2020; Vol.3 No.1: 405 - 417
Designing Information Technologies and Systems

Applied Aspects of Information Technology

UDC 004.9

Anna E. Filatova', Doctor of Technical Sciences, Professor, Professor of Computer Engineering and
Programming Department, E-mail: filatova@gmail.com, ORCID: 0000-0003-1982-2322

Anatoliy I. Povoroznyuk', Doctor of Technical Sciences, Professor, Professor of Computer Engineering
and Programming Department, E-mail: ai.povoroznjuk@gmail.com, ORCID: 0000-0003-2499-2350
Mohamad Fahs', post-graduate student of Computer Engineering and Programming Department, E-mail:
fahes_93mohamad@hotmail.com, ORCID: 0000-0001-7776-3311

"National Technical University “Kharkiv Polytechnic Institute”, Kyrpychova street, 2, Kharkiv, Ukraine,
61002

APPLICATION OF PROBABILISTIC-TIME GRAPHS FOR EVALUATING
THE EFFECTIVENESS OF THE ELECTROCARDIOLOGICAL STUDY PROCESS

Annotation. This work is devoted to the development of a structural model of the patient’s electrocardiological study process
based on graph theory, probability theory and the method of generating functions. The developed structural model is presented in the
form of a probabilistic-time graph, in which nine main states and an uncertainty state (a set of states that do not lead to the goal) are
identified, as well as the probabilistic-time characteristics of the arcs of transitions from one graph state to another. The following
are identified as the main states characterizing the process to complete an electrocardiological study: the beginning of the study;
indications were defined; morphological analysis of biomedical signals with locally concentrated features was performed;
pathological changes were identified; comparison with previous electrocardiological studies was performed; dynamics evaluation
was completed; evaluation of treatment effectiveness was completed; diagnostic decision was made; recommendations were issued
(the end of the electrocardiological study). For the proposed model of the electrocardiological study process by the Mason method,
there are obtained analytical expressions for the generating functions of the entire graph, as well as the part of the graph that
characterizes the successful completion of the electrocardiological study. Using the indicated generating functions, analytical
expressions were obtained to calculate the average transit time of an electrocardiological study and the probability of successful
completion of this process. To get all analytic expressions, a program was written in the Matlab language. The developed structural
model of an electrocardiological study in the form of a probabilistic-time graph made it possible to identify the main states and
determine the criteria for the effectiveness of the process in terms of average time and the probability of a successful study.

Keywords: electrocardiological study; probabilistic-time graph; generating function, Mason method; biomedical signals with
locally concentrated features

Introduction

Modern medicine is characterized by a sharp
increase in the amount of information processed in
solving traditional medical problems: from
registering biomedical information to making a
diagnosis, determining the prognosis, choosing and
correcting treatment tactics based on the results of
the diagnosis.

The principal advantage of the analysis of
biomedical data using medical information systems
is the possibility of simultaneous evaluation of many
parameters with the processing of large amounts of
information, which is beyond the power of either
humans or automatic analyzers focused only on
selected analysis methods [1-3].

One of the types of biomedical information,
recorded in the form of curves, is biomedical signals
(BMS) with locally concentrated features (LCF)
associated with the cyclic work of the heart and
cardiovascular system [4].

To automate the collection and processing of
such information are the various computer
cardiology systems.
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Literature analysis and problem statement
Traditionally, to diagnose the state of the
cardiovascular system, morphological analysis of the
electrocardiogram (ECG) is performed, in which the
waves and complexes are distinguished [5, 6], their
amplitude and time characteristics are determined,
and the shape of the selected structural elements is
also analyzed [7]. As a result of the morphological
analysis, a set of diagnostic features is formed.

Most often, morphological analysis of BMS
with LCF is performed in the time domain using
modern classification methods, such as cluster
analysis and pattern recognition [8-9], probabilistic
classification [10], neural networks [11], and fuzzy
clustering [12-13]. At the same time, when
implementing various classification methods, a
number of general problems arise that are
characteristic of ECG analysis, which include the
following:

— manual signal marking is required, which is
not possible for long ECG recordings (for example,
Holter monitoring);

— a significant amount of training samples is
required;

— the process of generating a training sample is
not trivial since it is based on the experience of the
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user (cardiologist), therefore it is error-prone and
time-consuming;

— training methods on specific data sets can
produce large errors on other sets due to the large
variability of the ECG.

In addition, in the case of using cluster analysis,
there are difficulties associated with the following
factors:

— computational costs;

— the uncertainty of the number of classes and
the initial partition;

— strong class asymmetry;

— signal variability, artifacts and so on.

Also, to solve the problem of the morphological
analysis of BMS with LCF, methods of signal
analysis in the time-frequency domain are used, for
example, local (window) Fourier transform
(spectral-time mapping) and wavelet transform [14-
15], as well as in the phase plane [4].

In addition, the authors proposed a method for
morphological filtration of BMS with LCF, which
also solves the problem of the morphological
analysis of the ECG [16].

In addition, methods based on interpolation of
the ECG isoelectric line by such methods as
piecewise linear interpolation, splines and so on
[22], as well as methods based on a combination of
interpolation and isoelectric line filtering methods
[23] are used to compensate of isoelectric line drift.

A literature review showed that a lot of
attention is paid to the analysis of separate stages of
the ECG study process, as well as their quality and
effectiveness, however, a systematic analysis of the
process as a whole is not performed.

On the other hand, there has recently been a
tendency to use the mathematical apparatus of graph
theory to study not the graphs themselves and their
properties, but processes on them. That is, the graph
is the basis on which effective models of the
processes under consideration are built [24]. Of
particular interest is the class of probabilistic-time
graphs with which problems of analyzing processes
in various application areas are solved, for example,
analysis of message transmission in various
computer and telecommunication networks [25-28],
analysis of GERT networks [29], analysis of
differential equations on graphs [30-31], analysis of
dynamic graph models and processes [32-33],
analysis of knowledge representation of subject
areas of computerized training systems [34], etc.

Therefore, the construction of a model of the
ECG examination process to study the effectiveness
of the whole process is an actual scientific and
applied task.

The purpose of the article is to increase the
efficiency of the ECG study process by analyzing its
probabilistic-time characteristics using graph theory
methods in the design of cardiological decision
support systems based on morphological analysis of
BMS with LCF.

To achieve this goal, the following tasks are
solved:

—to develop a structural model of the ECG
study process using the mathematical apparatus of
probabilistic-time graphs;

—to determine the probabilistic-time
characteristics and criteria of the effectiveness of the
ECG study process using the developed model.

Research methods

To achieve the goals in the work, methods of
theoretical analysis and modeling are used: graph
theory to build a structural model of an ECG study;
probability theory and the method of generating
functions to assess the effectiveness of an ECG
study without using and with using various
cardiological decision support systems.

Development of a structural model of a
patient's ECG study

Let us consider the main stages of the protocol
formation of an ECG study by a cardiologist in order
to highlight the key stages and the relationships
between them to build a structural model M of the

ECG study process.

For a complete and high-quality filling of the
ECG study protocol by a cardiologist at the initial
stage, it is necessary to indicate the reasons
(indications) for the study, to briefly describe the
previously performed instrumental studies (if any
were), indicating the purpose of these studies
(screening or to diagnose pathology after treatment),
to briefly describe the medical history (anamnesis).
This information is necessary for more effective
decision making. In the presence of previous ECG
studies, it is necessary to identify changes in the
dynamics or determine the effectiveness of
treatment.

The next stage is the detection of diagnostic
features as a result of the morphological analysis of
BMS with LCF. Here, depending on the type of
ECG study, there are many standards that help to
standardize the protocol of instrumental examination
in the description of traditional diagnostic features.
For example, a standard ECG protocol or a Holter
monitoring protocol.

Based on the analysis of diagnostic features, the
stage of detecting pathological changes is performed
(for example, left ventricular hypertrophy,
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ventricular, atrial or nodal extrasystole, atrial
fibrillation, etc.). The result of this stage is either a
description of pathological changes or a statement of
the fact that they are not detected.

Further, in the case of previous ECG studies,
the results of the current and previous examinations
are compared to assess the dynamics of changes if
the control is carried out without treatment (for
example, as a result of screening examinations) or to
evaluate the effectiveness of treatment if treatment
was performed between the examinations.

At the next stage, taking into account all the
obtained results of ECG studies (both current and
previous ones, if they were carried out), diagnostic
decisions are made, which are made out in the form
of an examination protocol.

At the final stage, the patient is given various
recommendations on the tactics of further
examination.

Let us imagine a structural model of an ECG
study in the form of a probabilistic-time graph:

M, =(S.T,P),
where:
S={S,} #Q — a set of states of the ECG study
process (S, is vertices of the graph);
T ={tij} # — a set of time characteristics of

the transition from the state S, to the state S, of the
ECG study process;

P={ pi,};t@ — a set of probabilities of the
transition from the state S, to the state S, of the

ECG study process.
Let us define the arc from the state S, to the

state S, by the vector of state indices (i, ) that this
arc connects. Pairs (p,,7;) describe the graph arcs
(4,/) and determine the probability p, and time 7,
of transition from the state S, to the state S .

To describe the progress of the ECG study
process from the initial state to the final state, it is
necessary to determine the arc function
S(p;t;,)=f;(z) of a probabilistic-time graph such
that when finding the products of the arc functions,
the probabilities p; are multiplied and the times ¢,

are summed:

[y =p,2", (M

where: z — a parameter of the arc function, the
degree of which characterizes the time of transition

from one state to another (|z|<1).

Moreover, for series and parallel connected
arcs, the following expressions are valid:

L@=11H==11r"; )
()] ()]

fp(z):ng/(z):Zpg/‘Z[” P (3)
@@.)) ()]

where:
fi(2), f,(z) — the functions of series and

parallel connected arcs, respectively.
If the graph contains a vertex that has a loop
with the function f(z) and an arc with the function

Jf;(2), then both arcs are replaced by one with the

function f;7(z) calculated by the expression

; Ji(2)
fr@=— “)

1- f,(2)
Then the generating function  F(z)
corresponding to the probabilistic-time graph

describing the ECG study process is calculated as
the sum of the functions of all parallel paths from
the initial state to the final ones.

To calculate the generating function F(z), the

method of equivalent transformations is used, the
purpose of which is to obtain the simplest transition
graph from the initial to the final state [35, 36].

For example, let us consider the graph
consisting of three vertices and having one feedback
(Fig. 1a). Let us consider the transition from the
state S, to the state S,. The stages of equivalent

conversion are shown in Fig. 1b, c.
Taking into account rules (2) and (4), there is
obtain the following expression for calculating the

equivalent function f;;(z) of the arc (0,2):

fo1 (Z)flz (2) ‘
1= f4,(2) f,0(2)

If the graph has a complex structure then it is
not always possible to bring the graph to the
simplest form by the method of equivalent
transformations (or such transformations will be too
time-consuming). In this case, the Mason method
[37] is more efficient, according to which the
generating function F,(z) between the initial state

Jo(2)=

S, and any state S, can be calculated using the
following expression:
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Fu(2)= ":IT, )

where:

f,(z) — the function of the k-th simple (open)
path from the initial state S, to the state S,
calculated by (2);

A, — the determinant of that part of the graph

that does not come into touch with the k-th simple
path (i.e., with the part of the graph that remains
after exclusion of contours touching with the k-th
path);

A — the graph determinant.

f10(z) - -
Qgﬁfm(z)} Sy flz(z)—bx’@

a
R0 80 )
b
‘/So f 602(2)"(@
c

Fig. 1. Graph example:

a) original graph;
b) equivalent transformation of parallel arcs;
¢) equivalent transformation of loop-arc

The determinant is calculated by the following
expression:

A=1=2 S/ )+ 2 fio i (D fien () =
_Z f(c)j (Z)f(c)k (Z)ﬁﬂ)l (2)+K

Jokl

(6)

where:
Z f(c) ; (z) — the sum of the functions f(c)j (2)
J

of all contours;
Z S, (2) fioi () — the sum of the products of
J.k

the functions f,;

pairs of contours;

Z Jiori i (2) fie(2)

products of the functions f .(2), f,,(z) and

(z) and f,(z) of not touching

— the sum of the

Jie(2) of not touching triples of contours, etc.

According to the theory of generating functions
and its application to probability theory, the
expected value of a sequence of random variables
(which in this case are 7, ) can be expressed through
the generating function of the sequence as the value
of the first derivative at z=1. Thus, the probability
P, and average time 7,., to complete an ECG

study are determined with the found generating
function using the following expressions [35]:

PECG = F(Z)L:l ; (7)
_dF(z)
Trg = ®

z=1

Based on the above stages of the ECG study
process, 9 main states can be identified:

S, — the beginning of the study;

S, —indications were defined;

S, — morphological analysis of BMS with LCF
was performed;

S, — pathological changes were identified;

S, — comparison with previous ECG studies was

performed,
S5 — dynamics evaluation was completed;

S, — evaluation of treatment effectiveness was

completed;
S, —the diagnostic decision was made;

S; — recommendations were issued (the end of
the ECG study).
Let us define one more state S, — the state of

uncertainty into which the ECG study process can go
from the main states if for one reason or another it is
impossible to transit from one main state to another.
There can be several reasons for the transition to a state
of uncertainty, while the reasons can be both objective
and subjective. Objective reasons include equipment
failure, power outages, poor signal quality due to
various types of interference (for example, poor contact
of one or more electrodes), lack of a cardiologist (for
example, due to illness), etc. As subjective reasons, one
can consider the patient’s reluctance to undergo the
ECG study, for example, due to financial difficulties or
due to a psychoemotional state. In addition, errors that
occur at each stage lead the system to the state of
uncertainty.

Let us also set the probabilities and time of
transition from one state to another.

Then, as a structural model M of the ECG
research process, a probabilistic-time graph is proposed
that reflects the main states of this process and their
interaction (Fig. 2).
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Jas(2)
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T —fa2)
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Fig. 2. The structural model M of the ECG study: S, — the beginning of the study;
S, —indications were defined; S, — morphological analysis of BMS with LCF was performed;

S, — pathological changes were identified; S, — comparison with previous ECG studies was performed;

S, — dynamics evaluation was completed; S, — evaluation of treatment effectiveness was completed;

S, — the diagnostic decision was made; S; — recommendations were issued (the end of the ECG study);

S, — a set of states that do not lead to the goal (the state of uncertainty);
£;(2), Vi, j=0;9 — arc function by (1)

It should be noted that the structural model M
is no state associated with the direct recording of the
ECG signal. This is because the duration of the ECG
signal recording is strictly regulated by the protocol
of one or another type of ECG study and can vary
from several minutes (in the case of a standard ECG
study) to several hours and days (in the case of
Holter monitoring). Because this time cannot be
optimized, and the duration of the recording process
does not affect the effectiveness of the ECG study,
then this state is not taken into account in the
structural model M.

If there is no arc (i,j) in the graph (Fig. 2),
then the transition probability p, =0, and therefore,
according to (1) also f;(z)=0.

One of the most time-consuming and crucial
stages is morphological analysis of BMS with LCF,
therefore, in case of recording a signal of poor
quality, it is possible to return from the state S, to

the state S, for re-recording the signal (the arc with
the function f,,(z) in Fig. 2), and if necessary,

correction of errors of the morphological analysis is
provided the possibility of repeating the refinement
of the morphological analysis of BMS with LCF (the
loop with the function f,,(z) in Fig. 2).

The next stage of the ECG study, as noted
above, is the stage of identifying pathological
changes, which is based on the results of the
morphological analysis. If this stage cannot be
completed due to errors in the morphological
analysis, then a return to the previous stage is
possible, i.e. transition from the state §; to S, (the
arc with the function f;,(z) in Fig. 2), and if due to
a poor-quality signal, it is possible to transition from
S, to S, (the arc with the function f; (z) in Fig. 2).

And, finally, it is possible to repeat the stage of
making a diagnostic decision (the loop with the
function f,(z) in Fig. 2), if there are difficulties in
making a decision (for example, a consultation of
other doctors is necessary).

Since all transitions from the current state S,
form a complete group of events then it is possible
write the following expression:

Zpg,' =1. )

Then, taking into account (9), we have the
following expressions for the probabilities of a

transition from any state S, (i €{1,8}) to the state of
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uncertainty S, (i.e., an unsuccessful completion of
an ECG study):

Do =1-pp;

P =l=Py =Dy =P
D3 =1= D3y = Py = D3 — P32
Pas =1=Pus — Pus;

Dso =1—ps; 3
Doy =1—Per 3
Dy =1=ps —pyy.

To calculate the generating function of the
proposed probabilistic-time graph, it is necessary to
perform a series of equivalent transformations taking
into account expressions (2)-(4) or use the Mason
method (5).

Definition of the  probabilistic-time
characteristics of the structural model of a
patient's ECG study

It is easy to notice that the presented graph has
sequential and parallel branches, arcs in the form of
loops, and also feedbacks. Since it is rather difficult
to perform equivalent transformations for the graph
under consideration, let us use the Mason method to
calculate the generating function of this graph.

First, using rule (2), there is define the
functions of all direct paths from S, to S; (there are

three such paths in total):

Jos(2) = 10 (D) 112(D) 1:(2) [3,(2) f5(2) 5
T2 = [0 (2 [53(2) 114(2) f15(2) f5(2) f5(2) 5
Jw(@ = 11D 112(2) f5(2) 14(2) 16 (2) S (2) [ (2) -

Then, according to rule (3), the path function
from S, to S, is determined as follows:

fuw(@ = fos @)+ (@) + fi5(2) = 2 fos(2) . (10)

Further, using rule (2), there is define the
functions of all direct paths from S, to S, (there are
seven such paths in total):

fo19 (2)=fu(2) f1o(2) 5
f()29 (2) =10 (2) /12(2) [ (2) ;

Joo(2) = 15:(2)12(2) f33(2) f3(2);
Joo (D)= £ (D [1,(2) 1 (D) 14 (2) foo (2) 5
T (@)= [0:(2)112(2) f1(D) 14(2) f15(2) 50 (2) 5
T2 = f0(2)112(2) f5(2) f14(2) fi(2) S0 (2) 5
T (D= 10D [, f5(D) 17 (2) [0 (2) 5
T (D)= 1512 [12() [ (D) 114(D) f15(D) f57(2) [0 (2) 5
T (D) = [51(D 112(2) [3(2) f14(2) fi(2) S5 (2) 16 (2) -

Then, according to rule (3), the path function
from S, to S, is determined as follows:

fog(z)=2fo’;(z>. (11)

Now, using rule (2), there is define the
functions of all possible contours L, (i=1,6):

S, =12 1(2); (12)

S, =12 (2); (13)

Ji, = 13(D(2) 5 (14)

S, =152 15(2); (15)
S =1n(2); (16)

J1, =10 (@52 () [21(2) - )

Then, taking into account expressions (10)-(17),
using the Mason rule (5), (6), it is obtain the

following generating functions Fy(z) for the
transition from S, to S, and Fy(z) for the

transition from §; to S, :

Fig(2) = 6 Jo(2) )
I_ZfL‘ (Z)+fL5(Z)‘ Z fLI(Z)

F(2) = 6 Jo(2) :
=200+, 2 £,)

As a result, according to rule (3), the generating
function of the graph shown in Fig. 2 is as follows:

F(z)=Fy(2) + Fp(2) .
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Analytical expressions for calculating the
average time to complete an ECG study, as well as
the likelihood of a successful ECG study, can allow
exploring the effectiveness of the process under
various initial conditions. Therefore, to find the
analytical expression of the generating function, the
probability P,.. by (7), the average time 7., by
(8) to complete an ECG study, and also the
probability P,.. of a successful ECG study, a
program was written in the Matlab language, which
is presented below:

% variables

syms p0l pl2 p23 p34 p45 pd6 pb7 p67;
syms p37 p78 p2l p22 p3l p32 p77;
syms pl9 p29 p39 p49 pP59 p69 p79 ;
syms t01l tl2 t23 t34 t45 t46 t57 t67;
syms t37 t78 t21 t22 t31 t32 t77;
syms tl19 t29 t39 t49 t59 t69 t79;
syms z;

% straight arcs

f01(z)=p01*z~t01;
£f12(z)=pl2*z"tl2;
£23(z)=p23*z"t23;

£34 (z)=p34*z"t34;
f45(z)=p45*z~t45;
£57(z)=p57*z~t57;
f46(z)=pd6*z"td6;
£67(z)=p67*z"t67;
£37(z)=p37*z"t37;
£78(z)=p78*z"t78;

% to the state S9
£f19(z)=(1-pl2)*z"tl9;
£29(z)=(1-p23-p21-p22) *z"t29;
£39(z)=(1-p34-p37-p31-p32) *z"t39;
£f49(z)=(1-p45-p46)*z"t49;
£59(z)=(1-p57) *z"t59;
£69(z)=(1-p67)*z"t69;
£79(z)=(1-p78-p77) *z"t79;

[

% back arcs

£21(z)=p21*z"t21;
£22 (z)=p22*z"t22;
£31(z)=p31*z~t31;
£32(z)=p32*z27t32;
£77(z)=p77*2"t77;

% the direct paths from SO to S8
£f1 08(z)=£f01(z)*f12(z)*£23(z) ...
*£37(z)*£78(z) ;

£2 08(z)=£f01(z)*fl2(z)*£23(z)...
*£34 (z)*£45(z) *£57 (z) *£78 (z) ;

£3 08(z)=£01(z)*£f12(z)*£23(z) ...
*£34 (z)*F46(z)*£67 (z)*£78 (2) ;

% total direct path from SO to S8
£08(z)=f1 08(z)+f2 08(z)+£f3 08(z);

% the direct paths from SO to S9

£f1 09(z)=£01(z)*£f19(z);

£2 09(z)=£f01(z)*£f12(z)*£29;

£3 09(z)=£f01(z)*£f12(z)*£23(z)*£39(z);
£f4 09(z)=£f01(z)*fl1l2(z)*£23(z)...

*£34 (z)*£49(z) ;

£5 09(z)=£f01(z)*fl2(z)*£23(z) ...
*£34 (z)*£45(z) *£59(z) ;

f6 _09(z)=£f01(z)*fl2(z
£34 (z)*£46(z) *£69(z) ;

) *£23(z) *

£7 09(z)=£f01(z)*fl2(z)*£23(z)*
£37(z)*£79(z);
£8 09(z)=£f01(z)*fl1l2(z)*£23(z) ...

*£34 (z) *£45(z) *£57 (z) *£79(z) ;

£9 09(z)=£f01(z)*fl2(z)*f23(z) ...
*£34 (z)*£46(z) *£67 (z) *£79(z) ;

% total direct path from SO to S9

£09(z)=£f1 09(z)+£f2 09(z)+£3 09(z)+
f4 09(z)+£5 09(z)+f6 _09(z)+

£7 09(z)+£8 09(z)+£f9 09(z);

% contours

Ll(z)=f1l2(z)*f21(z);

L2 (z)=f22(z);

L3(z)=f23(z)*£32(z);

L4 (z)=f12(z)*£23(z)*£31(z);
L5(z)=£f77(z) ;
L6(z)=f12(z)*f23(z)*£32(z) *f21 (z);

[

% calculation of analytical
expressions
diary ('myVariable.txt');

o©

generating function of the path from
SO0 to S8
8
(z
(z

o

(z)=simplifyFraction (£f08(z) /...
(L1 (z)+L2 (z) +L3 (2z) +1.4 (z) +
y+L6(z))+L5(z)* (L1 (z)+

FO
(1
L5
L2 (z)+L3 (z)+L4 (z) +L6(z))))

o

generating function of the path from
SO0 to S9
9
(z
(z

o

(z)=simplifyFraction (£f09(z) /...
(L1(z)+L2(z)+L3(z)+L4(z)+
y+L6(z))+L5(z) * (L1 (z)+
Y+L3(z)+L4 (z)+L6(2))))

FO

(1
L5
L2

o

generating function of the graph

z)=simplifyFraction (F08(z)+F09(z))
probability of performing
a
(F
(z

&3]

(

o\

o\

n ECG study

())

1 =simplifyFraction(diff(F(z)))

=

[

% average time of performing
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% an ECG study
T=simplifyFraction (T1(1l))

As a result of the program execution, analytical
expressions of the generating functions of the paths

diary off from S, to S, and S, are obtained, presented
below:
PorPiaPasPos (p34zt34 (p45p57zt45+t57 i p46p67zt46+167 )+ p37Zt37 )Zf01+t|2 Hipy g
Fp(z) = ; (18)

(1 - p77Zt77 )(1 — P (p21 (1 + p23p322123+f32 )Ztll + p23p3lzf23+131 )Ztlz _ p23p322f23+’32 _ pzzztzz )
Foo(2)=poy ((1_p12)2tw P ((1—1921 “Pn —p23)2’2" + D3 ((1_p31 Pz~ P P3 )Zt” +
+p34 ((1—p45 — D )Zt49 +p45 ((1_p57 )Ztsg +p57 (1_p77 — D )Zt57+t79 )Zt45 +

t Py ((1_p67 )z’“’ + Pes (1_1777 — P )tht79 )Z% )Zt34 + Py (1—P77 — P )Zt”H79 )2'23 )Z"z )z"“ /

P2 \=pp |\ Do \1+ PPz ™ )28 + pyypy 27 7 )27 =Py P2 ™
002 Y1972 24 2

Since the analytical expressions for the
generating function F(z), probability P,., and
average time 7,.. of the ECG study are too

cumbersome, they are not given in this article,
although they can be easily obtained using the above

Po1P12PrPg (p34 (p45p57 t PusPer ) + Ps; )

+3,

t
—DpZ” )

program, in which the variable F — F(z), the
variable P - P and the variable T — T

ECG » ECG *
According to expression (7), calculating
function (18) at z =1, there are obtain the following
expression for calculating the probability of a

successful ECG study:

= Fy(2) o

+
PECG

If the ECG study does not provide for the
implementation of one of the stages (for example,
the patient has not have an ECG study before or has
not have preliminary treatment), then we will accept
the probability of transition to the corresponding
state p, =0, and therefore, according to (1) also

J;(2)=0.

For the proposed structural model of an ECG
study, such conditions can be accepted for the
vertices S,, S5 and S;.

Based on the logic of conducting an ECG study,
both the dynamics evaluation and the treatment
effectiveness  evaluation are not performed
simultaneously in one study, i.e. the ECG study
process is only one of the possible paths ( p,; =0 or

Pss =0).
Therefore, the following restriction must be
imposed on the probabilities of transitions from the
state S, to the states S, and S, :
PusPas = 0; (20)

Past Dy € (0;1]-

= (1 — P )(1 — P (p21 (1 + Dy D5 ) + Py Ds ) —PyuP3y — pzz) .

(19)

In addition, if previous ECG studies have not
been conducted, then p,, =0, otherwise p,, =0,

i.e. the following restrictions can be written:

{p34p37 @1

Dss + Ds e(O;l].

Thus, according to the structural model M of

the ECG study (Fig. 1), there are three alternative
paths of transition from the initial state S, to the
final state S, which correspond to three different
types of ECG studies:

1) the study is being conducted for the first
time ( p;, =0, values p,; and p,, not important);

2) the study is repeated as a result of screening
(py; =0 and p, =0);

3) the study is conducted after treatment
(py; =0 and p,, =0).

Combining expression (19) and restrictions
(20), (21), there is obtain the following system that

allows to calculate the probability of a successful
ECG study:
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Pust Dy € (0;1]'

Obviously, restrictions (20) and (21) are also
valid for calculating the average time of an ECG
study.

The obtained analytical expressions of the
average time T,., of an ECG study (the article
provides a program for obtaining this expression)
and the probability P,.. of a successful ECG study

(22) allow to formulate the following criteria for the
effectiveness of the process under consideration:

T,

ECG
PPy =0;
Pyt Dy € (0;1];
PisPas =0
Past Py € (0;1]'

— min;

Prco
PPy, =0;
YZY ZVRS (0;1];
PisPas =0
Pas T Py € (0;1]'

— max;

Thus, the developed structural model of the
ECG study in the form of a probabilistic-time graph
made it possible to obtain analytical expressions that
describe the process under given initial conditions
(the presence or absence of previous studies and
treatment), as well as to determine the criteria for the
effectiveness of the ECG study, which can be further
use for analysis and optimization of both the entire
process and its individual stages.

Conclusion

In the work, the structural model of the ECG
study process using the apparatus of probabilistic-
time graphs is developed. To build this model, 9
main states of the process under consideration are
identified, as well as the main stages that
significantly affect the effectiveness of the ECG
study.

. PorPraPrs Prs (Pss (PasPsy + PasPsy )+ P37 )

(1= (1= P (22 (14 PisPio ) + PosPsy ) = PP = P )
D3Py =0; (22)
Py + Py €(0:1];
DasPas =0

For the first time, an analytical expression is
obtained that reflects the dependence of the average
time of an ECG study on the time it takes for each
stage to pass and the probabilities of transition from
one state to another, as well as an analytical
expression reflecting the dependence of the
probability of a successful ECG study on the
probabilities of successful completion of each stage.

The proposed model made it possible to
formulate criteria for the effectiveness of the ECG
study process by the average time of the study and
the probability of its successful completion.

Further studies are aimed at experimental
verification of the effectiveness of ECG studies
without and with the use of various cardiological
decision support systems using the obtained
analytical expressions of the probabilistic-time
characteristics of the developed model.
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Anomauia. /lana poboma npucesuena pospobyi CmpYKmypHOi Mooeni npoyecy eieKmpoxapoionoiuHo20 O0CHIONCEHHS
nayienma Ha OCHOSL meopii epaghis, meopii UmosipHocmel i Memody meipuux @yukyit. Pospobnena cmpykmypna moodens
npedcmasniena y 6uenaoi UMOSIPHOCHO-4AC08020 2pada, 6 AKOMY GUOLLEeHT 0e6'simb OCHOBHUX CMAHI8 I CIMAaH HegusHaweHocmi (0eaniy
Ccmawie, siKi He 6e0ymb 00 Memu), d MAKONC BU3HAYEHI UMOGIPHICHO-4ACOBI XapaKkmepucmuxu oye nepexoois 3 00H020 Cmamy zpaga
8 iHwull. B AKOCmi OCHOBHUX CMAHI8, W0 XAPAKMepU3yioms npoyec npogedenHs eneKmpoKapoionoiuHo20 00CHIOHCEHHS, GUOILIEHO
MaKi: Nno4amox OO0CHIONCEeHHA, BUSHAYEHI NOKA3AHHA;, BUKOHAHUL MOPQONOSIYHUL aAHANI3 OIOMEOUYHUX CUSHANIE 3 JOKAIbHO
30CepeONCeHUMY  O3HAKAMY, BUSHAYEHI NAMONOSIYHI 3MIHU, BUKOHAHO MNOPIGHAHHA 3 NONEPEOHIMU eNeKmpOKapOioNoiuHUMU
00CTIOAHCEHHAMU, BUKOHAHO OYIHKY OUHAMIKU; BUKOHAHO OYIHKY epeKmusHOCmi NiKY8AHHA, NPUNHAMO Oia2HOCMUYHe DIleHHs,
6udani  pexomenoayii  (KiHeyb  eleKMpPOKAPOIONOciuHo20  QOCHIONCeHHs).  J{1s  3anponoHosanoi  moodeni  npoyecy
ENeKMPOKAPOIONOZIYHO20 OOCTIONCEHHST MemoooM Me30Ha ompuMano aHanimuuHi eupasu MeIpHux QyHKYil 6écvoeo epagha, a
Makodc wacmuuu 2paga, wo Xapakmepusye YChiuHe NPOXOO0NHCEHHs eNleKMpOKapoiono2iuHo20 00CnioNcenHs. 3a 00nomozorn
3A3HAYEHUX — MEIPHUX — QYHKYIL  OMPUMAHO — AHANIMUYHI  6UPA3U  OASL  PO3PAXYHKY — CEPEOHbO20  YACy  NPOXOOJUCEHHS
eeKMPOKAPOi0N0CIYHO20 00CHIONCEHHSA | LMOBIPHOCTI YCNIUWHO20 3a8epuienHs 0aH020 npoyecy. /lia ompumanHs 6Cix aHAAIMU4HUX
supaszie Oyna Hanucawa npozpama Ha mosi Matlab. Po3pobiena cmpykmypHa mooenb eneKmpoKapoionociuHo20 O00CHIONCEeHHS V
8U2NA0I UMOBIPHOCHO-4AC08020 2pagha 00360UAA GUOLTUMU OCHOBHI CMAHU MA SU3HAYUMU Kpumepii egheKmueHocmi npogedeHHs
3a3HAUEHO20 NPOYeCy NO CepeOHbOMY HaCy i UMOBIPHOCI YCNIUHO20 NPOXOOHNCEHHSA OOCTIOHCEHHSL.
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INPUMEHEHUE BEPOSTHOCTHO-BPEMEHHBIX I'PA®OB JIJI51 OHEHKHA
IOPEKTUBHOCTHU IMPOIECCA SJIEKTPOKAPIUOJOTNMYECKOI'O
HNCCIEANOBAHUSA

Annomayusn. [annas paboma noceswjena paspabomke CMpyKmMypHOU MOOenu npoyecca I1eKmpoKapOUuoIosUiecKo2o
uccneo008ans nayueHma Ha 0CHo8e meopuu epagos, meopuu eeposmuocmeil U Memooa npouseooswux gyuxyuil. Paspabomannas
CMPYKMYPHAs MOOeNb Npeocmasiend 6 6ude GepOsmMHOCMHO-8PEMEHHO020 2pagha, 6 KOMOpoM 6bloeNeHbl 0eBimb OCHOGHbIX
COCMOANHUL U COCMOsAHUE HeoNnpeoeNeHHOCMY (MHOJICECTNBO COCMOAHUM, He GeOyWux K yenu), a makxdice onpeoenreHHsl
6EPOSAMHOCIHO-BPEMEHHbIE XAPAKMEPUCMUKYU 0Y2 Nepexo008 U3 00H020 cOCmosHua zpaga 6 opyeoe. B xauecmee ocnogHvix
COCMOAHUY, XAPAKMePUsyIowux npoyecc npoeedenus d1eKmpoKapOUOIOSUYecKO20 UCCIe008aHUs, 8blOeNE bl CedYIouue: HaYaI0
uccnedosanus; onpedenenvl NOKA3AHUA,  BbINOJHEH MOP@ONOUUECKUll AHAIU3  OUOMEOUYUHCKUX —CUSHANO8 C  JIOKATBHO
COCPeOOmMOUeHHbIMU  NPUSHAKAMU,  ONpeoelleHbl  NamonN0udecKue USMEHEHUs, GbINOJIHEHO CpaGHeHue ¢  npeobloyuMy
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2AEKMPOKAPOUOIOSUYECKUMU — UCCTIEO0BAHUAMU, BLINOIHEHA OYEHKA OUHAMUKU; 6bINOJIHEHAd OYEHKA (DPeKmueHocmu ieyeHusl;
NPUHAMO  OUACHOCMUYECKOe peuleHue; 8blOAHbl  PeKOMeHOayuu (KOHey I1eKmpOoKapouoIosUdecko2o ucciedoganus). [lns
NPeoNioNCeHHOT MOOeIU NpoYecca IeKmpoKapOUOLO2ULeCKO20 UCCIe008anUsi Memooom Ma30Ha noayueHvl aHaiumuyeckue
BbIPAdICEHUsT NPOU3BOOSMUX  (PYHKYULL 6ce2o epagha, a makdce uacmu 2paga, Xapakmepusyioweli YCHeuwHoe NPOXONCOeHUe
2neKkmpoxapouonocuyeckoeo uccieooganus. C  NOMOWbIO YKA3AHHLIX NPOU3BOOAUUX (DYHKYUL NONYYEHbl AHATUMUYECKUe
BbIPAdICEHUS OISl PACHENA CPEOHE20 BPEMEHU NPOXOICOCHUSL DNEKMPOKAPOUOLOSULECKO20 UCCIeO08AHUS U 6EPOSIMHOCINU YCREUIHO20
3a6epuieHs paccmampusaemozo npoyeccd. /lns nonyueHus 6cex aHatumuyeckux 6blpadicenuil Oviia Hanucana NPoSPamMma Ha si3vlke
Matlab. Paszpabomannasi cmpyKmypHas mooeib 91eKmpOoKapOUOI0SUYeCcKO20 UCCIe008AHU 6 BUOE GePOSIMHOCHHO-8PEMEHHO20
epagha no3zeonuna 8vloenums OCHOGHbIE COCMOSIHUA U ONPeOenumyb Kpumepuu 3¢h@exmusHocmu nposedenust yKazanHo2o npoyecca no
CpeoHeMy PEMEHU U 8ePOSIMHOCIU YCNEUHO20 NPOXOANCOCHUSL UCCAEO08AHUSL.

Kniouesvle cnosa: 31eKmpoxkapouoniocudeckoe Uccie008anue; 6eposimHOCmMHO-6DEMEHHOL 2pagd; npou3eooauas QyHKyus,
Memoo M»>30na; GUOMEOUYUHCKULL CUSHATL C IOKATLHO-COCPEOOMOYEHHBIMU NPUSHAKAMU
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