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THE ANALYSIS OF MEDICAL EXPERT SYSTEMS’ USE RISKS

Abstract. In the following paper the characteristics of medical information computer systems are presented. There were
separated out medical expert systems as having significant features. Actual medical expert systems are considered as critical
ones, especially sensitive to the occurrence of risks and risk situations. In general, there are common approaches to risk
analysis in the development and operation of software. In this work, the classification of risks in accordance with selected
methodologies associated with information support, or automation of the diagnostic process is presented. The abovementioned
systems are complex software and computer combinations. When creating such complexes, a large number of risks arise,
which in turn can cause abnormal situations that, first of all, can lead to serious consequences. Therefore, the identification and
qualification of risks in advance, according to existing risk classifications, can prevent such extraordinary situations. To create
such risk-qualifying systems, certain databases have been developed that are founded on studies conducted by a large number
of people. In turn, we need to use the work of a large number of specialists to create the necessary knowledge base. Among the
chosen risks classification systems, the MSF systemizing was selected for the following study. In order to realize the
comparative characteristics of the known MES, the method of inconstant (variant) networks was used based on the selected
classification. According to this method, each system was evaluated. Based on the analysis of several methodologies, it has
been determined that the use of the MSF methodology is most appropriate when it comes to medical expert systems. The most
significant risks that arise during the operation of such systems are identified. When analyzing each risk, the probability of its
occurrence is determined and the consequences of its implementation are taken into account. In the abovementioned MES we
have taken into account the risks associated with the operation, interface and user qualification. The selected classification has
a large number of risk categories that are relevant to the various stages of the product life cycle, and it makes it possible to
identify, classify and deal with the risks arising from the operation of the MES.

Keywords: critical software; risk analysis; medical expert systems; MES classification methods; risk classification

according to MSF.

Introduction

Medical expert systems (MES) can be categorized
as critical software systems and therefore have many
features that require consideration of the risks involved
in their development and operation. The main feature of
MES is that refusal or extra-ordinary functioning of
such systems can cause a significant damage to health
and endanger the life of the patient. Taking into account
such essential features, MES during the work with them
require considerable attention. Actually not all existing
methods and approaches used to reveal, identify, and
analyze risks are fully suitable for critical-purpose
systems, and therefore for medical expert systems.
Anyway, to effectively compare the methods of risk
analysis, it is necessary to involve a wide range of
sources related to the development and use of software,
namely, expert systems in medicine.

In order to carry out an analysis of operational risks
with regard to MES, it is necessary to determine the
requirements for their characteristics and assess the
impact of possible damage from their violation. As a
result of this analysis, it is necessary to create a plan for
measuring and tracking risks in the life cycle of the MES,
especially in the phase of operation. The main objective
of risk management is the detection, identification and
control of situations and factors that lead to negative
consequences. It should be noted that the most significant
aftereffects are precisely the MES exploitation risks,

since they are directly related to the possible harm to
human health. Therefore, it is necessary to carry out the
analysis of risks under various conditions, differing in
their sources and the reasons of the risks threat
appearance, the probability degree of their emergence
from a large number of possible, in the severity of the
consequences. In conducting the analysis and risk
management, it is necessary first of all to identify the
most characteristic ones (for the certain type of software)
that is the object of the study, in our case it is the MES.
Thus, the problem of qualitative and quantitative analysis
of the MES operation risks is relevant, because it will
enable the functioning of this type of software systems
without failures and extraordinary situations.

The article is devoted to the problem of carrying
out qualitative analysis of operational risks, which will
allow us to choose a method of risks classification. The
result is a list of software exploitation risks that need to
be identified, analyzed and evaluated in a timely manner
when using MES in medical practice.

The purpose of the paper is to analyze existing
risk classifications and to select the one that will be used
to detect, identify and eliminate risks arising from the
operation of the MES.

The problem formulation

To effectively solve this problem we need: to define
the concept, to consider the purpose and classification
of the MES; to examine the methodologies for the

© Mandrikova L., Posternakova V., Krasovska I., Symovych T., 2019 5
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classification of software operation
risks; to characterize the MES

Level of medicare

Setting

operation risks; to analyze the existing
types of software use risks and choose

their classification, which most of all Settings ﬁi?ii?;ﬁ;ﬁ::;ﬁ Hardware facilitics
correspond exactly to the risks of the
MES exploiting.
Medical information computer Algorithms and software Formal facilities or
systems, their definition application models

and classification

It should be noted that the important kind of
medical information systems are medical computer
systems (MCS). [4]. The use of software in medical
practice allows us to create effective means for
providing the automated getting all the necessary
information of the person's health, its processing in real
time and management of the patient's condition [2].

MCS intended for information support or
automation of the diagnostic process. They are actually
complex computer software combinations.

MCS can and should be classified according to their
functionality and purpose. Expert systems belong to a
class of artificial intelligence complexes that contain a
knowledge base with a set of heuristic algorithms. The
most important areas of the consulting and diagnostic
systems use are urgent and life-threatening conditions
characterized by time shortage, limited possibilities of
examination and counseling, and often by low clinical
symptoms with a high level of threat to the patient's life
and rapid rate of the process’ development [6].

The experience of consulting and diagnostic
systems’ use demonstrates a significant improvement in
the quality of diagnosis, which not only reduces
unjustified losses, but also allows to specialists more
efficient use of health care resources, to regulate the
volume of necessary research and, finally, to increase
qualification level of the doctor, for which such a system
undoubtedly serves also as an educational one [5].

Among computer expert systems, the medical
expert systems (MES) occupy a prominent place. The
main purpose of MES is to establish a diagnosis.
Diagnosis is a process of phased information entry into
the “doctor-patient” system, the purpose of which is to
create the most adequate model of the patient's body
state [1]. In cases of difficult diagnostic solutions,
medical expert systems give physicians the opportunity
to automatically check their own diagnostic
assumptions, or to consult a computer for advice.

In the narrow sense the medical information system
is a complex combination of technical and mathematical
support that is intended directly for the collection and
analysis of medical and biological information, as well as
for the delivery of results in a user-friendly form. Thus,
the following definition can be allotted: the medical
information system is a software and hardware complex
that prepares and provides the processes of collecting,
storing and handling information in medicine and
healthcare branch (Fig. 1) [2].

Anyway, medical computer systems are an
important kind of medical information systems. The use
of software in medical practice allows us to create

Fig. 1. The internal structure of the medical computer system

effective tools for automated collection of information
about the person's body condition, its real time
processing and patient's health status management.

The main purpose of medical computer systems is
the information support or automation of the diagnostic
process. They represent compound software-computer
complexes. The peculiarity of mentioned complexes is
the formation of databases founded on the large number
of people observation; and the creation of a knowledge
database requires the highly skilled professionals’
participation. And it should be specialists in a particular
medical field.

The main risk of medical expert systems is a
situation that can lead to the recognition of a healthy
person ill or, even worse, a sick person as a healthy one.
To avoid this, especially in systems designed to automate
the diagnostic process, statistic indicators such as:
sensitivity (true positive proportion) and specificity (true
negative proportion) were specially calculated. In this
regard, medical computer systems must undergo
thorough and lengthy testing to analyze all possible risks.

Medical computer systems can be classified
according to their functional capabilities and their
purpose as well (Fig. 2) [3].

Medical computer systems

Purpose as well Functional capabilities

For realization of functional

Special and morphological researches

For monitoring
Multifunctional

Control system by a curative
process

Complex
Laboratory diagnostics system

¥=Z?

Fig. 2. The MCS classification

P>

Medical expert systems

The key point of the entire diagnostic-medical
process is to establish a diagnosis. Complex processes
of comprehension and comparison of a large factors
number of factors by the doctor are the basis of
traditional diagnostic technology. To establish the
diagnosis, one should make a general patient survey,
clinical and biochemical tests, then compare all the data
with the standards of the selected MES and note the
risks that may interfere with the diagnosis of the patient.
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Diagnosis is a process of phased information
processing in the “doctor-patient” system, the purpose of
which is to create the most adequate model of the patient's
body state. The diagnostic process can be divided into four
related phases: collecting information about the patient's
health condition (symptoms’ detection); the most
significant features selection; conducting analyzes;
comparison with the illnesses’ symptoms [1].

Expert systems belong to a class of artificial
intelligence systems that contain a knowledge base with
a set of heuristic algorithms. The most important areas
of consulting and diagnostic systems’ application are
urgent and life-threatening conditions characterized by
time deficiencies, limited possibilities of examination
and counseling and, often, by low clinical symptoms
with a high level of threat to the sick person's life and
the rapid pace of the process’ development at the same
time. The experience of using medical advisory and
diagnostic systems proves a significant increase in the
quality of diagnosis, which not only reduces the losses,
but also allows to more effectively apply the resources
of health care, regulate the volume of necessary
research, and finally, to increase the level of illnesses’
diagnostics by doctors [4].

Among the diagnostic types of MES most well-
known systems are: “Home Doctor” [5], “Chronos
Expert” [5], DIOGEN SYSTEM [6], System for the
diagnosis of urgent conditions in children DIN [6].

MES “Home Doctor”(in Ukrainian “Domashniy
Likar”) is a simple medical expert system. It is intended
only for the initial determination of the disease nature,
when it is not yet possible to consult a specialist. At the
earliest possible opportunity, one should consult a
doctor, regardless of the diagnosis posed by the system.

The hypothesis window is always in working
order, that is, after each response, the system changes its
assumption about your illness. The results should be
taken into account only after answering all the
suggested questions.

Substantiation of risks classification choice
associated with the MES operation

In the MES, considered in this paper, the risks
relating to the functioning, interface and qualifications of
the user, that is, the physician who works with the system
should be taken into account. Paying a certain attention to
the risks it is necessary to choose the classification of
well-known methodologies for their estimation. The used
classification is based on: MSF; studies by Shafer D.,
Fatrell R., Shafer L.; Barry Boehm’s methodology. In the
work carried out by Shafer D., Fatrell R., Shafer L. [7],
the risks of software projects are proposed to be divided
into twelve categories, each of which contains factors,
risks and criteria for their evaluation. The list of
categories is as follows:

- tasks and goals factors;

- factors related to the organization management;

- customer related factors;

- factors of budget/payments;

- schedule related factors;

- contain of the project;

- factors which effect the project’s completing;

- factors related to the project’s control;

- factors which effect the project’s development;

- development medium factors;

- factors related to the staff;

factors related to supporting.

Barry Boehm [8, 9] proposed the list containing ten
the most wide-spread risks related to the program project:

- shortage of specialists;

- unrealistic terms and financial means;

- implementation of inappropriate functionality;

- wrong interface development;

- unnecessary optimization,dwelling on details;

- incorrect flow of changes;

- insufficient information about external
components that determine the environment of the
system or involved in its integration;

- deficiencies in the work performed by external
(in relation to the project) resources;

- insufficient productivity of the
system;

- “gaps” in qualifications of specialists in various
branches of knowledge.

The classification of risks within the MSF divides
all sources of risks into four classes that contain the
corresponding elements (Table 1) [10].

received

Tablel — Classification of risks within MSF

People Technologies

Customers Security

End users Development and testing
environment

Sponsors Toolkit

Interested parties Introduction

Staff Conduct

Institution Operating environment

Professional skills Accessibility

Policy External conditions

Morality Legal base

Process Industrial specifications

Goals and tasks Competition

Decision-making Economy conditions

Project characteristics Technologies

Budget, expenses, terms Business conditions

Requirements Safety (security)

Designing Development and testing
environment

Realization (fulfillment) Toolkit

Testing Introduction

In order to compare the classifications, we use the
method of variant(alternative) networks. According to
the method, it is necessary to distinguish the evaluation
criteria and indicate their degree of importance. The
results of the variant networks method are presented in
Table 2. We evaluate the following criteria on a five-
point scale: the number of risks categories (a); the
prevalence of the methodology (b); the versatility (c).
Actually, for each criterion the importance is indicated
in the following way: very important (5); important (4);
rather important (3). In fact, Barry Boehm's risk
classification is not perfect for risks analysis in MES,
since it has the smallest number of categories from the
above classifications.
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Table 2 — The results of the variant(alternative)
networks method

Characteristics 1a5) | 2b(4) | 3b(3) | Total
Classification

MSF 5 5 4 57
By Shafer D., Fatrell

R., Shafer L. 3 3 4 38
By Barry Boehm 2 3 4 34

As a matter of fact, classification by Shafer D.,
Fatrell R., Shafer L. has more risk categories than the
previous one. But in spite of this, it is more appropriate
for risk analysis at the development stage of the MES, but
not during the process of operation. Also, this
classification isn’t widespread. Anyway, after conducting
an assessment of risk classifications using the method of
variant (alternative) networks, it can be concluded that
the classification of MSF risks has a significant basis for
identifying MES risks during the operation phase.
Namely, a large number of risk categories, among which
there are many categories that relate to different stages of
the software product’s life cycle. MSF is also the most
widespread system that allows you to find a lot of
information about the methodology.

Actually, the classification of MSF risks detects
the risks associated with the operation of the MES. The
consequences of risks implementation are also taken

Table 3 — The significant risks in medical expert systems

into account, each risk has a priority: high (1), medium
(2), low (3). Risks according to MSF classification:

- project’s functionality (1) - failure or incorrect
operation of system’s separate functions.

- user’s interface (3) - The interface does not
meet the basic requirements, such as simplicity,
usability and functionality.

- inadequate knowledge base (1) — Insufficient
amount of information about specific illnesses in the
knowledge base, or complete absence of data about the
disease.

- user’s experience (3) — inadequate qualification
or inattention of a specialist who works with a system.

- system’s failure (2) — the possibility of
information loss after the failure of system’s individual
modules or total collapse of the system.

- system support (2) — No developer help if
necessary.

Anyway, based on the classification, MSF detects
the following risks in the MES that were considered
during the study (Table 3). These risks are significant
when it comes to the work of the MES. It is proved that
timely detection of these risks can minimize or
completely prevent the occurrence of emergency cases
in MES operation. This suggests a more effective
diagnosis of diseases, and, consequently, more effective
treatment of patients.

Ne MES }r(:ls:s MES specialization The significant risks in MES by means of MSF
“Chronos Predicting the periods of project’s functionality;
1 Expert” exacerbation and remission in inadequate knowledge base ;
P pathological status system failure; system support;
“Home The initial definition of the disease | PF¥SCt's functionality; user. s interface;
2 " inadequate knowledge base;
Doctor @ nature .
2 system failure; system support;
MES & Help to the physician in identifying | project’s functionality; staff experience;
3 Of differential go a patient's diagnosis with symptoms | inadequate knowledge base;
diagnostics A and disease history system failure; system support;
MES . . . . project’s functionality; inadequate knowledge base;
4 DIOGEN Diagnosis of hereditary diseases system failure; system support;
MES Recognition the child’s current project’s functionality; staff experience;
5 DIN condition during critical status in inadequate knowledge base;
terms of one or more syndromes system failure; system support;

Conclusion

Thus, in the above-mentioned study, a qualitative
analysis of the risks arising during the MES operation was
carried out. For this purpose, first of all the concept of
MES was defined and their main characteristics were also
given, as well as examples of really functioning MES. In
our paper the most common risk analysis methodologies
were selected and reviewed: MSF; by Shafer D., Fatrell
R., Shafer L.; Barry Boechm's methodology.

Thus, as a result of the comparative analysis, the
most appropriate MSF classification was selected. The
performed study showed that on the basis of MSF

classification, risks in the MES are identified and their
priority is determined.

It should be noted, that among the most important
risks of MES exploitation, one can distinguish the
functionality of the project, the experience of the
personnel that uses them, the inadequate completeness of
the knowledge base and also possible failures of the
MES. Actually, it is very important to implement
constant and timely maintenance of the system. This
enables to non-stop replenish the knowledge base, if
necessary. It should also be emphasized that in order to
ensure system’s reliability, it is quite necessary to add the
mechanism of self-education in the MES to its functional.
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AHaJIi3 pH3HKIB eKCIUTyaTanii MeJHYHNX eKCIIEPTHUX CHCTEM
JI. B. Manppikosa, B. A. TlocrepraxkoBa, I. I'. Kpacoscpka, T. C. CumoBry

AHoTamisi. HaBeneHo XapakTepuCTHKY MEIMUYHHUX 1HOOPMAIIHHIX 1 KOMITTOTEpHUX crcTeM. OKpeMo pO3MISIaroThCs
MEMYHI EKCIIEPTHI CHCTEMHU SK CHCTEMH, IO MAalOTh CYTTEBI OCOOJIMBOCTI, SIKi IOB’s3aHi 3 JIarHOCTHKOKO 3aXBOPIOBAHb Ta
M ATPUMKOIO MTPUAHSTTS PIIICHb 100 BCTAHOBJICHHS JIarHO3Y MallieHTy. PO3rIISHYTO aKTyajabHI MEAWYHI €KCIIEPTHI CHCTEMH
SIK CHCTEMH KPUTHYHOTO MTPU3HAYCHHS, OCOOJIMBO YYTJIMBI IO BAHUKHEHHS PU3HKIB 1 PU3UKOBUX CHTYAIliil. 3aBIaHHS — BUSBHTH,
iTeHTU(DIKYBaTH Ta €(EKTHBHO OOPOTHUCH 3 HACIIIKAMH PU3HKIB, SKi MOXXYTh HETaTUBHO BIUIMHYTH HAa NMPHUHATTSA PIillICHb NPU
BCTAaHOBJIEHH] JaiarHo3y. HaBeneHO MOIIMpEHI MiJXOAM J0 aHali3y PU3MKIB IPU PO3poOIi 1 ITij d4ac poOOTH IIPOrpamMHOro
3a0e3neueHnds. HaBeneni kimacugikamii pH3HKIB 3riJHO BigiOpaHux metozonorii. Cepen oOpanHux Kiacudikaiiii 3iHCHEHO
MOPIBHUTPHY XapaKTePUCTUKY KIacH(iKaIllifHUX O3HAK OIpAIfOBaHHSA IMX cuUcTeM. JIJIs TOpIBHSHHS PHU3HMKIB KOXKHOI 3
PO3MISIHYTHX MEMYHHUX EKCIICPTHUX CHCTEM Ta BHIIYYCHHS HACIIAKIB MOXHOOK B METUUHKIX CKCIICPTHUX CHCTEMaX BUKOPHCTAHO
METOJI BapiaHTHUX MepeX. BiAMOBiTHO /10 1IbOro METOJY BUKOHAHO OIIHIOBAHHS KOXKHOI CHCTEMH, III0 HaBeIeHO B cTarTi. Ha
OCHOBI aHaJIi3y METOOJIOTiH PO3POOKH MEANYHIX €KCIIEPTHUX CHCTEM BH3HAYEHO, M0 KIIacHU]IKallilo pU3HKIB 32 METOIOJIOTIE0
MSF nouinbHO BUKOPHUCTOBYBATH CaMe VISl METMYHHUX €KCIEPTHUX CHCTEM.

Karw4dosi cuoBa: kpurnune II3; ananmi3 pusukiB; MeIuuHi eKCHepTHi cucremu; Meroau Kinacudikauii MEC;
Kinacudixaris pusukis mo MSF.

AHAJIN3 PHCKOB IKCILUIYaTAIMH MeTUIIHCKUX IKCIEPTHBIX CHCTEM
JI. B. Mangpuxosa, B. A. ITocrepnakosa, U. I'. Kpacosckas, T. C. CumoBuu

AHHoTauus. [IpuBeneHa XapaKTEpUCTHKA MEIUIMHCKHX HH(OPMAIIMOHHBIX M KOMIIBIOTEPHBIX cHCTeM. OTIEIbHO
paccMaTpUBAKOTCS MEIUIIMHCKUE DKCIIEPTHBIE CUCTEMbI KAK CHCTEMBI, MIMEIOLIME CYIIECTBEHHBIE OCOOEHHOCTH, CBSI3AHHBIE C IarHOCTHUKOM
3a00/ICBaHUI M TTOAJEPKKOW MPUHATHS PEIICHHAM M0 YCTAHOBJICHUIO JUArHo3a TNaldeHTy. PacCMOTpeHBI aKTyajbHBIE MeIUIMHCKUE
JKCIIEPTHBIE CHCTEMbI KaK CHCTEMbI KPHUTHYECKOIO Ha3HAYEHHS, OCOOCHHO UyBCTBHTENIbHBI K BO3HHKHOBEHHIO PHCKOB M PHCKOBBIX
CUTyalli. 3ajaya - BBISIBUTh, WACHTH(HUIMPOBATh W A(PGHEKTHBHO OOPOTHCSA C IMOCIECACTBHSMU PUCKOB, KOTOPbIE MOI'YT HEraTHBHO
MOBJIUSITh HA TIPUHSATHE PEIICHUHM NpU YCTAHOBJIEHHH JHarHo3a. [IpuBeneHbI pacipoCTpaHEHHbIE IMOAXOAbI K aHAIM3y PHCKOB IPH
pa3paboTKe U BO BpeMsi paboThI MpOrpaMMHOro odecrieueHust. [IpruBeaeHHble KITacCH(UKALMH PUCKOB 10 OTOOPAHHBIM METOOJIOTHSIM.
Cpemy 0TOOpaHHBIX KiIacCH(HUKAIMKA TPOBENICHA CPABHUTENBHAS XapaKTCPUCTHKA KIACCH(MHUKAIMOHHBIX MPH3HAKOB OOpPaOOTKU ITHX
cucreM. [list cpaBHEHHST PUCKOB KaXK/IOM M3 PACCMOTPEHHBIX MEIUIIMHCKHUX 3KCIIEPTHBIX CUCTEM U W3BJIEUECHHS TIOC/IEACTBUM OIIMOOK B
MEIULIMHCKHX SKCIIEPTHBIX CUCTEMAX MCIIONIL30BAH METO] BApHAHTHBIX ceTeil. COorlacHO TOMY METOJTY BBIIOJIHEHO OLIEHUBAHKE KAKION
CHCTEMBI, IIPUBEJICHHON B craTthe. Ha OCHOBE aHaM3a METOIOJIOrUil Pa3pabOTKH MEAUIMHCKMX JKCIIEPTHBIX CUCTEM OIPEICIICHO, YTO
KJTACCU(HKALMIO PUCKOB 110 MeTononoriny MSF nenecoodpa3Ho HCIoNE30BaTh NIMEHHO TSI MEAVLIMHCKHIX SKCIIEPTHBIX CHCTEM.

KawueBbie caoBa: xpurndeckoe [10; aHann3 prcKkoB; MEIMIIMHCKUE SKCIEPTHBIE CUCTEMBI; METOBI KIIaCCH()UKAIH
MDOC; knaccudukarms puckos o MSF.
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MODELLING OF THE RATIONALLY DEPLOYMENT OF OBSERVING SYSTEMS

Abstract. The various types of electron-optical supervisory control systems (SCS) have been used in Armed Forces of
many advanced countries. The mission of these SCS is to supervise day and night enemy troops, technics and weapon
systems, frontier intruders with high precision a great and middle distance. The SCS optimal deployment in mountainous
terrain makes possibility to use rationally SCS number, because SCS has very much costs. Using the rationally SCS
number we can reduce a necessity of the specialist number. Also, it accelerates comander’s correct decision making. The
optimal deployment of SCS on a terrain is one of important task of military reconnaissance. The specific character of such
task is that the necessary for continuing surveillance and control military objects can be located in specific zones of terrain
(for examples, in canyons, along of river etc.). Accessible places of SCS set are situated on some distance from these zones.
The number of SCS is limited; therefore, it is impossible to distribute theirs on the all set points. It is necessary to select
such SCS set points that the zone observation range would be the largest. In present paper the mathematical model of the
rationally deployment of technical observing systems in mountainous terrain has been developed and offered. The
determination method of visibility level between selected terrain points has been developed. The assesment criterion of

rationally deployment and the algorithm of fast solution have been offered.

Keywords: technical observing systems; mountainous terrain; rationally deployment; mathematical model.

Introduction

Nowdays, the various types of electron-optical
supervisory control systems (SCS) have been used in
Armed Forces of many advanced countries. With goal
of optimal (rationally) SCS deployment in mountainous
terrain by using of the digital altitude model of terrain
the viewsheld analysis is possible to carry out [1-4]. The
correct SCS deployment makes possibilities to take into
account during monitoring such dead zones as runways
or ravines. The correct SCS’s posts selection increases
the visible areas and, in the same time, decreases
invisible areas and it helps us to eveal and to prevent
enemy subversive actions.

The SCS deployment makes possibilities to take
into account during monitoring such dead zones as
runways or ravines. The correct SCS’s posts selection
increases the visible areas and, in the same time,
decreases invisible areas and it helps us to eveal and to
prevent enemy subversive actions. This SCS can be
applied in civil goals, too: in war zone for security
providing of oil pipeline, header water pipe, road
infrastructure. The optimal deployment of SCS on a
terrain  is one of important task of military
reconnaissance. The specific character of such task is that
the necessary for continuing surveillance and control
objects can be located in specific zones of terrain (for
examples, in canyons, along of river etc.). Accessible
places of SCS set are situated on some distance from
these zones. The number of SCS is limited; therefore, it is
impossible to distribute theirs on the all set points. It is
necessary to select such SCS set points that the zone
observation range would be the largest.

Analysis of rationally SCS deployment in
mountainous terrain by using of the digital altitude

model helps to select optimal points on the terrain. The
SCS optimal deployment in mountainous terrain makes
possibility to use rationally SCS number, because SCS
has very much costs. Using the rationally SCS number
we can reduce a necessity of the specialist number.
Also, it accelerates comander’s correct decision making.
The SCS deployment makes possibilities to take into
account during monitoring such dead zones as runways
or ravines. The correct SCS’s posts selection increases
the visible areas and, in the same time, decreases
invisible areas. The correct post’s points and rational
number deployment help to observe and to detect many
targets and movements on the terrain. Also, it helps us
to eveal and to prevent enemy subversive actions.

In present paper the mathematical model of the
rationally deployment of technical observing systems in
mountainous terrain has been developed and offered.
The determination method of visibility level between
selected terrain points has been developed. The
assesment criterion of rationally deployment and the
algorithm of fast solution have been offered.

Some definitions

For analysis, let us use the 3D digital vector model
of the terrain relief. There is Digital Terrain Elevation
Data (DTED) file in Fig. 1. We can see that this file has
the values of elevations of the relief set in points of
regular grid.

There are four neighbours around of each relief’s
points. For example, the points with knot’s number of
(i-1,7),G+1,)), (G j—1)and (i j + 1) are neighbours
for point with knot’s number of (i, j). Let us denote the
height of relief in knot of (i, j) by A(i, j), It is obvious,
we can take such Oxyz coordinate system that {(i ),
(i<£1,)), (G £2,)),..} knots set is located parallel to Ox
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axis for each j, and {(i, /), (i, j £ 1), (i, j £ 2), ...} knots
set is located parallel to Oy axis for each i, and A(i)
elevations are indicated along 0z axis. The Oxy plane
included %(i, j)) = 0 points, and let us call it as basic
plane.

Fig. 1. 3D digital vector model of the terrain’s relief

Neighbour’s points are connected by straight lines,
and in result, the 3D digital vector model of relief of the
terrain is generated. These segments are called relief
lines and their projections on side plane are called
edges. All these edges can be divided on two classes.
Let us consider if the first numbers of connected (i, j),
(i£1,)) knots of some edge are coincide then the this
edge belongs to P class. If the second numbers of
connected (i, j), (i, j+1) knots of some edge are
coincide then the this edge belongs to M class.

Let A and B are some knots. Let Pr(4, B) is the
projection of 4B segment on the Oxy base plane. The
edges set, the projection of which are crossed on the
Pr(4, B), is called incidental.

Let us consider that for any i, j the relief in range
of space quadrangle with (i, ), (i+1,)), (@+1,j+1),
(i ,jt1) knots has such shape that any two points of its
boundary edges can be connected by line not crossed on
relief plane. So, we consider that always the knots see
each other in range such space quadrangle.

The task determination

We consider that 3D map of terrain relief is
presented in vector form, that is, for considered terrain
the A(i,j) heghts are set in (i,/) knots. Let the necessary be
search terrain’s zones are known and connected to (i,))
knots. Let us consider that the possible knots of SCS
installation are marked. It is obvious, in the range of each
observation place the most suitable observation point can
be selected. For example, if the observation of nearest
lowland is priority then the observation point can be
placed nearer to observed points. However, if the
observation of far lowland is priority then the observation
point can be placed in highest point, etc. Therefore, we
can adopt that observation points set is grouped around of
N separate high-altitude knots. Let they are called initial
knots. In real conditions usually N < 10.

It is required to deploy n (n < N) SCS on the terrain
that they would provide the maximum observation zone.
Not intersection the line segment connecting 4 and B
points on the relief plane is condition of visibility B point
from A point. That is, if AB segment is placed above all
incidental edges then A point see B point. The next
method for solution this task is offered:

e development of & procedure for the each other
visibility checkup of two given knots;

e by application of & procedure for each 4 knot
from the set of possible SCS deployment places to
determine the set of visible and invisible points in range
of technics possibilities of SCS;

e assessment of visibility level of zone and
determination of the most suitable SCS deployment in
the set of initial knots;

e improvement of computed
variation of knots in the range of group.

solution by

Development of the g procedure

The task of investigation of B point visibility from
A point can be turn into next subtasks:

(I) Determination of the incidental edges set;

(IT) Assessment of the spatial deployment of AB
segment and incidental edges.

Let us consider task (I). It is obvious, the
incidental edges set can be presented in form of sets
sum of incidental edges of P and M classes. Let mark
these sets in M, and M), and forms. Let 4 and B knots

have (i4, j4 h4) and (ip, jp, hp) coordinates, respectively,
where iy, j4, i, Jp, are integer numbers.

Below there is an equation of the line connected A

and B points on the Oxy side plane [5, 6]:
Yo _ X~y

JB = J4

The coordinates of knots can be calculated on the

base of equation (1). Let assume j, # j. Let A, = 1, if

Jja<js and A,=-1,if j, > jz. Denote the integer part of

xj=ig+((ig=ig)/(ip=ia))-(i=Ja)> (@

by B(j). It is gotten from (1) when y =j. Then M, set

will be:

()

ip—iy

o B/ kA ), ja+kA, ], o
! [B(jA +kAy)+1,jA+kAy} ’ Rl
kyz(jB_jA)/Ay'

If j,=jp then x;=i, and M, set will be in form

here:

[i4:ja+KA, |,
[iA +1,j4 +kAyJ

Let assume iy # i3. Also, we take A, =1, if i, <ip,
and A, =—1, if i, > ig. Denote the integer part of

M, =

vi=ja+((—ia)ip—is)-(i-ig), (3)

by a(i). It is gotten from (1) when x = i.
Then M, set will be in form:

[ig+kAo(iy+kAL)],
[ig+kA  a(iy+kA,)+1]

kx =(iB_iA)/Ax .

#, = =1k

x [

here
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If iy = ig then y;=j, and My, set will be in form

My ={([i”‘ +kAx’jA]’J,k =1,2,...,kx}

lig>ja+1]
The M set of all incidental edges will be a sum of the

incidental edges of P and M classes, that is
M= M,U M, . Now, let us consider task (II). First of all,

let order elements of A set by serially number and dispose

from A to B knots. Let incidental edges have numbers of
k=1,2,..., ky. The coordinates of the crossing points of
incidental edges on the (1) line are determined by (2) and
(3) equations in dependence on class of its belonging. Let
this point has (x,,yy) coordinates. Let denote the knots

coordinates of k incidental edge by (xk , y}\T ) and (xk , y;\T )

respectively, and appropriate relief points by

(x}g,y}f,h(x}f,y}f)) and (x};,yll,h(x};,y};)) respectively.

Then, there is an equation of relief’s line connecting these
knots

1

X=X y-w z=h{x. vk )

Xp =X Vi~ Yk h(xkyk)—h(xk,yk)

)

and there is an equation of line connecting 4 and B
peaks

X—ig _ Y=ja _ Z=hy

JB—Ja hp—hy

In concordance with above described method,
there is not a visibility between A4 and B peaks if for
some k the line (4) in range of appropriate incidental
edge will be located above the line (5).

Therefore, for clarification of visibility conditions
between A and B peaks it is necessary to investigate for
all k mutual alignment of these lines in indicated ranges.

Let denote the values of z calculated in base point
(x0,y0) from (4) and (5), respectively, by ¥, and z,. Then,
it is obvious, there is not a visibility between 4 and B
peaks if for any k there is Zf, > z. And there is a
visibility between A and B peaks if for all £=1,2,...,ky
there is 2, < z,.

)

ip—iy

The criterion of the zone observability

Let denote the set points of under obligatory
observation terrain zones by V.

As stated above, the observation set points will be
grouped around separate altitude knots of A4,
(m=1,2, ..., N), which are taken as initial knots. Let
V,, are set knots, which can be observed from 4,, knot in
the case of ideal flat relief, the ranges of which only are

depended on technical characteristics of observation
devices.

By use & procedure for each initial knot of 4,, we
will get U,, < V,, sets.

The various tasks are set when devices are placed.
Let consider two examples of these tasks.

Task 1. To deployment SCS such way that to
embrace widest zone observation. In this case, we can
take a following functional as the assessment criterion
of zone observation range:

3(my,my,...,my,) =mes(U N Vm/U;’\ﬁzluk)—)min,

here: m;, m,,...,m, are serial numbers of taken 4,, sets in
number n, mes(L) is a measure of L set.

As far as, all considered sets are limited and
discrete then an operator mes(L) is a number of
elements of appropriate set.

Task 2. To deployment SCS such way that to
embrace widest zone required observation. In this case,
we can take a following functional as the assessment
criterion of zone observation range:

S(ml,mz,...,mn) =mes(V0 \UZ:1Un1k)—>min.

Thus, first of all, by application of & procedure all
sets included in functional are described. Then, by the
method of m;, m,...,m, exhaustion, J is calculated and
the most suitable is determined. At this time, the
number of all various observation devices on the initial
peaks can be calculated as in combination N with n [7]:

Cy = N!/((N—n)!n!),

here: N is a number of initial knots, z is a number of
observation devices. In real case, usually N < 10 and
n=3 or 4, therefore, at this stage the total number of
calculations is < 240. Further, by varying knots in the
range of m;, my,...,m, groups we can improve obtained
solution. It is obvious, that from the point of view of
mathematics it is possible to prove that in common case
such algorithm not leads to potimal solution. However,
in practice such solution is satisfactory. Therefore, this
solution is called rationally.

Conclusion

So, it can be concluded:

—the mathematical model of the rationally
deployment of technical observing systems in
mountainous terrain has been developed and offered;

—the method of determination of the visibility
between peaks points is developed;

—the criterium of assesment of the optimal
deployment and the fast algorithm of task solution are
offered.
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MojeoBaHHsI PalliOHAJBLHOI0 PO3TANIYBAHHS CHCTEM CIOCTEPEKEHHS
S1. A. Haci6os, A. A. Baiipamos, E. H. Ca63ies, E. I'. 'amumos

AHoTanisi. Y 30poiiHux cwiax 0araTbOX PpO3BHHEHHMX KpaiH BHUKOPHCTOBYIOTBCSI Di3HI BHAM €IE€KTPOHHO-ONTHYHUX
HarssioBux cucreM (SCS). [IpmHavenns mux SCS nonsrae B nijiogo00BOMY TOYHOMY KOHTPOITI Ha OJIM3BKOMY 1 JJAJIEKUX BiJCTaHSX 3a
BilfiCbKaMM CyIPOTHBHHKA, HOTO TEXHIKOIO i 030pOEHHSM, a TaKOX 3a IOPYIIHUKAMU KopzaoHiB. OntnMainbHe posramnryBanHs SCS B
TOPHUCTIH MICLIEBOCTI CIPHsiE MOYKIIMBOCTI BUKOPUCTOBYBATH pallioHAIBHY KUTbKicTh SCS, Tomy 1m0 Bapticth SCS € myxe BHCOKOIO.
BukopucroByroun pauioHanbHy Kigbkicte SCS MOXIIMBO CKOPOTUTH KUIBKICTh HeoOXimHuX ¢axiBuiB. Ile Takox ckopouye uac
NPUAHATTS pillleHHs KoMaHayBaHHAM. OntuMansHe posranryBaHHs SCS Ha MICHEBOCTI € OZHUM 3 BaJKJIMBUX 3aBJlaHb BiHCBKOBOI
po3Biku. Crienugivamii XapakTep IBOro 3aBJaHHsI IIOJSrae B HEOOX1THOCTI TPHBAJIOrO CIIOCTEPEIKEHHS 32 BIHCHKOBIMU 00'€KTaMH, SIKi
MOXYTh OyTH pO3TalloBaHi B OCOONMBHX 30HaX Ha MICHEBOCTI (HANpUKIak, B KaHBHOHAX, Y3[OBXK pycia pidok Tomo). Miciust
posramryBanHs SCS MOXYTh PO3TalIOBYBaTHCS Ha Pi3HUX BifcTaHAX Bin wux 30H. Kimbkicrs SCS oOMexeHa, TOMy HEMOMUIUBO
BCTAHOBUTH IX Ha BciX oOpaHMX To4kax. HeoOximHo BHOpaTn Taki Micis posramryBanns SCS, mo0 3oHa ornmigy Oyma 6
MaKCUMAaJIGHOIO. Y JIaHiH CTaTTi MPOIOHYETHCS pO3pOOIIeHa aBTOpaMU MaTeMaTHYHa MOJIeNb PalliOHAIBHOTO PO3TAITYBAHHS TEXHITHUX
CHCTEM CIIOCTEPEKEHHS B T'OPHCTIH MicieBocTi. Po3pobieHo MeTox BH3HAYSHHS DPIBHS BHIMMOCTI MK OOpaHMMH TOYKaMH Ha
MiCLIEBOCTI. 3alpONOHOBaH1 KPUTEPIT OLIHKK PaLliOHAIBHOrO PO3MILLIEHHS 1 aJIFOPUTM LIBUIKOrO BUPILIEHHS 1IbOTO 3aBJaHHS.

KaodoBi cjgoBa: TeXHIYHI CHUCTEMH CIIOCTEPEKEHHsS; TOpPUCTa MICLEBICTh, palioOHAJIbHE PO3MIICHHS;
MaTeMaTH4YHa MOJENb.

MopeaupoBaHue PAMOHAILHOIO PACHOJIOKEHHS CHCTEeM Hal/ 10 1eHus
S1. A. Hacubog, A. A. Baiipamos, 3. H. Ca63ues, D. I'. 'ammumoB

AHHOTaNUA. B BOOPYKEHHBIX CHJIaX MHOTHX Pa3BUTHIX CTpaH MCIOJIB3YIOTCS Pa3IMyYHbIE BUJIbI IEKTPOHHO-ONTHYECKHX
HaOmoaarenpHbix cucteM (SCS). Hasnauenwe stux SCS 3akimodaeTcs B KPYrJIOCYTOUHOM TOYHOM KOHTpOJIE Ha OJIM3KOM MU
JTAJIBHUX PACCTOSTHHUSIX 32 BOMCKaMU MPOTUBHUKA, €T0 TEXHUKOH M BOOPY)KEHHUEM, a TAKOKe 3a HapyIIUTesIMU rpanuil. OnTuMaibHoe
pacrnonoxenre SCS B rOpUCTO MECTHOCTH CIIOCOOCTBYET BO3MOXKHOCTH HCITOJB30BaTh paloHaitbHoe dncio SCS, moromy 4to
cronmocTh SCS o4eHb BbIcoka. Vcrnonb3ys panronanbHoe 9ncino SCS MOXXHO COKPaTUTh YHCIIO HEOOXOIMMBIX CIIEIUAINCTOB. JTO
TaKKe COKpallaeT BpeMsl MPHHATHS pelleHUs] koMaHgoBanueM. OnrumaibHoe pacnonokenrne SCS Ha MECTHOCTH SIBJISIETCSI OJTHIM
M3 Ba)KHBIX 3a7a4 BOEHHOH pa3Beakd. CrenupuuecKuil XapakKrep STOH 3aJaud 3aK/I04YaeTcsi B HEOOXOJMMOCTH JUIMTEIILHOIO
HAOMIOJICHUS 32 BOCHHBIMU OOBEKTaMH, KOTOPBIE MOTYT OBITh PACIOIOKEHBI B OCOOCHHBIX 30HAX HA MECTHOCTH (HAIpUMEDp, B
KaHbOHAX, BIOJIb pycia pek u T.1.). Mecra pacronoxenuss SCS Moryr pacrojiaraTbCsi Ha Pa3jIMUHBbIX PACCTOSHHUSIX OT 3THUX 30H.
Yucno SCS orpaHuueHO, MOITOMY HEBO3MOXKHO YCTAHOBUTh X HA BCEX BBIOpAaHHBIX TOukaxX. HeoOXommmo BEIOpaTh Takue Mecra
pacrnionoxenunss SCS, 4roObl 30Ha 0030pa OblIa OBl MakCHMaJIbHON. B 1aHHON crarbe mpeiaraercst pa3paboTaHHas aBTOpPAMHU
MaTeMaTudeckass MOJIENb PAalMOHATIBHOIO PACIIONOXKEHHSI TEXHUUECKHX CHCTEM HAOMIO/IeHUs B TOPHCTOH MecTHOCTH. Pa3zpaboran
METOJ OIpeNeNieHHs] yPOBHS BHAMMOCTH MEXKIY BBIODAaHHBIMM TOYKAaMH HA MECTHOCTH. IIpelU1okeHBl KpUTEpHUs OLECHKH
PaLMOHATIBHOTO pa3MeNIeHHs U aJITOPUTM OBICTPOro PEIleHHs STOH 3312yl

KiawueBbie cI0Ba: TEXHUYCCKHUE CHUCTEMBI Ha6J’lIOZ[eHI/IH; ropucrasi MECTHOCTb, pallMOHAJIbHOC pPa3MEIICHUE,
MareMaTudeCkKkas MOJ€CIb.
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OIITUMAJIbHUA HEYITKHHA PET'YJIATOP B CUCTEMI YIIPABJIIHHS
KAPBOHI3AIIIl Y COJIOBOMY BUPOBHHUIITBI

Anorauis. IIpexverom gocitizkeHHs B JaHIH CTATTi € NMpoLEIypa CUHTE3y HEUITKOrO KOHTpOJIEpa B CUCTEMI yIpaB-
JIHHS BIAIUICHHSIM KapOoHi3alii y BUpOOHHIITBI KaJbIMHOBAHOI com. MeTor podoTHu € po3podka ONTHMAIBHOIO HEWiT-
KOT0 KOHTPOJIEPY, BUKOPUCTAHHS SIKOTO B CHCTEMI YIIPaBIIiHHS 3yMOBIIIOBAJIO ONTUMAJIBHUN PE3yIbTaT 3riJIHO BCTAHOBIIE-
HUM KputepisiM. 3aBaannsi. Ha ocHOBI iCHYIOUMX MiJIXO/IB 10 CHHTE3Y HEUiTKOro KOHTPOJIEPY pOo3pOOUTH HPOLENYpY CH-
HTe3y ontumaibHoro Heuitkoro ITIJ] korrponepy (HITIJK) BianoBinHo no winei ynpasninas. [Iponenypa no0ynoBu KoH-
TpoJiepa 3aJIeXHUTb 5K BiJ] CTPYKTYPH KOHTpPOJIEpa, TaK 1 BiJ apaMeTpiB HEUiTKOrO HAJIAIITYBAHHS, TAKUX SIK KUIBKICTb QY-
HKUIT MPUHATEKHOCTI, IX BUIIIAM, apaMeTpH, 10 BU3HAYAIOTh (QYHKIIIO NPUHANEKHOCTI. B pe3ynbrari npoBeaeHoro Mo-
JICIIFOBaHHSI CHCTEMHM YIPABIiHHA BiJUIUICHHAM KapOoHi3awlil Oy/o IOKa3aHO 3aJISKHICTh KiHLIEBOI'O Pe3ylbTaTy BiJl mapa-
METpiB HEUITKOr0 HANAIITYBaHHA. BucHoBKkH. Ha migcraBi 3anpornoHoBaHUX METO/IB CHHTE3Y PO3pPOOJICHO CTPYKTYPH OI-
tumansHux HITIJIK 3 pisHMMK HaGopamu napamMeTpiB HEWiTKOro HajamTyBaHHs. [TokasaHo, o Oyab KUK ONTUMAJIBHUM
Heuitkuit [TIJ1 perynsrop nae kpaiii NOKa3HUKHU, HDK KIACHYHUM KOHTPOJIED, Ta HAUKPAIIUM 3 HUX € PEryIsTop, B SKOMY

6JIOK HEYITKOr0 HAJIAIITYBAaHHS Ma€ raycoBi (QYHKIIT IPHHAIEKHOCTI.

Karw4dosi caoBa: xapOonizanis; Heuitkui ITI]] konTponep; GyHKIIT NPUHANEKHOCTI; TapaMeTpH HEYITKOro HaJaIlTy-

BaHHs.

Beryn

MopentoBaHHs IIPOMHCIIOBHX TPOLIECIB, 1 30KpeMa
kapOoHi3allii aMOHI30BaHOTO PO3CONY Y BHPOOHHUIITBI
KaJBLIMHOBAHOI COMHU, € CKIaIHOI0 3ana4eto. e Buxiu-
KaHO HacaMIepe] HEJTIHIHHICTIO MpOILECiB, SIKi MpPOTi-
KaloTh SIK B TIPOCTOpI Tak i 3a yacoM. OHUM 3 MOXITH-
BUX BapiaHTIB BUPIIICHHS LLOIO IHTAaHHS € BIPOBa-
JOKEHHSI B CUCTEMY YIPaBIIiHHS TEXHIYHUX 3ac00iB, sIKi
MalOTh MOJJIUBICTH (DYHKI[IOHYBaTH 3a aJrOPHTMAaMH,
10 0a3ylThCS HAa BUKOPHCTAHHI METOJIB HEYITKOI JIO-
TIKH Ta HEYiTKOTO YIPaBIIiHHS.

HeuiTka norika i 3acHOBaHa Ha Hil Teopisi HEWiT-
KAX MHOXXHWH TIPONIOHYE DIIlIeHHs JJIsl 3aBllaHb, sSIKi He
BJA€ThCS 3HAWTH HA OCHOBI TOYHUX MAaTEMaTHYHHUX MO-
nenei. Heuitke noriune ynpasiiaas (HJTY) noeanye B
co0i ABa pi3HI THNU iHpOpPMAIli: YHCETbHI 3HAYCHHS
BUMIpPIOBAaHHUX Ta PO3PAXYHKOBHX IMOKAa3HUKIB 3 OHOTO
OOKy, 1 JIHTBICTWYHI IHCTPYKIIi 1 OomucH mporecy Ta
aJTOPUTM YIIPaBJIiHHS, SIKi BUPOOJISIE eKCIIepT 3 1HIIOro.
OCHOBHUM 3aBJIaHHSIM JIOCJIDKEHHSI € PO3pO0Ka ONTH-
MajbpHOro HediTkoro koutponepy (HJIK), sxuii Oyme
aJIarTyBaTUCh 10 3MiH IPOIIECY.

Pimenns mgaHoi 3amadi MOXKHa OTpUMaTu Oe3 3a-
CTOCYBaHHSI IPOMHUCIIOBUX CHCTEM, SKIIO BUKOPUCTATH
eKCIIEPUMEHTAJIbHY YCTAaHOBKY MJIsl OTPUMaHHS Mare-
MaTHYHOI MOJETi, a TOTIM IPOBECTH MOJIETIOBAHHS
MpolLlecy YIpaBIIiHHS 3a JOIMOMOTOI0 Cy4acHUX amapar-
HUX Ta IPOrPaMHHUX 3aC00iB.

Orasjg nMTaHHA B cy4yacHii JiTepartypi

Komm'toTepu3zaltisi TEXHOJIOT1H TPOMHUCIOBOI'O BH-
POOHUIITBA 1 MiJBUINEHHS HOro eeKTUBHOCTI 3a paxy-
HOK BUKOPHCTAaHHSI OCTAQHHIX JIOCSATHEHb € HEOOXiIHOO
YMOBOIO Cy4acHOCTI. lle BHKIIMKa€e HEOOXiIHICTh CTBO-
PEeHHSI HIBHAKO IEpeHaaroPKyBaHOrO THYYKOr'O TeX-

HOJIOTIYHOTO OOJIaAHAHHS, a, OT)KE, ¥ BiAMOBIIHUX IPO-
TpPaMHHUX CHCTEM YIPaBIIiHHSA I[iM oOyiagHaHHsM [1].

[MounHaroun 3 80-x pokiB XX CTONITTS, a 0COOIH-
BO OCTaHHE JECSATHUPIYYs, CHOCTEpiraeThcsi riiobabHa
TEHJISHIIis B [TOMIMPEH] BUKOPHCTAHHS 1HTENIEKTYaIbHUX
iH(pOpMAIIfHO-KEPYIOUNX CHUCTEM B PIZHUX Tally3sx
HayKH 1 TexHIKU. JI0 HUX BIAHOCATHCS 1 CHCTEMH HEYiT-
koro ynpasiiaas (CHY), siki GunbnricTio ¢axiBiiB pos-
[JISIAI0THCS SIK OJTUH 3 HAIIPSAMKIB Cy4aCHUX TEXHOJIOTIH
ynpapninng [2]. Ix akTyansHicTs i mepesara mepen Bi-
JOMHUMHU  KIACHYHUMHU  TEXHOJOTISIMU  YIPaBJIiHHS
OB’ s13aHI 3 TCHACHIIIAMHU 30UIBIICHHS CKJIaTHOCTI Ma-
TEMaTHYHHUX MOJEICeH pealbHUX CUCTEM 1 HEOOX1THICTIO
MiJBUIIUTH 1X aJeKBATHICTh IUIIXOM ypaxXyBaHHS Oi-
JIBILOI KUTBKOCTI pi3HUX (DAaKTOpIB 1 IXHHOrO BIUIMBY Ha
TIPOLIECH NPUHHSATTS PillIeHb.

bazoBa crpykrypa CHY cknanaetscst 3 4 OCHOB-
HUX KOMIIOHEHTIB (puc. 1) [3]:

— 0a3a 3Hanb (B3),

— 6ok (asudikamnii (bD), abo pasudikarop,

— ook nedazudikarii (bJ1D), abo medazudikaTop,

— JIoriyHa cucreMa npuiHsTTs pimens (JICTIP).

Ba3sa 3nanp

ety

Jloriuna cHoTeMa MPHAHATTS PillICHb

CHeTeMa/POLES MO YIPABIILETCS

Puc. 1. CrpykTypa CUCTEMH HEUITKOTO YHPaBIIiHHS

baza 3HaHb MiICTHTH BCi 3HAaHHsS peryniropa i
Bkitouae 0a3zy mpaBun (BII) HewiTkoro ymnpamiiHHS
(HY) i 6a3y mammx (B). B/l omnwmcye BH3HauYcHHS
00’exTiB ((hakTH, YMOBH, KOHIIEMNii) 1 BU3HAUYEHHS (Y-

14 © Tepman E. €., Hlyruncekuii O. I'., JIucayenko L. I'., lemenxosa C. 1., 2019
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HKI[I TPUHAJIEKHOCTI, 110 BUKOPHUCTOBYIOTHCS B TIpa-
Buiax HY. BII mictute indopmariiro mpo e, 5K 11i 00'e-
KTH MOXXYTh BUKOPUCTOBYBATHCS JIJIsl BUBEACHHS HOBUX
kepytounx BmmBiB. lleHrpanpHa wactmna CHY -
JICTIP — ne mexaHi3m, sIKMH 3I1HCHIOE NpOLIEAYpPY BH-
BOJIy 110 MPaBHJIaX HEYITKOTO YIPaBJIiHHS i 33aJ]a€ yMO-
BU JUUISI BU3HAUEHHS HEOOXIIHUX YIPABIISIOUNX BILUIUBIB.
B® BimoOparkae 3HAUCHHS 3 JIHCHOrO MPOCTOPY B HEUi-

TKe, B ToM yac sik b/{® BukoHye 3B0poTHY (yHKIIIO [4].
B nanuit yac y OUIBIIOCTI MPOMUCIOBUX IO/AATKIB BU-
KOPHCTOBYIOTBCSI KOHTpPOJIEpPH 1 MOJENi JBOX THUIIB
Mawmpasi [5] i Takari-CyreHo [6]. Binbmiicts 3 Hux Oa-
3YIOTBCSl Ha THIIOBUX MPOLEAYpax, BIACTUBUM TpPaH-
LiTHUM HEUiTKHM KOHTpoJepam: (aszudikarii, arperarii
JIOKaJIbHUX BHUCHOBKIB, IMIDTIKamii 1 medas3idikartii.
OdynkiionansHa Mozeas HIIK npencrapiieHa Ha puc. 2.

baza npaBun

R}

!

Obuncmiopans | X; | Oasudixanis | 4 [ Joriuna B | Jedasu- AN Ob'ext
BiJIXHJICHB A4, =fuzz(x,) "l o6pobka A; dikaris B "|  ympaBminHS
10 HEUiTKIM y=dfzB
HpaBuIaM
A4 — B,
k

B=JsB,
i=1

Puc. 2. OyHKIi0OHAIBEHA MOJIENIF HEHITKOT'O JIOTIYHOTO0 KOHTpoJiepa

OOuuncnenns kepyrounx BiumBiB B HJIK ckmana-
€THCS 3 YOTHPHOX OCHOBHHX €TaITiB!

— 00YHCIIeHHsT BIAXWICHb BXiIHWH (Di3UMIHOI 3MiH-
HOI e;

— (asudikanii: mepeTBopeHHsT BXiAHOI (i3U4HOI
3MiHHOi B HeUiTKy MHOXUHY A4;(i =1,k) =fuz(e;) 3Ha-
YeHb BX1JIHOT 3MIHHOT,

— JIoriyHa 00p0oOKa MHOXHHHU HEUITKUX 3MIHHUX A;
BimnoBigHO 10 6a3u mpaBwi HJIK ta orpumanHs jo-
KaJbHUX BHCHOBKIB B, a Tako)X BUKOHAaHHS omeparii
arperartii:

B=JB;; (1)

— nedasudikamis: mpolenypa nepeTBOPEHHS Hedi-
TKOT'0 3arajbHOr0 BUCHOBKY B B Kepyrouuii BIIUB:

dfz(B ) =u. (2)
Aunroput™m ¢yskuionyBanas HJIK onucyerbcs Ha-
CTYITHOIO CHCTEMOIO PIBHSIHB, sIKA& BU3HAYAETHCS TOCI-
JIOBHICTIO TIepeTBopeHsb iHpopmanii B HIIK:
R] :A]ORl = A]O(A] —> B]),
k Rz:AzORz =A20(A2 —>Bz),
{Ri}l‘=1 =
3
Rk:AkoszAko(Ak —)Bk), ( )
k
B=|JB; dfz(B)=u;
i=1

€

e — KOMIIO3MIIiS HEYITKMX BiJHOCHH, “—” — HediTKa
immrikanis; 4;(i=1,k) =fuz(e;); B;(i=1,k) — mokans-
HUI BHCHOBOK 3 TpaBwia R;; B — 3aranbHuil HewiTKuid

k
BHCHOBOK 3 0a3u TpaBuil {Rl-}l_zl; fuz, dfz — Qynkuii

(oneparii) dasudikamii i qedasudikartii, BiIOBIIHO.

Ha npakTuiii 3HaxonsTh 3aCTOCYBaHHS pi3HOMaHi-
tHI crpykrypu HITIJIK. Hanpuknaz, B [7] Taki kKoHTpO-
JIepH peasi3yloThCs y BUIVISII HH(POBUX MPUCTPOIB Y

nBox Bapiantax: HITIJAK mpsmoi aii Ta iHKpeMeHTHH
HITIJIK.

B ocTaHHI pPOKHM IHTCHCHUBHA BEIYThCS JOCIIIKCHHS
o peatizani riopumaux HeuiTkux I/ koHTpOoepiB [8]
(puc. 3). B mibomy Bumaaky mo ckiany KITIJIK Brmrode-
HUM TOMATKOBUM OJIOK, IO BHKOPUCTOBYE HEYITKI BH-
CJIOBJIIOBAHHS 1100 HENIHINHOI 3aJI€)KHOCTI BXiA-BUXIJ.
V ribpunHOMy KOHTpOJepl Ha 0a3i HEUITKUX BHCIIOBIIIO-
BaHb MOJIMIITYIOTHCSA TUHAMIYHI BIACTUBOCTI CHCTEMHU.

Ti6prambiit
KOHTpOIep

Oyl HIK

G(1)

A

KITIJIK

Hi) + u(t) )

oy

A 4

- e(t)'

Puc. 3. CtpykTypHa cxeMma riOpHaIHOro KOHTposiepa
Ha OCHOBI HeuiTKoI 0a3u npaBuil, 1e 7(f) — KepyIuunii BIUTUB
abo ycraBKa; e(f) — CUTHaJl HeY3TOKEeHOCT; u(f) — BUXi]
KOHTpoIIepa; )(f) — perylibOBaHa BeIMINHA

Psn aBropiB mpomonye 3actocoByBatu HITIJIK
BUKJIIOYHO JUIS YIPaBIiHHA HENHIHHUMU 00’ €KTaMH,
OJIHAK JIIHIHHUMHU 00'eKTaMu Tpeba YNPAaBIATU TUIBKH
3a pornomororo kinacnuHux I11J] koutponepis (KITIAK).
OpHak, sk 00rpyHTOBaHO B [9], ympaBiiHHs 0a3yeThCs
Ha TaKUX [TOKAa3HUKAX SIK CTaTHYHA [TOMUIIKA, TIepepery-
JIIOBaHHS Ta Yac PEeryNIOBaHHs, sIKi € HeNiHIHUMH (yH-
kmismu mapametpi 1] xouTposepa, HaBiTH IS Jii-
HIITHOT'0 00’ €KTY YIIpaBIIiHHS.

Takum uyuHOM, Oynb-SKE 3aBJaHHS YIPaBIiHHS,
HE3aJISKHO BiJ BUIY KOHTpoiepa (JiHilHOro abo Heli-
HIfHOT0) MO)XKHa pO3IVISIATH SIK  HemiHiiHy. Tomy
HITIAK, sikuii peamizye HemiHiliHE BigOOpa)KeHHS BXO-
IiB 1 BUXOIB, Ha0araTo Kpaiie BiAIOBiNA€E 3aBIaHHIO
oInTHMi3alii 3a HeNmiHIHHUM KpuTepieMm [10].
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OpHak HaWOLIBIIOK MPOOJIEMOI0 B peaizamii He-
YITKOTO YIPAaBJIiHHS € HaJallTyBaHHS HEYITKOrO KOH-
Tponepy. ICHye Kilbka MiOXOMIB 1O MPOCKTYBAHHS
HITIAK [11], mesiki 3 sskux 0a3ylOThcsi HA €BPUCTHIHUX
3HAHHIX, TOJI 5K 1HIII 3aCHOBaHI Ha 3aKOHAX KIIACHYHO-
ro ITIJ] ynpasiinas. ToMy MOMXJIMBO BU3HAYHMTH JCSKI
CITIIBBIAHOIIEHHS MK KIaCHYHHUMH 1 HewiTkumu ITIJ]
rapameTpamH.

MeTta po00TH Ta MOCTAHOBKA 3a1a4i

B [12] Oyno poO3rIsSHYTO METOIM BUKOPHUCTAHHS
HITIIK B mpOMHUCIOBUX CHCTEMax YIpaBJiHHS. 3BiIKH
MOXKHa 3pOOUTH BUCHOBOK, II0 B 0araThOX MpPUKIaTHUX
3aJ1auax, CHCTEMH, 1110 BUKOPUCTOBYIOTh Y CBOIH OCHOBI
HEYiTKe JIOTIYHE YIPaBJIiHHS, 32 CBOIMU XapaKTEePUCTH-
KaMU 3HAYHO IEPEBHIIYBAIU CBOIX KIACHYHHX aHaJO-
riB, npore Hackiibku HJIK B TOMy UM iHIIOMY BUTIAIKY
Oyae kpalme HOro KJIACHYHOTO aHAlOra 3aJIUIIAETHCS
MUTaHHAM. TOMY BHHUKA€E 3aBJaHHS MOJEITIOBAHHS KO-
YKHOTO KOHKPETHOT'O IIPOIECY, BUKOPHUCTOBYIOUH (Hop-
MaJi3oBaHi INpaBwia KOH(DIrypamii Ta HajamTyBaHHS
napametpiB HJIK.

CTpyKTypa He4iTKOro KOHTpoJepa
i popmyBanHnsa 6a3u npaBuJ

Meroan MpOEKTYBaHHS HEYITKUX KOHTPOJEpIB 3a-
JIMIIAIOTHCS. HEWITKMMU TPOIIECaMK Ha yBa3i BiJICyTHOCTI

Tabnuya 1 — XapaxktepucTHku pisHux crpykryp HITIJIK

CYBOpHX 1 €EKTUBHUX aHAJITHYHUX METOJIB IPOEKTY-
BaHHS Ha MPOTHBAry 3 METOAaMHU IPOEKTYBAHHS KOHT-
poJiepiB B paMKax JTiHIHHOI Teopil ympaBiiHHA. s
HITIAK MHOXHMHY KOHCTPYKTUBHHX ITapaMeTpiB B y3a-
raJbHEHOMY BUIJISIII MOXKHA PO3AUIMTH Ha JBI IPYIH:
CTPYKTYpHI IIapaMeTpy 1 HapaMeTpd HaJallTyBaHHS
[13]. CtpykTypHI mapaMeTpyu KOHTpOJIepa BU3HAYAIOTh-
csl HE3aJEeXHO, NMPU TPOEKTYBaHHI JI0 MOYATKy HOro
BUKOPHCTAHHS, B TOW Yac SIK MapaMeTpy HaJlallTyBaHHs
PO3PaxoBYIOThCS B PEKUMI OHJIAWH JJIsi KOPUTYBaHHS
(YHKI[IOHYBaHHSI KOHTpOJiepa, 3 METOIO ITiIBUIIEHHS
SIKOCTI CHCTEMH YNIPpaBIiHHs Ta 3a0e3nedyeHHs ii ajar-
TUBHUX BJIaCTHBOCTEH.

Hapasi po3po0iieHO BENUKY KUIBKICTh PI3HHUX Ba-
pianriB crpykryp I/l momiOHuMX HEYITKHX KOHTpOIIe-
pi. B [11] HaBeneHi OCHOBHI BapiaHTH CTPYKTYp
HITIAK po3pi3HSIOTHCS 3a KUIBKICTIO BXIJIHMX CHT'HAIB
i kepytounx BIUIMBIB. [TopiBHsUIbHA TaOiMIs XapakTe-
PHUCTHK CTPYKTYP B 3aJIEKHOCTI BiJl KIIbKOCTI BXO[IB Ta
BUXO[IIB IpencTaBieHa B Tadi. 1. [TocnigoBHiCTh onepa-
uiii, mo BukonyroThcs HITIJK 3 BimoOpaxkenHs M 1-B-1,
MIpe/ICTaBJIeHa Ha puC. 4.

VY maiinpocrimomy BapianTi crpykrypu HITIJIK 3
OJTHMM BXIiIHOI 3MiHHOI B [14] 3ampornoHOBaHO BUKOPH-
CTOBYBaTH TPH HEUITKUX IpaBWia, 6 pPO3paxyHKOBUX
rapaMmeTpiB i JBa MapaMeTpH HEYITKOT HACTPOMKH X 1 X,
TpboX HediTkux 3MiHHUX (N, Z, P).

. .. He3anexHicTs 3arajbHa
PozninbHe o0unciieHHs He3p’s13HicTh . .
Tun KOHTpoJIepa . . HAJAITYBAaHHSA KUIBKICTH
YupaBJsilO4YuX BIVIMBIB BXO0I1B o e .
KoedimienTiB npaBuJI
KIIIAK Tak Tak Tak 0
HITIIK 3--1 Hi Hi Hi N
2-8-1 Hi Hi Hi N
1-B-1 Tak Tak Hi N
1-B-3 Tak Tak Tak 3N
YiTkmii HopMOB:aHI/Iﬁ Heuitkuii Heuitkuii I‘IiTKI/II/I HopmoBanuii Bmxin
BXiJ[ BXiJ[ BXiZt BHXi][ X T BHIXiT KOHTpoJIepa
Hopmy- | | dazu- Heuitki Hedazu- | | I Henop-
e BaHHA | €| Qikauis IIpaBHIIa Qixamist | {ii, [MOCHICHHS| U |MyBaHH: u
| Heuitkuit 6110k i
Puc. 4. ITocninosHicts onepauiii B HITIAK
JI71s1 HOpMOBAaHOI'O CHUTHATY MOMIIKA & 1 aeda- N Z P N Z P
3u(iKOBAHOrO BMXiJHOrO CHTHATY HEWiTKOro 610Ky !
KOHTpoJiepa i Oa3a npaswmi HIIIJIK mae Bursa:
Ipaswuio 1: axmo (é € N), To (i € N); ~ -
~ . e
Ipasuio 2: axwo (€ € Z), 1o (if € Z); @ o > >
-1 0 1 -1 X -x2 0 X2 X1 1

Ipasuio 3: axuio (é € P), To (i € P);

Jie HeuiTKa 3MinHa N o3Hayae “HeraTUBHHUI, Z — “Oiu-
3bKO HyNs, P — “no3uTuBHUN.

@OyHKIIT NPUHAIEKHOCTI TAKOTO KOHTpOJIEpa s
€ 1 iip ToKa3aHi Ha puc. 5.

VY mnonaniit crpykrypi HITIJIK BuKOpHCTOBYETHCS
JIBa [IapaMeTpH HEUITKOTO HaJIaIITyBaHHI X, 1 X, .

Puc. 5. ®II 1151 HOPMOBAHOr O CUTHAITY IOMUJIKU €
BUXI/IHOI'O CUr'HaJTy HewiTkoro Oiioka iy 3 b3 (4)

JIst 3MEHINIEHHS. CKJIQHOCTI OOYHCIICHb KEpyro-
yux BruiuBiB HITIJIK mporoHyeThcsi BUKOPHCTOBYBATH
MiHIMaJIbHY KUIBKICTh HEYITKHX 3MIHHHX, TO € TiJIbKH
1Bl — N 1 P, ski BiAmOBI1al0Th O0€3/1i4l HEUITKUX 3HAYEHb
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OII — “HeraTuBHUI” 1 “NMO3UTHBHUIN”, BiANOBITHO [15].
Omxe, HITIJAK Oyne mae ¢yHKIIi NPHHAIEKHOCTI IS
€ 1 il , K TIOKa3aHo Ha puc. 6.

N P N P
1
é iy
0 » »
-1 0 1 -1 =X 0 X 1

Puc. 6. OII st weuiTkoro 610Ky KoHTposnepa 3 B3 (5).

BimnosinHo, 6a3a npaswmi Hewitkoro ITIJ] koHTpo-
Jiepa npuiiMe BUIIIAM;

IpaBuio 1: sxmo (é € N), TO (iip € N);
IMpaswuio 2: axuo (é € P), TO (iip € P). ®)

3MeHIIeHHs yucia (YHKIIA MPUHAJIEKHOCTI IS
HEYITKHX KOHTPOJIEPIB, HO3BOJSE CKOPOTHUTU YHUCIIO
rapameTpiB HEYiTKOI HACTPOHKH. Y HOBIH CTPYKTYpi
HITIAK i BBexeHoi 6a3i mpaBui (5) € TUIBKK OIUH Ta-
pameTp HewiTKOI HACTPOWKH X, IO JI03BOJISIE+ CKOPOTH-
TH TOTPIIIHICT 1 TPYIOMICTKICTh OOYHCIIEHb Mapamer-
piB HITIAK. I'padiunmii npukinan GpopMyBaHHS BHXi-
HOI i1 OKa3aHuil Ha puc. 7.

lN P 1N P

>

X 0 x 1

b N/

1-h
0 — » 0
-1 0e -1

B

Puc. 7. HeuiTkwii ioriyanii BucHoBok B HITIJIK 1-B-1
3 IBOMa (PYHKIIISIMU HaJIS)KHOCT] Ha BXOJI 1 BUXO/1

a—x20;6-x<0,h21-h;B-—x<0, h<l-h

Buxopsiuu 3 npaBuia NpocTOTH, 3aMiCTh TPHKYT-
Hux OI1 MOXKHA TaK0X BUKOPUCTOBYBATH raycoBi ®II,

TaK SK BOHM BU3HAYAIOTLCSA TAKOIO K KiILKICTIO Iapa-
METpiB.
Po3podka onTUMAJIBHOI0
HeuiTkoro IIIJ[ peryasitopa

Bumie oorosoprosaiocs cunate3 HITIJIK 3a Takumu
HaNpsIMKaMU SIK CTPYKTypa KOHTpoJiepa 1 (hopMyBaHHS
6a3u npaBui. Sk Oyno mokasaHo, 6a3a MpaBUJI KOHTPO-
Jiepa 3aJIeKUTh BiJl apaMeTpiB HEYITKOI HACTPOWKH, a
BUOIp IIMX MapaMeTpiB € OJHUM 3 OCHOBHHX 3aBJaHb
cunre3zy HITIIK.

OpHuM 3 BapiaHTiB BU3HAYEHHS IapaMeTpiB Hedi-
TKOI HACTPOWKU € BUKOPUCTaHHS ONTHUMI3allifHUX Me-
toxiB. Takim ynnom HITIJAK, nmapamerpu HewiTkoi Ha-
CTPOMKHM SIKOT0 OTPUMaHI IIISIXOM ONTUMI3allii, OymnemMo
HazuBatu ontumansaum HITIAK (OHITIAK).

Cama ontumizaiist Oyae NPOBaIUTUCS BUXOASIYH
X BIZMOBIAHUX OIIHOK SIKOCTI [16]:

— iHTerpan Big kBaapara nomuiku (IKO):

T
IKO = j () dt,
0
— iHTerpan Big Moayist momuiku (IMO):

T
IMO = [ |e(t)|dt ,
0
— IHTerpaJ Bix 3BakeHOro Moaysis momMuiku (13MO):

T
BMO = | tle(t)|dt ,
0

— IHTerpaJ Bijl 3BaKEeHOro KBajpata nommwiky (I3KO):

T
BKO = [1e*(t)dt ,
0
ne T — BepxHst Mexa iHTerpyBaHHs, o (i3UIHO Bixmo-
BiJla€ yacy MOJIEIIIOBaHHS, BUOUPAETHCS JOBIIBHO, ajie
Tax, 00 iHTerpaj MNpartyB A0 KiHIEBOMY 3HAYECHHSL.
Sk moka3ye NpaKTHUKa MOJEIOBAaHHS, HaiKpariii
MOKA3HUKH SIKOCTI CHUCTEMH YIPaBJiHHS 3a3BUYAii
OTPUMYIOTb ITpu BUKOpucTaHHi [3MO.
Hwmwxue posrisiHemo kinbka BapiantiB HITIK 3i
CTPYKTypoto 1-B-1, CTpYKTypHa cxema SIKOro Mpe;cTaB-
JieHa Ha puc. 8.

4
~

Up J- = Atlpyy,

5B

A 4
~

y

d | _Jlp
~ | dt > K

Puc. 8. HITIJIK 3 onauM BXOm0M
1 BijoOpaXKeHHSAM HEUiTKOro BUBOLY 1-B-1

Bapiant 1. /I nmoyatky BU3HAYMMO ONTHMAJIbHI
mapaMeTpu KOHTpojiepa 0e3 OJOKY HEUiTKOI HACTPOUKH
(xnacuunwmii IT1/] koHTpOINTED).

BapianT 2. lonamo B KIIIJIK 00k HewiTKOI Ha-
crpoiiku (puc. 9), mo Mictuth 10 3 TpukyTHi PII Ha
BXOJI 1 Ha BUXO/II.
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Bapiant 3. Onrtumizyemo ITI/] nmapamerpu KoHT-
ponepa 3 ypaxyBaHHsSM OJIOKYy HEUITKOI HacCTpPOWKH,
JIOaHUM B TIONEPEIHINH KOHTPOJIEP.

Bapiant 4. biiok HeuiTKOi HACTPOWKU MIiCTHTh 110
2 tpukytHi ®DI1 Ha BXoxi i Ha BuxoAi. ONTUMI3yEMO SIK
[II]] mapaMeTpu KOHTpoJIepa, TaK i mapaMeTpu HEUITKOI
HACTPOMKHU.

Bapiant 5. biiok HeuiTKOi HACTPOWKU MIiCTHTh 11O
3 raycoBi @II Ha Bxoxi i Ha Buxoai. ONTUMI3yeEMO SIK
[II]] mapaMeTpu KOHTpoJIepa, TaK i mapaMeTpu HEUITKOI
HACTPOMKHU.

Bapiant 6. biiok HeuiTKOi HACTPOWHKU MIiCTHTh 11O
2 raycosi ®II Ha Bxozxi i Ha BuxoAi. ONTUMI3yeEMO SIK
[II]] mapaMeTpu KOHTpoJIepa, TaK i mapaMeTpu HEUITKOI
HACTPOMKHU.

Pe3yabTaTn Moae110BaHHA KOHTYPY
yHpaBJ/iiHHS 3 BUKOPUCTAHHAM
ONTHMAJIBHOT0 HEYiTKOI0 peryjasaTopa

Buxoasuu 3 MaTeMaTHYHOI MOZENI IpoIecy Kap-
OoHi3aIll y BUPOOHHUIITBI KaJIbIIMHOBAHOI BOJM, YIIPaB-
JIHHSI MOXKHA 3BECTH N0 KaHaly TeMmIiiepatypu. Ilpu
LLOMY, MOJIENIb 00’ €KTY YIPaBJIiHHS OIKCaHA Y BUIJISI
nepenaBanbHOl GyHKIi. L[ Momensp, sika Oyina oTpuma-
Ha Ha OCHOBI aHAJIITHYHUX PO3PaXYHKIB Ta eKCIIEpUMe-
HTAJIbHUX JaHUX, MATUME BUTJISI;

—5s
Wis)=—ale (©)
41s° +15s+1

MateMaTuuHa MOJEIb KOHTYpY Oyiia peaiizoBaHa
B cucremi MATLAB 3 3airydeHHsM anapaTty MOBH Bi3y-
anpHOrO mporpamyBanHsi Simulink. Ajroput™mu HediT-
KOro BUBOAY OynM peani3oBaHi INpH BUKOPUCTAHHI
Fuzzy Logic Toolbox.

B sikocti 3MiHM BXigHOi nii Oya0 0oOpaHO CTymiH-
Y4acTUH CUTHAIL.

Pe3ysibpraT OpiBHIOBAINCS 3 aHAJIOTTYHUMH CHC-
Temamu yrpaiiHas Ha ocHoBi KITIIK.

Ha puc. 9 nokazaHo mopiBHSHHS IEpeXiTHUX Xa-
PaKTEpPUCTUK KOHTYPIB YNPABIiHHSI, SKi BKIIOYAIOTh
KIIJK (mynkrup), KIIIJK 3 O6moxkom HewiTkoi Ha-
cTpoiiku (Touka-tupe) i OHIIIJAK 3 onTuMizoBaHUMHU
[I/] napamerpamu (CylijgbHa), BianoBigHo. Pe3yibpraTu
MOJEIIIOBaHHS HaBe/eHi B Ta0II. 2.

Ha puc. 10 nmokazaHo MOpiBHSIHHS MEpeXiJHUX Xa-
PaKTEpUCTUK KOHTYpIB  VIPaBIiHHS SIKI  MICTATh
OHIIIJIK 3 ontumizoBanumu [1IJ] mapamerpamu i
OHIIIJIK 3 nBoma ®II Ha BXOMi 1 BUXO/I, BiAIOBIIHO.
Pe3ysnbraTn MozentoBaHHs HaBezeHI B Tabd. 3.

Ha puc. 11 nmokazaHo MOpiBHSAHHS MEpeXigHuX Xa-
PaKTEpPUCTUK KOHTYpIB YNpaBIiHHA, IO MICTATh
OHIIIK, B sxux OJOKH HEYITKOIO BUBOIY MICTATh Ha
BXO/i 1 BUXo/i 1o 3 Ta 2 raycoBi (yHKIIT MPUHATIEKHO-
CTi BiANOBIAHO. Pe3ynbTaTé MOJENIOBaHHsS HaBeJCHI B
Tadm. 4.

[opiBHsunbHMIA Tpadik MepexiHIX XapaKTEPUCTHK
KOHTYpIB PEryJrOBaHHS AJIsI BCIX 3alpOIIOHOBAHUX TH-
IiB PEryyaTopiB MOKa3aHUii Ha puc. 12.

Tabnuysa 2 — Pe3y1bTaTH MOJEJTIOBAHHS /ISl IEPIIUX TPHOX BapiaHTIB pery.isiTropis

KIIAK KIIAK ¢ BHH OHIIIAK ¢ ontum. I
JluHamivuHa moxuoka 0.51486 0.2153 0.11679
Yac perynroBanss npu Dstat=0.005 55.6 55.2 22.5
Crarnuna noxubka mpu Treg=20 0.36553 0.19676 0.018242
[TininTerpasipHa Ioma 6.4399 3.1266 1.027

D& ot
04 e

03— LE

B ert v b e Caakiand

-0 ! i
0

40 50 B0

Puc. 9. ITepexinna xapaxrepucruka it KIIK, KIIK 3 6;10koM HEWiTKOro HaxaroJpKeHHS
i OHITIJIK 3 onrrumizoBanumu I11/] mapamerpamu.

Tabnuya 3 — Pe3ynbTaT MoJeTIOBaHHs 1151 3-10 i 4-r0 BapiaHTiB peryisTopis

OHIILIK ¢ ontum. ITIJ OHIILJIK c 2-ms TpeyroabHbivu PII
JlunamivuHa moxuoka 0.11679 0.51486
Yac perymosanns npu Dstat=0.005 22.5 55.6
Craruyna noxu0ka npu Treg=20 0.018242 0.36553
[TiginTerpasipHa Ioma 1.027 6.4399
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Puc. 10. TlepexinHa XapakTepucTHKa KOHTYPY YIPaBIiHHA JUIst 3-T0 i 4-ro BapiaHTIiB PeryisTopis

Tabnuysa 4 — Pe3yJbpTaTH MOCTIOBAHHSA JJIA 5-10 i 6-r0 BapiaHTiB peryJsTopis

OHIIIIK 3-rayc OHIIIIK 2-rayc
JlnHamivuHa moxuoka 0.028742 0.029349
Yac perymosanns npu Dstat=0.005 19.05 20
Craruyna noxu0ka npu Treg=20 0.0037506 0.0049289
[TininTerpasipHa Ioma 0.21525 0.24159
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Puc. 11. TlepexinHa XapakTepuCcTHKa KOHTYDPY YIPABIIiHHSA JUIsL 5-T0 i 6-ro BapiaHTIiB PeryisTopis
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Puc. 12. TlepexinHi XapaKTepUCTUK KOHTYPIiB PEry/IIOBaHHS JUIsl BCIX 3alPONIOHOBAHUX BapiaHTIB PEry/IATOPIiB

VY miacyMKy HpOBEIEHUX IOCIHiPKeHb MOTPiIOHO
BiIMITUTH, 10 OYJIO MPEACTAaBICHO ACKIJIbKA THIIIB OI-
tumanbaux HITIJIK B 3aekHOCTI Bil BUOOPY KITBKOCTI
Ta GopMu QyHKIIH MPUHANEKHOCTI. 3 pPe3ylbTaTiB BH-
IHO, Mo Oyap skwit 3 3ampornonoBanux OHIIIJIK mae
Kpai XapakTepucTuku, Hix kimacuunuii [11]] peryns-
TOP.

Haiikpamii xapakrepuctuku 3 OHITIJIK nokazanu
PETYIATOPH B SIKHX OJOK HEYITKOTO HaJallTyBaHHS Mae
raycoBi (pyHKIIIT IPHHAIIEKHOCTI.

BucHoBku

[IpoBeneno iHpoOpManiHHO-aHATITHYHUNA OTJISIT JTi-
TEepaTypu OO0 BUKOPHCTAHHS TEOpPil HEUITKUX MHO-
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JKMH TIpY pO3po0lIi Ta 3aCTOCYBaHHI HEYITKUX KOHTPO-
JIEPiB B MTPOMHUCIIOBOCTI.

Ha mizgcraBi 3anmporiOHOBaHMX METONIB CHHTE3Y
neuiTkux [11J] perynstopiB po3poOieHi CTpyKTypH OI-
tumanbanx HIIIJAK 3 pisanmu HaGopamu mapameTpiB
HEYITKOTro HanamTyBaHHA. [loOymoBaHi rpadiku mepe-

XIJIHUX TIPOIECIB KOHTYPY PETyJIIOBaHHSA I BCiX 3a-
MIPOMIOHOBAHUX PEryJsATopiB. [okazaHo, 10 OYIb KM
OHIIIAK nae kpaiii MOKa3HUKU, HiXK KJIACHYHHA KOHT-
poiep, Ta Haiikpanmmu 3 HuX € OHITI/IK, B sikux Gyok
HEYITKOr0 HaJNANITyBaHHsA Ma€ raycoBi ()yHKII IpHHa-
JIKHOCTI.
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OnTuMalbHBIi HEYeTKHI Pery/IsiTop B CHCTeMe YNpaBJieHusi KApOOHH3AIMH B CO0BOM IPOH3BOICTBE
O.E. I'epman, A.T'. I0yrunckuii, U.I". JIeicauenko, C.J1. JleMmeHkoBa

AHHoTanus. Ilpexmerom uccienoBaHus B TaHHOW CTAaThe SBIAETCS MPOLENypa CUHTE3a HEYETKOI'0 KOHTpoulepa B
CHCTEME YNPABJIECHUS OT/EICHHEM KapOOHHM3alMyU B NPOM3BOACTBE KaJILIIMHUPOBAHHOH cozpl. Lleblo paboTsl sBisieTcs paspa-
60TKa ONTUMAJIBHOIO HEYETKOI0 KOHTPOJLIEPa, UCIIOIB30BAHUE KOTOPOro B CUCTEME YIIPaBIICHHs 00YCI0BIMBAIO ONTUMAIBHbIHA
pe3yIbTaT COTNIACHO YCTAHOBJIEHHBIM KpUTEpHUsM. 3a/lada: HA OCHOBE CYIIECTBYIOIIMX MOAXOMOB K CHHTE3Y HEYETKOrO KOH-
TpoJutepa paspaborars Hporeaypy cuHresza ontumanbHoro Heuerkoro ITMJ] xortpomnepa (HIIMJK) coorBeTcTByOIIero nemsm
ynpasienus. IIponenypa nocTpoeHns: KOHTPOILUIEPA 3aBUCHT KaK OT CTPYKTYPBI KOHTPOJUIEPA, TAK U OT MapaMeTPOB HEYETKON
HACTPOMKH, TAaKUX KaK KOJIMYECTBO (DYHKIMU MPUHAIEKHOCTH, UX BUI, ITApaMETPHI, OIpeelIsIonye (QYHKIMIO IPHHAUIC)KHO-
cru. B pesynbrare NmpoBeICHHOrO MOJEIMPOBAHUS CUCTEMBbI YIPABICHUS OTACJICHHEM KapOOHM3aluu ObLIa MOKa3aHa 3aBHUCHU-
MOCTb KOHEYHOI'O Pe3yJIbTaTa OT IapaMeTPOB HEYETKON HacTpOiku. BhIBOABI: HA OCHOBaHUM NIPEUIOKEHHBIX METOIOB CUHTE3a
paspaboranbl cTpykTypsl ontumansHeix HITMK ¢ pasnuuHbIME HaOOpaMM apaMeTpoB HeueTKoH HacTpoiiku. IToka3aHo, 4yTo
mo00# onTuManeHbIi HeweTkui [T1]] perynsrop gaeT jrydiive mokasaTeliy, Y4eM KJIAaCCHIeCKHH KOHTPOJUIED, U JIYIIINMH U3 HUX
SIBJISIIOTCSL PETYIISITOPHI, B KOTOPBIX OJIOK HEYETKOH HACTPOIKK MMEET raycCOBBI (DYHKIIHHU TIPHHAUIC)KHOCTH.

Karouesbie ciaoBa: xapOoHusauus; Heuetkuil [TM]JI koHTpoiep; GyHKIMK MPUHAUICKHOCTH; IIapaMeTpbl HEYETKOH
HAaCTPONKH.
Optimal fuzzy controller in the carbonization control system at the soda production

E. German, O. Shutinskyi, I. Lysachenko, S. Demenkova

Abstract. The subject of research in this article is the procedure for the synthesis of a fuzzy controller in the carbona-
tion control system in the production of soda ash. The aim of the work is the development of optimal fuzzy controller, the use of
which in the control system will condition the optimal result according to the established criteria. Task: based on the existing ap-
proaches to the synthesis of FLC, to develop a procedure for the synthesis of the optimal fuzzy PID controller corresponding to the
control problems. The procedure for construct of controller depends both on the structure of the controller and on the parameters of
fuzzy tuning, such as quantity of the membership function, their appearance, and the parameters that determine the membership
function. As a result of the simulation of the carbonization section control system, the dependence of the final result on fuzzy tuning
parameters was shown. Conclusions: on the basis of the proposed synthesis methods, the structures of optimal FPIDC with different
sets of fuzzy tuning parameters were developed. It is shown that any optimal fuzzy PID controller gives better performance than the
classic controller, and the best of them are the controller in which the fuzzy tuning block has Gaussian membership functions.

Keywords: carbonization; fuzzy UID controller; membership functions; Fuzzy setup parameters.
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ULTRA WIDEBAND TECHNOLOGIES
IN MOBILE OBJECT MANAGEMENT SYSTEMS

Abstract. The subject of study is the processes of noise immunity ensuring of wireless control channels and mobile
objects communication. The aim of article is to increase the capacity and noise immunity of control and communication
systems under the natural and intentional interference influence. The concept is based on the technology of ultra-wideband
communication that consists in the transmission of low-power coded pulses in a very wide bandwidth without a carrier
wave. The task is to ensure stable and safe operation of mobile objects. Methods used: methods of analytical, simulation,
and temporal position-pulse coding. The following results were obtained. A security concept has been developed for
wireless control channels and mobile objects communication. It is shown that in order to obtain high noise immunity of
control and communication channels and to protect information from interception, it is necessary to apply wireless ultra-
wideband communication technology, which allows providing of large capacity and transmission rate. The possibility of

joint interference-free operation in the same frequency range of both traditional narrow-band communication systems and

systems using ultra-wideband signals is grounded. A technical solution for the design of an ultra-wideband receiving-
transmitting antenna system is proposed. Conclusion. The usage of channels with an ultra-wide bandwidth allows an
almost unlimited increase in the number of control and communication channels of mobile objects. Pre-distribution
between the channels of orthogonal codes implements the process of control and communication without interception of
information and mutual interference. Moreover, the usage of the temporal position-pulse coding method prevents
intersymbol distortions of coding ultrashort pulses. It also reduces the rate of information signals distortion caused by its

multipath propagation that guarantees the safety of managing mobile objects.

Keywords: control system; mobile object; noise immunity; line capacity.

Introduction

Unmanned aerial vehicles (UAV) utilize critical
systems in which incorrectly received information by
the control system can lead to a catastrophe. In addition,
reliability demands of these systems constantly
increasing. In the same time analysis of failures of such
systems showed that the number of accidents and the
associated risks has a strong tendency to increase. The
most dangerous are emergencies caused by information
distortions in control channels that are caused by
external influencing factors. Qualification norms and
onboard durability standards of aviation equipment to
the effects of external affecting factors are detailed in
standard [1].

Analysis of the requirements set out in standard
has shown that are particularly dangerous cases where,
as a source of external impact is a powerful
electromagnetic  field, accompanying lightning
discharge [2-4]. Wide frequency range (0.3 - 30 MHz)
in combination with large amplitude pulsed
electromagnetic fields (15 - 100 kV / m) are the most
dangerous reliability factors of an aircraft. In this way,
noise immunity, reliability and quality of received data
plays a pivotal role in drones control channels.

The analysis of problem
and formulation of the task

Noise resistance of control channel means
maximum level of electromagnetic interference
affecting the control channel at which it saves the
required quality of work [5]. In order to increase noise
immunity we should encode information in the
information channels and management channels. In the

presence of external impact factors, block codes that are
able to correct mistakes have an advantage over binary
codes. However, these codes require double
redundancy, which leads to reduced speed of
information transfer. At the same time, in order to
increase the transmission rate control signals in wireless
channels requires using the widest possible frequency
range. Among all onboard systems of aircraft the most
widespread protocol MIL-STD-1553B (Ministry of
Defense USA), application which is due to a fairly high
level noise immunity of systems. Protocol provides
maximum data transfer rate of 1 Mbps with a spectral
efficiency of 1 bit / Hz. This way, the transmission
duration of one bit coded information is 1 ps. [6, 7]. It
should be noted that a high level of protocol noise
immunity is provided by availability of additional
communication channels. Other UAV control channels
serve as a reserve in case of failure of the main channel.
However, the time needed to switch from the main
channel transfer to secondary one eliminates the
possibility of effectively increasing the noise immunity
by wusing additional control and communication
channels. Thus, known methods of encoding
information in wireless flight control channels devices
do not provide the necessary level of noise immunity.
This situation requires the development of new.

Task solution

In wireless control and communication channels,
transmission medium is a physical path between
transmitter and receiver. The quality of information
transfer is defined by environmental characteristics and
signal characteristics. Major factor imposing restrictions
on transmission, is the environment itself. The main

22 © Serkov A., Pustovoitov P., Yakovenko L., Lazurenko B., Churyumov G., Tokariev V., Nannan W., 2019
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source of losses in communication systems, like any
other systems is the attenuation L, which is determined
by the ratio:

L=101g (4nd / \)* ub, 1)

where d — distance, m; A — wavelength, m.

So, with the middle frequency band [8] of the
satellite mobile of 6 GHz, transmitter power signal of
10-30 W and the length of the radio lines 4*10* km., the
attenuation coefficient of free space on the radio line is
10%. At the same time, the average value of the power of
information signals at the input receiver is 10" W, that
provides stability of operation of the communication
channel.

However, when we determine characteristics of
information transfer, the medium itself is not the most
important factor, but the bandwidth of the emitted signal.
The most common and optimal range for wireless
control and communication systems is from 1 to 10 GHz.
[9]. This is due to the fact that at frequencies below
1 GHz there are significant atmospheric interference and
interference from various electronic devices. At the same
time, at frequencies above 10 GHz, signal absorption by
the atmosphere and precipitation is large. Thus, the
frequency range from 1 to 10 GHz is the most suitable
for organizing a control channel for unmanned aerial
vehicles. At the same time, the need to organize high-
speed wireless control and communication channels
requires an increase in the width of the frequency range
of the control channel. On the other hand, there is a
physical limitation of the frequency spectrum. Therefore,
the development of technologies of ultra-wideband
communications that resolve this contradiction 1is
relevant.

The aim of the work is to increase the bandwidth
and noise immunity of control and communication
systems under the action of natural and deliberate
interference.

The achievement of this goal became possible by
using ultra-wideband signals (UWBS), in particular:
ultrashort pulses with durations of the order of units and
fractions of a nanosecond [10, 11].

By definition, L.Yu. Astanin [12] UWBS are signals
whose spectral width commensurate with the center
frequency.

When using broadband transmission, a deliberate
conversion of relatively narrow-band information
signals with an efficiently transmitted spectrum width
Af into a broadband signal with an efficiently
transmitted spectrum width AF while maintaining the
total signal energy E is carried out. In this case, the
spectral density of the energy of the channel signal is
deliberately reduced in AF /At times, which will be
AE |/ AF, and the base of the channel signal will increase
by a factor of AF'/ Af.

The basis of the ultrashort pulse UWBS is the
product of the signal duration and the width of its
spectrum:

B=At - AF~1, )

where Ar — impulse duration, AF — pulse power
spectrum width.

Thus, direct spreading of the frequency spectrum is
the simplest and most convenient method for expanding
the base of a signal. Moreover, the higher the frequency
used, the higher the potential data transfer rate. Thus,
UWBS - technology is to transmit low-power coded
pulses in a very wide frequency band without a carrier
frequency. In this case, it is not a harmonic oscillation
that is emitted, but an ultrashort pulse, the duration of
which lies within 0.2-2.0 nS, and the period of the pulse
sequence is 10—100 nS. Typically, such signals have the
form of idealized Gaussian monocycles, the main part
of the emission spectrum of which is in the frequency
range from 1 to 10 GHz [9]. So use as a coding pulse
monocycle Gauss duration of 2.0 nS. up to 0.1 nS, the
power spectrum bandwidth will be respectively from
500 MHz to 10 GHz. And the spectrum of the signal
will occupy the entire frequency band from 0 to
AF =1/At. For the practical implementation of
UWRBS, powerful impulse keys with a switching front
duration of the order of 10-100 pS are needed
megahertz repetition rate and high stability of the order
of 10 pS. As high-speed switches, drift diodes should be
used with a sharp recovery of the locking properties [13,
14]. The family of electric impulse generators created
on this basis makes it possible to practically implement
UWBS technology. In the UAV control channel,
information is encoded by means of temporal position-
pulse modulation [6]. So the pulse offset relative to the
reference position in the sequence forwards sets the zero
bit, and backward - sets one. The offset time does not
exceed a quarter of the pulse duration, and one
information bit is encoded by a sequence of many
pulses per bit. To separate information communication
channels, the position of each pulse is shifted by a time
proportional to the current value of a certain pseudo-
random sequence. Moreover, the shift time is one to two
orders of magnitude higher than the shift during time
modulation. Each channel is assigned its own spreading
code combination, the elements of which constitute the
orthogonal basis and specify the channel code. In
addition the decoding of the information message is
carried out only if the receiver and transmitter use the
same channel code, which increases the noise immunity
of signals in the wireless control and communication
system of the UAV. The separation of the useful signal
in the background noise is carried out by the correlation
of the received and reference signals. The correlator
performs a convolution of the received signal from the
reference one. It is an ideal detector for determining the
time shifts of received pulses relative to the reference.
So when receiving a unit, the correlation function is +1,
and when receiving 0, it takes the value - 1. In all other
cases, the correlation function is 0. And since the
information bit is represented, for example, by 200
ultrashort pulses, then if the code coincides, they
accumulate in the integrator receiver and the bit will be
detected correctly, even if 99 pulses out of 200 will be
spoiled. The useful signal stands out from the noise
level, significantly exceeding its signal-to-noise ratio. In
this case, the coding of the information bit by a series of
ultrashort pulses eliminates the problem of multipath
propagation of the signal, since the signal arriving with
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a shift in time due to different paths will be rejected as
interfering. At the same time, the use of a series of
ultrashort pulses to encode the information bit makes it
possible to eliminate intersymbol interference. This is
due to the fact that before the passage of the next
ultrashort pulse from the coding series, the energy of the
previous pulse has time to completely dissipate.

In wireless UAV control channels, the key issue is
the reception and transmission of UWBS. Due to the
fact that coded impulse signals are to be transmitted in a
very wide frequency band without a carrier frequency,

transmitting antennas are specific. The technical
characteristics of the most acceptable is the antenna
element [15], which is an antenna with an expanding
slot (Tapered Slot Antenna - TSA).

The shape of the open slit determines the
frequency band, and the energy pattern of the antenna is
characterized by a narrow main beam and almost no
side lobes. The antenna has a complex surface shape,
therefore, to study the characteristics of such an
antenna, a software package for three-dimensional
electrodynamic modeling HFSS was used. A model was

—

the requirements for broadband receiving and created in this package (Fig. 1) [16].
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Fig. 1. TSA — antenna model

The simulation results (Fig. 2) showed sufficient
antenna bandwidth, which showed the feasibility of
using it in ultra-wideband technologies.

However, the preliminary formation of an UWBS
(Gaussian monocycle) that is sent to the antenna system
causes coordination difficulties in a wide frequency
range. This is observable in the form of the reflections
of individual components of UWBS, which distort the
shape of the Gaussian monocycle.

To eliminate these drawbacks, a model (Fig. 3) of a
TSA binary antenna [17, 18] has been proposed. In the
proposed technical solution, the informative mono-pulse
signal is divided in half. One part of the signal is
successively inverted and delayed by a time equal to a
half of the duration of the single pulse. Then, using both
monopoles signals, excite respectively two adjacent TSA
antennas placed on a single dielectric base. The

electromagnetic fields of two unipolar pulses - the main
and inverted - interfere in the equivalent common space
of the aperture of the antennas, creating the
electromagnetic field of the bipolar pulse, which is an
ultra-wideband pulse signal. This eliminates the time
interval between the two parts of the radiated field, which
is typical of a single-pulse TSA antenna. It should also be
noted that the ultra-wideband pulsed antenna is capable
of emitting both an ultrashort unipolar mono-pulse and a
bipolar-pulsed information signal.

Moreover, the proposed technical solution allows to
significantly increasing the range of propagation of pulsed
electromagnetic signals. Thus, compared with the radiation
level of a unipolar pulsed signal, the propagation distance
of a bipolar pulse generated in the aperture of the antenna
increases by 9.5 times, and compared to a monochromatic
signal - by 2.37 times [15].
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Conclusions

The use of UWBS technology in the control and
communication channels of the UAV allows obtaining a
number of advantages that cannot be achieved by
traditional methods. In particular, this relates to
improving the quality indicators of the UAV control
channels. The expansion of the communication channel
bandwidth and the transition to channels with an ultra-
wide bandwidth allows for an almost unlimited increase
in the number of communication channels. By
distributing modulation codes between UAVs in
advance, their control is implemented without
interception of control and mutual interference.

The most important criterion characterizing the
effectiveness of wireless communication systems is the
high potential specific data transfer density. It is defined
as the value of the achievable total data transfer rate per
square meter of the working area and has today the
value of this indicator - about 1 Mbit / s.

The use of short pulses prevents intersymbolic
distortions since the energy of the received pulse
practically always has time to almost completely fade
before the next pulse arrives. It also reduces the level of
distortion of information signals caused by its multipath
propagation.

A characteristic feature inherent in control and
communication systems based on UWBS is the low
probability of detecting both the fact of the temporary
establishment of a communication channel and the
impossibility of intercepting a unmanned aerial vehicles
control channel.

Simultaneous noise-free operation in the same
frequency range of both traditional narrow-band
communication systems and UWBS systems is due to
the fact that the level of the control signal does not
exceed the noise level in the working frequency
range.

At the same time, a reduction in the power and
radiation level of electromagnetic fields makes it
possible to ensure that the requirements of
electromagnetic compatibility are met at all stages of the
development and implementation of UAV control and
communication systems.
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HaammpokocmMyroBi TeXHOJIOrIT B cHcTeMaX ypaBJIiHHA MOOITEHAMH 00’ €KTaMH
O. A. Cepkos, I1. €. IlycrosoiiTos, 1. B. fIkoBenko, b. O. JIazypenko, I'. I. Uypromos, B. B. Tokapes, Banr Hannan

Anoranis. IlpeamMeToM BHUBUCHHS € IPOLECH 3a0€3MEUCHHS 3aBaJOCTIHKOCTI 6E3MPOBOIOBUX KaHAIIB yIPABIIiHHA Ta
3B’513Ky MOOiIbHUX 00’ €kTiB. MeTa — IiIBUIIEHHS NPOITYCKHOI 31aTHOCTI Ta 3aBaJIOCTIMKOCTI CHCTEM YIPaBIIiHHS Ta 3B’S3KY B
YMOBax fii IPUPOAHMX Ta IITYYHUX 3aBaJl. B OCHOBY KOHLENIil IOK/IaeHO TEXHOJOTI0 HAIIHPOKOCMYTOBOTO 3B’ 3Ky, CYTh
SIKOI TOJIATAE B Iepeadi MaJONOTY)KHUX KOJOBAaHMX IMITYJIbCIB B JIy)Ke IIMPOKiH cMy3i 4acToT Oe3 Hecydoi yactoT. 3agaqa —
3a0e3reueHHsl yCTaJIeHol Ta 6e3neyHoi podoTH MOOLTEHUX 00’ €KTiB. BHKOpHCTaHI MeTOIN: METOIM aHAIITHYHOTO, IMITAI[iHHOTO
MOJICIIIOBAaHHS Ta YacOBOTO IMO3HLIIHO-IMITyNbCHOro KoxyBaHHA. OTpuMaHi HacTynHi pe3yJbTaTH. Po3pobiiena koHmemnmis
3abe3neueHHs Oe3neky B 0e3MPOBOJOBHX KaHAJIaX YIPABIIHHS Ta 3B’s3Ky MOOUTEHHX 00 €kTiB. [lokazaHo, 110 JUIsS OTpUMaHHs
BUCOKOI 3aBaJIOCTIMKOCTI KaHAB YNpaBiHHS 1 3B’S3Ky Ta 3axucry iHdopmaiii BiJ| NEPEeXOIUICHHs CIijJi 3aCTOCOBYBAaTH
TEXHOJIOT110 OE3IPOBOIOBOTr0 HAAIIMPOKOCMYTOBOT'0 3B 5I3KY, sIKa J03BOJISIE 3a0€3M1EUNTH BEIHKI 00CSITH Ta IIBHIKOCTI epenadi
iHpopmanii. OOrpyHTOBaHO MOMIIMBICTH CyMicHOI 0e33aBajioBoi poOOTH B OIHOMY YacTOTHOMY Jiiana3oHi SIK TpaguLiitHuX
BY3bKOCMYTOBUX CHCTEM 3B’S3KY, TaK i CUCTEM, SIKi BUKOPHCTOBYIOTb HaJl IIMPOKOCMYIOBI CHUI'HAJIU. 3alpOIIOHOBAHO TEXHIYHE
pILIEHHS 10ZI0 KOHCTPYKILIi HaAIIMPOKOCMYTOBOI NpUiiMalbHO-TIEpe/laBaJIbHOI aHTEHHOI cucTeMu. BucHoBkH. Buxopucranus
KaHaJIiB i3 H/IIIMPOKOIO CMYT'OI0 YacTOT JA€ MOXJIUBICTb IIPAKTHYHO HEOOMEKEHOT 0 301JIbILIEHHS KiJIbKOCTI KaHaJliB yIPaBIiHHS
Ta 3B 513Ky MOOUIBHUX 00’€exTiB. [Tonepenniii po3noain Mi’k KaHaJlaMH OPTOrOHAJIBHHUX KOAIB peaiidye MpOLEC YHPaBIiHHA Ta
3B’s13Ky Oe3 nepexoruieHHs iHpopmarii Ta B3aeMHuX 3aBajl. [IpyaoMy, BUKOPUCTaHHS METOJLY YaCOBOr'0 03U HHO-IMITYIbCHOTO
KOZyBaHHS 3ano0ira€ BUHMKHEHHIO MIKCUMBOJIBHUX CHOTBOPEHb KOIYIOUMX HAJKOPOTKMX iMmyinbciB. Ilpu 1boMy Takox
3HIDKYETBCS PIBEHb CIIOTBOPEHb iH(OpPMAliHHUX CUIHAJIB, SKi BUKIMKaHI HOro 0araTONPOMEHEBMM PO3IOBCIOJUKEHHSM, IO
rapaHTye Oe3IeKy ynpaBiIiHHSI MOOUIBHUMHU 00’ €KTaMu.

Kaw4yoBi cioBa: cucrema yrpasimiHHS; MOOUTEHHN 00’ €KT; 3aBaJIOCTIHKICTB; MPOITYCKHA 31aTHICTb.

CBepXIIMPOKONOIOCHbIE TEXHOJOTHH B CHCTEMAaX YNPaBJeHHs! MOOHILHBIMHU 00beKTAMHU
A. A. Cepxos, I1. E. Ilycrosoiitos, 1. B. SIkosenko, b. A. Jlaszypenko, I'. M. Uypromos, B. B. Tokapes, Banr Hannan

AnuHoTanus. IIpegMerom u3ydeHus SBISIOTCA NPOLIECCHl 00ECIIEUSHHUsI TOMEX0YCTOMYMBOCTH OECIIPOBOAHBIX KaHaIaX
YIIpaBICHUS U CBSI3H MOOMJIBHBIX 00bekToB. Ileab — MOBbINIEHHE MPOIYCKHON CIIOCOOHOCTH M IIOMEXOYCTOHUMBOCTH CHUCTEM
YIIPaBICHUS M CBA3U IPHU JCHCTBUM €CTECTBEHHBIX M NPEIHAMEPEHHBIX IIOMEX. B OCHOBY KOHIENIMH II00XKEHA TeXHOJIOTHs
CBEPXIIMPOKOIOJIOCHOH CBA3M, KOTOpas 3aK/I0YaeTCs B Nepeaye MaJIOMOLIHBIX KOJUPOBAaHHBIX UMILY/JIbCOB B OYEHb HIMPOKOM
IoJI0Ce 4acToT Oe3 Hecymied 4acToThl. 3agada - oOecredeHHe yCTOHYMBOW M 0e30macHOil paboThl MOOWIBHBIX OOBEKTOB.
Hcnonb3yeMble METOAbI: METO/IbI AaHATUTHYECKOr 0, IMUTalIMOHHOTO MOZIEJIMPOBAHUS U BPEMEHHOI'0 ITO3ULIUOHHO-UMITYJIbCHOIO
koxupoBanus. [lomydensl ciemyronye pe3yiabTaTbl. Paspaborana koHueniums obecreueHus 0e30macHOCTH B OECIIPOBOIHBIX
KaHaJIaX yNPaBJIECHUS U CBA3M MOOWIBbHBIX 00beKTOB. [I0Ka3aHO, YTO IS MOIYyYEHHS BBICOKOH ITOMEXOYCTOHYMBOCTH KaHAJIOB
YIOpaBlIeHHS UM CBSA3M W 3alMThl MHQOpPManMM OT IIepexBaTa CleLyeT IPUMEHSTh TEXHOIOIHI0 OecpoBOIHON
CBEPXIIMPOKOIOJIOCHOH CBSA3HM, KOTOpas MO3BOJSIET OOecreuuTbh Oonpllye OObeMbl M CKOPOCTH Iepeiadn HHGPOpMAIMH.
OO0OCHOBaHa BO3MOJKHOCTb COBMECTHOH O€3110MeXOBOH paboThl B OFHOM YAacCTOTHOM JMANa3oHe KaK TPaJUIMOHHBIX
Y3KOIIOJIIOCHBIX CHCTEM CBSI3U, TaK U CHCTEM, HCIOJIB3YIOIIMX CBEPXIIMPOKOIOIOCHBIE CHI'HAIBL IIpennoxkeHo TexHHuecKoe
pelIeHne 10 KOHCTPYKLUM CBEPXIIMPOKONOJIOCHON IpHUEeMO-NIepeatolield aHTeHHOH cucTembl. BbiBoabl. lcnonb3oBanue
KaHaJIOB CO CBEPXILUHMPOKOH I1OJIOCOIH YacTOT JAaeT BO3MOMKHOCTH NPAKTHYECKM HEOIPAHMYCHHOrO YBEIMYEHUs YMCIIa KaHAJIOB
YIpaBlIeHUS U CBsI3M MOOMIBHBIX 00bekToB. I[IpenBapurenbHOE pacipeliesieHHe MeXIy KaHalaMH OpPTOTOHAJIBHBIX KOZIOB
peanusyeT IpoLecc yNpaBleHHS M CBA3M Oe3 nepexBara MH(GOpPMAaLMM M B3aUMHBIX HoMex. [IpuueMm, IpuMeHeHHe MeTona
BPEMEHHOTO0  IHO3MIMOHHO-UMITYJIbCHOIO  KOIMPOBAHHUA HPEJOTBPAIACT MEXKCHMBOJBHBIE HCKaKCHHS  KOAMPYIOIIUX
CBEPXKOPOTKUX MMITY/IbCOB. [Ipu 3TOM TaKke CHMWXKAeTCs YPOBEHb MCKa)XKCHHH MH(OPMAIIMOHHBIX CHI'HAJIOB, BBI3BAHHBIX €r0O
MHOT'OJIy4E€BBIM PACIIPOCTPaHEHUEM, YTO FAPAHTHPYET OE30MAaCHOCTb YIPABICHUSI MOOHIBHBIMU O0BEKTAMH.

Kamo4ueBble cioBa: cucremMa YHpaBJICHUS; MOOMJIBHBIH 06'LeKT; HOMeXOyCTOﬁ‘-IHBOCTB; TIPOITYCKHas CITOCOOHOCTb.
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METOJIMKA BUBOPY PAIIIOHAJIbHNX 3HAYEHDL IAPAMETPIB
PAJIIOCTAHIII 3 TICEBJOBUIIAJKOBOIO NEPECTPOIKOIO
POBOYOI YACTOTH HA OCHOBI TAWUMEPHMX CUTHAJIBHHUX
KOHCTPYKIIA B YMOBAX BILJINBY HABMUCHUX 3ABAJ]

AHoTamisi. OmHIEIO 3 BAXKIMBUX XapaKTEPUCTUK CHCTEM 1 3ac00iB pajio3B’si3Ky, sIKi (YHKIIOHYIOTh B YMOBax pajioe-
JIEKTPOHHOT'O TTOJIABJICHHSI, € X CKPUTHICTB, III0 € 3[JaTHICTIO CHCTEM i 3ac00iB pa/io3B’sI3Ky MPOTHCTOSTH il 3acobiB pa-
JOTeXHIYHOI po3Bigkyu. OIHUM 3 HANPSMKIB MiABUIIEHHS 3aBa03aXHIIEHOCTI Ta CKPUTHOCTI 3ac00iB Paio3B’s3Ky € BH-
KOPUCTAHHS TEXHOJIOTI{ I1CeBIOBUIAIKOBOI HepecTpoiiku pobouoi yacrory. [IpoBeeHuil aBTOPOM CTAaTTi aHali3 BiJOMHUX
HayKOBHX JUKEpeJl NI0Ka3aB, 1110 BOHU OPi€HTOBAHI Ha MO3MLIHHI CUTHAIBHO-KOJOBI KOHCTPYKLIT Ta B HUX HE BUKOPHCTO-
BYIOThCS TaliMEpHi CUI'HaJIbHO-KO/IOBI KOHCTPYKIII. ABTOPOM CTATTi IPOBEICHO PO3POOKY METOAMKH BHOOPY pallioHaib-
HHX 3Ha4YeHb [1apaMeTpiB PajliOCTaHIII} 3 IICEBIOBUIIAIKOBOIO NEPECTPOHKOI PoOOUO]l 4aCTOTH HA OCHOBI TalMEpHHX CHT-
HaJIbHUX KOHCTPYKLil B yMOBaxX BIUIMBY HABMUCHHX 3aBaJl. B Xoai nocii/ukeHHs aBTOpoM OyiM BUKOPUCTaHI OCHOBHI ITO-
JIO)KEHHS Teopii 3B’ 513Ky, Teopii palioeneKTpOHHOI O0pOTHOM, TEOpil CUTHAJIB Ta 3araJbHOHAYKOBI METOJM aHAaJi3y Ta CHH-
Te3y. 3a3HaueHa METOIMKA BiJPI3HAECTHCA BiJl ICHYIOUMX TUM, L0 B METOIMIIl peani3oBaHO BUOIp MapaMeTpiB 4acTOTHO-
4acoBOi MaTpHUIli TAHMEPHHUX CHI'HAJIBbHUX KOHCTPYKIIN B 3aJISKHOCTI BiJl CHTHAJIbHO-3aBaI0BOI OOCTAHOBKH, 110 peaizye
HE TUIBKY 3MiHY IIBUAKOCTI NEPECTPONKH pOOOYUX YACTOT, ajie i 3MiHy II0YaTKOBOI'O 3alIOBHEHH: MOJIIHOMA B 3aJI€XKHOCTI
BiJl TUITy Ta IHTEHCHBHOCTI 3aBajl; BUKOPHCTaHI 3aBaJIOCTIHKI Ta CHEKTPaIbHO-e()EKTUBHI CUTHAIBHO-KOIOBI KOHCTPYKILIi,
10 ITi/IBUIIYE 3aBa/I03aXMIIEHICTh Ta MIBUAKICTB Iepesadi 3aco0iB paIio3B’si3Ky HpH il HaBMHUCHUX 3aBaj. EdexrnBHICTh
BUKOPHUCTaHHsI aIrOPUTMY BUOOpPY IapaMeTpiB 4aCTOTHO-4acOBOI MAaTPULI MOXIIMBO OL[IHUTH IO BUTpallly y IMOBIpHOCTI
MIOMUJIKOBOT'O TIPUIIMaHHs CUTHAIIB, 110 3a0€3M1eUy€eThCs IPU NIEPECTPOHLI pexKUMy BiJl mouaTkoBoro. OTxe CyMapHUA BU-
rpaul BiJj BUKOPUCTAHHS PO3pOOJICHOT METOAUKHM cKiazae 10 15-20% y nopiBHAHHI 3 BUKOPUCTAHHIM YacTOTHOI MOIYJISLIT
1 LIMKIIIYHMX KOJiB NP OHAKOBii NPOITYCKHIl 31aTHOCTI NPH BIUIMBI Pi3HUX BHUIB HABMHCHUX 3aBaJl Ta 3 BUKOPUCTAHHAM
anroputMy (opmyBaHHs dacToTHO-4acoBoi matpuli 20-25%. BpaxoByroun 3a3HaueHe, HANPSIMKOM MOJAIBIIUX JIOCIi-
JUKeHb CJiJ] BBaXAaTH PO3POOKY HAYKOBO-METOAMYHOIO anapary IHiJBHUILEHHS CTPYKTYPHOI CKPUTHOCTI 3aco0iB pa-
J1103B’ 513Ky Ha OCHOBI BUKOPHCTAHHS TAHMEPHUX CUTHATBHUX KOHCTPYKIIH.

KawouoBi ciaoBa: cucrema pamio3s’s3Ky; pafiopecypc; 3aBalo3axUILIEHICTh; PalioeIeKTPOHHE ITOIaBIICHHS; paioere-

KTPOHHA PO3BiJIKa; CKPUTHICTb.

Beryn

Ha ¢isnuHOMYy piBHI OCHOBHMMH €TanamH Ieper-
BOpEHHS CUTHAJIY B POrpaMOBaHii pajiocTaHIii € po-
3IIMPEHHS CHEKTPY Ta MOIYJISALIs (IEMOIYISALIS) CHT-
Haly.

B sxocti MeTomy po3LIMpeHHsS CHEKTpy mependa-
YaeThCsl BHKOPHCTOBYBATH METOJ| IICEBIOBUIIAIKOBOI
nepectpoiikn podouoi wacroru (IIITPY) (FHSS -
requency-hopping spread spectrum). Pexxum FHSS ne-
OJTHOPA30BO TPOSIBUB ceOe sIK e(eKTUBHHHA B yMOBax
BIUIMBY HAaBMHCHUX 3aBaj], OyAy4d peaji3oBaHUM Y
MepeBaXKHIA OLTBIIOCTI Cy4acHHUX 3aco0iB 3B’S3KY Biid-
CHKOBOT'O TIPU3HAYEHHSL.

B sixocTi mudpoBuX MeTOmiB MOIYJISIMIi CUTHATY
MIPOITOHYETHCS 3aCTOCYBAHHS CIEKTPaIbHO-e(DEKTUBHUX
M nozuniiiHo ¢azomanimynboBanux (PM-M), M no3u-
LMiHHUX CUTHAJIB 3 KBAJAPATYPHOI aMILTITYyTHOI MaHi-
nymsiero (KAM-M) Ta ammnityaqao-$ha30Boi MOTYJTsIi
ADOM-M [1-4].

3aBlaHHS ~ 3HAXO[DKEHHS  CUTHAJIBHO-KOJIOBHX
koHcTpykuid (CKK) 3BH4aliHO BHpIIIYETHCS MUITXOM
aHaJli3y EHEPreTUYHHX 1 YaCTOTHHX XapaKTePUCTHUK
3ac00iB pamio3s’si3ky (3P3) mis KOHKPETHHX YMOB BH-
KOPUCTAHHS IIMX CUTHAJILHO-KOJOBUX KOHCTPYKIIiH [2].

VY Bigomux pobotax [1, 4] B yMOBax BIUIMBY Ha-
BMHCHHX 3aBaJl CUTHAJIBHO-KOJOBI KOHCTPYKIIi BHOU-
payucs IUIIXOM MakcuMizallii eHepreTHYHol e(eKTHB-
HOCTI NIpu OOMEXEeHHSX 3HaueHHs KoedilieHTa 3aBao-
3aXHIIEHOCTI JJISl CEepelHIX 3HAYeHb BIJHOIICHHS CHI-
Hall-3aBajJia y IUCKPETHOMY CHUMETPUYHOMY KaHali Ta
MIPY BUKOPHUCTAaHHI aHAJITHYHUX 3aJISKHOCTEH I PO3-
paxyHKy HpOITYCKHOI CIIPOMOYKHOCTI JTUCKPETHOTO CH-
METPUYHOTO KaHaly, ePEeKTUBHUX TUIBKU VIS CEPEaHIX
BIIHOIIICHh CHUTHAJI-3aBajia, IO BIiAMOBIAAIOTH HMOBIp-
HoCTi GiToBOI moMmikH P; < 10°. V 1ux poGorax He
BpaxoBYEThCS Te, 10 3acobu pamio3s’s3ky i3 FHSS B
YMOBax BIUITMBY HaBMHUCHHX 3aBaJl MOXXYTh IPAIlOBATH
IIPY HU3bKUX BiJIHOLIEHHSX CUTHAJI-3aBaja.

[IpoBenenmii aHai3 BiIOMUX HAYKOBHUX TOCSTHEHb
BUSIBUB T€, 1[0 B ICHYIOUMX METOJIMKax BUOOpY mapame-
TpiB 3aco0iB pajio3B’s3Ky HE peaii3oBaHa agalTHBHA
3MiHa IIBUAKOCTI Ta 3aKOHY MEPECTPOKH poOouoi vac-
TOTH Y TOEJHAHHI 3 aJANITUBHOIO 3MIHOIO CHTHAJIBHO-
KOZ10BOI KOHCTpyKii [1-5].

Memoro 3a3Ha4eHOI CTATTi € PO3pOoOKa METOAMKU
BHOOpY palliOHAJIbHUX 3HAYEHb MapaMeTpiB pajaiocTaH-
Iifl 3 MICEBIOBUIIAJKOBOIO MEPECTPOIKOI0 PoOOUOi vac-
TOTH Ha OCHOBI TaliMEPHHUX CHTHAJbHUX KOHCTPYKIIH B
YMOBaXx BIUTMBY HABMHCHHUX 3aBajl.
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BuKkJ1aJ 0CHOBHOTO MaTepiajy

Peauizanist Mmeroauku BHOOpY mapaMeTpiB 3aco0iB
panio3B’s3Ky 3 IICEBJIOBHIIAIKOBOIO TIEPECTPOHKOIO poO-
0040i YacTOTH B 3aJEKHOCTI Bijl CUTHAJILHO-3aBaI0BOI
00CTaHOBKH JTO3BOJIUTH PO3LIMPUTH MOXKIIUBOCTI POOO-
TH 3ac00IB paio3B’sI3Ky Ta MiJIBUIIMTH MIBUAKICTH IIe-
penadi.

Ilocmanoska 3a0aui.

3aoano: mapameTpu panio3acod0iB Ta KaHAIY
38’s3ky W = {y;}, i=Lm, ne y...\y,, — MOTYXKHICTbH
KOPHCHOI'O CHTHajly, TPHBAJICTh IMIYJbCYy CHIHAIY,
CMyra IpOIYCKaHHS KaHAIy 3B’SI3Ky, BUI HaBMHUCHOI
3aBajiM, BiHOIICHHS CUTHAaJ/3aBajia, MIBUAKICTH CTPHO-
KiB, poOo4a yacToTa, BUIM MOJIYNALIi, MiHIMAJIILHO He-
0o0XimHA MIBUAKICTH Tepenadi iHdopmarii (HeoOXigHa
MPOITyCKHA CIHPOMOXKHICTH), HAa0Iip KOPHTYBAIBHHX KO-
QB 3 BIANOBITHUMHU MapaMeTpaMH: IIBHIKICTh KOIY-
BaHHS, TpaHUYHE 3HAYCHHsI BiJJHOLICHHS CUTHAJ/IIYyM B
KaHaJli, U SKOMY KOPHUT'YBaJIbHUH KOJ| TOYHHAE JaBa-
TH BHUTpAIll TIOPIBHIHO 3 MOAYJISALI€0 O€3 KOAYBaHHSI.

Heo0xiono: BU3HAUNTH 3HAUCHHS MApaMeTPiB CHI-
Haiy (Buz 1 mapamerpu TSC (timer signal constructions —
TaliMepHI CHTHaJbHI KOHCTPYKIIii), KUIBKICTh Ta IIBU-
KICTh CTPHOKIB, MOTYXHICTh IlepefaBaya), pH SKUX Mi-
HiMi3yeTbcsl HMOBIpHICTh 0iTOBOI MOMUIIKH P, mpH
BHUKOHaHHI OOMEXEHb Ha IIBUAKICTH Nepeiadi B KaHa-

M V; 2V, 500 -

Obmedncenns ma donywenHs: BUI MOIYIALIT — ¢a-
30Ba Moayisiuis (PM-M) ta kBaaparTypHa aMILTITyqHA
monysaist (KAM-M), ne M — obcar aHcamOJII0 CUTHA-
JIiB; PO3MIPHICTh aHCaMOJIO curHaiie 2 < M <16; BUI
3aBaJIOCTIKOro Koay — TypOOKOX 3i IIBHIKICTIO
0,2< R<0,75; AMOBIpHICTh TOMMIKOBOTO TPUIAMaHHS
Ps < 107, BUIH HABMHCHUX 3aBa; IIIyMOBAa 3aropoIXKy-
BaJbHA 3aBaJia, IIyMOBa 3aBaJia B YaCTHHI cMyry, Oara-
TOTOHAJIbHA 3aBajia, peTPaHCIbOBaHa 3aBana. J{is mpoc-
TOTH TPOBEIEHHsS pPO3paxyHKiB HaBMHUCHHUX 3aBaj Oy-
JIEeMO BBKATH iX SIK OOMEXKEHHH MO CMY3i aJAUTHBHUIM
OiMid TayCIBCHKHU IIyM 31 CIIEKTPAIBHOIO IIIIBHICTIO
noTyHocTi G, Ta pi3HMM Koe(illieHTOM ¥ , IO Xapa-

KTEpU3y€e YaCTHHY CMYTH, SIKY 3aiiMac 3aBasja.

3amaua BU3HAUEHHS MMapaMeTpiB CHTHAILY 3 MiHi-
MaJIHOIO WMOBIPHICTIO 0iTOBOI MOMMJIKH B CHUCTEMIi 3
FHSS 3BoauThCs 10 THIOBOI onTuUMi3amiiHoi [1-5]:

P, = F,(v;,M,n,R,d,Q0%,P,,K,,K,)—> min;
v =F2(ManaRadaQ32aKna)2v'

1 om -

()

TakuM yuHOM, BHOIp ONTHMANBHHUX IapaMeTpiB
paniozaco6i 3 FHSS 3BonuThest 10 aganTuBHOTO pery-
JIIOBaHHS IOTY)KHOCTI CUTHAJy, BHOOPY peXHUMY poOo-
1 FHSS Ta 3minn napamerpis CKK B 3anexxHocTi Bif
3aBaJI0BOI 0OCTaHOBKH.

3 [2] cmigye, 110, SKIIO MHOXKHHA JTOMYCTAMHX
PO3B’SI3KIB CKJIAIAEThCA 31 CKIHYCHOTO YHUCIIa TOYOK, 1110
3aJ1af0ThCsl OOMEKEHHSAMHU CUCTEMH piBHSHB (1), TO on-
TUMIi3alliiiHa 3a/1aua MO)ke OyTH BUpIIICHA TPSAMHUM IIe-
pebopoM Bcix 3HaUEHb IIIbOBOT (DYHKIII.

Meroauka BUOOpY pallioHaJbHUX 3HAYEHb Iapa-
MeTpiB panio3acodiB 3 FHSS mpoimtoctpoBana Ha puc. 1

y BUINISAIL anroputMy mis ii peamizanii. OCHOBHI eranu
METOJIKH € TAKUMH.

[TOYATOK

1
1. BreaeHms mo-

YJaTKOBHUX JaH
/ ¥ =y}
|

Ormigka

cTaHy
KaHaIy

-2

|
Z1

3
dopMyBaHHS
JaCTOTHG JacOBO

MaTpHITL

—4
Bubip mapamerpin
TSK A, 7,

Cunres
TSC-DSS-FHSS

I

Busnauenns
IMBHIKOCTI
CTPUOKIB

OrniHka

cTaHy
KaHaIy

- 9
Buznauenns

KOPHUTYIOUOTO
KOy

Busnauenns
MaHIIY IAHHOTO
KOy

10

Ilepenaua maxery

KIHEI b

Puc. 1. Anroput™ peanisarii METOIUKH
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Mis 1. Beedennss nowamkoeux oanux. BBOASATBCS
napamMeTpu IepeAaBajbHOrO IPHCTPOIO 1 KaHaly
3B’s3ky ¥ = {y;}, i =1,m, a TakoX 3aJ]aHOI MBHUIKOCTI
nepenadi indopmarii v; o, -

Mis 2. Oyinoeanus cmany xawany 36’a3xy. Jns
MIPOBEACHHS aHaJi3y SKOCTI KaHaly 3B’sI3KYy 3aCTOCO-
BYIOTh JIBl TPYIIM METOJIB aHai3y 4acoBHX psfiB. J{o
MepIIoi TPYNU BiAHOCATHCS METOAU CYMICHOI 0OpOOKH
BUMIpIOBaHb — HAWMEHIIMX KBaJpaTiB, MaKCUMallbHOL
MIPaBIOMONIOHOCTI, HAHMEHIIIMX MOAYJIB, HEmapaMmer-
puuHI MeToau Toulo [5, 6], AKi IS OTPUMaHHS Pe3yIib-
TaTy (OLIHKHA) BUMArarOTh HAKOITMUEHHS JEAKOi BHOIp-
K1 00’€eMOM 71 - BUMIpIOBaHb (SIK IIpaBuiio, n >>1) i no-
CHUTB MOUIMPEH] Ha NpakTuii. JIpyry rpyny yTBOpIOIOThH
METOJIH, 110 BUKOPUCTOBYIOTH MOCITIIOBHY (TI0 Mipi HaJ-
XOJKEHHsI BUMIpPIOBaHb) OOpOOKY MaHuX. iX TeopeTud-
HOI0 023010 € ONTHMAaJIbHA JIiHIMHA 1 HeJTiHiHHa QUIbTpa-
ist [5, 6]. BaknuBo BiJ3HAYMTH, 110 METOIH, 3aCHOBaHI
Ha ONTHMaJIbHIN (LTBTpalii BUMipIOBaHb, MOXYTb 3aCTO-
COBYBATHCSI TIpH OUIBII 3arajbHUX HPHITYIICHHSIX (He-
CTAIllOHAPHUI XapaKTep MPOIIECiB, IO aHATI3YIOThCH,
BUIIAJIKOBICTh Pi3HUX (akTopiB Tomo). Lls obcraBuna
pa3oM 3 iCTOTHHUMH IiepeBaraMu OOYMCIIOBAILHOTO II0-
PAIKY, IO TPOSIBISIOTHCS IPU PIillIeHHI 337a4 OLIHIO-
BaHHS 10 Mipi TIPOBEJCHHS BUMIPIOBaHb (OCOOJIHMBO IS
BEJIMKMX MACHBIB JIAHUX), POOUTDH JTOLILHUM 1 aKTyaJlb-
HUM BHUKOPUCTaHHS METOJIB ONTUMANBHOI (inbTparii
JUISL CHHTE3Y JITOPUTMIB TMHAMIYHOT'O KOHTPOJTIO SIKOCTI
po0OO0UMX i pe3epBHUX KaHAIIB 3B SI3KY.

Mis 3. Dopmyeanus wacmomno-yacosoi mampuyi
ma GU3HAYEHHS WEUOKOCI cmpubKie — HA JTAHOMY €Ta-
i BU3HAYAETHCS 3aKOH Ta IIBUJIKICTH IIEPECTPOHKH PO-
0040i YaCTOTH B 3AJIEKHOCTI BiJl CTaHy KaHaly, NpH
IILOMY CTOBOECIh MATPUIIl € YaCOBOIO TO3HIIIEIO, & PSIIOK
BiJINIOBi1a€ YMOBHOMY HOMepy yactotu [3]. Jlist mopis-
usauHs pizaux 3P3 3 FHSS B skocTi oaHi€el 3 03HAK BU-
KOpPHCTOBYETHCS IIBHUIKICTh CTPUOKIB YacTOTH 3a OJIU-
Hutro 4acy. ITo miii o3Har po3pi3HsatoTs 3P3 3 MoBiib-
HOIO, CEPEHBOI0 Ta BUCOKOIO IIBUJKICTIO TEpe0ya0BH
YaCTOTHUX elleMeHTiB. [y ajiekBaTHOro (OopMyBaHHS
YaCTOTHO-YAaCOBOI MATPHIll HEOOXiMHO 3a3HAYUTH TE,
mo Ha 3P3 3 FHSS BrumBaioTh HaBMHCHI 3aBaju Ta
pi3Hi Buay 3aBMUpaHb. OTxe, SKIIO Yac poOOTH HA Ofi-
Hiit gactoti T, < f,, TO Ha AEMOMYIbOBAaHUH CHIHAI
BIUIUB aMIUTITYJHUX Ta YaCTOTHO-CEIEKTHBHUX 3aBMH-
paHb He BinOyBaeThes. Skuio 7¢> ¢, , TO BIUTHB CKIa0-

Boi 0araTorpoMEHEBOro TOIIUPEHHS 3aJIEKUTh Bij
CMYTH YacTOT MOJYJIbOBAaHOT'O CUTHANy, & TaKOX Bij
mBUakocti cTpuokiB. [l 3P3 3 moeineHuM FHSS wac
pobotu Ha oxHii yacroti 7.>> T TpuBanocTi nepenadi
cumBomy. OCKiNbKH MPHUITYCKA€eThes, o 1> ¢, , TO BCi

CKJIaJZIOBI 0araTONpOMEHEBOrO IMOUIMPEHHS OyAyTh Ha
BXO/Ii MpHUiiMaya NpOTSITrOM OJMHUII Yacy, OKH CHIHAI
3HAXOIMTHLCS Ha OIHIH 1 Till camiil 4acTOTi, TOMY BILIHB
0araTonpoMEeHeBOr0 MOIUPEHHS Oy/e TAKUM CaMKM, SIK
1 IpY BiJICYTHOCTI YaCTOTHUX CTPHOKIB.

[epenatHa xapaKTepHUCTHKa €KBIBaJEHTHOTO HU3b-
KOYaCTHOTO KaHaJy 3MIHIOETHCSI KOXKHOT'O pa3y, KOJH
Hecy4a IepecTPOIOETHCSI Ha HOBY YacTOTY, TOMY HIO €
¢byHKIi€r0 Hecydoi JacToTu. Sk Hacmigok, mpu 1 >t,

CTPUOKHM YaCTOTH BHAAJSIIOTH BIUIMB 0araTornpoMeHEBO-
TO MOMIMPEHHS Ha IPOIEC NEMOTYJISLI.

Anroput™ (OpMYBaHHS YacTOTHO-4acoOBOI Mart-
PHII CKIIAJA€ThCS 3 HACTYNHUX eTariB [4, 5]:

1. BuzHaueHHs BUy i XapaKTepUCTHK HABMHUCHUX
3aBajl.

2. CkiamaHHsi MaTpHlli TPHU palioeleKTPOHHOTO
KOHQJTIKTY.

3. IlepeBipka 3HaueHHs Koe]ili€HTa MEPEKPUTTS
Ta Yacy 3aTPUMKH.

4. 30UbIIeHHST IIBHIKOCTI TIEPECTPOIOBAHHS pO-
0040i 4acToTH.

5. IlepeBipka koe(ilieHTY PO3LIUPEHHS CIIEKTPY.

6. [lepeBipka MIBHIKOCTI MEPECTPOOBaHHA P00O-
Y0l YaCTOTH Ha MPEAMET MAaKCHMaJIbHOTO 3HAYEHHSI.

7. 30inbIIeHHS. KOE]ILi€HTY PO3MIMPEHHS CIIEKT-
py.

8. IlepeBipka KoedillieHTY PO3LIMPEHHS CHEKTPY
Ha MpeaMeT MaKCUMAJIbHOTO 3HAYEHHSI.

9. 3MiHa MOYaTKOBOTO 3aIIOBHEHHS MOJIHOMY 4Yac-
TOTHO-4aCOBOI MaTpPHIIi.

Ha nepuioMy etami BigOyBa€eThCs OIIHIOBaHHS Ka-
Hally 3B’S13Ky Ha NPUCYTHICTh Y HbOMY HaBMHUCHHX 3a-
BaJl, BU3HAYAETHCA BUJI 3aBajul Ta ii mapamerpu. [Ipu mii
peTpaHCIbOBaHOI 3aBaJy Ha JPYroMy erami IHepeBips-
€TbCcsl Koe(illieHT nepeKkpuTTs Y. B 3anexxHoCTi Bix 3Ha-
YeHHS Y Ta f, BiAOyBa€Tbcs 3MiHa HIBHIKOCTI Iiepe-
CTpOIOBaHHSI pobouoi vacroru (eram 6, 7) abo 3MiHa
MOYaTKOBOTO 3aIIOBHEHHS TOJIHOMY YaCTOTHO-4aCOBOI
Matpui (eram 10).

it 5,6. Bubip napamempie TSC. Cunmes TSC-
FHSS.

YV FHSS BHUKOPHUCTOBYETHCA aNTOPUTM HABMHUCHO-
TO PO3LIMPEHHs CIIeKTpa iH(opMamiiHOro CUrHanty B
MeXaxX BEJIMKOro Mialla3oHy 4acToT, 1o 3abe3mnedye
HOMY CYTTEBOI'O 3MEHIIECHHS HOr0 PiBHS CHEKTPalIbHOI
mieHOCTI. [Ipy 1mpoMy poboua yacTtoTa HECY4Oro Ko-
JIMBAaHHs CHTHAY TepenaBada 3MIHIOETHCS BiZMOBITHO
JI0 JESKOrO 3aKOHY, SIKMH BiJOMHH TUIBKM NpUiMady
3aBaJl03aXMILIEHOI CUCTeMH 3B’s3Ky. B mpwuiiMaui mpu
BUIJIEHH] 1H()OPMALIITHOI'O CUT'HATY BUKOHYETHCS 3BO-
pOTHa omepanisi TO BiJHOBJICHHIO HOTrO IOYaTKOBOL
CMYTH 4acToT.

OcHoBHOIO TepeBaroro cuctemu 3B's3ky 3 FHSS €
CKJIaJIHICTh TIPOCITYXOBYBAHHSI CHT'HAJY, IO NepeIacTh-
cs1, abo MpHAyIIEHHST HOro BY3bKOCMYTIOBOIO 3aBaJIO0
Yyepe3 MOCTIHY 3MiHy YacTOTH HECY4Oro KOJHMBaHHS
migkaHany. TakuM YMHOM, YCKJIAIHIOETHCSI BHSIBIICHHS
eHeprii curHany B edipi Ta 3HWKYETbCS HMOBIPHICTH
MepEeXOIUIEHHS TTOBIIOMJIEHb 3aC00aMH paioTeXHIYHOI
posBiaku [7, 8]. [NogampuM miABHIICHHAM €(EKTHB-
HocTi cucreM 3B’s3Ky 3 FHSS € 3actocyBanns Ginbln
CKJIaJHINMX 332 ()OPMOIO CHTHAJbHUX KOHCTPYKIIN B
IHIMBIIyaJbHUX KaHajgax aOoHeHTIB. [l pirreHHs i€l
3a/a4i NporoHyeThbesi BUkoprctoByBatu TSC, cTpyKTy-
pHa IPUXOBaHICTh AKUX OyJa po3paxoBaHa y poOoTi [7]
y TOPIBHSHHI 3 TO3ULIHHUMU CHT'HAJIaMH, 1110 JIO3BOJISIE
3pOOUTH BHCHOBOK MNpO MEPCHEKTHBHICTH X 3acTocy-
BaHHS NpU MOOY/I0BI 3aBaI03aXUILIEHUX CUCTEM 3B'sI3KY.
Po3spizusitors noBinbHy Ta mBuAKy FHSS, ane B noBHO-
My 00Cs31 JlaHi METOJM HEMOXIIUBO 3aCTOCYBAaTH [0
HETO3ULIHHUX CUTHAJIBHUX KOHCTPYKITIH.
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Bigomo [7], mo Oiibln CTIHKKUM A0 3aBaj € IUPO-
KOCMYI'OBUH CUTHaN, SIKHH C(HOPMOBAHMH IUITXOM
LIBHIKOTO PO3UIMPEHHs creKTpa. [1osICHIOEThCS Lie ThM,
110 BIUIUB By3bKOCMYT'OBOI 3aBaJI Ha OJIMH 3 YaCTOTHHX
MiJKaHaTiB f; He MpHUBEAE O MOBHOTO CHOTBOPEHHS

0iTa, a J03BOJUTH BiJHOBUTH HOTO MOJAPHICTH 32 Ma-
YKOPUTAPHUM TNIPHUHITUIIOM. TpUBajicTh iHTEpBaIy Iepe-
OynoBu 7, moB'A3aHa 3 TPUBANICTIO iH(bOpMAaliitHOro

CHUMBOJy f, CIiBBiJHOIIEHHSM:

T, =2, )

nie k — KUTBKICTh YaCTOTHHUX ITiJIKaHAJIIB HAa IHTEPBAI ).

Iiei BIACTUBOCTI HE Ma€ NMIMPOKOCMYTOBHIl CHI-
HaJ 3 MOBUIBHUM PO3IIMPEHHAM CIICKTpa, MPOTe HOro
peanizanis Habarato mpoctima. IIBuakicTs mepedymo-
BH HECYYOi YaCTOTH JOPIBHIOE a00 MEHIIE IIBUIKOCTI
niepeaBaHHs 0ITOBOI MIBHIKOCTI MOBioMieHHs. Tomy,
3a MepioJ YacTOTHOrO IMifKaHay Moxe OyTH mepena-

HUil ofuH Ta Ginbire 6it. TpusamicTs 7, moB's3aHa 3 Z,

CIIiBBI{HOIICHHSM:
T,=K-t, 3)

ne K - KUTbKIiCTh OIT, SIKi IPUXOAATHCSA Ha OJWH 4acTOT-
HUH ITiKaHaI.

3a MopsIKOM BHKOPUCTaHHS POOOYMX YacTOT PO3-
PI3HSIOTH cUcTeMU 3B'sI3Ky 3 mociinoBHuM FHSS, sikio
B KOXXKHHH MOMEHT 4acy Iepe/iaBaHHsI BElEThCsl Ha Of-
Hill yacrori, i 3 nmapanensaum FHSS, sikimio nepenasaH-
HSA BEAEThCS OIHOYACHO Ha JEKIIbKOX dYactotax [7].
Jnst curnanis i3 FHSS BBoAguMThCSA MOHATTS 0as3u, IO
XapaxkTepu3ye pO3LUINPEHHs CIEeKTpa

Afnp‘l

P=ar @

c
xe Af,,, — WHMPHHA BUKOPUCTOBYBAHOIO JUIsl IEpeja-

BaHHs z[iar[a30Hy qacCToT, AFC — HIMpHUHaA CIIEKTpa Iie-

penaBabHOTO CUTHAIY.

VY cucremax 3B'S3Ky MOXYThb 3aCTOCOBYBaTHCH
CKJIaJHI CUTHaiuH, 1o BHKopucToBytoTh DM TIBII i
FHSS. V upomy Bumaaky 0aza curaajiy Oyae BU3HAYa-
THCS BUpasoM B=M xL, ne M — 06aza ®M IIBII;
L — 6a3a curnany FHSS.

Po3risiHeMo 0cOOMMBOCTI TOOYIOBU CHUTHAJBHUX
koHCTpyKLii Ha ocHOBi FHSS i TSC. B poborti [8] mo-
BEJICHA JTOLIIBHICTh po3mupenHs crektpa TSC 3a pa-
XyHoK BukopuctanHsa mBuakoi FHSS. Ha puc. 2 nase-
JIeHI 9acoBi JiarpaMu, Io MOSICHIOIOTH aJITOPUTM Iepe-

TSC  (vexc(t) 3
( TIIPY —TCK (t)) SIkmo TpuBaNicTh IMIYJIBCIB TaliMep-

naui nornomororo  FHSS

HUX CHT'HAJIB /. KpaTHa eleMeHTy A, To BUOIp mepiony
OJIHI€T YaCTOTH MOXKe OYTH OpraHi30BaHO 3 ypaxyBaH-
HSIM pPiBHOCTI

= A=, )

abo

¢ =t 6)

ne = .
? S'lA

Iie iy — KUTBKICTB TiIKaHAIIB HA TPUBATICTH A .

VY OGinapHiit cucremi 3 FHSS tpuBanocri BCix im-
MyJbCIB OJJHAKOBi, TOMY BU3HAUEHHS 3HAYYIIUX MOMe-
HTiB BigHOBJieHHS (3MB) mnpuiiHATHX CHUTHAB He
npeacrapise TpyaHomiie. Y TSC mepexin 3i crany “0”
B “1” i HaBMAKHU 3aJICKUTH Bl A B f., TOMY JUIA ITO3HA-
yeHHs mepexoxy 3MB B poboti [8] 3ampomnoHoBaHO
BHUKOPHCTOBYBAaTH JiesKi (DiKCOBaHI 4acTOTH, SIKi TIpH
HEOOXITHOCTI TAKOXX MOKYTh MIHSTHCS BiJl OHOIO cea-
HCY Iepe/laBaHHs 0 iHIIOro. 3acTOCYBaHHS J1OJATKO-
BHX YaCTOT JO3BOJISIE IiABHUIIMTU HaIiHHICTh BUALICHHS
¢poHTIB TaiiMepHoro curnany. Hanpukmazn, Ha puc. 2
TaKMMH YacTOTAMHU € f; Ul IIepexony IMITyJIbCy 3i
crany “1” B “0” i wacrora f, — mug mepexony “0” B
“1”. Ilpm npoMy OYIKYBaHMH Ha MPUHMaHHI CHUTHAN i3
4acTOTON f; (3alITPUXOBaHA 00JACTB), 3TiAHO i3 3aKo-

HOM 3MIHHM YaCTOTH BiI[HOBiI[HO J0 ACAKOro IceBiaoBU-
magKoBOro kony, 3aMIHUTBCS CHUTHAJIOM 13 YaCTOTONO

fi-

AHanoriyHo, 3amMicTh OYiKyBaHOTO CHT'HAJy 3 4ac-
TOTOIO f5 (3alITpHXOBaHa 00JacTh) Oyne NMpUHHATHI
CHTHAJI 3 YacTOTOI f, , L0 JO3BOJIUTH BU3HAYUTHU IIe-
pexia iMmysbCy TaiMepHOi KOHCTPYKUIT 31 ctany “0” B
4‘1”

PosrisineMo npuHIMIH TOOYOBU CUCTEM 3B’S3KY
Ha ocHoBi FHSS ta TSC [7, 8]. TSC nocrynators Ha
BXIi/I IEpPIIOro MOAYISATOPA, 3 BUXOAY SIKOTO (hOPMYETh-
Csl CUTHAUL:

u(t) = xycg (t)Ug cos(wpt) .

Iotim u(t) HAJXOJWTh Ha APYTUH MOIYIIATOP, Ya-
CTOTa HOCIHHOI'O KOJIMBAHHS SKOTO BU3HAYAETHCS KOO~
BUM curHajgoM. Ha Buxomi Oyae chopmoBaHME IUpO-
KOCMYT'OBHl CUTHAT:

1 (€)= 2 (U cO5(yt)- cos (g ).

ne cos(a(g(t))) — e HaGip wacror, sKmit npencTaBse
c000r0 (DYHKIIiFO Bifl KOJOBOT'O CHTHAITY.

BukopucTaHHsS OIHOETAHOI MOIYJISMII CIPOIIYE
cxeMy nepenaBada. Ha ocHOBI KoMOiHaIlii KOIOBOTO
CHrHaja BiOYyBA€THCS BUOIp YaCTOTH HOCIHHOTO KOJIHU-
BaHH{, 3MiHa NapameTpa (Harpukiaz, Gpa3u) SKoro Bif-
OYBa€eThCA 3 ypaxXyBaHHAM 3Ha4yeHb nmojsipHocti TSC Ha
inTepBaii tT. Sk 3a3HaueHo B [8] mist GpikcyBaHHS 3MiHH
(pOHTIB TaliMEpHHUX CHTHAIIIB 3aIPOIIOHOBAHO 3aCTOCY-
BaHHS Bi/IIOBIJIHUX JOMATKOBUX YaCTOT.

Henomixom 3aIiporioHOBaHOTO METOAY € HeoOXi-
HicTh QikcyBaHHS 3MiHM monsgpHocTi GponTiB TSC 3a
JIOTIOMOT'OF0 JIOIATKOBUX YaCTOT, TOOTO MpUMaY ITOBH-
HeH nepe0yBaTH B MOCTIHHOMY OUYiKyBaHHI MPUHMaHHS
CUTHAJIIB 3 4acTOTOI f; # f, . SIk OKa3aHO B Iomepe-

IHIN cXeMi mepenaBaya 3 OTHOCTAITHOK MOIYIIAIIENO,
¢ixcyBanns ¢ponrie TSC npu nemMomynsiii MOXIUBO
3a paxyHOK (pa3oBOi MOAYJSIIII, TOMY JOJATKOBI 4acTo-
TH HE TOTPiOHi.

31



Advanced Information Systems. 2019. Vol. 3, No. 2 ISSN 2522-9052
T:
fg =5t ‘ fg =sh | fy =sta | fg =si
| £
xmx(f) f: =4A f: =35A ic =T7A
iy & & iy A & iy & Iy iy & & iy & & iy
¢
A | |
Is fs VE SiE I
Ja fa fa fa fa /4 fa =/
VE /3 =/ /3 VE VE
T2 _ [17]] _
7 [172]] Aalll :

Puc. 2. Cunre3 curHanpHoOi KOHCTPYKLIT Ha iHTepBaii yacy T, = n#, npu cninsHoMy Bukopucransi TSC 1 FHSS

[TizBuIIeHHST MPUXOBAHOCTI TNepeAaBaHHS CHUTHA-
miB FHSS Ta ycyHeHHs 3a3HaueHNX HEIOJIKIB 3aIporio-
HOBAHO HACTYITHUH aJTOPUTM aJanTamii MeTosia IIBUJI-
koi FHSS no po3mmpenns cnektpy TSC:

BU3Ha4YarOThes mapamerpu TSC s, n 1a 1

BHUOUPAETHCS I0JIATKOBA IICEBJOBUITAIKOBA MOCITi-
nosHicTs (I1BIT) 3 TpuBaicTio eneMeHTiB

t=4/j, ()
Ie j — KiTbKIiCTb eleMEHTIB T Ha TPUBAIOCTI Yacy A ;

3MIACHIOETHCS po3mupeHHs crekrpa TSC -
XOM NEPEMHO)KEHHSI OiHApHUX 3HAYeHb HOTO aMILTITYA
3 ammutitynamu [1BIT;

Vrex (£)= pex (£)xe(e). (®)
JUIS EITEMEHTIB T MOCTiI0BHOCTI Ve (7) 3acToco-

Bytotecs Merox FHSS , ane npu npomy MoxiuBi Bapia-

HTH, KONM T CINBIIAJA€ 3 IEPIOXOM {,,,, & TaKOXK

lyep =T+ J» TOOTO OJIMH YACTOTHHH MifKaHaI 00 €xHYye

KiJIbKa IIOCIIiTOBHOCTEH T.

Sk 6auuMo, y TaKOMY QJITOPUTMi PO3IIUPEHHS
TSC 3a momomoroto FHSS He 3acrocoBaHi ¢ikcoBaHi
YaCTOTHI MiJKaHaIM JUIS TIO3HAYEHHsS NepexofiB 3Ha-
YYIIUX MOMEHTIB MOJYIISIIII.

JI1s mpuiHATTS Takoro CUrHajily NpHilMau cucre-
MU 3B’SI3Ky IOBUHEH MaTu HE TIJIbKH 3aKOH 3MIiHH PO-
0040i YaCTOTH MiJIKaHAJIB, aJe i MOCIiJOBHICTh MPSIMO-
IO PO3IIUPEHHS CIIEKTPY c(r) TallMEpHOI CHTHAJILHOT
koHCTpyKuii. Ile morpebye s BumiieHHS (POHTIB
TSC 3acrocyBanHsI KOpeIsILIHOTO MpHiiMayda 3 OIop-
HUM KOJIMBaHHSIM c(r).

TakuM YMHOM, 3ampONOHOBaHMN MeTox (opmy-
BaHHS CUTHAJILHUX KOHCTPYKLiH Ha ocHoBi FHSS 3 mo-
nepeqHiM po3mmpeHHsM cnekrpa TSC nceBaoBHUaaKo-
BHUMH TIOCJIIOBHOCTSIMU J03BOJISIE MiJBUIIUTH OCHOBHI
MOKA3HUKH TPUXOBAHOCTI TIIepefadi: eHepreTH4HOI,
CcTpyKTypHOi ¥ iH(QopMamiiHOl. OJHAK 3aIUIIAETHCS
BIJIKPUTHM THUTAaHHS PO BHOIp OCHOBHHX IapaMETpiB
FHSS i TSC mns noOynoBr CUTHaIBHUX KOHCTPYKITIH 13
3aJJaHUMH [TOKa3HUKaMH SIKOCTi B 3aJIEKHOCTI BiJl CTaHy
KaHaJy 3B’S3Ky.

Bubip posmipnocmi ancambnio maninynsyii cuena-
JIbHO-KOO0BUX KOHCMPYKYitl — 00MPAEThCS PO3MIPHICTD
aHCaMOJII0 CHUTHAJIIB 3 3aBYACHO BIJJOMHX BapiaHTiB, a
came: OJHOMIpHHX, TBOMIpDHUX Ta OaraTOMipHHUX CHI-
HaJtiB. Bubip po3MipHOCTI CUTHAITY 3aJI€XKUTh BiJ| CKJIa-
nmHocti CKK, to6T0 mpu yckinamnenHi CKK 36inbrry-
€TBCSl PO3MIPHICTD CHTHATY.

Bubip cmpyxkmypu ancambmio maninyisiyii cuena-
JIbHO-KOO00B80I KOHCMpYKYii — OOUPAETBHCS CTPYKTYpa
aHCcaMOJII0 CUTHAJIbHO-KOJJOBOI KOHCTPYKIIIi 3 3aBYACHO
BIIOMHX BapiaHTiB, a caMe: Ha OCHOBI KBaJIpaTHOI pe-
LIITKHA, Ha OCHOBI TPHUKYTHOI PENIITKH, OPTOrOHAIBHI,
010pTOroHAJIbHI, CUMIUICKCHI. 3a3HaYeHUN BUOIp MpPO-
BOIUTHCS 32 YMOBHU MiHiMi3amii P; ,TOOTO YMM MECHIIIC
Pj, THM TIpOCTIilIa CHTHAIbHA KOHCTPYKIIIS.

Mis 9. Bubupaemucsi 6ud xopuzyrowozo kody. Oou-
paeTbesl KOPUTYIOUHIA KO 3 3aBUACHO BiJIOMHX BapiaHTIB,
a came: TypOO-KOIH, 3rOPTOYHI KOIM, KACKAJHI KOIH.
Pi3Hi BUIU 3aBaJOCTIHKUX KOJIB JETAIBHO PO3IJIHYTI B
[7, 8]. Typbo-komu HaWOLIBII OJU3BKO MITXOAATH IO
rpanuii lllenHHoHa, TeopeTMYHOI MeXi MaKCUMalbHOI
TIPOITYCKHOI 3/]ATHOCTI 3aIlIyMJICHOTO KaHaTy.

[lepeBaramu TypOO-KOJIB € HE3AIEKHICTh CKIIaJ-
HOCTI JIGKOIYyBaHHsS BiJ JOBXUHH I1H(opMaIiiHOro
0JIOKY, TIOPIBHSIHO HEBEJIMKA KO70Ba BiacTaHb. OCHOBHI
HEJOJIKK TypOO-KO/IB — Ii¢ BiJJHOCHO BHCOKa CKJIa[-
HICTb JIEKOJyBaHHS 1 BEJHMKa 3aTPUMKa, SIKi pOOJATH iX
HE3PYYHUMH JJIsl 3aCTOCYBAHHS y JISSIKUX cepax.

Mis 10. Bubupaemvcs maninynayitinutl koo. Ilpu
Y3TO/DKEHHI KOJIEKY NBIHKOBOTO 3aBaJOCTIMKOro KOmy i
MOJieMy 0araTOIO3UIIIMHUX CHTHAJIIB, HEOOXIJTHO BHKO-
pHUCTATH MaHINYJSALIHHANA KO, TP SKOMY 301JIbIICHHIO
BiZicTaHi 1Mo XeMIiHTy Mi>K KOJOBHMHU KOMOIHAIIISAMY BiJI-
noBijiae OuIbIIA BijCTaHb 1O EBKIY MK CHUTHanamw,
10 BiJMOBINAIOTH iM. SIK MaHIMYJIAIAHUNA KO HaWKpa-
MM € Koz ['pest y BUNajKy BiJCyTHOCTI anpiopHoi iH(o-
pMarii, ToOTO ONTUMAILHUM ISl CXeM, 1110 He BUKOPHC-
TOBYIOTh ITEpaTUBHI METO/IN JIEKOIyBaHHS, a Y BHIIAIKaxX
BUKOPHCTaHHS iTepaTMBHUX MeToniB MSP (modified set
partitioning) — Moau(hiKOBaHUI MaHITYJISMIAHUA KO Ta
MSEW (maximum squared Euclidean weight) — momudi-
KOBaHMI MAaHIMYJISAIHHANA KOIl 3HAXOMKEHHS MaKCH-
MaJIbHOI BaroBux koedimientis Ekiina [2, 3].
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it 11,12. Ilepesipra sumoe no 3abe3neyentio 3a-
saoozaxuwerocmi 3P3.

Sxmo BuMoru no 3abesrneueHHio P,,, He BUKOHY-
JOTBbCS, TO BUHUKA€ HEOOXiAHICTh 3MIHH BHXIIHUX Ja-
Hux. B Tomy Bunanky, sikimo s aekinbkox CKK Buko-
HyeTbCsl oOMexeHHS P,y < Poyoons TO OOUpAETHCS
CKK 3 MiHIMabHOIO HMOBIpHICTIO OITOBOT IIOMIUJIKH.

BucHoBku

B 3a3HaueHiii craTTi aBTOPOM JOCIIHKEHHS TpO-
BEACHO pPO3POOKY METOAWKH BHOOPY palliOHAJIBHUX
3HA4YeHb MapaMeTpiB PaJioCTaHII 3 TCEBIOBHIIAIKO-
BOIO TIEPECTPOUKOIO0 POOOYOI YaCTOTH HA OCHOBI TaiMe-
PHHUX CHTHAJbHUX KOHCTPYKIiHi B yMOBax BIUIMBY Ha-
BMUCHUX 3aBa/I.

3a3HayeHa METOJMKa BiAPI3HAETHCS BiJ ICHYIOUHX
TUM, IO B METOAMII peaji3oBaHO BHOIp MapaMmeTpiB
YaCTOTHO-4aCOBOI MATpUI[l TaWMEpPHUX CUTHAJIBHUX
KOHCTPYKIII B 3aJIeKHOCTI BiJl CHTHAJIbHO-3aBaJIOBOI
00CTaHOBKH, II0 peaji3ye HE TIUTBKH 3MiHY IIBHUIKOCTI
MEPECTPONKH pOOOYUX YACTOT, ajiec i 3MiHYy MOYATKOBO-

rO 3allOBHEHHS TOJIIHOMA, B 3aJEXKHOCTI BiJ THIY Ta
IHTEHCHBHOCTI 3aBaJl; BUKOPUCTaHI 3aBaJOCTiHKI Ta
cnekTpanbHo-epexTuBHI CKK, 1o minBurnye 3aBano3a-
XMIIEHICTh Ta MBUAKICTE mepenaui 3P3 npu aii HaBMU-
CHHX 3aBajl.

E(eKTHBHICT, BUKOPUCTAHHS aJrOPUTMY BHOOPY
MmapaMeTpiB YaCTOTHO-YaCOBOI MATPHIII MOXKJIIMBO OITi-
HUTH IO BUTpally y WMOBIPHOCTI TTOMHJIKOBOTO IPUH-
MaHHsI CHTHAJIB, IO 3a0e3Me4yeThCsl TIPU MEePecTpOIi
pexxumy TSC-FHSS Bin nouatkoBoro. Omke, cymapHUit
BUTpaml BiJ BUKOPUCTAHHS pO3POOJICHOT METOIUKH
cknagae no 15-20% y MOpIBHAHHI 3 BUKOPHUCTAHHIM
Moyl Trry UM-M i NUKITIYHUX KOMIB HPHU OHAKO-
Bilf NPOMYCKHIN 3JaTHOCTI NpPH BIUTUBI Pi3HUX BHIIB
HaBMHCHHX 3aBaJl Ta 3 BUKOPUCTAHHSIM ajroputmy ¢o-
PMyBaHHS 4acTOTHO-4acoBoi Matputii 20-25%.

HanpsimkoM nomanbmmx J0CJaiAKeHb CIIiJI BBa-
KaTh Po3poOKy HAYKOBO-METOJMYHOTO amapary IIij-
BUIIIEHHS CTPYKTYpPHOI ~ CKPHTHOCTI 3aco0iB  pa-
J1i03B’513Ky HA OCHOBI BUKOPHCTaHHS TaliMEPHHUX CHI'HA-
JIBHUX KOHCTPYKIIH.
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Metoauka BbI60pa palHOHAJbHBIX 3HAYCHMI IAPaMeTPOB PAIHOCTAHIMIA ¢ IICeBAOCTyYaliHON nepecTpolikoii padoueii
YacTOThl HA OCHOBE TaﬁMeprIX CHUTHAJIBHBIX KOHCprKIll/lﬁ B YCJIOBUAX BJIMAHUSA IPEIHAMEPECHHBIX NTOMEX

B. B. 'opaeiiuyk

AHHoTanus. OJHOI U3 BaXKHBIX XapaKTEPUCTUK CUCTEM U CPEJCTB PaAMOCBS3H, HYHKIIMOHUPYIOIIHUX B YCIOBHAX pa-
JIMOAJIEKTPOHHOT'O MOABIICHUS, SIBIAETCA UX CKPBITHOCTB, YTO €CTh CHHIOCOOHOCTBIO CHCTEM M CPEJICTB PaJUOCBSA3H IPOTHBOCTO-
ATh IEMCTBHIO CPEJICTBAM PaJANOTEXHUUECKON pa3Benku. OHNM M3 HAalPaBIEHUH MOBBIIIEHNS TIOMEXO3AIIUILEHHOCTH U CKPBIT-
HOCTH CPEJCTB PAJMOCBS3H SBISIETCS UCIIOIB30BAHUE TEXHOJOTHHU IICEBAOCIYYaiiHOW nepecTpoiiku paboueid yactorsl. I[Ipose-
JICHHBIN aBTOPOM CTaThbU AHAJIN3 M3BECTHBIX HAYYHBIX MCTOYHHMKOB ITOKA3aJl, YTO OHM OPHEHTHUPOBAHBI HA IO3HMIHOHHBIE CHT-
HaJIbHO-KOZIOBBIE KOHCTPYKIIMM M B HHMX HE HCIIONB3YIOTCS TaMEPHBIE CHUTHAIBHO-KOJOBBIE KOHCTPYKIMH. ABTOPOM CTaThbU
IpoBeJieHa pa3pabOTKa METOAMKM BBIOOPA PAlMOHAIBHBIX 3HAYECHHIl MapaMeTpoB PAaMOCTAHLMH C IICEBIOCITYy4alHOW Iepe-
CTpOHKOI paboueill 4acTOThI Ha OCHOBE TaliMEPHBIX CHUI'HAJIBHBIX KOHCTPYKLHH B YCIOBUSIX BO3/ICHCTBUS IPEHAMEPEHHBIX I10-
Mex. B xozne uccnenoBaHus aBTOpOM ObUIM MCIIONB30BAHBI OCHOBHBIE IOJIOXKEHHS TEOPUH CBS3U, TEOPHU PaJHOICKTPOHHON
60pb0Obl, TEOPHU CUTHATIOB U OOLIEHAay4YHbIE METOIbl AHATM3A U CHHTE3a. YKa3aHHas METOIMKA OTJIMYAETCS OT CYLIECTBYIOIIMX
TEM, 4TO B METOJMKE PEaIn30BaH BbIOOp MAPaMETPOB YaCTOTHO-BPEMEHHONW MATpPHILbI TAIMEPHBIX CUI'HAJIbHBIX KOHCTPYKLMH B
3aBHCHMOCTH OT CHT'HAJIbHO-IIOMEXOBOH OOCTaHOBKHM, IIPH 3TOM pealn3yeTcss He TOJIBKO M3MEHEHHE CKOPOCTH NEPECTPOHKH pa-
604YMX YacTOT, HO M M3MEHEHHE INEPBOHAYAIBHOIO 3alOJIHEHUS NOJIMHOMA B 3aBUCHMOCTH OT THIIA MU UHTEHCHBHOCTH IOMEX;
HCIOJIb30BaHbI IOMEXOYCTONYMBBIE U CIIEKTPaIbHO-3()()EKTHUBHBIE CUTHAIBHO-KOJIOBbIE KOHCTPYKLMH, IOBBIIIAMOIINE ITOMEXO0-
3aIUIIEHHOCTb U CKOPOCTh Nepeadn CPEICTB PaJUOCBA3U IPH ACHCTBUM NPEeAHAMEPEHHBIX ToMeX. D(HEeKTHBHOCTD HCIIOIb30-
BaHUs allrOPUTMa BbIOOpA IapaMeTpoB YaCTOTHO-BPEMEHHOW MaTPULIbI MOXKHO OLEHHUTH 110 BBIUTPBIILY BEPOSTHOCTH JIOKHOI'O
IpHeMa CUTHAJIOB NPH IEPeCTPOHKE pexrUMa OT UCXOAHOro. MTak, cyMMapHbI BBIMTPBIII OT UCHOJIb30BaHUS Pa3paOOTaHHON
METOIHKHK cocTaBisieT 10 15-20% 1mo cpaBHEHUIO C UCIONB30BAHMEM YACTOTHOM MOAYIALMH U IMKIMYECKHX KOMOB IIPU OAMHA-
KOBOI HPOIYCKHOH CIIOCOOHOCTH IPH BO3/CHCTBUM Pa3iIMYHBIX BUJIOB YMBIIUICHHBIX NTOMEX M C HCHOJIb30BaHUEM aJITOPUTMa
(opMHUpOBaHUS YaCTOTHO-BpeMeHHOW Marpuipl 20-25%. YduuTeiBasi yka3aHHOE, HallpaBeHHEM IaIbHEHIINX HCCIIeTOBAHHI
ClIelyeT CYUTATh Pa3pabOTKy Hay4HO-METOANYECKOro amlapara MOBBILIEHHS CTPYKTYPHOH CKPBITHOCTH CPEJICTB PaJlOCBA3H Ha
OCHOBE UCITOJIb30BAaHMs TANMEPHBIX CUTHAJIBHBIX KOHCTPYKLIUH.

KamoueBble caoBa: cucremMa PamuocBA3U; paJuopeCcypcC; NOMEXO03aUIUIIEHHOCTh, PAIUO3JIEKTPOHHOC ITOJaBJIICHUE; pa-
JWOSJICKTPOHHAs pa3BeKa; CKPbITHOCTD.

Method of selection of rational dimensions of parameters of radio stations with the frequency hopping spread
spectrum on and the basis of timer signal constructions in the conditions of the intentional interference

V. Hordiichuk

Abstract. One of the most important characteristics of systems and radiocommunication devices operating in conditions
of radio-electronic suppression is their secrecy, which is the ability of systems and devices of radio communication to withstand
the action of radiotechnical intelligence. One of the ways to increase the noise immunity and stealth the radio communication
devices is to use the pseudorandom frequency adjustment technology. The analysis of well-known scientific sources by the au-
thor of the article showed that they are oriented to positional signal-code designs and do not use timer signal-code designs. The
author of the article is devoted to the development of a method for selecting rational parameters of radio stations parameters with
pseudorandom processing of frequency on the basis of timer signal structures in conditions of intentional interference. During the
research, the author used the basic provisions of the communication theory, the theory of electron-fight theory, the theory of sig-
nals, and general scientific methods of analysis and synthesis. The mentioned technique differs from the existing ones because
the method of selecting the parameters of the frequency-time matrix of timer signal structures, depending on the signal-
interference situation, implements not only the change in the speed of the adjustment of operating frequencies, but also the
change in the initial filling of the polynomial, depending on the type and intensity interference; noise immunity and spectrally
effective signal-code designs have been used, improves noise immunity and speed of radio communication during intentional
interference. The efficiency of using the algorithm for selecting the parameters of the time-frequency matrix can be estimated by
gaining the probability of false reception of signals when the mode is restored from the original. Thus, the total gain from using
the developed technique is up to 15-20% compared with the use of frequency modulation and cyclic codes at the same bandwidth
under the influence of various types of intentional interference and using the algorithm for the formation of the frequency-time
matrix of 20-25%. Taking into account the above, the direction of further research should be considered in the development of a
scientific and methodical apparatus for increasing the structural stealth of radio communication devices based on the use of timer
signal structures.

Keywords: radio communication system; radio resource; noise immunity; radio electron suppression; radioelectronic in-
telligence; stealth.
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TepHONTBECHKUI HAIlIOHAILHII EKOHOMIYHHI yHiBepcuTeT, TepHominb, YKpaiHa

OPI'AHIBAIIA CLOUD-APXITEKTYPH JAJI51 CACTEM 3ABE3IIEYEHHSI
O YHKIIOHAJIBHOI TIPUJATHOCTI CTATUYHUX CUCTEM

AHoTanis. Y crarti posrisinaerses miaxin 1o opranizanii Cloud-apxitexrypu st cucreM 3a0e3nedeHHs (yHKIIOHaTBHOL
NPUAATHOCTI CTATUYHUX CHUCTEM, a CaMe BUKOHAHHS CHCTEMOIO IOKIAJICHUX Ha Hei (QYHKI[H MpOTAroM NEBHOro Yacy Ta 3a
TIEBHUX YMOB €KCIUTyaTallii. Y IMOpiBHSHHI 3 TPaJMLIHHIM ITiIX0JJ0M, XMapHe O0UNCIIEHHS JIO3BOJISIE YIIPABIISTH BEJIMKOIO 1H-
(bpacTpyKTyporo Ta 00CIIyroByBaTH Pi3HI I'PyNU KOPUCTYBayiB y MeXax OfHiel XMapH. BHBUarOTbCA METOMM MOZIEIIOBAHHS
(YHKLIOHAJIBHOI IIPUIATHOCT] CTATUYHUX CHCTEM 3 aKIIEHTOM HA BU3HAYCHHI NOKA3HUKA (hYHKIIOHAILHOI IPUIATHOCTI, SIKUH
MaTeMaTUYHO (POPMYITIOETHCS K ONTUMI3aliiHa 3a/1a4a 3 IiJI60BOI0 (QYHKINi€r0 3a0e3MeUeHHsI BUMOT 10 XapaKTEPHCTUK CHC-
Temu. Po3B’s130k 3aadi 3a0e3neueHHst (hYHKIOHAIBHOI IPUIATHOCTI SIK HEJIHIMHOT onTrMizaliiiHol 3a1a4i He MOXKe OyTH iM-
IUIEMEHTOBaHUH Ha IpakTuili. ToMy, OCKiJIBKM BUHHKA€E Taka pobieMa, AOLUIbHO GyHKIL0 MeTH 3a/1adi 3a0e3nedeHHs GyH-
KI[IOHAJIBHOI NPUJIATHOCTI ()OPMYBATH BUXOASAYH i3 331aHUX OOMEXKCHb HAa 3HAUCHHS BUXIJHHX XapaKTEePUCTHK. Y Takii moc-
TAHOBLI 3a1ady 3a0e3rnedeHHs (QYHKI[OHAIBHOI IIPUAATHOCTI MOXKHA PO3B’S3aTH METOIOM aHaJi3y iHTepBaJIbHHUX JaHuX. [la-
pajienbHO, TIpU PO3B’sI3yBaHHI Takoi 3a/adi, HeoOXI1THO OOYHCIIUTH apaMeTpy eJIEMEeHTIB CHCTEeMH y Takui croci0, mob i3
BpaxyBaHHAM IX BIJIXUJIEHS, SIKi 3a1aI0ThCs JI0ITyCKaMH, 3a0e3MeunT (PYHKIIOHAJIbHY HPHIATHICTh CUCTEMH. 3a3Ha4eHi 3a1a-
4i MalOTh HAJ3BUYAlHY IIPAKTHYHY LIHHICTb, a iCHYIOUl MeToau 1 po3B’s3Ky - BUCOKY OOUHCIIIOBANIBHY CKJIA/IHICTh. 3BiAcH
MOJKHA 3pOOUTH BHCHOBOK, 1110 PO3p0OKa 6araToKOpHUCTYBAaLbKOi CHUCTEMH HAa OCHOBI KIIIEHT-CEPBEPHOI XMapHOI apXiTeKTypH,
siKa O Jlaia MOMKJIMBICTB peanizalii 3 HU3bKOI 00YHCITIOBAIEHONO Ta YACOBOKO CKJIA/IHICTIO METO/IB MOJICIIOBAaHHS Ta 3a0e311e-
4eHHs! (DYHKIIOHAIBHOI IPUJIATHOCTI CTATUYHUX CHCTEM € aKTYyaJbHOIO 3aJaueto. B crarTi HaBeneHo npukiiaj GaraToKopuc-
TYBAIbKOI POrpaMHOl CUCTEMH JUIsl PI3HUX THIIB MOJENEH CTATHYHUX CHCTEM, 5IKa Ja€ MOXJIMBICTh BUBUYATH JIaHI 3a/1a4 3a-
GesneueHHs (DyHKIIOHAIBHOI IPUIATHOCTI, METO/IB ii OLHIOBaHHS, & TAKOX aHAJI3yBaTH PE3YJIbTaTH IONEpEe/HiX oOuuc-
JIeHb, sIKi 30epirarorbes B XMapi. Pesynbrati po3poOoK, oJaHi B CTaTTi, MOXKYTh OyTH IHTEpIIPETOBaHI s 3a/1a4 MOJIEIIO-
BaHHS PI3HUX THIIIB CTATUYHHUX CHCTEM JUIs CIPOILECHHS X 4aCOBOI Ta 0OYMCITIOBANILHOI CKIIA/IHOCTI PH peaizanii.

Kar4doBi ciaoBa: xmapHi TeXHOJIOTIT; (D)YHKIIIOHANIbHA NIPUJATHICTD; CTATUYHI CUCTEMH; OaraToOKOpUCTYBalbKa CHCTEMA.

Beryn

OpHi€r0 3 OCHOBHUX BJIACTHBOCTEH CTaTHYHHX CH-
cTeM € iX (DYyHKIIOHAJbHA TPUAATHICTh — BHUKOHAHHS
CHCTEMOIO TIOKJIaJICHUX Ha HEl QYHKIIH MPOTATOM IeB-
HOT'O Yacy Ta 3a IIEBHUX YMOB ekcruryaTamii. s 3a0e3-
neyeHHs1 (PYHKI[IOHAJIbHOI IPUIATHOCTI CUCTEMH HEO00-
X1IHUM € BpaxyBaHHS HE JIMIIE TEXHIYHUX XapaKTepHC-
THK CUCTEMHU, a TAKOXK MTapaMeTPiB KOMIIOHEHTIB, 3 SIKHX
BOHA CKJIAJIAETHCSL.

IcHyroui MeToau 1St po3B’I3yBaHHS 33/1a4l aHAITI3Y
Ta 3a0e3meueHHs (PYHKLIOHATBHOI MPUAATHOCTI TPYHTY-
I0ThCSl HA BU3HAYEHHI MOKa3HMKA (PyHKI[IOHAIBHOI TpH-
JIATHOCTI, SIKU MaTeMaTuaHO (pOPMYITIOETHCS SIK ONTHMi-
3amifiHa 3ajada 3 IUILOBOI (YHKIERD 3a0e3NeucHHS
BUMOT JI0 XapaKTepHCTHUK cucTeMH. [[isi 3a0be3rneueHHs
(YHKIIOHATIBHOI MTPUAATHOCTI CHCTEM IIHPOKO 3aCTOCO-
BYIOTb TPaJiEHTHI METOJH, METOX CTOXaCTUYHOIO HpO-
rpaMyBaHHS Ta TeHETUYHi ainroputMu. OIHAK TpH Mpoe-
KTYBaHHI CTaTUYHHX CHUCTEM BHHHUKAEe Tpoliema Bpaxy-
BaHHS YaCOBHX 3MIH MapaMeTpiB Ta XapaKTEPUCTUK CHC-
TEMHU B IpoIieci ekcruryaraili. Tako iCHYrOYi METOIH
MaloTh BHCOKY OOYMCIIIOBAIBHY CKIaJHICTh. [IpoTe 3He-
JlaBHA IIUPOKOrO 3aCTOCYBaHHs HaOynu I1HTepBaJIbHI
METOIM aHalizy Ta 3a0e3nedyeHHs] (PYHKIIOHAJIBbHOI TIpH-
JIATHOCTI CHCTEM, 30KpeMa METOJ OLIHIOBaHHS 00acTi
nmapaMmeTpiB OaraTOBUMIPHHMH €JIICOITaMH, ajie Xoda
BOHM 1 3a0e€3IevyloTh OLIHIOBaHHA (YHKI[IOHAIBEHOT
MIPUIATHOCTI CHUCTEMH 13 33IaHOI0 TOYHICTIO, OJHAK HE
BpaxOBYIOTh YaCOBUX 3MiH MapaMeTpiB KOMITOHCHTIB 1 He
JIAIOTh MOXKJIMBOCTI OJJHOYACHOTO 3HAXOKEHHS ONTHMa-
JBHUX TIapaMeTpiB Ta ix momyckiB [5—7]. JocmimkeHHs
ICHYIOUMX TMPOTPaMHUX 3acO0IB JUI1 MOJCTIOBAHHS Ta

3a0e3nedeHHs (QYHKIIOHATBHOI MPUAATHOCTI IOKA3aJio,
110 BOHM MEPEBAKHO € By3bKOCIEIa1i30BaHUMH JI0 TIEB-
HUX THIIB TEXHIYHUX CHUCTEM YU TEXHOJIOTIYHHUX IMPOIIC-
CiB, a TaKOX XapaKTEePU3YIOTHCS BHUCOKOK OOYHCITIOBA-
JILHOIO CKJIaTHICTIO peajli3oBaHUX Y HUX MeTomiB [ 1-5].

Buxosuu 13 BHII€3a3HAYEHOr0, METOI0 TAHOI CTAT-
Ti € po3poOKa 6araTOKOPHUCTYBAILKOI CHCTEMH Ha OCHOBI
KITIEHT-CEPBEPHOI XMapHOI apXITeKTypH, siKa O Jana MOX-
JIMBICTH peasti3allii 3 HU3bKOI O0YMCITIOBAJIBHOIO Ta 4aco-
BOIO CKJI3/IHICTIO METO/IIB MOJICNIIOBaHHS Ta 3a0e3redeHHs
(YHKII OHAJIBHOT PUIATHOCT] CTATHYHUX CHCTEM.

BuKkJiaJ] 0CHOBHOTO MaTepiajy

VY TpanmuIiiHiii MOCTaHOBI, 3amada 3a0e3MeUcHHS
(YHKIIOHAJIBHOI PUIATHOCTI - IIe ONTHMI3aliiiHa 3aja-
Ya, B SIKill 1i10Ba (YHKIIISI MICTUTh BUMOTH JIO XapaKTe-
puctuk cuctemu. IIpote, 3a3BUYAid, PO3B’SA30K 3ajadi
3a0e3neueHHs (QYHKI[IOHATBHOI PUIATHOCTI K HEJIHIH-
HOi ONTUMI3AIIWHOI 3a7a4i He MOXe OyTH IMIUIEMEHTO-
BaHMH Ha mpakTuii. OCKUIbKM BUHHMKAE Taka Ipoliema,
TOJI JIOIUIBHO (QYHKIIIIO MeTH 3aadi 3a0e3medeHHs dy-
HKI[IOHAJILHOI MPUAATHOCTI ()OpMYBaTH BHXOJSIYH 13 3a-
JTaHUX OOMEXEHb Ha 3HAYCHHSI BUXITHUX XapaKTEPHCTHK.
VY Takiif MOCTaHOBII 3a7ady 3a0e3rneycHHs (YHKIIOHA-
JILHOI IPUIATHOCTI MOXKHA PO3B’A3yBaTH METOJIOM aHaJli-
3y iHTepBaJbHUX IaHWX. [lapanenbHo, MpU PO3B’s3Y-
BaHHI Takol 3ajadi, HEOOXiZHO OOYMCIUTH HapaMeTpu
€JIEMEHTIB CHCTEMH Yy Takuil crocid, mob i3 BpaxyBaH-
HAM 1X BiJIXWJICHB, SIKi 3a[IaF0THCS JOIyCKaMu, 3a0e3Ie-
yuTH (YHKIIOHAJIGHY MPHUAATHICTH CUCTEMH. 3a3Ha4yeHi
3ajla4i MalOTh Ha/I3BUYAIHY NPAKTHYHY IIHHICT.

3BakarouM Ha BUINE3a3HAUCHE, B CTATTi MPOIOHY-
I0ThCSI CUCTEMH Ha OCHOBI KJIIEHT-CEpBEpHOI XMapHOI
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apxiTEeKTypH JUIsl BU3HAUeHHS ()YHKIIOHAILHOI MTPUAAT-
HOCTI Pi3HHUX THUITIB CTATUYHHX CHUCTEM HAa OCHOBI JIBOX
METO/IIB: MeToAy 3abe3nedyeHHs (pyHKIIOHAIBHOI MpH-
JIATHOCTI CTaTHYHHUX CHCTEM 3 ONTHMI3alli€ro iX mapa-
METpiB Ha OCHOBI aHaJi3y iHTEPBaJbHUX IaHUX Ta Me-
TOIy 3a0e3nedeHHs1 (hYHKIIOHAIBHOI IPUIATHOCTI CTa-
TUYHHUX CHCTEM Ha OCHOBI aHaNi3y IHTEPBAIBHHUX JTAaHUX
3 ypaxyBaHHSM OJHOYACHOI'O 3HAXOKEHHS ONTHMAallb-
HUX IapaMeTpiB CTATHYHHUX CHCTEM Ta iX JOIMYCKIB.

KoHrreriss XMapHuX OOYMCIIEHb ICTOTHO 3MiHMJIA
TpaJULIHHUE MiIXig A0 TOCTA4YaHHS, YIPABIIHHSA Ta
iHTerpauii 3aCTOCyHKIB. Y TOpIBHSHHI 3 TpaJMIiiiHUM
MiIXO/I0OM, XMapHe OOYHCIEHHS O3BOJISIE YIPABIATH
BEJIMKOIO 1H(PAaCTPyKTypOIo, 00CIIyrOBYBaTH Pi3Hi TPY-
T KOPUCTYBaviB y MeXax ofHiei xmapu. Bukopucran-
HSl XMapHUX OOYHCIIEHb H03BOJISIE KOPUCTYBauaM OTpPH-
MYBaTH JIOCTYI J0 IPOrpaMHOTro 3a0e3MeueHHs Ta Mpo-
rpam, jie 6 BOHM He 3HaXOIWINCS, a IIe, B CBOIO Yepry,
O3Havae, M0 IM He MOTPiOHO TypOyBaTHCS MPO TaKi pe-
i, siKk 30€piraHHs Ta MOTYXHICTb, BOHU MOXYTb MPOCTO
HACOJIO/PKYBATHCS KIHIIEBUM PE3yJabTaToM [2].

OckisbKU cucTeMa Oyzie BUKOHYBAaTH PO3PaxyHKO-
BO-30epiratodi Jii: oTpUMyBaTH JaHi, ONpaIbOBYBAaTH iX
3a NEBHUMH aJTOPUTMaMy Ta 30epiratd y MOCTiHHIN
0a3i 3HaHb, a MOTIM BHJABATH IIi JIaHI Ha 3aIIUT KOPHC-
TyBadiB, TO TOCTa€ IMUTAHHS NPO BHKOPUCTaHHS 0a3
JAHUX Y TPOEKTI Ta, BiAMOBIIHO, BUOOPY MOBH Iporpa-
MYBaHHS, III0 JO3BOJHTH JIETKO Ta 0€3 0COOIMBHX TPY-
JTHOIIIB TPAIOBATH 3 6a3aMH JaHHX.

Texnomnorist Node.js - 1ie IPOPUB Yy CBiTI BUCOKHX
TEXHOJIOTIH, SKa Ja€ MOXIIUBICTh OyIyBaTH BHCOKOHA-
BaHTa)XCHI 3aCTOCYHKU 3 BHKOPHCTAHHSM IIPOCTUX Me-
xaHi3miB [4]. Nodejs — iHdpacTpykTypa BBeICH-
Hs/BuBeneHHs s JavaScript Ha UNIX-momiOHux mia-
ThopMax, 3 BIIKPUTUM BUXITHUM KOJOM Ta HEOOXIIHU-
MU 1HCTpYMEHTaMH JJIs JIETKOTO CTBOPEHHSI MEPEMKEBUX
Ta CepBEPHHUX 3aCTOCYHKIB. OCOOJIMBICTIO TaHOI TEXHO-
Jorii € HasiBHICTh MakeTHOro MmeHemxepa NPM, sikuii
Jla€ MOXJTMBICTB MIJKIIIOYEHHS 10 Oi0JIIOTEKH 3 JyxKe
BEJIMKOIO0 KUIBKICTIO YHIKQJIbHUX MOAYJIB, SIKI MOXYTb
OyTH JIETKO BUKOPUCTaHI Ha MOYaTKy CTBOPEHHS 3aCTO-
CYHKiB, IUIaTGopM Ta MPOrpamMHOro 3a0e3leueHHS.
Kpim Toro, Bci nporiecu oOpoOKH 3aIUTIB Ta Oreparii
BBE/ICHHS/BUBENIEHHS TOOYI0BaHI Ha MOJisX, a 1Ie O3Ha-
Yae BIJICYTHICTB CIIOCOOY OJIOKYBaHHS ITOTOKY, SIKHH Ha
JTAaHWH MOMEHT OIPallbOBYETHCS, OCKIJIBKH KOXKHA OITe-
pamis B Node.js BUKOHYEThCS aCHHXPOHHO. B sKocTi
CASE-3aco0iB 0yno 00paHO CcepeoBHUIIEe PO3POOKH
JetBrains PhPStorm Ta TepmiHam st KepyBaHHS

6azamu panux. KiieHT moOynoBaHuii 3 BUKOPUCTAHHSIM
Takux TexHojorii sk VuelS, Apolo Client. CepBep mo-
OynoBaHuii Ha ocHOBI TexHonorii GraphQL, sika no3Bo-
JISI€ KIIIEHTaM BU3HAYaTH CTPYKTYPY HEOOXIIHUX TaHUX, 1
aHaJIOTiuHa CTPYKTYpa JIaHMX TOBEPTAETHCS 3 OOUYHCIIIO-
BaJILHOTO CEpBepa, 110 CUIIBHO CKOPOYYE Yac BUKOHAHHS
3aIUTy Ta J03BOJISIE KITIEHTaM BUPILIYBATH, SIKi JaHi MOT-
piOHI. 3a paxyHOK I[bOTO YHHUKAIOTHCS MPOOJIEMH SIK 13
Ha/JMIDHUM HaBaHTA)XEHHSM, TaK i3 HEIOOTPUMAHHSM
nanux. Jlnst 30epexxeHHs JaHUX BUKOPUCTOBYETHCS 0asa
manux MongoDB, ska Bonomie THydukuM JSON-
(dopmMaToM JOKyMEHTIB (a e 3pydHille, HiX 0AaBaHHS
KoJIOHOK B SQL-0a3zax jaHMX), TAaKOX BIICYTHICTH Takol
(DYHKILIOHAJILHOCTI B CHCTEMI, SIK CTBOPEHHS CKJIQJHUX
3anuTiB. CKIIaJHI 3alUTH BUPIIIYIOTHCS HA CTOPOHI 3a-
cTocyHka. To0To, SIKIIO HaM MOTPiOHO 3pOOHTH MIOCH Ha
3pazok JOIN, Mu MoxeMo 3poOMTH 3amuT Ha BUOIPKY
JIAaHMX, TOTIM BHOpATH JaHi 1O MOCWJIAHHAX, a MOTIM X
00pOOUTH Ha CTOPOHI 3aCTOCYHKA, OCKLJIBbKH, HACTIPABII,
U OaraThbOX KOPHCTYBauiB po3pobka application-cepBe-
piB Kymu mpoctinre. JleraibHilne po3risi TpaH3aKLii ap-
XITEKTYpH, 300pakeHoi Ha pHc. |, pO3IIISTHEMO HA MPUKJIIA-
o 3amaui “3a0esneucHHS (DYHKITIOHAIBGHOI MPUIATHOCTI
CHCTEMH ITi/ITOTOBKH TilICOBOIHOI CyMIIlli B TIPOLIECI BUTO-
TOBJICHHS TiNICOKapToHY . IHTepBaIbHY MOIETb (HYHKITIO-
HaJIGHOI MPUIATHOCTI TEXHOJIOTIYHOrO O0NaIHAHHSI JIiHIT 3
BUPOOHHMIITBA TIICOKAPTOHY MoaHo y Burisiai [1, 3]:

[f; 37,7 1=[2.1;2,2]+[0,029;0,031]-d ~[0,056;0,064] x
<V, +[0,13;0,15]- 75 —[0,095;0,105]- Vs —[6,62;7,03]x (1)
x V3 +[18,7:19,91-¥, —[0,51;0,55] -v; +[0,22;0,24] -,

Jie TapaMeTpaMHu TEXHOJIOTTYHOr'0 00JIaAHAHHS € IIBHI-
KOCTI Iozjayi rincy — ¥}, BOIH 3 PO3UMHEHUM KpOXMa-

aem — V,, miHOyTBOproBaya — Vs, MoBiTpa — V, Ta Ko-
pEKTOpa dacy 3aTBEPIiHHA — Vs ; a XapaKTepUCTHKaMU

CKJIaJIHUKIB Ul BUTOTOBJICHHS TIIICOKAPTOHY € Xapak-
TEPUCTHUKH TIICY, IKYy BU3HAYAIOTH SIK AiaMeTp d IUISIMU
po3sTikaHHs (hiKCOBaHOTO 00’€MY TiNCO-BOIHOI CyMilli,
XapaKTePUCTUKN KOPEKTOopa 3aTBEpHiHHA 7 , SKa 3Mi-
HIOETBCS B 3aJISKHOCTI BiJl Yyacy 30epiranHsi.

Jlis xoxHOT (piKCOBaHOI MIBUAKOCTI JIiHIT KOHBEE-
pa BiIOMi JOIYCTHMi HI)KHE Ta BEpXHE 3HAUEHHS 4Yacy
3aTBEpAiHHS TIlICOBOTO OCEp/s, 30KpeMa Jisl IBUAKOC-
Ti pyxy KOHBeepa 1M/XB., yac TBEpAiHHS TiIICOBOTO Oce-
pas ckianae [25;31] xB, s 2 m/xB. — [12,6;15,6] xB.
TOIIO, 3BIJICH IHTepBaibHa Mojeah (1) HaOyme Takoro
BUTJILLY:

25 <[1,551,69]+[0,029;0,031]- d —[0,056;0,064]-¥; +[0,13;0,15]- ¥ —[0,095;0,105]- Vs —
~[6,62;7,03]- V3 +[18,7;19,9]- 7, +[0,22;0,24] -t < 31;

12,6 <[1;1,18]+[0,029;0,031]- d —[0,056;0,064]- ; +[0,13;0,15]- ¥ —[0,095;0,105]- Vs —
~[6,62;7,03]- V5 +[18,7;19,9]- 7, +[0,22;0,24]-t < 15,6;

)

3,6 <[~1,75;—1,37]+[0,029;0,031]-d —[0,056;0,064]- ¥; +[0,13;0,15]- ¥, —[0,095;0,105]- Vs —
~[6,62;7,03]- V3 +[18,7;19,9]- 7 +[0,22;0,24] -t < 4, 4;

3,15 <[-2,3;-1,88]+[0,029;0,031]-d —[0,056;0,064]-¥; +[0,13;0,15]- V5 —[0,095;0,105] - V5 —
—~[6,62;7,03]- V3 +[18,7;19,9]- ¥ +[0,22;0,24] -1 < 3,85.
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‘VuelS Client

1

Internet

-
]
Vuels Client
/ >
-L/Z

GraphQL Server

Vuels Client

Puc. 1. KiienT-cepBepHa apXiTeKTypa 3 BUKOPHCTAHHIM XMapHOi TeXHOJIOr11

OHAJILHOI TPHUIATHOCTI JIiHIT IO MiAroTo-
BIIi TIIICOBOI CyMillli), 8 TAKOX KOPOTKHIA
omuc il TpHU3HAYCHHSA. [ OJIOBHE BIKHO
MPOrpaMHOl CUCTEMHU MICTUThH iH(pOpMa-
Li10 PO CTaH OOYHCIIEHB IO BCIX 3a/1a4ax,
SKi B)KE€ pO3B’s3aHi a0 Ie B IIPOIeCi
3HAXOJKEHHS pO3B’A3KY. 3aJaBIIH CTPYK-
Typy MOJENI 1 OYaTKOBI 3HAYCHHS BXiJl-
HUX 3MIiHHUX iH(OpMalis HaJCHIAETHCS
Ha OOpOoOHMI cepBep, SIKMH MICTHTBH BCi
MIPOLIElypY METOIB OLIHFOBaHHSI BEKTOPA
HEBIJOMHX MapamerpiB. MOXIHMBOCTI
CHCTEMH JI03BOJISIIOTH TEperyisiiaTi mo-

MongoDB

Ili moKa3HUKU MOJENI BUCTYNAIOTh BXIiJHOW iH-
(dopmariero st OOYUCIEHBb BiJ KOPUCTYBadiB (OAHOTO
abo JeKiJIbKOX OJHOYAacHO) cucremoro. Ha Buxoni ko-
pHUCTYBad OTpHMYe OOYMCIIEHI HEBIIOMI Mapamerpu Ta
ix momycku. Takok BHXIIHOK IH(QOPMAIIE CIyrye
CTaH TPOBEACHHS OOYHCIEHb (Yac, KiJIbKICTh iTepail,
pe3ynbTaT Ha MEeBHUH MOMEHT 4acy) IO pi3HUX THIaX
3aj1a4, sSIKi ONUCYIOTHCS Y BUTIIS/I CTATUYHHX CHUCTEM.

3anporoHOBaHa HAMU CHCTEMa € YHIKaJIBHOI 1 B
TOMY IUIaHI, IO JIa€ MOXJIMBICTh BHBYATH JIaHI Pi3HUX
TUMIB 3aJ1a4 3a0e3rneueHHs (HYHKITIOHATBHOI MPUIATHOC-
Ti, a TAKOXX aHAI3yBaTH pe3yJIbTaTH 00YHCIIEHbD, SIKi 30e-
piratotecs B XxMapi (puc. 2).

i
maodel: ‘glid-g2*Vi+g3Tv2-g4 wS-g5snva..,
params: {

getDataByModed |
‘glra-g2Tvi+ls

result: {

}

[161,7;168,3], —————p-
[25.024,20,376], [ ] _
Server TESUIL

} GraphQl 161 7:168 3y MOnI00B

[25.024;29.376].

Puc. 2. ®parmeHT KIIi€HT-CEPBEPHOI apXITEKTYpH.
IMomuryk icHyrounx pe3ynbraTi y BJI

Ha puc. 3 300paskeHO (pparMeHT apXiTeKTYpH, SKUH
JIEMOHCTPYE MOXKJIMBOCTI CHCTEMH, & CaMe — IPOBEACHHS
00YHMCIIeHh METO/IaM! OLIIHIOBAaHHS MTapaMeTpiB Ha OCHO-
Bi aHaI3y IHTEPBAJbHUX JIAHUX BiJIAJICHUIMU OOpOOHHU-
MU CepBepaMH Ha OCHOBI 3HOBY OTPUMAaHHX JaHUX a0o
BHUKOPHCTOBYIOUH JIaHi TONEpeHiX OOYUCICHh Ha TEB-
HUX iTepamisix, siki Oynmu 30epexeni B xmapi. Ocobnu-
BICTh JaHOI apXiTeKTypu — KOXKHUH OKpeMHH 0OpoOHMI
cepBep MOXKE MICTUTH MPOLEIYPH PI3HUX O0UYHCITIOBAIb-
HUX MerofiB. Lle jae MOXKIIMBICTH BUKOPHCTaHHSI Takol
apXiTEeKTypH BEJIHMKOIO KUIbKICTIO PI3HMX KOPHCTYBadiB,
ITb SKUX — PO3B’SA30K 3amadi 3a0e3redcHHs (QyHKIIIO-
HaJILHOI IIPUAATHOCTI CTATUYHHUX CHCTEM.

Ha puc. 4 npencraBieHo mepuiuii Kpok po3podiie-
HOT'O TPOrpamMHOro 3a0e3neueHHs A 3aaad 3abesre-
4YeHHs ()YHKIIOHAJIBHOI TMPHIATHOCTI CTaTUYHHX CHUC-
TEM, a caMe - CTBOPEHHsI HOBOI 3a1a4i (Mozenb (yHKIi-

TOYHI Pe3yNIbTATH MiJ Yac 00YUCIEHb, K
1Ie TTOKa3aHo Ha pucC. 5.

KiHIeBo0 MeTOI pO3pOOKH MPOTPaMHOI CHUCTe-
MU € 3HaXOJDKCHHsI HEBIJOMOTO BEKTOpa IapaMeTpiB
CHCTEMH 13 JIOMYCKaMH Ha HHX, sKi 3a0e3MmeuyTh Qy-
HKIIIOHAJIBHY MPHUIATHICTh 3a3HAYEHOI CTATUYHOI CHC-
TeMHU, B JAHOMY BHUIMAJKy 3a0e3reueHHs (pyHKIIOHA-
JIHOT MPUAATHOCTI TEXHOJOTIYHOTO O0JIaIHAHHS JIiHIT
0 BUPOOHUIITBY TIIICOKAPTOHY, MOMEIh SKOI MOoJaHa
BupazoM (2) (puc. 6).

clientData: {
modet: ‘gl d-g2™1g3V2.gd"vEgh™a.

Eueﬁmnls‘{
glf
valuel: 0,029
value?: 0,031
fupe: Tange’

Workel Seryer NET_.

:ia:su-cl:la‘ta'{
qualin: 0,001
resulf | Inerations: 1000,
1161.7:168.3], )

125.024.29.376]

I getStatistycDataByModed |

‘glrd-ga e
i1
E saveResuliresult) -
——
| J—
Server 1 MongoDB
GranhQL Server . o aity: 0.001"
iberations: 1000,
Puc. 3. ®parmeHT KIIi€HT-CEPBEPHOI apXITEKTYPH.
Po3B’s130k 3a1aui

Create task
3 = S il T il
Insert task name here.
OfMMCnENA JHa4eHHR ; IHAMEHHA W

TEXHOAGTIYHOND NPOLECY BUTOTORMEHHS [iNCOKBETONY, 8 TEROW XHI TEXHINONYHI ADMYCKN
IR TASH descnpon here.

Puc. 4. Dopma cTBOpeHH: HOBOI 3a1aui
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3aga4a MOJenioBaHHs Ta 3abesnevenns x

cpyHKy 101 AIpuaaTHoCTI 1 070
0GnajiHaHHA NiHil N0 BUTOTOBNEHHID
MINCOKAPTOHY B YMOBAX 3MIHHMX XAPAKTEPHCTHK
CHPOBHHM

0,011408453672923

00:00:00.18

Puc. 5. [leperisn noTo4yHOro pe3yipTaTy

BucHoBku

[IporpaMHMX TPOAYKTIB, SIKI JalOTh MOXIIUBICTH
OLIIHIOBATH (DYHKI[IOHAJIbHY TPHIATHICT CTATHYHUX
CHCTEM € 0arato, oJHaK BCi BOHM BHHSTKOBO CIIEIliali-
30BaHi Ui TMPOEKTYBAHHS OKPEMHX TEXHOIOTIYHHX
TMPOLIECIB.

[HIIIUM HEJIONIIKOM TaKUX MPOTPAMHUX KOMILIEKCIB
€ BHCOKa OOYMCITIOBaJbHA CKJIAJHICTh peaji30BaHUX Y
HUX METOMIB Ta HEMOMKJIMBICTHL OJHOYACHOTO 3HAXO-

3agaya MOGE/IBaHHA Ta 3abesneyueHHs x
thyHKLIOHANBHOT MPUAATHOCTI TEXHONOIMHOMD
ofnaguarHs Nikil N0 BUFOTOBNEHHIO

FiNEOKARTOHY B YMOBAX IMiHHHX XAPAKTEPHCTHK

CHPOBUHIA

Puc. 6. [Teperiisin KiHIEBOTO pe3yibTaTy

JDKCHHSI ONTHMANBHUX IIapaMeTpiB Ta YMOB 3abesrie-
YeHHs 3a/1aHO0l (DYHKIIOHAJILHOI MPUAATHOCTI CHUCTEM.
Tomy Oyno BupimeHo po3poOuTH, Ha 0a3i KIi€HT-
cepBepHOI XMapHOi apXiTeKTypH, yHiBepcaJbHHUi Oara-
TOKOPHCTYBAILKUI MPOrpaMHHN KOMIUIEKC JUIs OLiHIO-
BaHHS BEKTOPY IapaMeTpiB CTATHYHHX CHCTEM Ha OC-
HOBI aHaJi3y IHTEPBAJIBHHUX NAaHUX, SIKMWA OW JaB 3MOTy
3MEHIINTH YacoBi Ta OOYUCIIOBANbHI BHUTPaTH MpH
PO3B’s13aHHI 3a/1a4 3a0e3neueH s (PYHKIIOHAIBHOI MpH-
JATHOCTI CTATHYHUX CHUCTEM.
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Opranmsanus cloud-apxuTeKTyphI 1s1 cucTeM ofecrieyeHus1 GYHKIMOHAIBHOI NPUTOTHOCTH CTATHYECKHX CHCTEM
W. 4. Cimsak, C. 5. Kpensry, B. WM. I'opumiasit

AnHoTanmus. B cratee paccmarpuBaercs nogxon k opranusaimu Cloud-apXuTeKTypsl UL cUcTeM obecriedeHus (yHKIHo-
HAJIBHOM MPHUTOJHOCTH CTATHYECKUX CHCTEM, 2 HIMEHHO HCIIOJIHEHIE CUCTEMOH 0003HAYCHHBIX JUTs Hee (DYHKIMI Ha IPOTSHKCHUN OIl-
PEJIEIICHHOTO BPEMEHH U IPU OMPEJICIICHHBIX YCIOBHSX IKCILTyaTalii. B CpaBHEHHH C TPAJIMIIMOHHBIM TIOIXO/IOM, OOJIaYHbIC BBIYKC-
JICHVSI TI03BOJISIOT YIIPABILITH OONBIION HHPACTPYKTYPOil 1 00CIIYKUBATh Pa3Hble IPYIIILI IIOIb30BaTeNeil B paMKax OIHOro oOJiaka.
V3yqaroTcst METOAB! MOAEITHPOBAHHUS (hYHKIMOHATBHON IPUTOIHOCTY CTATUYECKIX CHCTEM Ha OCHOBE OIPEIEIeHHs NoKa3aTess (yHK-
LIMOHAJIEHON NPUTOXHOCTH, KOTOPBIil MaTeMaTHIecky (hopMyTHpyeTcs Kak ONTHMU3ALMOHHAs 3a/ja4a ¢ LeneBoi yHkumei odecrede-
HUsI TPeOOBaHMI K XapaKTepHCTHKAM CHCTEMBI. PeliieHre Takoi 3a1aun obecriedeHnst ()yHKIHOHAIIBHOMN TIPHIOHOCTH KaK HEeJIMHEH-
HOH ONTHMH3ALMOHHOIN Ha NPAKTUKE HE MOXET OBITh MMIUIEMEHTOBaHO. I1OCKONBKY BOSHHMKAET Takas MpoOiema, Lenecoo0pasHo
GbyHKIMIO ey 3a1a9u (OPMYITMPOBATh HCXOMIS U3 3/IaHHBIX OIPAHMYCHHIT Ha 3HAYCHHS HCXOHBIX XapaKTepUCTHK. B Takoii mocra-
HOBKE 3a/1a4y obecredyeHus (HYHKIMOHATBHOM MPUTOHOCTH MOYKHO PELINTh METOIOM aHAIN3a HHTEPBAIbHBIX JaHHBIX. [lapasuiensHo,
TIPY PELICHHH TaKOH 3a/[auk, HEOOXOJIMMO BBIYHCIIUTH ApaMETPhI AIEMEHTOB CHCTEMBI C YYETOM HX OTKIOHCHHI, KOTOpPBIC 33/1at0TCsI
JIOITyCKaM¥l TaKuM 00pa3oM, 4TOOBI 0becreuuTs ()yHKIMOHAIBHYIO IPHIOJHOCTh CUCTEMBI. Takoro poxa 3aadd UMEIOT OOMBLIYIO
MPAKTHYECKYIO [IEHHOCTh, & METO/IbI MX PEIICHHS — OOMBIIIYIO BEIYHCIUTEIBHYIO CIOKHOCTD. Takium 00pa3oM, MOXKHO PE3FOMHUPOBATh,
4TO pa3pabOTKa MHOIOIIOIB30BATEILCKOM CUCTEMBI Ha 6a3e KIMEHT-CEPBEPHON 00NavYHOI apXUTEKTYpPBI, KOTOpask JACT BO3MOXKHOCTD
peaM3ali ¢ HU3KOH BBIYKCIHTEIIBHON M BPEMEHHOW CIIOXKHOCTBIO METOIIOB MOJICIMPOBaHHs o0ecreyeHus ()yHKIMOHAIBHOW MpH-
TOIHOCTH CTAaTHYECKHX CHCTEM eCTh aKTyaIbHOHU 3a1aueil. B craThe MpuBe/ieH IpyMep MHOTOIOIB30BATEbCKOM IPOrpaMMHOI CHCTe-
MBI [UIsl Pa3HBIX BUIIOB MOZENEH CTATUYECKHX CHUCTEM C LIENbIO M3YUCHHS THIOB JAHHBIX 33724 o0ecriedeHHs ()yHKIMOHATBLHON MpH-
TOHOCTH, METOJIOB €€ OLICHUBAHMUS, & TAKKE aHAIM3UPOBATh PE3YJIbTaThl PEIbIAYIIMX BEIYUCICHHH, KOTOPBIC COXPAHSIOTCS B O0JIaKe.
Pe3ynbTarsl pa3paboToK, Mpe/ICTaBICHHbIC B CTAThe, MOT'YT ObITh HHTEPIPETUPOBAHBI LIS 33,184 MOJIC/TMPOBAHMS PA3HBIX THIIOB CTATH-
YECKUX CHCTEM JIIsl YIPOLICHHS X BPEMEHHO# M BBIUHCIIHTEIIBHOM CIIOKHOCTH TIPH PEaH3aLiyiH.

KawueBble cjoBa: obOnauHbIe TCXHOJIOI'MH, (byHKLII/IOHaJ'lBHaSI NPpUTrOAHOCTD; CTATUYCCKUE CUCTEMbI; MHOI'OIIOJIB30Ba-
TCJIbCKasA CUCTEMa.

Cloud-architecture organization for systems of provision of functional suitaibility of static systems
L. Spivak, S. Krepych, V. Horishni

Abstract. The article deals with the approach to the organization of Cloud-architecture for the systems of providing the
functional suitability of static systems, namely implementation the functions of the system during a certain time and under certain
operating conditions. Compared to the traditional approach, cloud computing allows to manage a large infrastructure, to serve differ-
ent groups of users within a single cloud. The methods of modeling the functional suitability of static systems based on the definition
of the index of functional suitability, which is mathematically formulated as an optimization problem with the purpose function of
providing requirements to the characteristics of the system, are studied. The solution of the task of ensuring the functional suitability
as the nonlinear optimization problem cannot be implemented in practice. Therefore, since there is such a problem, it is expedient to
form the purpose function of the task of ensuring the functional suitability, based on the given limitations on the value of the output
characteristics. In such a statement, the task of ensuring the functional suitability can be solved by the method of interval data analy-
sis. In parallel, when solving this problem, it is necessary to calculate the parameters of the elements of the system in such way, that
taking into account their deviations, which are given by tolerances, ensure the functional suitability of the system. These tasks have an
extraordinary practical value, and the existing methods of its solution have a high computational complexity. From this, we can conclude
that the development of a multi-user system based on client-server cloud architecture, which would enable implementation with low
computational and time complexity of the methods of modeling and ensuring the functional suitability of static systems is an actuality
task. The article gives an example of multi-user software system for different types of models of static systems, which enables to study
the data of various types of tasks of providing the functional suitability, the methods of its estimation, and also to analyze the results
of previous calculations, which are stored in a cloud. The development results presented in the article can be interpreted for the tasks
of modeling different types of static systems for simplify their time and computational complexity during implementation.

Keywords: cloud technologies; functional suitability; static systems; multi-user system.
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APPLIED INFORMATION TECHNOLOGY OF THEMATIC SEGMENTATION
OF OPTICAL-ELECTRONIC IMAGES FROM ON-BOARD SYSTEMS
OF REMOTE SENSING OF THE EARTH

Abstract. The subject matter of the article is applied information technology of thematic segmentation of optical-
electronic images from on-board systems of remote sensing of the Earth. The goal is to develop an applied information
technology for thematic segmentation of optical-electronic images from on-board Earth remote sensing systems using the
system modeling methodology IDEFO0. The tasks are: analysis of features of optical-electronic images, formulation of re-
quirements for methods, techniques and information technologies of thematic segmentation of optical-electronic images
from on-board systems of remote sensing of the Earth, development of applied information technology for thematic seg-
mentation of optical-electronic images from on-board systems of remote sensing of the Earth. The methods used are:
methods of probability theory, mathematical statistics, methods of optimization, mathematical modeling and digital image
processing, analytical and empirical methods of comparative research. The following results were obtained. In accordance
with the syntax and semantics of IDEFO0, the applied information technology of thematic segmentation of optical-electronic
images from on-board systems of remote sensing of the Earth can be presented in the form of: a tuple, an upper child dia-
gram, and child diagrams. A block diagram of the algorithm that implements the methods of applied information technol-
ogy of thematic segmentation of optical-electronic images from on-board systems of remote sensing of the Earth is given.
A block diagram of the algorithm that implements the methods of applied information technology of thematic segmentation
of optical-electronic images from on-board systems of remote sensing of the Earth is given. Conclusions. The scientific
novelty of the results is as follows: an applied information technology has been developed for thematic segmentation of op-
tical-electronic images from on-board systems of remote sensing of the Earth, which, unlike the known ones, use the sys-
tem modeling methodology IDEF0, which is based on the SADT structural analysis and design method.

Keywords: remote sensing of the Earth; optical-electronic image; thematic segmentation; information technology; sys-

tem modeling methodology; structural analysis and design method.

Introduction

Formulation of the problem. It is known that the
result of deciphering optical-electronic images from on-
board remote sensing systems of the Earth depends on
the quality of methods for thematic segmentation of
optical-electronic images [1-3]. This posed for develop-
ers of image processing systems the task of developing
methods, techniques and information technologies for
thematic segmentation of optical-electronic images from
on-board remote sensing systems of the Earth.

The following requirements are put forward to the
methods, techniques and information technologies of
thematic segmentation of optical-electronic images from
on-board remote sensing systems of the Earth [1-3]:

— high speed when processing large data arrays;

—the possibility of sharing spectral and textural
features.

It is known that at present there is no general the-
ory of optimal representation and image processing. The
choice of a specific image processing technology de-
pends on the tasks that are being solved and the re-
quirements imposed on the result of the processing.

Analysis of recent research and publicatins.

It is known that a characteristic feature of thematic
segmentation of optical-electronic images from on-
board systems of remote sensing of the Earth is the
search for rational solutions in the multidimensional
space of alternatives. Under such conditions, the use of
classical methods for finding the extremum of an objec-
tive function becomes ineffective. Currently, global
extremum search methods are being developed that pro-
vide convergence to the exact solution of the optimiza-

tion problem and provide the optimal (minimum or
maximum) value of the fitness function [4].

Metaheuristic methods have the following proper-
ties [4, 5]: managing the process of finding the optimal
solution; effective study of the search space to find the
optimal solution; use of simple local search procedures
and complex learning processes; approximate methods
and, as a rule, non-deterministic; take into account the
possibility of falling into a trap in a limited search space;
are universal (they solve various applied problems); use a
priori information to find the optimal solution.

There are four main groups of metaheuristic opti-
mization methods: evolutionary methods; swarm meth-
ods; methods that mimic physical processes; multi-start
methods [6, 7].

To evolutionary methods include: genetic meth-
ods; imitation methods immune systems of organisms;
scattering methods; evolutionary transformation strategy
correlation matrices; dynamic network method; methods
of differential evolution and others [6].

The swarm methods include: the method of behav-
ior of particles in a flock; ant method, artificial bee col-
ony method; method, imitating the behavior of schools
of fish and others [8, 9].

The goal of the article is to develop an applied in-
formation technology for the thematic segmentation of
optical-electronic images from on-board systems of re-
mote sensing of the Earth.

Main results

The information technology of thematic segmenta-
tion of optoelectronic images from on-board remote
sensing systems of the Earth will be considered as a set
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of functions that are definitely connected with each
other. And implement the techniques, ways and meth-
ods that provide for the receipt, storage, processing,
transmission and use of optical-electronic images.

For visualization and further formal presentation
of the structure and composition of information tech-
nology for thematic segmentation of optical-electronic
images (information technology for the thematic seg-
mentation of optical-electronic images (ITTSOEI)), we
will use the system modeling methodology IDEF0
(ICAM (Integrated Computer Aided Manufacturing)
Definition) [10].

In general, the IDEFO methodology is used to cre-
ate a functional model that displays the structure and
functions of the system, as well as the flows of informa-
tion and material objects linking these functions. IDEFO
methodology is based on SADT (Structured Analysis &
Design Technique) structural analysis and design me-
thod. The IDEFO methodology is based on a standard-
ized graphical language for describing (modeling) sys-
tems [10]. In accordance with the syntax and semantics
of IDEFO, it is formally possible to present the ITTSOEI
technology in the form [11] (tuple ITTSOEI — expres-

sion (1); set {D,ITTSOEI} — expression (2); set {Ll/-} -

expression (3)):

TITTSOEI _ < In!TTSOEL { DlITTSOEI}> ’ 1)

DjTTSOE _ { { P;'l}a { L_ll-}}, 2)

C IR CIRCARCIRUS RS
where In'TTSOE! _ formulation of the goal.

In this case, it is the development of a system of
related functions that implement the techniques, meth-
ods and methods of collecting, storing, processing,
transmitting and using knowledge (data) of thematic
segmentation of optical-electronic images from on-
board Earth remote sensing systems as information
technology;

{ DjTTSOE } — a set of levels of detail in the

ITTSOEI information technology presentation;

1=0,...,3, where when 1 = 0, a top level context di-
agram (model) is formed, when 1 = 1 — the upper child
diagram, when 1= 2, 1 = 3 — child diagrams;

{Fl-l } — a set of functions that implement the tech-

niques, methods and methods of working with knowl-
edge (data) at {D,I TTSOET } the level of detail of the pres-

entation of information technology ITTSOEL

As functions with 1 = 0, we consider the general-
ized "activity" (function-activity) with ITTSOEL. When
1 = 1, the main "processes" (functions-processes) of
working with knowledge (data) in ITTSOEI imple-
mented in ITTSOEI are considered as functions.

As functions with /=2, we consider “subproc-
esses” (functions-subprocesses) of working with knowl-

edge (data) within the framework of the corresponding
“process” at the stages of development and operation of
the subsystem of thematic segmentation of an optical-
electronic image.

As functions with /=3, we consider "operations"
(functions-operations) of working with knowledge (da-
ta) during the development and operation of the the-
matic segmentation subsystem as part of the corre-
sponding "process" at the stages of the development and
operation of the thematic segmentation subsystem of the
optical-electronic image from the on-board remote sens-
ing systems of the Earth:

{Ll i} — a set of internal and boundary interactions
of system elements;

{V,l} c {Ll,-} — a set of internal interactions be-
tween functions from a set {Fl-l } ;

{Ci} c {Ll i} — a set of control limit interactions of

software and hardware implementing ITTSOEI infor-
mation technology;

{I i} c {Ll/-} — a set of input control limit interac-

tions that reflect data (information, knowledge), which
turn into a function;

{Oi} c {Ll/-} — a set of output control limit inter-

actions that reflect the data (knowledge) about the ob-
jects produced by the function;

{M i} c {Ll/-} — a set of limit interactions that re-

flect the mathematical apparatus used to formalize
knowledge on thematic segmentation of optical-
electronic images.

In Fig. 1 shows a formal view of the ITTSOEI
technology in accordance with the expression (4):

DéTTSOEI={{F10}’{C]0’[]0’0]0,08,M10}}. 4

In Fig. 2 shows the upper child diagram describing
the functions-processes of information technology
ITTSOEI in accordance with the expression (5):

D{TTSOEI :{{Fil},{CP,[f)aOf)’Og’Mlo’{Vll}}}’ ©

where t=1,2,...7.
As functions from the set {Fl-l}of the upper child

ITTSOEI

level diagram Dj , created when decomposing a

ITTSOEI

level diagram D , the functions processes that

implement the techniques, ways and methods are con-
sidered:

— collection of knowledge (data) of the results of
thematic segmentation of optical-electronic images
Fll c { F_l} :

1

— storage of knowledge (data) of the results of
thematic segmentation of optical-electronic images

Fefr).
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Fig. 2. Upper child diagram that describes the functions-processes of information technology ITTSOEI

— processing of knowledge (data) of the results of
thematic segmentation of optical-electronic images
A e{r};

—transfer of knowledge (data) of the results of
thematic segmentation of optical-electronic images
e,

—use of knowledge (data) of the results of the-
matic segmentation of optical-electronic images
F51 € {F;]} .

Let us briefly review the main functions of the
ITTSOEI information technology processes.

The function-process of collecting knowledge
(data) of thematic segmentation of optical-electronic

images from on-board systems of remote sensing of the
Earth Fi] S {F;l} is implemented by performing the

following functions-subprocesses:
FieR
knowledge (data) of thematic segmentation results,
which is implemented in the development of software
and hardware complex of thematic segmentation of op-
tical-electronic images from on-board remote sensing
systems of the Earth;

— function-subprocess of collecting

Ry e R
knowledge (data) of the results of thematic segmenta-
tion of the optical-electronic image, which is imple-
mented during the operation of the software and hard-
ware complex of thematic segmentation of optical-

— function-subprocess of collecting
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electronic images from the on-board systems of Earth
remote sensing.

During the implementation of the function-

subprocesses Flzl , the composition of knowledge (data)

is determined (including from the point of view of iden-
tifying declarative and procedural knowledge) of the-
matic segmentation of optical-electronic images from
on-board remote sensing systems of the Earth.

During the implementation of the function-

subprocesses F]22 , if necessary, adjustments are made to

the composition of existing knowledge (data) on the-
matic segmentation of optical-electronic images from
on-board remote sensing systems of the Earth, and data
(facts) are currently being received from external
sources of information (for example, in the area of ob-
servation, phono-object target situation, etc.).

The function-process of storing knowledge (data)
of the results of thematic segmentation of optical-
electronic images from on-board systems of remote

sensing of the Earth le € {F-l} is realized by perform-

1
ing the following functions-subprocesses:

—the function-subprocess F221 € le of the develop-

ment of a knowledge base (data), which is implemented in
the development of a software and hardware complex for
thematic segmentation of optical-electronic images from
on-board remote sensing systems of the Earth;

— the function-subprocess F222 € le of the process

of direct storage of knowledge (data) of the results of
thematic segmentation of optical-electronic images from
onboard systems of remote sensing of the Earth, which
is implemented during the operation of the software and
hardware complex of thematic segmentation of optical-
electronic images from onboard systems of remote sens-
ing of the Earth.

The function subprocess F221 is implemented by

performing the following function-operations:

—the architecture of the software-hardware com-
plex of thematic segmentation of optical-electronic im-
ages from on-board remote sensing systems of the Earth
is being developed, which determines the structure,
functions and interrelation of the components of the
software-hardware complex;

—the composition of technical means is deter-
mined for the implementation of the components of the
hardware-software complex for the thematic segmenta-
tion of optical-electronic images from the on-board re-
mote sensing systems of the Earth;

— the composition of software is determined for the
implementation of the components of a software and
hardware complex for thematic segmentation of optical-
electronic images from on-board Earth remote sensing
systems (operating system, programming language,
knowledge engineering tools (CASE tools (Computer-
Aided Software Engineering)) and the like);

— software implementation of the hardware and
software components of the thematic segmentation of
optical-electronic images from the on-board Earth re-
mote sensing systems based on the selected hardware

and software implementation is being carried out;

— filling the rule base of the software and hardware
complex for thematic segmentation of optical-electronic
images from on-board Earth remote sensing systems.

During the implementation of the subprocess func-

tion F222 , the following is used:

— storing in the base of rules the hardware and
software complex of thematic segmentation of optical-
electronic images from the on-board Earth remote sens-
ing systems of the rules introduced or corrected at the
previous stage,

— storing in the database of the hardware and soft-
ware complex of thematic segmentation of optical-
electronic images from the on-board Earth remote sens-
ing systems data on the conditions for conducting re-
connaissance, phono-object conditions and the results of
knowledge processing (data) on thematic segmentation
of optical-electronic images from the on-board Earth
remote sensing systems.

The function-process of knowledge processing
(data) based on the results of thematic segmentation of
optical-electronic images from onboard Earth remote

sensing systems F31 € {Fl-]} is implemented by perform-
ing the following functions-subprocesses (Fig. 3):

— function-subprocess F321 eF3] of developing

knowledge processing methods (data) on thematic seg-
mentation of optical-electronic images from onboard
systems of remote sensing of the Earth (implemented at
the stage of creating a software and hardware complex
of thematic segmentation of optical-electronic images
from onboard systems of remote sensing of the Earth);

— function-subprocess F322 € F31 of implementa-

tion of the process of direct automated processing of
knowledge (data) on thematic segmentation of optical-
electronic images from onboard systems of remote sens-
ing of the Earth during the operation of a software and
hardware complex of thematic segmentation of optical-
electronic images from on-board systems of remote
sensing of the Earth.

The function subprocess F321 is implemented by

performing the following function-operations:

— tasks are being set to formalize the processing of
knowledge (data) of the thematic segmentation of opti-
cal-electronic images from on-board systems of remote
sensing of the Earth;

—the ways of knowledge (data) presentation are de-
termined (the choice of the mathematical apparatus
(knowledge representation model (data)) is substantiated)
of the thematic segmentation of optical-electronic images
from on-board systems of remote sensing of the Earth;

—a formal presentation of the knowledge (data)
processing of the results of thematic segmentation of
optical-electronic images from on-board systems of re-
mote sensing of the Earth, namely:

a) method of thematic segmentation of images
from on-board systems of remote sensing of the Earth;

b) processing method of multiscale optical-
electronic image sequence from on-board systems of
remote sensing of the Earth.
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Fig. 3. A child diagram that describes the functions-subprocesses of the information technology ITDUIEI for the
implementation of the function-subprocess of developing methods for processing knowledge (data) of thematic
segmentation of optical-electronic images from on-board systems of Earth remote sensing

The structure of the algorithm that implements the
methods of applied information technology of thematic
segmentation of optical-electronic images from on-
board systems of remote sensing of the Earth is shown
in Fig. 4. The algorithm is based on the method of the-
matic segmentation of optical-electronic images and the
method of processing a multiscale sequence of optical-
electronic images from on-board remote sensing sys-
tems of the Earth.

It has been established that, in contrast to the well-
known, the advanced applied information technology of
thematic image segmentation of optical-electronic im-
ages from on-board Earth remote sensing systems uses
the system modeling methodology IDEFO, which is
based on the SADT structural analysis and design
method, provides for determining image presentation
spaces, highlighting the brightness channels of each
color space, applying for thematic segmentation optical-
electronic images methods swarm artificial bee colony.

Conclusions

The article developed an applied information tech-
nology for thematic segmentation of optical-electronic
images from on-board Earth remote sensing systems,
which, unlike the known ones, uses the system model-
ing methodology IDEF0, which is based on the SADT
structural analysis and design method.

It has been established that, in contrast to the well-
known, the advanced applied information technology of
thematic image segmentation of optical-electronic im-
ages from on-board Earth remote sensing systems uses
the system modeling methodology IDEFO, which is

based on the SADT structural analysis and design
method, provides for determining image presentation
spaces, highlighting the brightness channels of each
color space, applying for thematic segmentation optical-
electronic images methods swarm artificial bee colony.
In further studies, it is necessary to consider in de-
tail the structure of the algorithm that implements the

function-subprocess F321 and the corresponding func-

tions-operators of the applied information technology of
thematic segmentation of optical-electronic images from
on-board systems of Earth remote sensing.

Start

Original optical-electronic image
(multiscale sequence of optical-electronic
images)

Optical-electronic image
one?

Segmented image

End

Fig. 4. The structure of the algorithm (Part 1)
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Fig. 4. The structure of the algorithm that implements the methods of applied information technology of thematic segmentation
of optical-electronic images from on-board systems of remote sensing of the Earth (Part 2)
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[pukaagnas uHpOPMALMOHHASA TEXHOJIOTHSI TEMATHYECKOH CerMeHTALMU ONITHKO-3JIEKTPOHHBIX H300pakeHn i
¢ OOPTOBBIX CHCTEM AUCTAHIMOHHOIO 30HAMPOBAHNA 3eMJIU

N. A. XwxHIK

Annortanus. IIpeamerom nsydeHus B craThbe SIBISIETCS NPUKIAAHAS MHPOPMAIMOHHAS TEXHOIOT Sl TEMATHIECKOH cer-
MEHTAIHN OITHKO-3JIEKTPOHHBIX M300paKEeHMH C OOPTOBBIX CHCTEM IHCTAHIIMOHHOrO 30HAMpoBanus 3emin. Llenawsio sBisercs
pa3paboTka NnpHKiIa HOH NH(OPMAIMOHHONW TEXHOIOIMH TEMaTHIeCKO CerMEeHTalMK ONTHKO-3JIEKTPOHHBIX M300paXkeHuit ¢ Oop-
TOBBIX CHCTEM JUCTaHLIMOHHOIO 30HIUPOBAHUS 3€MJIHM C UCIOIb30BAHUEM METOJO0N0ruu cucreMHoro mozenuposanus IDEFO. 3a-
Ja4H: aHATIH3 OCOOEHHOCTEH ONTHKO-3JIEKTPOHHBIX M300paXeHNUH, (POPMYIHPOBKA TPEOOBAHMI K METO/IaM, METOJUKaM M HH(POp-
MAaIMOHHBIM TEXHOJIOTUSIM TEMAaTHYECKOH CETMEHTAIMH ONTHKO-3IEKTPOHHBIX H300pa)KeHNH ¢ OOPTOBBIX CHCTEM JWCTAHIIMOHHOTO
30HIMPOBAHMS 3eMITH, pa3padoTKa MPHUKIATHOH HH(POPMAIIMOHHON TEXHOIOI MU TEMATHIECKOH CErMEeHTallii ONTHKO-3JIEKTPOHHBIX
n300pakeHni ¢ OOPTOBBIX CHCTEM JMCTaHIIOHHOIO 30HANPOBAaHUA 3eMii. VCIonp3yeMbIMH MeTOOAMH SIBIISTIOTCSI: METOIBI TEO-
PHH BEPOSTHOCTH, MATEMaTHIECKON CTaTHCTHKH, METO/IB! ONTHMH3AIMHY, MaTEMAaTHIECKOr0 MOISITPOBAHNUS U IIU(pPoBOi 00paboT-
K1 M300paKeHNH, aHATUTHYECKHE 1 SMITMPHIECKUE METO/IBI CPAaBHUTEIILHOTO UcciieJoBaHus. [oydeHs! creqyronue pe3yJibTaThl.
B coorBerctBHe ¢ cuHTakcucoMm u cemantukod IDEFO mpukiagHas nH(OpManoHHas TEXHOJIOTHS TEMAaTHIECKOW CerMEeHTaIul
OITHKO-JIEKTPOHHBIX M300pa)KEHNI C OOPTOBBIX CHCTEM HMCTAHIMOHHOI'O 30HIMPOBAHUS 3eMIIM MOXKET OBITH IPE/ICTaBieHa B
BHJIE: KOPTEKa, BEPXHEH J0YepHEel TuarpaMMebl, JOUepHHUX AuarpaMM. [IpuBeseHa CTpyKTypHas cXxeMa alropuTMa, Peain3yromero
METO/IBI IIPUKIIATHON HH(OPMALMOHHON TEXHOJIOI MY TEMATHIECKON CErMEHTAIHN OIITUKO-3JIEKTPOHHBIX H300paKeHUH ¢ OOPTOBBIX
CHCTEM IWCTaHIMOHHOTO 30HIMpoBaHMs 3eMid. BeiBoabl. HayuHas HOBM3HA HOMY4EHHBIX PE3YJIbTaTOB 3aKIIOYAETCS B CIIETYIO-
meM: pa3zpaboTaHa NpuKiIagHas HHYOPMALMOHHAS TEXHOIOIHS TEMAaTHUECKOM CerMEHTAIN ONTHKO-JIEKTPOHHBIX N300paskeHHH C
OOPTOBBIX CHCTEM JIMCTAHI[OHHOIO 30HIUPOBaHUS 3€MJIH, B KOTOPOH, B OTJIMYHE OT W3BECTHBIX, UCIIONB3YETCS METOOIOT S CUC-
TemHoro moaenuposanust IDEF0, ocHoBaHHas Ha MeTOZie CTPYKTYPHOTO aHanu3a u npoekrupoanust SADT.

KawueBble ciaoBa: JAUCTAHIIMOHHOE 30HAUPOBAHUEC 3CMJ'II/I; OIITUKO-3JICKTPOHHOC I/I306pa)KeHI/Ie; TEMaTHYCCKasA
CCIrMECHTaLUA, I/IHq)OpMaLII/IOHHaH TEXHOJIOrus; METOAOJIOrUsS CUCTEMHOI'0O MOACIMPOBAHUA; METOA CTPYKTYPHOI'O aHalli3a U
IIPOCKTUPOBAHUS.

Hpuxiragna ingopmaniiiHa TEXHOJIOTi TEMATHYHOI0 CETMEHTYBAHHSI ONITHKO-EJICKTPOHHHX 300paKeHb
3 OOPTOBHMX CHCTEM JUCTAHIIIHOrO0 30H1yBaHHs 3eMJIi

1. A. XmKkHIK

Anotanis. IIpeaverom BUBYEHHS B CTATTi € NPHKIAAHA iHPOPMALHHA TEXHONOTi TEMATUYHOIO CETMEHTYBAaHHS OITHKO-
€JIEKTPOHHHUX 300pakeHb 3 OOPTOBMX CHUCTEM JIMCTAaHLIHHOrO 30HIyBaHHA 3emiti. MeTor € po3poOka NMpUKIaIHOI iHpopMaLiHHOI
TEXHOJIOT1l TEeMaTHYHOIO CErMEHTYBAHHS ONTUKO-EJIEKTPOHHHUX 300paKeHb 3 OOPTOBUX CHUCTEM JMCTAHLIMHOrO 30HIyBaHHS 3eMil 3
BUKOPHUCTAHHSIM MeTonoiorii cucreMHoro MozemoBansst IDEFQ. 3aBmanns: anani3 ocoOMMBOCTEN ONTHKO-EIEKTPOHHHUX 300paXkKeHb,
(bopMyIroBaHHS BUMOT 10 METOJIB, METOMK Ta iHPOpMALIHHUX TEXHOJIOTH TEeMaTHYHOIO CErMEHTYBAHHS ONTHKO-EJIEKTPOHHHUX 30-
OpakeHb 3 OOPTOBHX CHCTEM JIMCTAHLIHHOro 30H1yBaHHs 3eMili, po3po0ka NpHKIanHOl iHPOpMAaLiHHOI TEXHOMOriT TEeMaTUYHOrO Cer-
MEHTYBAHHsI OITHUKO-EJIEKTPOHHUX 300pa)keHb 3 OOPTOBHX CHCTEM JMCTaHLIMHOrO 30HyBaHHS 3emili. BukopucroByBaHuMHU MeToa-
MH €: METOJIM Teopii IMOBIPHOCTI, MATEMAaTUYHOI CTATHCTHKK, METOIIM ONTHMI3aLlii, MAaTEMaTHYHOTO MOJIETIOBAHHS Ta I(POBOI 00po-
OKkK 300pakeHb, aHATITUYHI T4 EMITPHYHI METOIM MOPIBHUIBHOIO JociipkeHHs. OTpuMaHi Taki pe3y/IbTaTH. Y BIWIOBIIHOCTI 10
cunrakcucy ta cemantuku IDEFO npuxiansa iHdopMaliiiiHa TEXHONOr IS TEMaTUYHOrO CErMEHTYBaHHs OITHKO-CIIEKTPOHHHX 300pa-
JKEHb 3 OOPTOBUX CHCTEM JIMCTAHIIIHOrO 30HIyBaHHs 3eMJIi MO)Ke OYTH HPE/ICTaBIIeHa y BUTVISII: KOPTEXKY, BEPXHBOI JOUIPHBOI Jjiar-
pamy, JodipHiX niarpaM. HaBeneHa cTpykTypHa cxema allropuTMy, IO peaisye MeToM MPUKIIaHOI iHpopMalliiiHOl TexHooril Tema-
THYHOTO CErMEHTYBaHHs 300pakeHb 3 OOPTOBHX CHCTEM JUCTaHLIHHOro 30H yBaHHs 3emili. BucHoBku. HaykoBa HOBU3HA OTpHMaHHX
pe3y/IbTaTiB MOJIATa€ B HACTYIHOMY: pO3poOJIeHa NpHKiIangHa iHpopMalliiiHa TEXHOJIOris TEeMAaTHYHOIO CEIMEHTYBAHHS ONTHKO-
€JIEKTPOHHHX 300pakeHb 3 OOPTOBUX CHCTEM JMCTAHLIMHOIrO 30HIYBaHHA 3eMili, B sIKil, Ha BiIMiHY BiJ BiJIOMHX, BUKODHCTOBYETHCS
MeTozonoris cucremuoro MozemoBanas IDEFO, 1o 3acHoBaHa Ha MeTOJIl CTPYKTYPHOTO aHaii3y Ta npoekryBaHHs SADT.

KawyoBi caoBa: mucraHiiiiHe 30HIYBaHHS 3eMJIl; ONTHKO-CJICKTPOHHE 300paKCHHS; TEMaTHYHA CErMEHTaIlisl; iHPO-
pMaliiiiHa TeXHOJIOTIs; METOIOJIOT1sl CHCTEMHOT0 MOJICITFOBAHHS; METOJI CTPYKTYPHOI'O aHai3y 1 MPOCKTYBaHHSI.
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DESIGNING EXPLANATIONS IN THE RECOMMENDER SYSTEMS
BASED ON THE PRINCIPLE OF A BLACK BOX

Abstract. The subject matter of the article is the process of designing of explanations in the recommender system.
The goal is to develop a conceptual model for designing explanations in recommender systems based on the black box
principle. Such a model binds the conditions, the result and the constraints on the choice of objects from the user's
position. The user should receive justification of the recommendations taking into account context-oriented possibilities
of using the proposed objects. Tasks: to adapt the principle of a black box to the task of constructing explanations in the
recommender system; to develop a conceptual scheme for constructing explanations according to the functional
principle; to develop a conceptual model for the designing” of explanations based on the principle of a black box. The
principle used is: functional, or the principle of a black box. The following results are obtained. The principle of the
black box to the problem of constructing explanations in the recommender system was adapted. The conceptual scheme
of constructing explanations on the basis of a functional principle is developed, taking into account both the properties
of objects and the sequences of their use. The conceptual model of the explanation based on the black box principle is
developed. Conclusions. Scientific novelty of the results is as follows. The conceptual model for constructing
explanations with recommendations on the functional principle or the principle of a black box is proposed. The model
takes into account the characteristics of subjects and consumers, information on the use of objects in the subject area, as
well as recommendations in the form of a list of objects. The advantage of using the proposed model lies in the fact that
it takes into account the methods of applying the recommended objects for constructing explanations. This creates
conditions for personalizing recommendations in cases of a cold start of the recommender system, as well as artificial
increase in the ratings of individual items.

Keywords: recommender systems; e-commerce systems; explanation; the context of decision-making; the formation of

recommendations; the formation of explanations.

Introduction

Recommendation systems are intended for the
designing of a rating list with offers of goods and
services for the consumer. Such systems form
personalized offers for the wuser. The task of
recommender system is to form an interesting list of
objects for the consumer and encourage him to buy
goods from this list [1].

These systems are typically part of e-commerce
systems and wuse their database to formulate
recommendations. The personalized list of objects
simplifies the search and selection of goods for the user.
This enables a group of loyal consumers to grow and
increase sales in the e-commerce system. Therefore,
such systems have become widespread [2, 3].

When constructing recommendations, account is
taken of both the characteristics of objects and the
characteristics of already known wusers of the
recommendation system. In the first case, products that have
similar parameters with the products selected by the current
user are recommended. In the second case, it is
recommended that objects previously chosen by consumers,
similar to the current user of the recommendation system.
Accordingly, inputs are used as product characteristics
and their consumer-generated ratings [1].

However, practical requirements for improving the
accuracy of the recommendations led to the problem of
building an inaccurate list of objects for cold start cases
and artificial distortion of the rating of objects.

The cold start situation occurs when building
recommendations for new users. Usually information
about the choice of such users is not available in the
recommender system or e-commerce system. This does

make it difficult to compare the new user with existing
ones and to find similar characteristics in them [5].

The situation of artificial distortion of rating of
objects is used for the promotion of individual goods [6].
The purpose of such actions is to sell objects with false
ratings.

An explanation is used to solve the problem of
building an inaccurate list of recommended objects. The
latter describe the sequence of obtaining and the
possibility of using the proposed recommendations.
Explanations allow the user to better understand the
reasons for the recommendations and the context and the
way to use the recommended objects [7]. Designing of
explanations is aimed at increasing consumer confidence
in the e-commerce system [8].

Modern approaches to constructing explanations in
recommender systems are the further development of
methods for constructing explanations in expert
systems [9]. When constructing explanations, the criteria
for evaluating explanations are used, as well as the
precedents for using explanations and restrictions of the
subject area that influence the explanation [10].
However, the context-based concept of explanation
based on the introduction of a reference system in the
form of a black box requires further research. The above
determines the relevance of this work.

The purpose of the article is to develop a
conceptual model for the formation of explanations in
recommender systems based on the principle of a black
box. This model uses the conditions, the result and the
restrictions on the choice of objects from the user's
position. The user should receive the justification of the
recommendations taking into account the context-
oriented possibilities of using the proposed objects.
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To achieve this goal, the following tasks need to
be addressed: to adapt the principle of a black box to the
task of constructing explanations in the recommender
system; to develop the conceptual scheme of
construction of explanations according to the functional
principle; to develop a conceptual model of explanation
based on the principle of a black box.

Conceptual model of explanation
based on the principle of a black box

The proposed conceptual model is based on the
use of the principle of a black box, or a functional
principle. The latter is widely used in software testing.

According to this principle, the system is
considered at the level of "input-output". The internal
structure of the system and the sequence of the
interaction of its elements are not taken into account or
are unknown.

The conceptual scheme of constructing
explanations in the recommender systems according to
the functional principle is presented in Fig. 1.

We substantiate the use of the black box principle
to formulate explanations in the reference systems
according to the presented conceptual scheme.

Firstly, the explanation is intended to interpret the
recommended list of objects in the context of the subject
area. Such an interpretation makes it possible to clarify
the way of using the proposed objects. That is, an
explanation describes the links of the recommended
objects with other objects of the subject area. Such
connections are not static. They change over time,
depending, for example, on the season, new scientific
achievements, fashion, etc.

Therefore, the explanation in this case is context-
oriented and shows the possibility of using objects in a
defined context [11].

Secondly, the context of the explanation is
determined not only by the approaches to the use of
objects with similar characteristics, but also by models
of the subject area. For example, in the context of
buying a computer, a flash drive, a bag for that
computer, and the like can be offered.

When forming such a recommendation, it usually
takes into account the purchase of people with similar
interests who buy a computer and a flash drive or a bag.
However, this static information is not enough to
explain the recommendation.

You should also consider the sequence of user
choices in time. Buying a computer and a flash drive
defines a temporal rule that binds these two objects in
time. The set of such temporal rules forms a context-
oriented domain model. The domain model may also be
a priori known, formal or case-law. For example, a
formal model can set limits on the power of
recommended products.

The precedent model sets out the known methods
of their use in the form of a sequence of appropriate
actions.

The following example shows that additional
knowledge of the subject area can be obtained not only
a priori, but also as a result of the intellectual analysis of
existing data about objects, users, and their choice.

Limits on incoming data

Items

Catepories of items

v

Characteristics of items -

Users

Personal data

L Rating of items o

Information about buying

L .
items '
( Designing of exp]anations>47-

F 3

Recommendation

An ordered list of objects

{Context Constraints:
way of using objects in a subject
area

Analytical models

Models of precedents

Probabilistic temporal
models

Fig. 1. Conceptual scheme of designing a.n. -
explanation based on the black box principle
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A key feature of such an analysis is that it is
necessary to take into account the orderliness of the
events of the choice of objects in time. This makes it
possible to obtain heuristic dependencies characterizing
the context-oriented use of the recommended objects.

Thus, the key differences in the concept of
constructing explanations based on the principle of a
black box are as follows.

1) A combination of restrictions on incoming data
and restrictions on the use of recommended facilities.
The first restriction makes it possible to justify the
selection of a subset of the recommended objects. The
purpose of the second limitation is to identify the
context differences between the recommended objects.

2) The use of temporal ordering of the choice or
application of objects. Such orderliness is typical for
analytical, case-law and probabilistic models. In fact,
the use of temporal order adds another dimension to the
traditional static characteristics of objects. This makes it
possible to take into account the temporal changes of
such properties.

For example, when choosing a computer it is
necessary to take into account not only its current
properties (processor speed, memory size), but also
quantitative possibilities of its modernization. In
particular, the maximum possible amount of memory,
hard disk, characteristics of additional connectors, etc. It
is also advisable to take into account the cost and design
features of these elements, such as their interfaces,
performance. Additionally, it is also advisable to take
into account the sequence of upgrades. For example, the
amount of RAM can be increased in several stages,
depending on the cost of the components.

An example of the use of restrictions on incoming
data and temporal ordering in accordance with the
concept of constructing explanations based on the black
box is presented in Fig. 2

Initially, from the input subset of objects in the
process of forming recommendations, elements are
selected that satisfy the requirements for classes and
properties of objects:

Item” = {Item3,ltem4 :C= true}, )
Item” < Item
where C - the limit of the choice of the user; ltem —
input set of items that is available for user selection;
Item” — a subset of recommended items.

Subsequently, the elements of the subset Item” are
compared by the methods that are usually used, in
particular on the basis of temporal ordering of their
application or modernization. Such orderliness can be
represented in the form of temporal rules [12, 13]. In the
future, these rules can be used to formulate explanations
based on the probabilistic output [14]. Also, a multi-
layered graph [15] approach can be used to present
constraints by way of use.

In Fig. 2 shows the sequence of use / product
upgrade stages, for example, for a computer: incremental
memory (step 1); replacement of hard disk (step 2); the
next increase in RAM (Stage 3); complementing the
computer to the WWAN module (step 4).

Constraints on items

7/

[I——

Item,
Stage,

Constraints on using items

Fig. 2. An example of using restrictions
in the concept of constructing explanations
on the principle of a black box

The sequence has an additional possibility of
upgrading - the connection of the WWAN module. But
this feature is not necessary for all users.

Therefore, it is advisable to use this distinction
when formulating explanations, thereby personalizing
recommendations.

The conceptual model B of explanation formation
in the recommendation system based on the black box
defines the display of the conditions S of the choice of
the user for the recommendation R , taking into account
the general constraints. The latter are presented by
restrictions C on user selection C and contextual
restrictions M on the use of objects from the
recommended list.

This model has the following form:

B:S—>R|CAM. ()

User-selectable rules for the BlackBerry model
take into account only the results of choosing other
consumers and do not take into account the interaction
of the current user with the recommendation system.
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Therefore, such conditions are presented in the form of
a set of object ratings for an explicit feedback situation
(3) or the number of purchases of a product for an
implicit feedback situation (4).

S={(sp)):5 2G.05p, <p}"}. (3)

where g, — the object (product, service), which has

been chosen by the consumer; p, — ranking of the

object; G — a set of objects in the recommendation
system.

Sz{(gi’aj):giEG’OSaj}’ 4)

where 0, — the number of units of the object that has

been purchased by the j — the consumer.

The received recommendation R contains an
ordered list of objects g, according to the rating 7, that

is, it consists of a set of pairs (g,,7).

The restriction on the user's choice is a
combination of restrictions on the characteristics of
goods and user data. The restriction C on the user's
choice is a conjunction of restrictions on the
characteristics of goods and user data.

Characteristics of goods are set both through the
permissible values of all their properties, and through

the generalized values of individual properties, that is,
the affiliation of goods to a particular category.

Restrictions on users are asked in the same way,
based on similar values of the characteristics of these
users:

Restrictions on the use of objects are given on the
basis of temporal rules [13], which relate the separate
stages of the use or improvement of these objects, as
shown in the example in Fig. 2.

Conclusions

The conceptual model of construction of
explanations to recommendations on the principle of a
black box is proposed. The model takes into account the
characteristics of objects and users, information on the
use of these objects in the subject area, as well as a list
of objects recommended to the consumer.
Characteristics of objects and users are used in the
model as constraints. Information on the use of objects
specifies the conditions for constructing explanations to
the recommendations.

The advantages of the proposed model are that it
allows for additional contextual information on how to
apply the recommended goods or services.

Unlike the model based on the white box, this
model should be considered as an explanatory model
interpreting the recommendation, rather than the process
of its designing in the recommender system.

REFERENCES

1. Aggarwal, C.C. (2017), Recommender Systems: The Textbook, Springer, New York, 498 p.
2. Bennet, J. and Lanning, S. (2019), The Netflix Prize [Proceedings of KDD cup and workshop], available at:

http://www.netflixprize.com

3. Linden, G., Smith, B. and York J. (2003), “Amazon.com recommendations: Item-to-item collaborative filtering”, Internet

Computing, IEEE, vol. 7, no. 1, pp. 76-80.

4. Ricci, F., Rokach, L., Shapira, B. and Kantor, P. (2011), Recommender systems handbook, Springer, New York, 842 p.
5. Shilling, L. (2018), Attack detection for recommender systems based on credibility of group users and rating time series, DOI:

https://doi.org/10.1371/journal.pone.0196533

6. Schein, A.L, Popescul, A., Ungar, L.H. and Pennock, D.M. (2002), “Methods and metrics for cold-start recommendations”,
Proceedings of the 25th annual international ACM SIGIR conference on Research and development in information retrieval,

pp. 253-260.

7. Cleger-Tamayo, S., Fernandez-Luna, J.M. and Huete, J.F (2012), “Explaining neighborhood-based recommendations”, The
35th International ACM SIGIR conference on Research and development in information retrieval, ACM, pp. 1063—-1064.
8. Tintare, N. and Masthoff, J. (2012), “The effectiveness of explanations for recommender systems”, User Modeling and User-

Adapted Interaction, No. 22(4), pp. 399-439.

9. Tintarev, N. and Masthoff, J. (2007), “A Survey of Explanations in Recommender Systems”, Workshop on Recommender
Systems and Intelligent User Interfaces associated with ICDE 07, G Uchyigit (ed), pp. 801-810.

10. Cunningham, P., Doyle, D. and Loughrey, J. (2003), “An Evaluation of the Usefulness of Case-Based Reasoning
Explanation”, Case-Based Reasoning Research and Development:Proceedings ICCBR, Number 2689 in LNAI, Trondheim,

Springer, pp. 122-130.

11. Chalyi, S.F., Leshchynskyi, V.O. and Leshchynska, 1.O. (2018), “Integraciya lokal'nih kontekstiv spozhivachiv v
rekomendacijnih sistemah na osnovi vidnoshen' ekvivalentnosti, skhozhosti ta sumisnosti”, Materiali VII mizhn. nauk. konf.
«Informacijni upravlyayuchi sistemi ta tekhnologii», pp. 142—144.

12. Chala, O.V. (2018), “Construction of temporal rules for representing knowledge in information control systems”, Advanced
Information Systems, Vol. 2, No. 3, pp. 54-59, DOI: https://doi.org/10.20998/2522-9052.2018.3.09

13. Chala, O. (2018), “Models of temporal dependencies for a probabilistic knowledge base”, Econtechmod, Vol. 7(3), pp. 53-58.
14. Levykin, V. and Chala, O. (2018), “Development of a method of probabilistic inference of sequences of business process

activities to support business process management”, Eastern-European Journal of Eenterprise Technologies, Vol. 5/3(95),
pp. 16-24, DOL: https://doi.org/10.15587/1729-4061.2018.142664

15. Chalyi, S. and Pribylnova, L. (2019), “The method of constructing recommendations online on the temporal dynamics of user
interests using multilayer graph”, EUREKA: Physics and Engineering, Vol. 3, pp. 13—19.

Received (Hagiiinuia) 11.04.2019
Accepted for publication (ITpuitasra no apyky) 12.06.2019

50



ISSN 2522-9052 CyuacHi indopmaniiini cucremu. 2019. T. 3, Ne 2

Yammii Cepriii ®egopoBuy — I0KTOp TEXHIYHMX HayK, rpodecop, nmpodecop kadeapu iHpopManiiHUX yHPaBISIOUNX CHCTEM,
XapKiBCbKUI HalllOHAIBHUI YHIBEPCUTET PaJli0eNeKTPOHIKH, XapKiB, YKpaiHa,
Serhii Chalyi — Doctor of Technical Sciences, Professor, Professor of Professor of Information Control Systems Department,
Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: serhii.chalyi@nure.ua; ORCID ID: http://orcid.org/0000-0002-9982-9091

Jlemuucbkuii Botoaumup OJieKcaHAPOBUY — KaHAMIAT TEXHIYHUX HAyK, JOLEHT, DOLEHT Kadeapy IporpamHol iHxeHepil,
XapKiBCbKUI HalllOHAIBHUI YHIBEPCUTET PaJlioeIeKTPOHIKH, XapKiB, YKpaiHa,
Volodymyr Leshchynskyi — Candidate of Technical Sciences, Associate Professor, Associate Professor of Software
Engineering Department, Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: volodymyr.leshchynskyi@nure.ua; ORCID ID: http://orcid.org/0000-0002-8690-5702

Jlemuncbka IpuHa OJgexkcaHapiBHA — KaHAWIAT TEXHIYHMX HAYK, JOLCHT, JOLEHT KadeIpu MpOrpamHOl iHXKeHepii,
XapKiBCbKUI HalllOHAIBHUI YHIBEPCUTET PaJli0eNeKTPOHIKH, XapKiB, YKpaiHa,
Irina Leshchynska — Candidate of Technical Sciences, Associate Professor, Associate Professor of Software Engineering
Department, Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: iryna.leshchynska@nure.ua; ORCID ID: http://orcid.org/0000-0002-8737-4595

IloGynoBa nosicHeHb B peKOMeHIALIHHUX cHCTeMAaX
32 MPUHIMIIOM YO0PHOTO SIIUKY

C. @. Yanuii, B. O. Jlemuucekui, 1. O. Jlemunacbka

IIpeameromM BHBYEHHS B CTaTTi € mpouecd (OpMyBaHHsS IOACHEHb B PEKOMEHJIALIMHUX cucTreMax. Merow €
po3poOKa KOHIENTYyaJIbHOI MoJelli GOpMyBaHHS MOSACHEHb B PEKOMEHIALIHHUX CHCTEMaX 3a INPHHLUIIOM YOPHOT'O SIIHUKY.
Taka Mozenb 3B’s3y€ yMOBH, Pe3yJbTaT Ta OOMEKEHHs L1010 BUOOPY 00’ €KTiB 3 mo3uuiii kopucrysaua. KopucryBau mae
OTpUMaTH OOIPYHTYBaHHA PEKOMEHJAllii 3 ypaxyBaHHSIM KOHTEKCTHO-OPI€HTOBAHUX MOXKJIHMBOCTEH BHKOPHUCTAHHS
3alpONIOHOBAaHMUX 00’ €kTiB. 3aBAaHHA: aJanTyBaTH NPUHLUI YOPHOrO SILIMKY A0 3aaadi MoOyIOBH IOSICHEHb B
peKOMEHaliiHIl cucTeMi; po3poOUTH KOHLENTYalbHY CXeMy I0OYJOBM IOSACHEHb 3a (DYHKUIOHAJIBHUM IPUHIIMIIOM;
pPO3pOOMTH KOHIENTYyaJbHY MOZAEIb (OPMYBAaHHS IIOSCHEHb 3a IPHUHIMIIOM YOPHOrO SIIMKAa. BUKOPUCTOBYBaHHMMHU
NpUHOUNAMHu € QyHKIiOHANbHUH, a00 npuHUMI YopHOro sAmMKy. OTpUMaHI HACTYNHI Pe3yJbTATH. AJANTOBAaHO
IIPUHIIMIT YOPHOTO SILIMKY O 3aJa4i No0yI0BU NOSCHEHb B PEKOMEHAALiHHIN cucTeMi. Po3po0ieHo KOHLIENTyalbHy CXeMy
noOyZ0BH TMOSICHEHb Ha OCHOBI (YHKLIOHAJIBHONO NPUHLMUIY 3 BpaxyBaHHSIM SK BJIACTHBOCTEH 00’€KTiB, Tak i
IIOCJII JOBHOCTEH X BUKOpHCTaHHA. Po3p0o0ieHO KOHIENTyalbHy MOAEIb (OpMyBaHHS HOSCHEHb 3a IMPHUHIUIOM YOPHOTO
AmuKy. BucHoBku. HaykoBa HOBH3HA OTPHMMaHHUX PE3YJIbTAaTiB MOJIAra€ B HACTYIHOMY. 3alpONOHOBAHO KOHIIENTYaJIbHY
MoOJIe]Ib MOOYIOBU IOSACHEHb 10 PEKOMEHJalidl 3a (yHKIIOHAJIbHMM IPUHIMIOM a00 NPHHIMIIOM YOPHOrO SAIIUKY.
Mopnenb BpaxoBye XapaKTEpHCTHUKH IIPEIMETIB Ta CIIOKHBAUiB, iHGOpMAIio PO BUKOPHCTaHHA 00’ €KTIB B IpEeIMETHIN
obnacTi, a TaKOXX pPEKOMEHJALil0 y BHUIJAAI Iepeniky o0’ekriB. [lepeBarm 3acrocyBaHHS 3ampOIIOHOBAaHOI MOl
MOJSTaloTh B TOMY, 110 BOHA BPaXOBYE CIOCOOM 3aCTOCYBAHHS PEKOMEHJOBAHUX 00 €KTIB Ul MOOyI0BU HOsICHEHb. Lle
CTBOPIOE YMOBH JJIs IIepCOHaNi3alii pekoMeHalii y BUIaJKaX XOJOAHOIO CTapTy PEKOMEHMAliiHOI CHCTEMH, a TaKOX
IITYYHOro 3011bIIEHHS PSHTHHI'IB OKPEMUX IIPEIMETIB.

Karo4doBi cioBa: pekoMeHIALilHI CUCTEMHU; CUCTEMH €JIEKTPOHHOI KOMepLii; MOSCHEHHS; KOHTEKCT NMPUIHATTS
pileHb; (opMyBaHHS peKOMEHallii; (HOpMyBaHHS IOSICHEHb.

IMocTpoenue 00bACHEHUI B PEKOMEHIAaTEIbHBIX CHCTEMAX
HA OCHOBE NPHHIHMIIA YE¢PHOTO SIIAKA

C. ®@. Yaimrit, B. A. Jlemmackuii, 1. A. JlemuHCcKas

IIpeameTom u3ydeHUs B CTaThe ABISIOTCS Hpouecchl (GOPpMHUPOBaHUA OOBACHEHUH B PEKOMEHATENIbHBIX CUCTEMAaX.
Heasto sBisercs pa3paboTka KOHLENTYalbHOI Monenn GopMUpoBaHUs OOBICHEHHI B PEKOMEHAATEIbHBIX CUCTEMAX I10
MIPUHIIMITY YEPHOrO SAlUKa. Takas MOJeIb CBA3BIBAET YCIOBUS, PE3yNbTaT U O'PAaHUYCHUS 110 BEIOOPY 00BEKTOB C MO3ULUI
nonb3oBatens. I1onp30BaTeNb NOMKEH HMONYYUTh OOOCHOBAHME PEKOMEHIALMN C YUETOM KOHTEKCTHO-OPHEHTHPOBAaHHBIX
BO3MOXKHOCTEH HCIIOJIB30BAHUS IPEIUIOKCHHBIX OOBEKTOB. 3agauM: aJanTHPOBaTh NPHUHIMI YEPHOro fAIIMKA K 3ajade
MOCTPOEHUs O0BSICHEHUH B PEKOMEHJIATeNIbHON cucrteMe; pa3paboTaTh KOHLENTYaJIbHYIO CXEMY IOCTPOCHMS O00bACHEHUI
1o (GyHKIHMOHAIBHOMY NPHUHIMIY; pa3paboTaTh KOHLENTYaJIbHYI0 MOJENb (OPMUPOBAHUS OOBSICHECHMH IO NPUHLUILY
4epHOro Amuka. Mcronabp3yeMbpIMU NIPUHIUIAMH SIBJISIOTCA: (YHKIMOHAIBHBINH, WM IPUHIUII YEPHOTo AuKa. IToydensl
clelyole Ppe3yabTaTbl. AJAaNTHPOBaH INPHUHIMII YEPHOro AIMKAa K 3ajJaue II0CTPOeHHs OObACHeHHH B
pekoMeHzarenpHOl  cucTeme. PaspaGoTaHa  KOHLENTyajdbHash CXeMa IIOCTPOEHUs OOBACHEHMH Ha  OCHOBE
(GYHKIMOHANIBHOIO NPUHLIKIA C YY€TOM KaK CBOHCTB OOBEKTOB, TaK M IOCIEAOBATEIBHOCTEH HX HCIOIb30BaHHUSL.
Pa3zpaborana koHUeNTyajlbHas MOAEIb (POPMUPOBAHUS OOBSACHEHMH 10 NPUHLUILY YepHOro siuka. BeiBoabl. Hayunas
HOBH3HA IIOJNy4E€HHBIX PE3YJIbTaTOB 3aKiiodaerca B cueayromeM. Ilpennoxkena KoHumenTyanbHas MOAEIb MOCTPOECHUS
00BSICHEHHH C PEKOMEHJALUAMH 110 (YHKIMOHAJIBHOMY NPUHLUILY MM NPHUHIHIY YEPHOro SluKa. MoJelb yYUTHIBAET
XapaKTepUCTHKH NpeJMeTOB M rnorpebureneil, HHGOpMaLu0 00 MCHONB30BaHHMM OOBEKTOB B NpPEIMETHOH o0iacT, a
TaKXKe PEeKOMEHJALUHU B BHUJE NepedHs o0beKToB. [IpenMylecTBo NPUMEHEHHS MPEJIOKEHHOH MOJENHN 3aKII0YaroTcs B
TOM, YTO OHA YYHTHIBAET CHOCOOBI NIPUMEHEHHS PEKOMEHJOBAHHBIX 0OBEKTOB JUISl IIOCTPOCHUS 00BSICHEHUH. DTO co3aaeT
YCIOBUS JJIs NEPCOHANIM3alUM PEKOMEHJALUK B CIydasX XOJIOJHOIO CTapTa PEKOMEHJIATEJIbHOW CHCTEMBI, a TaKXKe
HCKYCCTBEHHOI'O YBEIMYEHHs PEUTHHTOB OTAEIBHBIX NPEIAMETOB.

KnroudeBble cJIOBa: pPEKOMCHAATENbHBIE CHUCTEMBbI; CHCTEMbl DJIEKTPOHHOW KOMMEpLHH; OOBSCHEHHE; KOHTEKCT
NPHUHATHUS pelleHuit; popMupoBaHus pekoMeHIalui; GopMUPOBaHUS 00bACHEHUH.
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1 9 o
XapbKoBCKHH yueOHO-HayuHbId HHCTUTYT [ BY3 YHUBepcuTeTa 6aHKOBCKOTO Jlena, XapbKoB, Y KpanHa

2 o
Srennonckuil yausepcuter, Kpakos, [lonpmia

OIPEJEJIEHUE UHAEKCA JUKUHHM C YUYETOM HNOTPEINTHOCTEM
BBIEOPOUYHBIX HABJIIOJIEHU

AHHOTanmus. B crarbe paccMaTpuBaeTcsl cirydaiiHas BEIMYMHA, ITOTYYSHHAsI B Pe3y/IbTaTe N3MEPEHHS BETMIMHBI KOHK-
peTHoro ¢u3uyeckoro cBoicTa. VceieayloTes CTaTHCTHIECKHE M BEIYUCIIUTENIBHBIE aCTIEKTHI 331a91 OLICHKH OTKJIOHEHHS
pacrpeesieHns TaHHOH CITy4aiiHON BEMYMHBI OT pAaBHOMEPHOIO pacnpenenenns. PaccMaTpuBaemast cirydaiiHast BEeTMYHHA
HopMupyetcs. OTHUM U3 CIIOcOOO0B OIpeJIe]IeHHsT Mephbl OTKIIOHEHHS IIOTY4eHHON TakuM o0pa3oM (yHKLMU pacupenere-
HUSL OT paBHOMEPHOT'O paclpeielieHns] UCHoNb3yioT nHaeke JxuHu. Lebio craThu sBIseTCs pa3padoTKa MpeIoKeHuH
T10 y4eTy HOrpeIHoCTell HaOII0JeHUI IPH oNpeeeHny nHaekca JkuHu 1 noctpoeHnu kpuBoi Jlopenna. Pe3yabTaTsl.
Paccmotpena 3agava BerauciIeHus HHAeKca JKUHN 1 mapamMeTpoB KpUBOii JIopeHIa ¢ yaeToM morpenHocTeil BBI0OpOYHBIX
HabmoneHuil. [Toka3aHo, 4To 3Ta 3a7a4a BOSHUKAET B Pa3JIMYHbIX NPEIMETHBIX 00JIaCTsX, B TOM YMCIE U couonoruu. Jlns
yu€ra ommOOK BEIOOPOYHBIX HAOIIONCHUH HCIONB30BaHbI HHTEPBAIbHBIE BBHIUUCICHHS B CHCTEME LEHTp — pamamyc. Jlis
BBIYHCIIEHHS MHEKCa J)KUHN IPHIMEHEHO YUCIEHHOE HHTETPHPOBaHKE 10 (hOpMyIie Tpanelyi ¢ HCI0Ib30BaHUEM HHTEP-
BabHBIX uncen. BeiBoa. IToka3aHo, 4To oTKa3 OT yu€Tra omMOOK BEIOOPOYHBIX HAOIOAEHHH MOXKET NPUBECTH K OIINO0Y-
HBIM BBIBOJJaM 00 ypOBHE COLIMAJIbHOTO PACCIIOCHHS B OOIIECTBE U OLICHKE HAJIMYMs B HEM CPEIHero Kiiacca.

KarwueBble ciioBa: HUHJICKC I[)KI/IHI/I; KpuBas J'IopeHua; Cpel[HI/Iﬁ KJIacC; MHTCPBAJIbHBIC BbIYUCIICHUS; YMCIICHHOC UHTETPU-

POBaHHE MHTEPBAILHO ONpPEASNIEHHON QYHKIUH.

BBenenue

IHocTranoBka 3agauu. IlycTe 3a1aHO MHOXECTBO
¢usnueckn peanu3yeMblx oObeKTOB (), cozepxkaiiee

J o0bekToB ©; . Kaxaomy u3 00beKTOB ©; MOCTaB-

JIeHa B COOTBETCTBHME BEJIMYHMHA €ro (U3MUECKH H3Me-
puMoro cBoicTBa S, paBHas s;. Bemumumny oToro
CBOMCTBAa JUIi KOHKPETHOrO OOBEKTa Ipe.roaraeM
clIydyaifHOH M NpPUHUMAeM, YTO MOTPEIIHOCTh OIpese-

JICHUs. YMCIICHHOTO 3HAYCHMUs CBOMCTBA s; mpeHeOpe-

KMMO Majia B CPaBHEHHH CO 3HAYEHHEM H3MEepsSEeMOro
cBoiictBa. [Ipumem, uto 0 < S < oo. TpebyeTcs oneHUTH
OTKJIOHEHHE PacIpeliesieHns] 3TOr0 CBOMCTBA OT paBHO-
MEpHOro pacmpezneneHus. Takoro poga 3amadu BO3HHU-
KalOT NPU W3yYEHHU WIN YIPaBJICHUH NPOLECCAMH B
chcTeMax pasiIu4yHoW mpuponsl. Hampumep, B OeToHO-
BeseHuH [1], oboramieHun Mmosyie3HbIX UCKomaeMbixX [2],
Mertautypruu [3], saexTpocBapke [4], TEXHOJOTUU IH-
LIEBBIX MPOAYKTOB [5], 2KOHOMHYECKOH CTAaTUCTHUKE
[6; 7]. B 3aBUCHMOCTH OT COJEpPKATEIBLHOIO CMbICIA
3aJ1auy 1EJIbI0 MCCIIEOBAHUSI MOT'YT OBITh ITOWCKH CIIO-
CcOOOB TONyYeHHsT MaKCHMaJbHOTO MPHOIKEHHS

IUIOTHOCTH ((YHKIMM) pacupeleNeHus CBOKCTB s; K

PaBHOMEPHOMY pAacCHpefeseHn0 JTU00 JOCTHKEHHIO
nporuBononoxHod nenu. IIpodeccronanbhas komrie-
TEHIIUSI aBTOPOB ITO3BOJISIET 3aTPOHYTHh TOJILKO CTaTH-
CTHYECKUE U BHIYUCIUTENLHBIE aCTIEKThI 3TOH 3a/1a4H.
AHaim3 JmTepaTypbl. Pa3paborka MeTos0B
OLIEHKH OTKJIOHEHHUSI MCXOJIHOTO paclpeneeHus Ciy-
YaiiHOM BENMYMHBI OT PAaBHOMEPHOTO pPAaCIpe/eIeHHs
CTaJO OJHOM M3 OCHOBHBIX 3a/ad pasjielia KOJHYeCT-
BEHHOW COIIMOJIOTHH, M3Yy4Yalollero OeQHOCTh U Hepa-
BeHcTBO [7]. Ucropus m3ydeHusi OEHOCTH KaK COLU-
aJIBHOTO SIBJICHHUS MOAPOOHO paccMOTpeHa B pabore [8].

CoBpeMeHHbIe 3HaHUsI 00 3TOH npoliieMe PHUBEICHBI B
paborax [9-14]. BakHOCTH 3TOrO HaIpaBJICHHWS Ha-
[JIsIHO TokazaHa B pabore [13]. B Heli mpuBeneHs
JaHHBIe 00 ypoBHE OelHOCTH B YKpauHe, OonpeieiéH-
HBIE 110 Pa3IMYHBIM KPUTEPHSIM U UX 3HAYEHHS IO CO-
crosumio Ha 2013 r. OTH pe3ynbTaThl IOKa3aHbl B
Tabm. 1.

Tabnuya 1 — IIpoueHT rpaaaH Y KPauHbl, KOTOPbIX
cJieiyeT CUMTATh OeHbIMHU
10 COCTOSTHUIO Ha 2013 T.

Kpurepun Kpurepnii OTHOCHTEJIBHBII
pOOIl-)[ MPOKUTOYHOTO KpHUTepuii
MHHHMYMa 0eTHOCTH
2,9 9,9 26

Pa3nuume B BenMuMHAX CpaBHHBAEMBIX MMOKa3arte-
neit (Tabu. 1) momuépKkuBaeT BaXKHOCTh BHIOPAHHOTO Ha-
IIpaBJeHus uccnenoBanuil. Cpenu mokasarteneil xapakTe-
pYBYIOLIMX O€IHOCTh CleAyeT pa3iuyaTh aOCOIIOTHBIC
MOKa3aTelll ¥ OTHOCHTENbHbIE. AOCONIOTHBIE TOKa3aTe-
JIM, KaK MpaBWIO, MIMEHOBAHHBIE U XapaKTepH3YIOT Ypo-
BEeHb NOTpeONeHust Ojara, M3MEpPEHHBIH B KaKUX-THOO
JIEHEXXHBIX equHHIax (de). MIx pazmepHOCTb, Yalle BCero,

HMeeT BUJ [de/ (lte.fl-aeHb)} . OTU NaHHbBIE NIPUBEJICHBI,

Hanpumep, B padore [10]. OTHOCUTENBHBIE TIOKA3aTEH,
KaK IPaBUIIO, OCHOBAaHBI Ha HCIIOJIBb30BAHUU XapaKTepH-
CTHK, TOJy4eHHBIX B pe3y/lIbTaTe CTATUCTUYECKOrO aHa-
JU3a pAAOB paclpeesieHUs, XapaKTepU3yIOLX YPOBEHb
moTpedsieHnss MaHHOro Onara. TakMMHU ITOKa3aTeIsAMH,
KakK MpaBWIIO, MOTYT OBITH CpelHee 3HauYeHHs psijia pac-
MIpeJeNIeHUs, €ro CpeJHEKBAJpaTHiecKoe OTKIOHEHMUE,
3HAYEHUS] BEPXHHX W HWKHHUX KBapTHWICH, Nenwied u
kBuHTWIEH. [ToqpoOHO crOCOOBI OnpeneNeHus STHX Xa-
PaKTEepUCTHK M3JIOKeHHI B padote [15]. JleranbHblii aHa-
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JIM3 CXONCTBA M PA3IUYHUS B 3THX MOKA3ATEISIX BBHIXOAUT
3a paMKH JaHHOTO cooOmieHus. OHON U3 IEPBHIX padorT,
B KOTOpOW OBUIM PaccMOTPEHBI MPOOJIEMbI U3MEpPEHUs
ypoBHs OemHOCTH, cTana pabota [16]. E€ oubnuorpadu-
YeCcKoe OIMMCAaHHUe, BHIMOIHEHHOE 110 JCHCTBYIOIINM Mpa-
BUJIaM, NPUBEJICHO B CIUCKE JuTepaTypsl. s obnerde-
HUS TOMCKA 3TOi paboThl Ha puc. 1 ToKa3aH e TUTYIb-
HBIM JIUCT OpUTHHAJIA.

Fospa” #aopiam

IPOTPECCH K BIHOCTS

HACTEACBAHIA

OUETEAS 04053 NDOMBILIEHEOCTE H JRRARUREIA GRAEOcRE, mcrymed
Buderd o3 JORNEUCHiEHY OorarciRd

CPEACTBA NOMOILH

Heperoas o nocak mare aprsifickaro waxzuin A T, Caxaposoh

morn pegasnioi Ao K Meagepa
{ Murxafinoe )

Mezpamin W M. Begaprs TADcTéeNu mL

Tepanit qu-m‘.lihnﬂ Broranct  Tle-

sarmirs Lo Masafi Cepedpanuit Megazn,
W

C-JETEPREY P D
Hananie Kumsraro Marazmsa M, M. Jesepac
(mipcsii, 42}

Puc. 1. Turynensiii nuct kauru I'enpu Jxopmx
“ITporpecc u 6enHocTs. MccnenoBanue ynaaka
MPOMBILIJICHHOCTH U yBEIMYEHUs O€HOCTH,
pacrymieii ¢ yBenmdeHueM dorarcrea”
B cuny caenaHHBIX IpeAIoNoKeHUH BhIpakeHUe
S —Smi
X = min (l)
Smax ~ Smin

peoOpa3OBbIBACT HCXONHYIO CIIY4aiHYI0 BENTHIUHY

B CiyuaiiHyio BemunHy x €[0,1]. B atom cayuae on-

HUM U3 CIIOCOOOB OIpEIETCHUs] MEPbl OTKJIOHEHHUS I10-
Jy4eHHOM TakuM 00pa3oM (QYHKIHMH pacIpeereHus
ClIy4JaiiHON BeTUYMHBI X OT PAaBHOMEPHOTO paclpele-
neHus ucnonb3yroT uaaeke Jxuau (I1G ).

Ha pwuc. 2 noka3aH MoJMroH HaKOIUIEHHBIX 4acTOT
JUIsS. OZTHOT'O M3 BO3MOXKHBIX BaPHAHTOB pacIpeIeeHHsI
3HaueHu# cny4aiiHoi BenuunHel X. Ha puc. 3 nokazana
(YHKIMST PaBHOMEPHOT'O paclpe/eNieHus (JIMHUSL, COo-
enuusionas Touku ¢ koopauuHaTamu (0,0) m (1,1)) u
MoJTydeHHast YHKIUS pacripeaenerus auHust L(x) .

Ecin S1 u S2 — momanud COOTBETCTBYIOIIMX
3JIEMEHTOB PHC. 2, TO BEIUYUHY HHIAEKca J[>KUHM ompe-
JIETISIOT IO YCIIOBUIO:

st Sl

1
i
G=—1 Sl ool sloioofiw). @
S+52 1/2 (z j i(x) @

¥

0.8

0.6

04

02
X

1]
0 02 04 0.6 0.8

Puc. 2. ITonuron HaKOIJICHHBIX YaCTOT
pacrpenenesys 3HaueHui ciaydaiiHoi BelnuYuHbl X

..Y

0 1

Puc. 3. I'papnueckoe orobparkenne nunaexc JHxkuan

Meronuueckne OCOOEHHOCTH BBIYHCIEHHS 3TOTO
HHJIEKCA W er0 YHCICHHbIC 3HAYCHWS ISl Pa3THYHBIX
rOCyJapCTB, B TOM YHCIE W U YKPauHbI, pacCMOTpe-
Hbl B pabore [18]. KpuBas L(x) momydmna Ha3BaHUe
KpuBoit JIopeHIia, MpeuIoKUBIIEro e€ IS IPUMEHCHHSI
B 3ajJlauaX COIHONIOTMH M MOJUTUYECKOH IKOHOMUH
[19]. B pabore [20] crpaBemiuBO OTMEUEHO, YTO IJIS
BBIYHCIICHHS YKA3aHHOTO B YCIIOBUH (2) HHTErpaia uc-
MONB3YIOT aHHbBIC, MPEACTABICHHBIC B TAOIUYHOM BH-
ne. Jlns MHTErpUpOBaHUs TPEUIOKEHO HCIIOTb30BATh
bopmyny Tpameluii B BUIE, MPEACTABICHHOM B paboTe
[20]. Cnenyst padore [20, c. 195] Ha30BEM TabmHUICH
yIopsiiodeHHyio mapy umcen (x;,);) s KOTOPOH

X <Xy <..<X,. Ora Tabmuna 3agaéT TOUHBIC 3Haue-

HUs (TO €CTh TaKhe, KOTOpBIE OMpEAeNieHbl 0e3 yuera
norpemHocTelt ux u3MepeHust) Gynkumm y; = f(x;).
Hcnonb3ys 0000MIEHHYIO (OpMYITYy Tpameimi, Moiy-
YHM:

Xn n—1
1
I= J S (x)dx ~52(xi+l -x)(Vi+yin)- 3
% il
Torna unnexc Jkunu OyeT paBeH BeITHYUHE

n—1

1G=1=3 (%1 =% ) (% +¥i1) » )

i=1

B 9TOM BHJIE OH MPHBE/EH B padore [21].
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B pabGote [20] mis onpenencHus BETUYUHBI IO-
TPENIHOCTH BBIYUCIEHUI MHTErpasa Bua (3) HCIOb-
30BaHO MPEANOIMKEHHE O TOM, YTO JOIMYCTUMA KyCOY-
HO-TIOJIMHOMHUAJIbHASL aNIPOKCHMAIHS TTOJIUTOHA HaKO-
IJICHHBIX YacCTOT, TOKa3aHHOro Ha puc. 2. Jlanee aBTO-
pBl paboTsl [20] HCHONB3YIOT OOIIEHPUHATYIO IPOILIe-
JIypy BBIYMCIIEHUS IOTPETHOCTH METO/A Tpaneuuil npu
aHaJMTUYECKN 3aaHHOoM QyHkumu. E€ onucanue maHo
B pabore [21].

HesaBrcumo oT npenrMeTHOH 00JIacTH MPH BBITION-
HEHUU ONMCAHHBIX BBIYHMCIECHHH Ba)KHBIM JJIEMEHTOM,
00eCreunBaONMM MX KOPPEKTHOE BBHIITOJHEHHE, CIy-
JKUT WCUYEPIIBIBAIONICE M3JIOKEHHE IMPOLEAYpPhl ITOAro-
TOBKHM JaHHbIX. Hanpumep, npunstas B [lonbiie mero-
JIMKa TIOATOTOBKU JAHHBIX JUISi BBIYMCIICHUS WHIAEKCA
JKMHM TIpY ONpeNeNIeHHH OTKJIOHEHHS (DaKTHYECKOM
(YHKIMM pacrpeneseHus] J0XOA0B OT PaBHOMEPHOTrO
pacnpenelieHus MoapoOHO omucana B padore [22]. dus
MOATOTOBKU JaHHBIX UCIIOJIB30BaH METOJ BEIOOPOYHOTO
HCCIeoBaHus AoMoxo3aicTB. Kaxapiil mecdr uccre-
JoBaHHue oxBaThiBaeT 3132 momamHux X03sUcTB. Takum
00pa3oM, TOIOBBIC pe3yIbTaThl KacaroTcs 37584 nomo-
X03siicTB. BBIOOpKH TOMOXO3SHCTB, MPUBIIEKAEMBIX K
HCCIIEIOBAHMIO, ONPENIEIISIOTCS Ha OCHOBE JIBYXATaIHOM
CXEMBI C Y4ETOM aIMHHUCTPATHBHO-TEPPUTOPHAIHHOTO
JieNieHns1 cTpaHbl. [lepBUYHBIE CTaTHCTHYECKUE PEruo-
el (I[ICP) muamManbHO BKItO4atoT 250 TOpOACKHX M
150 cenmpckux IOMOXO3HCTB. Bcero wucnonezyercs
okoi0 30 000 mepBUYHBIX CTATUCTUYECKUX PETHOHOB,
13 KOTOPBIX Ha BTOPOM 3Tarie MpOU3BOIUTCS ClydaiHast
BEIOOpKA JIOMalIHUX XO03SHCTB. B mpomecce Takoro o6-
ciieloBaHus poTanust (3aMeHa) BEIOOPOK MPOH3BOAUTCS
OIIH Pa3 B MECSAL]; KEMECIIHO B Ka)<IOM IIE€PBUYHOM
cratuctuyeckoM peruoHe (IICP) criyuaiiHpiM oOpa3zom
OIPEIENISIOT IBa JIOMOXO3SIMCTBA; HCCIIEIOBAHUE B ATHUX
JIOMOXO03sTHiCTBaX MPOBOJSIT B BEIOPAHHBIN MECSI] rojia B
TEUEHHE MOCIIEAYIOINX JBYX JIET.

Crnenyer oTMeTHTh, 4TO B pabore [22] u mpyrux,
aHAJIOTWYHBIX el paboTax, METOJMKa OLEHKU BIHMSHHS
TIOTPENIHOCTH OIPEAETICHUs] UCXOIHBIX NaHHBIX Ha pe-
3yJbTAT BHIYMCIICHUS HHAEKca [[KUHU He onHcaHa.

Takum o0pazoM, HeTbI0 CTATHH SIBISETCS pa3pa-
00TKa IMPEUIOKEHUH 110 y4eTy MOrpelHoCTeld Ha0IIro-
JIEHUH TIpU olpezieNieHH uHaekca JKUHU U mocTpoe-
HuM KpuBoit JlopeHna.

N310:xeHUEe OCHOBHOT0 marepuaaa

Crioco0bl OIEHKU BBIYUCIUTENBHBIX ITOTPEIIHO-
CTEel IpU TPOBEJCHUH BBIOOPOYHBIX HCCIEJOBAHUN B
3aBHCHMOCTH OT MPUHITOTO IUIaHA HX IPOBEICHHS
mopoOHO omucanel B padore [23]. [y BBINONHEHUS
BBIYMCIICHHH, HEOOXOIUMBIX MPU ONpE/ICIICHN WHIEK-
ca JDKMHHM C YYETOM IOTPEIIHOCTEH, 00YCIOBICHHBIX
WCIIOJIb30BAaHUEM BBIOOPOYHBIX JIAHHBIX, aBTOPAMH BBI-
OpaHa TEXHOJIOTHSI MHTEPBAJIbHBIX BHIYUCICHUH C MPEa-
CTaBJICHUEM 4YHCEJ B CUCTEME LIEHTp — paxuyc. Teope-
TUYECKHE OCHOBBI 3TOrO MeEToJia OIHMCaHbl B paboTe
[24]. Cneunanu3upoBaHHBINA NPOrPaMMHBIN KalbKyIs-
TOp, pea3yIOIIUi 3TOT METO/, MPEeJICTaBlIeH B paboTe
[25]. Cnenyer 3amMeTuTh, 4TO paHee aBTOPbHI JAHHOIO
COOOILIEHHsI TaK)Ke MPUMEHSIM WHTEPBaJbHbIE BBHIYHC-
JISHUS I7Is1 PEUISHUsI COIMOJIOTUYECKHX 3a1ay [26].

B cooTtBeTcTBHMM ¢ 3THMU pa6OTaMI/I Ha MHOXCCTBC
I[eﬁCTBPITeJ'ILHHX qucen R , OIpCaACIMM HHTEPBAJIBHOC
yuciio 4 B BHUIC 3aMKHYTOI'O MHTCpBaJa:

A=(g,2)=(a],a2),gﬁg;alﬁaz, 5)
U TIPEJCTABUM B BHIE:
A=(ar,), (6)

rac

a+a
P )
2

IIpu nmpumeHeHHM CHUCTEMBI IEHTP-paguyc Iei-
CTBUSI CJIOKCHHS U BBIYMTAHUS C UHTCPBAIBHBIMU YHC-
JIaMHU BBITIOJHSIOT 110 CIEAYIOIIUM TIPaBUIIaM:

A+B=(a+b,r,+n, ); ®)

, 7y =a2;a1 , a,7,,€R. (7

A—B:(a—b,ra+rb > )

[TpumeM, 4TO rpaHHIBI UHTEPBAJIOB, KOTOPHIE OT-
PaHMYMBAIOT pacCMaTpUBaeMble YHCIA, OOPa30BaHbBI
BBIYUCIIUTEIBHBIMU OIIMOKAMH, MTOTPEITHOCTSMH HU3Me-
PEHUIl WM HENOJIHBIM 3HAHWEM O0JacTH W3MEHEHHS
HEKOTOpoi (u3uueckoil BeaumyuHbl. [lo3ToMy B ycio-
BuH (6) TOJKHBI OBITH BHIITOJTHEHBI HEPABEHCTBA:

a>2r,20,b2n,20,

(10)

HHa4de 6yI[CM CUNTaTh, 4YTO 3aJaya, B paMKaxX HalIuX
HpeI[CTaBJ'IeHI/Iﬁ 00 HuccjiIeayeMomMm O6’BCKTC, (1)I/I3I/I‘ICCKO-
T'0O CMEBICJIa HC UMECT. Onepaumo YMHOXCHHSA B CUCTEME
HECHTP-paanyC BBITNIOJIHAIOT IO TAKOMY IpaBUITY:

(a,ra><b,rb>=<ab+rarb,arb +bra>. (11)

PaCCMOTpI/IM OCHOBHBIC apI/I(l)METI/I‘IeCKI/IC orepa-
M1 B TOM cCJjIydyac, Korga oJAuH U3 OICPpaHaOB - IOCTO-
SHHOE 4YHClIo. B cucreme LHECHTp-paanyC ITOCTOSIHHOC

aucnio C npexncrasum B uge C = (c, 0) . Ilpumem, uto
A= (a,ra> u B= (b, 0> . Torma onepanuu CloXeHUS U

BbIYHUTAaHUA NPEACTaBUM B BUE:

A+B=(a+b,r, ); (12)

(13)

I[J'If[ YMHOXCHHA MHTCPBAJIBHOIO 4YHMCIa, HOPEa-
CTaBJICHHOI'O B CUCTEMC LICHTP-paaAnyC, Ha IMOCTOAHHYIO
BCJIMYMHY ITPUMEM, YTO:

A—B:(a—b,ra )

(a,O) (b, rb>, A = const, B # consn;

AB = (a, 7, ><b,0>, A # const, B = const.

(14)

Hcnonp3ys ycioBus (5)...(14) monyuum ycioBus,
HEOOXOAUMBIE ISl BBIUUCIIEHHS BhIpakeHus (4) B HH-
TEPBAJIbHOM BH/IE:

x; = [X]@) = (3(0); 7, (0));

(15)
¥ > [V = (26):r, 0));

X1 =X = ((RE+ D7 (1) = (X1 (0)) =

(16)
= (X +1) = x@):ry G+ D) + 7, () = (51, (1))
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Vit + 31 = (PG i 4 1))+ (3007, )) ) =

= (G + D+ 5@ (1) + 1, () = 03375, )

(17)

(X1 —X%) - (V; + yigp) = w@; 7, (D) - (v(D); (18)
7, (D) = (w@v(@) + 1, @) 1, O;u@n,@) +v (O, (D).

B pabore [18] mpuBeneHbl cBeleHHs O €KeHe-
JIENTbHBIX CEMEHHBIX J10X0o/aX B BenukoOputaHuu B
1992 r., monydeHHbIE MIPU aHaJIU3€ BBHIOOPKH 00BEMOM
7418 cemeii. Pe3ynbraTbl 00paOOTKH 3THX JaHHBIX I10-
Ka3aHblI B Ta0. 2.

PesynbraThl BeluMCIieHHe wuHAeKca JKMHH IS
9THX JAHHBIX, TIOJy4EHHBIE C UCIIOIb30BAaHUEM YCIOBHIM
(4), (16) ...(18) mpuBenens! B Tad. 3.

W3 npuBeneHHBIX B 3TOI Tabnuile AaHHBIX CIery-
€T, YTO Y4ET MOTPEUIHOCTEH BHIOOPOUYHBIX HAOIOACHHIA
IIPY CpaBHEHUH HHAEKca [KUHU ISl pa3UuHBIX CTpaH
MOXET TPUBECTH K HEO)KHJAHHBIM pe3ynbTartam. [lo
JTAaHHBIM, NIpUBeIeHHBIM B [28] unaexc J>xunu B 2016 1.
cocrapun uist: CIIA — 0,411; I'petun — 0,367; bonu-
pun — 0,484,

CrnenoBatenbHo, myOIuKalms uuaekca Jxuau 6e3
MIPUBENICHNS] TAHHBIX O IIOTPEUIHOCTH €r0 OIPEe/IeIeHHs
MOXET CKa3aThCsl HA Pe3y/abTaTax padoT IO CTPaHOBE-
YECKOMY aHaJIu3y.

U3 Ttabxn. 2 u rpaduka, npuBeIeHHOro Ha puc. 4
XOpOUIO BHIHO, YTO, B JaHHOM Cily4ae, Ha BEpXHHUE
6,2 % nomoxo3sicTB npuxogutcs 18,7 % noxona.

DTa xe o poxona npuxoautcs Ha 36,1 % mo-
MOXO3SIICTB MMEIOIINX HEOOJNBIITHE JOXOMbl. [ manb-
HEHIIero aHaiu3a Mo JaHHBIM, IPUBEACHHBIM B Ta0J. 3
U HCIONB3YS MPOLEAYPY CIUIAWH — amllpOKCHMAITUH
nocTpouM Kpuyto JlopeHna, nmokasanHyto Ha puc. 4.

cSi
1

0,8

0,6

04

0,2

0

-

0 0,2 0,4 0,6 08 cSR
Puc. 4. Kymynsarusnsie nonn oobéma Beioopku (CSR)
u npoxoxa (CSI)
ANNpOKCUMUpPYEM 3TH JaHHBIE PErpecCHOHHOM
MOJECIIBIO BHUA:
CSI =exp(a+bIn(CSR)) = (19)
=exp(—0,13024 +1,97962 In(CSR)).

Kputepun xauecTBa MolydyeHHOM MoJenu HpHUBe-
neHsl B Ta0i. 4. I'paduk, COOTBETCTBYIONIMIA 3TOH MO-
JIeITy TIOKa3aH Ha puc. 5.

Tabnuya 2 — KymyasaTHBHBIE 101M 00bEMA BHIOOPKH H 10X01a

KymyasTusnas 1 2 3 4 5 6 7 8
JOJIsA:

— obbéma 0,123 0,250 0,379 0,501 0,639 0,822 0,938 1,000

BEIOOpKH (X)

— obbéma 0,015 0,056 0,120 0,208 0,335 0,576 0,813 1,000

noxona (y)

Tabnuya 3 — Pe3ynbTaThl BHIYHCIEHHS MHIeKCA [ZKHHY ¢ MCIO/IB30BAHNEM HHTEPBAILHBIX YK Ces

B CHCTeMe HEeHTp — paauyc

Besmunna paguyca (% onpeneJisieMoil BeJJU4YHHBI)

2,5% 5%
HI' 11 BT HI' 11 BT
0,36 0,41 0,45 0,34 0,41 0,48
Ipumeuanue: HI' — HYKHSS rpaHHIa BETMYUHBI HHAeKca JKuHY;
I — uentpanpHOE 3HaYeHUE MHAEKCA J[KUHM;
BI" — BepxHss rpaHuLa BeIMUUHbl HHAEKCA [HKUHU.
Tabnruya 4 — Kpurepuu KadyecTBa annpoKcUMaluu KpuBoii Jlopenua
Kosppuuuenror CpeanexkBazparniecKas Beauuuna Beauuuna Besmunna
MoaeJHn OIMOKa Pv F - oTHOIIEHUSI Rz(ad/‘) , %
a=—0,13024 0,044 0,0249 - -
b=1,9796 0,044 <1-107% - -
F -kpurepuit - <1-107% 2034 -
Koadpunuent nerepmuHann
Hall _ — — 99,67
CKOpPEKTUPOBAaHHBIN R
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Puc. 5. YpaBrenue, annpokcumupyroniee kKpuByro JIopeHIa a1l HoMy4eHHBIX JaHHBIX

W3 Tabn. 4 crnemyeT, YTO MPHUBEACHHOE B YCIOBHU
(19) BBIpakeHHE YIOBJICTBOPHUTEIBHO AMPOKCUMHUPYET
MONTyYCHHBIC PE3YJIbTaThl U BBIpAKEHUE T KpuBok Jlo-
PEHIIa MOYKHO TIPE/ICTAaBUTh B HAILIEM CITydae B BHJIE:

L(CSR) = g(CSR)” =0.8778(CSR)72 . (20)

JI71g BBINOTHEHUS MOCNIEAYIOLIET0 aHalu3a MoTpe-
OyeTcsi BeIYMCIIEHNE 3HAUeHHH ycioBus (19) B cucreme
LEHTP — paJuyc. DTH BBIYKCIICHUS CBS3aHbI C HEOOXOIH-
MOCTBIO BBIYHCIICHUS] B MHTEPBAJILHOM BHUJIE 3HAUCHHH
JIorapu(pMUIECKOH 1 TIOKa3aTeNbHOM (DYHKIHIA.

Crnenys paboram [25; 26] mpencraBuM jorapud-
MHUYECKYIO (QYHKIHUIO B BHJIE:

(1;0) ((x,rx>—<1;0>)i 1)
. TR
Haﬂee HpI/I OIMTMCAHUU BBIYUCIUTCIBHBIX aJ'IFOpI/IT-

MOB, BO n30exaHue HEHOpaSyMEHHﬁ, CBA3aHHBIX C HUC-
TIOJIB30BAHUEM JACCATUYHBIX ;[po6ef/'1, BMECTO CHMBOJIa

= Z(ai,0> (—1;0)1._1 +

=

—
3
o

N

(a,ra> OyJleM HUCIIOIb30BaTh CHMBOI (a;ra> .
Koadduruents! a;, HeoOX0AUMBIE IS BBIUHCIIE-

HUSI BEJIMYUHEI In (x, rx> MIPUBEJICHBI B Ta0I. 5.

Tabnuya 5 — 3navenne K03QPUIMEHTOB
nist npubamskennst pynuun In(x)

aQ 0,500000 as | 0,030303
ap | 0,227273 as | 0,007576
az | 0,090909 ag | 0,0001082

[Ipou3BONIBHYIO TOKA3aTEIbHYI0 (DYHKIIUIO IPE-
CTaBUM B BHJIC:

S i (xlna)k

o (22)
k=0 %

Tornma, e€ WHTEpBaJbHBIM pAaCIIUpEHUEM OyneT
GbyHKIMS BUIA:

o _ (it )

P k! (23)

(s,

DKCIIOHEHTY C OTPHIIATEIbHBIM ITOKA3aTeleM,
TOYHee e€ pallMOHAIBHOE MPHUOJIKEHHE, IPSICTABUM B
BHJIC

4
6

e‘xz{zakxk} ,mpu 0<x<16. (24)
k=0

3HayeHust KOd(QGUIMEHTOB aj, MCIOIb3YEMBIX

—X
JIIsL HpI/I6J'II/I)I<eHI/IH BCJIIMYUHBI e

TabI1. 6.

MPpUBCIACHBI B

Tabnruya 6 — 3HaYeHHe HHTEPNOISLMOHHBIX K03 duImeHTOB

ISt IPUOJIMKEHHs] BEJMYUHbBI ¢

ay 1 ay 0,0001715620
aQ 0,2499986842 as 0,0000054302
ap 0,0312575832 ag 0,0000006906
as 0,00259137121

WnrepBanbHoe pacmmpenne Qynkuuu (24) mpu-
MET BUJI:

] 4
0 [ $ o et osesis e

k=0

3KCHOHCHTy C TIIOJIOXHUTCIBHBIM I1OKa3aTCJICM
npeacTaBuM B BUJC!

6 4
e<x’rx> =1/ {%(a,ra>k<x,rx>k} . (26)

DTO MO3BOJISAET OCYIICCTBIIATh ACHCTBUSA C YUCIIa-
MU B IMana3oHe [1,12-10_7;8,88 100 J .

B commonoruyeckoil nmTepatype yTBEPIHIOCH
MHEHHE O TOM, YTO HAJIWYMEe UIMPOKOW IPOCIONHKH,
UMEHYEMOH CpEIHHM KJIacCcoM, O0ECHeYHBaeT COLU-
aJbHYI0 OOIIECTBEHHYIO CTaOMIIBHOCTB. B paborax [29]
u [30] npuBeneHs! YCIOBUS CYLIECTBOBAHUS CPETHETO
KJjacca, CQOPMYIMPOBAHHBIE C HCIOJIb30BAHHEM WH-
nekca JIxuuu u kpuBoit Jlopenma. B pabdore [29] B ka-
YeCTBE KPUTEPUAILHON BEMYUHBI NPUHATO 3HAYEHHE
nuHnexkca Jlxuau, B padore [30] B KauecTBe KpHUTEpH-
aJIbHOM BEJIMYHMHBI IPUHATA Pa3HOCTh TPEThEH U IIEPBOI
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KBapTHJIH, COOTBETCTBYIOIIAs PaCHpEACICHHIO, TPUBE-
JICHHOMY B TaOII. 2.

Crioco0 BBIYUCICHHS KBApTHICH M3JI0KEH B pado-
Te [15].

[IpoBepuM BBIMOIHEHUE STHX YCIOBHH IS HAIIKUX
JMAHHBIX ¢ y4éTOM OMIMOOK uX ompexaeicHus. [Ipu BbI-

Tabnuya 7 — Y ca0BHSI CYIIECTBOBAHHS CPeAHEro Kiacca

YHUCIIEHUH PAJUyCOB HWHTEPBAJOB KOI(DPUINEHTOB
ypaBHeHus: (19) uMcnonb30BaUCh JTAHHBIE O CpEAHe-
KBaJPaTHYECKON TOTPEIIHOCTH oIpeaeneHust kodddu-
LUEHTOB PErpeccud. JTH 3HAYEHUS YMHOXKAJIU Ha KO-
a¢¢urment k = 1,64.

Pe3ysbraThl BEIUUCIEHHI IOKa3aHbI B Ta0II. 7.

JInTepaTypHbIit YcaoBus 3nauenusi KpuTepus
HCTOYHHUK KpuTepHst HT I BI
1
PaGora [29] IG< > 0,34 0,41 0,48
3 3 7.1
Pa6ora [30] LI =|-Ll=|z2= 0,38 0,44 0,51
4 4)72

He6pe>KeHHe BIIMSIHHUEM HOFpeHJHOCTeﬁ, CBA3aHHBIX C

TPOLIeIypaMHy TIOYUEHHS HCXOIHBIX TaHHBIX M UX
nocieayoonied 00paboTKol MOXKET MPUBECTH K CEpPhE3-
HBIM OIMHOKAM B OICHKE COMEPYKATENHHOTO CMBICTA
PEe3yNBTaTOB HCCIIEA0BAHUS.
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Busnavennst ingexcy JuHi 3 ypaxyBaHHAM N0XHO0K BHOipKOBHX CIIOCTEPE/KEHD
B. 10. Iyonunskui, I'. T. 3yopurpka, O. . Xonupes

AHoTanisi. Y crarTi po3rIsAiaeTbCs BUIAKOBA BEJIMYMHA, OTPHUMAHA B PE3YIbTaTi BUMIPIOBAHHS BEJIMYMHU KOHKPETHOI
¢i3nuHoOi BracTHBOCTI. JIOCIIDKYIOTBCSI CTATUCTUYHI Ta 00YMCITIOBANIBHI ACTIEKTH 3aBJIAHHS OLIHKH BiIXHWIECHHS PO3MOALTY JaHOT
BUIA/IKOBOI BEJIMYMHM BiJI PIBHOMIPHOIO po3mofiiy. Bike 3rajana BumajkoBa BeIMYMHA HOpMYyeTbcs. OIHHM i3 CrIOCOOIB BU-
3HAYEHHS MipHU BiJXWICHHS OTPUMAHOI TAKUM YMHOM (yHKIIT pO3HOIUTY BiJl pIBHOMIPHOIO PO3NOALTY BUKOPHCTOBYIOTb 1HIIEKC
JxuHi. MeToro ¢TarTi € po3poOka MPONO3ULIH 1010 BpaxXyBaHHS MOXHOOK CIIOCTEPEKEHb IPU BU3HAUYCHHI iHAeKcy JIkuHi i
noOynosi kpusoi Jlopenua. Pesyabraru. Posrisnyro 3agaqy oGuucnenns inpekcy JDxuHi Ta napaMerpiB kpusoi JlopeHua 3
ypaxyBaHHAM HOXHOOK BUOIPKOBHX criocrepeskeHb. IlokazaHo, 10 11 3a1a4a BUHUKAE B PI3HUX MPEIMETHHUX OOJACTAX, B TOMY
quci i cowionorii. s obniky noMmIok BUOIPKOBHX CIIOCTEPEKEHb BUKOPUCTAHI IHTEpBaJIbHI OOYMCIEHHS B CUCTEMI LIEHTp-
paniyc. ns oGumncnenHs innexcy JKHUHI 3aCTOCOBAHO YUCEIIbHE IHTErPyBaHHs 3a ()OPMYIIO0 Tparieliil 3 BAKOPUCTAHHAM iHTep-
BaJIbHUX uncell. BucHoBok. [TokaszaHo, 1110 HeBpaXyBaHHS IOMMIIOK BUOIPKOBUX CHOCTEPEKEHb MOXKE IIPUBECTH 10 TIOMHIIKOBUX
BHCHOBKIB IIPO PiBEHb COLIAJILHOI HEPIBHOCTI CYCHIJICTBA Ta OLHIII HOro cepeHboro Kiacy.

Karw4dosi caosa: ingekc [lxuni; kpusa JlopeHna; cepenHiil kiac; iHTepBanbHi 00UHCIICHHS; YMCEIbHE IHTEIPYBaHHS
IHTEepBAJIILHO BU3HAYEHOI (DyHKIIIi.

Determination of Gini index with considering the error of selected observations
V. Dubnitskiy, H. Zubrytska, A. Khodyrev

Abstract. In this work the following problem is considered. For a set of physically realizable objects, to each of them
the value of its physically measurable property is assigned. The value of this property for a particular object is assumed to be
random. The error in determining the numerical value of this property is negligible compared to the value of the property being
measured. We assume that the value of the measured property is positive and finite. It is necessary to estimate the deviation of
the distribution of this property from the uniform distribution. Such problems arise in the study and management of processes in
the various systems. For example, in concrete science, enrichment of the fields. Depending on the substantive meaning of the
task, the goal of the research may be to find ways to get the maximum approximation of the density (function) of the property
distribution to a uniform distribution or to achieve the opposite goal. The Gini index is chosen as a measure of the deviation of
the distribution function of the measured property values from the uniform one, and the distribution itself is approximated by the
Lorenz curve. The value of the Gini index is included in the system of indicators which characterize the level of prosperity of the
various states or units of territorial - administrative division. It is shown that statistical sampling methods are the main way of
obtaining the necessary data for the construction of the Gini index. Was described the methodology of conducting sampling studies
used in Poland. To perform the necessary calculations in determining the Gini index and building a Lorenz curve, taking into account
errors caused by using the sample data, the authors selected interval computing technology with the representation of numbers in the
center — radius system. To calculate the Gini index, one of the methods of numerical integration is used - the trapezoid method. The
implementation of this method is proposed in the interval form. The parameters of the expression approximating the Lorenz curve
are determined. The calculation of the Gini index and the construction of the Lorenz curve is performed for information about
weekly family income in the UK in 1992. It is shown that the refusal to take into account sampling errors can lead to erroneous con-
clusions when performing a comparative analysis of the uneven distribution of income between countries or their territories. A run
test was made for checking the existence of a middle class in the surveyed population using two criteria. The first is based on com-
paring the Gini index value with the criterial index, the second one is based on comparing the difference between the third and first
quartile of the sample described by the Lorenz curve with the criterial value. The results of numerical analysis for each of the criteria
are given, which were performed using interval numbers determined in the center - radius system.

Keywords: Gini index; Lorenz curve; middle class; interval calculations; numerical integration of an interval defined function.
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ANALYSIS OF USING INFORMATION TECHNOLOGIES
IN SYSTEMS WITH DUAL PROCESSES

Abstract. The article deals with the analysis of using information technologies in systems with dual processes. It was
shown how concepts information systems and technologies relate. The information system is the main medium for
information technology. Information technology is a combination of techniques and processes, with clear rules and actions.
Without knowledge of the oriented information technology, it is impossible to realize information system. The information
system uses information technology to support decision making. At present, using of information technologies in the
educational systems of 1-2 levels of accreditation is increasing. There are some opportunities for application of network
technologies for the purpose of training, which allow the transfer of information of any kind and volume on-line to any
distances, as well as interactivity and visibility of providing training materials. Among the information systems and
technologies used in the higher education institutions, the most popular are web-technologies; intellectual computer
programs, training; information technologies of decision making support and expert systems. Besides, creation of personal
websites for teachers is particularly popular, thanks to these websites the teacher demonstrates his educational research
activity, communicates with representatives of scientific schools and student communities, and thereby shares his
experience and scientific achievements. After analysing the information systems and modelling tools in the production
systems, it shows using some of the considered systems and tools in combination for divisions of the industrial enterprise.
The structure of the industrial enterprise is divided into main blocks and each of them uses its own software product.

Keywords: information systems; information technologies; education; production; systems with dual processes.

Introduction

Before carrying out the analysis of information
systems and technologies it is necessary to specify how
these two concepts relate.

The information system is a complex that includes
computer and communication equipment, software,
linguistic tools and information resources, as well as
system personnel and provides support for dynamic
information model of some part of the real world to
meet the information needs of users [1].

The personal computer is used as the main
technical equipment of information processing in the
modern sense of the information system. Indeed, it is
impossible to imagine everyday life without using a
personal computer, tablet computer or smartphone.
However, it is not enough to create and implement
information system technology, it is also necessary to
take the role of the person into account for whom this
information system and the information produced by it
is intended.

In addition, it is impossible to obtain and provide
information ~ without human participation. The
information systems that are being built are dynamic in
most cases and their construction uses a systematic
approach. The result of the information system
operation is the information on the basis of which
decisions are made, for example, regarding subsequent
training in self-training of University students.

Information technology (IT-technology) refers to
the system of methods and forms of collection,
accumulation, storage, search, processing, analysis, data
output, information and knowledge based on the
application of hardware and software tools in
accordance with the users’ requirements [2]. By
applying different technologies in relation to any
process, in particular educational, it is possible to obtain
some kind of information. Today, when creating any

software that is tooling of information technology, it is
necessary to take into account that the user owns a
variety of types of data entry and processing devices,
examples of which are given above.

Thus, the information system is the main medium
for information technology. Information technology is a
combination of techniques and processes, with clear
rules and actions. Without knowledge of the oriented
information technology, it is impossible to realize
information system. The information system uses
information technology to support decision making.

Today, the administration process of educational
systems is one of the main tasks of education and
training management in systems with dual processes.
This process consists in the management of all the parts
of systems with dual processes, also including
development and implementation of standards, planning
and definition of training procedures, etc.

In the age of global information system
development of society, any process is not complete
without using information systems and IT-technologies.
Their application is also relevant in the administration
of systems with dual processes.

Among these technologies we can select as
follows: ontological approach, artificial intelligence
systems and integrated intelligence, etc. All these
technologies shall be implemented in conjunction with
the system approach, as it is necessary to understand the
role and place of their use in the overall process of
administration of systems with dual processes.

The building of the intelligence system of
administration of systems involves the creation of
knowledge database for educational purposes. In terms
of such database it is proposed to create a web-portal
that would unite educational systems within the
framework of not separate department, higher education
institutions (HEI) and enterprises, but different
hierarchy levels as a whole. Application of the modern
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IT-technologies in system administration is the most
effective way of management in systems with dual
processes.

1. Analysis of using information technologies
in the educational systems of 1-2 levels
of accreditation

At present, using of IT-technologies in the
educational systems of 1-2 levels of accreditation is
increasing. There are some opportunities for application
of network technologies for the purpose of training,
which allow the transfer of information of any kind and
volume on-line to any distances, as well as interactivity
and visibility of providing training materials. Besides, it
is possible to get access to various sources of
information and communication in real time.

Information and communication technologies are
used actively in classrooms during author's
presentations using multimedia, creation of CD-
encyclopaedias and reference books, development of
computer training systems, simulators and testing.

The functions of the personal computer take
special preference as a tool for educational activities,
primarily due to the ability to store, edit, transfer of a
significant volume of information. This allows applying
it for optimization of training management, as well as
the increase of educational process efficiency [3].

The didactic benefits of computer-based training
resources are primarily in the fact that the use of
multimedia technology makes it possible to create a
learning environment with a clear and vivid presentation
of information.

In addition, integration of significant amount of
information in the single complex is carried out, as well
as due to the creation of hyperlinks, navigation through
the training material is simplified and the opportunity to
choose the individual trajectory of studying the material
is provided.

Thus, the analysis showed that IT-technologies
find poor application in the educational systems of
1-2 levels of accreditation.

2. Analysis of using information technologies
in the educational systems of 3-4 levels
of accreditation

Among the information systems and technologies
used in the higher education institutions (HEI), the most
popular are web-technologies; intellectual computer
programs, training; information
technologies of decision making
support and expert systems. Let
us dwell on each of them in
detail (Fig. 1).

Web-technologies — are
technologies of creation and
support of various information

Web-resources

resources in the computer
Internet network [2].
Hierarchies of information

Computer training
programs

resources in the form of web-

website, which contains web-pages of faculties, and
within each faculty, there are web-pages of departments.

Besides, creation of personal websites for teachers
is particularly popular, thanks to these websites the
teacher demonstrates his educational research activity,
communicates with representatives of scientific schools
and student communities, and thereby shares his
experience and scientific achievements.

Computer training programs are gaining popularity
[4]. Most of them are electronic environments with
interactive functions and multimedia elements, which
are designed for independent student’s work with
training material in various forms of education — not
only part-time and remote but full-time as well.
Computer training programs are created not just to
replace traditional training materials designed for the
student’s training but in order to add them, using with
that the capabilities of modern information
technologies. Most often, they include theoretical
material, illustrated the analysis of solutions to common
tasks and explanatory examples, graphics and animation
materials, self-control tests, as well as for knowledge
control. In most cases, educational computer programs
are interactive. They implemented the experience of
teachers, communication of students with which is
limited, for example, at remote or individual study.

Information technologies of decision-making
support are aimed at improving training efficiency and
development of individual training paths for students,
taking into account their individual characteristics of
material perception.

In the educational process, more and more
attention is paid to knowledge control systems. In
general, preference is given to use of testing, as it is one
of the fastest and most convenient ways to monitor and
evaluate knowledge. Testing shows the degree of
student’s learning of training materials and indicates
gaps in his knowledge.

Based on the test results, you can tell the student
what he needs to learn to improve his level of
knowledge according to the requirements of educational
standards.

In addition, remote learning is becoming
increasingly popular, as it allows gaining knowledge
regardless of the country in which you live. The student
develops educational materials independently in the
interactive mode, passes testing, carries out control tests
and sends them to teachers for review. The most

T ———

PR{ METHEUS

Information
technologies in the
educational systems

Information technologies
of decision making support
and expert systems

pages are built in HEI. Almost
every HEI has its official

Fig. 1. Nllustration of using information technologies in the educational systems

of 1-2 and 3-4 levels of accreditation
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important thing in remote learning is to have access to
the Internet, which is no longer a problem up to date.
The Moodle system is the most popular remote learning
system. The Moodle system is a course management
system, also known as a learning management system or
virtual learning environment. [5] This system is a free
web application that provides the ability to create
websites for online training.

At the present time, the problem of creation of
such approach to training occurs, which would consider
individual student’s personalities and could encourage
for independent studying of educational material. To
solve this problem, the use of information and
communication technologies is proposed at work [6].
One of the ways to solve the problem assigned is the
arrangement of classes using multimedia aids.

The basis of the arrangement of classes using
multimedia aids covers the following principle: the
studied material of the discipline is arranged so as to
take into account the peculiarities of the perception of
information by the student, that is, speed and order of
material study should take into account the individual
characteristics of the student.

The ability of visual presentation of a variety of
tasks with a visual demonstration of their solutions,
which is accompanied by theoretical material, is the
advantage of such classes.

Classes with the use of multimedia aids involve
the creation of slide lectures (presentations) using
PowerPoint editor. The slide lectures are based on the
approach in which the study of educational material is
carried out using algorithms of step-by-step solutions. In
this approach, the information on

discipline in training and freely discuss the studied
material among themselves in practical classes [8].

Thus, the analysis showed that IT-technologies
take a significant place in the educational systems of 3-4
levels of accreditation.

3. Analysis of using information technologies
in the production systems

At this stage of industry development, we can
observe the trend of increasing demand for application
of information systems and technologies when
producing highly technical products in the production
systems. With increasing of production volumes and
expansion of enterprise the question of activity
coordination of each of divisions of the enterprise arises
[9]. If we consider the production system as a set of
individual lines of activities, then among them we can
select the main ones: business planning, production
process, warchousing and transportation. After
analysing the information systems and modelling tools
in the production systems the Fig. 2 shows using some
of the considered systems and tools in combination for
divisions of the industrial enterprise. The structure of
the industrial enterprise is divided into main blocks and
each of them uses its own software product (Fig. 2):

1) Project Expert;

2) BAAN;

3) Oracle JD Edwards;

4) Microsoft Dynamics AX (Axapta);

5) DELMIA;

6) SAP Business Suite;

7) CALS technologies.

each slide appears gradually,
allowing the student to dwell in
detail on each element of the topic.
In this case, they apply pop-up

7.
DDEL MIA d

——

objects, phasec! construction  of Y Information

pictures, 51mu} ation Of_ mo_Veme“t of Pro‘j;c‘t‘ éxﬁert technologies in the BaaN
elements using animation, etc. v roduction svstems

Detailing the process of problem NP Y

solving and learning academic C 2 TT "\

material is the main feature of this

approach. The student has the - “Micr.oﬂéﬁ CALS .
opportunity to view the slide lecture I Dynamics ax technologies

repeatedly, while he can return to the
incomprehensible ~ moments  of
learning and problem-solving for several times, or vice
versa if all the calculations are clear, then go to the next
slides of the lecture.

Besides, in the work [7], scientists from the
University of Washington revealed the regularity
between student’s progress and teaching methods of
academic disciplines. Taking into account the results of
research, scientists advise shifting to active teaching
methods, in which students study the academic

Fig. 2. lllustration of using information technologies in the production systems

Conclusions

Thus, based on the analysis of the modern
information systems and modelling tools, it can be
concluded that the systems and tools can be used in the
various combinations to unite and optimize the
operation of the production system as a whole. This
raises the problem of integration of systems and tools
applied in the systems with dual processes.
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AHaJ1i3 BUKOPHCTaHHsA iH(opManiiiHuX TexHoIoriii
B CHCTEMAaX 3 1yaJIbHUMH IIPOIecaMHu

O. I. Mopo3zosa

AHoTtamisg. B pobori mpoBeneHO aHai3 BHUKOPHCTaHHS iHMOPMAIiMHMX TEXHONOriH B CUCTeMax 3 JyaJbHUMHU
npouecamu. byio mokaszaHo, SK CIBBIIHOCATBHCS HMOHATTS iH(pOpPMaLiHHUX cUCTeM 1 TexHoiorii. IHpopmauiiina cucrema €
OCHOBHMM CepeloBHIIeM 11 iHpopMaliiiHoi TexHonorii. [Hdopmariiina TexHonorist € 00'€HAHHAM METOIMK 1 IpOLECiB, 3
YiTKUMH TpaBWIaMu i AissMu. be3 3HaHHA opieHTOBaHOI iH(pOpPMAaLilfHOI TEXHOJOrl HEMOXIMBO peanizyBaTH iHGOpMaLiliHy
cucreMy. [Hdopmariilina cucreMa BUKOPUCTOBYE iHpOpMaLiiiHy TEXHOJIOTII0 IS MiATPUMKHU HNPUIHATTS pimieHb. B naxuii yac
Iizie IiIBUIIEHHS BUKOPUCTaHHA iHQOpMAaLiIHUX TEXHOJOTiH B OCBITHIX cucTeMax 1-2 piBHs akpeauTalii. ICHyIOTb MOXIIMBOCTI
3aCTOCYBaHHsI MEPEKEBUX TEXHOJIOTIH 3 METOI HaBUaHHS, AKi J03BOJSIOTH Nepenady iHpopmanii Oynb-sKoro BuIy Ta o0csry B
OIepaTUBHOMY PEXMMi Ha OyJib-sIKi BIJICTaHI, a TAKOX IHTEPaKTUBHICTb Ta HAOUHICTb HaJJaHHS HaBYaJIbHUX MarepiainiB. Cepen
iHpopManiiiHUX cHUCTEM 1 TEXHONOriH, IO BHKOPUCTOBYIOTBCA B 3aKJIaJaX BHIINOI OCBITH, HAaWOUIBLIOW IOIYJSPHICTIO
KOPUCTYIOTbCSL Web-TEXHOJIOTI1; IHTeJICKTYyaIbHI KOMIT IOTepHI NporpaMy, sIKi HaBYalOTh; iH(OpPMAaLiiHI TEXHOJIOTI] MATPUMKH
NPUHHATTS pIlIEHb Ta €KCHepTHI cucteMu. KpiM 11b0ro, ocoOIMBOIO MOMYISAPHICTIO KOPHCTYETHCS CTBOPEHHS NEPCOHATIBHUX
web-caiiTiB BHUKIanauiB, 3aBASKM SKUM BHKJIaJad JEMOHCTPYE CBOK HAyKOBO-IIENAroriyHy JAisUIbHICTb, CHUIKYETbCA 3
IIpeACTaBHIKAaMH HayKOBHX IIKIJ i CTYJECHTCTBA, i THM CaMHM IIepesiac CBii JOCBi i HaykoBi mocsrHeHHs. [IpoBiBImM anaii3
iHpopmManiiiHuX cucTeM i 3aco0iB MOZAENIOBAHHA B BUPOOHMYMX CHCTEMaX, [OKa3aHO BMKOPHCTAHHSA B KOMOiHaWil AesKuX
PO3IIITHYTHX CHCTE€M 1 3aco0iB Ul IJPO3ALNIB IPOMHCIOBOro mianpueMcrsa. CTpyKTypa HPOMHUCIOBOIO IiANPHEMCTBA
po30uTa Ha OCHOBHI OJIOKH 1 B KO)KHOMY BUKOPHCTOBYETHCSI CBilf IPOrpaMHUM NIPOAYKT.

Karw4dosi caosa: indopmauiiini cucremu; inpopmaniiiHi TexHonorii; ociTa; BUPOOHULTBO; CUCTEMHU 3 IyaJlbHUMHU
HPOLECAMH.

AHaJIN3 UCT0/IL30BaHNs HH()OPMAIMOHHBIX TEXHOJIOTH I
B CHCTEMAaX ¢ JyaJbHBIMH NPOLECcCaMHA

O. 1. Mopo3zosa

AHHOTanus. B pabore npoBeneH aHanu3 UCHONb30BaHUA MH(POPMAIMOHHBIX TEXHOJIOTHH B CHCTEMaX C AyaJIbHBIMU
npoueccaMu. bpulo 1oka3aHo, Kak COOTHOCSTCA IOHATHsI MHYOPMALMOHHBIX CUCTEM U TexHonoruil. MHpopmaunonHas cucrema
SBJISICTCS OCHOBHOHM cpenoi uist MHGOpPMAaLMOHHON TexHonoruu. MHdopManmoHHas TEXHOJIOTUs SBIETCS OObEIMHEHHEM
METOAMK U IIPOLECCOB, C YSTKUMU NPaBWIaMK M AeicTBUsMU. be3 3HaHMS OpueHTHPOBaHHOW MH(OPMAIMOHHOH TEXHOIOTUU
HEBO3MOJKHO pealM30BaTh HMH(OPMALMOHHYIO cucTeMy. IHQopManuoHHas cucTeMa HCHONIb3YeT HH()OPMALMOHHYIO
TEXHOJIOTHIO JUISl TOAAEPIKKU IIPUHATHS pelleHui. B Hacrosiee BpeMs MET MOBBILICHUE UCIOIb30BaHUS HH(OPMALMOHHBIX
TEXHOJIOrMi B 00pa3oBaTEeNbHBIX cucTeMax 1-2 ypoBHs akkpenuranuu. CyliecTBYIOT BO3MOXHOCTH HPHMEHEHHS CETEBBIX
TEXHOJIOTHH C IeNbIo 00y4eHusl, KOTOpbIE NO3BOJIAIOT Iepenady nHopManuu 1000ro Bujia 1 00beMa B OLEPATUBHOM PEXHME
Ha JrOOble pPAacCTOSHMSA, a TaKKe WHTEPAaKTUBHOCTh M HAILIJHOCTb HPEJNOCTaBlIeHUs y4eOHbIX Marepuanos. Cpexu
MHQOPMALMOHHBIX CHCTEM M TEXHONOTMH, MCIOIB3YyeMbIX B YUPEXKICHHMSAX BbICIIEr0 0Opa3oBaHMsA, HAMOOJbIICH
HOMYJIAPHOCTBIO  TOJB3YIOTCS ~ Web-TEXHOJIOTUH; MHTEIUICKTYallbHble KOMIIBIOTEPHBIE IIPOrpaMMbl, KOTOpbIE — ydaT;
MHGOPMALMOHHBIE TEXHOJIOTUM TOAJEPKKM IPUHATUS PpelIeHHi M 3KcrnepTHhle cucreMbl. Kpome storo, ocoboit
HOMYJISIPHOCTBIO OJIB3YETCs CO3JaHUE INEPCOHATBHBIX Wweb-caliToB npenonapaTeneil, Onarogaps KOTOPbIM HpeNojaBaTellb
JIEMOHCTPUPYET CBOIO Hay4YHO-IIEJArOTMYECKYIO AESTENILHOCTD, O0IIAETCs ¢ NPEACTaBUTEIAMH HayqHbIX IIKOJ U CTYJEHUYECTBa,
U TEM CaMbIM IIEpelacT CBOH ONBIT M HayuHble JocTibkeHus. [IpoBenst aHanu3 WHOOPMALMOHHBIX CHUCTEM H CPEICTB
MOJICJTMPOBAHUS B IPOU3BOJICTBEHHBIX CHCTEMaX, I0Ka3aHO UCIIOIb30BaHUE B KOMOMHAIIMU HEKOTOPBIX PACCMOTPEHHBIX CHCTEM
U CPEICTB JUIS IOApA3JelIeHUH NPOMBIIUICHHOro npeanpustis. CTpyKTypa MpPOMBIIUIGHHOrO NpeANpHATHsS pa3dura Ha
OCHOBHBIE OJIOKU U B Ka)KJIOM HCIIOJb3YETCs CBOM MPOrPaMMHBIH IIPOAYKT.

Kamw4yeBnle cioBa: I/IHq)OpMaLII/IOHHBIe CUCTCMBI; I/IHq)OpMaLII/IOHHLIe TCXHOJIOI'HH, O6pa3OBaHI/Ie; IIPpONU3BOACTBO;
CUCTEMBI C yaJIbHbIMHU IIpOLECCaMU.
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COMPLEX METHOD OF THE KNOWLEDGE MANAGEMENT EFFICIENCY
EVALUATION IN THE PROJECT ENVIRONMENT

Abstract. There are a large number of modern approaches to the development and implementation of organizational
knowledge management systems, methodologies and models of knowledge management. Each of them has its own
peculiarities, advantages, and disadvantages, aimed at supporting the knowledge saving process. At the same time, the
question of the knowledge system effectiveness remains unclear, what complicates the decision-making process. The article
analyzes modern approaches to assessing the effectiveness of the knowledge management system and the feasibility of its
implementation in the project environment. The approaches analyzed, such as Kaplan-Norton's Balanced Scorecard
(Kaplan-Norton), Non-material Asset Monitor (K.Sweeb), Skandia Navigator (Edvinsson), etc., can be used as macro
indicators to determine the benefits of Knowledge Management System, but these indicators cannot reflect actual benefits
gained solely by this system in relation to business processes and organizational project objectives. Thus, the actual
scientific task is not only to develop a specific method of quantifying the benefits that the Knowledge Management
System provides, but also to create indicators for project implementation evaluation through Knowledge Management
System efficiency. The paper objective is to develop a comprehensive method for evaluation of the effectiveness of the
Knowledge Management System, taking into account the specifics of project management. The proposed model is a multi-
stage process, which allows increasing the reliability of the final decisions on knowledge management in the project and
evaluating the profitability of the system. In addition, the model allows reducing the cost of the project, by simulating the
influence of the system elements on project parameters. The proposed model is aimed at optimization (the choice of the
best algorithm from several), identification (the definition of a system with the most relevant qualifications to the real
object in the given conditions) or decision-making on Knowledge Management System in a project environment. Further
research will be aimed at the development of automated tools for implementing the model, which will optimize the use of

the model in project-oriented organizations.

Keywords: knowledge management; model; efficiency; intellectual capital.

Introduction

Problem statement. During the last decade,
scientists are paying a lot of attention to knowledge
management (KM). At the same time, approaches to
assessing the effectiveness of implementing KM
instruments are not sufficiently investigated. In other
words, organizations spend a significant amount of
resources on the creation and improvement of knowledge
infrastructure (both management tools and software), but
at the same time, insufficient attention is devoted to the
development and use of tools that measure the results
and effectiveness of investments in KM.

Analysis of recent research and publications. An
analysis of recent research has shown that there is a small
number of studies in which authors propose methods for
assessing the effectiveness of KM, but they do not take
into account the specifics of KM in the project
environment. Due to a number of features inherent in the
design environment, the process of evaluating the
effectiveness of using KM is considerably complicated.
First, the specificity of project management lies in the
uniqueness of the results, so most of the knowledge
gained in previous projects cannot be used directly, but
need adaptation, that is, the knowledge user will spend
some time adapting knowledge. Secondly, in the process
of project implementation there is a change in the
composition of teams, which leads to the need to involve
experts from other projects and units in solving a
particular problem, so estimating the time spent solving a
problem within a single project adds the time spent by the
employee in implementing another project. In the process
of modeling the quantitative assessment of the benefits of

implementing KM tools, there are three types of key
benefits for project management:

1) saving time during problem-solving - reducing
the time for the tasks of the project;

2) saving labor costs - saving man-hours of the
project in problem-solving;

3) profitability - saving costs during problem-
solving,

To date, the paper [1] is among the most
mentioned studies to assess the effectiveness of KM.
The authors proposed eight steps to create performance
indicators for KM that are structurally divided into three
stages: 1) strategic level - the development of activities
that assess the goals of the organization; 2) Indicators
containing an intermediate level linking process
performance indicators at the operational level with
business performance indicators at the strategic level; 3)
indicators containing an operational level that reflect the
measured performance of the KM process. But the
proposed method is not adapted for its use in the project
environment, which complicates the estimation of
duration and cost of project tasks.

Thus, the lack of methods for quantifying the
benefits gained by the organization from the
introduction of KM in the project environment
complicates the decision-making process regarding
investment volumes and their subsequent use during
project implementation.

The paper objective is to develop a comprehensive
method for assessing the effectiveness of the KM system
that takes into account the specifics of project
management and allows us to develop a system of
indicators for decision-making based on its profitability.
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Quantitative assessment
of intellectual assets

Since the value created with the use of KM is an
intellectual object, the methods of measuring
intellectual resources can also be taken to assess the
value of KM. There are different modern approaches for
evaluation of the results of KM implementation. Today
there are dozens of the most widespread approaches to
the assessment of intellectual capital, which can be
divided into two groups [2]: qualitative and quantitative.
In such a structure, qualitative methods (for example,
the Kaplan-Norton Balanced Scorecard, the Non-
material Assets Monitor K. Svyeb, the Navigator
Skandia L. Edvinson, etc.) are aimed at analyzing the
elements and structure of the intellectual capital of the
organization, and quantitative methods carry out a
monetary assessment intellectual property. In turn, there
is also a group of "others" that combines indicators
reflecting fluctuations in the price of intellectual
property.

Let's consider some models in details. For
example, Kaplan-Norton's Balanced Scorecard [3] aims
at creating a link between the organization's strategy and
operational activities, based on analysis of relationships
with clients, financial indicators, business processes,
growth rates, etc.

Using the Intangible Assets Monitor [4],
developed by K. Swibe, the organization creates an
interconnection between the elements of intellectual
capital (the external and internal structure is presented
as organizational capital, and qualification - as an
individual) with four characteristics of the enterprise
(growth rate, innovation efficiency, risk).

The analysis of qualitative models showed that their
specificity does not correspond to the initial task, that is,
the description of intellectual capital, which has market
potential, cannot fully solve the problem of assessing the
effectiveness of KM in the project environment. Authors
of works [5, 6] divided the set of quantitative models into
expendable, profitable and market models. Cost methods
equate the actual costs incurred by the organization in
creating an intellectual asset to its carrying amount. This
is not a fair approach because of the constant change of
asset value. In turn, profitable methods are based on the
fact that the value of intellectual capital is created by its
ability to generate more profit. The market subgroup
relies on the increase of intellectual capital in comparison
with competitors, that is, it uses the market value of the
intellectual property.

All above-mentioned methods evaluate intellectual
resources in terms of organizational (or corporate)
level. They can be used as macro indicators to
determine the benefits of KM, but such indicators can
not reflect the actual benefits gained solely by the KM
system in relation to business processes and project
objectives of the organization. Thus, the actual research
objective is not only the development of a specific
method for quantifying the benefits that KM provides
for the implementation of projects, but also the creation
of indicators, through which it is possible to assess the
effectiveness of the project management KM system.

Taking into account the above-mentioned aspects,
the assessment of the system's efficiency must be
expressed through the performance of the managed
system and its own characteristics.

Model of estimation of KM efficiency

Thus, in order to solve the problems presented
above, a complex model for assessing the effectiveness
of project KM is proposed. The structural scheme of the
model is presented in Fig. 1.

Project statistics

|

Stage 1. Expert evaluation of the list of names of indicators
by rank correlation analysis

I

Agreed classifier of project data (tasks, cost, duration)

Project plan

Stage 2. Processing of statistical values by
quantitative correlation analysis

CTaTHCTHYHO Y3TOJKeH1 KITBKICHI JlaHi (HOpMOBaHa
CTATUCTHKA)

Stage 3. Finding of coefficients of influence of data, the
formation of factor indicators and construction of the
actual structural scheme of the KM system.

Statistically agreed quantitative data (normalized
statistics)

v

Stage 4. Simulation of the main indicators and indicators of
subsystems by quantitative factor analysis

List of indicators distributed by influence on the
subsystem, list of modules, parameters of the model of
the KM Systeel functioning

Stage 5. Development of the model of functioning of the
KM system
I
Project development strategy, indicators of development
over the years

b

Stage 6. Setting up the task of decision-making support;
supporting decision-making in the hierarchies

I
Quantitative indicators of influence on the subsystem and
system

v

Stage 7. Obtaining the initial parameters of the KM system

Estimated system profitability |
Profitability index !

Influence of subsystems and modules on efficiency of |
KM system ‘

P ————

Fig. 1. Structural scheme of elements of the estimating
the KM method efficiency in the project environment

The proposed model is aimed at optimization
(choice of the best algorithm among several ones which
implements one law of the functioning of the system),
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identification (the definition of a system whose quality
most closely matches the real object in the given
conditions) or decision-making with the management of
the system ultrasound. During the implementation of the
model, the project statistics (data on the duration and cost
of work) and information from the project implementation
plan, as a result of processing in 7 stages, turns into a
quantitative assessment of the performance of the system
of ultrasound and its individual elements. The process is
carried out with the involvement of experts from different
departments involved in the project implementation
process. Let's consider all the steps in detail.

The presented structural scheme reflects the
sequence of stages, their inputs, and outputs, as a result
of the implementation of the listed stages. Based on the
information obtained through the implementation of the
model, the project manager and management of the
organization can make informed decisions about the
development KM system and the work of this system in
the process of project implementation.

Stage 1. Expert evaluation of the list of names of
indicators by rank correlation analysis.

The input data for the KM performance model is
the project's statistics on the duration and cost of the
tasks. Such data should be processed using the expert
judgment method to eliminate statistical links. The stage
is performed in the following steps:

1) development of a generalized assessment of
project indicators based on individual expert assessments;

2) development of a generalized assessment based
on a paired comparison of objects by each expert;

3) determining the relative weights of objects;

4) determination of consensus of expert opinions;

5) determination of dependencies between
rankings;

6) assessment of the reliability of the results of
processing.

Stage 2. Processing of statistical values by
quantitative correlation analysis.

As a result of this phase, the agreed classification
of the names of the project data is converted into
normalized statistics, divided into groups of works of
the project. Correlation analysis is carried out within
each group of works identified by the project manager
and confirmed by experts in the previous step regarding
the cost and duration of tasks in this group (x;;y;).

Next, the indicators of variables, data indicators
and the impact of these indicators on the groups of
works are determined, for which it is expedient to use
factor analysis and the method of the main components,
are determined. In addition, at this stage, using the KM
structural scheme, the project manager defines the
structure of the whole system by selecting the
appropriate subsystems and modules from the proposed
classifier, which will be subject to further analysis.

Stage 3. Finding of coefficients of influence of
data, the formation of factor indicators and construction
of the actual structural scheme of the KM system.

On the basis of the data obtained in the previous
stage, it is necessary to find an influence on the system,
using a set of indicators (formal factors of influence),
which are formed as follows. First, the convolution

result of the system is set. This is the system index or
the integral index of the system. Such indicators and
indices are determined by the matrices of data, which
are prepared using correlation analysis.

For example, let the group WR (x;;y,), where X
is the cost of a group of works, y; is the duration of a
group of works, includes the tasks with the following
indicators: (zy;u1), (zy3uy), (z35u3), (z4;u4) cost and
duration of works, respectively, which are part of the
group, for which we have statistics for 5 years. Then the
data of the WH project group can be represented as a

matrix:
1 1 1 1 1
72, a2, 7, 2, kz "z
X\ =| 72, 22, %y 2y keazy (1
73, 73, Z3, I3, kzy "Z3,
Z4, 24, Z4, Z4, kzy "2y
1 1 1 1 1
wy,oowy, o wy o uy, o kupugg
Y =| Uy Uy, Uy Uy, Kup-up, 2
uy, U3, uz, Uy, kug-ug,
ug, Uy, Ugy Uy, kuy Uy,

The next step, in order to determine how the
performance of a group of works WP affects the
performance indicators of this group, the group
performs a list of actions:

1) construct data matrices (1), (2);

2) run convolution matrices;

3) calculate the formal profitability index /

rs o
which, before the start of the simulation, is established
as I =1/i, where iis the number of workgroup
projects, which corresponds to the assumption that each
group of indicators affects the factor variable
equivalently;

4) simulate the actual index I, without using the
KM system. The graph, shown in Fig. 2 shows the result
of simulation of the actual index of the KM system,
described in [7].

0.11 A .
Irswpl  0.11 a3 S AT
IS X P
X'Q :r" PR
Irswp1m0.108 K UPTTIES SIS
++ .- > 30 "
Irswplk ¢ 106 ="
= ¢

0.104

1 2 3 4 5

Fig. 2. Example of simulation of the value
of the index of profitability of the KM system

Stage 4. Simulation of the main indicators and
indicators of subsystems by quantitative factor analysis.
Using factor analysis tools, modeling of subsystem
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indicators and actual system performance without the
influence of ultrasound instruments is performed.

Stage 5. Development of the model of functioning
of the KM system by the method of nonlinear dynamics
and obtaining solutions of the system of equations.

The next stage is aimed at analyzing the system
using nonlinear dynamics methods. For this purpose, the
Bulirsch-Stoer Method [8] is used to obtain data on the
stages of the project implementation, and to distribute
data by stages.

Let’s consider the approaches to implementation of
the proposed methods. Let us give a simple differential
equation that binds an independent variable x, to an

unknown function y(x) of this independent variable
and its derivatives:

V() 9" (2), e Y () 3)
F(x, p(x),5'(x)y00 " (1)) = 0, (4)

ne F(x,..., y(”)) - a function of the specified arguments.
Let’s execute the extrapolation value ;,;, where
y is the approximate value, according to the known

previous value. The procedure for finding the next
calculated point (x;,;,»;,1) consists of two steps:

1. Getting the sequence of decisions at the point
x = x;,; using the strategy of reducing the step.

2. Refine the numerical solution on the basis of
procedures of polynomial or rational extrapolation.

Stage 6. Setting up the task of decision-making
support; supporting decision-making in the hierarchies
by T. Saati [9]; modeling the matching parameters in the
KM system.

Simulation modeling of the KM system is
performed using the hierarchy analysis method, which is
to decompose the problem into more simple parts and
gradually establish the priorities of the evaluated
components using the paired comparison method. This
method is based on the evaluation of each alternative
and its importance for solving higher-level tasks. The
decision-making process includes the following steps:

1) identification of the problem;

2) the decomposition of the problem into the
hierarchy of tasks;

3) selection of criteria for evaluating problem-
solving;

4) development of matrices of pair comparisons of
module criteria;

5) calculation of priorities;

6) synthesis of priorities;

7) verification of consistency.

Stage 7. Obtaining the initial parameters of the
KM system. Decision making on the effectiveness of
the ultrasound system.

The realization of these stages in the hierarchy
analysis method allows us to obtain objective
quantitative estimates of the importance of all elements
in the structure of the hierarchy associated with the
problem stated.

After modeling and verifying the results, an
assessment of the efficiency and profitability of the
ultrasound system and the formation of a "decision
tree", which for the KM system, described in [7], has
the following conclusions:

1. The project with the cost of 420090 UAH, the
total duration of work 3864 days and human resources
38-49 developers in the application of the KM system
profitable at R =37.6%

2. Due to the application of the KM system, the
budget of the project is saved in the amount of 131851
UAH. (31.4%), reduction of the duration of the project
in the amount of 1555 days (40.2%), under the
conditions of the team of the project to 49 developers of
the given qualification.

3. The actual index of system profitability is 0.93.
In this case, the formation of a steady phase of the
project takes place for 47 days, the ongoing
development of the project takes 482 days.

4. The priorities for using the elements of the KM
system are as follows:

Economic Knowledge Management Subsystem,

Knowledge Management Infrastructure
Subsystem,

Knowledge Risk Factors Subsystem,

Knowledge Management Subsystem,

Subsystem knowledge management.

Conclusion

A large number of modern approaches on
development and implementation of organizational
knowledge management systems, methodologies and
models of knowledge management aimed at ensuring the
process of knowledge saving.

At the same time, the question of the effectiveness
of using such approaches remains unclear, which
complicates the decision-making process regarding their
use in the project environment.

The developed model for assessing the
effectiveness of knowledge management processes can
not only increase the reliability of final decisions on the
KM but also reduce the cost of the project, by
simulating the influence of the elements of the system
on its indicators. The proposed method allows to save
up to 31.4% of the project budget and 40.2% of the
duration of the project.

Further research will be aimed at the development
of automated tools for implementing the model, which
will optimize the use of the model in project-oriented
organizations.
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3HaHHAMH (Y 3) B IPOEKTHOMY CEPEIIOBHIIIl YCKIIAHIOE IPOIIEC IPHIHSATTS PillleHb 100 00’ €MIB IHBECTYBaHHS Ta IX HOJAIBIIOrO
BHUKOPHUCTAHHS IiYac peajii3alii NpOeKTiB, TOMy aKTyaJIbHOI HAyKOBOIO 33/1a4el0 € Po3poOKa METOHNIB Ta iHIMKATOpiB, SIKi
JIO3BOJIAOTH IIBUIIUTH BHUMIpIOBaHiCTh IepeBar Y3. Mera crarri nomsrae B po3poOli KOMIUIEKCHOIO METOHY OLHKH
e(peKTHBHOCTI CHCTEMH Y3, SIKHif BpaxOBYe CIielU(iKy IPOSKTHOr0 MEHEKMEHTY 1 TO3BOJISIE pO3POOUTH CHCTEMY 1HANKATOPIB LIS
MIPUHHSTTS pillleHb Moo 1i peHtabenbHOCTI. B crarTi mpoBeieHo aHa3 Cy4acHUX MiAXOXIB IO OLHKH €(EKTHBHOCTI CHCTEMH
YIpaBIiHHS 3HAHHAMY, TAaKUX K Merox 30anaHcoBaHuX mnoka3HukiB Karutana-Hoprona, MoHiTOp HemarepialbHUX aKTUBIB
K. Cgeii6i, HaBirarop «Skandia» JI. Enpinccona Ta iH. Bu3HaueHO HemodikHM X BHUKOPHUCTAHHS Ul aHai3y CUCTeMH Y3 B
MPOEKTHOMY CEepeIOBHILI. PO3IIISIHYTO KIIFOUOBI eTany 1no0yI0BH METOY OLIHKU e()eKTUBHOCTI CHCTEMH YIIPaBJIiHHS 3HAHHAMH B
MIPOEKTHOMY CEpEOBHILI. 3alpOIIOHOBAHMI OaraToeTarHuil MpoLec T03BONSE HE TUIBKH IMiIBHUIIUTH JOCTOBIPHICTH OCTAaTOYHHX
PpillleHb LI0J0 YNPABIIIHHS 3HAHHAMH B IIPOEKTI Ta OLUHUTH PEHTa0EJIBHICTD CUCTEMH, ajle i 3HU3UTH BUTPATH MPOEKTY 32 PaXyHOK
MOJICITIOBAHHS BIUIMBY €JIEMEHTIB CHCTEMH Ha HOro IOKa3HUKU. BHKOPHCTaHHS 3aIpONOHOBAHOIO METOY JI03BOJISIE OTPUMATH
exoHoMito 110 31.4% Oromkery npoekry Ta 40.2% TpuBanocTi NPOEKTY. 3apPOIIOHOBAHUH METOJ] MOXKE BHKOPHUCTOBYBATHCH IS
I ITPUMKH NIPUIHATTS pillIeHb 11010 €()eKTUBHOCTI CUCTEMH Y3 BUCOKOTEXHOJIOTTYHUX IIPOSKTIB.

Kar4doBi ciaoBa: ynpapiiHHSA 3HAaHHSIMU; MOJIENb; €EKTUBHICTh; IHTENEKTyaJIbHUI KaIliTal.

KommrexcHplii MeTon oneHkH 3¢ eKTHBHOCTH CHCTeMbI YNIPaBJICHHS 3HAHMSIMH B IIPOEKTHOM cpee
B. M. Bapranss, /1. A. llIteitnOpexep

AHHOTanus. OTCyTCTBUE METO/IOB KOJIUYECTBEHHOH OLIEHKH NMPEUMYILECTB, TIOTYy4EHHBIX OPraHU3alel OT BHEAPEHUS
MHCTPYMEHTOB yrpasieHust 3HaHusAMH (Y 3) B IPOEKTHOI cpelie, YCIOKHAST HPOLECC MPHHATHS PEICHUI OTHOCUTEJIBHO 00bEeMOB
MHBECTUPOBAHUSA U UX JAJbHEHILIEro MCIIOIb30BAHHUS BO BPEMs PEalM3alMy MPOEKTOB, OITOMY AKTYaJIbHOM Hay4dHOW 3ajaueit
SBISIETCA pa3pabOTKa METOIOB M MHAMKATOPOB, KOTOPBIE MO3BOJLIOT MOBBICHTH M3MEPUMOCTh Npeumyiiects ¥Y3. Llens crarbu
3aKJII04aeTcsl B pa3paboTKe KOMIUIEKCHOIO METOZa OLEHKH 3((EKTUBHOCTH CHCTEMbl Y3, KOTOpBIH YYHTHIBAeT CreLU(pUKY
MPOCKTHOIO MEHEUKMEHTa M IO3BOJIAECT pa3paboraTh CUCTEMYy HHAMKATOPOB JUIS IIPUHATHS DELICHUH OTHOCHTENBHO e
peHTabesbHOCTH. B cTaThe nmpoBezieH aHaIu3 COBPEMEHHBIX MOJXO0/0B K OLCHKE 3()(EKTUBHOCTH CUCTEMBI YIIPABJICHUS 3HAHUAMH,
TaKMX KaK MeToJ cOaJlaHCMpOBaHHbIX Nokasarenei Karmana-Hoprona, MonuTop HemarepuainbHbix akruBoB K. Cseiiou, HaBurarop
«Skandia» JI. OnBuHccoHa U zp. OnpezieneHbl HEAOCTATKM UX HCIIONB30BAaHUS JUIS aHAIM3a CUCTEMbl Y3 B IPOEKTHOH cperne.
PaccMoTpeHbI KiItoueBble 3Talbl pa3paboTKi METo/a OLEHKH 3P (EKTHBHOCTH CUCTEMBI YIIPABIICHUs 3HAHUAMU B IIPOSKTHOH cpezie.
IpeoxKeHHbIT MHOrO3TAalHBI IPOLECC MO3BOJNAET HE TOIBKO IIOBBICUTH JOCTOBEPHOCT OKOHYATENBHBIX PEIICHHI 110
YIPABJICHUIO 3HAHUAMHU B IPOCKTE U OLIEHUTh PEHTA0EIBHOCTb CHCTEMBI, HO U CHU3UTH 3aTPaThl IPOEKTa 3a CUET MOJACTUPOBAHHS
BIIMSIHUSL JIEMEHTOB CHUCTE€Mbl Ha €ro IIOKa3aTesd. VICronb3oBaHME NPEIUIOKEHHOTO METOJa IO3BOJSET IMONYYHTh SKOHOMHIO
OropKera npoekta j10 31.4 u 40.2% npononKUTeNnbHOCTH poekTa. [IpeyiokeHHBIH MEeTO/] MOXKET HCITOIBb30BaThCs VIS MOICPIKKI
HPHUHATHS PELICHUH OTHOCUTENBHO 3 (EKTUBHOCTH CUCTEMBI Y3 BBICOKOTEXHOJIOTHYHBIX IPOSKTOB.

KamoueBblie cioBa: YIpaBJICHUE 3HAHUAMU; MOJICIIb; 3(1)(1)GKTI/IBHOCTB; HHTeHJ'IeKTyaJ'IBHLIﬁ Karurall.
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XapkiBchbkuil HallioHanbHUH yHiBepcuTeT [loBiTpsinux Cuin imeHi IBana Koxeny6a, Xapkis, YkpaiHa

HIABUIMEHHS E@EKTUBHOCTI CIIEKTPAJIBHOT'O AHAJII3Y
IIPU MNONEPE/IHIN OBPOBII CUT'HAJIIB METOJAOM SSA
B YMOBAX INOPOI'OBOI'O BI/IHOIIEHHSA CUT'HAJI-IITYM

Anoranis. IIpeaMer cTaTTi — METOM CIIEKTPAJILHOIO aHAJII3y, METO/ CHHIYJISIPHOTO CIIEKTPAIBHOrO aHawli3y (singular
spectrum analysis-SSA). MeTa aaHoi cTaTTi — MiABUIIEHHS e(EKTUBHOCTI CHEKTPAJIBHOIO aHaji3y (3MEHIIEHHS Cepel-
HbOKBA/IPaTUYHOI MOXHOKK OLIHIOBAHHA YacTOTH) B yMOBaX MOPOroBOro BijgHowmeHHs curHan-myM (BCIL) npu nonepen-
Hill 00pobui curraniB meronoM SSA. PesyaptaTn. Ha ocHOBI paHimie po3po0sieHOr0 aBTOpaMH METOLY IPOCTOPOBOIO
CIIEKTPAIBHOI0 aHaJli3y, OCHOBAHOI'O Ha OJIHOYACHOMY BMKOPUCTAHHI JAEKUIBKOX METOJIB CIIEKTPAIbHOIO aHaji3y, Ta Io-
nepeaHboi 00poOKM CUTHANIB Ha OCHOBI MOz iKOBaHOTro MeTory SSA 3alporOHOBAHO 3/1HCHIOBATH OOYMCIEHHS METORY
SSA B ymoBax moporosoro BCII Ta He 3milicHioBaTH Horo oOuncieHHs B obnacti cepenHix Ta Bucokux BCII. Take
CIIPOLLEHHS 31HCHIOETHCA 3 OISy HA BUCOKY €(DeKTHUBHICTh CyJaCHUX METOJIB CHEKTPAIbHOIO aHalli3y B yMOBaX cepejl-
Hix Ta Bucokux BCIL. BucnoBku. IIpoBeneHe 1oCiimpKeHHs TOKa3alo, 0 BUKOPUCTAHHS 3alIPOIIOHOBAHOTO TTiIX0Y B YMO-
Bax noporosoro BCIII no3Bonsie 3a0e3M€UUTH TOYHICTb OLIHIOBAHHS YacTOT FAPMOHIUYHMX KOMIIOHEHT CUTHANY, 1110 3a0e3redy-
€ThCsl IPU BUKOpUCTaHHI MeToty SSA, a B ymoBax cepenHix Ta Bucokux BCIII TouHicTb, 110 BUSHAYAETHCSA METOIOM CIIEKTpa-
JIBHOTO aHalli3y. 3a3HaueHi pe3ylbTaTH MOXKYTh OyTH BMKOPUCTaHI IPH OLIHIOBAaHHI CTaHy KaHally 3B’SI3KY, NEJICHTalil
JDKEpeIT BUIIPOMIHIOBAHHS Ta B Ps/Ii 1HIINX BHITAJIKIB.

Karo4doBi cioBa: CUHTYISpHHH CHEKTpaJbHHUH aHaNi3; CIEKTpajbHE PO3KIANCHHS MAaTpPHUIi; HNEepeTiKaHHA Mil-

IIPOCTOPIB.

Beryn

VY psai BunmajakiB npu oOpoOIi cUrHaiiB Ta 300pa-
JKCHb 3JIHCHIOEThCSA TEBHA TomepenHs odopoOka [1-8].
Taxa 0OpoOka JO3BOJISIE 3MEHIITYBAaTH PO3MIPHICTh 3a]1a-
Yi, 110 BUPILIYEThCS (HATIPUKIIA]] TIPH TTOTIEPEHBOMY (o-
pMyBaHHI 0OaraToONpOMEHEeBOi JiarpaMu CIIPSIMOBAHOCTI),
JIEKOPEJISILIII0 CUTHAJIB JDKEPEST BUIPOMIHIOBAHHS B YMO-
Bax 0araTonpoMEHEBOro MOIIUPEHHS XBWIIb (Tak 3BaHE
MIPOCTOPOBE 3TV XKYBaHHsI), 3MEHIIYBATH PiBEHb LIyMY
B crnocrepexxenHi. [lonmepenHss oOpoOka BHUKOPHUCTOBY-
€THCS B CUCTEMaxX paJIioNIoKallii, paio3B’ 13Ky Ta 1HIIHUX.

Kpim Toro, Taka 00poOka Moxe OyTH BUKOpPHUCTaHA
repe]] 3aCTOCYBaHHSIM CYy9aCHUX METOMIB CIIEKTpaJIbHO-
ro aHaiizy. CIiJIbHOIO PHCOI TaKHX METOJIB Ta METO-
IIiB TIOIIEPEAHBbOI OOPOOKM CHUTHANIB € BUKOPUCTAHHS
CHEKTPaJbHOIO PO3KIAJCHHS KOPEISLIHHOI MaTpul
(KM) nmanmx (EVD- eigenvalue decomposition) abo
Matpuili ganux (SVD- singular value decomposition). Y
MIEpPIIOMY BUIAAKY OOUMCIIOIOTHCS BIIACHI 3HAYEHHS Ta
Bektopu KM, y Apyromy CHUHTYJSIpHI 3HauYeHHS Ta BEK-
TOpPH MaTpHlli AaHuxX. Peaiizalisi CrieKTpaabHOrO PO3K-
JIAJICHHS  YCKJIAIHIOETBCSI BUMOI'OIO o) orneparnin
KOMIUIEKCHOTO MHOXKEHHS, Jie M — KiJIbKICTh aHTEHHHX
€JIEMEHTIB TP IPOCTOPOBOMY CIEKTPaJIbHOMY aHali3i
a00 PO3Mip CErMEHTY, Ha sKi pO30HUBAETHCS BXiIHA MTOC-
JigoBHIcTh [1, 6].

3acTrocyBaHHs MONEPEIHLOI 00POOKH 3TIHCHIOETh-
csl 3 METOIO IiJBUIICHHS €)EeKTUBHOCTI METO/IIB CIIEKT-
paNbHOrO aHami3y (MiABUIIEHHS PO3IIBHOI 3JaTHOCTI,
3MEHILICHHSI BEJIMYMHU CEPeHbOKBAPATHYHOI TOXUOKH
(CKII) ouiHroBaHHS mHapameTpiB (HANpPSIMKiB HaJXoO-
JOKEHHSI PaJlioXBHJIb, YacCTOTH KOMIIOHEHT CHTHAJIIB,
Yyacy 3aTPUMKH CHTHAMIB 1 T.J1.).

B omuux Bumagkax (mpu momnepemHboMmy (opmy-
BaHHI OaraTONpoOMEHEeBOI JiarpaMH CHPSIMOBAHOCTI)
3arajbHa OOYMCIIIOBANbHA CKJIAJHICTH 3MEHIIYETHCS,
NpoTe y psAJl BUMAJKIB (HAPUKIA, P BUKOPUCTAHHI

Metoay SSA, xomu BUkoHyeThess EVD abo SVD) 36i-
JIBIIYETHCS.

ToMy y psizii BUNAAKIB aKTYaJbHUM € MMOIIYK IILIS-
XiB 3MEHIIICHHS OOYUCITIOBAILHOI 3aTHOCTI TPH 3iicC-
HEHHI TMomnepenHboi oO0poOKM curHamiB. Tak B AaHii
PpOOOTI PO3MIAMAETHCS MIAXI, IO MOJIArae B O0UHCIICH-
Hi MeTony SSA B yMOBax IOPOrOBOTO BiJHOIIEHHS CH-
rHAI-IIyM. Moro OGYHCICHHS B yMOBaX CEpeaHiX Ta
Bucokux BCIII He 31iHCHIOEThCS.

1. AHaji3 icHYyIOYHX T0CTiTKEHb

B yMoBax HHM3BKOrO BIJHOIIEHHS CHUTHAI- IIyM
(BCII) edhexTUBHICTh CY4aCHHUX METOJIB CIIEKTPAILHOTO
aHaTizy OOMEXYEThCS HAsBHICTIO e(EKTy IepeTiKaHHs
mianpocropiB (subspace leakage) [1, 6]. IIpu oMy mae
Micte moporoBuii edekt (threshold effect), mo nposs-
eTbest B piskomy 30umbmieHHi CKII oniHroBaHHS mpu 3Me-
umenHi BCII vwkue nesikoro moporosoro BCIIL

[TigBUIIMTH TOYHICTH OLIHFOBAHHS KYTOBHMX KOOP/IH-
HAT JHKEpes BUIIPOMIHIOBAaHHS B TAKMX YMOBaX MOXKHa 3a
YMOBH BHKOPHCTaHHS CTpAaTerii CIUIBHOTO OLHFOBAHHS
(CCO) [6] mxepen BUNPOMIHIOBaHHS. Y pe3y/bTaTi 004H-
CIICHHSI JEKUJIBKOX METOMIB CIIEKTPaJbHOrO aHallizy II0
OIHM BHOIpKaM JIaHUX OJEPXKYIOTh CYKYITHICTh TOTepe-
JIHIX OLHOK KYTOBHX KOOpPJIMHAT CHTHAIIB JDKEpEN BH-
npoMiHroBaHHs. OCTaTo4YHI OLIHKY OTPHMYIOTh Ha ITiICTa-
Bi I[MX TIONEPE/IHIX OLIHOK BiMOBIIHO JI0 AESIKOTO TPaBH-
na. [Ipu iboMy OCOOJIHMBICTIO TAKOTO MiIXONY € BUKOPH-
cranHs iHdopmanii (abo ampiopnoi abo orpuMaHOi B
pe3ynbTaTi IMPOBEIACHOIO OLIHIOBAHHS) IPO CEKTOPH
po3TalryBaHHs JPKEpell BUIIPOMiHIOBaHHS [6]. B Takomy
BUIIAJIKy BUHUKAE MOXKJIMBICTh HE 3/IIICHFOBaTH 004YMC-
JICHHSI JIEKITBKOX METOJIB CIIEKTPAILHOTO OIIHIOBAHHS
KOJIM OIIIHKM METOAY, KU OOYMCIEeHHH TMOMepeaHbo,
MIONaat0Th B Ha3BaH| CEKTOPH.

BBaxkaeTbcsi, 0 OTpEMaHa TOYHICTH OI[IHIOBAHHS
€ JIOCTaTHBOIO 1 HEeMae MoTpedu y OOUMCIEHHI CYKYI-
HOCTi METO/IiB.

© Bacwmmus B. 1., JIroro B. B., Kowmiu /1. C., 2019
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[HOIIMM TpUKIIAZIOM TOKpamieHHs e(eKTHBHOCTI
CHEKTPaJBbHOTO aHaji3y € BUKOPHUCTaHHS MeToAy SSA,
HeTpaguLiHKUX MiaxoiB (OyTcTpery, TeXHONIOrIT cypo-
raTHUX JaHuX (TICEeBIOUIYMOBOT'O PO3MHOXEHHS BUOIp-
KM, aJITOPUTMIB paHaoMi3anil ¢a3 BiAJIiKiB epeTBOpEH-
H1 ®yp'e cmocrepexenns, ATS-anropurmy (attractor
trajectory surrogates)) [2-5].

Ha cporonniniHiii eHs BigoMi poOOTH MO CITiIb-
HOMY BUKOPHCTaHHIO MeTony SSA 3 cydacHUMH MeETo-
JIaMU CIEKTpaJIbHOTO aHami3y [2, 7, 8]. 3anporoHoBaHO
Momudikarii merony SSA [2, 3, 7, 8]. IIpoBeneHo aHa-
Ji3 BIUIMBY BEIMYMHH CETMEHTY (BiKHA), 110 BHKOpHC-
TOBYETBCS B METOZIB SSA Ha epEeKTUBHICTb CIIEKTpPaIIb-
HoOro aHaizy. B poborti [7] mokasana MOIIBHICTG CITi-
JILHOI'O BUKOPHCTaHHS METOAY SSA 3 TEXHOJOTIE Cy-
pOraTHHX JaHUX.

Pazom 3 TuM, B BKazaHMX poOOTax He aHalizyBa-
Jlacs MOJKJIMBICTH CHPOIICHHS TOMNEPeIHbOI 00pOoOKH
CIOCTEPEXEHHS MeToA0oM SSA IUIIXOM HOro BUKOpHUC-
TaHHs JUIIe B yMoBax rnoporosoro BCIII.

Tomy MeTa qaHOi poOOTH — IiABHIIICHHS e()EKTUB-
HOCTi CHEKTpaJbHOI'O aHali3y Ha OCHOBI IIONEpEAHbOI
00poOKM cHUrHaNIB MeTooM SSA B YMOBax HOPOI'OBOTO
BCILL.

2. OcHOBHA YaCTHHA JOCTITKEHHA

Mojens naHMX TPEACTaBICHA B JAMCKPETHI MO-
MEHTH 9acy 7 Ma€ BUTJILA

y(n)=s(n)+e(n), (1
ne n=1,..,N, KopucHU#A curHaiz s(n) MICTUTh
v=1,---,JV TapMOHIYHHX KOMIOHEHT X, (n) =&, X

xexp(j(o,n+¢,)), MO XapaKTepPU3YIOTbCSA aMILTIITY-
Jowo &, yactotoro o, = 2mf, Ta dasow ¢, , a e(n) —
Oinuii rayciBCbKUHM IIyM. BiibIl MOBHO MOJeNb MojaHa
B [7, 8].

Peauizarist Mmerogy SSA Ta METOJIB CIIEKTpaIbHO-
TO aHali3y, OCHOBaHMX Ha BHKOPUCTaHHI MiANPOCTOPIB
BinacHux BekTopiB KM (rakux sk MUSIC, ESPRIT,
Min-Norm Ta iHmumx) nepeabayae GopMyBaHHS MaTpH-
IIi JaHUX Ta BiIMOBITHOI KOPEIAIIHHOI MATPHUIN JaHHX.

VY Bumaaky meromy SSA MaTpuid JaHHX (Tpaek-
TOpHA MaTpHIll) Ma€ raHKelIeBy GopMy

Y =[y():y(2):...y(K)], )

ne y(n)=[y(n)...y(n+m—1)]T, K=N-m+1,

T
n=1,..,K, (+)) o03Ha4yae onepatop TPaHCIOHYBaHHS.

Benuuuna m BU3HAYae po3Mip BikHa (cerMeHTy) [2].
Bu0ip posmipy BikHa HoB'si3aHui 3 Teopemoro Ta-
keHca [7], mo BU3HAYa€ OCOOJIMBOCTI BKIIAJICHHS Yaco-
BHUX TOCIIIOBHOCTEH Ta iX PEKOHCTPYKIII.
Orinka KM Tpamumiiino Bu3HaYaeThes sk [ 1]

Ly = LS vy ) 3)
K K= ’

R

H .
e (¢)"' o3Hayae omepaTop epMITOBOIO CIPSKEHHS.

CrekrpansHe poskiaaenns KM R (3a BmacHuMu
3HAYEHHSMH Ta BEKTOpPaMH) MOXe OyTH mojaHe sk [2]

~ ~ &~ ~H ~ ~ ~H
R=UsySUS +UnynUn ) (4)
ge Us i Up — mxV i mx(m—a) MaTpHUIIi BIACHUX

BekTopiB (BB) mianpocropy curnanis (I1T1C) ta mymy

(TIITII). Bonu mo’si3aHi 3 V' 1a m—V BiacHUMH 3Ha-
yenHsmu (B3) TIIIC Ta T, siki MicTSThCS B JliaroHa-

JIBHUX MaTPHIIIX ﬁs i ﬁn

OIIiHKM YacTOTH KOMIIOHEHT CHTHaly METOAOM
Root-MUSIC MoxyTe OyTH 3HaieHi MO CHIHAIbHUM
KOpEeHAM moniHoMy [2, 3]:

P, (2)=a z"Y0, Uy a(z), )

ne a(z) =[1,z,...,zM_1]T, z=exp(jo), fJn € MaTpu-
neto BB IIIIII. 3a aHajoriero MOxKHa 3HAWTH OIIHKH
MeronoM Root-Min-Norm.

Moubikoannii merox SSA omucano B [8]. Moro
0coONuBICTIO € BUKOHaHHS SVD martpuii naHux Ta BH-
KOPUCTAHHS JJIS BiTHOBJICHHS MATPHIl JAHWUX JIHIIE
CHTHAJTPHUX CHHTYIISPHHUX 3HA4YeHb Ta BeKTopiB. Kpim
TOTO, 3 CHTHAJBHUX CHHTYJISPHUX 3HAYCHb BiJHIMA€ETh-
csl Cepe/IHbOKBAIpaTHIHE BifxuiieHHs mymy. Jlo otpu-
MaHOI MaTpUIll TaHHUX, OYHMIIECHOI BiJ| IIyMY, 3aCTOCOBY-
€TBCSl ONEPaTOp YCEpPEeTHEHHS, B pe3yJbTaTi SIKOro 00-
YHUCIIOETHCS BiN(UIBTPOBaHA BiJ OIyMy 4YacoBa ITOCHI-

HOBHICTb  y 7, (n) . JUIsl OUIHIOBAaHHS IHMCIEPCii WIyMy

MOXYTb OyTH BUKOPHUCTaHI Tpaauiiiiai Bupasu [1, 6, 8].

CCO BHKOpPHUCTOBYE IICH3YPYBaHHS OIIIHOK JKe-
pen BuIpoMiHiOBaHHA. J[1s1 BijCiOBaHHS aHOMAaJbHUX
OLIIHOK (BUKWU/IB) BUKOPHCTOBYETHCS IIE€BHA TiMOTE3a
[6]. B Hamiomy BHUIIanKy OIIHIOBAHHS YaCTOTH KOMIIO-
HEeHT CHTHaJly BOHa MOXKe OyTH c(hopMyJIbOBaHA HACTY-
ITHUM YUHOM.

H: Memoo CA oo3eonse odepocamu V oyinok
4acmom 2apMOHIYHUX KOMNOHEHM CUSHATY 8 CEKMOpax

JNOKAN3ayii KOMNOHEHM CUSHATTY f c-

3anpornoHoBaHUil BapiaHT CYMICHOIO BHKOpHC-
TaHHSI MeToAy SSA Ta METOMIB CIEKTPAIbHOTO aHATi3y
BKJIIOYAE TaKi KPOKH:

Kpok 1. OuiHATH 9HCIIO0 TADMOHIYHUX KOMIOHEHT
curxany [1].

Kpoxk 2. 3a nonomoroto nepionorpamu baptierra
BU3HAYUTU CEKTOpHW (KJIacTepH) JIOKami3amii rapMoHid-
HUX KOMIOHEHT curHaiy sik C iHTepBaliB, IO HE Iie-
PEKPUBAIOTHCS

fe=[fi- fir]U--U [er- fer] ©

e fir,fig.i=1,...,C — niBa i mpaBa MexXi i -TO CEKTO-
py.

Kpok 3. 3HaliTH OIIIHKM YacTOT TapMOHIYHHX
KOMITOHEHT CHTHAJIY METOJIOM CIIEKTPAJILHOTO aHallizy
(manpuxnaza, Root-MUSIC) i nepeBiputu rinoresy H .
SIK1Io rinoTre3a BUKOHYETHCS, TO OLIHKH YacTOT rapMo-
HIYHUX KOMIIOHEHT IIbOTO METOJY € OCTATOYHHMH OIli-
HKaMH 4YacTOT TapMOHIYHHMX KOMIIOHeHT. [lepepBaTu
anropuTt™ (ToOTO IepeiTn 10 KpoKy 6).

Skmio rinoTe3a He NpUIHATA, TO Tpebda MepeHTH 10
KpOKy 4.
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Kpok 4. O6uncnutn MogudikoBanuii merox SSA
0 BXiJJHUM JTaHHUM.

Kpok 5. 3HaliTH OIIIHKM YacTOT TapMOHIYHHX
KOMITOHEHT CHTHAJIy METOJIOM CIIEKTPAJILHOTO aHallizy
NpYU  BUKOPUCTAHHI KOPEISIIHHOI MaTpuli JaHuX,
OTPUMAHOI 3 BUKOPHCTAHHAM Y f37;. (n).

Kpox 6. Crorm.

[Tpu npoBeseHHI MOJIENIOBAHHS PO3TJISTHYTO BUIIA-
JIOK, KOJIM CHTHAJ MICTUTh JBI PIBHO MOTY>KHI TapMOHi-

9yHi KommoHeHTH 3 f; =02 Im i f, =0.212 I,

N =64 . JIns1 oTpuMaHHs 3aleXHOCTEN CepeqHbOKBaI-
patuuHOi ToXMOKM omiHtoBaHHsA (Root mean square
error-RMSE) Bix BCII (SNR) Buxonysanocst L =1000
HE3aJICKHUX IPOTOHIB (TIOBTOPEHH) MOJCIIOBAHHS.
BCIII BuzHauanocs sk

v
10logy | D-&5 /07 |,

v=l

ne o’ — mucnepcis mrymy. CKII oriHrOBaHHS 4acTOTH

ycepeaHeHa 0 YUCITY CUTHAJIbHUX KOMIIOHEHT [12].

[NopiBHioBanacy edexTuBHICTH Merony Root-
MUSIC, Root-MUSIC 3 ukopucranusim SSA (Root-
MUSIC with SSA) ta Root-MUSIC 3 BukopucTaHHIM
SSA B ob6nacri moporoBoro BiguomienHss BCII (pro-
posed approach). Pesymbratu iMiTamiiHOro MozeIno-
BaHHS HaBEJCHI Ha puc. 1.

Benuunna BikHa sik s Merony SSA, Tak i MeTo-
Iy CIEKTpaJIbHOTO aHaizy m =10.

SIK BHIIHO 3 aHaJIi3y PUCYHKY, B 00JIaCTi IOPOrOBOrO
BCII (Bix 14 nb i Hmwk4e) eeKTUBHICTD 3arpOOHOBAHO-
IO T IXOY HAaONMKaeThes 10 eheKTUBHOCTI MeToay Root-
MUSIC 3 Bukopucranuasm SSA. Ilicis mporo BCIII
Horo e(eKTHBHICTh BU3HAYAEThCSI METOAOM Root-
MUSIC, Tak ssx SSA He 00YHCITIOETHCS.

EdexTuBHicTh 3amponOHOBAaHOrO MiJAXOAY 3aje-
JKUTh BiJl TOYHOCTI BHU3HAUCHHS KJIACTEPIB JIOKATi3aIlii
TapMOHIYHHX KOMIIOHEHT curHaiy. lle mosicHroeThCs
TUM, IO CaMe 3a JOIMOMOrOl0 MEX KiacTepy BH3Haua-
€TBbCS YA MOXKYTh BHKOPHCTOBYBATHCS O€3IIOCEpeaHbO
OLIIHKK METOy CIIEKTPAJILHOTO aHamidy, abo Mae cro-
4aTKy 00UMCIIOBaTUCS METOI SSA.

10° '
| —¥— ROOT-MUSIC
—%— ROOT-MUSIC with modified SSA

—<— proposed approach

102

RMSE

10

107
0 15 20 25 30

SNR(d B)

Puc. 1. CKII owiHrOBaHHS 4aCTOTH
KOMIIOHEHT CUTHaily B 3anexxHocti Big BCII

(&)

UuM TOYHiIIEe BU3HAYEHO CEKTOpP, TUM OLIbIIIE BEIU-
ypra CKII omiHIOBaHHS 4acTOTH 3alpOIIOHOBAHOIO Mij-
xony Habmmkaersest 10 CKIT Root-MUSIC 3 Bukopuc-
TaHHIM SSA.

BucHoBku

B cTarTi po3riIsSHYTO OIHIOBaHHS YacTOT KOMIIO-
HEHT CUTHaJly METOJaMH, OCHOBaHUMH Ha BUKOPHCTaH-
Hi mignpoctopiB BiuacHux BekropiB KM. Ilpu upomy
3IIHCHIOETBCS TIONEpeqHss 00poOKka curHajiB MoauQi-
KoBaHUM MeTojoM SSA. BukopucraHHs 3anporoHOBa-
HOT'O TiIX0/Y T03BOJISIE TIOKPALIUTH €(hEeKTUBHICTh Clie-
KTPaJbHOTO aHalli3y METOJaMH, OCHOBAaHMMHU Ha BHKO-
pHcTaHHI manpocTopis, B ymoBax noporosoro BCIII.

CyTTEBOIO TIEpEBArol0 3aIrpoIIOHOBAHOTO MMIAX0MY
11010 OOYHCITIOBAIBEHOI CKJIQJIHOCTI € BiJIICYTHICTH MOT-
pedu obuucnenns SSA (momatkoBoro SVD uu EVD) B
obmacri cepenuix ta Bucokux BCIII.

Buxinkae iHTepec y3arajJbHEHHSI OTPUMAaHUX pe-
3yJAbTATIB Ha BHIIQJOK OOpPOOKHM CHTHANIB aHTEHHHX
pelniTkax, U1 CHCTeMax pamio3B’ssky 3 MIMO,
OFDM.

Kpim Toro, nOmiIBHUM € y3arajJbHEHHS pe3yJbTa-
TiB poboTH [7] 3 ypaxyBaHHSIM OTPHUMaHHUX Pe3yJbTATIB.
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Ioppimenue 3 (peKTHBHOCTH CNIEKTPAJbHOI0 AHAJIN32
TIPH NpeIBAPHUTEILHOI 00paloTKe CHTHAJIOB METOIOM SSA
B YCJIOBUAX MOPOroBOro OTHOICHUSI CUTHAJI- IIIYyM

B. 1. Bacunumun, B. B. Jlroros, JI. C. Komun

AnHoTtanusa. Ilpexver crarbm - METOIBI CNEKTPAILHOIO AHAJIN33, METOJ CHUHTYISPHOIO CIHEKTPAJIBHOIO aHAIN3a
(singular spectrum analysis—SSA). Ilesib AaHHOIi cTaTbH - OBbINIEHUE YPPEKTUBHOCTH CIIEKTPAIBHOI0 aHaIN3a (YMEHbIICHHE
CPeHEKBAPATU4YECKON OMMOKH OLEHHBAHMUS YaCTOTHI) B YCIOBHUAX MOPOroBoro orHoueHus curnai- mym (OCIL) npu npensa-
puTenbHOH 00paborke curHanoB MerorioM SSA. Pesyabrarel. Ha ocHoBe paHee pa3pabOTaHHOrO aBTOpaMM METOZa IPOCTPAH-
CTBEHHOT'O CIEKTPAIBHOIO aHAJIN3a, OCHOBAHHOIO HAa OJHOBPEMEHHOM HCIIONB30BAHMH HECKOIBKHX METOJI0B CIEKTPAIbHOIO
aHa/Iu3a, U NpeJBapUTeNIbHOH 00pabOTKM CHrHAIOB HA OCHOBE MOJU(MHIMPOBAHHOIO MeToAa SSA NpPEaIokKeHO OCYLIECTBIIATh
BbIYHCIeHHEe MeToa SSA B ycnoBusax noporosoro OCII u He ocyIIecTBIATh €ro BBIYUCICHUE B 00JIACTH CPETHUX U BBICOKHX
OCII. Takoe ynpoIIEHHE BHINONHIETCS, yUUThIBAsL BEICOKYIO 3 (heKTUBHOCTh COBPEMEHHBIX METO/IOB CIIEKTPAIBHOIO aHAIN3a B
ycnoBusax cpeqHux U Belcokux OCIL. BeiBoabl. IIpoBeneHHoe uccienoBaHue MoKa3ajlo, YTO MCIOJIB30BAHUE IPEATI0KEHHOTO
nozaxona B ycinousix noporosoro OCII no3BosnsieT NOMy4UTh TOYHOCTE OLIEHUBAHHS YaCTOT TAPMOHMYECKHX KOMIIOHEHT CUTHa-
J1a, KOTopasi o0ecreunBaeTcs Py UCIOoNb30BaHUK MeTona SSA, a B yciioBuAx cpeinux u Bbicokux BCII touHOCTB, KOTOpas
OIPEZIENAETCS METOJIOM CIIEKTPAILHOTO aHAIN3A.

KuawueBbie ciioBa: CHHTYISPHBIN CHEKTPAbHBINA aHANIU3; CHEKTPANBHOE Pa3lIOKEHHE MATPHII; NEPETEKAaHUE TOJ-
MIPOCTPAHCTB.

Improving the performance of spectral analysis
with preliminary signal processing by SSA method
in the conditions of threshold signal-to-noise ratio

V. Vasylyshyn, V. Lyutov, D. Komin

Abstract. The subject of the paper is the methods of spectral analysis, singular spectrum analysis method. The purpose
of this paper is improving the performance of spectral analysis (reduction of the value of root mean square error of frequency
estimation) in the condition of threshold signal-to-noise ratio (SNR) when using preliminary signal processing by SSA method.
Results. Based on the author’s previously developed method of spatial spectral analysis based on joint using the several methods
of spectral analysis and preliminary signal processing with using modified SSA the calculation of SSA in the case of threshold
SNR is proposed. Furthermore, it is not necessary to calculate the SSA in the condition of medium and high SNR. This simplifi-
cation can be explained by the fact that in such conditions the performance of the modern methods of spectral analysis is high.
Conclusions. The conducted investigation shows that using the proposed approach in the case of threshold SNR allows obtaining the
accuracy of frequency estimation of harmonic components of the signal which is provided in the case of application of the SSA
method. In the case of high and medium SNRs the accuracy is determined by accuracy of the method of spectral analysis. The ob-
tained results can be used for the communication channel state estimation and direction of arrival estimation of radiation source.

Keywords: singular spectrum analysis; spectral decomposition of matrix; subspace leakage.
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ALGORITHM OF INFORMATION SECURITY RISK ASSESSMENT
BASED ON FUZZY-MULTIPLE APPROACH

Abstract. The subject of the study is the process of assessing the level of information security risk that is being
implemented with the help of the fuzzy logic apparatus. The purpose of this work is to develop a methodology for
assessing the degree of information security risk, which would avoid the uncertainty factor, that occurs when some parts of
information about the analyzed automated information system are absent. The methodology is based on the use of fuzzy
logic and fuzzy sets and implies the introduction of the term sets for each of the system characteristics and the linguistic
assessment of the indicators. The tasks to be solved are to analyze existing information security risk assessment
methodologies for identifying their strengths and weaknesses. On the basis of the conducted analysis, a new method for
assessing the risk of automated information systems information security is proposed. The following results were obtained:
the advantages and disadvantages of qualitative and quantitative methodologies for assessing the risk degree of automated
systems information security were identified; the main stages of the proposed methodology were described; the degree of
information security risk is calculated in comparison to the FAIR methodology. Conclusion: The methodology presented
in the article provides an opportunity to translate the obtained results of risk assessment from a mathematical language into
a linguistic form that is more comprehensible to the decision-maker. This increases the effectiveness of the management of
automated information systems protection mechanisms.

Keywords: information security; risk assessment; information security risk assessment methodology; fuzzy sets;

linguistic form.

Abstract

Information systems management is virtually
impossible without security and safety management;
whose main component is the assessment of existing
risks. The subject of the study is the process of
assessing the information security risk level that is being
implemented through the fuzzy logic apparatus. The
purpose of this work is to develop a methodology for
assessing the information security risk degree, which
would allow to eliminate the factor of uncertainty. The
proposed methodology is to introduce term sets for each
of the system characteristics and linguistic evaluation of
the indicators.

The article describes the main stages of
implementation of the proposed methodology. The
methodology presented in the article provides the
opportunity to translate the obtained risk assessment
results from a mathematical language into a linguistic
form that is more comprehensible to the decision maker.
This increases the effectiveness of the system security
mechanisms management.

Introduction

The accession of humanity to the era of high-end
technology has accelerated the development of Internet
technologies and computing, which has encouraged the
booming development of automated information
systems (AIS), which are gaining popularity. AIS is the
information base of various services that deal with
technical, economic and other tasks. Accordingly,
existing threats have also been modified and acquired
hybridity signs. Currently they combine the influence of

all components of security: information security
(InfoSec), cyber security (CyberSec), and security of
information (SI). Threats have gained signs of
hybridization.

The main object of which is the economic sector of
the country. There is a need for crosscutting (hybrid)
technology to counteract the dangers that play a
significant role in business processes. That is why,
during the design and development of reliable AIS, it is
necessary to provide a set of measures aimed at
ensuring their protection against deliberate or accidental
influences that may lead to a system failure. Among the
security threats to the AIS, which directly affect the
system, the personnel and its clients are internal and
external threats, show synergy in crosscutting
application with social engineering. Both the first and
the second, depending on the target and nature of the
influence on the activity of certain subjects and objects,
can be divided into economic, physical and intellectual
[1-3].

Providing information security is part of the
information system management as a whole. In this
case, one of the most important components of the
InfoSec management system is the risk assessment,
which is intended to determine the effectiveness of the
applicable protection mechanisms based on the
corresponding metrics. The remaining problem is to
improve the existing methods for assessing InfoSec risk
in connection with the emergence of new types of
hazards. The task of improving the existing methods for
assessing the security risk in the AIS remains currently
topical due to the emergence of new types of hybrid
cyber threats.

© Yevseiev S., Shmatko O., Romashchenko N., 2019
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Analysis of Recent Studies and Publications

In the modern scientific community there is a
significant number of researchers whose subject matter
is to assess the risk of systems InfoSec. For example, [4]
classifies existing risk analysis of IS, describes the
sequence of risk analysis processes, compares software
tools for SI risk management. Another example of
research in this subject area is the work [5; 6], which

describes the methods of assessment and risk
management.
The article [7] proposes a mathematical

formulation of risk using the SI main concepts of such
risk management methodologies as MEHARI, EBIOS,
CRAMM and SP 800-30 (NIST).

Basics for risk assessment, in particular in the
context of assessing the risks of access control systems
that decide on authorization, are presented in [8].

In the article [9] approaches and program solutions
for assessing and controlling information risks as a
fundamental organizational stage in the development of
information security systems of computerized systems
are considered.

In the article [10] an advanced methodology of
information risk assessment in an automated system was
proposed and analyzed. The necessary normative-legal
documents of information security are mentioned. The
performance of the prototype expert system is
considered, which allows to assess the level of
information risk for a certain automated system and to
determine the need for additional information security
measures [11].

The article [12] analyzes the process of the most
common models of information security risk assessment
in information and telecommunication systems.

The main approaches to information security risk
assessment are revealed.

The analysis of threats to information security and
a detailed description of the intended sources,
classification and the reasons for their occurrence is
given in [13-16].

Main materials of the study

After analyzing the existing scientific literature
from the specified subject area, two main groups of
methodology for assessing information security risks are
possible to determine: quantitative and qualitative.

Quantitative methods use measurable, objective
data to determine the value of assets, likelihood of loss
and associated risks. The goal is to calculate the
numerical values for each of the components collected
during the risk assessment and analysis of costs and
benefits [17].

Qualitative methods use a relative risk or asset
value based on rating or categorization, such as low,
medium, high, not important, important, very important,
on a scale from 1 to 10. A qualitative model evaluates
the actions and probabilities of identified risks at a rapid
rate and in a cost-effective way. Risk sets are written
and analyzed in a qualitative risk assessment, and can
serve as a basis for a targeted quantitative assessment.
Quantitative and qualitative information security risk
assessment methods have both advantages and
disadvantages (Table 1).

Accordingly, the combination of quantitative and
qualitative methods represents a mixed set of
advantages and disadvantages of the above mentioned
methods.

At present, hybrid types of risk assessment have
the most practical interest.

Table I — Advantages and disadvantages of qualitative and quantitative methodologies of InfoSec risk degree assessment

+/— Quantitative Qualitative
- risks are the financial consequences priority; - provides clarity and understanding of
- assets are the financial values priority; risk classification;
wn .« . . . . . . .
8, |- obtaining simplified risk management results and investment returns into |- the opportunity to reach consensus;
g providing security; - there is no need to determine the
S |- results can be expressed in specific management terminology (for example,| financial value of assets;
2 monetary value and probability is expressed as a certain percentage); - it is easier to involve people who are not
- accuracy tends to increase over time as the business constantly records experts in the field of computer
data. security.
. . . . . . - insufficient distinction between among
- importance influence attributed to risks on the basis of judgmental o .
s opinions of participants; significant risks;
) P P pants, . |- itis difficult to justify investments in
8 |- the process for achieving reliable results and consensus takes a lot of time; . .
= . . . . control of implementation, because
$ |- calculation might be complex and time-consuming; .
3 . . there are no grounds for the analysis of
& |- the results are presented only in monetary terms and they are difficult to
"QU”) interpret for "non-techies"; costs and benefits;
. . o . -Th 1 h lity of th
- the process requires special knowledge, so it is difficult to train staff. e results depend on the quality of the
created risk management team

The relation between methods of detecting attacks
and risk assessment methods is presented in Fig. 1.

Given the different nature of the threats to the
profiles of the computer system, consider some of the
methods of risk assessment [3]. The heuristic approach is
implemented in the evaluation methods of NIST, IT-
Grundshutz, OCTAVE, MEHARI and MAGERIT. Their
common advantages include the flexibility — it allows to

conduct an analysis for organizations of different sizes; a
detailed description and analysis of the information assets
of the research object. In most cases, the above methods
give the investigator a qualitative assessment. The
disadvantages are the lack of automation of some
functions and the human factor's impact on the end result.
CRAMM and FAIR methodologies refer to the
probabilistic assessment approach. Their advantage is to
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provide a comprehensive risk assessment for InfoSec, a
detailed description of existing risks and high efficiency
of use. Also, the methodologies allow to evaluate the
effectiveness of countermeasures. Disadvantages include
the ability to work only with existing information assets.
The information approach is represented by the IRAM,
EBIOS, and RISK WATCH methodologies.

The conducted analysis showed that the considered
methodologies do not allow to conduct an assessment of
functional efficiency, based on both technical and
economic indicators. To obtain estimates of the risk
level of equivalent cash capital and the immediate
display of its security, it is proposed to use
methodologies based on an integrated approach to risk
assessment that combines quantitative and qualitative
methods of analysis, including CRAMM and FAIR
methodologies, structural schemes are presented in the
Fig. 2, 3 respectively [17]. The methodologies of the
crosscutting approach to risk assessment, as a rule, use

the following stages (steps) [18, 19]. At the first stage,
everything is analyzed regarding the identification and
determination of the value of system resources: the
definition of the boundaries of the system under
investigation: information about the configuration of the
system, information about responsible individuals for
physical and software resources, determining the number
of users of the system, their privileges. Identification of
physical, software and informational resources within the
boundaries of the system is carried out. A model of the
information system is being built from the standpoint of
the InfoSec; the second stage identifies threats and
assesses the level of threats to resource groups and their
vulnerabilities, assesses the dependence of user-defined
services on specific resource groups and the existing
level of threats and vulnerabilities, calculates risk levels
and analyzes the results. At the end of the stage, the
customer receives identified and assessed levels of risk
to his system.

APPROACHES METHODS OF DETECTING
ATTACKS
. "|
Inf iom Analysis of system states |

Support Vector Machines |
(SVM) ]

o
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Fig. 1. The relation between methods of detecting attacks and risk assessment methods
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Fig. 3. FAIR risk assessment methodology

The third stage of the study is to find adequate
countermeasures — the search for a security solution that
best suits the requirements of the customer. At this
stage, it generates several variants of countermeasures
that are adequate to the identified risks and their levels.

The combination of two qualitative and quantitative
approaches will combine the benefits of each of them,
provided by them separately, and will open the possibility
of obtaining the necessary characteristics for the effective
organization of security systems.

Despite the high efficiency of the above-mentioned
methodologies, they still have a significant common flaw
— they require a significant amount of resources to assess
the risk of InfoSec, that is, it is necessary to process a
large volume of information that takes a lot of time and
effort. There is a need to improve the existing methods
for assessing the risk of InfoSec, which would simplify
the estimation process and would allow to gain the end
results in a linguistic form that is comprehensible to the
decision maker. Accordingly, the purpose of the article is
to develop a risk assessment methodology for InfoSec
based on a fuzzy-multiple approach.

Proposed method

Security risks of information systems are very
closely related to uncertainty. Two cases of uncertainty
can be determined: identification of the current and
future state of the systems.

When solving tasks related to security risk
assessment, the question about the qualitative
interpretation of certain levels of parameters often
arises. The linguistic assessment of the security level is
clearer and best describes the state of IT infrastructure
security, which in turn encourages the manager to take
one or another decision.

In order to fulfill the linguistic assessment, two
things are required:

First, you need to define a linguistic scale for
evaluation. Most often pentascale is used (five-level
classifier) "Very low (VL) — Low (L) — Average (A) —
High (H) — Very high (VH)."

Secondly, it is necessary to collect all available
information to define linguistic assessment: quantitative
data collected in a group of similar objects of
observation.

For example, for a qualitative assessment of the
level of information security, it is necessary to collect
statistical information on similar information systems
for a relatively short period of monitoring. This is
necessary to maintain the condition of statistical
homogeneity. At the same time, it is necessary to take
into account the laws that are inherent to the objects of
information security.

It should be noted that there are no general
universal rules for accurate and rapid assessment of AIS
information security. A set of problems may also arise
with the collection of initial data for linguistic analysis.

There is a question connected to the additional data
analysis, which is related to different time segments of
observations. There may be a question about replacing
the missing data in one-time period with the data from
another similar one, and the parameters of this law will
be given according to special rules in order to satisfy the
necessary authenticity of the identification of the
monitoring law.

The presence of quasistatistics makes it possible to
make qualitative conclusions about the behavior of a
particular parameter of the investigated IS, makes it
possible to conduct a linguistic analysis of input data.

Basic steps of the linguistic classification:

1. The studies of the source data set and its
verification as a quasi-statistic are conducted. There is
evidence that some data distribution law is hidden in
these data, for example, the "gray" Pospelov scale.

2. Next, define the main nodes. In the absence of
expert evaluation, nodal points can be determined by the
simple rule: node point — left end of media interval,
nodal point — right end of media interval, middle point —
corresponds to the maximum histogram or median
histogram.

3. The interval between the two nodal points
standing next is divided into three zones, the middle one
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is the zone of expert uncertainty in the classification.
Thus, the primary linguistic interpretation of the
histogram is complete.

After the classificatory definition it is possible to
make a correction of pestascale. To do this, you can
modify nodal classification points, bringing them closer
together and narrowing the uncertainty zone. You can
also replace the nodal point with an absolute confidence
interval and try to expand it on both sides of the nodal
point. All clarifications must be made on the basis of an
agreed expert evaluation.

Apply the proposed methodology to compare its
effectiveness with the FAIR method. The initial data for
the calculation are taken from [20].

Stage 1. In the first stage, term sets are introduced
to describe the basic sets of the IS state and the subset of
states, described in the natural language:

The complete set of information security status
assessment £ of IS is broken down into five subsets of
the form:

E; — subset of states "extremely unsuccessful state
of IS InfoSec";

E, — subset of states "unsuccessful state of IS
InfoSec";

E; — subset of states of "average quality of the IS
InfoSec state";

E, — subset of states "relatively safe state of IS
InfoSec";

E;s — subset of states "the maximum safe state of
the IS InfoSec".

The corresponding set £ of a full risk set of IS
InfoSec threats G is divided into 5 subsets:

G; — subset of "marginal threat risk of InfoSec";

G, — subset of "high threat risk to InfoSec";

G; — subset of "average threat risk to InfoSec";

G, — subset of "low threat risk to InfoSec";

G; — subset of " insignificant risk threat to
InfoSec".

Assume that G takes the value from zero to one by
definition. For an arbitrary separate indicator of the
InfoSec assessment X;, the complete set of its values of
B; is divided into five subsets:

B;; — subset "very low level of indicator X;";

B;, — subset of "low level of indicator X;";

B;; — subset of "average level of indicator X;";

B;,— subset of "high level of indicator X;";

B;s — subset of "very high level of indicator X;".

An additional condition for matching the sets B, £
and G of the following form is performed: if all the
indicators in the analysis have, according to the

Table 4 — Value Subset Partition

classification, the level of the subset B;;, then the state of
the InfoSec is qualified as £, and the degree of InfoSec
threat risk is qualified as G;. Fulfilment of this condition
affects the correct quantitative classification of the levels
of indicators and the correct determination of the level of
significance of the indicator in the evaluation system.

Stage 2. Construct a set of indicators X = {X;} in
the number N = 4, which, according to expert-analyst,
on the one hand, affect the assessment InfoSec threat
risk, and, on the other hand, evaluate the different sides
of IS InfoSec (Table 2).

Table 2 — A set of indicators X

Indicator name Current value
X; 1.2
X, 0.7
X; 0.025
X, 0.004

Stage 3. Summarize to each indicator the level of its
significance for the analysis of ;. To estimate this level,
you need to position all the values in descending order
of magnitude so that the rule is complied with:

r=1/N. (1)

If the system of indicators is put in descending order
of their significance, then the significance of the i-th
index should be determined by the Fishburn's rule [20]:

r=1/N=1/4=025. )

The Fishburn's Rule reflects the fact that nothing is
known about the level of significance of the indicators
(1). Then the estimate (2) corresponds to the maximum
entropy of the existing information uncertainty about
the object of the study.

Stage 4. Construct a classification of the current
value g of the risk factor G as a criterion for dividing
this set into a subset (Table 3).

Table 3 — Value of indicator g

Interval G Set names (subset of ...)
08<g<l G, —"marginal threat risk to InfoSec";
0.6<g<0.8 G, —"high threat risk to InfoSec";
04<g<0.6 G; —"average threat risk to InfoSec";
02<g<04 G, —"low threat risk to InfoSec";
0<g<0.2 G5 —"insignificant risk threat to InfoSec".

Stage 5. Construct a classification of the current
values x of the X indicators as a criterion for breaking up
the complete set of their values into a subset of type B
(Table 4).

Criteria of subset partition
Indicator name
B;; B;; B;; By B;s
X; x;<0.02 0,02<x,<0,16 0,16<x,;<0,84 0,84<x;<1 1<x;
X5 x,<0.02 0,02<x,<0,16 0,16<x,<0,84 0,84<x,<1 1 x,
X; x3<0.02 0,02<x3<0,16 0,16<x3<0,84 0,84<x3<1 1<x;3
X, x4<0.02 0,02 x,<0,16 0,16<x,<0,84 0,84<x,<1 1<x,

Stage 6. Evaluate the current level of indicators and
reduce the results (Table 5).

Stage 7. Classify the current values of x according to
the criterion of Table 4.
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The result of the classification is Table 6: A ;=1 if
b1y <x;<b; and A ;=0 when the value does not fall
into the selected range of classification (Table 6).

Table 5 — Indicator’s Level Evaluation

Indicator name Current value
Very high (VH) X>1
High (H) 0.1< X, <l
Medium (M) 0.01< X5 <0.1
Low (L) 0.001< X,<0.01
Very low (VL) <0.001

Table 6 — Classification Result

i P The result of classification
Indicator Signi-
name ficance by subsets
By | B |Bis | By | B
X 0.25 0 0 0 0 1
X; 0.25 0 0 1 0 0
X 0.25 o 11 1o 1o o
X4 0.25 1 0 0 0 0

Stage 8. Carry out arithmetical steps to assess the
degree of bankruptcy risk of g:

5 N
G= Zj:l COINE
g =09-02(/-1);
G=025-0.1+0.25-0.3+0.25-0.5+0.25-0.9=0.45.

€)
(4)

where

The value of G corresponds to subset of "average
threat risk to InfoSec". The obtained result of the InfoSec
risk degree corresponds to the research result in [17].

Conclusions

Information is one of the most important resources
in modern ISs, therefore, it is necessary to estimate the
risk degree of asset exposure to anomalies and attacks.
Existing methods for InfoSec risk assessment such as
FAIR, MAGERIT, NIST, CRAMM are often used for
this purpose. In this case, the above methodologies do
not take into account the fact that IS security risks are
closely related to the uncertainty that needs to be
addressed. The proposed methodology of risk
assessment of the InfoSec can solve this problem — it
overcomes the uncertainty and allows the researcher to
assess the risk degree in a linguistic form. The
calculations of the system information security level in
comparison to the calculations using the FAIR
methodology are given in the work. It is possible to
state that the proposed methodology does not yield to its
efficiency. Indeed, under the same input conditions,
identical values of the indicators in the linguistic form
of evaluation were obtained In the case of using the
methodology, the researcher gets the opportunity to
formulate conclusions about the level of the system
security, and to develop recommendations for the
implementation of the necessary security mechanisms.
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AJITOpPUTM OLiHIOBAHHS CTYIIeHsl pU3HKY iH(opManiiiHoi Oe3neKn, mo 6a3yeThbesi HA HEYiTKO-MHOKHHHOMY ITiIxXoxi
C. II €scees, O. B. IlImarko, H. B. Pomamenko

Anortanis. IlperveroM IOCHi/UKEHHS € HpOIEC OLIHKH PIBHS PH3HKY 1H(OPMAIHHOI Oe3NeKH, M0 peai3yeThes
3aBJIIKM amapaTy Hewirkoi Joriku. MeTor naHoi poOOTH € po3poOka METOAMKM OLIHKH CTyIeHs pHU3uKy iHdopmauiiiHoi
Oesneky, sika 6 103BONMIA YHUKHYTH (DaKTOpPY HEBHU3HAUCHOCTI, 110 BUHMKAE 32 YMOBHM BiJICYTHOCTI 4acTHHU iH(popMmalii npo
JIOCTIKyBaHy aBTOMaTn30BaHy iHdopmariiiHy cucremy. MeTomuka 3aCHOBaHa Ha BUKOPHCTAaHHI HEYiTKOI JIOTIKM Ta HEUITKHX
MHOXuH. I1lo nepenbayae BBEEHHS TEPM MHOXKHH I KOKHOI 3 XapaKTEPHCTUK CUCTEMHU Ta JITHI'BICTUYHIN OLIHLI ITOKa3HHUKIB.
3aBaaHHs, fKi HEOOXiZHO BHUPILIMTU — IPOAHATI3yBaTH ICHYIOYi METOAMKHM OLIHKM PU3MKY iH(popMariiHOi Oe3nexu mis
BUSIBJICHHS 1X IlepeBar Ta HelonikiB. Ha 0CHOBI mpoBeieHOro aHaii3y 3alpoloHYBAaTH HOBY METOAUKY OLIHKH CTYIEHS PU3UKY
iHdopmaniiiHoi Ge3nekn aBTOMaTH30BaHKX iH(pOpMaliHHNUX cucTeM. By oTpuMaHi HacTYIHI pe3yJIbTAaTH: BUSABIICHO IIEpeBaru
Ta HEIONIKU SIKICHUX Ta KUIbKICHUX METOIMK OLIHKHM CTYNEHS pH3MKy iH(opmauiiiHOi Oe3nekn aBTOMaTH30BAHHMX CHCTEM;
OIMCAHO OCHOBHI €TaIlM 3alPOIIOHOBAHOI METOAMKH; PO3PAXOBAHO CTYMiHb PU3MKY iH(pOpMaIiiiHOI Oe3leku B MOPIBHAHHI 3
meronukoo FAIR. BucHoBok: IlpencraBiieHa y CTaTTi METOMKA HaJld€ MOMUIUBICTD NEPEBECTH OTPUMAHI PE3yNIbTaTH OLIHKU
PHU3UKY 3 MaTeMaTH4HOI MOBHU B JIIHIBiCTHYHY (opMy, siKa € OlIbLI 3pO3yMiJoR Ul 0COOM, IO MpuiMae pimeHHA. Takum
YUHOM 30UIBIIYEThCS €()EKTUBHICTD YIIPABIIiHHI MEXaHIi3MaMH 3aXUCTY aBTOMAaTH30BaHUX 1HPOPMALiHHUX CHCTEM.

Karw4dosi caoBa: indopmaniiina Oesrieka; OLiHKAa PHU3UKIB; METOAMKAa OLIHKM PU3MKIB iH(opMmauiiiHoi Oesnexy;
HEUiTKI MHOXKHHY; JIIHTBICTUYHA (opMa.

AJITOPHTM OLEHMBAHMSI CTENIEHN PHCKA HH(OPMAIMOHHOM 0€301aCHOCTH HAa 0CHOBE HEYETKO-MHOKECTBEHHOI0 MOAX0/1a
C. IL. EBcees, A. B. llImaTtko, H. B. Pomaienko

Annotanusn. IIpeamerom mccienoBaHus SIBISIETCS POLECC OLEHKU YPOBHS pUCKa MH(POPMaIMOHHOW 0€30MacHOCTH,
KOTOpasi peanu3yercsi 6iarozaps amnmapary HedeTkod Jorukd. Lleasro nanHoi paboThl sBisieTcs pa3paboTKa METOIUKH OLEHKH
CTENIeHN pHCKa WH(QOPMALMOHHON 0€30MacHOCTH, KOoTopas mo3Bomwia Obl u30exarh (akropa HeONpeneIeHHOCTH,
BO3HHMKAIOIIEr0 IIPH OTCYTCTBHM 4YacTW HMH(poOpManuu o0 ¥cciexyeMold aBTOMAaTH3MPOBAaHHOW WH(OPMAIMOHHOW CHCTEME.
Meronuka OCHOBaHa Ha MCIONb30BaHUU HEUETKOH JIOTMKU U HEUETKHX MHOXecTB. [IpeaycMaTpuBaeT BBeZIcHUE TePM MHOXKECTB
JUTST K&XKIIOM M3 XapaKTePHUCTUK CHUCTEMBI M JIMHTBUCTHYECKOH OLEHKHU IOKa3aresiel. 3agadun, KOTopble HEOOXOAUMO PElIuTh —
MIPOAHAJIM3UPOBATh CYIIECTBYIOIIME METOMUKH OIIEHKH pHCKa WH(POPMALMOHHOH Oe30MacHOCTH JUIS BBISIBJICHUS HX
IIPEUMYILECTB U HeJNocTaTKkoB. Ha OCHOBE NpOBeAEHHOro aHauu3a IPEJIOKUTh HOBYKO METOJMKY OLIEHKU CTEIIeHH pHUCKa
HH(OPMAIIOHHOH 6€30IIaCHOCTH aBTOMAaTH3UPOBAaHHBIX MH(OPMALIMOHHBIX CHCTEM. BN moydeHs! ciietyronye pe3yabTaThl:
BBISIBJICHBI TPEUMYIIIECTBA M HEJJOCTATKH KaUeCTBEHHBIX M KOJTMYECTBEHHBIX METOHMK OLEHKU CTEIIEHH PUCKa MH(OPMAIIMOHHON
0€30MaCHOCTH aBTOMaTH3UPOBAaHHBIX CHCTEM; OIMCAaHbI OCHOBHBIE 3TAIlbl IIPEIUIOKEHHOW METOANKH; PACCUNTAHA CTEIIeHb PHCKa
nHpopMaoHHoi Oe3omacHocTH B cpaBHeHUH ¢ Metonukoid FAIR. BeiBoa: IlpencraBieHHas B cTaTbe METOIMKA ITO3BOJISIET
TIEPEBECTH TTOTYYSHHBIE PE3yNbTaThl OLEHKH PHUCKAa C MaTeMaTHYECKOro SI3bIKa B JIMHIBHCTHYECKYIO ()OpPMY, KOTOpas SBISIETCS
Oonee TOHATHOW Uil JHMIA, NPUHUMAIOIIEro pemieHue. TakuMm oOpa3oMm yBennuuBaercs 3(QeKTHBHOCTH YIIpaBICHHS
MeXaHW3MaMH 3aIlIUThl aBTOMAaTU3UPOBAHHBIX HHPOPMALIMOHHBIX CUCTEM.

Karoudesbie ciioBa: nHbOpMAIMOHHAA O0€30IAaCHOCTD; OLIEHKA PHCKOB; METOAMKA OLGHKH PHCKOB MH(OPMAIMOHHOM
6€30I1aCHOCTH; HEYETKHE MHOXKECTBA; IMHIBUCTHUYECKas (hopma.
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FOUNDATION THE WAYS OF RADIO ELECTRONIC WARFARE
DEVICES DEVELOPMENT

Abstract. The development of radio-electronic warfare systems becomes the most effective, fast-performing, cost-
effective, and sometimes the only possible devices, which neutralizes the technical advantage of the opposite side in the
information and technology spheres. The main increase in combat potentials in the near future will be possible through the
use of intelligent command and control systems for troops and weapons, as well as the use of weapons that use
unconventional devices of influencing the enemy. The authors of the research found that equipping weapons with the
devices and complexes of electronic warfare can repeatedly increase their combat potential and reduce possible losses. In
this case, the cost of electronic warfare technology is one percent in relation to the cost of major types of weapons. In the
course of the research, the authors used the basic provisions of the theory of electronic warfare, the theory of
communication, the theory of signals, and general scientific methods of analysis and synthesis. The authors found that the
most important areas of research for the development of electronic warfare systems are: integration of forces and devices of
electronic warfare with an intelligence and fire damage in a single information and communication space of all types of
armed forces; creation of systems of radio engineering intelligence (passive location) for the reliable disclosure of
electronic equipment and high-precision location of objects; Improvement of signal monitoring system in various physical
fields. The principal features of the construction of advanced devices and complexes of electronic warfare are: ultra-wide
radio engineering part of the equipment (more than 3 octaves); necessity of realization of parallel signal processing of
received radio signals in the instant band of frequencies equal to several gigahertz; the maximum increase in the functional
density of the apparatus implementation to reduce its mass and overall performance and ensure the possibility of its system
integration; limit unification of basic digital elements of equipment, which allows to reduce the cost, facilitate the processes
of modification and modernization of equipment. Taking into account the above, the direction of further research should be
considered the development of methods for increasing the effectiveness of radio-electronic suppression.

Keywords: radio communication systems; radio resources; noise immunity; radio-electronic suppression; radio-

electronic intelligence; secrecy.

Introduction

The development of electronic warfare systems
(REW) is becoming the most effective, fast-selling,
cost-effective, and sometimes the only possible devices
of neutralizing the technical superiority of the opposing
side in the information and technological areas. The
main increase in combat potentials in the near future
will be possible through the use of intelligent systems of
command and control of troops and weapons, as well as
the use of devices of warfare using non-traditional
methods of influencing the enemy.

Such devices of warfare include, first of all, REW
equipment, which is a complex object, characterized by
high technology intensity. Modern devices, complexes
and REW systems at the present stage of development are
in a state of intensive improvement. In the long term
(20202025 years), the volume of tasks assigned to REW
funds will not only not decrease, but even increase due to
a quantitative increase in the objects of influence and an
increase in methods of influence on them [1].

Equipping weapons with REW equipment and
complexes can multiply their combat potential and
reduce potential losses. At the same time, the cost of
REW equipment is a few percents in relation to the cost
of the main types of weapons [1-4].

The purpose of this article is assigned to the fields
of the future development of radio-electronic warfare.

Presentation of the main material

From a fairly wide range of tasks facing modern
REW complexes, we can distinguish the tasks that
determine the number of their fundamental features [5—7]:

— "hard" expediency of overlapping the ranges of
operation of all radar location stations (RLS) detection,
targeting, weapons control, as well as radio electronic
systems (RES) communication and navigation;

—the functional need for the simultaneous
implementation of a large number of complex tasks —
reception and high-precision analysis of the RES
signals, determination of their coordinates, type, mode
of operation and degree of danger, suppression of
several RES, interaction with other complexes
(primarily radio and radio engineering intelligence
(RREI) and fire losses).

These tasks determine the fundamental features of
the construction of promising devices and REW
complexes [5—14]:

— ultra-broadband radio part of the equipment
(more than 3 octaves);

— the need to implement parallel signal processing
of received radio signals in the instantaneous frequency
band equal to several gigahertz;

— the maximum increase in the functional density
of the equipment to reduce its weight and size indicators
and ensure its system integration;
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—the maximum unification of the basic digital
elements of the equipment, which allows reducing the
cost, to facilitate the processes of modification and
modernization of the equipment.

These features promising hardware tools and REW
complexes determine the feasibility of its construction
on the basis of digital ultra-wideband signal processing
devices, which allow to realize the above features to the
maximum extent and additionally get the ability to
quickly restructure the processing equipment by
overwriting signal processing projects in programmable
logic integrated circuits (PLIC) [5].

Thus, the future development of REW systems and
facilities is closely linked to the use of the latest
information technologies, which should provide the
desired efficiency in the context of qualitatively changing
requirements for devices and methods of warfare. Thus,
in promising REW systems, functional and instrumental
integration of on-board radio-electronic equipment (REE)
with electronic countermeasures devices (ECD) and
detection systems using other physical principles of
operation (optical-electronic equipment, infrared (IR) and
ultraviolet (UV) systems, etc.).

With the development of integrated onboard
systems, the extensive logic of switching the modes of
the integrated subsystems becomes complicated, which
makes it possible to influence this process with the help
of so-called algorithmic influences. In addition, despite
the rapid development of digital technology, a memory
bottleneck and speed of onboard computing systems
will always remain a bottleneck, which will also allow
producing algorithmic effects for the purpose of
information overload on-board processors [7].

Thus, the development of REW equipment is
largely determined by two interrelated scientific and
technological areas of development of the elemental
base of modern radio electronics [4]:

1. The creation of high-speed processors and
computing systems, taking into account the latest
achievements of microelectronics.

2. Expanding the possibilities of digital signal
processing, which ensured the conversion of an aggregate
of REW devices into high-speed digital systems.

The REW complex, functioning in modern
conditions, should almost instantly respond to sudden
threats. The response of the complex to the threat should
not exceed 0.05-0.1 s. Only digital electronic computers
(DEC) with high speed and large amounts of memory
are able to manage the resources of REW complexes,
including [4, 7-9]:

— a set of active jamming stations;

— expendable devices of generating interference
(towed active traps; anti-radar guided missiles; one-time
interference transmitters; dipole reflectors illuminated
by an interfering signal; projectiles with electromagnetic
warheads);

—a set of types of interference and methods of
their combat use;

— devices of functional RES damage;

— distribution of the energy potential of active
jamming stations for the simultaneous suppression of
several RESs;

— the ability to quickly change the orientation and
width of the radiation pattern of antennas (phased
antenna arrays) of active jamming stations in specified
sectors of space;

—the ability to control the sequence of time
intervals of interference to several RESs by one leading
active interference station.

At the same time, there is a tendency to unite
numerous radio engineering and optoelectronic devices
(devices of radiolocation, electronic warfare, radio
navigation, data transmission, infrared and other
information sensors) placed on one carrier (aircraft) into
a single integrated radio electronic complex [4].

Among the existing problems of creating
promising systems and REW systems, three groups can
be distinguished, differing in content and technology of
their solution [7]:

— energy;

— informational;

— functional.

The essence of the energy problems lies in the
complexity of the implementation of the required
energy characteristics of REW complexes under the
given constraints (in terms of mass, dimensions, energy
consumption) and the existing element base. One of the
main ways to solve them is to use active phased antenna
arrays (AFAA) with high gain. The principal features of
constructing an AFAA for the REW equipment are [7]:

— the possibility of adaptive control of the antenna
pattern shape for the implementation of various modes
of operation and the formation of "dips" in the direction
of the sources of active interference;

—7-8 times extended working frequency band
(30-40% of the center frequency for AFAA and 5-6%
for FAA);

—increased by 15-20 times the radiation power
taken from the same aperture;

—the need for the simultaneous formation of
several independent rays for the maintenance of
spatially separated objects of influence;

— significantly reduced losses (up to 15-17 dB)
during signal processing;

— conformality and low effective area of diffusion;

— high reliability (average time between failures is
comparable to the life of the aircraft).

The use of AFAA in the composition of REW
complexes in the presence of the corresponding element
base (high-power semiconductor microwave amplifiers
and switches) allows obtaining the energy potential of
almost any level. Calculations show that in the near
future if there is a corresponding electronic component
base, an active interference station with an energy
potential of up to 1010 W can be created [7].

Information problems are due to the fact that the
technical characteristics of an existing electronic
intelligence system often do not allow to organize
information support for the REW systems and devices at
the proper level. First of all, this refers to the reliability
of determining the objects of impact and the assignment
by them of the corresponding service priorities while
operating in a complex, dynamically changing
electronic environment [5].
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The solution to this problem is seen in translating
most of the components of electronic intelligence
equipment into digital processing. At present, the
possibilities are being explored of improving the
efficiency of high-speed digital REW equipment based
on PLICs with a transition at the stage of mass
production to the specialized "system-on-chip" [5].

Functional problems are primarily associated with
the need for the simultaneous (quasi-simultaneous)
suppression of radio-electronic devices that have
different spatial and signal features, with a strict limit on
the time of electronic conflict. These difficulties can be
overcome by applying [7]:

—antenna devices with independent control of
spatial interference channels;

— multichannel transceiver devices operating in a
wide frequency range with parallel channel analysis;

— high-speed digital radio frequency memory
(DRFM) systems.

In the future, it is important to create DRFM
systems on basic construction in terms of the unification
of its technical parameters for the use by most
developers of REW equipment. In the new technology
of electronic warfare, based on AFAA with digital
beamforming, the system will be integrated with
interference suppression devices in the format of small-
sized AFAA transceiver modules [7].

Fig. 1 shows the dynamics of the expansion of the
type of interference generated by modern REW
complexes [5].
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Fig. 1. The dynamics of the expansion
of the type of interference generated by modern REW complexes

Expansion of the generated interference range
allows you to implement an "individual approach" to the
suppression of each specific RES. At the same time, in
connection with the saturation of armaments with radio
electronics, the number of radio electronic devices in
service is constantly growing while increasing the
number of modes of their operation. In this regard, in
the near future, the technological limit of the range of
generated interference, focused on specific RES and
individual modes of their operation, will be reached. At
the same time, the search for new ways to form
interference modes for REW complexes will become
topical.

In this regard, interesting research focused on the
development of new methods of selective suppression
of RES — "cognitive suppression". New methods of
jamming should ensure the suppression of a wide range
of enemy's RES (connected, navigation, radar, etc.)
using modern devices and methods of electronic
protection, while not disrupting the operation of their
own radio and allied forces, as well as RES civilian. It is
assumed that such jamming stations can be installed on

specialized REW aircraft and on conventional strategic
and tactical aircraft to ensure their individual electronic
protection [2]. One of the most promising trends in the
development of REW is the integration of air, land, sea
and space REW facilities into a single network.

The concept of integration is based mainly on the
development of digital radio technical intelligence
(RTI) technology and active electronic suppression.

It is possible to instantly identify the radiation
source and, if necessary, to create interference in
various ways [2]:

— point setting low-power active interference;

— use of false information objects (false targets or
messages);

— the introduction of packages of algorithms that
can take command of the enemy’s networks and,
possibly, control of the enemy’s sensors.

In addition, a promising direction of REW is to
change the conditions of propagation and reflection of
the electromagnetic waves. In this connection, the
creation of special munitions with aerosol filling, which
provide for changing the conditions of propagation of
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radio waves and affecting the operation of the RES, is
relevant. New special compositions of aerosol systems
are being developed, which provide to weaken the
electromagnetic field intensity, and new compositions
and coatings, providing intensive absorption of
electromagnetic waves [5].

At the same time, methods and devices for spatial-
signal imitation of protected objects with the aim of
diverting attacking elements and devices for spatial-
signal selection of interfering signals [5] are being
developed to protect their own electronic equipment and
optical-electronic devices from homing weapons and
active interference in various ranges.

The most important research directions for the
development of REW systems are presented below [5].

1. Integration of the REW forces and facilities with
the devices of reconnaissance and fire destruction in a
single information and communication space of all
types of armed forces:

— implementation of network-centric systems for
collecting, processing and communicating information
about REE to consumers;

— introduction of secure computer technologies for
analysis of REE and decision making;

— development of algorithms and decision support
programs based on artificial intelligence methods.

2. Creation of RTI systems (passive location) for
the reliable opening of electrical equipment and high-
precision positioning of objects:

—creation of correlation-base difference and
distance measuring complexes of passive location;

— development of single-point complexes, which
significantly increase the accuracy of determining the
location of targets by measuring the steepness of the
front of the incident wave;

— creation of artificial intelligence systems for the
analysis of REE.

3. Improving the monitoring system of signals in
various physical fields:

—creation of unified state infrastructure for
collecting, summarizing and communicating the results
of monitoring;

— providing monitoring in the radio frequency and
optical bands.

Analyzing the development trends of technologies
for the development and creation of new radio-
absorbing materials, it can be noted that modern
absorbing materials will provide in the near future [5]:

—the reflection coefficient of electromagnetic
radiation (in the range 1-10 GHz) of the order of 30-40
dB, regardless of the direction of sensing and
polarization of the signal;

— the reflection coefficient in the UV, visible and
IR ranges is less than 0.1 dB, and the reflection will
have a diffusion character.

It can be predicted that in the nearest future,
multifunctional masking coatings will be created,
operating simultaneously in the radar, UV-optical and
IR-wavelengths [5].

Taking into account the fact that about 80% of
REW facilities are aviation protection equipment
against air defense systems and they are aimed at

suppressing RLS and optoelectronic controls, target
designation and guidance of these systems, below these
tools and REW complexes are presented in details.

The main directions of development of radio
electronic destruction systems are given below:

1. Creation of a new class of complexes combining
the capabilities of electronic intelligence, weapons
control and interference stations. Implementation of
information and hardware integration of tasks in the
interests of creating devices operating in the following
modes: RLS and weapons guidance; AFAA; jamming.

2. Creation of spatially distributed systems of
radio-electronic protection of objects and their signal
masking. Development of an active jamming system
that forms a false signal and information environment in
the grouping to protect its troops and masking objects.

3. The creation of a solid-state elemental base of a
new generation in the interests of increasing the
effectiveness of REW facilities. The creation of a number
of AFAA broadband based on solid-state receiving-
transmitting modules in a hybrid monolithic design.

4. The development of new sections of the radio
frequency and optical bands:

—creation of electro vacuum and solid-state
broadband receiving-transmitting equipment of the
millimeter and submillimeter ranges;

—the creation of highly effective devices of
reconnaissance and suppression in the IR and UV ranges.

5. Creation of new carriers for the placement of
REW facilities, providing an increase in the range of
reconnaissance and suppression.

The development of a new generation of
unmanned aerial vehicles and the use of algorithms
based on artificial intelligence.

The conclusion from the article

In the conditions of "total informatization", the
concept of network-centric war as a strategic view on
the conduct of the war in the new military-technical
conditions became widespread. At the same time, this
concept is vulnerable to the devices of informational
REW systems impact. REW systems can provide a
decisive advantage in a future network-centric war and
level off the advantage of a technologically more
advanced adversary. Thus, the concept of network-
centric wars brings to a new qualitative level: the new
environment of military confrontation is the
information space, and a new type of weapon is the
information weapon.

This article analyzes the trends in the development
of REW systems. Currently, REW is the oldest and
most methodologically developed area of confrontation
due to the impact on the information parameters of the
conflicting military-technical systems. According to the
authors, the REW theory for more than a century of its
active development that contains testings and highly
effective ways of influencing information technology
systems based on information exchange destabilization.

Thus, the development of the theory of
information confrontation (especially in the technical
sphere) should be based on the scientific and
methodological reserve in this area.
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Taking into consideration the above, the direction = methods for improving the efficiency of radio-
of further research should consider the development of  electronic suppression of electronic equipment.
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OOrpyHTYBaHHS NLISXIB PO3BHTKY 32C00iB pajioe/IeKTPOHHOI G0pOTHON

C. B. KananraeBceka, O. C. Manuk, M. M. TropHikoB,
I1. B. XKyx, A. B. llumanekui, P. B. ITikyns

AHoTaumis. Po3BuTOK cucreM pajioeneKTpoHHOI OG0poThOM cTae Haiibinbll eEeKTHBHUM, MIBHUAKOPEAi30BYBAHHM,
€KOHOMIYHO BHTiJIHHM, @ YacOM 1 €JMHO MOXJIMBMM 3acO0OM, IO HEHTpalli3ye TeXHIuHy nepeBary HpPOTHIICKHOI CTOPOHH B
iHdopmaniiiHiii 1 TexHoNnOrIYHIM cdhepax. OcHOBHUI pUpicT OOHOBUX HOTEHIiANIB B HAHOIMKUIH TTepCcieKTHBI Oy/ie MOMXKIIMBUIL
32 PaxyHOK BHKOPUCTaHHs IHTENICKTYaJbHMX CHUCTEM YIPaBIIiHHSA BiiCbKaMH Ta 30pO€l0, a TaKOX 3aCTOCYBAaHHS 3aco0iB
30poiiHoi GOpOTHOM, SIKi BHKOPHCTOBYIOTH HETPAJULINMHI CHOCOOM BIUIMBY HA CYNPOTHBHHKA. ABTOpaMH JIOCIIJDKEHHS
BCTAHOBJIEHO, 110 OCHALIEHHA O30pOEHHS 3aco0aMM 1 KOMIUIEKCAMU DPajlioe]eKTpOHHOI OOpoThOM 371aTHe Oararopa3oBo
MiABUIIMTY iXHIH O0HOBMI MOTEHIiaN 1 3HU3UTH MOXJIMBI BTpaTH. [Ipu 1IbOMY BapTiCTh TEXHIKU paJioesIeKTPOHHOI 60poTHOU
CTaHOBUTH OJMHUIII BiZCOTKIB IO BiJHOLICHHIO JIO BAPTOCTI OCHOBHMX BHUIIB 030poeHHS. B Xoai mocimimkeHHs aBTopaMu Oyinn
BUKOPHCTaHI OCHOBHI IOJIOKEHHs Teopii panioeneKTpoHHOI 00poThOu, Teopii 3B’s3Ky, Teopil CUTHaNB Ta 3arajlbHOHayKOBI
METOAU aHali3y Ta CHHTe3y. ABTOPAMU BCTAHOBJICHO, 110 HAWBAXIMBIIIMMU HANPSIMKAMH JOCIIKEHb I PO3BUTKY CHCTEM
panioesieKTpoHHOI GOpOTHOM €: IHTerpalis CHI i 3aco0iB pajioesIeKTPOHHOI OOpOTHOM i3 3aco0amMH PO3BIJKH 1 BOIHEBOTO
Ypa)KeHHsI B €JMHOMY iH(OpMalifHO-KOMYHIiKalliHHOMY IIPOCTOpPi BCiX BUIIB 30pPOHHMX CHII; CTBOPEHHS CUCTEM PaaiOTEXHIUHOI
PO3BiaKH (TACUBHOI JIOKALIIT) JUTS TOCTOBIPHOTO PO3KPUTTS PaIliOeIEeKTPOHHOI0 00JIaIHAHHS | BACOKOTOYHOI'O BU3HAYECHHSI MiCILs
pO3TalllyBaHHS O0'€KTiB; YIOCKOHAQJICHHS CHCTEMHM MOHITOPHHIY CHMTHAliB B pi3HMX Oi3M4HMX nonsx. IIpuHIMIoBUMH
0coOJIMBOCTSIME  TIOOYZIOBU IIEPCHEKTHBHUX 3ac00iB 1 KOMIUIEKCIB PajioesIeKTPOHHOI OOpOTbOM €: HaIMPOKOCMYTOBI
pajioTexHiYHOI YacTHHM arapaTypu (Oinblue 3 oKTaB); HEOOXiIHICTH peai3allii napanenbHoi CUrHaNbHOI 0OpPOOKH NPUIHHATHX
paJiOTEeXHIYHMX CHUTHAJiB B MHUTTEBIH CMy3l 4YacToT, fKa JOPIBHIOE KiJbKOM rirarepll; MakKCHUMajbHe 301IbIICHHS
CHCTeMHOI iHTerpauii; rpaHnuHa yHidikanis 6a30BMX LM(POBUX €IEMEHTIB araparypy, L0 J03BOJISE 3HU3UTH COOIBapTiCTh,
MOJIETIIIATH TIporiecH Momudikarii i MonepHizawnii anapaTypu. BpaxoByoun 3a3HaueHe, HANpsIMKOM MOAAIBIINX JOCIIKEHb
CJIiJT BBOKaTH PO3POOKY METOJIIB ITiABUIECHHS €()EKTUBHOCTI PalioeIeKTPOHHOIO ITOABICHHS.

Kao4doBi caoBa: cucrema pafio3s’s3Ky; paniopecypc; 3aBaj03aXHIICHICTh;, paJiOe]IeKTPOHHE IO/IaBJICHHS,
pazioeNIeKTpOHHA PO3BIiJIKa; CKPUTHICTB.

O0ocHoBaHHe NMyTel Pa3BUTHA CPEICTB PAJHO0YICKTPOHHOI 00PBLObI

C. B. Kananraesckas, O. C. Mansik, M. H. TropHuxos,
I1. B. Xyk, A. B. lHumanxwuii, P. B. [Tuxyns

AHHOTaunusi. PasBurhe cucreM paJuOdIEKTPOHHOH OOpbOBI crTaHOBUTCA HamOonee 3(QPEKTHBHBIM, ObICTPO
peanu3yeMbIM, SKOHOMMYECKH BBIFOAHBIM, @ IIOPOM M EIMHCTBEHHO BO3MOXHBIM CpEJICTBOM, KOTOpOE HEHTpanusyer
TEXHHYECKOE IIPEBOCXOJICTBO IIPOTHBOIOIOXHOH CTOPOHBI B MH(OPMALMOHHOW M TexHomorudeckoil cdepax. OcHOBHON
IpUPOCT OOEBBIX MOTEHLMAIOB B OyiDKaiiieil mepcrekTuBe OyaeT BO3MOXEH 33 CUET HCIOIb30BAaHUS MHTEIUICKTYalbHBIX
CHCTEM YNPABJIECHHS BOWCKAMU M OPYXKHEM, a TaKKe HNPUMEHEHHEM CPEICTB BOOPY)KCHHOH OOpbObI, KOTOpBIE HCIOIb3YIOT
HETpPaJUILMOHHBIC CIOCOOB! BO3ACHCTBUS Ha IPOTHUBHUKA. ABTOpAMHU MCCIIEIOBAHHS YCTAHOBJICHO, YTO OCHAIIEHUE BOOPYXKEHUS
CpelCTBaMH M KOMIUIEKCAMH PaJHOdIeKTPOHHOH O0phOBI CIIOCOOHO MHOI'OKPATHO ITOBBICHTb MX 0OO€BOH IOTEHLIMAT U CHU3UTH
BO3MOJKHbIE TOTEpPU. [IpM 3TOM CTOMMOCTb TEXHUKHM paJHO3ICKTPOHHOI OOpbOBI COCTaBISET EAMHUIIBI HPOLEHTOB IO
OTHOIIICHUIO K CTOMMOCTH OCHOBHBIX BMJIOB BOOPYXKEHMs. B Xone uccienoBaHust aBTOpaMu ObLIM HCHOJIb30BAaHbI OCHOBHBIE
TOJIOJKEHUS TEOPUH PATUOIIEKTPOHHON OOPbOBI, TEOPUH CBSI3U, TEOPUU CHUI'HAJIOB M OOLIEHAYYHBIC METO/bI aHAIN3a U CHHTE3a.
ABTOpaMH yCTaHOBJICHO, YTO BaXKHEHIINMH HAIPaBJICHUSAMH MCCIICIOBAHUIN IS Pa3BUTUS CUCTEM PaJMO3IEKTPOHHONH GOpbObI
SIBJISIFOTCS: MHTETPALMs CUII U CPEACTB PAIMO3IIEKTPOHHON OOPBOBI CO CPeICTBAMY PAa3BE/IKU U OIHEBOI'O IIOPAXKEHUS B €JUHOM
MH(POPMALMOHHO-KOMMYHHUKAIIMOHHOM IIPOCTPAHCTBE BCEX BHUJIOB BOOPY)KCHHBIX CHIJI; CO3JAaHUE CHCTEM PaIMOTEXHHYECKON
pa3Benkd (MIACCUBHOHM JIOKALMM) IUIsl JIOCTOBEPHOIO DACKPBITHSA PAZMOIEKTPOHHOIO OOOPYIOBAHUS M BBICOKOTOYHOI'O
OIpe/IeTICHUsT MECTOIONIOKEHHSI 00BEKTOB; COBEPIICHCTBOBAHUE CHCTEMbl MOHMTOPHHIA CHTHAIOB B PAa3JIMYHBIX (U3HUECKUX
nossix. IIpyHIMINANBEHBIME OCOOEHHOCTSIMU TIOCTPOEHHMS NEPCHEKTHBHBIX CPE/ICTB U KOMIUIEKCOB PaJMO3IEKTPOHHON GOpHOBI
SIBJISIIOTCS: CBEPXIIMPOKOIOIIOCHBIE PaJUOTEXHUYECKOH YacTH ammapaTypbl (Oomee 3 OKTaB) HEOOXOAMMOCTH pPeaIU3alUH
[apayIeIbHON CUTHAJIBHOH 00paGOTKM HPHHATBIX pPaJHOTEXHUYECKUX CHUTHAJIOB B MIHOBEHHOH II0JIOCE YacTOT, PAaBHOU
HECKOJIbKUM T'Mrarepll; MaKCUMaJIbHOE yBeJIM4eHHe (YHKIMOHAIBbHOW IIOTHOCTH BBIINOJHEHUS allaparypbl JUli CHIDKCHHS ee
MaccorabapuTHBIX I10Ka3aTeleil U BO3MOXKHOCTU €€ CHUCTEMHON MHTEerpalud; IpejeibHas yHU(ukaims 0a30BbIX LH(POBBIX
3JIEMEHTOB aIllapaTypsl, MO3BOJLIIOIICH CHHU3UTh CEOECTOMMOCTb, OOJErdMTh IPOLECChl MOAU(HKALMKM U MOASPHU3ALUU
anmaparypbl. YUUTbIBas [AaHHOE, HAlPaBICHHEM JaJbHEHIIMX HCCIENOBaHUIl ClemyeT CUMUTaTh pa3pabOTKy METONOB
HOBbIIEHHS 3)(HEKTUBHOCTH PaJIMO3IEKTPOHHOTO TTOAABIICHUS.

KawueBbie cioBa: cucTemMa paadoCBs3H; paglopeCypc; MMOMEXO3AMMIIEHHOCTD; PaAMO3IEKTPOHHOE IOJABICHUE;
PaArOIEKTPOHHAS Pa3Be/Ka; CKPBITHOCTD.
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CONCEPTUAL ANALYSIS OF IRIS RECOGNITION SYSTEMS

Abstract. Biometric is a reliable measurable physical feature as passwords. A biometric framework automatically
provides evidence of an individual's identity based on the individual's unique features. Iris recognition is one of the
physiological ways used to identify a person in the group and is one of the accurate biometric systems. This paper
deals briefly about the surveys those done before about Iris recognition system and its benefits and uses in information
technology and security fields. The use of low-cost equipment can help to make iris recognition other standards in
security contexts, as the requirements for a secure identification are walking. As human Iris gives a phenomenal
design for identification. In recent year, the acquisition, rehabilitation, quality assessment, compression of the image,
divisions, noise reduction, normalization, removal of features, iris code match, large-size data base searching,
applications, evaluation, performance in different conditions, and multi biometrics have been developing irises
recognition in several active fields of research. This research gives at the background of iris recognition and literature

of methods in various fields.

Keywords: human Iris; biometric; security; authentication; Iris recognition.

Introduction

Biotechnology is now a topic of research because
of its high reliability and its ability to identify human
beings. Biometric applications identify a person based
on his behavior or physical characteristics. Physical
characteristics include fingerprints, palm printing, hand
geometry and iris patterns, or behavioral characteristics
(such as typing patterns and handwritten signatures)
which contain unique information about an individual.
This type of ID technology is better than password, PIN,
or anything else. Biometric technology can be used and
applied for verification and reliable identification such
as access control for sensitive and restricted areas,
controlling passengers in airports and terminals, access
to warehouses, access to server rooms and data center
room [1], passing between borders and many other
purposes. Until now, most of the iris has concentrated
on entire and clean iris photos. The image’s quality
should influence the recognition or authentication of the
iris. Fewer authentications of iris systems considered
from a distance, the moving images those captured
under very low light and of poor quality of iris taken
from the camera definitely destroy or affects the
performance of iris authentication or identification [2].

Literature review. Before the iris was recognized,
the iris is locating by using landmark features. These
characteristics and the specific state of the iris include
imagery, separation and extraction. Limitation of the iris
is a critical advance in iris acknowledgment in light of
the fact that, whenever done inappropriately, resultant
clamor (e.g., eyelashes, reflections, understudies, and
eyelids) in the picture may lead to poor execution. The
concept of use of iris patterns to identify an individual
was suggested by the Frank Burch, ophthalmologist in
1939 [3]. In 1985, the concept of no two irises are
similar was proposed by both Drs. Aran Safir and
Leonard Flom, ophthalmologists. In 1987, and both Drs.
Aran Safir and Leonard Flom were awarded the iris
identification concept patent. Dr. Flom had approached
Dr. John Daugman to make an iris identification of
human algorithm. In 1994, the Defense Nuclear Agency

started testing and providing a prototype unit, completed
by 1995 , due to combined efforts, Dr. Daugman, and
Drs. Flom Safir. In 1994, Dr. Daugman obtained a
patent for his automated algorithms for iris recognition
[4]. The first products commercially released in 1995.
The broad patent covering the principle of iris
recognition ended in 2005, providing marketing
opportunities for other companies those have made their
own iris recognition algorithms. The patent developed
and implemented by Dr. Daugman on the
implementation of IrisCodes ® recognition did not
expire until 2011 [5].

1. Biometric Technology

Biometrics are the automated wusing, for
determinate identification or verification of the
physiological or behavioral characteristics. Various
aspects of this definition need to be developed. Every
biometric identifier scan is divided into two groups:

1) physiological;

2) behavior.

Biometrics are depending on measuring the
distinctive physiological and behavioral properties of
biometrics. The physiological biometrics, based on
direct measured parts of the human body, are considered
physical-scan, face-scan, iris-scan, man-scan, and retina
skirting. Signing and voice scanning are considered as
behavioral biometrics, based on measures and data
derived from an activity and therefore indirectly
measuring human body characteristics. For behavioral
biometry, the element of time is essential, and the
characteristics measured are related, with a beginning
and end, to actions such as spoken or signed words.
Physiological/compatible classification is a useful way
to view biometrics, since certain performance and
privacy factors often differ among two types of
biometrics. However, the distinction between conduct
and physiology is what artificial. Behavioral biometrics
is partly based on physiology, for example the shape or
skill of the hands and fingers in the signature- scan of
vocal cords in a vocal-scan. The way the user presents a
finger or looks at a camera, for example, is likewise
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influenced by physiological biometric technology.

The biometric system is working by following
below steps :

a) catching an example of exceptional element;

b) changing the example utilizing couple of
numerical models into biometric format;

c) this biometric arrangement will give an
institutionalized, effective, and significantly isolating
depiction of highlight;

d) examination with different layouts to decide
personality.

Depending on the element used, a decent biometric
is described ; completely unique, so that there is no
possibility for a pair of persons of similar characteristics
— so that over time the feature remains fluid and is
adequately acquired — to provide the user with adequacy
and prevent dispersion of the feature.

2. The Human Iris

Iris is the eye's pigmented area. This is a muscly
circular diaphragm, which separates the two eye
regions. It stretches across the eyeball from the ciliary
muscle before the lens. The light enters the eye, which
is called a pupil, through a small circular opening in the
middle. The iris checks the light that enters the eye
when the eyes are tightened or relaxed, and thus the
pupil contracts or dilates. Fig. 1, describes Eye external
part containing Iris.

Irig

Lens

Fig. 1. Human Iris

During the elementary lifetime the particular
pattern in the iris region is established and stromal
pigmentation is carried out in a few years. There are no
genetic factors to the incidental process of forming the
unicular patterns of the iris. A pigment of the iris and
the color of the eye is the only feature which relies on
ancestral genes. As a result, the two eyes of an
individual are autonomously independent. In addition,
the same twins gain non-German iris patterns.

3. Iris Recognition

Iris Recognition also known as is a biometric
automatic way for the using of the iris of human floral
patterns for identifying and verifying humans. There are
demands for Iris recognition in various areas like access
controlling as well as security of the border, etc. is
increasing regularly because of iniquity features such as
rounds, ridges, furrows, complex patterns, freckles. It
therefore presents an enormous level of randomness.
The iris recognition's key advantage, in addition, of the

iris recognition speed during matching and its extreme
resistance to false matches is the constancy of the iris as,
protected, an internal but externally visible eye organ [6, 7].

3.1 Iris Recognition System Modules

In Iris recognition system, the image of Iris will be
passed and checked through (6) main steps which are
illustrated below :

1. Acquisition of images: This phase takes an
iris picture. By using cameras and sensors to capture
sequences of the images of iris from the subject. An
illumination, position and physical capture system are
used for an image acquisition [8]. Factors affecting the
image quality are number of pixels on the iris, lighting
and occlusion. For the acquisition of images most of
the iris systems require the cooperation of stern of the
user. In order to increase flexibility Ketchantang
proposed a method for obtaining the entire photo
sequence during the enrollment, and selecting the most
feasible pictures. Strong identity management supports
registration [9, 10].

2. Pre-processing: Is the second module of Iris
recognition, Preprocessing consists of a series of eyelid
like pupil detection, iris liveness detection, the detection
of iris boundary, and removal and normalization
detection. The recognition of iris vitality distinguishes
from photographing a live picture, glass eye or other
object and video playback. Unlawfully forged and used
may be the biometric characteristics. Several methods
are used for locating the portions of iris and the pupil
from the eye picture: Hough transformation, integral
differential operator, gradient-based edge detection.
Parabolic arcs are using to detect the eyes and delete the
outlines of the upper and lower eyelids. The extracted
area of iris must be mapped to a standardized form.
Methods of iris location are based on spring strength,
morphological operators, gradient, probability and
moments. Zhaofeng had developed a method for iris
location; it is depended on Hooke's law and on iteration
regime of the spring force-driven. The center and radius
of pupils and iris is determined by their composition of
forces from all points [11]. Mira and Mayer applied
morphological operators to achieve iris limits. The
inward limit is distinguished by applying edge, picture
opening, and closing operators. The external limit is
recognized by applying edge, closing, and opening
operators. The iris restriction strategy by Guodong Guo
depends on force slope and surface distinction. The
intensity gradient use integro differential operator. The
Kullback-Leibler divergence is using to count the
distance between two probability distributions got from
the outer and inner areas. Moment-based texture
segmentation algorithm proposed by L.A. Alexandre,
where second order geometric moments of the image as
texture features is used. The clustering algorithms such
as K-means, self-organizing maps and fuzzy were using
for segmenting the image to produce as output the
clusters-labeled images [12—14].

3. Segmentation: The segmentation module
determines pupil and limb borders and identifies the
regions in which the eyelid and eyelid interrupt the
outlines of the limb boundary (Fig. 2). Iris segmentation
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is a critical component of any iris detection system,
because the imprecision with the location of the iris can
seriously damage the system's fitness.

Iris edge detection
Pupiledge

Fig. 2. Segmentation

4.  Normalization: The normalization module
uses a rubber sheet model for transforming the iris
textures from Cartesian towards polar coordinates
whenever the segmentation module has determined the
boundary of the iris. The process is often called iris
removal and results in a rectangular entity that is used
for further processing. The three advantages of
normalization are:

« It represents changing in pupil size because of
external illumination changes that might affect the size of
an iris.

« It is consistent that the irises of different
individuals are mapped in common picture domains
despite variations in pupil’s size across subjects.

« Enable iris registration through a simple
translation operation during the matching stage, which
can account for rotations in the plane eye and head.

A binary mask is associated with each unwrapped
iris which divides iris pixels (labeled "1") and pixels
corresponding to pixels identified during segmentation

(labeled  with  "0"). Following normalization,
photometric transformations improve the texture of the
unwrapped iris.

5.  Extraction of function (encoding): noise
removal from iris image is included in this phase with

iris code generation. While the unwrapped iris can be
used for a direct comparison with two irises (for
example, by means of a correlation filter), most systems
use a feature extraction routine in order to encode the
texture of the iris. Encoding algorithms usually perform
a cross- resolution analysis of the iris by using wavelet
filters. 2D Gabor wavelet is used for the extraction of
the local phasor information on the texture of Iris in a
common encoding mechanism. The mechanism then
codes each phazor response with two pieces, which
leads to an IrisCode.

6.  Classification and matching: By comparing the
features of two iris images, the corresponding module
generates a match score. The hamming distance, is a
technique used for comparing two iris Codes which is the
number of corresponding bits that differ between both two
Iris Codes. The binary mask in the standardization module
ensures that only bits matching valid iris pixels are
compared. Before the Hamming distance is calculated by
registration procedure, both iris codes must be aligned.
While in most cases a simple translation procedure may be
sufficient, more sophisticated schemes can accommodate
the elastic change in texture of iris. Researchers have also
developed other types of encoding and matching systems
based on discrete cosine transformations, ordinary features,
and scale - invariant transformations [11].

Stages of Iris recognition are showed on Fig. 3.

Iris recognition diagram are showed on Fig. 4.

Acquisition —p Normalization
4 v
Pre-processing Extraction of function
\4 v
Segmentation Classification

Fig. 3. Stages of Iris recognition
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Fig. 4. Iris recognition diagram
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4. Iris Recognition Methods

The number of methods used to recognize iris is
included in this section and is defined below [15]:

4.1 Zero Crossing Representation Method: It
presents iris characteristics based on the null crossing
transformation at varies resolution levels. The
algorithm is invariant in translation, turn and size. In
the images, a number of 1D signals are created based
on the dyadic wavelet transformation and zero crossing
images. The virtual circles are tamponed as circular
from the center. The collected information is
standardized and generates the same number of points
and a zero-crossing representation from any virtual
circle. The benefit of this feature is the reduction in the
amount of calculation, as the amount of null crossing
is below data.

4.2 Phase Base Method: This method is
depending on the phase information and recognizes iris
patterns. Information about the phase of the contrast of
lighting and images is independent. Images of eye with
an image focus evaluation were captured in real time
with iris radius of 80 - 130 pixels. The search results
greatly limit the search for the pupil, they cannot be
presumed to be concentrated. The center of pupils is
very often nasal and lower than the center of the iris. It
can have a radius of between and 0.8 iris. All three
parameters that define a pupil circle should therefore
be calculated separately from the iris parameters. The
pupil's and iris limits were found with the operator of
Integra differential.

4.3 Iris Authentication based On Continuous
Dynamic Programming: The iris is authenticated by
cinematic characteristics, speed. Beginning with the
extraction of pupils, the highest summit is indicated in
your histogram, which provides the thresholds with
lower eye intensity values. The concept of the
comparison of shape characteristics part wise is used
for continuous dynamic programming.

4.4 Approach Based On Intensity Variations:
As features are registered, the sharp variations in iris
patterns. In the iris location stage, image projections in
horizontal and vertical direction are used to measure
the center coordinates of the student. The exact circles
of iris and pupil parameters calculated by using the
edge of canny detector and the Hough transformer.
Gabor filter is built for the acquisition of the spatial
domain frequency band. The Gaussian functions are
moduled by circular sinusoidal functions. Gaussian
function.

4.5 Texture-Analysis Based Method: Using a
silicon-intensified target camera, high-quality images
were recorded together with a standard image recorder
and 512x480 pixels in resolution. The limit and pupil
have circular contours that are extended up and down
with parabola arcs to the upper and bottom eyes. By
voting the edge points with Hough transformation, the
contour parameter x, y and radius are achieved. The
iris contour is the biggest number of border points. The
Laplacian Gaussian is used to the image in many ways,
with laplacian pyramid construction.

Conclusion

Iris recognition has picked up a more noteworthy
consideration because of its uniqueness, security
throughout many years and the iris fashioning trouble.

This paper introduces the survey about different
present strategies those are proposed by various
creators.

The greater part of the arrangements pursue the 5
essential advances limitation of eye, picture division,
standardization, highlight extraction and coordinating.

The Iris acknowledgment framework is a standout
amongst the best secure strategies for validation.

The iris uniqueness and low likelihood of a
bogus acknowledgment or mistake dismissal all add
to the advantages of utilizing Iris acknowledgment
innovation.
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Konnenryansnnii anaJiis
CHCTEM PO3Mi3HABAHHSA Paligy:KHOI 000JIOHKH 0Ka

Awmin Canix Moxammen, CapaBana banaiii b., XiBa Adxynkapim Masnoyn

AHoTauis. biomerpis - e HaxiliHa BUMiproBaHa (i3u4Ha QYHKIS, SIK naponb. bioMeTpudHa CTPyKTypa aBTOMATHIHO
HaJla€ ieHTUYHICTh OCOOMCTOCTI JIFOIMHU Ha OCHOBI HOr0 yHIKaJIbHUX 0cOOIMBOCTEW. Po3mi3HaBaHHS paiayHOI 000IOHKH -
ouH 3 (i3ionorivHux crocodiB, BUKOPUCTOBYBAHUX JUIS 1IEHTU(IKALIT JIOMHN B TPy, 1 € OJHIEI0 3 TOUHUX 0iOMETPUYHMX
cucreM. Y Ll CTaTTi KOPOTKO PO3IIISANAIOTHCS JOCHIPKEHHS, MIPOBECHI paHillle, 00 CUCTEMH PO3Ii3HABAHHSA PaiTyKHOI
obonoHky, ii mepeBaru i BUKOpUCTaHHI B oOiacrti iHhopmauiiiHux Texnonorii i Oe3mexu. BukopucranHs Hemopororo
o0J1aTHaHHS MOJKE JIOTIOMOT'TH PO3ITi3HaBATH PalaykHy 0OOJIOHKY BiJIITOBIZIHO JI0 1HIIMX CTaHAAPTIB B KOHTEKCTi OE3MeKH, TaK
SK BUMOTH 110 Oe3redHoi ineHTudikauii nocTiiHo 3MiHIOIOThC. Tak, paiiyxHa 00OIOHKA OKa JIIOAUHU Ja€ (PeHOMEHATIbHY
6a3y i inenTudixanii. B ocranHi poku Oynm oTpHMaHi pe3ylbTaTH, SKi CTOCYIOTbCS OTPHUMAaHHS, BiJJHOBJICHHS, OLIHII
SIKOCTi, CTHCHEHHs 300pakeHb, MOy, 3MEHIICHHS LIyMy, HOpMali3alii, BUJQJICHHS O3HAK, MOPIBHAHO KOXY paiayXHOI
00O0IIOHKY, IOIIYKY B 0a3l JaHMX BEJIMKOrO PO3Mipy, HPHKIAJHUM acleKTaM, OLIHII, INPOLYKTUBHOCTI B Pi3HHUX yMOBax i
6araTopa3oBOro BUKOPHCTaHHs 0iOMETpil B aCleKTi PO3BUTKY PO3Mi3HaBaHHS PalyXHHUX OOOJIOHOK B JEKIIBKOX aKTHBHHX
HamnpsiMKax JociimkeHb. CrpasxHii MaTepiall sBiisie cOO0I0 OCHOBY PO3Mi3HABAHHA paiiyHOI OOOJIOHKH 1 OIS Cy4acHHX
METO/IIB B PI3HUX 00JIaCTSIX.

Karw4dosi cioBa: paiinyxHa o0on0HKa JIIOAUHY; OioMeTpis; Oe3neKy; ayreHTHGIKallis; po3Mi3HaBaHHs paiiLyxHOI
00OIIOHKH.

KonnenryanbHblii anaims3
CHCTEM PACIIO3HABAHUSA PALY;KHOI 000JI10YKH IJ1a3a

Awmnn Canmux Moxammen, CapaBana banaiin b., XuBa A6mynkapum Masioyn

AnHoTanusa. buomerpus — 510 HamexHas wu3MepuMas ¢usmdeckas (yHKOWs, Kak IMaponb. buomerpmyeckas
CTPYKTYpa aBTOMATHYECKH NPEJOCTABISCT MICHTHYHOCTh JIMYHOCTH YEIOBEKAa Ha OCHOBE €r0 YHHKAJIBHBIX OCOOCHHOCTEH.
PacrioznaBanue paxy:KHOW 00OJIOUKH — OJMH N3 (PU3HNOIIOTHIECKHX CIIOCOOOB, MCIOIB3YEMBIX ISl MACHTH(UKALIN YelIoBeKa
B TPYIIIE, U SBIISETCS OJHOW M3 TOYHBIX OMOMETPHYECKHX CHCTEM. B 3TOl cTaThe KpaTKO paccMaTpUBAIOTCS UCCIIEIOBAHMS,
MIPOBE/ICHHBIE paHee, KacaTelIbHO CHUCTEMbI PACIIO3HABAHUS PAIy>KHOW OOOJIOYKH, €€ NPEenMYyLIeCTBaX W HCIIOIb30BAHHU B
obyact MH(OPMAIMOHHBIX TEXHOJIOTHMH M Oe3omacHocTH. VIcrmonmp3oBaHWe HEIOPOroro OOOPYIOBAHUS MOXET IOMOYb
pacrno3HaBaTh paay)KHYIO 000JI0UKY B COOTBETCTBUH C JPYTUMH CTAaHIAPTAMH B KOHTEKCTE O€30I1acHOCTH, TaK KaK TpeOOBaHUs
K Oe3omacHol MISHTU(HUKALNH [TOCTOSHHO MeHstoTcs. Tak, pamgyxHas o00JIoOuKa Ii1a3a 4eoBeka JaeT ()eHOMEHANIbHYIO0 0a3y
Uil uAeHTHUKauu. B mocnemHue ropbl ObLIM IOMYYEHBI PE3yNbTaThl, OTHOCSINMECS K IOJMYYEHHIO, BOCCTAHOBIICHUIO,
OLICHKE KauecTBa, CXKATHIO W300paKeHWH, [EJICHUIO, YMEHBIICHUIO IIyMa, HOPMAaJIM3alM{, YIAJICHHIO HPU3HAKOB,
COIOCTABJICHHIO KOZIA PaIy)KHOH O0OJIOYKH, ITOMCKY B 0a3e JaHHBIX OOJBLIOrO pa3Mmepa, NMPUKIAJHBIM aCIeKTaM, OLEHKE,
MIPOU3BOAUTEILHOCTH B Pa3JIMYHBIX YCJIOBHSX W MHOIOKPATHOMY HCIONB30BAaHMIO OHWOMETPHM B aCIIEKTE€ pPa3BUTHS
pacno3HaBaHHsl Pagy)KHBIX 00O0JIOYEK B HECKOIBKMX AaKTHUBHBIX HallpaBJICHHWSIX HcciepoBaHui. Hacrosmmit marepuan
IpeJICTaBiIAeT cOO0 OCHOBY PacHO3HABAHMS PAJlyXHOH 0007I0UKH 1 0030p COBPEMEHHBIX METOJ0B B Pa3JIMYHbIX 00/IaCTsIX.

KnaodyeBble caoBa: panykHas 000JIOYKA YeJIOBEKa; OMOMETpPUS; 0€30MaCHOCTb; ayTeHTH(HKALWS; Paclo3HaBaHUE
PamyKHOI 0DOJIOUKH.
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Harmionansawmii aBiamiinuii yHiBepcutet, Kuis, Ykpaina

®OPMYBAHHA ITEPEJIIKY KPUTUYHUX ABIA}IIﬂHHX TH®OPMAIIMHUX
CUCTEM B YMOBAX PEAJIIBALII KIGEP3AI'PO3

Anorauis. IIpeamer crarTi — Meroau, MoJeNi Ta METOAMKH (GOpPMYBaHHS HepeiKy 00’ €KTiB KpUTUYHOI iHpopMaiii-
Hoi iHppacTpykTypH (KII). MeTa manoi craTTi — Ha 0CHOBI po3poOieHol yHi(iKOBaHOI Mozl JaHUX copmyBaTH repe-
JIK KpUTHYHUX aBiauiiinux indopmaniiinux cucrem (KAIC) i Bu3Ha4nTH iX METPHKH 3B SI3HOCTI Ta cKkiagHocTi. Pe3yibTa-
TH. Ha ocHOBI pawninie po3pobieHoi aBropamu yHi(ikoBaHOI MoJeNi JaHUX Oy/I0 CTBOPEHO METOAUKY (hOpMyBaHHS Iepe-
niky 06’exriB KII, sika 3a paxyHOK MyJIbTHPIBHEBOI JeTanizalil, i€paxpidHOro MpeCTABICHH MHOXHUH, 110 XapaKTepHu3y-
I0Th CUCTEMH Ta iX KOMIIOHEHTH, a TAKOK BBEAEHHS Marpuli iHuaeHTHocTi KibepOesnexu KlI, 11 cuMIUIeKCHUX KOMIUIEK-
ciB ta Q-aHami3y, mo3Bommiaa chopmymoBaty nepenik KAIC Ta Bu3HaunTH iX 3B’s3HICTH (CITIBBIIHOMICHHS ¢-3B’SI3KIB
MHOXHH Kibep3arpos3 (K3) Ta KAIC). BucnoBku. IIpoBeneHe oCiDKeHH s [TOKa3ajo, IO BiHOIIEHHS g- 3B’SI3KIB MHOXUH
K3 mae GibIr BUCOKY 3B SI3HICTB y TOPIBHSHHI 3 aHAJIOTIYHIMH BiJTHOIIEHHSIMH ¢-3B’s13KiB MHOMH crcteM KAIC, a 1ie cBigunth
1o peasizawii onHiei K3 Moxe iHiLitoBaTH KackagHuii eeKT Ha iHIIi 3B’s13aHi 3arpo31 Ta MPU3BECTH /10 BAXKKHX, a 1HOJ 1 py#HHi-
BHUX HaciiakiB juist neBHoi cucremu KAIC. Kpim Toro, o0unciieni Mipy CKIIagHOCTi KOMIDIEKCIB Q475 = 1,39 Ta @ryrpars = 1,13
cBituaTh npo OubIy «cKtamHicTh» cucteM KAIC. 3a3HaueHi pe3yabTaTH MOKYTh OyTH BUKOPHCTaHI BiJIIOBIIHUMHU JeprKa-
BHUMM OpraHamu 11t popMyBaHHs nepeniky 00’ extis KII 3 MeToro 3acTocyBaHHs aleKBaTHUX METOJIB 1 3ac00iB 3aXHUCTY.

Kar4dosi cnoBa: xpuruuna iHppacTpyKkTypa; KpuTHuHa iHopMaliiiHa iHppacTpykTypa; KpUTHYHI aBiauiiHi iHop-

MalliliHi cCHCTeMHU; Kibep3arpo3n; CUMIUIEKCH; MaTPUIS 1HIUICHTHOCTI.

Beryn

CyuacHi TeHAEHII pO3BHUTKY iH(OpMaIiiHO-
komyHikaniitaux Texnomnorii (IKT) cnipuunbmnm dpeno-
MEHaJbHY 3aJIeXKHICTh CYCIIJIbCTBA BiJ MOCTYT, SIKi Ha-
JIAIOTh pi3HOMaHITHI rany3i iHdpacTpykrypu. ChoromHi
SIKICTh Ta JIOCTYITHICTh TAKHX MOCIYT € OJHUMU 3 TOJIO-
BHUX NOKa3HUKIB PO3BHUTKY iHQPACTPYKTYpH JEpiKaBH,
a 3a0e3MeueHHs iX 3aXHUCTy Ta CTaOILHOTO (QYHKIIIOHY-
BaHHS € HaWBaXJIUBILIOI 1 000B’S3KOBOIO CKIIAZ0BOIO
HAIlIOHAIBHOI OE3IeKN PO3BUHEHHX AepiKaB. 301IbIlIeH-
HS KOHIICHTpAIIii 3aC00IB Ta PeCypcCiB ISl 3aXHCTY elie-
KTPOHHUX 1H(QPACTPYKTYp Pi3HUX THUIIB 3YMOBHJIO He-
OOXiZHICTh paH)XyBaHHs 1HQPACTPYKTYpHUX OO’ €KTIB,
BUIJICHHS] HaWBaXKJIMBILIMX 3 HUX Ta MOSBH TOHATTS
kputuuHa iHppactpykrypa (KI) nepxau. 3a3Bu4ai, 10
uiei kateropii BiZHOCSATH €HEPreTUYHI Ta TPAHCIIOPTHI
MaricTpaibHi Mepexi, Ha)TO- Ta ra30MPOBOIU, MOPCHKI
MOPTH, KaHaJM WIBUAKICHOIO Ta YpPSIOBOrO 3B'S3KY,
CHCTEMH IKHTT€3a0E3MEUeHHs] MEramolliciB, BHCOKO-
TEXHOJIOTI4HI MiJIPUEMCTBA Ta ITiJIPHEMCTBA BiHCHKO-
BO-TIPOMUCIIOBOTO KOMIUIEKCY, @ TaKOX IIEHTpallbHi
opranu Biamu. OcobnmBoi yBarum morpeOye aBiamiliHa
rajy3b, 3 OIJIsiIy Ha HeoOXiHICTh 3a0e3IeueHHs Oe3re-
pepBHOI KOMYHIKaIIlii Ta B3a€MOJIl Mi>kK HA3EMHUMH CHC-
TEMaMH 1 MOBITPSIHUMH cyaHaMu. Tomy, mepuiodepro-
BUM aCIIeKTOM CTa€ BH3HA4YEHHS 00 €KTiB, SIKi € KPUTH-
YHUMH JUIS 3a0e3MedYeHHs X MOCTIHHOro (YHKINOHY-
BaHHA. [Ipore, HeoOMexeHa KUIBKICTh 00'€KTIB 1 mapa-
METpIB CHCTEM, sIKi IOCTIHHO BapilOIOTHCS, Ta BAXKKO
MIPOTHO30BaHa TOBENiHKAa 00'€KTIB 3 BEJIUKOIO KiJIbKic-
TIO B32€MO3B’SI3KiB € OCHOBHMMH TNPUYWHAMHU TPYIHO-
i BusiBiicHHs 00’ ekTiB KI nepskaBu.

1. AHaJji3 icCHyIOYHX T0CTiIKEHb

Bbazosum kommonentoMm Kl € indopmariiitHa ckia-
JIoBa — KpuTHYHA iH(popManiiiHa iHppacTpykrypa (KII).
OcHoBuuMmE TpuunHamu BaxkiuBocTi KII € mmpoke
3actocyBanHs IKT y Bcix chepax JqronChKOI AisTIBHOCTI,

3aJIOKHICTh BiJl HUX TPOMaJIsiH, CYCITJIbCTBA 1 JIepiKaBH,
a Tako)XK 30UTBIIEHHS Ypa3JIMBOCTEH Ta IMOTEHIIIHMX
3arpo3 pizHoro xapaxrepy. KpiMm Toro, B Ieskux aepixa-
Bax 0COOJIMBUI aKIEHT CTaBUThCS Ha 3HadeHHS Kl mis
Haii, HaBiTh came Bu3HaueHHs KII BxuBaeThCs SIK KpH-
TUYHA HalliOHaJbHA iH(pOpMaIliiiHa iHPpacTpyKTypa.
AHaJti3 BITYM3HIHOT HOPMATHUBHOI Oa3W CBIITYMTH,
o ranyss 3axucry KII y Hamiii nepxaBi nepeOyBae Ha
MOYaTKOBOMY eTami (opMyBaHHs. UMHHHM 3aKOHO/AB-
CTBOM JIOCI HE BH3HA4YEHHH BHUYEPIIHUH MepertiK
00’extiB KII nepxaBwu, a Bka3aHi JIUII 00’ €KTH OKPEMHUX
ranyseii [1-3], mo morpe0OyroTh 3aXUCTy 3 OOKY JepiKa-
BU: TiJIPUEMCTBA, SIKI MalOTh CTpaTeriyHe 3HAYECHHS
JUIsS EKOHOMIKHM Ta O€3IeKU JepiKaBH; OCOOJIMBO BaXKIIH-
Bi O0’€KTH EJICKTPOCHEPIETUKH, OCOOJHUBO BaKJIMBI
00’exTi HaTOra3oBoi TaNy3i; BaXJIMBI JEpiKaBHI
00’€KTH, Yy TOMY YHMCII TYHKTH YIPaBJiHHS OpraHiB
JIep>)KaBHOI BJIaJM Ta OpPraHiB MiCLUEBOr0 CaMOBPSIY-
BaHHS; 00’€KTH MOMJIMBUX TEPOPUCTUYHUX MOCSTaHb;
00’€KTH, SKI MiIJISAraloTh OXOpPOHI 1 000OPOHI B yMOBax
HAJ3BUYAWHUX CHUTyalid 1 B OCOOJMBHMI Iepiox;
00’€KTH, MO IiUIral0Th OOOB’SI3KOBIH OXOpPOHI IIiJI-
pozainamu Jlep»xaBHOI CITy)KOM OXOpPOHH 3a JIOroBOpa-
MH; 00’ekTH miaBuieHOI HebOesneku (B T.4. [lepernik
0COOJIMBO HEOE3NMEYHUX IMANPUEMCTB, TPUIUHEHHS
IUSUTBHOCTI SIKUX IOTpeOye TNpOBENEHHS CHEeliabHUX
3axO0JIiB MIOJO 3aro0iraHHsl 3amo/IisTHHIO IIKOIH YKUTTIO
Ta 3JI0POB’I0 TPOMAaJsSH, MaiiHy, copyJaM, HaBKOJIUIII-
HBOMY TIPHUPOJAHOMY CEpENOBHUINY; 00’ €KTH, SIKI BKIIIO-
YeHi 710 Jlep)KaBHOTO peecTpy MOTSHIIIHHO HeOe3MeUHNX
00’€KTiB; pamiamiifHo HeOE3MeYHi 00’€KTH, I SKUX
PpO3po0IIsIEThCS 00’ €KTOBA MPOEKTHA 3arpo3a; 00’€KTH,
SKi BiTHECEHI JO KaTeropiii 3 LUBIIBHOTO 3aXHCTY;
00’€KTH, 10 HaJexaTh Cy0’€KTaM TOCIOJapIOBaHHS,
MIPOEKTYBAHHS SKUX 3/IHCHIOETBCS 3 ypaxyBaHHSM BU-
MOTI' 1H)KEHEPHO-TEXHIYHUX 3aXOJiB IHBUIHLHOIO 3aXHC-
Ty; 4eproBO-AUCIETYEPChKa CUCTEMa EKCTPEHOi OMo-
MOT'H HACEJIEHHIO 332 €JUHUM OEe3KOIITOBHUM Telle(hOH-
HUM HOMEPOM BUKIIMKY €KCTpPEHUX ciIyx0 112; aBapiii-
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HO-pATYBaJIbHI CcyxOu; HamionanpHa cuctema KoH(i-
JIEHIIIHOrO0 3B 3Ky; IUIATDKHI CHUCTEMH; HEpyXoMi
00’€KTH KyJIBTYPHOI CTIaAIIHHH.

AHaJti3 KpUTEPIiB 3a AKUMHU MOKJIUBO BUAUTUTH YK
inentudikyBatu o6’ektu KII OyB mpoBenenwii y [4].
BcraHoBieHo, 10 OfiHI 3 MepHuX KpUTepiiB ineHTudi-
kanii KI 0ynu Bkazani B Jupextusi €C [5]. BiamosimHo
IO sIKOI, KOKHA JIepKaBa MOBUHHA 1CHTU(IKYBAaTH IO~
tenmiiai KI, gxi BiAmoBigaroTL BUMOraM JIBOX OCHOB-
HUX TPYI KPUTEPIiB — MIXKray3eBuX 1 ramy3eBux. Mix-
raiy3eBi KpuTepil MOBUHHI BKIItoUaTH B cede: 1) kpuTe-
pii BTpatu (OLIHIOIOTHCS 3 TOYKH 30pYy MOTEHIIHHOTO
yyciaa 3aru0nux abo TpaBMOBaHUX); 2) KpPHUTEpii eKo-
HOMIYHHMX HACJTiIKIB (OILIHIOIOTHECA 3 TOYKHA 30pY 3Ha-
YYIIOCTI €KOHOMIYHHUX BTpaT Ta / abo merpaaamii mpo-
JIYKTIB 1 TIOCNYT, BKJIFOYAIOYM IMOTCHININAHI E€KOJOTiYHI
HacJiaKkn); 3) KpuTepii BILIUBY Ha TPOMaJICHKIiCTh (OIi-
HIOIOTBCSL 3 TOYKU 30pY BIUIMBY Ha CYCHUIBHY HOBIpY,
¢Gi3u4HI CTpaKAaHHS 1 IOPYIIEHHS ITOBCSKIEHHOTO
KHUTTS, BKJIIOYAIOYM BTpaATy BaXJIHMBUX mociyr). [amy-
3eBi KpuTepil MOBHHHI BpPaxOBYBAaTH XapaKTEPHCTHKH
okpemux cekropiB KI. BoHu BH3Ha4aroTh XapakTepHi
pucu abo QyHkuii 00’ €KTiB, BKIFOUEHUX /10 00’ €kTiB KI.

VY CUIA, 3rigso [6], npuitasto noainara KI Ha Ti,
110 MOB’s13aHi 3 MDKHAPOJAHUMH OpraHi3auismMu (00’ €KTH
€HEpreTHKH, TPaHCHOPT, OaHKIBChKO-(hiHAHCOBA CHCTE-
Ma, TEIEKOMYHIKalli) i Ti, SiKi 3 HUIMHU He TIOB’si3aHi (Ha-
MIPUKIIAJI, BOJIONIOCTAYaHHS, CITY>)KOHM MOPATYHKY, Aepia-
BHe ympasiinHs). Bignosigno 1o [4], 06’ektu KI nogi-
JISIFOTBCS 32 KaTeropisiMM HACHIJKIB Ha Pi3HI HAIPSIMH Ta
CEKTOPH: €KOHOMiKa, (piHaHCH, HAaBKOJIHMILIHE CEPEIOBHU-
e, 3I0pOB’S 1 Oe3leka, TEXHOJOTIYHE CEepPEeIOBHIIE,
TPHUBAJICTh BIUTUBY. TakoX KPUTHYHICTH MOXe OyTh
OMMcaHa TpPbOMa 3arajiIbHUMHU XapaKTepuCcTUKamMH [7]:
KPUTUYHA YaCTKa, KPUTHYHUI Yac Ta KPUTUYHA SIKiCTb.

B VkpaiHi €1uHUM TiepeikoM KpUTEpiiB, sSKi MO-
XKyTb OyTH BUKOpHCTaHi /s inentudikanii 06’ extiB KII
€ 3aTBep/DKeHNH y [8] mepernik HeraTMBHUX HACHIJIKIB, 10
SKHX MOXE MNpHU3BECTH Kibeparaka Ha iH(popMaliifHo-
tenexkomyHikamiiHy cucremy (ITC), 10 SKMX HAIEKUTH:
1) BUHUKHEHHS HaJ3BMYAalHOI CUTYyalil TEXHOT€HHOTO
XapakTepy Ta/ab0 HeraTHBHUH BIUIMB Ha CTaH €KOJIOTid-
HOI Oe3reku JepkaBH (PerioHy); 2) HEraTHBHHUH BIUIUB
Ha CTaH €HEePreTHYHOI OE3MeKH NepKaBH; 3) HEraTUBHHUN
BIUIMB Ha CTaH €KOHOMIYHOI Oe3IeKu Nep)kaBu; 4) Hera-
THUBHUH BIUTUB Ha CTaH 00OPOHO3IATHOCTI, 3a0€3IeUeHHS
HAIllOHAJIbHOI O€3MeKH Ta MPaBOIOPSIOKY Y JepiKasi;
5) HeraTUBHUWI BIUIMB HAa CHCTEMY YIpaBIIiHHS Aepika-
BOIO; 6) HEraTWBHHUH BIUTMB Ha CYCITIJIBHO-TIONITUYHY
CUTYyallif0 B JEprkaBi, 7) HETaTMBHUW BIUIMB Ha iMiIDK
Jiep>kaBy; 8) TOPYIIEHHS CTaloro (yHKIIOHYBaHHs (]i-
HAHCOBOI CHCTEMHU JiepKaBH; 9) IOPYIIEHHS CTajoro
(G YHKITIOHYBaHHS TPAHCIIOPTHOI iHQPACTPYKTYpHU JeprKa-
Bu; 10) mopymeHHs cranoro (yHKIioOHYBaHHS iHpopma-
wiiiHOi Ta/abo TEeNeKOMYHIKaIHHOI 1H(ppPaCTPYKTYpH
JIepKaBH, B TOMY YHCHI il B3a€MOJIii 3 BiAMOBITHUMH 1H-
(dpacTpyKTypamMH iHIIHX JIepIKaB.

[Murannsmu 3axucry KII nepkaBu 3aiimMaroTeest Taki
BITYM3HSHI Ta 3aKOPJIOHHI BueHi: X. Aibkapac, [1. Biprokos,
J. Bbobpo, O. I'pircami3, O. [loBrans, €. E€rmceepa,
A. KonnpateeB, M. Mepa6ti, JI. Pomano, X. Csrepiiic,
1. ®osiHo, B. Xapuenko ta iH. [Ipore nepeBakHa OLIBIIICTH

JIOCITIJDKEHb HE € CUCTEMHHMU: 3/I€OLTBIIION0 BOHU OPIEHTO-
BaHi Ha pO3pOOKY i 3aCTOCYBaHHsI [IPEBEHTUBHHUX Ta KOHTP-
3axomiB s 3axucty okpemux 00’ektiB KI um KII; mano
yBaru TPUAULIETBCS MeEXaHi3MaM (OpPMYBaHHS TEpeiKy
KII nepkaBu, a BiIOMi METOIM H METOAMKH (3TiTHO MiKHA-
POIHUX CTaHIAPTIB T4 PEKOMEHOBAHHUX IPAKTHUK), SIKi HE €
(opMasTizoBaHNMH, IO YCKJIAJHIOE X 3aCTOCYBaHHS Ha
3arajbHOZIEP)KaBHOMY PiBHI, 30KpeMa B aBialliiiHii ramysi. 3
OIVISITY Ha 1€ MeTa POOOTH — Ha OCHOBI p0o3p0o0iIeHOT yHi(i-
KOBAaHOI MoOZENi JaHuX c(OpMyBaTH MEpeNiK KPUTHYHHIX
aBianiitanx iHopmargitaix crucreMm (KAIC) Ta Bu3HaumnTH
X METPUKH 3B’SI3HOCTI Ta CKIIAHOCTI.

2. OcHOBHA YaCTHHA JOCTITKEHHA

Cepen ramyszeit KI ocobnuBoro 3axucry morpedye
aBialliiiHa rany3b JCpXKaBH, NIC BIMOBIAHO 10 KEPIBHUX
JIOKYMeHTIB (30kpema [9, 10]), HeoOXinHo ineHTHdiKyBaTH
1 3axumiatd KAIC. Amke oueBHIHO, 10 HECAHKI[IOHOBAHE
BTpy4aHHs1 y pooory KAIC Moxe npu3BecTH O 3HAYHHX
€KOHOMIYHUX 30WTKIB, JIFOJCHKHX JKEPTB 1 pyHHYBaHHS
3arajibHOZIepKaBHOI iH(pacTpykTypu. Ilpore, xomeH i3
kepiBHuX fgokyMeHTiB ICAO un ECAC mono 3a0e3nedeH-
HS 3aXHCTy MDKHApOIHOI IUBUIBHOI aBiallii HE MICTHTh
niopauii niepertik KAIC, 1o ycknamHioe po3po0Ky edexr-
BHUX MetofiB 3axucty KAIC Bix pizHoro pomy kidepsar-
po3. 3BakarouM Ha I1ie, Oyia po3podiieHa yHi(ikoBaHa MO-
nienb JaHux st popmyBanHst niepeniky 00 extiB KII nep-
xas [11-16]. BianoigHo /10 SIKOi, TOBHA MHOXKHMHA KaTe-
ropiii cucrem KII y neBHiii ramysi S Moxe Oyt npencra-
BJICHA SIK:

s:{U;si}={s1,s2,...,sn}, (1)

ae S; =S (= I,_n) — Kareropii CHCTeM B NEBHIH rairy3i
KI, n —3aranbpHa KilbKiCTh KaTETOPii CUCTEM.

MHoxuHa KaTeropii S; Moxke OyTH HpezcTaBie-
Ha Y BUTJISIII MHOXXHHH CHCTEM:

S, ={U_r7=1 Sii} ={ il’sﬂ"“’sl””f}’ @

ne Sl_-l- cS; (i=Ln,j=1,m;) — cucremn i -oi KaTero-
pii, m; — KiTbKIiCTh CHCTEM i -X KaTeropii.
MHOXXHHa CUCTEM Sl-l- MOJKe OyTH MPECTaBIICHA Y

BUIJISAA] MHOKUHY IT1ICUCTEM:

S ={ e Sl.'ik} =SSy S ). O

)
ae Sy <8 (i=1,—n,j=1,ml-,k=1,rl_-,-) — MHOXHHA

MJICUCTEM CUCTEMU Sl-l-, 7;;— KUIBKICTb MiJCHCTEM i -1

i
CHUCTEMH.
MHOXHHa HiACHCTEM CHCTeMHU Sy MOke OyTu

MIPEJCTABIICHA Y BUTJISAAL I IMHOKHUHH ITiICHCTEM:
_ Vijk _
Sijk = {U s Sl.'ikp} = {Sz:ikl s Sijk2 s+ Siikvy } )

Sl]kp gsl/k (l=1,n,]=1,ml,k=1,l’il, pzlsvl/k) -

MMAMHOXHHA IT1JICUCTEM Sijka Viix — KUIBKICTH MiaM-

J
HOXXUH #jk-01 TiJICHCTEMH.
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V 3aie)XHOCTI BiJl MOKIMBOCTEN Jeraiisalii Kare-

ropiii ramy3i KII miaMHOXHMHA miacucTeM Sijkp MOKE

OyTH TaKoX MPEACTABIICHA Y BUIIISI MMAMHOXKHH 3 TIOT-
nrONIeHUM piBHeM fetaiizanii. ToMy icHye HEOOXiHICTh
MIPE/ICTABJICHHS TIOBHOI MHOXXHHHU KaTeropidi CHUCTeM y
ramy3i KII S y 3aranbHOMY BUDJIS/I TAKMM YHHOM:

_ ) ) 741309 yeeesi -1
S= Ui]=l Ui2=1{"{Ui,=1 Sil>i2’~~~’il}} - (9

(il =1,n0, i2 =1,7’l-

ne Si] ,i2,...,i[ gS n

iij=Ln ) — piBHI jerami3alii Karteropiii cucrem

05105005l
S, | — KUIBKICTh PiBHIB J€TaNTi3allii KaTEropii CHCTEM.
Jlnist BU3HAaYeHHSI 3B’I3HOCTI OTPUMAHHUX 32 JIOTIOMO-
TOI0 YHI(hiKOBaHOI MOIEi JaHUX copmyeMo 3rimHo [17]
MATPHIO IHIUAEHTHOCTI A (6), ska U1 BH3HAYCHOI
mHOoxuHN cucteM KAIC (oOpaHoro piBHsI aeranizarii)
m —_
Y={Y}={N.%...Y,}, e ;<Y (i=lm), ne
i=1
m — 3arajibHa KUTbKICTh CUCTEM, Ta MHOXXHHH KiOep3arpo3
(K3) 06’exram KI neprxasu

Xz{szlX}={X1,X2,...,Xn},

e X; =X (J =1,_n) , Ie n — 3araipHa Kinbkicth K3
BiZloOparkae BiIHOIICHHS BIUIMBY A . MaTpuIld iHIMICHT-

HOCTI BU3HAYa€ BiJHOMICHHA A = (kl-l- ), 110 XapaKTepu3ye

MOXJIHBICTH TIeBHOT K3 X j BIUIMHYTH Ha NICBHY CHCTEMY
KAIC ¥; (e Ay =1, mano (¥, X,)el, 1 A; =0,

SAKILO (Yl-,Xj)eEl).

a=(ny )(i=17n,_,-:m> ’ ©)

ITCIIST 4Or0 MOXJIMBO C(OPMYBATH MHOXKHHHU BEPILUH
KOMIUIEKCY, IO XapaKTepHU3YIOTh MNEpeNiK MOKIHBUX

K3 s neBHoi cucremu Ky (X ;k) , Ta TIEPEITiK CUCTEM,

Ha AKi MOXe BIUIMHYTh neBHa K3 Ky (Y;k_l). ITpu

HEOoOX1THOCTI PO3TJISLY KOMILIEKC Y HiJIOMY, JIOLLIEHO
BUKOPHCTaTH TOHSTTS JIaHIOra 3B’sI3KYy, SKHH BiJO-
Opakae TOH (pakT, IO JBa CUMIUIEKCH MOXKYTh 1 HE Ma-
TH CIIJIBHOI TPaHi, ajie MOXKYTh OyTH 3B’sI3aHi 3a JOIO-
MOT'OI0 TTOCJTIZIOBHOCTI MPOMIXHUX CHUMIUIEKCIB. CUMII-
JIeKUiHHAN KOMIUIEKC — IIe MaTeMaTHYHE y3araJlbHEHHs
MOHATTSI TUTAHAPHOTO Tpada, mo BigoOpakae GaratoMi-
pHy npupoay OiHapHOro BimHomieHHs cucTemu. Ocki-
JIBKM CUMIUIEKIIHHIHA KOMIUIEKC € MHOKUHOIO CHUMILIe-
KCiB, 3’€QHaHUX MiX CODOOI0 3a IOIIOMOIOI0 CHIIBLHUX
rpaHeil, To 3a XapaKTEpPUCTUKY 3B’SI3Ky MOXKHa OpaTu
BEJMYMHY T'paHi, CIIBHOI IS IBOX cUMILIEKCiB. OTxe,
KOO0 MHOKMHA Y Ta X MarloTh m 1 n €JIEeMEHTIB
BIMIOBITHO, TO MAaTpUIll A € MaTPHUICI0 PO3MIPOM
(mxn), sika CKIaKa€TECA 3 HYJIB Ta OAMHUIE. Jl06yTOK

AA" — e umcro, mo cToitk Ha Mici (i, j) Ta € ckans-

pHHUM J100YTKOM psiAKiB i Ta j MaTpuni A. BoHo mopis-

HIOE YHCITy OJMHHMIIb, 110 3HAXOAATHCS HA OJHUX 1 THX
caMMX MICISIX y psKax [ Ta j MaTpuii A 1 BiAmnosi-

JIa€ 3HAYEHHIO (q+1), Je ¢ — PO3MIpPHICTh CHIBHOT

TapHi CUMIUIEKCIB G, 1 G, , 33laHUX PAAKAMH [ Ta j .

p
Taxum YHUHOM, JIA 3HAXOKCHHA ¢ - CITIJILHHAX rpaHeﬁ

yeix nap Y -cumiiexcis y Ky (X;A) HeoOXimHO: ckia-
cru marpumo AAT posmipom (mxm); ouinuTh
AAT—Q, e Q:(oalj), a o =1 s i,jzl,_m. i
Yuciia Ha JiaroHajli MaTpUIlli € PO3MIPHOCTSMHU CHUM-

wiekciB Y, a Q -aHami3 3OiHCHIOETHCS MEPEBiIPKOIO
IHIIMX KOMOIHAIIM CTOBITYMKIB Ta PSAAKIB. AHANI3 s

Ky (Y ;k‘l) BUKOHYETHCS 3a JIOIOMOIOIO CKJIaJECHHS

vatpuni ATA-Q', e Q' — marpuus posmipom
(nxn), mo cknanaerses 3 omuuuupb. Llini uncma Ha

JliaroHalli MaTpHUI TaKOX € PO3MIPHOCTSIMUA CHMILIEKCIB
X, a Q- aHanmi3 3IiHCHIOEThCS TEPEBIPKOIO 1HIINX

KOMOIHaIiil CTOBMYMKIB Ta psakiB. KinbkicTh pi3HHX
¢ - 3B’SI3HUX KOMOIiHAIli KOMIUIeKCY K MO3HAYaEThCS

depes umncno O, a ix VIIOPSIIKOBaHI B IOPSIIKY CIa-

JIAaHHSl 3HAYEHHS € MEPUIMM CTPYKTYPHHM BEKTOPOM
KOMIUIEKCY. 3a JIOIOMOrOI0 CTPYKTYPHOTO BEKTOpPY
srigHo [17] Ta Bupazy

00 =2 T, (40 | (v + 1y +2).

MOXXHa OTPUMATH 1 MOPIBHATH MIipy CKIaIHOCTI KOM-
TUIEKCIB.

Ha ocHOBI 3amportoHOBaHOI yHi(ikoBaHOI Moei
naHux Ta 3rigHo [18] crBopeHo metoauky (puc. 1), ska
no3Bosisie popmyBaTu nepenik 00’ektie KII meBHoi ra-
Jy3i Ta Ha 3arajbHOJIEP)KaBHOMY PiBHI.

Kpok 1. BusHaueHHs kaTeropiii cicrem nesnoi raysi KII un B3arajai

<

Kpoxk 2. Bu3HaueHHS cHCTeM Ta miacucTeM mesHoi ramysi KII un nep:raBu B3araai

i —
S; :{Usi/}:{sil’siZ""’si:ni}’ S =8 (i=Ln, j=1,m).
J=1
Tij _ _
Sy =tU S} = {SUI’SUZ""’SU’U}’ Sige <Sips (1=l j =Ly, kb =1ry).
P
Vi _ .
Sy =1U Sy} :{ng,sgkz,---,sgkvw } Sijkp S Sijies (1 =Ln, j=1m;, k=11, p=Lvy).
P

~>

Kpok 3. ®opmyBaHHsa nepeiky 00’ extiB raxysi KII uu nep:asu B3araJi
¥ 3arabHOMY BHIVISTI

my M e

0 _ _
s={U Jet U Sivigniy s Sy, €S G =Yong, iy =Lom s i =11y, 00,0001).

i=l =l =l

Kpok 4. IToGynoBa MATPHIb iHIHIEHTHOCTI T2 BH3HAYEHHS 3B’ A3HOCTI CHCTEM
neBHoi rauysi KII ta K3

N
A= (xij )(,-:@)V HK)= 2{2([+1)Q‘}/(N+1)(N+2).

(=Lm). i=0

Puc. 1. Meronuka popmyBanHs nepeniky o0’ exris ramysi KII

MeroauKa CKIIQIa€ThCs 3 HACTYITHUX KPOKIB:
1) BusHaueHHs KaTeropiii cCHCTeM MNEBHOI raysi
KII 4u nep>xaBu B3arauni 3rigHo (1);
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2) BusHaueHHs CHCTEM Ta IMiICKCTeM 3TiaHO (2)-(4);

3) ®opmyBanHs nepeniky 00’ektiB ramysi KII yu
Jiep KaBy B3arajli y 3araJiHOMY BUTJIsIII Ha OCHOBI (5);

4) TobynoBa MaTpuIlb IHIMICHTHOCTI Ta BH3HA-
YeHHs 3B’s13HOCTI cucteM neBHOI ramysi KII ta K3 3ria-
HO (6).

3. ExkcnepuMeHTAIbHE TOCTITIZKEHHS

BiamoBinHO 3amponoOHOBAaHOI METOAMKH, PO3TIIsi-
HeMo npuKiaa GopmyBaHHs nepeniky o0’ extiB KII mis
aBiariiHoi ramy3i (Ha ocHoBi cuctremu KAIC) 3rigHo
[19], mpu n=3 3 ypaxyBauusMm (1), BU3HAYMMO MHO-
KHUHY KaTeropiii CHCTEM TaKUM YHHOM:

Skais = {U; Si} =1{81.8,.83} ={S1540:Spsps:Sisaa}

ae S; =S;540 — MHOXHUHA iHoOpMaLiiHUX cHcTeM
aepoHaBiralifHOro oOCIyroByBaHHs; S, =Spepg —
MHO)XKUHAa OOpTOBHX iH(OpPMAaLiHHUX CHUCTEM MOBITpS-
HHMX cyleH; Sz =S¢y — MHOXHHA iH(bOpMaIiHHUX
CHCTEM aBiaKOMITaHil Ta aeponopTiB 3rigHO [19].

Jlis MHOXXUHU KaTeropid Sy, mpu n=1, m =5 3
BUKOPHCTaHHIM (2), TpEACTaBUMO MHOXXHHY CHCTEM
TaKUM YHHOM:

5
S; =Sis40 = {Uj=l Slj} ={81.1,81.2:513:51.4,815} =

={S54£:SrzzP-Sssp-Ssop-Ssmz |
ae Sy =Sgur CHCTEMH aBIaIlifHOTO eJIeKTpo-
3B’S13KY; Sy, =Spzzp — pasioHaBiramiiini zacobu 3a-

Oe3IeueHHs MONbOTIB; S13 =Sggp — CUCTEMH CIIOCTE-

pexenHs; S;4=Sgop — cucTeMu OOpOOKH HaHUX;
Si5=Sgyz — cuUCTEeMH METEOpOJIOTiyHOro 3abe3me-
yeHHs [19].

AHanoriuHo, Uil MHOXKMHU KaTeropii S,, npu
n=2, my,=7 3 BUKOPUCTaHHAM (2), IpeICTaBUMO
MHO)KUHY CUCTEM TaKUM YHHOM:

7
Sy =Spsps = {szl Slj} =

={521-522.823.824.825.826.827} =

={Ssps:Sszr:Snavs-Ssspz-Sosr-Ssvr-Sapsk |
ge S, =Sgps — cHCTeMa TIOBITPSHHX CHTHAJIB;
S, =Sgyy — cucremu 3B’s3Ky; S;3 =Syays — HaBi-
rauiiHi cucteMu; S, 4 =Sggpz — CHCTEMH CIIOCTEpEKEH-
Hfl Ta MOTIEPEKEHHS 3iTKHEHb; S, 5 =Sngp, — obuncito-
BaJIbHI CHCTEMU JITAKOBOAIHHA; S, ¢ =Sgy — CHCTEMH
BioOpaxeHHs iHpopMaii; S, 7 =S Aggx — aBTOMAaTHYHI
O0pTOBI cucTeMu KepyBaHH [19].
AHasoriuHo, 1JIsl MHOXUHH KaTeropiii S;, mpu

n=3, m3=5 3 BUKOPHCTAaHHAM (2), NpeICTaBUMO

MHOXHWHY CUCTEM TaKUM YMHOM:
5
S3=S/544 ={U,-:1 Slj} =1{83.1,832,533,83.4,835} =

={Scrs-SGps-Sips-Spsp-Spcs }»

ae S| =Scrs — cucTeMa KOMIT IOTEPHOro OpPOHIOBAH-
Hi; S5, =Sgpg — MIo0ankHa cUCTeMa pe3epBYBAHHSA
(6pontoBaHHs); S33 =S;pg — IHTEpHET cucremu Gpo-

nioBaHHs (IDS) abo anpTepHaTHBHI cucTeMU OpPOHIOBaH-
H (ADS); S34 =Spgp — cucTeMa B3a€MOPO3PAXyHKiB;

S35 =Spcg — cucTeMHU yNpaBIliHHA BiANpaBKaMH 3Til-
HO [19].

3a momoMoror yHi(ikoBaHOI MOJIETI JaHUX OYII0
copmosano nepenik 060’extiB KII aBianiitnoi ramysi, y
pe3ynbTaTi yoro (IpH piBHI Aeranizauii / =4 ) BHIJIEHO
3 MHOXKMHM KaTeropii, 17 MHOKHH cucteM, 97 MHOXXUH
macucreM, 125 migcucrem KAIC.

CcopmoBanuii neperik ieHTU(PIKOBAHIX KPHUTHY-
HUX O0’€KTIB OyIb-SKOTO piBHS JeTaiizaiii Moxe OyTH
BUKOPHCTAHUH UIsl aHAJI3y BILIMBY MOXJIHMBUX K3 (s
npukiagy Oyno 00paHO MHOXHHHM CHCTeM S; Ipu

[ =2). IloOynoBaHa, Ha OCHOBI (6), MATPHUILI IHIMICHT-

HOCTI BimHOWEHHA Agyis 7HREATS (PHC.2) Tpu

i=117, j =1,19, xapakrepu3zye MOXJIHBICT meBHOI K3

X ; BIUIMHYTH Ha NIEBHY KAIC Y; . lle Y; — ue BusHaue-

Hi 3a (2) MHOXMHHU CHCTeM S;;, a caMme: }; — cucremMu

ij»
aBiallifHOrO eNeKTPo3B’s3Ky; Y, — pazioHaBirauiiHi
3aco0K 3a0e3MeueHH s MOMIbOTIB; Y3 — CHCTeMH CriocTe-
pexeHHs; Y, — cuctemu oOpoOKu JaHuX; Y5 — cuctemu
METEOpONOTivHOro 3a0e3nedenHs; Y, — cuUCTeMa MOBIT-
PSHMX CHTHAJIB; Y; — cucTeMH 3B’s13Ky; Yy — HaBirariii-
Hi cuCTeMH; Yy — CHCTEMH CIIOCTEPEXEHHs Ta Iomepe-
JDKEHHS 3iTKHEHb; Y| — OOUMCITIOBAJbHI CUCTEMH JiTa-
KOBOJIHHA, }j; — cucremu BinoOpakeHHs iH(pOpMaIi;
Y, — aBromMaTH4Hi OOPTOBi CHCTEMH KepyBaHHS; Y3 —
CHCTEMa KOMII'IOTepHOr0 OpOHIOBaHHS; }j4 — IiobanbHa
cHucTeMa pe3epByBaHHs (OpoHIoBaHHS); Y5 — IHTepHer
cucremu OpontoBanHs (Internet Distribution Systems,
IDS); Yj¢ — cucteMa B3aeMOpO3paxyHKiB; Y7 — cUCTe-

MM yIpaBJIiHHA BiJIpaBKaMH, a BIZNOBLAHO 10 [2]: X| —
apianiiiHi katactpodu; X, — saepHi aBapii; X5 — aBapil
y cucTeMax eHeproza0es3ledyeHHs; X, — BUKHOU HeOes3-
TIEYHHX PEUOBHH; X5 — BiIMOBH cUcTeM; X4 — aBapii Ta
Ha/3BUYaliHI 1Ol 0OyMOBIIeHI HendalicTio, opraHia-
IIHHUMH MOMHJIKaMH; X7 — aBapii Ha 00’€KTax IigBU-

IIeHHOI HebOe3nekH; Xg — MeTeoposoriyHi abo Haa3BU-
YaiiHi ToromHi yMoBH; X — TiApOJOTiuHi 3arposw;
Xjo — celicMmiuHi 3arpo3u; X|; — TeOJOTiYHi 3arpo3H;
X, — remodismuni 3arposu; Xj3 — MOXxexi (mico-
Bi,cTenoBi, TopdsHi); X4 — emigemii Ta maHgemii, ermi-
300Tii, emigirtotii; X5 — Aii Tepopuctis; X, — Aii 3710-
YUHIB Ta JUBEPCAHTIB; X|; — BiMCHKOBI il B yMOBax
BiliHM; X|g — kibepataku Ha ITC; X;9 —3arpo3u QyHk-

LIOHYBaHHSI JIep)KaBHUX OpraHiB BiaJH, 30pOHHUX CHII,
MIPaBOOXOPOHHUX OpPTaHiB Ta CIIELCIYKO.
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1

Puc. 2. Matpuis iHUMIAGHTHOCTI Ag /s THREATS

3rigHo Matpuui iHIMAEHTHOCTI (puc. 2) chopmye-
MO MHOXHHY BEpIUMH KOMIUIeKCiB Ky (X;A), mo xa-

pakTepusyroTh nepenik K3, siki MOXKYTh BIUIMHYTH Ha
neBHy cuctemy KAIC:

Yl)<Xl’XZ’XS’XS’X()’XS’X%XIO’X12’X15’X16’X17’X18>012;
Y) ) <X.X3.X5.X¢. X3, Xg, X10. X|5. X16. X17. X138 > 0103

<X, Xs5.Xq,Xg, X9, X109, X117, X712, X13, X15. X16.X18> O11 5

N

(Y4 < X1, X5, X6, Xg. Xg. X109, X11. X12. X15. X16.X18 > O10 >
( < X1, X3,X5,Xg, X9, X109, X1 1, X2, X13. X15. X16 > O10 >

)
)
)
Y5)< X1, X5, Xy, X5, X8, X9, X0, X1, X12,X13. X16 > O10 >
)
)

Y7 ) <x1.X3, Xy, X5, X, Xy, X, X190, X11, X12, X155 X6
X17.X18.X19 > O14;
(YS)<X1’Xs’Xs’Xe’Xs,X%X]o,X]1,X12,X15,X16’X17’X18>012;
(¥o) <y, X3, X5, X, X7 Xg. Xo., X1 Xp. Xi3. K15 X
X17.418 > 0135
Yo ) < X1, X5, X, X5, X190, X16 > 053
Y1) <X X5, Xy, X5, X6, X5, X9, X190, X15, X17, X13 > Ojq

(Mo)

(Y1)

(Y2) < x1.X5.X3.X5.X7.Xg.Xg > O ;

(%i3) <X, 43, X5, X6, X5, X2, Xi4. X155 X6, 17 X3, X19 > O 5
(M4)

N4 ) <X1,X3,X5, X6, X3, X14, X5, X6, X183, X9 > O9;

(Ns) < X1.X3, X5, X6, X5, X14, X5, X1, Xig > Og;
(Yi6) < X1, X3, X5, X6, X14, X15, X16, X1 > 073
(N7) < Xj. X5 X5, Xy X5, X, Xg, Xo. X3, X135, X4, X5,
X16-X17: X138 X19 > O15-
3rigHo MaTpuui iHIMAEHTHOCTI (puc. 2) chopmye-
MO MHOXHUHY BepIIMH KoMIUIekciB K y (¥ A7, mo

XapaKTepU3yloTh MEpelliK CUCTEMH, Ha SIKI MOXKE BIUIH-
HyTHu neBHa K3:

(Xl)<Yl’Yz’Y3’Y4’Y5’Ye’Y7,Y8’Y9’Y10’Y11’Y12’Y13’Y14’Y15’
6,47 > O6s

Xy) <H.%5.01.05. 07 > Oy

X3)<Yl’Yz’Ye’Y%Ys’Ye,Yn,le,Yls,Ym,Y]s,Yle’Yw > 0123

)

)

Xy)<¥%.17.%7 > Gy;

(
(
(
(XS <H.%.03.%, %, Y%, Y7, 18, Y9, 19, 1, 42, 13- Y4 55
Y6-%7 > Ol6s
(X6)<Yl’Yz’Ys’Y4’Y7’Ys’Y9,Y10’Y11’Y13,Y14,Y15,Y16,Y17> 0135
(X7)<Y9,Y]2> o1,
(X8)<Yl’Yz’Ys’Yz&’Ys’Ye’Y%Ys,Y9’Y10’Y11’Y12’Y13’Y14’Yls’

Y7 > Ops;

v

9)<N.%.73.Y4.75.%.Y7. 8. 9. 1. Y. Y7 > Opy;

0)<Yl,Yz,Ys’YmYs’Ye’Y7,Y8,Y9,Y10,Y11 > Oj05

<130y Y5. %1, )y > O

1

2) <H.13.Y4.¥5.%.17. 3. X9, 3. 17 > Og ;

3)<Y3.05.%.%. Y7 > Oy

4) <MN3.Y4.%5.%6.Y7 > O4;

N o <

o< 2

6) <M.1,15.%.%. Y, Y7, 8, %, Yo, 13, Yia, Y5, 6. 17 > O14 5
17)<1.%.%7,18.%,Y1,Y3,. 17 > O7;

8)<N.1.%3.%4.%7. 8. %9, Y1, 113. Y4, Yi5. Y. Y7 > Op2;

X
X
X

(
(
(
(
(
(
(
(
(
(
(

)

)

)

)
5)<Yl’Yz’Ys’Y4’Ye’Y%Ys,Y9,Y11,Y13’Y14’Y15,Y16,Y17>513§
)

)

)

)

19) <¥7.13.%4. %7 > O3.
JUtsl 3HAXO/UKEHHs ¢ - CIUIBHUX IpaHell ycix map

Y - cummuiekciB y Ky (X;A) chopmyemo MaTpHiio

AAT posmipom (mxm) (puc. 3).

[ ¥, Y Y Y, Ys Y Y7 Y Yo Yo Yu Y Y13 Yis Y5 Yis Y,
| 12 10 9 9 7 8 11 11 11 5 10 5 9 7 7 6 11 Yy
10 8 8 5 7 10 10 10 5 9 4 8 7 7 6 9 Vi
11 10 8 9 10 10 10 5 7 3 I 6 6 5 9 b E
10 7 8 10 10 9 5 7 3 7 6 6 5 8 Vi
10 8 8 7 7 4 5 4 4 3 3 2 8 Vs
10 9 9 9 4 6 4 6 5 5 4 8 Y5
14 12 11 5 9 4 10 8 7 6 12 Y,
12 11 5 9 4 9 7 7 6 10 Vg
13 5 9 5 9 7 7 6 11 Yo
5 3 2 1 7 7 3 T | Yo
10 5 7 6 6 5 9 Y
6 3 3 3 2 5 Yo
11 9 8 7 11 Y3
9 8 7 9 Yis
8 7 8 Y5
7 7 Y5
15 ¥ir

Puc. 3. Marpuns inmunestaocti cuctemu KAIC
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BpaxoBytouw, 1110 pO3MIpHICT € BEIMYHHOIO TpaHi
CHMIUICKCY, OTPUMaHi 3HAYCHHsI PO3MIPHOCTEH CHMILICK-
cy ¢ (Ui 4Yucna Ha JiaroHaIi) 3a3HAYAEMO Y TIOPSIKY

CriaJIlaHHsl Ta BU3HAYAEMO iX 3B’SI3HICTh Ta MPHUHAIEKHICT
1o cucteM. Skmo O — 3Ha4eHHS! CUMIUIEKCIB KOMILIEKCY

Ky (X;1) — cucremu KAIC, To:

pu q:lS,{Yl7}, 05 =1; mpn q=14,{Y7},Q14 =1;

mpu g=13, {Y}, Oz =1 mpu ¢=12{}}{¥. %},
O =2 mpug =11, {3} {¥3,%7}, 01 =2

mp g =10, {1, Y7, Y5, Yo} {51 {¥} {15} {¥1}. Q=5

pu ¢ =9, {¥i3, %4, %7}, Qg =1;

mp g =8, {X13, Y14, Y5, Y7} Os =1;
npu g = 7a {Yl3=Yl4sY153Y]63Y]7}3 Q7 = 1a
mpu ¢ =6,{Y,}, O =1L
HpH q= Sa {YlaYZaYL‘jaY4aY7aY8aY9aY]O}a QS =1'

[lepumii  CTpYKTypHHII  BEKTOp  KOMIUIEKCY
Ky (X;1) cucrem KAIC Oy ={1,1,1,2,2,5,1,1,1,1,1}, a
Mipa CKIagHOCTi KOMIUIEKCY g4 =1,39. AHanoriu-
HO, JUIsl 3HAXOKEHHS ¢ -CIIUIBHUX IpaHed ycix map X -

cuUMILIEKCIB y K y (Y ;k_l) chOpMYEMO MATPHIIO ATA

posmipom (nxn) (puc. 4).
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Puc. 4. Marpuns inmunestaocti K3 06’exram K1 nepxasu

OTpuMaHi 3HaYSHHSI PO3MIPHOCTEH CHMILIEKCY ¢

3a3HAYaEMO Yy TOPSIKY CHaJaHHs Ta BH3HAYAEMO IX
3B’SI3HICTh Ta IPUHAIEKHICTB JI0 CHCTEM.
Sxmo QO 3HAYEHHS CUMIUIEKCIB KOMILIEKCY

Ky (Y ;A1) — kiGepsarpos 06’ekTaM KpUTHUHOI iH(ppa-

CTPYKTYpPH Jep>KaBH, TO:

mpu g = 16, {Xl,Xs},Qm =1
mpu g =15, {XI,X5,X8},Q15 =1
mpu g = 14, {XI,X5,X16},Q14=1;
mpu g =13, {XI,X5,X6}{X15},Q13 =2;
mpu g =12, { X}, X3, X5} { X¢,X15,X13}, Opp =25
pH ¢ 11,{X1,X5,X8,X9},Q” =1;
npu ¢ =10, { X}, X5, Xg, X0}, Q0 = L;
npu g =9, { X}, X5, Xg, X15, X16}, Qg =1
npu g =7,{X}, X3, X5, X¢,Xg,X15,X17, X153}, 07 =1;
npu g =5,{ X}, X5, Xg, X9, X190, X11, X120, X1}, O5s =1;
mpu g =4, { X}, X5, X5, Xg, Xo | {X12,X13, X6 |
{X3, X6, X4, X15, X3}, 04 =3.
[lepmmif  CTPYyKTYypHHMI  BEKTOp  KOMIUIEKCY

Ky (Y ;A1) — xiGepsarpos 06’€xTaM KpUTHUHOI iH(ppa-
CTPYKTYypH, OyJie MaTy BUTIISIT:
Oy ={1,1,1,2,2,1,1,1,1,1,3,1,1,1},

a Mipa CKJIaJHOCTi KoMITIeKCY Gryrpats =113 .

BucHoBku

B poGoTi Ha ocHOBI paHilie po3podiieHoi yHidiko-
BaHOI MOJENI JaHUX OyJ0 CTBOPCHO METOMUKY (hopmy-
BaHHs nepeniky 00’ ektiB KII, sika 3a paxyHOK MyIbTHpI-
BHEBOI JeTaii3allii, iepaXxpiYHOro NpeICTaBIeHHs MHO-
KHH, [0 XapaKTepU3YIOTh CUCTEMH Ta iX KOMIIOHEHTH, a
TaKOX BBEJICHHS MAaTpUIll 1HIUICHTHOCTI KibepOe3neku
KII, ii cuMIUIeKCHUX KOMILICKCIB Ta Q-aHasi3y, J03BOJIH-
nma chopmymoBatu mnepernik KAIC Ta BH3HAUMTH 1X
3B’SI3HICTH (CHIBBiZIHOIIEHHS ¢-3B’s3KiB MHOXHH K3 Ta
KAIC). Sk mokasano IOCHIDKEHHS, BiTHOIICHHS (-
3B’s13KIB MHOXHMH K3 Mae OLIbII BHUCOKY 3B’SI3HICTH Y
MOPIBHSHHI 3 aHAJIOTIYHUMH BiJHOIIEHHSIMH ¢-3B’SI3KIB
MHOXHUH cucteM KAIC, a me cBiguuth, 10 peasizamis
onniei K3 Moxke iHiI[ifoBaTH KackagHUi eeKkT Ha iHII
3B’sI3aHi 3arp0o3M Ta MPU3BECTH 10 BaXKUX, a 1HOAI 1 pyH-
HIBHUX HaciIKiB 1yt neBHoi cuctemMu KAIC. Kpim toro,
BU3HAYEHI CTPYKTYPHI BEKTOPH BiJHOLIECHHS U1l CHCTEM

KAIC Oy ={1,1,1,2,2,5,1,1,1,1,1} Ta 3arpo3 KI nepxasu
Ox

Oymu oTpuMaHi Mipu (YHCIOBI 3HAUCHHS) CKJIAJHOCTI
KOMIUICKCIB IUX BifgHOMIeHb, OOUHCIICHI MIipH CKITaTHOC-
Ti KOMIUIEKCIB Qx5 = 1,39 Ta Qryrpars= 1,13 cBimuath
mpo Outbiny «cknamHicTk» cucteM KAIC. 3ayBakumo,
[0 TaKe BU3HAYCHHS CKIATHOCTI PO3IIISIIAE TUIBKU CTa-
TUCTUYHY CKJIAJHICTh OOpaHMX KOMIUICKCIB. 3a3HaueHi
pe3yJbTaT MOXYTh OyTH BHUKOPHCTaHI BiJIIIOBIJHUMHU
JIepKaBHUMH OpraHaMu Ui (OPMYBaHHSA TMEpEITiKy
00’extiB KII 3 MeTor0 3acTOCYyBaHHS aJCKBATHUX METOIIB
13aC00iB 3aXHUCTYy.

={1,1,1,2,2,1,1,1,1,1,3,1,1,1}, 3a 10momororo skux
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®opMupoBanue NepeyHsi KpUTHIYECKNX ABHAIIMOHHBIX HH()OPMAIIMOHHBIX CHCTEM B YCJIOBHSX Peaan3anun Kuoepyrpo3
B. H. Cunopesnxo, 1O. 4. ITomumyk, C. A. I'natiok

AnuHoTanus. IIpeamer craTbu — METO/BI, MOZIEIU U METOUKH ()OPMUPOBAHUS HEPEUHS 00BEKTOB KPUTHUECKON HH(OP-
MmaroHHoH uHdpactpykrypsl (KMN). Heanr naHHOi cTaThbh — HA OCHOBE Pa3paOOTaHHOH yHH(UIMPOBAHHOW MOZENM JaHHBIX
copMHpOBaTH IIEpeUeHb KPUTHIECKUX aBUALIMOHHBIX HHpopManuoHHbIX cucteM (KAWC) u onpenenuts UX METPUKH CBA3HOCTH U
cinoxxHocty. PesyabraTel. Ha ocHoBe panee pazpaboraHHOIM aBTOpaMu yHU(UIMPOBAaHHON MOJIEIM JaHHBIX ObLIa CO3ZIaHA METOIH-
ka opmupoBanus nepeuns oobekro KV, koropast 3a cuet MyJIbTHYPOBHEBOH J€TaIM3ALMK, HEPAPXUIHOTO TIPEICTABICHUS MHO-
HKECTB, XapaKTEPHU3YIOLINX CHCTEMbI U HX KOMIIOHEHTBI, a TAKOKE BBEJICHUE MaTPULbI HHIMIGHTHOCTH KubepoOesonacHoctu KN, ee
CHMIUIEKCHBIX KOMIUIEKCOB U Q-aHanm3a, no3soswia chopMmynrpoars nepedeHb KAVIC u onpenenuts ux CBSA3HOCTb (COOTHOLIE-
HUe q-cBsizell MHOecTB knoepyrpo3 (KY) u KAVC). BeiBoasl. [IpoBeneHHOE HCCiIe0BaHME MTOKA3aI0, YTO OTHOIICHHE g-CBsI3ei
MHOXkecTBa KV nmeer Gornee BBICOKYIO CBSI3HOCTD 10 CPABHEHHUIO C AHAIOTMYHBIM OTHOLIEHUSIM ¢-CBsi3ei MHOXecCTBa cucreM KA-
HC, a 310 cBUAETENBCTBYET, YTO peanu3auuu oaHoi KY Moxker MHHMIMMpPOBATh KacKa(HbIH 3((EeKT Ha Ipyrue CBs3aHHbIE yrpo3bl U
MPHUBECTH K TSHKEIBIM, @ MHOTrIa M Pa3pyLINTEIIbHBIM MOCIEICTBUIM st onpezeneHHol cucteMbl KAVC. Kpome Toro, BeI4uciieH-
HBIE CTETICHH CIIOKHOCTU KOMIUIEKCOB Pg.qss = 1,39 M Orprpqrs = 1,13 cBUOeTenscTBYIOT 0 Gonbiielt «cinokHocT» cucteM KAHWC.
VKa3aHHbIE Pe3yNbTaThl MOTYT OBITH MCIIOJIB30BaHbI COOTBETCTBYIOLIMMH I'OCYJAPCTBEHHBIMU OpraHaMH i (opMUpOBaHUs Iie-
peunst oobexkToB KM ¢ 1ienbto npruMeHeHust aeKBaTHbIX METOJIOB U CPE/ICTB 3allUTHI.

Karoudesbie ciioBa: kpurudyeckas HHOPaCTPyKTypa; KpuTHdeckass MH(OpMaLoHHAs HHOPACTPYKTYpa; KPUTHIECKUE
aBHALMOHHbIC MH(OPMAIMOHHbIE CUCTEMBI; KHOEPYrpo3bl; CUMILICKChI; MaTPHILA HHIMICHTHOCTH.

Formation of the list of critical aviation information systems in the context of the cyber threats activities
V. Sydorenko, Yu. Polishchuk, S. Gnatyuk

Abstract. The subject of the paper is the methods and models of forming the list of objects of critical information infra-
structure (CII). The purpose of this paper is to form a list of critical aviation information systems (CAIS) on the basis of the devel-
oped unified data model and determine their metrics of connectivity and complexity. Results. Based on the author’s previously de-
veloped unified data model, a methodology was developed for creating a list of CII objects. It due to multi-level detail, hierarchical
representation of sets characterizing systems and their components, as well as the introduction of the incidence matrix of CII cyber-
security, its simplex complexes and Q-analysis, allowed to formulate the list of CAIS and to determine their connectivity (the ratio of
g-bonds between sets cyber threats (CT) and CAIS). Conclusions. This research study has shown that the relations g-connections of
sets of CT have a higher connectivity in comparison with similar relations g-connections of sets of systems of CAIS, which indicates
that the implementation of one CT can initiate a cascade effect on other related threats and lead to damage, and sometimes devastat-
ing consequences for a certain system of CAIS. In addition, the complexity measurements of complexes Qx5 = 1,39 and Q@rurears
= 1,13 are calculated and indicate a greater «complexity» of CAIS systems. Given results can be used by the relevant state authorities
to build a list of CII objects in order to apply adequate security methods and means.

Keywords: critical infrastructure; critical information infrastructure; critical aviation information systems; cyber threats;
simplexes; incidence matrix.
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FEATURES LOCATIONS HELICOPTER IN COASTAL AREAS

Abstract. The purpose of the article. Consider method by which calculated required detection range helicopter that can
provide guidance for fighter destroyed helicopter. It is believed that ensured detection helicopter radio equipment, which
provide the work of the command post. Results. The article analyzed the trend of improving helicopters in recent years.
The noted a growing possibility of using the helicopter to meet the challenges on the battlefield, putting helicopters in a
row with means of attack, using airborne equipment. The conclusion that the fight against helicopters important issue is the
calculation time required for a decision on their application at the command post defense. In the article, the example of an
automated system of decision-making at the command post Brigade tactical aviation airfields considered the possibility of
using the proposed method and the calculations detection range, providing decision by the person who decides brigade of
tactical aviation. Conclusions. It is shown that one of the key conditions for the organization and the successful
interception of enemy helicopters are grounded and timely decisions on management of fighter aircraft on the remote
control of Air Force tactical level. Uncertainty and dynamism of the airspace, time constraints, significant amounts of
information and uncertainty that characterize the actions of enemy helicopters that are clearly uncertain and contradictory,
causing growth requirements for the feasibility and the efficiency of decision-making on the Air Force control panel of the
tactical level. One of the directions of fulfilling such requirements is automation of the processes of management of fighter
aviation at the stage of combat operations.

Keywords: radar channel command post; radar detection; low-altitude target coherence signals fighter aircraft; control point.

Introduction

Problem statement. Analysis of the trend of
improving helicopters [1] indicates that in recent years
firepower helicopters significantly increased. Previously
only used helicopters to transport rapid reaction units,
evacuating the wounded from hospitals and other
transportation problems, now they can be used as a means
of air attack. The strengths of modern helicopters, as
shown in [2-6], include their high mobility and the related
possibility of the battlefield unexpectedly due to various
shelters, which dramatically reduce the effectiveness of
air defense. Availability helicopter devices that provide
flights in difficult weather conditions, day and night, as
well as effective systems onboard weapons poses a
helicopter in some of the most dangerous means of air
attack of the enemy. The organization air defense
struggle becomes the most important series of events.
According to the authors of [7-9] organization air
defense fighting is most effective when destroying
helicopters on the far outskirts of the protected object.
The most effective means of destroying helicopters have
fighter aircraft. The use of aircraft, in turn, effectively
when using automatic guidance systems of fighter
aircraft to the target. The use of automated guided
fighter aircraft at the target requires some time required
person decision making cycle to provide guidance on
the fighter helicopter. In the known works of the present
time there is no method of calculating the time required
for a decision to exterminate helicopter person who
decides at the command post air defense.

Analysis of recent research and publications. The
use of helicopters at low altitudes in turn for radars

usually impose stringent requirements for rate of delivery
of information about the target environment [10-24].
This equally applies to both radar stations civil systems
(flight control and landing, aircraft collision avoidance),
and military applications. Quite widespread use of such
radars found in systems and complexes air defense.
Saturation of the armed forces leading nations attack
helicopters with a range of 260 to 1000 kilometers allows
to strike the entire depth of construction of opposing
forces [10, 11]. This shows the urgent need to construct
special facilities and means of combat attack helicopters
[2-6]. Of particular relevance, this problem takes in the
coastal areas and the locations of large masses of water
(reservoirs, lakes, estuaries, etc.) where helicopters can
operate not only small, but on micro altitudes [25].

Under these conditions, as shown in [2-6],
successfully fighting helicopters possible by carefully
organized intelligence [10, 11] for the purpose of timely
detection of aircraft and alert troops about their
approach. Most effective in fighting helicopters are
considered Intelligence and destroying low-altitude
targets that have the lowest response time on appearance
goals, as well as the ability to quickly and easily
identify open fire.

According to [10, 11] key requirements that apply to
intelligence in favor of combat helicopters should consider
early detection of the air to remote, ensuring their timely
identification and production of weapons systems for
combat, opening their fire on the marginal range, and
timely detection of approaching the likely routes, areas and
lines of transition to the attack. It must be borne in mind
that for each weapon system that can be used for combat
helicopters, has its own required detection range of the
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aircraft, depending on the range of the weapon and the time
required for identification purposes and to bring weapons
on alert. Since the enemy's helicopters can carry an
adversary (attack) in virtually any direction, then their
intelligence should be circular, to ensure timely discovery
of effective fire in any direction. To destroy helicopters
enemy can be used missiles, aircraft, artillery, small arms,
mine-explosive  obstacles, flamethrower-inflammatory
agents, anti-aircraft weapons (anti-aircraft missiles, guns,
machine guns) and air troops, raid teams and specially
selected units of different genera troops. The question of
the use of one or another means to reduce enemy
helicopters in each particular case is usually decided at the
command post by the decision maker.

Away helicopters tactical [9] and operational-
tactical missiles can be applied to the depth order of
battle and rapid construction. Fighter-bomber and
fighter aircraft [2-6], unlike missiles capable of
independently find and immediately destroy enemy
helicopters visually visible on platforms and in the air,
in simple and adverse weather conditions, day and
night. However, the most effective attacks on enemy
helicopters based on received advance intelligence. In
the absence of such data fighter-bombers carried out to
search and destroy enemy helicopters in both its
location and its territory.

The most effective method is automated guided
fighter [9]. In particular, for the automated guidance of
a helicopter fighter, the proposed use of the proposed
[9] information exchange method between elements of
the control system - the radar data processing station,
the point of guidance of the radar station of the combat
control system of the fighter aviation, and the starting
command posts with the control point of the Air Force
of the tactical level [9]. Obviously, the conditions for
the operation of the radar system of the combat
management system and their tactical and technical
characteristics largely determine the quality of
information to perform operational and tactical
calculations for intercepting fighter helicopters.

At the implementation of the developed method,
the launch command posts of the airfields of the tactical
aviation brigade provide a combat command line billing
with information on the implementation of the
instructions for the transfer of fighters at specified levels
of combat readiness, on the state of aircraft and pilots.

Location of transfer stations teams on the ground,
the impact of natural phenomena on the propagation of
radio waves and other factors determine the area
prompting helicopters and actually intercept fighters.

Flying fighter in the settlement trajectory,
compliance with the safety, timely detection of
helicopters, getting into position, convenient for
carrying out a helicopter approach and attack are
possible only after the prompt adoption of reasonable
decisions at the tactical level control point at the
helicopter fighter's interception.

A common tool specially designed to detect
helicopters and other air targets in flight is radar station
reconnaissance systems, command and control [9, 26].
However, their ability to detect targets greatly reduced
with decreasing altitude helicopters, especially invert

rough areas. Practice shows that the helicopters flying at
an altitude of 100 m., radar reconnaissance means in
terms of sight can detect targets at a distance of 10 - 25
km, at an altitude of 25 meters - at a distance of 5-15 km
and a height of 15 m - only at a distance of 5-7 km.
When contour helicopter flight while they were in sight
of a rather short, which further complicates their timely
detection and recognition. To address this shortcoming
used together different types of radars, including
possessing  different characteristics and abilities.
Positions radar should be chosen so that detection
provided on the marginal range of helicopters,
especially the most probable direction of their flight,
because forests along river beds and valleys with
gorges. It follows from [9] for a decision on the
appointment of a fighter to destroy helicopters, it is
necessary for a certain interval of time. Since in the
well-known literature there is no methodology for
calculating the required time for decision-making by the
decision maker at the command post of the air defense,
this article eliminates this shortcoming.

The purpose of the article: Consider method by
which calculated required detection range helicopter
that can provide guidance for fighter destroyed
helicopter. It is believed that ensured detection
helicopter radio equipment, which provide the work of
the command post.

Main material

We estimate interval (f,,) to make a decision at

the command post of the Air Force tactical level based
on the approach proposed in [9].
The value of time for a decision ¢, depends on

early decisions related item management speed
helicopter flight time and fighter approaching the turn of
the performance of tasks [9]:

tn = (R = Ry)) [V ()
where R, — implemented milestone decision at the

command post; R, — milestone decision on the use of

fighter aircraft; V- — speed target (helicopter).

R = Dupd Vet (2)

where D, 4 detection range helicopter units

up
advanced radar troops; t,, — the total working time of

the control unit of the unit, part, subdivision of the radio
troops.

Ry =d+Ve (teom +tnon) » 3)
where d - far turn limit the introduction into battle
fighter; ¢, - cycle management; ¢,,, - time of flight

to the area of a combat mission.

Draw analysis cycle management, i.e. the length of
time during which consistently carried out management
tasks from the receipt of the combat mission by the end
of their performance in the system management [9].
Using the characteristics of air strikes conducted by
NATO Air Force joint offensive operations in recent
years [2-6] was obtained by the length of time that is
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available to the decision maker for the analysis of air
situation and making recommendations. This interval is
tyy = 0,16 ... 10,23 min. This expectation life time
decision to subordinate the management of forces and
means will M *(t,m) =5.195 min. Define confidence
interval (/g), for values M *(t,m). To build I,
corresponding confidence probability B, we find value

estimation variance D [9]:

Bz[gtlm(i)/?_M*(ttm)J'%a (4)

where n — number of elements 7, ;) .

We find this value &g, for which

P( [ )~ 1)

<‘°’B)=B' )

Then with a given probability B value M *(t,m)
fall into the interval:

Ig=M"(ty)~eg: M (1) +5p) . (6)

In solving the tasks of processing statistical
recommended value [ choose from a range [0.9;

0,999]. Then the confidence interval for M : (tyy) 18t
Ig =(2.23; 8.18). @)

In the evaluation of the efficiency of decision-
making in the appointment action fighters in helicopters
determined that the likelihood of a decision by the time
that will ensure its implementation and the possibility of
issuing appropriate orders to subordinates capabilities,
is according to the expression P, (T, )=1-¢" Mim.,

The audit showed that the experimental data are
consistent with the hypothesis that a random variable

T,y has an exponential distribution law.

Find the value of xz :

N
*
1 =n) ;P )2/171' ~0,129.

i=1
The number of degrees of freedom r in this case
is the number of values of the random variable minus
the number of overlapping connections r=7-2=35.
Finds =5 and 3> ~ 0,129, p =0.95.
p=0.95>0.01, the

exponential distribution law of a random variable does
not contradict the experimental data. The analysis
indicates that for a combat mission takes to the length

Because hypothesis  of

of time ¢,,, which is at the disposal of the person who

makes the decision for the analysis of the air environment
and making appropriate recommendations to satisfy

demand ¢, <10 min. As the ratio of (1.1) to satisfy

this requirement the person who makes the decision
should have available information on speed targets V,
and to receive information about the availability of
helicopters for advanced units of radio troops on a range
Dysn, Which provides the implemented boundary for the
decision on the remote control RI% . As shown in [1, 9],
precision measuring of coordinates and parameters to be
no worse than the corresponding precision measuring
these parameters on the radar command and control
systems within the range of sight. As follows from the
ratio (2), the boundary of the decision making on the
control panel is realized, considering that in the
implementation of the automated decision-making
system for the presence of the target on the control
panel of the compound, parts, units of radio troops, it
can be considered equal to the distance of detection of
helicopters by the advanced units of radio troops, that is

RI% = D;,;. In turn, using equation (1), (2) and (3) easy
to show that

Doy =ty Ve + Rys - )

According to [1-6, 9] analysis of the fighter

aircraft to repel air strikes showed that the range
boundary decision on the use of aircraft must meet

Rlg>50 km. Given that modern
helicopters speed it satisfies V- ~240-270 km/h
(Mi-28N, Mi-35M, Mi-8, Ka-226, Ka-27PS) and
Ve ~300-320 km/h (Mi-24, Mi-35M, Ka-52, Ka-50),
using (8), we find that when ¢,,, ~ 10 min., the range of

requirement

detection of helicopters by advanced units of radio
troops must meet the requirements D, ,; >100km .
Conclusions

It is shown that one of the key conditions for the
organization and the successful interception of enemy
helicopters are grounded and timely decisions on
management of fighter aircraft on the remote control of
Air Force tactical level. Uncertainty and dynamism of
the airspace, time constraints, significant amounts of
information and uncertainty that characterize the actions
of enemy helicopters that are clearly uncertain and
contradictory, causing growth requirements for the
feasibility and the efficiency of decision-making on the
Air Force control panel of the tactical level. One of the
directions of fulfilling such requirements is automation
of the processes of management of fighter aviation at
the stage of combat operations.
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Oco0smBoCTi JI0KaNii BepTOILOTIB Yy NPHMOPCHLKHX pPailoHax
A. M. Apremenxko, O. B. Crpynincekui, O. B. JIykamyk, O. B. becosa

AHoTtanis. Mera crarri. Po3risiHyTH MeToq, 3a JOHNOMOIOI0 SKOI0 PO3PaxOBYEThCS HEOOXi/HA JaIbHICTh BUSABICHHS
BEPTOJIBOTA, KA MOXKE CIYXHUTH OPIEHTHPOM JUIs BHMHMIYBauya 3HMILEHOrO rejikonrepa. Bakaerbcs, mo 3abe3neyeHo
BUSIBJICHHS BEPTOJIITHOI PaliOTEXHIKH, 110 3a0e3rnedye poOOTy KOMaHAHOro MyHKTy. Pedyjabrarn. Y craTTi npoanasi3oBaHa
TEHJIEHLIsl BJIOCKOHAJICHHS BEPTOJITHOI TEXHIKM 3a OCTaHHI poku. BinmiueHa 3pocraroya MOXIIMBICTH BHKOPUCTAaHHS
BEPTOJIBOTA, JUIS BUDIIICHHS 3aB/iaHb HA HOJ1 OO0, 10 CTABUTH BEPTONITHY TEXHIKY B OZIMH PsAZ Pa3oM i3 3acodamu Hamazny, 3
BUKOPHUCTaHHSIM JIITAKOBOI TEXHIKH. 3poOJIeHHI BUCHOBOK IPO T€, L0 IPH OOpPOTHOI 3 BEPTONBOTAMH BaXKIMBUM ITUTAHHAM €
PO3paxyHOK HEOOXIJTHOr0 4acy Ha NPUIHATTS PilIeHHs O iX 3aCTOCYBaHHIO HA KOMAHHOMY ITyHKTI IPOTHIIOBITPSHOI 0OOPOHH.
V crarri, Ha npuKIaai poOOTH aBTOMATU30BAHOI CHCTEMM NPUIHATTA pIIICHHS HAa KOMaHIHOMY ITYHKTH aepoIpoMiB Opuraiu
TaKTUYHOI aBialil PO3MIITHYTa MOXIIMBICTH BUKOPHUCTAHHS 3alPONIOHOBAHOI METOIMKM Ta IPOBEAEHI PO3PAXYHKH BHSBIICHHS
JIATIbHOCTI, 1m0 3a0e3neuye NPUHHATTS pillleHHS 0co000, fKa IpuiiMae pilieHHs, Opuraau TakTuyHoi aBiawii. IToka3aHo, 1o
OIIHMM 3 KIIIOYOBMX YMOB OpraHi3allii Ta YCIIIIHOrO NEpPEXOIUICHHS BEPTONbOTIB NPOTHBHHKA € OOIPYHTOBaHI i CBOEYACHI
pillICHHA MO YNpPaBJIiHHIO BHHMINYBa4aMM Ha [MCTaHILUMHOMY ynpasiiHHI TakruuHoro piBHa BBC. HeBusnauenictb i
JMHAMIYHICTh TIOBITPSIHOIO IPOCTOPY, YacOBi OOMEKEeHHs, 3HAYHUIT 00csT iHpopMaii i HEeBU3HAYCHICTD, 10 XapaKTePH3yIOTh
Ii1 BEpTONBOTIB MPOTHBHUKA, SKi SBHO HEBM3HAYEHI 1 CyNepewnBi, 110 0OYMOBIIOE 3POCTaHHS BMMOI [0 3JiHCHEHHOCTI Ta
e(eKTUBHOCTI NPUHHATTS pilneHp Ha naseni ynpasiinHs BIIC. OxHuM 3 HanpsIMKiB BUKOHAHHS TAKUX BUMOT € aBTOMAaTH3allis
TIPOLIECIB YIIPABIIiHHS BUHHIIIYBAJILHOI aBiamii Ha eTari 00HoBHX Mild.

Kaw4yoBi caoBa: pamionokaniiHuii kaHasl; KOMaHIHUHA ITYHKT; paJIioNOKalliifHa CTaHIlSl BHSBICHHS, MaJIOBUCOTHA
L[iJIb; KOT€PEHTHICTh CUTHANIIB; BUHHUIIYBaJIbHA aBiallisl; yHKT YHIPaBIiHHS.

Oco0eHHOCTH JIOKAIIMH BEPTOJIETOB B IPHMOPCKHUX PaifioHax
A. H. Apremerko, O. B. Crpymmnckuii, E. B. JIykamyk, O. B. becosa

Annotanus. Heas crarbu. PaccMoTpeTs MeToz, C IOMOLIBIO KOTOPOrO PacCUUThIBacTcs TpeOyemas IalbHOCTbH
OOHapYKEHHs BEPTOJIETA, KOTOPasi MOXKET CIIY)KUTh OPUEHTUPOM JUISI UCTPEOUTENSI yHUUTOXKEHHOro BeproneTra. CUMTaeTcs, 4To
obecrieyeHo 0OHapy)KeHUE BEPTOJIETHOH PaJlMOTeXHUKH, obecrieunBaromieil pabory koMaHaHOro IyHKTa. Pe3ynbTarhl. B cratse
MIPOaHATU3MPOBAaHA TEHJCHIMS COBEPIICHCTBOBAHUS BEPTOJIETHOH TEXHUKH 3a MHOciefHUE rojbl. OTMeueHa BO3pacTaroIas
BO3MOJKHOCTb MCIIOIb30BaHUs BEPTOJIETA VIS PELICHU 3a/1a4 Ha 1osie 00sl, CTABUT BEPTOJIETHYIO TEXHUKY B OJIMH Pl BMECTE CO
CpelICTBaMH HaIlaJIeHUs C MCIOJIb30BAaHUEM CaMOJIETHOM TexHukH. ClenaH BBIBOZ O TOM, YTO Ipu Oopr0e ¢ BeproneTamu
Ba)KHBIM BOIIPOCOM SIBJISIETCS pacyeT HeOOXOIMMOr0 BpEMEHH Ha NPUHATHE PEICHUs 110 UX IPUMEHEHNIO Ha KOMaH/IHOM ITyHKTE
I1BO. B crarbe Ha npumepe paboThl aBTOMAaTU3MPOBAHHOH CHCTEMbl NPHUHSATHS PEILICHHS B KOMaHIHOM ITyHKTBI a3pPOAPOMOB
Opurazpl TAKTUYECKON aBUALMU PACCMOTPEHA BO3MOXKHOCTH HCIHOJIB30BAHMS IPEJIOKEHHOH MeTonauku. IIpoBeneHsl pacuers
BBISIBJICHHS JJAJIbHOCTH, OOECIEUMBAIOIICH MPUHATHE PELICHHs JULIOM, NPUHUMAIOLIMM pelleHue, 111 Opurajapl TaKTHYECKOH
aBuanyy. IlokazaHo, 4TO OZHMM M3 KIIOUEBBIX YCIOBHH OpraHM3alldd M YCIIEIIHOTO IIepeXBaTa BEPTOJIETOB MPOTHBHUKA
SBJISFOTCS. OOOCHOBaHHBIE M CBOCBPEMEHHBIC PEIICHHUs [0 YIPABICHUIO HCTPEOUTENSIMH HAa [MCTAaHIMOHHOM YIIPaBJICHHU
TakThyeckoro yposHs BBC. HeompeneneHHocTh M JMHAMHYHOCTH BO3JYIIHOTO HPOCTPAHCTBA, BPEMEHHBIE OrPAHUYEHHS,
3HAYMUTENbHBIH 00beM MH(OPMALMM U HEONPEIEICHHOCTb, KOTOPBIE XapaKTepH3YKT JCHCTBHS BEPTOJIECTOB IPOTHBHHUKA,
KOTOpBIE SBHO HEOIPE/ICICHHBI 1 IPOTUBOPEUYMBBI, YTO 00YCIIOBIMBAET POCT TPEOOBAHUII K OCYLIECTBUMOCTH U 3 (PEKTHBHOCTH
NPUHATUA pelleHnid Ha naHenu ynpasineHus BBC. OnHuM 13 HanpaBlieHUH BBINOJIHEHUS TakUX TpeOOBaHUH sBIseTCS
aBTOMAaTH3aLM IPOLIECCOB YIPABICHUS HCTPEONTENHEHOM aBHalel Ha sTare 00eBbIX JeHCTBUIL

Kamo4ueBnle ciaoBa: pa[[HOJ'[OKaLIHOHHBIﬁ KaHall; KOMaHL[HBIﬁ IIYHKT; paJydOJIOKallMOHHAsA CTaHLUA 06Hapy)KeHI/I$[;
MAaJIOBBICOTHAsA LI€JIb; KOr€PECHTHOCTH CUI'HAJIOB; I/ICTpe6I/ITeJ'IBHa$[ aBranys; IyYHKT YIIpaBJICHUS.
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BILINGUAL APPROACH TO FOREIGN STUDENTS MATH TEACHING
IN THE KHARKIV NATIONAL UNIVERSITY NAMED AFTER V.N. KARAZIN

Abstract. The article discusses the peculiarities of teaching mathematics for foreign students who use English as a
language intermediary in bilingual education at the preparatory department of the Kharkiv National University named after
V.N. Karazin. It is noted that the key feature of educational material on mathematics, as information, is its network
structure, formed by semantic-logical links. There are options for the distribution of decisions of control tasks. The process
of preliminary assessment of foreign students, the training program and the logic of its creation are analyzed. The process
of organizing bilingual education of foreign students at the faculty and its coordination between teachers is described. A
statistical analysis of the composition of students, the initial level of their training is presented and the most effective
training strategy is justified using the capabilities of university teachers. The process of creating a program for the
discipline "Mathematics" is considered, taking into account the fact that students have a different initial level of knowledge
in mathematics. It was noted that the use of a bilingual approach to learning and interdisciplinary cooperation allows
foreign students to better understand the content of the discipline; get more opportunities to clarify difficult moments;
expand opportunities for joint work on developing collaborative solutions; Feel comfortable when working with a
mathematical device. It was concluded that interdisciplinary interaction in the learning process, in which students receive
both professional development and improvement of their foreign language skills, deserves a positive assessment and can be

recommended for use in the development of the educational environment.

Keywords: bilingual education; mathematics; English for special purposes; foreign students; teacher.

Formulation of the problem

In recent years, to increase the efficiency of
teaching foreign students, approach based on bilingual
education increasingly used. This approach is the
subject of discussion in the professional society of
different higher education institutions teachers of
preparatory faculties. This approach is closely linked
and coordinated with the interdisciplinary approach to
teaching disciplines and subject-integrated learning,
which contributes to a deeper learning of academic
disciplines and contributes to increasing the chances of
high-quality education of foreign students in tertiary
education institutions both in and out of the host country
and especially when it comes to learning English for
special purposes. Particular attention is also required to
study in English for further study in higher education in
European countries. The language of specialty is also
the most important aspect of teaching Ukrainian as a
foreign language in non-philological institutions of
higher education [1].

The teaching of a specialty language is
multifaceted. In the first place, it is impossible without
working on a special terminology [2]. Such work is
based on linguistic analysis of different levels units:
terminological phrases, words, elements-terms. The
basis for the analysis of different levels units is
development of a minimum list of terms of a separate
discipline.  Solving this problem requires the
development of a dictionary on the preparation subject.
To ensure better preparation, the dictionary should be
developed for most native for students languages.

The training and preparation of foreign students at
the initial stage of their preparation has obvious signs of
bilingual education [3]. This paper describes the
experience of bilingual education in math at the
preparatory faculty of foreign students at the Karazin
Kharkiv National University. The educational process

and the assessment of the academic achievements of
foreign students are carried out by teachers of special
disciplines, in this case, math, in close cooperation with
the teachers of the Ukrainian language as a foreign
language.

Analysis of recent research and publications

The question of bilingual education is widely
presented in the methodological literature. Along with
the term  "bilingual education", the words
"bilingualism", "linguistic immersion" or even
"bilingual linguistic immersion" are used. The attention
of researchers attracted university programs for foreign
students studying in a specialty in terms of language
immersion, most often it is about English and people
who study it. (ELL, English Language Learners) Today,
the "theory of languages for special purposes" continues
its development (languages for special purposes), the
formation of which preceded the work of T. Saviori
[2, P. 295-301]. Bilingual education of math for foreign
students involves the simultaneous use of English and
the Ukrainian in the context of math and continues to be
the subject of pedagogical research.

The most popular topic of research is the weight of
each of the partner languages. Some researchers argue
that students show higher results on one of the partner
languages that they use more [3-6]. Of course, the
teaching of discipline studied in the bilingual regime,
should take into account the characteristics of basic
student training and the possible individualization of the
training program. As a rule, one of the language
partners is English. The share of the use of this language
depends on how proficient it is in the student's region of
residence [7]. In the practice of the department the most
frequent ratio of languages is 50/50, although it can
reach up to 70 percent or more. The choice of a learning
model and the need to use the English language
component depends on the characteristics of the student
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contingent over the years of the recruitment. In some
cases, when the proportion of English-speaking students
is low, studies are conducted exclusively in the
language of the host country. Although recent years
more and more demand is learning exclusively in
English.

A number of instructors in our country and abroad
note the low level of preparations in math, growing
number of immigrants who also have problems with the
language of the country of residence (English in this
case), since at home they communicate exclusively in
native language. Researchers come to the conclusion
that mathis much less than other disciplines, depends on
the language of communication. More important are the
methods of studying mathematics in the country of
origin students (English school, Chinese school, school
of French colonies) [8-9]. However, bilingual education
for foreign students in math consistently contributes to
the mastering of their mathematical sections in solving
practical, achievable and individually oriented tasks
[10-14].

Bilingual education attracts the attention of
researchers first of all because it allows to better
organize the study of profile disciplines and
compensates for the lack of knowledge of one language
at the expense of the second, which in the end gives
students a wide choice of sources of information and
learning methods.

Unfortunately, the students' knowledge of English,
Ukrainian and mathematics is not homogeneous. Some
students have sufficient English language proficiency,
but their knowledge of mathematics is not sufficient.
The other part of the students have a good knowledge of
the language of the host country, but either poorly
trained in math or do not speak English. There are those
who are well trained in math, but do not know either
English or Ukrainian.

Thus, the issue of the formation of a methodology
for teaching math to provide the necessary competences
for students for further study in institutions of higher
education of Ukraine remains unresolved.Open, also,
remains the issue of creating an educational
environment for the organization of high-quality
training in math.

Therefore, the purpose of the article is to develop
a methodology for studying mathematics by foreign
students on the basis of a bilingual approach using
modern educational environments.

Presenting main material

Practical experience shows that it is math causes
the greatest studying difficulties with students.

A key feature of educational material in
mathematics, as information, is its network structure,
formed by semantic-logical links.

Fig. 1 shows the distribution options for the
solutions of control tasks where +/- — True / incorrect
solution of the control task; A, B, C, D, E, F, G —
control tasks.

Fig. 1. Options for the distribution
of solutions control tasks

In fig. 1 control task A is more complex, complex
in relation to control tasks B, C and D. In other words,
the solution to task A is based on the ability to
successfully solve problems B, C and D, confirmed by
the established relationships between them. The
distribution of the solutions of control tasks in the case
of A — B, C, D clearly illustrates the contradiction that
arises when the more complex problem is solved
“correctly”, but the tasks on which the solution of the
more complex ones is based are solved “incorrectly”.

At the same time, the level of mathematical
preparation of entrants from different countries is
extremely heterogeneous, first of all, due to differences
in the content of programs of national secondary
schools.

On the first practical lesson in math, diagnostic
testing is usually performed to determine the initial level
of mathematical preparation of students. The results of
such testing, where those who are tested can get as
many as 12 points, are presented in Table 1 and, in our
opinion, are characteristic.

Table I — Level of mathematical preparation of foreign students

Marks Number of students (people) %
10-12 8 15%
7-9 9 17%
4-6 11 21%
0-3 24 (13) * 47% (25%) *
Together: 52 100%

Note: * —in brackets given number of students with zero initial level of training.
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The need to equalize this imbalance in order for
foreign students to develop syllabus curricula together
with Ukrainian first year students, explains the
emergence of preparatory faculties in higher educational
institutions of Ukraine that host foreign students.

The given statistical data is the basis for the choice
of methodical techniques and teaching technologies in
the described educational process. [5, P. 52-56].

Principles of selecting the content of practical
classes in math at the preparatory faculty for foreign
students are conditioned by the need to eliminate a
significant difference in the initial level of training in
mathematics, to reduce the gap between the strong and
weak students, to introduce the students to the problems
of increased complexity.

The first section of the course begins with the
introduction of basic mathematical terms: figures and
numbers, mathematical signs, arithmetic operations,
specifies the notion of natural, integer, rational and real
numbers. Then introduced the concepts that are
necessary for the study of physics, chemistry, namely:
percentages, proportions, trigonometric functions.

The second section is devoted to numerical and
algebraic expressions, identical transformations of
rational and irrational expressions, solving equations
and inequalities. Typically, the initial level of listeners
allows you to process such a large amount of didactic
units in a rather short time.

In the next section, the concept of function is
introduced without exact mathematical definition. The
following basic concepts are considered such as zeros of
functions, signs of fidelity, growth / decrease and
extremums of a function, the largest and smallest
function of a function on the interval, elementary
functions and their graphs.

The tasks performed in this section do not foresee
the use of the derivative, the definition corresponds to
the level of secondary school.

The final sections of the course are most important
for the study of university courses in higher math. This
is differential and integral calculus, which are key to the
first year of the university regardless of the direction of
preparation.

It is important to prepare listeners for the
perception of a large amount of oral information during
the lecture, to teach them not only to solve, but also to
correctly explain the decision of tasks in practical
classes [7, P. 158-166]

When working on streamlining the mathematical
terminology database both in Ukrainian and in English,
the teacher of mathematics should eliminate the
difference in the level of training, while it is especially
important to give the features of teaching mathematics
at the national school of science and to help weaker
students to prepare for the first year of undergraduate
studies.

The problem of inadequate language proficiency in
learning is greatly hampering the learning process. The
bilingual approach allows solving emerging
terminological problems, achieving better understanding
and accelerating the achievement of the desired level of
training of non-homogeneous according to the level of

training and the countries of origin of the groups of
listeners.

For foreign students who do not have the subject
matter competence, the Ukrainian language is part of
the educational process — the main means of acquiring a
specialty. Since in the hierarchy of motives for studying
foreign students the Ukrainian language is dominated by
educational and professional activities, it is absolutely
obvious that the language of the specialty becomes the
dominant language, which becomes the language of
teaching a foreign student at a university, enabling him
to study subjects in the specialty, passing tests and
examinations.

From the foregoing, it follows that along with the
general (ethnic) language, foreign students must learn a
language for special purposes that corresponds to their
professional interests. At the same time, studying the
language in the amount necessary for understanding the
artistic text (20% of the academic time) occurs
simultaneously with the study of journalistic and
scientific language (80% of the academic time). [2, P.
295-301]

Let's return to the teaching experience of the
Ukrainian  language, which have mathematical
charachter at the preparatory faculty and is a typical
example of learning a foreign language for further
education. The purpose of this initial course is to create
a terminology base that would allow continuing to
undergraduate studies in higher mathematics and special
disciplines with a sufficient share of the practical
solution of mathematical problems and the application
of mathematical methods during the study of computer
science. During this training students must learn:

— read and understand the symbolic record of
mathematical expressions in Ukrainian;

— to understand oral and written information of
mathematical subjects;

— to remove the main and secondary information
from mathematical audio texts, to be able to write it
down symbolically and to interpret it orally;

— to participate in dialogues with a teacher and
fellow students, as well as make small monologues on
mathematical topics;

— voice their actions during mathematical
calculations, solving problems, describe changes in the
process of obtaining intermediate results.

It should be noted that part of the graduates of the
preparatory faculty enter into other universities, but
nevertheless most of them become students of numerous
faculties of the Karazin university. Those of you who
speak English well become students of specialties
taught in English. The programs of studying these
specialties include the natural and mathematical
disciplines that are taught in English. However, in the
case of lexical difficulties, the bilingual approach is
used, and the Ukrainian language is used as the partner
language, which increases the efficiency of mastering
the disciplines.

The process of studying the language of a specialty
precludes a combination of occupations in the specialty,
and is of a preventive nature, with the ultimate goal of
forming foreign students fluent competence, sufficient

106



ISSN 2522-9052

CyudacHi iHpopmariiiai cucremu. 2019. T. 3, Ne 2

for reading texts of textbooks on professional
disciplines, listening to lectures of teachers,
participating in seminars, performing tasks on special
subjects in oral and written form.

The situation is complicated by the fact that the
formation of the subject competence is divided For the
linguistic competence "responsible" teacher-philologist,
and for the subject — the teacher "subject". This
distinction has already become traditional, and much
effort is spent on the coordination of teaching activities
of teachers, the establishment of interpersonal relations,
imitation.

Every teacher of math, who uses the bilingual
approach, knows the great role of English in learning
foreigners math. This is precisely the area where
interdisciplinary cooperation and even team work is
needed, which has recently become more popular in the
work of specialists in professional linguistic education.
The department implements the approach of developing
bilingual textbooks, and in some cases three or more —
linguistic approach. Where individual elements of the
text and individual concepts are translated and presented
in the native language of foreign students.

However, for many math teachers, the
combination of teaching math with a bilingual approach
is a problem, since not all of them have English at the
right level. In order to provide training for foreign
students at the university, courses for the study of
English and advanced training courses for teachers were
created. Also, at the Faculty of Foreign Students
Preparation,  inter-departmental and  methodical
meetings are held where the approaches to bilingual
training of students are discussed and agreed upon.

Conclusions

Application of a bilingual approach to learning and
interdisciplinary cooperation allows foreign students:

— better understand the content of the discipline;

— get more opportunities to refine the difficult
moments;

— to expand the opportunities for teamwork to
develop collaborative solutions;

— feel comfortable when working with a
mathematical device.

Among the benefits of bilingual education should
be academic successes of students; more confident use
in learning activities and for personal communication of
English; the best prospects for career growth; possibility
to participate in international events; participation in
professionally-oriented testing for obtaining
international certificates. At the further stages of
learning, the free use of the math apparatus in English
will allow students to more effectively analyze specific
business situations and make decisions verified by
calculations.

The study does not leave doubt that bilingual
education is a product of close cooperation between
teachers of basic disciplines of the university, in
particular mathematicians, and teachers of Ukrainian
and foreign languages. As practical experience shows,
in the study of foreign math students, the teacher feels
the difficulties of both educational and corporate
discipline, namely:

- the presence of a language barrier;

- the difference between educational systems and
the organization of educational activities;

- difference in methodology of teaching math.

Thus, the use of the bilingual approach to the
organization of the educational process in the study of
math provides a harmonization between content-
integrated learning, and the personal abilities of foreign
students. Bilingual education turned out to be the most
suitable and effective method for preparing foreign
students with different levels of math and different
communication languages. Interdisciplinary interaction
in the learning process in which students receive both
professional development and improve their knowledge
of a foreign language deserves a positive assessment
and can be recommended for use in the development of
the educational environment.
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BininrsajabHuii miaxia 10 iH03eMHOrOHABYAHHS iHO3eMHMX CTYACHTIB
Yy XapkiBcbKoMy HanioHaIbHOMY yHiBepcnTerTi iveni B. H. Kapasina

I1. T'. bepauik

AHoTamisi. VY craTTi poO3MIANAIOTBCS OCOONMBOCTI BUKIAQNAHHS MaTeMaTUKH JUIsl 1HO3EMHHX CTY/IEHTIB, SKi
BUKOPHUCTOBYIOTb AaHIJIIIICbKY MOBY B SIKOCTI MOBHOIO IIOCEpPEJHHMKA y IBOMOBHIM OCBITI Ha MiJroToBYOMy (aKyJabTeTi
XapKiBChbKOTr0 HAILliOHAIBHOrO yHiBepcureTy imeHi Bacuna Hasaposuua Kapasina. BigsnaueHo, 10 KIFOUOBOHO OCOOJIMBICTIO
HAaBYAIBHOIO Marepially 3 MaTeMaTHKH, AK iHopMmaulii, € foro MepexeBa CTPYKTypa, YTBOpPEHa CEMaHTHKO-JIOTiYHUMHU
3B's13kamu. HaBesieHo BapiaHTH pO3MOiLY PillleHb KOHTPOJIBHHUX 3aBJlaHb. AHaAIII3yeThCS MPOLIEC MONEPEIHBOI OLIHKY 1HO3EMHUX
CTYIEHTIB, Iporpama HaB4aHHS 1 Jiorika ii crBopeHHs. OmucaHo Impolec OpraHisaiii JIBOMOBHOI'O HAaBUaHHSA IHO3EMHHUX
CTYIEeHTIB Ha (akynbTeTi 1 Horo KoopanWHamii MK BHKIagadamu. [IpencraBieHuMil CTaTUCTUYHMI aHall3 CKIamy CTYICHTIB,
MOYaTKOBOr'O PiBHA X MiATOTOBKH 1 0OrpyHTOBaHA HailOinbII e()eKTHBHA CTpATeris HABYaHHS 3 BUKOPHCTAHHAM MOXIIMBOCTEH
BUKJIaJa4iB yHIBepcUTeTy. Po3riisiaerscs npouec CTBOPeHHs NPOrpaMu 3 JUCUUILTIHY «MaTeMaTHKa» 3 ypaXyBaHHAM TOrO, 1O
Y CTYIEHTIB Pi3HUI OYaTKOBUII PiBE€Hb 3HaHb 3 MaTEMATHKH. Bi/3HaueHO, 1110 3aCTOCYBAHHS JIBOMOBHOIO IiJIXOJLy /10 HABUaHHS
1 MDKIMCLUMIUIIHAPHOI CIBIpali JO3BOJSAE 1HO3EMHHMM CTYICHTaM Kpalle 3pO3YMITH 3MICT IMCLMIUIIHM; OTpHUMAaTH Oliblie
MOJMUIMBOCTEH JUIS YTOYHEHHS CKJIQJHUX MOMEHTIB; PO3LIMPUTH MOMJIUBOCTI UL CHiJIBHOI pOOOTH IO pO3pOoOLi CIUIBHUX
pimens; BimdyBaTH cebe KOMQOPTHO mpH poOOTi 3 MaTEMaTHYHUM arapaToM. 3pOOJEHO BUCHOBKH, IO MiXKAMCIHILTIHAPHUI
B3a€MO/IiSl B IIPOLIECI HABYAHHS, B SIKOMY CTYJCHTH OTPUMYIOTb SIK PO3BUTOK, TaK 1 BIOCKOHAJICHHS CBOIX 3HaHb 1HO3EMHOI MOBH,
3aCIIyroBY€E Ha NO3UTUBHY OLIHKY i MOXe OYTH PeKOMEHJI0BAHO /I BUKOPUCTAHHS B PO3BUTKY OCBITHBOI'O CEPEIOBHIIIA.

Kaw4yoBi caoBa: 1BOMOBHA OCBITAa; MaTeMaTHKa; aHINIIHCbKAa MOBa JUIS CHELIIBHUX MLUIEH; iHO3EMHI CTYICHTH;
BHUKJIaa4.

BuMHrBabHBIN MOIX0 K HHOCTPAHHOMY 00y4eHHI0O HHOCTPAHHBIX CTYICHTOB
B XapbKOBCKOM HallMOHAJILHOM yHHBepcuTere mMenn B. H. Kapasuna

I1. T'. bepnank

AHHOTanusi. B craree paccmarpuBaroTcs 0OCOOCHHOCTH INPENOJABAHMS MAaTEMATHKU JUIl MHOCTPAaHHBIX CTYIEHTOB,
UCHOJIB3YIOIINX AHIJIMACKUI A3BIK B KAauyeCTBE SA3bIKOBOI'O INOCPEIHMKA B JIBYA3BIYHOM OOPAa30BaHUM Ha IOJATOTOBUTEIBLHOM
¢baxynprere XapbKOBCKOIO HAllMOHAJIBHOTO yHHBepcuTeTa uMeHH Bacunus Hazaposuua Kapasuna. OTmedeHo, 4TO KIIHOUEBOI
0COOEHHOCTBIO y4eOHOro Marepuana IO MaTeMaTHKe, Kak MH(MOPMALMH, SBIISIETCS €ro ceTeBas CTPYKTypa, oOpa3oBaHHas
CEMAaHTHKO-IOTMYECKUMH CBA3SMU. [IpuBeIieHbl BapUaHTBl paclpelieleHHusl PeleHUH KOHTPOJIBHBIX 3aJaHui. AHaIM3upyercs
IpOLIeCC MPEABAPUTEIbHON OLIEHKM MHOCTPAHHBIX CTYAEHTOB, IporpamMMa oOydeHHMs M JIOTHKa ee co3fgaHus. OmucaH mpouece
OpraHu3alMy JIBYA3bIYHOrO 00YYEeHHs MHOCTPAHHBIX CTYJICHTOB Ha (haKy/lbTeTe M €ro KOOpAMHAILMU MEXAY MPEroJaBaTe/sIMu.
IpencraBneH CTaTUCTHYECKHH aHAIM3 COCTaBa CTYASHTOB, HA4YaJbHOIO YPOBHS MX IIOATOTOBKM M 0OOCHOBaHA HaubOoiee
sddexTuBHas crparerus oOy4eHHs C MCIIONB30BAaHMEM BO3MOMKHOCTEH IpenojaBaTesiell yHuBepcurera. PaccMmaTpuBaercs
IPOLIECC CO3AaHMs NPOrpaMMBbl 0 AUCHMILIMHE «MareMaryikay ¢ y4eToM TOro, YTO Y CTYIEHTOB Pa3HbI HayajbHbIH ypOBEHb
3HaHMH 1O Martemaruke. OTMEUYEHO, YTO NPUMEHEHHE JBYA3BIYHOIO IOAXOAa K OOYYEHMI0 M MEXKIUCLUHUIUIMHAPHOMY
COTPYIHHYECTBY I103BOJISCT MHOCTPAHHBIM CTYACHTaM JIydllle IOHATb COAEp)KaHUE UCLUIUIMHBI; IOJYYUTh OOJIbLIe
BO3MOJKHOCTEH ISl YTOUHEHHMS CIIOXKHBIX MOMEHTOB; PACIIMPUTh BO3MOXKHOCTH IUIsI COBMECTHOH paboThl 10 pa3paboTke
COBMECTHBIX DEILCHHH; YyBCTBOBaTh ceOsi KOMGOPTHO mpu paboTe ¢ MareMaTHyeckuM ammaparoM. ClenaHsl BBIBOIBI, 4TO
MEXIUCIUIUIMHAPHOE B3aUMOJIEHCTBUE B Ipolecce OOYdeHHMs, B KOTOPOM CTYIEHThI HOIY4aloT Kak HPodecCHOHAIbHOE
pa3BUTHE, TAK U COBEPIICHCTBOBAHME CBOMX 3HAHMI MHOCTPAHHOT'O SI3bIKA, 3aCITyKUBAET MOJIOKUTEIBHON OLIEHKH U MOXXET OBITH
PEKOMEH/IOBAHO JUIS HCIIONIb30BAaHUS B Pa3BUTHH 00Pa30BATEIBbHON CPE/IbL.

KawueBble cjoBa: [ByI3bYHOE O0Opa3oOBaHME; MaTeMarTHKa; AaHTIMWCKUN S3BIK JUIS  CICIMANBHBIX —IIeNei;
HMHOCTpPaHHBIE CTYJICHTHI; IPEIIOAaBaTellb.
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electronic equipment resulting from the impact of

ELECTROMAGNETIC COMPATIBILITY OF SEMICONDUCTOR DEVICES
EXPOSED TO TRANSITION RADIATION

Abstract. The subject of the paper is an analysis and a physical model of the occurrence of reversible failures in
semiconductor diodes (when current-voltage characteristics of the devices are influenced by electromagnetic radiation
(EMR)). The model is based on the mechanism with which the energy of currents induced by external EMR is converted
into the energy of natural electromagnetic oscillations of solid-state components of radio units (transition radiation effect).
The aim of the paper is to justify experimental studies on the basis of the proposed physical model of reversible failures
(occurrence of negative resistance sections in current-voltage curve of semiconductor diodes). We determined external
electromagnetic radiation and semiconductor device parameter ranges with which this physical model can be applied. We
conducted some experiments to study the influence of pulsed electromagnetic radiation on the current-voltage
characteristics of direct current diode sections. The experiments justified the presence of areas with negative differential
resistance characteristic for the natural oscillation generation mode (an increase in forward current when the voltage drops).
Our objectives are to perform experimental study of interactions between the currents induced by external EMR and
electrostatic oscillations of a semiconductor structure. Such interactions results from conversion of energy of moving
charges (induced currents) into energy of electromagnetic oscillations under conditions of transition radiation when the
particle flux goes along the normal to a semiconductor structure boundary. The methods used are analytical methods, i.e.
solving Maxwell's equations and medium equations in the framework of the hydrodynamic approach. The following
results were obtained. Experimental studies of behavior of semiconductor components of electrical radio units exposed to
strong pulsed electromagnetic fields have been carried out. The nature of changes in the performance of semiconductor
components has been studied. It has been shown that the impact of pulsed electromagnetic radiation is accompanied by
currents in the conductive elements of the units. We define here a certain type of reversible failures of semiconductor radio
units. Failures of this type occur due to interaction between the external radiation induced currents and own fields of radio
equipment components. Such failures occurs in presence of transition radiation (when the current is directed along the
normal to the boundary of the unit). We argue that such interactions lead to energy losses in induced currents due to
excitation of natural oscillations in the units, i.e. the units enters an oscillation generation mode, which is characterized by a
change in the current-voltage characteristics of radio devices. With the results of comparative analysis of the experimental
and calculated data obtained in this work, it is possible to use the proposed physical model of reversible failures and
calculated derived relationships to determine criteria of occurrence and quantitative characteristics of reversible failures in
semiconductor diodes exposed to pulsed electromagnetic radiation (occurrence of S-shaped sections of direct current).
Conclusion. The results obtained can be used to assess electromagnetic compatibility of active electronic devices
(millimeter/submillimeter amplifiers, generators and transducers of electromagnetic oscillations) exposed to external pulsed
electromagnetic fields. A comparative analysis of quantitative estimates of reversible failures of semiconductor devices
depending on the spatial configuration of the affecting field (the induced current is normal to the structure boundary) allows
us to solve the problem of optimizing the degree of distortion in the operating characteristics of these devices.

Keywords: electromagnetic radiation; semiconductor structures; surface oscillations; charged particles; decrement of
oscillations.

Meanwhile, interactions of this kind actually
determine the degree of deviation of the output
characteristics from the normal values and the
possibility of recovery of component normal

Introduction

The whole variety of failures that occur in

external factors is divided into categories: reversible and
irreversible [1-3]. Irreversible failures lead to complete
cease of equipment functioning. They occur when the
changes in equipment internal parameters of the go
beyond the permissible limits (when exposed to external
electromagnetic radiation (EMI), irreversible failures
usually occur due to thermal breakdown of
components). Reversible failures are characterized by a
temporary interrupt in functioning leading to a
distortion in the output characteristics.

Available theoretical and experimental results of
studies of the EMR impact on electrical radio equipment
(ERE) mainly relate to irreversible failures [2]. At the
same time, there are still many open questions as to
what degree interaction between induced EMR currents
and natural electromagnetic oscillations occurring
directly in ERE components, may affect the
performance of the ERE.

functioning, i.e. reversibility criteria for the failures.
Here we propose and verify a physical model of
reversible failure occurrence in semiconductor diodes
(from impact of electromagnetic-radiation-induced
currents on current-voltage characteristics of the devices).
This model is based on the mechanism converting the
energy of currents induced by external EMR into the
energy of natural electromagnetic oscillations of solid-
state components of radio equipment (transition radiation
effect). We also describe our experimental studies of the
impact the pulsed electromagnetic radiation has on the
current-voltage characteristics of direct current sections
of diodes. The results of the comparative analysis of the
experimental and calculated data obtained in this work
make it possible to use the proposed physical model of
reversible failures and the calculated ratios obtained on its
basis to determine the criteria for occurrence of reversible
failures as well as their quantitative characteristics.

© Knyazev V., Serkov A., Breslavets V., Yakovenko 1., 2019
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Task solution

Problem formulation. In [5], a model is proposed
for converting the energy of currents induced by
external EMR into the energy of natural electromagnetic
oscillations of solid-state components of the ERE,
which leads to the occurrence of reversible failures in
the latter (temporary alterations in their performance).

The possibility of this energy conversion is
determined by the effect of transition radiation. This
effect takes place when the induced current (the
direction vector of the affecting EMR electric field
strength) is perpendicular to the boundaries of the
semiconductor device (in particular, diode) and
manifests itself in the following [4].

When a charge moves in a material medium, the
produced electromagnetic field is determined not only
by the magnitude of the charge and its speed, but also
by the dielectric properties of the medium. If these
properties change when a charge with a constant speed
crosses the interface between the media (semiconductor
structure), the field created by the charge changes, the
field partially separates from the particle and the
separated portion can be radiated into space. The
resulting radiation received the name of transition
radiation. As a result, the electromagnetic-radiation-
induced particle flux passage through a semiconductor
structure leads to continuous process that converts the
energy of the charges into the energy of natural
oscillations of the field. The structure switches to
oscillation generation.

Thus, the electronic system loses some of its
energy, i.e. an increase in current is accompanied by
drop in voltage, which leads to negative resistance
sections in the current-voltage curve. This mode (of
generation and instable oscillation) is characteristic for
exponential increase in the amplitude of the natural
oscillations of the structure (= exp(+y¢)), where y is

the instability increment.

The results of beam instability studies
(determination of instability increment) obtained in [5]
let us to estimate the radiation energy of natural
oscillations and to obtain the calculated relationships
between the parameters of the impacting pulsed field,
the semiconductor device parameters and the degree of
deviation of device I-V curve within the direct current
section.

The radiation power AP,,; of natural oscillations
of a semiconductor device exposed to an external field
(in the presence of induced current) can be defined as
particle flux translational motion energy loss (kinetic
energy) during the passage of a particle flux through the
surface wave field localization region.

AR 4 =AWKun/At’ ()

where AW, = (mv2/2)~(nobV); mv2/2 is the kinetic
energy of a particle of the beam induced by an external
impulse; n,,,v,e,m are respectively concentration,
drift velocity, charge and mass of the beam electrons,
V' is the volume occupied by the induced current (the
volume of the solid-state structure). In the beam

instability mode, the drift velocity v=vyexp(+y¢),
therefore:

2
AP qq = mvy~y (nypV) ()

-1

where v~ ((o% / 0)12)-1 is the increment of the beam

instability of the surface oscillations of a structure within

the semiconductor device having natural frequency o; (a

surface polariton) [6]; o) = \/4nezn0b / m is the plasma

frequency of the electrons of the flux induced by the
external electromagnetic radiation; t is the time the
charge drifts through the oscillation localization region.

Thus, the energy AW,,; radiated during At

a rad —
the time of exposure to an external EMR voltage pulse —
is determined by the following equation:

AW, gq = AP g A yq =

2 (2] 2) -1
=my 'Y(O)b/(x)l)"t (MopV )AL 44 -

€)

The parameters determining the value of AW,

can be estimated using the existing experimental
relations between the characteristics of the currents
induced in the structures under study [7-10] (i.e.
concentration 7y, drift velocity v, and Langmuir

frequency o, of the induced current electrons) and the
parameters of the external pulsed electric field

(amplitude E, and duration Az, ). Own frequencies

oy are determined by the parameters of the structure of

the semiconductor device under study (carrier
concentration, dielectric permittivity and dimensions).
For high frequency and pulsed semiconductor diodes

studied here, the frequencies ; falls within the

submillimeter range.

With relation (3), it is possible to estimate the
energy losses the currents induced by external EMR
experience due excitation natural oscillations of metal-
semiconductor-dielectric structures constituting
semiconductor diodes. It is obvious that the generation
mode in semiconductor devices leads to the occurrence
of S-shaped direct current sections with negative
differential resistance on the I-V curves for the device
[11] because negative resistance characterizes the
amount of energy the solid-state electronic system
losses with radiation - (Fig. 1, section A-B) i.e.

dde—U<0; dU <0; dI >0.
dl

Thus, due to the exposure to external
electromagnetic radiation, an increase in the forward
current is accompanied by a decrease in the voltage on
the diode. The presence of a negative resistance region
on the I-V curve characterizes the possibility that a kind
of reversible failure occurred (temporary change in
current-voltage characteristics) resulted from the
transformation of the induced current energy into
oscillation energy, which 1is radiated into the
environment.
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1,

U
Fig. 1. I-V curve of the diode (direct current)
(A-B is a distortion of the current-voltage
characteristic due to exposure to EMR)

As a result, the energy loss of the induced current
during the exposure to a voltage pulse Abipp in the

experiment can be estimated by the following equation:

AWyaa = AP Alyag = Lrag Uraa Alyaa 4)

where /,,;1s the magnitude of the direct current of the
diode in the section A-B (Fig. 1); U, is the voltage in

the section A—B (Fig.1) during the exposure to external
EMR.
Objective:

1. Experimental assessment of the degree of
distortion of the current-voltage characteristics of
semiconductor  diodes  exposed to  external
electromagnetic radiation.

2. Determination of the presence of negative
resistance direct current sections, depending on the
parameters of the diode and external EMR.

3. A comparative analysis of the calculated data
obtained on the basis of the physical model and
experimentally obtained data (Figure 1.)

The object of the study is the current-voltage
characteristics of the following semiconductor devices
exposed to pulsed electromagnetic radiation: a 2D922B
planar silicon diode diode with Schottky barrier and a
KD409A silicon epitaxial diode. These units are used in
high-speed impulse devices for converting alternating
voltage. Electrical characteristics and parameters of the
diodes are provided in Table 1.

The scheme of the experiment and its results.
Experimental studies of pulsed electromagnetic field
impact on function of semiconductor devices have been
carried out using Reference Standard of Ukraine for
pulsed electric and magnetic fields (REMP Standard)
developed at Molniya Research and Design Institute,
NTU “KhPI” [6].

The experimental equipment consisted of a high-
voltage pulsed power supply (HVPPS) being discharged
to a field-forming system (FS) in the form of a
symmetric closed stripline (SL) (Fig. 2).

Table 1 —The Electrical Parameters of the Diodes and
the Requirements to the REMP Parameters

Characteristics 2D922B KD409A
Electrical  |Direct reverse | T1=25°C | 0,5 (Urey=10V) same at
parameters  fcurrent, mcA Urev=24B
T,=100°C |10 (Urev=10V)
[Total capacity, pf 1,0(Uiey=0) | 2,0(U,e,=15V)
Inductance, nH 1,0 4,0
Performance [Constant reverse voltage, V
Limitations 10 24
Direct  forward | T;=35°C 15
current, mA T,=100°C 10 25
Pulsed forward | T=25°C
current, mA 500
tluog 10mes, O > 20
T,=100°C 250
JAmbient temperature, °C -60° C to +100° C

Parameter Magnitude

1 Electric field strength, kV/m from 1073 to 200

2. Magnetic field strength, A/m from 0,1 to 530

3. The duration of the pulse, ns, max. 1

4. Pulse duration at 0.5, mcs, max. 100

5. Working volume dimensions

(lengthxwidthxheght), mm, min.: 300x500%150

_,f_._,_,_//_,_,_,_.__7/_ 0

Fig. 2. Symmetric closed SL

The HVPPS generates discrete high voltage pulses
with temporal parameters provided in Table 1, the
amplitudes of these pulses to ensure generation of
necessary levels of £ and H fields taking into account
FS transformation.

The main requirement to FS is to generate £ and
H fields with uniform structure, certain directions of
field vectors and amplitudes that can be easily
calculated from geometrical sizes of FS. Guidelines of
the stripline type are the most suitable to this
requirement.

A flat TEM-type electromagnetic wave propagates
along the SL and has a definite direction of the vectors
of £ and H fields in any transverse section of the SL
(Fig. 3). The SL dimensions determine the dimensions
of the working volume where the test object is located
(the connection circuit of a semiconductor diode). In
this case, the dimensions of the SL are chosen in such a
way that the wave impedance of the SL be 50 Q.

During the experimental studies of EMR impact on
the performance of semiconductor diodes, we used an
SL-24 strip line with a height of 24 cm working with
nanosecond pulses, since the mechanisms of external
electromagnetic field influence studied here are
implemented in this time range.
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Fig. 3. The SL electromagnetic field vector directions.

In the experiments, one of the indicated diodes was
sequentially connected to a direct current source and
resistances, one of which (R, ) allowed the current of

the diode (I) to be changed, and the other (R, =50Q)

provided matching mode with a cable connection to an
oscilloscope (recorder) (Fig. 4).

.
-

to the recorder

.
-

screen

power supply

Fig. 4. The scheme of the experiment

The circuit, with the exception of the diode, was
placed in a shielded volume and was taken out of the
field-formation system (FFS). The object being exposed
to a pulsed electromagnetic field (diode) was itself
located between the plates of the stripline (Fig. 5).
Fig. 5 shows the variants of the arrangement of the
diode relative to the acting external field.

In the course of the experiment, we studied the
influence of a pulsed electromagnetic field on current-
voltage characteristic of the diode when the intensity
vector of the external electric field is directed parallel to
the direct current of the diode (this case corresponds to
Cherenkov radiation mechanism), Fig. 6.

Fig. 5. Variants of the test object location
within the field formation system

417

E

Fig. 6. The vector directions of the direct current diode
and the external field under transition radiation

The direct forward current of diode / increased
from 5 to 30 mA. The temporal parameters of a field
strength pulse generated in the SL system:

- front duration - 0.5 ns;

- field strength pulse duration ( A;,,, ) - 500 ns.

During the experiment, we studied the effect of a
pulsed electromagnetic field with field strength
amplitudes E = 10,20 and 30 k¥ /m on the level of the

resulting voltage pulse (U) at the test object (diode).
Each step of increase in the current of the diode
with an interval Al =5mA was accompanied by the
impact of an EMR pulse in the field formation system.
The evolution of the amplitude of the voltage pulse
(U) at the diodes depending on the step-by-step change
in the forward current (/) with simultaneous exposure to
an external EMR was recorded with an oscilloscope.
Thus, we obtained the ratios of the voltage pulse U
amplitude to the level of direct current at diode / for
each of the indicated levels of the applied EMR (E =
=10,20 and 30 k¥ /m ) and determined the shapes of the

corresponding sections of the I-V curve.

The ratios of the voltage pulse amplitudes to the
levels of direct current at the diodes are provided in
Table 2. The data obtained shows that with increase in
the current a decrease in the amplitude of the voltage
pulse is observed, which corresponds to the I-V curve
section with negative resistance of oscillation generation
region (section A-B in Fig. 1).

The indicated diode types were chosen for the
experimental studies because the working range of their
parameters (current and voltage within the direct bias
section) with electric field strength pulse duration in order
of several hundred ns and the pulse amplitude about 10—
30 kV/m determines the range of the radiation energy of
natural electromagnetic oscillations of the semiconductor
structures of the device components to be 107-107 J. The
radiation energy determined on the basis of the proposed
physical model of reversible failures of semiconductor
devices falls within the same range.

Table 2 —Evolution of the voltage pulse amplitude U (mV)
of KD409A epitaxial silicon diode and 2D922B
silicon planar direct current diode with
Schottky barrier as a function of I (mA)

KD409A Voltage pulse amplitude U(m B)
%‘ifgé ?Fgf)‘t E=10kV/m | E=20 kV/m | E=30 kV/m

5 950 1450 1650

10 930 1430 1620

15 910 1400 1600

20 840 1390 1580

25 800 1350 1450

30 740 1290 1410

2D922B Voltage pulse amplitude U(m V)

Direct lmay | ES10KVim | E=20kV/m | E<30 kV/m

5 1550 2950 3200

10 1520 2910 3150

15 1490 2870 3090

20 1450 2800 2950

25 1440 2760 2940

30 1410 2700 2820
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The analysis of the current-voltage characteristics
obtained experimentally indicates the presence of
sections with negative differential resistance similar to
the calculated direct current section of the physical
model of reversible semiconductor device failures
(section A-B in Fig. 1) because under the experimental
conditions the increase in direct current was
accompanied by a decrease in the total (including the
external influence) voltage at the diode.

In this case, the deviation character of the current-
voltage characteristic obtained during the experiment
did not depend on the pulse amplitude of the impacting
voltage.

This mode of growth of radiation energy of
electromagnetic oscillations of semiconductor devices
due to the energy of induced currents is, in our opinion,
determined by the mechanisms of beam instabilities.

Analysis

Let us present a comparative analysis of the values
of radiation energy of natural oscillations of
semiconductor diodes 2D922B and KD409A obtained
experimentally and quantitative estimates of the
magnitude of the radiation energy obtained by
calculation based on the physical model of reversible
failures of semiconductor devices proposed here.

It was found experimentally that an increase in the
forward current of diode 2D922B within the range
Al ~5-30mA (the amplitude of the impulse of the
acting voltage falls within Ey ~10—30kV/m ) leads to

a drop in the amplitude of the voltage pulse at the diode
within AU ~1550—2800mV . This means that a section
with negative resistance appear on the I-V curve of the
diode (section A-B in Fig. 1.)

When the pulse duration A, ~500ns, the
range of radiation energy determined using equation (4)
AW, =0,6-107° =1,2:10757 .

For KD409A diode, with similar parameters of the
acting pulse and in the same direct current ranges, the

drop in the voltage amplitude at the diode is within
AU ~950-1400mV , and the radiation energy is
AW,y =0,3-107° —0,8-1075 .

Let us determine now the energy losses of charged
particle fluxes induced by external pulsed radiation,
occurring due to the excitation of natural oscillations of
solid-state structures, using the physical model of
reversible failures proposed here (equation (3)).

The parameter levels that determine AW,,; can be
estimated using the existing experimental dependencies
relating the induced current magnitude in silicon
structures constituting the objects under study (diodes)
[7] to the levels of external electric field strengths E,

(i.e., the concentration of electrons of the induced
current (Langmuir frequency of electrons of the induced

current 0)% = 4neznb / m ) and drift speed v )).
When changing the parameters of the acting pulse,

similar  to that wused in the experiment

(Eg ~10=30 kV[m , At;y,, ~500ns ) for the studied

silicon diodes 2D922B and KD409A the values of the
parameters falls within the following ranges:
ny ~ 1010 =102 cm™ | vy ~ 10°—107 <2,
s

wp ~107s71 .
The natural frequencies (surface polaritons) of the

o structures constituting the diodes are determined
from the magnitudes of the Langmuir oscillations

0 =\l4nezno /m, i.e. electron concentration #y in

semiconductor component constituting the diodes:
o = oy =100 —10M 571 7.

While the value of AW, is 10771077
according to (3).

The comparative analysis of the experimental and
calculated data shows that the transition radiation
energy for the studied semiconductor devices (diodes) is

determined by one order of  magnitude

AW, 4 ~107 -107J with a general tendency of

increase in the radiation energy depending on the
physical parameters of the component materials and
characteristics (amplitude increase) of the applied
voltage pulse.

Conclusions

1. We have justified the experimental procedure
for studying a physical model proposed in [5] and
describing the occurrence of reversible failures (the
effects the current induced by electromagnetic radiation
has on current-voltage characteristics of semiconductor
devices). We have also determine the ranges of external
electromagnetic radiation parameter values at which this
physical model can be applied (electric field strength
amplitude E<100kV/m and pulse duration

Aty =10° =107 ns ).

2. The experimental studies were performed to
determine the impact pulsed electromagnetic radiation
(with electric field strength amplitude

E=10-30kV/m and pulse duration A, ~500ns )

has on the current-voltage characteristics of direct
current sections of diodes (namely 2D922B silicon
planar diode with a Schottky barrier and KD409A
silicon epitaxial diode). They revealed the presence of
negative differential resistance sections in the curve,
characterizing the mode of generation of natural
oscillations in these devices (increase in direct current
accompanying the voltage drops)

The results of a comparative analysis of the
experimental and the calculated data obtained here
make it possible to use the proposed physical model of
reversible failures and the calculated relationships
derived from it to determine the criteria for the
occurrence of reversible failures in semiconductor
diodes exposed to pulsed electromagnetic radiation (the
occurrence of S-shaped sections of direct current curve)
and quantitative characteristics of such failures.
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EnekTpoMarniTHa cymMicHiCTh HANiBIPOBIHMKOBHMX NPUJIANIB B YMOBAX NEPEXiTHOr0 BUIPOMiHIOBAHHSI
B. B. Kns3es, O. A. Cepxos, B. C. bpecnagen, 1. B. SIkoBenko

AHorauis. IIpexverom BuBYeHHS € aHami3 mnpoueciB 1 (i3MYHA MOJEIb BHHHUKHEHHS OOODOTHHX BiZIMOB
HaIliBIIPOBIHUKOBUX OB (BIUIMBY HAaBEAEHUX €IEKTPOMArHiTHUM BHIpoMiHtoBaHHAM (EMB) crpymiB Ha BOJIBT-amIepHi
XapaKTepUCTUKK NpunaaiB). Jlana Mozelb 6a3yeThesl HA MEXaHI3Mi IIepeTBOPEHHs eHeprii HaBeneHuX 30BHiHIM EMI cTtpymiB B
€HEpPril0 BIACHUX €JEKTPOMArHiTHUX KOJIMBaHb TBEPIOTIJIBHUX KOMIUICKTYIOUMX pPajioBUpoOiB (edekTi mnepexismHoro
BUIIPOMiHIOBaHHS). MeTa - O0OIpyHTYBaHHS ITOCTAHOBKH €KCIIEPUMEHTAIBHHUX JOCIIKEeHb Ha 0a3i 3armporoHOBaHoi (i3myHOl
Mozieni 00OpOTHHUX BiAMOB (TOsiBM OONacTel BOJBT-aMIEPHHUX XapaKTEPUCTHK HAIiBIPOBIIHUKOBUX [IOIIB 3 HEraTMBHUM
ornopoM). BuzHadeHo obnacti mapameTpiB 30BHIIIHBOIO €JIEKTPOMArHiTHOIO BUIIPOMIHIOBAHHSI 1 HAITBIIPOBIIHUKOBUX IPHIIAIiB
Ipy  SAKUX peali3yerbcsd naHa (isuuHa wmoznens. IIpoBeneHO eKcHEepUMEHTalbHI [JOCHIMKEHHS BIUIMBY IMITYJIbCHOI'O
€JISKTPOMArHITHOrO BUIIPOMIHIOBaHHS HA BOJIBT - aMIIEPHI XapaKTEPUCTHKHU JUISTHOK MPSAMOro CTpyMy JHioniB. Bonu mokasann
HAsBHICTb JUISHOK 3 HETaTUBHUM JH(EpeHLiaIbHUM ONOpOM, IO XapaKTePU3YIOTh PEXHM TI'eHepalii BIaCHUX KOJIMBaHb
(30ipIICHHST TIPSMOTO CTPYMY IpH MaJAiHHI Hamnpyrs). 3aBAaHHSI: €KCIEPUMEHTAIbHI JOCIIDKEHHS B3a€MOJii HaBeJIECHHX
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30BHIMHIM EMI cTpymiB 3 €leKTpOCTaTMYHMMM KOJMBAHHSIMHU HAIliBIIPOBIIHUKOBOI CTPYKTYPH, 3aCHOBaHa Ha peaiizanii
MIEPETBOPEHHS €HePrii pyXOMHX 3aps/iB (HaBEJEHUX CTPYMIB) B CHEPril0 €EKTPOMAarHiTHUX KOJIMBaHb B YMOBAX IHEPEeXiJHOro
BUIIPOMIHIOBAHHS, KOJIM IOTIK YaCTUHOK PYXaeThCs 110 HOpMali IO MEXI HaIiBIIPOBIAHMKOBOI CTPYKTYpH. BukopucroByBaHi
METOAM: AHATITUYHI METOAM pillleHHS piBHAHb MakcBeia i pIBHSHb CEpellOBHINA B paMKax TIiApOJMHAMIYHOIO IiJXOZNy.
OtrpuMaHi HacTynHi pe3yabTaTh: IIpoBeleHO EKCIIEPUMEHTaNIbHI IOCHi/UKEeHHS (DyHKIIOHYBaHHS HAaIliBIPOBIHUKOBUX
KOMIUIEKTYIOUHX €JIEeKTPOpaioBUPOOiB B YMOBAX BIUIMBY CHJIBHUX IMITYJIbCHHMX €JIEKTPOMArHITHHX HOJiB. BuB4YeHO xapakrep
3MiH Mpane3ZaTHOCTI HAIIBIIPOBIJHUKOBUX KOMIUIEKTYIOUHX €JEMEHTHOi 0a3u TexHIuHHX 3aco0iB. [loka3zaHo, m0 BIUTUB
IMITYJIbCHOT'O €JIEKTPOMarHiTHOrO BUIIPOMIHIOBAHHS CYIPOBOJUKYETHCS BHHUKHEHHSIM CTPYMIB B IIPOBIZHUX €JIEMEHTaX BUPOOIB.
BusnaueHo oauH 3 TuniB 0OOPOTHHX BiJMOB HAaIlBIIPOBIAHMKOBOI €JIEMEHTHOI 0a3M eleKTpopalioBUpOOiB, 3aCHOBAHMN Ha
B3a€MOJIIT CTPYMiB, HABEJICHUX 30BHIIIHIM BUIIPOMiHIOBAHHSM, 3 BIACHUMH HOJISIMHU CTPYKTYp, KOMIUIEKTYOuMX Bupi0. IToniGHi
BIZIMOBH PpeEaJli3ylOThCSI B YMOBaX IEPEXiJHOrO BHUIPOMIHIOBAaHHS (CTPyM CIIPSMOBaHUH 110 HOpMali J0 MEXi CTPYKTYpH).
IMokazaHo, 110 JJaHa B3a€MOJIS NPOBOAUTH /IO CHEPrEeTUYHUX BTPAT HABEJEHMX CTPYMiB Ha 30y/KEHHS BIACHUX KOJIMBAaHb
CTPYKTYpH, TOOTO MOSIBI PeXXUMY IeHepalii KOJMBaHb, SIKUH XapaKTepH3yeThCS 3MIHOIO BOJNBT - aMIEPHHX XapaKTEPUCTHK
panioBupoOiB. Pe3ynbTaTi NOPIBHAIBHOTO aHalli3y, OTPUMAHHUX B JJaHii poOOTI eKCIEepHMEHTAIbHUX I PO3PaXyHKOBUX JIAHUX,
JIO3BOJISIIOTh BUKOPUCTOBYBATH 3alpONOHOBaHY (i3M4HY MOzENIb OOOPOTHHX BiZMOB i OTpUMaHi Ha 1 OCHOBI pO3paxXyHKOBI
CIIBBIHOLIEHHS JUIS BU3HAYCHHsI KPUTEPIilB BUHUKHEHH 1 KiIIbKICHUX XapaKTepUCTUK OOOPOTHHX BiJJMOB HaIiBIPOBIJHUKOBUX
JioliB B yMOBAaX BIUIMBY IMITYJICHOI'O €JI€KTpOMarHirHoro sunpomiHioBaHHs. (ITosBi S-nofiGHUX IUISHOK HPSIMOTO CTPyMY).
BucHoBku. Pesynbraty, orpuMaHi B po0OTi, MOXKYTh OyTH BUKOPHCTaHI IPH OLHII €JIEeKTPOMArHITHOI CyMiCHOCTI aKTMBHHX
palioeNneKTpoOHHUX HpHiIaziB (IIiCHIIIOBaviB, TeHEPATOPIB 1 IEePeTBOPIOBAYIB EIEKTPOMAarHiTHUX KOJIMBAHb MiIIMETPOBOTrO Ta
CyOMiTIMETPOBOro [iana3oHiB) B yMOBax BIUIMBY 30BHIIIHIX IMITYJIBCHMX eJeKTpoMarHitHux nomis. IlpoBenenuii B poGori
MOPIBHSUIBHUN aHalli3 KUIbKICHUX OLIHOK OOOpOTHMX BiJJMOB HAIliBIIPOBIAHMKOBMX HPHJIAAIB B 3aJ€XHOCTI BiJl IPOCTOPOBOI
koH(iryparii BmBae nons (HaBeJEHUI CTpPYM HOPMAalbHMII KOPAOHI CTPYKTYPH) JO3BOJISE BUPIIIYBATH 3aJadi ONTHUMi3alil
CTYIEHS CIIOTBOPEHHS pOOOUNX XapaKTePUCTHK JaHUX IPUIIAJIB.

Knaro4doBi ciaoBa: enexkTpoMarHiTHe BHUIIPOMIHIOBAaHHS; HalliBIPOBIJHUKOBI CTPYKTYpH; IIOBEPXHEBI KOJIMBAHHS,
3aps/LKEHI YaCTUHKY; A€KPEMEHT KOJIUBaHb.

DJIeKTPOMArHUTHASI COBMECTHMOCTD MOJIYNPOBOHMKOBBIX TPHOOPOB B YCJIOBHSIX MEPEXOAHOT0 H3Ty4eHHSI
B. B. Kns3es, A. A. Cepkos, B. C. bpecnasen, 1. B. SIkoBenko

AHHoTanus. IIpeaMeToM H3ydeHHs SBISETCS aHAIU3 MPOLIECCOB U (hHU3MUYECKass MOJETIb BOSHHKHOBEHHS 0OpaTHMbBIX
OTKa30B IOJYIIPOBOJHUKOBBIX MMONOB (BIMSHUS HABEICHHBIX JJICKTPOMArHUTHBIM u3lydeHueM (OMI) TOKOB Ha BOJIBT-
aMIepHBIC XapaKTePUCTUKU NprOopoB). laHHas Monens 6a3upyeTcs Ha MEXaHU3Me NPeoOpa3oBaHHsl YHEPTHMU HABEICHHBIX
BHEIIHUM OMI TOKOB B OJHEPrUI0O COOCTBEHHBIX JJICKTPOMATHWUTHBIX KOJNEOAHWH TBEPHOTENBHBIX KOMILICKTYIOLIHMX
pamuonznenuii (3ddexre nepexomHoro usnydeHus). Leap - 060cHOBaHNE MOCTAHOBKU SKCIEPUMEHTAIIBHBIX HCCIIEIOBAaHUI Ha
6a3e NPELIOKEHHOH (HM3MUIECKOH MOIEeNH OOpaTUMBIX OTKa30B (MOSIBICHHUS OOJACTeH BONBT-aMIEPHBIX XapaKTEPHCTHK
HOJYIPOBOJHUKOBBIX [IMONOB C OTPULATEIBHBIM CONPOTHBICHHEM). OnpeneneHsl 00JacTH IapaMeTpoB  BHELIHEro
9JIEKTPOMArHUTHOTO W3JIy4CHHS W IIOJYNPOBOIHUKOBEIX NPUOOPOB IPU KOTOPBHIX peanu3yercs NaHHas (HU3HUUecKas MOZCIb.
ITpoBeneHb! SKCIEPHUMEHTATBHBIE HCCIEAOBAHMS BIMSHUS UMITYJIBCHOTO 3JIEKTPOMArHUTHOIO M3JIydeHHs] Ha BOJIBT — aMIICpPHbIE
XapaKTePUCTUKU YJaCTKOB MPSMOro TOKa JuoxoB. OHM IOKa3aly HalIUM4YHe yJacTKOB C OTPULATENBHBIM IH(depeHIHaIbHBIM
COIIPOTHUBJICHUEM, XapAaKTEPH3YIOIUEe PEKUM TeHEPAIMH COOCTBEHHBIX KoNeOaHUH (yBeNIUYEeHHE IPSIMOro TOKa MM HaJeHUN
HANpsOKeHMs). 3agayva: dSKCIePUMEHTAIbHBIE MCCICHOBAHMS B3aUMOJACHCTBHS HABENCHHBIX BHeIIHMM OMI TokoB ¢
9JIEKTPOCTATUYECKIMH KOJICOaHMIMH HOIYIPOBOJHUKOBOH CTPYKTYpHI, OCHOBAaHHAs Ha PealU3alliy IIpeoOpa3oBaHMs SHEPrUr
JBIDKYIIMXCSL 3apsIOB (HaBEICHHBIX TOKOB) B 9HEPTHIO JIEKTPOMArHUTHBIX KOJIEOAHHIl B YCIOBUSX IEPEXOIHOIO HM3IIyUESHHUS,
KOrZa MOTOK 4YacTHI[ IBIDKETCS II0 HOPMald K TpaHHIE MOIYNPOBOIHHKOBOH CTPYKTYpHl. LICroOmb3yeMble MeTOAbI:
QHAJIMTHYECKUE METOMbl PEeLICHUs ypaBHEHHH MakcBelUla U ypaBHEHMH Cpeibl B paMKax THAPOJMHAMHYECKOro IOIXOJa.
ITonydensl  ciepyromue — pe3yJabTaTbl:  IIpoBeNeHbI  OKCHEPUMEHTANbHBIC  MCCIESNOBaHUMSA  (HYHKIMOHHPOBAHMS
HOJYHIPOBOJHUKOBBIX ~ KOMIUICKTYIOIIMX — OJEKTPOPAIHOM3ICINH B  YCIOBUIX BO3NEHCTBHMSL CHJIBHBIX — MIMITYJIBCHBIX
9JIEKTPOMArHUTHBIX Monedl. V3ydeH XapakTep H3MEHEHUH paboTOCIOCOOHOCTH IOMYNPOBOJHUKOBBIX KOMIUIEKTYIOLIUX
9JIEMEHTHOH 0a3bl TEXHHYECKUX CPeACTB. IIOKa3aHO, 4YTO BIMSHUE MMITYIbCHOTO 3JICKTPOMATHUTHOIO —H3JTy4eHUS
COIIPOBOXKIAETCS] BOSBHUKHOBEHUEM TOKOB B MPOBOJISIIMX dIEMEHTaX n3zenuid. OnpeneneH OfUH U3 THIOB 00PAaTUMBIX OTKa30B
HOJYIPOBOIHUKOBOM 3JIEMEHTHOH 0a3bl JIEKTPOPAJMOU3EIUH, OCHOBAHHBIH Ha B3aUMOJCHCTBUM TOKOB, HABEIECHHBIX
BHEIIHNM H3JIy4e€HHEM, C COOCTBEHHBIMH IIOJISIMH CTPYKTYP, KOMIUIEKTYIONMX u3neinue. [1onoOHbIe OTKas3hl peaiu3yroTcsl B
YCIOBHSIX TIEPEXOAHOrO HM3JIydeHHs (TOK HaIpaBleH [0 HOPMaJM K TIpaHuLe CIpYKTypsl). Iloka3aHo, 4TO JaHHOE
B3aMMOJCHCTBHE IIPOBOIUT K DHEPreTHYECKMM IIOTEPsIM HABEICHHBIX TOKOB Ha BO30YXKIEHHE COOCTBEHHBIX KOJICOAHMI
CTPYKTYpHI, T.C. HOSBICHHIO PEXKUMA T'eHEpAlMU KOoIeOaHWH, KOTOPHIH XapaKTepH3yeTcs HU3MEHEHHEM BOJBT — aMIIePHBIX
XapaKTEePUCTUK PaJMOU3EIUH. Pe3ynbTaThl CpaBHUTEIFHOIO aHAIN3A, OTYyYSHHBIX B HACTOSIICH paboTe SKCIepUMEHTATBHBIX
U PacyeTHBIX JAHHBIX, II03BOJLSIIOT HCIONB30BATh NMPEIOKEHHYIO (DH3HMIECKYI0 MOJIEIb 0OOPATUMBIX OTKA30B M IIOTydYEHHbIE Ha
€€ OCHOBE pACUYETHbIE COOTHOLICHHUS JUISL OIPENCNCHHs] KPUTEPUEB BOZHUKHOBEHMS M KOJNMYECTBEHHBIX XapaKTEPHCTHK
00paTUMBIX OTKAa30B IOJIYIPOBOIHHKOBBIX IIMOOB B YCIOBHSIX BO3ACHCTBHS HMITYJILCHOI'O 3JIEKTPOMArHUTHOTO H3JIYYEHHS.
(TosiBIICHHIO S —00pa3HBIX yIaCTKOB IPSIMOTO TOKa). BBIBOABI. Pe3ynbTaThl, MOMy4eHHEIE B paOOTe, MOTYT OBITH HCIIOIb30BAHbBI
IPH OLEHKE JJIEKTPOMArHUTHOH COBMECTHMOCTH AKTHBHBIX PAJMO3IEKTPOHHBIX HPHOOPOB (ycHiuTeneil, reHepaTopoB U
npeoOpa3oBaTeneil IEKTPOMarHUTHBIX KONeOaHWH MMJUIMMETPOBOIO M CyOMHJUIMMETPOBOIO JIMANa30HOB) B  YCIOBHSX
BO3JICHCTBUSI BHEIIHMX HMITYJIbCHBIX OJEKTPOMArHUTHBIX monedl. IIpoBeneHHBII B pa0oTe CpaBHUTENBHBIA aHAIH3
KOJIMYECTBEHHBIX OLICHOK OOpPAaTHMBIX OTKa30B IOMYIPOBOJHUKOBBIX INPHOOPOB B 3aBHCUMOCTH OT IPOCTPAHCTBEHHOH
KOH(GUI'ypaluy BO3JEHCTBYIOIIEro Moist (HaBeJSHHBI TOK HOpPMalleH TIPaHHLE CTPYKTYpPhI) MHO3BOJISIET pEIIaTh 3aladd
ONTHMHM3aLMH CTENEHH HCKaXXEHUS Pa0OUNX XapaKTePHCTHK JaHHBIX IPHOOPOB.

KawoueBble cioBa: QJICKTPOMAarHuTHOE U3JIy4CHUE; ITOJTYIIPOBOAHHUKOBBLIC CTPYKTYPHI; IIOBEPXHOCTHBIC KOJ'[e6aHI/I${;
3apsHKCHHBIC YaCTULBI; ICKPEMEHT KoJie0aHuii.
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MEPEPO3MIOJLT IH®GOPMAIIMHUX ITOTOKIB
Y I''IEPKOHBEPTEHTHINA CUCTEMI

Ipu BupilIeHHI 3aBlaHb YNPaBIiHHSA CTPYKTYPOIO CHCTEMH BipTyanbHHX KaHaiiB 3B’a3Ky (CBK3) BuHMKae 3aBnaHH: onl-
THMaJIBHOTO PO3IOJUTY HABaHTaXKEHHS 3 METOI0 3a0e3nedeHHss HeoOXiHOT sikocTi obciyropyBanHs ii aboHeHTiB. [Ipenme-
TOM /IOCJIi/IZKeHHSI € CTPYKTYpa CUCTEMH BIPTyallbHUX KaHaiB 3B’s3Ky. MeTa Hoc/IiT:KeHHs] — PO3pOOICHHS METOLy OIle-
paruBHOI pekoH(Irypauii CUCTeMH BIpTyaJIbHUX KaHAJIB 3B 53Ky, 110 3a0€3M1€UUTh 3HIKEHHS CEPEHbOI BEIMUMHU 3aTpU-
MKH y MEpeXi Ha rinepKOHBEpreHTHil miar¢opMi B MOPIBHAHHI 3i cTaTHUHKUM po3nozniioM. Pedynabraru. s BUpinieHHS
3aB/laHHsI oneparuBHOI pekoHdirypanii CBK3 npu 3MmiHi cutyanii Ha Mepeki BUKOPUCTaHO MiHIMAKCHUH KpuTepiid. Onru-
Mi3zaliiiHa 3ana4a copMyJIbOBaHA TAKUM YMHOM: 3HAXODKEHHS TAKOrO PO3MHOJUTY MPOIYCKHHUX 3JIaTHOCTEH BipTyaJIbHUX
KaHaJIiB 3B’ 3Ky 171 HOBOI cTpykTypu CBK3, T00TO BU3HaueHHs BEKTOpa IPOITYCKHUX 3aTHOCTEH BipTyalbHUX KaHAJiB
3B'SI3KY, NIPU SIKOMY MiHIMIi3yeThCsl MaKCUMaJIbHE 3HaueHHs Koe(illieHTa BUKOpPUCTaHHA (DI3MUHOro KaHay 3B'A3KYy B Me-
pexi. 3anpornoHOBaHUI alNropuTM PO3B'A3aHH: MOCTaBIeHOI 3anaui ontuMizanii. BucHoBku. OneparusHa pekoHpiryparis
CHCTEMH BipTyaJIbHUX KaHaIB 3B 53Ky, L0 MiHIMi3ye MakCUMalbHe 3HaueHHs Koe(illieHTa BUKOPUCTaHHA (Di3UYHUX Ka-
HaJiB 3B'I3KyY, IIpX 3MiHi HaBaHTaxxeHHa CBK3 B mporieci ii excrutyarariii, NpU3BOAUTE 10 3HW)KEHHS CEPEAHbOI BETMYUHU
3aTpUMKH. [lepeBaramu 3alporOHOBAHOTO AITOPUTMY B HOPIBHSAHHI 3 ICHYIOUMMU € 3a0e3I1eUeHHs epepo3oiLy Ipoy-
CKHOI 3JIaTHOCTI pecypciB Mepexi LIJIOUMCEeNbHUMU OJI0KaMHU 1 BPaXyBaHHSAM MOXIJIMBOCTEH TilEpKOHBEPreHTHOI IuaTdo-
pMu Ta Gi3MYHUX KaHATIB 3B 53Ky, HA 0a3i AKUX OyIyeThCsl Mepexa BipTyallbHUX KaHAIIB 3BS3KY.

Karo4doBi cJioBa: BipTyaIbHUI KaHal 3B 13Ky, TIIIEPKOHBEPIeHTHA CHCTEMa, POITYCKHA 3/1aTHICTb, iH()OpMaLiiHuiA TIOTIK.

Beryn

AHani3 npodinemMn Ta HAYKOBUX myOmikamii. Sk
BiZIOMO, Ha ChOTOJHI BCe OLJIbLIE IMiIPHEMCTB, GipM Ta
HaBYAIBHUX 3aKJIaJiB IPH OpraHizamii KoprnopaTuBHUX
MEpexX BIJIAIOTh MepeBary KOHBEPIeHTHHUM 1 TiEepPKOH-
BeprenTHUM tiatgopmam [1, 2]. Tadpacrpykrypa, 1o
CTBOpPCHAa Ha KOHBEPICHTHIN Iuiatdopmi, mependadae
o0'eqHaHHS TaM'siTi, OOYMCIIOBAILHUX 1 MEpEeKHHX
pecypciB 'y myn, 3a3faleriab CKOHGITYpOBaHHMX IS
pobotn B nara-neHTpi [3], mpH TiNEPKOHBEPIeHTHIH
iHQPACTPYKTYpi OOYHUCITIOBAJIBHI IMOTY)KHOCTI, CXOBHU-
Ia, CepBEpH, Mepexi 00'€THYIOThCS B OJHE IIiJIe 3a
JIOTIOMOT'OF0 TIPOTPaMHUX 3ac00iB, a YHpaBIIiHHI HUMH
BiIOYBAETHCS Uepe3 3arajibHy KOHCOJb aJIMiHICTpyBaH-
Hs [4, 5]. OcHOBHI mepeBaru TiepKOHBEPTeHTHOI CHC-
TEMH — CYTTEBE 3HIDKCHHS BUTpAT Ha aJIMiHICTpyBaHHS
CHCTEMH, MOXJIHMBICTh 301NBIICHHS OOYMCIIOBAIBHUX
pecypciB cucteMu 0€3 IepeHaNaroKeHHs MPOrPaMHIX
Ta amapaTHHX 3aco0iB. AJie IEHTpai30BaHe yNpaBIliH-
HS moTpedye OLIbII CKIAIHUX TPOLEAYP YIpaBIiHHSI
pecypcaMu cucteMH. 30KpeMa BUHHMKAE NUTAHHS OIle-
patuBHOI pekoH]iryparii cucTeMHu BipTyaJbHUX KaHa-
JIiB 3B’S3KY, TOOTO 3MiHH ii CTpyKTYpH [6].

[Ipu BupimIeHH] 3aBaHb YNPaBIiHHSI CTPYKTYPOIO
cucTeMH BipTyanbHHX KaHamiB 3B’s3ky (CBK3) BuHU-
Ka€ 3aBJaHHs ONTHMAIBHOIO PO3IOALTY HaBaHTAXKECHHS
3 MeToro 3a0e3rnedyeHHsT HeoOXiaHOI SIKOCTI 00CIyroBy-
BaHHA 11 aboHeHTiB. [IpuBomamMu 171t BUKOHAHHS (YHK-
Liil ynpaBiiHHs orepaTUBHOIO pekoHdirypaniero CBK3
MOXE CITY)KUTH TaKa CHTyalls, Ipu SKiil 3a cepenHii
Yac mepeayi MoBiIOMJICHHS [0 Mepexi He 3abe3mneuy-
€TbCSl HEOOXiJHA IMPOITYCKHA 3/IaTHICTh, SIKICTh 00CIY-
TOBYBaHHs a0OOHEHTIB, €(EeKTHBHICTh BHKOPUCTAHHS
peCypciB Mepexi TOIIO.

Ha cporoani po3po0iieHi i MUPOKO BUKOPUCTOBY-
I0ThCSl TOCHTH 0araTo MeTOZiB BU3HAYEHHS ONTHMAaJlb-
HOTrO 32 OOpaHUMH KPHUTEPISIMHU BEKTOpa IMPOIYCKHUX
3IATHOCTEH BipTyaJbHUX KaHAJIB 3B'S3KY: TOYHI METO-
M, 3amlporoHoBaHi B poboTax [7—11]; HaOmmkeHi, mo
JTO3BOJISIFOTH OTPUMYBATH JIOKAJIbHI ONTUMAJIbHI PilllcH-
Hs [12—14]; yncenbHi 1 eBPUCTUYHI METOAH, IO BPaxo-
BYIOTh crieniu(iky 0a3oBoi Mepexi [15, 16]. Ilepepaxo-
BaHI METOJAM /sl ONTHUMIi3amii o0csATy pecypciB NpH
yrpasiiaai CBK3 He B moBHilf Mipi BpaXxOBYIOTb JAWC-
KpPETHHI XapaKTep MEpeXeBHX PECYpCiB i MOXJIUBOCTI
cucrteMr (hi3WUHMX KaHANIB 3B’SI3Ky, Ha SIKIH peaizy-
erbesi CBK3. Takok HHM3Ka NPUITYIIEHb, 3pOOJIEHUX Y
nmyomikamisx [17-24], npucBIYEHUX ONTUMI3alii Mpo-
MTyCKHHUX 3/IaTHOCTEH MEpexX Iepeiadi AaHuX, CIpOIILy-
I0Th IHTEpIpeTalilo pe3yabTaTiB, ajie TOBOJI 4acTo He
BIJINIOBiIa€ peasibHUM YMOBaM (DYHKIIIOHYBaHHS Mepe-
ki. OCOOJMMBO II€ TOMITHO MPH aHaji3i TilepKOHBEp-
reHTHuX cucteM [2]. Otxe, HEOOXIAHO PO3POOUTH Me-
TOJ] OIIEPaTUBHOI peKOH]Iryparii CHCTEMH BipTYyaJIbHUX
KaHaJliB 3B’5I3Ky, SIKMW Oyle BpaXxOBYBaTH OCOOJIUBOCTI
TiIIEPKOHBEPTEHTHUX CHCTEM.

IMocTanoBKa 3aBXaHHS. METOIO CTaTTI € pO3p00-
JIEHHSI METOIy OIEepaTHBHOI peKoH(Irypamii cucremu
BIpTyaJIbHUX KaHaJiB 3B’s3Ky, 110 3a0e3MeYuTh 3HU-
JKEHHSI CEpe/IHbOI BEIWYMHHM 3aTPUMKH y Mepexi Ha
TiepKOHBEPreHTHINM IIaTdopMi B TOPIBHSAHHI 31 cTa-
TUYHUM PO3TOIITIOM.

1. Pe3yabTaT TeOpeTHYHUX JOCTITKEHD

Hexaif neHTtp ymnpaBiiHHS TilEpKOHBEPTEHTHOO
Mepexero hopmye iHpOpMaIiiiHi MOTOKH MK N, BY3-
JlaMH, BUKOPUCTOBYIOUM L KaHamiB 3B's3Ky. [loBimom-
JICHHSI, 0 MEPENAOThC MiX KOXXHOIO Mapor0 CyMiX-
HHUX BY3JIB, YTBOPIOIOTH iH(pOpMaliiHui motik. Tomo-
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JIOTiST MEpeXi 1 XapaKTEepUCTHKH ITOTOKIB, IO HaJXO-
ITh Ha 00CIyroByBaHHS, Bimowmi. J{ist mepenadi Kox-
HOT'O IOTOKY 3aJa€ThCsl Jiesska MHOXXKMHA MapUIpYTiB —
KaHIHUIATIB), 3 SIKOI JUIA Mepeaadi MoToKy (hopMyeThCs
OMH BIPTyaJlbHUH KaHaJl, TOOTO BHKOPHUCTOBYETHCS
TIIBKA OJWH UDISAX. TakoX IMPUIYCTUMO, IO €MHICTH
HAKONMYyBaya B TPAH3UTHUX BY3Jax Mepexi HeoOMe-
JKEHa; a MPOLEC HAIXO/KEHHSI ITOBIIOMIIEHb B MEPEKY
Ma€ MyacCOHIBCHKHH PO3MOALT. 3aTpUMKa MOUIMPEHHS
ITOB1IOMJICHb KaHAJIaMU 3B'sI3Ky HE3HAa4YHA 1 Mpu 00po0-
i B TPAH3UTHHX BY3JIaX MOBIJIOMJICHHS HE 3aTPUMYETh-
cs. Koknuit ¢ -ii xaHai 3B'A3Ky Ma€ MPOIMYCKHY 3/aT-

Hicte C,,¢=1,L i onucyeTbcss onHOMiHiMHOI cucTe-

MO0 MacoBoro obcmyroByBanHs M/M/1. Ha xoxkeH
KaHaJl 3B'S3KY HaJXOJHUTh IyaCCOHIBCHKMI MOTIK TOBI-

noMiIeHb inTencuBHiCTIO A (), £ = LL:
M=%, e (1)

ne A,— iHTeHcuBHicTh r-ro motoky (r=1LR, {n,}-
MHOXKMHA IIOTOKIB, IO BHKOPHUCTOBYIOTH [ - KaHal
3B'13Ky, R — KUIBKICTh IOTOKIB, IO MEPEIAIOTHCS Me-
pexero, IpH 1IbOMY JOBXHHH IOBIJJOMJIEHb Ma€ €KCIO-
HEHIIWHUI PO3MOALI, a OYiKyBaHa IOBKHMHA ITOBIIOM-
JIeHb BU3HAYAETHCA SIK 1/

3arpumKy Ha KaHani 3B's3Ky D(/) i1 IMOBipHICTBH
BUKOPUCTAaHHA JiHI} 3B'S3Ky F, MOXIHBO BH3HAYHUTU
TakuM yuHoM [19]:

1 1

D(l) = = ;
uCy =0 pC,(1-Fp)
A0) o 2)
p="0" 1T,
ne,

Hackpi3Ha 3aTpuMKa MiXK KO>KHOIO ITApOIO B3a€MO-
JII0YMX KaHANIB 3B’S3KYy BU3HAYAEThCA SIK 3Ba)KEHA
cyMa OuiKyBaHHMX 3aTPHMOK Ha KaHaii 3B’s3Ky. Cepen-
HIO BEJMYUHY 3aTPUMKH MOBiTOMIIeHHsT I B Mepexi
MOJKHa BU3HA4uuTH 5K [19, 21]:
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abo : =
=1 Y HC/,(I_PIZ) Y/g:]l_PIZ

R o .
ne yzzrzlk, — CyMapHHil TOTIK, 10 HAAXOIUTH B

Mepexy Ha 00CITyroByBaHHSI.

JI71s1 BUpIIIICHHS 3aBIaHHS 3MiHH MPOIYCKHUX 3/1a-
THOCTEH BIPTyaJIbHUX KaHAJIB 3B’S3Ky 3a PaxyHOK pe-
koH(piryparnii CBK3 Mo)kHa BHKOPHCTOBYBATH ITiJIXiI,
po3pobiienuit B [22]. Bin monsrae B HacTynmHoMy. Me-
pea 3B'I3Ky IPEICTaBISETHCS y BUIJIII CYKYITHOCTI

By3;1iB CBK3 {Zl-}, i =1,_N, ne N — KiUIbKiCTh BY3JIIB

CBK3. Ha xoxnomy By31mi CBK3 Moxe 0yTu yTBOpe-
HUH JIOKaJbHUH PeCcypc MEBHOI MPOIMYCKHOI 3JaTHOCTI
Ci = CZi’i = 1,_]\[ .

3 xoxHoro Bysna CBK3 {Z;},i =1,N Moxe BHU-

XOIUTH g; HANpPsMKIB (Marictpaieil) i BXoguTH h; Ha-

MPSIMKIB 3B'A13KY, 32 SIKUMHU PO3MOIUISETHCS MPOITYCKHA
3aatHiCTh Cy;. ToMy po3MipHICTh KPOCOBOTO KOMYTa-

TOpa Ha BY3JIi KPOCOBOI KOMYyTaIlii CKJIagae m-m, Je
T — KUIBKICTh KaHaJIiB 3B'S3Ky BiJIOBIIHOIO KOMYTa-
TOpAa,
N N
n=>g=xh (5)
i=1 i=1
Posmozin emuocreit Cyz mo KaHamax 3B'A3KY
CBK3 MokHa BUBHAYUTH MAaTPHUIICIO

- =1 Q

. . Lo
e n;; — MPONYCKHA 31aTHICTh KAHATY 3B'A3KY (i, j) mix

By3J1aMH Z; i Z;.

Jis  3a0e3redeHHsT MaKCHMaJIbHOI TPOMYCKHOT
3natHocTi CBK3 mpu 3MiHi cuTyanii Ha Mepexi HeoO-
XiZIHO TIepepo3noAinuTiH eMHocTi Cy; Tak, mo0 Oymu

BHKOHAHI TaKi yMOBHU:
N N
2. =80 =Czis 2 my =hjQ;=Cgp, (D)
j=1 i=1

ae O; (Q J-) — MPOITYCKHA 3/IaTHICTh BUXIAHOTO (BXiJ-

HOT0) HaNPAMKH BY37a Z; (7).
Bumoru (7) MOXHa 3aOBOJILHHUTH, SIKIIO 3HANUTH
TaKy KBaJIpaTHY MaTpPHUIIO

el o

1100 OyJIM BUKOHAHI TaKi YMOBH:

2D My =gy ©)

icA, jcBy

=

n
2omyp=0i5 Ymy=0;, (10)
= i=1

ne my;; — 1[iJie HeBiA'eMHe 4uCno; A, — MHOXKHHA BUXi-
JIHUX HaIpsAMKIB 3 By3na Zj; B, — MHOXHUHA HalpsM-
KiB, III0 BXOJATh y BY301 Z, .

JI71st 3HaxXOKEeHHS MaTpUIll M BBEIEMO TOITOMIX-
Hy OyJeBy MaTpHIIIO

(11)

sKa BHM3HAYa€ CTaH KPOCYIOUOrO0 KOMYTaTopa TaKUM
YMHOM: €JIeMEHTH Matpulll  npuiimMaroTh 3HaueHHs (
abo 1, w; =1, SIKIO HANPSMOK, 1O BUXOIHTD 3 BY3Ja

oo t/=in,

Z;, KPOCYEThCSA 3 HAIIPAMKOM, IO BXOAATH Y BY301 Zj; B
KO)KHOMY DPSIKY (CTOBIII) 1€l MaTpuil TUIBKH OAWH
esieMeHT OyJie TOpPiBHIOE OJMHUII, pemTa — Hymo. Toxi
posnoain emHocteit C,; 1O NiHIAX 3B'A3KY, 110 3a70BO-

aeHsie ymoBaM (7), (9), (10), BU3HAUYAETHCA IESIKUM
HA0OpOM OYJICBHX MATPHIIb:

M=Ql+Qz+”’+Qc/m, (12)

Jie m — MiHIMaJIbHAHM pO3Mip KaHaJIbHOTO OJIOKY.
Jlns BupilleHHS 3aBJaHHS OIEPATUBHOI OITH-
ManbHOI pekoH¢irypauii CBK3 npu 3MiHi curyanii Ha
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Mepexi BHKOPHCTOBYEMO MiHIMakcHWE kputepiil. Ta-
KAM YMHOM, pO3IJISTHYTa 3ajiada Oyze IoJsraTd B 3Ha-
XOJKEHHI TaKoro PO3IOJTY MPOITYCKHHUX 3JaTHOCTEH
BIpTyaJIbHUX KaHaJiB 3B’S3KYy JUII HOBOi CTPYKTYpH
CBK3 (Bu3HaueHHs BEKTOpa IMPOITYCKHHUX 3JaTHOCTEH

BIpTyaJIbHUX KaHAJIB 3B'S3KY "”y ", Jj=LN;, npu gko-

My MiHIMI3y€eTbCSl MaKCHMaJIbHE 3HAUYEHHS KoedilieHTa
BHUKOPHUCTAaHHS (hi3MIHOTO KaHay 3B'SI3KY B MEpexi). 3
ypaxyBaHHSM BHIIEBHKJIAJICHOTO 3alMIIEMO ONTHUMI3a-
HiitHy 3a7a4y Ha 0a3i MiHIMAKCHOT'O KPUTEPIfO:

min max{f; ;} . (13)
i,y=1,.N
HpI/I TAaKHUX OGMe)KeHHHXZ
N N
2omij=Cgii 21 ;=Cy. (14)
j=1 i=l1

[Tpu upboMy NOBHHHI BUKOHYBATHUCS TaKi YMOBH:
1) 3amaHuii BEKTOp MOTOKIB, IO HAAXOASATH B Me-

pexy A,,r= LR, 1e R — KiabKicTs nap BY3IliB B Mepe-
K1, MIXK SIKUIMHU LIUPKYJIIOIOTH iHpOpMalliliHi MOTOKH;
2) 3a1aHui TIJIaH PO3IIOJITY IOTOKIB B MEPEXKI.
Bemnuuna £ ; B (13) Bu3Haua€eTHCS SIK

_ ML)
Py
S W
ne A(i,j) — cymMapHHH NOTIK BipTyaJbHOTO KaHAITY
3B'3KY, IO 3'€HYE BY3NH Z; i Zj, CTBOpIOBaHMiI BciMa
MOTOKAMH, [0 BUKOPHCTOBYIOTH JAHHUN KaHAJT 3B’S3KY
BIJIMIOBITHO /IO 3a/IaHOTO IIAHOM PO3MOLTY MOTOKIB, a

i,

j — IIPOIYCKHA 31aTHICTb JAHOI JIiHIi 3B'A3KY.

SIKmo onTHMaNBHUN TJIAH 33 JaHUM KpHTepieM
PO3IIOALTY MTOTOKIB HE 33JaHHH, TO MOXKJIMBO CKOPHUCTA-
THCSI METOZIOM, HaBelleHUM Y [23], 110 3a0e3medye BUOip
OJTHOTO HUISXY 3 JAESKOi MHOKUHHM MapUIpyTiB Ui 00-
CIIYTOBYBaHHS KOXXHOT'O TOTOKY, IIPU SIKOMY MiHIMi3y-
€TbCS MaKCUMaJlbHE 3HAauYeHHS KoedillieHTa BUKOPHUC-
TaHHs KaHaiy 3B'13Kky CBK3.

2. AITOPUTM Ta pe3yJbTaTu
eKCIePUMEHTANBHUX T0CTiTKEeHb

Jlyisl 3MeHIIeHHs CKJIaJHOCTI ajJropuTMy Ta CHpo-
LIEHHS EKCIIEPUMEHTY BBEIEMO Take OOMEXKEHHs: BCi
NpoITycKHi 3aaTHocTi gopiBHIOWOTE C, Cyz = C.

Aneopumm poszé'sizanms sadaui onmumizayii BKIIO-
Yae Taki omneparti:

1. Busnauuru 3Hauenus A(i, j), i, j =1, N Biamo-
BiJHO 0 oOMexeHb (14) Ta HaBeneHux ymoB 1 Ta 2.

2. 3amaTé MOYAaTKOBI 3HA4YEHHS BEKTOpa {nlQ its

i,j=1,N. B sKOCTI MMOYaTKOBOrO 3HAYCHHSI MOXKHA
BUKOPUCTOBYBATH BEITUUHUHY

n = {[MG,J)/ m]+Lm (15)

Jie m — po3Mip MiHIMaJIbHOTO OJI0KY 0OMiHY iH(opMalti-
€10 B Mepexi (m, [.] — 1Tl HEB1T'€MHI BETMYHHN).
3. IligroryBatu JONOMDKHY OYJEBY MaTpPHIIO

oo 111

4. OOuMcnIUTH 3HAYeHHS KoedilieHTa BHUKOPHC-
TaHHJ JIiHIT 3B'S3KY B Mepexi

Py =Mk O, g}, ko L=LN.  (16)

5. I3 MHOXXMHHM TIap iHAEKCIB, 0 BU3HAYAIOTh Ka-
HaJu 3B's3Ky, BUOpaTH napy (p, ¢), 110 BiANOBigae Mak-
CHMaJbHOMY 3HaueHHIO P,,, BUOpaHOMY i3 MHOXXHHH

By, k,0=1,N. 3HadueHns BIAMOBIZHOTO €JeMEHTa

0,y B MaTpuli € 30impIMTH HA 1 1 epelTH 10 MyHKTY
6, SIKIIIO TIPY BUKOHAHHI 11i€] oneparii B KOKHOMY PSAAKY
1 B KOXXHOMY CTOBITLI MaTpuii (Q Oy/e He Oinbliie oHO-
TO eJIEMEHTa, IO JOPIiBHIOE OAWHMUIL; B 1HIIOMY BUTIA[-
Ky MEepEeNUTH 10 MyHKTY 3.

6. OOYUCITUTH HOBI 3HAYCHHS 3a (HOPMYJIIOIO:

t -l ¢
p.g = pg T Opg M-

(17)

7. llepeBiputi  BUKOHaHHA oOMexeHHS (16):
a) AKIOI0 15 yMOBa HE BUKOHYETHCS, TO TEPEHUTH [0
yHKTY 4; 0) SIKII0O YMOBa BUKOHYETBCS, TO 3aKIHYUTH
00YHCIIEeHHS.

3amictp minboBoi ¢yHkwii (13) mpu momryky or-
TUMAaJIbHOTO PO3MOIALUTY MOXXHa BHKOPHCTOBYBATH TaKi
CHiBBI/IHOIICHHSI:

n

L
Coomn =2 cya-py M0 /5 s (18)
n L A )
L
ByCs =Y M0 /1, (19)

l=1

ne Cy,,m — 3MiHA HPOIYCKHHX 3JATHOCTEH KaHaliB

3B"SI3KY 32 3aKOHOM KBaJpaTHOTO KOPEHSI.

OnepatuBHa peKOH(]Irypamiss CUCTEeMH BipTyallb-
HUX KaHaliB 3B’s3KYy, IO MiHIMi3ye MakCUMaJbHE 3Ha-
4YeHHs KoedilieHTa BUKOPUCTaHHS (I3WYHHX KaHAIIB
3B's3Ky, mpu 3MiHI HaBaHTaxeHHs CBK3 B mporeci ii
eKCILTyaTallii, MpU3BOMUTH A0 3HWKEHHS CepeaHbOl
BEJINYMHH 3aTPUMKH 7.

Ha puc. 1 mpezacramieHa 3aJeXKHICTh CEPEIHBOL
BEIMYMHHA 3aTPUMKH BiJl HaBaHTaXXEHHI Mepexi (3a

L
YMOBH, II0 Ze=1 C, =C, =const).

0 13 15 17 19 21 23 125

Puc. 1. 3anexHicTb cepeHbOl BEIMUNHY 3aTPUMKHI
BiJ] HaBaHTa)keHHs1 Mepexi, C; =36 M6/c;
I — craruunuil po3noAiN NPOITYCKHOI 31aTHOCTI;
II - 3miHa npoIycKHOi 31aTHOCTI IIPY 3MiH1
HaBaHTa)XEHHsL: a — nporopuiitHo A( £ );
b — 3a HaBeIleHUM AJITOPUTMOM i3 IiI60BOIO (pyHKIi€O (20)
C — 32 HaBe/ICHUM JITOPUTMOM i3 IiJI60BOIO (yHKIi€0 (15)
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S BuaHO 3 puc. 1, mepepo3noaia pecypciB Mepexi
npy 3MiHi 11 HaBaHTa)XeHHs 3a0e3nedye 3HIKEHHS ce-
peIHbOI BETMUMHN 3aTPUMKH Ha MEpEXi B ITOPIBHIHHI
31 CTATHYHUM PO3IIOJIIIOM.

Kpim Toro, 3abesmnedyeTbesi Oinbln piBHOMIpHHI
PO3IIOALT 3aTPUMKH 110 KaHaJax 3B'sI3KY.

B oMy Bumaaky mipa piBHOMIpHOCTI pO3IIOILTY
3aTPUMKH F,, 1110 BU3HAYAETHCS BiAMOBIAHO 10 [19] sk

1 L

F=—>=24D(0)-T}, (21)
T2

Y
MIPHUOJIU3HO JOPIBHIOE HYITIO.
Kpim Toro, po3mozin mpomyckHoi 34aTHOCTI 3a Mi-
HiMakcHUM KputepieM (15) Onu3bKuil 10 pO3IOIiNY 3a
3aKOHOM KBaJpaTHOTO KOPEHsI.

BucHoBok

3anpornoHoBaHUi METO/ OIEPATHBHOI PEKOH)Iry-
pauii cucTeMH BipTyalbHUX KaHANIB 3B’SI3KY, SIKUH

3a0e3neuye 3HIKEHHS CepeIHbOI BETUUUHH 3aTPUMKH Y
Mepexi Ha TillepKOHBEpreHTHiil miardopMi B TMOpiB-
HSHHI 31 CTaTWYHUM po3moAaiioM. Po3poOieHuii anro-
pUTM peaizarii gaHoro Metoay. OnepatuBHa pekoHbi-
rypalisi CUCTEMH BipTyaJIbHHX KaHANIB 3B’s3KYy, IO
MiHIMI3ye MaKCHUMajbHE 3HaueHHs Koe(illieHTa BHKO-
puctaHHs (Qi3MYHUX KaHAJIB 3B'S3KY, NPH 3MiHI HaBaH-
taxxennss CBK3 B mporeci ii ekcrutyaTariii, IpU3BOAUTH
JI0 3HIDKEHHS CePeHbOI BEeNWYMHM 3aTpuMKH. IlepeBa-
raMy 3alpONOHOBAHOTO AaJTOPUTMY B TOPIBHSHHI 3
ICHYIOUMMH € 3a0€3IeUeHHs] Mepepo3NnoaiTy MpOImyCK-
HOI 3/IaTHOCTI PecypciB Mepexi WiJounceTbHUMH O0-
KaMH 1 BpaxyBaHHSIM MOMJIMBOCTEW TillepKOHBEPICHT-
HOi ruiaTgopMu Ta (PI3MYHMX KaHAIiB 3B’s3Ky, Ha 0as3i
SIKUX OYIyeThCs Meperka BIpTyallbHUX KaHANIB 3BS3KY.

Hanpsam monanbmmx AocTigxKeHb — peanizamis
3aMpONOHOBAHOIO AITOPUTMY 31 3HATTSIM OOMEXKEHb 3a
MIPOIYCKHOIO 3/IaTHICTIO OKPEMUX KaHAJIB y TilEpPKOH-
BEPIreHTHOMY CEPEeOBHIILI.
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ITepepacnpenesieHne HHPOPMALMOHHBIX MIOTOKOB B THIIEPKOHBEPTeHTHOM cucTeMe
H. T'. Kyuyk, C. IO. I'aBpunenko, H. B. JIykoa-Uyiiko, B. B. CoGuyk

B crarbe paccMaTpuBaroTCs 3aJaUn YIPaBIEHHS CTPYKTYPOH cHCTeMbl BUPTYyalbHbIX KaHanoB csa3u (CBKC). TIpu stom Bo3Hu-
KaeT 3aJlaua ONTHMAJIBHOrO pacnpenesnenus Harpysku. Ee neinp — obecriedenne TpeOyeMoro kadecra oOCITYKHMBaHHS aOOHEHTOB.
ITpeamerom ncciieI0BaHuA SBISICTCS CTPYKTYpa CHCTEMBbI BUPTYAJIbHBIX KaHaioB cBsi3u. Llesb uccsrenoBanus — paspadborka MeTozna
OIEPaTUBHON PEKOH(UTYpALIK CHUCTEMb] BUPTYaJIbHBIX KAHAJIOB CBSA3U. MeTos 00eCeunT CHIKEHHE CPEiHE BEITMYUHbI 3a/IEPXKKH B
CeTH Ha I'MIepKOHBepreHTHOH miatdopme. CpaBHeHHe OyleT HMPOBOIMTCSA CO CTATHYECKUM pacrpezienieHueM. Pedynbrarel. 3anaua
oneparnBHoi pexon¢urypaury CBKC pemaercs npy W3MEHEHUH CUTYalli B ceTH. Ji1 ee pelieHus HCIONb30BaH MUHUMAKCHBIN
Kputepuil. B cratee chopmynmposana ontuMuzaMoHHast 3a1a4a. Paccmarpusaercs MHoxecTBo crpykryp CBKC. B 3anaue Haxonures
pactipezienieHie TPOITYCKHBIX CHOCOOHOCTEH BHPTYAJBHBIX KaHatoB cBs3u. s xaxmoil crpykrypsl CBKC onpenensercst BekTop
POITYCKHBIX CIIOCOOHOCTEH BHPTYaJbHBIX KaHAJIOB CBsI3H. BbIOMpaeTcst TOT BEKTOp, NPH KOTOPOM MHUHUMH3HPYETCS MAKCUMAJIBHOE
3HaueHue Kod((ULIMEHTa UCTIONBb30BaHUs (PU3UUYECKOro KaHaa CBA3H B ceTH. IIpeiuioxeH alnropuT™ peleHys IIO0CTaBICHHON 3a1a4u
ontuMyzaluy. BeiBoabl. OnepaTiBHas pEKOHQUrypalysi CHCTEMbl BUPTYAIbHBIX KAaHAJIOB CBSI3M MHHHUMM3HMPYET MAaKCHMAIbHOE
3HaueHue Koa(UIMeHTa UCIIONBb30BaHUs (PM3UUECKUX KaHAIOB CBA3M. [lepepacrperienieHne paccMaTpuBaeTcs IpH U3MEHEHUM Ha-
rpy3ku CBKC B nporiecce ee xciuyarauuu. [IpeuioskeHHas peKOHGUryparyst IpUBOIUT K CHIKEHUIO CPEIHEH BEIIMUMHBI 33JCPXKKH.
INpeumy1ecTBOM MPEIOKEHHOrO AJIFOPUTMA 1O CPABHEHHIO C CYIIECTBYIOIIMMU SIBJISETCS 0OeCIIeueHHe TepepactpeeieHHs! PoITy-
CKHOH CIIOCOOHOCTH PECYpCOB CETH LENIOYUCIICHHBIMU Onokamu. Kpome Toro, ydurhIBaroTCs BO3MOXHOCTH TMIEPKOHBEPIeHTHOU
1aT(hopMbl ¥ PU3HUECKIX KAHAIOB CBSA3H, Ha 0a3e KOTOPBIX CTPOUTCS CEeTh BUPTYAIIbHBIX KAHAJIOB CBSI3U.

KiaoueBble cJI0OBa: BUPTYaIbHBIH KaHAI CBSI3M; TMIEPKOHBEPI€HTHAS CUCTEMa; IPOITYCKHAsI CIIOCOOHOCTH; MH(pOpMaIy-
OHHBIH ITOTOK.

Redistribution of information flows in a hyperconvergent system
N. Kuchuk, S. Gavrylenko, N. Lukova-Chuiko, V. Sobchuk

When solving the tasks of managing the structure of the virtual communication channels (SQPC), the problem arises the
optimal load distribution in order to provide the necessary quality of service to its subscribers. The subject of the research is the
structure of the system of virtual communication channels. The purpose of the research is to develop a method of operational
reconfiguration of the system of virtual communication channels, which will ensure a decrease in the average value of network
latency on the hyperconverting platform in comparison with the static distribution. Results. Minimax criterion was used to solve
the problem of operational reconfiguration of the SQC when the situation on the network was changed. The optimization problem
is formulated as follows: finding such a distribution of bandwidth of the virtual communication channels for the new structure of
the QMS, that is, determining the vector of the throughput capabilities of the virtual communication channels, which minimizes
the maximum value of the coefficient of use of the physical channel in the network. The proposed algorithm for solving the
optimization problem is proposed. Conclusions. The operative reconfiguration of the virtual communication channels system,
which minimizes the maximum value of the coefficient of use of physical communication channels, when changing the load of
the SQUAZ during its operation, leads to a decrease in the average delay value. The advantages of the proposed algorithm in
comparison with the existing ones are to ensure the redistribution of the bandwidth of the network resources by integer units and
taking into account the possibilities of the hyperconverting platform and physical channels of communication, on the basis of
which a network of virtual communication channels is built.

Keywords: virtual communication channel; hyperconverting system; bandwidth; information flow.
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THE COMPARATIVE ANALYSIS OF THE ENVIRONMENTAL AND ECONOMIC

EFFICIENCY OF THE KYIV CITY PUBLIC TRANSPORT MODERNIZATION

Abstract. The subject matter of the study is the comparison of alternatives for the rennovation of public transport in
Kyiv. The aim of the article is to define the most economically and environmentally efficient direction of public transport
modernization under the conditions of Kyiv city. The following tasks are solved in the article: the problems of public
transport management and development in major cities are analyzed, the possible approaches to public transport
modernization under various conditions are considered, the methods for comparative analysis chosen and alternatives are
formulated and described, the analysis of proposed alternatives is conducted and the best option is characterized in terms of
its potential to reduce impacts on the urban environment, the economic parameters of the chosen alternative are compared
with the other options. The following methods are applied — system analysis, matrix method, SWOT-analysis, PESTLE-
analysis. The following results are obtained: the analysis of the impacts of transport system on the urban environment has
demonstrated the urgent need for renovation of the vehicles and possibly their substitution with those based on new
technological principles and power sources. The consideration approaches used by various countries has proved the
absence of single strategy, as it must account specific traits of economic and urban planning situation in cities. The
Ukrainian researches are also seen to have different opinions about the most efficient development of public transport. The
characteristics of the Kyiv public transport and its problems have been given. Based on the aggregated information the list
of potential alternatives to the existing public vehicles has been developed. The suggested alternatives have been studied
according to a range of parameters with the help of matrix method. The most efficient option has been further investigated
by means of the SWOT and PESTLE analysis to highlight its advantages and disadvantages. Conclusions. Each alternative
has the right to be implemented and used for public transport in Kiev, its choice depends only on the available costs and the
necessary time periods. The conducted research shows that under current conditions electric buses as a substitution option

need moderate investments and will soon provide environmental and economic benefits.

Keywords: public transport; environment pollution; natural resources conservation; alternatives assessment.

Introduction

With more of the world’s population living in
urban areas, cities today face urgent and complex
development challenges, as the largest agglomerations
are now home to more than 10 million people. In order
to manage the growing complexity of urban structure
and provide the needs of all city inhabitants, managers
and authorities have to balance economic priorities with
degrading quality of environment, which interfere with
the sustainable development targets.

Urban transportation systems significantly affect
urban environment condition and standards of life and,
through consequent air pollution and greenhouse gases,
emissions impact the wider regional and global
environments. These impacts can be mitigated by
optimization of transport network to minimize travel
times and congestion, reduce GHG emissions and local
air  pollutants. Another efficient approach to
sustainability and environmental safety of urban
transport is substitution of vehicles with modern and
more environmentally friendly. This can have
measurable positive impacts and externalities, but it is
applicable only to public transport, which needs careful
planning and substantiation to be affordable and
technically feasible.

Problem formulation

The issues of public transport development are
widely discussed by scholars and practitioners,
politicians and non-governmental organizations. An
important element of the process is assessment of

environmental impacts transport and traffic related
health effects. Thus, proves of the interaction between
urban transport emissions and respiratory, circulatory
and other health disorders among various groups of
population can be found in the studies by
Laumbach R.J. et al, Zhang K., Batterman S., Furie G.L.
and Desai M.M., Evans G.W. These works rise the
question of extremely needed modernization of
transport, but give little ideas about the way to perform
this task.

In Ukraine the works by Gutarevich Yu.F,,
Pavlychenko A.V., Siletsky A.E., Klebanova N.S.,
Kireeva L.S. et al also show a strong connection between
the functioning of transport and environment
degradation and health threats, as well as give general
recommendations to the possible directions of work on
the way to sustainable transport. However, the real
technological options for the improvement of the
situation are given in the works by Chernyshov O. and
Dzymak M.A. [1, 2]. Legenky G.M., Mateichyk V.P,
Zubyk S.V. develop some management and decision
making approaches to the optimization of urban
transport flow without its differentiation [3-5].

Still most of the challenge of public transport
optimization remains an opened problem and provided
with more set questions, than given answers. Developed
countries and those with transitional economies are
trying various options, including bus rapid transit,
personal rapid transit systems, “mexicable”, Olli self-
driving mini bus, etc. [6]. Some scientists, believe, that
efforts should be invested in the development of rail
transport [7] or solely electric transport [8]. Others
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consider the substitution of vehicles engines with more
powerful and efficient as a major way to public
transport modernization, providing the substantiation of
the best choices in terms of meeting emission standards,
noise control and fuel efficiency [9].

Thus, the aim of the given research is the
comparative assessment of possible alternatives for
technical modernization of Kyiv public transport,
considering a wide variety of potential projects.

Methods and materials

One of the most convenient methods to analyze a
wide set of data about alternatives of project activity is
the method of matrices.

A matrix is a table that is used to identify the
interaction between project activities or different
projects themselves, which are displayed along one axis,
and environmental, economic and social characteristics,
which are displayed along the other axis. Using the
table, factor-activity interactions can be marked at the
intersections either by ticks to highlight the presence of
interdependence, symbols to identify impact type (such
as direct, indirect, cumulative) or numbers to show
impact severity or other features related to the nature of
the project.

For the purpose of the given study the following
parameters of the projects are to be considered:

F1 = degree of achieving overall objective;

F2 = economic efficiency of the project;

F3 = social concerns in the project area;

F4 = negative impacts on the environment;

F5 = positive impacts on the environment;

F6 = human health threats for local population;

F7 = technical feasibility.

Each parameter is scored for each project in points
from 0 to 3, where 0 represents the least favorable value
of the parameter. The sum of points stands for the total
score of the project with the maximal being the
indicator of the best choice.

Another suitable method to characterize any kind
of project in terms of its benefits and drawbacks is
SWOT-analysis. It is used in strategic planning, and
involves formulation of project characteristics in four
categories: Strengths, Weaknesses, Opportunities, and
Threats. The purpose of this analysis is to identify its
internal forces to maximize the use of external
capabilities and identify the weaknesses of the object,
which can complicate the problems associated with
external threats.

The PEST analysis (political, economic, socio-
cultural and technological) describes a framework of
macro-environmental factors used in the environmental
scanning component of strategic management. It is part
of an external analysis when conducting a strategic
analysis, and gives an overview of the different macro-
environmental factors to be taken into consideration. It
is a strategic tool for understanding development trends,
potential and direction for operations.

Results and discussions

1. State and characteristics of the transport
system in the Kyiv city. Kyiv has a developed transport

infrastructure, which consists of highways, railways,
waterways and bridges; road transport, subway, tram,
trolley bus routes are developed here. The dominant role
in public transport belongs to busses of various capacity
(58% of transportation), trolleybus (26%) and trams
(11%). The major problems of public transport in the
city are technical condition and planning. Thus, the
work of public transport in the city is not balanced: city
faces long traffic jams; there is a strip for public
transport, but it is occupied by cars; public transport is
unattractive, because it is late as a result. Careful
planning and efficient system of fines and penalties can
solve these problems. While the bad technical condition
and big age of vehicles is by far more serious issue, as it
is the direct reason for environment pollution and waste
of energy carriers.

It should be also noted that the bulk of medium
and high-capacity buses are equipped with diesel
engines. According to the stated technical data, the bus
fleet meets obsolete environmental norms of Euro-2 and
Euro-3, while Euro-5 standards are in force in Ukraine
since 2016.

So, we have chosen a range of alternatives to solve
the problem of public transport modernization:

Al - Replacement of the vehicle Bogdan A-092
with new models (Bogdan A092.02 in comparing with
Bogdan A302-12);

A2 - Replacement of buses with internal
combustion engine by electric busses;
A3 - Replacement of buses with internal

combustion engine by trolley buses;

A4 - Replacement of buses with ICE and diesel
fuel with bunkers on liquefied / compressed gas;

A5 - Use of buses, whose emissions correspond to
the environmental standards Euro-5 to Euro-6;

A6 - Implementation of high-speed bus transport
system (BRT) for short route.

Each of these alternatives has been fully analyzed
with application of the above-mentioned methods. It
was important to account the level to which an
alternative meets the targets of reducing natural
resources consumption and environment pollution. The
last issue is measured with the volume of emissions,
noise pollution and required construction works. When
it is applicable the calculation of emissions was
attributed to the bus route number 211.

The technical and technological requirements,
necessary transformation of the existing infrastructure
(construction of rails, power lines, etc.), time and money
investments have been also given a high priority in the
analysis of the alternatives.

2. Comparative analysis of alternatives. The
results of evaluation using matrix method are given in
Table 1. The last column of the table contains total
score for each alternative and the final choice of the best
alternative is done based on it.

Having described each alternative, its advantages
and disadvantages, we see that A2 - replacement of
buses’ internal combustion engine with the electric
engine — is the most perspective. This alternative will be
efficient after the first months of its implementation and
does not overuse costs, which is very important.
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Table I — Results of comparative evaluation

Alter- Factors Total

natves | ey | vz | F3 | P4 | Fs | Fe | F7 | ST
Al 2 2 3 2 2 1 2 14
A2 3 3 2 3 3 1 2 17
A3 2 2 3 3 2 2 1 15
A4 0 1 2 0 1 1 2 7
A5 2 2 3 2 3 2 1 15
A6 2 2 3 2 2 1 1 14

The second leading alternative NoS is the

introduction of vehicles, meeting the highest Euro-6
standards.

It will be very positive and efficient for the
environment, but it will draw uncertainties about how to
deal with vehicles that still use Euro 2 and Euro 3
standards.

Also the second place is shared by the alternative
Ne3 — the use of trolley buses instead of city buses —
Bogdan-A092. But this alternative requires a lot of
investment in the grid to create all the routes. Also the
travel time of the route may increase, and the trolleybus
itself will not be maneuverable on the road.

Alternative number 1 and number 6 have their own
advantages and disadvantages, which were stronger than
the benefits. Significant investment will not allow these
alternatives to become the most effective.

The worst result was of alternative Ne4 —
replacement of buses with ICE and diesel fuel by
liquefied/compressed gas. This alternative will not bring
much positive changes for the environment and will be
of little economic efficiency.

The general summarized Table 2 shows main
perspectives of implementing these projects. In order to
present the relative efficiency of the considered
alternatives their economic and environmental
parameters have been compared with a so called “zero
alternative” — the existing most common type of buses,
used in Kyiv, in percents (Fig. 1).

Table 2 — Environmental and economic parameters for proposed alternatives

Total Environmental Cost of Pavback Technical
Alternative emissions, problems implementation, '?ly ac h e ln rea
tlyear * solved UAH* period, months complexity
Al 0,595 emissions reduction 605000 3,4 Medium
noise reduction;
A2 0 . . 24490 >1 Low
pollution reduction
noise reduction; .
A3 0 pollution reduction 6 min 2 High
A4 0,202 emissions reduction 50000 >1 Medium
AS 0,571 emissions reduction 10000 >1 High
noise reduction; )
A6 0 . . ~20 min 112 High
pollution reduction
*Based on I vehicle
3. Environmental and economic assessment of
1000,00 . ..
.‘ the proposed alternative of modernization for bus
routes
E0000 The assessment of the environmental and
economic efficiency of projects is an integral part of the
600,00 . .
assessment of the effectiveness of the project as a
whole, clearly showing the purpose of this project and
400,00 | the time frame for its achievement.
200,00 . To clearly represent all advantages and
' [ | disadvantages of Alternative Ne2 the SWOT-analysis
0.00 . T H | [ ] and PESTLE-analysis have been conducted. Such these
! methods help show any risks or positives for Alternative
Al A2 A3 Ad A5 AB . -
implementation.
. So, the strengths of the project are:
M Emissions, t/year R,
. - decrease of emissions;
M Noise level, dBA . ducti th ds:
Capital investments, UAH - oise reduction orl; ecrloa. S fuel costs:
m Operational costs, UAH - increase revenue by reducing fuel costs;
- reduced fare;

Fig. 1. Percentage ratio of the proposed options
characteristics and the vehicles used

- expansion of the enterprise, through the

acquisition of new machines.
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Weaknesses of the project, which must be
addressed at the planning stage :

- lack of full charging stations for vehicles;

- insufficient number of nationally produced
batteries;

- lack of national incentive policies for alternative
modes of transport;

- high requirements for the operation of electrical
equipment, sensitivity to undercharging;

- insufficient maintenance and personnel skills in
the use of the electric motor

- temperature sensitivity.

External factors of the market form the following
threats to the alternative:

- increasing market competitiveness;

- electromagnetic radiation for staff;

- growing prices of electricity;

- lack of policies and legislation for recycling,
recovery and re-use of the electric motor, which will
lead to a new type of pollutants.

However, under given realities of Ukraine
implementation of such project creates a range of
valuable external opportunities for other branches of
economy:

- increased demand for passenger transport
services;

- growing demand for transport models of national
production;

- emergence of new investment projects for
electric vehicles.

Thus, based on the analysis of this alternative, we
see that the weak sides and shortcomings of this project
have a place to be. But at the same time, the qualitative
positive parameters remain more impressive and
promising.

The knowledge about obstacles and weak sides
enables their mitigation or even transformation into
positive.

PEST analysis is a simple yet important tool that
will help understand the overall picture of the political,
economic, socio-cultural and technological environment
for implementing A2.

In our case the PESTLE-analysis has shown that in
order to achieve all the goals of the project, it is
necessary not only to have enough financial provision,
but also to have the support at the national and regional
levels, social support from media and improved
education to information of population.

Conclusions

1. The analysis of available publications shows
that urban transport is a source of major environmental
problems and human health threat. Yet, it remains an
important element of high living standards.

2. Despite the wide variety of research in the
field of transport impacts mitigation, applied
technical solutions for transport modernization are
not available.

3. Six potential alternatives of Kyiv public
transport modernization have been identified and
analyzed. Environmental and economic efficiency of the
project is an indicator characterizing the ratio of the
overall economic benefits and losses from the project,
including external environmental effects, and the
associated social and economic consequences affecting
the interests of the population and future generations as
a result of the project.

4. Replacement of buses with internal combustion
engine by electric buses has turned out to be the most
effective due to low economic costs, short
implementation period and operational feasibility.

5. The SWOT and PESTLE analysis for the chosen
alternative showed that the main obstacles for its
implementation will be the lack of programs in the
National Policy, insufficient quality production of
electric motors by national manufacturers, lack of
market competition.

In total, each alternative has the right to be
implemented and used for public transport in Kiev; its
choice depends only on the available costs and the
necessary time periods.

The lack of additional investment funds limits the
introduction of promising alternative projects for the
modernization of bus routes.
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IlopiBHAIBbHMI aHAII3 €K0JI0r0-eKOHOMIYHOI epeKTHBHOCTI MoepHizanil
rpoMajchKoro Tpancnopry micra Kuesa

M. M. Pagomceka, 1O. I'. Kapram

Anorauis. Ilpeamerom HoC/IiIKEeHHsI € MOPIBHAHHS albTCPHATHUB OHOBJIEHHS I'DOMAJICBKOrO TpaHcHopTy B Kuesi.
Mertoro cTarTi € BU3HAYEHHS HAWOIIBII €KOHOMIYHO Ta EKOJOTIYHO e(pEeKTMBHOrO HAamIpsIMy MOJEpHi3alii IpoMasChKOro
TpaHCIopTy B yMoBax Micta KueBa. ¥V craTTi BUpIIIYIOTHCS HACTYNHI 3aBAAHHSI: aHAI3 NPOOJIEM YIPaBIiHHS Ta PO3BUTKY
IPOMaJICBKOr0 TPAHCHOPTY y BEJIUKHMX MICTaX, PO3MIIs] MOMJIMBHX ITiIXOAIB /0 MOZAEpHi3allii rpOMajChKOro TPAHCIOPTY 3a
pi3HUX YMOB, BUOIp METOJIB MOPIBHIBHOIO aHali3y Ta (OPMYIIOBAHHS AJIbTEPHATUB, aHAJI3 3alPOIIOHOBAHUX AJbTCPHATUB,
XapaKTepUCTHKA IMOTEHILIaIbHOrO 3MEHIICHHs BIUIMBY Ha MICbKE CEPE/IOBMILE 332 PaXyHOK OOpPAaHOro BapiaHTy, NOpPIBHAHHS
€KOHOMIYHMX HapaMeTpiB oOpaHoi ajJbTepHATHBU 3 IHIIMMH BapiaHTaMH. 3aCTOCOBYIOTHCS TaKi MeTOOH - CUCTEMHMI aHalis3,
marpuunuii Meron, SWOT-anaini3, PESTLE-anani3. OrpuMani HacTynHi pe3y/IbTaTH: aHAJI3 BIUIUBY TPAHCIIOPTHOI CUCTEMHU Ha
MICbKE Cepe/lOBHILE MPOAEMOHCTPYBAB HAralbHy HEOOXIIHICTh Yy OHOBJICHHI TPAHCHOPTHHMX 3ac00iB i, MOMJIMBO, iX 3aMiHM
THMH, 100 0a3ylOThCs HAa HOBUX TEXHOJOTIYHMX MPUHIMIAX 1 Jokepenax eHeprii. PosrisHyTi mizxomw pi3HHX KpaiH 10
BUpIIICHHS JaHOTO 3aBIAHHS JIOBEIM BIJCYTHICTH €IMHOI CTpaTerii, OCKUIBKM BOHA IOBMHHA BPaXOBYBAaTH OCOOJIMBOCTI
€KOHOMIYHOI Ta MicTOOYIiBHOI cHTyamii. YKpalHCBKI JOCITITHUKH TaKOX MalOTh Pi3HI JYMKH IIOf0 HalOLIbII edeKkTHBHOTrO
LUIAXY PO3BUTKY I'POMAJICBKOrO TpaHCmopTy. HaBeJeHO XapaKTepHCTHKHM TI'pOMajaChKoro TpaHcnopry M. Kuea Tta ioro
npobnem. Ha ocHOBI arperoBanoi iHgopmanii O0yno po3po0ieHo Iepelik HOTeHUIHHUX aTbTepHATHUB 10 iICHYI0UOi CTPYKTYpH
IPOMaJICBKOr0 TPAHCHOPTY. 3alpOIOHOBAHI aJbT€pHATHBM OyiIM JOCTI/DKEHI 3a J[ialla30HOM IapaMeTpiB 3a JI0IIOMOrOI0
MmarpuyHoro Merony. HaiiGinbimn edexTuBHuii Bapiant OyB nomaTkoBo BuBueHHH 3a jornomororo SWOT ta PESTLE ananizy,
mo0 BUCBITIMTH Horo mepeBarn Ta Henoniku. BucHoBku. KoxHa anprepHaTHBa Mae IIPaBO peasi3oByBaTHCS 1
BUKOPHCTOBYBATHUCH IJIs1 TPOMAJICBKOro TpaHcnopty B Kuesi, ii BUOip 3a1eXUTh TiJbKY Bijl HASBHUX KOILITIB i HEOOX1THOTO Yacy.
IpoBeneHi nociifkeHHs MOKa3ylOTh, 110 B CYYaCHMX YMOBAaxX EJEKTPUUYHI aBTOOYCHM K BapiaHT 3aMiLleHHS HOTPeOyroTh
MOMIPHHX 1HBECTHILIH 1 IIBUIKO IPUHECYTh €KOJIOTIYHI Ta eKOHOMIYHI BUTOZIH.

Kaw4yoBi ciaoBa: rpoMajachkuil TpaHCHOPT; 3a0pyJHEHHsS HaBKOJIMIIHBOTO CEPEIOBHUINA; 30€pexeHHsS IPHPOIHUX
pecypciB; oLiHKa alnbTepHATHB.

CpaBHHUTEJILHBIH aHAJIN3 YKOJIOT0-3KOHOMHYeCKOM 3(pPeKTHBHOCTH MOICPHHU3 AN
0o01ecTBeHHOro Tpancnopra ropona Kuepa

M. M. Pagomckasg, 1O. I'. Kapram

Annortanusn. I[Ipexverom mccieoBaHus SIBISIETCS CPABHEHUE abTEPHATHB OOHOBJICHHS OOIIECTBEHHOT'O TPaHCIIOPTa
B Kuepe. Llesqbio crateu sBISIETCSl ONMpeAeieHHe HauOoliee SKOHOMHUYECKH M SKOJOTHYECKH S((QEKTHBHOIO HaIlpaBIICHUS
MOZIEPHU3ALMH OOIIECTBEHHOTO0 TPAHCIOpTa B YCIOBHMAX ropona Kuema. B cratee pematorcst cienyromme 3agadu: aHaIU3
po0JieM yIpaBJIeHHs] ¥ Pa3BUTHsI OOIIECTBEHHOIO TPAHCIIOPTA B KPYITHBIX T'OPOAAX, PACCMOTPEHME BO3MOXKHBIX IMOJIXOJOB K
MOZEPHU3AIMH OOIIECTBEHHOTO TPAaHCIOpTa B pa3iUYHBIX YCIOBHSX, BHEIOOD METONOB CpaBHUTEIBHOTO aHaiW3a |
(opMyIIMpOBKa aNbTEPHATHB, AaHAIU3 IPEIJIOKECHHBIX AIbTEPHATHB, XapaKTEPUCTHUKA ITOTEHIHAILHOTO YMEHBIICHHS
BO3JICHCTBHSI Ha TOPOJACKYIO Cpely 3a C4eT H30paHHOro BapHaHTa, CPaBHEHHE SKOHOMHYECKHX IIapaMeTpoB BBIOpaHHOW
aJbTEPHATUBBI C IPYTUMU BapuaHTaMu. [IpUMeHsI0TCS Takue MeTOABI - CUCTEMHbIN aHaiu3, MaTpuuHblid Meron, SWOT-ananus,
PESTLE-ananu3. Ilomyuensl cienyromye pe3yJbTaThl: aHAIU3 BIMSHUS TPAHCIOPTHOM CHUCTEMBI Ha TOPOIACKYIO Cpeny
MIPOJEMOHCTPUPOBAI HACTOATENBFHYIO HEOOX OZIMMOCTE B OOHOBJICHHH TPAHCIIOPTHBIX CPEICTB M, BO3MOXKHO, UX 3aMEHbI TAKHMHU,
KOTOpbI€ OCHOBaHBbI Ha HOBBIX TEXHOJOTMYECKMX IPUHLMIIAX U HCTOYHUKAX SHEepruu. PaccMorpeHue NOAXOI0B pa3ivyHbIX
CTpaH K pPelIeHHIO TaHHOM 3a7a4M JOKa3ajo OTCYTCTBHE €IMHOH CTpPaTerHH, MOCKOJIBKY OHA JIOJDKHA YYHTBIBaTh OCOOCHHOCTH
SKOHOMUYECKOH M TpalOCTPOUTENBHOM CUTyallMM. YKpauHCKHE HCCIEJOBaTeNId TaKkkKe MMEIT pa3Hble MHEHMs KacaTelbHO
HanOonee A(P(EKTHBHOrO MyTH pa3BUTHS OOLIECTBEHHOIO TpaHcHopTa. IIpuBeieHBl XapaKTEpPUCTUKH U MPOOJIEMBI
obmecrBeHHoro Tpancropra r. Kuesa. Ha ocHoBe coOpanHOll mH(poOpMaiuu Obul pa3paboTaH INEpeuyeHb MOTEHIMAIBLHBIX
aIBTEPHATHB CYIIECTBYIOIIEH CTPYKTYpHI OOIIECTBEHHOTIO TpaHCHOpTa. [IpeaiokeHHbIe anbTepHATUBB! ObUIN HCCIIEI0BAHEI 110
JIarna3oHy IapaMeTpoB C IOMOIIBI0 MaTpHYHOro Metona. Hambonee 3¢exTuBHBIN BapuaHT OBbLT JOMONHHUTENHFHO U3Y4EH C
nomorpo SWOT u PESTLE ananmza, 9ToOBI BBLAENUTD €T0 NMPEUMYILIECTBa U HeZocTaTKU. BeiBoabl. Kaxknas anprepHaruBa
HUMEeT IPaBO PEaNN30BBIBATHECS M HMCIOJIB30BAaThCs ISl OOIIECTBEHHOro TpaHcropra B Kuese, ee BHIOOpP 3aBUCUT TOJBKO OT
HUMEIOIINXCSI CPEICTB U HEOOXOIUMOro BpeMeHHU. [IpoBeieHHbIe MCCIeIOBaHNs MTOKa3bIBAIOT, YTO B COBPEMEHHBIX YCIOBHSIX
JJIEKTPUYECKHe aBTOOYChl KaK BapHaHT 3aMELIeHHs TPeOyIT YMEPEHHBIX MHBECTHUIMH M OBICTPO MPUHECYT SKOIOTHYECKHE U
9KOHOMHUYECKHUE BBITOJIBI.

KnoudeBbpie cjoBa: OOIICCTBEHHBIH TPAHCIOPT; 3arpsA3HEHUE OKPYKAIOIIEH cpelpl; cOepexeHHue IPUPOAHBIX
PECYPCOB; OLIEHKA aJIbTEPHATHB.
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QUASIORTHOGONAL FREQUENCY ACCESS ON SUBCARRIER FREQUENCIES

Abstract. In the article, it is described the principles of implementing the method based on quasiorthogonal frequency
access on subcarrier frequencies. The key element of quasiorthogonal frequency access on subcarrier frequencies is the
using of the individual distribution of frequency subcarriers in different frequency plans of the ensemble in the general
frequency band, which allows increasing the subscriber capacity of the radio system significantly. It was developed an
algorithm for the formation of the ensemble, taking into account the different values of the width of the subchannels in the
corresponding frequency plans. It was graphically represented the form of frequency plans with different bandwidths and
the dependence of the maximum emissions of the mutual correlation function of frequency plans, taking into account the
number of subcarriers and the width of subchannels. For realization the statistical analysis, it was constructe an imitation
model of the radio channel, it were graphically represented the results of statistical analysis of the interrelationship
properties of frequency plans, and investigated the correlation properties of complex signals based on QOFDM. Using the
quasiorthogonal access on subcarrier frequencies allows increasing the subscriber capacity of the communication system
and the rate of information transmission due to the nonlinear distribution of the subcarrier frequencies.

Keywords: quasi-orthogonal frequency access on subcarrier frequencie; spectral hole; frequency collisions; bandwidth;

frequency plan; an ensemble; the subscriber capacity.

Introduction

Formulation of the problem. The possibility of
reusing the frequency resource under the low efficiency
of its exploitation is a major advantage of cognitive
radio systems, unlike current systems [1-3]. This can be
achieved through the using of intelligent algorithms of
training the cognitive radio systems. The introduction
and operation of such systems raises the question of
solving the problem of the implementation of the joint
using of spectral holes by many users of the cognitive
radio network [1, 4]. At simultaneous transmission of
information by secondary users in the same free band of
frequencies, the probability of occurrence of the
phenomenon of so-called frequency collisions appears.
In turn, this phenomenon can lead to the same before
the appearance of a high level of internally systemic
interference [5, 6].

To solve the existing problem, it was proposed to
use the developed method based on quasiorthogonal
frequency-division multiplexing (QOFDM).

Literature analysis. The existing orthogonal
frequency-division multiplexing (OFDM) method can
significantly increase the bandwidth of the wireless
communication system [7]. However, with the dynamic
change in the load in cognitive radio networks, the
phenomenon of frequency collisions is possible, that is,
the simultaneous occupation by different subscribers of
the same frequency band that can cause an increase in
the level of intra-system interference [1, 5].

An analysis of literary sources has shown that the
topic of combating frequency collisions in cognitive
radio systems is not sufficiently researched, therefore,
the need to solve the problem of counteraction and
prevention of such phenomena [8—14].

The aim of the article. The aim of the article is
the detailed development of the method based on
quasiorthogonal frequency access on subcarrier
frequencies, which solves the problem of sharing many
users of the cognitive radio system of the same
frequency band. Solving this problem will significantly

reduce the probability of occurrence of frequency
collisions and will increase the subscriber capacity of
the cognitive radio system.

Also, the aim of the article is to develop an
algorithm for the formation of the ensemble, taking into
account the different values of the width of subchannels
in the corresponding frequency plans, developing a
simulation model of the system of signals based on the
QOFDM method and conducting research on the
interrelation properties of the formed frequency plans
based on quasiorthogonal access on subcarrier
frequencies.

The basic material

It was proposed the method of quasiorthogonal
frequency access on subcarrier frequencies based on the
using of the individual distribution of the subcarriers for
each frequency plan in the common band of
frequencies. This method allows increasing the
subscriber capacity of the cognitive radio system due to
the parallel using of different subscribers of the same
network of different variants of the distribution of high
frequencies.

The ensemble of QOFDM signals consists of K
number of frequency planes transmitted in the same
frequency band AF. In this case, each frequency plan
has an individual set of frequency subcarriers n, the
distance between which Af is equidistant, but each
frequency plan has its own spacing value between the
subcarrier frequencies, different from the spacing values
in other frequency plans of the ensemble.

An  analytical expression that describes
quasiorthogonal frequency multiplexing of channels on
subcarrier frequencies represents an improved OFDM
signal formation equation and looks like this [15]:

S; (M) =

—Re {e.i‘lﬁ‘foﬁﬁ T2 e.i@w:f(Aﬁ—Ts)}’ (1

where Af; — spacing interval frequency plan, Re — real
part of a complex number; f; — zero sublime frequencies;
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AF — band of frequencies; C; — comprehensive
presentation symbol QAM; T, — the period of the signal.

Forming an ensemble algorithm [15] that is shown
in Fig. 1 that consists of a sequence of such operations:

1. Determination of baseline data: the distance
between subcarrier frequencies, frequency band; the
number of subcarrier frequencies on the adjusted
frequency band AF .

2. Formation. of all frequency plans in the
ensemble with the adjusted parameters.

The distance between subcarrier frequencies for
subcarrier frequencies for each frequency plan is
calculated as the ratio of the frequency band AF, which
takes the linear signal to the number of subcarrier
frequencies in each frequency plan. The interval
between subcarrier frequencies is calculated by the
equation (2):

Af; = AF/n; , Hz )

The distance between subcarrier frequencies for
each frequency plan will be individual and will depend
on the number of subcarrier frequencies in a specific
frequency plan. The main difference between OFDM
and QOFDM signals is that each QOFDM frequency
plan is separately formed by the OFDM technology.
That is, the interval between subcarrier frequencies is
the same within this frequency plan. But in QOFDM
there is a whole ensemble of signals, that is, a set of
OFDM frequency planes that differ in different intervals
distance between subcarrier frequencies. Herewith, the
frequency band AF will be the same for the entire
ensemble of signals.

3. Pairwise comparison of frequency plans for
finding the positions that coincide.

4. Determination of the number of subcarrier
frequency positions that coincide in each frequency
plan.

By pairwise comparison of frequency plans with
each other, the number of positions of frequency
subcarriers that coincide in each frequency plan of the
ensemble is determined. In this case, by comparing two
frequency plans with each other, there will be no more
than one frequency position that coincides.

K — the number of frequency plans in the
ensemble, dj; - the number of subcarrier frequency
positions that coincided when comparing i-th frequency
plan with j-th frequency plan.

5. Provided that if the number of positions of the
subcarrier frequencies that coincided when the
comparison of the i-th frequency plan with the j-th
frequency plan will be more than or equal to the number
of frequency plans in the ensemble (d; > K), there will
be removal from the ensemble the i-th frequency plane.
This will be the same frequency plan when compared
with which there were most of the coincidences. After
that again there is a pairwise comparison of frequency
plans.

6. Provided that if the number of the subcarrier
frequencies positions that coincided when compared the
i-th frequency plan with the j-th frequency plan will be
less than the number of frequency plans in the ensemble
(dy <K), the i-th frequency plan will be added to the
ensemble.

7. Frequency plan is added to the ensemble.

8. The ensemble is accepted for further synthesis
of signals.

Selected frequency plans form an ensemble that is
accepted for further synthesis of signals.

Formation of all frequency Pairwise comparison of frequency
Start Determination of output data /—> plans with given »1 plans for finding the frequences
1 parameters % that coincided 3

& - the mumber of positions of the subcarrier frequencies that
coincided with the comparison of the i-th frequency plan
with -th frequency.

K - the numbert of frequency plans in the enzemble.

A

Deleting the frequency plan
from ensemble 3

The ensemble is Frequency planis
accepted for synthesis [+ added to the
of signals ensemble.  §

Fig. 1. The algorithm of forming the ensemble of signals

For illustrating the robustness of the proposed
method, an example is presented in which four
frequency plans with different amounts of subcarrier
frequencies are presented, that is:

m =23, my =101, ny =187, ng =259.

All frequency plans are transmitted in the same
frequency band
AF =20 MHz .

Based on the given parameters, it can be possible
to calculate the intervals between the positions of the
subcarrier frequencies in the frequency domain for each
plan, using the equation (2).

The positions of the subcarrier frequencies that
coincided with the comparison of the first and second,
first and third, first and fourth signals are indicated by
violet rectangles, as shown in Fig. 2.

Fig. 2. Subcarrier frequencies distribution scheme
for QOFDM
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Fig. 3 shows the subcarrier frequencies positions
that coincided when compared the frequency plans
pairwise with each other. The positions that coincide are
marked by yellow rectangles.

c
Fig. 3. The subcarrier frequencies positions
that coincided when compared pairwise with each other:
a— 1- st and 2-nd frequency plans, b — 1- st and 3-rd
frequency plans, ¢ — 1- st and 4-th frequency plans

Results of simulation of four frequency plans are
listed in Table 1.

Table 1 —The results of the subcarrier frequencies
distribution in the ensemble from the four frequency plans

Amount
Parameter Value X, X, @ X,
The width of the 1506 | 0106 | 20%10¢ |20%10°
frequency band, Hz
The number of sub- | 3 101 | 187 | 259
carrier frequencies 7;
The interval )
between Min | 859570 | 188020 | 96950 | 67220
subcarrier
frequencies, Hz| Max | 869470 | 192790 | 106850 | 77120
The subchannel| Min 100 100 100 100
width, Hz
Max | 15000 | 15000 | 15000 | 15000

In order to evaluate the possibilities of using the
frequency resource under the condition of using
quasiorthogonal access on subcarrier frequencies, it is
necessary to research the degree of influence of
systemic interferences when changing the bandwidth of
subchannels between different frequency plans. A
model of the channel was constructed, in which for the
4 values of the number of subchannels the degree of
mutual correlation between them changed. The degree
of similarity of frequency plans was estimated by
calculating the function of mutual correlation [9-14].
The mathematical mechanism is implemented on the
basis of correlation analysis.

The dependence of the maximum emissions of side
lobes of the mutual correlation function of frequency
plans at different values of the width of the subchannel
bands and the number of subcarrier frequencies in
frequency plans is shown in Fig. 4.

Fig. 4 shows with the changing of the subchannel
width and the number of subcarrier frequencies in the
frequency plan Ki, the value of the level of mutual
correlation between frequency plans increases, but does
not exceed the permissible value for the two compared
processes By, = 5/ Ki. [5].

)
(5]
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o
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=
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The maximum emission of the
mutual correlation function, Rmax
§
ri
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2, 4000 the
Nep W, l'dm e T“B ““be of e
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Fig. 4. The dependence of the maximum emissions
of the mutual correlation function of frequency plans
at different values of the width of the subchannel
bands and the number of subcarrier frequencies

In order to optimize the frequency plan formation
mechanism, it is necessary to evaluate the statistical
characteristics of the signal parameters on the basis of
QOFDM. It was performed a statistical analysis of the
correlation properties of the complex signals generated
on the basis of quasiorthogonal access on subcarrier
frequencies. The research results of the properties of
such signals allow optimizing the process of selecting
the signal parameters that increase the volume of
ensemble signals at low interaction in the frequency
domain.

It was used a classical method for evaluating
statistical characteristics, described in [4] in order to
evaluate the statistical characteristics of the correlation
properties of the ensemble of the complex signals
formed on the basis of QOFDM.

Calculation of the mathematical expectation (ME)
of maximum emission of side lobes of the mutual
correlation functions [max R;] of two comparable
frequency plans i and j [15-17]:

m[max B; | = Z:’:]‘max Bij (k)‘/N,

where N — the number of interacting signals pairs;
max B;; — the maximum emissions of side lobes of the

€)

mutual correlation function.

Calculation of mean-square deviations (MSD) of
maximum emissions of side lobes of the mutual
correlation function o6,,, of two comparable frequency
plans i andj [15-17]:

maXB \/Zk 4 |maxB | maxB /N “4)

The research results are presented in Fig. 5.

It is seen from Figure 5 with increasing the width
of the band of subchannels in each frequency plan the
level of mutual correlation of frequency plans
deteriorates, however, the values of maximum emission
of side lobes of the mutual correlation function remain
within the confidence interval and slightly different
from the condition of the minimum similarity of the
frequency plans [5]:
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Fig. 5. Results of statistical analysis
of intercorrelation properties of frequency plans

By =(1+5)/\[N:N;. ©)

Thus, even with increasing bandwidth to the limit
value inherent in the IEEE 802.20 protocol, i.e. 15 kHz,
the degree of mutual correlation of frequency plans will
be satisfactory. In the future, it is necessary to evaluate
the characteristics on the basis of QOFDM when using

different modulation formats in difficult obstacle

conditions.
Conclusions

In the article, it was developed in details a method
based on quasiorthogonal frequency access on
subcarrier frequencies that solves the problem of
common using by many users of cognitive radio
systems of the same frequency band. Solving this
problem can significantly reduce the number of
frequency collisions and increase the subscriber
capacity of the cognitive radio system.

It was developed an algorithm for the formation of
the ensemble, taking into account the different values of
the width of the subchannels in the corresponding
frequency plans.

It was developed the simulation model of the
signal system based on the QOFDM method.

It was performed the research of the correlation
properties of the generated frequency plans based on
quasiorthogonal access on subcarrier frequencies. Due
to the nonlinear distribution of subcarrier frequencies in
different frequency plans of one ensemble of signals,
the subscriber capacity significantly increases, while
there is a probability of a slight deterioration in the
quality of the information transmission.
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KBaziopToronainsHuii YaCTOTHHI JOCTYII HA MiIHECHUX YaCTOTAX
1O. O. CgeprynoBa, M. A. llltomnens, B. I1. JIuceuko, 1. B. KoBryH

B crarti npezcraBieHo NPUMHIMIIY pealtizalii MeToly Ha OCHOBI KBa310pTOrOHAJIBHOI'O YaCTOTHOI'O IOCTYITY Ha ITiJIHECHUX
gacroraX. KIIFOYOBHM €IIEMEHTOM KBa3iOpTOrOHAJIBLHOIO YaCTOTHOrO JOCTYIy Ha IiJHECHMX YacTOTaX € BHKOPUCTAHHS
IHIMBIAYaJIbHOTO PO3MOUIY YaCTOTHHMX IIiIHECHMX B Pi3HMX YaCTOTHHUX IUIaHAaX aHCaMOJIIO B 3arajbHii CMy3i 4acTor, ske
JI03BOJISIE 3HAUHO 30UIBIIMTH aOOHEHTCHKY €MHICTh pajiocucTeMH. byno pospobieHo anroputm (opMyBaHHS aHcamOmo i3
BpaxyBaHHAM pI3HOTO 3HA4YEHHS IMIMPUHM IiJIKAHAIIB Yy BIIMOBIAHMX YacTOTHHUX IUIaHaX. I'padivuHO NpencTaBIeHO BUIIIAL
YaCTOTHUX IUIAHIB IPH Pi3HIH MIMPHUHI CMyrd 4acTOT Ta 3aJEXHOCTI MAaKCUMaJIbHUX BUKHAIB (YHKIUIi B3a€MHOI KOpeJsuil
YaCTOTHUX IUIaHIB i3 BpaXyBaHHSAM KUIBKOCTI IiJHECHUX Ta LIMPUHM MHiJKaHaiB. [ 31iliCHEHHs CTaTUCTUYHOTO aHali3y Oyio
noOynoBaHo  imirauifiHy Mogjens  pajiokaHanmy, rpadidHO mpexacTaBieHI  pe3yNbTaTH  CTATHCTUYHOIO  aHai3y
B3a€MOKOpEIISIIHHUX BIACTHMBOCTEH YaCTOTHHX IUIAHIB, JOCIIDKEHO KOPENALiiHI BIACTHBOCTI CKIaHUX CHI'HAIIB Ha OCHOBI
QOFDM. Ilpu 3acrocyBaHHiI KBa3iOpTOrOHAJBHOI'O IOCTYINY Ha IHiJHECHHX YacTOTaX 30UIBIINTHCS aOOHEHTChKA EMHICTH
CHCTEMH 3B'SI3KY Ta MIBUIKICTb Nepeayi iHpopMallil 3aBASKH HeJiHIHHOMY PO3IOJUTY MiTHECHUX YacCTOT.

Karo4doBi ciaoBa: KBa3iopTOroHaJbHMH YaCTOTHMH IOCTYNl Ha IiJHECHUX YacTOTAX; CIEKTPaJbHI AipH; 4acTOTHI
KOJIi3i1; cMyra 4acTOT; 9YaCTOTHHH IUIaH; aHCcaMOib; a0OHEHTChKa €MHICTb.

KBa3nopToroHa/IbHbIi 4YaCTOTHBIN AOCTYNI HA MOJHECYIHX YACTOThI
IO. A. CgeprynoBa, H. A. Illtomnens, B. I1. JIsiceuko, U. B. KoBTyH

B cratee mpencraBieHbl NPUHIMIBI peaju3allid METOJa Ha OCHOBE KBa3HOPTOI'OHAJIBHBIX YaCTOTHOI'O AOCTYyNA Ha
MOJHECYIIHX YacToTax. KiltoueBbIM 3JIEMEHTOM KBa3UOPTOrOHAJIBHBIX YACTOTHOI'O JOCTYIA HA MOJHECYLIMX YacTOTax SIBJIAETCS
WCITOJIb30BaHNE HMHAWBHUIYaJIbHOIO PACIPENENICHUs] YaCTOTHBIX MMOJHECYIIMX B Pa3IMYHBIX YaCTOTHBIX IUIAHAX aHcaMOns B
00IIell IoJIoce YacTOT, KOTOPOE MO3BOJISIET 3HAYMTENBHO YBEJINYUTH ADOHEHTCKYI0O €MKOCTh PauocHcTeMBbl. Beul paszpaboran
anroput™M (OPMHUPOBAHUSI aHCAMOJNSI C yY4eTOM pPa3HOrO0 3HAUSHWSI LIMPHHBI ITOJKAHAJIIOB B COOTBETCTBYIOIIMX YaCTOTHBIX
wiaHax. ['paduyeckn mnpencraBieHsl BHZI YaCTOTHBIX IUIAHOB HPH PA3IMYHON NIMPUHE IOJOCHI YacTOT M 3aBUCHMOCTH
MaKCUMAJIBHBIX BEIOPOCOB (DYHKIMH B3aMMHOH KOPPENSIMN YaCTOTHBIX IIAHOB C YIE€TOM KOJIMYECTBA MOJHECYIIHX U ITUPHHBI
nmojkaHaioB. [l OCYIIECTBJIEHHS CTAaTHCTUYECKOrO aHajM3a ObUIO IIOCTPOSHO WMHTALMOHHYIO MOJENb paJfoKaHaja,
rpagU9IecKy MPeNCTaBICHBl Pe3yAbTaThl CTATHCTHYECKOTO aHaJIM3a B3aUMHOKOPPEISIIMOHHBIX CBOMCTB YaCTOTHBIX IUIAHOB,
HCCIIEI0BAHbl KOPPEISILIMOHHbBIE CBOMCTBA CIOXHBIX CUrHajoB Ha ocHoBe QOFDM. Ilpu npuMeHeHHH KBa3UOPTOTrOHAJIBHBIX
JIOCTYyTIa Ha TOJHECYIIMX YacTOTaX yBEIUYUTCS aOOHEHTCKas €MKOCTh CHCTEMBI CBS3M M CKOPOCTH Iepeladd HHPOpMAaIliH,
Onaromapst HeJIMHEWHOW pacIipeesieHNs! OAHECYIINX YacTOT.

KamwoueBble cjoBa: KBaSHOpTOFOHaJ'[BHBIﬁ YaCTOTHBIN JOCTYIl Ha IIOAHECYIIHX 4YacCcTOTaX; CIICKTPAJIbHBIC IbIPBI;
YaCTOTHBIC KOJUIM3WH, I10JI0Ca YaCTOT, YaCTOTHBIN TIJIaH; aHC&M6J’IB; a0OHEHTCKAsi EMKOCTb.
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