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ANALYSIS OF THE IMPACT OF RUSSIA’S MILITARY
INVASION OF UKRAINE ON THE ENERGY INDEPENDENCE
OF EUROPEAN COUNTRIES

M. ZGUROVSKY, M. KRAVCHENKO, K. BOIARYNOVA, O. ILYASH,
K. KOPISHYNSKA, I. PYSHNOGRAIEV

Abstract. The article presents an analysis of the problems of energy independence
and energy supply of European countries, given the impact of Russia’s full-scale
military invasion of Ukraine. This analysis is based on the Energy Freedom Index
(lef) developed by the authors, which aggregates sub-indices of energy poten-
tial, energy balance, and energy development. A rating of 142 countries of the world
was formed according to the value of this index and the places of the EU countries
and Ukraine in this rating were determined. Measures aimed at increasing the level
of energy independence of European countries and Ukraine were analyzed. Diversi-
fication of supplies and accelerated transition to clean energy were proposed as the
main measures. European countries have been clustered according to the level of
economic and security losses due to the embargo on Russian energy resources. Four
groups of countries have been identified in terms of their readiness to replace Rus-
sian energy resources and impose embargoes. The dynamics of the indicators of the
energy freedom index and their dependence on Russian imports were analyzed, and
measures to reduce this dependence were proposed.

Keywords: energy independence, energy freedom index, full-scale Russian invasion
of Ukraine, reliance on Russian fossil fuels.

INTRODUCTION

The country’s energy independence is a fundamental component of its sover-
eignty. It determines the self-sufficiency of the state in terms of energy resources,
energy supply, and energy generation. In a narrower sense, energy independence de-
termines the independence of one country from the energy resources of another and
demonstrates the extent to which the economy relies on its imports to meet its
energy needs. The European Union imports 90% of its gas consumption. Until
recently, the share of the Russian Federation in these imports was 45% (Fig. 1).
This is about 140 billion cubic meters of natural gas, of which 15 billion cubic
meters were supplied in liquefied form. Russia also accounted for about 25% of
oil and oil products imports and 45% of coal imports [1].

In 2021, the European Commission developed a program of gradual aban-
donment of Russian gas imports “Fit for 55”. It presented a set of legislative pro-
posals and initiatives to ensure that EU policies are in line with climate goals, but
was rather slow, with a deadline of 2050.

© M. Zgurovsky, M. Kravchenko, K. Boiarynova, O. Ilyash, K. Kopishynska, 1. Pyshnograiev, 2022
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a b
Fig. 1. Structure of imports of major energy sources in the European Union (%), 2021 [1]:
a — natural gas; b — oil and oil products

The full-scale Russian invasion of Ukraine on February 24, 2024, exacer-
bated the problems in the energy market and necessitated an immediate review of
the energy independence of the EU. This article examines the prerequisites for
building such strategies and explores the possibilities of developing energy systems
in Europe, given the significant reduction in dependence on Russian fossil fuels.

ENERGY INDEPENDENCE OF EUROPEAN COUNTRIES:
PREREQUISITES AND PROSPECTS

Measures of the European Union to eliminate dependence
on Russian fossil fuels

This situation shows that the countries of the European Union have been imple-
menting the strategy of energy independence too slowly, probably because they
saw an economic advantage in the use of imported Russian fuel resources. For
each country, the ability to abandon Russian fossil fuels is determined by their
energy systems’ structure and state of development.

In the paper [2] we proposed a method of a quantitative assessment of the
state of energy systems of countries in the form of an integrated index Energy
Freedom Index (lef), which summarizes the characteristics of these systems by
the following groups of indicators (subindices):

1. Subindex of energy potential (lep) — determines the established potential
of the country in terms of access to fuel and energy resources, namely to reserves
of coal, natural gas and crude oil.

2. Subindex of energy balance (Ieb) — reflects the annual balance between
total production and consumption of electricity and heat in the country.

3. Subindex of energy development (led) — demonstrates the ability of the
country’s energy system to develop, increase energy efficiency and increase the
capacity of electricity generation facilities, including from renewable sources.

The integrated Energy Freedom Index is defined as the product of three
subindexes (Table 1):

lef = Iep x Ieb x Ied .

8 ISSN 1681-6048 System Research & Information Technologies, 2022, Ne 2
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Table 1. Characteristics of the components of the Energy Freedom Index (/ef)

Subindex

Characteristic

Calculation

Condition and
meaning

1. Subindex
of energy
potential

(ep)

Determines the
established
potential of the
country in terms
of access to fuel
and energy
resources:
coal, natural
gas and crude
oil reserves

The value of the total indicator of the overall
explored reserves of coal, natural gas and
crude oil, determined per capita.

To determine the total indicator and reconcile
the data, which differ both in units
of measurement and in the range of values
there was used a logistic normalization
of data according to the formula:

(l*x,'j

-1
Coom (x)=(+e b ) +05,

here parameters a and b are calculated as the
mean and standard deviation of the sample of
countries under analysis

Larger subindex
values within the
range
[0,1; 1,51 -
greater potential.
Average value
is 1,0

2. Subindex
of energy
balance
(leb)

Reflects the
annual balance
between total
production and
consumption
of electricity
and heat in
the country

Ratio of annual production and annual energy
consumption (both indicators — in million
metric tons of oil equivalent). The volume of
energy production includes: production and
processing of coal, crude oil and leasing con-
densate, natural gas; electricity generation at
nuclear and hydroelectric power plants;
geothermal electricity generation; production
of solar thermal and photovoltaic electricity
and wind electricity; production of fuel from
wood and biomass waste

Subindex value
> 1,0 — positive
energy balance,
the ability to meet
the energy needs
of the country’s
own production.
Subindex value
<1,0 — negative
energy balance

3. Subindex
of energy
development

(led)

Demonstrates
the ability of
the country’s
energy system
to develop
with the possi-
bility of en-
ergy transition

Chain growth rate of the total installed capacity
of all electricity generation facilities in the
country. The total installed capacity of all
electricity generation facilities consists of:
power of fossil fuel electricity; hydraulic
accumulators; hydroelectric power plants;
nuclear electricity; geothermal electricity;

electricity from biomass and waste; total
electricity from renewable sources without
taking into account hydropower. The value of
the current year’s subindex is defined as

a percentage of the value of the indicator for

the previous year

The value
of the subindex
of the base
year 2000 = 1,0.
Subindex value
> 1,0 — positive
dynamics
of development.
Subindex value
< 1,0 — negative
dynamics
of the decline

Table 2 shows the values of the Energy Freedom Index and its components
for the EU and Ukraine (/ef values for 142 countries are given in [2]). The table
also contains data on the share of energy imports from Russia in the structure of
national consumption

In 2020, there have been significant changes in the EU economy and the
electricity market in particular. Electricity consumption and imports decreased
significantly, and fossil fuel use decreased accordingly. This was due to the slow-
down in economic development due to the coronavirus pandemic and favorable
weather conditions. The development of renewable generation (+80 TWh) and the
increase in net imports (+13 TWh), mainly from Norwegian hydropower plants,
also had a partial impact. In general, the carbon potential of the EU electricity in
2020 decreased by 14% compared to 2019 [3; 4].

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2
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Table 2. Ranking of the EU and Ukraine by the value of the Energy Freedom
Index and the relationship between the index and the share of energy imports
from Russia in the structure of their national consumption [2; 3

—

% § . > | s Index components 2020 o E 3 g £%5 E P _g
£ = = S i Lo |52 cnZlEHEEwS =
= 2 5 S8 125E 252 2fEglsEisEEEg e
o 2 = S = SE2S5 | E2= |E29c8lesgg=323EE*X =g
N B2 252 2CEFPE =502
ol nox| o wn o - o = =
1 Ukraine 0,70 | 0,77 1,07 0,72 1,00 NA NA

2 Bulgaria 0,59 | 0,76 1,00 0,69 1,11 0,40 0,20

3 Poland 0,58 | 0,63 1,05 0,59 1,01 0,37 -0,85

4 Denmark | 0,70 | 0,61 | 0,95 0,98 0,65 0,16 20,65

5 | Czech Republic | 0,55 | 0,59 1,00 0,63 0,94 0,24 -0,43

6 Sweden 0,68 | 0,59 0,94 0,63 1,00 0,08 0,57

7 Latvia 0,180,536 | 0094 0,64 0,93 0,31 20,29

8 Slovenia 0,47 | 0,55 0,97 0,55 1,03 0,10 0,10

9 France 0,48 | 0,54 0,94 0,58 0,99 0,09 -0,10
10 Romania | 0,72 | 0,54 | 0,95 0,72 0,78 0,18 -0,58

11 Finland 0,42 | 0,49 0,94 0,52 1,00 0,45 0,09

12 Croatia 0,36 | 0,43 0,95 0,45 1,00 0,09 -0,08
13 Hungary | 0,35 | 0,42 | 0,99 0,40 1,05 0,54 0,28
14 Slovakia 0,32 | 0,40 0,95 0,41 1,03 0,60 -0,28
15 Germany 0,33 | 0,37 1,01 0,37 0,98 0,28 -0,65
16 Austria 035]032| 0094 0,42 0,82 0,03 0,10

17 Netherlands | 0,39 | 0,32 0,95 0,35 0,95 0,55 -0,58
18 Portugal 0,23 | 0,31 0,94 0,35 0,94 0,05 0,49

19 Ireland 0311028 ]| 0,94 0,26 1,14 0,53 0,94
20 Greece 0,25 | 0,28 0,99 0,32 0,90 0,03 0,30

21 Spain 0,26 | 0,28 0,95 0,28 1,04 0,08 -0,39
2 Belgium | 022 | 026 | 0,94 0,26 1,06 0,29 0.25

23 Italy 0,21 | 0,24 0,94 0,25 1,00 0,25 0,53

24 Lithuania 0,10 | 0,13 0,94 0,13 1,10 0,98 0,13

25 Estonia 0,18 | 0,10 0,94 0,11 1,01 0,16 -0,79

26 Luxembourg | 0,03 | 0,05 0,94 0,05 1,00 0,03 0,36
27 Cyprus 0,04 | 0,05 0,94 0,05 1,03 0,05 -0,41
28 Malta 0,01 | 0,01 0,94 0,01 1,00 0,17 0,03

The Energy Freedom Index of the leaders of the European rating last year
decreased — in Romania by 25%, in Denmark and Sweden — by 13%. Instead, for
countries that have reduced fossil fuel consumption in 2020 — France, Germany,
Belgium, Italy, and others — /ef has grown. The reduction in fossil fuel consump-
tion and demand has also led to lower prices for all types of primary energy re-
sources. Prices for coal, natural gas, and oil have been the lowest in twenty years,
falling to 2000 levels.

In 2021, the EU was hit by an energy crisis. On the one hand, the post-
pandemic economic recovery has increased natural gas consumption — in the EU
as a whole by 4% compared to 2020. In particular, Slovakia increased gas con-
sumption by 25%, Estonia — by 17%, Spain — by 13%, Italy — by 8%, France — by
3%, Germany — by 5% (Fig. 2, a). Only some countries have managed to reduce
natural gas consumption. In particular, the Netherlands reduced gas consumption
by 13%, Sweden — by 31%, Finland — by 23%, Lithuania — by 18% (Fig. 2, b).
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Fig. 2. EU natural gas consumption, 20002021 [7]; a — EU countries that have increased
consumption by the beginning of 2021: / — Germany, 2 — Italy, 3 — France,
4 — Spain, 5 — Slovakia, 6 — Estonia; b — EU countries that have reduced consump-
tion by the beginning of 2021: / — Netherlands, 2 — Finland, 3 — Lithuania, 4 — Sweden

On the other hand, the EU’s own natural gas production decreased even
more — by 13% compared to 2020. Quarterly production became lower than in the
period 2015-2019 [6]. This showed that the reduction in domestic gas production
in the EU is a long-term trend (Fig. 3).
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Fig. 3. EU energy market indicators, 2015-2021 [6]: a — GDP change
year-on-year comparison (%); b — gas consumption in the fourth quarter

of 2021, year-on-year change; ¢ — monthly gas production EU: / — 2015-2019:,
2 — 2020, 3 — 2021; d— monthly imports of natural gas from Russia by supply route:
1 — Ukraine transit, 2 — Nord Stream, 3 — Belarus transit, 4 — Turkish transit

The full-scale Russian invasion of Ukraine at the end of February 2022 sig-
nificantly affected the situation in the European energy market. Prices have risen
unprecedentedly and consumption has fallen (Fig. 4). According to forecast data,
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in 2022 the demand for natural gas is expected to decrease by about 6%, which
will correspond to the level of 2020 [8].
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Fig. 4. EU energy market indicators, 2022 [8]: @« — daily European month-ahead and
Asian spot LNG prices: / — TIF, 2 — Asian spot LNG; b — natural gas consumption
growth in the two latest issues of the Gas Market Report; ¢ — daily natural gas demand:
1—2020/21, 2 —2021/2022; d — natural gas balance, year-on-year change

Energy prices, which began to rise in 2021, jumped sharply — as of March
2022 by an average of 40% compared to December 2021 (Fig. 5).

In early March 2022, the price of natural gas in Europe set a new high and
exceeded USD 3 800 per thousand cubic meters. As a result, the European Com-
mission has presented a preliminary plan to eliminate dependence on Russian fos-
sil fuels by 2030 REPowerEU [12].

Measures of the European Union to eliminate reliance on Russian fossil fuels

The dynamics of the energy independence index of countries such as Hungary,
Germany, Slovakia, Ireland, Spain, etc., indicates the presence of energy poten-
tial, but their energy balance is low and energy development is slow. Lack of ac-
tivities to increase energy independence, post-pandemic economic recovery and
growing dependence on imported fuels have led to an energy crisis in these coun-
tries. Countries that had a high index, on the other hand, have greater opportuni-
ties to reduce their dependence on Russian fossil fuels.

According to the plan, by the end of 2022 it is expected to reduce EU de-
mand for Russian gas by 100 billion cubic meters or two-thirds of the total. The
strategy provides the implementation of two main directions [12]:
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Fig. 5. Coal, natural gas, oil prices, 2000-2022 [9; 10; 11]: a — natural gas prices; b —
oil prices; ¢ — coal prices

The first direction is to diversify supplies and attract more renewable gas
sources. In particular, it is planned to increase LNG imports (compensating for
60 billion cubic meters of gas), double sustainable biomethane production
(compensating for 18 billion cubic meters of gas), increase production and
imports of renewable hydrogen (20 million tons of hydrogen can compensate for
50 billion cubic meters of gas).

The second direction is to accelerate the transition to clean energy. In par-
ticular, it is planned to install photovoltaic panels on the roofs of residential build-
ings and enterprises, to double the speed of installing heat pumps. The commis-
sion also outlined measures to respond to rising energy prices in Europe and
replenish gas supplies next winter. By the end of this year, about 25% of electric-
ity can be generated by solar energy. In general, by the end of 2022 it is expected
to reduce EU demand for Russian gas by 100 billion cubic meters or two-thirds of
the total volume.

According to the REPowerEU plan, the European Commission has launched
technical support for 17 EU member states to phase out Russian fossil fuels. The
technical package of recommendations will allow states (Belgium, Bulgaria,
Czech Republic, Estonia, Ireland, Greece, Spain, Croatia, Italy, Cyprus, Hungary,
Poland, Portugal, Romania, Slovenia, Slovakia and Finland) to identify and im-
plement political reforms and investments in such areas as diversifying energy
supplies, accelerating the transition to renewable energy sources and improving
energy efficiency [12].

A more detailed plan “A 10-Point Plan to Reduce the European Union’s Re-
liance on Russian Natural Gas” was presented in March 2022 by the International
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Energy Agency [13]. In order to ensure security and protect the EU from possible
changes in energy supply, the European Parliament has also adopted regulations
on measures to ensure security of gas supply (Ne2017/1938) and on conditions for
access to natural gas transmission networks (Ne715/2009) [14].

In support of Ukraine and opposition to Russian armed aggression, the lead-
ers of the European Union held an informal meeting in Versailles on March 10—
11, 2022. The Versailles Declaration was signed as a result of the meeting. It also
agreed to stop the import of Russian gas, oil and coal as soon as possible [15].

In general, the updated energy supply strategy of the EU countries envisaged
by the above-mentioned acts is based on two main directions: diversification of
supplies and accelerated transition to clean energy.

In the context of the second direction, the act of “green” taxonomy of the
European Union was adopted, which sets out a number of provisions for changing
the structure of energy supply. In particular, the most effective way to decarbon-
ize the economy is direct electrification of end use. 66% of European electricity
has already been decarbonized, of which 50% — due to nuclear energy [16]. In-
creasing the use of nuclear energy by EU countries is impossible. The planned
construction of 14 new nuclear reactors in Europe, in particular in France, is not
enough to prevent a gradual decline in the total installed capacity of existing reactors,
which are nearing the end of their technical life. The new reactors will keep the
share of nuclear energy in the structure of total energy production at 50% in
2035-2050.

Taking into account the climatic characteristics of the European region it is
also impossible to use renewable energy for a full maximum. However, as an ad-
ditional source, it is planned to increase the use of biomass, wind or solar energy
from 32% to 40% of final energy consumption by 2030.

Thus, the main direction of increasing the level of energy independence of
European countries from Russia is the diversification of gas supplies. With tech-
nical support from the EU, European countries are already taking steps to reduce
or stop gas and oil imports from Russia, but most of the measures are planned for
five years, as their rapid implementation is problematic. There are geographical
difficulties in transporting LNG. Given the different volumes of Russian gas con-
sumption and the different capacity of LNG infrastructure, countries have differ-
ent options for its replacement, as shown in (Fig. 6, 7).

70
60
50
40
30 —j—
20

. III
0 - ...--
> & D

fg@’

Fig. 6. Annual capacity of liquefied natural gas terminals (billion cubic meters per year),
2022 [17]
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Fig. 7. Prospects for increasing LNG imports to EU countries [18]

The Baltic states were the first countries in Europe to completely stop im-
porting Russian gas. From April 1, 2022, Russian natural gas will no longer flow
to Latvia, Estonia and Lithuania. By the end of 2022, the Netherlands plans to
abandon Russian oil, gas and coal.

The most difficult thing is to refuse to import Russian gas to its largest con-
sumers — Germany, Italy and France. However, France has said it is ready to sup-
port an embargo on Russian oil and gas imports. Other countries, including Ger-
many, are not ready to give up supplies from Russia. In case of a full embargo on
imports from Russia, Germany will be able to replace only 20% of gas consumed
by increasing coal combustion. At the same time, the German government has
assured that it will not allow the Nord Stream 2 gas pipeline to start operating.
Austria, which is 80% dependent on Russian natural gas, cannot abandon Russian
natural gas in the nearest future, but the country has completely abandoned Rus-
sian oil [19].

Europe’s efforts to gradually reduce gas imports from Russia are expanding
the geography of supply. Already this year, the EU plans to increase liquefied gas
supplies from the United States and Qatar by 50 billion cubic meters. The EU re-
lies on Caspian producers to supply natural gas, which can supply up to 10 billion
cubic meters for several months. This requires enhanced cooperation with Turkey,
which is becoming a central link in alternative supply routes from Azerbaijan,
Turkmenistan and Israel [20; 21]. Europe is focusing on the development of nu-
clear energy capacity, the generation of energy from renewable sources. New oil
suppliers are being sought.

As of the end of April 2022, the EU’s fifth package of sanctions has decided
to impose an embargo only on Russian coal, which will take effect only in Au-
gust. The European Union is currently developing the sixth package of sanctions
that could affect oil and gas exports. However, some countries, such as Hungary
and Slovakia, are unprepared for a total ban on Russian oil because it threatens
their energy security. They will be given the time until the end of 2023 to enforce
sanctions, one year more than other EU member states. In order to impose an oil
embargo, the consent of the world’s largest exporters is required. The UAE, Saudi
Arabia, Iran, Venezuela, and others should increase oil production by a total of 10
million barrels per day. At the moment, there is the consent of some countries, but
the full consent of all exporters is not yet. Therefore, the European Union admits
that it will not be able to agree on the positions of all countries on the oil embargo.
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Losses of European countries from the embargo on Russian energy resources
and measures to reduce them

Russia’s energy resources have become an important geopolitical factor. Accord-
ing to the Bruegel think tank, the EU pays 450 million and 400 million euros a
day for oil and natural gas imports, respectively. This amount is equivalent to the
estimated cost of 160 Caliber cruise missiles launched in Ukraine. In just two
months of war, the EU has paid Russia more than 40 billion euros for oil and gas.
This money has largely offset the impact of Western sanctions on Russia. The oil
and gas sector brings in up to half of its budget revenues and more than half of its
exports, and it sells 70% of its gas and 60% of its oil and petroleum products to
Europe. In 2021, revenues from oil and gas exports in the federal budget of Rus-
sia amounted to 38,1% of total revenues, and profits — 119 billion dollars [22].

In response to the imposition of sanctions by European countries, on March
31, 2022, the President of Russia signed a decree defining new rules for the sale
of natural gas to “unfriendly countries” from April 1. Countries-buyers should
open special accounts with Gazprombank. The bank will accept payments in for-
eign currency and will convert it into rubles. Most EU and G7 countries have re-
jected this requirement, but about 10 countries, including Hungary and Italy, have
already opened such accounts [23]. Due to the refusal to demand payment in ru-
bles, Russia has already cut off gas supplies to Bulgaria and Poland. These coun-
tries have stated their readiness to stop Russian gas supplies and receive gas
through alternative routes from Greece and Germany. But if a similar situation
occurs with other, more vulnerable countries, it will require a partial revision of
their energy strategy and structure.

All EU countries are taking active measures to replace Russian fuel with en-
ergy from other sources. However, as shown above, the level of their readiness
and the time of replacement are different and are determined by the level of de-
pendence, policies, and capabilities of countries. Different countries will have
different consequences of the embargo on Russian fossil fuels, measured by
losses in the country’s economy and security.

For further research, a pairwise correlation analysis was conducted to deter-
mine the relationship between the Energy Freedom Index, which is a generalized
measure of the country’s ability to embargo, and the share of Russian energy im-
ports in its total consumption, which is a measure of dependence on Russia (Fig. 8).

The correlation coefficient is interpreted as follows:

1. Positive coefficient:

o the growth of the Energy Freedom Index is associated with the growth of
energy imports from Russia;

o the decrease in the Energy Freedom Index is associated with a decrease in
energy imports from Russia.

2. Negative coefficient:

o the growth of the Energy Freedom Index is associated with a decrease in
energy imports from Russia;

o the decrease in the Energy Freedom Index is associated with the growth
of energy imports from Russia.

The density of the relationship between variables in the interval [0; £0,1) —
absent, in the interval [£0,1; £0,3) — low, in the interval [+0,3; £0,5) — medium,
and in the interval [£05; £1] — high.
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Fig. 8. Correlation coefficient and density of the relationship between the Energy Free-
dom Index (/ef) and the share of imports of Russian energy resources in the structure of
their total consumption (/mrf) for the UE countries

Based on the results of the analysis, it is possible to group countries on the
basis of the relationship between their energy freedom and the share of Russian
energy imports as:

e countries with a high and medium density of the inverse relationship be-
tween their energy freedom and the share of imports of Russian energy (Poland,
Estonia, Germany, Denmark, Romania, the Netherlands, the Czech Republic, Cy-
prus and Spain);

e countries with a low level of direct and inverse relationship between their
energy freedom and the share of imports of Russian energy (Latvia, Slovakia,
Hungary, Slovenia, Austria, Belgium, Lithuania);

e countries for which the relationship between their energy freedom and the
share of imports of Russian energy has not been established (Croatia, France,
Malta, Finland);

e countries with a high and medium density of direct relationship between
their energy freedom and the share of imports of Russian energy (Greece, Lux-
embourg, Portugal, Italy, Sweden and Ireland).

Among the established groups of countries, only the first can show that for
these countries, increasing dependence on energy imports from Russia may re-
duce the level of their energy independence and vice versa. The rest of the groups
have either a weak and no correlation between variables, or results that contradict
the hypothesis about the nature of the relationship between the energy freedom of
countries and energy imports from Russia.

Thus, the correlation analysis does not allow to clearly identify patterns of
dependence of countries on energy imports from Russia and to determine which
of them are willing to abandon such imports and take measures to reduce this de-
pendence.

Another approach to grouping countries takes into account the risk of refus-
ing to import energy resources. The grouping of countries in the two-dimensional
field of parameters — Energy Freedom Index (/ef) and the share of imports of Rus-
sian energy resources in the structure of total consumption (/mrf) — provided an
opportunity to distribute countries according to the level of risk. According to the
results of grouping for 2020 data (Fig. 9):
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Fig. 9. The grouping of countries in the two-dimensional field of parameters — Energy
Freedom Index (/ef) and the share of imports of Russian energy resources in the structure
of total consumption (/mrf)

¢ in the high-risk zone (HR) were countries whose index is below average,
and which have more than half of Russian energy resources in the structure of
total consumption: lef < 0,50; Imrf > 0,50 (Greece, Lithuania, Netherlands, Slo-
vakia, Hungary);

o in the medium-risk zone (MR) were countries whose index is below aver-
age, but which have less than half of Russian energy resources in the structure of
total consumption: lef < 0,50; Imrf < 0,50 (Austria, Belgium, Estonia, Ireland,
Spain, Italy, Cyprus, Luxembourg, Malta, Germany, Portugal, Croatia);

e in the low-risk zone (LR) were countries whose index is above average,
and which have less than half of Russian energy resources in the structure of total
consumption: lef > 0,50; Imrf <0,50 (Bulgaria, Denmark, Latvia, Poland, Roma-
nia, Slovenia, France, Czech Republic, Sweden).

Both of the abovementioned approaches to grouping do not take into account
the measures taken by the countries to reduce dependence on energy imports from
Russia (which in this case oppose risky measures), so they cannot be used to
measure final risk and determine their readiness for the embargo. In addition, the
country’s readiness to implement the proposed EU embargo is largely determined by
its political interests. To this end, the countries were analyzed in the context of a
set of measures they took to eliminate Russian dependence and preparedness for
the embargo.

To date (since the countries are in the process of making final decisions),
four groups of countries can be identified (Table 3) according to the degree of
their readiness to replace Russian energy sources and impose an embargo:
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e Group I — countries for which the refusal to import fuel resources from
Russia threatens the greatest losses in the economy, and which need and may re-
ceive a delay in the imposition of embargoes (Hungary, Czech Republic, Slovakia
and Bulgaria);

e Group 2 — countries that are heavily dependent on fuel imports from Rus-
sia, and at the beginning of the sixth package of sanctions have some controversy
over the imposition of the embargo (Netherlands, Austria, Germany, Romania,
France);

e Group 3 — countries that have significant or moderate dependence on im-
ports of fuel imports from Russia, but support the embargo (Lithuania, Belgium,
Italy, Finland, Poland);

e Group 4 — countries that have low dependence on fuel imports from Rus-
sia and support the embargo (Greece, Estonia, Ireland, Spain, Cyprus, Luxem-
bourg, Malta, Portugal, Slovenia, Denmark, Latvia).

Measures envisaged by the strategy of elimination of EU dependence taken
by certain countries (anti-risk measures) can be divided into four categories: di-
versification; use of clean energy; reduction of energy consumption; the increase
of own energy production and (or) construction of own LNG terminals.

Group 1 — Bulgaria (LR), Czech Republic (LR), Slovakia (HR), Hungary
(HR). This group of countries includes both high-risk and low-risk countries,
which have low or not very high dependence on Russian energy imports. As can
be seen from Table 3, all countries in this group have already increased their en-
ergy independence index in 2020 and reduced the share of Russian fuel imports.
The analysis showed that for the countries of this group, the primary measure to
reduce dependence is the diversification of fuel suppliers.

Bulgaria has the highest index and declining dynamics of imports from Rus-
sia, which is already taking measures to diversify — liquefied gas supplies from
the US at lower prices than from Russia, supplies from Azerbaijan, and in the
long run - LNG use through terminals in Greece and Turkey [24]. The Czech Re-
public, with fairly strong reserves of coal, oil and gas, is mainly focused on imports
from Russia. The lack of differentiation policy in the past determines the urgent
need for its implementation. In particular, the Czech company Mero acquired a
stake in Shell’s TAL oil pipeline [25]. In addition, the Czech Republic has a sig-
nificant level of biogas production potential. These countries are quite capable of
overcoming the risk that will arise as a result of the energy embargo from Russia.

Slovakia currently has a sufficient level of gas in its storage facilities to meet
its needs, but it is completely dependent on oil imports from Russia due to the
technological features of refineries. Hungary is heavily dependent on Russian
fuel, especially oil, and has a low level of supply diversification. Receiving Rus-
sian gas in transit through Bulgaria, under the threat of its suspension, the country
needs new sources of supply and changes in energy policy. However, for Hungary
and Slovakia, the search for alternatives to Russian imports is a long one, and
cannot be implemented quickly.

Group 2 — Netherlands (HR), Austria (MR), Germany (MR), Romania
(LR), France (KR). This group includes countries with high, medium and low risk
— those that at the beginning of the sixth package of EU sanctions had contro-
versy over the imposition of embargo. In the countries of this group there is an
inverse relationship between the increase in the level of Energy Freedom Index
and the share of fuel imports from Russia in domestic consumption.
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At the same time, the Energy Freedom Index in 2020 increased only in Ger-
many and France, while in other countries it decreased. In Austria, when the share
of fuel imports from Russia in domestic consumption decreased, the level of the
Energy Freedom Index also decreased. This shows that the country’s energy de-
pendence is moderate. Austria has long had Kazakhstan, Libya and Iran as key oil
suppliers, but high dependence on gas has caused the country to hesitate in decid-
ing on an embargo. Germany, which has a developed industry, needs much more
energy than it produces. The supply of fuel resources is limited by pipelines,
which complicates the diversification process. The country is considering the
supply of liquefied natural gas from Qatar, which will allow the gradual aban-
donment of Russian gas, for this purpose will be used terminals to receive gas
from tankers. The partnership agreed with Qatar includes not only LNG supplies,
but also the development of renewable energy sources, as well as energy effi-
ciency measures [26]. Romania’s measures are aimed at the development of for-
eign economic activity and gas production from the Black Sea shelf. However,
these projects are long. The Netherlands is currently unable to completely cut off
all fossil fuel supplies from Russia, but is refusing to transport it, and the country
is focused on import diversification. To this end, floating regasification plants
(LNG terminal) are being leased for future LNG gas uptake in Emshaven, Gron-
ingen [27]. France receives about 70% of its electricity from nuclear energy. The
country has abandoned its previous government’s policy of reducing the share of
nuclear generation, and this year announced plans to build six new reactors and
consider building eight more. This provides the country with a high level of en-
ergy security. Thus, the countries of this group have the opportunity to replace
imported fossil fuels from Russia, so an embargo is possible. The threat of loss of
energy independence that could occur in the event of further dependence on Rus-
sia can be eliminated (as shown in Table 3).

Group 3 — Lithuania (HR), Belgium (MR), Italy (MR), Finland (MR), Po-
land (LR). This group of countries includes high, medium and low risk countries -
those that have supported or expressed the readiness to impose an embargo. With
the exception of Lithuania, the countries of this group have a low level of depend-
ence on Russian fossil fuels. The defining feature of the countries of this group is
the growth of the Energy Freedom Index and the decline in the share of fuel im-
ports from Russia in domestic consumption, which indicates an intensification of
efforts in these areas. Poland is actively looking for opportunities to diversify
supplies and increase its own production. With an expanded LNG terminal, the
country is stepping up the commissioning of the Baltic Pipeline, which will pro-
vide it with gas connections with Lithuania and Slovakia [28]. Italy is focusing on
diversification and finding new suppliers, and Algeria is currently being considered
as such. In addition, the possibility of building a pipeline to supply gas from Spain
is being discussed. Belgium has a strong nuclear power industry but is an importer
of fuel resources. Although a fairly high proportion of them imported from Rus-
sia, the country has taken steps to diversify its sources of supply, importing oil
from Iran and Saudi Arabia and gas from Qatar, the Netherlands and Norway.
Lithuania’s economy is heavily dependent on Russian fuel imports, but the coun-
try was one of the first to abandon it. Currently, the country is focused on imports
through the LNG terminal in Klaipeda from other suppliers and the development
of green energy. Finland is focusing on new gas import agreements, including an
agreement with Estonia. A characteristic feature of Group 3 countries is the low
level of LNG use.
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Group 4 — Greece (HR), Estonia (MR), Ireland (MR), Spain (MR), Cyprus
(MR), Luxembourg (MR), Malta (MR), Portugal (MR), Slovenia (MR), Denmark
(MR), Latvia (MR). This group of countries includes countries with high, medium
and low risk - those that have low dependence on imports of fuel resources from
Russia and support the embargo, because they risk the least. The level of their
energy independence is determined mainly by other factors. With the exception of
Denmark, Estonia and Ireland, all countries in the group have seen an increase in
the Energy Freedom Index in recent years. Latvia, which transported gas from
Russia, is now relying on the supply of liquefied gas through the Klaipedos Nafta
terminal [29] and is stepping up its green energy policy. Luxembourg has the abil-
ity to quickly give up Russian coal but needs oil and gas. The Slovenian govern-
ment, although it has not given up on Russian fuel, has expressed its readiness to
support EU actions in this direction. The country is now focusing on obtaining
liquefied natural gas from a terminal in Croatia. Estonia had a high level of gas
supplies from Russia, but decided on a strategy of diversification, in particular,
the ports will be set up to receive liquefied natural gas. Spain was still the largest
importer of LNG from the United States — in 2021 its share rose to 65% [6; 8].
Almost all of Ireland’s imports are to the UK, the country focuses on the devel-
opment of renewable energy sources. Countries such as Cyprus, Greece, and
Malta are located in warm natural climates, fossil fuels are used only for indus-
trial purposes. However, the key industry of these countries is shipping, they are
engaged in the transportation of oil by sea, and in the embargo see a certain threat
of loss of traffic [30]. Greece is focused on the construction of new LNG floating
stations. To this end, a project has been launched to build a floating liquefied
natural gas terminal in Alexandroupolis [31]. The terminal is scheduled to be
completed by the end of 2023, which will identify Greece as the center of EU gas
reserves.

Risks and losses of Ukraine’s energy as a result of the military invasion of the
Russian Federation

In 2019, the Energy Freedom Index of Ukraine was 0,70 and ranked 49th out of
142 countries in the overall ranking [2]. Among the EU countries, only Romania
and Denmark were ahead of it.

It should be noted that in 2020 Ukraine’s Energy Freedom Index increased
by 10% to 0,77 and the overall lef and energy potential subindex surpassed all EU
countries, and the energy balance subindex ranked 3rd. The high energy potential
and the general trend of growing energy independence allowed Ukraine to de-
velop an export-oriented energy policy. It had every prospect of becoming a com-
petitive and full-fledged player in the European energy market.

At the same time, Ukraine depends on oil imports by about 83%, 33% on
natural gas imports, and 50% on coal imports [32]. This situation is due to the
lack of incentives for the development of own energy production, significant de-
pletion of explored fields, and constant changes in government regulation on the
rent for hydrocarbon production. Over the past few years, the state has paid more
attention to eliminating dependence on gas imports. Therefore, in 2021, imports
of oil and petroleum products from Belarus to Ukraine exceeded 2,86 billion dol-
lars, and imports of these resources from Russia amounted to about 3,43 billion
dollars [33].
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Even before the beginning of the military aggression on February 24, 2022,
Ukraine was actively implementing measures to reduce energy dependence on
Russia. Such measures have received additional support from other countries.
Thus, Energoatom and all its stations were transferred to the Paris Center of the
World Association of Nuclear Operators (until now, Ukrainian nuclear power
plants were part of the Moscow center WANO). All operating nuclear power
plants are operating stably, despite losses. It was planned to build a storage facil-
ity for spent nuclear fuel. Ukraine has refused to purchase Russian nuclear fuel.
Currently, fuel reserves for WWER-1000 reactors will be enough for two years.
During this period, it is planned to equip one of the Ukrainian enterprises with a
production line for assembling Westinghouse fuel assemblies.

The Ukrainian power system has finally disconnected from the power sys-
tems of Russia and Belarus and joined the European Network of Transmission
System Operators for Electricity (ENTSO-E). Accession provides a bilateral ad-
vantage: on the one hand, it is an opportunity for European business to work in
the energy market of Ukraine, on the other — the development of the European
energy market by domestic companies.

Military action has halted the active development of renewable energy that
has been observed in Ukraine in recent years. Solar energy suffers the most due to
the large area of damaged industrial solar generation facilities. Thus, according to
various estimates, 30—40% of solar power plants in the regions affected by the
Russian invasion were affected (1120—1500 MW of installed capacity). More than
two thirds of all wind power plants have been shut down. 10-15% of the installed
capacity of bioenergy facilities was affected [34].

Gas imports from Europe are uninterrupted, in March 2022 the volume of
imports amounted to 10 million cubic meters per day. Hungary provides the maxi-
mum volume of Ukraine daily imports (about 4,5 million cubic meters per day)
[35]. The GTS operators of Slovakia and Poland also provided additional guaranteed
capacity for gas imports to Ukraine.

Ukraine is also currently undergoing changes in the market for imports of oil
and oil products, where Russia and Belarus used to be key suppliers. The search
for new suppliers and the damage caused by hostilities at the largest domestic re-
fineries, Kremenchuk and Shebelynsky, provoked a shortage in the market and a
significant increase in product prices.

The outlined measures will increase the level of Ukraine’s energy inde-
pendence, as well as ensure full participation in the European electricity mar-
ket in the postwar period. However, repairing the damage will require global
financial support.

CONCLUSIONS

1. Analysis of the energy independence of the European Union, after the
Russian military intervention in Ukraine, showed significant negative conse-
quences. Unflexible and multi-vector energy policy of industrialized EU coun-
tries, and their underutilization of energy potential, including the development of
renewable energy, and low energy balance have led to import dependence on one
energy supplier, and limited opportunities to use their own energy sources. The
consequence of such an imbalance is the economic dependence of countries with
developed economies on the Russian Federation, which has a predominantly raw-
materials-based economy.
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2. For a long time, European countries have been increasing their depend-
ence on Russia’s fuel resources through slow implementation of reforms, differ-
entiation of suppliers, and development of energy infrastructure, considering it
economically feasible to use existing exporters and traditional transit infrastruc-
ture. The energy crisis of 2021 revealed the following problems of Europe’s en-
ergy system:

e limited gas transportation capacity;

e inadequate geographical location or insufficient length of existing gas
pipelines in the EU;

o lack of LNG terminals and seaports in some countries;

o failure of the existing level of developing renewable energy to meet en-
ergy needs.

3. In such circumstances, the implementation of the strategy of energy inde-
pendence of European countries from the Russian Federation should focus on two
basic areas:

o diversification of supplies;

o accelerated transition to the production and use of clean energy.

Studies have shown that both directions have significant limitations and
could lead to a complete abandonment of Russian energy at best in 2030, which
significantly complicates the imposition of a full embargo on energy imports from
this country until 2030.

4. An alternative to a full embargo could be a sharp reduction in energy im-
ports, imposing a 40% tariff on it, which would reduce imports by about 80%.
This will reduce economic losses for the countries, which are most dependent on
Russian energy. The economic effect of changing energy supply strategies for
European countries will depend on the replacement and redistribution of energy
between sectors.

5. The study of the level of energy independence of European countries pro-
vided an opportunity to identify four key groups of countries on this indicator:

o with a high level of energy independence and a low level of risk of its loss;

o with a sufficient level of energy independence and an acceptable level of
risk of its loss;

o with an acceptable level of energy independence and an increased level of
risk of its loss;

o with a low level of energy independence and a high level of risk of losing it.

The analysis showed that in the first and second groups of countries, there
are those who have an increased risk of losing energy independence due to the
embargo on energy from Russia. These risks must be minimized through the in-
troduction and implementation of planned EU measures aimed at diversifying
supplies and accelerating the transition to the production and use of clean energy.

6. Russia’s full-scale military invasion of Ukraine has led to the irreparable
destruction and destabilization of the country’s energy system, which was previ-
ously closely integrated with the respective systems of Russia and Belarus. As a
result of hostilities, the largest domestic refineries, Kremenchuk and Shebelynsky,
were damaged. There were destabilized energy supply chains from Europe, which
led to a significant deficit in the energy market and a significant increase in prod-
uct prices. In response to all the devastating phenomena since February 24, 2022,
Ukraine has joined the ENTSO-E integrated power system of continental Europe,
disconnected from the energy systems of Russia and Belarus, and established
supply chains for oil products from Europe. Despite the fighting and the capture
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of the largest Zaporizhzhya nuclear power plant in Europe by Russian troops,
Ukraine’s energy system has been operating smoothly throughout the Russian
aggression. These measures are gradually increasing the level of Ukraine’s energy
independence and should ensure its full participation in the European market in
the postwar period. However, repairing large-scale damage will require global
political and financial support.
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AHAJII3 BILUIUBY BIMCBKOBOI'O BTOPTHEHHSI POCIi B YKPAIHY

HA EHEPTETUUYHY HE3AJIEXKHICTH KPATH €BPOIIMA / M.3. 3rypoBCBKUH,
M.O. Kpaguenko, K.O. Bosipunosa, O.1. Iisim, K.O. Komnimmuckka, [.O. ITumrHOTpaes

Amnoraunis. [Togano anamiz npo6ieM eHepreTUYHOI He3aJIeKHOCTI Ta eHepronocTa-
YaHHS KpaiH €BpOIY 3 OISy Ha BIUIMB IIOBHOMACIITAOHOTO BOEHHOTO BTOPTHEHHS
Pocii B Ykpainy. HaBenenuii anami3 IpyHTYETBCSI Ha pPO3pOOJIEHOMY aBTOpaMHU
Innekci enepretrunoi HesanexHocTi (Energy Freedom Index — lef), sikuii arperye
CyOiHACKCH €HepPreTUYHOro MOTEeHIiaTy, CHEPreTUUHOro GalaHcy Ta pO3BUTKY CHe-
preruxu. ChopmoBaHo pedTHHT 142 kpaiH CBiTy 3a 3HAYCHHSM BKAa3aHOTO iHICKCY
Ta BU3HAUCHO Micus kpaiH €Bpormeiicbkoro Coro3y i YKpaiHH y HbOMY PEHTHHTY.
IIpoanamizoBaHO 3axOx, CHOpPSAMOBaHI HAa IMIJBUIICHHS pPIBHA EHEPreTHYHOI
HE3aJIeXKHOCTI €BPONEHCHKUX KpaiH Ta YKpaiHu. J[0 TOJOBHHX 3aXOJiB BiIHECEHO:
nuBepcudikaliis MocTayaHb Ta MPUCKOPEHU Mepexis Ha YHCTy eHepreTuky. IIpo-
BEJICHO KJIacTepH3allifo KpaiH €Bponu 3a piBHEM yTpaT B €KOHOMILi Ta Oe3meni
BHACIIIZIOK eM0apro Ha pOCiiichKi eHeproHocii. BuaiieHo 4oThpu rpynu KpaiH 3a
CTyIeHeM iX TOTOBHOCTI ZO 3aMiHM POCIHCHKHX CHEPrOHOCIIB Ta 3alpOBa/KCHHS
embapro. IIpoaHamizoBaHO [OMHAMIKy IIOKa3HHUKIB IHAEKCY CHEPreTHYHOI
HE3aJISKHOCTI, iX 3aJIeKHOCTI Bifl POCIHICEKOTO IMIOPTY Ta 3alpONOHOBAHO 3aXO0IU
JUTSL 3MEHIIEHHS i€l 3a1eXHOCTI.

KurouoBi ciioBa: eHepreTHuHa HE3aJICKHICTD, IHICKC SHEPreTUYHOI HE3aJIeKHOCTI,
noBHOMacIuTabHe BTOprHeHHs Pocii B YkpaiHy, 3aJekKHICTh Bifl pOCIHCHKOr0 BHKO-
[HOTO NaJINBa.
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Abstract. The use of code metrics allows software developers and project managers
to evaluate various features of the software (to be built or already in existence),
predict workload, determine software complexity and reliability, and quantify the
quality of software systems being developed. Articles written in recent years have
proposed various methods for solving this problem. However, there is still no very
effective approach to measuring software complexity. This article provides a brief
overview of existing software complexity metrics and proposes a new hybrid
method for computing software complexity. The proposed hybrid method for
evaluating software complexity combines the key features of the Halsted, Maccabe,
and SLOC metrics and also allows for a more efficient assessment of complexity.

Keywords: software engineering, software complexity, complexity metrics, hybrid
method.

INTRODUCTION

One of the most dynamically developing spheres of modern life is information
technology. Today, people’s lives are organized in such a way that even people
who are far from information technology use them to achieve their goals. The
introduction of automated information systems not only reduces the number of
operations performed by a person, but also creates new problems. As software
grows in size and complexity, the number of bugs increases. Software projects
that at first glance appear to be successful may be stopped due to such errors, or
the code may be rewritten. This leads to a slight increase in budget expenditures.
The world’s leading software companies are working on these problems. Various
standards organizations (ISO/IEC, IEEE) have developed hundreds of standards
covering all stages of software life to improve its quality. Software quality is a
complex and multifaceted concept. After the advent of computers in the defense
industry in the 1970s, metrics began to emerge to evaluate software performance
and quality management.

Software measurement is one of the most important issues in developing
quality software. In the words of Tom DeMarco [1], “you can’t control what you
can’t measure”.

At the moment, a large number of different software metrics have been
developed. Software metrics fall into three categories (Fig.1):

© T.H. Kazimov, T.A. Bayramova, 2022
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e Product metrics are product characteristics such as performance, design,
size, quality level, and complexity.

e Process Metrics. These metrics are used to improve software
development and maintenance processes.

e Project Metrics. These metrics describe the performance and
characteristics of the project.

Among these indicators, software complexity indicators are of particular
importance. In the 10th edition of

Product | gommerville’s book Software Engineering,
metrics .

he noted that one of the most important
) Process tasks in the development of the modern
Software metrics metrics software industry is the management of
_ software complexity [4]. Research shows
Project that when the project size approaches 5

metrics [ . .
million lines, the number of defects begins
Fig. 1. Software metrics to increase dramatically (Fig. 2). This can

be explained by the significant
complication of large-scale projects [5].
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Fig. 2. Dependence of KLOC

Complexity is the degree where it is difficult to verify and understand the
design or application of a system or component. The problem of software
complexity estimation is widely studied in the field of software engineering. The
complexity of the software may vary depending on the choice of algorithm,
design, choice of programming language, writing code. Research shows that
increasing complexity increases the number of bugs in software, which makes it
difficult (in some cases impossible) to maintain and improve programs and makes
it difficult to test certain modules. The legibility of the program code directly
depends on the level of complexity of the program. The relationship between
indicators of software complexity and various attributes of a software system is
shown in Fig. 3.

The importance of program complexity indicators can be illustrated as
follows [7]:

v Difficulty metrics can help people predict and sustain projects.

v Complexity metrics can help estimate the amount of programming and
development costs, and estimate maintenance costs.
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Fig. 3. Software complexity and various attributes of a software

v Difficulty scores can help you choose the most suitable program with the
same functionality. The less complex the programs, the better they are.

v Complexity measures can be used to predict defects or errors [8].

v" By determining the complexity of software systems, the overall workload
and personal contribution of each person working on software modules to the
overall work can be assessed in evaluating the performance of software
developers [9].

RELEATED WORK

Application of program code metrics allows professionals who work on the
project to evaluate various feauters of existing or to be created software, to predict
the scope of work, quantitatively characterize these or other project solutions, to
evaluate quality of prepared systems, complexity and realiability of software
[9-13].

The large amount of data and functionality required in today’s enterprise
systems presents many challenges for software developers. It is difficult to
maintain a balance between software complexity and ease of use, which are
indicators of the quality of software, as the complexity of the software increases
and its use becomes more difficult. To ensure the quality of the software and the
high level of project management, it is necessary to control the complexity and
other related characteristics. Large companies such as SAP and Oracle are
currently losing market share due to the cost and complexity of the software
product [14].

Numerous studies show that complexity leads to an increase in the number
of vulnerabilities in software. Programmers face a number of challenges when
trying to make changes to complex software components. Software developers
should strive for minimal complexity, as increasing complexity creates security
risks that not only damage the business, but also damage its reputation. Violation
of safety measures can also pose a serious threat to human health. Some experts
deliberately complicate the same program so that they do not write it twice. It is
necessary to simplify the management of software security. The authors
substantiate the relationship between security and software complexity (Fig. 4) [15].

Different software development organizations use different metrics to
measure and maintain the quality of software code. In [16, 17], the authors
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conducted comparative analytical studies using Halstead metrics and proved that
software complexity metrics can be used to measure various characteristics. The
authors analyzed the program code written for the same function in the
programming languages Python, C, JavaScript, and Java. The complexity of these
program codes was calculated based on the Halstead scores. Experience has
shown that python is more convenient and simpler, while Java is a modern,
powerful, but complex programming language. They showed that program
performance is important throughout the life of a project, and they concluded that
early calculations have a direct impact on fixing errors and thus saving time and
budget.

QUALITY

i P
& e
& o

DESIGN BEHAVIOUR

Fig. 4. Security and software complexity

In [18], the authors point out that the main reason for software vulnerabilities
is its complexity. Failure to discover software vulnerabilities in a timely manner
can jeopardize confidentiality, completeness, and availability. Studies of 12
programs, differing in characteristics and sizes, have shown that the complexity of
all software components (size, structure, etc.) is important for predicting
vulnerabilities.

In their articles, Shin and William examined code complexity metrics that
can be used to predict software vulnerabilities, and concluded that the more
complex the software code, the more vulnerabilities. Their results showed a
correlation between difficulty scores and vulnerabilities in the Mozilla JavaScript
Engine [19].

In [20], the authors investigated the influence of complexity, coupling and
cohesion on the number of vulnerabilities in a program. Experiments with Mozilla
Firefox have empirically proven that there is a relationship between these parame-
ters and vulnerabilities in the program. Vulnerabilities cannot be discovered in the
early stages of software development. Metrics such as complexity, coupling and
cohesion can be calculated early. Calculating these metrics can help software de-
velopers identify potential vulnerabilities.

In [21], the authors presented a new approach to measuring the quality of
software using fuzzy metrics obtained as a result of software design. This metric
begins with an assessment of the difficulty rating for each class, which is itself
assessed based on the difficulty rating of the class attributes and the difficulty
rating of the class methods. Then, to assess the quality metrics of the fuzzy code,

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2 35



T.H. Kazimov, T.A. Bayramova

they followed a pattern to explain the relationship between class complexity and
LOC for that class, and between method complexity and LOC for that method.

The paper [23] examines the problem of software complexity and its impact
on software errors. Having studied various studies, the authors came to the
conclusion that with the increase in the complexity of the software system, the
threats to its security also increase. While most studies have shown that bugs in
software systems are related to their complexity, some researchers have noted that
the relationship between complexity and the occurrence of bugs is weak [24].

The software development process, including documentation, design,
software, testing, and support, can be measured statistically. Thus, the quality of
the software can be effectively controlled. Software metrics are very important in
software engineering research [25] provides a summary of software metrics and
their types. The authors note that measuring the complexity of software is an
integral part of software performance and affects the price and reliability of
software products.

Software users assume there are no bugs in the program, but software
developers know that it is very difficult, and in some cases impossible, to write
program code without bugs. This complexity is mainly due to the intrinsic
complexity of the program and the problems that arise when developing and
testing the program. In [26], the authors demonstrated the relationship between
the complexity of software and its reliability in each specific case.

In [27], the authors analyzed aspects influencing the complexity of the
program based on various metrics. A large amount of program code to some
extent affects the programmer’s thought process and leads to more errors in the
program. At the same time, if the number of modules and branches in the program
is large, the volume of information exchange is large, and the program is very
complex, this will cause problems for the program testers and reduce the quality
of testing.

Software complexity plays an important role in reducing the effort required
to build and maintain software, and in improving testing efficiency and software
quality. The more complex the solution of the program, the more errors it creates
[28] examines four software metrics, their importance, strengths and weaknesses.
The authors come to the conclusion that each method covers a part and takes into
account a certain group of parameters. Therefore, it is important to use a
combination of these metrics to measure software complexity.

HYBRID SOFTWARE COMPLEXITY CALCULATION METHOD

The hybrid software complexity method presented in this study combines the
advantages of the SLOC, Halstead, Maccab metrics and the module connectivity
metric.

Number of lines of code (LOC). When assessing the complexity of a
software product, three groups of indicators are usually used: indicators that
determine the size of the program, indicators of the complexity of the program
flow, and complexity of the data flow of the program. The first group is more
common because the metrics are simple. The program size traditionally means the
number of source lines of the program (SLOC — Source Lines Of Code) [29].
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Lines of Code (LOC) or Source Lines of Code (SLOC) are used to measure the
size of a program by counting the number of lines in the text of the program’s
source code. LOC measures the amount of code, can be used to compare or
evaluate programs that use the same programming language and are coded using
the same coding standards. Lines of code are completely dependent on the
programming language and may differ during the conversion of the program code
to any other programming language. This indicator cannot be considered effective
in assessing complexity.

Halsted metric. M.H. Halsted was the first researcher to write a
mathematical formulation of software metrics [30]. Table 1 shows the main
Halsted metrics.

Table 1.Halsted metrics

Program dictionary h=h+h,
Program length N=N,+N,
Program scope V=Nlog, h
Program complexity D= (I /2)(Ny/hy)
Implementation effort or program comprehensibility E=DV
Expected number of errors in the program B=FE0,667/3000

The Halsted metric is based on four measurable program characteristics:
hy — the number of unique program operators;

h, — the number of unique software operands;
N; — total number of program operators;
N, — total number of program operands.

McCabes cyclomatic complexity. McCabe proposed this metric in 1976.
McCabe’s cyclomatic complexity metric is one of the most common indicators
for evaluating software complexity. This indicator is calculated based on the
control-flow graph of the program and is an indicator of the complexity of the
control structures.

The formula for calculating cyclomatic complexity is as follows:

C=e—n+2p,

where e — the number of edges of the graph; n — the number of nodes of the
graph; p — the number of connected components.

This method takes into account all kinds of cyclic and conditional operators,
as well as the complexity of their logical predicates. Linear operators are ignored
here. Despite the passage of 45 years, it remains relevant because it more
accurately expresses the complexity of the fundamental structures of software.
The author of the metric notes the high correlation of the metric with errors.
Therefore, the use of this metric to evaluate errors is reasonable and logical.
Cyclomatic complexity allows not only to estimate the labor costs and the cost of
software projects, but also to make the necessary management decisions taking
into account risks [32, 33].
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The program module coupling metric distinguishes between data
communication, data structure, control, common area (global data), content, as
well as external communication, message communication, subclass
communication, time communication, and no communication. The advantages of
these metrics are that they were developed back in the 80s, are well studied, are
often used, and the calculation of values for metrics is automated. These metrics
are intended for structured programming, but can be applied to object-oriented
programming.

A hybrid method for calculating the complexity of a program code. The
proposed method provides an integrated approach to the complexity of the
software system and takes into account the following disavantages of the McCabe
and Halsted metrics and LOC:

e it cannot be argued that a program with the maximum number of lines of
code is more complex, sometimes a small program can be quite complex;

e linear, cyclic, conditional operators in the system of Halsted metrics have
the same complexity, which is not true;

e all cyclic, conditional operators in the McCabe metrics system have the
same complexity, which is not true. It is assumed that the more nested cyclic and
conditional (multiple branching) statements, the more complex the program code
becomes and the greater the likelihood that the programmer can make a logical
error;

e models do not take into account the inter-module structural complexity of
the software, which generates a significant number of defects.

In this method, the main parameters affecting the complexity are the
algorithmic complexity of each program module, the number of standard called
programs ready for use, and the total number of intermodule links.

When solving problems algorithmically, it often becomes necessary to create
a cycle containing another cycle in its body. Such loops are called nested loops.
Sometimes you have to check several conditions in a row. To solve the problem
of redundancy, you can nest conditional statements inside each other. This is
called multiple branching of conditional statements. Nested loops and multiple
branches in the code complicate it. At the same time, the number of interacting
modules and standard software applications available in these modules directly
affects the complexity of the program.

The complexity of the program code can be calculated using the formula
(higher value is considered better):

C=log, E+log,(N—n)+r,

where N — the number of all operators in the program code; » — total number
of conditional and cyclic operators; » — the number of intermodular couplings;
E — parameter depending on the number of cyclic and conditional operators in
the program code. This parameter is calculated using the following formula:

E=Y (i+)m;, (i=0,1,..,n),
i=0
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m;
and cyclic statements of number i are nested. (For example, if there are 2 cyclic
statements in the program code and three nested cyclic statements in each of
them, then i =3, my; =2).

Let’s calculate the complexity of two programs written in C++ (Fig. 5
and 6). First, we received an expert assessment of the complexity of these
programs based on the assessment of 3 experts on a 10-point scale. All experts
rated the algorithm in Fig. 6 as complex, since this algorithm has more nested
cyclic and conditional operators. The calculation results are shown in Table 2.

is the total number of conditional and cyclic operators in which conditional

1 #include<iostream>

2 using namespace std;

3 int main {}

4 {

5 int n=3;

6 int a[n][n];

7 int m=0

8 for {int iI=1; i<=n;i++}

9 for {int j=1; j<=n;j+}H{

10 cin>>a[i1Lil; Qw ~o
11 it GLiL]1=i+))

12 m=m+1;

13 else /FXEEE;7
14 m=m;

15 } . @:1 to N A
16 .

17 1f(m>0)

18 for {int i=1; i<=n;i++}

19 for {int j=1; j<=n;j+} A(iy)=it]
20
21 it @L10O1=1+)) Yes
22 cout<<al[i][}]:
23 else % AUJ);
24 continue;
25 }
26 else
27 cout<<’No such element”; End
28 return 0;
29 }

Fig. 5. Finding complexity of program 1

Table 2. Software complexity metrics

Compl?mty Calculation Program 1 Program 2
metrics
LOC Number of lines of code 27 30
Expert 3 4
assessment
F ingl
MacCabe Of a singfe prograti e=15;n=12 | 6 | e=17,n=13 | 6
C=e—n+2
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Continued Tabl. 2|

Complexity

metrics Calculation Program 1 Program 2
n N=108, \ N?Ol(’)
. > n=5, r=0,
Hybrid £ ,-;o(l +m, n=3,1=0, 19 49| Mo=3 (1=0). |9 53
my=3 (i=0) m=0 (i=1),
C=log, E+logy(N—n)+r m=2 (i=1), my=1 (i=2),
ms=1 (i=3)
1 #include<iostream> <r_1 Start )
2 using namespace std;
3 int main {} 2
4 { rﬁ— N, Z
5 int n;
6 cin>>n;
7 int z[n];
8 for (int i=1; i<=n;i++){
9 cin>>z[i];
10 }
11 if (n>1)
12 for (int i=1; i<=n-1;i++){
13 int v=z[i];
14 int 1=i;
15 for (int j=i+l;<=n;j++)
16 {
17 ifGz1<v)
18 {
19 v=z[jl;
20 1=j
21 {
22 {;
23 it (1==1)
24 continue;
25 else{
26 z[1]=z[i]
27 z[i]=v;
28 3}
29 return O;
30 }

Fig. 6. Finding complexity of program 2

As can be seen from Table 2 according to McCabe, the complexity of pro-
grams is the same, because in this method all conditional and cyclic operators
have the same level of complexity. The hybrid method takes into account the
nesting of cycles, so the result is closer to the expert assessment.

In another example, let’s calculate the complexity of a program code written
for the same function in C++ and Java using the metrics mentioned above (Fig. 7
and 8). Depending on the chosen programming language, the complexity may
increase. Calculating the complexity will help you choose the simpler of the two
programs. The calculation results are shown in Table 3.
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52

Public Class

{

Public static void main
(String[Jargs)

int arr[10]={1,9,0,5,6,7,
8,2,4,3%};
int length = 10;
int result[]=new int (10);
result=QuickSort (arr,O,
length-1);
}

Static int [] QuickSort (int
[1a,int r)

if (1<)

D (1+r)/2);

G
t = a[k];

I >

while (a[i]-less (pilot))
i++
while (pilot._less (a[i]))
-
it (i<=j)
{
int t = a[i];
a[i] = a[il;
afil = t;

s
}
while (i<j)

a=QuickSort{a,i,j};
a=QuickSort{a,i,r}
ks

return a;

} //end of QuickSort

} // end of class QS

QOWO~NOULAWNLPE

e e el
WN PR

14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31

32
33
34
35

36
37
38
39
40
41
42
43
44
45
46
47
48

#include<iostream>
using namespace std;

int mainQ)

{

int A[]={31,9,0,5,6,7,8,2,3,4
intlength = 10;
quickSort(A,0, length-1);

void quicksort(int A[],int
F,int L)
{

int pivotindex;
if (F<L)

Partition(A,F,L,pivotindex;
quicksort(A,F,pivotindex-1);
quicksort(A,pivotindex+1,L);
}

}

void partition(int A[],int F,
int L,int & pivotindex)
{
int piv = A[F];
int lastS1 = F;
int firstUnknown = F+1;
for(FirstUnknown = F+1;++
firstUnknown)
{c
if (A[firstUnknown]<pivot)
{++lastS1;
Swap(A[FfirstUnknown],
A[lastS1]);
}

by
Swap(A[F].A[lastS1]);
pivotindex=lastS1;

}

void Swap(int & x,int & y)
{

int temp = X;

X=y;

Y-temp;
by

Fig. 7. Quick sort implementation code in C++ Fig. 8. Quick sort implementation code in Java
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Table 3. Software complexity of C++ and Java programs

Complf:mty Calculation C++ Java
metrics
LOC Number of lines of code 48 52
MacCabe Fora single program e=28,n=26 | 4 |e=29,1n=25 6
C=e—n+2
N1:142
B * N,=57
Halstead D=(h/2)*(N,/h,) nas  [33.92 39,75
=
l’l2:21
n N=133, n=5
N=142, > 179,
E= (i+Dm, n=3, r=0 r=0, mo=3
Hybrid p mi—t (i=1), | 11| (=0), m=1 10
1— - D . _
. A (i=1), my=1
C=log, E+log,(N—n)+r| m¢=2 (i=0) (-2)
CONCLUSION

Software complexity metrics are one of the key aspects of software process
management. Complexity makes software difficult to understand, which creates
problems when maintaining a software system and adding new functions to it. In
the articles of recent years, various methods of solving this problem have been
proposed. Numerous studies in the field of software complexity metrics suggest
that there is no universal metric for assessing the complexity of any program
code. The use of any metric, hybrid metric, or multiple metrics depends on the
specific problem. This article proposes a new hybrid method for calculating the
complexity of software, the effectiveness of which is substantiated by
experiments. The proposed metric makes it possible to clarify (due to additional
indicators) the complexity of software modules of a large class separately from
the known metrics. Based on the above, it is concluded that software metrics are
important at the stages of the project life cycle and, with early application of
program metrics, help to largely overcome the presence of errors and, thus, save
time and money.
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PO3POBJIEHHA TIBPUJHOI'O METOAY OBYUCJIIEHHS CKJIAJHOCTI
IPOI'PAMHOI'O 3ABE3IIEYEHHS / T.I'. KazimoB, T.A. baiipamoBa

AHoTamisi. 3aCTOCyBaHHS MOKA3HUKIB MPOIPAMHOTO KOy JO3BOJISIE PO3POOHUKAM
nporpaMHoro 3abe3rnedeHHs i KepiBHUKAaM MPOEKTIB OLIHIOBATH Pi3HI GyHKLIT mpo-
rpaMHOTO 3a0e3neueHHs, aKke Oyne CTBOpEHO a0 BXKe iCHYy€, MPOTHO3YBaTH podoye
HABaHTA)KCHHS, BU3HAYATH CKIIQJHICTh 1 HAIIHHICTh MPOTPaMHOTO 3a0e3MeYCHHS 1
HaJaBaTH KUTBKICHI XapaKTEPUCTUKH SIKOCTI PO3pOOJIIOBAHUX MPOTPaMHUX CHCTEM.
VY mpamsx oCTaHHIX POKiB MPOMOHYIOTHCS Pi3HI METOAU BUPIMICHHS L€l MpoOIeMH.
VYTiM noci HeMae e(eKTUBHOTO IiIXOY X0 BUMIPIOBAHHS CKJIQJHOCTI MPOrPaMHOTO
3abe3neuenHs. [logaHo cTHCINIT OIS iICHYFOUMX METPHK CKIIAJHOCTI HPOrPaMHOro
3a0e3medeHHs. 3alpoOHOBAaHO HOBHI TiOpUIHMHA METOX OOYMCICHHS CKIAJHOCTI
HpOrpaMHOTO 3a0e3NeueH s, SKUi 00’ €Hy€ KITI0YOBI XapaKTePUCTHKU METPUK X0-
ncrena, Makka6i i SLOC, a Takox 103BoJIsI€ OiIbIl e()EKTHBHO OIIHIOBATH CKJIAJ-
HICTB.

KiouoBi ciioBa: mporpamHa iHkeHepis, CKJIQAHICTh MPOTPaMHOTO 3a0e3MeUYCHHS,
METPUKH CKJIAQIHOCTI, TiIOpUIHAN METOI.
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Abstract. The article presents a comparative analysis of the effectiveness of using
parallelism of varying granularity degrees in modern multicore computer systems
using the most popular programming languages and libraries (such as C#, Java,
C++, and OpenMP). Based on the performed comparison, the possibilities of in-
creasing the efficiency of computations in multicore computer systems by using
combinations of medium- and fine-grained parallelism were also investigated. The
results demonstrate the high potential efficiency of fine-grained parallelism when
organizing intensive parallel computations. Based on these results, it can be argued
that, in comparison with more traditional parallelization methods that use medium-
grain parallelism, the use of separately fine-grained parallelism can reduce the com-
putation time of a large mathematical problem by an average of 4%. The use of
combined parallelism can reduce the computation time of such a problem to 5,5%.
This reduction in execution time can be significant when performing very large
computations.

Keywords: multicore computer system, core, thread, tasks, parallelism, granularity,
fork-join, speedup coefficient, fine-grained parallelism, nested parallelism, com-
bined parallelism.

INTRODUCTION

Classical von Neumann architecture is not designed for parallel computing; all
commands execute in one sequence strictly one after another. Each such individ-
ual sequence that operates on the machine at the current time is a process. ISO
9000:2000 [1] defines a process as a set of interconnected and interacting actions
that convert input data into output. A computer program in itself is only a passive
sequence of instructions, while a process is the direct execution of those instruc-
tions.

The concept of process is inextricably linked with the concept of thread. The
execution thread is the smallest unit of processing, the execution of which can be
assigned by the operating system kernel [2]. Implementation of execution threads
and processes in different operating systems differs from each other, but in most
cases, the execution thread is within the process. Multiple threads can exist within
the same process and share resources such as memory, while processes do not
share these resources. In particular, the execution thread hare process instructions
(its code) and its context (the values of the variables they have at any given time).

Thus, in the framework of von Neumann or single-core architecture, paral-
lelism is usually realized by time multiplexing: the processor switches between
different threads. This context switching is called pseudo-parallelism and usually

© V. Martell, A. Korochkin, O. Rusanova, 2022
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occurs often for the user to perceive the execution of threads or tasks as simulta-
neous [3]. In such systems, there are effective time schedulers in standby mode
(blocked) [4]. Scheduling is based on the principle of priorities, for example, in
most cases, some user input has a higher priority than some computations, so if
the central processor unit (CPU) receives an input signal, a priority interrupt oc-
curs and the CPU processes its, which allows the user to control most of process,
such as urgently terminate some of them.

However, in the present stage, this approach no longer ensures compliance
with the requirements for computer systems. And with the emergence of multi-
core and multiprocessor architecture, the question arose of the organization of real
parallelism, when at the point of time each individual core or processor performs
its own thread. In multiprocessor and multi-core systems, threads or tasks can run
simultaneously, with each processor or core processing a separate thread at the
same time. The operating systems of such computers are much more complex and
voluminous because, for such architectures to function effectively, their compo-
nents must also exchange data (communicate and synchronize), and do so in a
timely, fast, and with minimal computational downtime. Planners of such operat-
ing systems plan the distribution of captures by the thread of cores both in time
and space [4]. So, even parallel threads are not all the same. In addition to the
level of their priority, you can enter another measure for them — quantitative, one
that is based on the volume of the basic unit in the program.

PROBLEM ANALYSIS AND TASK STATEMENT

Each individual elementary parallel computation in modern multi-core computer
systems (MCS) can be represented as a granule. Depending on how many such
elementary calculations (parallel within the system, but consecutive within one
thread) each thread contains, and how many communications (i.e. interruptions of
parallelism) were conducted between such threads, we can introduce the concept
of “granularity”.

Granularity is a measure of the ratio of the number of calculations performed
in a parallel problem to the number of communications [5]. The degree of granu-
larity varies from fine-grained to coarse-grained.

It should be noted that the granularity classifications available in different
sources differ slightly, especially for coarse- and medium-grained parallelism, so
the following classification will be taken as a basis in this article:

1. Coarse-grained parallelism: each parallel calculation is quite independent
of the others, and requires a relatively rare exchange of information with other
calculations. The units of parallelism are large and independent programs that
include thousands of commands [6].

2. Medium-grained parallelism: units of parallelization are individual proce-
dures that are called in separate threads and include hundreds of commands. It is
usually organized by both the programmer and the optimizing compiler. Most
general-purpose parallel computers are primarily focused on this category of par-
allelism [7].

3. Fine-grained parallelism: each parallel calculation is quite small and ele-
mentary, consists of dozens of commands. Usually, the units that are parallelized
are elements of expressions or individual iterations of a loop. They usually have
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little or no relationship between the data. The amount of work associated with a
parallel task is low and the work is evenly distributed among the processors.
Hence, fine-grained parallelism facilitates load balancing [8].

The very term “fine-grained parallelism” refers to the simplicity and speed
of any computational action. A characteristic feature of fine-grained parallelism is
the approximate equality of computational intensity and data exchange. This level
of parallelism is often used by the parallelizing (vectorizing) compiler [9], as well
as recently in asynchronous programming. This work focuses on medium- and
fine-grained parallelism.

Fine-grained parallelism has a long history: it is the most “ancient” kind of
parallelism. The development of his theory took place simultaneously with the
development of the theory of successive calculations and is associated with the
name of the already mentioned John von Neumann. His theoretical model of a
calculator with fine-grained parallelism is widely known — “cellular automaton”
[10]. But, when in the process of development of computer technology there were
opportunities and capacities for the organization of full-fledged threads of me-
dium-grained and coarse-grained parallelism, there was some decline in interest in
fine-grained parallelism. However, the decline in interest changed when techno-
logical advances, on the one hand, led to the fact that medium- and coarse-grained
parallels somewhat exhausted their significant development, and on the other
hand allowed to create a unified architecture within which at different stages of
program implementation could move on parallelism of various degree of granu-
larity, i.e. on some parts of programs to use the classical mechanism of threads,
and on others fine-grained parallelisms, like tasks or parallel loops.

Against the background of renewed interest in fine-grained parallelism in
modern programming languages and libraries, along with the tools for organizing
parallel computations by creating a set of classic full-fledged medium-grain
threads, there are tools for computing within fine-grained parallelism. Most often,
these are tools for parallelizing loops or small sets of similar commands.

However, it also led to conflicts in the design stages of modern parallel
software. Currently, there are two opposing approaches to creating the architec-
ture of such software: on the one hand, you can represent the parallel part of the
program in the format of medium-grained structures (classical threads), on the
other hand, all calculations can be represented in the form of small tasks. At the
same time, if we can say that the classical concept of threads is not very suitable
for modern back-end problems, in contrast to the concept of tasks, then in the
field of high-load and intensive scientific calculations, solving classical problems
can be presented using both threads and tasks.

At the same time, given the above-described nature of parallelism in modern
MCS, as well as modern flexible tools for organizing different levels of
parallelism in languages and libraries of parallel programming, we can assume
that there is space and opportunities for effective solving of computational
problems with simultaneous use of both mechanisms. This combination is called
“Nested parallelism”.

Therefore, the purpose of this work is to research the possibilities of improv-
ing the execution time of parallel programs in MCS through the use of fine-
grained parallelism, the optimal combination of medium and fine-grained paral-
lelism (nested parallelism), as well as the use of modern software instruments of
their implementation.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2 47



V. Martell, A. Korochkin, O. Rusanova

FINE-GRAINED PARALLELISM IMPLEMENTATIONS OVERVIEW

Among the most popular languages and libraries currently used in high-load com-
puting, fine-grained parallelism tools are implemented in the OpenMP library
(which is usually used in combination with C++), Java and C# languages [11-14].

OpenMP

Fine-grained parallelism is represented by a special preprocessor directive
#pragma omp parallel for, which refers to the work-sharing directives. Such
directives are not used only for parallel code execution; they are used for the logi-
cal distribution of a group of threads to implement these control logic constructs.
The #pragma omp for directive informs that when running a loop in parallel
mode, loop iterations must be distributed between a group of threads. Execution
of the following program code:

1. int size=100; //the number of calculation iterations

2. #pragma omp parallel for

3. for(int i = 0; i < size; i++)

4. Calculations();

5. ShowResults();
in the four-processor system would happen as shown in Fig. 1. This distribution is
used by default and is called static scheduling.

Main thread
size = 100

>
«
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>
«
<
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A 4
Main thread

ShowResults()

Fig. 1. The scheme of distribution loop iterations in parallel threads using OpenMP

OpenMP also provides another, more flexible types of scheduling, such as
dynamic scheduling, runtime scheduling, and guided scheduling. The special sec-
tion is used to set up one of these modes. The following code scheme shows the
format of this section: schedule (algorithm name) num_threads (number of
iterations). This mechanism is used when different iterations perform different
amounts of work and determine whether a thread that has already completed its
iteration will be able to take over part of the work of another thread.
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When writing more complex parallel programs, one of the key tasks to solve
is the problem of thread synchronization. In OpenMP, implicit barrier synchroni-
zation is at the end of each #pragma omp parallel and parallel for block. There are
also manual synchronization tools, such as barriers that can be created using the
#pragma omp barrier directive.

With writing the parallel program, the second main task that needs to be
figured out is the mutual exclusion problem, which avoids the situation so-called
“race condition”, when a large number of threads will behave unpredictable or be
blocked due to access to the same area of memory, which, for example, contains
some variable (shared resource), which used in all threads. With the large number
of threads created with the application of fine-grained parallelism, this problem is
particularly acute. OpenMP provides the ability to use special nonblocking tools
to solve the problem of mutual exclusion, such as the directive #pragma omp
atomic, as well as modifiers of the directive #pragma omp parallel for: shared,
private, firstprivate, lastprivate or reduction. Manual means of solving the
problem of mutual exclusion are represented by such constructions as locks and
critical sections.

Java

Developers are offered extremely flexible and powerful tools for implementing
fine-grained parallelism based on the Fork-Join model, realized in built-in package
java.util.concurent.

A recursive algorithm is used to implement this model in Java, which
described in the following paragraph:

1. The check on the possibility of dividing the actions of this thread into two
smaller tasks.

2. If the check is successful, the distribution is performed (Fork), by creating
new threads for each new task. In each new thread, the algorithm begins anew.
The thread that performed the distribution is blocked until both created threads
have finished their work, and then it performs the final collection of the result.

3. If the check is not successful (the limit of the so-called “grain of parallel-
ism” is reached), then the calculations are performed in this thread, after which
the connection with the generated thread occurs (Join).

This implementation contains two classes: RecursiveAction and Recur-
siveTask. When it is necessary to calculate a specific numeric value of a large
function (such as the sum of vector elements), it is better to use Recursive Task.
In the case of general operations, the results of which are not a specific number,
RecursiveAction works better. By inheriting these classes and describing the
computer’s own overload, the developer can customize the work to solve a spe-
cific problem, which is extremely effective.

An example of using the RecursiveAction class to implement fine-grained
parallelism in Java organizing a parallel loop as an example is shown in the listing
below:

1 class ParallelFor extends RecursiveAction {
2 private int from, to;

3 volatile final int GRAIN = 25;

4 public ParallelFor(int from, int to) {

5 this.from = from;

6 this.to = to;

7}

8 protected void compute() {
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9 int len = to - from;

10 // Stop condition of main recursion

11 if (len < GRAIN)

12 work(from, to);

13 else {

14 int mid = (from + to) >>> 1;

15 ForkJoinTask<Void> parallelForl =
16 = new ParallelFor(from, mid).fork();
17 ForkJoinTask<Void> parallelFor2 =
18 = new ParallelFor(mid, to).fork();
19 parallelForl.join();

20 parallelFor2.join();

21 }

22}

23}

24 // Parallel loop startup is performed using the invoke()

25 // method called on the instance of the ForkJoinPool class
26 ForkloinPool pool = new ForkJoinPool();

27 pool.invoke(new ParallelFor(from, to));

The variable GRAIN determines the depth of the partition, in other words,
the amount of work, after achieving which, the thread will start to perform it,
rather than making further parallelization. The work() method may contain certain
basic parameterized calculations, which performance is expected from each Fork-
Join task after reaching the maximum depth of parallelization. For example, after
setting the initial values of the variables GRAIN = 25, from = 0, to = 100, we ob-
tain a parallel execution of the loop of 100 iterations discussed in the previous
subsection, in which each of the Fork-Join tasks will receive 25 iterations for
processing. However, unlike OpenMP, the structure of the generated threads and
their control hierarchy will be treelike, as shown in Fig. 2.

Main thread
Iterations 0-99
Join() | Join()
| Fork() |
Fork-Join thread 1 | I o | Fork-Join thread 2 |
Iterations 0-49 | "] Iterations 50-99 |
Fork() Fork()
(32) < [Te] ©
533 £33 i 533
£2§ EQE £E3 8 st
=2 2= bl S =] N =]

c 5= cs= cg= cs=
=N B L= SR 5.8 3
2 e Qs = 782 Qs =
X 8 X 5 X 5 X 5
5= 52 52 520
[ [ [ [

I I I I
Join() Join() Join() Join()
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Fig. 2. The scheme of distribution loop iterations in Fork-Join parallelization using Java
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The resulting structure is more complex than the one in OpenMP. Neverthe-
less, according to the results provided in the next chapter, such an approach to
fine-grained parallelism proved to be no less effective.

C#

C# also provides the ability to implement fine-grained parallelism. All the neces-
sary functionality for this is contained by a static class Sys-
tem.Threading.Tasks.Parallel, namely by its three main methods Paral-
lel.For(), Parallel.ForEach(), Parallel.Invoke() and their various overloads.
Parallel.For and Parallel.ForEach provide parallel execution of for and foreach
loops, respectively. The override methods presented in this class are aimed to
maximize the parameterization of parallelism, depending on the specific task be-
ing implemented.

Each method described above is based on a mechanism similar to the one
used in Java. Nonetheless, it has also been simplified with a mechanism for dele-
gating and anonymous methods. Developers are not required to manually write
the entire recursive part and the regulation of grain parallelism, this is the respon-
sibility of the execution environment. Therefore, in practice, the implementation
of fine-grained parallelism becomes extremely simple and has almost no different
from the classical single-threaded approach.

The following piece of code provides a similar parallelization to the previous
loop of a hundred iterations:

1 Parallel.For(0, 100, i => {

2 Calculation();

3N

Although parallelization in C# occurs by the very same mechanism as in
OpenMP, through the simplifying, that assures the virtual environment of the
CLR execution, the resulting threads’ structure and their hierarchy of manage-
ment will be similar to that in the OpenMP library.

Also in C# are realized the tools for the organization of fine-grained parallel-
ism manually, similar to corresponding tools in Java. The Task class (Sys-
tem.Threading.Tasks) is responsible for this. The formed tasks can be performed
in one or more threads. The official documentation of this programming language
recommends using them primarily for asynchronous programming. In fact, the
tools for organization parallel loops in C# discussed above are high-level abstrac-
tions constructed using Tasks.

NESTED (COMBINED) PARALLELISM

This approach is based on the use of two types of parallelism in the parallel pro-
gram: medium-grained and fine-grained. The program includes a set of traditional
threads for the number of MCS cores. Each of these threads additionally imple-
ments internal (fine-grained) parallelism by creating subthreads using appropriate
Fork-Join tools. The initial number of traditional threads can be reduced in order
to provide fine-grained parallelism with free processor resources. A parallel
thread interaction scheme for such a program for the test system and the task (dis-
cussed in the next section) implemented by OpenMP tools as an example, can be
represented as shown in Fig. 3.
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Support for nested parallelism in OpenMP is enabled manually. There are
two ways to do this:

1. By calling omp_nested true command before compiling the program.

2. By calling omp_set_nested(1) procedure in the program code.

Both methods set the environment variable omp_nested to the value of true.
However, the second method is more preferable because it provides better port-
ability of the code, because there is no guarantee that on computers where the
code will run in the future, will be manually set the appropriate value of the vari-
able omp_nested.

Unlike OpenMP, Java and C# do not require any additional operations to ac-
tivate compiler support for nested parallelism.

EXPERIMENTAL TESTING

Selection a problem for testing

For the most transparent comparative testing, the problem of multiplying two
square matrices of large dimension (N * N elements of 64-bit type double) was
chosen as an example of a typical problem from the field of high-load computing:

MA=MB +MC. (1)

Due to the large number of elementary mathematical operations, which can
be differently and in different quantities distributed between threads or tasks, the
program to solve this problem can be properly implemented using all types of
parallelism, while always maintaining high-intensity computations, with minimal
downtime for synchronization and data exchange, which is important for more
transparent comparative performance testing.

In addition, the choice of this problem for comparative testing of different
types of parallelism is also ideal in terms of its coverage of all models of data ex-
change and interaction between threads or tasks. In medium-grained parallelism,
it contains the required fragment of the copy of the shared resource (matrix MC)
between the threads. In fine-grained parallelism, there is an interaction of tasks
without copying shared resources (a direct reference to matrices elements), which
is just more typical for applied implementations of this type of parallelism. And in
nested parallelism, these two approaches of parallel interaction with shared re-
sources are combined. Therefore, it can be argued that this problem contains all
the characteristic cases that occur in solving other common mathematical prob-
lems in parallel programs.

Description of the mathematical model of the test problem

The mathematical algorithm for performing this problem (1) is reduced to N-fold
repetition of the calculation:

N
a; = zbi,kck,j > ()

k=1
where a;;, b;,c;; are the corresponding elements of the i" row and j” column of

the matrices MA, MB, MC; i and j lie in the range from 1 to N .
Therefore, the total number of elementary operations that must be performed

to obtain solution (1) is equal to N 3.
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With this in mind, the following parallel mathematical algorithm was chosen [15]:
MAy =MBy +MC, 3)

where H is a rounded up number equal to the quotient of the division N/P and
MAy, MBy are the corresponding rectangular matrices of dimensions H by N
elements of the matrices MA and MB [15].

It is worth noting that in this case, the variable P can be either equal to the
number of cores available in the system (medium-grained parallelism), or be less
than this number (no parallelism, some variants of nested parallelism), or signifi-
cantly larger than it (fine-grained parallelism).

Each thread implements H repetitions of the algorithm (2), while calculating
the H™ part (3) of the total program’s result.

Since this algorithm provides for frequent access to all elements of the MC
matrix from each thread, an important point is that when creating threads, each of
them gets its own instance of this matrix, which eliminates conflicts between
threads for capturing and owning shared resources. However, such copying is
valid only for medium-grained parallelism; for fine-grained and nested
parallelism, such copying does not occur.

Description of the test software and hardware complex

Testing of programs was carried out in two identical MCSs. Their main character-
istics are shown in Table 1.

Table 1. The main characteristics of the test MCSs

Hardware
Processor AMD Phenom II
Processor architecture K10
Number of cores 6
RAM capacity 8 Gb
RAM type DDR3
Sofrware
Operation system Windows 7
OpenMP version 3.1
C++ compiler MC++ (MSVCQ)
JVM version 1.8
NET Framework version 4.7

The software structure is aligned

CM with the hardware structure (primarily

| l l for medium-grained part of comput-

ing), and it includes both manual and

PE(1) PE(2) PE(P) automatic scalability. The schemati-

cally formed structure of the hardware

< and software test complex is shown in
70| Fig. 4.

MA., MB, MC The following symbols are in-

Fig. 4. The test hardware and software
complex schematic structure

troduced into this diagram:
1. PE(7) — the processing ele-
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ment (processor or core). Its index corresponds to the number of this element, and
lies in the range from 1 to P inclusive, where P is the number of all processing
elements in the test system. At the software level, each physical processor ele-
ment corresponds to a software-generated thread.

2. CM — the common (shared) memory (RAM for example), to which each
processor element is connected, and with the help of which they communicate
with each other.

3. I/O - an I/O device that is connected to one of the processor elements (or
to one of the cores, since in fact the processing of I/O signals will ultimately be
processed by one of the physical cores of the system), and which provides input
of initial data and output of results.

4. MA, MB, and MC are matrices that make up the multiplication operation
(1). Moreover, the MA and MB matrices are multipliers and are entered from the
I/O device (for large dimensions, random input is used, the execution time of
which is not taken into account in the overall test result), and the MC matrix is the
result that is output by this device at the end of all calculations (the execution time
measurement is stopped just before the output).

Tests results

Table 2 shows the results of testing parallel programs for the operation of matrix
multiplication for different values of N (dimension of matrices). Presented the
execution time of programs that were built with:

¢ using medium-grained parallelism through the thread mechanism;

¢ using fine-grained parallelism through the parallel loops and/or fork-join
mechanisms described in the previous section;

¢ using nested (combined) parallelism, when each thread additionally uses
parallel processing through the parallel loops and/or fork-join constructs.

Based on the actual time indicators obtained, the acceleration coefficients
(speedup coefficients) of the considered programs are calculated. The speedup
coefficient of a parallel program is the ratio of the execution time of a program
without parallelism on one computing core to the execution time of a similar pro-
gram with parallelism on p computing cores and shows how much the program
execution time is reduced in a parallel system [15]. Calculated using the
formula

where T; is the actual running time of the program without applying parallelism,
and 7, is the actual running time of a similar program using parallelism in p

computing cores. Ideally, this coefficient is equal to the number of cores, but in
practice, this coefficient is always several tenths less than the number of cores.
This is due to the presence of other background processes in the system, which
also occupy a certain place in the kernel operation plan.

Below are graphs (Fig. 5) showing the dependence of the speedup coeffi-
cients for all three types of parallelism on the values of N.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2 55



V. Martell, A. Korochkin, O. Rusanova

(a) OpenMP (b) Java
5.5 6.0
a0
.---ooooon"".. k=

= Q

§ 5.3 «*® - W -2 E =)
g > g 3 - e
= |a¢' - 5 f...ooo-ooo...-...
= ”~ S .

S50 o & 50 4

2 B .
5.7 2 £

7 48 @45 .
w /
4.5 4.0
516 1032 1548 2064 516 1032 1548 2064
Matrices dimension (N) Matrices dimension (N)
() C#
5.5
Medium-grained parallelism

H 5.3 - F rained paralleli

B .o ne-grained parallelism

7] en ®

o=} ot " "
"é‘ 5.0 o - e ¢ ¢ Nested (combined) parallelism

L

= ot

5 o*

S 48 "

=3 [

3 ae® * -

4.5
516 1032 1548 2064

Maririces dimesion (N)

Fig. 5. The dependence of the average speedup coefficients of test parallel programs on
the type of parallelism used in them, and on the software tools for its implementation:
OpenMP (via C ++) (a), Java (b) and C# (¢) in solving the problem of two square matrices
multiplication

Additionally, more detailed testing of fine-grained parallelism was con-
ducted in order to identify ways to increase its efficiency. At this stage, those test
programs from the developed package were tested, which were written using only
fine-grained parallelism. Multiple measurements of the time of the multiplication
operation of two matrices with a dimension of 1500*1500 elements were per-
formed. The dependence of execution time on the number of software imple-
mented threads was checked. Fig. 6 demonstrate the detected time dependence on
the number of created tasks. More detailed results are provided in Table 2 and 3.
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Fig. 6. The dependence of fine-grained parallelism execution time on the number
of created threads
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Table 2. The results of testing the performance of test parallel programs de-
veloped using different types of parallelism (or without using parallelism — as a
control sample) and various software tools for its implementation in solving the
problem of two square matrices multiplication

Computing time (sec)
N Medium-grained Fine-grained
OpenMP Java C# OpenMP Java C#
516 1,7 0,2 1,2 1,6 0,2 1,1
1032 13,3 3,3 9,8 12,8 2,9 9,8
1548 46,7 14,0 35,6 45,9 12,1 34,1
2064 111,7 38,5 79,8 110,8 33,5 78,1
Computing time (sec)
N Nested Non-parallel
OpenMP Java C# OpenMP Java C#
516 1,5 0,2 1,1 7,7 8,0 52
1032 12,4 3,1 9,5 66,1 66,9 45,5
1548 449 13,0 33,8 240,6 250,2 171,4
2064 108,1 35,5 74,8 586,5 640,1 387,1

Table 3. The results of fine-grained parallelism testing in solving the problem
of two square matrices multiplication using various software tools for its im-
plementation

Number of threads Computing time (sec)

C# Java OpenMP
2 71,309 133,944 190,618
3 55,1 101,41 125,12
4 42,099 77,393 79,894
5 37,202 60,942 68,167
6 34,222 47,532 46,157
10 34,113 45,551 47,202
12 32,841 45,117 46,011
15 31,405 44,37 45,7
20 30,404 44,33 47,196
25 30,511 43,101 46,21
30 28,329 41,9 43,15
50 27,683 40,88 43,01

CONCLUSIONS AND FUTURE WORK

The results obtained during testing showed the effectiveness of MCS in the im-
plementation of the considered mathematical problem solution by using Java and
C# languages and OpenMP library. Additionally, reduction of the programs exe-
cution time with the application of the parallelism of any degree of grain is possi-
ble (speedup coefficient values are in the range of 4,0-5,5). The best result in
terms of program execution time was obtained for the C#.
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Medium-grained parallelism showed sufficient efficiency, but had the worst
result. At the same time, the speedup achieved by OpenMP tools is constantly
increasing with the amount of data processed. While using the C# and the Java
tools, speedup remains at approximately the same level.

Using fine-grained parallelism was also effective, in which case the speedup
coefficient increases steadily with increasing data volume. This type of parallel-
ism was most effective in C#.

Furthermore, additional testing of fine-grained parallelism revealed a declin-
ing exponential dependence between the number of threads, which is allowed to
create by the program, and the time of its operation. As mentioned in Section 3,
the main reason for this is a larger number of fine-grained tasks (threads) that ac-
cess physical processing elements (cores) and shared resources, which leads to
significant downtime due to the problem of mutual exclusion. The optimal num-
ber of fine-grained tasks is in the range of 5 to 20, regardless of how it was
organized.

Nested (combined) parallelism showed its effectiveness and allowed to in-
crease speedup coefficient when it is used in C# language and OpenMP library.
Moreover, there is an increase of speedup coefficient with increasing amount of
processed data, which is one of the most important arguments for the feasibility of
this approach in the MCS.

It could be assumed that the efficiency of using nested parallelism will in-
crease with an increasing number of cores in the MCS, where:

1. There will be additional processor resources for its implementation.

2. It is possible to reduce the size of grains.

3. There will be an optimal ratio between the number of streams and sub-
threads.

Besides, the efficiency of nested parallelism implemented in OpenMP can be
improved by more efficient implementation of the powerful sub-threads manage-
ment system embedded in the library, similar to how it was done in the fork-join
model. Since the identified patterns of change in program execution time and
speedup coefficients, in general, are preserved for all considered means of orga-
nizing parallelism, it can be argued that this approach will be effective regardless
of the language or library by which it will be organized.

Therefore, it can be argued that the use of fine-grained and/or combined
(nested) parallelism in most cases is an effective approach to the implementation
of parallel computing in multi-core computer systems.

Possible directions of work continuation:

1. Testing formed hypotheses in larger and more powerful multi-core com-
puter systems.

2. Testing formed hypotheses on a number of more applied problems.

3. Check the statement about the effectiveness of fine-grained and combined
parallelism, regardless of the instruments of its organization, compared with me-
dium-grained parallelism.

From the point of view of the development of high-level instruments of fine-
grained parallelism realization in modern parallel programming languages and
libraries:

1. Adaptation of existing computational planning methods to the realities of
fine-grained and nested parallelism.

2. Adaptation of existing effective processing queue management policies to
the realities of fine-grained and nested parallelism.
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NMOPIBHAJIbHUI AHAJII3 E®EKTUBHOCTI BUKOPUCTAHHS
JAPIBHO3EPHUCTOI'O TA BKJIAJJEHOI'O APAJIEJI3MY /I 3BLJIBIIEHHSA
NPUIIBUAIIEHHS MAPAJIEJIBHUX OBYUCJIEHb Y BATIATOAJEPHUX
KOMIT'IOTEPHUX CUCTEMAX / B.B. Mapremnn, O.B. Kopoukin, O.B. Pycanosa

AHotauisi. [ToJaHo pe3ysbTaTé MOPIBHUIBHOIO aHaiidy e(hEeKTHBHOCTI BHKOPHC-
TaHHS Iapajeii3My pI3HOTO CTYyIEHs 3€pHHCTOCTI B Cy4YacHHX OaraTosiiepHHX
KOMIT FOTEPHHX CHCTEMaX 3 BUKOPHCTAHHSIM HAMIOMYJSPHILIMX HATEIEep MOB IIPO-
rpaMyBaHHs Ta 0i6mioTek (Takux sk C#, Java, C++ ta OpenMP). [lociimkeHo Mox-
JIMBOCTI MiABUILECHHS ©(pEeKTUBHOCTI OOYMCICHb Yy 0araTtosIepHUX KOMIT IOTEPHHX
cHcTeMax 3a JOMOMOror KOMOiHaIl cepeqHbo- Ta APiOHO3EPHHUCTOrO Mmapajeis-
My. OTpuMaHi pe3yJIbTaTu IEMOHCTPYIOTh BUCOKY ITOTEHIIHY e()eKTHBHICTh BUKO-
pucTaHHA ApiOHO3EPHUCTOTO MapaenizMy AJis OpraHi3amii IHTEHCUBHUX TMapaieib-
HUX o0uucnenb. Ha migcTaBi IUX pe3yNbTaTiB MOXHA CTBEPIKYBaTH, IO
HOPIBHSHO 3 OLTBII TPagUI[IHHIMU METOJaMH PO3IapaleTIOBaHHs, SIKi BHKOPHUCTO-
BYIOTh Iapajielli3M i3 CepeHbOI0 3€PHUCTICTIO, BUKOPHCTAHHS OKPEMO JpiOHO3ep-
HHCTOTO Napaesi3sMy MOXXe CKOPOTHTH 4ac 0OUMCIICHHS BEJIMKOI TECTOBOI MaTeMa-
THYHOI 3aJa4i B cepelHboMy Ha 4% , a BAKOPUCTaHHA KOMOIHOBAHOTO Mapajeltizmy
— 110 5,5%. Ile ckopo4YeHHs yacy BUKOHAHHS JOLJIbHE B pa3i BAKOHAHHS HAJBEIIH-
KHX 00YHCIIEHb.

Kawuogi cioBa: GaratosiiepHa KOMIT FOTEpHA CHCTEMA, SIIPO, MOTIK, 3aBJaHH, Ma-
paieri3M, 3epHHCTiCTh, fork-join, koe(ilieHT NPUIIBHILICHHS, APiOHO3EPHUCTHI
napa’seni3M, BKIaJIeHH napaesisM, KOMOIHOBaHHH Mapasiestizm.
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INTELLIGENT DECISION SUPPORT SYSTEMS IN THE
DEVELOPMENT OF MEGALOPOLIS INFRASTRUCTURE

0. TROFYMCHUK, A. STENIN, M. SOLDATOVA, 1. DROZDOVICH

Abstract. From the point of view of the management theory, a megapolis is a com-
plex non-stationary spatial system. The problem of making innovative decisions on
the development of their infrastructure is caused by the presence of a large amount
of information, its uncertainty and inconsistency. This article discusses the princi-
ples of building intelligent decision support systems of a situational type for the in-
novative development of the infrastructure of megacities. Solutions are formed by
logico-analytical processing of data on the situation in general and special cases of
situations for the considered subject of the megalopolis infrastructure. For the prac-
tical implementation of the decision-making mechanism, the article proposes a lin-
guistic-numerical method for determining the potentially best alternative and a fuzzy
situational algorithm for managing the subjects of the megalopolis infrastructure,
based on the structural generality of the situations of a fuzzy situational network.
The obtained results were tested on two real infrastructure subjects of Kyiv.

Keywords: megapolis, infrastructure entities, intelligent decision support system,
linguo-numerical evaluation of alternatives, fuzzy situational algorithm.

INTRODUCTION

From the point of view of the management theory, any megalopolis is a complex
non-stationary spatial system. For objects of this kind, two main features are
characteristic: the dependence of the parameters of the component parts of the
object on their spatial location and the variability of these parameters over time.
The study of such objects with sufficient versatility to obtain practically signifi-
cant results, taking into account the fact that experimental effects on them for
various reasons (limited time frames, the risk of irreversible changes, the high
cost of experiments, etc.) are usually impossible or undesirable. It is possible to
perform almost only by modeling possible situations [1-3]. Especially difficult is
the problem of making effective decisions on the development of the megalopolis
infrastructure, which is associated with large amounts of information, its uncer-
tainty and inconsistency. This problem can solved by using intelligent decision
support systems (IDSS). IDSS is a decision support system with embedded artifi-
cial intelligence techniques exhibiting some or all of the abilities indicative of
intelligent behavior. At the same time, one of the main properties of the intelli-
gence of this system is the ability to generate, analyze, display, search and design
a solution that is not explicit and ready in the system [4—6, 18].
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A review of publications on the problems of information IDSS in the field of
infrastructure development of megacities shows that at present the use of intelli-
gent information technologies in this area is mainly limited to the creation of ref-
erence and search engines. Hence, the task of creating fully functional systems
that support all the main stages of decision-making — from the collection and
storage of initial information to the presentation of a reasonable version of the
optimal solution-remains relevant.

STATEMENT OF RESEARCH PROBLEMS

Let be 4,4,,...A, — a set of alternatives. Alternatives may or may not specified

at the time of the decision. Let’s also define criteria for evaluating alternatives
K,.K,..K,, which are verbal gradations of quality X, =xba s where is the gra-

dation number (4=1,~), m — a set of values of estimates, or otherwise the scale
of the criterion. For discrete scales, the number of gradations is usually small

m=2,...,5. Discrete scales are ordered in descending order (x}] — best, x;" —
worst). Utility of the i-th alternative A to the multi-criteria problem denote by.

Sometimes it is allowed that, although in the general case. In addition, introduce
solution classes, defined and ordered by quality (from best to worst). Then, if
U(4)eC,,but U(4;)eC, and u<v, then U(4;)>U(4;), ie., the utility of

/s
the i-th alternative is higher, since it corresponds to a better class of solutions.
This problem refers to the static problem of determining the optimal solution by
determining the potentially best alternative. In addition to this task, the article
deals with the dynamic problem of determining the potentially best alternative
associated with the operational management of a dynamic object in uncertain
conditions of its operation. The solution of these problems in this article carried
out within the framework of the IDSS of the situational type based on the method
of linguo-numerical estimates and a fuzzy situational control algorithm.

Literature review

When determining the rational solution to a particular problem that arises in the
urban economy, as a rule, it is necessary to take into account a large number of
uncertain and contradictory factors. Uncertainty is an integral part of decision-
making processes for most infrastructure subjects of megapolis [7]. The uncer-
tainty is primarily due to the incompleteness of knowledge about the problem
solved and the inability fully take into account the reaction of the environment,
i.e. the current situation. Inconsistency arises due to ambiguity in the assessment
of situations, errors in the choice of priorities, which, in the end, greatly compli-
cates decision-making. Research shows that decision-makers without additional
analytical support tend to use simplified and sometimes contradictory decision-
making rules. In this case, the most effective tool for making a potentially better
decision is intelligent Decision Support Systems (IDSS). It should note that mod-
ern IDSS is based on the use of specialized information storage (Data Warehouse)
and OLAP (On-Line Analytical Processing) technologies — operational data
analysis. The main purpose of OLAP technologies is dynamic multidimensional
data analysis using an effective Data mining tool, modeling and forecasting [8—10].
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It is extremely difficult and almost impossible to reduce tasks with the above
uncertainties by precisely set goals. To do this, you need to “remove” the uncer-
tainty. One of the most common methods of withdrawal is the subjective assess-
ment of a specialist (expert, manager), which determines his preferences. At pre-
sent, the subjective assessment has proved to be the only possible basis for
combining the heterogeneous physical parameters of the problem solved into a
single model that allows evaluating possible solutions. Taking into account the
factor of subjectivity of the decision-maker (LPR) in decision-making violates the
fundamental principle of the methodology of operations research: the search for
an objectively optimal solution. The recognition of the right of the decision-maker
to the subjectivity of the decision is a sign of the emergence of a new paradigm,
characteristic of another scientific direction — decision-making under many crite-
ria. On the other hand, when making decisions on many criteria, there is also an
objective component. Usually, this component includes restrictions imposed by
the external environment on possible solutions (availability of resources, time
constraints, environmental requirements, social situation, etc.) [11, 12].

Decision-making problems usually divided into well structured, weakly
structured and unstructured. The first problem of a substantial relationship be-
tween the main characteristics can expressed quantitatively. Unstructured prob-
lems characterized by the fact that their description dominated by qualitative fac-
tors that are difficult to formalize, and the quantitative relationships between these
factors usually not defined. The intermediate position occupied by weakly struc-
tured problems that combine quantitative and qualitative dependencies, and un-
certainty has a dominant component. Unstructured decision-making problems are
the most complex and characteristic of the infrastructure subjects of megalopolis.
These problems are problems of unique choice in the sense that each time the
problem either new to the decision-maker, or has new features compared to a pre-
viously encountered similar problem [13].

IDSS of situational type

To solve the above problems, the most effective is the situational IDSS, the struc-
ture of which shown in Fig. 1.

‘Dispatc her (operator, manager)
T

[ [

' I
Intelligent interface
current situation \l/ @ @ @ %Ontrol action
Subsystem for Software subsystem Subsystem for
generating and expert the synthesis of

evaluating alternatives control actiona

Subsystem for
accumulating, storing A
and updating :

|
|
|
|
|
|

information

Subsystem <
for modeling and scenario of the situation

predicting the development
L deve[opment of the _l
_______ situation - T
potentially a better altemative IDSS

Fig. 1. Situational type IDSS structure
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In the dialogue with the expert, the situational IDSS provides automated
configuration of the parameters of the subject of the studied megalopolis infra-
structure by entering the basic system of concepts, attributes, values, relations
between them, as well as the types of situations that are typical processes and in-
teractive user interface in the process of its functioning. The model of the process
of functioning of the subject of the megalopolis infrastructure defined as a set of
“regular” situations that represent a fuzzy situational network (FSN) (Fig. 2).

Fig. 2. FSN IDSS of situational type

Decisions about the situation formed by logical and analytical processing of
data about the situation in general and special cases of situations for the consid-
ered subject of the megalopolis infrastructure. It assumed that the functioning of
the studied subject of urban infrastructure described on the ‘regular’ situations,
previously synthesized in the subsystem of generation and expert evaluation of
alternatives. Subsystem also identifies for them the potentially best alternatives
(PBA) of rational solutions and control actions.

A ready-made FSN used to determine the sequence of actions or transition
paths between any source and target situation, and this process can fully auto-
mated. An example of a fragment of such a network is shown in Fig. 2, where S

is the i-th regular situation, R; is the functions that characterize the cost degree
normalized in the range [0,1] during the mutual transition from S; to §; and vice

versa.

To analyze the consequences of the use of certain management alternatives
for current situations, the appropriate scenarios implemented in the subsystem of
modeling and forecasting the development of the situation.

For the selected situation, depending on the goals and conditions of its im-
plementation, the rational control formed in the subsystem for the synthesis of
control actions.

Taking into account the specifics of the infrastructure of megacities in the
ISPR of the situational type in the subsystem of accumulation, storage and updating
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of information, the corresponding requirements for the main structural unit of this
subsystem — the knowledge representation model (KRM) should formulated.
This concerns the system of concepts, the adequacy of the content and correspon-
dence of the formulated knowledge to the studied processes, and the suitability for
performing the required actions. A complete description of the situation does by
the expert, if there is a complete set of indicators that characterize this situation.
To take into account many factors, the original set of indicators can divided into
fragments that combine indicators that form a relatively independent semantic
group. Thus, the task of assessing the situation in the functioning of a megalopolis
subject can divided into a number of specific tasks. The solutions generated by
the particular problems are indicators of a higher degree of generalization, which
serve as the initial data for the particular problems of the next level of the hierar-
chy, etc. This process of decomposition of the overall assessment task leads to the
formation of a multi-level hierarchy of related input-output private tasks. They
solution allows to form a system of solutions for individual aspects and a general
decision on the degree of compliance of the current situation with the goals of the
management in the subject of the megalopolis infrastructure.

Each task (subtask) in the accepted interpretation is a set of functional
dependencies that describe the initial situation and the solution to the situation.
Using the subsystem of logical inference of the generalized assessment of the
situation and the formation of explanations, the rules built and the KRM updated.
The solution of the applied problem carried out by applying the rules from the
KRM database to the data about the current situation.

In other words, when creating an KRM, it is necessary to actually describe
the semantic content of the functioning of the subject of the megalopolis infra-
structure, which guarantees their processing by formal methods. Currently, many
KRM have developed. Having a generic name, they differ in the ideas underlying
them, in terms of mathematical validity.

Obviously, for the above-mentioned situational IDSs, the closest CRM is the
frame model based on the concept of Marvin Minsky. His concept is that the
frame model is a systematized psychological model of a person’s memory and
consciousness. In this sense, it is as close as possible to the creative activity of a
person, including the development of the infrastructure of a megalopolis [14, 15].

For the frame KRM, the data structure is a connected tree structure of nodes
and rules of formalized data accumulated by experts for the subjects of the mega-
lopolis infrastructure. In this case, the linguistic variable ®, of the frame KRM
can described by the following expression:

o, =(nT(n),U,G,M),

where T'(n) is a term — set of n values that represent the names of fuzzy vari-

ables; U is the domain of definition of each fuzzy variable; G is a syntactic pro-
cedure that serves to expand the set T(n) to generate new elements; M is a spe-

cial semantic procedure for forming a fuzzy set.
Knowledge Z is defined as a tuple of a set of objects O with a set of im-

plementations of relations F' between them and a set of actions N that are per-
formed on elements of O, i.e.

Z=(0,F,N), (1)
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Production rules can written as sets of fuzzy utterances L:
L =(IF (a; THEN B,) AND...AND (B,) o, THEN),

where o is a generalized linguistic variable defined on the set of input parame-
ters; B is a generalized linguistic variable defined on the set of output variables;
k , 11s the order of these variables.

For the frame KRM IDSS, the data structure of which is a coherent structure
of formalized data on the subjects of the megalopolis infrastructure, the formation
and selection of a potentially better alternative (rational solution) implemented on
the linguistic-numerical method proposed below.

A linguo-numerical method for determining a potentially better alternative

The main task of the situational type IDSS is to determine the potentially best so-
lution for the current situation, which can be static (for example, choosing the ra-
tional location for the construction of a supermarket) and dynamic (for example,
passenger traffic management). Since alternatives to solutions in this IDSS can
formed both quantitatively and verbally, a linguistic-numerical method for deter-
mining the potentially best alternative (PBA) proposed. The following is an ex-
ample of a linguistic rating scale:

very low — 2, low — 3, average — 4, high — 5, very high.

To date, there is a large selection of methods for evaluating the generated set
of alternatives and selecting the best alternatives [11, 13]. These decision-making
methods for evaluating and selecting potentially better alternatives are effective
with a small power of the set of evaluated alternatives (no more than 5-10). To
evaluate the set of high-power alternatives, which corresponds to the above-
mentioned tasks of managing the subjects of the megalopolis infrastructure, it
proposed to use intelligent methods, in particular, fuzzy logic methods, which
allow for automatic ranking of alternatives based on decision rules.

To enable the evaluation of alternatives based on linguistic variables, the
scheme of the fuzzy inference procedure is used (Fig. 3) [16].

f Fuzzy controller
! Rule base |

' - e -
—»| Preprocessing H Fuzaficauon > l L Deluzzification

| .
N »| Preprocessing |—p

Inference
1 S

! Engine

|

1

Fig. 3. The scheme of the fuzzy inference procedure

Since in the KRM, the reason corresponds to the KRM frame, which con-
tains a ready-made mechanism for implementing this reason (sub-goal), the pro-
cedure for general fuzzy inference is greatly simplified. In addition, since the pa-
rameters that can qualitatively evaluated by the studied subject of the city
infrastructure have a different physical nature, the natural requirement for its ob-
jective assessment is the introduction of a single normalized rating scale in a cer-
tain range at the fuzzification stage.
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Let the attributes that form the alternatives A4; contain both numerical (quan-
titative) and linguistic variables (qualitative). In this case, each variable is as-
signed a belonging function. In this case, we will use the universal scale [0,1] to
evaluate preferences. In other words, for the set x €[0,1] and the membership
function p: x —[0,1], the fuzzy set is defined as

A={(x,p,(x)| x e X} )

The belonging function (1) quantifies the membership of the elements of the

set of alternatives A4, defined by x € A4 to the fuzzy set A , with normalized vari-
ables X A value of 0 means that the element does not include a fuzzy set, and 1
means that the element is completely described by this set. Among the most well-
known and used belonging functions, the most convenient and universal for the
variables under consideration are linear and trapezoidal functions of the form
[6, 7, 18]:

The graphs of the belonging functions correspond to the ascending (Fig. 4, a)
and descending (Fig. 4, b) preference scales, respectively. Thus, for all quantita-

tive evaluations of max and min values of the variable a; and b,-j are known, and

for all linguistic (verbal) ratings, they are determined by the maximum and mini-
mum number of linguistic scale (see example linguistic scale).

H(xij)

“(xzj)

aij a li Xij a; by i

Fig. 4. Graphs of belonging functions

The potentially best alternative determined by the formula

- n
Ajgpy =maxJ; = in]- (j=L12,..,m), 3)
i=1
where X;; — [ variable of the j alternative.

ij

The practical use of this method has shown the identity of its results to the
well-known methods PARK, ORKLASS, QUERY, CORD, etc. [13], but the
complexity of the decision-making process of the proposed method is signifi-
cantly lower. This is due to the lack of a procedure for pairwise comparison of the
selected parameters of the studied subject of the megalopolis infrastructure. The
most effective application of this approach to the assessment and selection of the
PBA of the studied subject of the megalopolis infrastructure is expedient with a
large number of characteristic parameters of this subject.
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Fuzzy situational control subjects of infrastructure of the megapolis

Let the current situation of a megalopolis infrastructure subject described as
a fuzzy situation of the following type:

Stex :{Ms,» (x;)/x;}, x; e X, (@)

where the function of belonging to a linguistic variable x;, describing the current
situation.

Since each linguistic variable corresponds to the j-th term from the set of
terms of KRM, the formula (4) can written as:

Si={My,  (T)HITj}, j=LM; i=1N; x; € X,

where j-th term i-th linguistic variable.

To determine the control action for the current state you want to compare
this situation fuzzy fuzzy with each situation from a set of existing KRM in the
test subject of city’s infrastructure “regular” situations, which on the basis of ex-
pert methods elaborated by standard control actions.

From the point of view, the most convenient measure of proximity can con-
sidered the degree of fuzzy inclusion of the situation, which characterized by a
certain inclusion threshold determined by the developer, based on the conditions
in which the subject of the megalopolis infrastructure operates. The inclusion
threshold defined, as well as the belonging functions, in the normalized range
[0, 1] as follows:

Linel € [aminﬂ 1],
where the lower limit of the range of the degree of inclusion, usually. In this case,
we can talk about how fuzzy the signs of the current STEK situation are indis-
tinctly included in the fuzzy values of the corresponding signs of the situation [2,
6].

If a “regular” situation found that is sufficiently close to this current one,
then from the set of alternatives for this “regular” situation, the PBA for which the
control action implemented selected. If such proximity not found, then the current
situation processed in the subsystem for generating and expert evaluation of alter-
natives, after which its dynamic assessment is carried out for the found PBA in
the subsystem for modeling and predicting the development of the situation. Fur-
ther, in the subsystem of synthesis of control actions, the corresponding control
formed. This situation then transferred to the category of “regular”. The algorithm
for implementing fuzzy situational control based on IDSS shown by the dotted
arrows in Fig. 1.

In addition, if the external working conditions of the studied subject of the
megalopolis infrastructure change, it becomes necessary to move from one “regu-
lar” situation to another. The possible transition from one “regular” situation to
another carried out with the help of some strategy.

The strategy is described by the optimal FSN route between the current
fuzzy situation s; € S and the target situation s, € S . Transitions are determined

by R; solutions, which correspond to a certain degree of cost. The total number of
situations and transitions between them in the FSN describing the real subjects of
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the megalopolis infrastructure can be very large. To simplify the search task,
management strategies use various optimization methods (for example, the dy-
namic programming method).

Given that the subjects of the megalopolis infrastructure in most cases have
mutual independence of the values of the features, it proposed to use the FSN
compression method based on the definition of “community structures”. Commu-
nity structures Oi that have non-empty intersections with each other called
neighbors, and the set of vertices of the intersection area of two neighboring
structures called the transition area of community structures. For the fragment of
the FSN (Fig. 2), the structures of generality of situations with the costs of mutual
transitions have the form shown in Fig. 5.

Fig. 5. Community structures of FSN IDSS

The essence of the proposed approach based on the NSS compression
method for the given NSS fragment is as follows. As an optimality criterion in the
conditional example, we use use the minimum of total costs. The path that has the
minimum cost considered optimal. Let’s determine the optimal transition from s,
to sy. Given that O, (10, = O (empty set), it is not possible to go from s, to sg
using a single local control solution. Since there are no pairs of vertices adjacent
to each other from the number belonging to O, and O,, we proceed to find the
shortest possible path between all pairs of vertices of the sets O, and O,. The
shortest path L =(0,,0;,0¢,0;) . Moving to the transition points of neighboring
structures of the common path L, we get the control strategy:
C(s5,89) =(85,54,55,53,59). The desired path in Fig. 2 highlighted with a dotted
line.
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Practical implementation of the results obtained

The researches in the article was carried out within the framework of research
work “Research of methods and tools for creating a hybrid computing technology
for constructing a quasi-formalized forecasting model in conditions of data het-
erogeneity and non-normative deviations in organizational management systems”
(S/R 0117U002448). The obtained results tested on two real subjects of the infra-
structure of Kiev.

Construction of social objects. Assessed the appropriateness of the choice
of the construction site of a supermarket. The expert group suggested the follow-
ing criteria: price, population density within a radius of 1 km, the presence of
competitors, infrastructure connections, the number of places for car Parking, ac-
cess places through public transport and the visibility of the supermarket from the
nearby major streets, as well as data on these criteria. Four possible supermarket
construction sites were evaluated (alternatives var. 1 — var. 4). In one of them, a
supermarket built in Kiev. Expert assessments listed in Table 1.

Table 1. Initial expert assessments

Alternatives
Xij Variabl
! ananies var. 1 var. 2 var. 3 var. 4
‘ The number of places
1 for car Parking, max 400 300 250 150

X; | Presence of the competitors, min 1 (few) | 5 (many) |3 (average)| 5 (many)

X3, |Population density in 1 km radius, max| 200 4500 6000 7000
The cost of the placement, million

Xy, UAH. min 6 16 12 20

xs; | The flow of public transport, max | 1 (low) |3 (average)| 5 (high) 7h(i§13y

Xg; Main street visibility, max 5 (good) | 5 (good) |3 (average)| 1 (bad)

Xy, Infrastructure, max 3 3 (average)| 5 (good) 7 (very

(average) good)

After the procedure of fuzzification and normalization of linguistic variables
according to the formula (2) and Fig. 4, a) and Fig. 4, b), we summarize their val-
ues in Table 2.

Table 2. Sum of data

Variables var. 1 var. ?ltematweiar. 3 var. 4
X 1 0,6 0,4 0,0
X, 1 0,33 0,66 0,33
X3, 0 0,63 0,85 1
Xy, 1 0,285 0,57 0
X5, 0 0,33 0,66 1
Xo 0,66 0,66 0,33 0
X7 0,33 0,33 0,66 1

Zlexij 3,99 3,165 4,13 3,33
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Then, using the formula (3), we obtain the following estimates of alternative
options: 3,99; 3,165; 4,13; 3,33, from which it follows that the potentially best
alternative (PBA) is the alternative var. 3, which confirmed the feasibility of this
supermarket construction site. It should note that the alternative var.1 is also of
interest to the decision-maker.

Public transport. Today, the development and effective management of
transport is unthinkable without the development and application of intelligent
control systems. The process of transportation of passengers by urban passenger
transport based on the observance of the schedule of movement of vehicles along
the route in accordance with the pre-established schedule of movement. In most
motor transport companies of Ukraine, the management of the passenger transpor-
tation process controlled by the dispatcher for compliance with the traffic sched-
ule.

Due to the transience of changing road situations, the lack of complete in-
formation about the situation on the route, the presence of many uncertainties
when receiving it, it is impossible to build a reliable forecast of the development
of the situation over a long time interval. Thus, the decision-making by the
dispatcher takes place in a difficult situation and requires a lot of psycho-
physiological stress from the dispatcher [17, §].

To assess the effectiveness and sustainability of the decisions made by the
dispatcher in the process of managing the movement of public transport, one of
the bus routes in Kiev selected for the study. The scheme of implementation of
control solutions for fuzzy situational management of public transport traffic
shown in Fig. 6. The use of a fuzzy situational algorithm for controlling the
movement of urban transport for 3 weeks made it possible to increase the effi-
ciency of transport on this route (Fig. 7, red line). In addition, the dispatcher with
the help of the ISPR could quickly make operational decisions on the “emer-
gency” situations that arose, which reduced the economic losses of the transport
company.
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Fig. 6. Fuzzy situational control
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Fig. 7. Loading schedule

The article proposes an intelligent decision support system, the main ele-
ments of which are a fuzzy situational network and a frame model for represent-
ing the knowledge of the subjects of the megalopolis infrastructure. This allows
us to formalize the “regular” situations that arise in the course of the activities of
the subjects of the megalopolis infrastructure using the theory of fuzzy sets, and
then determine the optimal control actions for them. If it is necessary to move
from one “regular” situation to another with minimal costs, an algorithm based on
the structural generality of situations is used. When an “unregular” current situa-
tion occurs, its maximum proximity to one of the “regular” situations determined
and linguo-numerical alternatives to decision-making generated. The selection of
the potentially best ones based on a logical inference scheme. After that, the op-
timal control action for this current situation synthesized and identified in the
knowledge representation model as “regular”.

CONCLUSION

The article proposes an intelligent decision support system, the main elements of
which are a fuzzy situational network and a frame model for representing the
knowledge of the subjects of the megalopolis infrastructure. This allows us to
formalize the “regular” situations that arise in the course of the activities of the
subjects of the megalopolis infrastructure using the theory of fuzzy sets, and then
determine the optimal control actions for them. If it is necessary to move from
one “regular” situation to another with minimal costs, an algorithm based on the
structural generality of situations is used. When an “unregular” current situation
occurs, its maximum proximity to one of the “regular” situations determined and
linguo-numerical alternatives to decision-making generated. The selection of the
potentially best ones based on a logical inference scheme. After that, the optimal
control action for this current situation synthesized and identified in the knowl-
edge representation model as “regular”.
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IHTEJIEKTYAJIbHI CUCTEMHM HNIATPUMAHHSI IPUMHSTTS PILIEHDb
Y PO3BUTKY IH®PACTPYKTYPU METAIIOJICY / OM. Tpodumuyk,
O.A. Crenin, A.O. Conpnarosa, I.I". /lpoznoBud

AHoTanisi. Meramnoiic 3 TOYKH 30py Teopii yImpaBIiHHS SIBIs€ COO0I0 CKJIAIHY He-
CTaI[lOHapHy HPOCTOPOBY cucTeMy. IIpoGneMy NpHHHATTS IHHOBAIIMHUX pIlICHb
IIOZI0 PO3BUTKY iX IHPPACTPYKTYPH 3yMOBIICHO HASBHICTIO BEIUKOro 00csry iHdop-
Marlii, il HeBU3HAYEHICTIO 1 CyNepewInBicTIO. Y poOOTi PO3IISHYTO MPUHLUIN O~
OyZOBH IHTEIEKTyalbHUX CHCTEM MiATPUMAHHS NMPUUHATTA pillleHb CHUTYaliifHOTO
TUMY A7 1HHOBAIifHOTO PO3BUTKY iH(PACTPYKTYpH MeramomiciB. Pimenns ¢op-
MYIOTBCS IUISIXOM JIOTiKO-aHATITHYHOTO 00pOOIeHHS JaHWX MPO CUTYAIilo B IJIO-
MY 1 OKpEeMHX BUMAJKaX CHTYyaliil I PO3TIITHYTOrO Cy0’ €KTa iHPPACTPYKTypH Me-
ramormicy. Jnsd mpakthuHOi  peamizamii MeXaHi3My —NPHHHATTSA  pillleHb
3aIIPOIIOHOBAHO JITHTBOYMCIIOBUI METOJ BU3HAYEHHSI TOTEHIIHHO Kpanloi albTepHa-
TUBY Ta HEUYITKUH CUTYaliiHAN alTOPUTM YNIPABIiHHA Cy0’ €KTaMu iHpacTpyKTypu
MEramnoJjicy, 3aCHOBaHUI Ha CTPYKTYpHIl CHUIBHOCTI CHUTyaliii HEWiTKOI CUTyawiii-
HOi Mepexi. OTpuMaHi pe3yJbTaTd MPOTECTOBAHO HA JBOX PEAIBHHUX 00’ €KTax iH-
¢dpactpykrypu Kuesa.

KiouoBi cioBa: meranouic, iHppacTpyKTypHi 00’€KTH, iHTEJICKTyajJbHa CHCTEMaA
MiATPUMaHHS IPHUHATTS PillleHb, JIIHTBO-YHCIIOBE OLIHIOBAHHS albTEPHATHUB, HEYi-
TKUH CUTyalliiHAHN alropuTM™.
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TOHOJIOI'TYHHA OIITUMIBAIIA CUMETPHYHOI'O
KJIEMOBOI'O 3’€;THAHHS BHAITYCK

C.C. KYPEHHOB

AHoTamisi. Po3rnsHyTo 3amady onTuMizarii npodisaro mapis, o 3’€JHaHi BHAIYCK
3a OMOMOTOI0 MPOMIXKHOTO KJICHOBOTO IIapy. 3’€IHAHHS OLIHIOETHCS 32 MOJCILIIO
dosnpKepceHa, 3riJHO 3 KO0 Hecyui mapi po3rIsAalOThCS SIK CTPUKHI, SIKi Mpario-
I0Th JIMIIC HA CTHCKAHHSA—PO3TATYBaHHS, a KJIEHOBHUil [Iap mpalioe JuiIe Ha 3CYB.
Mertoro ontumisamii € MPOEKTyBaHHSI KOHCTPYKIII 3’€IHAHHS MiHIMAJIBHOI Macu 3a
YMOB BUKOHAHHSI OOMEXEHb Ha MIIHICTh KJIEHOBOTO IIapy Ta MiHIMaJIbHO IPHITYC-
THMY TOBIIMHY HecyuHx Iuapis. IIpo¢ine HecydHx IapiB OMKMCAaHO 3a JOHNOMOIOO
poskinananus B psan @yp’e. [psamy 3amady 31 3HAXOIKSHHs HANPY>KEHOT'O CTaHY
3’€IHaHHS CTPH)KHIB IEPEeMiHHOT TOBIIMHU PO3B’SI3aHO 32 JOIIOMOI'OI0 METO/Y CKiH-
YEHHHUX Pi3HHIb. 33/1a4y ONTHUMI3aLi] 3BeICHO 10 MoUIyKy KoediuieHnTis paay Pyp’e
Ta JIOBXHMHH 3’€JHaHHA. 3aCTOCOBAaHO T'CHETMYHUH aJIrOPUTM ONTHUMi3alil.
Po3B’a3aH0 MoAeTBHY 3a1a4y.

KirouoBi ciioBa: TpumapoBa KOHCTPYKIis, TONOJIOTiYHA ONTUMI3allisl, TeHCTUIHUI
AJITOPUTM.

BCTYII

KirefioBi 3’€tHaHHS BHAITYCK € HEBiJ’€MHOI0 YaCTHHOIO CYYaCHHX KOMITO3HTHUX
KOHCTPYKIiHi. [lomupeHicTh iX 3aCTOCYBaHHS 3YMOBJICHA TAaKHMMHU SKOCTSIMH, SIK
MaJia Maca, TeXHOJOTIYHICTh, TePMETHYHICTh, BUCOKA acpOJUHaMiuHa e(hEeKTUB-
HICTh TOIIO. AJie BiIOMHM HEIIOJIIKOM 3’€JJHAHb BHAIYCK € KOHIICHTPALlisS HAIpy-
JKEHb Y KIICHOBOMY TIapi Oinsl KiHINB 3’enHaHHA [1—4]. 3 METOIO i IBUIIEHHS Mill-
HOCTI 3’€/IHaHb Ta 3HIKEHHS KOHIIEHTpallii Hampy>KeHb 3aCTOCOBYIOTHCS MEBHI
KOHCTPYKTHBHI 3aX0/I1, TaKi K YTBOPEHHS HAIUIMBY 3 HAJUIMIIKIB KJICIHO Ha Kparo
CKJIEHKH, CTBOPCHHS (JaCOK Ha KIiHISX 3 €IHYBAaHUX IApiB, 3aCTOCYBaHHS (QYHK-
[[IOHAJILHO-TPAIIEHTHUX KJICIB, YBEJACHHS y 3’€HAHHS MOMEPSUHUX Ta IMO3I0BXK-
HIX CHJIOBHX €JIEMCHTIB TOMIO [5]. 3a3BHuail MpoeKTYBaHHS 3’ €THAHHS 3BOJIUTHCS
JI0 TIONTYKY ONTHMAJbHOI TOBXHHHU CKIIEHKH 32 YMOB TOCTIMHHX 3a JOBXHHOIO
KOHCTPYKITil IPY>KHUX Ta TEOMETPUYHUX MMapaMeTpiB mmapiB. OmMHUM 3 epeKTHB-
HUX 3aXOJ(iB 31 3HWKCHHS KOHIICHTpAIlii HAIIPpyXeHb y KIeHOBOMY MIapi € 3acTo-
CyBaHHA 3’€[lHaHb 31 3MIHHOK TOBIIMHOIO IIapiB, 3 €HaHb «HA BYC». 3aCTOCY-
BaHHS CyYaCHUX aINTUBHUX TEXHOJIOTiH, TakuX sk 3D npyk, m03BoIsie HaaBaTH
eJIeMeHTaM KOHCTPYKIii Oy b-sK0i ckinanHoi Gopmu. Lle craButTh nepes mpoexTy-
BaJbHHKAaMH HOBI 3aBJIaHHS, Taki SK TOMOJOTIYHA Ta CTPYKTYpPHA ONTHMi3allis
KOHCTPYKIIili, TOOTO MOIIYK HE OJHOTO MEBHOTO MapaMeTpa ONTUMI3allii, a HeBi-
nomoi QyHKIII, SKa OMUCYE TE€OMETPi0 KOHCTPYKUil a0o ii BHYTpILIHIO CTPYKTY-
py. AJle HaBiTh Y ABOBUMIpHIiil IIOCTaHOBIII Taki 3a7a4i HAIITOBXYIOTHCS HA TPY/I-
HOII[I, 3yMOBJICHI HAJBEJIMKOI PO3MIPHICTIO 3aaaui [6, 7]. KpiMm Toro, oTpumani
pe3yNbTaTH MOXYTh OYTH HENPUHHATHUMHU 3 TEXHOJOTIYHHMX, KOHCTPYKTHBHUX
a0o IHIIKUX MipKyBaHb, SKi HE BpaxOBaHO MijJ 4Yac IMOCTAHOBKHU 3amadi [8]. ¥ il
CHUTYaIlii IEPCIIEKTUBHUM HAIPSMOM MOXKE CTaTH MOETHAHHS KIIACHIHUX MaTeMa-
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TUYHHUX MOJIENICH CTPIIKHIB, OAJIOK Ta TUIACTUH 1 METOy AUCKPETH3AIll KOHCTPY-
KIIii 3 METOAaMM ONTHMIi3allii Ha OCHOBI TCHETUYHHMX EBOJIIOLINHUX aNTOPUTMIB.
Le no3Bonse 3MEHIIUTH PO3MIPHICTh 3a7a4i 0e3 CyTTEBUX yTpaT y TOYHOCTI Ma-
TEMATUYHOI MOJEIIL.

IOCTAHOBKA 3AJTIAUI

CxeMy 3’€IHaHHS BHAIIyCK MOKa3aHO Ha puc. 1.

/ 8, (x)
N

Puc. 1. Cxema 3’eJHaHHS BHAIIyCK

ToBmmHa Hecyunx mapiB O;(x) i d,(x), TOBIIMHA 3’€IHYBAIBLHOTO IIApy
HOCTIHHA 3a JOBKHHOIO 3 €IHAHHA 1 JIOPIBHIOE O . JloBxkuHa 3’eqHanns L. Ilep-
UM [ap HABAHTAKEHO MO3A0BKHIM 3yCHIIsIM F' .

Braxaemo, mo mMarepianm 000X HeCydnx mapiB ogHakoBi. OCKITBKH 332 MO-
nemmo Donpkepcena [1, 4] Hecydi mapu po3risAalOThCs SIK CTPWKHI, SIKI Mpa-
IIOIOTh TUIBKH Ha PO3TSTYBaHHSI—CTUCKAHHS, TO 13 CUMETpPil KpalOBUX YMOB JIJIs
IIapiB BUIUIUBAE CUMETPIisd TOBIIUHU HECYUHX IIapiB, TOOTO J;(x)=0,(L—x).

PosristHeMo mudepeHItianbHAN eIeMEHT 3’ €THAHHS, SIKUH MOKa3aHo Ha puc. 2.

N, N, +dN,
<« —
< ________
T
--------- >
N, N, +dN,
< —
dx

Puc. 2. PiBHoBara audepeHiiaibHOro eJIeMEHTa 3’ €THAHHS

VY Hecyuux mapax AilOTh MO3AOBXHI 3ycwmuisi N; 1 N,; HOTWYHI Hampy-

JKEHHSl y KJIeHOBOMY MIapi MO3HA4uMo 4epe3 T. bynemo BBaxaru, IO JOTUYHI
Halpy>XEeHHS TOCTiHHI 3a TOBIIMHOIO KiIeHoBOro mapy. PiBHSHHS piBHOBaru He-
CYYHX IIapiB MalOTh BUIIIAL

ﬂ—17=0,%+r=0. )]
dx dx
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3 iHmoro 6oky, N; =0,0; = 8iEi%, ne i=1,2; 6; — HOpMallbHi Hampy-
x

JKEHHS y BIANOBIAHOMY mIapi; E; — MoAynb OpyKHOCTI BinnosigHoro mapy; U,
— TIO3/IOBXHI MepeMilleHHs mapy i .

JloTu4HI HaNpyXeHHs Y KIIEHOBOMY IIapi MPOMOPIIiiHI Pi3HHUII MO30BKHIX
MepeMiIIeHb Hecydux mmapis [1]:

TZP(UI—Uz), (2)
Gy . )
i P=— — JKOPCTKICTH KJICMOBOI'O IIapy Ha 3CYB; GO — MOAYJIb 3CYBY
0
KJIICIO, 60 — TOBUIIMHA KJICHOBOT'O mapy.

Judepenuiroroun piBHIHHSA (2) Ta 3aCTOCOBYIOUM OYEBHJIHE PiBHSIHHS
N+ N, =F , oTpuMyeMO piBHSIHHA
2
1 1 PF 1
d ]Zl ~P + N, = 3)
dx Edy(x)  Ed(x)

_E_z 3,(x)

13 kpaitfoBumu ymoBamu N;(0)=0 1 N;(L)=F.

3ayBakMMO, III0 y BHITAJIKY TOCTIHHOI TOBIIMHU HECYYHX IIapiB PiBHIHHS
(3) mae Bimomuit aHaMITUIHUE PO3B’s30K [1]. Ajie HaBITh 3a YMOB JIHIHHOTO PO3-
MOJTITY TOBIIMHMU 33 JIOBKHHOIO 3’€IHAHHS 1€ PIBHAHHS aHATITUYHUX PO3B’SI3KIB
HeMae. ToMy U1 3HaXOJDKEHHS HANPYy>KEHOTO CTaHy 3’ €qHaHb 31 3MIHHHMH Tia-
pamMeTpaMu 3aCTOCOBYIOTHCS YMCIIOBI METOAM, 30KpeMa METOJ| CKIHUEHHHX pi3-
aute [9, 10].

3anavy onTtuMizamii MOXHA c(POPMYITFOBATH TAKMM YHHOM: HEOOXiTHO 3HAii-
TH TaKUH PO3IMOIUI TOBIIMHU HECY4Oro mapy O,(Xx) Ta ZOBXKHUHY 3 €IHaHHS L, 3a
SKHX Maca 3’€IHaHHs (3 TOYHICTIO 0 MOCTIHHOTO MHOKHHKA) I0CSTaE MIHIMyMy

L
V = [8)(x)dx — min
0
1 BUKOHY€ETBCSl YMOBA MIIIHOCTI 3’ €THaHHS

— “max °*

dN,
(x)=—-=<1
(x) —

Ha neBimomy ToBHmIMHY O)(X) TaKOX HaKJIAAEHO YMOBY O;(X) 20, , fKa €
HACJIIKOM TEXHOJIOTii BUPOOHMITBA. TOBIIMHA APYTOr0 HECY4YOro HIapy O, (xX)
3HAaXOAUTHCS i3 O;(X) aBTOMATHUYHO 3aBASKH CUMETPIii KOHCTPYKILii, 1 TOMy B 3a-

Ja4qy He BXOIUTb. JJOTHYHI HanpykeHHs y kiei 3HaxoqumMo 3 piBHAHHA (1) K 1mo-
XiHy BiJl HOpMaJbHUX 3yCHIb N|, 5IKi, y CBOIO Yepry, 3ajexaTb BiJ HEBiIOMOI

TOBIIMHM O;(x) uepe3 nudepeHumiansHe piBHAHHS (3).

MNOBYJ1OBA PO3B’S3KY

Jliis po3B’si3aHHs 3a/1a4i 3aCTOCYEMO AMCKpeTu3ailito oonacti x €[0; L], mans vo-

ro po3i6’emo i Ha N +1 By31I0BUX TOUOK X; 3 HyMmepauieto Big 0 1o N Ha KiH-
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max Bigpidka x=0 1 x=L. 3acTtocyBaBmId I’ ITATOYKOBUU CKIHUYECHHO-
pizHuULeBU# mabI0H, piBHAHHS (3) 3aNHIIEMO Y BUTIISL

12h*F P

B T
e n,({l) =N (1)(xk); h =% — mar JUCKpeTh3allii; 62” =8(i)(xk) ,
o, =12Ph* 1 L +30; k=0,1,..,N
o0
I3 kpailoBUX yMOB BUIUIMBAE n(l) =0 i n](\}) =F, a Takox n(l) =—n1(1),
nflz) =—n§1), ng\l,) | = n§\})+1 , ng\}) 5= n§\1,)+2 e mo3Bomnsie 3BecTH 3amady 3i 3Ha-

XOJDKEHHS 3yCWJIb y BY3JIOBHX TOUYKaX 3a BiJIOMOIO TOBIIMHOI HECYYHX IIapiB
65;) 710 CHCTEMH JIiHIHHUX PiBHSHb.
BiamosinHo mo piBHsHHA (1) MaemMo
M g, M _ M
2 = 8my 8 — s (5)
12h
JIist oUIyKy ONTHMAJIbHHX 3HAa4€Hb TOBLIMHHM HECYYHX IIApIB Y BY3JIOBUX
TOYKaX 3aCTOCOBYEMO METOJl TC€HETHYHOI onTuMmiszamii. [y 1[bOro MOXHa B3SITH

Ty =

3a IIyKaHi 3MiHHI 6}(’). Aule, SIKIIO TOBIIMHA HECYYHX IIAPIB y CYCITHIX TOYKax

CYTTEBO BiPI3HSETHCS (IO MOXKE TPAMTHUCS BHACIHIZOK MYTalliif), TO PO3B’A30K
cuctemMu (4) Ta TOTHYHI HANPYKEHHS Y KJIEHOBOMY Tapi (5) MaroTh HEPaBIOIIO-
niOHuit xapaktep (MoAenb HampyKEHOTo CTaHy BTpadae aJeKBaTHICTH). Tomy

JOLINBHO HIYKATH 85;) cepen QYHKLIH, AKi MAlOTh NEBHY TIaAKiCTh. Lle BUIumBae

TaKOXX 3 THX MIpKyBaHb, IO ILIYKAaHWH pO3MOIUI TOBIIMHH 3a JOBXHHOIO
3’€THaHHS HaWiMOBIpHilIe Oy/e ONMUCYBaTHCS TIANKOI (QYHKIiE, a00 QYHKIII-
€10 JIMIIIE 3 KUTbKOMa KyTOBHMH TOYKaMu. TOMy 3alpOIIOHOBAHO 3aCTOCYBATH IS
ormcy Gopmu Hecyuux mapiB psan @yp’e 3a kocuHycamu Ha iHTepBaii § €[0;1]:

M
a
()= s U Zan cosmng . (6)
2 n=l1
SAxmo po3outu intepan & <[0;1], sk i intepan x €[0; L], na N +1 By3-
JOBHUX TOYOK &; , TO MOXHa onucatu (hopMy MEpIIOro HECydoro Liapy 3a AOIO-
MOTOI0 JOBKMHH L Ta TOBIIMHM y By3710BHX TOYKAxX 8, axi Moxua po3paxyBa-
TH 32 OTIOMOTOI0 PiBHSIHHS (6) SIK
) 4 5
) =y(E_,k)=7+ZancosnnE_,k. (7)
n=l1
[Tpu upomy 8(2) = 8(1)

®opma (7) 3pydHa A1 3HAXOKEHHS MacH HECYUJOTo Iapy

L
V:_([sl(x)dx:%%. (8)
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[inpHicTh MaTepiany y ¢hopmyii (8) BBaKAEMO PIBHOI OJIUHMUII, OCKLIBKH
KOHKpETHE 3HaueHHS IIIIFHOCTI HE BIUIMBAE HA pe3yNbTaT ONTHUMIi3allii. 3acTocy-
BaHHS caMme KOCHHYCIB y (opmyimi (7) Mae mepeBary Hajl CHHYCaMHU 3aBISKUA TO-
My, III0 y JaHOMY BHITIAJKY Ha KiHIIIX iHTepBady, y Toukax & =0 i =1, 3Ha4ueH-
Hs QYHKITI MOXKe BIIPI3HATHCS BiJ HyJS 1 HaOyBaTH OyIb-SKOTO 3HAYCHHS, Ha
BIIMIHY BiJ po3kiananHs B psajg Oyp’e 3a cunycamu.

TakuM YUHOM, HEBIJOMUMH MapaMeTpaMH, SKi HeOOX1THO 3HAUTH B PE3yJib-
TaTi oNTHUMIi3anii, € TOBXKUHA 3’€qHaHHA L Ta Habip Koe]iLieHTIB a, dj,...,dy; ,
SIKi ONTUCYFOTh 3MiHY TOBIIWMHH HECYYOTO MIAPy B3/IOBXK 3’ €HAHHSI.

Jnst peamizariii T€HETHYHOTO aITOPUTMY HEOOXimHO cTBOpHTH (iTHEC-
(hyHKITIO, SKa 6 maBaja 3MOTYy paHKyBaTH Pi3HI po3B’s3KH (0COOMHM) 3a AKICTIO 1
HaOIMKEHICTIO 10 onTUMyMy. BodyeBunp 1 GpyHKIIS Mae MICTUTH Macy (TIIONTY)
KOHCTPYKIIii (8) Ta mTpadu 3a IepeBUIICHHS HAIIPYKEeHb y KICHOBOMY Iapi Ma-

KCUMAJIbHO NPHUITYCTUMUX 3HAYCHb T,y , @ TAKOX 3a TC, IO TOBIIHMHA HECY4OIO

mapy MeEHIIa 3a MIHIMAIPHO MPHUIOYCTUMY O, . 1aKUM YHHOM, MOXKe-
MO, HapUKIIaz, GiTHEC-PYHKITIIO 3aMUCaTH Y Takiid (hopmi:

max (| Tk |) 6min min (Sk) <8

2 —— . .
—k max (| T |) >T : 2. min»
a Z > k > min (& k
q) = L_O + Tmax k e + k ( k)

0, max(|t, )<t
k

)

max > min-

0. min(8;)23

Tyt Z, 1 Z, — Benuki uncina, sIKi BU3HAYalOTh BEIUUMHY WITpady 3a BUXig

PO3B’SI3KY Yy HETIPHITyCTHMY 007acTh; max (| T |) — MakCHMalbHI 3HauYeHHS al-
k

COJIFOTHUX 3HAuYeHb JOTHYHHX HANPYKEHb Y KJICHOBOMY IIapi 3a BCiMa BY3JIOBHU-
MH TOYKaMH y AULSHLI ckietoBaHHS (5); min(d; ) — MiHIManbHa TOBIIMHA HECY-
k

YOro MIapy 3a BCiMa By3JIaMHU y JTUISHII CKICIOBaHHS.

TakuMm 4nHOM, AKIIO PO3B’sA30K (HAOIp . Ta @, dy,...,dy, ) € TIPUITYCTHMHUM,
TO ¢itHec-QyHKIA (9) HOpiBHIOE IO Hecydoro mapy (8). Aje sSKIo Hampy-
JKEHHs y KJIeHOoBOMY IIapi Xo4a O B O/IHI{ BY3JIOBiH TOULI MEPEBUILYIOTH MPHITY-
ctuMmi, abo (Ta) TOBIIMHA HECYUOTro MIapy Xo4da O B OJHIM BY3JIOBii TOYIII MEHIIA
3a MPUITYCTUMY, TO IO IUIOIII JTOAAIOTEHCS e mTpadHi JoJaHKH. TakuM 9HHOM,
JUIS. PO3B’sI3aHHS 3ajadi ONTUMI3allii HEOOXIiTHO 3HAlTHM Takuii Habip L Ta
g, Ay s Ay » IKUHA MiHIMIZYE QyHKIIO (9).

JIst po3B’sI3aHHS IOCTABJICHOT 3aa4i ONTUMI3AIi]l 3aCTOCYEMO T'€HETUIHHI
anroput™ [11, 12], sxuii cCKIIagaeTbes 3 TAKUX €TalTiB:

1. IToOymoBa MOYATKOBOT MOMYJISALIT BEKTOPIB W9 | ne J=L.,Ng (N, —
KUTBKiCTh 0coOMH y momyssimii). KoskeH BekTop (0coOMHA) MiCTUTh KOMIIOHEHTH

. Y G :

IV 1a ai,aP,...,al.

2. 3a gaHuMH HaO0OpaMu NapameTpiB OOYUCICHHS BiJNOBIOHUX 3HAuYCHb

Q= q)(ﬁ(j )) 3a ¢opmyroro (9). s nporo HeoOXiMHO 3a 3HAYEHHSAMU Koeilli-

entie a',a,....a\? i Sl 3HAWTH TOBIIMHYU HECYYHX IIapi -
o a L ayy 11 y piB Y BY3JIOBUX TOY

AT N SO0 Vo , .
Kax Ta mar JUCKpPETHU3allll , PO3B A3aTU MpsAMY 3aJiavy 31 3HAXO0-
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JUKEHHS TIO3ZI0OBXKHIX 3yCHIIb y TIEpLIOMY HecydoMmy uapi (4), i 3HalaeHi pe3yibra-
TH 3aCTOCYBATH JUTS 3HAXOKCHHS JOTHYHUX HAIPY>KeHb y KileiioBoMy miapi (5).

3. Cenexyis. PamkxyeMo HasBHI B TOIYJIAIlli BEKTOPH 7 3riAHO 3 BIIIOBI-
JHUMH 3Ha9eHHIMH (iTHeC-QyHKii O ;.

4. Binbip 3 momysinii 2k (me 2k <N, ) eneMeHTis o ImMoBipHICTE TI0-

TpaIUIIHHS Y BUOIpKY MOKe 3anexard abo Bil HOMEpa B PaHXKOBAaHOMY CIIHCKY
abo Bix sHaueHs @ ;, HeobxinHo, mo6 y BUOIpKy NOTpaIUsuM Halikpai ocobu-

mn hY) 3 TIOITYJISALIT, TKi MAIOTh MEHIII 3Ha4YeHHs (iTHeC-QYHKITII.

5. Bubip 6amuxkie. Po3ouBaemo 2k BimiOpaHMX OCOOMH Ha TapH i OTPUMYE-
MO k map OaTbKiB.

6. Cxpewyysanns. BATTaqkoBUM YHMHOM 0OHUpaEMo I KOXKHOI HOBOT 0cOoOM-
HM [TapaMeTpiB 1Y) 1a aé-’ ), al(f ),...,af\j) 3 000X 6aTbKiBCHKMX OCOOUH. Y pe3yiib-
TaTi 1aHoi omeparii OTPUMYEMO TOITYJIAII0 & HOBHX OCOOWH.

7. Mymayis. Y peainizoBanili Bepcii anropuTMy MyTaLii BiIOYBalOThCS JIHIIE
3 JICIKOI0 HEBEJIMKOIO YaCTKOI0 KOMIIOHEHTIB BEKTOPIB ) 0COOUH, SIKi BUHHKITU
B pe3yibTaTi CXpenTyBaHHsI. MyTallis 1mojisrae B 3MiHI 3HAYeHh KOMIIOHCHTIB BEK-
TOpa Ha JIesiKe He3HAYHEe BiIXMICHHS. BenndnHa BUIIaIKOBOTO BiIXWIICHHS MOXKE
OMMCYBAaTHCA, HATIPUKIA, po3moaiioM ['ayca 3 HyIbOBUM MaTeMaTHUYHUM CIIOJi-
BaHHSM, a 3HAYEHHs Jaucriepcii OyTH MpOMOpIiiiHOI abCOMIOTHOMY 3HAYEHHIO

koedinienTa a, . To6To Oinbli 3a a0COMIOTHUM 3HaueHHAM Koedinientu Dyp’e
MYTYIOTb 3 OLIBIIOI0 AUCIEPCIE0, @ MEHII — 3 MEHINO. SIKIo Koe(ilieHT a,

JIOPIBHIOE HYJIIO, TO BHACIIJIOK MyTalliii CepeHhOKBAIPATUYHE BiJIXWUICHHS Ha-
OyBae EBHOTO (PIKCOBAaHOTO 3HAYECHHS Gy .

8. Ilicmst BHECEHHS 3MiH 40 TEHHOTO KOAY HAIaJK! TMTOBEPTAIOTHCS B OCHOB-
HY TOMYJIAIII0, sIKa 301IbmIyeTsest 3 N g 1O N gt k ocoousn. Ilicisa nporo ocodu-
HU 3HOBY PaH)XYIOTHCS 32 3HaueHHAMU (piTHEC-PyHKIIIT CDj i k ripmmx ocobuH

BUJIYYarOThCS 3 MOMYJIAIIL.

9. Illepesipxa kpumepiro 3ynuny. SIKIO KpUTEpir0 3ynuHYy (HAIPUKIA],
3a/laHa KibKICTh [UKIIB PO3MHOXEHHS K ) He JOCSITHYTO — TOBEPHEHHS J0
MyHKTY 4.

MOJEJIBHA 3AJAYA

PosrngaeMo mpukiaz 3acTOCYBaHHS 3alpOIIOHOBAHOT METOIUKU ISl MPOEKTY-
BaHHA 3’eqHaHHA. bepemo Taki mapamerpu E; =E, =70 I'lla, G,=0,8 ITla,

=0,7 MM,
=25
Mlla. 3’emnanns, HaBanTaxeHe 3ycwniam F =500 kH/m. Hexaii KiJIbKICTh 0CO-
Oun y nonyssiuii N, =50 . Jlnst po3s’si3aHHs 3a/a4i 31 3HAXOJDKCHHSL HATIPYKEHO-

8y =0,1 MM, MiHIManIbHA OPUITYCTUMA TOBLIMHA HECYYOrO IIAPY O,y

MaKCUMaJIbHI TIPUIYCTUMI JOTHYHI HANpYXXEHHS y KIeHOBOMY IMIapi T,

ro crany 3’enHaHHs oOpaHo N =50 Touok auckperuszauii. s onmcy GyHKuil

3MIHH TOBIIWMHU HECYUYUX I]_IapiB 3a JOBXXHWHOIO 3’€,Z[HaHH$I 3aCTOCOBAaHO M =30

80 ISSN 1681-6048 System Research & Information Technologies, 2022, Ne 2



Tononoziuna onmumizayis cumempuino20 Kietiogo2o 3 '€OHaHMHs BHANYCK

yiieHiB psgy Oyp’e. YV Mo4aTKOBIN MOMYIISIi TOBXKUHY 3’ €THAHHS B3ATO OJHAKO-
BOIO ¥ BCiX 0coOmH L =50 MM, a po3IMOaiT TOBIIMHM 3a JOBXHWHOIO 3’ €THAHHSI —
JMHIAHUM, 32 SKUM TOBIIMHA TEPIIOrO MIAPy 3MIHIOETHCS Bijl BUMAJKOBHUX 3HA-
geHb TOBIMHM: Bix 0,7-3 MM mpu x =0 g0 3 MM nipu x = L . KiTbKiCTh 0COOUH,
o0upaHux g cxpenlyBaHHi, — 2k =16. IMOBipHICTH MyTamii JOBXWHU
3’enHaHHA Ta MyTauil koedinienTiB a, 6epemo 0,2. CepeqHbOKBaApPaTUYIHE Bia-
XWJICHHSI 32 MyTallii 1oBXWHU 3’enHanHsg o = 0,1 MM koedimieHT Bapiariii 3a My-

Tariit koedirientis @, cramosus ¢, = 0,005 i dikcoBammii nomaHok G, =107°.

Kinpkicts mukiie K = 25000 . Jlng Oinbinoi TouHOCTI BHKOHAHO 10 Takux eBo-

JIOIIHIX MOJIETIOBaHb, & OTPUMaHI pe3yJIbTaTH (JOBXKUHY 3’ €IHAHHS i TOBIIUHY

HEeCy4YuX IIapiB y BY3JIOBHX TOYKax) OCepeAHEHO. 3HaiileHa ONTUMalbHa JOBXKHU-

Ha 3’eqHaHHsa L =413 mMm. PesynpTaté MOCTaTHRO CTa0iIbHI — CEepPeIHBOKBA-

patuyHe BiaxuieHHs 3a 10 YMCIOBUMH eKCTIEpIMEHTaMU CTaHOBUTH 0,8 MM.
I'padixkn onTEIMaIEHOT TOBIIMHM IIapiB 300pakeHo Ha pucC. 3.

d12

Puc. 3. OnTrManpHa TOBIIMHA HECYYHX IIAPIB Y MM

BinmoBimHi JOTHYHI HaNpy>KEeHHS Y KIIEHOBOMY IIapi TOKa3aHo Ha pHcC. 4.

1,01

0,81

0,6
T

T
max
0.41

0,21

0,04 . |
0,0 0,2 04 . 06 0,8 1,1

L

Puc. 4. [lotnuni Hanpy>XeHHS y KJIeHOBOMY mIapi
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Sx BuaHO 3 rpadikiB, y pe3ynbTari ONTHMIi3alii TOBIIMHA HABAHTAXKEHUX
KIHIIIB HECYUMX MIapiB 30UIBIIMIACH OUTBIIe HIK yABIYI TMOPIBHSIHO 3 BiIIOBIA-
HUMH 3HAQYEHHSIMU y TOYATKOBiM momyssinii i mepeBuinye 6 MM. HenaBanTaxxeHi
KiHI MalOTh MiHIMaJIbHO HPUIYCTHMY 3a YMOBaMu 3ajxaui ToumHy 0,7 MmM. Ha
OUIBLIIA YAaCTHUHI MOBXKWHU 3’ €qHAHHSA TOBIIMHA 3MIHIOETHCS 34 JIHIMHUM 3aKO-
HOM. JIOTHYHI HaNpy>KeHHS Y KJIEHOBOMY Iapi TaKOX HA OUTBIINIM YacTHHI JOB-
JKUHU 3’ €JTHAHHS MOCTIiWHI, X04a O KiHIB 3’ €JHAHHS CIIOCTEPIraeThCs KOH-
[EHTpAIlisl HATPYKCHb.

BUCHOBKHU

1. 3anporoHOBaHO METOAMKY oONTUMi3alii (HopMH KIEHOBOTO 3’ €IHAHHS
BHAITYCK, sIKa 3a0e3euye MiHIMyM MacHl KOHCTPYKLii. MeToauka IpyHTY€eTbCs Ha
CIIITFHOMY 3aCTOCYBaHHI KJIACHYHUX MOJEJEH MEXaHIKA 1 METOMy CKIHYEHHHUX
PI3HUIIB 3 TEHETHYHUMU aJITOPUTMAMH ONITUMI3aIlii.

2. 3aBIsSKM THYYKOCTI €BOJIIOLIMHUX QJTOPUTMIB ONTHUMI3allii HE CKJIaaae
TPYIHOIIIB PO3BHUHYTH 3alPOIIOHOBAHUH MiAXiJ Ha OLTBII TOYHI MaTeMaTH4HI
MoOJeli 3’€IHaHb, AKi BPaXOBYIOTh BUTUH KOHCTPYKIIi 1 HAPYXKCHHS BIIPHUBY Y
KJICHOBOMY IIapi, a TaKOX Ha IHINI 3a1adyi, SKi MOXYTh OyTH 3BEJIEHI 0 OJHO-
BuMipHuX [3, 13, 14].

3. V ¢dirHec-pyHKIIO MOXKe OYTH JI0aHI JOJATKOBI WICHH, SIKi BpaXOBYIOTh
MIIHICTh HECYYHX IIapiB, OOMEKEHHS Ha BEIMYWHY TNEPEMIIIeHb Ta OiIbII
CKJIaJHI KpUTEpii MITHOCTI KJIeHoBOro mapy [2].

4. Ilepexim Big HeHepepBHUX 3MIHHMX [JO JHMCKPETHUX JJO3BOJISE
PO3B’sA3yBaTH 3a/1a4i ONTUMI3AIli] He TUTbKH [T KJICHOBHUX 3’ €JHAHL BHAMYCK, aje
1 U1 GaraTopsaHUX OOJITOBUX 3’ €THAHL Ta KOMOIHOBAaHHX KJIE€OOITOBHX.

5. IomampIuii PO3BUTOK 3aIllPOIIOHOBAHOI METOAWKH PO3B’s3aHHS 3aaad
TOTOJIOTIYHOI ONTUMI3allii, s’IKa OCHOBaHA Ha TMOEJHAHHI METOAY CKIHYCHHHUX
PI3HUIIb Ta TCHETHYHUX AITOPUTMIB, MOKHA TAKOX CIPSIMYBATH HA PO3B’SI3aHHS
JMIBOBUMIPHUX 3a7a4 ONTHMI3allii mapyBaTux KOHCTpyKIii [15—-19].

Skmo yMOBH 3amadi Taki, 0 MPUITYCTHMHKA PO3B’SI30K HE iCHYE (HAIPUK-
Jaj, 3aBeNIMKe HaBaHTaKEHHA F' ), TO, MPU3HAYMBIIM y piBHAHHA (9) Z, >Z| ¥

pe3ysbTaTi ONTHMI3allii OTPUMYEMO pPO3B’A30K, SKHA MOXXHA peali3yBaTu
(hizugHO (SQ) 20 pin ), Q1€ SIKUH JIMIIE MiHIMI3y€ HaNpPYy>KeHHA Yy 3’ €IHAaHHI, yTiM

HEC 38.663H6‘Iy€ BUKOHAHH YMOBU MiI_IHOCTi 3’€Z[H8,HH$I.
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TOPOLOGICAL OPTIMIZATION OF A SYMMETRIC SINGLE-LAP ADHESIVE
JOINT / S.S. Kurennov

Abstract. The profile optimization problem for layers overlapped with an interja-
cent adhesive layer is considered. The joint is considered according to the Volkersen
model, according to which the base layers are considered as rods that act only in
stress-strain, and the adhesive layer acts only in shear. The aim of the optimization is
to design a joint structure of minimum mass under the strength restrictions for the
adhesive layer and the minimally allowable base layer thickness. The base layers
profile is described by a Fourier series expansion. The direct stress state problem for
the joint of variable thickness rods is solved by the finite difference method. The op-
timization problem is reduced to the problem of determining Fourier series coeffi-
cients and the joint length. A genetic optimization algorithm was used. The model
problem is solved.

Keywords: three layer construction, topological optimization, genetic algorithm.
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HYBRID CONVOLUTION NETWORK FOR MEDICAL IMAGES
PROCESSING AND BREAST CANCER DETECTION

Yu. ZAYCHENKO, M. NADERAN, G. HAMIDOV

Abstract. In this paper, the breast cancer detection problem using convolutional
neural networks (CNN) is considered. The review of known works in this field is
presented and analysed. Most of them rely only on feature extraction after the con-
volutions and use the precision of classification of malignant tumors as the main cri-
terion. However, because of the huge number of parameters in the models, the time
of computation is very large. A new structure of CNN is developed — a hybrid con-
volutional network consisting of convolutional encoder for features extraction and
reduction of the complexity of the model and CNN for classification of tumors. As
a result, it prevented overfitting the model and reduced training time. Further, while
evaluating the performance of the convolutional model, it was suggested to consider
recall and precision criteria instead of only accuracy like other works. The investiga-
tions of the suggested hybrid CNN were performed and compared with known re-
sults. After experiments, it was established the proposed hybrid convolutional net-
work has shown high performance with sensitivity, precision, and accuracy of
93,50%, 91,60%, and 93%, respectively, and requires much less training time in the
problem of breast cancer detection as compared with known works.

Keywords: breast cancer detection, hybrid convolutional network, encoder, classifi-
cation sensitivity, dimensionality reduction.

INTRODUCTION

Breast cancer is a very common cancer among women between the ages of 35 and
55 [1]. Diagnosing breast cancer is frequently discussed as a classification prob-
lem within neural networks. Detecting and diagnosing breast cancer in early
stages is critical in saving women’s lives. Detecting this cancer in its early stages
can help prevent the spread of cancer to other organs/tissues allowing doctors to
help the patient before it is too late. Early detection requires methods that are sys-
tematic and dependable, allowing healthcare professionals to accurately distin-
guish between benign and malignant tumors [2]. For these reasons, the exact de-
tection and classification of breast tumors is extremely important for public health
and to the lives of cancer patients [3].

There are four types of breast cancer: in situ, invasive ductal carcinoma, in-
flammatory breast cancer, and metastatic cancer [4]. Breast cancer detection is
important in developing countries, where the number of patients is dramatically
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Cucmemni docnioxcenna ma ingpopmayivini mexunonoeii, 2022, Ne 2 85



Yu. Zaychenko, M. Naderan, G. Hamidov

higher. Moreover, detecting breast cancer is a challenging and time-consuming
task requiring doctors to manually label scans. Although, there are supervised and
unsupervised machine learning algorithms that assist doctors. According to the
World Health Organization (WHO) [5], a mammography scan is more efficient
and cost-effective for breast cancer detection. Although it is more expensive than
other medical images, the quality of the image is superior to other medical scans
and therefore mammography scans, from the BreakHis dataset [6] have been used
in this work.

The main goal of this work is the development and investigation of hybrid
convolutional network to increase the sensitivity and to reduce the complexity of
the model for breast cancer detection. A convolutional autoencoder was proposed
to extremely decrease the computation time.

REVIEW OF PREVIOUS WORKS

There are a lot of studies that consider breast cancer detection using CNNs. How-
ever, most of them rely on the accuracy in their experiments, but accuracy in any
cancer detection is not the only valid factor that should be considered [7]. In these
tasks, the sensitivity of models should be considered to understand how many
times the model misclassified cancer. Authors in [8] proposed a state-of-the-art
convolutional neural network (DenseNet) for breast cancer detection using Breast
Cancer Histology images (BACH) with an accuracy of 85,6%. The misclassifica-
tion rate for cancer class was 14,4% on average. In their work, the sensitivity (on
average for 4 classes) of ResNet 50 was compared with their proposed CNN at
76% and 79% respectively.

Compared with pre-existing CNN models (VGG-16, VGG19, Xception,
Resnet, Inception) with 80% accuracy in multiclass classification, authors in [9]
proposed a model where the accuracy was 83,97% on average for two classes
(Benign and Malignant). The proposed model was a combination of Inception and
Resnet using the BreakHis data set, which contains 7909 mammography scans
with four magnification factors ( 40X, 100X, 200X and 400X).

In [10], it was stated that because of the architecture of DenseNet, in which
all layers are fully connected to every previous layer, and with a short connection
between those layers near the input and output, the model could be trained more
efficiently and accurately.

In [11] a DenseNet network authors proposed model which achieved high
processing performances with 95,4% of accuracy. The Authors claim they first
used weights from Imagenet and fine-tuned the model to train DenseNet. All con-
volutional parts of the network were frozen but the fully connected layer was
trainable. Authors in [12] used an atrous DenseNet that achieves multi-scale fea-
ture extraction by integrating the atrous convolutions to the dense block. The au-
thors in [12] compared two datasets, BACH and CCG, in which the average class
accuracy for the proposed model was 82,50% and 87,05% respectively for each
dataset.

A new model of convolutional neural network was proposed in [13], where
the authors used 400 images with 40x magnification for training data and 200 for
validation data. In [13] three different ConvNet architectures were evaluated: 1) a
3-layer ConvNet architecture, 2) a 4-layer ConvNet architecture, and 3) a deeper
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6-layer ConvNet architecture. The 3-layer ConvNet included one convolution,
one pooling and one fully connected layer. The 4-layer had two convolutional and
two pooling layers and the last layer was fully connected. The 6-layer ConvNet
architecture comprises four convolutional and pooling layers with 16 units, a fully
connected layer. According to the results in [13], deep architectures shows better
result with 1,06% accuracy.

Authors in [14] proposed semi-supervised learning (SSL) using convolu-
tional neural networks. The accuracy of the developed model was 82,43% and the
area under the curve (AUC) observed in their study was 88,18%. There were 1874
pairs of mammogram images used during the experiments. Moreover, the authors
developed three data weighing equations using exponential function, Gaussian
function, and Laplacian function. Based on results [14], comparing two other
weighting equation, the exponential function has shown better results with
82,43%, 81,00% and 72,26% for labelling accuracy, sensitivity and specificity
respectively.

In [16] authors applied Principal component analysis (PCA) for Hybrid
Fuzzy CNN Network. The idea of using PCA was to reduce the number of extracted
features. In their work, the authors proposed a model where CNN VGG 16 was
used for feature extraction and FNN NEFClass was used for image classification.

DATASET

The open source BreakHis dataset was used during the experiment. The dataset
includes two classes benign and malignant tumors. The dataset is also separated
into four magnification zooms 40X, 100X, 200X and 400X; 5000 images were
used for training and 350 images were used for testing. Fig. 1 illustrates some in-
put images that were used for training the model. Fig. 1, a—d belong to the benign
category and Fig. 1, e—4 belong to the malignant category.

N g K 'u-f" e

ST et e

Fig. 1. Sample of input images: a — adenosis; b — fibroadenoma; ¢ — phyl-
lodes tumor; d — Tubular_adenoma; e — Ductal carcioma; f —Lobular_ carcioma;
g — Muconous carcinoma; 4 — Papillary carcioma

ARCHITECTURE AND TRAINING OF CONVOLUTIONAL AUTOENCODER

The aim of the autoencoder is to learn a compressed distributed representation for
the given data typically for the purpose of dimensionality reduction. On the other

Cucmemni docniodicenns ma ingopmayivini mexronoeii, 2022, Ne 2 87



Yu. Zaychenko, M. Naderan, G. Hamidov

hand, there is a principal component analysis (PCA) for the same task (reduction
dimensionality). However, there are some advantages [17] of using autoencoder
like: 1) autoencoder can represent both linear and non-linear transformations in
encoding but PCA can perform only linear transformations; 2) it could be more
efficient in terms of model parameters to learn several layers with an autoencoder
rather than one massive transformation with PCA; 3) it gives a representation as
the output of each layer and having multiple representation of different dimen-
sions is more practical.

One of the reasons a convolutional autoencoder was used during experi-
ments is because it is very challenging to find significantly sized datasets with
labels and autoencoder is an unsupervised model that does not require the dataset
to be labelled. Another advantage of the autoencoder is that it makes the model
smaller. Respectively, the model would have less parameters and as a result, the
time of computation and training will drastically decrease. For example, in Dense
Net there are a total of 58,420,802 parameters and 7,037,504 of them are not
trainable. However, in the proposed convolutional autoencoder there are
2,940,865 parameters and only 3,840 of them are non-trainable.

Fig. 2 illustrates the architecture of an autoencoder. In the autoencoder there
are layers between the input and output and the sizes of these layers are smaller
than the input layer. For example, the input vector has a dimensionality of N
which means that the output will also have a dimensionality of N. The input goes
through a layer of size P, where the value of P is less than N. The autoencoder
receives unlabelled input which is then encoded to reconstruct input. The impor-
tant part of autoencoder is the Bottleneck approach for representation learning.

Input Image Reconstructed Image

i Latent Space
s ReDresentatlon L

Fig. 2. The architecture of an autoencoder

In the current work, several architectures of convolutional autoencoder were
used during the experiment. The convolutional autoencoder was modified with 18
encoding layers and 14 decoding layers. There were eight convolutional and two
max pooling layers in encoder. In decoder there were six convolutional and two
upsampling layers. Batch normalization was used between each convolutional
layer. The proposed convolutional autoencoder was trained in a way, that the
model would extract informative features (Codes) during the encoding process,
and the decoder could then reconstruct the original input image of the encoder.
The model could recreate the original image, even though some noises were ap-
plied to the scans. A comparison of the input images and reconstructed images is
shown in Fig. 3. After creating a successful autoencoder-model, the output of the
encoder will be used with a fully connected layer to create a full model (Convolu-
tional Autoencoder).
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Fig. 3. On scans (a) noises were added, and scans (b) are reconstructed to original
test data

The accuracy of the recreated test data for convolutional autoencoder was
79,38%.

EXPERIMENTAL INVESTIGATIONS AND ANALYSIS

For training an autoencoder there are four parameters that it is needed to be set.
The first one is code size. The code size represents the number of nodes in the
middle layer and smaller size results in more compression. The second parameter
is the number of layers and the autoencoder could be as deep as we want it to be.
Another parameter is the loss function. The last parameter is the number of nodes
per layer. The number of nodes per layer decreases with each subsequent layer of
the encoder and increases back in the decoder. Also, the decoder is symmetric to
the encoder in terms of layer structure.

The Adam optimizer with learning rate 0,001 was used for training Dense-
Net whereas, in convolutional autoencoder the RMSprop (/7 =0,001) has shown
better results.

All scans were pre-processed, before being used to train the model by resiz-
ing, normalizing and dimensionality reduction methods. In this paper, all experi-
ments were developed using Jupyter Labs, Tensorflow 2 and Python 3. The pro-
grams were implemented on a virtual machine with an NVIDIA Tesla GPU and
eight Intel CPUs.

Fig. 4, a and b illustrate how the loss for training and validation data was
changed. Multiple tests were done using different numbers of epochs. It was
found that 250 epochs provided better results compared to larger number of

Cucmemni docniodicenns ma ingopmayivini mexronoeii, 2022, Ne 2 89



Yu. Zaychenko, M. Naderan, G. Hamidov

epochs like 500. The more epochs, the more chance the model will have overfit-
ting. According to Fig. 6, it is better to use learning rate 0,001 for the current
model. However, this parameter could be different for other models.

Training and validation loss Training and validation loss

0945 1- Training loss 1 — Training I
0.40 2 — validation loss 0,25 2 7\‘::::3:: Is:ss
0,35 0,20
0,30 0,15
0,25 0,10
0,20 0,05
0,15
. . i . . 0,00
0 0 100 150 200 250 0 50 100 150 200 250
a b

Fig. 4. Loss comparison for training and validation data with learning rate 0,01 and 0,001
on (a) and () respectively

In previous work [17], a modified Inception V3 was proposed for breast can-
cer detection. In this work a hybrid convolutional network was proposed using a
fine-tuned DenseNet121 and modified convolutional autoencoder. In the proposed
hybrid convolutional network, the convolutional autoencoder was used as a fea-
ture extraction and the DenseNet was used as a classifier. Fig. 5 demonstrates the
architecture of the proposed model.

Softmax Layer

(Classifier)
B,
o\ PYIX)
- Encoded e ‘Cancer
17 o _vec_tor : N
(| = o/ Acancer

: | Poolind '1
1 Convolutiional
11 & layer 1

Deconvolution | |
layer P |

Pre-processing = Input 4
oolingn: - Qutput
Convolutiional

Convolutional
layer

layer n

Fig. 5. Modified architecture of hybrid convolutional network
Table 1 shows the result of the proposed model for each class.

Table 1. The results of breast cancer recognition using a convolutional
autoencoder

Class Precision, % Recall, % F1-Score, % Support
Class 0 90 95 93 747
Class 1 95 90 92 1626

Weighted ayg 93,2 93,5 93,3 2373

The experiment proves that it is not necessary to have large data sets to train
a convolutional autoencoder from scratch. Comparatively, training the DenseNet
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and Inception-v3 convolutional networks from scratch, require a large number of
input images. Thus, the convolutional autoencoder has a simplified model, and
training time is significantly reduced compared to DenseNet or Inception-v3. Fig.
6 illustrates the performance of the model with different number of input data as
training data.

Also, the appearance and image quality of the input data significantly affect
the performance of the model. BreakHis and Breast histology datasets were used
for comparison. In the table 2 shows the performance of the model with different

input data.
Accuracy of Convolutional Autonecoder
94 using different number of training dateset

£92,692.993.2
22 80 89,389,589,689,7 90

905
8
8885:"S\SISIIIIIIIIII

& Q.° $ P §
S xS h@ K (,JQ:Q

,\’
Number of Training Data

Ji'!\ccur.at:',rr %

£ D
Fig. 6. Accuracy of proposed model for different size of data sets

Table 2. Comparison of the quality of the model of the convolutional autoen-
coder for different datasets

Factors/Datasets BreakHis, % Breast histology, %
Accuracy 93 90,5
Precision 93,2 91,6

Recall 93,5 92,40
F1-Score 93,3 92

Table 3 shows three different deep convolutional networks that were used
for the current task. According to table 3, the hybrid convolutional network has
shown better results as compared to other methods, the training time was lower.
There are plenty of studies for breast cancer detection using deep learning, and
most of them rely only on accuracy. However, sensitivity (recall) is the most im-
portant factor that should be kept in mind while training deep neural networks.
With recall it is possible to assess whether the network predicts cancer as a can-
cer, so in the current work both recall and precision of the model were considered.

Table 3. Result of comparison different models for detecting breast

CNN models — Factors — -
Precision, % |Recall, % F1 score, %Training Time
Modified Inception V3 [17] 66,66 85,70 74,99 27h
DenseNet 121 75,73 86,1 80,84 24h
Hybrid convolutional neural network 91,60 93,50 92,5 13h
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Based on the data from table 3 and table 1, it can be concluded that the sensi-
tivity of the model (recall) when using a convolutional autoencoder gives a better
result compared to Inception-v3. It should also be noted that only 5% of class 0
(cancer), was misclassified.

CONCLUSION

1. In this paper, a hybrid convolutional neural network was developed, and
investigated in the problem of breast cancer detection. In the proposed hybrid
convolutional network the convolutional autoencoder was used as a feature ex-
traction while CNN DenseNet was used as a classifier.

2. In the experiments it was determined that sensitivity, precision and accu-
racy of the proposed model were 93,50%, 91,60% and 93% respectively. The
comparison with known CNN was performed which has shown the proposed hy-
brid CNN has higher sensitivity (recall) than known CNN models.

3. Besides the hybrid CNN has fewer parameters compared to DenseNet, as
a result, the model is less complex and prevents overfitting. Moreover, the used
autoencoder is an unsupervised model and does not require labeled data.

4. In addition, during the experiments it was established that hybrid CNN
requires less training time as compared with known CNN models.
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T'BPUJIHA 3I'OPTKOBA MEPEXA JIs1 OBPOBJEHHSI MEINMYHUX
30BPAKEHDb TA BUSIBJIEHHSI PAKY MOJIOYHOI 3AJI03M / 10.11. 3aifueHKo,
M. Hanepan, I'. 'aminoB

AHoTauisi. Po3riisiHyTO mpoGiieMy BHSBICHHS paky MOJIOYHOI 3aJ03H 3 BHKOPH-
CTaHHSIM 3ropTKOBUX HelipoHHuX Mepex (3HM). HaBeneno orisig ta aHaii3 mpaus 3
i€l ranysi. 3a3HayaeThes, 10 OLIBIIICTh 3 HUX 3aCHOBAaHO HA BIJIYYCHHI O3HAK y
pe3yJbTaTi 3rOPTKM 3 BHUKOPUCTAHHAM SK OCHOBHOTO KPHTEPil0 TOYHICTbH
knacudikanii nyxJauH. YHacHiZOK BENHMKOro o00CiIry mapaMerpiB, [0
ONTUMI3YIOThCS, Yac HaBUAHHA TyKe TpuBaiuid. Po3pobieno HOBY cTpykTypy 3HM
— TriOpuaHYy MEpexKy, L0 CKIAJAEThCsl 3 CHKOoZepa Ul OTPUMAHHS NEPBUHHHX
03HAK 1 CKOPOUEHHS PO3MIPHOCTI MOJIENi Ta JEKUIBKOX IIapiB 3rOPTKH IS Kilacudi-
Kauii myxiuH. 1le gano 3Mory 3amo0irTi epeHaBUCHHIO MEpEXi Ta CKOPOTUTH 4Yac
HaBuYaHHA. J[J1s OLliHIOBaHHS SIKOCTI Kiacu(ikaIlii 3anpornoHOBaHO BUKOPUCTOBYBATH
KPUTEpil 4yTIMBOCTI (O 3JOSKICHUX ITyXJIMH) pa3oM i3 KPHTEpieM TOYHOCTI Ha
BiAIMiHy BiJ BimoMux mparp. Lle [J03BOJMIO CKOPOTUTH BIiJCOTOK MPOIYCKY
3J7I0AKICHUX MHyXJIMH. [IpOBEAEHO EKCIEepHMEHTANIbHI JIOCTIIKEHHS PO3pOOIICHOT
riOpHIHOT 3TOPTKOBOI MEPEXi Ta MOPIBHAHO 3 iHIIUMH MPALSMH. Y CTAHOBJICHO, L0
riopuaaa 3HM Mae BUCOKI TOKa3HUKH SIKOCTI Kilacu(iKallii, a TaKoX Yy TJIUBICTh 10
PaKoBHX MyXJMH i TouHicTh Knacudikanii 93,50%, 91,60% BixnoBinHO i mOTpedye
3HAYHO MEHIIE Yacy Ha HaBYaHHs Kiacudikauil IIyXJIMH MOJIOYHOI 3aJI03H [OPiBHS-
HO 3 BiIOMHMH MpaLsiMH.

Kiro4oBi ci10oBa: BUSBICHHS paKy MOJIOYHOI 3aJI03H, TiIOpUIHA 3TOPTKOBA MEPEXKa,
KOJIep, Yy TIIMBICTh KIacu]ikariii, SMEHIIEHHS PO3MipPHOCTI.
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SIMULATIONS OF NEW COVID-19 PANDEMIC WAVES
IN UKRAINE AND IN THE WORLD
BY GENERALIZED SIR MODEL

I. NESTERUK

Abstract. New waves of the COVID-19 pandemic in Ukraine, which began in the
summer of 2021, and after holidays in the middle of October 2021, were character-
ized by the almost exponential growth of smoothed daily numbers of new cases.
This is a matter of great concern and the need to immediately predict the epidemic
dynamics in order to assess the maximum possible values of new cases, the risk of
infection, and the number of deaths. The generalized SIR-model and corresponding
parameter identification procedure were used to simulate and predict the dynamics
of two new epidemic waves in Ukraine and one worldwide. Results of calculations
show that new cases in Ukraine will not stop appearing before November 2022. The
pandemic can continue for another ten years if the global situation with vaccination,
testing, and treatment does not change.

Keywords: COVID-19 pandemic, epidemic waves, epidemic dynamics in Ukraine,
global pandemic dynamic, mathematical modeling of infection diseases, SIR model,
parameter identification, statistical methods..

INTRODUCTION

The COVID-19 pandemic dynamics in Ukraine was discussed in [1-14]. To pre-
dict the first wave of the pandemic, the classical SIR model [15-17] and the sta-
tistics-based method of its parameter identification [18] were used. To simulate
new epidemic waves, a numerical method of their detection [4, 19], a generalized
SIR-model [20], and a corresponding parameter identification procedure [21]
were developed. In particular, eleven epidemic waves were simulated for Ukraine
[5, 8-11] and five pandemic waves for the whole world [5].

The calculations of the 11th pandemic wave (based on the accumulated
numbers cases reported by Ukrainian national statistics [22, 23] in the period May
23 — June 5, 2021) predicted the end of this wave on August 25, 2021 with the
number of cases 2,226,797 (see [11]). As of August 25, 2021 the real number of
cases accumulated in Ukraine was 2,278,171 (see Table 1). It means that the
predicted saturation level was exceeded only 2,26% (after 81 days of
observation). The obtained high accuracy of the method allows us to hope for a
fairly accurate forecast for next pandemic waves in Ukraine (12th and 13th) and
in the whole world (6th), to which this study is devoted. Some results concerning
the 12th epidemic wave in Ukraine are already available in [13].

DATA

We will use the data set regarding the accumulated numbers of laboratory-
confirmed COVID-19 cases and deaths in Ukraine from national sources [22, 23].
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The corresponding numbers V;, d; and moments of time # (measured in days)
are shown in Table 1 for the period of July to November 2021. The values V;

corresponding to the previous moments of time, can be found in [4, 8-10]. The
period T,;;: May 23 — June 5, 2021 has been used in [10] for SIR simulations of
the eleventh epidemic wave in Ukraine. Here we use the datasets, corresponding
to the period T, : September 29 — October 12, 2021 to simulate the 12th wave
and the period T,;5: October 28 — November 10, 2021 for the 13th wave. Other

V; and ¢; values will be used to control the accuracy of predictions.

Table 1.Cumulative numbers of laboratory-confirmed COVID-19 cases and
deaths in Ukraine in the summer and autumn of 2021 according to the national
statistics [22, 23]

Day in |Number of|Number of|[Number of{Number of| Number of| Number of | Number of
COITES- | casesin | casesin | casesin | casesin | casesin | deathsin | deaths in

ponding|  jyy, August, |September,| October, |November,| October, |November,

month V. V. V. V. V. d. d.

of 2021 J J J J J J J
1 2236497 | 2253534 | 2290848 | 2447222 | 2955693 56649 68727
2 2237202 | 2254361 | 2293541 | 2455189 | 2979086 56775 69447
3 2237579 | 2255345 | 2296155 | 2460010 | 3006463 56889 70146
4 2237823 | 2256397 | 2297534 | 2469856 | 3032951 57206 70842
5 2238364 | 2257478 | 2298307 | 2482518 | 3058014 57526 71635
6 2238974 | 2258532 | 2300504 | 2497643 | 3075433 57840 72084
7 2239591 | 2259151 | 2303276 | 2514005 | 3088501 58081 72557
8 2240246 | 2259451 | 2306939 | 2529913 | 3107489 58331 73390
9 2240753 | 2260232 | 2310554 | 2541257 | 3130772 58463 74206
10 2241043 | 2261354 | 2314423 | 2550089 | 3155519 58700 74857
11 2241217 | 2262601 | 2316619 | 2562085 | 3179577 59052 75601
12 2241698 | 2263864 | 2317824 | 2578394 | 3203149 59523 76302
13 2242245 | 2265217 | 2321156 | 2597275 | 3217639 59935 76705
14 2242868 | 2265912 | 2325796 | 2610899 | 3228441 60137 77147
15 2243605 | 2266329 | 2331540 | 2623882 | 3244749 60414 78085
16 2244196 | 2267219 | 2338164 | 2635170 | 3263417 60633 78754
17 2244495 | 2268666 | 2344398 | 2644694 | 3284008 60810 79506
18 2244677 | 2270226 | 2348381 | 2660273 - 61348 -
19 2245275 | 2271826 | 2350646 | 2679185 - 61843 -
20 2245930 | 2273558 | 2355805 | 2701600 - 62389 -
21 2246656 | 2274561 | 2362559 | 2725385 - 63003 -
22 2247419 | 2275171 | 2370425 | 2748614 - 63486 -
23 2248164 | 2275863 | 2379483 | 2769405 - 63872 -
24 2248450 | 2276590 | 2387750 | 2784039 - 64202 -
25 2248663 | 2278171 | 2392397 | 2803159 - 64936 -
26 2249344 | 2280203 | 2395404 | 2825733 - 65628 -
27 2250061 | 2282285 | 2401956 | 2851804 - 66204 -
28 2250907 | 2284191 | 2411622 | 2878674 - 66852 -
29 2251869 | 2284940 | 2423379 | 2904872 - 67393 -
30 2252785 | 2286296 | 2435413 | 2922302 - 67729 -
31 2253269 | 2288371 — 2936238 - 68027 -
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To estimate the mortality rate in Ukraine (ratio of accumulated number of
deaths d ;o accumulated number of cases VJ ), let us take figures d ; corre-

sponding different days: 52,286 (June 26, 2021); 52,665 (July 13, 2021); 52,981
(August 2, 2021); 53,789 (August 30, 2021); 54,550 (September 15, 2021);
57,526 (October 5, 2021); 59,052 (October 11, 2021), [22, 23]. Taking corre-
sponding V; values we can calculate the mortality rates m; =d; *1000/V; (per

thousand of cases) for the listed days: 23,40; 23,49; 23,50; 23,52; 23,40; 23,17;
23,05. Thus, the mortality rate is rather stable (its variation during June to Octo-
ber 2021 is only 0,47). We will use the average value m =23,36 to predict the
number of deaths in Ukraine during the new 12th and 13th pandemic waves.

We will use the data set regarding the accumulated numbers of laboratory-
confirmed COVID-19 cases in the whole world from the COVID-19 Data
Repository by the Center for Systems Science and Engineering (CSSE) at Johns
Hopkins University (JHU) [24]. The numbers V; and moments of time ¢;
(measured in days) corresponding to the version of JHU data available on
November 18, 2021 are shown in Table 2 for the period of May to November
2021. The period T,4: September 29 — October 12, 2021 will be used for SIR

simulations of the sixth pandemic wave in the whole world. Other V; and ¢;

values will be used to control the accuracy of predictions.

Table 2. Cumulative numbers of laboratory-confirmed COVID-19 cases in the
whole world in the summer and autumn of 2021 according to the JHU datasets [24]

Day in | Number of | Number of | Number of | Number of | Number of | Number of | Number of

COITES- | casesin cases in cases in cases in cases in cases in cases in
pondltrlllg May, June, July, August, | September | October, |November,
mon

of2021| Vi Vi Vi Vi Vi Vi Vi

—_

152276590 171272898 | 182726434 | 198444595 | 218595466 | 234356127 247171157
152951570]171758996 | 183167695|199022653 | 219272430 |234701054 247599693
153630578 1172248309 | 183544382|199660021 | 219990395 1235008467 | 248117984
154438256 172667912 | 183872893 200335410 220474967 | 235452671 | 248643609
155280720]173067049 | 1842424531201024324 1220914961 | 235872200 | 249157004
156150815]173390272 | 184695883 201846052 221355380 236384642 249569269
156983904 173710775 |185159327|202397022 | 222080699 | 236816997 | 249914970
157770675]174077854 | 185639668 | 202838586 | 222712220 237290992 250391584
158412936|174497701 | 186147179|203492405 | 223349675 237622759 250871092
10 [159031606|174947362 186574219 |204141032|223983497 237937441 /251442851
11 [159770619|175368288 | 186944737 204869528 | 224439880|238319075 251956201
12 [160530984 175741060 | 187381421 205580294 224808018 |238751674 | 252542169
13 [161256546|176044679 (187901397 206385979 225409164 239214456 252974728
14 [161974329/176352002 | 188442853 206919889 |225960250|239658510 253318827
15 |162603295]176723278 189014972 |207383880|226527940 240115116 253860137
16 [163152581|177121944|189613250 208062469 227104401 | 240449869 | 254382438
17 [163691215]177514452]190087192|208745487|227697551 | 240764659 -
18 164313944 |177921297|1905182401209473681 228234315|241178794 —
19 [164986139|178270695|191014762 (210189272 228594983 241619751 -
20 [165265741]178573040 191544693 210979353 229128857 242090131 -
21 1165892200 178866758|192103503 211519485 /229597662 242546214 -
22 [166471396|179238527 192667887 |211965954 230135505 243030920 -
23 1166948481 |179676298|193357870]212670361 230646900 243390258 —

O |0 [A ||| (W o
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Continued Table 2
Day in | Number of | Number of | Number of | Number of | Number of | Number of | Number of
corres- [ casesin cases in cases in cases in cases in cases in cases in
pr(l)ll(l)flilltllllg May, June, July, August, | September | October, |November,
of2021| Y Vi Vi Vi Vi Vi Vi

24 [167400782]180081192 193829848 |213357235|231194181 243705625 -
25 1167933373 |180503102|194275173 1214087524 231560977 244135761 -
26 [168502846|180869106 194815533 |214823164 231909080 244576866 -
27 1169057033 | 181180563 | 195425745 1215568802 | 232381444 245088017 -
28 [169557476]181508885]196070028 1216116120|232830308 | 245545805 -
29 170039483 | 181888509 196722877 216562642 |233332705]246049111 -
30 [170431363]182285486 197453162 217249144 233817106 246429566 -
31 170810073 — 197963310|217868234 — 246749382 —

GENERALIZED SIR MODEL AND DATA SMOOTHING PROCEDURE

The generalized SIR-model relates the number of susceptible S, infectious / and
removed persons R for a particular epidemic wave i, [9, 20]. The exact solution
of the set of non-linear differential equations uses the function

V(O)=I1()+R(@), (1

corresponding to the number of victims or the cumulative laboratory-confirmed
number of cases versus time ¢ [9, 20]. Its derivative:

dv

—=a,;57 2

% )
yields the estimation of the average daily number of new cases. When the regis-

tered number of victims V; is a random realization of its theoretical dependence (1),

the exact solution presented in [9, 20] depends on five parameters (o; is one of

them). The details of the optimization procedure for their identification can be
found in [21].

Since daily numbers of new cases are random and characterized by some
weekly periodicity, we will use the smoothed daily number of accumulated cases:

_ lj:i+3
Vi :7 ZV] >
j=i-3
and its numerical derivative:
av 1 - =
— == (Via-Vo) (3)
dt = 2

to estimate the smoothed number of new daily cases [4, 5, 10, 19].

RESULTS AND DISCUSSION

The optimal values of SIR-model parameters and other characteristics of the 12th
and 13th pandemic waves in Ukraine and the 6th wave in the whole world are
calculated and listed in Table 3. The corresponding SIR curves are shown in
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Figs. 1 and 2 by blue and brown lines for Ukraine and green lines for the world.
Black lines illustrate the results of SIR simulation of the eleventh epidemic wave
in Ukraine published in [11]. It can be seen that the optimal values of SIR pa-
rameters are very different (even for 12th and 13th epidemic waves in Ukraine).
Close values were obtained only for the average times of spreading the infection
1/p;. The assessments of the pandemic wave durations (corresponding the mo-

ment when the number of infectious persons becomes less that unit) are very pes-
simistic (November, 2022 for Ukraine and December 2031 for the whole world).
A similar long epidemic wave was also predicted for India [25].

Table 3. Optimal values of parameters and other characteristics of the 12th and
13th COVID-19 pandemic waves in Ukraine and the 6th wave in the whole world

12th epidemic wave in | 13th epidemic wave in | 6th pandemic wave in
Characteristics| UKkraine, UKkraine, the whole world,
i=12, [13] i=13 i=6
Tltnf Eefr lfd September 29 — October 28 — September 29 —
aken 1o October 12, 2021 November 10, 2021 October 12, 2021
calculations T
I; 25,261.4089164122 73,492.9652436053 1,550,494.67573132
R, 2,399,050.73394073 | 2,801,190.17761354 | 231,782,051.609983
N; 3,790,400 7,237,600 334,411,200
v 1,137,541.61656928 | 4,252,588.61675970 101736415.543763
o; 2.63670321714285e-07| 6.7868529452959¢-08 |2.84345358576434¢-09
p; 0.299935964004210 | 0.288616935787874 | 0.289282775580724
1/p; 3.33404499630449 3.46480014164856 3.45682523956893
r; 0.997536473683354 | 0.998339758268927 | 0.999305866880929
Siw 845,264 3,503,575 84,981,994
V; 2,945,136 3,734,025 249,429,206
By o aue]  June 16,2022 November 13,2022 |  December 2031

The saturation levels (final sizes) V,, of the 12th wave in Ukraine and 6th

global wave are already exceeded (compare corresponding values in Tables 1-3).
As of November 17, 2021 the real accumulated number of deaths — 79,506 — reg-
istered in Ukraine (see Table 1) has already exceeded the figure 68,764 predicted
in [13] for the end of 2021 with the use of V(#) curve for 12th epidemic wave.
This discrepancy can be explained by the sharp increase in the daily number of
new cases which occurred after long holidays October 14-17, 2021 (see red
“crosses” in Figs. 1 and 2). These changes in the epidemic dynamics indicate the
beginning of a new (13th) wave in Ukraine. The calculations allow us to estimate

the new saturation level V|, = 3,734,025 (see Table 3) and the expected
accumulated number of deaths 3,734,025%0,02336=87,227 by November 2022.
Registered numbers of deaths in Ukraine agree with the theoretical estimation for

13th wave (compare the magenta “triangles* and the dashed magenta line in
Fig. 2).

98 ISSN 1681-6048 System Research & Information Technologies, 2022, Ne 2



Simulations of new COVID-19 pandemic waves in Ukraine and in the world by ...

According to the predictions for the 12th wave (posted in [13]], the numbers
of infectious persons and average daily new cases will stop to increase around 17
and 14 October 2021, respectively (see blue dashed and dotted lines in Fig. 2).
The registered smoothed daily number of new cases in Ukraine really achieved a
local maximum on October 10, 2021, but started to increase very rapid after Oc-
tober 17, 2022 (see the red “crosses” in Figs. 1 and 2).
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Fig. 1. The COVID-19 pandemic waves in Ukraine and in the whole world in the
summer and autumn of 2021
The results of SIR simulations of the 11th (see [11]), 12th, and 13th waves in
Ukraine are shown by black, blue, and brown lines, respectively. Green lines represent the
6th pandemic wave in the whole world. Numbers of victims V() =1(¢) + R(t) — solid

lines (for the world divided by 60); numbers of infected and spreading /(¢) multiplied by

5 — dashed; derivatives dV/dt (eq. (2), multiplied by 100 for Ukraine and by 2 for the
world) — dotted. “Circles” correspond to the accumulated numbers of cases registered
during the periods of time taken for SIR simulations (for the world divided by 60). “Stars”
corresponds to Vi values beyond these time periods (for the world divided by 60).

“Crosses” show the first derivative (3) multiplied by 100 for Ukraine and by 2 for the
world.

Unfortunately, the general SIR model cannot predict the emergence of new
epidemic waves. It simulates the dynamics for only the period with constant
epidemic conditions. Therefore, permanent monitoring of the number of new
cases is needed to determine changes in the epidemic dynamics. After that it is
possible to do new simulations by means of the generalized SIR model with
calculation and use of new values of its parameters.

We can only point out the three possible reasons for the new 13th wave in
Ukraine:

1. The long weekend of October 14—17, 2021 without significant quarantine
restrictions led to a significant increase in travels and contacts. This period ac-
counted for the maximum number of infected (see the blue dashed curve in
Fig. 2). We observed a similar situation in Ukraine in May 2020, when the lock-
down was lifted during the period of the maximum number of infectious people,
which led to the emergence of the second epidemic wave before the end of the
first one [5, 10]. An increase in contacts during the holidays in early May 2021
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also led to an increase in the number of infectious persons (see the black dashed
line in Fig. 1). But during this period there was a tendency to reduce the daily
number of new cases, so the increase in contacts only slowed down this trend (see
red “crosses” in Fig. 1).

2. Due to a large number of asymptomatic patients, many COVID-19 cases
are not detected and registered [26—31]. The ratio of real to detected cases in
Ukraine was estimated to be between 4 and 20 for different periods of time [9, 11].
Such large numbers of undetected cases may suddenly change the number of
reported cases, if the population frightened by the increase in mortality begins to
seek medical care more often.

3. Appearance of new coronavirus strains.
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Fig. 2. The COVID-19 pandemic waves in Ukraine and in the whole world in the
autumn of 2021
The results of SIR simulations of the 12th and 13th waves in Ukraine are shown by
blue and brown lines, respectively. Green lines represent the 6th pandemic wave in the
whole world. Numbers of victims V' (¢) = I(¢) + R(¢) — solid lines (for the world divided
by 60); numbers of infected and spreading /() (multiplied by 5 for Ukraine) — dashed;
derivatives dV/dt (eq. (2), multiplied by 100 for Ukraine and by 2 for the world) —
dotted. The magenta lines represent the estimation of the accumulated number of deaths
during the 12th (solid) and 13th (dashed) epidemic waves in Ukraine multiplied by 10.
Magenta “triangles” represent the accumulated numbers of death in Ukraine form Table 1
multiplied by 10. “Circles” correspond to the accumulated numbers of cases registered
during the periods of time taken for SIR simulations (for the world divided by 60). “Stars”
corresponds to 4 values beyond these time periods (for the world divided by 60).

“Crosses” show the first derivative (3) multiplied by 100 for Ukraine and by 2 for the
world.

“Stars” and “crosses” in Figs. 1 and 2 illustrate the accuracy of simulations
for the accumulated number of cases and the averaged daily numbers of new
cases (eq. (3)). Comparisons with corresponding blue solid and dotted lines in
Fig. 2 show that the theoretical estimations for 12th wave in Ukraine were
consistent with observations before October 15, 2021. After October 18 the
results of observations are very close to the theoretical estimations for the 13th
wave (see brown solid and dotted lines in Fig. 2). As of November 17, 2021 the
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number of infectious persons (the brown dashed line) and the daily number of new
cases were decreasing. Premature lifting of quarantine restrictions, a significant
increase in contacts during the New Year and Christmas holidays or/and the
appearance of a new coronavirus strain could disrupt these positive trends.

Unfortunately, the general SIR model cannot predict the emergence of new
epidemic waves. It simulates the dynamics for only the period with constant
epidemic conditions. Therefore, permanent monitoring of the number of new
cases is needed to determine changes in the epidemic dynamics. After that it is
possible to do new simulations by means of the generalized SIR model with
calculation and use of new values of its parameters.

The global number of new cases is also characterized by wave-like behavior
(see green “crosses” in Fig. 1). But unlike Ukraine and many other countries, the
difference between the minimum and maximum values of the derivative (3) is
much smaller for the world dynamics. The minima of new global cases also do
not go to zero (compare green and red “crosses” in Figs. 1 and 2). All this limits
the use of the SIR model for the long-term predictions. In particular, the increase
in daily number of new cases (see green “crosses” in Figs. 1 and 2) indicate the
beginning of a new global wave after October 15, 2021 (this fact makes the
predictions for the 6th wave no more relevant). It should be noted that the
COVID-19 pandemic is characterized by a very slow decline in the number of
infectious /(¢). In particular, according to the results of modeling of the 6th
world wave (shown in Table 3), the number of infectious persons worldwide may

be less than 100 in May 2021. This small number is enough to continue the
pandemic for almost 10 years.

CONCLUSIONS

The generalized SIR-model and corresponding parameter identification procedure
was used to simulate and predict the dynamics of two new epidemic waves in
Ukraine and one in the whole world. Results of calculations show that new cases
in Ukraine will not stop to appear before November 2022. If the global situation
with vaccination, testing and treatment will not change, the pandemic could
continue for another ten years.
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MOJIEJTIOBAHHSI HOBUX XBWJIb MAHJEMII COVID-19 B YKPAIHI TA
CBITI 3A Y3ATAJIBHEHOIO MOJEJUIIO SIR / I.T'. Hectepyk

Amnoranisi. Hosi xBuni mangemii COVID-19 B VkpaiHi, Mo po3modanucsi BIITKY
2021 poky Ta micis cBST y cepenuHi koBTHS 2021 poKy, XapaKkTepH3yBalHCh Maiike
EKCHOHEHLIAIFHAM 3pOCTaHHSIM 3TJIAKCHOI MIOAEHHOI KUIBKOCTI HOBUX BHUITAJKIB.
Lle BUKJIMKae BENUKE 3aHENOKOEHHS Ta HEOOXiJHICTh HErailHOrO MPOTHO3YBaHHS
JNUHAMIKY emifeMii, o0 OLHUTH MOKJIMBI MaKCUMallbHI 3HAYEHHS HOBUX BHUIIAJI-
KiB, PU3MKY 3apa)KeHHs Ta KUIBKOCTI cMepTel. Y3aransHeHy SIR-mMozerns Ta mpore-
nypy imeHTHdikanii BiAMOBIAHNX MapaMeTpiB BUKOPUCTAHO JUIsl MOJEIIOBAHHS i
MPOTHO3YBAaHHS AWHAMIKHM JBOX HOBHUX EMiIEMIYHHMX XBHIb B YKpaiHi Ta OofHiel y
cBiTi. Pe3ynmbraTn po3paxyHKiB IOKa3ylOTh, IO HOBI BHIIAJKU B YKpaiHi He Iepe-
CTaHyThb 3 ABIATUCS A0 nucTonana 2022 poky. SIkmio riobansHa CHTyaIlis 3 BaKIU-
HAII€I0, TECTYBaHHSIM Ta JIIKYBaHHSIM HE 3MIHHUTBCS, MAHIEMis MOXKE TPUBATH IIE
JIECSATh POKIB.

Kmouosi cyioBa: nangemis COVID-19, emigemiuni XBWII, €mijeMidHa JUHaMiKa
B YKkpaiHi, robaikHa AWHAMIKA MMaHAEMil, MATeMaTHYHE MOJCITIOBAHHS 1H(EKIin-
HUX 3aXBOPIOBaHb, Mojienb SIR, ineHTHdikaIlis mapaMeTpiB, CTATUCTUYHI METOIH.
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AUTOMATIC PANCREAS SEGMENTATION USING
RESNET-18 DEEP LEARNING APPROACH

S.N. KAKARWAL, P.M. PAITHANE

Abstract. The accurate pancreas segmentation process is essential in the early detec-
tion of pancreatic cancer. The pancreas is situated in the abdominal cavity of the
human body. The abdominal cavity contains the pancreas, liver, spleen, kidney, and
adrenal glands. Sharp and smooth detection of the pancreas from this abdominal
cavity is a challenging and tedious job in medical image investigation. Top-down
approaches like Novel Modified K-means Fuzzy clustering algorithm (NMKFCM),
Scale Invariant Feature Transform (SIFT), Kernel Density Estimator (KDE) algo-
rithms were applied for pancreas segmentation in the early days. Recently, Bottom-up
method has become popular for pancreas segmentation in medical image analysis
and cancer diagnosis. LevelSet algorithm is used to detect the pancreas from the ab-
dominal cavity. The deep learning, bottom-up approach performance is better than
another. Deep Residual Network (ResNet-18) deep learning, bottom-up approach is
used to detect accurate and sharp pancreas from CT scan medical images. 18 layers
are used in the architecture of ResNet-18. The automatic pancreas and kidney
segmentation is accurately extracted from CT scan images. The proposed method is
applied to the medical CT scan images dataset of 82 patients. 699 images and 150
images with different angles are used for training and testing purposes, respectively.
ResNet-18 attains a dice similarity index value up to 98.29+0.63, Jaccard Index
value up to 96.63+01.25, Bfscore value up to 84.65+£03.96. The validation accuracy
of the proposed method is 97.01%, and the loss rate value achieves up to 0.0010.
The class imbalance problem is solved by class weight and data augmentation.

Keywords: Deep Learning, Dice Coefficient, Fully Connected Layer (FCN), Resid-
ual Network (ResNet-18), Visual Geometry Group (VGG).

INTRODUCTION

Image splitting task is rigorously act as vital character in image investigation [1].
Image splitting task is beneficial for many applications like clinical image analy-
sis, disease detection of crop, traffic control observation, metallic surface crack
detection, and Aerospace image analysis. CT, MRI, PET, and supplementary im-
ages are used in the clinical image diagnosis and cure of illnesses. Pancreas seg-
mentation is challenging job in medical image investigation and analysis [2]. Ac-
curate organ segmentation and rapid processing are the major challenges in the
result of medical images. Computerized segmentation of several image subsec-
tions is useful to analyze anatomical organization as well as abdominal body.
Segmentation is played major role in visualization and diagnosis of clinical im-
ages. Sub-grouping is an important subject to several image-processing research.
Spleen, liver, kidney, pancreas is present in the abdominal CT images [3]. Bot-
tom-up approach and Top-down approach are applied to image splitting process
[4]. In Top-down approach, medical image segmentation is performed within
minimum time- period but less accuracy of segmentation. Bottom-up approach is
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efficient approach for medical image segmentation with high accuracy and mini-
mum time-period. Semantic segmentation is one approach of deep learning which
used for abdominal computed tomography. Deep learning model is popular ap-
proach of a machine learning methods. Deep learning model is dealing with algo-
rithms with hierarchical procedure layers [5]. It is experimenting nonuniform
transformations to view and gain data characteristics successfully [6]. Currently
Deep learning model is popular in various domains such as medical image analy-
sis, medical signal analysis, speech recognition, bio informatics, computer vision
[4]. Convolution neural networks, Generative Adversarial Networks, networks
with auto-encoder, and recurrent neural networks are prominent deep learning
approaches. These approaches are introduced and used in various task to map
with state-of-the-art results. In deep learning, network training is required with
dataset. For network training, set of convolution network, annotated dataset, op-
timizer, minibatch size, epoch, loss function is used. Dataset can be divided into
training, validation and testing purposed also. Fully convolution network (FCN)
was introduced by Long et al. [5]. In FCN, fully convolution layer is used as the
last fully convolution network layer. For more accuracy of dense pixelwise predi-
cation, the network is used fully convolution network. Semantic segmentation can
be performed by FCN. FCN architecture is built with pooling, upsampling and
convolution. FCN can perform predication of image within on single forward
pass [7].

MATERIALS AND METHODS

Image Dataset and Ground Truth Labeling

Bottom-UP approaches are applying on a dataset of 80 patient, 53 male and 57
female patients high resolution (512*512) CT scan images of 3D abdominal with
1,5-2,5 mm slice thickness range using Philips and Siemens MDCT scanners [2].
The 63 patients CT scans abdominal images are erratic recommend by an expert
radiologist from the Picture Archiving and Communications System (PACS). Na-
tional Institutes of Health Clinical Center is providing database of CT dicom im-
ages for abdominal,78 to 79 years patient age series with a mean of 46.8+16.7 are
used dataset [8]. DICOM medical images are converted to PNG image format.
The view of scans images was axial, sagittal and coronoal with 1,5 mm or 3 mm
thickness available [9]. Human expert labeling was performed under guideline of
certified radiologist. 3 labels are created for manual labeling like background,
pancreas, and kidney. Medical images are selected with different focal phase an-
gle of CT. Size and shape of pancreas is varies in different view of CT. Image
input size is 255x255x 3,699 images are used for and 150 for testing.

LevelSets Algorithm

Levelset algorithm was presented by Osher and Sethian. It can use zero corre-
sponding exterior method [10]. Basic phenomena are to adjustment of portable
pathway of a two-dimensional arc into portable path of a 3D surface. In this, level
Set is actively participate toward indication of arcs as zero levelset of high dimen-
sion hyper-superficial [9]. Challenge of such exercise suggestions supplementary
faultless algebraic execution also operates topological variation without any prob-
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lems [8]. The predictable set edge is described zero levelset of an implicit symbol
U of the evolving curve. In brief, evolve the implicit levelset function ¢(x,y,?)

to represent evolution of curve t(¢) with a speed F(x,y) in normal direction.
Time ¢, zero levelset (x, y)/ d(x, y,¢) =0 defines evolved shape 1(¢) :

o(2(2),1)=0. (1

Differentiate equation (1) with respect to ¢ and apply chain rule,

oo ot
—+V.—, 2
ot ¢ ot @
F denotes speed of curve in normal direction, describe below
ZN=F
ot , 3)
where N denotes outwards normal, and elaborated by equation
\Y%
-9 @)
[Vl

Substitute Equation (4) and (3) into (2), and calculate evolution equation
for ¢ as

¢, + F|V§|=0.

This is fundamental equation of the levelset [6], and zero levelset represents
item shape curve:

(1) ={(x,»)/9(x,y,1) =0}
Function ¢ is generally determined grounded on signed distance calculation

to primary front. Relating to image field purely based on Euclidean distance be-
tween the curve and one image point. Describe below:

O(x,y)==d(x,y),

where d(x,y) — Euclidean distance from point to borderline. Sign: points inside
borderline (-) sign and outside (+) sign.

Evolution of borderline is elaborated by partial differential equation on zero
levelset of ¢:

9 _
& FIVé

where F — known function, which calculated by the local curvature k at the
zero levelset, i.e., F' = F(x), where k:

Vo _ dudi —20.:0,0, +0,0”
Vi @)

B

k=V

Speed function F is represent as F' = F(L,G,I), where L — local informa-

tion, which define by local geometric properties, G — global property of front
depends on contour and location of front; / — independent properties that inde-
pendent of front [11].
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The propagating task is characterized as:

9
5=g1(FA +Fg) Vol
The term FA, causing front to consistently multiply or bond with a speed of
FA dependent on sign [12].

FG : portion that relate on geometry of front, such as own local curvature:
1
1+|V(G, ®1(x,y))

gl(x:y):

b

where G, ®1 — convolute image / with Gaussian smoothing filter G, with
characteristic width of &.
The form of speed function expressed as [9]: F = FA+ FG. Via calculation
control objects or different image force which stated in common but simple form:
F=AF +F;)+B;

A= ! -
(1 + dist(cimg > Cﬁont ) ’

B= %(Cimg ’Cﬁont) .

dist() — appropriate distance function which is used to calculate variance of im-
age features between propagating front and propagated zones. B — additional
forces from image content. C — image content model, including any of the color,
shape, and texture features.

Automatic Seeded Region Growing Algorithms for LevelSet

General area developing algorithms determine pixel value physically from each
mark region as seed. The seed point normally contains of great uniform to neigh-
boring pixels and can be correspond to region [9]. The nature of seed point is very
close together to cluster center in clustering algorithm. AP clustering algorithm is
going to discover seed points in an image [13].

All data points as potential cluster centers, and computes accessibility and
accountability data by equations below iteratively between every two data points
to find characteristic centers of data points:

R(i, k) < S(i, k) —k,gtlgzik{a(i,k') +S8(i,k)}

i'ot.i'ei k

if i # k,ai, k < min {O,R(k,k') + > max {0, ri',k}} ,

a(k,k) < Y (0,R(i",k)).

i'oti'#k

To receive the seed x; by equation below and cluster this holds x; :

argmax [R(i, k) +a(i,k)].
I<j<N
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The simple linear iterative cluster (SLIC) algorithm is going for segmented
pixel-level image before using AP clustering process by combining adjacent pix-
els with similar characteristics to some irregular pixel blocks [14].

The region growing is computed by continually assimilation of seed points
also surrounding pixels and division of aim objects with background. Lastly de-
sign of ROIs is in rectangular boxes according to segmentation results [10].

Euclidean Distance runs to measure LAB color matches by equation

S = (L~ Lo,)* +(ag —ag,)* +(by —byy)* -

PROPOSED METHOD

Residual Network (ResNet-18)
The training accuracy problem is solved by Residual Network-18 (ResNet-18).
H (x) is underlying mapping layer fit to new layer with x map inputs from previ-
ous layer. Residual function is stated that f(x) = H(x)—x with same dimensions.
So updated residual function f(x)+ x is use in deep network layer [15].

Residual function is used to improve training accuracy value with mini-
mum time.

This residual function is used in every connected layer which formulated
using following expression:

F=f(x,iM;})+x. ®)

Weight Layer

Sx) Relu

Weight Layer

F(x)+x

Relu
Fig. 1. ResNet-18 Relu Function

In this x and F are input and output dimensions, M; is layer used for
RELU. F(x)+x is used as short connection in ResNet-18 (Fig. 1). Linear projec-
tion can be execute through M and add into eq. (5) when dimension will match.
M
dimensions condition satisfied [16]:

¢ 1s square matrix which address the training accuracy problem when matching

F,=F+Mx.
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Table 1. ResNet-18 model Network Layer Detail

Layer Name Output Size ResNet-18 Layer
Convl 112x112 7x7.64 Stride,2
3x3 max pool, stride 2

Conv2 56x56 33641
3x3,64
3x3,128]

Conv3 28%28 x2
3x3,128 |
3%3,256]

Conv4 14x14 x2
3x3,256 |
3%3,512]

Conv5 7x7 x2
3x3,512 |

1x1

Table 1 is depicted detail about convolution network layer used in ResNet-18
approach.

Data Augmentation

Class imbalance is problem in deep learning image segmentation. An image data
augmenter setup to an examine of pre-processing choices for image augmentation,
such as resizing, rotation and reflection. Random x and y direction translation is
performed by [-10,10] and random rotation by [-180,180]. Data augmentation is
beneficial to enhance output and results of deep learning approaches using set
novel and discrete examples to datasets [17]. Transformations in datasets by using
data augmentation approaches authorize companies to minimize these experimen-
tal costs. In the system, data augmentation is using reflection, translation, and ro-
tation to improve model prediction accuracy and reducing overfitting of data [18].

Loss Function

Cross Entropy. Cross -Entropy is used in ResNet-18 as loss function to relate
binary classification problems that calculate the probability of specific class or not
[19]. Let d and g represent the input image and related ground truth or manually
annotated image respectively. The key aim of segmentation is to learn relation of
d and g. Cross-entropy loss function L-zy is shown as

N
Lepr =2 gilog(fi(d.0)+(1-g)log(1- fi(d.1)),

i=I
where i = pixel index, N =total pixel.
Dice Loss. To calculate overlap rate of predicated mask and ground-truth for

segmentation results Dice Score Coefficient is used. DSC is formulated as below:
DSC(d,g) = 2dng)
4] +¢l
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Dice loss function can be formulated as per below expression:
Lpscr, =2,(1-DSC,),
c
where C is number of iteration.

Categorical Cross-Entropy Loss. It is used for multi-class classification
task. In this work 3 class are used liked background, pancreas, and kidney. This
model helps to detect object belong to which class among other classes.

Categorical loss function computed using following expression:

N
eP

1% |
Lecpr =—2,—log| ¢ >
N P e

J

J

. o, . N . o .
where M is positive class, e is score of positive class.
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Fig. 2. ResNet-18 Validation Accuracy

RESULTS

Evaluation Parameter

Global Accuracy (GA): G4 is the ratio of perfectly segmented pixels divided by
the total number of pixels

Z[C;O IDi ,
ZiC:OT Zf:o Inij
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where p;; is the number of pixels of class i segmented as belonging to class ;.

Mean Accuracy (MA): Mean Accuracy is an next step of Global Accuracy,
in which the ratio of match pixels are computed in a per-class pattern and then
averaged over the total number of classes [19]:

1 iT Dii

= C .
C+1;5 Zj:() by

Interaction of Union (loU): Jaccard index alias /oU, it is correlation be-
tween segmented image (S) and annotated image (B). The value of /oU lies be-
tween 0 to 1°°.

MA

|dmg|

Jaccard\d, g)=1oU = )
(d.2) VISP
Mean Interaction of Union (MIoU): Mean /oU is calculated by the average
IloU value of all classes.
ZC loU
C b

where total number of classes value is denoted by C. 3 classes are used like pan-
crea, kidney and background.
Weighted Interaction of Union:

2 MU Ziio p;
c .

Weight value is number pixel in class. Average loU of each class [19].

Bfscore. The bf score measure how close to the segmented boundary of an
input image matched with the annotated image. The BF score is calculated with
the help of the harmonic mean of the precision and recall values with a distance
error tolerance to decide whether a point on the segmented boundary has a corre-
lated to annotated boundary or not [20]:

MloU =

WioU =

2* precision* recall

score = — .
(recall + precision)

Dice Coefficient. It is correlation between segmented image (S) and anno-

tated image (B). The value of dice coefficient lies between 0 to 1 and easily con-
verted into % for understanding purpose [20]:

' S B
dice(S,B)=2%——.
(51+[B)
Sensitivity
e P
Sensitivity = ————,
FN+TP
where TP is true positive, FN is false negative [20].
Specificity
TN
Specificity = ——,
pecificity FP+TN

where TN is true negative, FP is false positive [20].
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Table 2. ResNet-18 Model Compare with VGG-16 and VGG-19

Approach | VA, % Bf, % Number of Layer Time MA, %

ResNet-18 | 97.01 | 84.06+3.96 18 242 min 42 sec 42.16
VGG-16 97.01 | 84.05+4.02 16 522 min 7 sec 42.439
VGG-19 96.90 | 56.62+2.48 19 632 min 44 sec 42.05

Table 2 is depicted performance of ResNet-18 as compared other deep learn-
ing approaches. Validation accuracy is more as compared to VGG-19. ResNet-18
is required less training time. The Bf score of ResNet-18 is higher as compared to
VGG-16 and VGG-19. ResNet-18 is using 18 number of layer where 17 number
are convolution layer used so accuracy is improved.

Table 3. ResNet-18 Model Compare with VGG-16 and VGG-19 using Evalu-
ation Parameter

Approach 10U Dice Sensitivity Precision
ResNet-18 96.63+01.25 | 98.29+00.63 | 96.78£00.03 | 96.64+00.12
ATLAS [19] 55.50£17.10 | 69.60+16.70 | 67.90£18.20 | 74.10+17.10
U-net Single Mode [20] 74.10+£00.13 | 74.30+00.17 | 78.90+00.13
Frame-1[2] 57242540 | 68.80+£25.60 | 72.50£27.20 | 71.50+30.00
Frame-2[2] 57.9+£13.60 | 70.70+13.00 | 74.40£15.10 | 71.60+10.50
LevelSET[1] 28.18+14.07 | 42.26+£16.37 | 98.48+00.03 | 98.70+ 00.03

Table 3 is depicted the performance of ResNet-18 deep learning approach as
compared to state-of-arts. ResNet-18 having more IoU value as compared to other
approach. In Dice index, ResNet-18 is achieved higher value (Fig. 3).

100
90
80
70
60
50
40
30
20

10

ResNet-18

Frame-1[2]

LevelSET[1]

ATLAS [22]

U-netSingle
Mode[22]
NIoU EDice OSensitivity MPrecision

Fig. 3. ResNet-18 Result Comparison with State-of-Art

Frame-2[2]
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Above figure is showing the ResNet-18 result in detail in terms of IOU,
Dice, Sensitivity and Precision (Fig. 4 and 5).
100 97,01 97,01 96,9

95 [ ] BB

<B4,06

R %,
ResNet-18 VGG-16 VGGE-19

OVvA(%) BBf(%) BENumberof Layer BETime{ Hour}

Fig. 4. ResNet-18 Result Comparison with State-of-Art using Performance Parameter

(Ad)

(B4)

___)..-

[LaR )

(3

() 1) Gz [LFEN (L]

Fig. 5. ResNet-18 Result Comparison with State-of-Art using Performance

Above figure is consist of origan image (subfigure A, B, C, D, E, F, G), lev-
elset boundary image (subfigure Al, B1, Cl1, D1, E1, F1, G1), binary levelset
(subfigure A2, B2, C2, D2, E2, F2, G2), segmented image by levelset (subfigure
A3, B3, C3, D3, E3, F3, G3) and Segmented image using ResNet-18 (subfigure
A4, B4, C4,D4, E4, F4, G4).
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CONCLUSION

ResNet-18 approach for automatic pancreas segmentation from CT scan images.
18 layers architecture is used for multiple organ segmentation from CT scan im-
age. In VGG-16 method, 16 convolution layers are used, in VGG-19, 19 convolu-
tion layers are used. In deep learning, training of network layer is time consuming
task. Levelset method is also used for pancreas segmentation but if seeded point is
wrong then output image is not correct. Levelset algorithm takes more time to
extract image with non-clear boundary of pancreas. Proposed method takes very
less time as compared to other deep learning method. Bfscore value of proposed
method is superior from VGG-19 method for same dataset. Sensitivity, Mean Ac-
curacy and Mean-bfscore value are superior to other methods. Dice coefficient,
jaccard Index are high as compared to state-of-art. Proposed method values as per
evaluation matrix parameters are high as compared to state-of-art. Loss function
value is less than other methods. In method, patch labeling is used so 64*64 patch
channel used so only one organ segmentation can be performed. In proposed
method, manually annotation process is performed by medical practitioner and
two classes is generated for pancreas and kidney. With the help of proposed
method many abdominal organ segmentations can be performed. Input image size
is 255%255*3 used so maximum pixel information is available in convolution
network. Noisy pixel image information can be easily omitted during dropout
network layer. Accurate pancreas shape and size is detected by proposed method,
but it fails to detect pancreas cancer affected areas in percentage. Pancreas size
and shape is available in 2D image using proposed method. 3D pancreas image
detection is future scope for proposed method.
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ABTOMATHYHA CETMEHTALIA MNIIIUIYHKOBOI 3AJI03M 3
BUKOPUCTAHHSAM RESNET-18 METOAY IJIMBOKOI'O HABYAHHS /
C.H. Kakapsau, I1.M. ITaitane

Amnoranisi. Tounnii npomec cermMeHTanil MiIUIYHKOBOI 321031 € BaXXJIMBUM IIPOLe-
COM JUIsl PaHHBOTO BHUSIBJICHHS PaKy IiJIUTYHKOBOI 3aj03u. [linnuryHkoBa 3ayosa

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2 115



S.N. Kakarwal, P.M. Paithane

pO3TaIIoBaHa B YEPEBHi MOPOKHUHI Tijla JIOIUHM SK 1 TIEYiHKA, Cele3iHKa, HUPKU
Ta HaAHUpHUKHA. YiTKe Ta IJIaBHE BUSBJICHHS IiJIUTYHKOBOI 3aJI03M Yy YepEBHIH
MOPOKHUHI € CKJIAJHOIO T4 BUCHAXKIMBOIO POOOTOIO Y XOMi AOCIIIKEHHSI MEIUYHO-
ro 300paxeHHs. 11 cerMeHTanii MiANIIYHKOBOI 3aI03W B IEpIIi JHI 3aCTOCOBY-
IOTBCSL  MIOXOOW  «3BEPXY-BHU3», SK-OT HOBHH MOAMGIKOBAaHUH  anroputM
kiactepusanii K-cepennix (NMKFCM), macmTaGHO iHBapiaHTHE INEpETBOPEHHS
o3Hak (SIFT), anroputm onintoBanHs minsHOCTI siapa (KDE). OcranHiM 9acom mo-
nyspuuit Metox BottomUp st cerMenTaunii HiIUuIyHKOBOT 3a1031 B aHaNi3i Me-
JMYHOTO 300paXKeHHsI Ta JIarHOCTHKHU paky. Anroputm LevelSet BUKOPHCTOBYEThCS
U BHOKPEMIICHHSI ITiIMITYHKOBOT 3aJ7103U cepell 4epeBHOi mopokHuHU. [Tormubie-
HE HaBYaHHSA, MiIXiJ «3HU3Y-BrOpY» Kpamuid, HOK iHOm. ['muboka 3amuimkoBa Me-
pexa (ResNet-18) rimmbokxe HaBYaHHS, MIAXIX «3HU3Y-BrOpY» BHKOPHCTOBYETHCS
JUISL BUSIBJIGHHSI TOYHOI Ta YiTKOI MiAIITYHKOBOI 3aJ03U 32 MEJUIHUMHU 300paKeH-
wamu KT. B apxitektypi ResNet-18 3actocoByerscs 18 miapiB. ABromarnyna
CerMeHTallis MiAINUTYHKOBOI 3aJI03M Ta HUPOK BHOKPEMIIIOEThCA i3 300paxkenb KT-
CKaHyBaHHS i3 BHCOKOIO TOYHICTIO. 3alpONOHOBAaHMH METOJA 3aCTOCOBAHO Ha
MeIU4Hii KOMI'I0TepHii Tomorpadii 82 mamieHtiB. 699 306paxens i 150 300pa-
JKeHb 13 PI3HUMH KyTaMHU 3aCTOCOBYIOTH Ul HABYAHHS Ta TECTYBAaHHS BiATIOBiIHO.
ResNet-18 mocsarae 3HaueHHs iHIEKCY TOAIOHOCTI KyOuKiB 10 98,29+0,63, 3HaueHH
ingekcy Kakapa no — 96,63+01,25, 3nauenns Bfscore — mo 84,65+03,96.
Tounicte Bamimamii 3ampornoHOBaHOrO MeTony cTaHoBUTE 97,01%, a 3HadeHHS
koedimienta Brpat gocsrae 0,0010. [Ipobnema aucOanaHcy Kiacy BUPILIYETHCS 3a
JIOTIOMOT OO Bar KJIacy Ta 30UIbIICHHS IaHHX.

KunrodoBi ciioBa: rimboke HaB4aHHS, KoeilieHT KyONKiB, HOBHICTIO ITiAKIIOYEHUN
mrap (FCN), 3aimmmkoBa Mepesxa (ResNet-18), rpyna Bisyansnaoi reometpii (VGG).

116 ISSN 1681-6048 System Research & Information Technologies, 2022, Ne 2



MATEMATWYHI METOAW, MOAENI,
@I’T NMPOBNEMMU | TEXHONOT I AOCNIAXEHHA
CKNAAHUX CUCTEM

UDC 539.3
DOI: 10.20535/SRIT.2308-8893.2022.2.09

MODELLING NEGATIVE THERMOMECHANICAL EFFECTS
IN REINFORCED ROAD STRUCTURES

WITH THERMOELASTIC INCOMPATIBILITY OF COATING
AND REINFORCEMENT MATERIALS
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Abstract. The phenomena of the formation of local defects and cracks in asphalt
concrete pavements of roads and bridges are most often observed in climatic zones
with large temperature differences during their seasonal and daily changes. To a
large extent, this is due to the heterogeneity of the thermomechanical properties of
the materials of the coating layers and the base. To prevent these phenomena, rein-
forcing rods and meshes are introduced into the coating structure. In this work, using
the theory of thermoelasticity, it is shown by the method of mathematical modelling
that in cases of incompatibility of the thermomechanical characteristics of asphalt
concrete materials and reinforcement, additional localized thermal stresses arise in
its small vicinity, which, even at moderate temperatures, can reach critical values
and lead to local defects and cracks. Since these defects are latent, they cannot al-
ways be detected in practice. The presented results of analytic calculation validated
these conclusions. They can be used in both road building and composite design.

Keywords:  reinforced asphalt concretes, thermomechanical incompatibility,
mathematical modelling, destruction prevention.

INTRODUCTION

The strength and durability of the roadway is largely determined by the intensity
of traffic loads and the impact of climatic conditions. Noticeable destruction of
road surfaces, bridges, tunnels and dams, as well as other infrastructure facilities
in climatic zones with large temperature differences, as a rule, occurs during off-
season periods, accompanied by high temperature gradients.

Among the most common types of thermal destruction of the roadway is the
appearance of transverse cracks in it, caused by the limiting values of longitudinal
stresses at low negative temperatures in the conditions of the impossibility of free
shortening of the upper layers. To avoid this effect, so-called “unloading expan-
sion joints” and reinforcement (longitudinal, mesh, etc.) are introduced into the
road structure. Such a general strengthening of the roadway with reinforcement
leads to an increase in its overall strength, a reduction of deformability, an
enlargement of durability, and a decrease in the cost of repair work.

© V.I. Gulyayev, V.V. Mozgovyi, N.V. Shlyun, L.V. Shevchuk, 2022
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In the theoretical analysis of the effect of reinforcement on the structural
strength and the study of the general thermomechanical properties of reinforced
(composite) materials and road coatings, the reduced (effective) values of the pa-
rameters of combined systems containing inclusions in the form of particles, fi-
bers or rods are mainly determined [4, 6]. In these cases, mainly, models of ho-
mogeneous and inhomogeneous spherical particles, including those coated with
shell layers, are considered [4]. The cases of ordered [2] and stochastic [10]
placement of grains of these particles are singled out, and the reduced values of
Young’s modulus, Poisson’s ratio, thermal conductivity coefficient, and thermal
expansion coefficient of the entire system are calculated for them.

Very complex processes of thermal deformation and thermal destruction are
observed in the structures of asphalt concrete pavements of roads and bridges [3,
9, 13, 16, 17, 19, 20]. The issues of determining the reduced thermomechanical
characteristics of asphalt concrete materials reinforced with particles, fibers and
rods are considered in publications [5, 7, 12, 14]. Here, however, these tasks be-
come more complicated, since it is possible to create materials with directional
(anisotropic) properties.

In addition, it should be noted that the insertion of reinforcing inclusions
from another material into one material can not only improve the generalized
characteristics of the entire composite, but under thermal effects it can also be
accompanied by the generation of noticeable additional local internal thermal
stresses if the thermomechanical characteristics of the composite components are
incompatible. For plastic materials, these stresses can lead to local plastic defor-
mations and defects; for brittle materials, to local cracking. Since these defects are
localized and latent, they are not always detectable. Therefore, the problem of
their theoretical forecasting seems to be relevant.

To simulate these effects, in this work, on the basis of the theory of thermoe-
lasticity, the problem is posed of a planar thermally deformed state of an elastic
medium containing an elastic rod of a circular cross section with different ther-
momechanical parameters. For the case of a change in the temperature of the sys-
tem by a constant value, an analytical solution of the constitutive equations is
constructed, expressions for thermal deformations and thermal stresses are ob-
tained. The general regularities of possible negative influence of the thermome-
chanical incompatibility of the system parameters on the internal fields of the ad-
ditional stresses are found. It has been established that the maximum thermal
stresses in the medium are realized on the surface of its contact with an elastic
inclusion, and they decrease along the radial coordinate in proportion to the
square of the distance to the rod axis. The conditions for thermomechanical com-
patibility of the properties of the medium and the rod are formulated, under which
there are no additional thermal stresses in the system. It is shown that in a system
with incompatible parameters, additional thermal stresses can be decreased by
reducing the radial rigidity of the inclusion through insertion a cylindrical cavity
into it.

STATEMENT OF THE PROBLEM

Let us formulate the problem of stationary thermal deformation of an infinite elas-
tic medium 2 (matrix), which is reinforced with rod 1 of circular cross section of
radius 7. Fig. 1 shows a fragment of this system.
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Let’s use a cylindrical coordinate system Oroz , axis Oz of which coincides
with the axis of the rod. Let the thermomechanical characteristics of rod 1 and
medium 2 be determined, respectively, by the Lame parameters A, u, and A, ,
L, and coefficients of thermal linear expansion a; and o,. The temperature of
the system changes steadily by the value AT . Let us single out the case when the
thermoelastic relative strains 83) (r,,z) of the bodies i =1,2 along the Oz axis
are equal to zero and the system is in a plane axisymmetric thermally deformed
state, described by the equilibrium equations [1, 8, 11, 15, 18]

dc(ri) o) _ g
+

L% -0, (i=12), 1
a r (i=12) (1

Fig. 1. Planar fragment of an elastic medium with a rod inclusion

where cs(ri ), Gg) are the normal radial and circumferential stresses of bodies 1

and 2 on the respective areas » =const and ¢ =const. Let us express normal
thermal stresses in terms of strains s(ri) , Sg) , S(Zi ).
D)= +20)e" + 1, +&) — BN, +2u)MAT ;
G,,(}") (1+ “1)8r+t(8¢ +Sz) ( 1+ “’l)l >
oy (1) = (0 + 21,y +1,(el +60) - Bk, + 21,0, AT ;
() =0 + 20 + 4, (6P +&) - B, + 20, AT, (i=12).  (2)
Next, we take into account that a(zi) (r,0,z)=0. Then expressions (2) will
be simplified
o\ (r) = (h; +2p)el) + 1.l — Bk, + 2,0, AT;
o (1) = (h; +2p,)ey) + 1,8l = (3N, + 21, ), AT; 3)
() =2 (e +&)) — (Bh; + 200, AT, (i=12).
The deformations used in (3) depend on the radial displacement u(7):

) O] ) @
() =2, (=", (=12, )
or r
Taking into account (3), (4), equation (1) is reduced to the form
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ey =0 (5)

for each body i =1,2 .
Let us represent equation (5) in a more compact form:

dlld ivl_g (o
er o )}_o, (i=12). (6)

Integrating the left side of equation (6) twice over », get his solutions

1
uD(r) =rCi+-C, ati=1I;
r

1
uP(r)=rCy+—C, at i=2. (7)
r

The unknown constants C; (i :ﬁ) included here are determined from the
boundary conditions and the contact equation for » =7 :

u®(0)=0; (8)
u) () =uP (1) 9)
() =cP(n); (10)
6@ () >0 at roow. (11)
Condition (8) implies
C2 = 0 .

Using equalities (7), we express the strains and stresses of bodies 1 and 2 in
terms of C; (i=13,4):

1 1
8 (=G, o) ()=Ci 8P(N=Cy=—5Ch &) (1)=C+5Cy;
oD (1) =200, + 1)) Cy — (B + 21 )0, AT; (12)
2
o\2 (1) =2(hy +11)C; —%Q —(Bhy +2py)o,AT.
n
Condition (11) and the last equality of system (12) imply:
3, +2u,
=2 T2
2(hy +12)

Constants C; and C, are found from the system of equations (9), (10) trans-

0L, AT .

formed taking into account equalities (12),
Gy +20)(Ag + )0y + (Bhy + 215 Uy, JAT
200+ + 1) (R +1o)
C, = A IGM +201)(hg + 1)y =By +205)(Ay + R0 JAT
200 + 1y + 1) (Ao + 1)

c =1

b
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Knowing constants C; (i =1,4), find the displacement functions:

u(r)= FIGA +2u) (A +1p)0y + BAy + 201,05 JAT (
20+ + )Ry + 1)

Gh +21)
2(hy + 1)
n I3 +20) (g +15)0y = (3R +205) (M) + 1), JAT

200 +py + )Ry + 1)

0<r<n),

u(z)(r) =r o, AT +

, (rzn).

Note that in the equation for u(z)(r) the first term is the radial displacement
in a homogeneous medium 2 in the absence of rod 1, the second term is due to the
influence of body 1. It decreases in proportion to radius 7 .

We also give expressions for the stresses in rod 1:

0 (r) = G$) __[BA +2u) (A + )0y = Bhy + 21y ) (M + 1y ), JAT :
M+ + 1)y + 1)

ol (r) =

_ =GR +20) (Mg + 1) (1 + 1o )y + Bhy + o)A 1y 0 JAT L (0<r<n) (13)
(A + 1y + )Ry + 1)

and in medium 2:

oD (r) = _i Ha[GAy + 21 )(Ag + )0y — (3R, +21,) (A + )0, JAT
r 2

b

(M + 1y + )Ry + 1)
2 () :i Ho[GAg +2p) Ay + py)oy — (3R, + 25 (A +py)on JAT
¢ r (A + 1y )M +1p)
0(22)(,,):_MQ2AT, (r>n). (14)
(Ay +1y)

Graphs of these functions are shown in Fig. 2. They indicate that additional

&) = 6

Fig. 2. Graphs of the thermal stresses distribution in the plane of the axial section of the
reinforced system under planar thermal deformation
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thermal stresses 052)(7’), G((bz) (), caused by the inclusion of reinforcing rod 1

into medium 2, are local in nature and decrease in proportion to the square of the
radial coordinate. In addition, they are equal to each other in absolute value and
differ in signs, which depend on the ratio of quantities a; and o,. So if a; >a,,

then, as follows from the form of the numerators of formula (14) with AT >0,

o, > d, , there are inequalities (2 () <0, Gsz)(r) >0, and if o, <a,, then vice

versa, G&Z)(r) >0, Gg)z)(l”) <0. This means that, since asphalt concrete has a
lower tensile strength than compressive strength, under any temperature AT
changes, unfavorable thermal stresses will be realized for 052) (r) or Gsz) (r).

It is also obvious that the values of thermomechanical parameters, at which
the numerators of fractions (14) of functions GE,Z)(I’),GS)Z) (r) are zero, are ther-

mally compatible. Therefore, equality
(B +2u)(Ag +1a)oy = (Bhy + 21, ) (A + 1oy =0 (15)

represents a condition for the compatibility of the thermomechanical parameters
of the matrix and the reinforcing rod.
Condition (15) can be simplified if to replace the Lame parameters A and |
with modulus of elasticity £ and Poisson’s ratio v, using formulas
Ev E
A= ;U= .
(1+v)(1-2v) 2(1+v)

Then, instead of (15) we have a simpler record of this condition

O __ %
1+ L,y 1+ U ’
As an example, consider the case when a fiberglass reinforcing rod of radius
1, with  thermomechanical parameters A; =30.2GPa, p,;=12.9GPa,

o =21-10° K™ is located in an asphalt concrete medium with parameters
A, =139 GPa, p, =208 GPa, a,=10-10°K™". It is accepted that
AT =-20°K . With these data, the thermal stresses in the system amounted to

2
09) = G((bl) =1.298 MPa, G(Zl) =15.541 MPa, 65,2) = 1.298rl—2 MPa,
r
2

o =-1.298 L. MPa, 6% =0.9986 MPa.
r

If we take into account that the ultimate strength of asphalt concrete in com-
pression is 5-+20 MPa, and in tension it turns out to be several times less than
these values, then we can conclude that under the considered conditions, addi-
tional thermal stresses in asphalt concrete, caused by the insertion of a fiberglass
reinforcing rod into it, can lead to the occurrence of local defects in its small
neighbourhood.
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REDUCING THE LEVEL OF ADDITIONAL THERMAL STRESSES ON
TUBULAR REINFORCING RODS

As can be seen from equalities (13), (14), additional stresses 05" ) , Gg) (i=1,2)

are determined not only by the values of coefficients a,, a,, but also by elastic-
ity parameters A;, p; (i =1,2), which are included in the numerators of fractions
(13), (14) in the third powers, and in the denominators — in the second ones.
Therefore, additional thermal stresses in the system increase with increasing 2A;,
u; (i=1,2) or, for example, with an increase in the radial rigidity of rod 1 (while

maintaining its axial strength and rigidity). Conversely, they decrease as this stiff-
ness decreases. Given this property, we can propose to use tubular rods as rein-
forcement in asphalt concrete pavements (Fig. 3). Let us investigate the thermally
stressed state in this case. Let 7; and », be the inner and outer radii of pipe 1, re-

spectively, the dimensions of medium 2
are unlimited. Let us assume, as above,
that A;, p;, a; (i=12) be the ther-
momechanical parameters of bodies 1
and 2, AT — difference in body tem-
perature in the initial and final states.
Let us find the functions of thermal
stresses in the system for the case of its
axisymmetric planar thermally deformed
state.
Similarly to the case of a solid rod,
Fig. 3. Planar fragment of an elastic the equations of thermoelasticity of the
medium with a tubular inclusion system have form (1) — (6). The solution
of these equations is again formulated in
the form of functions of radial displacements of body 1

1
_2

u (ry=rG +1C2 (n<r<n),
r
and for medium 2

uy(r)=rG; +1C4 (r=n).
r

At the same time, constants C; (i = 1,_4) are found from the conditions:
1 1 2
o) (1) =05 u () =u? (ry);

Ggl)(rz) = 052)(7’2); 652)(1”) —>0 atr—oo.
After appropriate substitutions, these equations are reduced to the form:

2
XM+HQQ—7§{3—@M+2MyhAT=m
1

cl+izcz—c3—

)

1
n
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2
200 + )G _%Cz — Bk +2p)oy AT -
p)

—2(hy +11,)Cs +2%c4 + (3, + 21,0, AT = 0;
p)
From the last equation of this system, we obtain
C. = (BAy +2u,)
L=
2(hy + 1)
Next, from the remaining equations of system (16) we find:
C = y [=GAy + 20y + 1oy +Ghy + 20, )(Ay + 1y)0p JAT +

2
4l 1 11
200 +1)° 1y + Hz){ul T Ml{z —2H

2 2
Mt o lnon

a,AT.

LGM A2
2(M +1y)
_ [FGM +2u) (kg + 1)y + By + 21, )(Ay + 1), JAT

20 1)y + uz){“l+1+“l[ﬂ—lﬂ

1AT;

G

2 2 2
Htw) o Ban n

¢, =M [ 11 ] [3hy +20)(hy +1p)e — (g +201))(hy + )0ty JAT

2 2 '
L2\ n 1 1 1
200 + 1) + 1) 2M+2+“1£2—2J
) o g o

Using the found constants, you can build expressions for displacements
u(r)=rC, +%C2, (n<r<n); ulr)=rC; +%C4, (rzr)
and stresses
oDy =21 +1))C; - %cz — (3 +21,)0, AT

2
ol () =20 + )Gy +%c2 — (30 + 2104 AT
oD (r) = 20,C, ~ (B +2u) AT, (7 Sr<ry)

inrod 1 and

2 2
o () =-=2Cy o (0=-"5Cy;

oD (r) = 20,C5 - (Bhy +215)ayAT, (r217)

in medium 2.

Table shows the stress values 69), Gg), G(Zl)

(2

roo»

on surfaces » =1 and r=r,

of fiberglass body 1 and stresses & 65)2),6(22) on surface r=r, of asphalt
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concrete medium 2 for relations # /r, =0.5, 0.75, and 0.9 at the values of the

thermomechanical parameters given above and the temperature difference
AT =-20K.

Values of thermal stresses in the medium reinforced with a tubular rod

Types of thermal stresses i

0.0 0.5 0.75 0.9
o (1) MPa 1.2981 0 0 0
oy ;) MPa 1.2981 3.2455 4.5766 7.3764
5" (1) MPa 15.541 15.569 16.235 17.215
o"(r,) MPa 1.2981 1.2171 1.0011 0.7008
ol (1) MPa 1.2981 2.0285 3.5742 6.6752
o (r,) MPa 15.541 15.569 16.235 17.215
P (r,) MPa 1.2981 1.2171 1.0011 0.7008
i (r,) MPa -1.2981 -1.2171 -1.0011 -0.7008
@ (r,) MPa 0.9986 0.9986 0.9986 0.9986

The question of the distribution in the radial direction of additional thermal
stresses 69)(1’), G((bi)(l”) deserves a special interest. Fig. 4 shows the graphs of

these functions for case 7, /r, =0.75.

4.5746

N o
3.5742

I"/VZ

N

- 2
1.001 o\ (r)

o, (1)

Fig. 4. Graphs of distribution of thermal stresses o'(r), 0$)(r) (MPa) for case
n/r,=0,75

As can be seen, additional thermal stresses 652)(1’), Gfl)z) () in the asphalt

concrete have the highest values on the contact surface » =7, and they decrease
rapidly in the radial direction.

An analysis of the above results indicates that the replacement of a solid re-
inforcing rod with a tubular one leads to a noticeable decrease in additional local
thermal stresses in the matrix medium, although the thermal stresses in the rod
increase somewhat. This effect becomes more noticeable as the thickness of the
tube rod decreases.
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CONCLUSION

1. The problem associated with the modelling of the formation of additional
thermal stresses, defects and destructions in the medium of an asphalt concrete
pavement with the insertion of a reinforcing rod into it is considered. On the basis
of thermoelasticity methods, the system of differential equations is formed for a plane
axisymmetric deformed state of an infinite cylindrical elastic body in an infinite
elastic medium under condition of a change in the temperature of the system.

2. An analytical solution of the formulated equations is constructed in a
closed form, which determines the additional thermal displacements, additional
strains and stresses in the system. It is shown that additional thermal stresses have
the highest values on the contact surface of the reinforcing rod and the coating
array and decrease in inverse proportion to the square of the distance from this
surface. It has been established that the values of these stresses enlarge with an
increase in the thermomechanical incompatibility of the system materials and the
radial stiffness of the rod. On the example of asphalt concrete reinforced with a
fiberglass rod, it was demonstrated that even with moderate temperature changes,
additional thermal stresses in asphalt concrete can reach critical values.

3. A method is proposed for reducing additional thermal stresses by reduc-
ing the radial stiffness of the reinforcement by replacing a solid rod with a hollow
tube. Theoretical modelling of this effect showed that with a decrease in the tube
wall thickness, the decrease in additional contact thermal stresses in asphalt con-
crete becomes significant.
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HEI'ATUBHI TEPMOMEXAHIYHI E®EKTH B APMOBAHHUX NOPOKHIX
KOHCTPYKIISIX 3A TEPMOIIPYKHOI HECYMICHOCTI MATEPIAJIIB
MNOKPUTTS TA APMATYPU / B.1. I'ynses, B.B. Mosrosuii, H.B. I1lmons, JI.B. IleBuyk

AHoTamisi. SIBUIa yTBOPEHHs JIOKAUTBHUX Je(eKTiB 1 TpilMH B achaibToOETOHHNUX
MOKPHUTTAX aBTOMOOITBHUX JOPIT Ta MOCTIB HAWYACTIIIE CIIOCTEPIraroThes y KiiMa-
THYHHUX 30HAX 3 BEJIMKUMH IeperajaMH TeMIepaTyp 3a iX CE30HHHX Ta 1000BHX
3MiH. 3HAYHOIO MIpOIO 1€ 3yMOBJICHO HEOTHOPIAHICTIO TEPMOMEXaHIYHHUX BIJIACTH-
BOCTEH MarepialiB mapiB MOKPHUTTIB Ta OCHOBHU. [ momepemkeHHsT X SBUII B
KOHCTPYKIIi{ TOKPUTTIB yBOJSITH apMyBaJIbHI CTPIXKHI 1 CITKH. Y poOoTi MeTomamu
Teopil TEPMONPYKHOCTI IOKA3aHO, 10 Y BUIAJKaX HECYMiCHOCTI TEPMOMEXaHIYHUX
XapaKTepUCTHK MatepiaiiB achasbToOCTOHY Ta apMaTypH B il MajJoMy OKOJIi BHHU-
KalOTb JI0JJaTKOBI JIOKAJIi30BaHi TEPMOHAIPYKEHHS, SIKi HABITh 32 IOMIPHUX 3HAYCHb
HepenaiB TeMIepaTypu MOXKYTb JOCATaTH KPUTUYHUX 3HA4YEHb Ta MPU3BOJUTH IO
nokanbHUX Ae(dexTiB i TpimuH. OCKinbKU 1i AedeKTH MaroTh MPUXOBAHUN Xapak-
Tep, X He 3aBXK/IM MOXKHA BUSBIIATH.

Kawuogi ciioBa: achanbToOCTOHHE MOKPUTTS, CTPHIKHEBA apMaTypa, TepMOMeEXa-
HiYHa HECYMICHICTb, KOHIIEHTPAL[isl TEPMOHAIIPYT.
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RESEARCH OF AUTOENCODER-BASED USER BIOMETRIC
VERIFICATION WITH MOTION PATTERNS
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Abstract. In the current research, we continue our previous study regarding motion-
based user biometric verification, which consumes sensory data. Sensory-based veri-
fication systems empower the continuous authentication narrative — as physiological
biometric methods mainly based on photo or video input meet a lot of difficulties in
implementation. The research aims to analyze how various components of sensor
data from an accelerometer affect and contribute to defining the process of unique
person motion patterns and understanding how it may express the human behavioral
patterns with different activity types. The study used the recurrent long-short-term-
memory autoencoder as a baseline model. The choice of model was based on our
previous research. The research results have shown that various data components
contribute differently to the verification process depending on the type of activity.
However, we conclude that a single sensor data source may not be enough for a ro-
bust authentication system. The multimodal authentication system should be pro-
posed to utilize and aggregate the input streams from multiple sensors as further re-
search.

Keywords: motion patterns recognition, biometric verification, recurrent autoen-
coders.

INTRODUCTION

In the modern world, we strive to automate all the systems and processes but to
keep stability, reliability, and trustworthiness of automatization on the highest
possible level. Although there are still a lot of use cases, which are impossible to
make fully automated due to ethical and other artificial intelligence issues (for
example, in the medical area), automated ensuring of the system reliability and
stability is critical in many real-world applications. There is a need for advanced
monitoring and anomaly detection applications for this purpose. The appliance of
such systems is very broad: financial operations, sensors or medical data, security
sector, and many others.

All of such systems meet some challenges during development as there is a
lot of uncertainty. First, you never know what anomaly data should look like,
despite some apparent cases, especially if you have an inlier type of anomaly.
Second, all the processes change over time, so the data — and if new data points
are not similar to the previous ones — it does not mean they are anomalies. As
well, real-world data frequently has a pretty complex structure and is heterogeneous,
leading to the inefficiency of classic statistical and machine learning methods.

From the machine learning perspective, it is impossible to apply a classical
supervised approach, as in most cases, only regular data examples are available.
In this study, we will look at the user motion-based verification problem. In this
application, it is not feasible to solve such a problem in a classic supervised man-
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ner due to the huge population and inability to compare specific users with all
others (as well, there could be personal information concerns). Therefore, only
self-supervised or unsupervised approaches may fit for problem solutions.

The research object is motion-based user biometric verification based on
sensor data.

The purpose is to research and analyze various components, which affect the
result of verification and understanding how sensor data (accelerometer) and its
components may express human behavioral patterns with different activity types.

LITERATURE REVIEW

According to [1], biometric data can be physiological: like iris, face, fingerprint,
and behavioral: like motion or gate patterns, mouse or keyboard movements, or
even both (voice data). For example, in [2], the authors propose interesting ap-
proaches for biometric identification systems based on circular kernel principal
component analysis, Chebyshev transforms hashing, and Bose—Chaudhuri—
Hocquenghem error-correcting codes for ear-based biometrics.

Nevertheless, many biometric-based verification systems are explicit and re-
quire specific actions by the person or from an external supervisor. Many biomet-
ric approaches utilize computer vision approaches like iris, ear, face, or gate-
based, which require a camera sensor. A camera sensor is not convenient for con-
tinuous authentication, and for explicit authentication, somebody, for example,
should take a photo. Usage of the camera for continuous and implicit authentica-
tion may cause problems: it should process a considerable amount of data (video
or image streaming), there are issues with saving and processing personal data,
and a person may feel uncomfortable as they are constantly watched. On the
other hand, the motion-based or mouse/keyboard movement authentication, that
can be implicit and be conducted all the time in the background without user
intervention, such data is more lightweight, and in most cases do not need addi-
tional sensor installation, because most devices already have all the sensors for
other purposes.

We can reformulate the motion-based user verification task as a time series
classification problem. The anomaly detection on time series data has already
been a research topic in many fields. As well, time-series data anomalies, accord-
ing to [3], have their taxonomy: point outliers, subsequent, and time series. In user
verification, the subsequent outliers are of the most significant interest, as we can
reformulate the task from a pattern recognition and classification point of view.
Worth mentioning that the time series classification task has a lot of applications,
besides anomaly detection, especially in the field of motion sensory data.

In [4], we can see the survey on existing machine learning algorithms, both
statistical and deep learning, for anomaly detection on univariate time series. In
the case of univariate data — deep learning methods do not overperform classic
machine learning and statistical methods in the survey. However, for multivariate
and heterogeneous time series anomaly detection, according to [5], deep learning
methods are the ones with the greatest accuracy. In [6], we can review the com-
parative study for anomaly detection on multivariate time series for LSTM and
CNN-based (Temporal Convolutional Network) architectures, and the CNN-
based solution even slightly outperformed the recurrent one. In [7], the CNN-

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2022, Ne 2 129



M.P. Havrylovych, V.Y. Danylov

based and LSTM model are also compared for biometric motion-based verifica-
tion on various datasets and activity types. The hybrid LSTM-CNN-based neural
network was proposed, as it allows to capture of temporal dependencies on more
complex features extracted with convolutional layers.

In [4], the authors measures not only predictions quality metrics but the
computational time for model training and inference and conclude that amongst
all deep learning approaches, the best combination of quality metrics and compu-
tational time has an autoencoder-based approach, which is very important in the
angle of verification and security to achieve best results with the lowest latency.

In our previous research [8], we conducted a comparative analysis of various
types of recurrent autoencoders for user biometric verification. We compared
them to classical machine learning algorithms such as Isolation Forest and One-
Class SVM. In [9], the authors designed the user personalization and biometric
verification system based on geometric concepts on the convex hull. They men-
tioned the SVM as a state-of-the-art approach (in 2012), but the one which re-
quires a lot of time for training, thus do not fit for on-the-fly verification model
training. In our research, One-Class SVM showed the lowest and most unstable
performance, though. In contrast, the variational autoencoders showed the best
performance; even so, all types of autoencoders provide comparable results.

It is essential to mention that despite the continuous authentication idea
gaining popularity, some research shows that it still underperforms compared to
explicit biometric systems. In the [10], authors mention that the multimodel au-
thentication systems are a better choice. It allows achieving the highest level of
system robustness, increasing flexibility, and mitigating drawbacks of every veri-
fication modality. In [11], authors propose multimodal authentication based on
face, motion patterns, and touch stroke. Motion-based authentication systems can
also be boosted using multiple sensors [10, 13], such as accelerometers and gyro-
scopes. The combination of multiple sensory data increases the accuracy of the
motion-based authentication system.

It is relevant to note that the deep learning model, especially autoencoder-
based, may be used as a single base model for many purposes and may have in-
teresting applications — for example, activity classification, and more exotic
things like detecting smoking events [12] or gender of the person [13]. Overall,
having a single model for a couple of purposes is a tendency in the modern ma-
chine learning and data science field. It allows to reduce the cost and add addi-
tional context for every task-specific downstream model appliance at the same
time.

In this study, we wanted to continue the in-depth analysis of biometric mo-
tion-based user verification and conduct detailed experiments and research re-
garding how accelerometer motion data and its components describe the person
using recurrent autoencoders.

MATERIALS AND METHODS

Based on our previous research [8], we will use the undercomplete autoencoder as
a baseline model architecture with recurrent LSTM layers types, as all types of
autoencoders (undercomplete, variational, contractive) showed comparable results
between each other.
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Autoencoder architecture consists of an encoder and decoder. Autoencoders
are learned to reconstruct the input data points from some hidden space. There-
fore, the optimization task objective is to minimize reconstruction error:

E= \/iux,- ~dy(ey()
i=1

1s data rows, d is the decoder, and e is the encoder with some

; (M

where x,...,x

n
parameters.

In the undercomplete autoencoder type, the data is encoded in lower-
dimensional space. Such compression guarantees that the model will not blindly
memorize the train set but will learn the proper feature space and data embedding,
which later as well can be used for various purposes. The decoder’s purpose is to
recreate the sample from an encoded example.

The optimization process of encoder and decoder parameters is done with
classic backpropagation using gradient descent-based algorithms to minimize
(1) [14].

After model training, the decision threshold & should be set. This threshold
will be used at the model inference step: the data points that reconstruction error
will be higher than this threshold would be considered anomaly or non-self class,
and self otherwise. The threshold setting process is dependent on the use case and
varies for different applications. It can be set manually by an expert or some
knowledge keeper or automatically based on the error distribution on some prede-
fined dataset.

We will use an autoencoder with LSTM layers. The LSTM layer contains
cells with specific internal structures. The memory cell contains three gates: input,
output, and forget. The input controls the input activations when the output con-
trols the output flow. The forget gate controls what information memory cells
should forget and what to pass further through the network, which theoretically
may solve the problems of long sequences, which is a known problem for vanilla
recurrent neural networks, which fail to learn from big sequences [15].

EXPERIMENTS

Dataset: open-source dataset [16] with accelerometer data (52 Hz) from
15 people with seven activity types. In [9], the original paper that presents the
used dataset, the HAR (human activity recognition) task should be solved first, as
training the algorithm on all types of activities will mostly bring additional noise
to data and decrease the metrics due to not enough amount of data points per each
activity. The problem can be understood as detecting the unique and distinguish-
ing patterns of a specific person’s motions.

For understanding accelerometer data and human movement patterns, we
will train the model separately for each axis (x, y, z), axis pairs (xy, yz, xz), and all
three axes — xyz for different types of activities.

For deep learning models, we split data in overlapping on 50 percent win-
dows with a length of 52 (because of accelerometer frequency).

We split the original dataset into a 33% share for the test set and the rest for
the train.
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An accelerometer measures changes in velocity along one axis (Fig.1). The

Fig. 1. Accelerometer axis
demonstration on the general

smartwatch/bracelet [12]

values reported by the accelerometers are measured
in increments of the gravitational acceleration, with
the value 1,0 representing an acceleration of 9,8 me-
ters per second (per second) in the given direction.
Depending on the direction of the acceleration, the
sensor values may be positive or negative [17].

Autoencoder model architecture is in Table 1
below. As an activation function, the hyperbolic tan-
gent was used. The model was trained in 10 epochs,
with Adam optimizer and mean absolute error loss.
We build autoencoders with python on Keras library
and Tensorflow backend [17].

The dropout rate was 0,4.

Table 1. The used model architecture with layers’ type, shape, and amount

of params
Type Layer Shape # of Params

LSTM (None, 52, 20) 1760

LSTM (None, 10) 1240
RepeatVector (None, 52, 10) 0
Dropout (None, 52, 10) 0

LSTM (None, 52, 10) 840

LSTM (None, 52, 20) 2480
TimeDistributed (None, 52, 3) 21

The threshold formula was used as in [8]:

< MAE,

T:E %+std(MAE,-), ,
where MAE is the mean absolute error between ground truth and predicted
sample; std — standard deviation, and N is the number of samples in the training
dataset.

As model evaluation metrics [19], the EER (equal error rate), FAR (false ac-
cept rate) and FRR (false reject rate), and ROCAUC (area under the curve) were
chosen, which are typical for assessing the biometric system quality:

FARzFPRzi; FRR=FNR=i.
FP+TN TP + FN

Equal error rate (EER) (illustrated in Fig. 2) is obtained by adjusting the sys-
tem’s detection threshold to equalize FAR and FRR. The EER is calculated using
the following formula:

EER— FAR-Zi-FRR ’

where | FAR + FRR| is the smallest value [20].
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ROC w\ EER 0,229,AUROC 0,856, ACC 0,776

1,0

0,8

0,6

0,4

True Positive Rate

0,2

0,0

0,0 0, 0,4 0,6 0,8 1,0
False Positive Rate

Fig. 2. lllustration of the EER calculation from [19]

RESULTS

For analysis, we considered only 1, 3, 4, and 7 types of activities. We filtered out
2,5, and 6 activities ( Standing Up, Walking and Going updown stairs, Going
UpDown Stairs, Walking and Talking with Someone) as less than 200 data points
were presented in the train set and less than 100 in the median for 15 users
(Table 2).

Table 2. Amount of samples in train set (median value for 15 users) for
various activities

Activity 1 2 3 4 5 6 7
(e d’faf ft;?‘{‘sseésers) 133 89 | 301 | 599 | 86 62 860

We can review the results for every metric in the tables below: EER and
AUC (Table 3), FAR, and FRR (Table 4). We have 15 users in the dataset there-
fore we report the average performance metric.

Table 3. Average EER and AUC (on 15 users) for various activities

Axis data |1 activity \ 7 activity ‘ 3 activity \ 4 activity |1 activity‘7 activity‘S activity‘4 activity
for train Mean EER Mean AUC

x-axis 0,202 | 0,350 | 0,407 | 0,318 | 0,837 | 0,671 | 0,617 | 0,714

y-axis 0,168 | 0,276 | 0,364 | 0,345 | 0,868 | 0,756 | 0,657 | 0,687

z-axis 0,161 | 0,358 | 0,394 | 0,237 | 0,873 | 0,669 | 0,631 | 0,791

x-axis_y-axis | 0,084 | 0,200 | 0,346 | 0,280 | 0,938 | 0,833 | 0,680 | 0,759

x-axis_z-axis | 0,101 | 0,254 | 0,358 | 0,191 | 0,924 | 0,777 | 0,673 | 0,841

y-axis_z-axis [ 0,081 | 0,223 | 0,349 | 0,225 | 0,938 | 0,807 | 0,680 | 0,807

x-axis_
y-axis_z-axis

0,074 | 0,189 | 0,334 | 0,197 | 0,949 | 0,846 | 0,689 | 0,830
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Table 4. Average FAR (on 15 users) for various activities

Axis data |1 activity| 7 activity | 3 activity | 4 activity | 1 activity | 7 activity |3 activity | 4 activity

for train Mean FAR Mean FRR

X-axis 0,260 | 0,527 | 0,589 | 0,459 | 0,067 | 0,132 | 0,177 | 0,113

y-axis 0,207 | 0,388 | 0,526 | 0,517 | 0,058 | 0,101 | 0,160 | 0,108

z-axis 0,182 | 0,534 | 0,564 | 0,307 | 0,071 | 0,128 | 0,174 | 0,112

x-axis_y-axis| 0,066 | 0,219 | 0,464 | 0,374 | 0,058 | 0,116 | 0,176 | 0,107

x-axis_z-axis| 0,076 | 0,312 | 0,488 | 0,196 | 0,075 | 0,133 | 0,166 | 0,122

y-axis_z-axis| 0,059 | 0,269 | 0,459 | 0,259 | 0,064 | 0,117 | 0,181 | 0,127

X-axis_ 0,030 | 0,188 | 0,452 | 0,222 | 0,073 | 0,120 | 0,171 | 0,117

y-axis_z-axis

DISCUSSION

The obtained results show that all axes contribute to the final results and hold im-
portant information about human patterns. Therefore, training on all three axes
shows the best performance.

Another interesting thing we can notice is that for different types of activities
— different axis brings more value. For example, in walking (4-th activity), we can
say that the model trained on the z-axis only or on another axis in combination
with the z-axis has the best performance if looking at EER and AUC. On the other
side, for the 7th activity (Talking While Standing), the y-axis brings the most value.

As well, if looking at the performance of models trained on the x-axis only,
they always have the lowest performance compared to others. Still, in combina-
tion with the y-axis, the performance increases a lot.

The best results were shown for 1 activity (Working at Computer), but this can
be related, that this type of activity has the highest amount of training samples.

Overall, the performance is highly correlated with the number of training
samples (Table 1), which may point out for need in artificial synthetic data gen-
eration for model training, because for the personalization system is important to
be able to work and be reliable as fast as possible. The continuous training of the
model during the system is alive should be considered to prevent model and data
drift and allow the system to prevent the cold start when there are not that many
available training samples.

CONCLUSIONS

In this research, we conducted an in-depth analysis of different components on
human motion patterns from sensory data (accelerometer in our case) and whether
we can extract distinguishing person patterns from such data and use it for bio-
metric verification systems.

The deep learning approaches have already proved their applicability and
stable performance in such cases. Still, as already mentioned, the motion-based
authentication shows lower accuracy than other biometric verification (e.g.,
physiological), but this does not mean that motion-based verification should not
be used. The solution to overcome problems drawbacks of various types of verifi-
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cation — is a multimodal authentication system, which increases stability, robust-
ness, and flexibility for customization in different environments.

Looking at the metrics for different accelerometer data components and ac-
tivities, we can see that every axis contributes to the final result not equally. De-
pending on the activity type, different features are important, proving that we
probably need a multi-stage system with preliminary human activity classification
in case of motion-based verification. The advantage of the autoencoder model is
that single model can be used for both tasks without the need to train different
models.

Further research should be done to create a sensory-based authentication sys-
tem that utilizes multiple sensors. Such approach should increase the quality of
the system but keep the continuous option.

Additional analysis of evaluation metrics should also be done, as there are
raising concerns regarding commonly used metrics and biometric evaluation
framework, as they may lead to incorrect decisions and be misleading.
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JOCJIPKEHHSI BIOMETPUYHOI BEPU®IKAIIT KOPUCTYBAYA HA OCHOBI
ABTOKO/EPIB 3 IIEPEBIPKAMM PYXY / M.II. I'aBpunosuy, B.51. Jlanunos

136

AnoTtamisi. [Ipo1oBXKeHO MOMNepeHe AOCHIIKEHHS 00 0IOMETPHYHOI MEepEeBipKU
KOPHCTyBa4a Ha OCHOBI PyXy 3 BUKOPUCTAHHAM CEHCOPHMX JaHuX. CHcTeMH CeHCop-
HOI Bepudikaril po3IIHpPIOIOTh MOXKIMBOCTI HEMEPEPBHOI aBTEHTU(IKALIT, OCKIIbKH
(hiziomoriuHi GioMeTpHYHI METOM, B OCHOBHOMY 3aCHOBaHi Ha (oTo- abo Bimeoma-
HHX, CTHKAIOThCS 3 OaraTbMa TpyJHOIIAMH I Yac peamizamii. Mera DocmimKeHHS —
HpOaHali3yBaTh K Pi3Hi KOMIIOHEHTH CEHCOPHMX JaHHX BiJl aKCeJIepoMeTpa BILIH-
BAlOTh 1 CHIPUSIOTH BU3HAYCHHIO NPOLECY YHIKAJIbHUX MOJENCH pyXy JIOAUHU Ta
PO3YMiHHS TOTO, SIK BOHH MOXKYTh BHPa)XaTH MO/ICI MOBEAIHKH JIFOJHHH 3 PI3HUMH
BUJIaMH aKTHBHOCTI. Sk 6a30By MOJie/Ib BUKOPHCTAHO PEKYPEHTHUI aBTOKOIyBallb-
HHUK JIOBroi-KOpOoTKOi mam’sti. Bubip Mopeni rpyHTY€eThCsl Ha MOMEPEIHIX HOCHi-
JUKEHHSIX. Pe3ysbTaTi JOCHiIKEeHHS MMOKa3alH, 1[0 3aJIe)KHO BiJ BUAY IisUTBHOCTI
PI3HOMaHITHI KOMIIOHEHTH JaHUX MAlOTh Pi3HUI BHECOK. 3pOOJIEHO BHCHOBOK, IO
OJIHOTO DKepena JIaHHX JaTihKa Mo)ke OyTH HEeIOCTaTHbO Ui HaJiHHOI cucTeMu
aBTeHTU]IKamii. {5 moganbuX JOCTIKEHb CIIiJ] 3aIPONOHYBATH MYJIETHMOATb-
Hy CHCTeMy aBTeHTH(iKkamii, sika TOBHHHA BUKOPHCTOBYBATH Ta 00’ €JHYBATH BXiIHI
[TIOTOKH BiJ{ KIJILKOX JaTYUKiB.

Kiouosi ciioBa: posmizHaBaHHS 00pa3iB pyXy, OiomeTpudyHa Bepudikallis, pexype-
HTHI aBTOKO/TyBaJIbHUKH.
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AN EXPLANATION OF THE J. HUBER EFFECT, WHICH DOES
NOT CONTRADICT THE LAWS OF PHYSICS
AND EXPERIMENTAL RESEARCH

A. SILVESTROYV, D. ZIMENKOYV, L. SPINUL, V. SVYATNENKO

Abstract.. An explanation of any physical phenomenon is essential, both theoreti-
cally and practically. The phenomenon discovered by the Austrian engineer J.
Huber, the so-called “Huber effect,” posits that if an electric current passes through
an already moving wheelset of wheels of a railroad train from one rail of a railway
to another, an additional accelerating mechanical force arises in the direction of
travel. From 1951 to the present, scientists have tried to explain and utilize this ef-
fect. A brief overview of these explanations and their contradictions in theory and
experiment is given. However, they have become important for finding an explana-
tion that does not contradict the laws of classical electrodynamics and experimental
data.

Keywords: Huber effect, Kosyrev—Milroy engine, Biot—Savart—Laplace law, sys-
temic approach, electricity flow, super-capacitor, ferromagnetism

INTRODUCTION

In 1951, the Austrian engineer J. Huber discovered the following physical phe-
nomenon: if during the existing movement at speed 7 of a railroad train or

a separate pair of wheels (Fig. 1) one connects a source 4 of voltage U, to the

rails, then, under the action of current / passing from one rail to another 3 through
the wheels 2 and the axle, an additional force F is created, which increases the
speed of rectilinear motion ¥ or that of rotational motion Q of the wheels. This
effect was used at the railway sorting station. The same phenomenon was
observed in a bearing pair (Fig. 2) by Kosyrev—Milroy [1]. Here, instead of
wheels and rails, there were balls and bearing clips.

Fig. 1. Wheelset

The ambiguity of the effect and the low efficiency of the Kosyrev—Milroy
engine required scientists to further study to explain the Huber effect and identify
areas for its effective use.

© A. Silvestrov, D. Zimenkov, L. Spinul, V. Svyatnenko, 2022
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Fig. 2. Kosyrev—Milroy electric motor: /, 3 — clips; 2 — ball; 4 — shaft; U, — source
voltage

BRIEF OVERVIEW OF THE EFFORTS TO EXPLAIN THE HUBER’S EFFECT

It was considered [2, 3] that the interaction of electric currents in accordance to
Ampere’s law in the wheel and rail, which are positioned at an acute angle due to
motion, creates a torque (Fig. 3). However, in the second wheel of the wheel set
or on the opposite side of the bearing ball, it will be of the opposite direction.

Fig. 3. Kuzmin—Shpatenko’s oversight

Nonetheless, the curvature of current /, trajectories was further developed
in our studies.

It was also believed [3] that the torque arises from sparking on the falling
side of the contact.

Indeed, when the bearing was placed in a vacuum chamber [4], after a while
the movement stopped. But, as we found out (and confirmed by experiment), this
was due to the significant heating of the balls without heat dissipation in vacuum,
and, as a result, the mechanical jamming of the almost non-existent clearance
between the ball and the clip. In 1973, the author of [4] claimed that the spark is
the cause, and in 1982, already points [5] to the negative impact of the spark.

Thermodynamic explanation [6] of motion caused by thermal deformation
contradicts the thermal inertia of bearing bodies. Some studies [7] suggest propo-
sitions that generally contradict the laws of physics. Additional ambiguities were
introduced by [8, 9], where the J. Huber effect is conflated with an unexplained
effect of J. Searle (“flying saucers™) and “non-physical” laws [7] of G. Nikolaev,
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in which the directions of current / and magnetic flux ® coincide. This is possi-
ble only for the longitudinal along the shaft axis current component/ through the
cross-section of the shaft rotating with frequency Q (Fig. 4).

— w3 U, o
— +
) 1
SR R
TAVTAANANAVTTABRR

T H‘P“H HﬂH‘* S EEEREE S ,H—JFT'-, '
WiV VS AVAATAVAVAVAVAVATATATAY
S I A AAAAAAAIAATA

O

Fig. 4. The trajectory of “streams” of electrons in a rotating shaft

MULTI-STEP PROCESS FOR SOLVING THE PROBLEM EXPLAINING THE
J. HUBER’S EFFECT

Thus, on the basis of the analysis of efforts to explain the effect rather simplisti-
cally (in one step), one should find an explanation for it through a multi-step
truth-oriented algorithm, preserving the results that do not contradict the laws of
physics, as well as finding new course of search.

In mathematics, this resembles the search for the extremum of a function in a
multidimensional space of constrained variables [10].

Step 1. Analysis within the statics of the contact zone of the wheel and rail,
or balls and clips.

As a rule, in any electric contact, one, first and foremost, points out its active
resistance R, . However, the contact is not a point or a line: it has a finite area

S, , an extremely small clearance 6 with dielectric conductivity €. And, as a re-
sult, it is determined by the final electrical resistance R, and capacitance C, .

The power supply circuit additionally has a resistance R and an inductance L
(Fig. 5).

[
X L I
Y Y -
RK
1
| |

Fig. 5. Current circuit replacement scheme in the contact zone

Resistance R is much lower than R, . Therefore, in a pair of wheels, almost
half U, of the voltage of the source U, falls on the contact, creating a current /
in the resistance R, , and a charge g, on the capacitance C, . For example [10],
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for the contact of the wheel and the rail of the railroad car capacity of
C,=(0,02+0,03)uF", the charge of ¢, at voltage of U, =10V is

(0,2+0,3)- 107°C . This is posited for a clearance of one micron. But in the cen-
tral zone of contact of the polished surfaces of a wheel and a rail under a force of
pressure under car’s weight the clearance o can be even smaller (effect of the
super-capacitor).

Therefore, at the first step, an important result of the study is the opening of
the contact capacitance C, .

Step 2. Analysis of electricity flow through a moving contact.

Let us present the flow of electricity / as a sum of the currents j AS, of
each k™ tube:

I=37AS,

where j_ is the density, and AS, is the cross-sectional area of the k" tube Q.

If a wheel (or a ball) rotates with frequency and speed ¥, then to the left of

the contact will be the area whose clearance 6 decreases, and to the right — in-
creases (Fig. 6).

1=YjAS,
Fig. 6. Asymmetric distribution of density j, of current /
Then, taking into account the active inductive nature of the power supply
circuit (Fig. 5), the current through the clearance on the left will increase expo-

nentially [11].
t do

IO =I,[1-e =7,

where [, is the default value, 1, = is the time constant; to the right —

decreasing exponentially
gt _do
L) =1-e " =©.

The greater the V|, or 2, the fewer current tubes there is to the left (lesser

time t the current does not reach /). Next, in the area of mechanical contact a

current 7, is set, which will decrease exponentially to the right of the contact,
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K

. As a result, the flow
dt

creating sparks due to EMF of self-induction of ¢, =—

q of electricity [ shifts, as V' increases to the right.

Step 3. Bilateral action of the Biot—Savart—Laplace law.

The product of the voltage U, and the capacitor C, is the charge ¢, . Dur-
ing movement, the charge g, moves in the body of the wheel and rail at a speed
V equal to the angular velocity €2 times the radius », of the wheel.

Then, according to Biot—Savart-Laplace law, (if we apply the product of ¢,
and V as the product of the conditional current /, and the path component Ax,

where Ax equals to the product of V" and the time component Az of time ¢) we
obtain the magnetic field of induction AB at the point M (Fig.7):

:&IyAxsinB

4n r

il

7

B

Fig. 7. Biot—Savart-Laplace law

Due to the ferromagnetism of the wheel and rail bodies (ball and clip), the
magnetic field is amplified and, according to the property of minimizing the loss

of magnetic energy W), [11] in the air clearance, creates a force P, derived from

d

W,, along &, which reduces the clearance ©.

The Biot-Savart-Laplace law has a bilateral effect (Fig. 1), and, with the
movement of the wheel (the ball) and the presence of at least inductance of L in
the supply circuit, the flow of electricity / will shift towards the falling part of

the contact zone, forming sparks. This leads to the arm of force P, and the
torque on the falling side increase as the speed goes up, and slowing down of the
movement.

Therefore, as the current / passes through the moving contact, the initial
movement speed V), should not increase, but instead decrease until complete ces-
sation of movement.

This was observed in the bearing pair at low currents /, or at a minor mo-
ment of inertia of the flywheel on the shaft of the Kosyrev—Milroy engine.

Step 4. Transition from instantaneous values of moments to pulses of me-
chanical energy.

Given the specifics of the electrodynamics of moving bodies [12] with time-
varying parameters (clearance O to the left over time Af decreases, to the right
— increases), it is not difficult to show that the momentum of the energy of mo-
tion over time At , taking into account the influence of the dynamic moment from
the mass or moment of inertia of the moving bodies of the system will be greater
than the braking to the time at which the displacement of electricity flows in the
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direction of the falling part of the contact, is set at the appropriate speed }' balance.
In this case, the greater the dynamic moment of inertia, the greater the speed.

CONCLUSION

This explanation is fully consistent with the laws of electrodynamics and the re-
sults of experimental studies of the Huber effect.
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MOSICHEHHSI E®EKTY I'YBEPA, SIKE HE CYHNEPEYHUTH 3AKOHAM ®I3UKH I
EKCHHEPUMEHTAJIBHUM JOCJIIKEHHSIM / AM. CumbBectpoB, J.K. 3imeHkos,
JLIO. Cninyi, B.A. CsiTHEHKO

Amnoramnisi. [TosicHeHHs TOro 4M iHIIOro (i3UYHOTrO SBUIA KOHYE BAXIIUBE SIK y Te-
OpPETHYHOMY, TaK i B MPAKTHYHOMY acHeKTi. BusBieHe aBCTPIHCHKUM iHXEHEPOM
K. I'ybepom siBuine, Tak 3BaHui «edekT ['ydepay, momsirano B TOMy, IO SKIIO Bix
perKu 0 peKH 3aTi3HIYHOI KOJMii yepe3 y)ke pyXoMy KOJICHY mapy KOJIC 3aJi3HuY-
HOTO TIOTSITa NPOIYCKATH EIEKTPUYHMII CTPpyM, TO BHHHKAE JOJATKOBA MEXaHIuHa
CHUJIa B HATIPSIMKY PYyXYy, sika 301IbIIy€e MBUAKICTE. I3 1951 p. i morenep y4eHi 6arato
pa3iB HamMarajuch MOSCHUTH 1 BUKOpHUCTATH 1iel edekT. HaBeneHo KOpOTKuid orsig
LHUX HOSICHEHb Ta iX CyNepeyHOCTel Teopii Ta eKCIepPUMEHTY, OJHAK BOHU CTaId
BOKJIMBUMH JUISl BiJIUIyKAaHHS TIOSCHEHHS, SIKE HE CYNEPEYHTh 3aKOHAM KJIACHYHOI
CJICKTPOIMHAMIKH ¥ eKCTIepUMEHTAIbHUM JaHHUM.

Knrouosi cioBa: edpexr I'ybepa, nBuryn KocupeBa—Minpos, 3akon bio—Casapa—
Jlamunaca, CHCTEMHHM MiAXi[, TOTIK NEKTPUKH, HATKOHICHCATOP, (PepOMarHEeTH3M.
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EXPERT SYSTEM FOR DEPRESSION DETECTION
IN TEENAGERS

B. RAHARJA, E.B. SAMUDERA, F. LAY, S. HANSUN

Abstract. Depression (major depressive disorder) is a common and serious medical
illness that negatively affects how you feel, think, and act. Fortunately, it is treat-
able. Depression causes sadness and/or a loss of interest in activities once enjoyed. It
can lead to various emotional and physical problems and decrease a person’s ability
to function at work and home. Teenagers often experience this disorder because
their emotions are still unstable. They also don’t have many chances to consult with
a psychologist and doctor. Through this research, an expert system was created that
implements knowledge from experts related to depression so that teenagers can do a
self-test when needed. The expert system was developed using the Certainty Factor
method for the knowledge inference engine. The system was tested iteratively and
could achieve similar results with a domain expert. We hope that the system can de-
tect early symptoms of depression among teenagers and minimize the negative im-
pact it may cause.

Keywords: certainty factor, depression, detection, expert system, teenagers.

INTRODUCTION

The life of a human being goes through several phases change. This phase starts
from when humans are babies until humans die. In human growth, there is an ado-
lescent phase, namely the transitional phase of children to maturity in the age
range of 12 years to 20 years [1].

Adolescence in a child can have various dynamic changes, one of which is
emotion. Therefore, a teenager must be able to adapt to any changes that exist.
When a teenager cannot adapt or control himself over his emotions and thoughts,
it is not uncommon for a teenager to be depressed due to negative thoughts. De-
pression experienced by a teenager is not just a temporary feeling of stress and
sadness, but there is a serious condition that can permanently affect behaviour,
emotions, ways of thinking, and character that must be given special treatment to
overcome it [2].

For teenagers who are in that phase, they may find it difficult and confused
about who to go and consult to. This expert system that we designed aims to help
teenagers and parents to make an early diagnosis of depression that may occur in
a teenager. Our expert system is designed in the form of a website due to the ease
of internet access, particularly in Indonesia.

By conducting this research, we hope to help teenagers to find out the level
of depression they are experiencing. The other purpose of this system is to facili-
tate communication between parents and children regarding depression. With this
expert system, it is hoped that parents can facilitate further treatment for their
child if needed. To support this goal, the prediction results must have good accu-
racy. Here, we implement the Certainty Factor method in inferencing the knowl-
edge base to the final decision shown to the user.

© B. Raharja, E.B. Samudera, F. Lay, S. Hansun, 2022
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With this expert system, we hope that teenagers will have the courage to
carry out self-diagnosis with good accuracy so that they can communicate with
their parents for further treatment. For parents who are also worried about their
child, they can monitor the child’s actions and carry out a diagnosis with the
child. This system can also help psychologists in carrying out their duties more
quickly.

THEORETICAL BASIS

A. Expert System

An expert system is a computer-based system that can replace experts in solving
problems by using knowledge, facts, and reasoning techniques [3].The definition
of an expert system is a computer program that has expert knowledge of a specific
field. From these two definitions, it can be concluded that an expert system is a
program designed to have the knowledge to solve problems in a specific field like
an expert.

In the development of an expert system, there are two main structures,
namely the development environment and the consultation environment. The de-
velopment environment is useful for entering expert knowledge into the expert
system and the consultation environment is used by users to get results from the
knowledge of an expert via the system [4].

B. Scrum Method

Software Development Life Cycle (SDLC) is a cycle in making a system with the
aim of solving a problem effectively. With the proper use of SDLC, the resulting
system can be of high quality and in accordance with the wishes or objectives of
the formation of the system. According to Mulyani [5], SDLC is a set of logical
processes applied by a systems analyst to develop an information system that in-
volves requirements, validation, training, and discussion with system owners.

Scrum is basically one of the lightest Agile methods but can provide advan-
tages in setting the stages and control in the development of a system or product
[6]. This method relies on a collection of methods and practices that apply the
values and principles of the Agile Manifesto [7]. With the use of Scrum, there is a
sprint component which is a series of stages carried out in one process simultane-
ously. The main purpose of using Scrum is to get the Minimum Viable Product
(MVP) value at the end of each sprint [8].

C. Depression

Depression is a condition in which a person’s daily life is filled with feelings of
pain, disappointment, sadness, and emotional confusion. Depression can be
caused by trauma, guilt, isolation, and deep pain [9]. Depression can be concluded
as a continuous feeling of sadness that a person feels and impacts on a person’s
thoughts and actions that can be caused by the environment around them and
themselves.

In this study, we used 29 symptoms of depression in teenagers as mentioned
by Burns in Widians et al. [10]. Table 1 shows the list of those symptoms used in
this study.
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Table 1. Depression symptoms [10]

Code Symptom Code Symptom
G001 Sad G016 Feeling lonely
G002 Tiredness in doing activities G017 Feeling guilty
G003 Difficulty to focus GO18 Often feel being punished
G004 Feeling bored G019 Self-hatred
G005 Daydreaming G020 Easily offended
G006 Not excited G021 Loss of appetite
G007 Often upset G022 | Worried about one appearance
G008 Pessimistic about the future G023 Very sensitive
G009 Often cries \;/el;lslgg; explainable G024 Prefer to be alone
G010 Insomnia G025 Having thoughts of suicide
G011 Often anxious G026 | Difficulty to make a decision
G012 Disappointed with oneself G027 | Difficulty to do activities well
G013 Often disturbed G028 Weight gain or loss
G014 Looks gloomy G029 Less confident
Go15 Loss of interest in hobbies that

used to be liked

D. Certainty Factor

Certainty Factor (CF) is a method proposed by Shortliffe and Buchanan in 1975
to accommodate the exact reasoning of an expert [11]. An expert (for example:
doctor) often analyses information with the expressions “probably”, “most
likely”, “almost certain”. So that with the Certainty Factor method, it can describe
the level of confidence of an expert on the problem at hand. The basic formula to
calculate the confidence level of a rule is shown in [12]:

CFlh,e]l=MB[h,e]—MD[h,e]
where CFlh,e] is the certainty factor, MB[h,e] is the measure of belief of hy-
pothesis (%) given evidence (e), and MD[h,e] is the measure of disbelief of hy-
pothesis (4) given evidence (e).

Moreover, Certainty Factor formula for one premise is shown in CF[h,e] =
= CF[t]*CF[rule] = CF[user]*CF[expert], while for two or more premises is
shown in [13]-[15]:

CF, +CF,(1-CF,), if CR,CF, >0,
CFc(CR,CR) = CH +CF, (1+CR), if CH,CF, <0, (1)

CH +CF,
(1—=min{| CF | CF; |})’

if CF <0 xor CF, <0,

where CFJe] is the certainty factor of given evidence which can be represented as
certainty factor given by user, CF|[rule] is the certainty factor rule given by an

expert, CFc is the combined certainty factor from the other two known certainty
factor following the rules (1).
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METHODOLOGY

In this research, we use Scrum method. Scrum itself uses an approach from an-
other method, namely Agile. Scrum helps teams to solve problems, by having
strong communication between team members [16]. Steps in the Scrum Method
are follows:

1. Define the team.

2. Determine the processing time.

3. Define roles in the team.

4. Collect various problems.

5. Start a sprint. Sprint is a series of work carried out to solve a problem, es-
pecially the creation of a new product.

Our research is assisted by qualitative data collection methods. Qualitative
research is a type of research whose findings are not obtained through statistical
procedures or other forms of calculation and seeks to understand and interpret the
meaning of an event of human behavior interaction in certain situations according
to the researcher’s own perspective [17]. We use interviews and literature study as
data collection tools.

1. Interview. In addition to observations, direct interviews were also con-
ducted with experts who have special knowledge about depression in adolescence.

2. Literature Study. In this method, searches and learning are carried out
from various kinds of literature, and documents that can support the work of this
project, including from books, scientific articles, scholarly journals, and also from
various internet websites that provide information that is relevant with the study.

RESULTS AND DISCUSSION
A. Implementation Results

Based on the research and iterative development procedure, there are several fur-
ther development from the initial design of the system which is finalize as fol-
lows. Firstly, there is homepage as main display when the site is accessed (Fig. 1).
There is a “Get Started” button which will lead to the Identification menu to per-
form a diagnosis.

F On the Identification page as
shown in Fig. 2, users can fill in the
symptoms provided for the calcula-
tion process to be carried out using
Depresi pada the Certainty Factor method. There is
a total of 29 questions being used in
this study. When finished inputting
e Rt Hon symptoms, the user can click the but-
ton with the magnifying glass icon at

the bottom right of the screen to
display the results of the diagnosis

(Fig. 3).

remaja

Fig. 1. Homepage of the system

146 ISSN 1681-6048 System Research & Information Technologies, 2022, Ne 2



Expert system for depression detection in teenagers

Analisa Penyakit Depresi

A Perhatian!

Sllahkan memilih kriteria sesual dengan penyakit yang Ingin dicarl, jika sudah tekan tombol proses (@) di bawah untuk melihat hasil.

Pilih Kondisi
1 Goo1 Apa Anda sedang merasa sedih? Pilih jika sesuai
2 G002 Anda merasa kelelahan melakukan aktivitas Filih jika sesuai
3 G003 Anda kurang dapat berkonsentrasi Pilih jika sesuai
4 G004 Anda mudah bosan atau jenuh Pilih jika sesuai
5 G005 Anda sering melamun Filih jika sesuai
6 G006 Anda merasa tidak bersemangat Pilik jika sesuai
7 Goo7 Anda sering merasa galau Pilih jika sesuai

| Gooa Anda pesimis dengan masa depan anda Pilih jika sesuo

Fig. 2. Identification page

Iazil Kriteria
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Fig. 3. Analysis result

There is also a page which show the basic information about depression as
shown in Fig. 4. On this page, users can read information about the level of de-
pression, details of the depression level, and some suggestions that have been
provided. The system prototype may be found at https://uasexpertsystem.
000webhostapp.com/.
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Fig. 4. Types of depression

B. Evaluation and Discussion

We conducted several evaluation methods, including the usability test of the built
system and expert evaluation from a psychologist who has a legal license to per-
form his practice as an expert in this domain. Table 2 shows the usability test re-
sults on three main functionalities provided in the system.

Table 2. Usability test results

System component Results

The main menu is simple and easy to use where when the user
Main menu wants to identify depression, they can click the “Get Started” or
“Identify” button on the menu bar on the left

Has clear instructions for identification and easy-to-read writing.

Identification . o . ) . .
After identifying the user, he gets information about the identified
menu . : :
depression and gets suggestions that can be applied by the user
It has an easy-to-understand display where there are types
Depression of depression, a “Details” button that displays a description
Type menu of depression, and a “Suggestion” button that displays suggestions

for selected depression sufferers

The evaluation with experts was carried out for the first time on November
17", 2021. During the evaluation process, a calculation test was carried out three
times with the following results as shown in Table 3.

Table 3. First evaluation result

Iteration # Result Expectation
1 Severe Depression (1%) Middle Depression
2 Severe Depression (12%) Mood Disorder
3 Severe Depression (1%) Severe Depression

From the results of the calculation test above, it was found that there was an
error in the calculation formula and a mismatch of the Certainty Factor value for
the knowledge based used in this study. Therefore, several changes were made so
that the calculation results got the final value as shown in Table 4.
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Table 4. Optimization result

Iteration # Result Expectation
1 Middle Depression (98%) Middle Depression
2 Mood Disorder (100%) Mood Disorder
3 Severe Depression (100%) Severe Depression
CONCLUSION

In this study, we have successfully built an expert system for diagnosing depres-
sion in teenagers. The system knowledge is inferenced by the Certainty Factor
method and could diagnose the level of depression based on the existing knowl-
edge base that is quite accurate. Based on the evaluation results, the system gives
results that are in line with expert expectations.

In the future, this research can still be developed by increasing the level of
complexity and variations in the value of trust and the value of distrust that is
more specific with the latest symptoms in the depression level detection. Other
inference methods, ranging from Forward and Backward Chaining [18] to Fuzzy-
based [19] or even Machine Learning-based such as the Long Short-Term Mem-
ory [20], might be applied in comparison with this study result.
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EKCHEPTHA CHUCTEMA BHWSBJEHHA JAENPECII ¥V MIIJITKIB / B. Paxapmxa,
E.b. Camynepa, @. Jleit, C. Xancyn

Anoramisi. Jlenpecist (BeMMKHUI JENPECUBHUN po3JIall) € HOIMIMPEHUM i CEpHO3HUM
MEIMYHUM 3aXBOPIOBAHHSM, SIKE HEraTMBHO BIUIMBA€ HA CAMOIIOYYTTS, Ha Te, SK
nymaete i sik giere. Ha mactsi, ue miggaersest JgikyBaHHO. Jlerpecis BUKIMKAE HO-
YyTTS CMYTKY Ta/a00 BTpaTy iHTEpecy A0 MisUIBHOCTI, sIKa KOJIHMCh MPUHOCHIIA HACO-
nony. Lle Moke mpu3BecTH I0 PI3HOMAaHITHUX €MOLIHHHX 1 (i3UYHHX MpoOieM i
3HU3UTH 3/aTHICTH JIIOJUHYU (QYHKI[IOHyBaTH Ha poOoTi Ta Broma. Lleit posnax wacto
TPAIUIETHCA y MiIUTITKIB, OCKUIBKY 1XHI eMOIIii OLIBII HecTaOlIbHI. Y HUX TaKOX HE
TaK 0arato HIAHCIB IPOKOHCYJBTYBAaTHCS 3 IICHXOJIOTOM 1 JKapeM. 3aBIsKH LbOMY
JOCII/UKEHHIO CTBOPEHO EKCIIEPTHY CHCTeMy, sIka pealli3ye 3HaHHS EKCIepTiB,
OB’ sI3aHKX 3 JICTIPeci€lo, 11100 MiUTIITKH MOTJIM MIPOBOIUTH CaMOIIEPEBIPKY, KOJIH 11e
HeoOxinHo. ExcriepTHy cucremy po3poOiieHO 3 BHKOPHCTAaHHSIM MeTony (akropa
BU3HAYEHOCTI Ul MEXaHi3My BHBEACHHs 3HaHb. CHCTEMy MEpPEBIpEHO iTePaTUBHO,
MoiOHUX pe3yIbTaTH OTPHUMAHO i 32 IOMIOMOTOI0 eKcTepTa B raysi. CrogiBaemocs,
IO CHCTEMa 3MOXK€ BUSIBUTH PaHHI CUMIITOMH AeMpecii cepes MUIITKIB 1 MiHIMI3Y-
BaTH HETaTUBHHUI BIUIUB, SIKMH BOHA MOXE CIIPUYNHUTH.

Kiouosi ciioBa: haktop BU3HAYCHOCTI, IeNpecis, BUABICHHS, EKCIIEPTHA CHCTEMA,
M UTITKA.
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BIJOMOCTI ITPO ABTOPIB

Baiipamosa Taminna Agin kusm,

TOJIOBHUH criemiamict [HcTutyTy iH(OpMamiiiHux TexHomnoriii HamionanpHoi Axamemii
Hayk Azep6aiimxany, baky

Bospunosa Karepuna OnexcanapiBHa,
npodecop, MOKTOp EKOHOMIYHMX HayK, 3aBigyBad Kademph eKOHOMIYHOi KiOepHETHKH
KIII im. Irops Cixopcpkoro, Ykpaina, Kuis

T'aBpunoBuy Mapis IlaBaiBHa,
acmipantka ITICA KIII im. Irops Cikopcbkoro, Ykpaina, Kuis

I'aminos I'aunio,

JOKTOp (inocodii, KepiBHUK JenapTaMeHTy iH(pOpMaliiHuX TexXHOJIOTiH «Azerishigy,
baxy, AzepOaiimxan

I'ynsies Banepiii IBanoBny,

npodecop, TOKTOp TEXHIYHMX HayK, 3aBigyBad Kadeapu BHINOI MareMaruku Harii-
OHAJIFHOT'O TPAHCIIOPTHOTO YHIBEpCUTETY, YKpaiHa, Kuis

Jannaos Banepiii AxoBuy,
npocecop, mokrop TexHiuHNX Hayk, mpodecop KIII im. Irops Cikopcpkoro, Ykpaina, Kuis
Jpo3nosuy Ipuna I'ennazgiiBua,

KaHIUOaT TEXHIYHWX  HAyK, CTapmMid HAyKOBWH  CIHiBpOOiTHMK  [HCTHUTYTY
TeNIeKOMYHIKaii Ta rrobansHoro iHopmartiiHoro npocropy HAH Ykpainu, Kuis

3aiiuenko IOpiii [leTpoBuy,

npodecop, OKTOpP TEXHIYHMX HaykK, mnpodecop Kadenpy MareMaTHYHUX METOIIB
cucremtoro ananizy I[IICA KIII im. Irops Cikopcekoro, Ykpaina, Kuis

3rypoBchkuii Muxaiijio 3axapoBuy,
akanemik HAH VYkpainu, npodecop, noxrop TexHiunmx Hayk, pekrop KIII im. Irops
Cikopcbkoro, Ykpaina, Kuis

3imenkoB /Imutpo KocTaHTHHOBHY,
crapinii Bukiaznad KI1I im. Iropst Cikopebkoro, Ykpaina, Kuis

Insam Ogbra Iropiena,
npoecop, MOKTOp SKOHOMIYHHX Hayk, mpodecop Kademprn eKOHOMIYHOI KiOepHETHUKH
KIII im. Irops Cixopcpkoro, Ykpaina, Kuis

Konmimuncska Katepuna OuiexcanapiBua,

JIOLICHT, KaHAWAAT EKOHOMIYHMX HayK, JOLEHT Kadenpu MeHepKMeHTy mianpremcts KITI
iM. Iropst Cikopcbkoro, Ykpaina, Kuis

Kopoukin Osexcanap BosionumupoBuy,

JIOLIEHT, KaHIWAAT TEXHIYHMX HayK, 3aCTYNHHUK 3aBilyBaya Kadenpu oOYMCIIOBAJIBHOT
TeXHiKH 3 HaBdasTbHO-MeToanaHoi podoTH KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

Kpasuenko Mapuna OJieriBHa,

npogecop, JOKTOp €KOHOMIUHMX HayK, JeKaH (haKyJIbTeTy MEHEDKMEHTY 1 MapKEeTHHTY
KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

Kypennos Cepriii Cepriiiopny,
JIOIIEHT, JOKTOp TEXHIYHHMX HayK, podecop Kadeapy BHIIOI MATEMAaTUKH 1 CHCTEMHOT'O
anaitizy HarionanbsHoro aepokocMivnoro yHiBepeurery iMeHi M.€. JKykoBcbkoro «Xap-
KIBCHKHY aBiallifiHUH IHCTHTYT», YKpaiHa, XapKiB

Kssimor Togik I'acanara orumu,

JIOIEHT, TOKTOp dinocodii 3 (isuKo-MaTeMaTHIHUX HayK, 3aBimyBad Bimmiry [HCTHUTYTY
iHdopmaniitnux Texnosorii HarionansHoi Akanemii Hayk AzepOaiimxany, baky

Mapresu1 Banepiii BanenTunoBuy,
acmipanT KIII im. Irops Cikopcekoro, Ykpaina, Kuis
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Mo3rosuii Bosiogumup BacuiasoBuy,

npodecop, NOKTOp TEXHIYHMX HayK, 3aBiayBad Kadenpu NOpOKHBO-OyAiBEIbHHX
Marepiaiis i Ximii HallioHaIbHOTO TpaHCTIOPTHOTO yHIBepcuTery, Ykpaina, Kuis
Hapepan Mapbsm,
noktop dinocodii, kadeapa maTemaryHux MeToiB cucteMHoro aHamizy ITICA KIII im.
Irops Cixopcbkoro, Ykpaina, Kuis
Hecrepyk Irop I'eopriiioBuy,
JIOIEHT, JOKTOp (i3UKO-MaTeMaTHYHUX HAyK, IPOBIJHUA HAyKOBHH CITIBPOOITHHK
IactuTyTy Tinpomexaniku HAH Ykpainu, Kuis
IMumnuorpaes IBan OnexcanapoBuy,

JIOLIEHT, KaHIUIAT (i3MKO-MAaTeMAaTHYHUX HAYK, JOLEHT Ka(eApu IITYYHOrO IHTEJEKTY
KIII im. Irops Cixopcpkoro, Ykpaina, Kuis
PycanoBa Quabra BeniaminiBHa,
JIOLIEHT, KaHAW/IAT TEXHIYHMX HAyK, BUCHHH ceKperap Kadeapyu 00UNCIIOBAIbHOT TEXHIKH
KITII im. Iropst Cikopcbkoro, Ykpaina, Kui
CeaTHeHko Baaum AnaroJtilioBuy,
crapiunid Bukianad KI1I im. Iropst Cikopebkoro, Ykpaina, Kuis
CinbBecTpoB AHTOH MukonaiioBuy,
npodecop, mokrop TexHiuHuX Hayk, mpodecop KIII im. Irops Cikopcekoro, Ykpaina, Kuis
CoangaroBa Mapis OJiekcanapiBua,
KaHIW/IaT TEXHIYHUX HayK, JoueHT kadenpu iHdopmariiiHux cucreM 1 texnosoriid KIII
im. Irops Cikopcrkoro, Ykpaina, Kuis
Cuinya JIoamuia FOpiiBHa,
JIOLICHT, KaHIuIaT TexHiyanx Hayk, goueHT KIII im. Irops Cikopcpkoro, Ykpaina, Kuis
Crenin Onexcanap AQppHuKaHOBHUY,

npodecop, TOKTOp TEXHIYHUX HayK, rpogecop kadenpu TexHiuHoi kidepreruku KIII im.
Irops Cikopcbkoro, Ykpaina, Kuis

Tpodumuyk Onexcanap MukosaiioBuy,

npogecop, MOKTOp TEXHIYHMX HayK, npodecop IHCTUTYTy TelexkoMyHikamii Ta
rnobansHOro iH(GopManiiiHoro npocropy HAH Ykpainu, Kuis

lepuyk Jlroomuna Bonogumupisua,
JOLICHT, KaHAUIAT TEXHIYHUX HayK, JOLEHT Kadeapu BUIIOI MaTeMaTHky HauioHansHoro
TPaHCIIOPTHOTO YHIBEPCHUTETY, YKpaiHa, Kui

Hlarons Hatanis BoaoaumupiBHa,
JOLIEHT, KaHAUJAT TEXHIYHNX HayK, JOLEHT Kadeapy BUIIoi MaTeMaTHky HanioHansHoro
TPaHCIIOPTHOTO YHIBEPCHUTETY, YKpaiHa, Kui
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