermia, hyperthermia, cardiopulmonary bypass.

INTRODUCTION

During controlled cooling and warming on thermography images, the uneven distribu-
tion of temperature in tissues is become visible. In inflammatory processes in the
myocardium, areas of hyperthermia that correspond to the area of infiltration, that
indicate a difference in temperature with adjacent tissues are determined. In chronic
inflammation, the temperature difference is 0,7—1°C, with acute illness 1-1,5°C, and
in the destructive process reaches 1,5-2°C [1, 2]. When the blood temperature changes
in the circulatory circuit, the body temperature of the patient also changes. Moreover,
the temperature difference between the blood in the contour and the patient's body
should not differ by more than 15°C [3, 4].

The temperature field recorded by the thermographic system reflects the
unique morphological and biophysical characteristics of the myocardium [19].
The main reason for violations of local temperature in the heart is the microcir-
culation in the tissues of the myocardium due to inflammatory processes. The
regulation of temperature in the myocardium is mainly carried out by changing
the lumen of the coronary vessels [20, 21]. When cooling the heart, there is a
slowing of blood flow and narrowing of the surface vessels. In another situation,
with warming the heart, blood flow is redistributed to the surface of the vessels,
which facilitates the removal of heat into the external operating field. In this case
there is a so-called transverse temperature gradient that is the difference in tem-
perature between the surface and deep layers of tissue of the myocardium.

TASKS OF THE RESEARCH

Analytical studies of temperature distribution on the surface of the heart are
based on the developed model of the system of myocardium- coronary vessels
[5, 6], the model of heat exchange for the process of cooling the blood and heart,
and the model of heat flux propagation in the myocardium in the process of hy-
pothermia and hyperthermia [7, 8], for calculating which used the methods of
theoretical and mathematical physics (solving the boundary value of thermal
conductibility) with the involvement of experimental data on the distribution of
thermal fields in areas of temperature anomalies on the surface of the heart and
methods of the statistical analysis and processing of experimental data [22—24].

The development of the method of contouring temperature inhomogeneities
for determining the conductivity of coronary vessels on the basis of the algo-
rithm of detector Canny is a promising task for the implementation of informa-
tion technology for non-invasive control of heart temperature during conduction
of thermography studies in cardiology.
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The introduction of the method for assessing the conductibility of coronary
vessels in cardiac surgery will allow in the long run non-invasively control the
blood temperature in blood vessels and determine the efficiency of the operation
of distal septum vessels after coronary bypass surgery in conditions of controlled
cooling and warming during cardiopulmonary bypass.

THE PURPOSE OF THERMAL CONDUCTIBILITY STUDY

The purpose of study is to evaluate the conductibility of coronary vessels for the
study of blood flow in the surface layer of the myocardium during warming up
and cooling of the heart in conditions of cardiopulmonary bypass.The develop-
ment of the method for contouring temperature inhomogeneities is associated
with obtaining information on the state of the blood supply to the myocardium
by separating the geometric boundaries between the cooled and warmed areas of
the heart by using the algorithm of Canny’s detecting and Gaussian filters for the
video frames of the thermograms.

METHODS AND MEASURES OF THE RESEARCH

The temperature between the myocardium and the blood in the circuit of artifi-
cial blood circulation, which is cooled and warmed up in the heat exchanger, is
measured using the thermograph FLIR ThermaCAM E300 having a temperature
sensitivity of 0,1°C and a measurement error of +1% of the range of measure-
ments. The technical capabilities of the thermograph allow to determine the min-
imum difference in temperature between the heart and blood in the circuit of
cardiopulmonary bypass from 0,5°C to 10°C.

The contouring method for determining the conductibility of coronary ves-
sels is realized on the basis of the contours algorithm of Canny detector that
allows to distinguish the contours of the boundaries between different sections of
the thermograms and divide them [9]. According to the algorithm, the selection
of Canny detector is modified to study temperature gradients on the surface of
the myocardium for analysis the stream of video data in the form of frames of
thermograms that is recorded by the thermal imager and stored in the database of
thermography images.

Clinical researches and researches on the basis of the method of mathemati-
cal modeling were conducted for estimation of efficiency of work of the algo-
rithm of allocation of contours on the images of open heart.

RESEARCH OF TEMPERATURE GRADIENTS ON THE HEART SURFACE

For determine temperature gradients in conditions of cardiopulmonary bypass, it
is necessary to control the temperature difference between coronary vessels and
myocardium. The temperature difference at a distance from the vessel wall can
be found from the equation for the amount of heat Q,, that is transmitted to the

myocardium through the surface of the vessel over an area of time 7 [10-13]:

A
On =48 7=2(T,~T,)-S, =, (1)
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where ¢ — the density of the heat flow through the surface of the vessel, W / m?
S

c

— the surface area of the vessel,m>, & — the distance from the vessel
wall,m , T, — blood temperature in the vessel, °C, T,, — the temperature of the

tissue of myocardium, °C .
From the equation we find the temperature difference between the vessel
and the myocardium:

AT=T,-T, =24 @

The ratio5/4 characterizes the thermal conductibility of the myocardium,
and the value determines the full temperature pressure from the vessels to the
myocardium. For the current temperature of the blood AT}, that cools or warms
up to a temperature 7;, it is possible to write the expression:

AT, =T, -T, :AT—%TI, 3)

where / — the distance from the vessel wall, through which the heat travels
from the vessel to the depth of the myocardium, m .

The ratio AT/AT; is a dimensionless excess temperature that characterizes
the temperature distribution from the vessel wall to the blood in the tissue of
myocardium:

AT /
0= N 1 s 4)

1

This expression is a temperature field equation in the assumption that the
coefficient of thermal conductibility for the myocardium is a constant value. For
determine the conditions for blood supply to the heart in small coronary vessels,
it is advisable to estimate the change in the value S,/S,, , which is the ratio of the
warmed area of the myocardium to the total surface areaS,, at the same time

intervals A¢ during hyperthermia:

AT S;

0=—-=1-" 5)

AT, S,

where S, — total area of the surface of the myocardium, m?, S; — surface area

of the myocardium, through which the process of heat transfer occurs, m?>.

With the thickness of the atrial walls 2—3 mm and the thickness of the walls
of the left ventricle of the heartl 1-14 mm , which has the greatest thickness of the
myocardium, the dependence of the coefficient of thermal conductibility on
temperature A(7) has a virtually linear character [25, 26]:

AMT)=4, (1+5T), (6)
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where 4, — the value of the coefficient of thermal conductibility of the myo-
cardium for the temperature 7'=0,0°C at the cooling of the heart, W/ (m-K),

b — the empirical coefficient of the temperature curve.
For the arithmetic mean temperature at the area of myocardium — coronary
vessels, the expression for the coefficient of thermal conductivity has the form:

/‘L(T):lm{l+g(7‘c—Tm)}:/im[lJr%AT}. (7)

In this case, the expression for the density of the heat flux ¢ on the surface
of the myocardium is as follows:

0= 21121421, | ®

From this equation we find that the temperature difference AT in the layer
of the myocardium is a nonlinear function, even for linear dependence of the
coefficient of thermal conductivity of the myocardium A(7T):

AT = |[—-2 4 = . 9)

If the heat flow from the vessels is transmitted to the myocardium due to
heat transfer from the blood in the vessels, the specific heat flux is determined
from the Newton-Richman equation [10]:

_Ac(7)
s

q (Tc_Tm):ac(Ti_Tm)’ (10)

where a, — the value of the coefficient of heat transfer in the blood vessels.

Substituting the value of the heat flux in the expression for the temperature
field, we obtain the dependence for the relation S; /S, :

2
Si_q_Ar U 1) 26 e (11)
S AT, bAT, \\BAT, ) b AAT,

Thus, the resulting dimensionless value F = S,/S,, is determined by the rate of

change in blood temperature in the vessels — the thermal conductibility of the
blood A, the thermal conductibility of the myocardium 4,, , the difference in tem-
perature between the blood and the myocardium A7}, as well as the sign and numeri-
cal values of the coefficientd for the temperature curve. The deviation of the values
of the ratio F' from the linear dependence for the temperature field equation @ char-
acterizes the uneven distribution of the temperature in the myocardium owing to the
different rate of heat propagation in the medium (Fig. 1):
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AT/AT,

v

Si/Sm

Fig. 1. Curves of temperature distribution in the layer of the
myocardium for the temperature field equation

The relative deviation A, from the linear dependence in the temperature

field equation for the current temperature flux is calculated as the difference
between the areas under the temperature distribution curves:

Ar=(1-F-6)<1. (12)

where 6, — the current value of the ratio AT/AT;, F, — the current value of the
ratio S;/S,, .

Obviously, in other equal conditions, the temperature in the myocar-
dium A7; varies so rapidly, the greater the density of the heat flux through the

surface S;, therefore, the current value of the ratio F = S, /S,, should approach the
value F; > 1.

CONTOURING METHOD FOR DETERMINING CONDUCTIBILITYOF CORONARY VESSELS

In accordance with the contouring method of temperature inhomogeneities for
the selection of Canny contours, modified to study the gradients of temperature
on the surface of the myocardium, the stream of video data in the form of ther-
mogram frames is recorded by the thermal imager and stored in the thermo-
graphic image database.

The first stage of treating the thermograms of the heart is the selection on the
thermograms of temperature profiles, converted at the signal level. This procedure is
carried out by applying threshold filtering. Since the level of thermal interference
makes an error in determining the levels of temperature profiles that leads to distor-
tion of the wuseful signal the interface of the Canny detector
[14, 15] is used. The Canny boundary detector is a one-dimensional operator, which
provides an optimal match between localization of thermal inhomogeneity and con-
tour allocation. As criteria of optimality use to such criteria as probability of detec-
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tion, high accuracy of localization, unambiguous response to one selection contours.
The operator Canny maximizes the sum of two criterias: the probability of passage
or false detection of the boundary, and the determination of the distance between the
true and the isolated edges of the thermal heterogeneity. The first criterion leads to a
reduction in the likelihood of the re-identification of the same edge heterogeneity.
The second criterion allows you to determine the contrast margin and outline lines
for the boundaries in the image using a certain threshold value, which use to com-
pares the length of the gradient vector.

The algorithm for the operation for the circuit of Canny detector includes
the following steps (Fig. 2):

1. Thermography image frames I(x,y) are divided into segments for which
the processing and detection of contours within each segment are performed:

N
](xay):zlk(AxaAy), (13)

k=1
where N — the number of segments of the representation of the image,
I(x,y) — the intensity of the pixels of the thermographic image, 7, (Ax,Ay) —

the segmentation of the image along the coordinates x and y .

2. The low frequency Gaussian Filtering. The each image segment is
smoothed with use to Gaussian convolution:

1 xz-i-y2
G(x,y,0)= ex 14
(x.3,0) 270 p( 267 J’ (14)

where o — the degree of smoothing parameter.
3. Calculation of the gradient of the intensity of the pixels of the image in
the vertical (axis x) g(x)and horizontal (axis y) g(y) directions with the help

of the operators of the first derivative. Definition of the gradient module:

E(x,0) =g’ +g(»)* (15)

3. Clarification of the contours found in the previous step is accomplished
by resetting the gradient values E;, (x, y) for those elements of the image that are

not actually in the maximum of the gradient. The analysis starts from the point
of maximum, that has a gradient value more than7; and lasts as long as the local

maximum value does not become less than the threshold 7, < 7; :

_ Ek(x7y)s TZTI:
Ek(x»y)—{()’ TE(—OO,Tl). (16)

4. The resulting image is subjected to threshold processing using two tem-
perature thresholds7; and7,, moreover7; >7,. Pixels of an image having an

intensity value greater then, are defined as strong p; (x,y), and pixels whose

values fall into an interval[7;,7; ] are defined as weak p; (x,y) pixels:
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F(x,y), Te(T,»),
pk(x,)={p"(xy) =(T,) (17)

re(x,y), Te[l.h]

5. Selecting the maximum response. For each image frame, the maximum re-
sponse is determined as the value of the gradient module, which determines the affin-
ity of the temperature profile to the given segment of the thermography image:

E(x,y):]’(”l_il/)\f/|Ek(x,y)|. (18)

The algorithm for forming the contour ends with a morphological operation,
in which the weak pixels are added to the strong pixels. Smoothing values of
pixel intensity 7, (x,y) increases the resistance of the Canny detector:

P;(Xay)“‘Pl;(xa)’)a TE(TZ,OO),

L (x,9) =1 pi (x,¥), Te[L,T,], (19)
0, Te(—oo,Tl).

According to the algorithm of the work of the Canny's limit detector, pixels
of images are assigned to pixels of the boundary, which give the local maximum
of the gradient in the direction of the temperature change vector. As a result,
pixels marked white will be considered as a potential limit, all others will be
excluded and marked with black. Pixels located in the immediate proximity to
one of the vertical and horizontal directions are defined as the resulting contour
of the boundary, and pixels lying alone or away from the boundary are removed.

In order to evaluate the efficiency of the algorithm for selecting the contours
for open heart images in the presence of an additive obstacle, research was car-
ried out using the mathematical modeling method. For this purpose, the model
images of the area of the myocardium, containing an additive obstruction in the
form of normal "white noise" with a given peak signal to noise ratio, were syn-
thesized. The received noisy images were digitally processed according to the
developed algorithm circuit of the Canny's detector at various values of the de-
tector parameters, including the parameter o characterizing the Gaussian linear
filter, the values of the temperature thresholds7;and 7, that determining the

conditions for the segmentation of the images.

From the results of the numerical experiment it is clear that the procedure
for determining the binary areas provides for the exclusion of false contours only
when carefully selecting the parameter o for filtering the original image. There-
fore, the value of this parameter, which specifies the degree of image smoothing
to filter interference, was selected experimentally and consisted of values:
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Segmentation of ther-
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I(x,y) I(x,y) frames
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Calculation of the intensity i
—1 gradient g(x) in the direction
of the axis x l«—| Application of Gaussian LF
filtering
. . . = 2
Calculation of the intensity | | G(x,y,0)=F (1 k (Ax, Ay),o )
|| gradient g ( y) in the direction
of the axis y
Definition of the gradient inten- Determination of the maxi-
L, sity module L, . mum gradlegt —
Ek(x’y):‘}g(x)z-}-g(y)z max(xay)_g/l_(;l])\c]| k(xay)|
Refinement of contours by v
gradient profile Determination of temperature
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Fig. 2. Algorithm of the Canny's detector using the Gaussian filter, threshold filtering
and smoothing values of the intensity of the pixels
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o =1,4 for threshold [T;,7;] = [14 0C,18 OC] with hypothermia,

o =2,0 for threshold [7},7; ] = [32 0C,36°C] with hyperthermia.

Thus, the Canny's limit detector determines how fast the brightness of the
image changes at each point of the thermograms, which makes it possible to
determine the boundaries of temperature heterogeneity and its orientation.

CLINICAL STUDIES

The clinical investigations of the method for conduction of coronary vessels
were carried out at the clinical base of the Amosov National Institute of Cardio-
vascular Surgeryof NAMS of Ukraine to improve the efficiency of noninvasive
control of human heart temperature in conditions of artificial blood circulation in
the department of surgical treatment of aortic pathologies in sixteen open heart
operations and in the department of surgical treatment of acquired heart defects
in twelve open heart operations.

In clinical studies, the process of warming up and cooling myocardium is
carried out through the cannulas, which are installed in the anterior part of the
aorta in the region of the top of the heart. The cannula is installed in the branch
of the right ventricular artery for pumping a cardioplegic solution along the right
coronary artery, and the cannula is installed on the surface of the aortic bulb for
pumping the solution along the left coronary artery.

The clinical studies on isolated heart show the feasibility of using the me-
thod of determining the conductibility of coronary vessels on the basis of non-
invasive heart temperature control for assessing the conditions of blood supply
to the vessels of the myocardium (Fig. 3).

When cooling the heart (Fig. 3 a), the coronary vessels are clearly distin-
guished at the temperature difference between the tissues of the myocardium and
the solution 6°C and more (to a temperature of 10°C). Accordingly, when warm-
ing the heart (Fig. 3 b), the coronary vessels are released at a temperature differ-
ence of 9°C or more (up to 12°C). The initial temperature of the myocardium at
the beginning of the cooling process was not less than 21-22°C, and at the be-
ginning of the warming - no more than 25-26°C.

The assessment of the dynamics of temperature changes for the distribution
of temperature in the myocardium can be performed for a sequence of thermo-
grams of the heart that are performed for the state of hypothermia and hyper-
thermia in conditions of cardiopulmonary bypass (Fig. 4).

The application of the developed mathematical model of heat exchange for
the surface layer of the myocardium [16 — 18] allows us to determine the boun-
daries between the warmed and cooled sections of the myocardium during hypo-
thermia or hyperthermia of the heart. When cooling the heart (Fig. 4a) and
warming the heart (Fig. 4b), the boundaries between the warmed and cooled
areas are allocated due to the presence of a gradient on the surface of the myo-
cardium at temperatures between 0.5°C and 4°C and more.
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Fig. 3. Application of the thermographic method of contouring
to determine the conductivity of coronary vessels: a — for
cooled heart; b — for a warmed heart

During hypothermia (Fig. 5), the area of the warm part of the myocardium

decreases by compressing the cooling circuit S,;,, and, accordingly, increasing

the area of the cooled area relative to the external cooling circuit limit S, . The

dynamics of temperature changes on the surface of the heart causes an increase

in the magnitude of the ratio S;/S,, and brings it closer to the value F; — 1.
During hyperthermia (Fig. 6) there is a decrease in the area of the chilled

area of the myocardium by compressing the warming contour S,,.,. and, accord-

ingly, increasing the area of the warmed area relative to the external warming
circuit limit Sy. The dynamics of temperature changes on the surface of the

heart causes an increase in the magnitude of the ratio S and brings it closer

o

to the value F;, — 1.

At the final stage of the processes of hypothermia and hyperthermia, the

value Fy;,, = Sgi, /S, s less than 1.3 times the value Fy;,,, = Sgiper /S, > TESPEC-

tively, which is expressed in a more uniform warming of the studied area of the
heart with hyperthermia in comparison with the process of its cooling under
hypothermia in conditions of cardiopulmonary bypass.
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b

Fig. 4. Thermograms of the heart for the state of
hypothermia and hyperthermia: a— for a cooled
heart; b — for a warmed heart

The developed method for determining the conductibility of coronary ves-
sels provides the reliability of non-invasive control of open heart temperature,
which is determined by the temperature sensitivity of 0,1°C of the thermometer
FLIR ThermaCAM E300 and the measurement error £1% of the range.In addi-
tion, the use of needle heaters and sensors in the oesophagus does not allow to
determine the temperature of the inner wall of the myocardium without the in-
troduction of invasive sensors in the opening between the aorta and the left ven-
tricle, which is an additional factor for injury.
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s

Fig. 5. Work of the Canny detector algorithm for hypothermia of the heart
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p— p—

Fig. 6. Work of the Canny detector algorithm for hyperthermia of the heart

RESULTS

For compare the temperature data, that is measured using invasive needle sen-
sors and the thermography method, the determination of regression dependence
for the calculation of the dynamic changes in temperature, determined in real
time. As a data examination class ( C; ), the temperature value measured with the

needle sensors ATy, (¢) is used. The investigated class (C,) contains calculated
temperature differences on the surface of the myocardium ATy, (¢), which are

recorded during hypothermia and hyperthermia using the thermography.

The level of confidence in the obtained temperature data, measured by
thermography means and needle sensors, reflects the value of confidence inter-
vals. The obtained confidence intervals can be considered as an interval of val-
ues of the parameters, which does not contradict the true value of temperature. In
determining the Euclidean distance by the K —mean method, the number of ob-
servations corresponding to the number of temperature measurements £ =10 is
taken into account. The calculated Euclidean distance between the center of
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gravity of the examination class (C; ) and the studies class (C,) is researched
that equalsd(¢,c,)=6,69 . The resulting value of the confidence interval is less

than 15% shows the closeness between the data in the classes.

The reliability of determining the coefficient of correlation r(c;,c,) depends on
the number of measurements of temperature and the number of degrees of freedom
k=n-2. The value of the t-criterion for assessing the statistical significance of the
correlation relationship between the samples is determined by the formula:

_ r(CI’CZ)z Jnisk
t1(r)=——=—=+n-k (20)

1-7"(01,02)2

>

where n» — the number of temperature measurements, £ — the number of de-
grees of freedom for pair regression.
The results of the regression analysis of the temperature measurement data

are to determine the correlation coefficientr(cj,c;)=0,739 and the regression

equation on the basis of comparison of datax;,y; in the classes C; andC,to the
studies (Table 1).

The critical value of Student's t-criterion is locatedz,,, = 2,306 for the sam-
plen =10 size and the number of degrees of freedom#k =2 at the level of signifi-
cance p <0,05.The calculated t-criterion #(r)=3,102 for a specific correlation

coefficient r(c;,c,) is greater than the critical value ¢(r) > 1, , hence the relation-

crit »
ship between data in classes C; and C,, is statistically significant. The resulting
regression equation y = 0,3829x +0,2137 (Fig. 7) has a large angle of inclination of
the data interrelation 0,3829 and linear dependence, and allows you to perform the

conversion of temperature readings, measured with the help of needle sensors, to the
temperature values obtained using the thermography method.

Table 1. Results of regression analysis of temperature control data for the method of
determining the conductibility of coronary vessels

. e . The value of the coeffi-
Evaluation criterion .
cient
» Correlation coefficient r (Cl ,Cy ) 0,739
» t-criterion value t (i’) 3,102
+  Regression equation y=0,3829x+0,2137 0,383
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y(x),°c

=00.3829x +0.2137
1.0 = :

r?= 10,5461

0.8 *
0.6 - -

0.4

s

0.2

0.0
0.0 0.4 0.8 1.2 x,°C

Fig. 7. Regression equation based on the comparison of data x;, y; in classes:
x — data of the examination class C; of heat sensor, AT);zp(f), °C, y — class
data C, for thermographic studies, ATz xt), °C.

The proposed algorithm for obtaining contours of areas with nonhomogene-
ous temperature distribution on the surface of the heart, realized on the basis of
the contours algorithm of Canny detector, allows receiving additional informa-
tion on the state of the blood supply of the myocardium by using the Gaussian
filter, and on the basis of the informative temperature profiles on thermographic
images, separating the geometric boundaries between the cooled and warmed up
areas of the myocardium by using the algorithm of Canny detecting for the video
frames of thermograms.

The obtained regression dependences have the correlation coefficient of
0.75, that allows to perform the conversion of heart temperature readings, which
are measured with the help of needle heaters in the temperature values, obtained
using the thermography method. The reliability of the method for determining
the conductibility of coronary vessels for the detection of myocardial areas with
the ischemic regions with dimensions less than 2x2 mm can be increased by
using modern medical thermographs with a sensitivity of 0,02°C and a meas-
urement error of £0,5% of the range.

Thus, the use of the thermography method for determining the conductibil-
ity of coronary vessels in comparison with the use of needle heaters for the
evaluation of microhemodynamics of coronary vessels can significantly in-
crease the reliability of heart temperature control due to the possibility of ob-
taining additional information for the permissible difference in temperature on
the surface of the myocardium during hypothermia and hyperthermia.
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CONCLUSIONS

Thus, the method of contouring the cooled and warmed areas of the myocardium
to determine the conductibility of coronary vessels using thermographic instru-
ments for measuring the temperature of the heart, and an improved of the algo-
rithm of detector Canny using the Gaussian filter, allows us to assess the con-
ductibility of coronary vessels for the study of blood flow in the surface layer of
the myocardium during warming up and cooling of the heart in conditions of
cardiopulmonary bypass.

The application of the thermography method for determining the conducti-
bility of coronary vessels in comparison with the use of needle heaters for the
evaluation of microhemodynamics of coronary vessels provides non-invasive
control of heart temperature and the possibility of obtaining additional informa-
tion on the permissible difference in temperature on the surface of the myocar-
dium during hypothermia and hyperthermia.
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METOA BUSHAYEHHS ITPOBIIHOCTI
KOPOHAPHUX CYJINH 3BACOBAMU TEPMOT' PA®IT

Beryn. Xapaktep po3moJiily TeMIepaTypu B Ceplli BU3HAYAETHCS MPOIECOM TEINIOOOMIHY
MiXK MIOKap/IOM i KOPOHAPHUMH CYJHMHAMH, a TAKOK CTAHOM MiKpOTEMOJAMHAMIKH KOpOHAp-
HOTO pycina cepis. J[Js KiIbKICHOTO OLIIHIOBaHHSI HEPIBHOMIPHOCTI PO3MOALTY TeMIeparypu
Ha ITOBEPXHi CepIls 3alPONIOHOBAHO ATOPUTM PO3PAaXyHKY KUTBKICHOTO KPHTEPIIO, IO MOXE
OyTH O0'€eKTUBHMM MapKepoM e(EeKTHBHOTO 3aXHCTy cepus i MO3Ky. MeToJ BHU3HAYCHHS
MPOBITHOCTI KOPOHAPHUX CYIWMH Peali30BaHO HAa OCHOBI QJITOPUTMY BH3HAYCHHS TEILIOBUX
KOHTYPIB, 110 OOYHMCITIOIOTHCS 32 TPaIiEHTAMH TEMIIEPATYPHOTO MOJIs Ha 300pakeHHi ceplis B
iH(ppauepBOHOMY CIEKTpi. BrockoHaneHHs po3po0IICHOro paHille METONy BH3HAUYCHHS TEll-
JIOBUX KOHTYPIB Ha OCHOBI aniroputMmy KaHHI noJisirae B nepexo/ii Bijl SKICHOTO 10 KiJIbKiCHO-
T0 OLIHIOBAHHS NIBUJKOCTI 3MIHM TEMIIEpPaTypH Ha IMOBEPXHI MioKap/a.

MeTo10 T0C/]IiI>KEHHS € OLIIHIOBAHHS TPOBITHOCTI KOPOHAPHUX CYAMH VISl TOCIiKCH-
Hsl KPOBOILUIMHY Y TIOBEPXHEBOMY IIapi MioKapJa IiJi 4ac 3irpiBaHHs Ta OXOJIOJKSHHS Cepiis
B YMOBAaX IITYYHOTO KPOBOOOIry.

PesyabraTn.UnciioBe 3HAYCHHsT KUTbKICHOTO KPHTEPII0 OTPHMAaHO IUIIXOM BH3HAYCHHS Pi3-
HHI TEMIIEpaTyp MK KPOB'HO 1 MIOKap/IOM, SIKe OOUHCITIOIOTH SIK PI3HHIFO TEOMETPHYHHX TLTOLT i
KPUBHUMH PO3IOALTY TEMIEpaTyp y PiBHAHHI TEMIIEPAaTypHOI'O MO UL MOCTIHHOTO i MOTOYHOTO
TeMIIepaTypHOro Haropy. MeToa KOHTypyBaHHS JUIs BU3HAUECHHS [IPOBITHOCTI KOPOHAPHUX CYAMH
Jla€ 3MOTY BUAUTMTY AULTHKY Ha OBEPXHI MiOKap/ia, B SIKUX 3MiHa TeMIIEpaTypy 3HAYHO BICTae Bif
CepeiHbOI TEMITepaTypy Ha MOBEPXHI TIijl Yac 3irpiBaHHsS a00 OXOJIOMKEHHS CepIis, 10 YMOKIIHB-
JIIOE OLIHIOBAHHS CTaHy JPiOHUX KOPOHAPHUX CYIUH B MiOKap/i.

Knrouosi cnosa: mamemamuune Mooento8anHs, arcopumm demekmyeanus Kaunni, memnepa-
mypa cepysi, memnepamypHi npoini, cinomepmis, inepmepmis, WmMy4Hul Kpoeoooie.
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METO/ OITPEAEJIEHVS ITPOBOAMMOCT KOPOHAPHBIX COCYIOB
CPEACTBAMU TEPMOI'PA®UN

BBenenme. /{151 KonM4YeCTBEHHON OIIEHKH HEPaBHOMEPHOCTH pACHpeesIeHUs] TeMIepaTyphl
Ha TOBEPXHOCTH CepJla MPeUIoKeH alrOpUTM pacyeTa KOJUYECTBEHHOI'0 KPUTEpHUs, KOTO-
PBI MOXKET SIBIATHCS OOBEKTHBHBIM MapKepoM d3(GQEKTUBHON 3alIUTHl Cepila W MO3ra.
Merton onpezaeneHus IPOBOJUMOCTH KOPOHAPHBIX COCYIOB peaM30BaH HA OCHOBE aJlrOPUT-
Mma KaHHm Ui ompezneneHus TEIJIOBBIX KOHTYPOB, KOTOPbIE BEIYHCISIOTCS IO TPaJUeHTaM
TEMIIepaTypHOro I0JIs Ha N300paKeHNH ceplila B HHPPAKpaCHOM CIIEKTpE.

Heabio uccaea0BaHUs SIBJIsIETCS OLEHKA IIPOBOAMMOCTH KOPOHApPHBIX COCYIOB AT
UCCIIEIOBaHUS KPOBOTOKA B IIOBEPXHOCTHOM CJIO€ MHOKap/ia BO BpeMsl COTPEBaHMS U OXJIAXK-
JICHUSI CepALia B YCIOBUAX MCKYCCTBEHHOTO KPOBOOOPAIICHUS.

PesyabTarbl. [lonyyeHo 4mciIOBOE 3HaYCHHE KOJIMYECTBEHHOTO KPHUTEPHUS, KOTOPBIH
pacCUUTHIBAaeTCSl IyTeM ONpENEeNICHNsT PA3HHULBI TEMIIEPATYp MEXKIY KPOBBIO U MHOKApIOM,
YTO KOCBEHHO IT03BOJISIET OLIEHUBATH COCTOSHME MEIIKUX KOPOHAPHBIX COCY/I0B B MUOKap/Ie.

Knrouegvie cnoea: mamemamuueckoe Mmooenuposanue, memnepamypa cepoya, memnepa-
mypHvle npoGuiu, 2UNOMepMuUs, 2unepmepmus, UCKYCCMEEHHOe KpO8oobpaujeHue.
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PSYCHOMEDICAL INTERVENTION MODEL FOR SERVICEMEN
BASED ON A STUDY OF MENTAL DISORDERS

Introduction. Many domestic and foreign experts work under the problem of mental health at
combat environment in various aspects, however, a lot of unsolved questions regarding to
psychomedical consequences of hybrid war in Ukraine still exist.

The purpose of the article — is to assem and to analyze the influence of various harmful
factors in combat environment on the psychological status and mental health of military
personnel and ex-combatants for development of psychomedical intervention model.

Materials and methods. The materials of research were based on the study of more than
200 servicemen in different conditions and health state using own and adopted question-
naires with further descriptive and multivariate exploratory technics of data analysis. Biblio-
semantic, information-analytical, comparative analysis of domestic publication from the last
4 years have been done for summarizing the national experience regarding to psychological
aftereffects of armed conflict in Ukraine.

Results. A retrospective summarizing of available information on the medical and psy-
chological consequences of hybrid war relating to the characteristics of their aftereffects in
recent years among military and demobilized persons has been performed. An assessment of
stress factors impact at combat environment (physical, informational, organizational and
anticipation) on military personnel participated in military conflict has been done. The spe-
cific features and structure of mental disorders in the military personnel, which were treated
in hospital conditions have been revealed. The decision support model for reliable (p<0.001)
prediction further adjustment disorders after extreme conditions has been developed.

Conclusions. The greatest influence on the stress formation of combatants had "antici-
pation" factors as well as not much less pronounced "physical”, “informational” and “or-
ganizational” environmental factors. Research permits to conclude that some of them signifi-
cantly influence on the psycho-emotional state of military personnel and can be grouped into
two main factors: the Ist - factor of negative future prediction and the 2nd - factor of nega-
tive impact of physical environment. The phenomenon of exaggerating of negative feelings
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among servicemen after the 4th-month impact of the stress factors has been discovered. The
decision support model to predict further adjustment disorders (F43.2) after extreme condi-
tions has been created for developing the Psychomedical Intervention Model in Ukrainian
Armed Forces.

Keywords: psychomedical intervention model, decision support model, mental health, ad-
Jjustment disorders, posttraumatic stress disorder, stress factors.

INTRODUCTION

Military conflict in the East of Ukraine creates thousands of people who con-
tinue military service or return into civil society after demobilization with nu-
merous features of militarized consciousness that significantly affect the further
development of society and country.The occurring events in combatzone can be
characterized by high intensity, tension, transience. The occupational activity in
these extreme conditions requires from servicemen to perform work at the limits
of their capabilities, which, as usual, affects mental health.

The World Health Organization made enormous strides [1-5] in developing ef-
fective health care for most of the mental disorders and further improvements in treat-
ments are likely thanks to advances in the understanding of brain functioning and
psychosocial factors particularly in health promotion, prevention and treatment, reha-
bilitation and restoration of health etc. The relevance of this is understandable, since
mental health was, is and will be an important social criterion of growing development
and prosperity of the country and society; it greatly affects demographic situation,
national security, processes and results of economic, social and cultural development.
That is why a forward mental health care is very important in NATO-led operations
(SANAGs 2564, 2565, 2566, 2568, 2569, 2573, 2548) and many problems of it are
still in study now.

Features of posttraumatic stress disorder (PTSD) of foreign armies' combat-
ants has been comprehensively described in [6]. For example, it was found that
the prevalence of PTSD varies in different social groups [7]. PTSD manifesta-
tions were higher in those who did not have high education and repeatedly killed
during hostilities. Also, the level of PTSD manifestation increased depending on
the deployment duration (the PTSD presence in military personnel fluctuated
from 9% to 31% of those who were in combat zone for more than a year), as
well as their trauma characteristics [8]. PTSD manifestations were observed in
18.3% of those who were exposed to heavy weapons, and this figure among the
wounded was 23.9%. In 2013, the prevalence of PTSD and / or depression
among war veterans in Iraq and Afghanistan was 20%. A number of researchers
point out that this figure is much higher, justifying this by concomitant diagno-
ses of brain trauma (19% of veterans) which was not taking into account in the
statistics of PTSD and other behavioral disorders. Among veterans of Iraq and
Afghanistan, according to some studies, 39% of ex-combatants had problems
with alcohol abuse and 3% drug use [8].

Unfortunately, there is no comprehensively summarizing information on
relevant statistics of mental disorders and their observed effects among combat-
ants and their families in available sources because of the high dynamics of situ-
ation in Ukraine. Furthermore, not only PTSD is the undesirable effect of com-
bat stress, but also administrative and criminal offenses, suicide, violence in the
family, addictive behaviors etc., which, at first, belong to the different areas of
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executive power, and secondly — some data are not fully presented (one by one)
and out of the open access.

Many domestic and foreign experts work under the problem of mental
health at combat environment in various aspects, however, a lot of unsolved
questions regarding to psychomedical consequences of warfarein Ukraine are
still exist.

The purpose of the article is assessment and analysis of influence of vari-
ous harmful factors in combat environment on the psychological status and men-
tal health of military personnel and ex-combatants for development of psy-
chomedical intervention model.

MATERIALS AND METHODS

The materials of research were based on the study of more than 200 servicemen
in different conditions and health state using own and adopted questionnaires
with further descriptive and multivariate exploratory technics of data analysis.

The specially designed questionnaire, after examination by medical com-
mission that confirmed their fitness to military service was filled in by 101 ser-
vicemen (20-30 years of old). The questionnaire was developed using an expert
method. Ten combatants were invited upon their return from combat zone as
experts who clarified the list and formulation of the questionnaire. As a result,
there were formulated qualitative and quantitative measures of most important
aspects of life in the combat environment. Evaluation of each stress factor was
estimated on 19 questions (in % of strength of human fillings).

Resembling examination of 101 servicemen (20-35 years of age) using spe-
cially designed questionnaire for study adjustment disorders at hospital condition
among combatants was also performed [9]. This method can assess the impact of
physiological stress (10 questions), hardiness (commitment, control and challenge)
(12 questions), intrusion (8 questions), avoidance of military personnel (7 questions)
in situations that occur at combat zone. Evaluation of each question was performed
in 10-point scale (from min to max manifestation).

The analysis of general morbidity on mental and behavior disorders among
military personnel of Ukrainian Armed Forces in 2008-2016 years has been per-
formed using official statistical data from automated information system of
MTFs medical reports.

All examinations were performed in accordance with ethical standards of
the responsible committee and the Helsinki Declaration and have been approved
by the Bioethics Commission of Ukrainian Military Medical Academy.

Bibliosemantic, information-analytical and comparative analysis of domes-
tic publication from the last 4 years have been done for summarizing the national
experience regarding to psychological aftereffects of armed conflict in Ukraine.

Statistical analysis was performed by methods of descriptive statistic, multi-
variate exploratory technics (multiple regression, factor and discriminant analy-
sis) using software STATISTICA 6.0 (license #AXX910A374605FA).
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PROBLEM STATEMENT

Features of mental and behavioral disorders among Ukrainian military person-
nel (background research).According to the analysis of open sources of the
medical information, provided by Ministry of Health of Ukraine and Ministry of
Defense, 5327 combatants needed the treatment due to mental disorders, and
4876 of them were suffering from stress disorders in the period from April 2014
to September 2015 [10]. Among them: acute stress reaction (59.3%), PTSD
(13.3%) and adjustment disorder (19%). Only 20.6% of soldiers could continue
their military service after the treatment. The nosologic structure of hospitalized
soldiers in 2014 showed that the majority of patients suffered from stress disor-
ders (84.1%); mental disorders caused by psychoactive substances was diag-
nosed in 3.8% cases. Organic mental disorders had 6.2% of combatants, and
psychotic disorders — 2.5%. Only 20.6% of servicemen could continue their
military service after the treatment. Compared to 2014, in the first half of 2015
the percentage of soldiers, who were hospitalized due to stress disorders, re-
duced to 53.8%. At the same time, the percentage of persons with mental and
behavioral disorders caused by drug abuse (mainly alcohol) increased in 8§ times
and reached the level of 34.0%.

From July 2014 to October 2016 Ukrainian scientists [11] found that mental
and stress-related neurotic disorders were diagnosed in 37.5% of servicemen,
than alcohol abuse (25.6%), organic, including symptomatic mental disorders
(24.6%). Patients with schizophrenia amounted to 1.7%, acute transient delu-
sional disorders — 5.6%, personality disorders — 1.3%.Thus, since 2015, the
redistribution of mental disorders structure associated with addictive behavior
has taken place.

Interesting results in 2014 were obtained from 96 combatants treated due to
brain concussion, posttraumatic neuropathy, aggravation of chronic muscu-
loskeletal diseases, the consequences of damaged limbs — defects of soft tissue
and bone defects etc. [12]. In this study PTSD was combined mostly with the
effects of different severity traumatic brain injury (TBI). Anxiety and depression
scale (assessed by the HADS) were predominantly subclinical. 55% of service-
men had elevated levels of peritraumatic dissociation. The results of E. Vartegh
drawing test, along with high adaptability, have shown such trends as: a sense of
imbalance, high anxiety and tension, the presence of fear, the need of "self-1"
protecting and outside support. This study indicated that 67% of combatants
presented a high adaptability. Researchers observed the desire to withstand for
illness and fight for health. It may be explained as a key to positive outlook on
disease prevention and posttraumatic growth. However, at the same time, mili-
tary personnel could be characterized by strong tension and dissatisfaction with
the current situation.

In 92% cases the fears and concerns were hold inside and were not a point
of discussion with anybody [12]. However, the sharpness of negative emotions
(anxiety, loneliness, fear of the future) leading to a state of helplessness, reduced
ability to cope with obstacles and difficulties in problems solving (58%), may
demonstrate the need to protect and belonging to someone else or need for out-
side support.
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The experts of Ukrainian Research Institute of Social and Forensic Psychiatry of
Ukrainian Ministry of Health [13] found that 33.3% of mental disorders among hospital-
ized combatants defined by individual symptoms and did not reach the clinical level of
mental illness. The main nosologies were presented as follows: organic emotionally
labile [asthenic] disorder (F06.6) was detected in 6.8%, postconcussional syndrome
(F07.2) in 4.0%, other personality and behavioral disorders due to physiological condi-
tion (F07.8) in 2.8%, PTSD (F43.1) — in 22.5%, adjustment disorder (F43.2) in 27.3%,
neurasthenia (F48.0) in 5.2% of patients. Most cases of PTSD were often complicated
by comorbidity with bipolar disorders, depression, disorders due to substance abuse,
psychosis, personality disorders, and injuries to the formation of chronic pain. Despite
the serious psychological circumstances, 30.4% of PTSD patient and 1.5% with adjust-
ment disorder intend to return to their military units as soon as possible.

25.1% of military personnel were unfit to military service due to mental
disorders in 2015 [14]. Injuries and traumas were inherent to 16.7%, cardiovas-
cular system diseases — 15.4%; diseases of nervous system — 11.6%, and dis-
eases of digestive system — 5.5%.

In addition to this, the index of psychogenic casualties reached almost to
80% and was significantly higher than was before military conflict (almost in
3 times) in 2014-2015. 3040 % of these cases were ended by transformation of
psychological health (borderline) disorders into psychiatric nosology that sig-
nificantly increased the number of discharges from military service [15, 16].

Features of mental and behavioral disorders among Ukrainian ex-combatants.
During reintegration of demobilized people into civilian life there were studied
63 ATO participants with PTSD in comparing with a group of 17 people who had only
psychological problems. It was concluded that high levels of state anxiety were a reac-
tion to experienced stress (group 1 — 100.0%, and group 2 — 88.2%) while signifi-
cantly high level of trait anxiety prevailed in patients who had PTSD according to both
objective (at 93,7% — 20,6 + 2,3 points) and subjective evaluation (at 90,5% — 44,5 +
+1,12 points) [17]. Both groups of people felt equally strong presence of depression in
group 1 — 85.7% (15.1 £ 2.04 points) and in group 2 — 64.7 % (17 & 1.3 points).

The first manifestations of PTSD polymorphism as clinical features came out
after 2—12 months (in average 8.68 £ 0,46 months) [18]. The authors pointed out
the presence of two surges in forming of PTSD first signs: 4-6 months- in 37.5 %
and 11-12 months — in 46.4 % of patients. Formation of the expanded symptoms
was occurred within 1-12 months from manifestation of the first signs of this dis-
order. In 39.3% of servicemen forming PTSD lasted 2-3months. It could be noted
that PTSD had a chronic or delayed type of progression in the time.

In other study [19] of 112 ex-combatants who participated at combat zone in
2014-2015 there were revealed additional peculiarities of PTSD. At first, it was a
complex of mental and behavioral disorders associated with underground structures.
Anxiety, emotional tension, feeling of danger, a sense of warm inflow or cold inside
the abdomen, chest and head incased in situation of approaching to underground
structures (basement, cellar, subway, etc.) and disappeared while moving inside
these structures. This complex disorder was named as “underground syndrome” and
it was observed in 26.2% of cases.Secondly, “combatant nyctophobia” was ob-
served in 19.3% of cases and it was manifested by increased anxiety, emotional
stress, obsessive thoughts about finding safeshelter, and violent martial reminis-
cences at night caused by the combat past.Thirdly, “combatant nyctosensibilisation”
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was observed in 34.5% of cases and manifested by heightened alertness, suspicion, a
willingness to appropriate defensive reactions, hyperacusis, lower threshold of plo-
sive-aggressive outbursts, etc., difficulty falling asleep at night (dyssomnia).
Fourthly, the psychogenic agrypnia (“Sleep self-deprivation™) was indicated in
13.8% of cases as obtrusive fear of the night artillery fire or reconnaissance and
subversive groups attack.The most common clinical manifestations of these disor-
ders were intense negative feelings of traumatic event (100.0%) and sleep disorders
(100.0%), often there were registered nightmares for military subjects in patients
(82.7%), flashbacks (84.1%) physiological (autonomic) hyperactivation (79.4%),
feelings of own future hopelessness beyond combat zone (84.5%), reducing emo-
tional blunting (76.6%), efforts to avoid thoughts, feelings and conversations, remi-
niscent of the traumatic events (73,9%), hypervigilance (89,1%), irritation and out-
bursts of anger (82,4%). It should be noted that 57.7% of patients had reduced inter-
est in previous activities or lost it completely. Performed studies indicated that there
were such significant psychogenic factors as vital threat, the first battle stress and
stress factors of combat environment in PTSD genesis [19].

Influence of combat environment factors on combatants (own study).It is
known the life-threatening conditions affect the person on such way that subjec-
tive feelings often go ahead from the appearance of objective signs of perform-
ance decline [20]. Within the framework of the environmental psychology [21],
it is relevant to study the influence of certain conditions of combat environ-
mental and occupational activities of servicemen on their feelings.

It should be noted that such influence of environmental factors on human
begins from the time of waiting for extreme situations, when people are inten-
sively preparing for future challenges. Then, this effect is greatly enhanced in
combat environment conditions. The servicemen’ psychological state transfor-
mation can be changed into normal or wicked way at the reintegration period
depending on individual stress coping strategy and possible presence of damages
and injuries. In this case, it is important to get information about the severity of
the impact of certain combat environmental factors on the healthy troops that
have to continue their duty in various environmental conditions.

To streamline the description of the results there have been identified the
following such groups of factors of combat environments as “physical”, “infor-
mational”, “anticipation” (foresight) and “organizational”. This factors' separa-
tion was quite arbitrary. The group of “physical” factors were associated with
the direct damage on the soldiers. The group of “informational” factors reflected
the effects of situation assessment and cause some negative feelings, such as
fear. The impact of the combat situation caused in some soldiers associated sen-
sations with the assessment of the consequences of this situation.

Anticipation function, which estimates the likelihood of possible effects on
any events in human and predicts the consequences of their actions, has been
assessed also.
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Shooting with “Grad” and “Uragan” multiple rocket launcher system etc
55% was the most influenced factor among all physical factors, and the least one
was "sniper fire" factor. Feasibly, these experiences were derived due to the total
area of destruction, since both reactive systems can cause damage to many sol-
diers and sniper activity had more individually oriented effect.

FACTOR MODEL

Perception of “informational” stress factors was estimated by respondents as
follows (Fig. 1B). First of all, the level of influence of these factors was much
lower than “physical” factors (p <0.05). Secondly, the impression caused by the
constant expectation of possible direct contact with the enemy in duty time was
very strong and accompanied by negative feelings of anxiety (38%) without
observed circumstances of offensive or defensive operation.

The fact of direct contact with enemy infantry in the attack caused rather
different feeling as fear. Expression of these emotions at the offensive operation
reached to 37%, in terms of defensive operation — about 33% indicated the
presence of greater emotional stress among military personnel in the offensive
operation. This difference is not so significant, possibly due to the fact that the
phase of positional fighting was more probable. Although the impact of the “in-
formational” and “anticipation” factors on psychological state are close enough,
each of these factors had its own specifics.

Specific features of the “anticipation” factors were forecasting of their action
negative consequences in a combat environment. They are shown in Fig. 1 B. As
anticipated consequences can be very noticeable to human, the level of their impact
on people was higher than “physical” factors. This indicates that the risk to be cap-
tured, the death of combat friends and especially fear of becoming disabled were the
most significant in the soldiers’ lives due to anticipation effects.

The fact that excess fear of possible injured comrades was more expressed
comparing to their own is very interesting. This psychological effect can be gener-
ated by existing of military team cohesion, the propensity of people to sacrifice in
terms of protecting the state integrity, military patriotism. Formulated thesis was
confirmed by the fact that the assessment of stress-related feelings due to the
wounded friends was higher in comparison to stress feeling related to own injuries.

The impact of various factors on the development of organizational stress
was also estimated among the ATO members (Fig. 1 D). It should be empha-
sized that all organizational factors did not influence equally on the development
of stress. Some of them had a quite distinct effect (a disturbance about the con-
sequences of possible personal erroneous actions (fear to do error, self-
incompetence), commanders' incompetence, uncertainty in commanders' actions;
unpredictability of real situation development, lack of operational readiness and
combat courage of friends).

The impact of these factors on functional state of military personnel could not be
compared with the majority of the “anticipation” or “physical” factors components.

Thus, uncertainties in commanders' actions, unpredictability of a real situa-
tion are fairly close in content to the commanders' incompetence factor in terms
of further events prediction under uncertainty. Military personnel were less dis-
turbed by combat preparation training and morale of colleagues.
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Fig. 2. The factor model influencing the development of adjustment
disorders.] — Shooting with “Grad” and “Uragan” multiple rocket
launcher system etc., 2 — Mortar fire, 3 — Tank attack, 4 — Aurtillery
shelling, 5 — Fear of getting injured, 6 — Fear of stepping on a land
mine (blast mines), 7 — Fear of riding on an anti-infantry high-
explosive (butterfly) mine, 8 — Fear to be captured.

Using factor analysis there were highlighted two factors that contribute adjust-
ment disordersand explain 40% of total dispersion. As it is shown in Figure 2, there
were the factor predicting the negative future effects (explaining 23% of total disper-
sion) and the factor of negative impact of physical environment (explaining 17% of
total dispersion). The greatest influence on the formation of negative feelings among
the environmental factors had “anticipation™ factors as well as not much less pro-
nounced “physical” factors. The analysis of those effect suggested that indirect impact
on the soldiers' mind caused by anticipation of possible outcomes of events in some
cases was more rapid than direct action of “physical” factors.

Of course, all manifestations of combat stress were not only depended on
the intensity of warfare, but also on other external factors. Thus, according to
research [19], critical external factors at the forefront were as follow: sleep dep-
rivation (the average sleep duration was 2—4 hours at the forefront in 71.1% of
cases); poor living conditions (bunkers and trenches in remote locations of the
main forces — tents type as Uniform sanitary barrack tent with a capacity of
3540 people (dated by 1956 year) and heated winter tent with a capacity of
20-25 people (dated by 1968), adjusted buildings (barns, abandoned manufac-
turing plants, schools) were indicated by 65.3% of respondents); problems with
personal hygiene (in 36.6% of respondents conditions for natural personal care
needs were absent and often associated with life-threatening because of the risk
of plant mines or to be targeted by a sniper).

The obtained results were reflected on official statistical data of morbidity. Since
2014, the indexes of mental and behavior disorders for all categories of servicemen
have increased by almost in 4 times (officers — 22.4 %o, contracted solders —
28.4 %o, conscripts — 20.4 %o, which are significantly higher (p < 0,001) compared
to 2013). The peak values were noted in 2015. In 2016, the morbidity of officers and
conscripts decreased by almost 2 times (13.2 %o and 11.0 %o respectively); a slight
decrease from 28.4 %o to 21.6 %o among contracted solders was noted.
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Fig. 3. Dynamics of general morbidity on mental and behavior disorders among mili-
tary personnel of Ukrainian Armed Forces. *, **, *** — significant difference in over-
all general morbidity of mental and behavior disorders between 2013 year and
2014-2016 years according to Student's criterion corresponds to the levels p < 0,05,
p <0,01 and p<0,001

This increase in overall morbidity was affected by a number of factors: the
execution of combat missions in the combat area mostly by officers and con-
tracted solders who had acute or delayed response on combat stress; low quality
of mobilized servicemen selection.

DISCRIMINANT MODEL OF MENTAL AND BEHAVIOR DISORDERS IN COMBATANTS

Patterns of mental disorders in combatants. The next own study was based on
using specially designed questionnaire for study adjustment disorders at hospital
condition. All data corresponded to normal distribution, so the residual analysis
of multiple regressions between the deployment time and different negative psy-
chophysiological feelings after returning from armed conflict zone during reha-
bilitation in hospital conditions showed such phenomenon as overstressing nega-
tive feelings after 4 months of stress impact. Present troubles in feelings of the
patients overstress in the future (Fig. 4). Therefore, this period is also important
for further psychological rehabilitation at the outpatient level of care and for
appropriate detection of depression due to overstressing negative feelings by
combatants after 4 months from traumatic events.

Using a cluster analysis (criterion was K-means) of adjustment disorders
characteristics including intrusive thoughts and anxious avoidance it was se-
lected two groups of people who had significantly (p<0.001) different their lev-
els. After that, forward stepwise discriminant analysis of the physiological stress
characteristics and hardiness (commitment, control and challenge) of these se-
lected groups has been used to figure out the most informative indicators of ad-
justment disorders due to stress.
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Fig. 4. Trends of enhancing negative feelings of military personnel af-
ter deployment in combat zone.

The resulting discriminant model has a high level of predictability
(p < 0.001) for classification of individuals by their dividing into two groups
with different levels of adjustment disorders due to stress using such 3 items in
10-point scale (from min to max manifestation) as:

- Rate of cases of Startle Reflex after Unpredictable Situation (SR is a
brainstem reflectory reaction that serves to protect vulnerable parts, such as the
back or the neck and facilitates escape from sudden stimuli);

- Feeling to be Alone Among Friends (FAAF);

- Apathy to Work due to Problems (AWP). .

The decision support model for predicting of further adjustment disorders
after extreme conditions is as follows:

Ul1=-2,38+ 0,65* SR + 0,43* FAAF +0,45* AWP;
U2=-7,47+ 1,20* SR + 1,02* FAAF +1,03* AWP.

If Ul <U2 — respondent belongs to “risk group” of possible further adjustment
disorders after extreme conditions. This model allows to determine the identity of the
subject to a group of "risk" with high probability — 98% (p < 0,001).

According to research performed in our Institute [22] the structure of mental dis-
orders among military personnel who were treated in hospital conditions had certain
characteristics. Volunteers and mobilized people had mental disorders in 41-42% of
all cases (Fig. 5.A).
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Fig. 6. Probability of mental disorders manifestation among
warfare participants depending on the combat deployment time.

Moreover, among 13—14 volunteers, mobilized soldiers and sergeants nearly
ten people had mental problems (the relations of personnel without mental dis-
orders to the number of those who had it were 1:1,3 and 1:1,4; Fig. 5.B). Thus,
the greatest manifestations of mental disorders were revealed in volunteers and
mobilized people (71-77% of volunteers and mobilized soldiers and sergeants
had mental problems) treated at hospital conditions in 2015.

The next stage of research was to find patterns of mental disorders in com-
batants depending on the deployment time in combat zone (Fig. 6).

The highest prevalence of mental disorders was found during the first and
6th months. It is important to note that officers and contract solders are the most
vulnerable to the development of mental disorders while staying in combat zone
around six months.
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Suicide problem.In our research [23] the frequency of suicide in Ukrainian
Armed Forces was 7.2% among all dead from March 2014 to January 2016 and this
number was in 3 times higher in 2015 compared to 2014. 42.9 % of suicide were
committing in combat area, 57.1% were committing outside combat zone. 68.4 % of
suicides were committed at off-duty time. The largest number of suicides were
committed by rank and file (65 %), sergeants committed suicide three times less
(22%). 11 % of the suicides were officers and the lowest number was marked
among civilian employees (2 %). Contracted military personnel could be character-
ized by more than half (55 %) suicide cases than mobilized solders (43 %). Most of
the suicides among military personnel were committed as a result of firearms use
(48 %) or by hanging (41 %), much less by blasting agents and other ways (7 %).

The crucial difference in monthly indicators of suicides was observed in June and
December, when these rates in 2015 were higher almost in two times comparing with
2014. The highest rates of suicides in May, July, September and November were
common features in annual suicides structure at the period of 2014-2015.Thus, com-
batants had both relatively high rates of hetero- and auto-aggression behavior in com-
bat area and in reintegration period after demobilization.

Our data was also corresponded with official statistics of Ukrainian Prose-
cutor General's Office [24]. From April 2014 to June 2016 servicemen had
committed 259 suicides, 148 deaths were corded due to the accident, 121 pre-
meditated murder, 111 violations of weapons and ammunition handling, 40 cas-
es of safety measures violations and 112 were traffic accidents. It is important
that the length of participation in military conflict had an excessive impact on
the number of completed suicides. So, at the period from May 2015 to October
2016 40.2% of suicides were committed by those who took part in combat envi-
ronment more than half a year, 34.1% of suicides were committed by those who
took part in the ATO for 3—6 months [24].

DEVELOPMENT OF THE PSYCHOMEDICAL INTERVENTION MODEL
IN UKRAINIAN ARMED FORCES

The resulting patterns should be taken into account for developing the psy-
chomedical intervention model. For it proper understanding I proposed the defi-
nition of psychomedical aid as a complex of general health measures carried out
by mental health professionals in the event of combat stress, its consequences, as
well as in order to prevent the maximum reduction of traumatic situations impact
on human health, support and/or rapid recovery mental health and psychophysi-
ological functions of servicemen in order to achieve a high level of mental and
physical ability (combat proficiency).

The developed Psychomedical intervention model was based on Mental
Health Continuum Model accepted by NATO countries. In the first stages of
mental disorders progression, the most important role in preserving mental
health belongs to the commanders (Fig. 7).

Psychomedical aid should be carried out on all levels of medical evacuation (lev-
els of medical care) in accordance with the main measures of care for acute stress
reaction. When moving from one level to another, the capacity of care increases, while
the number of individuals requiring psychomedical aid decreases.
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Fig. 7. Psychomedical intervention model in Ukrainian Armed Forces.

Level 1 support is the first line of support and includes leadership actions,
self help and “buddy” support. This level normally occurs immediately follow-
ing a potentially traumatic event and represents the most frequently in-demand
level of support.

Level 2 support consists of a combination of medical and psychological as-
sistance (provided by medical personnel of the military unit and mental health
professionals).

And Level 3 support involves assessment and treatment services by mental
health professionals.

After units’ departure it is desirable to carry out measures of psychological
decompression and the allocation of a group who need hospital medical care.
I would like to note that due to the deployment of psychiatrists as reinforcement
groups to the mobile hospitals, it was possible to significantly reduce (75% of
cases were returned to their duties) the movement of patients with mental and
behavioral disorders to the higher level MTFs for psychomedical rehabilitation.

The organization of psychomedical aid is based on the principles of timeli-
ness and accessibility, in accordance with the current level of scientific knowl-
edge; necessity and adequacy of medical measures with minimal social and legal
restrictions; consistency (implementation of medical and psychological assis-
tance at the following levels with increasing capacity); continuity (the relation-
ship between the stages of medical care with the capacity of medical and psy-
chological aid, the maintenance of medical documentation); legality, humanity.

Psychomedical aid should not be performed only in military conflict con-
text, it must be ensured in peacetime daily activities, which will ultimately con-
tribute to maintaining the combat capability of the troops.
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In this study it was summarized available information on psychomedical conse-
quences of warfare among military and demobilized persons through the last
years. At the beginning of 2017 the situation has been slightly improved. At
present time mental and behavioral disorders in the structure of therapeutic casu-
alties among military personnel in combat zone were 4.9% at the beginning of
2017, 77.5% of them were neurotic, stress-related and somatoform disorders.

These data, on the one hand, can be explained by decreasing intensity of
armed conflict and psychogenic casualties in turn, implementation of preventive
measures, better organization of psychomedical care in combat area, but on the
other hand — by “stigma”. For example, in studies [25] carried out on 450 ser-
vicemen (aged from 19 to 54 years) that took part in military conflict from Au-
gust 2014 to March 2015, it was indicated that the most of people avoided any
talks about traumatic events which negatively affected their emotional, psycho-
logical and physiological state, and they often resorted to such defense mecha-
nism as "avoidance"(41.6% of cases). Almost 36% of servicemen did not want
"invasion" into their emotional sphere and they were not involved themselves
emotionally in other situations. Some of ATO participants who were affected by
psychological trauma displayed insomnia, excessive vigilance, exhaustion, es-
cape into alcohol and others [25].

In this study at the first time the assessment of stress factors impact at com-
bat environment (physical, informational, organizational and anticipation) on
military personnel participated in military conflict has been done. The stability
of working capacity is probably influenced by the expected threat, that is, the
true or false prediction made by the person of some future collision with any
dangerous situation and its assessment. The correlation of the anticipation factor
with the manifestation of working capacity will be traced and also identified the
conditions affecting it. Moreover, the decision support model to predict further
adjustment disorders after extreme conditions has been created for developing
the psychomedical intervention model in Ukrainian Armed Forces. The revealed
3 items including into discriminant model correspond with a new criteria of
PTSD (ICD-11 for Mortality and Morbidity Statistics, class 6B40) and in addi-
tion give opportunity quantitatively predict further adjustment disorders after
extreme condition. Presented research is not without flaws that are associated
with the multidirectional vectors of the scientific searching of domestic authors.
But, at the same time, an attempt was made to systematize them. Regarding own
research, it contributed to the development of new pragmatic proposals to the
military system of mental healthcare.

At the present time, we still don't have wide knowledge about the mecha-
nisms of high reserves of working capacity manifested combat stress in extreme
conditions. One can only assume that human reserves are hidden in the poten-
tials of its redundancy (in the psychophysiological mechanisms of duplication of
functions’ regulation, in various forms of compensation).

Preliminary analysis of presented data allowed us to describe the set of the
consequences of the trauma. These results may help for future reorientation of
National mental health system, taking into account military needs. That's why
the comprehensive National strategy for mental health care of veterans [26]
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should include continious systematic monitoring of mental health and risk as-
sessment among military personnel, programs for prevention of drug addiction
and alcohol abuse among soldiers and veterans, suicide prevention programs for
military personnel etc.

THE PERSPECTIVE FOR THE FURTHER SCIENTIFIC RESEARCH

The research on recovery period is interesting because precisely in this period
the psychophysiological mechanisms of compensation by regulatory functions
are forming in the human body. For example, such complex concepts as toler-
ance, patience or resistance to the effects of stress factors, apparently, in some
way are related to human serviceability, reliability and working capacity. And, if
we understand this interaction, we can propose some measures aimed to over-
coming the effects of stress.

CONCLUSIONS

The analysis of available information on psychomedical consequences of war-
fare among military and demobilized persons shows that 2015 was the year of
the highest surge of mental disorders (adjustment disorders, drug abuse (mainly
alcohol), suicides, hetero- and auto-aggression behavior etc.) and 25.1% of mili-
tary personnel was unfit to military service due to mental health problems.

At the beginning of 2017 the situation has been slightly improved due to de-
creasing intensity of armed conflict and psychogenic casualties in turn, imple-
mentation of preventive measures, better organization of psychomedical care in
combat area, and ‘“stigma”. The greatest influence on the stress formation of
combatants had “anticipation” factors as well as not much less pronounced
“physical”, “informational” and “organizational” environmental factors. Re-
search permits to conclude that some of them significantly influence on the psy-
cho-emotional state of military personnel and can be grouped into two main
factors: the 1% — factor of negative future prediction and the 2™ - factor of nega-
tive impact of physical environment.

The phenomenon of exaggerating of negative feelings among servicemen
after the 4™-month impact of the stress factors has been discovered.

The decision support model to predict further adjustment disorders (F43.2)
after extreme conditions has been proposed for developing the Psychomedical
Intervention Model in Ukrainian Armed Forces.
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Beryn. barato BiTYM3HSHUX i 3aKOPJIOHHHX €KCIEPTIB BHBYAKOTH Pi3HI ACMEKTH MPOOIeMHU
IICUXIYHOTO 370pOB's B 00HOBUX yMOBax, IpOTe BCE € iCHY€ BeJIMKa KUIbKICTh HEBHPpillIe-
HUX TUTaHb MO0 MEIUKO-TICHXOJIOTIYHUX HACIIAKIB TIOpHIHOI BiliHY B YKpaiHi.

Mera cTaTTi — JIOCHIINTH BIUIMB Pi3HUX HIKIJIJIMBUX YMHHUKIB B 00HOBOMY cepezio-
BHUIIl HAa TICUXOJIOTIYHHMH CTaTyC 1 TICHUXiYHE 370pOB'S BiCHKOBOCIYKOOBIIB 1 KOJHIIHIX
KOMOATaHTIB Ul pO3pOOKU MOJIEIi MEAUKO-TIICUXOJIOT1YHOT JOIIOMOTH.

Marepianau Ta MeToau. Marepianu gociikeHHs OyJio 3aCHOBaHO Ha BUBUEHHI moHaz 200
BilICBKOBOCITY>KOOBIIIB B Pi3HHX YMOBaX i CTaHi 3/I0pOB'Sl 3 BUKOPUCTAHHSAM BJIACHHX 1 3arajibHO-
HPHUAHATAX OIUTYBAIBHUKIB 3 MOJANIBIION OIUCOBOIO CTATHCTHKOIO 1 0araTOBIMipHHM aHAIIi30M
nanux. byso mpoBeneHo 6ibmioceMaHTHYHUMA, 1HGOPMAIIHHO-aHATITHYHUI TOPIBHSIBHUN aHAI3
BITYM3HAHUX IyOJiKalii 3a ocTaHHI 4 pOKM [UIs y3arajJbHEHHS HAlliOHAIBHOIO JOCBLIY ILOAO
TICUXOJIOTIYHMX HACHIIKIB 30pOHHOr0 KOHQITIKTY B YKpaiHi.

Pe3yabTarn. IIpoBeieHO peTpOCHeKTHBHE y3aralbHeHHs HasBHOI iH(popMaii Ipo MeuyHi i
TICUXOJIOTIYHI HACHIIKKM TiOPHIHOI BIfiHM 3a OCTAHHI POKH, IO CTOCYETHCS XapPAaKTEPHCTHUK IHX
HACJIJIKIB Ha BICBKOBOCITY’KOOBIIIB 1 ieM0o01Ti30BaHuX 0ci6. [IpoBeieHo OIiHKY BILIMBY CTPECOBHX
(hakrtopiB GoroBoro cepenopuiia (dizuuHa, iHGopMmalliiiHa, opraHizaliiiiHa Ta aHTHIMIIALIIHA) Ha
BIiCBKOBOCITY>00BIIB, SIKi Opaau y4acTb y BiMCbKOBOMY KOH(IIKTI, siki Oyl 3rpynoBaHi B JBa
OCHOBHI YMHHHKH. BuUsIBI€HO 0COOIMBOCTI Ta CTPYKTYpY NCUXIYHUX PO3JIA/IB Y BilICEKOBOCITYK00-
BIIiB, SIKi IIPOXOJIIIH JIIKYBaHHS B yMOBax cTauioHapy. Po3po0iena Moaesnb MmiqTpUMKH PUAHATTS
PpillIeHb JUIs TIPOTHO3YBAHHS TIOJANIBIINX PO3NIAJIB a/IanTarlii mcis nepe0yBaHHs B eKCTPEMAIBHUX
YMOBax Ma€ BUCOKHH CTyMiHb JtocToBipHOCTI (p < 0,001).

BucHoBku. HaiiOinpimii BB Ha (JOPMYBaHHsI CTpPECy y KOMOATaHTIB HaJlall YUHHHUKA
«@HTHIIMIALID», @ TAKOXK, 1110 HEe MEHII BUpaXeHi, «(izudHi», «iHbopManiiHi» i «opraHizaliiHi»
YHHHUKH cepenoBHIla. JIOCTipKeHHS JO3BOJISIOTh 3pOOUTH BHCHOBOK TPO T€, IO JICSIKI 3 IHX
(hakTOpiB iCTOTHO BIUIMBAIOTH HA IICUXOEMOLIIHUI CTaH BifCHKOBOCTYXOOBLUB 1 MOXYTbh OyTH
3rpyIOBaHi B IBa OCHOBHI YHHHHKH: 1-if — (pakTOp HEraTHBHOTO MPOrHO3YBaHH MalOyTHHOTO i
2-#1 — (pakTOp HEraTMBHOTO BILUIMBY (Bi3MUHOrO cepenoBullia. BussineHo gpeHomeH nepeOibIeH-
HSl HETaTHBHHX BiIUYTTIB y BIFCBKOBOCIY>KOOBIIIB MICJISl BIUTUBY CTPECOBHX (aKTOpiB Ha 4-if
Micsb. Po3pobieHa Monenb MiATPUMKM TIPUHHSTTS PIlIeHb JUIS HPOTHO3YBAHHS IMOJANBIINX
posznaniB aganramii (F43.2) micns ekcTpeMalbHUX YMOB JIOMIOBHHIIA PO3BUTOK CYy4YacHOI MOJENi
MEIMKO-TICUXO0JIOT 4HO1 goromoru B 36poiinux Cutax Ykpainu.

Knrouosi cnosa: Monens MeIUKO-TICUXOIOTIYHOT TOMTOMOTH, MOJETb MiATPUMKH MPUHHATTS
pillIeHHs, NCUXiuHE 3J0pOB's, PO3Naau ajanTalii, HOCTTPaBMATHYHUN CTPECOBUH posian,
CTpecoBi (haKTOPH.
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YCOBEPIIEHCTBOBAHUE MOJIEJIM MEJUKO-TICUXOJIOT TYECKOM
IMOMOIIIX BOEHHOCIJIYKAIIUM HA OCHOBE
VICCJIEJIOBAHUS MEHTAJIBHBIX PACCTPOMCTB

BeBenenue. MHoOTHE OT€UEeCTBEHHbIE U 3apyOekKHBIE SKCIEPTHl H3y4YaloT Pa3iIHMyHbIe acIeK-
ThI IPOOJIEMBI IICUXUYECKOTO 3/10pOBbsI B 00€BOI 0OCTAaHOBKE, OJJHAKO BCE €IE CYLIECTBYIOT
MHOTHE HepelIeHHbIE BONPOCH OTHOCHUTEIBHO MEIMKO-TICHUXOJIOTHYECKUX IOCIEeACTBHH
ruOpuHON BOMHBI B YKpauHe.

Ieab cTaTbU — UCCIEOBATH BIMSIHUE PA3INYHBIX BPEAHBIX (hakTOPOB B OOEBOI1 cpexe
Ha [ICUXOJIOTUUYECKUH CTaTyC U ICUXUUECKOE 310POBbE BOEHHOCIYXKAIIUX U ObIBIIMX KOMOa-
TaHTOB AJISI Pa3pabOTKU MOJEIN MEANKO-TICUXOJIOTHYECKOM TOMOIIH.

Matepuanasl U MeTOAbl. MaTepuaisl UcciaeJ0BaHus ObUTM OCHOBaHBI HA U3y4YeHUHU 0O-
nee 200 BOGHHOCTYKAIUX B Pa3IHMYHbIX YCIOBHUSAX U COCTOSHUU 3IO0POBBS C HUCIIOIb30BAHU-
€M COOCTBEHHBIX M OOIIECIPHHATHIX ONPOCHUKOB C AalbHEHIIell onucaTesbHON cTaTuCTUKON
¥ MHOTOMEPHBIM aHaIN30M JaHHEIX. BbUT mpoBeneH OHOImoceMaHnTHYECKUH, HHPOPMAIHOH-
HO-aHAJIUTUYECKUN CPaBHUTENbHBIM aHaIM3 OTEUYECTBEHHBIX MyOMuKanuil 3a nociaenuue 4
roga Jursi 000OIIeHHsT HAIOHAIBFHOTO OIBITa KacaTeNIbHO MCHXOJOTHYECKUX MOCIEeICTBUH
BOOPYXKEHHOTO KOH(UIUKTA B YKpauHe.

Pe3yasTathl. [IpoBeneHO peTpocneKTHBHOE 0000IIeHHe MMEIoIIeiicss nHpopManul o
MEIULUHCKUX U IICUXOJIOTUUECKUX IOCIENCTBUSIX IMOPUIHON BONHBI 3a IOCIETHHE TOABL,
Kacarolieecs XapakTepHCTHK dTHX MOCIEACTBHN Ha BOGHHOCTY)KAIIUX U IeMOOMIM30BaHHBIX
muu. IIpoBesneHa oneHKa BO3AEHCTBUS CTPECCOBBIX (hakTopoB OoeBoi cpenbl (husudeckas,
nH(OpMAaIIOHHAsI, OPTaHN3aNMOHHAs M AHTHIUITAIIOHHAs) Ha BOCHHOCITY)KalHX, YIacCTBO-
BaBILIUX B BOCHHOM KOH(IUKTE. BEIABIEHBI 0COOCHHOCTH U CTPYKTYpa ICUXHUUYECKUX PACCT-
POMCTB Y BOSHHOCITYXAIIHX, IIPOXOJUBIINX JIEUeHHE B YCIOBHUIX cTanuoHapa. PaspaboTaH-
Has MOJIeNIb HOAJCPKKU IPHUHATHA PELICHUH Ul MPOTHO3MPOBAHUS NAlTbHEHIIMX paccT-
POMCTB amanTanyy mocie MpeObBaHHs B DKCTPEMAIBHBIX YCIOBUSIX UMEET BBICOKYIO JTOCTO-
BepHOCTH (p < 0,001).

BoiBoabl. Hanbonbmee BiausHEE HA (GOPMHPOBAHUE CTpecca y KOMOATaHTOB OKa3aiH
(haKTOpH! «aHTULMIALUMNY», a TAKKe, HE MEHEe BBIPAXKEHHbIE, «(U3NIECKHe», «MH(OopMaIi-
OHHBIE» M «OpraHU3AIMOHHbBIE» (haKTOpHI cpebl. MccnenoBanus Mo3BONIAIOT CAENaTh BHIBOJ
0 TOM, YTO HEKOTOpBIE U3 3THX (PAaKTOPOB CYLIECTBEHHO BIUSIOT Ha IICHXO’MOLMOHAIBHOE
COCTOSIHUE BOEHHOCIY)KalllUX U MOTYT OBITh CTPYNIIMPOBaHBI B JBa OCHOBHBIX (hakTOpa:
1-ii — (akTOp HEraTHBHOTO MPOTHO3UPOBaHUS Oynymiero u 2-ii — (akrop HEraTMBHOTO
Bo3JelicTBHs (usHdeckoii cpenpl. OOHapyXeH (EHOMEH IpeyBeIMYCHHs] HeTaTHBHBIX OIIY-
LICHUI Y BOCHHOCIYKAIIUX MOCJIEe BO3ACHCTBHS CTPECCOBBIX (PakTOpoB Ha 4-i Mmecsl. Paz-
paboTaHHas MOJeNb MOJJIEPKKU NPUHATHSA PEUICHUH IJIsl MPOTHO3UPOBAHUS JalbHEHIINX
paccrpoiictB ananrtanuu (F43.2) nocne sKCTpeManbHBIX YCIOBHI JOMOJIHUIA Pa3BUTHE COB-
PEMEHHON MOJIENIH MEIUKO-IICUX0JIOTHYECKOM oMoy B BoopyxeHHbIx Cunax YKpauHbl.

Knrouegvie cnosa: MOIENb MEMKO-TICHXOJIOTHYECKOM ITOMOIIN, MOJIENb HOAICPKKU IPHHS-
TUSI PELICHUs], TCUXUYECKOEe 3JI0POBBbE, PACCTPOWCTBA alanTalyy, MOCTTPaBMATHYECKOES
CTPECCOBOE PACCTPONCTBO, CTPECCOBBIC (HaKTOPEL.
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J10 YBATH ABTOPIB!

Y KypHaii HaZlaHO pe3yJIbTaTH JOCHTIKEHb B Taly31 Teopii 1 MPaKTHUKHU 1HTEIeKTya-
JBHOTO KepyBaHHs, iHYOPMATHKH Ta iH(POPMALIITHUX TEXHOJIOTIH, a TakoX 6i0JIoTi-
9HOI 1 METUYHOT KiOEPHETHKH.
LinboBa ayauTopisi- HAYKOBILI, 1H)KEHEPH, aCHipPaHTH 1 CTYJAEHTH BUIIMX HABYaJIb-
HUX 3aKJIaJiB BiAMOBIAHOTO (axy.

Bumoru 1o pykonucis crareii

1. Pykommc HamaioTh Ha mamepi y ABOX NPHMIipHHUKaX (MOBa — aHTIIIHCHKA,
yKpalHCbKa, pociiicbka, 17-22 ¢.) Ta enekTpoHHa Bepcis. Jlo pyKOmucy J0Jar0Th:

* aHOTAIlii — YKPalHCBKOIO Ta aHTIIMCHKOI MOBaMH (TIpi3BHIIE, iHIIIAIHA aB-
TOpa/iB, Miciie poOOTH, MICTO, KpaiHa, Ha3Ba cTatTi, TekcT 250 -300 cmiB, 3 BU/ICH-
HSAM PYOpHUK: BCTYH, METa, Pe3yJbTaTH, BUCHOBKH, KIIIOYOBI CIIOBA), POCIHCHKOIO
moBoto (YK, mpi3Buie, iHiniaim aBTopa/iB, Ha3Ba CTATTI, 7-9 PAJAKIB TEKCTY, KITFO-
4oBi cioBa (5-8 ciiB);

* CIIUCOK JITEpaTypH HAa MOBI OPUTIHATY - B OPSIIKY 3raJyBaHHS B TEKCTI, 32
cragnaprom JICTY 8302:2015;

* CHHICOK JITEpaTypH - MepeKiIal JKepeN aHTIiHCHKOI0 MOBOIO, TIPI3BHUINA Ta
iHII[iaJIK aBTOPIB - TpaHCIiTepaLis:

* JTineH3iitHui T0ToBip;

* BIJIOMOCTI TIPO aBTOpa/iB YKpaiHCHKOIO, aHTIIIMCHKOIO Ta POCIMCHKOI0 MOBa-
mu nioBuHHI Mictuty: [11B, BUeHMIi CTyniHb, HAYKOBE 3BaHHS, TI0Caja, BIJIUI, MicIe
po0oTH, MOIITOBA ajpeca opraHizaiii, TeaedoH (i 3B’sA3Ky pemakropa), E-mail,
aBTopchKi imenTudikatopu ORCID a6o ResearcherID.

2. Teker crarTi MONAETHCS 3 OOOB'I3KOBUMH pyOpHUKaMu: BCTYI, TOCTaHOBKA
3aBJlaHH:/TPO0IEeMHU, METa, pe3yJIbTaTH, YiTKO COPMYIbOBaHI BUCHOBKHU.

Bumorn 10 TekcToBOrO (airy

®opwmar ¢aitny * .doc, * .rtf. ®aiin noBuHeH OyTH MiATOTOBICHUN 3a JOIO-
MOTH TEKCTOBOTO pesakTopa Microsoft Word.

BuxopucroryBani ctwii: mpudt Times New Roman, 12 nT, MiXpsaKoBHiA
inTepBai — 1,5. ®opmart nanepy A4, Bci 6eperu - 2 cMm.

@opmynu HabupaioTh y pemakropi popmyn Microsoft Equation Editor 3.0.
Omnmii pexakropa dpopmyn - (10,5; 8,5; 7,5; 14; 10). llupuna dopmy -no 12 cMm.

PucyHku moBuHHI OyTH SKICHUMH, CTBOPEHI BOYZOBaHUM PEIaKTOPOM PHCY-
HkiB Word Picture a6o inmmmu Windows-1ogaTkaMu (pUCYHKH HaIalOTh OKPEMUMH
¢aitnamu BiamoBigaux Gopmari). LHlupuHa pucynkis - 1o 12 cm.

Tabauili BUKOHYIOTh CTaHAapTHUM BOymoBaHMM y Word iHCTpyMeHTapieM
«Tabmursay. lupuna Tadaumi - 10 12 cm.

IMepeaniaTty Ha :KypHaJ (IpyKOBaHa Bepcisi) B YKPaiHi 31iliCHIOIOTH:
- 3a «KaTanorom Buganp YKpaiHuy», iHJeKC MepelIuiaTi IpyKoBaHoi Bepcii - 86598;
- 3a JOIOMOTH IepeIuIaTHo areHIii «Ykpindopmuayka» HAH Ykpainn,
ukrinform_nauka@gmail.com, iHnekc xxypHairy — 10029



