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METHOD OF CHRONOIONOMETRIC DETERMINATION
OF CONCENTRATIONS OF FLUORINE, NITRATE,
AMMONIUM IN DRINKING WATER

Introduction. Using method of chronoionometry and ion-selective electrodes makes it
possible to determine quickly the concentrations of chemical elements, which allows you to
assess the quality of drinking water and the ecological condition of the environment.

The purpose of the paper is to apply the developed method of chronoionometry to
measure the concentrations of fluoride, nitrate, ammonium in drinking water and to assess
the accuracy of measuring concentrations.
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Methods. Chronoionometric method of chemical analysis uses the principles of direct
potentiometry to measure the concentrations of chemical elements.

Results. Methods for detection the concentrations of fluorine, nitrates, ammonium in
drinking water were obtained and tests were performed in model aqueous solutions using the
device of inversion chronopotentiometry "Analyzer SCP", which testify to the compliance of
measurement errors with metrological normative values.

Conclusions. Improved analytical system "Analyzer SCP" to determine the
concentration of 20 chemical elements (Hg, As, Pb, Cd, Cu, Zn, Sn, Ni, Co, Se, Mn, I, Cr, Fe,
K, Na, Ca, F, NO;, NH, in aqueous solutions by inversion chronopotentiometry and
chronoionometry, which is sufficient for ecological assessment of drinking water quality and
environmental objects. The use of a new method of chronoionometry significantly expands
the functionality of the device of inversion chronopotentiometry, increases the reliability and
accuracy of measuring the concentrations of chemical elements.

Keywords: chronoionometry method, concentration, of fluoride, nitrate, ammonium, ion-
selective electrode, inversion chronopotentiometry, drinking water.

INTRODUCTION

At the present stage of development of society, one of the central places is occupied by
the problems of the ecological state of the environment and its pollution by various
toxic chemical elements. Therefore, much attention is paid to the control of quality and
safety of drinking water and food with the help of cost-effective and highly accurate
means of control. According to the WHO, more than 80 % of human diseases can be
caused by drinking contaminated water. It is known that the daily human need for
water is 2.5-3.0 liters. Along with drinking water, heavy metals, microelements, as
well as many salts and macronutrients, in particular, fluoride compounds, nitrate, and
ammonium enter the human body.

Therefore, there is a need to develop intelligent methods and tools for
environmental monitoring, the introduction of modem information technology that
will provide versatility and expressive measurement of concentrations of chemical
elements. Such technologies make it possible to obtain, collect and intelligently
analyze the obtained environmental information for decision-making on the
prevention of human health disorders and carrying out preventive ecological measures.

Thus, in order to perform quality control and assess the ecological state of the
environment, primarily water supply sources [1], the International Research and
Training Center for Information Technologies and Systems of NAS of Ukraine and
MES of Ukraine has developed a highly sensitive analytical system "Analyzer SCP"
on the use of electrochemical methods of inversion chronopotentiometry (SCP) and a
new chronoionometric method of analysis (CHI).

The analytical system makes it possible to determine in drinking water and in the
environment trace concentrations of 17 chemical elements [2], including such ions as
potassium (K"), sodium (Na") and calcium (Ca>"), measured by chronoionometric by
the method using ion-selective electrodes ISE (ion-selective electrodes). The
application of the CHI method allowed to increase the accuracy of the ionometric
study and to improve the stability of the potential measurement.

According to the current normative document in Ukraine on the quality of
drinking water intended for human consumption [1], in addition to determining the
content of heavy metals (Hg, As, Pb, Cd, Cu, Zn, Sn, Ni, Co, Mn, Cr, Fe) and
elements (Se, I, K, Na, Ca) it is necessary to determine a number of sanitary and
toxicological indicators: ammonium NH,', nitrate NO;™ and fluorides F~ (hazard
class II). The concentration of these macronutrients in drinking water can also be
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measured on the device "Analyzer SCP", using our developed method CHI [2, 3],
information technology [4] and the corresponding ISE [5], which will expand the
functionality of the device.

PROBLEM STATEMENT

The content of fluorine ions, nitrates and ammonium in water has a significant
affected human health, so it is important to control them in accordance with
sanitary and toxicological standards with the help of modern analytical
instruments, fluoride (HF) by passive diffusion [6].

According to the state standards which include the method of CHI.

Fluoride is one of the most important chemical elements that significantly affects
human life in general. The daily intake of fluoride anions with food is on average
2-3 mg 90-97 % of which is absorbed in the gastrointestinal tract and blood, from
blood plasma fluoride ions are rapidly distributed in intracellular and extracellular
fluids, tissues and organs, they are able to penetrate quickly. through biological
membranes in the form of hydrogen, the permissible concentration of fluoride in
drinking water is 1.5 mg/dm’ [1]. At concentrations less than 0.7 mg/dm’ there is
a deficiency of fluoride, i.e. hypofluorosis. It provokes the development of
caries, most children are prone to it. There are also conventional guidelines for
the association of hypofluorosis with rickets, impaired immune status and
disorders of calcium metabolism [7].

Increasing the concentration of fluoride in drinking water to 2 mg/dm’ causes
the spread of fluorosis and increases the severity of its course. If the concentration is
higher than acceptable (1.5-2 mg/dm’), then 30-40 % of the population is affected
by dental fluorosis, mainly I and II degree. The use of water with such a
concentration of fluoride may be temporarily acceptable in terms of local water
supply [8, 9]. In the case of centralized water supply, it is necessary to carry out
defluoridation or dilution of water. At high concentrations of fluoride in drinking
water (26 mg/dm’) the incidence of fluorosis is 30-90 %, and 10-50 % of them
have fluorosis of II-IV degree [10]. Among children, there are often cases of
developmental delay and bone mineralization [11]. In some people who drink water
with a fluoride content of 4-6 mg/dm3, there is an increase in bone density and
impaired conditioned reflex activity.

At very high concentrations of fluoride in drinking water (6-15 mg/dm’ and
more) 90—100 % of the population becomes affected by dental fluorosis with a
predominance of severe forms, significantly increased fragility of teeth,
mineralization disorders and changes in bones by type of osteosclerosis [12].
There is suppression of thyroid function, changes in the activity of certain
enzyme systems of the blood, changes in the myocardium, inhibition of
bioelectrical activity of the brain, as well as disorders of other internal organs
(e.g. liver), which are detected during functional examination [13].

Fluoride in minimal amounts is necessary for metabolic processes in the body
and is the seventh vital trace element after copper, zinc, iron, manganese, iodine and
cobalt [14]. Fluoride has a regulatory effect not only on bone cells (osteoblasts and
osteoclasts), but also on cells of the endothelium, liver, kidneys, myocardium and
nervous system. Excretion of fluoride from the body occurs through the skin,
digestive tract and urinary system with an excretion period of 2 to 9 hours. At the
cellular level under the action of fluoride in the cells increases the generation of O,,
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H,0,, OH" and nitric oxide NO. Fluoride compounds have been shown to be a
cytotoxic factor involved in metabolic alteration, modulation of intracellular
signaling pathways and activation of programmed cell death. The mechanisms of
physiological or toxic effects of fluoride compounds on the body depend on their
concentrations and duration of consumption [15].

Nitrate is inorganic anions (NOj’), which are formed due to oxidation of
elemental nitrogen. It is an important nutrient for the synthesis of plant proteins,
which plays a significant role in the nitrogen cycle of soils and water. Nitrate is
formed by natural biological and physical oxidation, they are ubiquitous in the
environment [16]. Most nitrate come from inorganic chemicals, especially from
fertilizers produced for agriculture. Ammonia from livestock waste can be
oxidized to nitrate by soil bacteria under aerobic conditions. It can also be a
significant source of nitrate in surface and groundwater, especially near areas
where animals are raised [17].

The primary toxic effect of the inorganic nitrate ion (NOs) is due to its
reduction to nitrite (NO,’). Organic nitrate is metabolized in the liver, which
leads to an increas in nitrite in the blood. Nitrate and nitrite are excreted mainly
in the urine as nitrate. The main toxic effect of inorganic nitrate is the oxidation
of iron in hemoglobin due to an excess of nitrites that form methemoglobin.
Infants under 6 months of age make up the most sensitive population.
Epidemiological studies have shown that infant formula prepared from drinking
water with a nitrate nitrogen content of more than 10 mg/dm’ can lead to
methemoglobinemia, especially in children under 2 months of age [18]. The
results show a correlation between the number of congenital malformations of
the central nervous system, musculoskeletal system and infants with the amount
of inorganic nitrate in drinking water that was consumed. Elderly people, people
with anemia, people with respiratory and cardiovascular diseases are also
sensitive to nitrate. There are cases of the disease in older children (after
consuming water with a high content of nitrate).

Therefore, it is strictly forbidden to use water from wells and catchments
where the nitrate content exceeds the norm. Boiling nitrate-contaminated water
does not reduce, but increases its toxicity by 39-86 %. Therefore, it is important
to determine the nitrate content in drinking water in a timely manner, using
analytical measurement methods [19-22].

Organic nitrate is well known for their vasodilating action and is used to
treat angina. The possible carcinogenicity of nitrate depends on the conversion
of nitrate to nitrite and the reaction of nitrite with secondary amines, amides and
carbamates to form carcinogenic nitro compounds.

Ammonium — a substance that is the initial product of decomposition of
organic nitrogenous substances, is readily soluble and is always present in water
in small concentrations as a mandatory component. Ammonium appears in water
due to the dissolution of ammonia in it [23].

Ammonium is one of the most important cations for monitoring, especially
in wastewater areas, as large amounts can be toxic to aquatic organisms.
Ammonia dissolved in water is formed as a result of anaerobic decomposition of
nitrogen-containing compounds from waste streams. Ammonium monitoring is
extremely important in determining the quality of drinking water [1] and in open
water, in places of wastewater discharge [24].
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The increased content of ammonium indicates the deterioration of the
sanitary condition of the water. The increase in concentrations is due to the
inflow of domestic wastewater, nitrogen and organic fertilizers into
groundwater. The content of ammonium in high concentrations in drinking water
negatively effects on the human body. Blood pressure may rise, there are various
disorders of the liver and kidneys. The toxic effect of ammonium depends on the
concentration and duration of consumption of contaminated drinking water, it
increases with increasing pH. Short-term consumption of water with a
concentration of ammonium salts in the range of 75-360 mg/kg causes an
increase in blood pressure. Under conditions of prolonged exposure to drinking
water with high levels of ammonium, there is a decrease in calcium in the body,
changes in blood pH and weight loss [25].

Electrodes and methods for measuring fluoride, nitrate and ammonium.

Recently, a significant amount of research in the field of electrochemical research
is aimed at developing more practical electrodes and biosensors for measuring
fluoride, nitrate, ammonium and other elements in the aquatic environment using new
technologies and various research methods. The main research directions are aimed at
using ISE for the analysis of nitrate in natural objects: in water [9, 17, 19, 23, 24], in
different environments [26-28]; application of voltammetric methods of analysis [16,
18, 21, 29, 30]; the use of the element copper in nitrate sensors [18, 20, 22, 30-34];
composite  graphite, glass-carbon, graphene electrodes, nanotubes and
nanotechnologies for measuring nitrate [33, 35-40]; new sensors and methods for
measuring ammonium and nitrate [41-44].

This is by no means a complete list of scientific studies aimed at the application
of new technologies and technical means of measuring fluoride, nitrate and
ammonium in various fields, but it confirms the current relevance of studying the
effects of these chemical elements on human health and the environment.

To ensure control of the content of these chemical elements in water and in
the environment, it is necessary to increase the reliability and accuracy of
concentrations. Since the performance of electrochemical studies and
determination of concentrations of chemical elements in water is quite relevant,
so the task is to develop methods for the determination of fluoride ions, nitrate
and ammonium in drinking water.

The purpose of the paper is to use a chronoionometric method of
measuring concentrations, the principle of which is based on the use of direct
potentiometry, to determine the content of fluorides, nitrates and ammonium in
drinking water and to determine the metrological characteristics of accuracy.

APPLICATION OF THE CHRONOIONOMETRIC METHOD
OF DETERMINATION OF CONCENTRATIONS

The method of chronoionometry is based on the principle of potentiometric
analysis, according to which the force difference is measured. The essence of the
method is to determine the activity of ions in the mode of direct potentiometry
using measuring ISE and comparative silver chloride electrodes. During
operation, ISE selectively responds to a certain type of ions, and there is a linear
dependence of the electromotive force (EMF) of the electrode system on the
concentrations of ions.
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The process of measuring potentials by chronoionometry in the analytical system
"Analyzer SCP" is performed as follows: during the determination using an
electrolyzer with a sample solution, which is installed on a magnetic stirrer, immersed
in the solution electrodes (indicator ion-selective and comparative silver chloride),
with constant solution at a speed of 4 KHz read the value of the measurement of
potentials in the measurement cycle with a duration of one second for a given period
of time 7 [2]. In this case, in the first half of the cycle the signal is stored, and in the
second half of the cycle the obtained values are processed and the value of the
potential E; is determined. The obtained values of E(#) in real time in the form of
chronopotentiograms are displayed, which allows to monitor the process of
determining the constant potential and allows to increase the reliability of determining
the concentrations of element ions in the sample solution.

The algorithm of the chronoionometry method consists of five steps:
construction of a linear calibration graph at two points; measuring the potential
in the sample solution; determination of the mass of the additive; measuring the
potential in the sample solution with the additive and -calculating the
concentrations by the method of multiple additives [2].

MEASUREMENT OF FLUORINE, NITRATE AND AMMONIUM CONCENTRATIONS

Let us determine the relative errors of measuring the concentrations of chemical
elements of fluoride, nitrate and ammonium ions in model solutions by the
method of chronoionometry.

Fluoride. To measure the concentrations of fluorine ions by chronoionometry,
electrochemical parameters of potential measurement (Table 1) and ion-selective
electrodes are used: measuring electrode ELIS-131F [5] and comparative silver
chloride electrode with double electrolytic key filled with 2 M HCl electrolyte.

Step 1. Determine the constant potentials of calibration solutions of fluoride:

e 1 calibration solution: 10° M NaF (0, 401 pg/cm®) + 2 ml BROISE

e 2 calibration solution: 10" M NaF (4008 pg/cm’) + 2 ml BROISy

BROISE is a buffer solution for regulating the total ionic strength: take a
sample of 58.5 g NaCl + 15.0 g CH;COOH + 102.0 g CH3;COONa - 3H,0,
transfer to a volumetric flask with a capacity of 1 dm?, to half filled with distilled
water, dissolve and bring to the mark with distilled water.

Construct a calibration graph at two points in the fluorine measurement
range (Fig. 1), which shows the determination of the constant potential of the
model solution of 10° M NaF.

Step 2. In a model solution of 10 ml of 10° M NaF + 2 ml of BROIS;
(Cg=0.19 mg/dm3) measure the fluoride potential E;,, =-302.0 mV.

Table 1. Electrochemical parameters of fluoride measurement

. Interval Duration
Concentration range, :
Ton 3 potential, measurement,
ng/em mV S
F- 0,19-1900 from -500 to -200 60-180
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Fig. 1. Chronopotentiograms of potentials of calibration solutions of fluoride ions
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Fig 2. Determination of fluoride ion concentrations

Step 3. Determine the mass of the additive Mg = 19.0 pg of a solution of 107
M NaF.

Step 4. Measure the constant potential of the fluoride ion in the sample
solution for the three additives (Fig. 2).

Step 5. Calculate the concentration of fluoride ions in the model solution
and plot the electrode characteristics for the three additives (Fig. 3).

Result. For the model solution of 1.0 - 10° NaF mol/dm’ (Cy = 0.19 mg/dn?’),
according to the calculations (Fig. 2), the concentration of fluorine in the solution is
1.092 - 10 NaF mol/dm’ (C = 0.21 mg/dm”), with a relative error of 9.2 %.

Nitrate. To measure nitrate concentrations by chronoionometry, electrochemical
parameters of potential measurement (Table 2) and ion-selective electrodes are used:
measuring electrode ELIS-121NO3 [5] and comparative silver chloride electrode with
double electrolytic key filled with 2 M HCI electrolyte.
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Fig 3. Electrode characteristic of fluoride ion measurement

Table 2. Electrochemical parameters of nitrate measurement

. Interval Duration
Concentration range, .
Ton Jom® potential, measurement,
HE mV S
NO;3~ 0.62—6200 from 320 to 460 60-180

Step 1. Determine the constant potentials of calibration solutions of nitrates:

e 1 calibration solution: 10° M KNOs (0. 62 pg/cm?)

e 2 calibration solution: 10" M KNO; (6200 pg/cm’)

Construct a calibration graph at two points in the range of measurement of
nitrates (Fig. 4).

Step 2. In a model solution of 10° M KNO; (Cnos = 0.62 mg/dm’) measure
the potential of nitrates E;,, = +444.40 mV.

Step 3. Determine the weight of the additive Myo; = 62.0 pg of a solution of
10° M KNOs.

Step 4. Measure the constant values of the potential of nitrates in the sample
solution for the three additives (Fig. 5).

Step 5. Calculate the concentration of nitrates in the model solution and plot
the electrode characteristics for the three additives (Fig. 6).

Result. For the model solution of 1.0 - 10° KNO; mol/dm® (Cnoz =0.62 mgdm3),
according to the calculations (Fig. 5), the concentration of nitrates in the solution is
0.994 - 10° KNO; mol/dm’ (Cyos = 0.62 mg/dm’), with a relative error of 0.56 %.
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Fig. 4. Chronopotentiograms of potentials of calibration solutions of nitrates
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Fig 5. Determination of nitrate ion concentrations
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Fig 6. Electrode characteristic of nitrate measurement
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Table 3. Electrochemical parameters of ammonium measurement

. Interval Duration
Concentration range, :
Ion 3 potential, measurement,
ug/om mV s
NH, 0.18-1810 from 300 to 550 60-180
E, MB

B e b if ! ! ! . . ’ ¥ 4
510 . ; ; : : : ; ) .
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5 1 13 0 25 el ¥ 40 43 a0 ) 60

Fig. 7. Chronopotentiograms of potentials of calibration solutions of ammonium

Ammonium. To measure ammonium concentrations by chronoionometry,
electrochemical parameters of potential measurement (Table 3) and ion-selective
electrodes are used: measuring electrode ELIS-121NH4 [5] and comparative silver
chloride electrode with double electrolytic key filled with 2 M HCl electrolyte.

Step 1. Determine the constant potentials of the calibration solutions of
ammonium:

e 1 calibration solution: 10° M NH,CI (0.18 pg/cm’®) + 2 ml BROISxu4

e 2 calibration solution: 10" M NH,CI (1810 pg/cm®) + 2 ml BROISyu,

BROISyus — buffer solution to regulate the total ionic strength: take a portion of
110.99 g of CaCl, (pre-dried), transfer to a volumetric flask with a capacity of 1 dn’,
half filled with distilled water, dissolve and bring to the mark distilled water.

A calibration graph is constructed at two points in the fluoride measurement
range (Fig. 7), which shows the determination of the constant potential of the
model solution of 102 M NH,CI.

Step 2. In a model solution of 10 ml of 10 M NH,CI + 2 ml of BROIS\4
(Cnusa =181 mg/dm3 ) measure the ammonium potential E;,,, = 408.7 mV.

Step 3. Determine the weight of the additive Myps = 1810 pg of a solution
of 10" M NH,CL.
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Fizm = 408.70 mB F = -16.3949 * {-lgC) + 440.8990
-lgCizm = 1.9647 -lgC = -0.0610 * F + 26.8924
HH4 = 196.32 ur/mu3 C=Cwmone *10 ~ [ -(-lgC) ]
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Fig 8. Determination of ammonium ion concentrations
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Fig 9. Electrode characteristic of ammonium measurement

Step 4. Perform measurements of constant indicators of the ammonium potential
in the sample solution for five additives, additive 3 is not taken into account (Fig. 8).

Step 5. Calculate the concentration of ammonium in the model solution and
plot the electrode characteristics for the four additives (Fig. 9).

Result. For the model solution of 1.0 - 10” NH,4Cl mol/dm’ (Cyus = 181
mg/dm?), according to the calculations (Fig. 8), the concentration of ammonium
in the solution is 1.085 - 10 NH,CI mol/dm’ (Cnua = 196.32 mg/dm3), with a
relative error of 8.5%.

FEATURES OF ALGORITHM IMPLEMENTATION IN INFORMATION TECHNOLOGY

The principles of implementation of the algorithm of the chronoionometry
method in the analytical system "Analyzer SCP" are described [2]. Let us dwell
on the developed module "Determination of ion concentrations" (Fig. 2, Fig. 5,
Fig. 8). The window of this module provides the parameters for calculating the
concentrations of the ion of the element, the graph of the potential difference
from the logarithm of the mass for the selected potentials of the sample and
additives involved in the calculation.
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The parameters for calculating the concentrations given in the module
window (Fig. 8) have the following values:

Fizm — the potential of ammonium (Exy4) in the model solution, mV;

-1gCi,mn — activity of solution NH4Cl1 (pNH,);

NH, — concentration of ions NH,4" in the model solution of NH,Cl, mg/drn3

NH,4Cl — concentration of model solution, mol/dm’;

F — record of the linear equation of the calibration graph of the dependence of
the potential F on the concentrations (-1gC) of solution NH,CI (the coefficient of
linear dependence at (-IgC) has the value of the slope of the electrode characteristic,
its absolute value should not exceed the passport values for a particular ISE) ;

-lgC — inverse linear equation of the calibration graph of the dependence of
the concentrations (-1gC) of the solution NH4Cl on the potential F;

C — mathematical formula for calculating ion concentration;

Cmol — the value of the molar concentration of ions ammonium, mg/dm®.

Note: 1f several potentials are involved in the calculation, the average value
of these potentials is taken into account when plotting.

To determine the concentrations of fluoride F, nitrate NO5, ammonium NH,"
ions in water, methods for measuring chemical elements, confirmed by patents were
developed: a device for determining the concentration by CHI [47], a method for
determining nitrate ions in aqueous solutions [48], fluoride ions [49] and ammonium
ions [50]. These methods have significant scientific value for the development of
electrochemical methods of analysis, and can also be used in chemical technology,
biotechnology and environmental analysis [51].

The effectiveness of the chronoionometric method for determining the
concentrations of fluoride, nitrates and ammonium in drinking water has been proven by
comparison with the characteristics of analytical systems developed in other countries.

ANALYSIS OF ACCURACY OF MEASUREMENT
OF CONCENTRATIONS BY THE CHRONIONOMETRY METHOD

Assessment of safety and quality of drinking water is carried out according to epidemic
safety indicators, sanitary-chemical and radiation indicators, according to hygienic
standards [1]. The main principle of practical implementation of chronoionometry
methods in determining the quality of drinking water is that the measurement should
provide a reliable determination of the concentrations of chemical elements at values
that are below the maximum permissible concentrations (MPC). This is due to the fact
that the concentrations of chemical elements should not exceed the standardized values
of sanitary and toxicological indicators of safety and quality of drinking water, which is
an important factor in the prevention of human diseases.

Table 4 shows the normative values of MPC in Ukraine for chemical elements and
ranges of measurement of concentrations, according to the methods of measurement in
water from different sources: 1 — tap water; 2 — water from wells and catchments of
springs; 3 — packaged water from bottling points, ditches; 4 — water of the central
drinking water supply; 5 — water of non-central drinking water supply.

The results of the studies to determine the measurement of concentrations of
chemical elements fluorine, nitrate and ammonium in water show that the
relative errors are in the range from 0.56 % to 9.2 %, which is less than the
normalized relative measurement error.
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Table 4. Comparison of measuring ranges of "Analyzer SCP" and sanitary-chemical
indicators of safety and quality of drinking water

Maximum concentration limit for Optimal Measurement
drinking water value ranges
Element (mg/dm?®), no more than within®, | "Analyzer SCP"
mg/dm® mg/dm’
IR I R S B
Fluoride ()Y | 0.7 | 1.5 |07 |07 |07 | 07-12 0.2-6000
Nitrate (NO3) 50 50 10 50 5 - 0.2-6000
Ammonium
- - - 0,5 - - 0,2-6000
(NHy) ’ ,
Notes:

Y DSanPiN 2.2.4-171-10 “Hygienic requirements for drinking water intended for human
consumption" [1];

? DSTU 7525: 2014 Drinking water. Requirements and methods of control (water of
centralized and decentralized drinking water supply);

3 Optimal values of indicators of physiological completeness of mineral composition of
drinking water;

» Substances of the II class of danger (degree of danger for the person of chemical
substances polluting water depending on their toxicity, limiting sign of harm and the ability to
cause adverse long-term effects).

Prospects for the development of the method and information technology

The main principle of practical implementation of chronoionometry
methods in toxicological research is reliable measurement of fluoride ions,
nitrates, ammonium, as well as potassium, sodium and calcium in determining
the safety of drinking water and human environment to prevent the most
common diseases, the use of the results of analysis of biological fluids in digital
medicine, as well as the study of opportunities to improve methods for
diagnosing the human condition using the results of analysis of ions of toxic
chemical elements and compounds.

The developed method of chronoionometric measurement of ions in
drinking water and in various environmental objects can be extended to other
inorganic and organic compounds, for which there are ion-selective electrodes
and verified methods of their measurement.

The proposed information technology architecture for determining the content of
chemical elements in polluted water allows to develop an advanced highly sensitive
analytical system based on the use of the device "Analyzer SCP" [52] and new
electrochemical research methods that will improve environmental quality monitoring
and assess human health risks drinking water.

Further development of information technology will be carried out using
modern Internet technologies and a device for express electrochemical analysis
of toxic elements, determining the principles of construction of a device for
express electrochemical analysis of toxic elements in drinking water and the
development of a set of programs for forecasting the risks of disease in terms of
consumption of contaminated drinking water.
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CONCLUSIONS

In the conditions of intensive anthropogenic impact of heavy metals on the
ecosystem it is very important to carry out ecological monitoring of environmental
objects, to assess risks for people in case of consumption of polluted drinking water.
The possibility of such an analysis provides the use of IT, which is based on the
developed algorithm for measuring the mass concentration of chemical elements in
drinking and natural water.

The developed analytical system "Analyzer SCP" allows to determine the
concentrations of 14 toxic elements in drinking water and in the environment
(Hg, As, Pb, Cd, Cu, Zn, Sn, Ni, Co, Se, Mn, I, Cr, Fe) by inversion
chronopotentiometry and six elements (K, Na, Ca, NH;, NO;, F) by
chronoionometry, a total of 20 chemical elements. By chronoionometry, using
ion-selective electrodes, you can determine the content of 11 more anions and
cations (Ag’, CI, Br, Li, Ba’, ClO*, COs*, CN, CNS, S*, TI"), these
chemical elements can be added in the future to the analytical system
"Analyzer SCP" with the appropriate development of methods for measuring the
concentrations and presence of ion-selective electrodes.
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METOJ XPOHOIOHOMETPUYHOI'O BUSHAYEHHA KOHILIEHTPAIIIN
OTOPY, HITPATIB, AMOHIIO ¥V ITUTHIM BO/JI

Beryn. BukopucTaHHS METOAYy XPOHOIOHOMETpIi Ta i0H-CENICKTHBHHX ENEKTPOIB Ja€e
MOJKJIUBICTh IIBHUKO BU3HAYMTH KOHICHTPAIlIT XIMIYHMX €JIEMEHTIB, 1[0 Ja€ 3MOTY OLIHUTU
SIKICTh TIMTHOT BOJTY T& €KOJIOTIYHHUNA CTaH 00’ €KTIB TOBKIILIS.

Merta cTaTTi — 3acTOCYBaTH pO3pOOJICHHI METO]] XPOHOIOHOMETPIT JJIsi BUMIPIOBAHHS
KOHIIGHTpallii ¢ropy, HITpaTiB, aMOHII0 y MUTHIA BOJI Ta OLIHUTH TOYHICTh BHUMipIOBAHHS
KOHIIEHTpAIIii.

Metoan. XpOoHOIOHOMETPUYHUH METOJ XIMIYHOTO aHaji3y BHUKOPUCTOBYE HPUHIIMITU
PAMOI MOTEHIIOMETPil U1 BUMIpIOBaHHS KOHIIEHTPAIii XIMIYHUX €JIeMEHTIB.

PesyabTaTu. Po3polieHo criocoOu BUSBICHHS KOHICHTpallid (Topy, HITpariB, aMOHIIO Y
TIUTHI BOJI Ta MPOBEICHO TECTYBAHHS B MOJICILHUX BOJHUX PO3UMHAX 3 BUKOPHCTAHHSIM MPHIIATy
iHBepCiitHOT XpoHomoTeHIioMeTpii «AHamizarop IXII», ki CBiIYaTh NPO BIMOBIAHICTE MOXHOOK
BHMIiPIOBaHHsT KOHIIEHTPAIIiif METPOJIOTYHIM HOPMATHBHUM 3HAYCHHSIM.

BHCHOBKH. YJOCKOHAICHO aHANTHYHY cHcTeMy «Anamizatop IXID» [uis BH3HAYCHHS
koHueHTpatii 20 ximiuanx enementiB (Hg, As, Pb, Cd, Cu, Zn, Sn, Ni, Co, Se, Mn, L, Cr, Fe, K, Na,
Ca, F, NO;, NH,) y BomHuX pOo3uMHAX METOJAMH iHBEpPCIHHOI XpOHOIOTEHIIOMETPIl Ta METOJIOM
XPOHOIOHOMETPii, IO HiJIKOM JOCTAaTHBO ISl €KOJIOTIYHOTO OLIHIOBaHHS SIKOCTI ITMTHOI BOAM Ta
00’€KTIB HABKOJIMIIIHBOTO CEPEOBHINA. 3aCTOCYBAaHHS HOBOI'O METOLY XPOHOIOHOMETpii 3HAUHO
pO3UIHpIOE  (PYHKINIOHATIBHI MOJIMBOCTI TNPHJIaAY iHBEPCIHHOT XPOHOIOTEHILIOMETPI, MiJABHIIyE
Ha/lIHICTb Ta TOYHICTh BUMIPIOBAHHS KOHLIEHTPALliil XIMIYHUX €IeMEHTIB.

Knrwwuosi cnosa: memoo xponoionomempii, Kowyewmpayis, @mop, Himpamu, amowii,
CeNeKmUBHi e1eKmpoou, iHeepCitina XpOHONOMEeHYIoMempis, NUMHA 6004.
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NPOrHO3YBAHHA BIATYKIB HA BI3YANbHO-TEKCTOBMA KOHTEHT
3 BHKOPHCTAHHAM HEMPOHHMX MEPEX

Bemyn. Coyianvhi mepedsici HA0aromy MONCIUBICIL  00epAHCys8ami 8UCOKO NEPCOHANIZ08AHUL
00C6i0 011 IXHIX KOpUCMY6ais, Oarouu v 3Mo2y niOnUCy8amucy Ha CMOPIHKU THUWUX KOPUCHTY8a-
uig, sIKi NYONIKYIOMb penesanmuuil i yikasuil Konmenm. Biozyk na 6isyanvHutl i meKcmoguii KoH-
MeHm NOBIOOMAEHHS 00EPICYEMBCS 8I0 NIONUCHUKIB Y UTIA0T NOWUPEHD, IALIKIE Ma KOMEHmapis.
TIpoecno3yeanms pearyii ayoumopii na me yu iHute NOBIOOMIEHHS YUX MEPENC CIAE YUMOATT BaMHC-
JIUBUM 3AB0AHHAM, OCKIIbKU NYONiKayis nosiooOMieHb HOCUNb He360POMHULL Xapakmep i nepeo
nyonikayieio HeoOXiOHo NPOSHO3YBAMU PEaKyilo NIONUCHUKIB.

Memoto pobomu ¢ nodyoosa cucmemu, AKa Modice NPOSHOIVEAMU PEaKyilo ayoumopii
Ha uepeogy nyonikayiio, 8paxoeyrouu 0COOIUBICMb KOHCHOI CIOPIHKU, VHIKAIbHICMb 1T ay-
oumopii ma 6apiamueHiCmeb MONCIUBUX PEAKYIIL.

Pezynomamu. Ilpoananizosano cmpykmypy KoHmenmy i peaxyiii y COYianibHUX mepe-
dHCAX MA BUBHAUEHO 0COONUBOCMI NYONIKAYIH, SKI CNI0 8PAX08Y8aAmMuU Ni0 YAC AHANIZY NONY-
JAsAPHOCMI ma 8i02yKy ayoumopii Ha nyonikayito. Onucano npoyec mpeHy8aHHs HelpoHHOI
Mepedici, Wo 0ae MOANCIUGICMb HAMPEHYB8AMU HEUPOHHY Mepedcy O KOJICHOI CMOpPIHKU 3
VPaxysauHam ocoorusocmeti ayoumopii. Xapaxmepucmuku mekcmogoi YacCmunu KOHmMeHnmy
nonepeoHbo CopMo8aro 3a 0onomo2ow uetiponnoi mepesxci BERT, a xapaxmepucmuxu
8i3YANbHOI YacmuHu KOHmMeHmy — Helponuoi mepeosici VGG-16. Cmeoperno modenv Kiacu-
Qikayii 0nst MpvLOX epyn NOKA3HUKIE.! NAUKIE, NOWUPEHb Ma eMOYIUHOI HANpagIeHoCni Ko-
Menmapie. Pospobneno ancopumm nepedbauenHs peakyii ayoumopii Ha noeiooMieHHs,
AKull 06°€Onye pobomy KOMHOHEHMIE HeUpoHHOI Mepedici Onsl eKCmpaxyii Gi3yanibHO-
CeMAuMUYHUX O3HAK 300pPAdICEHHS, MEKCMO8O-CEMANMUYHUX O3HAK MEKCMOGUX OaHUX ma
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Mema-iHpopmayii 00cnioAHcysano2o nosioomnenus. Po3pobneno cucmemy, aka onpaybogye
V NOEOHAKHI GI3YANbHY | MEKCMOBY YACMUHY KOHMEHMY | MAKuM YUHOM OA€ MONCIUBICIb
ompumamu nosHUll KoHmekcm nyonikayii. Ananiz pobomu po3podneHoi cucmemu noxKasas,
wWo HauKpawe npoSHO308AHO CEHMUMEHM KOMEHmapie ayoumopii, AKicms npoSHO3Y8aHHS
JatiKie i penocmie Oyna 0ewjo HUNCHOIo.

Bucnoeku. Buxopucmannsi po3pobieHoi HeupoHHOT Mepedici, sIKA CKIa0aembcst 3 mpbox Ho6-
HO36 SI3HUX WIAPIB | HA 6XI0 OMPUMYE XAPAKMEPUCIUKU MEKCMOB0I Ma 8I3YaIbHOI YacmuH KOHme-
HIMY ma Mema-0aHi npo 00CHOHCY8aHY CIMOPIHKY, 0AE 3MO2Y KOMNIEKCHO OYIHUMU PeaKyilo Kopu-
CMyeauis Ha yepeosy nyomniKayiro KOHKPEemHOI CMOPIHKU 8 COYIAIbHILL MEPEIC.

Knwwuosi croea: wmyunuii inmenexkm, o6poOienHss npupoOHOi MO8U, KOMN TOMEpHUil 3ip,
COYIanbHI Mepedici, NPOSHO3YBAHHS peaKyii ayoumopii, mekcmosutl ma 8i3yanbHutl KOHMeHM.

BCTYR

CormiasibHI Mepeki HaJalTh MOXIIMBICTH OJEPXKYBaTH BHCOKOIEPCOHATI30Ba-
HUW ITOCBII IS IXHIX KOPUCTYBAYiB, JAIOYX 1M 3MOTY IiITUCYBATHCh Ha CTOPI-
HKM 1HIIMX KOPHCTYBaYiB, sIKi MyOJIiKyIOTh pPeleBaHTHHH 1 iIKaBUH KOHTEHT.

Komepuianizawis ux Mepesx Tex BinOysach 3a JIiueHi POKH M IXHBOTO CTBO-
penHa. Pektama B X Mepexax € Ayske TOMYJISIpHO0. PekiiaMoro TakoxK 3aiMaroThCst
KOPHCTYBa4i, 1[0 BEIyTh BJIAaCHI CTOPIHKH 1 MArOTh BEJMKY KUIBKICTh IiJIUCHUKIB,
AKi peryJsIpHO OTPHMYIOTh HOBI moBinomieHHs. [IporHosyBaHHs peakuii ayauTopii
Ha T€ YM IHILE TTOBIJOMIICHHS y IIMX MEPEeKax CTA€ YNMAAI BKIMBHM 3aBJIaHHSM,
OCKUTBKY ITyOJTIKaITis ITOBiIOMIIEHh HOCHTh HE3BOPOTHHI XapakTep i mepes MyoTika-
1i€r0 HeOOX1THO MPOTHO3YBATH PEAKLIIIO ITiIIMUCHHKIB.

[Tonepenni qociimKeHHS 3 MPOTHO3YBaHHS peakilii ayIuTopii OpieHTOBaHO
Ha BEJHKI BeO-pecypcH i He OepyTh A0 yBarum KOHTEKCT, 3a SKUM 3IIHCHIOETHCS
MPOTHO3YBAHHS PEaKIIii.

MOCTAHOBKA NPOBNEMM

Peaxuist aymuropii 3a3BH4ail po3rsiacThesi B KOHTEKCTI PI3HHUX JKaHPIB 1 crioco0y
noOyZ0BH iCTOpIl Ta TEKCTy A1 OTPUMAHHS Pi3HMX peakuiii [1]. BixzHaueno HeoO-
XITHICTh BH3HAYEHHS, SIK caMe CIOCiO BUKJIAJIEHHS KOHTSHTY BIUIMBAE HA TE, UM TIPO-
YUTAE Ay JUTOPISI KOHTSHT JI0 KIHII 1, BIJIMOBIAHO, YK OyIyTh Peakilii Ha Hboro. Taky
3aIEeXHICTh MK clIocoOOM BHKIIaAeHHS iH(opMarii i MaiOyTHBOIO aKTHBHICTIO YH-
Ta4iB IpoaHaITi3oBaHo y [1] Ta 3a3Ha4eHo 3HAYHE ITiIBUIICHHS 11i€] aKTUBHOCTI, SKIIIO
YYaCHUKH MAIOTh CITPaBy 3 KOHTEHTOM Y >KaHpPi PO3MOBITAHHS iCTOPIH.

VY nociimKeHHIX eMOLIIIHOTO OKpacy peakiiii KOpUCTYBadiB COLIATBHIX MEPEX
Ha TO/1il IMPOKOT0 MAcIITady (JAep>KaBHOTO 1 TII00aTbHOT0) € KOPUCHAM BUKOPUCTO-
BYBATH HE TUTHKHM OiHApHY IMO3UTHBHO-HETATHBHY, a 1 NETATBHY KIACH(DIKAIIIO X
peakuiii. [TpoBenennii anamiz adekTBHUX BHUpasziB y Twitter, 310paHUX aBTOpamMu y
HiMeuyunHi Ha OCHOBI cXeMH KOAyBaHHS [2], HaJaB 3MOTy 3pO3YMITH CIIOCIO CIIpHii-
HATTS KOPHCTYBa4aMH COIAIIBHAX MEPEX 3arallbHOi CHTYyAIlii Miff Yac iHIMIECHTY
3a0pyanenns xapuoBux npoaykrieB EHEC 2011 p. AHani3 iXHbOT IeTabHIIIO! peak-
i jormomMarae BU3HAYaTH 3araibHi HACTPOI B CYCHUIBCTBI Ta OIHIOBATH LTI, SIKi
HOCTAOTh MEPE]T JTIOIbMH Y COLlyMi, | MOTHBH, SIKUMH BOHH KEPYIOTBCSL.

Tpeba 3a3HaUNTH TOCHIIKEHHS HEMapKOBAaHUX JAHMX ISl CTBOPEHHS KJla-
cudikaropa Hactpois Twitter 3a momomororo mepexxk Convolutional Neural
Networks (CNN) ta Long Short Term Memory (LSTM) [3]. ABTopamu BUKOpH-
CTaHO METOJ OIIHIOBAHHS CEHTUMEHTY IS MOBiJOMIIEHB y COIIANBHINA Mepeki
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Twitter 3a TOOMOT0I0 MOJIENI 3rOPTKOBUX Ta PEKYPEHTHUX HEHPOHHHUX MOJIC-
neii. BukopuctaHo oBi kaTeropii CCHTUMEHTY — MO3UTUBHHH 1 HeraTUBHUH. LIs
poborta omucye state-of-the-art 3 ceHTHMEHT aHali3y MOBITOMIICHb.

Jyxe 1ikaBe 3aBAaHHs 1€ HE 3HAMIUIO CBOIO PO3B’sI3aHHS, a CaMe IIPOTrHO-
3yBaHHs peakllii KOPUCTYBaUiB y BUIIAI «JIalKk» Ta «IIOMUPEHH» Al KOHKpe-
THOT'O TIOBiIOMJICHHS Ha CTOPiHLI KOPUCTyBaya 3 IEBHOIO TEMATHKOIO.

CyudacHi MeTozm 00pOOIEHHS TEKCTOBHX JaHUX 0a3yIOTHCS HA 3aCTOCYBaHHI pe-
KypeHTHHX HeHpoHHHUX Mepex (RNN), a Takoxk cuctemu Transformer [4].

PexypentHa HeifponHa Mepexka (RNN) Moke oTpuMyBaTu Ha BXiJ Hamepen
HEBU3HAYEHY KiJBKICTh BXIHUX JNaHUX y TOCTIJOBHOCTI 1 OMpanbOBYBaTH iX
nociigoBHo. IllonpaBna, € MpakTU4YHI OOMEKEHHS IIOAO0 KUIBKOCTI BXIiTHHUX
JaHMUX B OJIHIM MOCIITOBHOCTI, IO 3yMOBJIEHO OOMEKEHUM PO3MIpOM MPHXOBa-
HOTO mapy Mepexi. PekypeHTHI HelipoHHI Mepexi MaroTh BEJIUKY MOITYJISAPHICTh
y CydaCcHHUX MeTomax OOpOOJCHHS TEKCTIB 3a PaxXyHOK IXHBOI MOMKIHUBOCTI
«T1aM’ITaTH» KOHTEKCT PEYCHHS Y pa3i MOJJaHHs iM Ha BX1Jl TOCIiOBHOCTI CIiB.
Haiinmomommpenimi peamizanii peKypeHTHHX HEHPOHHHUX MEpPEX € CHCTEMH
Long Short-Term Memory (LSTM) [3].

[le oxuH 3 miAXO/iB HABYAHHS HEHPOHHUX MEpPEX BUKOPHUCTAHO B MEPEXKi
Transformer [4]. Lls HelipoHHa Mepeka CKIANAEThCs 3 0araTb0X MOBHO3B I3HUX
mapiB, a TakoXX Mae BOyIOBaHy cucTeMy Attention, sika Ja€ MOXKIUBICTh HEW-
pOHHIH Mepexi (PoKyCyBaTHCS Ha HAWBaXIIHMBIIIMX YaCTHHAX PEUYCHHS HA KOXK-
HOMY PiBHI HEHPOHHOI MepexKi.

Omxe, HaBeZIeH] TOCTIPKEHHS CKOHIIEHTPOBAaHO Ha aHaJli3i OKPEMHX XapaKTepH-
CTHK Bi3yalbHO-TEKCTOBOI iH(OpMAITii, TAKMX SIK E€MOIlIHE HABAHTAKCHHS TEKCTY,
KaTeropusailisi 3a TeMaMu Ta/a0o >kaHpamH, Kiacugikairist 300pakeHpb TOIIIO.

Merta poOOTH — PO3POOUTH CUCTEMY, SIKA TACTh MOXKIIUBICTD AJIs Oy Ib-AIKO1
CTOpiHKM BeO-pecypcy 3 BeNHKOK mHomylsipHicTio (Oimbime 5000 migmMHCHUKIB)
nepefdauyuTH BIATYK YMTadiB Ha 4YeproBe MmoBimomienHs. Hama poGora Mmae
(oKyC Ha miIaIITyBaHHS MiJ KOXXHY OKpeMy CTOPIHKY 1 Ha BpaXyBaHHS JeTa-
JIel Ta momepeaHiX KOMEHTapiB caMe 3 Ii€l CTOPIHKH, 100 MaKCHMaIbHO TOYHO
nependadaT peakiiio ayIuTopii KOHKPETHOT CTOPIHKH.

MATOTOBKA BXIAHHAX RAHMX INA AHARI3Y TA NPOTHO3YBAHHA PEAKUIT AY[IMTOPIT
HA NOBIJOMNERHA HA NEPCOHANBHIM CTOPIHI|I KOPUCTYBAYA

Jani nas TpenyBanHs. 30ip naHUX A TpeHyBaHHS HaKJajae 3HA4YHI oOMe-
KEHHS Ha TPOIIeC TPEeHyBaHHA. ABTOMAaTHYHE 3aBaHTKEHHS JaHUX KOPHCTYBa-
4iB, sIKi HE JaJH Ha Iie 0e3MocepeAHBOI 3r0/IU, HE € T03BOJICHUM. ToMy HaHi UIs
TpeHyBaHHS Ta Bajijarii OyJio 3aBaHTa)XEHO Y HAIiBABTOMATUYHOMY PEXHMI 3
JTAHUX aBTOPIB IIi€i cTaTTi Ta 0OMEXEHOTO KOJIa OCi0, IO Jajau CBOIO 3rojay Ha
BUBAHTa)XEHHS IXHIX JaHUX.

CTpyKTypa 00’ €KTY AOCTiI:KEHHSI — KOHTEHTY i peakuiii y conianbuux
Mepe:kax. Y KOHTEKCTi COIlialbHuX Mefia, Takux sk “Facebook™ Ta “Instagram”
myOJIiIKOBaHUH KOHTEHT MOXKE CKJIaaTUCS 3 TPhOX KOMITOHEHTIB:

® RBi3yalbHHUH KOHTEHT — Habip 300pakeHb abo Bizxeo;

® ayJio KOHTEHT;

® TEKCTOBWM KOHTEHT — TEKCTOBI ITyOJTiKaIlil Ta KOMEHTapi KOPUCTYBaUiB.
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KoHTeHT

TekcTOBMIA KOMEHTAP, L0 MICTUTL NOBIOOMIEHHA asTopa

BiayanbHuiA koHTeHT abo ayaio

Peakuia ayguTopii

[ Naiikn ] [ Penoctun ]

[ MocninoBHIiCTb TEKCTOBKMX KOMEHTapis ayoMTopii ]

Puc. 1 CxemaTnyHe MOJaHHS OIMyOIKOBAHOTO KOHTEHTY 1 peakiii ayu-
TOpii Ha pi3HKX comianbHuX Mathopmax (Facebook, Instagram)

Takox comianbHi IIaTGOPME TIATPUMYIOTH MOXUITHBICTE IJIA Ay IUTOPIi BU-
pakaTH peakilio Ta CTaBJIEHHS 10 OMyOIiKOBaHOTO KOHTeHTY. Hapasi crocobu
BUPXECHHS peakuii ayAuTopil IO KOHTEHTY € CTaHAapPTHUMH MPAKTUYHO JUIS
BCIX COLIaJIbHUX TIAT(GOPM 1 MOKHA BUIUTUTH TaKi iIHCTPYMEHTH:

® Jaifik — IHCTPYMEHT U IIBUAKOTO BUPAXKEHHS TIO3UTUBHOTO CTaBJICHHS JI0

KOHTEHTY, 10 3a3BUYail peali3oBaHO y BUTVISII KHOIIKH 3 JIYMIIBHHKOM;

® M3NaiiK — IHCTPYMEHT IS MIBHIKOTO BUPA)KEHHSI HEraTHBHOTO CTaBJICHHS

JI0 KOHTEHTY, 1110 3a3BHYaii Peali30BaHO Y BUTIISII KHOITKH 3 JIIYMITEHUKOM;

® TEKCTOBHI KOMEHTap;

® TommMpeHHs (PEenocT) — IHCTPYMEHT, SIKHH J1a€ 3MOTY ayIUTOpii KOIiIOBaTH

KOHTEHT, IyOJIiKyBaTH 1 MOIIMPIOBATH HOTO Ha BIACHUX CTOPIHKAX.

CxeMaTHIHO CTPYKTypy OMYyOIIKOBAaHHUX Yy COIIaTBbHUX MEpekax JaHuX Ta
peakii ayaiTopii Hagano Ha puc. 1.

OTxe, ayauTopist Mae 6araTo coco0iB BUPa3UTH CBOE CTAaBJICHHS 10 OMyO-
JikoBaHOTO KOHTeHTY. Y cxemi (Puc. 1) HaBeJeHI HaAWMOMMPEHINIi IHCTPYMEH-
TH, TIPOTE BapTO BPAaxXOBYBATH, ITI0 OYyIb-sSKa COIiaJIbHA TUIaTGopMa MOKE MaTH
cBoi cnennivHi 3aco0u IS BUPaXEHHS CTaBJICHHA ayIUTOpii 10 iH(opmarrii,
10 MY OTIKY€ETHCSL.

[IporHo3yBaHHS TOMYJSIPHOCTI Ta BIATYKY ayAuTOpii Ha myOuikamiio €
CKJIQ/THOIO Ta KOMIIIEKCHOIO 33/1auel0 y 3arajlbHOMY BHITQJIKy 33 TAaKUX IPHYHH:

1) myOumikamis cKiIagaeTbes 31 C1abOCTPYKTypoBaHOI iHOpMaIii, ska Mae
CKJIaJHy MPUPOLY;

2) crpykTypa myOuikamii Moxke BiIpi3HATHCS 3a pi3HUX Iiatdopm i Moxe
SIK BKJTFOYATH, TaK 1 HE BKJIIOYATH Ti YW iHIINI 3aCO0W; HAPUKIIAT MOXIIHBICTH
CTaBUTH JU3TAWKH HA JNESKHUX TUaTdopMax BiJCYTHS, KOMEHTapi J0 myOiikarii
MOXYTh OyTH BiIKIIOUEHHMHU aBTOPOM TOIIO;

3) Moxeparlliss KOHTEHTY MOKe OyTH pi3HOI0, TOOTO aBTOPH MOXYTh BHIA-
JATH KOMEHTapi, NesKi iatGopMy HiATPUMYIOTh MOXIIMBICTh HaJlallTyBaHHS
BifoOpaskeHHsI MyOmiKaLii TUIBKY I IEBHOT YaCTUHH ayIUTOPIi TOIIO;
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Puc 2. Cxema pobotu HeitporHoi mepexxi BERT

4) aHaji3 KOXXHOI YaCTHHU ITyOIiKarli (TeKCT, 300pakeHHs, Bifeo) € He-
TPHUBIAILHUM 3aBIaHHSM.

VY uiii poOOTi MPOMOHYEThCS CUCTEMA JUISl aHANi3y Bi3yadbHO-TEKCTOBOTO
KOHTEHTY MyOutikanii, mo 0a3yeTbcs Ha HEMPOHHHX Mepekax Ta OCHOBHA ijest
SIKOT — 11 TTOOy/I0Ba IMIBUAKOL [T TPEHYBaHHS HEHPOHHOI Mepexi, crierudida-
HOI 71 KOKHOTO aBTOpa, sika OyJie MPOTHO3YBAaTH Taki 3HAYeHHS ISl HOBOI
nmyOuTiKamii: KiIbKOCTI JIalKiB, KIIBKOCTI MOMIKUPEHb Ta eMOLIHHY HAaIPaBIEHICTh
KOMEHTAapiB ayAuTOopii (MO3UTHBHA/HETATHBHA).

OTpuMaHHS XapaKTePUCTHK 3 TEKCTOBOI YACTUHU KOHTEHTY. JJig reHe-
pariii 03HaK 3 TEKCTOBHUX JIJaHUX OyJI0 BUKOPUCTAHO HEHPOHHY MEPExKy, Mooy mao-
BaHy Ha OcHOBI apxitekTypu Transformer [4]. Ockinbku HaBYaHHS HEHPOHHOI
Mepexi st 00poOIIeHHS TOTPeOye BEMUE3HUX OOCATIB TaHUX, TO IO CUCTEMY
MU TpPEHYBaJll Ha OCHOBI TOIEPEeTHHO HABYEHOI MEpeki Ha MOBHUX MOJEISX
cuctemu BERT [5].

Ha puc. 2 300paxkeno cxemy HeiiponHoi mepexxi BERT. Lls cucrema nae
3MOTy IPUHMATH Ha BXO/II ITiJIe peUeHHs, po3paxoByBaTu 12-piBHEBY HEHPOHHO-
MEpPEekKEBY apXiTEKTypy 1 OTPHMATH KOHTEKCTHO-3AJIEXKHI perpe3eHTarii CIiB.
Le#t minxin Mae mepeBary HaJ| MiIXOJ0M HE3aJIeKHOTO OOpPOOJICHHS CIIiB, OCKi-
JIHKH BPaXOBYE KOHTEKCT, B IKOMY KOXHE CIIOBO BHKOPHUCTOBY€ETBCSL.

Jst po3B’si3aHHS IBOTO 3aBIAaHHS BHKOPHUCTAHO TUTHKW Tiepmni 11 piBHIB
HEHPOHHOI MepeXi 3aajs TOro, MO0 OTPUMATH PENMpPEe3CHTAIliI0 CIB 3 yciMa
KOHTCKCTHUMU O3HaKaMmH, ajie 0e3 03HaK, SKi MOTPiOHI /Ui 0O0YHCICHHS HMOBI-
PHOCTI MOSIBU CJIOBA Y MOBHil MOJIelIi.

Koxae cimoBo Mae 768-po3MipHHI BEKTOP, SIKMHA BiIOBITAE€ HOTO YHCIIOBIH pe-
nipe3eHTartii. /151 moOymoBy €MHOTO 3HAYEHHS JJIsl BChOTO TEKCTY 3MIMCHEHO ycepe-
JTHEHHS 3a BCIMa CJIOBAMU B TEKCTI SIK CIIOCIO y3arajJbHEHHS.

OTpuMaHHs XapaKTepUCTHK 3 Bi3yaJIbHOI YaCTHHU KOHTeHTY. /115t reHepartii
O3HaK i3 300pakeHHST BHKOPHCTAHO 3rOPTKOBY HEHWpoHHY Mepexy VGG-16 [6], a
caMe YacTHHY MepeXi 31 3rOPTKOBUMH IIapaMH, SKi BiITOBLIAIOTH 3a €KCTPAKILIO
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Excrpaxtop o3xak VGG-16

Bnox 1 Bnox 2 Bnok 5

3roprka 1-1 Jroprka I-ZI Mynikr  —»3ropra 2-1 3roptka 2-2|  Mynikr —hH—beopma 51 3roprka 52 3ropTka 53 Myniur
|

Puc. 3. Ctpykrypa 3roprkoBux 1mapiB Mepexxi VGG-16

03HaK, 110 ONUCYIOTh BMIcCT 300paskeHHsI. Bubip Takoi apXiTeKTypy 3yMOBJIEHO THM,
mo ii TpeHyBaHHs OyJo 3zilicHeHO Ha HaOopi maHux ImageNet [7] 1 Baru mMepexi
U TIhOTO HAOOpy MaHWX 3HAXOMIATHCS Y BIAKPHUTOMY JOCTYII. AJBTEpPHATHBHUMN
croci0 iHiranizarii Bar Mepexi — I1¢ iHiliasi3aiis BUIaJKOBUMH 3HAYCHHAMH, 1110
MalOTh HOPMAJIBGHUI PO3IIOALI, MAPAMETPH SKOTO € MAaTeMaTHYHIM CIOJIIBaHHSIM Ta
JTUCTIEPCIEIO, 3aIeXkKaTh BiJl KUTBKOCTI BXIIHUX 3HAYCHD Ta KUTHKOCTI BUXITHUX 3HA-
yeHb mapy [8]. CTpyKTypy 3rOpTKOBHX IIapiB HajgaHo Ha puc. 3. Llsg Mepexa nae
Hapasi HaliKpalli pe3ybTaTi Ha Habopi nanux ImageNet, ane mpocrora ii cTpyKTy-
pH¥ 1 03HaKW, BUBUEHI B mpoleci TpeHyBaHHs Ha ImageNet, 1at0Th 3MOTy LIBUIIKO
aIanTyBaTH ii 10 1HIIMX 3aBJaHb Ta JOTPEHOBYBATH 3a KOPOTKHH dac, 110 € 3Had-
HOIO [IEPEBArolo ISl HALLIOTO 3aBJaHHS.

Hopwmamizariiss 300pakeHHsT 3HIHCHIOEThCS TakuM 4duHOM. Ilepenm Tum, sk
MTOIaTH 300paKEHHS B MEPEKY, HOT0 po3Mip 3MEHITY€EThCS 10 224X224 TiKCeliB
(cranmapTHUI po3Mip ISt 3a1a4 Kiaacudikailii 300paxens). L Tpancdopmarris
pOOHTHCS VI TOTO, MO0 MPHUIIBUAMIATH 0OpOOJICHHS JaHUX Ta 3MEHIIUTH BU-
KOpHUCTaHHS mam’ati. Iicas mporo 3MiHCHIOETHCS HOpMaTi3allisl 3HaueHb 300pa-
JKEHHSI — BIJI HBOTO BIJHIMA€ETHCS CEPEIHE 3HAUCHHS 332 KOXHHM KOJHOPOBHM
KaHaJIOM Ta JiMUTbes Ha 255 — Bci Tpanchopmanii poOsISATECS MO-MiKCETBHO.
[Micnst nux [, 300pakeHHS TOTAETHCSI B MEPEKY.

Pesynpratom poGoTH Mepexi, B HAIlIOMy BHIIQIKy — OCTAaHHBOTO 3TOPTKOBOTO
miapy, Oyzie kapra 03HaK — 3-X BUMIPHHUI TeH30p posMipHicTio 7 X 7 x 512. Tlepmr
JIBl PO3MIPHOCTI € MPOCTOPOBUMH Ta BiMOBITAIOTh 32 MPOSBH THX YM IHIINX O3HAK
Ha CerMeHTi 300pakeHHs. OCTaHHS PO3MIPHICTH — II€ PO3MIPHICTh O3HAK, TOOTO
Mepeka BUJaa Ha BHX1I BEKTOPH po3MipHicTio 512 mist koxkHoro 3 7 * 7 = 49 mikce-
JIB BXiZHOTO 300paskeHHs. [IpocTopoBi po3MipHOCTI € HENOTPIOHUMU TS HOAIBIION
poboTH anropuT™My, TOMY, 00 3MEHIIIUTH KiIbKICTh OOUYKCIIEHb, BUKOPHCTOBYETHCS
Global Average Pooling — ycepenHeHHsT 03HaK 3a MMPOCTOPOBUMHU KOOPAMHATAMMU
KapTu o3Hak. OTKe, pe3yabTaToOM Mepeki Oyzie BEKTOp O3HaK PO3MIpHICTIO 512 st
BCHOT'0 300payKEHHSL.

ANFOPHTM NEPEAGAYEHHA PEAKUIT AY[IMTOPIT HA NOBIJOMNEHHA

Po3po0iiena HelipoHHa Mepeka MPOrHO3Y€E MOPSIOK 3HAUYCHHS PeaKilii KOPUCTYBaYiB
Ha TIEBHE TOBIIOMJICHHS, a HE 1[I0 KOHKPETHY BEJIMYMHY, OCKUJIBKH 11i 3HAYEHHS Ma-
I0Th 3HAYHY JMCIIEPCit0 B JIHIAHIN K i He3HauHy B sorapudmivHii. [Topsmox
BEJTMYMH, sIKI HEHpOHHA Mepeka Oyje mependadyaTd — Iie KUIBKICTh JIAWKIB 1 Kijlb-
KiCTb MOIIMPEHb. Take 0OMEKeHHs Aa€ MOKIIMBICTb 3aIIpOIIOHOBaHIi Mepeki HaBYa-
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THcs edekruBHinre. OnHaK TPOrHO3YBaHHS MOPSIKY, & HE TOYHOI KUJTBKOCTI peaKIii
He 00MeXy€e BUKOPHCTAHHS MEPEXKi 3 MPAKTUYHOIO METOI0, OCKUIBKH iH(pOpMaLii mpo
MOPSIOK KUTBKOCTI “NAlKiB” Ta “TIOMMPEHp” TOCTaTHBO IS TOTO, MO0 TPHHATH /10
pIIIeHHS PO Ty OJTIKAIIIF0 Y BIIMOBY Bil ITyOJTiKAIlii KOHTCHTY.

KomnonenTn moaei. 3BenemMo perpeciiiny 3a/iaqy NpOTrHO3yBaHHS JIAWKIB
1 perocTiB 110 3a/avi knacudikaiii. 3MiHCHIOETECS 1Ie TAKUM YHHOM. J[11st KOXKHOT
CTOPIHKH Ta aBTOPA € BIOMHM pPO3Mip HOTo ayauTopii, SIKHi TO3HAYMMO 5K V.
Kinbkicui mapametpu i-i myOmikaii (P;) — Jaliku Ta pernocTy, MO3HAYUMO SIK /;
Ta 7; BignoBigHO. s KoxkHOI myOmikawii po3paxyeMo HOPMOBaHI MapamMeTpH
BiTHOCHO PO3Mipy ayaHUTOPIi:

*
o~
*
N

=L =L

Maroun CyKyITHICTh HOPMOBAHHX JIAWKIB JUTsI KOKHOI My Omikartii, piBHOMIp-

max(l;) oo

HO po3i0’emo ix Ha C; iHTEpBaIiB, JOBXWHA SKUX TOPIBHIOE
/

PO3OUTTAM MU (paKTHUHO 3BOAMMO 3a1ady perpecii i JalikiB 1o 3afadyi Kia-

cudikanii Ha C; K1aciB.

AHaJIOTIYHO 3BOJIUMO 3a1ady perpecii Ui MOIHMpeHb N0 3aaadi Kiacudi-
kauii Ha C, KJ1aciB.

B nammx excniepuMeHTax BUKOpUcTaHo Taki 3HayenHs: C; =5, C, = 5.

EmorriifHa HanpaBIeHICTh KOMEHTapiB, 800 CEHTUMEHT-aHaJIi3, TAKOXK € 3a1a4et0
kiacuikarii. s TpeHyBaHHS 3arpOIOHOBAHOI MOJIEII € HEOOXITHUM 3iHCHEHHS
PO3MITKM KOMEHTApiB 3a iXHbOIO eMOLIIHHOI0 HanpasiieHicTo. st 300py 1MX AaHux
BHUKOPHCTAHO BXKE BIIOMHIA MiAXi[, 0 0a3ye€ThCsl HA TTIMOOKMX HEWPOHHUX MepekKax.
Jlani onpariboByBasi TakuM YrHOM. KoskeH KOMEHTap Iy OsTiKallii mojjaBaBcsi Ha BXiJ
MepesKi, sKa BUiaBaia HMOBIPHICTB p; TOTO, 1110 KOMEHTap BUpakae MO3UTUBHE CTaB-
JICHHS] KOPHCTYBaya 70 KOHTEHTY. Jlayi paxyBalli cepe/iHe 3HAUCHHS BCiX HMOBIPHO-
crei p* 3a BciMa KOMEHTapsIMH i, SIKIIo p > 0,5, TO 3aralbHa Peakiiis ayIuTopii B
KOMEHTapsIX Ha IMyOITiKallito BBaKaIach MO3UTHBHOIO, IHAKIIIE — HETaTHBHOIO.

OTxe, B paMKax Ii€l poOOTH pO3B’A3yBaJIM TpU HE3aJeKHI 3aBAaHHS Kia-
cudikarii BiJOBITHO 10 TIpeIMETa aHANi3y — BU3HAYEHHS Ta Mepen0adeHHs:

1) KimbKOCTI JAHKiB;

2) KUIBKOCTI HOLIMPEHB;

3) CeHTUMEHTY KOMEHTapiB peaKiliii.

Jani TppoX THITIB 0yJI0 HAJaHO HA BXiJ alTOPUTMY: 300pakeHHS, JOJaHE B
nyOuikarii; TeKcT myOJikaii; Mera-iHpopMallisl mpo CTOPIHKY Ta aBTopa —
MaTeMaTH4YHEe CTOAIBAHHS Ta JUCTIEePCis IS IAKiB, MOMHPEHb.

Ha Bximni gaHi HaKIageHO NesKi oOMekeHHS: 1) oOpoOITIOTECS MyOiKartii, 1o
CKJIaJIAt0THCS 3 TEKCTOBOT'O OTHUCY 1 OJTHOTO 300pa)KEHHS, SIKIIO 300payKeHb AeKLTbKa —
JIMILIEe OJJHE BUOMpPAEThCS ISl aHANI3Y; 2) ay/Iio Ta Biie0 KOHTEHTH ITHOPYIOTBCSL.

Ili oOMexeHHs HE 3MEHIIYIOTh Y3aralbHEHOrO XapakTepy METOIy, a JIUIIe
CIIPOLIYIOTh 3aBJAHHA 1 JAIOTh 3MOTY IPOCTIIE aHANI3yBaTH MOBEHIHKY MOJIEII.
Cucrema Moxxe OyTH y3arabHeHa st 00pOOIeHHS K BifleO-, TaK 1 ayAi0o-KOHTEHTY.

[lix yac TpeHyBaHHS MOJIEI Ha JaHi HAKJIAJIAIOCs JTOJJATKOBE OOMEKEHHS —
Mepexa TpeHyBajacs JIMIIEe Ha TUX MyONiKaIlisaxX, Uil SKUX € He MeEHIIe 3a
3 KOMeHTapi Bij ayIUTOpii.
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EGTparyis BizyansHo-

CEMBHTHHHMX Q3HaK 33

AONOMOIGH0 AropTHOBOI
HEApoHMOE Meped

IyBmikauis
N EKCTRakLin TEKCTOB0- MpOrHOSYBAHHS BIATYEY
CEMBHTHYHHY O3HAK 38 ayauropil Ha myBnikaLia
AONOMOTII PekypeHTHO! 48 AORAMOROIG AoBHOAE'
HepoHHol mepesd _ | Aamol pefpomsol Mapexd y
LN o L% 2

MeTa-IHdropsadia npo
CTOpIHKY

Puc. 4. Cxema poOOTH QITOPUTMY IPOTHO3YBAHHS peakilii ayAuTopii

Po3po0iiernii anropuT™ CKIIaIaeThes 3 (DyHKINIOHYBAHHS TPHOX TOJIOBHHUX KOM-
noHeHTiB (Puc. 4):

1) 3ropTkoBa HEHpOHHa Mepexa A eKCTPakKUii Bi3yanbHO-CEMaHTHYHHUX
O3HaK IS 300pakKeHHS;

2) peKypeHTHa HeWpOoHHa Mepeka Uil eKCTPaKiii TEeKCTOBO-CEMaHTHYHUX
O3HAK ]Il TEKCTOBUX JaHUX;

3) mMoBHO3B’sA3HA HEMpOHHA Mepeka, 1o IpuiiMae MeTa-iHdopmarliio mpo
CTOPIHKY Ta O3HaKH, OTPHMaHi Ha IMONEPEeIHIX KPOKax Ta T€HEpye OCTaTOYHE
MPOTHO3YBaHHSI.

ANTOPUTM NPaLO€ TAKUM YHHOM.

1. 300pakeHHS HOPMATI3YETHCS Ta IMOMAETHCA Ha BXiJ 3TOPTKOBOI HEH-
POHHOT MEpexi, Pe3yJabTaToM poOOTH sKOI OyJe 3reHepOBaHHA BEKTOP O3HAK
po3mipHocTi 512.

2. IlepemoOpoOiieHnt TEKCTOBHIA BMICT MyOsIiKallii mogaeTbesi Ha BXid pe-
KypeHTHOI HEHpOHHOI Mepexi, pe3yJabTaToM poOOTH SKOi Oyne 3reHepoBaHMM
BEKTOP O3HAaK po3MipHOCTI 768.

3. Otpumasni BeKTopu Ta MeTa-iH(QOpMaIlis PO CTOPIHKY 00’ €THYIOTHCS B
onuH Bektop. O0’€qHAHHS Bi3yallbHO-TEKCTOBHMX O3HAK Ta MeTa-iH(opMarlii 1is
MPOTHO3YBaHHA BiIOYBA€ThCS TaKUM YMHOM. O3HAKU y BUIIIAII BEKTOPIB, OTPH-
MaHMX Ha TMOMEPEeNHIX KPOKaX, KOHKATEHYIOTbCSA. TaKoX 0 O3HAK JOAA€THCS
e 4 mapamMeTpu — MaTeMaTHYHI CIOIIBaHHS Ta TUCIIEPCii KUTBKOCTI JIAWKIB Ta
MOUIMPEHb, PO3pPaxOBaHI Ha OCHOBI TMOMNEpeAHIX MyOJiKalii aBTopa.
B pe3ynbTari oTpuMyeMo QiHATBHUI BEKTOP 03HAK PO3MipHICTIO 1284.

4. 3reHepoBaHWA BEKTOP O3HAK TOMAETHCS HA HACTYIHUN OJIOK — HEHPOHHY
MEpPEXKY, IO CKIAIAETHCS 3 TPHOX MOCIIIOBHUX ITOBHO3B SI3HUX IIIapiB, OCHOBHA METa
AKX — KOMOIHYBaTH Bi3yallbHi, TEKCTOBI O3HAKU Ta METa-1H(OPMALIiIO IIPO CTOPIHKY
Mix co0OI0 1 3reHepyBatH (piHaIbHUN BEeKTOp O3HAK. Jlaim Tpy HezalexxHi mapH Hel-
POHHOI MEpeXi Ha OCHOBI ITMX O3HAK MPOTHO3YIOTh HEOOXiAHI 3HAUYCHHS — TIOPSIOK
JaliKiB 1 PENOCTIB Ta OLIHKY eMOLIHHOI HAMPaBIEHOCTI KOMEHTApIB ayJUTOpii.

Jns peanizauii anropuTMy BUKOPHUCTaHO MOBY mporpamyBaHHs Python ta
6i6miotexy PyTorch.
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ANPOBALIA NPOTHO3YBAMbHOT MOJIENI

Mepexa TpenyBanacs B end-to-end maHepi, 3a JOIIOMOTOO aJrOPUTMY OIITHMi-
3anii Adam. OckifibKM 3aa4y TpOTHO3YBaHHS OyJlo 3BelleHa 1O 3afayi Kiacu-
¢ikamii TppOX Pi3HUX MapaMeTpiB, BUKOPUCTAHO KaTeropialnbHy KpPOC-€HTPOIIi0
AK (QyHKIIiS BTpaT:

CE:_ZiC:J yi log (p;),

ne C — KIUTbKICTB KIIaciB; y; — BEKTOp, B i-i MO3UIIi1 sikoro Oyne 1, sSKIo 00’ exT
kiacugikanii HaNeXuTh Kiacy i, iHakue 0; p; — BEKTOp, B i-i MO3ULI] SKOTO
Oyzae HMOBIPHICTB, 110 3a KO0 00’ €KT Kiacu(ikalii HaJeXHUTh Kiacy i.

OTxe, KO (QYHKIIIO BTPAT AJIsl IPOTHO3YBAHHS JIAMKIB MO3HAYUTH SIK Lijjke,
PENoCTiB — Lyeposi, EMOLIIHOI HANPABIEHOCTI — Lientiment, TO KiHIIEBA (QyHKITis
BTpat Oyze:

Ltotal = alLlike + GZLrepost + G3Lsentiment >
IIe oy, O, O3 — BaroBi Koe(ilieHTH, M0 BKAa3yIOTh HA TE, K CHIBHO Mepexa
Ma€ KOHLIEHTPYBATHCA Ha BiAIOBIAHOMY PEIMETi IPOTHO3YBaHHS.

VY ekcriepuMeHTax 3 arpoOanii MPOrHo3yBaIbHOI MOJEINI 3HAYEHHS IapaMeTpiB
oym o, =1, 0, =0,5, a; = 1. Lli mapamerpu BuUOpaHo Takumu, 00 3a3BHHUAl POTHO-
3yBaTH MOMIAPEHHS 3HAYHO CKJIAIHIINE Y 3B’SI3KYy 3 THM, 10 KOPUCTYBadl PiJIire mo-
IIAPIOIOTH ITyOITiKaIlii, HDK CTaBIATH JIAWKK 1 MHUIIyTh KoMmeHTapi. ToMy CHIBHO
mrpadyBaTH MEPEeXy 3a MOMIUIKY, TOOTO 30UTBIIIYyBaTH 3Ha4eHHS (YHKII BTpar, B
BOMY BUIIAJIKY € HEAOLIJIGHHM.

s aHanmizy mpoiecy HaBYaHHs MEpeKi BUKOPHCTOBYBABCS MOHITOPHHT 3Mi-
HU 3HauYCHb (YHKIIT BTpAT B 3aJIGXKHOCTI BiJ] 4aCcy HaBYaHHS], a caMe — KIJIBKOCTI
erox HapuaHHA. OfHa emoxa — IIe eIMi30[ 3MIiHHM Bar MepeXi, y SKOMY KOXEH
00’€KT 3 TPEHYBAILHOTO HAOOpy MaHUX OyJI0 BUKOPHUCTAHO OJIMH pa3 IIs KOPUTY-
BaHHs Bar Mepexi. OOUYUCIeHHs 3HaueHHS (QYHKII BTpaT Ha TPEHYBAILHOMY
Ha0Opi JaHUX BUKOPUCTOBYETHCS Ul OTPUMAHHS 3HAYECHHS [MOMHJIKH HAaBYAHHS
Ta 3a BUKOCTAHHS BAIAALIHHOTO HA0OPY JAHMX Ul OTPUMAaHHS 3HAYCHHsI IOMU-
JIKH y3arajdbHEeHHS. Y pa3i oNTHMabHOTO BHOOPY MOJEIN Ta alropuTMy HaBYaH-
HSl, TPEHYBaJIbHA 1 BaJTiamiiiHa MOMUIIKY 3MEHIIYIOTHCS 32 30UTbIICHHS KUTBKOCTI
€II0X HaBYaHHS aX IO IOPOrOBOIO 3HAYEHHS €IO0XH, /I BOHA MaKCHMaJbHO Ha-
OIIKYETBCS IO aCUMIITOTUYHOTO 3HAYEHHSL.

Ilig wac TpeHyBaHHS MOJENH JOCATIA MiHIMAaJIBHOTO 3HAYEHHS Ha €roci Ha-
BuaHHS 17 1 9epe3 3 ermoxu HaBYaHHS OyJI0 3yMMMHEHO, OCKUTBKY 3HAYCHHS METPHU-
Ku QYHKLIT BTpaT He MOKpanlyBajiochk. 3Ha4eHHs (yHKIIIT BTpaT Ha TPEHYBaIbHO-
My Ta BallilallifHOMy Ha0Opax JaHUX 31 3pPOCTaHHSAM KUTBKOCTI €MOX HaBYaHHS
HaJIaHO Ha puC. 5.
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3HauyeHHs1 OyHKLiT BTpaT

== TpeHyBanbHa yHKLiA BTpaT BanigauinHa dyHKuis BTpaT
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Puc. 5. lunamika 3MiHU 3Ha4eHHS (YHKIIH BTpaT (BiCh V) B 3aJISKHOCTI Bix iTeparii
HaBYaHHS (BICh X)

MeTtonuka OWIHIOBAHHSI SIKOCTi AJITOPUTMY MPOTHO3YBAHHS peakuii ayau-
Topii. [ ouiHIOBaHHS SIKOCTI POOOTH 3alpOIOHOBAHOIO AJITOPHTMY, & came —
SIKOCTI TIPOTHO3YBAHHS KUTHKOCTI JIaHKiB, TIOIMPEHb T4 CEHTUMEHT-aHaIi3y KOMEHTa-
piB, BUKOPHCTAHO TaKi METPUKH — TOUHICTH (precision) Ta moBHoTa (recall) [9]. Lli
METPUKHM BUKOPHCTOBYIOTHCS Y BHITAJIKY, KOJIU € AUCOATaHC Y KUIBKOCTI JIAHUX Pi3-
HHX KJIaCiB. METpUKH PO3PAXOBYIOTHCS ISl KOXKHOTO Kiacy, 00’ €KTH, SIKi HATEKATh
JI0 BUOPAHOTO KJIacy, Ha3MBaTUMEMO TIO3UTHBAMH, a 00 €KTH IHIIMMX KJIaciB — Hera-
TuBamH. [t mipaxyHKy METPHK BUKOPHCTAHO TaKi JOPMYIIH:

.. TP P
Precision=———, Recal =——,
TP + FP TP + FN

ne TP — KimbKicTh 00’ €KTiB, SIKi € TIO3UTHBAMH, 1 MOJIEh KiTacu(dikyBama ix sK
MO3UTUBH, F'P — KiIbKICTh 00’ €KTIB, 5IKi € HeraTUBaMH, aje MOJEINb iX KIacCu-
¢ikyBana sk Mo3uTUBU; FN — KUTbKICTh 00’ €KTIB, SIKi € TIO3UTUBAMHU, alie MO-
JIeJb iX KiacugikyBaia sK HeraTUBU.

Ili MeTpuKr TOKa3yIOTh SKICTH POOOTH AITOPUTMY 3 YPaxyBaHHSIM ITOMUJIOK
1-ro Ta 2-ro poxy (IOMHIIKU TUTTY ‘‘XHOHA TPUBOTa’” Ta “IIPOITYCK LTI BiATIOBIHO).

O1iHOBaHHS SIKOCTi pOOOTH AJITOPUTMY 3IIHCHIOETHCS 32 TAKOK) METOIMKOIO.

Kpok 1 — BCTaHOBICHHS MIHIMQJIBHOTO TOPOTY WMOBIPHOCTI BiHECEHHS
00’€KTy 710 TIeBHOTO Ki1acy. Ha OCHOBI po3paxyHKiB 3a MOJCIUIIO JJIsl KOYKHOTO Iifi3a-
B/IQHHSI BCTAHOBIIFOETHCSL TAKUH MiHIMAJIbHHUI MOPIT KIMOBIPHOCTI A1 TIEBHOTO KJIacy,
Kyt Mae OyTH, 100 Kinacu(iKyBaTH JOCIIHKYBaHUH 00 €KT K 00 €KT IHOT0 KOHK-
PETHOTro KJiacy. 3HaueHHs! MiHIMAITLHOTO TTOPOTY JISKHUTH Y AiarnaszoHi (0;1).

Kpok 2 — noOysoBa rpadiky 3a1ekHOCTI “TOYHICTB-TIOBHOTA” (precision-recall
curve) 3a 3aJaHiM MiHIMaJIbHIM MOpOroM. Bapiroroun 1eit mopir, qomMaraeMocst 3mi-
HHU METPHUK KOXKHOTO Kiacy. [liBHITIEHHsI MiHIMAJIBHOTO TIOPOTY 3a3BUYal ITiIBHUIILY€E
TOYHICTH (precision), BOAHOYAC IOBHOTA HE 3pocTac abo crajae. AHAIOTIYHA CHTya-
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1 BUHHUKAE, KO MiHIMAIBHUI TIOPIr HMOBIPHOCTI 3HU3HTH, TOJIi 3pOCTAE TIOBHOTA,
a TOYHICTH 3MeHIIyeThesl. [lepebuparoun 3HaYeHHS! MiHIMAIBHUX MOPOTIB ISl KOXK-
HOTO KJIacy, OTpUMYyeMO Tpadik 3aleKHOCTI ‘‘TOYHICTh-TIOBHOTA” (precision-recall
curve). [Lromra i kprBoIO 1boro rpadika — 11e grceno Bix 0 1o 1; 9uM BoHO Omrkye
JI0 OJTUHHUIIL, TUM SIKICHIIIIE TIPAITFOE aJITOPUTM.

Kpok 3 — Bu3HaueHHs ycepeqHEHOI TOYHOCTI ajJrOpUTMY Uil IIEBHOTO ITi-
nm3aBmanHs (AP — average precision), sika po3paxoOBYEThCS SK TUTOIIA TTiJ KOXK-
HOIO KPHUBOIO TIEBHOTO Ti/13aBJJaHHSI.

Kpok 4 — Bu3HaueHHs 3araibHOI ycepeTHeHO1 TOYHOCTI anroputMy (mAP -
mean average precision), sika € yCepeJHEHHSIM 3a yciMa 3aBAaHHIMH KOXKHOTO
KJacy. 3Ha4YeHHsl 3arajbHOI YCEpeAHEHOI TOYHOCTI alrOPUTMY € MOKa3HUKOM
AKOCTi pOOOTH 3aIIPOTIOHOBAHOTO AJITOPUTMY.

AHaJji3 pe3yasTaTiB sIKoCTi podoTu. KiHIEBi pe3ynpTaTH po3paxyHKIB 3a
3a3HAYCHOI0 METOAMKOIO TTOKA3aHo y Tadmii 1.

Mu nOpiBHSIM Pe3yJIbTaTH POOOTH PO3POOIICHOrO HAIIOrO aIrOpUTMY 3 0a30-
BUM JITOPUTMOM, SIKMI BUJA€ BUIIAAKOBUI Pe3ysIbTaT Ha TECTOBY My OIiKaLiO.

3a OTpUMAaHUMM pe3yJbTaMH BU3HAUEHO, IO MOAENH II0Ka3aja BUCOKY
AKICTh POOOTH MiJ Yac MPOTHO3YBaHHS CEHTHMEHTY KOMEHTapiB ayJauTopii.
SIKicTh MPOTHO3yBaHHS JalKiB 1 PenocTiB € HIKYO0I0. [IpnunHN 11bOoro — Benu-
KU piBeHb Cy0’€KTHBHOCTI, TPOSBA MOXIIMBOI €MOIIIITHOCTI Ta yrepeKeHOCTi
ayautopii, HeOakaHHS a00 BIACYTHICTP MOKIMBOCTI HaJaTH CBOIO OINIHKY Y
BUTJISA/I JlaiiKa 4M TOIIMPEHb, 10 30UIBIIY€E TUCHEPCIIO 1 HE Ja€ 3MOTY TOYHO
CIIPOTHO3YBATH BiJIIIOBiIHE 3HAYEHHS KiJIbKOCTI JIAWKIB UM TIOUITHUPEHb.

OTmxe, 100y 10BaHO HEHPOHHY MEPEKy VTS POTHO3YBAHHS PEAKIIii ayTUTOpil Ha
KOHTEHT, 110 CTBOPIOIOTH KOPUCTYBaui B COIliayIbHUX Mepexax deiicOyk ta IHcTar-
pam. st moOyzoBu 1 HaBYaHHS HEHPOHHOI MepEeKi BUKOPHCTAHO HANTOYHIIN HA
CBOTOZIHI CHICTEMH 3 aBTOMAaTUYHOTO OOpOOJICHHsI TIPUPOTHOT MOBH, a TaKOX 00po0-
JICHHS Bi3yaJlbHUX JaHuX (300pakenb). KoxkHa 3 11X cucTeM OyJia Harepe/] HaBueHa
Ha BENIMKUX 00CsArax JaHWX i B il poOOTI MU BUKOPUCTAJIX 11i HANPAIFOBAHHS JJIsI
T IBUITIEHHST TOYHOCTI POOOTH 3aITPOTIOHOBAHOT MEPEKi.

IIpoBeneHo aHaNi3 KOHTCHTY 3a Ha0OPOM JaHWX 1 BU3HAYEHO HEOOXIIHICTH
OKpPEMOT0 TPSHYBaHHsI HEHPOHHOI MEPEXKi JIJIsl KOYKHOT CTOPIHKM B COLIAJIbHINA Me-
pexi. [Iporec TpeHyBaHHS ONTHMI30BaHO TAaKUM YHHOM, 1100 TPEHYBaHHS Bif0yBa-
JIOCh TUIBKH TSI HA0OPY 300pakeHb 1 TEKCTIB KOHKPETHO 3a/IaHO1 CTOPIHKH.

Oco0nuBICTIO 11i€T PO3POOKHU € Te, IO JOMOMOIOK 3allPOIIOHOBAHOI HEW-
POHHOT MEPEXKi peani3oBaHO MOXKIIUBICTh MMOEHAHOTO JOCHIJKCHHS Bi3yalIbHO-
T'O i TEKCTOBOTO KOHTEHTIB JIJIsl POTHO3YBaHHS peakilii ay tuTopii.

Tabn. 1. SIkicTh poOOTH ATOPUTMY HA Pi3HUX Mix3agavax

3arajibHa ycepe/lHeHA TOUYHICTH
3anaua BazoBuii anropurm 3anponoHoBaHuUii aArOpUTM
(%) (%)
IIporuo3yBanHs naiikiB 20 69,7
[Iporno3yBanHs nomUpEHb 20 63,4
CeHTHMEHT-aHaIi3 KOMEHTapiB 50 91,2
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Buxopucranas po3po0seHoi HEHpOHHOI Mepexi, SIKa CKIaJaeTbCs 3 TPhOX IIOB-
HO3B’SI3HHX IIApiB 1 Ha BXiJl OTPEMYE XapaKTEPUCTHKU TEKCTOBOI Ta Bi3yallbHOI Yac-
THH KOHTEHTY Ta MeTa-JIaHi Npo JOCIiKyBaHy CTOPIHKY, A€ 3MOT'y OLIHHUTU peak-
IiF0 KOPHCTYBadiB Ha YeProBy ITyOIiKaIlifo KOHKPETHOI CTOPIHKY B COIIABHINA Me-
pexi. XapakTepUCTUKH TEKCTOBOI YACTHHHM KOHTEHTY TONEPEeAHbO (OPMYIOTHCA 32
nonomororo HeripoHHOT Mepexki BERT, a xapakrepucTrky Bi3yallbHOI YaCTHHH KOH-
TEHTY — 3a JIOIIOMOT0r0 HelpoHHOT Mepexi VGG-16.

3a aHaIi30M pe3ynbTaTiB POOOTH HEHPOHHOI Mepeki BU3HAUEHO TaKi 0OMEKEHHS
MTOTOYHOT CHCTEMH, 3a3HAYCH1 y TIOPSAKY 3MEHIIICHHS IXHBO1 3HATYIIIOCTI:

a) HeOOXIJIHICTh BpaXxyBaHHS 3arajibHOTO 1H()OPMAIIHHOTO KOHTEKCTY LI0A0
saBHIa i/abo mpenMety myOikalii B MOMEHT ii CTBOpEHHS;

0) HEeoOXiZHICTh BpaXyBaHHS TeMIIOpalbHOI iH(opMalii — mopsaky myOmi-
Kaliil i 4acoBi MPOMIKKH MIXK ITyOJiKamisiMu.
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PREDICTION OF AUDIENCE REACTION ON TEXT-VISUAL CONTENT
USING NEURAL NETWORKS

Introduction. Social networks provide an ability to receive highly personalized experiences
for their users, giving them an opportunity to follow pages of other users that publicize
relevant and interesting content for them. Feedback on visual and textual content of the
message is being received from followers by shares, likes and commentary. Prediction of the
audience reaction on a particular message in social media becomes more and more of an
important task, because the message is irreversible and there's a need to predict audience
reactions before its publication.

The purpose of the paper is to build a system that can predict the reaction of the
audience on the post and account for all the specialties of the page itself, its audience, the
author and variety of possible reactions.

Results. We analyzed structure of the content and reactions in the social media and defined
specialities of the messages, that should be accounted for during the analysis of the message
popularity and reactions of the audience on it. We explain the process of the neural network
training, that gives the ability to train the neural network for each particular page and audience
to get better quality of the algorithms work. Features of the textual part of the content were o-
btained using the BERT neural network, whereas features of the visual part were obtained with
the VGG-16 neural network. We've created the model that performs classification for three types
of values: likes, shares and emotional focus of the commentaries. We have created a system that
processes both visual-semantical and text-semantical parts as well as meta-information of the
content and gives the program the full context of the publication that algorithm will process.
Analysis of the developed system shows that model performs on emotional focus prediction better
than amount of likes and shares.

Conclusions. The developed system uses three neural network layers and features from
textual and visual parts of the content as well as meta-data of the message provides ability
to predict reaction of the users on a particular message in the social media.

Keywords: artificial intelligence, natural language processing, computer vision, social n-
etworks, audience reaction prediction.
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HORIZON LENGTH TUNING FOR MODEL PREDICTIVE CONTROL
IN LINEAR MULTI INPUT MULTI VARIABLE SYSTEMS

Introduction. There is wide range of systems describable as linear Multi Input Multi Vari-
able systems evolving in discrete time. This mathematical model is often used in engineering,
but it can also be applied in many other fields. The problem of stabilization of this kind of
system frequently arises. In this paper we consider the Model Predictive Control approach to
this problem. Its main principle is to generate control signals by optimizing consequent sys-
tem's future dynamics on limited prediction horizon. While it demonstrates some good re-
sults, in practice we are always limited in terms of computational resources. Thus, we can
optimize outcomes of our future control sequence only for limited horizon lengths. That is
why it is valuable to understand how this limit affects control quality.

The purpose of the paper is to propose a way to appraise drawbacks of limiting of the predic-
tion horizon to certain length for a particular system, so that we can make informed choice of such
limit and therefore choose controller's microprocessor with sufficient computing power.

Methods. Several indexes which characterize the stabilization process are defined. Their
heatmaps built against system’s initial state are used as a convenient visualization of how system's
stabilization dynamics changes depending on its initial state and of drawbacks induced by prediction
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horizon length limiting. Such heatmaps were built for several prominent example systems with differ-
ent structures by performing corresponding series of computational experiments.

Results. Drawbacks of prediction horizon length limiting vary from severe to completely
nonexistent depending on the system's structure and representation. These drawbacks relax
with increase of this limit.

Conclusions. The stabilization dynamics depends largely on the system's structure.
Therefore, it is advised to take it into account and build heatmaps of aforementioned indexes
to decide on prediction horizon length limit. A good system's representation can improve
stabilization time with limited prediction horizon length.

Keywords: MPC, MIMV, heatmap, control synthesis, discrete controllable system, linear system,
moving horizon, stabilization.

INTRODUCTION

The object of this study is the Model Predictive Control (MPC) based control
process. The aim of the considered control process is to stabilize a system, e. g.
for a system with non-zero state vector x at initial point of time to bring its state
to zero with specially crafted sequence of control signals. In this paper we are
working with discrete-time linear Multi Input Multi Variable (MIMV) systems
with constrained input values, which can be described as

xk+1=Axk+Buk‘k EZ, (1)

]l Sthnaw k€Z, jel.r )

where x is the system's state at a particular point of time represented as
n-dimensional real-valued vector, u is the control applied to the system at a
particular point of time, £ is a sequential number of a related point of time, j is
an index of a particular element of the control vector u, un. is a positive value
representing constraint on control signal values, A4 and B are real-valued matri-
ces of corresponding dimensions.

The aforementioned formalization is applicable to wide variety of systems.
First of all, the system dynamics equation (1) can be obtained as a result of dis-
cretization of a model of a continuous-time system by transforming its differen-
tial equation into a difference equation with certain sampling rate. This trans-
formation is indispensable if we want to control such system with digital con-
troller, which perceives continuously changing values through analog-to-digital
converters. Usage of programmable controllers is essential in various fields
where we need precise online control, i. e. for operating industrial plants or vari-
ous mechanisms and engines.

There are also applications outside of traditional engineering scope. Various
naturally-formed (e. g. not engineered by someone) complex systems can be rep-
resented in form of weighted digraphs, as discussed in subsection 4.3 of [1]. We
can also think of them as of cognitive maps. The pulse process model described
further in subsection 4.4 of [1] allows us to model dynamics of such systems. Co-
incidentally, dynamics of the so-called pulses (differences between current system
state vector and previous) can also be described with equation (1). This gives us
opportunity to control them in the same way as ordinary linear systems, as it is
proposed in [2-3].
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It is a common problem to stabilize the system by influencing it with control sig-
nals. In this context "to stabilize" means to make system's state x equal (or at least
nearly equal) to zero at some point of time. This problem was thoroughly studied
within the framework of the control theory. For textbook description of the control
theory approach to this problem see, for example, [4-5]. But this conventional ap-
proach also have its drawbacks. One of them is that in real-life (not simulated) systems
there is always a constraint on control signal values in one form or another, which
can't be directly taken into account with the control theory. The other drawback is that
control loops produced this way require fine-tuning to ensure its stability and satisfy
other requirements at the same time, such as high response speed and satisfaction of
the aforementioned control signal constraints.

To mitigate this and some other drawbacks the MPC approach to this problem
was introduced in [6]. The MPC-based feedback loop is organized similarly to ones
employed in the control theory. The main difference is that control signals are calcu-
lated not by multiplying the current system's state (or its estimation) by a matrix, as
in the control theory, but by solving a mathematical optimization problem. The solu-
tion of this optimization problem is a sequence of future control signals, which
would result in the best predicted future system's states in terms of employed objec-
tive function. This leads to another significant difference: this way we generate a
whole sequence of control signals instead of just one next control signal. Thus, there
are many possible ways to employ generated control sequences. For example, we
can apply the whole control sequence as is, or just use the first control signal value
from each generated control sequence. Different optimization problem variants,
approaches to their solving and ways to integrate their solutions into the control loop
were proposed in [6—7].

PROBLEM STATEMENT

While showing some promising results [6—7], this approach requires significant com-
putational resources, especially in comparison with control theory based controllers.
Moreover, the required computational resources rapidly grow with prediction horizon
length increase. Considering the fact, that there is no such thing as infinite computa-
tional resources, the prediction horizon we can implement consequentially becomes
limited by hardware we use for computations and by system's sampling rate (which
enforces hard limit on time we have to compute next control signal value).

As actual prediction horizon length required to produce ideal (in terms of stabili-
zation time) control sequence differs from one situation to another, it is valuable to
understand what actual drawbacks to expect from its limiting. This would give us the
required information to make informed choice of such limit and therefore to choose
controller's microprocessor with sufficient computing power.

The purpose of this paper is to propose a way to represent drawbacks of predic-
tion horizon limiting in a meaningful and understandable way. Since the stabilization
dynamics is essentially different for systems with different structure, it is required to
perform such investigation for any particular system we are considering. In other
words, in general case we can only say that the bigger horizon length limit, the better.
So, in this paper we propose a way to appraise this drawbacks for a particular system
and analyze some example systems to explore the impact of system's structure.
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The proposed method is essentially series of system stabilization computa-
tional experiments and a way to visualize their results. So, the rest of the paper is
organized as follows. The Experiment Design section describes exactly what,
how and for what purpose are we doing in the computational experiments. The
Experiment Results section shows some examples of application of the proposed
method to perform the discussed analysis for some example systems with essen-
tially different structures. In the Analysis of Results section we discuss our find-
ings derived from the experiment results. Lastly, the Conclusions section pro-
vide a brief summary of obtained results.

EXPERIMENT DESIGN

Our goal here is to evaluate effects of horizon length limiting alone, in isolation
from other additional factors, which can influence the quality of control process
for a given horizon length limit. That is why we implement the most basic feed-
back loop scheme and consider the system being deterministic, even though in
most real-world cases systems suffer from random perturbations.

Assumptions about the system. We consider matrices 4 and B having full
ranks, because otherwise there is a roughly equivalent representation of the sys-
tem with full-ranked matrices and reduced dimensions.

For the same reason we also consider that 7<n, 1. e. that number of control
vector's dimensions is not greater than number system state vector dimensions.

As it was already mentioned, the system is deterministic, i. e. there are no
noises affecting the system.

Structure of matrix 4. The linear system representation (1-2) is not invariant,
since for every invertible linear transformation of the state space we have correspond-
ing alternative representation in the same form, but with different matrices 4 and B.
In most examples in the Experiment Results section we construct 4 matrices for sub-
ject systems in our computation experiments using real-valued modification of Jordan
normal form (with rotation, rotation-shrinking or rotation-expanding block corre-
sponding to complex eigenvalues) to be sure to examine most distinct variants of
stabilization dynamics. But even though linear transformations of state-space do
not affect stabilization process if the prediction horizon length is not limited, it
may have its impact otherwise. Thus, we also added an example described in
non-canonical form for comparison.

Heatmap experiment result representation. It is obvious, that for given
system and controller the system's future depends on its initial state. For deter-
ministic systems it is fully determined by its initial state. Thus, if there are some
significant numeric characteristics (indicators) of the system's dynamics, it is
valuable to plot them against system's initial state.

Of course, the system's state vector x may have many dimensions, but it is not
very meaningful to try to analyze a heatmap built for more than two dimensions
manually. It may be possible to do with machine learning techniques, but we will not
touch this topic in this paper. Thus, we propose to plot heatmaps of indicators for ini-
tial system states residing on a certain 2-dimensional (hyper-) plane.
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As it is obvious that the system model's equation (1) and control synthesis algo-
rithm we use does not have any fractal properties, it is enough to calculate the indica-
tors we consider (by performing corresponding computational experiments) only for a
finite subset of possible initial states uniformly distributed on a (hyper-)plane patch we
build heatmap for. This way if we have two direction vectors e; and e,, and a grid step

g € (0,+0], then the grid will consist of points g (ie; + jey), i, j € Z.

The last significant thing about the heatmap structure which should be men-
tioned is that all heatmaps we build here demonstrate point symmetry with its
center in zero. It is due to properties of the considered system structure (1—2).
That is why we plot heatmaps only for a half-plane to reduce computation time
required to produce such plot and to fit them on page.

Control synthesis. We compute series of controls as a solution for an opti-
mization problem

min ke (ot tt tgestgesr )| 3)
Upo U1+ o Upg1

|uk[j]|Sumax, iel.s—-1, jel.r (4)

where s is the prediction horizon length. This is a convex quadratic program, which
we solve with the CVXOPT coneqp solver [8]. We apply computed control vector
sequences as is, without correcting them at each next point of time, which would be
natural if we were working with non-deterministic systems, i. e. when there are ran-
dom noises affecting the system. Such intermediate control sequence corrections
would require more sophisticated optimization problem and/or structure of the feed-
back loop. Obviously, the combination of the optimization problem and the way its
solutions are used for control is not the most optimal, but the most simplistic one. It is
because one of our aims is to demonstrate a way to benchmark such combination in
general. The analysis of this basic combination should also give some valuable in-
sights which hopefully will help in development of better ones in future.

Indicators and corresponding control strategies (controllers). As we said, we
will plot heatmaps for different indicators representing significant information about
system's properties regarding the stabilization process. And to calculate them we need
to simulate stabilization process with different control strategies.

Stabilization time with unlimited horizon length. Our goal is to explore negative
effects of prediction horizon length limiting, so firstly we need to determine what
actually happens if the horizon length is unlimited to have a basis to compare with. So,
for each considered initial state xo we sequentially try to solve the problem (3—4) for
s =1, s =2 and so on, until the corresponding optimal final state x,(xo, uo, ..., Us1) 1S
zero. This way we obtain the first index we will plot: minimal number of iterations
needed to stabilize the system with corresponding initial state.

Of course, this is just a simplification. In practice, all computations are per-
formed with floating point numbers, which by itself causes numerical errors and
thus introduces otherwise negligible perturbations, which nevertheless make
obtaining a state vector exactly equal to zero highly improbable. In addition, the
CVXOPT solver computes a numeric estimation of problem's solution, rather
than its precise value. That is why we follow a common practice to check if the
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final state vector x,(x,, uy, ..., Us;) resides in a certain small e-neighborhood of
zero instead of checking for strict equality.

The other peculiarity we must address here is that if the system is unstable,
i. e. p(4) > 1, then for such system there are initial states, for which stabilizing
control does not exist. And, obviously, the aforementioned optimal control syn-
thesis procedure will never meet its stop condition for such initial states. In addi-
tion, the solver faces computational difficulties when we try to find a solution of
the problem (3—4) for really huge values of s. Thereby, we stop the procedure
when the next horizon length s exceeds a certain huge value huge_s.

We will call the simulated model controller implementing aforementioned
principles "the ascending controller" for short.

Stabilization time with limited horizon length. The next index we will plot as a
heatmap is stabilization time obtainable with a controller, whose solver is unable (or
prohibited) to solve problems with s higher than certain value s,,,.. We will call cor-
responding simulated model controller "the descending controller". This controller
will generate control sequences of limited length and apply them to the simulated
system as is in loop, until the e-neighborhood of zero is reached.

It initially will try to solve the problem (3—4) for maximum allowed horizon length
Smax- But if the controller will just apply generated control sequences as is, the stabiliza-
tion time that we would measure would be a multiple of s,,x. The value measured in
this way would often overestimate the required stabilization time, because the last gen-
erated control sequence (which finally leads the system to the aimed e-neighborhood of
zero) could have been shorter. So, in this situation the descending controller will check
if the next generated control sequence would finally stabilize the system. If it is the
case, the controller will try to solve the problem (3—4) for § = Spux - 1,5 = Simax - 2 and so
on until corresponding xy + {(Xi, U, Ug+ 1, --., U +5.) Will fall out of the e-neighborhood of
zero, or until s = 1 inclusive. Hence the name of this controller: the descending control-
ler. The shortest stabilizing sequence will be applied to the system. This way we will
obtain more adequate measurement of required stabilization time.

Stabilization time loss for limited horizon length. To compare the stabiliza-
tion time measured with the descending and ascending controllers, we will cal-
culate their difference, which is another index we will plot heatmap for. It is
expected that this difference will be nonnegative.

There are three implicit values which originate from the fact that this is a compu-
tational experiment and which affect this experiment's outcome. The first one was
already mentioned. It is the radius of the zero's neighborhood we compare system's
state x with: €. The other two are related to the CVXOPT solver, namely reltol and
abstol, which control relative and absolute accuracy of results returned by the
solver. These three values need to be finely tuned to obtain meaningful results. Too
small € or too big reltol and/or abstol leads to overestimation of minimal stabi-
lization time (measured for ascending controller). Too big € leads to its underestima-
tion. Too small reltol orabstol leads to computational difficulties in the solver.

Such overestimation becomes apparent if we see negative values on the stabiliza-
tion time loss heatmap. This gives us required information to manually tune these
implicit variables.

Distance loss for limited horizon length. There is one more index we meas-
ure. It has less obvious construction. It measures minimum distance from zero
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achievable by a controller with solver with limited horizon length at the point of
time, when the same system with the same initial state would have been stabi-
lized by the ascending controller.

To measure this index we use another specific emulated controller. Let us call it
"the distance controller". As in the descending controller, this controller will generate
control sequences of limited length. The main difference is that it does not check
whether the generated control sequence would stabilize the system (i. e. would lead
the system's state to the e-neighborhood of zero). Instead it calculates and applies
control sequences of maximum allowed length until it can do so without exceeding
number of system's iterations sq(xo) needed by the ascending controller to stabilize the
same system from the same initial state. When such situation eventually occurs
at certain point of time k, it solves the problem (3—4) for horizon length
5 = Sopi(X0) — k < smax and applies generated control sequence to the system. This way
this controller executes the same number of iterations, as it was done by the ascending
controller for the same system with the same initial state x,.

In the beginning the distance controller has the same behavior as the
descending one, e. g. they both generate control sequences for horizon length
S = Smax» SO We reuse them to reduce computation time.

EXPERIMENT RESULTS

In this section indicator heatmaps we built for systems of various structures will be
shown, and how their structure affects stabilization process will be discussed. As it can
be seen from the Experiment Design section, the computational experiment get a
number of input variables, which can be divided into four groups.

The first group describes the system itself: the 4 and B matrices. The spectral ra-
dius of 4, which is denoted as p(4), is also shown in tables next to them, because its
value determines, whether the system is stable or not. The second group is constraints on
control values and horizon length, denoted as tx and ;.. The third group consists of
plotting parameters, namely the direction vectors e; and e, of the heatmap grid and its
grid step g. On heatmap plots ¢, and e, correspond to the horizontal and vertical axes.
The last group consists of some experiment parameters concerning caveats of numeric
computations: €, reltol, abstol and huge s. All following computational ex-
periments were performed with e = 1E-6, reltol = 1E-12, abstol = 1E-10.

Stable systems. In this subsection results obtained for stable systems, e. g.
whose matrix 4 have spectral radius p(A4) less than 1, will be presented. In this
case systems can stabilize themselves even without any control, so the purpose
of the controller is to make the system stabilize faster.

Stable system with real-valued eigenvalues. Let us begin with the most ob-
vious case demonstrated on Fig. 1. As can be seen from the sysem's structure on
Table 1, dimensions of the state space do not influence each other and can be
controlled separately. So, on the heatmaps of stabilization time the maximum of
required times for both dimensions can be seen. The border on which the stabili-
zation times of each dimension are equal can also be seen on the plots. In this
particular case this lines are straight and form 45° and 135° angles with absciss.
This is because the self-stabilization speeds (defined by eigenvalues of the ma-
trix A) and control impact magnitudes (defined by coefficients of the matrix B)
are equal for both dimensions. In other case this border would be curvilinear.
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It is also worth to notice, that the time loss in this case is always nonexistent
(equal to 0) and therefore the distance loss is always smaller than «.

The horizon length limit smax Was set to 1, so, considering such good results
it would be a waste to use bigger horizon length limit for such a trivial case.

Rotation-shrinking stable system. On heatmaps on Fig. 2 built for a stable system
with complex-valued eigenvalues we can see the same results as for the one with real-
valued eigenvalues. The only difference is the peculiar shape of them. The used
A matrix represents combination of the following two operations: rotation by 45°
counterclockwise and shrinking by a constant. If we use rotation by a degree, which is
not a divisor of 360°, then the heatmap shape will become circular, rather than edged.
We suppose that this edgedness is a consequence of the shape of the set of allowed
control signals defined in (2).

As in the previous example, the system's structure and some other variables
are presented on Table 2.

Distance loss
for limited horizon length

Stabilization time
with unlimited horizon length

90 10,
75 0,
100 - 60 1004 | 10
45 10
- 30 10°'¢
15 10718
0 - 0 0 T T T
-100 0 100 =100 0 100
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length
90 90
75 75
100 60 100 60
45 45

—-100

0

100

30
15

—-100

0 0_"_-_,7 0

0

Fig. 1. Index heatmaps for a stable system with real eigenvalues

30
15

100

Table 1. Computational experiment input values corresponding to heatmaps on Fig. 1

Variable ‘ Value Variable ‘ Value
System Plotting parameters
099 0
A el 0
0 0.99 1
1 0
B ( J e [1 ]
01 0
p(A4) 0.99 grid step (g) 1.0
Constraints
Umax ‘ 1.0 ‘ Smax ‘ 1
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Stabilization time Distance loss
with unlimited horizon length for limited horizon length

1.0
0.8
0.6
0.4
0.2
0.0

—20 0 20 —20 0 20
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length

—20 0 20

Fig. 2. Index heatmaps for a rotation-shrinking stable system

Table 2. Computational experiment input values corresponding to heatmaps on Fig. 2

Variable ‘ Value Variable ‘ Value
System Plotting parameters

4 0.7036 —0.7036 0
0.7036 0.7036 ¢ 1

B 1 0 1
01 @ 0

p(A4) ~0.995 grid step (g) 1.0

Constraints
Umax 1.0 Smax 1

Uncontrollable stable linear system. It is also interesting to see what hap-
pens if we can't control two different components of the state space separately.
If these components correspond to two different real-valued eigenvalues, as in
the system defined in Table 3, it is obvious that the system becomes uncontrol-
lable. Nevertheless, on Fig. 3 we can see, that if the uncontrollable system is
stable, then trying to control such system is not completely useless, because
depending the initial state we still can make the stabilization process a bit faster.
And for some particular initial states, whose set depends on structure of the ma-
trix B, we can make it stabilize significantly faster. But we had to use a system
with significantly smaller p(4) for this example to make stabilization time small
enough to be able to compute it in reasonable time.
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Stabilization time
with unlimited horizon length
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Stabilization time
with limited horizon length
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Fig. 3. Index heatmaps for uncontrollable stable linear system

Table 3. Computational experiment input values corresponding to heatmaps on Fig. 3

Variable ‘ Value Variable ‘ Value

System Plotting parameters
4 05 0 0
0 05 “ 1
B 1 0 1
01 @ 0

p(A4) 0.5 grid step (g) 0.25

Constraints

Umax 1.0 Smax 1

As in the previous examples, here the control with prediction horizon length equal

to 1 has no drawbacks in comparison with control with unlimited horizon length.

Rotation-shrinking stable system with intertwined control. Significantly different
picture can be seen if wecan influence only one component of the state space
among the two corresponding to the Jordan matrix cell for complex-valued pair
of eigenvalues, as in Fig. 4, Table 4 and Fig. 5, Table 5. When we limit horizon
length, the control synthesis algorithm becomes greedy by its nature,
consequences of which can be clearly seen on the stabilization time and distance

loss plots on Fig. 4 and Fig. 5.
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Stabilization time Distance loss
with unlimited horizon length for limited horizon length
40 120 1.0
F ‘ 105 0.8
90 :
2(5) 0.6
20 45 0.4
30
15 0.2
0 0 0.0
-25 0 25 -25 0 25
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length
_ > 40 _ 120
40 7/ N 35 40 105
: —_— 1l F 30 — 90
= i G
207 — 15 45
) - 10 30
o 5 15
0 T T T 0 0
-25 0 25 -25 0 25

Fig. 4. Index heatmaps for rotation-shrinking stable system with intertwined control
and smax = 1

Table 4. Computational experiment input values corresponding to heatmaps on
Fig. 4 and Fig. 6

Variable ‘ Value Variable ‘ Value
System Plotting parameters
0.7036 -0.7036 0
A el

0.7036 0.7036 1
B 1 0 1
01 @ 0

p(A) ~0.995 grid step (g) 0.25

Constraints

Umax 1.0 Smax 1

In this example matrix B does not allow to influence both components. This
makes it similar to the previous example on Fig. 3, Table 3, where matrix B does
not allow to control both components separately, because in both cases we can
"push" the system only along one single direction, which intertwines control of
two different state-space components. While it is so, the A4 is effectively a rota-
tion-shrinking matrix. That is why influences on one of the components conse-
quentially influence dynamics of both of them. In other words, the system does
not become uncontrollable, like in the previous example. Instead, this peculiarity
lets the greediness of the algorithm manifest.
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Stabilization time Distance loss
with unlimited horizon length for limited horizon length

1.0
' ‘ 0.8
0.6

0.4
0.2
0.0

—25 0 25 -25 0 25
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length

120
, 4 ' ‘ 129
90

-25 0 25

Fig. 5. Index heatmaps for rotation-shrinking stable system with intertwined control
and Smax=2

Table 5. Computational experiment input values corresponding to heatmaps on Fig. 5

Variable ‘ Value Variable ‘ Value

System Plotting parameters

[0.7036 —0.7036] [O]

A el

0.7036 0.7036 1
B ! e !
0 0

p(A) ~0.995 grid step (g) 0.25

Constraints

e 1.0 St | 2

Even though there are visible losses from horizon length limiting, it is clear-
ly seen that they are limited and do not worsen indefinitely for initial states fur-
ther from zero, as we can see on Fig. 4 and Fig. 5. In addition, the time loss im-
proves greatly when we increase horizon length limit from 1 to 2: its maximum
drops from 39 to 2. At the same time, the distance loss does not improve with
horizon length increase. We also tested other horizon lengths up to 8, but both
loss indices did not improve further.

It is also interesting, that if we expand this heatmaps to another half-plane,
we will see that both loss heatmaps have a shape of double spiral, which we can
see on Fig. 6.

Rotation-shrinking stable system in sheared space. Until now we have seen
systems with canonical blocks used as matrix 4. But, as it was already
mentioned, the controller becomes greedy when the prediction horizon is
limited. Thus, linear transformation of the state-space in form (5-6) can distract
it into choosing not the best intermediate aims.
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X'y =Px, k € Z Q)

X'p41 = PAP™!

x'y +PBuy, k € Z (6)

To demonstrate this effect we transformed the state-space for the system de-
scribed in Table 2 with shearing matrix (7) and repeated the experiment. Full
specification of it, as always, can be seen in Table 6.

r~[o 1) o

As we can see on Fig. 7, after this transformation the duration loss is not
limited, but instead it grows along certain directions, unlike what we see in the
example on Fig. 2, Table 2.

Stable system with one real-valued eigenvalue and two generalized eigenvectors.
The most interesting results we have when the matrix A is defective, as in example on
Fig. 8, Table 7. On the heatmap for stabilization time with unlimited horizon length we
can clearly see that initial positive values of the component corresponding to e; (which
is the ordinary eigenvector of the matrix 4) compensate for initial negative values of
the other component corresponding to e (which is the generalized eigenvector of rank
2 of the matrix 4). Considering that the heatmaps are point-symmetric, we can also say,
that negative values of the former also compensate for positive values of the latter.

40 [T
307 " A Fas
04 L 30
10 1 = 25
0 % 20
-10 - 15
=20 . A 10
04 s
-40 o

T T
—40 =30 -20 -10 0 10 20 30 40

Fig. 6. Stabilization time loss for rotation-shrinking stable system with inter-
twined control and smax =1, both half-planes
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Stabilization time
with unlimited horizon length

—20 0

20

Stabilization time loss
for limited horizon length

Fig. 7. Index heatmaps for rotation-shrinking stable system in sheared space

20

-20

Distance loss
for limited horizon length

0 20

Stabilization time
with limited horizon length

0 20

Table 6. Computational experiment input values corresponding to heatmaps on Fig. 7
Variable Value Variable Value
System Plotting parameters
2.1108 -3.5180 0
A el
0.7036 —-0.7036 1
1 2 1
B e
[o 1 j (OJ
p(A) ~0.9950 grid step (2) 1.0
Constraints
Umax 1.0 ‘ Smax ‘ 1

Other significant difference is that, unlike in previous examples, the greediness of
the algorithm for limited horizon lengths has significant impact, even though we can
directly influence both components of the state-space. Even more, the losses are not
limited - they increase indefinitely the further the initial state is from certain "free-fall
trajectory”, which is clearly visible on the corresponding heatmap, and along which
the time loss is zero. Also, the stabilization time (either with or without horizon length

limiting) grows the slowest along the same trajectory.
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Stabilization time Distance loss
with unlimited horizon length for limited horizon length
20 140 29
120 150
100 125
0 80 100
60 75
_ 40 50
20 20 25
0 I T 1 0
0 50 100 0 50 100
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length
140 140
120 120
100 100
80 0 80
60 60
40 40
20 20 20
I T 0 I T 1 0
0 50 100 0 50 100

Fig. 8. Index heatmaps for stable system with defective matrix 4

Table 7. Computational experiment input values corresponding to heatmaps on Fig. 8

Variable ‘ Value Variable ‘ Value

System Plotting parameters

! {8.99 :).99J “ C)j
: 3 - b

p(A) 0.99 grid step (g) 0.25

Constraints

toman 1.0 Sman | 1

This heatmaps are built for s,,.« = 1, but the dynamics looks the same for its
bigger values, even though the losses' growth becomes somewhat slower.

It is important to note, that in this example we can influence both compo-
nents of the state-space separately, but this does not help much, like in some
previous examples, even though the system is controllable.

Unstable systems. In this subsection unstable systems, e. g. whose matrix A4
has spectral radius p(4) bigger than 1, will be discussed. In this case systems can
not stabilize themselves.

Moreover, if they are left by themselves without any control, the slightest dis-
turbance can make initially equal to zero system's state trend to infinity. This makes
stabilizing control even more important for unstable systems, than for stable ones.

It is well-known, that if the control resources are limited (for example, as in (2)),
then for an unstable system there are initial states, for which this system can not be
stabilized, e. g. the stabilizing control sequence does not exist. Thus, it is expected that a
certain border surface in state-space exist, inside of which stabilization is still possible,
while outside of which it is not. These our expectations were corroborated with our
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Stabilization time

with unlimited horizon length

Distance loss
for limited horizon length

100 109
¢ 185
3{ 0 1 4
9 10°
b 2 1
I T T 0 -10 I T T <107°
0 50 100 0 50 100
Stabilization time loss Stabilization time
for limited horizon length with limited horizon length
100 100
i 1
0 51 O 21
9 9
_ 2 o 2
-10 - - 0 -10 - 0

0

Fig. 9. Index heatmaps for unstable system with defective matrix A

50

1
100

(=)

Table 8. Computational experiment input values corresponding to heatmaps on Fig. 9

Variable ‘ Value Variable Value

System Plotting parameters
4 1.1 1 1
0 1l “ 0
B 1 0
0 @ 1

p(A4) 1.05 grid step (g) 0.25

Constraints

Umax 1.0 Smax 1

experiment results. The unstable systems demonstrate the same dynamics as equivalent
stable ones, except the aforementioned border that can be clearly seen on plots.

When we talk about the border surface, it is natural to imagine it being bounded
when projected on those state-space components, which correspond to unstable Jordan
matrix's cells. According to results of our computational experiments, this intuition is
indeed true, but only for systems with non-defective matrix 4. If this matrix is defec-
tive, then the "free-fall trajectory" similar to ones for stable systems with defective
matrix A also exist. But, unlike in stable system, it does not continue indefinitely,
which can be clearly seen on Fig. 9, Table 8.

It is also worth noticing that the stabilization time with unlimited horizon
length near the boundary starts to increase so abruptly, that with the chosen grid
step this growth was captured only by some of its cells near the border, even
though not reaching the huge s, which in this particular case was set to 130.
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ANALYSIS OF RESULTS

As there is inexhaustible variety of possible linear discrete-time systems which
can be defined in form (1-2), we limited the examples shown in the Experiment
Result section to those displaying some prominent characteristics of the stabili-
zation process. And now let us discuss our findings.

One of expected and rather obvious effects which was confirmed in this re-
search is that stabilization time improves with increase of the prediction horizon
limit if the objective function optimizes distance of the future system's state at
the end of the horizon, as it was described in (3). The question was in what cases
and to what degree it can be limited without significant losses, and how can the
controller be modified to alleviate this losses.

As it was demonstrated in the examples from the Experiment Results section,
for some systems losses do not grow indefinitely for initial states further from zero.
In these cases a certain rather small horizon length limit can be safely assigned. At
the same time, there are examples where this is not the case, and thus we need to
consider the area in which initial states of the system are likely to occur. The most
noticeable among them are the examples with defective matrix A4 .

A valuable finding upon which we have stumbled is that a particular sys-
tem's representation (among equivalent ones) has significant impact on effi-
ciency of generated controls under limited prediction horizon. This leads us
to a conclusion, that we should transform the system's representation (1)
in some way, as it was described in equations (5-6), to get the most efficient
controller and to minimize required computational resources at the same time.

As it was demonstrated in our experiments, in some trivial cases the predic-
tion horizon can be limited to impressive one or two steps. Thus, it is tempting
to just transform the matrix A into the real-valued modification of the Jordan
normal form and transform matrix B accordingly. But the shape of possible con-
troller's impacts on the system's state (the Bu, part in (1)), which originates from
values of matrix B and constraints (2), may (and in many cases — will) make it
more optimal to sacrifice stabilization speed of some state's components to
speed-up it for others in long term. So, even in this simplified representation the
controller with limited prediction horizon may not catch the most fast stabiliza-
tion trajectory. That is why it is still not obvious which transformation of the
state-space would be the most efficient for a particular system.

For the same reason we can't neglect the structure of matrix B and decom-
pose the system into independent subsystems by transforming matrix 4 into
block-diagonal form and using each block as a subsystem's matrix 4 — this way
we would reduce the aforementioned set of possible controller's impacts on the
system's state, and thus we would not be able to use its full potential.

The other possible approach is to construct a different objective function, which
does not blindly optimize the distance of predicted future system's state at some point
of time. It leads us to a question, what the most efficient objective function looks like.

In this research we obtained an instrument to see the very limits of possible
improvement of time required for stabilization process. Even though the most
simplistic variant of controller was used, it still produces the most optimal stabi-
lizing control sequence possible if we setthe prediction horizon to appropriate
length and have required computational resources to compute it. It gave us an
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opportunity to see how exactly the minimum possible stabilization time change
depending on initial system's state. It is valuable to see the limits of what is pos-
sible so that we will not waste time trying to do the impossible. It also gave us
valuable hints about how to improve stabilization time while not allocating ri-
diculously big amount of computational resources.

From our observations in the Experiment Results section it becomes obvious,
that the most efficient objective function is the one which optimizes the time which
will be required to stabilize the system from next intermediate state. And this time is
actually plotted on the "Stabilization time with unlimited horizon length" plots
throughout the Experiment Results section. As we can see on the plots, this ideal
objective function is not convex in most cases. This complicates controller devel-
opment in various ways. Firstly, with such objective function we no longer can use
convex optimization algorithms. Secondly, we need to somehow represent such
rather intricate function to work with it. It would also be good to have a relatively
fast way to calculate coefficients of this representation from matrices 4 and B, simi-
larly to how we can do it for objective function (3).

Of course, this ideal objective function can be, for example, precomputed for
some set of points in state-space and in order to interpolation, but this way the flexibil-
ity of digital controllers would be lost because this way the system's model no longer
can be fixed on the fly. This is a significant drawback, because in some cases coeffi-
cients of the system drift and so we do need to fix the model used in controller.

Thus, the question about computationally-efficient controller which would
give the best possiblestabilization speed is still open. Thus, we propose to test
new variants of controllers in a way described in this paper to have a
comprehensive picture of their strong points and limitations. Whileexamples in
this paper are, in fact, two-dimensional, this approach can also be extended for
systems with more dimensions. We can build heatmaps for different two-
dimensional slices of state-space, as it was described in the Experiment Design
section. This way we can see more comprehensive picture of stabilization
dynamics, than a single slice can give us. Considering all the uncertainties
mentioned above, it is advised to do so and not to approximate behavior of more
complex systems with behavior of previously explored more simple ones.

CONCLUSIONS

In this paper we proposed a way to appraise and visualize negative effects of
prediction horizon length limiting for particular system, objective function and scheme
of feedback loop used in controller. We also demonstrated stabilization dynamics for
some example systems with distinctive structures in case when the most basic variant
of MPC-based feedback loop is used. These observations gave us some valuable
insights about the stabilization dynamics with MPC-based controller in general.

It was shown that in many cases the losses from horizon length limiting can
grow indefinitely for initial system's states further from zero if the used
objective function optimize norm of predicted future state. Nevertheless, at least
in some cases this growth can be prevented with certain good state- space
transformation. It was also confirmed that for such objective function the losses
decrease with increase of the prediction horizon length limit.

As a side result, we were able to plot minimum required stabilization time for
various example systems, which can be used as the most efficient objective function if

56 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne 1 (203)



Horizon Length Tuning for Model Predictive Control in Linear Multi Input Multi Variable

found. This objective function was shown to have an intricate structure which largely
depends on system's structure and representation. In our case the plots of this objective
function were obtained with excessive amount of computations, so how to efficiently
find and use it in practice remains an open question.

As there is an inexhaustible variety of possible modifications of the MPC-
based feedback loop, it is important to have an instrument to analyze how a
particular variant performs. The proposed method provides a convenient
visualization for this purpose. This way we can compare the already existing
stabilization methods and those to be developed with each other and with the
very limits of possible performance.

This visualization also gives an opportunity to fine-tune a particular sta-
bilization method and to determine amount of computational resources required
for it to achieve required performance.

The proposed visualization also allowed to have a glimpse of how the best
possible stabilization performance would look like. While in this work it required an
amount of computations inadequate for usage in online controllers, we hope that the
obtained results will help in future research in this direction to achieve best possible
stabilization times with reasonable computational resources.
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' [HCTHTYT IPUKIIAJHOTO CHCTEMHOTO aHATTi3Y,

HTYY «KuiBchkuii nonitexHuuHui iHCTUTYT iMeHi Irops Cikopchkoroy
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BUBIP JIOBXXMHW T'OPU3OHTY JIJIs1 KEPYBAHHS1 3A IIPO'HO3HOIO MOJIEJUIIO
Y JIHIMHNX CUCTEMAX 3 BATATBMA 3MIHHUMU TA BXOJAMU

Beryn. € mmpokuii CiekTp cHCTeM, sIKi MOKYTh OyTH OMHKCaHI 5K JIiHIMHI cucTeMu 3 Oararbma
3MIHHHMH Ta BXOJaMH, IO (YHKI[IOHYIOTh y JUCKpeTHOMY d4aci. Ll mMaTemaTHdHa MOIemb
YacTO 3aCTOCOBYETHCS B IHXKEHEDIi, ale TakoK MO)Ke OyTH 3aCTOCOBaHa y 0araThbOX iHIIHMX
chepax. 3aBmanHHs cTabuTI3alil CHCTEM TaKOrO TUITy € JOCHUTH PO3MOBCIOKEHHM. Y CTaTTi
PO3IIAIAETHCS TIXIA 10 KePyBAHHs 3a IIPOrHO3HO MOACIITIO Y PO3B'A3aHHi wi€i 3amaui. Moro
TOJIOBHUIM TMPUHIUI TOJATaE Y TEHEPYBaHHI KEPYIOUMX CHUTHAIB MDIIXOM ONTHMI3aIlii
MaiiOyTHIX CTaHiB, y SIKi mepeie cucTeMa BHACIIIOK IMX KepyBaHb, HA OOMEKEHOMY IpoO-
THO3HOMY TOPHM30HTI. X04a [eH MiXi/] JEMOHCTPY€E HeTOraHi pe3yybTaTh, Ha MPAKTULI 3aBKITH
€ 00OMeXeHHsI B 00YHMCITIOBAIBHUX pecypcax. Uepes 1ie ONTHMI3yBaTH HACHIAKA MailOyTHBOT
MOCITiIOBHOCTI KEPYBaHb € MOXJIMBHM JIMIIIC HA TOPU30HTaX 0OMEXEHOT TOBKUHU. TOMy Bax-
JIUBO PO3YMITH, K II¢ 0OMEKEHHS BIUTMBAE HA SKICTh KEPYBAHHSI.

MeTo10 CTaTTi € 3aIPOIIOHYBATH CIIOCIO OLIHIOBAaHHS HETaTWBHUX BILIMBIB OOMEXECHHS
MIPOTHO3HOTO TOPH30HTY JI0 IIEBHOI JOBXWUHH Ui KOHKPETHOI CHCTEMH, abW MOXHA OyIo
3poOuTH NMOiH(OPMOBaHE pillIeHHS MO0 1€l MAKCUMAaJIbHOT JOBXXHUHH 1 TAKUM YHHOM BHUOU-
patu Al KOHTpoJiepa MiKpOIIPOIecop 3 TIOCTATHBOK OOYHCITIOBAIILHO MOTYKHICTIO.

Metonu. Byo 3a1aHo ekiibKa iHAEKCIB, 110 XapaKTepU3yIOTh Iporec cradimizamii. Tern-
JIOBi KapTH iXHBOI 3aJIeKHOCTI BiJl TOYaTKOBOTO CTAHY CHCTEMH BUKOPHCTOBYIOTBCS SIK 3pydHA
Bizyaiizaiist 3MiH JUHaMIKK cTaOinmi3aiii CHCTEMH y 3aJIeKHOCTI BiJl MOYATKOBOTO CTaHy, a
TaKo)X HEraTWBHUX BIUIMBIB, COPHYMHEHUX OOMEKEHHSIM JOBKHHH IPOTHO3HOTO TOPU30HTY.
Taki TeroBi kapTi OyJi0 MOOYIOBAaHO /IS KUIBKOX BU3HAYHMX MPHUKIIA/IIB CHCTEM 3 PI3HUMHU
CTPYKTYpaMH IUISIXOM BUKOHAHHS BiIOBIJHUX OOYHCITIOBATBHUX EKCIICPHMEHTIB.
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PesyabTaTu. Brpatu Bijg 0OMeXeHHS JOBXKUHHM NPOTHO3HOTO TOPH3OHTY BapilOKOTHCS BiJl
3HAYHHUX JIO TIOBHOI 1X BiZICYTHOCTI Y 3aJIGXKHOCTI BiJl CTPYKTYpH CHCTeMH 1 ii moganss. L{i Brpatu
3MEHIIYIOThCS, SKIIO 30UIBLIINTH MEXY JOBXHHU IPOTHO3HOTO TOpH30HTY. [Ipocrta minboBa
(dyHKIis, 10 MiHIMI3ye HOPMY MailOyTHBOTO CTaHy, a€ HAWKpaIli pe3yJIbTaTH JJIS TaKUX CHC-
TEM, MaTPULIS IPUPOIAHBOTO BITYKY SIKHMX € JiarOHaIi30BHOIO Ha/I MOJIEM KOMILJIEKCHUX YHCeN 1 €
MOJIaHOI0 Yy JiticHourcIoBii XKopmaHosiit ¢opmi. [Hakie pe3ysibTaTi CHIBHO MOTiPITYFOTCS.

BucnoBku. /[uHamika cTadinizaiii CyTTEBO 3aJISKHUTh BiJl CTPYKTYpH cucteMu. ToMy BapTo
Oparu 1e 10 yBaru i OyayBaTd TEIUIOBI KapTy IHIEKCIB BTpaT Ul Npolecy crabumizauii abu Bu-
3HAYUTUCH 3 OOMEKCHHSAM Ha JIOBKHMHY IIPOTHO3HOTO TOPH30HTY. Brasie mpencTaBneHHs CUCTe-
MH MOXe€ 3MEHILNTH Yac cTabirizawii 32 yMoB 0OMeXeHHS Ha JJOBKHHY IPOrHO3HOTO TOPU30HTY.
Takox, (QyHKIIsI HAWMEHIIOro HEOOXiMHOro Yacy cTalOumi3amil Juisl MOYAaTKOBOTO CTaHy MOXKE
PO3MILLIATUCH SIK ieaNbHa IUThOBA (DYHKIS, ajge 3HAXO/KCHHS i€l QyHKIil s KOHKPETHOT
CHCTEMH € IIPOOTEMaTHYHIM.

Knrouoei cnosa: xepysants 3a npocHo3HOI0 MOOeLTI0, cucmema 3 bazamvMa 3MIHHUMU MA
6X00aMu, Meni06a Kapmd, CUHmMe3 Kepy8amHs, OUCKPEemHA Kepoeand cucmemad, NiMilHa
cucmema, pyxomuil 20pu3onn, cmabinizayisi.
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MATHEMATICAL MODEL OF FUNCTIONAL RESPIRATORY SYSTEM
FOR THE INVESTIGATION OF HARMFUL ORGANIC COMPOUNDS
INFLUENGES IN INDUSTRIAL REGIONS

Introduction. The areas around industrial objects, and now in regions of military actions are
characterized by a high content of pollutants. Qualitative spectrum of these pollutants is
extremely broad and contains both inorganic and organic elements and compounds. In
particular, environmental pollution is caused by hydrocarbons with wide range of chemical
structures, the study of which is very important due to their harmful and toxic influences on
living organisms. The methods, currently used in medicine, give only a “thin slice” of current
pathological state of organism, but they cannot predict the long-term consequences of such
lesions. That is why it seems appropriate to use mathematical models that simulate the
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movement of organic compounds in the respiratory and circulatory systems and thus to
predict possible pathologies in organs and tissues caused by hypoxic states that occur when
these organs and tissues are affected.

Purpose of the paper is to create a mathematical model of functional respiratory
system, which simulates the influence of external environment on the parameters of self-
organization of human respiratory system in the dynamics of respiratory cycle; and thus to
predict hypoxic conditions during tissue damage by hydrocarbons.

Results. The mathematical model for respiratory gases transport and mass transfer in
human organism is represented as a system of differential equations, which is a controlled
dynamic system, and the states of which are determined by oxygen and carbon dioxide
stresses in each structural link of the respiratory system (alveoli, blood, and tissues) at each
moment of time. The model is supplemented by the equations of transport of the substances in
each structural link as well as by the mathematical model of organism oxygen regimes
regulation. The model includes seven groups of tissues - brain, heart, liver and
gastrointestinal tissues, kidneys, muscle tissue etc. The algorithm of the work and iterative
procedure of research with application of suggested complex are given.

Conclusion. The proposed mathematical model for studying of the transport of organic
substances in human organism which consists of differential equations of respiratory gases
transport and mass transfer in it, and for the transport of organic compounds is theoretical
only for today. However, in the presence of appropriate array of experimental data, it will be
able to monitor the state of functional respiratory system after the pathogenic organic
compounds inquiry, which may be useful in choosing of strategies and tactics for the
treatment of particular lesion.

Keywords: functional respiratory system, regulation of organism oxygen regimes, harmful
organic substances, hypoxic state, mathematical model of respiratory system, transport of
gases by blood, self-regulation of respiratory system.

INTRODUCTION

In contemporary reality the great attention is attracted to problems of environmental
pollution, and numerus researchers, environmentalists study effects of toxic and
harmful environmental substances influence on living organisms. Industrial polluted
territories are characterized by high content of contaminating substances, the
qualitative spectrum of which is extremely wide, containing both inorganic and
organic elements and compounds. Among such environmental chemical pollutants
there are hydrocarbons (with linear and/or cyclic structures) for example, the
derivatives of phenols with polyamine radicals of different lengths and branches. Such
substances were registered among a wide range of environmentally harmful pollutants
appeared as a result of industrial objects functioning, as well as damages of chemical
plants, contamination of accident sites by fuels and lubricants, consequences of air
crashes, fires at objects of oil and gas industries etc. Numerous works are devoted to
study of these problems [1, 2], but many questions still are unanswered [2].

Numerical facts of environment industrial pollution with hydrocarbons of
wide range of chemical structures were described [1, 2, 3], as well as the facts of
their harmful and toxic effects on living organisms. However, the studies of
mechanisms of such compounds influences on organisms, details of their
physiological effects, results of monitoring of their pressure on organisms over
long time periods are absolutely insufficient because of number of reasons. Such
reasons are: the great diversity of such compounds in pollutant emissions, their
insufficient chemical identification, variability of chemical structures of such
compounds over time as a result of their continued chemical transformation in

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne 1 (203) 61



Aralova N.I., Klyuchko O.M., Mashkin V.1, Mashkina L.V.

the environment, other. The grounding of such substances computer
identification with further studying was already done [4].

The practice of contemporary science demonstrates that usage of
mathematical methods, including the methods of mathematic modeling
permits to overcome such difficulties. Such methods have to be used in cases
when direct experimental study is or impossible, or rather expensive [5]. The
methods existing in medicine for such substances influences studying give
only imagination about current pathological state of organism, which, of
course, is very important for the treatment of specific lesions, but cannot
predict the long-term consequences of such lesions for organism. Therefore,
it is advisable to use mathematical models that allow ones to simulate the
processes, pathways of organic compounds transportation by respiratory
and/or blood circulation systems; and thereby to predict possible pathologies
in organs and tissues. In this research we use mathematical model of
functional respiratory system [6—8], which is supplemented by the equations
of substances transportation in organism [9, 10].

The purpose of the paper is to develop mathematical models to study the
influences of organic pollutants (derivatives of aromatic hydrocarbons) on the
state of functional systems of living organisms.

Problem of environment pollution by harmful and toxic organic
substances in industrial regions. Hydrocarbons are the major component of liquid
and gaseous fuels that cause toxic effects on living organisms. Different types of
fuels (gasoline, kerosene etc.) differ in their content of paraffin, petroleum and aro-
matic hydrocarbons [1, 2, 3]. The wastewater of production areas of airports, other
aviation industry objects contains benzene, petroleum products that occur damaging
effect on organisms of these enterprises service personnel and surrounding
population. For example, an increased risk for the health of population was regis-
tered within the 10 km wide band surrounding the aviation objects [2].
Hydrocarbons are sources of environmental pollution by carcinogens, the most
powerful of which are polycyclic hydrocarbons, as well as aromatic amines, which
are products of functioning and emissions of aviation industry, chemical and
petrochemical industries [3]. Hydrocarbons are also the components of transport
fuels, their quantity is growing in metropolitan areas and, consequently, the risk of
related diseases of population is increased in Ukrainian cities [3].

Oil pollution of sewages is especially noticeable in industrial regions,
however, the molecular mechanisms of action of these hydrocarbons have not
been studied yet [3]. At the same time, it is known that oil and petroleum
products are too harmful for water reservoirs in nature (sea, lakes etc.), their
physiological toxic effects on living organisms are widely known [1, 2, 3]. The
authors tried to investigate effects of such hydrocarbons derivatives, which are
parts of the abovementioned pollutants. Namely, the effects of aromatic
hydrocarbons influence on organism (phenol derivatives with hydrocarbon
radicals of different length and structure) were investigated. In previous works
by Klyuchko O.M. was demonstrated that investigated molecular mechanisms of
such substances action are common to a broad class of such compounds. In
addition, the differences in properties of the action of toxic substances
depending on the length of the polyamine radical were demonstrated [4, 5].
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It should be noted that the most common of coal products are indene-coumar
resins containing chemical compounds with similar structure of molecules. Inden-
coumar resins are products of polymerization of non-organic compounds of xylene
fraction (T = 160° — 180° C): coumarone, indene, styrene and their homologues.
These resins are used to increase the stickiness of the rubber mixtures. There are no
fundamental differences between such compounds - low molecular weight and high
molecular weight polymers [11]. The results obtained by some authors [1-3, 11] can
be used to improve the safety of personnel working in coal mining or processing
enterprises, chemical plants, places of industrial accidents etc.

Mathematical model of respiratory system. Using a systematic approach to
describe the process of mass transfer of respiratory gases in organism, lets imagine the
respiratory system in the form of controlled system in which the mass transfer of
oxygen, carbon dioxide and nitrogen is going, and the controlling system, which
produces certain effects that ensure the normal course of the process of mass transfer
of gases. The mathematical model of controlled part of respiratory system is
represented by a system of ordinary differential equations that describe the dynamics
of oxygen tensions at all stages of its ways in organism.

We represent the mathematical model of the functional respiratory system
in following form.

The block diagram of the model is shown in Fig. 1.

Let’s denote as pO,, pCO,, and pN, partial pressures of oxygen, carbon and
nitrogen respectively in breathing mixture, taking into account that

B=p0O;y + pCOy + pN;, (1)

where B is a value of atmospheric pressure.
Lets suppose that p,; ., j=1,3 are the partial pressures of oxygen, carbon dioxide

and nitrogen in the respiratory tract,and p; , j = 1,3 — in the alveolar space.
Then the equation describing the dynamics of respiratory gases in the
respiratory tract can be represented as:
dp 14
Jrw _ V- =
where the gas number corresponds to the index j — oxygen, carbon dioxide,
nitrogen, V%, — airway volume, /' — lung ventilation.

RV -t . -1
S Ny, during a breathing act (inhalation and expiration )

3)

O,during a breathing pause
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Fig. 1. Block diagram of the model
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d p = . 4
and “Jrw ijW,atVSO @
o Pjpw atV>0 “
JA .
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where T, is the duration of the respiratory act, 7y — the time of its onset, RV — the
respiratory volume. Using the same principles of material balance and flow continuity,
we can write the equation for the dynamics of respiratory gases in the alveolar space:
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- dv;
j-p; V=G =Py . ()

dp;, 1
dr ”lj(VL ~Vew)

where G4 is the flow of gas through the alveolar-capillary membrane, V; is the
lungs’ volume, n; — transfer coefficients. The algebraic analogue of Fick's law
is used for G4

Gy, =kj-n;-S-(pj, —p; ), (7)

where k, n are coefficients of gases permeability through the membrane,
S — is the surface area of mass transfer.

The peculiarities of mass transfer of gases convectively should be taken into
account during obtaining of equations for the transport of respiratory gases by
the blood. Oxygen is transported being dissolved in blood plasma as well as
being chemically coupled to hemoglobin (Hb); carbon dioxide — being
dissolved as well as chemically coupled to hemoglobin and blood buffer bases
(BH), nitrogen — being only dissolved in blood plasma.

Let suppose that p,0, p,CO, p, N, — are the tensions of respiratory
gases in the arterial blood; ’p;Oz p;CO2 p; N, — in mixed venous blood,
(p..0,, p,.CO, p,.N,) _ in pulr’nonary capillary blood; (p, O,,
p.CO,, p,N,) . in tissue capillary blood; and (p, O, Py, co, P, N, )—

in tissue fluid, respectively.

Applying the principles of material balance and continuity of flows, we can
obtain the equation for changes of gases tensions in the blood of pulmonary
capillaries as follows:

dp,.O 1
ch 2 = [al (Q - Qsh )(pa - chOZ) -
dr 0

V, (a, +y- Hb—Te )

achOZ (8)
-y -Hb-(Q-0Q,)n; —n,.)+G,0,]
dpacC02 _ 1 .
dr 0z, 0z,
V(ay+ ¥y -BH—2—+y -Hb(1-n, )—2 — )
(o, + vy &p,.CO, 4 (I-n.) achc02)

{2(Q —Osn NPy COL=pLcCOL+GCOIHQ~Osh )7 BH -BH O (2 2L )+

+(1_77Lc).}/BH .BH.(Q_Qsh).ZT) _ZLC]+

dchNz _ 1
dr V,.a,

(10)

(2, (Q—-0,)p;N, —p,.N,)+G,N,),
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where O, Q. — are volumetric rates of systemic circulation and circulation in

conditions of the lungs bypass; ¢, «, o, — are coefficients of gases solubility in

the blood plasma; Hb, BH — hemoglobin and buffer concentrations in the blood;
V.7 gy — are Giifner constants, and the degree of oxygen saturation is determined
by the ratios (20)~23) relatively to the blood of pulmonary capillaries.

The equations of tensions change for gases and studied chemical
compounds in the blood of arterial vessels were obtained in the same way. It is
necessary to note only that the levels of gases tensions are formed as a result of
quick mixing of their flows, coming from the blood of pulmonary capillaries and
mixed venous blood with the gases in arterial vessels. That is why

dpa O _ 1
dr

[21(Q—Osn) PLcO2 +y-Hb-(Q—Osh)1Lc 1)+

Valay+y-Hb- 14
opa02 (11
1
+a1Q0shpyO2 ]+ an +[y-BH -Osprry —10paO2 —y-BH -q 14 ]
Va(ey +7'Hb7a)
apaOZ

dp,CO, _ 1
dr aZa aZu
Vi, + 7y .BHWij.Hb(l_m)W)
2 2

[02(0-0shpLeCO+ 2051 Py HO~Osh) 7 1 -BH-Opy 21~z +U-npe) g (1)
(A=n¢)-y-Hb-(Q=OQsh)-zLc +A=1v)y-Hb-Ogp. -z —(A=1¢ -y-Hb-Q-z4

Oz Oz
V.(ar+ -BH L & a
clar+yBH paCO> y-Hb( n“)apacoz)

dpaNZ _ 1
dr V.a,

a

(;(Q-0y)p, N, ;-0 -p;N, -0, —a;-0-p,N,) (13)

Here is an equation that characterizes the changes in the tensions of
respiratory gases in the blood of tissue capillaries and tissue fluid of the organ:

dpe;; O 1
AR (@10 (PaO2 = Pet; 02+ 1 Hb-Osy (g ~Tlet;) -G, 02)

" “ (14)
Vet,(e1+y-Hb L)
! ﬁpctiOZ
dp t,COz 1
CC;T - Oz ’ (aZQti (paC02 - pcti COz) +
ot
Vo (ot ymmBH L 050
ct;
’ (15)
BH -Q;. -Hb G;.CO oM ¢t
+7BH -BH Oy Hb-024—Gy; COy) - (@20¢; ~(=n¢t )y b Hb Ve, - )
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dpctl N2 1

dr - ch,ag. (a3Q"'p“N2 _a3pCfiN2 'Qt,- _Gf,-Nz)’ (16)
dp, O 1
et - (G,0,-4,0,)
dr 77t[ (17)
V,(a,+ 7, - Mb )
o, 0,
P.CO:_ 1 G co,+q cO)
i — +
dr Via, "7 RS o
dp,N, G,N,
dr Vt,.% ’ (19)

where

ﬂct, = 1 - 1975 exp(_07052mct, pcti 02 ) + 0975 eXp(_Oﬂlzmcti pct, 02) (20)

m, =025(pH, —74)+1 1)
BH
H, 6 =6l+lg———,
P ¢ a,p,,CO, @2)
pct,- COZ

z, =—————
“ " p. CO, +35 (23)

ap, ay, 0y, a, , 0, , &, aresolubility coefficients of respiratory gases in blood

and tissue fluid,; Q,l_ — volume circulation velocity in the capillary channel of the

tissue reservoir; £, , V,, , ¥, — volume of blood and tissue fluid, respectively.

ct; ?
Tissue blood which partially gave off oxygen and saturated with carbon
dioxide, returns to the lungs through circulation. There tissue blood is enriched
with oxygen, but left the carbon dioxide during each respiratory cycle.
Respiratory gas tension equations for mixed venous blood can be written as:

dpy 0y _ 1
dt

[a1 (tZ Ot; -Pct02-Q-py02)~y-Hb-Q'175 ], 24)

Ve (ay+y-Hb—1
v( 1t7 8p‘702)
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dp;CO 1
p‘;lr t= Oz- [aZ(ZQti _QPEC02)+(Z7BH 'BH'in 2ty T
Vi(ay +ypy - BH ap;CVOZ) ki i
vpr BH - Q- 205) + (X (1 =7cr,) - yiap - Hb- Q- 25 = (1 =175) -y ppy - Hb - Q- z57) + (25)
li
0Ny,
+ Vi Hb Vi, ——
P or
dp-N. 1
P2 (¥ -0, P Mot pN,-0,). (26)
AN

i

System (1)+26) for given v, 0, 0, , describes changes in the partial pressures

and tensions of respiratory gases in the blood and tissue fluids of organism regions and
organs during the respiratory cycle; 77 is the degree of hemoglobin saturation with

oxygen; () — is volumetric rate of systemic and ), — of local blood flows; ¢, O,
— is velocity of oxygen consumption by i-th tissue reservoir; ¢, CO, — is velocity
of carbon dioxide emission in i-th tissue reservoir. Velocities Gt[ O, of oxygen flow
from the blood into the tissue and G, CO, — of the carbon dioxide from the tissue to
the blood are determined by the ratio

th. :DtiS[i(pcti _pt,-)’ (27)

where D, — coefficients of gas permeability through the aerohematic barrier,

S

. 1s area of the surface of gas exchange.

The task of optimal control. The purpose of control [12] is to output the
perturbed system to a steady state mode, where following relations are true:

1G,0,-4,0,[<¢. |G,CO,+q,CO, [<é,, (28)

where, ¢, and &, are sufficiently small positive numbers that were stated in
advance. In this case, the control parameters are in limits:

0<V<V,,.0£0<0,,.0<0,<0.) 0, =0, (29)
i=1

where m — is the number of tissue reservoirs in organism.

In addition, to resolve the conflict situation between the executive organs of
regulation (respiratory muscles, cardiac muscles and smooth muscles of vessels),
being at that time consumers of oxygen, and other tissues and organs, following
relations were suggested
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Qresp.m02 = f(V) qcard.mOZ = (D(Q) qsmaoth.mOZ = l//(Q) . (30)

We consider following functional as a criterion for regulation

T

I= min j (224, (G,0,~4q,0,)* + 9,3 2,(G,CO, +¢,CO,)’ldz, (37

0V <V, -
0=0;<0nax %0 !

where 7, is moment of the start of perturbated influence on the system, 7 is the
duration of this effect, p, and p, — the coefficients characterizing the

sensitivity of individual organism to hypoxia and hypercapnia, A, are

li
coefficients reflecting the morphological features of the individual tissue
reservoir i, [= l,_m

Such control minimizes the total oxygen consumption in organism and in
each tissue region, as well as accumulation of carbon dioxide.

Mathematical model of studied substances transport in organism. Let’s
denote ¢, as concentration of organic substance in respiratory tract (in moles),

and as d , — its dose, then the equation of the dynamics of respiratory gases in

the respiratory tract (1)—(31) should be supplemented by the equations of studied
organic compound concentration [8—10]:

dc v
Srw ~ ~
IR —_ (. —C. 32

fdf, & =1, with inhalationof the drug(V > 0)

EfRW =4 &=0, in theabsenceof inhalationduring a respiratoy break (V>0) (33)

~ '<
chW,atV_O

(34

i CfRWnpuV>0
4 CfAnpuVSO ’

The level p,0,, p,CO,, p,N, as well as ¢, in alveolar space is

formed due to the mixing of the gases and dispersion of studied organic
compounds coming from the airways into the alveoli with those ones that are
present in the alveolar space, and taking into account the flows of gases and
chemical substances through the alveolar-capillary membrane. Then the
equation of the dynamics of respiratory gases in the alveolar space (6) should be
supplemented by the equations
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dc 1 i 14
fa ~ L
=—(, o)WV-G, —c, —
dr VL( 7, (D) " dz') (35)
G, =D;S(p,, ~p;) (36)
G, =D,S(c, —c;), (37)

where D; are coefficients of permeability of gases and studied organic
compound through the alveolar-capillary membrane with the surface area S

It should be noted that respiratory gases are transported by the blood in
different ways: being dissolved in blood plasma and chemically bound to
hemoglobin (Hb) carbon dioxide in dissolved plasma and chemically bound to
bicarbonate compounds (BH); nitrogen is transported in dissolved form only.
We assume that studied organic compound is transported in the blood too.

Using the principles of material balance and continuity of flow it is possible
to obtain the equations of changes in gases tensions and concentrations of
studied organic molecules in the blood of pulmonary capillaries, supplementing
equations (8)—(10) by the equation

dcf[c 1
d—T=V—lc((Q—Qsh)(C,;,,—cﬁc)—GA. (38)

The equations of tensions changes of respiratory gases and studied organic
compound in the blood of arterial vessels can be written in the same way. Only it
should be taken into account that the levels of gases tensions and concentrations of
studied organic compounds can be formed as a result of instantaneous mixing of
streams coming from the blood of pulmonary capillaries and mixed venous blood
with gases and substance in arterial vessel. Then equations (11)—(13) for portions of
arterial blood have to be supplemented by the equation.

dc, 1
d: =70((Q—Qsh)cf,¢, +0,¢, —0c, . (39)

The arterial blood flow branches to the microcirculatory networks of organs
and tissues. The classical mathematical model of mass transfer and mass
exchange of respiratory gases describes the dynamics of tensions of respiratory
gases in m tissue reservoirs among which, as a rule, there are tissues of the
brain, kidneys, liver, gastrointestinal tract, cardiac and skeletal muscles, bone
and fat tissues. The structure of tissue reservoir is described usually as “Krog
cylinder” whose axis is a generalized capillary. Equations (14)—(16) describing
changes in tensions of respiratory gases in the blood washing the tissue, and in
the tissue fluid of the reservoir can be supplemented by following equations of
studied substances’ concentrations for the blood of tissue capillaries:
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dc f

1
ir V. (Q,(c;, —c;, )=Gp) (40)

and for tissue fluid we supplement equations (16)—(18) with the expression

dc /. G

S
— =, 41
dr I/ti 41)
where
G, =D, S, (¢, —c;). (42)

During the development of mathematical model for the transport and mass
exchange of respiratory gases and aromatic derivatives, it was assumed that this
substance does not participate directly in the metabolic processes.

In the venous vessels, the blood from organs and tissues is mixed and
transported to the lungs for oxygen enrichment. Therefore, the equations for
respiratory gases transport in mixed venous blood (24)—(26) are supplemented
by the equation of concentration of the substance

dc

1
=50 0 46,0, —0c)). 43)
v t;

It is assumed that the excretion of organic compounds f from organism is

carried out through the kidneys. The changes in concentrations of this compound
f in the renal tissue are determined by the equation

dc

Ji

apVy - Gfi'i —ayQrey s (44)
where Qf is velocity of the liquid filtration. It was assumed that the value of

volumetric filtration rate was 0, 035 mg / s.
Then the iterative procedure for studying the effect of organic matter on the
human respiratory system can be represented as follows (Fig. 2).
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Fig. 2. Tterative procedure for studying the effect of organic matter on the
human respiratory system

The iterative procedure for applying the proposed software package in this
case will be:

1. An instrumental examination of the patient is carried out. We get data on
lung ventilation, composition of the alveolar and exhaled air, respiratory rate,
blood pressure, heart rate, hemoglobin, blood acidity etc., which are the source
for the model of oxygen regimes of the body (ORB)[8, 13—15].

2. Based on the data of instrumental examination, we calculate indicators
such as minute volume of respiration, minute volume of blood, rate of oxygen
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consumption by the body, profitability, intensity and effectiveness of oxygen
modes of the body, data characterizing the hypoxic state.

3. The data of instrumental examination and part of the data obtained in the
calculation of the oxygen regimes of the body are used as the source for the model of
respiratory gas transport. Thus, individualization of the model is carried out.

4. We simulate the introduction of organic matter into the body of a
particular person on an individualized model [8, 16]. We obtain the values of the
stresses of oxygen and carbon dioxide in the tissues of individual organs, which
allow us to judge the degree of tissue hypoxia and get information about the
state of seven groups of tissues represented in the mathematical model.

CONCLUSIONS

Proposed mathematical model for studying of organic compounds transport in
human organism, consisting from the equations of mass transfer and mass ex-
change of respiratory gases, mathematical model of self-organization of respira-
tion functional system and equations of substances transport in the systems of
respiration and circulation have only theoretical value for today. However, in
case of obtaining of experimental data array, these models will allow to monitor
the state of respiratory system and blood circulation when harmful organic com-
pounds enter the human organism. Presented models will allow the physicians to
optimize the strategy and tactics of medical treatment.
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MATEMATUYHA MOJIEJIb ®YHKIIIOHAJIBHOI CUCTEMU IUXAHHS
JJA JOCIIKEHH S BIUIMBY IIKIJJIMBUX OPI'AHIYHUX CITOJIYK
Y IIPOMUCJIOBUX PETTOHAX

Beryn. Teputopii HaBKOJIO IPOMHUCIIOBHUX 00’ €KTIB, a HATENep i B MICIISIX IPOBE/ICHHsI OOHOBUX il
XapaKTepU3YIOThCS ITiIBUILICHIM BMICTOM CITOTYK-3a0py/IHIOBAYIB, SIKICHHI CITEKTp SIKHX € Ha/[3BU-
YaifHO MIMPOKUM Ta MICTHTb SIK HEOPTaHIuHi, TaK 1 OpraHiuHi eIEMEHTH Ta CIOIYKU. 30KpeMa, Bif-
OyBaeThCsl 3a0pyIHEHHs aTMOC(epH BYTJICBOAHIMH HIMPOKOTO CHEKTPY XIMIUHOI OYyIOBH, JOCII-
JDKCHHS SIKMX € JTy’Ke BKIMBUM BHACIIJIOK iXHBOI TOKCHYHOI /il Ha YKMBI OpraHisMu. MeTo/MKH,
SIKI Hapasi 3aCTOCOBYIOTh B MEJIMIIHHI, IAIOTh JIMIIE NESIKUNA 3pi3 MOTOYHOTO MATOJIONIYHOTO CTaHy
OprasizamMy, IpoTe HE MOXKYTh HPOTHO3YBAaTH JIOBIOTEPMIHOBI HACHIJIKK Takoro ypaxkeHHs. Came
TOMY BUJIAETHCS JOLUIBHUM 3aCTOCYBAaTH MaTeMaTH4HI MOJIEd, SIKi Jal0Th 3MOTY IMITyBaTH IpoLec
TIepecyBaHHsl OPraHivHOl CIIOJYKH CHCTEMOO JIMXaHHS Ta KPOBOOOITY i THM CaMHUM IPOTHO3YBaTH
MOXJIMBI TIATOJIOTIi B OpraHax Ta TKAHWHAX, CIIPHYUHEHI TiMOKCHYHHM CTaHOM, SIKHH BUHHKA€E
BHACJTI/IOK YPKEHHS LIMX OPraHiB Ta TKAHHH.

Merta. [ToOynyBaTn MaTeMaTHYHy MOJENb (PYHKIIOHATBHOT CHCTEMHU AUXaHHS, SKa iMi-
Ty€ BIUIMB 30BHINIHBOTO CEPEIOBHINA HA MapaMeTpH CaMOOPraHizalii CUCTeMH JWXaHHS
JIOMVHU B JWHAMII JTUXaJBHOTO IUKIY i TAKAM YHHOM Ja€ 3MOTY MPOTHO3YBaTH TilIOKCHY-
Hi CTaHU BHACIIIOK YPa)KCHHS TKAHUHU BYTJICBOAHSIMU.

Pe3yabTtaTu. Hajano MaTeMaTHuHy MOJENb TPAHCIOPTY Ta MacoOOMIHY pecipaTop-
HUX ra3iB B OpraHi3Mi JIIOJUHU SIK CUCTeMY Au(EepeHIiHUX PIBHSHB, SKa € KEPOBAHOIO ITU-
HaMIiYHOIO CUCTEMOI0, CTaHH SIKOI BU3HAYAIOTHCS Y KO)KEH MOMEHT Yacy PiBHSAMHU HaIlpys>KeH-
HSl KHCHIO Ta BYTJIEKHCIIOTO Ta3y B KOXKHIH CTPYKTYpHIH JaHI CHCTEMH AWXaHHS (aJbBeo-
nax, KpoBi, TKaHWHAX). MoJelb JIOMOBHEHO PIBHAHHAMH TPAHCIOPTY PEUOBHHHU y KOXKHIM
CTPYKTYPHIH JIaHIII 1 MATEMATHYHOI MOJICIUTIO PETyJIIOBAHHS KHCHEBUX PEKHMIB OpraHi3My.
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YV mozeni nepeabayueHo ciM Ipyl TKaHUH — TKaHUHH MO3KY, cepus, nedinku ta IIKT, au-
POK, M’s130Bi TKaHWHH TOIIO. HaBeneHo anroputM poOOTH Ta iTepauiiHy Npoueaypy JA0CIHi-
JOKSHHS 13 3aCTOCYBaHHSM 3aIlIPOIIOHOBAHOTO KOMILICKCY.

BucHoBKH. 3amporoHOBaHa MaTeMaTH4Ha MOJENb ULl BUBYEHHS TPAHCIIOPTY OPTaHIYHUX
PEYOBHH B OpraHi3Mi JIFOJIMHH, 5IKa CKIAAEThCs 3 MU(EPSHIIHNX PIBHSIHD TPAHCIIOPTY Ta Macoo0-
MIHY pecCITipaTOpHHUX Ta3iB B OpraHi3Mi JIFOJMHH 1 TPaHCIIOPTY OPraHivuHOi CIONYKH, Hapasi Mae
JIAIIE TeOpeTUdHHIT xapaktep. [IpoTe 3a HAasSBHOCTI BIIIIOBIHOTO MAaCHBY EKCHEPHMEHTAIBHUX
JIAHUX BOHA HAJIACTh MOYKIIUBICTh BIICTEXUTH CTaH (DYHKIIIOHATBHOT CHCTEMH JMXaHHS Y pasi MoT-
PAIUIHHS TTATOTCHHUX OPTaHiYHUX CIIOMYK, [0 MOXKE BUSBUTHCS KOPHCHHUM Il BUOODPY CTpaTerii
Ta TAKTHKH JIIKYBaHHS KOHKPETHOTO YPayKSHHS OpraHi3My.

Knrouoei cnosa: pynxyionanvrua cucmema Ouxanus, pe2yio8ants KUCHEGUX PEXCUMIE opea-
HI3MY, WKIONUBI OP2AHIYHI PEYOBUHU, 2INOKCUYHULL CIAH, MAMEMAmMUu4Ha MoOelb cucmemu
OUXAHHA, MPAHCNOPM 24318 KPOB 10, CAMOPEe2YIAYIA CUCEMU OUXAHHSL.
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INFORMATION TECHNOLOGY FOR GLASSIFICATION
OF DONOSOLOGICAL AND PATHOLOGICAL STATES USING
THE ENSEMBLE OF DATA MINING METHODS

Introduction. The digital technologies implementation provides registration of large amounts
of bio-medical data (ECG, EEG, electronic medical records) as a basis for assessing and
predicting the patients” condition. Data Mining methods allow to identify the most informa-
tive indicators and typological groups, to classify the person’ functional state and the pa-
tients " disease stages to predict their changes.

The purpose of the paper is to develop information technology for the classification of
human health states using an set of Data Mining methods and to carry out its validation on
examples of a operators” functional state and patient's disease severity.

Results. The developed IT unites several stages: I — data pre-processing; Il — cluster-
ing, selecting the homogeneous groups (data segmentation), Il — predictors" identification;
1V — classifying the studied states, development of predictive models using machine learning
algorithms (Decision trees, Support vector machines, neural networks) and the method cross-
validation. The proposed IT was used to classify the operators’ functional state and the pa-
tients " severity in case of disease progression.

Conclusions. The IT use to assess the operators’ activity successes made it possible to
identify the most informative HRV indicators, changes in which can predict the operators’
reliability, taking into account the type of vegetative regulation. Assessing the disease activity
of children with dysplasia with IT use made it possible to identify diagnostic markers of CCC
and develop diagnostic rules for determining the stages of the disease by ECG parameters
(T wave symmetry, an integral indicator of the ST T segment shape).

Keywords: information technology, Data Mining, machine learning models, severity of the patient.
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INTRODUCTION

At the current stage of digital medicine development, accompanied by the use of
multifunctional monitoring systems, individual mobile health monitoring de-
vices, there is a problem of interpretation of untreated primary arrays of hetero-
geneous medical data. One approach to solving it is to develop and apply infor-
mation technology using Data Mining methods. The basic definition of Data
Mining is the process of identifying patterns in data arrays (previously unknown)
and using them to predict health states and make decisions [1].

In recent years, more and more researches have been done to improve patients'
health. Multilevel schemes are developed, which use different types and methods of
adaptive learning and combine various sources of clinical information (EHR, labora-
tory data, monitors, medical images). In recent decades, researchers have noted that
the direction of Data Mining application and machine learning methods, namely the
patients’ classification into risk groups to predict treatment outcomes, mortality,
disease stages etc., was formed [2—10]. Analysis of the literature data for 2008-2019
leads to the conclusion that in terms of accuracy and clarity of the results the intel-
lectual analysis methods, which integrate hybrid methods and previous models of
clinical risk stratification, should be prefered [11].

PROBLEM STATEMENT

In the early 2000s, examples of successful use of Data Mining for biomedical
data analysis appeared [2]. The research was mainly aimed at improving the
diagnostic accuracy of the diseases identification by medical databases [3] and at
developing the decision support systems [4] and diferent studies by medical and
biological information [8].

Different types of machine learning methods are used to develop classifica-
tion diagnostic models: logistic regression, decision tree methods, random forest
(RF), support vector machine (SVM) or ensembles of classification models,
genetic algorithms, artificial neural or deep learning networks [4-7].

Among the growing number of works on the application of Data Mining and
machine learning technologies, the trend of the clinical direction of predictive
models, which use new multi-sensory, multi-resource and multiprocessor infor-
mation merging schemes, stands out. The architecture of such systems consists
of hybrid multilevel schemes, combines uncontrolled and controlled teaching
methods and methods of features selection. This approach makes it possible to
identify clinically significant patterns using data of monitoring, clinical meas-
ures, tools and treatment outcomes [9-11].

For almost 30 years, more than twenty classical tools (systems) for assessing
and forecasting the patients’ condition have been developed and updated [12-16].
Among them are severity scores, which quantitatively or qualitatively determine the
severity of the patient's condition and classify him into specific risk group based on
the analysis of deviations of anatomical, physiological, biochemical parameters.
Determining the severity of the condition the decision to hospitalize the patient in
the intensive care unit can be made. For example, in intensive care units in the
United States and the EC use scoring systems to assess the patients’ condition.
These are several scales: Simplified Acute Physiology Score (SAPS II) [14], Acute
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Physiology and Chronic Health Evaluations (APACHE II and III) [15], Mortality
Probability Models (MPM 11-24) [16]. In addition to standardized scales designed
for the general population, a number of specialized scales have been developed to
assess the activity (stages, severity) of individual diseases.

A number of studies on the stratification of patients into risk groups accord-
ing to clinical data and treatment outcomes have demonstrated the superiority of
models developed by Data Mining methods over classical scales [17-19].

Much attention is paid to the choice of informative characteristics for the
analysis of prenosological and pathological human conditions. Many researchers
have determined that the cardiovascular system (CVC) is one of the main indica-
tors of adaptive capacity and responses of the whole organism [20, 21].

One of the most common methods of studying the mechanisms of regulation
of the cardiovascular system is the analysis of heart rate variability, which has
become a reliable and powerful tool for research in cardiology, assessment of
human functional status (FS) [21]. It is proved that the adaptive reactions of the
heart to constantly changing physiological conditions are reflected in changes in
heart rate variability, which provides information about the systemic reactions of
the body during deteriorating health and under the influence of external stress. It
is the CVS functioning level that can determine the boundary between the pre-
nosological state (health) and the disease, as well as affect the disease severity.

Methods of HRV analysis are being actively developed [21-29], the technology
of analysis is being improved, mathematical approaches to the analysis of nonlinear
dynamics of heart rhythm are involved, which has expanded the list of informative
indicators for assessing the human condition. Currently, studies of this condition
(norm and pathology) are carried out using estimates of irregularity and chaotic
rhythm, such as fractal dimension, entropy parameters [27]. The following approaches
are proposed for use: wavelet transform [28], the method of multispectral analysis of
CVC [29], analysis in the phase plane [23, 24]. Thus, one of the common and effective
approaches to detecting changes in human health is to assess the relationship of this
condition with the CVS state, which allows to determine functional changes in physio-
logical systems, identify the boundary between prenosological state (health) and dis-
ease, as well as affect the disease severity.

The purpouse of the paper is to develop information technology for the
classification of human health using sets of Data Mining methods by objective
and expert characteristics.

DEVELOPMENT OF INFORMATION TECHNOLOGY FOR CLASSIFICATION
OF FUNCTIONAL CONDITION AND HEALTH STATE

Large amounts of information, the need for it adequate analysis with the possibility of
further forecasting and planning of appropriate activities necessitate the development
and application of new technologies for assessing the current state of both individual
health and population health of Ukraine on objective and expert indicators.

Note the effectiveness of the use of Data Mining methods to determine the
risk groups according to clinical data, to assign patients to the appropriate group
by health markers with further prediction of its changes and evaluation of the
effectiveness of treatment. We have developed a method for detecting markers
of the cardiovascular system state, which is based on Data Mining models,
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which are based on the analysis of heart rate variability (HRV) [30]. The devel-
opment of the method takes into account the experience of using the constructed
Data Mining models to determine population health clusters that are homogene-
ous in terms of medical and demographic indicators [31].

We have formed an ensemble of Data Mining methods, developed a research
scheme that uses a combination of filtering methods, cluster analysis algorithms
(k-means, EM) and classification (Decision Trees, Neural networks, SVM) using in-
formative ECG features. The application of these methods makes it possible to com-
bine the possibilities of solving specific tasks at the stages of analysis: reducing the
sample size, selecting criteria / markers of the appropriate health level and classifica-
tion of a particular subject / patient to the appropriate group according to his health.

Let consider in more detail an ensemble of used Data Mining methods.

Selection of informative parameters (filtering). The choice of variables
follows from two tasks: 1) to find informative variables strongly connected with
the target feature, 2) to define a small parameters subset, keeping enough infor-
mation on initial indicators.

A peculiarity of the initial data in our study was a large number of indicators —
ECG parameters. The multilevel system of indicators, calculated by automated ECG
analysis, had a total of 240 features. Such a large amount of primary data is characteris-
tic of many tasks in various fields of medical research. The correlation matrix was cal-
culated among the predictors to avoid the problem of multicollinearity. The correlation
coefficient (R > 0,7) is used as criteria for deciding whether variable may be excluded
from the analysis because another input variable contains the same information.

As you know, there are several reasons for the negative impact of a large
number of non-informative parameters on the learning algorithm quality, three
of which are considered basic [32]. One important reason is that as the parame-
ters number increases, more learning objects are needed for reliable classifica-
tion. In addition, with increasing parameters number decreases the statistical
reliability of the algorithm on the control data. The advantage of selecting in-
formative features is the increase in the accuracy of the classification algorithm,
generalization ability, achieving the possibility for the best interpretation of data.

Usually a preliminary selection of parameters is carried out before the start
of machine learning algorithms. Statistical criteria for correlation of each of the
primary features with the target feature and ordering (for example, by the size
and significance of Chi-Square Pearson, F — Fisher) are used. Further selection
of a set (combinations) of informative parameters is performed using classifica-
tion algorithms for greater accuracy [33].

Clustering. One of the effective methods of data processing is their seg-
mentation using cluster analysis methods (unsupervised learning). The clustering
process divides the data set into cluster groups or subclasses [3]. Clustering
(subgroups) allows you to use all available information to build multiple models,
and then make more accurate predictions for the model.

We used two most popular algorithms, namely k-means, EM, which are im-
plemented in the module Data Miner STATISTICA 10 [35, 36].

K-means method. The patients were divided into groups using the general-
ized k—means method. This method makes it possible to distribute observations
(from space Xn) into k clusters according to the following criteria.
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The first criterion for recalculating cluster centers is the minimization of the
objective function (F;) by the sum of the squares of the distances between each
object x; and the center of the cluster u,, to which it belonged at each iteration:

k
F=2 2 - uff - min. (M)

n=1 xeX,

where x; is the set of n observations, # is the number of objects to be divided into
k groups (clusters), p, — cluster centers.

And the second criterion (F2) determines that the distances sum between the
clusters should be as large as possible:

k
F2 = Z ||1le - Iun ||2 _) max. (2)

n,i=1

Additionally, in contrast to the classical method A—means, a cross-check is
performed on N random samples, which allows to minimize the error and to
select the optimal number of clusters. If the error function (average distance
between cluster centers) for a solution £+1 clusters is not 5% better than the
solution for k clusters, then the solution with & clusters will be final (optimal).

Fuzzy clustering algorithm (EM). The expectation-maximization (EM) algo-
rithm assumes that the data correspond to a linear combination of distributions
(normal, lognormal, binomial):

k k
P(x)zzwi'pi(x)azwi=17Wi20’ 3)
i=1 i=1

where k is a number of components in a mixture of distributions P(x), w; — is
weights of components, p;(x) — distribution density of components.

At each step of the iterative process, the expectation parameters are esti-
mated and the likelihood function is calculated until the maximum of logarith-
mic likelihood is reached. The k-fold cross-validation use with the error function
evaluation (loglikelihood) helps to determine the final number of clusters.

One of the accepted methods of estimating the required number of clusters
is the Cluster Validity Indices method [37].

Classification and Regression Trees (CART). Decision trees have become
the most common approach to solving the problem of assessing the patient's
condition [17], to detect ischemia of the heart [38], to classify the stages of heart
disease [39], as well as to identify changes in human functional states [30].

The advantage of the decision tree method is that there are no requirements for
data distribution, their type. This approach facilitates the interpretation of the results,
the model is displayed as a tree, the structure of which is determined by logical rules
(IF — THAT). Its purpose is to predict the target variable based on other features
known as predictors, which makes it possible to detect complex interactions.

We used the CART algorithm, a recursive method that allows us to develop
classification and regression models. According to the CART algorithm, the data
set is distributed across all variables sequentially into segments. The purpose of
sequential segmentation is to obtain uniformity of data on the selected attribute,
reducing uncertainty in the partition node.
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In the CART algorithm for predictor selection and division into two nodes,
the index as a measure of uncertainty (Gini) is used:

Gini(d)=1-Y (B')(P!). @)

i#]

where P; is the probability of classification in node d as i or .

In each node, the reduction of the impurity is maximized.

To summarize the result, the optimal size tree is selected by cutting branches in
combination with the method of estimating the error of cross-checking (algorithms
minimal cost-complexity tree pruning, V-fold cross-validation).

The method of Support Vector Machine is based on vector space model,
which aims to find such a surface distribution between classes, which is the most
remote from all points of the learning set any of the classes. If we denote the
learning data set D = {X, y;}, where X is the vector of the i-point and y; is the
corresponding class label, then the linear classifier has the form:

f(x)= sign(WTX,. +b), %)

where W' is weight vector and b is constant.
The optimization problem is solved, namely, the task of achieving the
maximum gap between the reference points:

%WTW —> min. (6)

For all (X, ;) € D is satisfied when
v (WX, +b)>1. (7)

This method is implemented in STATISTICA Data Mining module, there is
a possibility of transition to a nonlinear model using other core functions.

ANN Neural network is a mathematical apparatus that simulates the work of a
network of brain neurons. The components of the neural network consist of inputs x;,
which are fed to the neurons synapses that are connected by axons in several hidden
layers and the final outputs ;. The neuron state is described by a function

5= 5w, ®)

where n is a number of inputs, w; — weights i — synapse. The output value of
the axon is

Y = f(S), )

where f{S) is the activation function.
When learning the network, the task is to minimize the objective error func-
tion by the method of least squares:
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| & ,
E(W)=EZ(yj—dj) , (10)

where y; is the value of the ;™ output of the neural network, d; — target value of
the /” output, k — is a number of neurons in the output layer.
Classification quality indicators. To evaluate the performance of the pro-
posed model the sensitivity, specificity, accuracy, and F-score are calculated.
The sensitivity is the proportion of positive instances that are correctly classified as
positive. The specificity is the proportion of negative instances that are correctly classi-
fied as negative. The accuracy is the proportion of instances that are correctly classified.

P
Sensitivity (Recall) = ——, 11
o ) TP+ FN (1
.. TP
Precision = ——— (12)
TP+ FP
N
Specificity =——, 13
pecificity FP+TN (13)
.. TP+TN
predicive Accuracy = , (14)
TP+TN+FP+FN
2x Recall x Precision
Fscore = —, (15)
Recall + Precision

where — TP, TN, FP and FN are the numbers of true positives, true negatives,
false positives and false negatives respectively.

For multiclass case, these measures can be obtained from the confusion ma-
trix by comparing numbers of instances for each class in the matrix against in-
stances of all the other classes. F-score, since it combines precision and recall
into a single number evaluating the whole system performance [40].

To solve the tasks for a particular subject of analysis, the formation of an
appropriate ensemble of the considered set of methods was done. The initial data
were indicators of heart rate variability, objective indicators of the studied
physiological systems and expert assessments of the human health state.

The proposed information technology for the classification of functional
states and human health consists of four main stages (Fig. 1).

Stage 1. Data pre-processing. At stage 1, the input data is pre-processed,
checked for completeness, the presence of emissions, type compliance, reformat-
ting. The target feature is determined by the specific task of the analysis: infor-
mation about the response of body systems to external influences, expert data on
the severity of the condition (disease activity) of patients and so on. At this
stage, the number of primary HRV indicators was reduced and the most informa-
tive ones were selected regarding the target feature using filtration methods.
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Fig. 1. Stages of information technology for the classification of functional states and
human health

At this stage, the primary selection methods of informative parameters are
used with statistical correlation criteria (Pearson’s Chi-Square, F), that results in
a reduction in the study volume to further determine the classification groups for
the gradation of studied state changes.

In stage 2 — clustering to form groups, the number and composition of ty-
pological groups were determined by sets of informative indicators. At this
stage, cluster analysis methods (kK —means, EM) are used.

Stage 3. Predictors identification. The transition to step 3 is carried out if there is
a need for analysis of the repeated measurements. That is, when the purpose of the
study is to identify changes in the informative indicators associated with changes in
the factor (e.g., response to exercise). Methods of repeated analysis of variance (Re-
PANOVA) are used, which allows to determine differences in informative indicators
changes in certain subgroups, as well as to provide a statistical assessment of the factor
influence. The result obtained at this stage will be a set of informative features that are
statistically significantly related to the factor.

Stage 4. Classification of the human condition severity. In this stage, infor-
mative indicators set were tested, which are predictors of the CVS state as at-
tributes of the state classification model. This step is performed if the initial data
contains the target attribute (class label) provided by the experts.
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Algorithms CART, ANN, and SVM were used. Comparisons of classifica-
tion features sets selected by different models and general classification accu-
racy of different models were performed. The efficiency indicators of the models
for each class were calculated (sensitivity, specificity, accuracy).

For samples of small number, cross-validation (10 -fold) was used to opti-
mize the complexity of the model. The model was chosen according to two crite-
ria: high enough accuracy and optimal complexity.

Calculated according to the CART algorithm, the decision tree with the op-
timal size allows to formulate classification rules for health of each severity
(logical conditions for the values of a small set of ECG parameters).

If the classification quality is unsatisfactory, it is possible to return to the previous
stages 1, 2, 3 using other selection methods of features subsets (or model parameters).
In the presence of a test sample, the quality of classification models is checked on it.

The end result is the classification rules according to the informative set of
ECG parameters, which determine the patient's condition severity.

During the development, the procedures of the Data Miner module of the
STATISTICA 10 package were used. Note that the Data Mining algorithms are
implanted in the Weka, RapidMiner, SAS Enterprise Miner software and in the
modern design tool Python, R.

STUDY OF FUNCTIONAL STATE AND HUMAN HEALTH WITH
THE USE OF DEVELOPED INFORMATION TECHNOLOGY

The proposed IT is used to solve problems aimed at studying the operators’
functional state (prenozological state) and to classify the patients’ severity in
case of disease progression.

Determination of specific changes in operators’ HRV indicators (pre-
nosological state). Verification of the developed IT was carried out according to
the experimental study of the reliability of operator activity under information
load, which was performed by employees of the Research Institute of Military
Medicine of the Armed Forces of Ukraine [41].

The condition of CVS regulatory mechanisms was studied by ECG recording
(for 2 min) using Cardio Sens AIC (KHAI Medica, Kharkiv). The analysis was per-
formed on the main HRV indicators, which belong to the generally accepted informa-
tive characteristic set of human functional state (statistical characteristics, spectral
analysis, spectral components in the ranges ULF, VLF, LF, HF).

The professionally important qualities of military operators and their reli-
ability of activities were assessed by tests consisted of information-intensive
tasks: the dynamic memorization quality test (DMQ); the test of determining the
speed and accuracy of the reaction to a moving object (RMO); the attention con-
centration and short-term memory test (ACSM). Factors influencing the opera-
tors’ FS were determined according to the training process stages: 1 — rest state;
2 —QDM; 3 — RMO; 4 — ACSM; 5 — recovery state [42].

At the preparatory stage of each test, the individual optimal load level (),
which the operator can still perform without errors, was determined. At the train-
ing stage, the tasks complexity increased by 10 % of the determined individual
optimal level. The percentage of errors made was used as an indicator of the
operator activity reliability at different levels of test task complexity. The tech-
nique of the training cycle is described in detail in the works [41, 42].
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Fig. 2. Graf of means of indicators in two groups (S — sympathonics,
V — vagotonics)

At the IT first stage the complex of the HRV main indicators on groups is
defined:

— statistical characteristics: mode of RR-intervals (MoRR), amplitude mode
(AMo, %), standard deviation of RR-intervals (SDNN), stress index (SI);

— spectral indicators: total spectral power of the TP spectrum (0.003-0.4 Hz),
spectral components in the bands ULF (< 0.015 Hz), VLF (0.015-0.04 Hz),
LF (0.04-0,15 Hz), HF (0.15-0.4 Hz), the activation indices of subcortical centers
VLE/HF, index centralization IC = (VLF + LF)/HF.

At the second stage of IT with the help of cluster analysis the group at rest
state (1) was determined by the vegetative regulation type: 1) predominance of
sympathetic division (S, sympathonics), 2) predominance of parasympathetic
division (V, vagotonics). In fig. 2 standardized average values of indicators for
which clustering was performed are provided. The group of sympathonics (S)
includes 42, vagotonics (V) 28 operators.

Heart rate parameters in groups with different types of vegatative regula-
tion, which differed significantly at rest stage (1), undergo significant changes
during the training cycle, and at the stage of recovery (5) there is no significant
difference between the two typological groups (Fig. 3).

If at the initial stage (1) the spectrum was dominated by components of the
activity of the autonomous control loop (HF, LF), then after performing tests in
both groups there is a redistribution of power spectrum against the background
of decreasing mode of RR-intervals. The power of the high-frequency compo-
nent (HF) decreases, the low-frequency component of the spectrum (VLF) in-
creases, and the LF (first-order slow-wave power) increases, which reflects the
activity of the vasomotor center.

At the same time, it was determined that the test loads of dynamic memory
(DMQ) and rapid response (RMO) cause greater changes in HRV than the acti-
vation of attention concentration and memory (ACSM). Characteristically, after
performing all test loads (step 5), the components of the heart rate spectrum
return to values at rest state (1), except for the spectrum total power (TP) due to
an increase in the LF component in the sympathonics' group.
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Fig. 3. Changes in spectral components at the stages of training (1, 2, 3, 4, 5) in sym-
pathonics and vagotonics: a) mode; b) the RR mode amplitude; c¢) HF - high frequency
component; d) TP — total power; ¢) VLF — power in the region of very low frequencies;
f) (VLF + LF) / HF — centralization index

At the same time, it was determined that the test loads of dynamic memory
(DMQ) and rapid response (RMO) cause greater changes in HRV than the acti-
vation of attention concentration and memory (ACSM). Characteristically, after
performing all test loads (step 5), the components of the heart rate spectrum
return to values at rest state (1), except for the spectrum total power (TP) due to
an increase in the LF component in the sympathonics’ group.

According to the literature, it is known that in the bases of mechanisms of
formation of the low-frequency component (VLF) are stressors that activate the
renin-angiotensin-aldosterone system and increase the catecholamines concen-
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tration in plasma. The VLF component power is associated with the activity of
suprasegmental (hypothalamic) centers of vegetative regulation, which are
transmitted through the sympathetic part of the VNS [21].

Thus, after performing NPS and PPO tests changes in heart rate regulation
occur, namely: acceleration of heart rate (decrease in MoRR), increase in low-
frequency (VLF) and high-frequency (HF) heart rate fluctuations, increase in the
centralization index (influence of the central control loop), indicating the stress-
ful nature of these loads and significant psycho-emotional stress of the operators.

Development of a classification model of disease activity in children
with dysplasia. Connective tissue dysplasia (CTD) is a systemic disease that
arises at an early age, has many manifestations in the cardiovascular system,
musculoskeletal system and other organs. To predict the disease development, it
is important to know the diagnostic criteria that characterize the stages of disease
activity. The purpose of the study is to determine these criteria according to the
system of ECG indicators.

The classification of the severity of the condition of children with CTD was
developed according to the arrays of ECG indicators, as well as indicators of the
severity of the condition of patients determined by expert physicians. The final
indicator of CVS state is the final assessment (FA), which is formed from com-
plex assessments of lower level: health rate regulation, myocardial status and
additional features (quantitative and qualitative assessments of different coding
systems, arrhythmias, risk of sudden cardiac events etc.). Complex indicators are
calculated in points (0-100).

The study was based on data from laboratory and clinical examination of 25
children with CTD manifestations. Disease activity was measured by the Juve-
nile Arthritis Activity Scale (JADAS) [43]. 6-channel ECG recording was per-
formed for 5-20 minutes using a Cardio Plus P device.

Cluster analysis methods (k-means with 10-fold cross-validation) allowed
identifying two typological groups for comprehensive assessments of the CVS
regulation, myocardium condition and its reserves:

- group 1 (16 children) had a low level of complex assessment:
FA,=58.3+8.1;

- group 2 (9 children) - significantly differed by higher complex assessment:
FA,=683+52.(1=68,3+5)2).

The optimal set of CVS state predictors is determined. The set of predictors
consists of the following primary ECG parameters: cardiac arrhythmia (Heart
rhythm disorders), T-wave amplitude (lead II), integrated indicator of the STT
form (lead II), QRS — alpha angle, T-wave symmetry ratio. The error of the
regression model (by CART algorithm) for a set of 5 parameters ECG is 18.8 %,
the correlation coefficient R = 0.88.

Classification models of disease activity stages were developed. CVS FA
predictors were tested as attributes on CART, Neural network, SVM models.
The target variable — disease activity was determined by 3 gradations provided
by experts (1 — the initial stage of activity, 2, 3 — subsequent stages of
inflammation increasing). The quality comparison of 3 models in the training
sample gave such training errors: CART — 0 %, Neural network — 24 %,
SVM — 44%. That is, for a small sample, the best result was for the C&RT
decision tree model — 100% classification accuracy.
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After 10-fold cross-validation of the CART models revealed 4 indicators, which
determine the disease activity with an overall classification accuracy of 88 %.
The most significant attributes of the disease activity model and their contribution to
the CART model (by rank) is shown (Tab. 1).

The optimal classification tree, which was determined after 10-fold cross-
validation is given (Fig.4). It should be noted that the distribution of the training
sample into groups with different activity was unbalanced.

The quality measures of the classification of these disease stages are shown
(Tab.2). The average F-score = 0,94.

The quality measures of the classification of these disease stages. Thus ac-
cording to the optimal model, the CTD stages are classified with high accuracy.

In accordance with the tree splitting conditions, logical rules for the severity classi-
fication of the condition are formulated, in particular the basic classification rules are:

o Low disease activity level D;:

if Ind STT > 49,5 and Ind STT < 84,0 and Amp T(II) <-160,5 then D, =1
if Ind STT > 49,5 and Ind STT < 84,0 and Amp T(II) > -160,5 and
a-QRS <75,5 and SimmT(I) <-0,57 then D; =1

e Middle disease activity level D, =2:

if Ind STT > 49,5 and < 84,0 and Amp T(II) > -160,5 and a-QRS > 75,5
then D2 =2

if Ind STT > 49,5 and Ind STT < 84,0 and Amp T(II) > -160,5 and
a-QRS < 75,5 and SimmT(I) > 0,57 then D, =2

e High disease activity level D3 =3:

if Ind STT <49,5 then D; =3
if Ind STT > 49,5 and Ind STT > 84,0 then D;= 3.

Table 1. Predictor importance for the classification of CTD activity stages

The best predictors Variable importance rank
T - wave symmet ratio (I) 100
Ampl. T (II) 86
Ind. form STT (II) 76
a QRS 68

Table 2. Classification results for CTD activity detection

Disease activity
Measures (%)
1 2 3
Sensitivity 100 81,8 100
Specificity 85,7 100 100
Predictive Accuracy 92 92 100
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Fig. 4. Classification tree of CTD activity

Thus, with the help of the developed information technology the ECG indicators
are determined, the changes of which can be markers of CVS disorders in the case of
inflammatory processes in children diagnosed with juvenile arthritis, rheumatic dis-
ease. Markers of the initial stages of activity were determined by the following ECG
parameters: a-QRS angle, chahge of the the T-wave (I) symmetry ratio.

Changes in the STT form (less than 49,5 or more than 84 points) indicates
increased disease activity.

According to experts, the use of the proposed information technology to de-
termine the CTD activity according the ECG parameters will allow the physician
to identify the initial stages of the process in an outpatient setting. The advantage
of this approach is the possibility of simultaneous assessment of CVS functional
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changes and the disease activity level before the clinical manifestations of the
inflammatory process. The STT shape indicator gives an opportunity to select a
group of children with apropriate changes in the STT segment. Such changes
reflect dysmetabolic, hypoxic changes of the myocardium that accompany the
manifestations of inflammatory processes [44]. At the same time, it is also nec-
essary to take into account changes in the T wave amplitude, changes in the an-
gle alpha angle QRS, the T wave symmetry index.

Prospects for solving the problem of physician" information support. Further
development of a clinical desition support system in disease severity determining will
be aimed at analyzing large arrays of clinical, laboratory and instrumental data in order
to improve the classification accuracy for an extended range of tasks.

CONCLUSIONS

The created information technology, which combines the generalized stages:
data pre-processing to reduce the studied data set, clustering (data segmentation,
likelihood function biulding), predictors’ identification by analysis of Data Min-
ing models and classification of human condition with formation of final charac-
teristics allows to determine pecularities of human functional state change under
external factors influence and severity patients by analysis of heart rate variabil-
ity and expert characteristics.

The combination of Data Mining methods used at different stages of IT
allows solving consistently the necessary tasks: by filtering indicators, the rele-
vant features are determined; the use of clustering provides the homogeneous
groups detection; the decision tree method (CART algorithm) makes it possible
to build a classification rules and high classification accuracy.

Using the developed IT, specific changes in HRV indicators in operators,
which occur under the influence of various types of information loads, are de-
termined taking into account the type of vegetative regulation. Loads of dynamic
memorization and rapid response cause greater changes in HRV than activation
of attention concentration and short-term memory. Thus, the following shifts in
HRYV regulation occur during the performance of these tasks: acceleration of
heart rate (decrease in MoRR), increase of low-frequency (VLF) and high-
frequency (HF) heart rate fluctuations, increase of centralization index (influ-
ence of central regulation loop), which indicates stress loads and significant
psycho-emotional strain in operators. In the recovery state after all test loads,
only in sympathonics, the spectrum total power (due to an increase in the LF
component) does not return to the initial values.

The use of developed models and technologies to classify the patients™ severity al-
lowed to assess the CVS state of children with dysplasia, identify markers of stages of
different disease activity and build diagnostic rules, the use of which make it possible
to predict the disease severity and to adjust treatment tactics.
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MixkHapoaHui HayKOBO-HABYAIBHUHN HEHTP iHpOopMaIiiiHIX
TexHouorii Ta cucteM HAH Vkpainu ra MOH Ykpainu,

mp. Akan. ['mymxkosa, 40, m. Kuis, 03187, Ykpaina

IHOOPMAILIMHA TEXHOJIOT' TS KJTACU®DIKALIIT
JOHO3OJIOTTYHUX TA ITATOJIOT'TYHUX CTAHIB 3J0POB’A
3 BUKOPUCTAHHSIM AHCAMBJIIO METOAIB DATA MINING

Betyn. BnipoapkeHHs IM(POBUX TEXHOJIOTH 3a0e3Meuye peecTpalilo BEeIUKUX 00cAriB 6io-
meanunaux nanux (EKT, EET, enekTpoOHHUX MEAUYHUX 3alKCIB) K OCHOBH JIJIsI OI[iHFOBAHHS
1 IpOrHo3yBaHHA CTaHy marieHTiB. Meroau Data Mining naioTh 3MOry BUSIBUTH HailOiIbII
iH(OPMATUBHI MMOKA3HUKH, THUIIOIOTIYHI TPYITH, KIacu(ikyBaTH QYHKIIHHUN CTaH JTIOJAUHH 1
CTajlil 3aXBOPIOBaHHS JUIS IPOTHO3YBAHHS TXHIX 3MiH.

MeTtorw pobGoTu € po3pobiieHHs iHPOPMAIIITHOT TeXHOOTiT KiIacudikaliii cTany 310po-
B'sl JIFOJIHU 32 JIOTIOMOT'OI0 KOMILIEKCY MeToiB Data Mining 3a 00'€KTUBHHUMHU Ta EKCIEPT-
HUMH XapaKTEPUCTUKAMH.

PesyabTaTu. Po3pobnena inpopmaniiina TexHonoris 00'eqHye Kijbka eramiB: | — mo-
nepeane obpobienHs manux; Il — kmacrepusaiiisi, BUOIp OXHOPIAHUX TPyI (CerMeHTAIlis
nanux); III — inentudikanis npeaukropis; IV — knacudikaris IociHiaXKyBaHUX CTaHiB,
PO3pOOIICHHSI IPOrHO3HUX MOJEJICH 32 JJOIOMOTOI0 alrOPUTMIB MAIIMHHOTO HaBYaHHS (Jie-
peB pimenb (Decision trees, omopHUX BEKTOPHUX MalluH Support vector machine, HelipoH-
HUX MEpeX) Ta METO/AY NepeBipKH HaBYadbHOT BUOipKH (cross-validation). 3ampornoHoBaHy
IT BukopucTano Juist AOCIiKeHHS (DYHKIIHHOTO CTaHy OmnepaTopiB Ta Kiacudikariii TsSHKKOC-
Ti CTaHy TAIi€HTIB y pa3i MporpecyBaHHs 3aXBOPIOBAHHS.

BucnoBku. BukopucranHs iHpOpMaIiiiHOT TEXHOJOTI JJsl OLIHIOBAHHS YCHIIIHOCTI
JISUTBHOCTI ONepaTopiB Jajio MOKIIMBICTh BUIUINTH HalliHpopMaTHBHINI nmokazHuku BPC, 3a
3MiHAMH SIKHX MOJKHa MPOTHO3YBaTH HAJIHHICTH MisJIBHOCTI ONEPaTOPIiB 3 ypaxyBaHHAM
TUILy BereTaTUBHOI peryssnii. OLiHIOBaHHS aKTUBHOCTI 3aXBOPIOBAHHS JiTEH 3 TUCILIA3IELO 3
Bukopuctanusam IT nano 3mory inentudikysaru niarHoctuudi Mapkepu CCC ta po3poOutu
JIarHOCTUYHI MpaBmIIa JUIsl BU3HAYCHHs CTajiil 3aXBoproBaHHs 3a mapamerpamu EKI (cume-
Tpist 3yous T, iHTerpanbHuii nokasuuk popmu cermenra STT).

Knruosi cnosa: inopmayivina mexunonoeis, Data Mining, modeni MawunHo20 Ha84aH-
HA, MAJNCKICMb CIMAHY nayieHma.
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