ISSN 2522-9052

HauioHanbHUiN TEXHIYHUIA YHiIBEpPCUTET
“XapkiBCbKUM MONITEXHIYHUN IHCTUTYT”

National Technical University
“Kharkiv Polytechnic Institute”

Alomommooon \
| 1010000110001
1000100001100

10101010001001
1001001010011

Tom 4, Ne 3

LWokBapTanbH1Mn
HayKOBO-TeXHiYHUMN XypHan

3acHoBaHui y 6epe3Hi 2017 poky

Y kypHani nybnikyloTbCA pe3ynbTaTv [OCHiMKeHb 3
ekcnnyarauii Ta po3pobku cydacHux iHcpopmMauiiHNX
cucteM Yy pisHuX npobneMHux ranyssax.  XKypHan
npusHadYeHnn ana HaykoBMX MpauiBHUKIB, BWUKNagavis,
OOKTOpaHTIB, acnipaHTiB, a TakoX CTyAeHTiB CTapLumnx
KYpPCiB BignoBiaHMX crnevljianbHOCTEN.

3acHOBHUK i BuaaBeLb:
HauioHanbHWM TeXHIYHUIA YHiBEpCUTET
“XapKiBCbKUA NONITEXHIYHUIA IHCTUTYT”

Kadegpa “O6umncnioBanbHa TexHika Ta nporpamyBaHHs”,
Byn. Kupnnyosa, 2, 61002, m. XapkiB, YkpaiHa

TenedoH:
+38 (057) 707-61-65

E-mail penkonerii:
kuchuk56@ukr.net

IHdpopmauniniHun cant:
http://ais.khpi.edu.ua

Volume 4, No. 3

Quarterly
scientific and technical journal

Founded in March 2017

The journal publishes the research study from the
usage and development of advanced information
systems in various problem areas. The journal is
intended for researchers, lecturers, doctoral
students, postgraduate students, and for senior
students of the corresponding specialties.

Founder and publisher:
National Technical University
"Kharkiv Polytechnic Institute"

Department of Computer Science and Programming,
61002, Ukraine, Kharkiv, Kyrpychova str., 2

Phone:
+38 (057) 707-61-65

E-mail of the editorial board:
kuchuk56@ukr.net

Information site:
http://ais.khpi.edu.ua

BameepdxxeHuti do OpyKy BueHoro Padoro HauioHarbHO20 mexHiHHO20 yHigepcumemy
“Xapkiscbkuli nonimexHiyHUG iHcmumym” (mpomokos ei0 02 xoemHs 2020 poky Ne 5).

Ceidouymeo npo depxxkasHy peecmpauito KB Ne 22522-12422P eid 13.01.2017 p.

Bknrouenruti do “Tlepeniky Haykogux ghaxosux eudaHb YKpaiHu, 8 SKUX MOXYMmb
ny6nikyeamucs pe3synbmamu ducepmauiliHux pobim Ha 3006ymms Haykogux cmyrneHie 0okmopa i kaHOudama Hayk”
0o kameeopii b — Hakazom MiHicmepcmea oceimu i Hayku YkpaiHu 6id 07.05.2019 Ne 612 (dodamok 7, n. 33)

XapkiB ¢ 2020

© HauioHanbHU TEXHIYHMI YHiIBepcUTET “XapKiBCbKWI NONITEXHIYHUIA IHCTUTYT”



PepakuinHa konerisa

lonoerutli pedakmop:
COKOIJ1 €preH IBaHOBWY
(0-p mexH. Hayk, npog., Xapkie, YkpaiHa).
3acmynHuk 2onosHozo pedakmopa:
CEMEHOB Ceprin 'eHHaginosmy
(0-p mexH. Hayk, npocp., Xapkie, YkpaiHa).

YneHu pedakuiliHoi konezii:

BANPAMOB Asag Araxap ornm

(0-p qbiz.-mam. Hayk, npogb., baky, AsepbalidxaH);
MHATIOK Ceprin OnekcaHapoBuy

(0-p mexH. Hayk, doy., Kuis, YkpaiHa);
3AVLEBA €nena

(0-p Hayk, npogb., KuniHa, Crioga4y4uHa);
KAPMIHCBKMIN Mukona MeTtposuy

(0-p mexH. Hayk, npo., benbcbko-bsna, MNMonbwa);
KOBAJIEHKO AHngpin AHaToninosuy

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
KOCTEHKO Masrno tOpinosny

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
KYYYK Meoprivi AHaToninosmy

(0-p mexH. Hayk, npo., Xapkie, YkpaiHa);
JINTBUH Bacunb Bonoammuposny

(0-p mexH. Hayk, npoap., Jlbsis, YkpaiHa);
JTYKIH Bonoammup Bacunsosuy

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
MAMY3IM Inns

(0-p mexH. Hayk, npocp., 3azpeb, Xopsamis);
MUIYLWEHKO Pycnan Masnosuy

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
MOXAMMEQL Awmin Canix

(0-p Hayk, dou., Epbinb, Ipak);
OCTAINOB Ceprinn Egyapoosmy

(0-p piz.-mam. Hayk, npop., YepHisyi, YkpaiHa);
MOBOPO3HIOK AHaToniv IBaHOBWMY

(0-p mexH. Hayk, npo., Xapkis, YkpaiHa);
PACKIH Ies Npuroposuny

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
[PAOEB Xpucto Kupunos|

(0-p mexH. Hayk, npogp., Copisi, boneapis);
CAPABAHA Banatii b.

(PhD, 0ou., Epbinb, Ipak);
CEPKOB Onekcangp AHaTtoninosuy

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
CMIPHOB Onekcii AHaToninosm4

(0-p mexH. Hayk, npogp., KponusHuypbkul, YkpaiHa);
CTAHKYHAC WoHac

(0-p mexH. Hayk, npog., BinbHioc, Jlumea);
CTELBKO HOpin

(kaHO. ¢pis.-mam. Hayk, Tamna, ®@nopida, CLUA);
CYYKOB I'puropin Muxannosuy

(0-p mexH. Hayk, npog., Xapkie, YkpaiHa);
YLWEHKO HOpin OnekcaHaposuy

(0-p pi3.-mam. Hayk, npop., YepHisyi, YkpaiHa);
OITATOBA NaHHa €BreHiBHa

(0-p mexH. Hayk, npo., Xapkis, YkpaiHa);
XAPYEHKO Bsayecnas CepriioBuy

(0-p mexH. Hayk, npo., Xapkis, YkpaiHa);
LWBAYWY MeHHagin Mpuroposuy

(0-p mexH. Hayk, npo., [Hinpo, YkpaiHa);
LUMLIALIBKUIA Angpin Borioanmmposmy

(kaHO. mexH. Hayk, Kuis, YkpaiHa);

BidnoeidanbHuli cekpemap:

MNOOOPOXHAK Angpin Onekcinosmd

(kaHO. mexH. Hayk, dou., Xapkis, YkpaiHa).

TexHiyHUl cekpemap:
MPEBEHIOK OapwnHa CepriiBHa
(mazicmp koM. iHX., Xapkie, YkpaiHa).

Editorial board

Editor-in-Chief:
Yevgen SOKOL
(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine).

Associate editor:
Serhii SEMENOV
(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine).

Editorial board members:

Azad Agalar oglu BAYRAMOV

(Dr. Sc. (Ph-Math.), Prof., Baku, Azerbaijan);
Sergiy GNATYUK

(Dr. Sc. (Tech.), Ass. Prof., Kyiv, Ukraine);
Elena ZAITSEVA

(Dr. (Comp. Eng.), Prof., Zilina, Slovakia);
Mikolay KARPINSKI

(Dr. Sc. (Tech.), Prof., Bielsko-Biata, Poland);
Andrii KOVALENKO

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Pavlo KOSTENKO

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Heorhii KUCHUK

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Vasyl LYTVYN

(Dr. Sc. (Tech.), Prof., Lviv, Ukraine);
Volodymyr LUKIN

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
llya MAMUZIC

(Dr. Sc. (Tech.), Prof., Zagreb, Croatia);
Ruslan MYGUSHCHENKO

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Amin Salih MOHAMMED

(Dr. (Comp. Eng.), Ass. Prof., Erbil, Iraq);
Serhii OSTAPOV

(Dr. Sc. (Ph-Math.), Prof., Chernivtsi, Ukraine);
Anatoliy POVOROZNYUK

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Lev RASKIN

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);

(Dr. Sc. (Tech.), Prof., Sofia, Bulgaria);
Balasubramanian SARAVANA BALAJI

(PhD (Comp. Eng.), Ass. Prof., Erbil, Iraq);
Aleksandr SERKOV

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Alexey SMIRNOV

(Dr. Sc. (Tech.), Prof., Kropyvnytskyi, Ukraine);
Jonas STONKUNAS

(Dr. Sc. (Tech.), Prof., Vilnius, Lithuania);
Yuri STETSKO

(PhD (Ph-Math.), Tampa, Florida, USA);
Hryhorii SUCHKOV

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Yuri USHENKO

(Dr. Sc. (Ph-Math.), Prof., Chernivtsi, Ukraine);
Hanna FILATOVA

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Viacheslav KHARCHENKO

(Dr. Sc. (Tech.), Prof., Kharkiv, Ukraine);
Hennadii SHVACHICH

(Dr. Sc. (Tech.), Prof., Dnipro, Ukraine);
Andrii SHYSHATSKY!

(PhD (Tech.), Kyiv, Ukraine).

Responsible secretary:

Andrii PODOROZHNIAK

(PhD (Tech.), Ass. Prof., Kharkiv, Ukraine).

Technical secretary:
Daryna HREBENIUK
(MSD of Comp. Eng., Kharkiv, Ukraine).




SMICT

NMPOBJIEMU !LI,EHTI/ICDIKALI,I'I'
B IH®OOPMALINHUX CUCTEMAX

TI'agpunenko C. 1O., Illesepoin 1. B.,

Kazapinoe M.

Po3pobka aHcambieBoro Merony kinacudikauii crany
KOMII'IOTEpHOI CHCTEMH Ha OCHOBI J€peB pillIeHb (eng.) ...... 5

Tpucniok B. M., Hazopnuii €. 1., Cmemanin K. B.,
I'ymeniok 1. B., Yeaposa T. B.

Merox aBTeHTH]IKAI] KOPUCTYBaviB JI0 00’ €KTIB

KpUTHYHOI iH(pacTPYKTypH Ha OCHOBI ineHTUdiKanil

0cO0H 32 TOJIOCOBUM TOBIIOMIICHHSIM (€N€.) «ovveervveenerennnne. 11
Xopowyn I'. M.

Mertoz omnmcy siBuIIa JU(pakii 3a CyKyIHICTIO
TOMNOJIOTYHUX 00’ €KTIB Ta AJITOPUTM PO3PI3HAHHSA

MIiHIMYMY BiJl HY/ISl IHTCHCUBHOCTI ...ovvevuvevienreenreieenreninenne 17

MOLENIOBAHHS IHGOPMALIIMHUX CUCTEM

Anopees C. M., Kunin B. A.
MeTtoauka 1o0y10BY rifponoriyHux kaprorpadiuHux
MoyzieNiel 3a JaHUMH AUCTAHLIHHOro 30HAYBaHH 3eMii ... 22

Kapzin A. O., Isaniok O. 1.
Mopelnb CUTYaIiifHOT O TUTAaHYBaHHS i KEpyBaHHS
MIEPEMIIIIEHHSIMH aBTOHOMHOT'O POOOTY ...eevvvernvieiieeireanne. 41

Menewxo €. B., /Ipees O. M.,

Anv-Opaiikam A. M.

Brockonanena Mozientb 00YHCIEHHS KoediLieHTiB o001
KOPUCTYBA4iB PEKOMEHIALIHHUX CUCTEM (ENE.) ..cvvenvennnenen 52

METOON CUHTE3Y
IHPOPMALUINHUX CUCTEM

ITnow O. I., Buwnisecokuii B. B., bepe3oecvka IO. B.
Crilikuii TeneKoMyHIKaIliHUI KaHaJI 31 3MiHOO
TapaMeTpiB BiZ KAPY 0 KaIPY (ENL.) «vveervverveerireanireanne. 62

ITycmogapos B. B.

[obynoBa inpopMmauiiiHoi TEXHONOTIT po3podkK 6a3zu

3HaHb PO PO3Ii3HABAHHS MiCbKUX OYyJ0B Ha IIU(PPOBHUX
KOCMIYHHX Ta aepo(hOTO3HIMKaX IIPH aBTOMATU30BAHOMY
MOHITOPHHTY MiCBKOT'O CEPEIOBHIIA (€NE.) ..vveevvervvenrennenne 70

Typoscvkuit O. JI.

VY TOYHEHHS aIrOPUTMY OLIIHKH YaCTOTH CUTHAILY,

1110 IPUIIMAETHCS CUCTEMOIO CYITyTHUKOBOT'O 3B’ 3Ky

B 0e3MepepBHOMY PEXKUMI IIPH YMOBI BIUIUBY

CCYCITHIX KAHAIIBY (E118.) c.vveevviiiiieiieeiieenieeniieesireenireenanes 74

OOCNIMKEHHA IHOOPMALIMHUX CUCTEM

Bacunuwun B. I.

O1iHIOBaHHS HAIIPSIMKIB Ha/IXO/DKESHHS PaiOXBHIIb,

OCHOBaHE Ha OJIM3BKOCTI KOPEHIB JIeKIIbKOX

TIOJIIHOMIB METO/(IB HAIPO3IUICHHS (€NZ.) .vvvvvveevveeerenne. 80

Inoux C. B., Tuceuxo B. II.
JlocimpkeHHsT BIACTUBOCTEH aHCaMOJIiB CKIIAHUX CHTHAJIIB,
OTPUMAHUX IIUIIXOM IepEeCTaHOBOK YaCOBUX iHTepBalliB (eng.) 85

Kproukoe . M., Powynkin €. C.,

Jocye B. B., Tumapenko P. B.

V 10CKOHAJIEHHS ITiATOTOBKH II€PCOHAITY A1 00CIYrOBYBaHHS
palioTexXHIYHUX 3aC001B KOHTPOIIIO MOBITPSIHOTO IIPOCTOPY
LUIAXOM ypaxXyBaHHS UTaHb TEXHIYHOI eKCIUTyaTamii

B TPEHOKHUX IMITALIHHAX KOMIUICKCAX ...evvvenrenrenneenrennnenne 89

Onizapenko C. A., Apzynoe B. B.

JlocmikeHHsT 0COOIMBOCTEM BU3HAUEHHS CEMAaHTHYHOT
MOIIOHOCT] TEKCTOBOrO KOHTEHTY JOBLIBHOI JIOBXHHH

3 BUKOPHUCTAHHAM 0araTOMOBHHX MOJIEIIeH

Ha ocHOBI Transformer (eng.) ........ccooveevievriienieenieenieene. 94

TABLE OF CONTENTS

PROBLEMS OF IDENTIFICATION
IN INFORMATION SYSTEMS

Svitlana Gavrylenko, Illia Sheverdin,

Michael Kazarinov

The ensemble method development of classification

of the computer system state based on decisions trees .......... 5

Vasyl Trysnyuk, Yevhen Nagornyi, Kirill Smetanin,

Igor Humeniuk, Tetyana Uvarova

A method for user authenticating to critical

infrastructure objects based on voice

message 1dentification ............coceeveeriiinieiniiinieeee 11

Ganna Khoroshun

Diffraction phenomenon description method based on

by the topological objects set and the algorithm for
distinguishing the minimum from zero intensity (ukr.) ...... 17

INFORMATION SYSTEMS MODELING

Sergey Andrieiev, Volodymyr Zhilin
Methods of construction of hydrological cartographic
models according to remote sensing of the Earth data (ukr.) ... 22

Anatolii Kargin, Oleksandr Ivaniuk
Autonomous robot motion control situational
planning model (UKI.) .....ooviiiniiiiiiiiiiccceee, 41

Yelyzaveta Meleshko, Oleksandr Drieiev,

Anas Mahmoud Al-Oraiqat

The improved model of user similarity coefficients
computation for recommendation SyStems ............ccccceeuvee. 52

METHODS OF INFORMATION
SYSTEMS SYNTHESIS

Oleksandr Pliushch, Viktor Vyshnivskyi, Yuliia Berezovska
Robust telecommunication channel with parameters
changing on a frame-by-frame basis ..........cccccevverriennenn. 62

Volodymyr Pustovarov

Construction of information technology for development

of knowledge base on identification of urban structures

on digital space and aerial photographs

in the urban environment monitoring .........c..ccecceeeveenneen. 70

Oleksandr Turovsky

Clarification of the algorithm for estimating the frequency

of the signal received by the satellite communication

system in a continuous mode under the influence

of «neighboring channels» ...........ccocccevviiniiiiiiiiincennn. 74

INFORMATION SYSTEMS RESEARCH

Volodymyr Vasylyshyn

DOA estimation based on proximity

of the roots of several polynomials

of superresolution methods ..........cccceeviiviiniiiiinieee 80

Serhii Indyk, Volodymyr Lysechko
The study of ensemble properties of complex signals
obtained by time interval permutation .............cccceeevueennenne 85

Dmytro Kriuchkov, Evgeniy Roshchupkin,

Volodymyr Djus, Roman Tytarenko

Personnel improvement preparations for air space
radiotechnical facilities maintenance by the technical
exploitation questions account in trainer

imitation complexes (UKT.) .....ooovueeriiiniiiniiinieeieeieeeeene 89

Serhii Olizarenko, Viadimir Argunov

Research on the specific features of determining

the semantic similarity of arbitrary-length

text content using multilingual

Transformer-based models .........cccoeeevvenieiinicniencnnenne. 94




3micm

Opnoecvkuii O. B., Ocmanog C. E.
AHaJi3 BIUIMBY METO/IiB IONEPEAHbOI 00POOKU TEKCTY Ha
poboty KIacudikaropa IecTpyKTHBHHX ITOBITOMIICHb (eng.) .. 104

Ilpoyenxo A. A., Iéanos B. I'.
[NopiBHsuTBHUMIT aHANI3 MeTOAIB, Mo 6a3ytoThest Ha RRT
JUISL IOIIYKY IUIAXY Y MiI3EMHUX CTPYKTYpax (eng.)

IHTENEKTYANbHI IHOOPMALIMHI CUCTEMU

Yanui C. @., Iewmuncokuii B. O.

TemropaibHe MpeICTaBICHHS Kay3aJIbHOCTI

[PY KOHCTPYIOBaHHI MOSICHEHb

B IHTEJICKTYAIBHUX CHCTEMAX (ENE.) ..vevvverureenireaiieaieenne 113

METOOU 3AXUCTY
IHPOPMALUIMHUX CUCTEM

Kupuuox P. B., lllyknin I'. B.,
bapabaw O. B., I'atioyp I'. 1.
MopenoBaHHS MEXaHi3My Baliamii Bpa3JIMBOCTEH
IIPY aKTMBHOMY aHaJli31 3aXHIIEHOCTI KOPIIOPaTUBHUX
MEpex 3a J0HOMOroro 1osiHoMiB bepHireiina

Mooscaee M. O., /lasuoos B. B., Yncan Jliyan
AHaui3 Ta NOPIBHUTBHI JOCIIPKEHHST METOJIIB ITiIBUIEHHS PiBHS
OE3IeKH MPOrPaMHOro 3a0€3MEYEHHS (ENE.) «.vveervveennennnne 124

Cemenos C. I, I]ao Beiinin
Monudikaliiss MaTeMaTHYHOI MOZIEIII TIPOLIECY TECTYBaHHS
Ha NPOHUKHEHHS B KOMI'IOTEPHI cucTeMH (eng.)

NMPUKNAOHI MPOBIIEMU
EKCNNYATALIT IHOOPMALINHUX CACTEM

becosa O. B., Kapnos B. /1.,

Jykawyk O. B., Illempywenxo B. M.

BumiproBad yacy 3aTpUMKH CUTHAITY BiJIOUTOrO Bijt
MaJIOBHCOTHOI LTI TIpH 11 JIOKawii HaJx MOpeM (eng.) ........ 139

I'puzopenko 1. B., I'puzopenxo C. M.,

Osuapenko M. M.

OOrpyHTYBaHHS BUOOpPY METO/IiB HEPYHHIBHOTO

KOHTPOJIIO €JIEMCHTIB €HEePreTHIHOro 00J1a IHAHHS

3a JIOIIOMOTOI0 arapaTy HEYITKOI JOTIKH (ENg.) ..cvveenveennne 143

Kosznog B. €., Koznos I0. B., ll]lepouna O. O.,
Hoesuxoea O. 0., Ioxos O .IO.
BararodyHkiioHanbHUI aHTEHHUI IPUCTPiit
JUIS 3aXUCTY KaHAJIB Paslio3B’A3Ky IMipO3AiiiB
CHJI OXOPOHH HPaBOHOPSIIKY (eng.)

Cuodopenko €. A., Maxozon O. A., Kopoa M. B.,

Icaxoe O. B., baokin IO. B., Kaninin I. B.

3acrocyBaHHs HMOBIPHICHHX €KOHOMiKO-MaTeMaTH4YHHUX
Mozeel JuIs oNTHMIi3allii IUTaHyBaHHs HE3HW)KYBAJILHOT'O
3amacy Ta IiJJBHIIEeHHS €()eKTUBHOCTI JIOTiCTUYHOTO
3a0e31eueHHs CUJ1 000POHU JIePHKaBH

0€3 3HMKCHHSI PIBHS HATIIHOCTI (€NE.) «.vvvvvveeireeiieaiienne 156

AndaBiTHUN MOKAKYUMK .........ccoeoeeveeniieiiieneeeneeeenee

Oleksandr Orlovskyi, Sergey Ostapov
Analysis of the text preprocessing methods influence
on the destructive messages classifier

Andrii Protsenko, Valerii Ivanov
Comparative analysis of RRT-based methods
for path finding in underground environment ..................

INTELLIGENT INFORMATION SYSTEMS

Serhii Chalyi, Volodymyr Leshchynskyi

Temporal representation of causality

in the construction of explanations

in intelligent SYSteMS ......ccceveervirierieiinieneeieeeereeeens

METHODS OF INFORMATION
SYSTEMS PROTECTION

Roman Kyrychok, Herman Shuklin,

Oleg Barabash, Galyna Gaidur

Modeling the vulnerabilities validation mechanism

in the active analysis of the security of corporate
networks using Bernstein polynomials (ukr.) .........c.........

Mykhailo Mozhaiev, Viacheslav Davydov, Zhang Ligiang
Analysis and comparative researches of methods
for improving the software Security ............cocceevueenveennne.

Serhii Semenov, Cao Weilin
Testing process for penetration into computer systems
mathematical model modification ..........cc.cccoeeveerienneenne

APPLIED PROBLEMS
OF INFORMATION SYSTEMS OPERATION

Oksana Biesova, Viadimir Karlov,

Olena Lukashuk, Valentin Petrushenko

Signal relay time measurer reflected from a small
purpose at its location over the sea ...........cccceeeveerieennnn.

Thor Hryhorenko, Svitlana Hryhorenko,

Mykola Ovcharenko

Substantiation of the choice of methods

of non-destructive testing of elements

of energy equipment using a fuzzy logic apparatus ..........

Valentyn Kozlov, Yury Kozlov, Olexander Shcherbina,
Olena Novykova, Olexander Iokhov

Multifunctional antenna device for protection

of radio communication channels of units

of law enforcement forces

Yevhen Sydorenko, Helen Makogon, Mykyta Korda,
Oleksandr Isakov, Yuri Babkin, Igor Kalinin
Application probabilistic economic mathematical models
for optimization planning of an irreducible stock

and improving the efficiency of logistics supply
management of the state defence forces without

redusing the level of reliability ..........cccccooviiniiiniinninnne

Alphabetical index

3a docmosipHicmb suknadeHux ¢hakmis, yumam ma iHwux gidomocmeli gidrnosidanbHicmb Hece asmop.

118

leozpagpis cmamel yb020 Homepa

Caydiscbka Apasis
Saudi Arabia

United States of America

CLUA YKkpaiHa

Ukraine




ISSN 2522-9052

CyuacHi indopmaniiini cucremu. 2020. T. 4, Ne 3

Problems of identification
in information systems

UDC 004.9:519.2

doi: 10.20998/2522-9052.2020.3.01
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THE ENSEMBLE METHOD DEVELOPMENT OF CLASSIFICATION
OF THE COMPUTER SYSTEM STATE BASED ON DECISIONS TREES

Abstract. The subject of this article is exploration of methods for identifying the status of a computer system. The
purpose of the article is development of a method for classifying a computer system anomalous state based on ensemble
methods. Task: To investigate the usage of algorithms for building decision trees: REPTree, Random Tree, J48,
HoeffdingTree, DecisionStump and bagging and boosting decision tree ensembles to identify a computer system
anomalous state by analyzing operating system events. The methods used are artificial intelligence, machine learning and
ensemble classification methods. The following results were obtained: the methods of identifying the computer systems
anomalous state based on ensemble methods were investigated, namely, bagging, boosting, and classifiers: REPTree,
Random Tree, J48, HoeffdingTree, DecisionStump to identify a computer system anomalous state. The different classifiers
set and classifiers ensembles were developed. Training and cross-validation on each algorithm was performed. The
developed classifiers performance has been evaluated. The research suggests an ensemble method of a computer system
state classifying based on the J48 decision tree algorithm. Conclusions. The scientific novelty of the obtained results
consists in creating an ensemble method for classifying the state of a computer system based on a decision tree, which
makes it possible to increase the reliability and speed of classification.

Keywords: computer system; decision trees; ensemble methods; boosting; bagging; operating system events; anomalous

state.

Introduction

An ordinary feature of the modern country is the
use of computer systems in almost all sectors of the
national economy. The secure function of such systems
is a priority and determines the role of the country in the
world. This is why the study of identifying the state of
computer systems methods and means is an urgent task.

The computer system is characterized by a huge
number of functioning indicators. One of the most
common methods of analysing large amount of data
(data mining) is machine learning. Machine learning
algorithms are designed to work directly with huge
amounts of information.

Problem analysis and scientific publications.
Issues related to problems encountered when dealing
with large amounts of information, especially when
used to evaluate the state of a computer system, are
discussed in [1-5]. Complex mathematical algorithms
based on machine learning methods are used for data
analysis and classification: classical methods [6],
reinforcement learning methods [7], decision trees and
ensemble methods [8,9], neural networks and deep
learning [10] and so on.

Different approaches to solving the problems
proposed in the work [11-13]. One of the classification
effective method is ensemble, which are based on a
basic classifier set, which results are combined and
operate the aggregated classifier prediction [14].

In [15-17], a comparative investigation of various
building ensemble methods was performed. Nevertheless,
this work does not include the effectiveness of using
different decision trees methods in conjunction with
different ensemble decision-making methods.

Algorithms analysis for building decision trees
and decision tree ensembles

One of the main tasks of machine learning is to
learn from use cases, according to which the object M is
studying. Objects with M are described by a set of
attributes {xi, ..., x,}. Each object S € M is represented
by a vector of the length n, where the coordinate j is
equal to the attribute value x; for the object S. It was set
a set of ‘answers’ and a selection of objects (precedents)
T={S, ..., Sy} of M so that for each object S; € T there
is an ‘answer’ y;, y; € Y. By the selection 7, we need to
build an algorithm A7:M — Y, which puts in
correspondence to each object the value y with Y.

One of the main types of case-based learning is the
classification problem for which the ‘response’ y for an
object S from M is a class label, including a binary
classification where Y= {-1, + 1}.

One of the well-known tools for solving case-
based learning problems is decision trees. The
procedure of building a classical decision tree (DT) is
iterative. As a rule, to build the next vertex of the tree,
the attribute that best meets branching criteria is
selected. The values of this attribute are used for
branching. Then the specified procedure is repeated for
each leaf.

One of the first algorithms for building a decision
tree is the ID3 algorithm [18]. The idea of the ID3
algorithm is to divide the selection into two parts until
each part contains objects of only one class. An
improved version of the ID3 algorithm is the C4.5
algorithm, which has been added the pruning procedure,
the ability to work with numeric attributes, and the
ability to build a tree with an incomplete training

© Gavrylenko S., Sheverdin ., Kazarinov M., 2020
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sample that lacks the values of some attributes. The
C4.5 algorithm selects an attribute based on the
normalized information gain or information entropy

(Gain Ratio):
“ N, (N,
H=-) —Ltlog| — |,
2 g(Nj

where n — number of classes in the original subset, N; —
the number of samples of i class, N — the total number
of samples in the subset.

The best attribute for splitting 4; is the one that
provides the maximum reduction in the entropy of the
obtained subsets relative to the parent set. However, in
practice, it is more convenient to use the concept of
information, which is the reverse of entropy. Then the
best partition attribute is the result, which provides the
maximum increase in information of the resulting node
relative to the original one:

Gain(4) = Info(S) — Info(Sy),

where Info (S) — information related to a subset of S
before splitting, Info (S,) — information associated with
a subset of S after splitting by attribute 4.

The J48 algorithm is the analog of the C4.5
algorithm, which is implemented in Java in the Weka
application.

The Decision Stump algorithm is a single-level tree
with a statistical branching criterion [19]. This tree has a
root vertex that is connected by an edge to each branch of
the tree. Decision Stump considers each attribute of x
sequentially and builds a separate tree for this attribute.
Possible option: 1) for each value of attribute x, one leaf
is built; 2) the number a (threshold) is selected and two
leaves are built, in one of which x < a, and in the second
x 2> a; 3) the set of values of attribute x is divided into
intervals and a tree is built with the number of leaves
equal to the number of these intervals.

To select the optimal rule, we use the partition
quality estimation function, which is formalized in the
Gini index. If the data set S contains data from n
classes, then the Gini index is defined as:

n
Gini(S) =1-Y. pf
i=l
where p; — probability (relative frequency) of class i in S.
If the set M is split into two parts S; and S, with
the number of samples in each N1 and N2, respectively,
then the partition quality indicator will be equal to:

N N

Ginigyyy (S) = N—; - Gini(S)) + 721 - Gini(S,).

The best partition is where Ginigy(S) is minimal.

The REPTree (Reduced Error Pruning Tree)
algorithm builds binary trees for classification and
regression problems using entropic or statistical
branching criteria, respectively. This algorithm was first
proposed by Quinlan in 1987 [20]

HoeffdingTree is an incremental decision tree
induction algorithm that can learn from data flows,
assuming that the distribution generation examples do
not change over time [21]. Hoeffding trees take

advantage of the fact that a small sample is often
enough to select the optimal splitting attribute. This idea
is supported mathematically by the Hoeffding estimate,
which quantifies the number of observations needed to
evaluate some statistical data of a given accuracy.

RandomTree is a tree building algorithm that
considers & randomly selected attributes for each node
[22]. The algorithm makes it possible to estimate the
probability value of a class based on a set selection by
combining multidimensional linear regression and one-
dimensional smoothing. Thus, a nonlinear problem is
reduced to solving a sequence of linear problems.

To improve the efficiency of various algorithms
for building decision trees are used ensembles, in which
several models (weak students or basic models) are
learning to solve the same problem and are combined to
improve performance. Today, the most popular are
meta-algorithms that aimed to combining weak students
such as begging, boosting.

Begging is an ensemble of homogeneous weak
classifiers that learn in parallel and independently from
each other on different random samples from the source
data using the same decision-making algorithm. The
results are then combined, following some deterministic
averaging process. At the same time, classifiers do not
correct each other's mistakes, but compensate for them
when voting [23]. The main idea of Begging is to select
several independent models and find the optimal
average value to get the model with the smallest spread.
The most common begging algorithm is the Random
Forest algorithm.

Boosting combines homogeneous weak classifiers,
training them consistently in an adaptive way (the weak
classifier depends on the previous ones) and combines
them, following a deterministic strategy [24]. By
reducing the variance, accuracy increases and the
number of matching and training operations decreases.
The most common boosting algorithms are AdaBoost,
LogitBoost, and Gradient boosting.

Development of an ensemble classification
method

In the Windows operating systems all events can
be divided into 4 main types: process communication
events, file system interaction events, Internet
connection events, and operating system registry
interaction events.

The developed software made it possible to collect
changes in the state of the computer system. Weka
software [25] was chosen for an analysis of the system
state and quality assessment of methods for building
decision trees and classification algorithms. It provides
a set of virtualization tools and components for data
mining and solving forecasting problems. The
functionality of the program allows to perform the task
of data analysis, clustering, regression analysis etc.

For further analysis of the computer system state
were used classifiers based on boosting and begging.
Each of the classifiers was investigated using different
types of the above decision trees.

For evaluating the quality of classifiers, the
following criteria were selected as the main:
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1. The number of correctly classified objects in
absolute and percentage value (Correctly Classified
Instances).

2. The number of incorrectly classified objects in
absolute and percentage value (Incorrectly Classified
Instances).

3. The Kappa coefficient (Kappa statistic). The
Kappa-Cohen coefficient is a metric that compares the
accuracy of an observation with the expected accuracy.
Kappa statistics are used not only to evaluate a single
classifier, but also to evaluate classifiers among
themselves. A value greater than 0 means that your
classifier works better than the probability that it will
function properly:

l—po
1-p,

K= =1
l—po

where po _ is the relative observed agreement among
raters and p. — is the hypothetical probability of chance
agreement.

4. Mean absolute error (MAE). MAE-a value
used to measure how close forecasts are to possible
results:

1 1
MAE ==% | f; = yi|==2 |e
sy iz

where f; —is the prediction and y; —is the true value.

5. Root mean squared error (RMSE) is the
standard deviation for sampling differences between
predicted and observed values:

1~ 2
i
where the vector of observed values of the variable
being predicted — 6,, with OA, — being the predicted
values.
6. Relative absolute error (RAE) — the absolute
difference between the measurement result and the true

value of the measured value, which is a sign of the
quality of the measurement:

RAE=Y(P-T) | 3 (5 -T).

where P is the predicted value; T; is the target value for
case 1; and is given by the formula:

_ 1i
T==>T..
ng /

7. Root relative squared error (RRSE). The RRSE
takes the General squared error and normalizes it by
dividing by the General squared error of a simple
predicate. By taking the square root of the relative
square error, we can reduce the error to the same size as
the predicted value:

RRSE=\/f(P—TI->2 > @ -T2,
i=0 i=0

8. Total Number of Instances.

9. Testing time.

10. Learning time.

Studies of various classifiers of ensemble methods
in conjunction with various algorithms for building
decision trees allow us to obtain the following results.

The results of the Boosting algorithm in
conjunction with various algorithms for building
decision trees are presented on the Table 1.

As can be seen from the Table 1, the meta-
algorithm of machine learning is an effective ensemble
method for evaluating the state of CS. The best results
are obtained when using decision trees: J48, REPTree,
and Random Tree.

The results of the Bagging algorithm in
conjunction with various algorithms for building
decision trees are shown in Table 2.

As can be seen from the Table.2 Bagging is also an
effective ensemble method for assessing the state of the
CS. The best results are obtained when using decision
trees: J48, REPTree, and Random Tree.

It is shown on the Fig. 1 and 2 histograms of the
absolute error of classification and time of CS testing
when using decision trees based on algorithms: J48,
REPTree, and Random Tree.

As can be seen from the histogram on Fig. 1, at the
learning stage, the accuracy of the classification of the
ensemble classifier based on boosting is slightly lower
compared to the accuracy of the classification of the
ensemble classifier based on Begging. However, the

=0 i=0 testing time for this classification is slightly better for an
ensemble classifier based on boosting.
12 11 11

u
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o~
m
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2
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Fig. 1. Absolute error classification histogram
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Fig. 2. Testing time histogram

In order to make sure that the decision-making
algorithm is stable and accurate, Cross Validation was
performed and the results were checked on the test data.
Cross Validation was performed as follows. The
original data was divided into 10 parts. Then each of the
parts was used for testing and training: once for testing

Table 1 —Boosting algorithm results

and 9 times for training at a time. Ten obtained results
were averaged. Later, after performing a 10-fold cross-
check and calculating the evaluation results, the training
algorithm was obtained for the last 11th time on the
entire data set. Afterwards, the resulting model was
built.

Boosting REPTree Random Tree | J48 HoeffdingTree Decision Stump
Correctly Classified Instances 23142 23134 23142 23134 20827
Incorrectly Classified Instances 3 11 3 11 2318
Correctly % 99,99 99,9525 99,987 99,9525 89,9849
Incorrectly % 0,019 0,0475 0,0131 0,0475 10,0151
Kappa statistic 0,9997 0,9988 0,9997 0,9988 0,7313
Mean absolute error 0 0,0001 0 0 0,0575
Root mean squared error 0,0032 0,0061 0,0029 0,0069 0,1372
Relative absolute error 0,0339 0,1491 0,0339 0,1242 150,2427
Root relative squared error 2,3429 4,3693 2,1164 4,9879 99,1314
Total Number of Instances 23145 23145 23145 23145 23145
Learning Time 0,1401 0,0601 0,1301 1,5103 0,1801
Testing Time 0,0902 0,0502 0,0502 1,0702 0,0503
Table 2 — Bagging algorithm results
Bagging REPTree Random Tree J48 HoeffdingTree Decision Stump
Correctly Classified Instances 23144 23144 23145 23142 20831
Incorrectly Classified Instances 1 1 0 3 2314
Correctly % 99,9957 99,9957 100 99,987 90,0022
Incorrectly % 0,0043 0,0043 0 0,0131 9,9978
Kappa statistic 0,9999 0,9999 1 0,9997 0,7317
Mean absolute error 0 0 0 0 0,0142
Root mean squared error 0,0019 0,0023 0,0017 0,0028 0,0841
Relative absolute error 0,0328 0,0853 0,0328 0,0508 37,0307
Root relative squared error 1,3592 1,647 1,2477 2,0455 60,882
Total Number of Instances 23145 23145 23145 23145 23145
Learning Time 0,6502 0,21 0,37 5,41 0,18
Testing Time 0,1 0,06 0,1 4,36 0,03
Thus, the results of Cross Validation also .
Conclusion

confirmed the high quality of decision trees based on
algorithms: J48, REPTree.

The classifier based on decision trees of the
Random Tree algorithm has slightly worse results. But,
as shown by the results of the cross validation (Fig. 3)
the classification accuracy of ensemble classifier on the
basis of bagging is a little lower compared with the
classification accuracy of ensemble classifier based on
boosting.

This article discusses methods of identifying the
abnormal state of computer systems based on ensemble
methods.

The following events were used as outgoing data
for evaluating the state of the computer system: process
communication events, file system interaction events,
Internet connection events, operating system registry
interaction events.
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Fig. 3. Absolute error of classification after Cross Validation histogram

Ensemble meta-algorithms for machine begging
and boosting that combine classifiers based on decision
trees: REPTree, Random Tree, J48, HoeffdingTree, and
DecisionStump were evaluated. Meta-algorithms were
trained and cross-qualified. The effectiveness of the
developed classifiers was evaluated according to the
following criteria: the number of correctly and
incorrectly classified objects in absolute and percentage
values, Kappa coefficient, absolute error, average
absolute error, standard error, relative squared error,
training and testing time.

It was found that the ensemble meta-algorithms of
machine learning begging and boosting are effective
tools for evaluating the state of a computer system. The
best results were obtained by combining classifiers

based on algorithms for building decision trees: J48,
REPTree, and Random Tree.

The most effective, both for boosting and begging
ensembles, is a classifier based on the J48 decision tree
construction algorithm.

The classification accuracy and testing time of
computer systems based on it is almost the same for
both ensemble classifiers.

Thus, to identify the state of a computer system
based on research results, a method based on the j48
classifier was proposed, which is an effective tool for
ensemble meta-algorithms of begging and boosting.

Further studies of computer system state
identification technologies can be performed in
computer intrusion prevention systems.
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Po3pobka ancamOaeBoro meroay kjaacuikanii cTaHy KOMII'IOTEPHOI CHCTEMH Ha OCHOBI iepeB pilleHb
C. 10. I'aBpunenxo, 1. B. Illesepain, M. Kazapinos

AnoTtanis. IIpeamerom cTaTTi € HOCIIPKEHHS METOAIB iNeHTH(IKAII] CTaHy KOMIT I0TepPHOI cucTeMu. MeTolo cTarTi €
po3pobka Merony Kinacudikanil aHOMaJbHOrO CTaHy KOMIT'IOTEPHOI CHCTEMHM Ha OCHOBI aHCaMOJICBUX METOAiB. 3aBJaHHM:
JIOCHIZINTH BUKOPHCTaHHS anroputMis nodynosu nepes pimens: REPTree, Random Tree, J48, HoeffdingTree, DecisionStump
Ta aHcaMOJIiB iepeB pillleHb Ha OCHOBI OerriHry Ta OycTiHry JUIs iIeHTHdiKallii aHOMaIbHOrO CTaHy KOMII FOTEPHOI CUCTEMH Ha
OCHOBI aHaNi3y MoAiil omnepauiiHoi cucreMu. BUKOPHCTOBYBAHMMHU METOJAMH €: METOIM ILITYYHOI'O IHTENEKTY, MAIIUHHOIO
HaBYaHHS Ta aHcamOJieBi MeTomu Kiacugikanii. OTprMaHO Taki pe3yJIbTaTH: JOCTIDKEHO METOAN iNeHTH(iKanil aHOMAIEHOTO
CTaHy KOMII'IOT€pHHX CHCTeM Ha 0a3i ancaMOsieBUX METOIiB, a came Oerrinry, Oycrinry ta xiacudikaropis: REPTree, Random
Tree, J48, HoeffdingTree, DecisionStump st ineHTHdikanii aHOMaJIbHOrO CTaHy KOMIT'IOTepHOI cucreMu. Po3pobneHo Habip
pisHux knacudikaropiB Ta aHcamOniB Kiacu(ikaropiB, BUKOHAHO X HaBYaHHSI Ta KpocBalijauilo. BHKOHaHO OLIHKY
e(eKTUBHOCTI po3pobiIeHNX Kiacu(pikaTopiB. 3a pe3yabTaTaMu JIOCHTIPKEHb 3alPOIIOHOBAHO aHcaMOJIeBHid MeTo] Kitacu(ikarii
CTaHy KOMII FOTEPHOI CHUCTEMH Ha OCHOBI alroputMmy no0yznoBu Jiepesa pimeHs J48. BucHoBku. HaykoBa HOBH3HA OTpUMaHHX
PE3yNbTaTIB NOJSArae B CTBOPEHHI aHcaMOJIeBOro MeToay Kiacu(ikanuii craHy KOMIT FOTEPHOI CUCTEMH Ha OCHOBI JiepeBa pillieHb,
110 HaJla€ MOMJIMBICTb ITiIBUIUTH HAiHHICTh Ta IIBUIKICTh KiIacupikari.

KawuyoBi caoBa: koMm'loTepHa cUcTeMa; JepeBa pillleHb; aHcaMOJIeBi MeToan; OYCTHHT; OerTiHT; Hoil ornepamiiHol
CHCTEMH; aHOMAJIGHHH CTaH.

Pa3paborka ancam0/1eBOro MeToAa KIacCH(PUKAINHA COCTOSTHAS KOMIIBIOTEPHOH CHCTEMBI HAa OCHOBE [I¢PEBbEB PelIeHUI
C. 10. I'appunenxo, Y. B. llepepann, M. Kazapunos

AnHoTanus. [IpeameroM crarTeu SBISIETCS HCCIEIOBAaHUE METONOB HMICHTU(OUKALMU COCTOSHUA KOMIIBEOTCPHOM
cucremsl. Ilennto craTby sBisiercst pa3paboTka MeTola KIaCCH(UKALUY aHOMAJILHOIO COCTOSIHUSL KOMIIBIOTEPHOH CHCTEMbI Ha
OCHOBE aHCaMOJIEBbIX METOJOB. 3agaya: MCCIIE0BATh UCIONb30BAHUE AITOPUTMOB MOCTPOEHHs JNepeBbeB pemienuidi: REPTree,
Random Tree, J48, HoeffdingTree, DecisionStump u ancamOueil iepeBbeB pelIeHUH Ha OCHOBE OerrmHra M OyCTHHra Juis
UIeHTU(UKALMY aHOMAJIBHOI'O COCTOSHUSI KOMIIBIOTEPHOW CHCTEMbI Ha OCHOBE aHaJIM3a COOBITHI ONEpaIllMOHHOH CHCTEMBI.
Hcronb3yeMbIMU METOJAMH SIBIISIOTCS: METOJbI UCKYCCTBEHHOI'O MHTEIIEKTa, MAIIMHHOIO 00y4eHUs U aHCaMOJIeBble METO/IbI
knaccuukanuy. IlonmydeHsl cienyrole Ppe3yabTaThl: MCCIENOBaHBl METOIbl HICHTU(MKALMHM aHOMAJIBHOTO COCTOSHUS
KOMIIBIOTEPHBIX CHCTEM Ha 0a3e aHCcaMOIeBbIX METOJIOB, @ UMEHHO Oerrunra, Oycrunra u xiaccudukaropos: REPTree, Random
Tree, J48, HoeffdingTree, DecisionStump 11t nieHTH(UKALNE aHOMAJIBHOI'O COCTOSIHUSL KOMITBIOTEPHOI cucTeMbl. Paspaboran
Habop Pa3IMYHbIX KIacCU(UKATOPOB U aHCAMOJIeH Ki1acCu(UKATOPOB, BHIIIOIHEHBI UX 00y4eHHE U KpocBaluanys. Beinonnena
oreHKa 3G PeKTUBHOCTH pa3paboTaHHbIX KilacchpukaTopos. ITo pesynbTaTtaM MCCIEA0BAHME MPEIIONKEHO aHCaMOJIEeBbI METON
K1acCU(UKAIMU COCTOSHHUS KOMIIBIOTEDHOM CHCTEMbl Ha OCHOBE alrOpUTMa IOCTPOCHHs JepeBa pelieHuii J48. BbiBoabl.
HayyHasi HOBM3HA NOJYYEHHBIX PE3Y/IbTATOB 3aKJIIOYAETCS B CO3JAHMM aHCAMOJEBOrO METONa KIAacCH(MKALMU COCTOSHMS
KOMIIBIOTEPHOM CHCTEMbI Ha OCHOBE JIepeBa PEILCHHUH, 1aeT BO3MOXHOCTb HOBBICHTb HaJJEKHOCTb U CKOPOCTD KJIACCU(DUKALIIH.

KaoueBble cia0Ba: KOMIIBIOTEpHAs CUCTEMA; JEPEBbs PEIICHMUIT; aHCaMOIeBbIe METO/IbI; OYCTHHT; OETTHHT; COOBITHS
OIePaIlMOHHON CUCTEMBI; aHOMaJIBHOE COCTOSTHHE.
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A METHOD FOR USER AUTHENTICATING TO CRITICAL INFRASTRUCTURE
OBJECTS BASED ON VOICE MESSAGE IDENTIFICATION

Abstract. The subject of the research is the protection of critical infrastructure objects from unauthorized access based
on voice message identification. The purpose of the research is to consider the main methods and algorithms for
identifying an individual by voice, as well as the development of a software implementation of the restricted zone access
control system, which allows improving the security of the standard password system by introducing voice authorization
technologies and improving the algorithm for selecting voice fragments in audio files. Therefore, the purpose determines
following tasks: analysis of the advantages and disadvantages of existing methods of information protection to
infrastructure objects; determination of the optimal method of identification by voice message; a description of the main
features of the implementation and use of Mel-frequency kastelnik coefficients (MFKC). Are used such methods: system
approach, system analysis, theory of algorithms. The following results were obtained: an algorithm was developed for
storing users ' voice data for further use in authorization, the voice authorization subsystem; the corresponding software of
the computer system has been developed. Conclusions: based on the example of applying the biometric method of user
authentication to critical infrastructure objects based on voice message identification, this method of user authentication
should be used as an additional method of multi-factor authentication by entering an additional password or another method
of biometric user authentication.

Keywords: biometric identification; identification by voice; authentication by voice message; information protection;

unauthorized access; cyber security.

Introduction

Problem statement. The current stage of
technological development of society is closely related
to the active use and improvement of information
technology (IT), the creation of information space [1].
Under such conditions, ensuring information security
and information protection are of paramount importance
in all spheres of human life.

With the beginning of the armed aggression of the
Russian Federation on the territory of Ukraine, which
requires more decisive action to protect this
information.

Existing methods of information protection are
divided into hardware, software and mixed (ie a
combination of the two previous methods). Given the
damage that can be caused by unauthorized access to
information with limited access, any distortion or
destruction, it is important to protect general and special
information systems (military, law enforcement, etc.) by
entering an access password. Password identification is
the simplest in both implementation and use, but it has a
number of disadvantages that significantly reduce the
level of information security.

Today, biometric technologies for personal
identification are becoming increasingly important.
Biometrics is a very effective device for face
recognition, which on the basis of biometric
characteristics makes it possible to identify a person [2].

The latest biometric technologies and systems
recognize a person based on the characteristics that are
given to a person at birth, ie anatomical features such as
fingerprints, facial images, palms, iris, voice or
behavioral traits (signature, gait, keyboard handwriting).

The main advantages of this method include the fact
that personal characteristics are individual to each
person, they can not be lost or forgotten, as a password,
as well as biometric identifiers are more difficult to
forge. Since these features are directly related to the
physiology of the user, it can be argued that biometric
recognition has a high level of reliability and gives
access to systems and facilities only to those users who
have the appropriate authority to do so [2,3].

Of course, like any complex system, biometric
identification has certain disadvantages, however, it is
the most reliable, especially in the case of identification
by several biometric identifiers.

Therefore, the purpose of this work is to create a
method of biometric authentication of users to critical
infrastructure based on voice signals and its software
implementation is an urgent scientific task [4].

Recent events on the world stage are accompanied
by the process of redistribution of zones of influence in
the technological, economic and cyber spaces, the
development of information technology (IT), which
give rise to new ways of obtaining information. In this
regard, ensuring the protection of classified information
is an urgent issue and requires states, regardless of their
development, to constantly strengthen national security,
as well as the ability to counter threats and minimize the
risks of real leakage of important information and data.

Analysis of recent research and publications. To
date, a number of identification methods based on
human biometric characteristics have been developed
and implemented.

To date, there are several approaches to the
identification of a person by voice, which are based on
the analysis of the structure of the voice signal. The
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procedure for processing the voice signal is to use short-
term analysis, ie the signal is divided into fragments
(frames) of a fixed size. Then to each window algorithms
of selection of signs are applied. Most popular
identification systems use chalk-frequency keptral
coefficients (MFCC) or linear prediction coefficients
(LPCS) as feature vectors [5]. These methods are based
on the selection of vectors of signs of the voice signal,
taking into account the peculiarities of sound perception
by the human ear. Another method of analyzing voice
fragments is the analysis of formant frequencies. The
analysis of formant frequencies is one of the oldest
methods of identification of a person by voice, and the
identification of a person in the formant approach is most
often performed on vowel sounds, in which formants can
be effectively distinguished [2, 4, 5].

Thus, as can be seen from the analysis of the
sources for the implementation of software
authentication of users based on human voice
biometrics, a sufficient number of methods, but to
ensure timely detection of unauthorized access to
critical infrastructure.

Setting objectives. To develop a computer control
system for critical infrastructure using biometric voice
authentication, which will improve standard password
systems and solve the problem of confidentiality of user
credentials by introducing voice authorization
mechanisms.

Presentation of the main material
of the research

At the moment of development of information
technologies, the result of identification of the person by
voice completely depends on input data, mathematical
algorithms and computing power. Input data means a
sample of a person's voice obtained by recording from a
microphone. The quality of such a sample depends on
the type of input device (eg professional microphone or
mobile phone) and the environment (loud street or quiet
room).

Mathematical algorithms are used to compare the
obtained voice sample with the samples in the database.
Computing power is understood as the speed and quality
of processing of biometric features of the user, which
depends on the hardware features of the system.

To date, there are several approaches to the
identification of a person by voice, which are based on
the analysis of the structure of the voice signal. The
procedure for processing the voice signal is to use short-
term analysis, ie the signal is divided into fragments
(frames) of a fixed size. Then to each window
algorithms of selection of signs are applied. Most
popular identification systems use chalk-frequency
keptral coefficients (MFCC) or linear prediction
coefficients (LPCS) as feature vectors [5]. These
methods are based on the selection of vectors of signs of
the voice signal, taking into account the peculiarities of
sound perception by the human ear. Another method of
analyzing voice fragments is the analysis of formant
frequencies. The analysis of formant frequencies is one
of the oldest methods of identification of a person by
voice, and the identification of a person in the formant

approach is most often performed on vowel sounds, in
which formants can be effectively distinguished [2, 4,
5]. The method of developing biometric voice
authentication at critical infrastructure facilities can be
divided into three stages:

- normalization of the input voice signal;

- selection of characteristic features of the voice;

- comparing the received voice message with the
message of the reference signal;

An important stage of voice authentication is the
preliminary preparation of the input voice signal (Fig. 1)
to highlight the characteristics. One of the main
methods of normalizing the input voice signal is to
remove fragments from the audio file that do not
contain voice (fragments of silence or noise).

0.15

Amplitude

0.2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Fig. 1. Audio input signal

To do this, the input audio signal passes through
the Voice Activity Detector (VAD), which allows you
to select fragments of voice and thus reduce the load on
the computer system and increase its speed by reducing
the number of unnecessary calculations on areas of
audio file that do not contain useful information about
the physiological features of the vocal apparatus of the
person. An algorithm based on statistical evaluation of
the input audio signal was used to select voice
fragments. Usually, all audio files recorded with a
microphone start with a fragment that does not contain a
voice (silence). This is due to the fact that in the process
of authorization or registration in the system, the user
responds to the beginning of the recording of voice
fragments with some delay. This initial fragment of the
audio file, lasting 100-200 ms, is the input parameter of
the algorithm and contains information about the
external environment in which the voice samples are
recorded. According to this approach, the values of the
audio signal amplitude are considered as random
variables that depend on a large number of factors, each
of which makes a small contribution, and according to
the central limit theorem such random variables (in this
case signal amplitude) have a distribution close to
normal with parameters. According to the rule of "three
sigma", almost all values of a normally distributed
random variable lie in the interval x—3-6;x+3-5.

In the next step, all signal amplitude values for
which this rule is not met are considered as voice, and

12



ISSN 2522-9052

CyuacHi indopmaniiini cucremu. 2020. T. 4, Ne 3

all others are considered as fragments of silence or
noise. This approach has its drawbacks due to the
correct selection of voice fragments in audio files.
According to this approach, fragments of the voice
begin where the amplitude values are outside the
interval x-3-86,x+3-8 [6]. However, in an
experimental research, it was found that audio files
often have areas with very small deviations, or their
number is small (5-10 amplitude values, which is
equivalent to a duration of approximately 0.000625 s at
a sampling rate of 8000 Hz). Such parts of the audio file
cannot be considered as a fragment of the voice,
because the average duration of the letters in a word is
tens of milliseconds, words - hundreds of milliseconds,
or even a few seconds. However, in an experimental
research, it was found that audio files often have areas
with very small deviations, or their number is small (5-
10 amplitude values, which is equivalent to a duration
of approximately 0.000625 s at a sampling rate of 8000
Hz). Such parts of the audio file cannot be considered as
a fragment of the voice, because the average duration of
the letters in a word is tens of milliseconds, words -
hundreds of milliseconds, or even a few seconds. For
each frame, a temporary array of boolean values is
created, which contains only the value "true" or "1" if
the "three sigma" rules are met, and "false" or "0" if
such a condition is not met. The next step is to calculate
the probability of occurrence of the element with the
value "true" P1 and the probability of occurrence of the
value "false" PO. Probabilities are calculated by finding
the ratio of the number of occurrence of a value to the
total number of values in the array (the length of the
array, or the number of amplitude values in the
fragment). If the value of P1 is less than some threshold
value, it is considered that this fragment contains a
voice, and if not, then silence. The value of y was
determined by experimental research of the results of
the algorithm for the selection of fragments of voice in
audio files and the results of the experiments were taken
to be equal o to 0.65. The parameter o can be
interpreted as follows: if 65% of the values of the
amplitude of the audio signal in the fragment is outside
the interval x—3-8;x+ 3-8, the system decides that the
fragment contains a voice, and otherwise - the fragment
contains pauses (silence). After signal normalization, it
is necessary to identify the features that characterize the
features of the voice apparatus of a particular user. In
the field of digital signal processing (DSP) and, in
particular, speech recognition and voice identification,
the most active applications are the so-called Mel-
frequency cepstral coefficients (MFCC). The main idea
of the MFCC method is to approximate as much as
possible the information coming to the input of the
system to the information coming to the auditory
analyzer of the human brain. The voice signal is initially
an array of amplitude values obtained by sampling the
output analog signal with a certain frequency Fs using
an analog-to-digital converter (ADC) of the sound card.
The next step is to divide the input signal into frames,
usually lasting 25-30 ms [4]. The frames overlap each
other by 25-70%. Frame overlaps are used to

compensate for information loss at the beginning and
end of each frame that occurs as a result of applying a
window function in the next step of the algorithm. In
most digital processing tasks, it is not possible to
examine the signal at an infinite interval. Limiting the
analysis interval is equivalent to the product of the
output signal on the window function [4, 5, 7]. The
window function is used in order to avoid unnatural
breaks in the voice fragments of the audio file and,
accordingly, distortions in the spectrum of the audio
signal [6]. Multiplying the output signal by the value of
the window function allows you to reduce the amplitude
value at both ends of the current frame and thus prevent a
sharp change in the values at the endpoints. The point is
that the fast Fourier transform algorithm [6] assumes that
the signal is continuous and periodic, and in this case the
signal is divided into frames of fixed length and a
window function is used to avoid distortions in the
spectrum. Hemming's window is used as a window
function, as it is most often used in the tasks of speech
recognition and identification of a person by voice [3, 5]:

n

w, =O,54—O,46'cos[2'n J,n=0,...N—1, (1)
where N is the length of the window.

In Fig. 2 shows the input signal and its
spectrogram. The horizontal axis of the spectrogram
shows the time in seconds, the vertical axis - the
frequency, and the color of each point of the image is
determined by the value of the amplitude at a certain
frequency at a particular time t. Each person when
pronouncing sounds, letters is characterized by its own
set (combination) of frequencies and due to this the
human ear is able to distinguish one sound from another
and, in particular, the voices of different people. In
order to select this set of frequencies for each frame of
the input audio signal, chalk frequency analysis is used.
According to this method, the obtained representation of
the signal in the frequency domain is divided into bands
using a jar (comb) of triangular filters. The filter limits
are calculated on the Mel scale, which is the result of
studies of the ability of the human ear to the perception
of sounds at different frequencies [4, 5].

Conversion to chalk scale is carried out by the
formula:

11271 1+
B(f)=1127 ln[l+700} 2)

It is believed that the information carried by the
low-frequency components of the voice signal is more
important than the high-frequency components and
therefore the chalk scale is linear up to 1 kHz and
logarithmic above 1 kHz, ie at low frequencies, filters
are applied linearly, while at high frequencies -
logarithmically. These filters are unevenly located on
the frequency axis, so such filters have more in the
spectrum with low frequencies (up to 1 kHz) and less in
the high frequency range (over 1 kHz) [2, 6, 8]. The
filters are applied to the squares of the modules of the
Fourier transform coefficients, and the obtained values
are logarithmic:
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Fig. 2. Spectrogram of the input signal

N 2
ey =ln(1§,0|Xk| 'Hm,kj’mzov"rNFBl’ )

where Np; is the number of filters (most often about
24 filters are used [2]), H,, , - weights of the obtained

filters.

The approach partially eliminates the noise
components in the frequency domain, as the most
important frequencies of the human voice are in the
range from 70 Hz to 3400 Hz. The last stage of the
process of selection of voice features is the use of
discrete cosine transformation (DCT, Discrete Cosine
Transform), which will result in a set of chalk-
frequency keptral coefficients (MFCC), which will be
elements of the vectors of facial features:

1 (ﬂ:'i(m+0,5)J ‘
C = e, cos| ————| i=0,., Nyrces

1

=
3
2
S

NFB

where e, - logarithmic values of Fourier transform

coefficients, N, - number of coefficients (size of

feature vectors). Keptral coefficients can also be
obtained using the IFFT algorithm (inverse fast Fourier
transform), but in this case the DCT algorithm is used,
which is more efficient because it does not use work
with complex numbers [7, 8, 9]. As a result, for each
fragment of the original voice signal we obtain a finite
set of chalk  frequency  coefficients  of

C, =(C;C,;..Cy) the kepter, which contains N

elements and is a vector of characteristic features of the
voice of a particular user.

Voice recognition differs from other systems in
that in this case the subject of recognition is a process,
not a static image as in the case of fingerprint
recognition or iris.

Therefore, most often the voice sample is not
represented as a single feature vector, but as a sequence
of feature vectors, each of which describes the

characteristics of a small area of the voice signal [5, 7,
9]. Therefore, most often the voice sample is not
represented as a single feature vector, but as a sequence
of feature vectors, each of which describes the
characteristics of a small area of the voice signal [5, 7,
9]. The sequence of vectors obtained after the signal
processing step is used to build a model of a person's
voice. The main parameter used to identify the user is a
measure of the similarity of the two sound fragments
(input sample and sample in the database) [9, 10, 11].
Fig. 3 shows a block diagram of user authentication to
critical infrastructure [12].

In authorization mode, the user tries to log in by
presenting the ID as a voice message. The system
analyzes this sample, compares it with the reference
sample presented from the voice message database and
tries to identify the person by voice. If the person is
identified, the system decides to grant access. [13-14]

Conclusions and prospects for further research

The article presents the results of solving a topical
scientific problem, which was to develop a method of
user authentication to critical infrastructure based on the
identification of a person by voice message and its
software implementation. During the analysis of
technological development of IT it is established that
one of the potentially possible methods of reliable
protection of information and OID from NSD is
biometric identification and / or authentication of users,
in particular on the basis of voice message of the user.
The peculiarity of this method is the possibility of its
implementation in mobile applications, which is
especially relevant in today's informatization. One of the
most effective ways to increase the security of the
system is the use of multifactor authentication
mechanisms, which is based on the simultaneous use of
several authentication factors (knowledge of the secret,
possession of the object, physical characteristics), which
significantly increases the security of the system.
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Therefore, this user authentication system should be Prospects for further research are to improve the
used as an additional method of multifactor proposed method by integrating into the system of
authentication by entering an additional password or  biometric authentication by voice another method of
another method of biometric user authentication. biometric authentication (eg, facial geometry).

10.
11.

12.
13.

14

" . ' Comparison system
S .
“ of voice messages

Base of reference
voice messages

There is access

Critical infrastructure facili:ties

Fig. 3. Block diagram of user authentication to critical infrastructure
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Merton aBTeHTH(IKANIT KOPpHCTYBAYiB 10 00’ €KTIiB KpUTHIHOI iHYPaCTPYKTYpH
HAa ocHOBI inenTHdiKaLii 0cO0H 32 r010COBHM NOBiAOMJICHHAM

B. M. TpucHtok, €. I. Haropuuii, K. B. Cmeranis, 1. B. I'ymentok, T. B. YBaposa

Anotanis. IIpenMerom IOCHiPKEHHS CTAaTTi € 3aXUCT 00’ €KTIB KPUTUYHOI iH(pacTpykTypu Ha OCHOBI igeHTHpikanil
oco0M 3a TOJOCOBUM IIOBIZIOMIICHHAM BijJI HECAaHKI[IOHOBAaHOro aocTymy. MeTa poGOTH pPO3IVISHYTH OCHOBHI METOIM i
anropuT™Mu ineHTudikamii ocodn 3a roixocoM, a TaKOXK PO3pOOJIEHHS MPOrpaMHOI peanizalii CUCTEeMH KOHTPONIO JIOCTYIY IO
3a00pOHEHOI 30HHM, fKa JO3BOJISIE IOKPAIIMTH 3aXMIUCHICTh CTAaHJAPTHOI IApONbHOI CHCTEMM IUIAXOM 3alpOBaKEHHS
MEXaHi3MiB ToJI0COBOI aBTOpH3allii. YIOCKOHAJIEHHS aJrOpUTMY BMAINEHHS (parMeHTiB royocy B aymiodaiinax. B crarri
BUPIIIYIOTHCSI HACTYITHI 3aBJAHHSA: aHANI3 IIepeBar Ta HelOJIIKIB iICHYIOUMX METO/IB 3aXUCTy iH(popMallii 10 00’ €KTiB KPUTHUHOL
iH}pacTpyKTypu; BU3HAUCHHS ONTHMAJIBHOrO MeTOHy ineHTH(ikauii ocoOu 3a rolIOCOBUM MNOBiJOMIICHHSM; XapaKTEPUCTHKA
OCHOBHHMX OCOOJMBOCTEH BIPOBA/PKCHHA 1 BHKOPUCTaHHS MEI-4aCTOTHMX KemncrpanbHuX —koediuieHtiB (MFCC);
BuKOpHUCTOBYIOTBCS TaKi MeTOAM: CUCTEMHHMIT MiJIXi/1, CUCTEMHHI aHaJli3, Teopisd anroputMiB. OTpUMaHO HACTYIIHI pe3y/IbTaTH:
pO3po0IEeHO aNropuTM 30€peXKEeHHS TOJIOCOBUX JAHMX KOPUCTYBAadiB 3 METOK iX IONaNbLIOr0 BUKOPHCTAHHS IIijl 4ac
aBTOpHM3allil, MiJICCTEMy TI'OJIOCOBOI aBTOpH3allii; PO3po0JIEHO BiANOBiAHE NporpaMHe 3a0e3NeYeHHsT KOMII IOTEPHOI CHCTEMH.
BucHOBKHM: Ha IpuKiIaji 3acTOCyBaHHA OiOMETPUYHOIO METOHY AaBTCHTHU(]IKalil KOPUCTYBadiB 10 00 €KTIB KPUTHYHOL
iHppacTPYKTYpH Ha OCHOBI ifieHTH(iKalii 0COOH 3a TOJIOCOBUM ITOBIIOMJICHHSIM, CaMe Liel MeTo]] aBTeHTH(IKallil KOPUCTyBadiB
CJIiJT 3aCTOCOBYBATH SIK JOJATKOBHI croci6 GararodakTopHOI aBTeHTH(iKanil IUIIXOM BBEAEHHS JIOAATKOBOTO Iapois abo e
OIHOro MeTozia 6ioMeTpH4HOI aBTeHTH(IKaLll KOPUCTYBaUiB.

KawuyoBi caoBa: OiomerpuuHa ineHTH}IKALIS; iqeHTH(IKALIS 0COOH 3a TOJIOCOM; aBTEHTH(IKaLlisl 0COOH 32 TOJIOCOBHM
TIOB1IOMJIEHHSM; 3aXUCT iH(opMalil; HeCaHKIIOHOBaHUH 0CTYI; KibepOe3nexa.

Merton ayTeHTHQHKANMH NOIb30BaTe/Nel K 00beKTaM KPUTHYECKOH HHPPACTPYKTYPhI
HA 0CHOBE HACHTHQUKANMH JHYHOCTH 110 I'0JOCOBOMY COO0LICHHIO

B. H. Tpucurok, E. U. Haropasiii, K. B. Cmeranun, U. B. I'ymentok, T. B. YBaposa

Annoranus. Ilpenverom wnccienoBaHUs CTaTbU SIBISIETCS 3allUTa OOBEKTOB KPUTHYECKOH HH(PACTPYKTYpHI Ha
OCHOBE WIEHTU(HKALMK JIMYHOCTH, MO T'OJIOCOBOMY COOOILIECHHIO, OT HECAHKLMOHUPOBAaHHOro Jjocryma. Ileab paGorbr -
paccMOTpeTh OCHOBHBIE METOABI M alTOPUTMBI MICHTH(UKAIMK JMYHOCTU MO TOJIOCY, a TakkKe pa3paboTka HpOrpaMMHOMN
peain3aluy CUCTEMbl KOHTPOJIS JOCTYNA K 3aIpelleHHOM 30HBI, KOTOpas IO3BOJAET YIYUIIUTh 3allMIIEHHOCTh CTaHIapTHOH
[1apOJIbHOM CHUCTEMBI IIyT€M BBEICHUS MEXaHHM3MOB I'OJOCOBOM aBTOPHU3ALMM. Y COBEPLICHCTBOBAHME AJTOPUTMA BbIJIECJICHUS
¢bparmMeHToB ronoca B ayauodaiimax. B craree pemarorca ciemyroluMe 3aAadM: aHAIM3 I[IPEUMYILIECTB M HEIOCTATKOB
CYIIECTBYIOIIMX METOAOB 3alUThl HMHGOpMaMu K OOBEKTaM HHQPACTPYKTYPHI, ONpPEeIeHHEe ONTHMAIBHOIO MeToxa
WIACHTU(UKAMKA JIMYHOCTH II0 TOJIOCOBOMY COOOLIEHHIO; XapaKTepPHCTHKAa OCHOBHBIX OCOOCHHOCTEH BHEIpEHHS H
HCITOIb30BAaHMS MENI-4aCTOTHBIX KeTlcTpainbHbIX koadduientoB (MFCC). Hcnone3yoTes Takue MeTOABI: CHCTEMHBIH ITOIXOI,
CHCTEMHBII aHAIIN3, TEOpUsl AIrOPUTMOB. [loydeHs! cienyronye pe3ybTaThl: pa3padoTaH alrOPUTM COXPAHEHHS TOJIOCOBBIX
JIaHHBIX I10JIb30BATEJICH C LENbI0 MX JalbHEHIIEro UCIOIb30BaHMs IIPU aBTOPHU3ALMK, IIOACUCTEME I'OJIOCOBOM aBTOPU3ALIUM;
pa3paboTaHO COOTBETCTBYIOIIEE MPOrpaMMHOE OOeCIiedYeHHnEe KOMITBIOTEPHOM CHCTeMBL. BBIBOABI: Ha NpuMepe NpHMEHEHHe
OMOMETPHYECKOr0 METO/Ia MPOBEPKU MOUTMHHOCTH ITOJIB30BaTeNiell K OOBEKTaM KPUTHYECKOH HH(PAcCTPpyKTyphl Ha OCHOBE
WACHTU(UKALMH JINYHOCTH, IO TOJOCOBOMY COOOIIEHHIO, MMEHHO 3TOT METOJ ayTeHTHU(HKAIMH I10Jb30BaTeNell CliemyeTr
MIPUMEHSTD KaK JOMOIHUTEIBHBIA CII0c00 MHOTO(paKTOPHOI ayTeHTU(HUKAIMY ITyTeM BBOJA JOIOIHUTEIBHOTO AP0 WIN eIle
OJIHOTO MeTozia GMOMETPUYECKOl ayTeHTHU()UKAIMY OJIb30BaTENeH.

Knaoudesbie caoBa: Ouomerpudeckass HIeHTHUKalys; WACHTHHKALMA JHMIA 110 TOJIOCY; ayTeHTH(HUKAIMSA
T0JIb30BATEJIA 110 I'OJIOCOBOMY COOOLIECHHIO; 3aIlliTa HH(POPMALMK; HECAHKIIMOHUPOBAHHBIN JIOCTYII; KNOEpOEe30MacHOCTb.
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METO/I OTINCY SIBUIIA TUPPAKIIIT
3A CYKYITHICTIO TONOJIOTTYHUX OB’EKTIB
TA AJITOPUTM PO3PI3HSIHHSI MIHIMYMY BIJ] HYJISI IHNTEHCUBHOCTI

AHoTanisi. B po6ori po3pobieHo MeTox onucy sABUIA AU(PAKIi 0 CYKYTHOCTI TONOJIONIYHUX 00’ €KTIB 3a JIOIIOMOI' 00
CHCTEMHOro aHaiidy. Tononorivuaumu o06'ekraMu AUQPaKLiHHOro MO € MAaKCUMYM, MIHIMYM 1 HyJlb IHTEHCHBHOCTI, 1110
TOTOXHIM (ha30Bili CHUHrynspHOCTI ab0 ONTHYHOMY BUXOpY. PO3IissHyro mMareMaTMuHe HPEACTaBJICHHS TONONOIIYHMX
00’ €KTiB, BU3HAYEHHS AKX Y IIOJI1 IIPOBOAUTHCS CTAaHAAPTHUMHU METOJaMH HOLIYKY eKkcTpeMyMy ¢yHkuiil. Po3pobieHo ai-
TOPUTM PO3DI3HAHHSA MiHIMYMY Ta HYJS IHTCHCHBHOCTI Ha €KCIEPUMEHTAJIBbHHUX 300pa’KeHHSX, 3aBIAKH YOMY BHHMKIA
MOMUIUBICTD Kiacudikanil audpakuiiiHix 300pakeHpb 3a KiJIbKICTIO ONTHYHUX (Ha30BUX CHHTYIAPHOCTEH 0e3 10AaTKOBOro
iHTepdepeniinoro anamizy. s miBUILEHHS MIBUIKOCT] aHATi3y OTPUMAHUX JAaHUX PO3IJIAHYTO METOJ CerMeHTalii 30-
OpakeHHs. 3aCTOCYBaHHSI OTPUMAHUX PE3yNbTaTiB Ta PeKOMEHIalill MOXKJIMBE B Pi3HUX 00JACTIX MEIULIUHU 1 TEXHIKHU, B

SIKUX BUKOPUCTOBYETHCA JIa3€PHE BPI]'IpOMiHIOBaHHﬂ.

KawuoBi cioBa: qudpaxiis; Tornonoridai 00’ ekTy; ineHTH]iKamis; cerMeHTaris.

IocTranoBKa Ta aHaJji3 npodJjaeMu

JudpaxuiiiHi sSBUIA CIIOCTEPIraroThCs, SIK Tepe-
PO3IIOALT IHTEHCHBHOCTI B PE3YJAbTYIOUOMY ONTHYHOMY
TOJi, BHACIIJIOK TPOXOKEHHI CBIiTJIa Kpi3b ONTHYHI
¢da3oBi eneMeHTH, miadparMu Ta cepeloBHINA. ICHYe
JIeKiTbKa MiAXOIB 10 OMHCY AUQpaKIlii, OCHOBHHUMH 3
SIKHX € PO3B’S30K XBWJILOBOTO PIBHSHHS JuepeHiiii-
HUMU METOAaMH 3 BUKOPHCTaHHIM DiBHsHHS JIeoHTO-
Bruya [1] Ta iHTErpajsbHUM METOIOM i3 3aCTOCYBaHHSIM
piBusiaHs Kipxroda Ta iioro mogudikaniii [2]. Cranna-
PTHUM METOIOM BHBYEHHS AU(paKUii € BU3HAYCHHS
IHTEHCHBHOCTI Ta (a3u pe3yJIbTYIUOro Iojsl 3 IMoja-
JIBIIAM aHAJI30M iX EBOJIONII y mpocropi. Posmomin
IHTEHCHBHOCTI Ir()paroBaHOro MOJsl BAKOPUCTOBYETHCS
Uit popMyBaHHS IEBHOI CTPYKTYpH 00’€KTa J1a3epoM B
3a/1ayax TeXHIKU Ta MEIUIUHA [3].

SIKII0 MOAMBHUTUCH HA CYKYIHICTh AU(paKIliiHIX
300pakeHb, OTPUMAHMX JJIA PI3HHUX JDKEpPEN CBITIA:
TUIOCKa XBWJISL, cepruHa xBuis, Jlarep-I"aycoBi my4kw,
myukn Kymmepa Ta iHII , Mo IpoXoauiid Kpi3b arep-
Typu a00 (a30Bi €IEMEHTH, TO MOXKHA TOOAYNTH, 1110 HA
BCiX Au(paKIiiHUX KapTHHAX MPHUCYTHI TaKi TOMOJOT-
YHi 00 €KTH, K MaKCUMYMH, MiHIMyMH Ta HYIli iHTEH-
CHBHOCTI, SIKHMH MO)KHA JIOCTaTHbO IOBHO OITHCATH
orpuMane 300pakeHHs. EXcTpeMyMmMH THIa MakCUMyM
Ta MiHIMyM 1n00pe BifIoMi, & HYJIb IHTEHCHBHICTbH IIE
Mae Ha3By (pa3oBa CHHTYJSIPHICTH Ta ONTUYHHI BHXOD
[4]. Bin dhopmyeThbes B MO SIK JyXkKe CTiKa CTPYKTypa
JI0 30BHIMIHIX 30ypeHb Ta Ma€ YHIKajJbHI BIaCTHBOCTI
IIOJI0 MapKyBaHHs CBITJIOBUX IYyYKIB Ta 3aXOIUICHHS
CBITJIOTNOTTTHHAIOYUX MIKPOYaCTHHOK [5].

IcHyIOTH pi3HI METOAM PO3ITi3HABAHHS 00 €KTIB Ha
300pakeHHIX: 32 TEOMETPUYHOIO BiJIOBIAHICTIO pPO3-
MOALIIB TOYOK, IO HaJeXaTh 00’€KTy B T€OMETPHIHUX
¢irypax [6], 3a acOI[iaTUBHOIO IaM’SITTIO i CKAJISIPHOMY
kputepito [7], 3acobamu IITy4HOro iHTEenekry [8,9].
OCHOBHMMH 3aJlayaMu pOOOTH € po3poOKa METOmy
OMUCY sSBHINA TUGPAKIIT MO CYKYIMHOCTI TOIOJOTIYHUX
00’€KTIB 32 JOMOMOIOI0 CUCTEMHOI'O aHai3y Ta METOIY
PO3pI3HIHHS MiHIMYMY Ta HYJIsS iHTeHCHBHOCTI ((ha3oBoi
CHHTYIISIPHOCTI) Ha UdpakuiiHOMy 300paKeHHi.

Pe3yabTaTtu g10ocaixkeHnb

Meton onucy mudpakuii noasi. Posrisaemo mMo-
nenb audpakiii 3 TOYKH 30py CHCTEMHOIO aHai3y.
dopmainpHO omuc sABHUIIA AUPPAKIIT MPEACTABUMO KOp-
TEXEM:

6 6 6
K T A
TSI S VIR TS
=1 m=1 b=1
D= 6 3 - (D)
ch i, {01{7)
{Chpaf, A0bpr
ae {K } — MHOXXHHA «IOJI€ B IUIOUIMHI JDKEpem,
6
{le}l | — MHOXHWHa napaMeTpiB, 110 € O3HaKaMu I10JIs1

B IUIOIIUHI JKEPEIT;
{T} — MHO)KMHA «ONTUYHHUN €IEMEHT B IUIOIIMHI

6

JOKEpPEI, { p;} — MHOXHHA IapaMeTpiB, W0 €

m=1
O3HaKaMH OIITUYHOI'O CJICMCHTY B HHOI]_[I/IHi JIKEpPECII;
{A} — MHOXKHHA «TE€OpETHYHE 300pakeHHs aud-

6

PaKIiiHOT KapTHHIY, { pgl} — MHOXHHA NapaMeTpiB,

b=1
110 € 03HAKAMHU 300pakeHHs, OTPMMAHOTO 3a JOMOMO-
I'OI0 TEOPETHYHOTO PO3PAXYHKY;

{C} — MHOXHMHA «eKCIIEDHMCHTANIbHE 300paKeH-

6
H audpakuiiiHol KapTHHWY, { pg} —
d=1

mapaMerpiB, MI0 € O3HAKaMH EKCICPUMEHTANbHE 30-
OpakeHHS,

MHOXHHa

{O} — MHOXXHHA «SKICTh EKCHEPHUMEHTAIBHOTO

3

300paskeHH, { p?} — MHOXHMHA NapaMeTpiB, 110 €

f=l

03HaKaMH SKOCTi EKCIICPUMEHTAIBHOTO 300pakKCHHS.
MHOXHMHA «IT0JIe B IUIOIIMHI zpicepen»{l{ } Mae

6

TaKy MHOKUHY ITapaMeTpiB { le }l | :

© Xopomyn I'. M., 2020
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le — HOMEp CErMEHTY MaKCHMYMY,
pé( — BHCOTa MaKCHUMYMY,

p3K — HOMEp CErMEHTY MiHIMyMY,

pf — BHCOTa MaKCHUMYMY,

pé( — HOMEp CErMEHTY CHHTYJISIPHOCTI,

pé( — KUTBKICTh CEIMEHTIB.

MHOXUHU {A} Ta {C} MaloTh MOAIOHMH HaOip
napameTpiB 10 {K } BIMOBIMHO 11 AudpakmiiHOro
PO3PaxyHKOBOI'O Ta €KCHEPHUMEHTAIBHOTO 300pa)KeHb.
CraHaapTHUH MeTOa 00pOOKU 300pa)kKCHHS BKIIIOYAE B
cebe pobOTy 3 MaTPHUIICIO 3HAYCHD IHTCHCHBHOCTI KiJib-
KiCTbh SIKMX BiJoBinae KibKocTi mikceniB [13C-kamepw,
sIKa BUKOPUCTOBYBAJIaCh IPH peecTpanii kapTuHH. Bu-
3HAYEHHsI IIYMiB, KOHTPACTy Ta IHIEKCY CTPYKTYpPHOI
CXOXKOCTI € OCHOBHMMH NapameTpaMH aHallizy SKOCTi
300paxenHs [10]. MuHoxuHa {O} MICTHTH IapaMeTpu
IO € O3HaKaMH SIKOCTi EKCIIEPUMEHTAILHOro 300pa-
HKECHHSL:

plo — CITIBBIIHONICHHS CHT'HAJ/IIYM,
p20 — KOHTPACT 300pakeHHS,

p30 — IHJIEKC CTPYKTYPHOI CXOXKOCTI.

Po3risiHeMO po3mOAiN iHTEHCHBHOCTI ITOYATKO-
BOro moJjs, sik Moau Jlarepa-I'ayca, HWKHsI MOJOBUHA
SIKOTO MepekpruTa (pa3oBo0 ITACTUHKOK BHCOTOK B T
(puc. 1, a). [lepmuM KpokoM poOOTH 3 300paKEHHSIM €
MpoBeneHHs Horo cermenTariii. CrioyaTtky Tpeba BU3HA-
YUTH PO3MIPH BCHOTO 300pa)KEHHS 3 HIMPHHOIO A Ta
BHCOTOIO B Ta po3aMipu TomosnoriyHux 00’ €KTiB, IO € Ha
300pakeHHI. XapakTepHHH pPO3MIP TOIMOJIOTIYHOTO
00’€eKTa MPUOIU3HO JOPIBHIOE 32 MIMPHHOIO (a £ Aa) Ta

3a BHcOTOIO (b* Ab), sk nmokazano Ha puc. 1, a. Tooto
CErMEHTALlil0 300pa)XX€HHSA IPONOHYETHCS HPOBOJUTH
MPSIMOKYTHUKAMH 31 CTOPOHAMHU d Ta b 3 BiZNOBiTHOO
KUIBKICTIO PAMOKYTHUKIB N = xn,, ne ny = Afa ta
ny=Blb, nj,nyez.

B nmpuBenenomy npuxiani Ha (puc. 2,b) ny =5,
ny =6, N=30. fIkmo TomojoriuHuii 06’€KT 3HaXO-
JIUTHCSI HA JIiHII CETMEHTa, TO iCHYE BIPOTiJHICTH TOTO,
110 BiH He OyJe BpaxoBaHui. /Iy IbOro BUNAAKY € 1B
BapiaHTH PO3B’S3Ky: MNEPIIMH - 3CYHYTH CITKY CErMEH-
Taiii Ha BenmnMunHy Ax, Ay B Mexax MoxuOKu Aa,Ab Ta
JOpyruil 30UIBIIUTH KUIBKICTh CETMEHTIB 7y abo 71, Ha

OJIUH.
MoxHa BU3HAYUTH CYKYIHICTH HapamerpiB JUis
mudpakuiiHoro siBHINa 3 300pakeHHsSM Ha puc. 1, a,
SIKe MICTUTh CHHTYJISIPHUH ITy4OK Ta ONTHYHHUN €IeMEHT
y BUIIIAI (pa30BOi IUIACTHHKHM 3 KpaeM B3JIOBXK oci X.
300paxkeHHsT Ma€ piBHI CTOPOHH, TOMY PO3JALITUMO HOTO
Ha OJTHAKOBY KiJIbKICTh CE'MEHTIB MO OCSIM X Ta Y, BChO-
ro 25 npsMokyTHUKIB. [ Toro mo0 mokasatu Here-
PEPBHICTH TOIOJIOTIYHOTO 00'€EKTY B IPOCTOPI BUKOPHC-
TaHUH €IEMEHT CTPIIOYKa, HAIPSM KO BKa3ye 3 SIKUM
HACTYITHUM €JIEMEHTOM MOETHYETHCS MTOTIepeIHIH.

o)

b

Puc. 1. [TouaTkoBe noJie B TUIOMIMHI JKEPeI —
CHHT'YJLIPHUI ITyqOK Ta (ha3oBa T - IUIACTHHKA
B HIDKHIN HamiBIUIOIIMHI (a) AndpaxniiiHa KapTuHa
B IUIOIIMHI criocTepeskeHHs (b)

CHHTYISIpHHUH ITy4OK MICTUTh OCHOBHH HYJIb 1HTE-
HCHBHOCTI Ta KUIbIIE MAKCUMYMY.

{le} ={7585,9414 19 1817 1,127},
{pf} = {L1LLLLL1},

{pE} =13},

(P&} =12},

Bucota (ha3u miacTHHKY B T € TUM CTPHOKOM, IO
CIPHUATUME YTBOPEHHIO (Pa30BOi CHHIYJSPHOCTI, TOMY
MH TO3HAYAEMO 30HY CTPUOKa, SK TaKy, MO MICTUTh
TOIOJIOTTYHUH 00’ €KT.

{pST} —{11,125,13 5,14 —,15},,

T

{ph}=1{25}.

Pesynerytoue mudpaxiitine noie (puc. 1b) BTpa-
THJIO CBOKO CUMETPIIO 1 € JOPEYHUM PO3IIIUTH HOTO Ha
30 cermeHTiB. BOHO MICTHTBH JEKijlbKa MaKCUMYMIB Ta
JBi (ha30BUX CHHTYJISIPHOCTI.

{plc} ={7 —),8,12,15,17,25,28 _)’29}’
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{ S} ={255,255,250,230,190,220,255,255} ,

{0} ={128},

{9} ={0.98}.

Meton igenTHdikanii TOmoJIOriYHMX 00’€KTIB
Ha audpakuiiiniii kapTuni. [nearudikanis Tonosmori-
YHHUX 00’E€KTIB Y IMOJIi JA03BOJISAE BiMHOBUTH TU(PpPAKIIiii-
HYy CTPYKTYpY ToOJisi 6€3 IMOBHOT'O PO3paxyHKy Iudpax-
LIHHOTO 1HTErpaly Ta 3aCTOCOBYBATH IO 1H(MOPMAIIIO B
MIPUKIIaJHUX 3a7adax.

CyrHicTh 3a7aui BU3HAUCHHS 00’€KTY 3BOJHUTHCS
0 i7eHTU]IKAIT TOMOJIOTIYHUX OO0’€KTIB B IUTOLIUHI
XVY 10 TOTOKHOCTI HEBIZIOMOTro 00'€KTa BiJOMOMY Ha
mijcTaBi 30iry o3Hak. PosriissHeMo o3Haku, siKi 103BO-
JISIFOTh BU3HAYUTH HASBHICTH TOMOJIOTIYHOI'O 00’ €KTY Ta
Horo tum Ha qudpakuiiHOMy 300paXKeHHi.

Sxmo B mesikomy d-okoni Touku C(xy,y;) BUKOHA-
HO HepiBHicTb I(x,y) <I(x1,y1), TO KaxyTh, O (YHKIIS
z=1(x,y) mae makcumy™m B Touni C(x;,)). [Ipu upomy
touka C(x;,);) Ha3MBAETHCS TOYKOI MAaKCUMYyMYy, a
BimmoBigHe 3Ha4YeHHS (yHKINT I(x1,))) — «BHCOTOIO»
MaKCHMyMYy.

Skmo B messkoMy 8- okoii Toukd M(x,,y,) BHKO-
HaHO HepiBHICTH 1(x,)) > 1(x,)2), , TO KaXyTh, O GyH-
Kuist z =1(x,y) Mae MiHiMmyMm B Toumi M(x,,y,) . Ilpu
BOMY TOYKa M(x,)2) Ha3MBA€THCS TOYKOK MiHIMyMY,

a BimoBigHe 3Ha4YeHHS QYHKINT I1(x;,),) — «BHCOTOIO»
MIiHIMyMY.

SIK110 MIHIMYM IHTEHCHUBHOCTI B Toulli S(X,)) IO-
PIBHIOE HYJIIO, TO aMILTiTyAa moist A(x,y) = 0, Toxi pea-
JIbHA Ta yBHA YaCTHHH aMIUTITy/a oISt

A(x,y) = Re (A(x,)) +i - Im (A(x,y))
TEX JOPIBHIOIOTH HYIIIO.
da3a B TOULl BUBHAYAETHCA SIK

D(x,y) = Im (4(x.y)) / Re (4(x,y)).

ToOTo mis HYJIHOBOIO 3HAYEHHS IHTEHCHBHOCTI 3
HYJbOBOIO BHCOTOIO, (pa3a OyJae HEBH3HAYEHA i B TOYII
S(x,y) crioctepiraerhes pa3zoBa CHHTYISPHICTb.

Omxe, (a3oBa CHHTYIAPHICTH Ma€ TakKi BIACTHU-
BOCTI:

— Ha PO3MO/ILI IHTEHCUBHOCTI —HY/IbOBE 3HAYEHHST;

— Ha (a30Bill KapTi — TOUKY 3 HEBU3HAUEHICTIO 200
CUHTYJIIPHICTIO (a3,

— € eJeMEeHTOM 300pa)keHHsI, [0 Ma€ TEMHY cep-
LIEBUHY XapaKTepHOI popMH;

— B 1UdparoBaHOMY IIOJNi CBITYUTH PO HASBHICTH
B IIOYAaTKOBOMY IIOJIi 3HaYyHOro cTpuOka (a3u Ta/abo
aMIUTITYIH.

Meton po3pizHAHHSA MiHIMyMy Ta (pa30BOi CHH-
ryasipHocTi. PosrisHemo qudpaxiiiine 300pakxeHHs Ha
puc.2, a, U0 MICTUTh MakCUMyMH, MIHIMyMH Ta HYyJi
IHTCHCHUBHOCTI.

1)

200

100

0 200 400

Puc. 2. ExciepumenranbHa nudpakuiiina kaptusa (a) Ta ii inrepdepeHuis 3 raycoBuM 1mydkom (b);
CXeMaTUYHUI BUJ IHTEHCUBHOCTI B IIepeTHHI udpakiiiiHoro 300paxeHHs (c) B3noBx JiiHil CD;
nudpakiiitHa KapTHH 3 PO3MOLIOM iHTEHCHBHOCTI po3TarHyTHM B 10°pa3 (d)
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s Toro, mo0 JaTtv OJHO3HAYHY BiINOBIIb YH €
TEMHa IUIIMa MIiHIMyMOM IHTEHCHUBHOCTI YH HYIIEM
HEOOXiTHO TPOBECTH [OAATKOBUH EKCHEPHMEHT Ta
3apeecTpyBaTu iHTep(epeHIiiHy KapTHHY 3 IUIOCKOO
xBwiIelo (puc. 2, b) Ha sKkiif Micie Jokamizanii $a3zoBoi
CHHTYIISIPHOCTI BH3HAa4YaeThcs IO O0JACTAX pO3rajiy-
KEHHsI iHTep(epeHIIHHUX CMYT.

Ha puc. 2, b BugHO, 110 criocTepiraeThes m'sath ¢a-
30BHX CHHTYJISIPHOCTEH, PO3TAIIOBAHUX B3JIOBXK OCI X.

Bci iHmI TeMHi ISMU Ha 300pakKeHHI € MiHIMY-
MaMH.

He 3aBxiu icHye MOXJIHMBICTH 3poOHTH iHTEpde-
porpamy y 3B'SI3Ky 3 BIJIICYTHICTIO MICISI B CXeMi JUIs
po3TalryBaHHs J0AATKOBOI'O ONTHYHOTO €JIEMEHTY ISt
OTpUMaHHS peepPeHTHOr0 MPOMEHS, a TAKOK B TOMY
BHUIIAJIKy KOJIHU BXKE HE Ma€ MOXKJIMBOCTI BiITBOPUTH LIeH
€KCIIEPUMEHT 1 B HAasIBHOCTI € JINIIe Habip iIHTEHCHBHOC-
Teil.

SIK BiIOMO JIOCSTTH aOCOJIOTHUH HYJIb HEMOXKIIH-
BO 3aBJISIKM OOMEXEHHIO TOYHOCTI PO3PaXyHKY B 4HCe-
JTBHUX MeTonax Ta mymy [13C-kamepu B eKCIIepUMEHT.
B po0oTi IporoHyeThCsl HACTYITHUIA METOJI BU3HAYECHHS
CHHTYJISIPHOCTI JIMIIIE IO IHTEHCUBHOCTI €KCIIEpUMEHTa-
JIBHOTO 300paKEeHHSI.

Teopema: SIkmio y moii JOCTEMEHHO BiOMO, IO
MPUCYTHST (pa30Ba CHUHTYJISIPHICTh, SIKA Ma€ BUCOTY IO
iHTeHCHBHOCTI hs To Bci MiHIMyMH, SIKi MAlOTh TaKy X
a00 MeHIy BUCOTY h<h; € TaKoX (pa30BUMHU CHHTY-

JISIPHOCTSMH.

IinTBepmkenHst. s OULTBIIOI HAOYHOCTI PO3-
INISHEMO Tiepepi3  Au(pPaKIiiHHOrO 300pakeHHs Ha
puc. 2, ¢ B310BX oci Bifgpizky CD mno3HaueHuii cipum
KOIIbOpOoM Ha puc. 2, a. [lepepi3 MiCTUTH MiHIMYM B
Touni M, MakcuMyMm B Touli A Ta (a3oBy CHHIYJSp-
HICTh B ToUlli S (CyliJbHAa KpHBa Ha puc. 2, ¢). SKIiio
301IBLIYBAaTH SICKPABICTh 300pake€HHS, MakCUMyM A
301IBUIYETBCS TAKMM YHHOM IO BHUXOAWUTH 32 MEXH
pHUcyHKa, MiHiIMyM M cTae BUIIMM, a HYJb IHTEHCUBHO-
CTi S 3ayUIIAEThCA HAa CBOEMY Micli (TIOKa3aHO MyHKTH-
poM). 3aBISKH TOMY, IO B TeOpii Oyab-sKe YUCIIO MO-
MHEXXeHe Ha HyJb OyJe HyJb, a B €KCIIEpUMEHTI MiHi-
MyM i ()a30BOI CHHTYJSIDHOCTI TNIMOMIMK 3a iHII
MIiHIMyMH.

JlokaxkeMo 1Ie: Ha EKCIEPUMEHTAIbHOMY 300pa-
KEHHI B SKOMY JUI1 IIOYaTKOBOI'O 300pa’kKe€HHS Ha

puc. 2, ¢ MAKCUMYM CTaHOBHUB 6,5~104 , @ TIpA BHOOPY

piBHSI IHTEHCHBHOCTI B 10° pa3 MEHIIOro 3a MOYaTKo-
BUI Ha 300pakeHH] JUIIWINCH Jnie (Ha3oBi CUHTYIISP-
HOCTI B KUIBKOCTI I’aTH (puc. 2, d), a MiHIMyMH 3HUK-
1M, TOMYy IO iX BHcoTa h > hg. ToOTO, BCi MiHIMyMH,

AKi MalOTh TaKy ’ a00 MEHIIy BHCOTY h </ € TaKox
(ha30BUMHU CHHTYJIIPHOCTAMH.

BucHoBku

B po0oTi po3pobiieHO METOI OIMUCY SIBHINA TU]-
paxii Mo CyKyImHOCTI TOTOJIOTYHUX 00’€KTIB 3a JIOMOo-
MOT'OI0 CUCTEMHOT0 aHaJIi3y.

PosrisinyTo Meronu imeHTU]iKamii TOMOIOTTYHHAX
00'ekTiB qu(paKmifHOrO IMOJsl TUIY MakCUMYM, MiHi-
MYM 1 CHHT'YIISIPHICTb.

JIis migBUIIEHHS WIBUAKOCTI aHaNi3y OTPUMAaHUX
JIAHUX PO3TIIIHYTO METON CerMeHTalii 300pajkeHHsI.
BusHaueHo KOpTex mapaMeTpiB [Uis ONUCy AudpaKiiii-
HOT'O SIBHIIA 3 YpaXyBaHHSM IOYaTKOBHX Ta PE3YJbTY-
I0YHMX XapaKTEPUCTUK TOJISl Ta BJIACTHBOCTEH ONTHYHO-
IO €IIEMEHTY.

OnwucaHo alropuT™M PO3Pi3HSHHS MIHIMYMY iHTEH-
CHBHOCTI Ta HYJbOBOI IHTEHCHBHOCTI ((ha30BOi CHHTY-
JISIPHOCTI) Ha eKCIIEPUMEHTAIBHUX 300pasKeHHSIX.

Hapenenuit Meron mo3Boiisie Kiacu(pikyBaTu 30-
OpaskeHHS TO KIJIBKOCTI (Ja30BUX CHHIYJISIPHOCTEH,
SIKIIIO BIIOMO II[O OJWH 3 TOIOJOrIYHUX 00’ €KTIB BU3HA-
YeHUH, SIK (pa3oBa CHHTYISPHICTS.

3acTocyBaHHSI OTPUMAaHHUX pe3yJbTaTiB Ta pPEKO-
MeHJaNii MOXJIMBE B PI3HUX O00JaCTSIX MEIULIUHH i
TEXHIKH, B SIKHX BUKOPUCTOBYETHCS JIa3epHE BHUIIPOMi-
HIOBaHHSI.

IMoasika

ABTOp nsikye npod. SIHy Macasiia 3a MOXITUBICTh
MIPOBEACHHS EKCIIEPUMEHTAIBLHOI poOOTH MO OTPUMAaH-
HIO ONTHYHHX 300paxkeHb B JlabopaTopii BpoiytaBcbko-
T'O TEXHOJIOTIYHOT O YHiBepcUTeTy, M. [lombia B paMkax
BHUKOHAHHS CIIIBHOTO YKpPaiHO-TIOJIbCHKOTO MPOEKTY Y
2018-2019 pokax.
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MeTO}I ONUCAHMS SIBJICHUSI )mq)palcumn 0 COBOKYIMHOCTH TOMOJIOTHIECKUX 00bEKTOB
H AJITOPUTM PA3JINYUsl MUHUMYMaA OT HYJIA UHTCHCUBHOCTH

I'. H. Xopomyn

AnHoTanus. B pabore pazpabGoran MeTox OnucaHus SIBICHUS TU(PAKIIH 110 COBOKYIHOCTH TOITOJIOTHYECKHX OOBEK-
TOB C ITOMOIIBIO CHCTEMHOT'0 aHaJIN3a. TOIMOJOrNYeCKUMH 00 BEKTaMH AN(PPAKIMOHHOTO MOJIS €CTh MAKCUMYM, MHHIMYM U HOJIb
WHTEHCUBHOCTH, KOTOpPBIE TOXAECTBEHHB! ()a30BOI CHHTYIISIPHOCTH WJIM ONTHYECKOMY BHUXpIO. PaccMoTpeHO MareMarnieckoe
TIPE/ICTaBICHHE TONOJOIMIECKHX 00BEKTOB, OMPEAEICHHE KOTOPHIX B IIOJIE€ TPOBOJUTCS CTAHJAPTHBIMH METOIAMH IOMCKa IKC-
TpeMmyma QyHKImHU. Pa3paboTaH alroput™ pa3innyus MUHAMYMa U HYJISI HHTEHCUBHOCTH Ha AKCIEPHMEHTAIBHBIX U300pakeHH-
sIX, Onaromapsi 4emy IOSBHJIaCh BO3MOKHOCTH KIIaCCU(HMKAIMU JU(PPAKIMOHHBIX M300paKEHUH MO KOJIMYECTBY ONTHYECKUX
(ha30BBIX CHHTYISIPHOCTH 0€3 JOMOIHUTEIBHOr0 HHTep(epeHINOHHOro ananm3a. JIJis OBBIIEeHUs] CKOPOCTH aHAIN3a IOIy4eH-
HBIX JTaHHBIX PacCMOTPEH METOJ CerMEHTaly M300paxxeHus. [IpriMeHeHne MOoNydeHHBIX Pe3yIbTaToB M PEKOMEHIAli BO3-
MOYKHO B Pa3JIMYHBIX 00JIACTSIX MEAUIMHEI U TEXHUKH, B KOTOPBIX HCIIOIB3YETCs JTa3epHOE H3ITyICHHE.

KawueBblie cioBa: Z[I/I(l)paKLII/IH; TOITOJIOTHYECCKHUE O6'BCKTLI; I/I}Z[eHTI/ICbI/IKaLU/IH; CCIrMCHTaIus.

Diffraction phenomenon description method based on by the topological objects set
and the algorithm for distinguishing the minimum from zero intensity

Ganna Khoroshun

Abstract. Diffraction phenomenon describing method based on the topological objects set by means of system analy-
sis was developed in the work. Diffraction field topological objects are maximum, minimum and zero intensity, which is
identical to the phase singularity or optical vortex. Topological objects mathematical representation by standard extremum
search function methods was considered. The algorithm for distinguishing the minimum has been developed and zero inten-
sity at the experimental images due to the algorithm the diffractive optical images classification possibility by the number of
phase singularities without further interference analysis was shown. To increase the speed of data analyses the image segmen-
tation method is suggested. Otained results and recommendations applying is possible in various fields of medicine and tech-
nology, which use laser radiation.

Keywords: diffraction; topological objects; identification; segmentation.
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METOJIMKA MOBYIOBH I'IIPOJIOTTYHUX KAPTOTPA®TYHUX MOJIEJEN
3A JAHUMU JUCTAHIIAHOI'O 30H/IYBAHHSI 3EMJII

AnoTtanis. IIpenverom mociifkeHHst € po3poOJICHHST METOIMKHU IOOYIOBH TiPOJIOTIUYHHUX KapTorpadidHuX Mozaeneit
3a JaHMMHM AucTaHuiiHoro 3oHxyBaHHA 3emui ([I33). O6’exTom ociifzkeHHs € nporec Oe3nepepBHOro 3abe3neyeHHs
MPUPOJO3aXUCHUX 3aKJIa/iB JEepkKaBU TEMAaTUYHUMU TiJPOJIOTIYHMMM KapTaMy, L0 HOCTIHHO aKTyalli3yroTbcs 1 BioOpa-
KAIOTh IIOTOYHMII CTaH NPICHOBOJHUX IPUPOAHHUX pecypciB. MeTo podoTH € miJBUILECHHS iHYOPMATUBHOCTI, ONEPaTUB-
HOCTI Ta JIOCTOBIPHOCTI CTATUCTHYHOTrO i IIPOrHO3HOr0 aHami3y reogaHux /133 mpo craH NpicHOBOAHUX MPUPOIHUX pecyp-
ciB 3a paxyHOK Oe3nepepBHOI akTyamizalii ix kaprorpadiynux moneineil. BucnoBku. Ha nincrasi npoBeeHOro aHamisy
kiacuikarii reorpagiyHuX KapT 3a 3MiCTOM, MaciiTaboM Ta IPOCTOPOBUM OXOIUICHHSIM BU3HAYEHO MiCLie TipOJIOTi9HHX
KapT BOJ cylli B 3araibHii kiacudikanii kapr. [IpoBeneHo neranbHUil aHANI3 Pi3HOBUIIB TiAPOJIOriYHUX KapT i KapT BOA-
HOT'0 TOCIOAAPCTBA 3 YPaxyBaHHAM NPU3HAYEHHS 1 CKJIAIOBHX TiJIPOJIOTiYHOI HAYKH, METOAIB OTPUMAHHA Ta 00pPOOKH Tif-
posnoriunux nanux. [IpoaHanizoBaHO OCHOBHI 3aBJJAHHS BOJHOT'O I'OCIOAPCTBA SIK 00J1acTi AiSUIBHOCTI, 1110 Mae 3a0e3nedy-
BaTH YIPaBIIiHHS palliOHAILHUM BUKOPHCTAHHSIM BOJHMX PECYPCIB, a TAKOXK 3aBIaHHS KaprorpadyBaHHS BOZHOIO rocro-
JapeTBa i kiacudikallito BiAMOBIIHUX KapT. Po3risHyTo rocronapchkuii Ta eKOJOri4HUi acleKTH KapTorpadyBaHHS BOJL.
IpoBeneHo aHai3 iCHYIOUMX JIOCHI/PKEHb BUKOPUCTAHHS TEXHOJIOTIH reoiHdopManiifHux cucreM y rigposorii Ta po3pooui
TiIPOJIOriYHUX KapT, Y TOMY YHCIi PO3MIISIHYTO AOCIHIAHUIBKI 1OCATHEHHS YKpaiHu B JaHiil ramysi. Pazom 3 Tum, nposene-
HO aHaJIi3 Cy4aCHUX IapaMeTpiB Ta cTaHy piuku JIHINpO AK NPHKIamy PeAMETHOro JOoCHipKeHHs. Bee 3a3HaueHe 3a0e3-
IeYye aKTyaJbHICTb 1 METOIOJIOrIUHI OCHOBH JUISl pO3POOJICHHS METOIUKHU ITOOYIOBH TiIPONOriyHUX KapTorpadiyHux Mo-
Jieiel 3a JaHUMH JUCTaHIIHHOro 30HayBaHHS 3emii. B npoueci po3pobieHHs Bka3aHO! METOAMKH JIETAJIbHO MPOaHali30-
BaHO JDKEpelsia JaHWX Ul MOOyHOBU KapTorpadiuHMX Mopeliel, a TaKoX eTanu CTBOPEHHA KapT — BiJ pelakuiiHo-
IiIrOTOBYOIrO 0 €TAIlB yBEJCHHS Ta 00POOKH JaHMX 1 3aBEpILIAIBHOIO €TaIly BUIaHHS KapTH. 3allpONOHOBAHY METOIUKY
B HOJPOOUILIAX ONUCAHO CTPYKTYPHO ¥ MOKPOKOBO, L0 HAJla€ KOPUCTYBAUEBi OBHE YSABIICHHS 111010 HEOOX1IHUX /10 BUKO-
HaHHS NPOLEYpP, PECYPCiB BXiIHUX JIAHUX Ta BIANOBIJHOIO IPOrpaMHOro 3a0e3NeyeHHs Ul OTpUMaHHs Oynb-sKoi rixpo-
noriyHoi kaprorpadiuHoi Mozjeni i3 3aJaHUMHU MapaMeTpaMy i TeMaTHYHUM HanoBHEHHAM. OTpHUMaHi i3 BUKOPHCTaHHIM
3aIPONOHOBAHOT METOAMKM €JIEKTPOHHI TiJJpoiorivyHi kaprorpadidHi Mozesni 3a0e3neuyroTh Ha BUMOT'Y KOPUCTYBa4ya BH-
JIaHHSA 3a JIONOMOroro nporpamHoro naketry ArcGIS 6a3 nanux, rpadivnux, kaprorpadiuHuX Ta IHIIMX MaTepiaiiB, IO
CTOCYIOTBCSI IIEBHOTO 00’€KTY BOJHOI'O I'OCIOAAPCTBa. TaKMM YMHOM, IIPUPOAO3aXUCHI 3aKJIaJu MaTHMYTh aKTyaJli30BaHi
13 3aJJaHOI0 PETYJIAPHICTIO TEMATHYHI T'iAPOJIOriuHi KapTH, 10 BiZ0OpaXkaroTh CTaH IPICHOBOJHUX IIPUPOIHUX PECYPCIB.

KawuoBi ciroBa: BomHi pecypcy; Tiipoioridti kKaprorpadivaai Moaedi; qucraHiiine 3oaayBanHs 3emii; Texnouorii ['1C.

Beryn

HasiBHicTh mpicHOI uucTOoi BomM — HeoOXiaHa
YMOBa ICHYBaHHS BCiX >KHBUX OpraHi3MiB Ha IUIAHETI.
Ha wactky mpicHOi BoaM, NMpUAATHOI O BXKUBAHHS,
JKAIOUM Ha IIe, JTIFOJMHA B MPOIIECi CBOET MisUTHHOCTI He-
I[agHO 3a0pyaHIoe npicHI Boau. Yepes 1e 3Ha4HUI 00-
Csr PICHUX BOJI CTaB Hapasi 30BCIM HerpuaaTHUM. Pi3-
K€ TIOTipIIeHHS SIKOCTi TpiCHOI BOAM BimOynocs B pe-
3yabTaTi 3a0pyaHeHHs i1 XIMIYHHUMHU Ta pajiOaKTHBHH-
MH PpEUOBHHAMH, OTPYTOXIMiKaTaM{, CHHTETUYHUMH
JIOOpUBaMHU 1 KaHAJI3aI[IHTHUMHU CTOKAMU.

Ha choromui npoBomuThcs 0araTo JOCIHiIKEHb BO-
JHUX PECcypciB Ta IOB’S3aHUX B HUMH SIBUIL, KOXXHOI'O
POKYy IIPOBOISTHCS HaykoBi KOH(epeHIii NpHCcBsueHi
BHBYEHHIO BOJIHUX PECYPCIB Ta CTBOPEHHIO HOBUX METO-
IiB 1 3ac00iB TX mocmimkenHs. Hu3ka npoBeaeHux A0CTi-
JOKEHb JAIOTh MiJCTaBU Ul PO3YMiHHS, IIO 3arajibHa
ypOaHi3allisi, MPOMHKCIIOBA Ta CiJIbCHKOTOCIOAAPChKa Misl-
JIbHICTh, BUTOKH XIMIYHHUX PEUYOBHH, TCIUIOBE 3a0pyi-
HeHHsI, aTMoc(epHe 3a0pyaHeHHs Ta OaraTo 1HImMX (ak-
TOpIB HEraTWBHO BIUIMBAIOTH HAa CTaH BOJHUX OO’ €KTIB.
Uepe3 HHM3BKHH TPIOPUTET EKOJOTIYHOTO KOHTPONIIO B
VYkpaiHi IOPOKY y MOBEPXHEBI BOIY CKUIAIOTHCS BEJIUKI

00’€MH HENOCTATHHO OYHMILEHUX BOJ. 3BaKAIOUM HA 1€
Ha CHOTOJHIIIHIN JeHb 3a7aua Oe3MepepBHOr0 MOHITO-
PHHTY CTaHy ITPiCHOBOAHUX MPUPOJHUX PECYPCIB € CTpa-
TEriYHUM TIMTAHHSAM HAIllOHAJIBLHOI Oe3IeKn YKpaiHu.
OTKe, eKOJIOTIYHMI MOHITOPUHI ISl 3al00ITaHHS eKo-
JIOTTYHOTO 3a0py/AHEHHs PiYOK, 03ep Ta IHIIMX BOIHUX
00'€KTIB € aKTyaJlbHUM HampsIMKOM JIOCII/DKEHb 3a]yls
30epe)keHHS TIPICHOBOIHUX PECYpPCiB Y KpaiHu.

Opgicro 3 HAWBAXIMBIIIMX 3a1a4 1OrO JOCHIi-
HHUIBKOTO HANPSIMKY € 3a0e3IeueHHs BiIIOBIIHIX MpPH-
POI03aXUCHUX 3aKJIAIB JCP)KaBU TEMAaTUUHUMHM TiIpo-
JIOTIYHUMH KapTaMH, IO TOCTIHHO aKTyami3yloTbes i
BiJIOOpa)KaroTh MOTOYHHWH CTaH MpOIECiB (OPMyBaHHS
BOJTHOTO 0aJlaHCy Ta CTOKY, CTPYKTYPH PIUYKOBUX IOTO-
KiB, PYCJIOBHX Ta OEperoBUX MPOILECIB, TEPMiYHHUX, JIO-
JIOBHUX (PI3UYHHUX SBHUIII, XIMIYHOTO CKJIaay BOJ TOIIIO.

CaMe TOMy METOI0 JaHOI PO0OTH € ITiJIBUIICHHS
iH(OPMATHBHOCTI, OINEPATUBHOCTI Ta JOCTOBIPHOCTI
CTaTUCTUYHOT'O 1 MPOTHO3HOTO aHamizy reojanux /133
PO CTaH INPICHOBOJIHHX NPHUPOJHUX PECYPCIB 3a paxy-
HOK Oe3rnepepBHOI akTyalizaii ix kaprorpadiuHux Mo-
neneid. A 3BiJICH — TIPEIMETOM JIOCHIPKEHHST 00paHo
PO3pOOJIEHHS] METOAMKHU MOOYJOBHU TiAPOIOTIYHUX Kap-
TorpadiuHIX MOJeNel 3a JaHUMH AUCTAHI[IHHOTO 30H-
nmyBanHs 3emi (J133).
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Po3pobnenHs 3a3HaYeHOi METOMKH MPOBECHO 13
BUKOPHCTaHHIM Yy SIKOCTI NPHKIANy PIYKOBOI Mepexi
Oaceitny JlHinpa. I e He BUIMAIKOBO, ajyKe IUIoNIA Oa-
ceiiny JlHinpa B Mexax YKpaiHM CTaHOBHThH IIOHA]
290 THCcsSY KBagpaTHUX KIJIOMETpiB, BoAow JIHimpa ko-
puctyeTbest 6iu3bko 30 MITH. JKUTENIB Y KpaiHH.

Jlisi OCSITHEHHSI TTOCTaBJIEHOI METH 1 KOPEKTHOI
MOCTaHOBKHM 3aj1a4i JIOCIiKEHHsI MOo-TepIe HeoOXiIHO
MIPOBECTH y3arajJbHEHHS METOJOJNIOTIYHIX OCHOB TiJpO-
JIOTIYHUX KapTorpadiuHux Mojesne Ta X kiacudikalrtii.

Micue rigposoriyaux kaprorpagiuHux
MojieJiell y 3arajibHii Kjaacupikamnii
reorpagiyHuxX KapT

3acanvna kaacugbixayis kapm. J{ist Toro mob opi-
€HTYBATHCSl y BEJIMYE3HOMY MACHUBI KapT YCUISIKUX BH-
IIiB, TUIB Ta 3MICTy, BHJaHUX Yy Pi3HI YacH B Pi3HHUX
KpaiHax CBITY, HEOOXiJqHO X KiacH(iKyBaTH Ta yrops-
nkyBaTtd. HaiOinpm ckIagHoro € Kiacuikaiis KapT 3a
3MICTOM, OCKUIBKH Bce abo Malike Bce, 10 iCHYE B CBi-
Ti, MOXHA KapTorpadyBaTH.

Ie Tak camo BaXKo, K KinacudikyBaTu cami sBH-
Ila TPUPOAU Ta CYCIHIIBCTBA: 30psiHE HE0O, MOpsS Ta
OKeaHH, penabed 1 POCTHUHHICTD, MPOMHUCIIOBICT 1 CiJIb-
ChKE T'OCMO/APCTBO, CKOJIOTIYHHMIA CTaH TEPUTOpIH Ta
3aXBOPIOBAHICTh HACEJICHHS T'PUIIOM, iCTOPUYHI BiiCh-
KOBI [TOXO/IM Ta TOJIOCYBaHHS Ha BUOOpaXx.

Krnacudikarrist kapT — 11e CHCTeMa, IO IpeACTaB-
JISIE CYKYIIHICTB KapT, sIKi MOIIUISIOTHCS (BIIOPSIKOBY-
IOTBCS) 3a TMEBHOI 00paHOI0 o03Hakor. Kiacudikarrii
KapT HeoOXimHi A iX iHBeHTapwu3alii, 30epiraHHs Ta
TIOIIYKY, HAYKOBOI CUCTEMAaTH3allii, CKJIalaHHsI CITHCKIB
Ta KaTaJoriB, CTBOPEHHs OaHKIB JaHMX 1 KapTorpadiu-
HUX 1H(QOPMAILliHHO-T0B1IKOBUX CHCTEM.

VY sikocti miacTaBy s Kinacudikaiii MoxkHa o0pa-
TH OyJb-sIKy BJIIACTHBICTH KapTH: MaciiTald, TEMaTuKy,
€MoXy CTBOPEHHs, MOBY i crmoci0 rpadiuHoro ogopm-
JICHHSI Ta BUJAHHS TOUIO.

Ha croromHimnHii AeHb 3arajbHa KiIacHQiKaIlis
(puc. 1) mpezacrasisie co00I0 MOALT YCix reorpadidHUX
KapT 3a JJBOMa OCHOBHUMH KPHUTEPISMH: 32 MacIITaOOM
1 IPOCTOPOBOMY OXOIUIEHHIO, & TAKOX 33 3MICTOM.

Knacudixayia kapm 3a macwmadom ma npocmo-
posum_oxonaernnsm. TTomia kapT 3a MacmTadboM Ta Ipo-
CTOPOBUM PO3JIJIOM HE € yHiBepcasbHUM. Pi3HI KpaiHu
4acTO MaloTh Pi3HOMaHITHI KiacudikamiiiHi KpuTepii.
Hanpuknan, mns ®panuii BeaukomacmtaOHHMU BBa-
XKaroThcs KapT B iHTepBaui Bix 1:10 000 mo 1:25 000, a
npidnoMacmtadanmu — Bix 1: 100 000 mo 1: 500 000.

3a MPOCTOPOBOrO OXOIUICHHSA $K HaHOUIBIIOro
MiAPO3AIIH BUAUIAIOTE KapT COHAYHOI CHCTEMH Ta
30psSTHOrO Heba, MOTIM — KapTU IUIaHET, Y TOMY YHCIi
kaptu 3emui. [anmi WayTh KapTd HAHOLIBIIMX TUIaHETa-
pHEX cTpyKTyp. Hdnst 3emiii — [e KapTh MaTepukiB i
OKeaHIB, a MICJs BOr0 MOXIIMBI Pi3HI pO3rayry’KeHHS
kiacuikarii.

Knacugikayin kapm sa 3micmom. Y ik knacudi-
Kamii BUAUIAIOTH TPH BEIHMKI IPYIU: 3arajbHOreorpa-
(ivHI KapTH, TEMaTUYHI KapTH, CHELialIbHI KapTy.

3aransHoreorpadiuni kKapTH BifoOpaxaroTh Cy-
KYITHICTh €JIEMEHTIB MiCIIEBOCTI, MAalOTh YHiBEpCaJIbHE
0araroIiyiboBe 3aCTOCYBaHHS MPU BUBYEHHI TEPUTODII,
Opi€HTYBaHHI Ha Hili, BUPIIIEHHI HAYKOBO-IIPAKTHYHUX
3aBlaHb. Ha 3aranpHOreorpadidHux kaprax 300paxy-
I0Th yCi 00'€KTH, BUAMMI Ha MIiCLIEBOCTI, i BCIM elleMeH-
TaM TIPHIUISEThCS Maibke piBHa yBara. [lomanbina ie-
papxiuHa xiacudikamis 3arajgpbHOreorpaiqHuX KapT
30iraeThes 3 X pO3MOMAITIOM 33 MacIITaboM.
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Puc. 1. 3aranpna knacudikaris reorpadiuHux KapT
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TemMaTn4uHi KapTH — HaWOUIBII BeMUKa Ta pi3-
HOMAHITHAa KaTeropis KapT MPUPOAHHX Ta CYCHiTbHHUX
(comiampHUX Ta CKOHOMIUHHX) SIBHIIN, iX IMOEIHAHb Ta
KOMIUIEKCIB. 3MICT KapT BHU3HAYA€THCS TI€I0 YU 1HIIOKO
KOHKPETHOIO TEMOIO.

I'pyna kapT npupou OXOILTIOE KapTH Jitocdepw,
rigpocdepu, atmochepu, nemochepu Ta diochepu.

KapTu cycmiibHUX SBHII OXOILTIOIOTH comiocdepy
Ta TexHochepy. IX TeMaTKa BiJpi3HAECTHCA BENHMKOIO
PI3HOMAaHITHICTIO: HaceJeHHsI, EKOHOMIKa Ta rocrojap-
CTBO, HayKa, OCBiTa Ta KyJIbTypa, OOCIYrOBYBaHHS Ta
OXOpOHA 3/I0pOB's, TPOMAJIChKI PyXH, PEJiris Ta Moi-
THKa, apXEOoJIOTis Ta iCTOpis PO3BUTKY CYCHIILCTBA Ta
6araro iHmoro. Ll rpyna kapT NoCTiHO PO3LIUPIOETH-
csl 32 paxyHOK BCE€ HOBHX 1 HOBHX TeM, SIKi XapakTepH-
3YIOTh CYCIUIBCTBO 3 yciMa IPOTPECUBHUMH 1 HETaTUB-
HUMH aclieKTaMH HOro PO3BHUTKY.

Oco0yuBYy CKIaaHICTh I Kiacugikamii mpeacra-
BJSIFOTH SIBHINIA, SIKi HE MOXKYTh OYTH LIJIKOM BiJIHECEHi
JIO0 OJIHI€T SIKOi-HEOY/Ab c(epH, BOHU HaIeXaTh Bilpaszy
JI0 ABOX abo nekinbpkox cdep. Haibimbn oueBUIHA He-
00XiHICTb BUAIJIEHHSI OCOOIMBOI MPUPOIHO-CYCIIIBHOT
chepu (rimepcdepH), MO XapaKTEpU3ye B3aEMOIIO
TIPUPO/IH, HACEJIEHHS 1 TOCIIOApCTBA.

CneuianbHi KapTH NpHU3HAYEHi ISl BHUPILICHHS
MEBHOTO KOJa 3aBjaHb abo po3paxoBaHi Ha BH3HAYEHI
KoJla KOpuCTyBaviB. Halgacrimie Iie KapTu TEXHIYHOTO
MIPU3HAYCHHS.

3 oraay Ha 00'€KTHUBHI TPYIHOILI I KiTacudika-
IIisl HE BiPi3HIETHCS CTPOricTio. Jlo Ynciia cremiaibHuX
MOJKHA, HATPHUKIAJ, BITHECTH KapTH HaBYaJIbHI, arita-
i HO-TIPOCBITHUIIBKI, EKCKYPCIiiHI, CIIOPTHUBHI Ta JCSKi
iHmm. [HOmi B OCHOBY KJIacUpikaIii KiIaayTh MpHU3HA-
4yeHHs KapT. OIHAaK He 3aBXXIM JIETKO MPOBECTH MEXY
MDK KapTaMH Pi3HOTO MPU3HAYCHHS 1 KapTaMH TeMaTH-
YHUMH Ta 3arajbHOreorpadiyHUMH, SKi 3aBISKH CBOIH
6arato()yHKI[IOHAILHOCTI MOXKYTh BHUKOPHCTOBYBATHCS
B SKOCTI HABYAJIBHHMX a00, CKaXiMO, EKCKYpCIHHHX.
Oco0iuBy Tpymy CKIAQIaOTh CICIiadbHI TaKTHIBHI
(TOTHKOBI) KapTH JUIsl JIIOJIEH 3 BaJlaMU 30Dy.

AHaJi3 pi3HOBHAIB IAPOJIOTIYHUX KapT
i KapT BOJHOT0 rocnoJapcTBa

INpapororist six Hayka BUBYAE rigpocdepy, il Biac-
THUBOCTI, TIPOIICCH Ta SIBHIIA, 0 BiJOYBaIOTLCS B HIill Y
B3a€MO3B’ 513Ky 13 atMocheporo, Jtitocheporo Ta dioche-
potro. CygacHa Tigposioris 00'eqHye B cobi OKpeMi Hay-
KH TIPO CKJIaJIOB1 yacTuHU rigpochepu (puc. 2).
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Puc. 2. CkiaoBi YacTHHH TiAPOIIOTii

Igposnoris BOAHUX 00’€KTIB BHBYAE PO3IOILT Ta
KpYrooOir BoAW Ha 3eMHil KyJli, OKpeMi YaCTHHH TiIpo-
chepy, B3aEMO3B'SI30K MK HHMH, HAHOUIBII 3arajibHi
3aKOHOMIPHOCTI T1IPOJIOTIYHMX MPOIIECIB 1 SBHIII, IO B
HUX BigOyBalOThCs Y B3aeMojii 3 arMocdeporo, JliToc-
¢deporo i Oiocdeporo Ta M BIUIMBOM TOCIOAAPCHKOI
nisutbHOCTi. [igporpadist BMBYae W ommMcye KOHKPETHI
BOJHI O0'€KTH, a TaKOX YCTAHOBJIIOE 3aKOHOMIPHOCTI
reorpadiuHOro Po3MOALTY BOA Ha 3€MHIM Ky, 0co0JIHU-
BOCTI IXHBOT'O PEXKHUMY Ta TOCIIOJAPCHKOTr0 3HAYEHHSI.

Bona, sik Oynp-sike pupoHe Tifo, Mae psj Gizud-
HUX BiacTuBOCTel. [li3HaHHs Ta pO3yMiHHS CyTi Tpolie-

ciB, sIKi BIIOYyBalOThCS B Timpocdepi Ta okpeMux ii yac-
THHAX, HEMOXIIHBI 0e3 3HaHHS BIACTHBOCTEH Boau. Bo-
HU BHBYAIOTHCSI OKPEMUMH HAYKOBHMH JTUCIHILTIHAMH.
OpHi€lo 3 XapaKTepHHUX BJIACTUBOCTEHW BOAM € i pyxo-
MicTh. BUBUEHHSIM 3aKOHIB pyXy i pIBHOBAard piJluH, 30K-
peMa BoIH, Ta IXHBOI B3aEMOJII 3 TBEPAUMHU TiJaMH 3a-
HWMaeThCs TiipoMexaHika Ta il IpUKIaIHUA PO3.Ii Tiapa-
Biika. Di3W4HI BIACTUBOCTI BOJM SIK PEUOBHHH 1 TIpOIIe-
cH, 10 BiAOYyBarOThCS Yy BOAHIN Maci, BUBYAE TiApodizu-
Ka, a XIMIYHHUIA CKJIaJ] Ta TIPOLIECH — TiPOXiMisl.
laponorisi, BUBYAIOYM BOAM TiApocdepH, TICHO
TOB'si3aHa 3 THIIMMU HAayKaMu, SIKi JOCHIJDKYIOTh T€Or-
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padiuHy 000J0HKY Ta JisuTbHICTH Boau Ha 3emiti. Cepen
HUX HaHOJIMK4Ye IO TiIpoJorii 3HaXOAATHCS METeopo-
JIOTis Ta KIIIMATOJOris, Teosorist, reomopgororis, ¢izu-
yHa reorpadis, kapTorpadis Ta iHII HAYKH.

VY cydacHii Tigposorii 3aCTOCOBYIOTHCSI pi3HOMa-
HITHI METOIH IOCTI/PKCHb €JIEMEHTIB TiIpOJIOTiYHOrO
pexxuMy BOAHUX 00'exTiB. OCHOBHMMH cepell HHUX €
METOIM TIOJBOBUX JIOCHI/DKEHb: EKCIEePUMEHTaNbHI,
HETpaJUIIHI TUCTAHIIIIHI Ta TONBOBI (pHc. 3).

METOAN
TIAPONOTIL

HETPAAULIIAHI

foNBOB] AUCTAHLIAHI

EKCMNEPUMEHTA/IbH]

Puc. 3. Meronu OTpUMMaHHS I'iJIPOJIOTIYHUX JAHUX

3A OOMOMOT OO NOKATCPIB

AEPOKOCMIUHA 3FOMKA

TIOCTEPEXEHHS, ABTOHOMH
PEECTPYIOYI CUCTEMA

HaiiBaxxnuBime Micue B riipoiorii 3aiiMaroTh Me-
TOJIM TIOJBOBUX JIOCHIpKeHb. [loNBbOBI JOCIIIKEHHS
MOJIISAIOTh HAa eKCIENUINiHI Ta cramioHapHi. [lepmri 3
HUX TIOJATAIOTh y TPOBENEHHI BiTHOCHO KOPOTKOYac-
HUX (BiJ ACKUIBKOX IHIB O MEKITBKOX POKIB) EKCIICIHU-
il Ha BOmHUX 00'ekraxX. J[pyri momsArarTh y INpoBe-
JICHHI TpUBAIMX (3a3BH4ail 0OaraTopiyHHX) cCIIOCTEepe-
JKEHb B OKPEMUX MICIISIX BOAHUX 00'€KTIB — Ha cIiemia-
JIBHUX TIAPOJIOTIYHUX CTAHIIAX Ta mocrax. TpaauniiHo
MPU T1IPOJIOTIYHHUX JOCTIDKEHHSX EKCIEAUIIHHUA Ta
CTalliOHApHUH METOAN TOETHYIOTb.

OcTaHHIM 4acoM CTaJld IIMPOKO 3aCTOCOBYBATHUCS
TaK 3BaHI HETPAAMUiiHI AMCTAHIIWHI METOAM CHOCTe-
PEeXEeHHsI 1 BUMIPIOBAaHHSI 32 JIONIOMOT'OF0 Pi3HOMaHITHHX
JIOKATOPiB, aePOKOCMIYHOI 3HOMKH Ta CIIOCTEPEKEHHS,
aBTOHOMHHUX CHCTEM pEecTpauii reoiaHux (aBTOMaTHY-
Hi TIZpOJIOTIYHI MOCTU Ha piukax, OyHKOBI craHIii B
OKeaHax TOIIO0). 3a JIOITOMOI'OI0 PalioJIOKaTopiB BEAYTh
CIIOCTEPEKEHHS 32 JIOIIOBUMH XMapaMmH, 110 BXKE 3apas3
JIO3BOJISIE IESIKOK0 MIipOI0 TMPOTHO3YBaTH arMocgepHi
oma/iv 1 BUKJIMKaHI HUMHU AOMIOBI maBoiku. [ToryxHi
MOXIIUBOCTI y HANpsSMKy HETpPaIuIiiHUX UCTaHIIiM-
HHUX METOJIIB CITOCTEPEIKEHHS Ha/Ia€ BUKOPHUCTAHHS aBi-
arlii Ta KOCMIYHUX amapaTiB U CIIOCTEPESIKEHb 3a CTa-
HOM BOJIHUX 00'€KTIB.

I1poKo BUKOPUCTOBYIOTHCS B TiIPOJIOTii METOIH
eKCIIEPUMEHTAJIBHUX JIOCHIKeHb. PO3pI3HSIOTH eKcie-
PUMEHTH B J1ab0OpaTopii Ta eKCIIEpUMEHTH B IpUpoi. Y
MEepIIOMY BHUMAJKy Ha CIeliajJbHUX JIaOOpaTOpHUX
YCTaHOBKax MPOBOJSATH EKCIIEPUMEHTH B YMOBaX, IOB-
HICTIO KOHTPOJILOBAHHMX €KCIIepUMeHTaTopoM. Tak, B
7ma00paTopisix BUBYAIOTH Pi3HI PEKUMH PYXy BOIM i
HAHOCIB, PO3MHBHU PIiYKOBOI'O pycia, TiApOXiMidHi Hpo-
LIECH TOIIIO.

3aBeplIabHAM €TaroM OyIb-SKUX TiIpOJOTiYHHX
JOCTIIKEHb € 00po0Ka 310paHMX NaHWX, IS IBOTO ic-
Hye Oe3nmiy MeTomiB. TeopeTHuHi METOMU B TiAPONOTii

0a3yroThCsl, 3 OMHOro OOKY, Ha 3aKoHaX (hi3WKH, a 3 iH-
I0ro — Ha reorpa)iyHUX 3aKOHOMIPHOCTSIX MPOCTOPO-
BO-4aCOBHUX 3MiH TiJIpOJIOriYHuX XapakrepucTtuk. Cepen
LMX METOIIB OCTaHHIM YacoM Ha MEpIIUH IJIaH BHXO-
JISITh METOAM MaTeMaTHYHOIO MOJIEJIIOBAHHS, CHCTEM-
HOTO aHaJi3y, TiAponoro-reorpagiuHux y3aralibHEHb,
BKJIIOYAIOYU TiIpOJIOTiYHE paioOHyBaHHS Ta KapTorpa-
(dyBaHHs, a TAKOX TeoiHpopMalliitHi MeTonu (puc. 4).

METO[W OBPOBKIA
[APONOTIMHMX DAHMX

maTemaTnyHe
MOZEntoBaHHA

CTaTNCTUYHI

KkapTorpachiuHi Ta
reoiHdopmaLlinHi

TEOPeTUYHUHM
aHania

Puc. 4. Meroau 00poOKH T'iIpOIOTiYHUX TAHUX

lagponoriuni KapTu BimoOpa)aroTh PO3MOALT BOJ
Ha 3eMHIii MOBEPXHi, KNIl XapaKTepU3ye PEKUM BOIHHX
00'eKTIB 1 /I03BOJISIE OLIHUTH BOAHI PECYPCH OKPEMHX
yacTuH cymi. J[o TigponoriyHuX KapT Halexarb KapTh
piuKoBOi Mepexi, Il TYCTOTH Ta KUIBKOCTI 03€p, KapTh
CTOKY, KapTH CKJIaJ0BHX BOTHOrO OanaHCy, KapTu JpKe-
pel KUBJIEHHS, JIbOJIOBOTO PEXUMY, KaJaMyTHOCTI BOAM
B piuKax, MiHepajialii Ta XIMi9HOTO CKJIa/ly TIPHPOAHUX
BOJI, KoeillieHTa CTOKY, TiIPOJOTiYHOr0 pailoHyBaHHI,
BUKODHCTAHHSl Ta IEPCIIEKTUB BHKOPHCTAHHS BOJHHX
pecypciB, a TAKOXK NMEBHUX XapaKTEPHUX SIBHILI: IMEPECH-
XaHHS Ta IepeMep3aHHs, IOBEHEl, BUMAPOBYBaHHS 3
MTOBEPXHi CYIIIi Ta BOJHOI MOBEPXHI TOIIO (pHC. 5).

KAPTI ABULL:
NEPECHXAHHA TA
NMEPEMEP3AHHS,
NOBEHEW

KAPTH
MIHEPANI3ALYII TA
XIMIMHOrO CKIAZY,

KAPT
NbOAOBOIo
PEXUMY

KAPTU
TIPONCIIYHOTO
PAAOHYBAHHS

KAPTK
KOEO®ILJIEHTA
CTOKY

FIAPONOrIYHI
KAPTH

KAPTW PIHKOBOI
MEPEXI

KAPTW CTOKY

KAPTH
KATTAMYTHOCTI
BOAK

KAPTW DXKEPEN
HUBNEHHA

KAPTW CKNAZOBKX
BOOHOIO BANAHCY

Puc. 5. Knacudikarist rizponoriqoux kapt

Kapmoepadhiss 6001020 2ocnodapcmsa. Bonne ro-
CIO/IApPCTBO — LI 00JIacTh JISUIBHOCTI, sIKa Mae 3a0e3-
MeYyBaTH YIPABIIHHA PAlliOHATHHUM BHUKOPHUCTAHHIM
BOJTHHX PECYpPCIB 3 METOIO 3a/I0BOJICHHS ITOTped Hace-
JICHHS 1 HaIllOHAJhHOI €KOHOMIKH y BOJOMOCTa4aHHI,
3aliMaTUCs TONEPE/PKEHHSIM Ta JIKBIJAIEI0 KaTacTpo-
(IYHUX TEXHOTEHHUX 1 MPUPOJAHUX CUTYalil, a TAKOX
OXOPOHOI0 BOTHHMX PECYPCIB Bil 3a0pymHCHHS, 3acMi-
YCHHS 1 BUCHAKCHHSL.

Kaptu BogHOro rocnogapcrBa MokasyrTh MOTpe-
Ou y BOJHHMX pecypcax HacelleHHs, MPOMHUCIIOBOCTI Ta
CLIBCHKOTO I'OCMO/IAPCTBA, PIYKOBOIO CY/IHOIUIABCTBA Ta
pUOHOTO TOCIONAPCTBa, BOJOMOCTAYaHHS Ta BOAOCIO-
YKUBaHHS JUIS TOTPE0 TiIPOSHEPreTHKY 1 TPAHCIIOPTY, a
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TaKOX MOTPeOH y 3aXUCTi HACEIEHHUX ITyHKTIB Ta 00'€K-
TiB €KOHOMIKH BiJ[ TOBEHEH Ta 1HINIUX BUIIB IIKiIIHBO-
ro BBy BoJ. OCHOBHI 3aBHaHHS KapTorpadyBaHHS
BOJIHOT'O I'OCIIO/IAPCTBA TaKi:

1) 300pakeHHs BOTHHUX O0'€KTIB sIK JDKepelia MUT-
HOT'O BOJIOITOCTaYaHHSI;

2) BigoOpa)KeHHsI BOJOKOPUCTYBAHHS 1 BOJOCIIO-
YKUBaHHS IS TOTPeO HACENICHHS;

3) 300paxeHHs 30alaHCOBAHOI COIliaJIbHO-EKOJIO-
TIYHOI Ta EKOJIOr0-eKOHOMIYHOI CHCTEM OaCeiHIB PIYoOK,
o rnepeadayvae AeTaibHUR PO3TIIs MTPOOIEMH BUKOPH-
CTaHHsI BOJIH;

4) 300pakeHHs €KOJOTiYHOr0 YMHHUKA BOJOTOC-
MOAApPChKOl MiSUTBHOCTI Ta AHTPOIOI€HHOTO HABaHTA-
JKCHHS Ha OaceiHH PivoK.

Jlo TenepiliHLOro MOMEHTY MOXKHa YMOBHO BUIi-
JIUTH YOTHPH TPYITU KapT, IIO TaK YU iHAKIIIE CTOCYIOTh-
¢ TEMHU BOJHOT'O TociomapceTna (puc. 6).

BractuBoctsiMu kaprorpadyBaHHs BOJHHX pecyp-
CiB MaloTh OyTH TIIMOOKE PO3KPHUTTS IX MPHUPOIHOI Clie-
ik Ta HalaHHS KOPUCTYBAa4eBi MOXKIMBOCTI orepa-
TUBHOTO 1 JIOCKOHAJIOTO BUBYEHHS CIIelM()iKA BUKOPHC-
TaHHS BOJIU HACEJIEHHSM, IPOMHUCIIOBICTIO, CIJIbCHKUM
TOCIIOJIAPCTBOM.

KAPTW BOOHOIrO
rOCNOOAPCTBA
|
¥ ¥
capmngomunx | [KAPT BUKOPUCTAHHS R PECYPOIE
BOOHWX PECYPCIE OnA EKONOTI4YHI KAPTH
PECYPCIB [OTPEE HACENEHHS Y NPOMUCNOBOCTI TA
CINLCLKOMY FOCMOAAPCTBI
MIGSEMHHX BOR BOAOMOCTAYAHHS TA SAPYIHEHHA | | CTIOKVBAHHS BOZW ¥
(MIIPOTEONOMISHI) ™ BONOCTIOKHBAHHA MIOBEPXHEBHX B0F COEPAX MPOMUCTIOBOCTI [*
3ABPYIHEHHA BOROCTIORVBARHS ANA
T | o e s BOJOHOCHHX FOPMCHTIE (¢ MOTPEG <
(n ) TA M3EMHNX BOL, ENEKTPQEHEPTETHKA
TPAHCTIOPTYBAHHA BOROCTIOMMBAHHA Y
L] BAHTANIB TA NACAKVPIE Hi%ﬁgﬂﬁ;“;;ﬁmﬁ CINBCLKOMY «
110 BOAHAM WIFXAM FOCMOBARCTS!
BUKOPUCTAHHS BOJLANA |
PUEHOTO FOCTOLAPCTEA

Puc. 6. Kinacudikariist kapT BOZHOTO rocliofapcTBa

OTKe, KapTu TPICHOBOJHUX PECYpCiB XapakTepH-
3YIOTh SIK OCHOBY JUISl BOAOTOCHOAAPCHKOI MisSUIBHOCTI
CTaH pivoK, 03ep, BOAOCXOBUIIL, KAHAIB, MMiJ[3eMHUX BOJI
TOWIO.

[Mpuponuuii acmekT BOAHUX PECYPCIB PO3KpHBa-
€TBCSl HA KapTax Cepe/IHbOPIYHOTrO CTOKY, MaKCHMallb-
HOT'O €JIeMEHTapHOro MOIyJs CTOoKy 1% 3abe3mneueHoc-
Ti, paliOHyBaHHS TEPUTOPIi 1O CITiBBiTHOIIEHHIO CE30H-
HOT'0 CTOKY Ta iH.

lpoporpagiuni KapTu XapakTepu3yloTh NpUHAIe-
JKHICTh PIUOK OaceiHiB, HAasBHICTb TiAPONOTIYHUX TOC-
TiB, AIOTh 3arajibHy XapaKTEPUCTUKY BOJHUX PECYPCIB
periony. /IonaTkoBO BKIIIOYAIOTHCS KAPTHU SIKICHOT Xapa-
KTEpUCTUKHU TTOBEPXHEBHUX BOJ (KaJaMyTHOCTI, XiMi3My,
MiHepaJi3alii Ta XiMiYHOTO CKJIaay BOX), a TaKOX Jie-
SIKMX HEOE3NeYHUX SBUII, IMOB'S3aHUX i3 BOJOIO, — Ce-
JIiB, JIaBMH, a TaK caMO HAasBHOCTI MiHEpaJbHUX a0o0
TEepMaJIbHUX BOJI T4 IX MPAKTUYHOTO BUKOPHCTAHHSI.

KoMrutekcHi Tiporeosyoriydi KapTh MICTATH iH-
¢dopmarliro om0 3amaciB MiI3eMHUX BOJ, NMPHIATHUX
JUISL TATHOTO BOZAOIIOCTAYaHHS, iX €KCILTyaTalliifHuX Ta
XiMigyHHX ocoOnuBocteil. ['pyna kapt «Ilinzemui Boan»
BiJoOpaka€ MOIIUPEHHST BOJOHOCHHMX T'OPU3OHTIB Ta
KOMILIEKCIB, YMOBHU X 3aJAraHHS, KiJbKICTh Ta SAKIiCTh
MiI3eMHHX BOJI.

Locnodapcvkuii _acnekm kapmozpadyyeants 600.
Tocnomapchkuii acnekT kaprorpadyBaHHS mependadae
CTBOPEHHS KapT COIiaJIbHO-€KOHOMIYHOI CITPSIMOBaHOC-

Ti. SIK mpaBumIo, 1€ KapTH BOAOIIOCTAYaHHS HACEJICHHS,
IO XapaKTepHU3YIOTh TUIM BOJOIOCTaYaHHS TEPUTOPIl
perioHy (BOIONPOBiAHE, KPHHUYHE TOLIO).

JlxepenamMu Uil CKIIQJaHHS TaKUX KapT CIIYXaTh
CTaTUCTUYHI JOCII/PKEHHS!, MPUB'sA3aHl 10 aaMiHicTpa-
TUBHUX OIUHMIIb. 3BUMYAHHUI CIIOCIO 11 BigoOpakeH-
HS BOJIOTIOCTaYaHHs HAaceJleHHs1 a00 TEXHIYHOI OCHaIlle-
HOCTI TEpUTOpil — Iie KapTorpama.

B pamkax NpOMHCIOBO-€KOHOMIYHOIO CIpsMY-
BaHHS KapTorpadyeThes 3B'130K BOJAHOIO TOCIIONApCTBa
3 MPOMHCIIOBICTIO Ta CLIBCBKHM TocCronapcTBoM. Taki
KapTH TIOKa3yloTh, MEPII 32 BCE, CIIOKUBAHHS BOIM Bifl-
TIOBIZTHUMH Chepamu.

CBiif BHECOK B XapaKTEpHUCTUKY BOJHOI'O TOCIO-
JIApCTBa 3[IMCHIOIOTH TaKOXK KapTH, IO XapaKTepu3y-
I0Th T1IPOCHEPTeTUYHUI MOTEHIia)l palOHIB Ta €KOHO-
MiYHI 3B'SI3KH, SIKI 3TIHCHIOIOTHCSA 332 BOIHUMH IIISAXa-
MuU. OZHUM 3 TOJIOBHUX CIHOKHMBAYiB BOJH B CLIIBCBKOMY
TOCIIOJIAPCTBI € 3pomryBaHe 3emiiepoocTBo. Kaptu Bo-
JIOCTIO)KUBAHHS Ha 3POILIEHHSI MalOTh ITOKa3yBaTH 3ajie-
JKHICTH BiJl TPHOX YHMHHHUKIB: ILUIOIII MOJUBY, HOTO TeX-
HIKH, CKJIATy KYJIbTYP.

Kaptu pubanbcTBa Ta puOHUX HPOMHUCIIB 3a3BH-
Yyaii ToMimarTe B po3ain «IIpoMHCIOBICTEY aTiaciB
TUX DErioHiB, Je pUOHI pecypcH BiAirparoTh 3HAYYILY
POJIb B €KOHOMIIII Ta € OCHOBOIO 30€peKeHHS )KUTTEBO-
TO yKJaJay KOpIHHUX HEUUCIeHHUX HapoziB. OcobauBo-
CTi BUKOPHCTAaHHS BOJW HACEJCHHSIM BiJOOpa)KaroThCs
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Ha KapTax TepUTOpiasibHOI OpraHizalii BOAOCIOXHUBaH-
HS Ta Ha KapTaxX BOJIOIOCTavyaHHS, Jie IMOKAa3yEThCS SIK
THUIT BOIOIIOCTAYaHHs, TaK i 0OCST CIIOKUBAHOI BOJH 110
HaCeJIEHUM ITYHKTaM.

TpaHCHOPTYBaHHS BaHTaXIB 1 MAacCa)KHPIB BOITHUM
TPAHCIIOPTOM TaKOX BaXKIMBUI (AaKTOp BOAHOTO TOC-
nojapcTBa perioHy. JlaHuWii BUI TPaHCIOPTY pO3BHHE-
HUH MPAaKTUYHO TOBCIOIHO Ta 0a3yeThCs Ha MPUPOIHUX
BOJIHHX apTepisix. BiH NIMPOKO BUKOPHCTOBYETHCS Ta HE
BHMarae J0pororo OyAiBHHIITBA TpPac, IO € iCTOTHUM
YUHHUKOM B MaJIOOCBOEHMX Ta TIPCHKUX paioHax, e
OyIIBHHLITBO JOpII CTAaHOBUTH CEPHO3HY IPOOJIEMY.
Jlisi XapaKkTepUCTHUKH BOIHOTO TPAHCIOPTY 3a3BHUYai
MOKa3yIOTh DIYKH, LI0 BUKOPHCTOBYIOTHCS B SIKOCTI
TPaHCIIOPTHUX MaricTpaieil, BAHTaX0- Ta MacakKuporio-
TOKH, TIEPEBE3CHHsI BOJHUMH IILISXaMU BaHTaXIB IpO-
BIJTHOI TaJy3i MPOMHCIOBOCTI a00 OCOOJIMBO Ba)KITMBHX
BaHTaXIB, YaCTKy BOJHOI'O TPaHCIIOPTY Y BCil TpaHC-
nopTHii Mepexi. HaiinommpeHimuM crocodoM st
BiJIOOpaKeHHsI OYy/Ib-SIKMX TIEPEBE3EHb € 3HAKU PYXY.

B uinomy, HaOip KapT, 110 XapaKTePU3YIOTh BOJTHE
TOCIIOJIAPCTBO, 3aJIEXKHTh, MEPII 33 BCE, BiJ CHEIU(IKH
BUKOPHCTAHHS BOJl B KOHKPETHOMY PETiOHi.

Exonozciuni_xapmu 600. BomoxopucTyBaHHS Mae
HaBaXXITUBIIIE 3HAYEHHS [TPU MEpexo/ii KpaiHu JI0 cTa-
JIOTO PO3BUTKY, IO 3abe3medyye 30ajaHCOBaHE BHPI-
LIEHHS COIliaJbHO-eKOHOMIYHUX 3aBJaHb 1 IpodiieM
30epe)KeHHs] HAaBKOJIHMIIHBOI'O CEPEeJOBHINA Ta MPUPO.-
HUX pecypciB. Taki kapTu GiKCyrOTh He TiAbKH (haKTHY-
HUI CTaH BOJ, a i MalOTh MOXKJIMBOCTI IJIsT MOZETIOBaH-
HS BHHHKHEHHS HECIPUSTIMBHX TiJ[PO-EKOJIOTTYHUX
CHUTYyalil, BifoOpaXkaTH peajbHy SIKICTh IIUTHOI BOJIH.

Cepen KapT, IPHUCBSYEHUX €KOJIOTIi BOMX, MOXYTh
OyTH KapTH 3a0pyJHEHHS BOTHHX OO0'€KTIB, OXOpPOHH
BOJI, ipHranii 1 Memiopariii, ocTaHHi JBi kKareropii oco0-
JIMBO Ba)KJIMBI Ul MOCYIIUTMBHX 200, HaBIaKH, 00BOJI-
HEHUX TepUTOpid. /[0 KapT eKONIOriyHOro 3MmicTy Mo-
KYTb OyTH BiJHECEHi i Ti, 10 BiIOOpakalOTh CTPYKTY-
Py ICHYIOYOTr0 MOHITOPHHI'Y T'€OJIOTIHHOI'O CEePEIOBHIIA
1 TOBEPXHEBUX BOI.

KapTu aHTpOmnoreHHUX HaBaHTa)KE€Hb HA I'€OJIOT1Y-
HE CEePEIOBHIIE i TOBEPXHEBI BOJM MOKA3YIOTh 00'€KTH
(IpOMHMCITOB] MiNPHEMCTBA Ta 1H.), SKi 3IIHCHIOIOTH
CKHJI CTIYHUX BOJI y TIOBEpXHEBI Ta MiJ3eMHI JpKepena.
Ha 1nmx sxe kaprax MO)KHa IT0Ka3aTH BUTPATH BUPOOHU-
LTBa HA OYUCTKY BOJ, SIKICTh OYHIICHHS, 00CAT 3TUBHUX
notokiB. Kaptu 3a0pymHEeHHsS MiI3eMHHUX BOJ TMEBHUX
BOJIOHOCHHMX TOPHU30HTIB BiJI0OpaaroTh CTYIiHb 3a0py-
JTHEHOCTI B KOHKPETHHX TOYKaX OOCTEXEHHs, MPH LbO-
My, SIK TIPaBHJIO, BU3HAYAJIBHAM € MOKa3HHK BiJIHOIICH-
HS CTymeHs 3a0pyIHEHOCTI A0 TPaHUYHO JOIMYCTHMOI
koHuentpauii (I'/IK). CunreTnuHUMHU € KapTu, IO Bi-
J0OpaskaroTh CTYIIHb 3aXHIIEHOCTI IPYHTOBUX BOA 200
OCHOBHHX €KCIUTYaTOBAaHHX BOJIOHOCHHMX T'OPU3OHTIB Bij
pi3HOrO poiy 3a0py/aHeHb. BOHM CKIIaqaroThCs IUIIXOM
0aJbHUX OMLIHOK JEKIIFKOX OCHOBHHUX PaHXHPYBaHHX
¢axTopiB. Uucio perioHiB, A€ BOJONOCTAYaHHS CTae
KPH30BOIO TPOOJIEMOI0, IOCTIHHO 30inblryeThes. Jlis
paioHiB Ta MicT 00JIaCHOTO MiANOPSAKYBaHHS IUX Te-
PHUTOPIi PO3PaXOBYIOTHCS TaKi MOKA3HHUKH:

1) 4wmcio pKepen MUTHOrO BOAOIIOCTaYaHHs (1eH-
TpaJli30BaHOr0 Ta JCICHTPAi30BAaHOI0) Ha THC. OCi0;

2) YMCIIO JDKEpeNl NUTHOI'O BOJOIOCTavaHHS Ha
THC. KM,

3) CHiBBiJHOMICHHS YHCIA JHKEpes LeHTpaIi30Ba-
HOT'O Ta JIeIEHTPaJIi30BaHOT0 BOJIONIOCTAYaHHST;

Jis BimoOpakeHHsI TEpIIOro Ta JPYroro Mmokas-
HUKIB BUKOPHCTOBYETHCS CITOCIO KapTorpaM i3 3acTocy-
BaHHAM KoONbopy abo mrpuxyBaHHs. CIiBBiIHOIICHHS
Yucna JHKepeNn IEHTPasli30BaHOro Ta JEeLEeHTpaji3oBa-
HOT'O BOJIONIOCTa4YaHHs, Oyaydd aOCOIIOTHHM IOKa3HH-
KOM, TOAAETHCS crocodboM kapTomiarpam. Lli mokasHu-
KA MOXYTh OyTH BUKOPHCTaHI JJIsi OLIHKM HaBaHTa-
JKEHHsI Ha JDKepesia BOJIONOCTadyaHHs, a Py 3a0py/JHeH-
Hi BOJ — ONOCEPEAKOBAaHO OXapaKTeph3yBaTH HMOBIip-
HICTh CIIaJIaXiB 3aXBOPIOBAHb.

Menuko-conianbHi KapTH MOXYTh JOTOBHUTH PO-
31111 «BosiHE TOCTIONapCTBO», PO3KPUBAIOYHN BILUIUB €KO-
JIOTiYHOT OOCTAHOBKM Ha JIOMUHY. TYT NOpe4Hi KapTH
3aXBOPIOBaHb, MOB'SA3aHMX i3 SIKICTIO BOJHM Ta BMICTOM B
Hill MikpoopraHi3miB. Taki KapTH TakoXk MOXYTb TOKa-
3yBaTH IUISIXH MOKJIMBOTO ITOLIIMPEHHS eITiIeMii.

[HKeHepHO-TEXHIYHUIA HaIpsM Tepeadadac KoM-
IUIEKCHE KapTorpadyBaHHS iHXEHEPHO-TEXHIYHHUX CIIO-
PYA CHCTEMHU MUTHOTO BOXOIIOCTaYaHHS (CHCTEMHU OYH-
LIEHHS BOJM, BOAOIPOBOJM Ta iH.) 3 OLIHKOIO iX CTaHy
Ta eKCIUTyaTalliHHUX MOKIIMBOCTEH.

Cepen OCHOBHUX OCOOJIHMBOCTEH 1MOOYJOBH TiJpo-
JIOTIYHMX KapT Ta KapT BOJHOI'O I'OCIHOAAPCTBA MOXKHA
3a3HAYUTH TaKi:

1) 3acrocyBaHHS JUIsl TOOYIOBY TIIPOIOTTYHHUX KapT
nanux /133 y pi3HHUX CIEKTpalibHUX Jiarna3oHax (BUIUMHN
Ta ONWKHIH 1H(ppaYepBOHUH, PaliOXBIUIIbOBH);

2) 00poOKa BEJMKUX MAacHBIB JaHUX Ta HEOOXis-
HICTh CTBOPEHHSI 1 BEICHHSI XPOHOJIOTIUHOI 0a3H TaHHX;

3) ypaxyBaHHS AMHAMIK{ 3MiHU BOIHUX 00’ €KTIB
Ha MOMITHO BEIUKOMY IpOMiXkKYy dacy (20-50 pokiB);

4) HeoOXiTHICTh NPOBEIEHHS BEIUKOI KIIBKOCTI
MOJBOBHUX POOIT, 10 301NIBIIYE TPYAOMICTKICTH JOCHI-
JOKEHD;

5) HeoOXiJHICTh BUKOPUCTAHHS AAHUX Y PEKHMI
peasbHOrO 4acy, LIIBHAKY OOpOOKY Ta BigoOpa)keHHs
JIAaHUX 11 MOXKITUBOCTI KOHTPOJIIO 1 IPOTHO3YBaHHS;

6) cmiBmpard 3i crierjiajxicTaMu 3 TiAPONIOTii, eKo-
Jiorii Ta iHmMX cdep AiSLTIBLHOCT;

7) 3aNeXHICTh BiJl IOPH POKY;

8) ckJamHICTH TOMOJOTIYHHMX BiNHOIIEHb MU
CTBOpEHHI KapT;

9) poboTa 3 JIHIHHUMHA TEOMETPUIHIUMH 00’ EKTAMU;

10)cknaaHicTh TeHepaltizamii Ta MacITaOyBaHHS
KaprorpagiuHux 00’ €KTIiB TiqpOJIOTii;

11)00MexxeHHS B CTHIIICTHIHOMY O(hOpMIICHHI.

AHaJi3 iCHYI0UMX J0CTiIsKeHb BUKOPUCTAHHS
I'IC-TexHouoriii y rizpoJiorii Ta po3pooui
TiIPOJIOTiYHUX KAPT

[lopivyHO MPOBOASTHCS MIXXHAPOAHI HAYKOBI KOH-
(depeHInii, MPUCBAYCHI MOCIIIPKCHHIO TiIPOJIOTiYHUX
00’€KTIB Ta BUBYEHHIO HOBUX METOIB IX JOCIIHKEHD.
BignosimHi myOiikamii MiCTATh y3arajibHeHy iH(opMma-
L0 TPO OCTaHHI JOCSATHEHHS B Wil ramysi. Y sKocTi
NPUKIaiB KoH(pepeHMiH, MOB'I3aHUX 3 TiIPOJIOTIENO,
JIOPEYHO HABECTH Taki, sik: Mi>kHaponHa KoHpepeHLis 3
rixpororii Ta Mereoposorii, Kongepenis mo rigpono-
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rii, okeany i armocdepi (HOAC), NGWA Groundwater
Expo, MixxnapoaHa koH(epeHIlisl 3 yIpaBIiHHS PidKo-
BUMHU OaceliHaMHM, BKJIIOYAIOYU BCi aCIEKTH TiAPOJIOTiI,
€KOJIOTii, NPHUPOJOKOPUCTYBAHHS, 3alUlaB Ta BOIHO-
6onotHuX yrigp, Konrpec MiXHapoIHOTO KOMITETY 3
ipuranii Ta apenaxy (MKIJI), Koarpec MAT" — Ilinze-
MHI BOJIW: BUKJIMKH Ta cTpaTerii. Ha Takux xoH(epeH-
LisAX MPEICTABIAIOTHCS ICHYIOUI Ta HOBI JOCIIIKEHHS
miono Bukopuctanusa ['IC ta /133 B rigposoriyHuX pos3-
paxyHKax, B OLiHIII BOIXHHX PECYpCiB i MPOTrHO3YyBaHHI
HeOe3meyHux Tigposoriyaux  sBuiml. [ 1C-TexHOMOrIT
BUKOPHCTOBYIOTBCSI MPAKTHYHO JJIsi BHPILIEHHS BCIX
3aBJlaHb TiapoJorii. [cHye 6e3iid NpHUKIaaiB YCIilIHOTO
3actocyBanHs ['IC 1j1st mporHo3yBaHHs Ta MOJIEIIOBaH-
HS CLeHapiiB MaBOAKiB Ta moBeHed. CTBOpIOBaHI MpH
IBOMY IU(POBI KAPTH BiIOOpaXKarOTh MOTEHIIHHI 10~
I 3aTOIUIEHH 1 CIIY>KaThb OCHOBOIO JIJIsI IPOEKTYBaHHS
Ta OYIIBHUIITBA 3aXHUCHUX CIOPY.

Bararo cy4acHMX akTyalbHHX HAyKOBUX PpOOIT
MIPUCBSIYEHO BUKOPHCTAHHIO NU(PPOBHUX MOJEIEH BUCOT
JUIi BUBYEHHs Mopdororii Bomo30ipHuX OaceiHiB i
OIIIHKH 3CYBHOI HEOC3IICKH.

Ipukiadu docrionuyvkux docsichenv Yxpainu wjo-
0o sukopucmanns I'IC-mexnonoeiti y po3pobuyi 2iopono-

2IYHUX Kapm.

1. Kaprorpadidyni Mojeni, CTBOPEHI Ha OCHOBI 3Bi-
Ty PO HayKOBO-JOCIiAHY poboty «IIpoBeneHHs mpoc-
TOPOBOTO aHaNi3y 3MiH BOJHOTO PeXHMY OaceifHiB mo-
BEPXHEBUX BOAHUX 00’€KTIB Ha TepUTOpii YKpaiHu BHa-
ciigok 3MmiHu kimimary» (2013 pik). 3a mery mocii-
JOKEHHSI Majlach OIHKa 3MiHM BOJHOI'O PEKUMY B Oa-
celiHaX TOJIOBHHX pI4OK YKpaiHM Ha OCHOBI aHaIi3zy
0araTopiuyHOl JUHAMIKH CEpPEeIHbOPIYHOTO CTOKY BOJIH,
a TakoX IPOTHO3HE MOJEIIOBAHHS CEpeIHbOPIYHOTO

@ onmagonipHHIT IYHKT
¥ rimponorivemti noct

O Bogo3bip pivkn

CTOKY BOOW 3a JAHUMH pPETIOHAJbHUX KITIMaTHYHHUX
MoJIeJiel Ha OCHOBI CIIeHapiiB 3MiHHM KITIMAaTHYHUX YMOB
B Ykpaini 10 2050 p. (puc. 7, 8).

2. Kaprorpadiuni Mozeni, npeacTaBieHi y HayKo-
Biif momoBimi «Pecypcn Ta SIKICTh TMOBEPXHEBHX BOJ
VYkpainu B yMOBax aHTPOIOI€HHOI'O HaBAHTAXKEHHS Ta
kiaimMaTiuHuX 3MiH» (2017 pik). Ha ocHOBi po3pobieHoi
KOHIICTIIii CHCTEMHHMX TiAPOXiMIYHUX IOCIIPKEHb BHU-
KOHAHO OIIIHKY BIUTUBY NPUPOJHHUX i aHTPOIOTEHHHX
YMHHHKIB Ha (OpMYBaHHS XIMIYHOIO CKJIaly Ta SKiCTh
MOBEPXHEBUX BOJ YKpaiHu. Bin3HaueHo BIUIMB KIiiMa-
TUYHOI CKJI/IOBOI Ha 3MiHM YMOB (pOpMYyBaHHSI BOJJHOTO
CTOKY pidoK Ykpainu (puc. 9 — 10).

3. Kaprorpadiuni Moaemni cTBOpeHi Ha OCHOBI J10C-
JDKEHb BCEYKPATHCHKOI €KOJIOTIYHOI JIITH, TPOMaiCh-
KOl oprasi3ariii, o 3acHoBana 12 rpyans 1997 poky.

MokHa HaBOIUTH HE3YUCIEHHY KUIBKICTH ITPUK-
JIa/liB HAYKOBUX PE3YJIBTATIB, IO CBiqYaTh PO HEBUYE-
PIHUMI iHTEpeC HAayKOBIB Halloi KpaiHH 1O CTaHy i
MIEPCIIEKTUB PO3BUTKY MPICHOBOJHHUX TiJPOPECYPCIB,
aJpKe BOHH € 3aIlOPYKOI0 €KOHOMIYHOI CTaOUIBHOCTI Ta
Jiep>KaBHOI Oe3nekn Y KpaiHH.

AHaJji3 napamMeTpiB Ta ctany piuku {ninpo
SIK MPUKJIAAY NPEAMETHOT0 T0CTiIKEeHH

VY sAKOCTI MPUKIAAy MOA0 PO3POOJICHHS Ta peali-
3allii 3amporoHOBaHOl B NaHill poOOTI METOMUKHU MO0Y-
JIOBU TiPOJIOTIYHUX KaprorpadiuyHux Mojeinel 3a ja-
uumu /133 oOpano OaceiiH piuku J[Hinpo — HaWOUIBIION
BOJHOI aprepii YKpaiHu, TPEThOi 32 BEJIMYHHOIO PIYKH
€ppomu (micns Boaru ta JlyHar). 3aranpHa JOBKHUHA
Juinpa craHoButs 2201 kM, y Mexax YKpaiHu —
981 xm. B YkpaiHi Oaceitn [{ninpa 3aiimae 48,6% yciei
il TepurTopii.

Puc. 7. Kapra Bono3abipaux 6aceiiHiB pidok YKpainu
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Puc. 10. Kaptu BmicTy cynbhaTHUX 10HIB y TOBEPXHEBHUX BOJaxX YKpaiHU
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JlHinpo Oepe nmovaTok Ha miBHIYHOMY 3axoni Pocii
— Ha Banpmalcekiii BHCOYHMHI, € BHTIKA€ HEBEIUKUM
CTPYMKOM 3 OOJIOTHOTO MacuBY AKCEHIHChKHI MOX.
[TonoBHIOIOYNCH YHCIEHHUMH IPUTOKAaMH, BIIAJIA€ B
JIHIPOBCHKUI TUMaH — BHUTSTHYTY 31 CXOAy Ha 3aXif
(Ha 58 kM) 3aTOKy niBHIYHOI YacTuHM YopHOTO MOpsi. B
VYkpaini Ha Oaceiin J[ninpa mpumamae 27% MicIieBHX
pidok. JIHIIPO — TOJOBHHMH IIOCTAQYalbHUK BOIU B
VYxpaini. Bomaumu pecypcamu JIHinpa KOpUCTYIOThCS
6mm3bko 30 MUTH. JxuTeniB YKpaiHu (ABI TPETHHU BiX
3araJibHOi KUIBKOCTI HaceneHHs). Ha JIHimpi mpairioe
6mm3bKko 10 THC. IPOMHCIIOBUX IiIPHEMCTB YKpaiHH,
BiH 3pomrye Maibke 1,5 MIIH. TeKTapiB CUTBCHKOTOCIIO-
nmapcbkux yrims. Ha Oepesi J[Hinpa JeXuTh Oarato Be-
JIUKUX MicT YKpaiHu — cronmus naepxaBu Kuis, Uep-
kacu, Kpemenuyk, J{HinpoazepxuHchkk, [IHinpo, 3aro-
pixoks, Hikorons, Xepcon. [IHINPO € HaHOUIBIIOW CY-
JTHOIUTABHOO piukoro Ykpainu. Bin kopnony 3 bimopyc-
cto JIHIpo Tede y MIiBACHHOMY, a Jaji B IiBICHHO-
cxigHoMy Hanpsimi. Mix micramu J[Hinpo Ta 3amopix-
XKl pluKa TIepeTHHAE YKpaTHChKUI IIUT Ta 3MIHIOE CBIH
HampsiM Ha IMiBAeHHO-3aximHui. Jlo cHopymkeHHs
Juinporecy B 1932 poui Tyt Oynu JIHIIPOBCHKI Oporu
— Kozaupkuit, Cypcekuii, Jloxancbkuil, J[3BOHEIbKHIA,
Henacutenps, BoBHusbkuii, byauno, JIumniii Ta Bins-
uuid. [ninpo npuiiMae 6inbm sik 1000 nputok. JloBxu-
Ha smme 90 3 Hux nepeunrye 100 kM. HaitGinpmmmu
nputokamu Jlninpa € [pun'sats, Pock, bazoBnyk, IHry-
nenp, Jecna, Tpyoixk, Bopckia, Opins, Camapa. OcHo-
BHUI cTik J[HiNpa ¢opMyeTbes y OLIBII 3BOJOKEHUX
MiBHIYHUX paioHaxX. Y 0araTboX MiCIIIX CBOET HIKHBOL
YaCTHHH, [I¢ BHUIAJa€ 3HAYHO MEHIIe omaaiB, JHimpo
MIPaKTUYHO He Mae mpuTok. Maibxe 60-80% cToky npu-
najiae Ha BECHsHUH mepion. Biitky Ta B3umKky J[Hinpo
XapaKTepU3yEThCsl HU3BKOIO MEXKEHHIO, 3aMep3ac 3 Tpy-
IIHSL 710 TIepuIoi-Apyroi aexaau Oepe3Hs. Y BepxHil Te-
yii JlHinpo >xuBHThCs cHiroBumu (50%), OOIIOBUMH
(20%) Ta mijg3eMHUMHU BOAAMH, Y HWXKHIH — B OCHOB-
Homy cHiroBumi (80-90%). Illupuna /{Hinpa y BepxHiii
yacThHI Ha Teputopii Ykpainu (6e3 Bogoiim) — 90-700
M, Bix KueBa no micra {ninpo — 300-1500 M, Hmxue
Big XepcoHa piuka JIHINPO pO3ALISIETHCS HA PYKaBU i
OaraTbMa THpJaMH Brajae B JIHIMPOBCHKWI JHMaH.
[NepeBakHa rnubuHa piuku — 3-7 M, HIBUAKICTH Tedil —
0,4-1,2 M/c. Hapiraris Ha J{ainpi tpusae Big 240 1i0 Ha
niBHOYI 10 285 110 Ha MiB/HI.

3nauHi puOHI pecypcu JlHinpa y 3B'S3Ky 3 MOCH-
JICHHSIM HWOro 3a0pyIHEHHsS 3MEHIIYIOThCS, iX SIKICTh
noripmryeTbesi.  [IpommciioBe 3HaueHHS MaroTh JISII,
OKYHb, II[yKa, YeXOHb, COM, CyAaK, KOpoI, Oiauii amyp,
TOBCTOJIOOMK. 3MEHIITYETHCS 1 TAK HE3HAYHE TPOMUCIIO-
B€ BHJIOBJIIOBaHHS puOu. HaliOinbIle BUIOBIIOIOTH TOB-
CTOJIOOMKA, JIAIIA, IFIOCKHPKY.

VY JOHHUX BigKJIaAax AHIIPOBCHKHX BOJOCXOBHII
BHSIBJICHO 3HAYHI IUTONII 3 IiIBUIIICHUMH PiBHSIMHU paji-
amii. [Ipuyomy B Mipy BigmaneHHs Bing YopHoOwis
BMICT PaJ[iOaKTUBHUX PEYOBHH 3MEHIIYETHCS, XO4a I10-
MIYCHO IHTEHCHBHE TEPEMIIllCHHS PaXiOHYKIIIIIB 3 IiB-
HOYi Ha MiBJCHb.

J{Hinpo mpoTikae depes rocrnonapchbKo-OCBOEHI Ta
TYCTO 3acelieHi palioHHW, Yepe3 M0 BiH 3a0pyaHCHHIA
TaKOX BiJX0JaMU BUPOOHUIITBA Ta KOMYHaJIbHOI'O IOC-

nojapcTBa. AKTyalbHOIO € TpoOiiema 3a0e3nedyeHHs
HAJIKHOTO 3aXUCTy Ii€i BoAHOI aptepii. [ToTpeOyroTh
PO3B'SI3aHHS IMTAHHS TMiIBUIEHHS PUOONPOIYKTHBHOC-
Ti JlHinpa, Kpamoro OYMIIEHHS BHKOPHCTaHUX BO[,
3MEHILICHHS «BITIHHI» BOJH, OCOOJIMBO Y BOJOCXOBH-
iax.

Kongirypauiro 6eperiB /[Hinpa 3a ocranHi necs-
TUIITTA TyXe 3MiHWIN BomocxoBuia. IITyano crBope-
Hi JHITTPOBCHKI BOJIOWMHU — OJIHA 3 HEBIA'€MHUX YaCTUH
tioro nanmmadris. Omke, JHINpo Ha BeTUKIN BiacTaHi
MEPETBOPHUBCS 3 KOJNUCH IIBUAKOILUIMHHOI YHCTOI PIYKH
Ha 3a0pyJHEeHy BOJIOWMY i3 3aCTIHHOIO BOOIO 03€PHOTO
tuny. 3a yacie CPCP BinOyBasacs mpucKOpeHa TpaHC-
(opMartist AHITPOBCHKOTO PETIOHY 3 arpapHOro Ha Ipo-
MucnoBuil. ['pyde BTpydaHHsS y NpupomHuil craH Oa-
ceiiny J[Hinpa BUKJIMKAJIO0 3HAYHI €KOJIOT1UHI MPOOIeMH,
3 SKMX MEPIIOYEepProBOro BUPIIIEHHS ITIOTPEOYIOTH TaKi.

1. 3MiHU TiIPOJIOTIYHOTO PEKUMY ITOBEPXHEBUX
Box. Lli 3MiHM MOB'sI3aHi i3 HAJMIPHOIO 3aperyIbLOBaHiC-
TIO CTOKY MaJIMX 1 CEpeIHiX piuoK, OYyIiBHHIITBOM Kac-
Kaay JIHINpOBCHKMX BOMOCXOBHII Ta KaHATIB JJIsI TIepe-
KUJaHHS CTOKY.

2. XimiuHe 3a0pyaHeHHs. BmimB XiMmiyHOro 3a-
Opy/HEHHSI aHTPOIIOTEHHOT'O TTOXOJDKEHHS BUKIMKAHUN
IHTEHCHUBHUM PO3BHTKOM IIPOMHCIOBOCTI, CUIBCHKOT'O
TOCIIOJapCTBa, ypOaHi3aIli€el0 Ta PO3BUTKOM TPAHCIIOP-
THOI Mepexi B Oaceiini JJHinpa.

3. 3aTormieHHs Ta miAToruieHHs Tepuropii. Lli sBu-
IIa BHUKIHMKAIOTHCS 3aMYJICHHSM pYCel PidoK, pyHHY-
BaHHAM 3aIUIaBHUX JUISHOK, BUPYOKOIO JICIB Ta Meio-
PaTUBHOIO JiSUTBHICTIO.

4. 3abOpynneHHs pajgionykimigamu. IloB's3ane, B
TniepIy 4epry, 3 Haciiakamu aBapii Ha YAEC.

5. 3MiHa i BTpaTa eKocucTeM Ta 30i1HeHHs 0iopi3-
HOMaHITTs. Y Oaceitni [IHinpa BrpadeHo He MeHie 80%
MIPUPOTHUX EKOCHUCTEM.

be3 nunimHboOro 3aperymoBanHs [[Hinpa Oymno 6
3HAYHO YCKJIQJHEHO 3a0e3IedYeHHs] BOJOI BEIHKOI Ki-
JIKOCTI TOCIIOAAPCHKUX O0'€KTIB Ta MPOMHUCIOBHX ITiJI-
MpueEMCTB. 3aBIsIKH BenukuM kananam  (IliBHiuHO-
Kpumcrromy, Kaxoscskomy, JHinpo-Jlonbac, [Iuinpo-
Kpusuit Pir, /IHinpo-IHrynenp) Boga 3 AHIIPOBCHKUX
BOJIOCXOBHIII NEPEKUIAETHCS HA 3HAYHI BiJCTaHi, B TO-
My yHcii ¥ 3a Mexi Oaceliny. JIHITPOBCHKI BOZOCXOBH-
12 € BXXJIMBUMHU pUOHO-TOCTIOIAPCHKUMH 00'€KTaMu, B
SIKMX LIOPIYHO BUJIOBIIOEThCS 70 10 THC. TOHH puOH.
Bepern BogocxoBuin i nputok [IHinpa ciyxare BUpi-
IICHHIO 3aJ[a4 peKpeallii 1 Typu3my.

ITocTranoBKka 3aaa4i JOCTiKeHHSA

OTxe, 13 3a3HAYEHOTO BHIIE BUHUKAE aKTyalbHa
3aaya Oe3MepepBHOrO EKOJIOTIYHOTO MOHITOPHHTY 3a-
JUIsl 30epexeHHsl IPiICHOBOIHHUX pecypciB YKpaiHu, mo
MiANAa0ThCI TaKUM 3TYOHHM (bakTopam, SIK 3arajibHa
ypOaHizalis, NPOMHCIOBA Ta CLIBCHKOrOCHOAAPChKa
TisUTBHICTH, BUTOKU XIMIYHHUX PEYOBHH, TCIIOBE 3a0py-
IHeHHsI, atMocdepHe 3a0pynHeHHs Tomo. Kpim Toro,
Yyepe3 HHU3bKHUH NPIOPUTET EKOJOTIYHOrO KOHTPOIIO B
VYxpaiHi IOPOKY B MOBEPXHEBI BOAN CKUIAIOTHCS BEIU-
Ki 00’€MH HENOCTaTHHO OYMIICHUX BOJA. 3a3HaueHa
npoOJiieMa BXKE CTa€ NMUTAHHSIM HAIliOHANBHOI Oe3MeKH
IIOJI0 CTPATEriYHUX 3aIaciB MPICHOI BOJM YKpaiHH.
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3Bijgcu 00’€KTOM JOCIHIPKCHHS Mae€ OyTH MpOIeC
Oe3riepepBHOTrO 3a0e3MeUeHHs] MPUPOA03aXUCHUX 3aKJIa-
IiB JepKaBH TEMATUYHHMHU TiJPOJOTIYHUMH KapTaMH,
1[0 MOCTIHHO aKTyaTli3yFOThCA 1 BiZJOOPaXKatOTh MOTOYHHN
CTaH TPICHOBOJHUX TPHPOIHHX pecypciB. BiamosinHo,
MIPEZIMETOM JIOCITI/DKEHHSI € PO3POOJICHHS METOANKY T10-
OyIIOBHU TiIPOJIOTIYHHUX KapTorpadiuHux MoJelnei 3a aa-
wumu J133. Meroto pobotu € miaBuieHHs iHpopmaTHB-
HOCTI, OTIEPaTUBHOCTI Ta JIOCTOBIPHOCTI CTATHCTUYHOTO 1
MIPOrHO3HOTO aHayizy reopanux /33 mpo craH npicHOBO-
JHHUX TIPUPOJHMX PECYPCIB 3a paxyHOK Oe3nepepBHOI
akTyajizauii ix kaprorpagiuaux monened. Eramu mocsr-
HEHHsI TIOCTaBJIEHOI METH 1 PO3POOJICHHS! METOIUKH I10-
OyIIOBHU TiIPOJIOTIYHHUX KapTorpadiuHux MoJelnei 3a aa-
HumH J[33 BimoOpakeHo Ha puc. 11. Y skocti mporpam-
HOro 3a0e3MeveHHs1 Uil BUKOHAHHS ITOCTABJICHUX 3a-
BJJaHb BUKOPHCTOBYBABCS NMPOTrPaMHMUI MaKeT reoiHgop-
Marriiaoi cuctemu ArcGIS 10.5 kommanii ESRI (CILIA).

LOCHITKEHHS
{ AKTYANBHICTb KNACHOIKALLI KAPT
Ao NOCTAHOBKA BVBYEHHA JACOBIB
3A0AMI TAMETOIB ]
]'| BOCTIDKEHHS CTBOPEHHS! KAPT
t META AQCNIDKEHHA
AHAI3 [DKEPEN
KAPTOFPAO!‘;[:(MX JAHUX ]
v
DOCTIAKEHHSA KNACUDIKALLIT R
L e deps .| BMBUEHHA 3ATAbHO
AHOro KNACHOIKALY| KAPT
rOCNOAAPCTEA BUBYEHHSA
P—— METOJONOMIYHNX
e Farnes || ocioBTiponoram | [~ swssny seem
FPONOTI4HI mgr?é‘;ggs Al M KAPTOrPAGIYHUX HA MPUKNATI BACEHY
KAPTH . MOJENEW TA KAPT PINKW AHINPO
BOAHOro
OCOBNVBOCTI MOBYAOBU rOCNOJAPCTBA AHANI3 ICHYIOYMX KAPT
rAPONOrIYHUX KAPT TA KAPT |« N TAPE3YNLTATIB .
BOJHOTQ FOCMOJAPCTEA nocnlnxg:l;l 209"3HAHEHIM
v
vemmare | [ rovemewn | [ e,
CTBOPEHHA METOQVKMU NOBYA0BK
KAPTOrPA®IYHUX MOOENER [« KAPT TA KAPT BOAHOIO
TA [JAHVX HEOBXIAHIX Nt L TAPONOrTYHIX _J rOCMOQAPCTBA HA
IXHBOI NOBYOOBU KAPTOI:PA(DI"IHMX MPUKNADI PIYKOBOT MEPEXI
T MOJENEU 3A IAHMU BACEVHY JHINPA
¥ L2 AUCTAHLIMHOIO —
[KEPENA ETAMY 30HAYBAHHA 3EMI PELAKLIHO- KOMMTEKC
JAHIX CTEOPEHHR migroToBuMn | | POBIT o0
il ) ETAN CTBOPEHHS KAPT]
v
NnoBYAOBA
MAPONOrIYHUX KAPT TA
KAPT BOHOI0
roCnofAPCTBA
BACEMHY PIMKU AHINPO
HA OCHOBI NNAT®OPMU
ARCGIS

Puc. 11. Cxema erariB po3po0OiIeHHS i 3aCTOCYBaHHS
METOAMKH NOOYI0BH TiAPOIOriyHNX KapTorpadiqHux
Mozenei 3a qanumu J[33

MeTon0J10TiuHi 0CHOBH PO3pO0JIeHHS
METOJUKH MOO0YI0BH KapTorpadiuHux
Mojeei 3a nanumu /133

Loicepena danux 01 _nobydosu kapmospapiynux
MmoOdenet. OTpUMAHHSA TaHUX, HEOOXiTHUX [UIS CTBO-
PEHHS KapT, nependadac BUKOPUCTAHHS 0araThboxX JpKe-
pen iHdopMarlrii Ta pi3HOMaHITHUX JOKYMCHTIB, 3a SKH-
MU, BJIACHE, i BUKOHYETHCS CKIIaJaHHA KapT (puc. 12).

s ™ g
BATATGHOTEQTPAGIHI KABACTROBI BAHI,
TA TEMATIHHI KAPTY TUIAHIA | KAPTH LMOPOBI MOTIEN!
\
P —
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CTATACTIYHI JAH FEGAE3AYHI JAH
. )
P —— g
AAH Eﬁ@%ﬁiﬁ(mm TEOPETUHI TA
OTOCTEPEXE s TA SAOHOMPOCT
T —
I/
PESYIBTATA
NTABOPATOPHIX TEKQII(E;;E\WP;LEM
AHATIIB { b K
e
¢ wateramn ] 2
EKONONIYHOTO TA AH! IACTAHLJAHOMO LPOMET P00
IHLWX BUQIB 30RIYBAHHR e
MOHITOPMHIY
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Puc. 12. Jlxepena oTpUMaHHS JaHUX [UISl CTBOPEHHS KapTH

Po3pi3HsIOTh uKepena CyqacHi, AKi BiIoOpakaroTh
HUHINIHIA cTaH 00'ekTa, MO Kaprorpadyerscs, i crapi,
110 MTOKa3yIOTh MUHYJIUIA CTaH 00'ekTa abo paHHI cTamil
HOro BUBYEHOCTI.

Kpim Toro, mxepena, 3aixydeHi aias kaprorpady-
BaHHS, MiIPO3AUSIIOT, Ha TEPBHHHI, OTPUMaHi B XOJi
MPSIMUX BUMIPIOBAHb 1 CIIOCTEPEXEHb, 1 BTOPUHHI, IO €
pe3ynbTaToM OOpOOKH i MEpeTBOPEHHS IIEPBUHHHUX Ma-
Tepiaib.

ActponoMo-reoae3nyni aani. Jlo mporo Bugy
JOKEpeIN BIHOCATD Pe3yJabTaTH aCTPOHOMIUYHHMX CIOCTE-
PEXKeHb, AaHi CUCTEM CYIYTHUKOBOTO IO3UIIOHYBaHHS,
rpaBIMETPUYHUX BHMIPIOBaHb, TPIAHTYJIALIl Ta TpUIIa-
Tepalliif, MoJIrOHOMETpii, HIBETIOBaHHS Ha MiCIEBOCTI.
Bonu HeoOxinHi, epur 3a Bce, A1l CTBOPEHHST KOOPIH-
HaTHOI (TUTAaHOBOI Ta BHUCOTHOI) OCHOBH KapT, TOOTO
Mepexi MYHKTIB, Ul SIKMX BH3HA4€HI ILIAHOBE IOJIO-
JKEHHsI 1 BUCOTa LIO/I0 PiBHS MOPSI, & TAKOX JJIs 009HC-
neHHst Girypu 3emii 1 po3paxyHKy HapameTpiB 3eMHOTO
enincoiga. IIpu cTBOpeHHI TiAPOIOTiYHUX KapT Ta KapT
BOJTHOTO TOCITIOJIAPCTBA TIEPEBAYKHO 3aCTOCOBYIOTH OITHU-
CH BOJHUX MEPEX, SIKi MPOXOJATh Yepe3 HaceleHi MyH-
KTH, OIUCH MITyYHO CTBOPEHUX BOJOWM, & TaKOX BOJ-
HUX 00'€KTiB, PO3TAIIOBAaHMX B 30HAX peKpealrtii.

Kaprorpagiuni mxepesa. 3arampHoreorpadiusi
KapTH BUKOPHCTOBYIOTH SIK JDKepeia TNpH CKIaIaHHi
OyIb-KHX TEMaTUYHHUX KapT. BoHM ciykaTh OCHOBOIO
JUIi HaHeCeHHs TeMaTH4yHoro 3micry. Tomorpadiusi,
OrIIsIOBO-TONOrpadiyni Ta OMISAAOBI KapTH — L€ Ha-
IiiHI 1 JOCTOBIpHI JpKepena, siIKi CTBOPIOIOTH 3a JiepKa-
BHUMH IHCTPYKISIMH, B CTaHAAPTHIN CHCTEMI YMOBHHUX
3HAKIB 3 NMEBHUMH, CTPOro (PiKCOBAHUMH BUMOTaMH IO
TOYHOCTI.

3HaveHHs 3arajibHOreorpadiyHux KapT He oOMe-
KYETHCS BUKOPUCTAHHSIM X JUISl IPUB'SI3KU TEMaTHYHO-
ro 3micty. Bonu 3abe3neuyrors reorpadiuyHy A0CTOBIip-
HICTh KapTorpadyBaHHs, Tparoydl pPoOJib OCHOBH, TOOTO
TOr0 KapKaca, BiJIHOCHO SIKOT'O IIPOBOJIUTHCSI HAHECEHHSI
i mojanbiia YB'SI3Ka HAKONUYYBAHOTO TEMATHYHOTO
3MICTY KapTH, a TaKOXX B3a€EMHE Y3TOJDKEHHS KapT pi3-
HOI TEMaTUKH.

Oco0auBuil BUI JpKEpen — KaJacTpoBi KapTHl i
IiaHu. BOHM 3 JTIOKyMEHTaJbHOIO TOUHICTIO BimoOpa-
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YKArOTh PO3MIILIEHHS, SKiCHI Ta KUIBKICHI XapaKTepUCTH-
KU SIBUIL Ta IPUPOIHUX PECYPCIB, AAIOTh X EKOHOMIYHY
abo COIiaJIbHO-EKOHOMIYHY OI[IHKH, MICTSTh PEKOMEH-
Jamii oo panioHaaIbHOr0 BUKOPUCTAHHS Ta OXOPOHH.

Marepianu aucta”uiiiHoro 3oHayBaHHsi. Mare-
playii AMCTAaHUIWHOTO 30HIYBaHHS OTPHUMYIOTH B pe-
3yJAbTaTI HEKOHTAKTHOI 3HOMKH 3 JITaIbHUX HOBITPS-
HUX 1 KOCMIYHHMX amapaTiB, CYIiB 1 MiABOXHUX YOBHIB,
Ha3eMHUX (HOTOTCOJOTITHUX CTaHIid. HalOimpmr mm-
POKO 3aCTOCOBYIOTBCS B Kaprorpadii mMartepianu aepo-
KOCMIYHOI'O 30H/IyBaHHsI, OCOOJIMBO KOCMIYHOI 3IOMKH,
sika, OyIydH OLIbII €KOHOMIYHOIO, MO JCTaIbHOCTI Te-
riep HaOJIMXKAETHCSI 10 aepo3HOMKU. MaTepiaiii aepoko-
CMIYHOTO 30HJyBaHHSI MalOTh BXXIHMBI MepeBar nepen
IHIIUMH JDKepeIaMHy TS CKIIaaHHs KapT:

1) ormsmoBicTh KOCMIYHHX 300payKe€Hb — BiJ| IJIO-
0aTbHOrO OXOIUICHHS MO JECATKIB KIJIOMETPIB MpH Jie-
TaJbHIA 3HOMIN 3a0e3leuye EKOHOMIUHEe KapTorpady-
BaHHS BEJIMKUX IIPOCTOPIB;

2) 3iioMKa 3 KOCMOCY OJHI€ET I Ti€l % TepHuTopii 3 pi-
3HMM PO3pPI3HEHHSIM Ta TeHEepai3alli€lo JO3BOJISIE Mapaie-
JIBHO CTBOPIOBATH Ta OHOBJIFOBATH KapTH Pi3HUX MacCIITa-
0iB, TI030aBIISTFOYN Bl HEOOXITHOCTI CKIIaIaTH KapTH Jpi-
OHIIIMX MAcIITa0iB 10 BETMKOMACIITAOHNM, 110 HEMHHY-
Ye MOIOBKYBAJIO O Tporiec KapTorpadyBaHHsL;

3) meHTpanbHa NPOEKIis, B sAKid OyayeTbcs 30-
Opa’keHHs, TIPH BEJMKIH BHCOTI LEHTPY NPOEKTYBaHHS
ONM3bKa JI0 OPTOrOHAJIBHOT, 10 cHpollye GpoTorpaMme-
TpUYHY 00pOOKY IPU CTBOPEHHI KapT;

4) NOBTOpHI 3HOMKH i3 33a[JaHOI0 NEPIOANYHICTIO
3a0e3MeuyoTh AUHaMIYHI KapTorpadyBaHHs Ta MOHITO-
PHHT HIBHKO MiHJIMBUX B Yaci IPOIECIB Ta SBUILL;

5) 3abesmneueHHs] KaprorpadyBaHHS Ba)KKOIOCTY-
ITHUX PalOHIB — ITyCTEJb, BUCOKOTIP'S, IOJSPHUX OCT-
POBiB, AHTapKTHUIM TOLIO, A0 TOTO K, BUPILIIYETHCS
npo0JiemMa 3HOMKH 1HIIHX TUIAHET Ta IX CYIyTHHKIB;

6) BHUpPA3HICTh 1 HAOYHICTH KOCMIYHHX 3HIMKIB
3YMOBHWJIH TIOSIBY HOBUX BHUJIIB KapTorpadiuyHol MpoayK-
uii — (oTokapT Ta CYHYTHHKOBUX KapT 0iodi3MuHHX
XapaKTEePUCTUK 3€MHOI TOBEPXHi;

7) KOMIUIEKCHE BiJOOpa)KeHHS Ha OJJHOMY 3HIMKY
BCIX KOMITOHEHTIB 3€MHHX JaHIMAa]TiB CIpHUsiE HaM-
OLIBII TIPaBHIIBHIN NIEpeadl IPOCTOPOBUX B3a€EMO3B'SI3-
KiB 00'€KTiB, 1110 KapTOrpadyroThCs.

3iOMKH BEAYTh B yIbTPadioIeTOBOMY, BUIUMOMY
Ta OmmwxkHBROMY iHppauepBoHomy (1Y), cepenubromy 1Y,
terioBoMy [Y, a Takok pajioXBHILOBOMY Jiama3oHax
CHeKTpy. 3iOMKa y BUAMMOMY Ta OnvxabpoMY U nmiama-
30HaX PEECTPYE COHSAYHE BUIPOMIHIOBAHHS, BITOUTE
00'ekTaMH BIATIOBIZHO IO IX CHEKTPaJbHOI BiJOMBHOI
3maTHOCTi. B temmoBomy [Y giama3zoHi peectpyeThbes
BJIaCHE BHUITPOMIHIOBaHHS 3eMIIi Ta TeMIlEpaTypHi Xapa-
KTEpUCTUKU 00'eKkTiB. 3HOMKa B I[bOMY Jiana3oHi He
3aJIeKHUTh BiJl OCBITJICHHS, MOXXKE€ BUKOHYBATHCS BHOYI,
ajyie XMapHICTh BCE X TaKH € Mepemmkoot0. CrieKTpab-
Ha SICKpaBICTh BOAM MaJa€ 31 3pOCTAHHSAM JOBXUHH
XBWJII COHSYHOTO BHUIpPOMiHIOBaHHs. [IpomeHi Oumx-
HbOi [Y IiISIHKM CIIeKTpa MaiKe MOBHICTIO ITOTJIMHA-
10ThCst BOJIOI0 (110 80%), 110 1a€ MOXKITMBICTH OauUTH Ha
3HIMKaxX TUIBKH KopaoHu Bomoimu. Illlomo rnubOunM
BOJIOMMHIIA Ta 00'€KTIB ITiJ] BOJIOIO MOXKHA OTPUMATH Y
BHIMMIH qiisHI criekTpa Bif 0,4 mo 0,7 mxwm (puc. 13).

SHIMKDY BUMMOMY TA | | 3y y TEnnoBoMY
BIWKHLOMY il 3HIMKN B PARIO-
IHOPAYEPBOHOMY o [IATIASOHI
CBITNOBOMY HIANA3GHI
(ONTVKO- TEMNOBI MIKPOXBMNBLOBI

IHOPAYEPBOHI PALIOMETPUYHI

CKAHEPHI
MEXAHIYHI)

—»| ®OTOTPA®IUHI PALIONOKAL|IAHI

CKAHEPHI
(n33)

Puc. 13. Jlianazonu ta 3aco0M OTPUMaHHs 3HIMKIB
JIMCTaHI[IHHOr0 30H1yBaHHs

HarypHi cnocrepeskennsi i BumiproBanns. Lli
JIaHl — HaWBaXIMBIMMN (aKTUUHUA MaTepian s
CKJIaJ[aHHsl OyAb-sKMX TeMaTu4HUX KapT. Hiski Henpsmi
Ta JUCTAHIIIAHI METOIM HE MOXYTh 3aMIiHHTH Oe3moce-
penHi crocTepexeHHs. binbmn Toro, 03 HUX HEMOXKIIU-
BE€ BUKOPHCTAHHS TEOPETUYHUX 3aKOHOMIPHOCTEH, iH-
TepIpeTanisl HeNnpsIMUX CIIOCTEPEXEHb, JCHNUPPyBaHHS
aepo- 1 KOCMIYHHX 3HIMKIB.

dopma momaHHS HATYPHUX CHOCTEPEXEHb pi3HA.
[Tpu rigporpadiuHuX CIIOCTEPEKEHHIX — 1€ pe3yibTa-
TH BUMIPIOBaHb, SKi 3aHOCATH Yy JKypHaJIM 1 TaOIMI,
npu (izuko-reorpadivHUX TOCHTIHKEHHIX — OIUCH, 110
(bikCcyOThCSA B IMOJICHHHWKAX Ta 3BiTax, QoTorpadii Ta
CXEMH, TPH TeOJIOTIYHO-reoMOopdOIoriyHuX  JOCi-
JOKEHHSIX — TIpodii, po3pi3y, AaHi OypiHHS CBEpAsIO-
BUH, OMHKCH IIypQiB TOIIO, MpH reodi3nyHiil 3HoMI —
3HAYEHHS CIIOCTEPEIKEHNUXK (DI3MIHMX TTapaMeTpiB.

3a Jokasti3aliero 1aHi 0e3MocepeiHiX ClOCTEPEKEHb
TOAIUISIIOTh HAa TOYKOBI, BUKOHAHI B OKPEMHX ITyHKTax Ta
TIOJIIrOHAJTBHI, IO OXOILTIOIOTH BCIO JIOCII/DKYBaHY TEpH-
Topito. OCOONMBO BUIUISIOTH CTAIliOHAPHI CIIOCTEPEKEH-
HS, HATIPUKJIa]T Ha Teo(i3NUHMX MONIrOHAX, O10CTAHIIIfAX, B
MYHKTaX €KOJIOTTYHOr0 MOHITOPHHTY TOLIO.

TinpomeTeoponoriuni cnocrepe:kenns. s Oa-
raTbOX BHJIB KapTorpadyBaHHs NIMPOKO BHUKOPUCTO-
BYIOTh PE3YJbTATH CIOCTEPEIKEHb, IIPOBEICHUX Ha Me-
TEOPOJIOTIYHHUX, TIAPOJIOTIYHUX Ta OKEaHOJOTTYHHX
cTaHIisx 1 mocrax. Ile maHi perynspHMX BUMIpIOBaHb
napameTpiB atMocdepH, aTMOC(EpHHUX IMPOIIECiB, OKpe-
MHUX METEOpPOJIOTIUYHHUX EJIEMEHTIB (TeMIepaTypu, THC-
Ky, PIBHS OIAaJiB, SCKPABOCTI COHSYHOTO CsiBa, IIBHI-
KOCTI BITPY, THILy XMapHOCTI TOIIO), TiJApPOJOTiYHOrO
PEXUMY PIYOK, 03€p, BOMOCXOBHII, (i3UKO-XiMIUHHX
XapaKTePUCTUK MOPCHKUX Ta OKEaHIYHHX BOJ| Ta JIECAT-
KiB IHIIUX TMOKa3HUKIB. [Ipu IIbOMY pO3paxoByIOThH Ce-
penHi JeHHi, MICsIYHI, CE30HHI Ta PiuHi 3HAYCHHs, a Ta-
KO 1HII TIOXiHI MOKa3HHUKH I10 PI3HUM BUCOTHUM piB-
HSMH aTMoc(epd 1 CTaHAAPTHUM TOPU30HTAM TIIMOWH
03€ep, MOPIB 1 OKEaHiB.

Exonomiko-cratuctuuni mani. Ilpu crBopenHi
KapT 1 aTaciB COMiaJbHO-€KOHOMIYHOI TEMaTHKH OCHO-
BHUMH JDKEpENaMH CIIy)KaTh MAacoBi JaHi, IO MICTSTh
KUJIBKICHI BIZIOMOCTI IIPO CTaH Ta JUHAMIKY BUPOOHUYNX
pecypciB, iX BHKOPHCTaHHS, PO3BUTKY IPOMHCIOBOCTI
Ta CLIIBCHKOTO I'OCIIONAPCTBA, TPAHCIIOPTY, EHEPIeTHKH,
(iHAaHCIB Ta 1HIIMX Taly3eil HAPOAHOr'O TOCIIONAPCTBA,
HaCEeJIEHHS, OCBITH, KYIbTYpH, cepu 00CITyroByBaHHS
Tomo. /10 OCHOBHUX €KOHOMIKO-CTaTUCTUYHHX JDKEPE
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HaJIe)KaTh MaTepiayii Aep)KaBHOI CTATUCTUKH 1 JaHi, 110
MyOJTIKYIOTHCS MIYKHAPOIHUMH OpTaHi3alisMHu.

TekcToBi mkepenaa. J[o TekcToBUX abo JiTepary-
pHO-TeorpaiuHUX Kepen BiAHOCATHCS Pi3HOTO POAY
reorpagiuHi (reoyoriyHi, IiCTOpUYHI Ta 1iH.) OIMCH,
OTpHMaHI B XOJi Oe3MmocepeHiX CIOCTePEKEHL abo B
MPOLIEC TEOPETUUHUX JOCIiKeHb. BoHM, 3a3BHUaii, He
(opMaiizoBaHi Ta He MalOTh TOYHOI KOOPAWHATHOI MPH-
B'SI3KH, aJle¢ 3aTe MalwTh O0pa3HICTh Ta OMISIOBICTH,
HEeOoOXiMHI Ui CTBOPEHHS YSBJIEHHS IIPO 00'€KTH, IO
KapTorpadyoThcs. 3BITH eKCHEemuIlii, MoHorpadidHi
mpari, cTaTTi MIicTATh (HaKTHYHUI Marepial Ta Teope-
TUYHI TTOJIOXKCHHS, HEOOXiIHI UIA TIIyMaueHHs Oara-
THOX IHIIUX JDKEPEN, IO 3aIy4aroThCsl MPU KapTorpa-
¢byBaHHi.

Emanu_cmeopenns xapm. CtBopeHHs: Tonorpadi-
YHUX Ta TEMATUYHHX KapT CKIANAEThCS 3 OCHOBHHX
JIBOX €TamiB: PelaKIiifHO-IIIJrOTOBYOTrO €Tamy Ta KOM-
IUIEKCY POOIT 3 BUTOTOBJICHHS KapTH.

PenaxkniiiHo-miarorosunii  eram. PepakuniiiHo-
MiATOTOBYMI eTanm — Lie Mepuri eTarm, 3 SKOro IMOoYH-
HA€ThCS CTBOPEHHs KapTu. Ha HbpOMY BinOyBaeThCs
MPOEKTYBaHHS KapTH, po3poOkKa ii KoHIemnii, ckiaaan-
Hs TIPOrpaMu HeoOXiqHUX [iil Ta 30ip HeoOXiHOI iH(O-
pMariii 3 mkepen nanux. Leit eram 3aBepiryeThcst CTBO-
PEeHHSIM TIpOEKTy (TporpaMu) KapTh Ta CTBOPEHHSIM
TemaTryHOl 0a3u nanux (b) (puc. 14).

PEOAKLIMHO-NIArOTOBYUMA ETAN

~

BMBHEHHA MECTPABILHIK
HAPAKTEPMCTUR BMBYEHHA IHOOPMALUAHOI
KAPTOr PAGYBAHHA NPOEKTYBAHHA KAPTH AL, [IKEPEN
TERUTORI TA IcHIOWX [¥] ™ 1 eKa3BOKIOO X
KAPTOMPABIHLDG BHKOPYCTAHHA
MATERIANIE
BMEIF TEXHONOT BMIHAUEHHA FAHLANIE
BATOTORNEHHA KAPTW TEHEPAMIZALII
CKNAJAHHA NPOrPAMU
KAPTH
MPOEKTYEAHHA 3WMICTY BLAIHAYEHHA MPMAHAYEHHR
KAPT 4 » KAPTH
BHBIP CTIDCOBIE = [
IEPMEHAI | 3EIP IHGOPMALY v T
CBOPMIEHHA
3 PI3HUX KEPEN OAHWUX

TA NOBYAOBA
BA3W DAHWX

Puc. 14. PenakuiiiHO-NiArOTOBYHIA €TaIl CTBOPEHHS KapTH

Kommuiexkc podiT 3 BHTOTOBJIEHHS KapTH Mic-
TUTH TPU €TallM: YBEJCHHS JaHWUX, 00pOOKa JaHUX, BH-
naHHs kapTtu. ETan yBeseHHs AaHUX sSBIsiE COOOI0 BHe-
CeHHsl 3i0paHMX Ha peNaKiiHHO-MIATOTOBYOMY eTari
JIAHUX 32 JIOIIOMOTOI0 Pi3HHX METOMIB Ta TEXHIYHHX
3aco0iB (puc. 15).

/

i

ETAMN YBEOEHHA BAHMX

{ PYUHE J [MHIBHBTUMI\WHE] [ ABTOMATHHHE W

J

Puc. 15. Cxiaznosi erarty yBeIeHHs JaHUX

HacrynHuii Ta HalOIIbIIMI eTan KOMIUIEKCY poOiT
3 BHTOTOBJICHHSI KapTH — II€ eTan oOpoOKH JaHuX, Ha
SIKOMY BiJIOYBa€ThCS CKJIaIaHHS KapTH, TOOTO KOMILIEKC
pobiT 3 BHUTOTOBJIEHHS! opuriHany kapTtu. CKiagaHHsS
BUKOHYIOTh B 00paHHX KapTorpadivyHiii mpoekuii, KoMm-
MOHYBaHHI Ta MaciuTadl, MPUHHATIH CHCTEMi YMOBHHX
3HAaKIB, 13 3aJlaHUM piBHEM reHepaiizamii. Januii eram
BKJTIOYAE TaKi €JIEMEHTH, SIK:

1) migroroBka Ta 0OpoOKa 3aBaHTaKCHUX TaHUX;

2) BCTaHOBJIEHHS MaTeMaTHYHOI OCHOBH KapTH;

3) eran CTBOpPEHHS KapTH;

4) po3poOKa 3MiCTy KapTH Ta JICTCHIH;

5) ckiajaHHsA OpUTiHATY KapTH 3 OAHOYACHOIO
reHepasTizali€ro Ta CTUIIICTHYHUM O OPMIICHHSIM.

Pe3ysnbpraToM gaHOro eramy € CTBOpeHa KapTorpa-
(biuHa MOJIETI B €IEKTPOHHOMY BHTIIsAL (pHcC. 16).

ECTAHDB!IEHHH
MATEMATHYHOT OCHOBM KAPTU

ABTOMATH30BAHE CTBOPEHHA KAPT

ETAM OBPOBKM JAHWX

\

MAroTOBKA | CBPOBKA
3ABAHTAXKEHWX BAHUX

s ™

BHKOPHCTAHHA BRE
TOTOROK LIMGPOBGT
KAPTH-OCHOBA
¥ BEKTOPHOMY ®OPMATI,
NATOTOBNEHO] NPGrPAMHUMA
3ACOBAMH MIC

CTBOPEHHA KAPT B PAMKAX
TEQIHPOPMALIAHOMD
KAPTOTPAGYBAHHA 3

BUKORHCTAHHAM NPOTPAMHMK
3JAGOBIE 1C

KOMITHOTEPHE CKNARAHHA
KAPTH HA BA3I PACTPY

¥

| UMEPYBAHHA |
v

‘ CTEOPEHHA BAIN AAHX ‘

¥
‘ CKAHYBAHHA BUAIIHCIO

¥
BMKOPUCTAHHS LMERPOBOT
MATERIANY KARTVCCHOBH

BEXTOPMALWA PACTPORDI CHTIAIAHHR HOBCE ABD

AVKMIALLA TOTOBCT AP TH
¥
GOPMYBAHHR WAFE
TEMATU-HHX ENEMEHTIE
GOPMYBAHHA LUAFIB
FECTPABUHMX ENENEHTIE
CTBOPERHA ABD

BAKCPUCTAHMHA ICHYIOU
EIENIOTERW YMOBHX SHARER

KONbOPOBE COOPMIEHHS
APTH

CTBOPEHA KAPTOTPAGIUHA
MOREN

PO3POBKA 3MICTY KAPTW TA
J'IEFEHEVI

KNAQAHHA OPMFIHAH!’ KAPTH
QDHOYACHOW FEHEPANISALIEKD
TA CTANICTUYHE O®OPMNEHHA

Ty
BUKOPUCTAHHA \
/FGTDBH)( RAH"D <LI,H<DPYBAHHH \ QCKAHVBAHHH )

CTBOPEHA KAPTAB
ENEKTPOHHOMY BUrNAAI

( )

Puc. 16. Cxiaznosi eramy 00poOKH 1aHUX

- /

3aBepmabHAM €TaroM KOMIUIEKCY poOiT 3 BUIro-
TOBJICHHSI KapTU € MiATOTOBKA JI0 BUJAHHS Ta BHIAHHS
KapTH, pO3MHOXEHHS ii B JpyKoBaHii (Tomirpadiyniii)
abo xomm'torepHii ¢opmi (puc. 17). IHoal miaAroToBKy
JI0 BUJaHHS 1 caMe APYKyBaHHs MOJUISIOTH Ha JiBa ca-
MOCTIliHI eTanu. BOHM OXOILIIOIOTH Taki MPOIECH: BHU-
TOTOBJICHHSI JIpyKOBaHUX (popM, 30epekeHHs JaHuX B
ur(pOBOMY BHIIISNI, BUKOPUCTAHHS KapTu Juist (hopMy-
BaHHS IHIIMX KapTrorpadiuHux Monenel (aHaTiTHYHHX,
CHUHTETHUYHHX).
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,/ ETAN BUOAHHA KAPTU

~ NOPAMBLE \

‘ l B HPYKYBAHOMY\ ( B UNGPOBOMY \ WKOPHCTAHHSA ﬂl‘l
BUrnsAAl ) BarnsAl TBOPEHI—!ﬂ AHANITUYHK
K A CHHTETM‘-IHI."IX

Puc. 17. Cxiaznosi eTamy BUJaHHS KapTH

Po3pobaenns MmeToqMKU MOOYAOBH
rizposorivnux kaprorpagiyanx Mojaeaei
3a nanumu /133 Ha npukiaagi piuxosoi
Mepe:xi 6aceiiny JIninpa

Peoaxyitino-niocomosuuti _eman. IlpoexTyBaHHSs
Kaptu. [lepmmm KpokoM mpu po3poOui kaprorpadiy-
HUX Mojelieil € mpoekTyBaHHs kapTH. Ha erami mpoek-
TyBaHHS KapTu OyJM BHBYEHI XapaKTEepHUCTHKH JOCIi-
JOKyBaHOI oOnacti kapTorpadyBaHHs TepUTOpii BOIHO-
ro Oaceiiny piuku J[Hinpo, 3a pe3ynpTatamMmu sIKHUX OyI10
BH3HAYEHO aKTyaJIbHICTh Ta PaIliOHAJIbHICTH MPOBEICH-
HS €KCTIEPUMEHTAIFHOTO JIOCIIDKEHHS caMe I[bOro Tif-
posnoriuHoro o6'ekra. Takoxk Oys10 BUBYEHO BKEe HasIBHI
JIOCII/DKEHHSI TI0 JaHOMYy OO0'€KTY Ha ChOTOJAHIIIHIH
JIeHb, 33 pe3yJIbTaTaMH SIKHUX OYJIO BUSIBIEHO MOXITHUBO-
CTi JUIS YIOCKOHAJIEHHS, OHOBJIGHHS ICHYIOUHX JaHHX
Ta BUBYEHHS 1HIIMX HANPSMKIB IIO/I0 MPOBEACHHS J10C-
JIJDKEHB 110 JAHOMY 00'€KTY, 30KpeMa:

1) MOXIIHMBICTH CTBOPEHHSI IHTEPAKTHBHUX KapT
nipu BukopucranHi ['IC;

2) ¢dopMyBaHHS KOMIUIEKCHUX KapTorpadiuyHux
MoJIeTIeH;

3) BimoOpakeHHsS NPOCTOPOBHX [aHUX,
JUTSl KOPUCTYBAua;

4) OHOBJIEHHS ICHYIOUHMX KapTorpapigyHiX MOJENei;

5) Oinbm rMOOKMI aHaJIi3 3 aHAJII30M CTOPOHHIX
YMHHHKIB BIUIUBY B JIaHii 00JacTi;

6) 3acrocyBaHHs gaHux J133.

[Micns aHamizy iCHyIOYMX JOCIIIKEHb OyIH BH-
3HAYEHI TEXHOJIOTIi JUIs MPOBENESHHS EKCIIePUMEHTAIb-
HOro JociipkeHHs. [Ipu npoBeneHHi Takoi podoTu oc-
HOBHA IepeBara Ipu BUBYECHHI XapaKTEPUCTHK ITOBEPX-
HEBUX BOJI BiJIaBajach 3aCTOCYBaHHIO maHux J[33, mo
MaloTh psJ MepeBar mepei iHIMIMMH METOJaMH JOCi-
JOKEHHSI:

1) 00'eKTHBHICTH — KOX€H KOCMIYHHIT 3HIMOK 00'e-
KTHBHO BiIOOpa)kae CTaH MiCIIEBOCTI HA MOMEHT 3HOMKHW;

2) aKTyaJbHICTh Ta XPOHOJIOTIYHICTH — Marepia-
JIM KOCMI4HOI 3lOMKH MOYKHA OTpUMATH Ha pi3Hi JaTu;

3) MacmraOHICTh — CydacHa 3WOMKa B OTJISIO-
BHX MacmTadax JI03BOJISIE OJHOUACHO 3HATH BEJIHYE3HI
TEpUTOPIi 3 BUCOKOIO JIETANI3AIIIET0;

4) eKCTepUTOPIabHICTh — JUISHKA 3HOMKH HisK
HE TPUB'A3aHI JO JEpKaBHUX ab0 aJMiHICTPATHBHHX
KOPJIOHIB, a OTXKe JJIs MTPOBEACHHS 3HOMKH HE TIOTPiOHI
Oynb-sIKi JO3BOJIH;

5) BHCOKa NIBHAKICTH OTPUMaHHS JIaHHX;

6) MOXJIMBICTH OTpUMaHHs iH(popMalii npo o0'e-
KTH, TIPAKTUYHO HEJOCTYIHI [UIsl JOCHIPKEHHS 1HIIUMH
crocobamMu, 30KpeMa, KOJMH O0’€KTH, IO IiKaBJIATH,
3HAXOJATHCS Y BAXKKOAOCTYITHUX MiCI[SIX;

7) orpuMaHHs iHOpMaIii B PI3HUX CIEKTPalb-
HHX Jiala3oHax;

8) orpumanHs iH(OpMaIi pi3HOI pO3pi3HIOBAIB-
HOI 3IaTHOCTI B 3aJICKHOCTI BiJ PO3B'sS3yBaHOI 3a1aui.

3pydHe

Benuki moxnuBocti ngae Bukopuctanusa ['1C mis
aHaJTi3y TigposoriyHoi iHdopmarii, MOHITOPHHTY €KO-
JIOTIYHOTO CTaHy, YNPAaBIiHHS BOJHUMH pECYypCaMHy,
MIPOBEACHHS CHCTEMHOT'O aHaJIi3y, MPOEKTYBaHHS MOJIe-
Jiel Ta MPOBEAEHHS IHIIMX POOIT, MOB'I3aHUX 3 TiJpO-
JIOTi€I0 Ta BOJHUM T'OCIOAAPCTBOM, JI€ HEOOX1THO TOY-
HO 3HaTH YaCOBUH Ta NPOCTOPOBUI PO3MOALT Pi3HUX
T1IPOJIOTIYHMX XapPaKTEPUCTUK Ha PIYKOBOMY BOJ0300Di
Ta MaTy MOXKJIMBICTb SIK OIIIHKH iX CTaHy, Tak i IIPOrHO-
3y MOXIIMBHX 3MiH. ba3u 1uppoBux naHmx, KOMI'rore-
pHe oOyaZHaHHS Ta MporpamMHe 3a0e3rnedeHHs € 000B's-
3koBUMH ckiagoBumu yactuHamu ['1C. Buxopsuum 3
LILOTO, HAa JaHOMY eTami podiT Oyinu BUBUYEHI iHpOpMa-
HifiHl 0a3W Ta pi3HI JpKepena MaHWX, Ha OCHOBI SKUX
Oynu CTBOpEHI 0a3u JaHUX JUIA MOAAJBIIOl MOOYIOBH
KaprorpagiuHux Mmozenedl. Y naHii poOOTi 3a pe3yib-
TaTaMu 300py naHux Oynmu nmodynosani Taki b/1:

1) 6a3a mmdppoBux reorpadivHUX JAaHWUX BOJHUX
00'eKTIB y BeKTOpHOMY (hopMmarti Ha ocHOBI laHnx SRTM;

2) 1mdpoa 6a3a rigpoNoriYHNX AaHUX, OTPUMAHHUX 3
TIOCTIB MOHITOPUHTY TIOBEpXHEBUX BOJ Y (hopmarti . XLSX;

3) 0a3a mudpoBux reorpadiuHUX JAHUX Y BULILII
DEM-nabopy napamertpiB peibedy 3a nanumu SRTM;

4) 06a3a TaHUX MMOKA3HUKIB BUKOPHCTAHHS BOJHUX
pecypciB Ykpainu y ¢popmati . XLSX;

5) pactpoBuii HabOp CYIMyTHUKOBHX 3HIMKIB 3 TO-
norpadiyHUMHU XapaKTEePUCTHKAMHU 1 MaTeMaTHYHOO
ocHOBOIO y (hopmari .tiff.

Jami Oymno mpoBeeHO aHai3 MPOrPaMHHX POIYK-
TIB JJI MOXJTMBOCTI HAaHOUIBII PaIliOHAILHOTO BUKOPHC-
TaHHs. Y JaHiil poOoTi s aHati3y, 00OpoOKH, CTBOPEHHS 1
Bi3yaiizalii 3i0paHMX IaHHX BHKOPHCTAHO MPOTPaMHUI
koMmiuieke ArcGIS, pospobnennii kommaniero ESRI mis
noOy0BU TeOiHPOPMAIIHHAX CHCTEM OYIb-SIKOTO PIBHSL.
OnmHUM 3 TOJIOBHMX YHMHHUKIB, SIKUH BIUIMHYB Ha BHOIp
caMe TmporpaMHoro 3abesnedeHHs ArcGIS € HasBHICTD Y
HBOMY JTOZIATKOBOr0 HaOOpy iHCTpyMeHTIiB Spatial Analyst
i ¥oro rpynu iHctpymenriB Hydrology, siki sIBISIOTHCS
crieniajbHIME IHCTpyMEHTaMH isl Oe31ocepeiHbpoi pooo-
TH, aHai3y i 0OpOOKH TipONOriyHKX JaHuX. [HCTpyMeHTH
rpyma [ipponoris (Hydrology) BHKOpUCTOBYIOTBCS ISt
MOJIEITFOBAHHSI TIOTOKY BOJIM 110 TIOBEpXHi. [HCTpymMeHTH 3
rpyma [igposoriss MOXKYTh 3aCTOCOBYBATHCSI OKPEMO Ta
BUKOPHCTOBYBATHCS MOCHTIZIOBHO JUIsi TIOOY/IOBH MepexKi
BOJIOTOKIB a00 BHIIJICHHS BOMOUIIB. J{aHa rpyma BKitogae
B ce0e Taki IHCTPyMEHTH:

1) Oaceiin (Basin) — cTBOpIOE pacTp, 110 MiCTUTH
KOHTYpPH BCIX CKJIQJIOBHX JPEHaXHOTO OaceiHy;

2) 3anoBHeHH: (Fill) — 3amoBHIOE JIOKaJIbHI 3HU-
JKEHHsI B pacTpi NOBEpPXHI Ul BUJAJICHHS BCIX HEBEIH-
KHX MOMUWJIOK 1 HETOYHOCTEH, NPUTAMaHHUX YBEICHHM
JIaHUM;

3) cymaphuii ctik (Flow Accumulation) — cTBO-
pIOE pacTp HOTOKY HAKOIMYEHHS B KOXHY KIITHHKY,
JIO3BOJISIE IOIATKOBO 3aCTOCYBAaTH (PAKTOp Bard;

4) wHampsmok ctoky (Flow Direction) — crBOpIoe
pacTp HampsiIMKy CTOKY 3 KOXXHOTO OCEpeIKy Mo Haii-
OJIDKYIOMY CYCIZTHBOMY OCEpEKY BHU3 IO CXMIY Haii-
OLIBIIIOT KPYTU3HH;

5) nomxwuHa JiHii ctoky (Flow Length) — o0urc-
JIIOE BiZICTaHb Bropy ab0 BHH3 3a TEUi€l0, a00 3BaXKECHOIO
BiJICTAHHIO, Y3/I0BXK MOTOKY ISl KOKHOTO OCEPE/IKY;
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6) nokajibHe 3HWKeHHs (Sink) — cTBOpIOE pactp,
SIKMH BU3HAYa€ JIOKAJIbHI 3HIKEHHS a00 pallOHH BHYT-
PIIIHBOTO JPEHAKY;

7) mpuB's3ka Touku rupna (Snap Pour Point) —
NPUB'SI3yE TOYKU TUpJA O OCEpeAKYy 3 HaiOUIbIINM
CyMapHHM CTOKOM Y MeXaXx 331aHol BiJICTaHi;

8) imeHTu(dikarisa Buaatkip (Stream Link) — Ha-
Jla€ YHIKaJIbHI 3HAYEHHS CEKIisIM PacTpOBOi JIiHIHHOL
MepEexi, pO3TaIlIOBAaHHM MK 3UICHYBAHHSAMMU JIiHIH;

9) mopsmok BogoToky (Stream Order) — Hamae
YHCII0, IO BU3HAYAE TIOPSAOK CETMEHTIB pacTpa, TOOTO
CErMEHTIB JIHIHHOT Mepexi;

10) BOJIOTIK y MPOCTOPOBHHA 00'€KT — MEPETBOPIOE
pactp, KU TpeNcTaBise JiHIHHY MEPEeXY y BEKTOpHI
00'eKTH, 10 MPEACTABIISIOTH MEPEXKY JIiHIH;

11) Bomonin (Watershed) — Bu3Hauae Bomo30ipHY
00J1aCcTh, pO3TaIlIOBaHy BHIIE HA0OOPY OCEPEAKIB pacTpa.

Komunnexc_pobim wjodo cmeopenns_xapm. YBe-
JIeHHsI JaHuX. Y NaHiil poOoTi OyiIu BUKOPUCTaHI TOTO-
Bull HaOip HaHux BomHuX 00'ekTiB SRTM, crBOpeHwMIt
Ha 0a3i qanux [[33, pamionokariiiaux maHi SRTM, nani
aepOKOCMIYHOI'0 MOHITOPUHTY 3eMJli 1 0a3u JaHuX Mo-
HITOPUHTY CTaHy IIOBEPXHEBHUX BOJ 3i0paHUX 3 MYHKTIB
€KOJIOTIYHOI'0 MOHITOPHHTY TOBEPXHEBHX BOJ. Po3riis-
HEMO BXIi/IHI laHi OUIBII IETaIBHO.

1. Hani npo Boani 06'ektu SRTM (SWBD) — 11e
HaOip reorpadiuHuX NaHUX, SIKUHA KOIye oOpHcHu Oepero-
BO1 JIiHIT 3 BUCOKOIO PO3/IUJILHOIO 3[JATHICTIO 10 BCHOMY
CBITY y BekTOpHOMY (opmari, omyOmikoBanuii HACA i
MIPU3HAYCHUHN /51 BUKOPUCTAHHSA B Teorpadiuuux iH(o-
pMaliiHuX cucTeMax i kaprorpadiyHux nopaTkax. Bin

HBOrO iH(payepBoHoro crekrpa abo NIR (Near
Infrared). 1{1 yacTuHA CIieKTpa OCOOJUBO BaXKIMBA IS
€KOJIOT'IB, OCKUIBKH BiJOOpaka€ BOJIE B JIMCTI 3IOPOBHX
pociuH. [TopiBHIOIOUH 3 300pa’keHHSIMH 1HIIKMX Jiana3o-
HiB, oTpumyeMo iHAekcH Hakmraar NDVI (Normalized
Difference Vegetation Index). NDVI — HopmastizoBaHuiA
BITHOCHUH 1HIEKC POCIHMHHOCTI, MPOCTUH KUTbKICHHUN
MOKa3HHUK KUIBKOCTI (POTOCHHTETHYHMIT aKTUBHIN Gioma-
cu. OnvH 3 HaWMOIIUPEHIINX | BUKOPUCTOBYBAHHX 1H-
JIEKCIB JJIsI BUPIIICHHS 3aBJaHb KUIbKICHOI OITIHKHA POC-
JIMHHOTO TIOKPUBY.

4. 3aranbHi TIOKa3HUKA BHUKOPUCTAHHS BOJHUX
pecypciB Ykpainu (OpMyIOThCs IOPOKY JlepaBHUM
areHTCTBOM 3 BOJHHX PECypCiB Ta MIcTATh Bimomocri
PO BEJIMKI BOM03a00pH Ta CKUAM CTIYHHMX Ta IHIIUX
BOJ OaceiHiB OCHOBHHX PIU4OK YKpaiHH y BHUIVISI TaO-
mnne Gopmaty . XLSX.

5. Bigkputi gaHi Aep»aBHOO MOHITOPHUHTY I0-
BepxHeBUX Boj Ykpainu 3a 2003 — 2018 poku y Burisii
Tabmuup Gopmary .XLSX.

6. T'eorpadiyna ocHOBa y BEKTOpPHOMY QopMarTi
(mmapu o0JIacTel, MICT, KOPJIOHY JIEPIKABH).

Ha puc. 18 HaBeneHo CTPYKTYpHY CXeMY METOIH-
KU 1MOOY/JOBY T1POJIOTIYHUX KapTorpadiqHuX MoJesnei
3a ganumu J133.

CrBopennst mapiB kaptu. binsmricts I'IC no3Bo-
JI€ PO3ALIATH iH(GOPMAIIiF0 Ha KapTi Ha JIOTIYHI KaTero-
pii, sika Ha3uBaeThes mapamu. lapu micTsaTes iHpOpMa-
Ii}0 TIIBKU HPO OJUH THIT O0'€KTIB (HANPUKJIAM, THII
IPYHTY JUJISTHOK) a00 TIPO HEBEJHKY TPYIy 00'e€KTiB (Ha-
MIPUKIIaJ, KOMYHaIIBHI TpaHcropTHi Marictpaii). Hlapu

Oys crBopenmii xomnanicio BAE Systems CTBOPEHHS IOPONOrIYHOI BUJAHHA
ADR s HanjoHanbHOro areHTCTBa I€O0- YBEMIEHHA QAHUX oPo AAHE
. B KAPTOTPAQIYHOI MODENI KAPTOTPAQIYHOI MCAENI
npoctopoBoi po3Biaku CIIA (NGA) sk mo-
JATKOBMH IPOAYKT NPU pejarysaHHi Gasu R e s | CTEOPEHHS rEOrPADIHO
nannx mudposux Monened penbedy (LIMP) FEQTPAGIUHIMA OcHGBM MIOPATLIUE BAKOPHCTAHHS
o . . AAHAMH CTBOPEKO! FIAPONCIIUHOT
Micii  rtomorpadiunux  pamapis  Shuttle ¥ MOREN A OCHOBY AR
- [ NOBYACBH IHLEWX
(SRTM). Jani SWBD mnokpuBaroTh MOBEpX- - MOBYI0BA LMGROBO rmpomr’ﬂwmwnm
HIO 3emyi Mik 56° miBAEeHHOT WMpoTH 1 60° Lrebatmonermeor || | [ ORE PETeEDy 38 ARt
1 1 T 1 _ 3HOMEW NOBEPXHI
TIBHIYHOI MHPOTH. Bin TOUIHPIOETHCS Y ¢o g Bl 5
pmarti wein-¢aitny ESRI, posainenoro na 12 ¥ GOPNATI HET A B
[V [ FozpednedHs kaptorpadiyHux
229 (aiinis, KOKEH 3 SKMX OXOIUIOE OHY CTOKY 3A JAHVMY LMP | onenai satpyprenen
IUTUTKY NOBepxHi 3emi po3mipom 1-1-1°. 51 BO[HHX OBEKTIBY ro2spiHezite 800 Bacalty
. BEKTOPHOMY SOPMATI, ¥ piuiar flminpo
2. SRTM (Shuttle radar topographic CTBOPEHA HA OCHOBI -
o (X% [OAHNX SRTM POSPAXYHOK EOOHOIMEPEX]
mission) — 3aiiicHeHa y qrotoMy 2000 poky 35 DA IR UP ————
3 OOpTY KOCMIYHOro Kopalbis OaratopazoBo- — Wopene anprCTarn
ro Bukopucranus "Ulartn" pamapha iHTep- CYTTHVIKOS! 3HIME v ¥ e T
BAMAHBOMY JO0AEAHHRA pivien [rinpo y BOfHOMY
7| i 1 IHOPAYERBOHOMY MMM OHATBHOTD WAPY racnogapcTal
(beppMeTquHfl 3HOMKa TOBEPXHi  3eMHOI JHoppaonony. bkl
kymi. JlaHa 3lioMKa TpOBENCHA HA OLIBININ LANDSAT- BOf (SWBD)
. . . . . ¥ PACTPOEOMY ¥
YacTUHI TepuTopii 3emiti (Mixx 54° miBIeHHOT SOPMATI TIFF CTBOPEITR
mupoty 1 60° MiBHIYHOI ITUPOTH), a TAKOX T > ”Onéﬁfmﬁfn%?s”iw mmggg&w Qﬂ?ﬁﬁﬂ?y
okeaHiB. Pe3ynbraTom 3iioMku crana mudpo- B/| REPHABHOTO CYMYTHYKOBIMM SHIMKAMIA
. . MOHITOPHHIY v
Ba Mojenb penbedy 85% moBepxHi 3emii. FOBEPXHEBUIX BOJl S
Bcboro B pe3ynbrati 3OMKH OyJ10 OTPUMAaHO L g O KAPTW3 TEHEPATIGALIEIO TA
o . .o . - CTANICTHYHIAM
12 TepaGaI/IT paalojIoKallMHUX OaHuX, SAK1 I ORORMNEHHAM
TPOTATOM 2 pokiB IpoxoauwiIu oOpoOKy da- ——— mm‘émﬂ KAPTOTPAGINHA MODERL ¥
xiBIisiMu NASA. BHKOPVCTAHHS BOBHMX KAPTOTFAGHANGLENS MANEPCBOMY BUTISIN
3. Hani i1 PECYPCIB Yi@AlM TIOPONONIHHOT MEPEXI PIdKH
. JUCTAHIIITHOTO  30H/yBaHHS ¥ GOPMATI XLSK LHIRD
amepuKkaHChbKoro  cymyrHuka — Landsat-8. |
Landsat-8 — amepukaHchKuii cymyTHHK 133,

BOCBMHH B pamkax nporpamu Landsat. V na-
Hill poOoTi OyaM BUKOPUCTaHi 3HIMKH OJNMXK-

Puc. 18. CrpykrypHa cXema METOIMKHU 100y10BU

rizponorigyHux KaprorpagivHux Mozenei 3a ranumu /133
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MOKHa BUKOPHUCTOBYBATH ISl CTBOPEHHS KOMIIO3UTHHX
KapT, NOEJHYIOUH iX 300pa’keHHS Ha AUCILIE] KOMII'IO-
Tepa. [Ipu aHami3zi HOBUX TEPEKPHUTTIB CTBOPIOIOTHCS
MaTeMaTH4Hi KOMOIHOBaHI MEPEKPUTTS BIKE 1CHYIOUHX.

KomrekcHa kapTa BOIHHX pecypciB OaceiiHy pi-
yku J{HINpo ckianaerbes 3 mapi. KoxxeH map MicTuTh
pi3Hi BUaM iH(OpMALIiT — ITOJITOHH, TOYKH, JIiHii, TEKC-
tu. lllapu kapTH € CTPyKTYpHUMH OJUHULAMH, 3 AKUMU
kopuctyBay mnpamtoe B ArcGIS. Ilepmmm mapom 3aBaH-
Ta)keHa reorpagiyHa OCHOBA — JIHIMHI IIap JepyKaBHOTO
KOpPJIOHY, MOJIITOHAJIBHI ITapy 00JNacTel Ta TOYKOBI LIapu
Mict Ykpainu (puc. 19).

Cynanr

Xapriz
Tosraza
{
othemyx Crodmcr CeoepondenmR
Vacrdp
H{. SO rmWnerK
" Maxdizza
Koot Jiorerme
Bir Saropizoxn
Hitpriorts
iymors
* Mioniaia Menizoroms
epcor
Onfea
Keps
e }be;
c@a&%@m

Puc. 19. Illapu obmacHoro noxity Yxpainu

HacrynHuii map — map penbedy, CTBOpeHUH 1Ist
MOAAJIBIIOI MOXIIMBOCTI BH3HAUEHHS OaceifHa pIYKH
JIHIMpO Ha OCHOBI paHille 3aBaHTAXKEHUX paioioKa-
uiitaux gannx SRTM (puc. 20).

{

Puc. 20. Ilap penbedy Yipainn

{

ITicnst yTBOpeHHs Mmapy penbedy 3a JOMOMOrO
HaOopy iHcTpymeHTiB Spatial Analyst Ta Horo rpymnu
incrpymenTiB Hydrology cTBOproeThcs MOINIrOHaNbHUHA
map OaceliHy piuku duinpo (puc. 21). Janmi Ha 6asi
CTBOpEHHX wIapy penbedy Ta mapy OaceifHa pidyKH
JIHIIpO OoTpUMYEMO mIap BOIHOI Mepexi piuok OaceiHy
Juinpa (puc. 22). Jani nomaerbest HaOip reorpadivyHux
nannx SWBD y BUIIIsii NONITOHAJIBHUX IIAPIB MOBEp-
XHEBUX BOAHUX 00'eKTiB (puc. 23, 24).

Jlnst CTBOpPEHHST BEKTOPHOTO LIapy piuku J[Himmpo
BUKOPHCTaHO CYNYTHHMKOBI 3HiMKM Landsat-8 ta crTBO-
peHO Mo3aiKy 3HIMKIB JUIS MOAAIBIIOI POOOTH 3 HUMH

Puc. 24. Illap moBepxHEBHUX BoJ OaceliHy
(puc. 25). piuxu Crup 6aceitny Jlninpa
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Puc. 25. Mo3zaika cyrmyTHHKOBHX 3HIMKIB piuku J{Hinpo (B cepenoBurui ArcGIS)

Ha ocHoBi cTBOpeHOi M03aiku 3HIMKIB MOOYyI0Ba-
HO TOJNIrOHAJIFHUE MIap pycia piuku J{Hinpo 3a momo-
MoOroro Habopy iHcTpyMmeHTiB Spatial Analyst Ta rpynu
iHcTpymeHTiB Multivariate (puc. 26).

Puc. 26. IlonironansHuii map pycna piuku JHinpo,
CTBOPEHHIT 3 CYITyTHUKOBUMH 3HIMKaMH

B pe3ynbrarti orpuMaHo 6a30Buii KOMILIEKC HIapiB
riposoriyHol Mepexi oaceitny piuku dnimnpo (puc. 27).

Puc. 27. Illap moBepxHEBUX BOZ[‘63.CCI\/'IHy piuxu JJninpo

HacTynHEM KpPOKOM € CTBOPEHHS 3MICTy KapTH,
3aCTOCYBaHHS KOMIUIEKTY YMOBHHX 3HAKiB, IIPOBEICHHS

reHepasizanii Ta cruiictuaHoro ogopmiieHHs. B pe-
3yJAbTaTI CTBOPEHO KapTorpagiuHy MOAENb TiJpoJoriv-
HUX pecypciB Oaceitna piuku ninpo. Bpewri, kapror-
padiuHa MozieNs ToTOBa 10 BuiaHHs (puc. 28).

Bunannsi kaprorpadiunoi moaesi. B3arasi, npo-
rpamHi 3acodu ['IC MaroTh qocuTh MUpOKHUN Hadip 3a-
co0iB BUBEIICHHS 3 €JEKTPOHHUX KapTorpadiyHux Mo-
Jenel pi3sHOMAaHITHUX JAQHUX, BKIIOYAIOUM iX KapTorpa-
¢iuny Bi3yauizalito Sk HaHOULIbII TEXHOJIOTIYHO CKIIAM-
HUI BU] MiJICYMKOBOI 200 MpoMiXkHOi jokymeHTarii. Jlo
JIOKYMEHTIB, 10 3a3BHYail MICTSTh KapTrorpadiuHi mo-
Jierti, HalexaTth TaOnuii, xaprorpadidyni Ta rpadivHi
Matepianu. B paniit poboti Onox Bizyamizamii JaHUX y
BUTJSIII IIM(PPOBUX KapT BUCTYNAE B SKOCTI OIHOTO 3
OCHOBHHX e€JIeMEHTiB. BmucokosikicHa KaprorpadiuHa
rpadika, sika iMiTye TpaauniiHi 3acodu kapTorpadiqHoi
MOBU Ta crmocoOu kaprorpadigyHoro 300pa)keHHs 3a
MiATPUMKH PI3HOMA@HITHUX IPUCTPOIB BiJOOpaXKeHHs,
HAJISKUTh JI0 YHCla 00O0B'SI3KOBHUX 3aC00IB MPOrpaMHO-
ro 3ab6esneuenHst ['IC. Kapra e mozmemtro nificHocTi i
Ma€ THOCEOJIOTIYHI BJIACTHBOCTI, TaKl SIK 3MiCTOBHA Bij-
TIOBIZIHICTh, a0CTPaKTHICTh, IPOCTOPOBO-4ACOBA IOAO-
0a, BUOIPKOBICTh, CHHTETUYHICTB TOIIIO.

udposa kapTa m03BONISIE OLNBII IOBHO aHAJI3Y-
BaTH HasBHI J]aHi, OTPUMYBAaTH HOBY iHQOpMalliro 3 re-
BHHUMH BJIACTUBOCTSAMHM. BOHa MiCTUTB HE TIIBKM KapTo-
rpagiuHi JaHi Ipo MPOCTOPOBi 00'€KTH, aje i OMUCOBY
inpopMmanito (arpudyru). Takox mudpoBa Kapra Mae
PSII MOKITMBOCTEH TSI OAJIBLIIONO BUKOPUCTAHHS TIPU
CTBOpEHHI 1HIINX KapTorpadidHux monenei (puc. 28).

BucHoBku

Ha migcraBi mpoBeneHoro anamizy kiacugikarii
reorpagiuHuX KapT 3a 3MiCTOM, MacIITaboOM Ta MPOCTO-
POBHM OXOIUICHHSM BH3HAYCHO MiCIe TiAPOJOTIYHUX
KapT BOJ CylIi B 3aranbHiil kiacudikanii kapt. [Ipose-
JIEHO JIeTAbHUH aHaJli3 Pi3HOBHIIB TiAPONOTIYHUX KapT
i KapT BOAHOIO TOCIOAAPCTBA 3 ypaxyBaHHSIM HpH3HA-
YEeHHS 1 CKJIAaJOBUX TiPOJIOTIYHOI HAyKH, METO/IB
OTpUMaHHS Ta OOPOOKH TiPOJIOTIYHUX JAaHHX.
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Puc. 28. Cxema nopapIIoro BUKOPUCTAHHS CTBOPEHOT I'iiposioriyHoi kaprorpadidnoi Mozeni 6aceiHy piukoBoi Mepexi J[Hinpa

ITpoananizoBaHO OCHOBHI 3aBJAHHS BOAHOI'O I'OC-
rojapcTBa Sk 00JIacTi MisSUTBHOCTI, MO Mae 3a0e3nevy-
BaTH YNpPAaBIiHHA PalliOHAJIbHUM BUKOPHCTAHHAM BOJI-
HHUX PEeCypCiB, a TaKOX 3aBHaHHA KapTorpadyBaHHI
BOJHOTO TOCHOJAapCTBA 1 KJIACH(DIKAIiI0 BiIMOBITHUX
KapT. Po3risiHyTOo rocnogapchkuii Ta €KOJOTiYHMH ac-
HEKTH KapTorpadyBaHHs BOA.

[IpoBeneHo aHaji3 iCHYIOUMX IOCHTIPKEHb BUKO-
PHUCTaHHS TEXHOJIOTIH TeoiHPOPMAIHUX CHCTEMU Y
rizposorii Ta po3poOui TiAPONOTIYHUX KapT, Y TOMY
YUCII PO3IJIAHYTO JOCIIAHUIBKI JOCATHEHHS YKpaiHu B
naHii ramy3i. PazoM 3 THM, IpOBeEHO aHalli3 CydacHUX
rapameTpiB Ta cTaHy piuku J{HINpo sk MpHKIaay mpen-
METHOTO IOCIIiIKEHHS.

Bce 3a3Havene 3abe3neuye akTyalbHICTh 1 METO-
JIOJIOTiYHI OCHOBH JJIsl PO3POOJICHHSI METOJUKH I00Y-
JIOBU TiPOJNIOTIYHUX KaprorpadiuyHux Mojeinel 3a ja-
HUMHU JMCTaHIIMHOIO 30HAYBaHHA 3eMIIi.

B nporieci po3po0neHHs BKa3aHOI METOAUKH JieTa-
JBHO MPOAHATI30BaHO JDKepena IaHWX Ul MOOYyJOBH

KaprorpadiuHUX MOAENEeH, a TaKoX €TalH CTBOPEHHS
KapT — BiJ peNakIiifHO-MiArOTOBYOTO IO €TaliB yBe-
JIeHHsSI Ta OOpOOKHM IaHUX i 3aBEpIIANBLHOrO €Tany BH-
JaHHA KapTH. 3alpOIIOHOBaHY METOAUKY B ITOAPOOUIIAX
OIMCaHO CTPYKTYPHO H OKPOKOBO, 110 HaJa€ KOPHCTY-
BaueBl IOBHE YABJIEHHA LIOAO HEOOXIMHMX IO BHUKO-
HaHHS TPOLEIYyp, PECYpCiB BXITHUX JaHUX Ta BiJIOBI-
JHOIO TIPOrpaMHOro 3a0e3NeueHHs I OTPUMAaHHI
Oynp-sKOI TiZponoriyHoi KaprorpadiuHoi moxenm i3
3aJJaHIMH [IapaMeTpaMU 1 TEMaTUYHUM HaIlOBHEHHAM.
OtpuMaHi 13 BUKOPUCTAHHAM 3aIPOIIOHOBAHOI METOMU-
KA eNeKTPOHHI Tifpoyoriuni kaprorpadiyni Mozedmi
3a0e3MedyloTh Ha BUMOTY KOPUCTyBaua BHAAHHS 3a
JIONIOMOTror0  Tiporpamuoro mnakery ArcGIS 0a3 naHux,
rpagiuHux, kaprorpadiyHUX Ta iHIIMX MaTepiaiiB, IO
CTOCYIOTBCS 3aJaHOI'0 00’€KTY BOJHOI'O TOCIOAApPCTBA.
TakuM YMHOM, NPUPORO3AXHCHI 3aKJIaAd MaTUMYTh
aKTyaJli30BaHi i3 3aBJAaHOI0 DEryJSIPHICTIO TeMaTH4HI
T1IPOJIOTIYHI KapTH, IO BiJOOpPaXKalOTh CTaH MPiCHOBO-
JTHUX TIPUPOJHUX PECypPCiB.
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Mertoauka nocTpoeHusi THAPOIOrHYECKUX KapTorpaguyecKux Moaeeit
110 JAHHBIM JMCTAHIHMOHHOI0 30HAMPOBAHNSA 3eMJIU

C. M. Anppees, B. A. Kuiun

AnnHortanus. Ilpexverom wucciaefoBaHusi sSBISIETCS pa3pabOTKa METOJWKM  IIOCTPOEHHS THIPOIOTHYECKUX
KapTorpaduyecKix MOJeNel 10 JaHHBIM JIMCTaHIHOHHOro 3oHmupoBanus 3emiun (/133). O0beKToM HCCIeI0BAHMS SIBISETCS
TpoLIeCC HENPEPHIBHOrO 00eCeueHns IPUPOJOOXPAHHbIX YIPEXKICHNI rocy1apcTBa TEMaTHYECKUMU THAPOIOTHYECKUMHU KapTaMH,
KOTOpBIE [IOCTOSIHHO AKTYaJIU3HPYIOTCS U OTPAXKarOT TEKYLLEe COCTOSHHUE MPECHOBOAHBIX MPUPOAHBIX pecypcos. Ilesbio padoTsl
SIBJISICTCS TIOBBIIIEHNE NH(OPMATHBHOCTH, OIIEPATHBHOCTH U IOCTOBEPHOCTH CTaTHCTHYECKOr0 ¥ IPOrHO3HOIO aHAIN3a Te0laHHbIX
/133 0 cocTosHMM TPECHOBOIHBIX MPHPOIHBIX PECYPCOB 3a CUET HENPEPHIBHOM aKTyalHM3allMd MX KapTorpaduyecKHX MOJIEINEH.
BoiBogpl. Ha ocHOBaHMM TpOBEJEHHOro aHanmm3a KiIaccUPuKamuy reorpaguyueckux KapT IO COAEpKaHHIO, Maciraly u
MPOCTPAHCTBEHHOMY OXBAaTy OIPEAEICHO MECTO TMIPOJIOrMYECKHX KapT BOZ CyIIM B oOweill kiaccuduxarmu kapr. [IpoBenen
JIeTaIbHBIA aHAJIM3 Pa3HOBUHOCTEH THIPOIOrMYECKNX KapT W KapT BOAHOTO XO3SMCTBA C YUETOM HAa3HAUYEHHS M COCTABIIIOIINX
THAPOJIOTMYECKO HayKH, METONOB IOMYYeHUsI U 00pabOTKU THAPOIOrHMYECKUX JaHHBIX. [IpoaHamM3MpoBaHBl OCHOBHEIE 331a4i
BOJIHOI'O XO3fiiCTBa KaK 00NacTu AESTENbHOCTH, KOTOpasi JOJDKHA 00ECIeuyBaTh YIPaBIeHUE PAlMOHATIBHBIM HCIIOJIB30BaHHEM
BOJHBIX PECYPCOB, a TaKKe 3aJaud KaprorpaMpoBaHHUsS BOJHOIO XO3fiCTBA M KiIacCU(UKALUA COOTBETCTBYIOIIMX KapT.
PaccMoTpeHBI  XO3SICTBEHHBII M DKOJOTMYECKHMI acleKThl KaprorpadupoBanusi Boj. [IpoBeneH aHaiM3 CyHIECTBYIOIIHX
HCCIIEIOBAHUH HCIIONB30BAHMS TEXHOIOIMl reOMH(OPMAIMOHHBIX CHCTEM B THPOJIIOTHH M pa3pabOTKe THIPOJIOTHYECKHX KapT, B
TOM YHCIIE PAacCMOTPEHBI HMCCIEN0BATENIbCKUE JOCTIKEHUs YKpaWHbl B JaHHOH orpaciu. Bmecre ¢ Tem, mpoBeneH aHamm3
COBPEMEHHBIX TapaMeTpoB U COCTOSHUS peku J[Hemp kak mpumepa NpeIMeTHOro HcciefoBaHus. Bcee ykasaHHoe obecrieumBaer
aKTyaJIbHOCTh M METOZOJIOrMYECKHE OCHOBBI Ul Pa3paOOTKH METOAMKHM HOCTPOSHUSI T'MAPOIOrMYECKUX KapTOrpadMuecKux
MozielIell MO JIaHHBIM JIMCTAHLMOHHOIO 3OHIMPOBaHMS 3emid. B mponecce pa3paboTku yka3aHHOM METOOMKM IOAPOOHO
MIPOAHAIM3UPOBAHBl UCTOYHUKH JAHHBIX JUIS ITIOCTPOEHMsSI KapTorpauuecknx MOJENel, a TalkKe JTalbl CO3JaHMs KapT — OT
PEIaKIMOHHO-TIOAT OTOBUTENILHOrO K 3TaraM BBOJIAa M 00pabOTKH JaHHBIX M 3aBEpLIAIONIEro dTara u3aaHus Kaptel. [IpemiokenHas
METOJMKa MOAPOOHO OIMCaHA CTPYKTYPHO WU IIOIIArOBO, 4YTO MPEIOCTABISAET IOJb30BATENIIO IIONHOE IPEICTaBICHHE O
HEOOXOANMBIX K BBITIONHEHHIO HPOIEAYP, PECYPCOB BXOIHBIX JTAHHBIX M COOTBETCTBYIOLIEIO IPOrPAMMHOIO OOECTICYEHHMS UL
TIOTy4eHHs] JTF000H THAPONIOrHYEecKOil KapTorpaguiaeckoil MOAENN C 3aJlaHHBIMH T1apaMeTpaMd U TEeMaTHYECKHM HAIlOJHEHUEM.
[omydeHHBIE C HCIOIB30BAHUEM IIPEIOKEHHOH METOIMKH JJIEKTPOHHBIE THAPOJIOTHYECKHe KapTorpaguiyeckue MOIENH
00ecreunBaloT Mo TPeOOBAHMIO TIONB30BATENS W3/IaHUE C IIOMOIIBIO mporpaMmHoro nakera ArcGIS 6a3 maHHBIX, TpadHUYecKuX,
Kaprorpa@uyecKux ¥ Jpyrux MaTepualoB, KACAIOLIUXCS OMPEIEICHHOr0 O0BEKTa BOIHOro Xxo3siictBa. Takum 00pasom,
MIPUPOIOOXPAHHBIE YUPEXKIEHUST OyayT HMETh BO3MOXKHOCTH NOJydaTh AKTYyaM3WPOBAaHHBIE C 3aJdHHOW PEeryJIspHOCTBIO
TEMaTHYECKUE TUAPOJIOrMIECKHUE KapThl, OTPaXKAIOLIE COCTOSHUE IIPECHOBOIHBIX IPUPOIHBIX PECYPCOB.

KaueBbie cioBa: BOIHBIE PECYPCHI; TUIPOJIOrHUECKUE KapTorpaduiecKie MOJIEIH; IUCTaHIMOHHOE 30HINPOBaHHE
3emnn; Texnomoruu ['MIC.

Methods of construction of hydrological cartographic models according to remote sensing of the Earth data
Sergey Andrieiev, Volodymyr Zhilin

Abstract. The subject of the study is the development of methods for constructing hydrological cartographic models based
on remote sensing of the Earth (RSE). The object of the study is the process of continuous provision of nature protection
institutions of the state with thematic hydrological maps, which are constantly updated and reflect the current state of freshwater
natural resources. The aim of the work is to increase the informativeness, efficiency and reliability of statistical and forecast
analysis of remote sensing geodata on the state of freshwater natural resources through continuous updating of their cartographic
models. Conclusions. Based on the analysis of the classification of geographical maps by content, scale and spatial coverage, the
place of hydrological maps of inland waters in the general classification of maps was determined. A detailed analysis of the types of
hydrological maps and water management maps, taking into account the purpose and components of hydrological science, methods
of obtaining and processing hydrological data. The main tasks of water management as an area of activity that should ensure the
management of rational use of water resources, as well as the task of mapping water management and classification of relevant maps
are analyzed. The economic and ecological aspects of water mapping are considered. The analysis of existing researches about the
geoinformation technologies usage in hydrology and development of hydrological maps is carried out, including research
achievements of Ukraine in this branch. At the same time, the analysis of modern parameters and condition of the Dnieper river as an
example of subject research is carried out. Aspects mentioned above provide relevance and methodological basis for the
development of methods for constructing hydrological cartographic models according to remote sensing of the Earth. In the process
of developing this methodology, data sources for the construction of cartographic models are analyzed in detail, as well as the stages
of maps creating process - from editorial and preparatory to the stages of data entry and processing and the final stage of map
publication. The proposed method is described in detail structurally and step by step, which gives the user a complete picture of the
necessary procedures, input resources and appropriate software to obtain any hydrological cartographic model with the specified
parameters and thematic content. The obtained by using the proposed technique electronic hydrological cartographic models provide,
at the request of the user of the publication, with the help of the ArcGIS software package the export of created databases, graphic,
cartographic and other materials related to a certain water management facility. Thus, nature protection institutions will have
thematic hydrological maps updated with a given regularity, reflecting the state of freshwater natural resources.

Keywords: water resources; hydrological cartographic models; remote sensing of the Earth; GIS technologies.
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YKpalHCBKUH JepKaBHUH YHIBEPCUTET 3aJI13HUYHOIO TPAHCIIOPTY, XapKiB, Y KpaiHa

2 . o . o . . . . .
XapKIBCbKMUH HAllIOHAJIbHUI YHIBEPCUTET PallOeIEKTPOHIKY, XapKiB, Y KpaiHa

MOJIEJIb CUTYAIIIMHOT O IIVIAHYBAHHS 1 KEPYBAHHSI
HEPEMIIIEHHAMU ABTOHOMHOI'O POBOTY

AHoTanisi. Ha cporozmni akryanbHOIO € rpo0OiemMa HaBirauii aBTOHOMHUX MOOIIBHMX CHUCTEM B HPOCTOpI, 16 MOXJIMBI
o0ypenHs. [IpoGiema nonsrae B ToMy, 110 Pi3HOMaHITHI 30ypeHHs], 110 BUHUKAIOTh y MPOLEC] pyXy poOoTy, HE J103BOJIS-
I0Th peali3yBaTH MEPEMIIeHHs B3I0BXK 3a3/1aJIeri/ib 3aIUIAHOBAHOTO MapIIpPYTy i BUMAararoTh HOTOYHOI'O NepeIIaHyBaHHs
BiJIIIOBI/THO OTPUMAaHIH BiJ TaT4MKiB cuTyamii. J{Ji1 aBTOHOMHHX CHCTEM IpoliieMa MOCHITIOETHCS HEOOXiTHICTIO aBTOMa-
TUYHOro (hOPMYBAHHS MOZEJI IIOTOYHOI CUTYallll Ha OCHOBI JaHMX BiJl CEHCOPIB i 1HTerpyBaHHI L€l Moieni cuTyanii 3
MOJIeIISIMU TUIaHyBaHHA W KepyBaHHS y peanbHoMy 4aci. [IpegmeTom noctizkeHHs € 3HaHHAOPiEHTOBaHI Mozeli 06pod-
KU JITaHUX BiJl CEHCOPIB, 1[0 3aCTOCOBYIOTHCS B HaBiramii aBTOHOMHUX MOOUTEHHX crcTeM. MeTa qocTiaKeHHs — IMIUIeMe-
HTAallis KOTHITUBHOI MOZIENI CHPUIHATTS, 3aCHOBAHOI Ha IpaBWIaX, VIS KJIacy 3a/lad CUTYalliHHOro KepyBaHHS i Ieperuiany-
BaHHS PyXy aBTOHOMHOrO poOOTY B3/I0BXK MapLIPYTy B yMOBax Iepemxos. JlocmiuTy CrpoMOXHICTh MOZIEN 3a10BUIBHUTH
BUMOTaM JI0 aBTOHOMHHUX cucTteM. Pe3yibraTn. Mozeib CIpHUIHATTS JAHUX BiJl CEHCOPIB IPEICTaBlIeHa MHOXUHOIO Oararo-
piBHeBUX (akTiB, 0 y BepOasbHiil hopMi Ha Pi3HUX PIBHAX y3arajabHEHHs OMKCYIOTh IIOTOYHY CHTYAIl0 B OTOUEHHI poboTa.
ba3a 3HaHb, SKOIO KOPUCTYEThCS poOOT IPM HaBIralii, IpecTaBieHa I ITUPIBHEBOIO 1€papXiYHOI0 CTPYKTYPOIO HEUITKHX
IPABIIL: 3HAHHSA NPO LI, MapIpyT i IJIaH YCYHEHHs NeperIkos, Kaprorpadiuni 3HaHHS npo pobouuii npoctip, crparerii i
KOHKPETHI KepiBHI BIUIMBH, HEOOXIHI JUIs JOCSTHEHHSI MeTh. Po3pobieHo airoputym i nporpamy, y siKiid iHTerpoBaHi MOJIeNb
crpuiHATTS # MonudikoBana Monenb Takari-CyreHo, IO peajizye CHTYyalliiiHe KepyBaHHS 3 IeperulaHyBaHHSIM MapIipyTy.
JIns mociiJpKeHHs Mozienti po3poOIeHO IITYYHE OTOYEHHs Ta HaBEIEH] Pe3y/braTi KOMIT IOTEPHHUX eKCIIEPUMEHTIB 110 IepeMi-
IIEHHIO po0OTa 110 33JJaHOMY MapILIpYTy B OTOYEHHI 3 Iepelkonamy. BucHoBku. [loka3aHna cripoMOXXHiCTh iMIIIEMEHTALi{
MozieNi CHPUHMHATTS Ui Kiacy 3ajad HaBirauii poGoTy. Mozenb CpuiHATTS, 1O iIHTErpoBaHa 3 MOAM(IKOBaHOIO MO-
nemnto Takari-CyreHo, Bupillye 3aBJaHHS CUTYaLlI{HOrO KepyBaHHS 3 NEpPEIUIaHyBaHHIM MapLIPYTy 1 3a/l0BOJIbHSE BU-
MOraMm I0J0 aBTOHOMHHX CHCTEM Ta Mae€ IepeBaru B MOPIBHAHHI 3 METOJAMH IIPOrPAMHOIO Ta €BPUCTUYHOTO KEPyBaH-
Hsl 110 KPUTEPisM THYYKiCTh, MacIITa00BaHiCTh Ta OMPAIIOBAHHS HEBU3HAYEHOCTI.

Karw4dosi ciaoBa: MoOutbHMI poOOT; cuTYyalliliHe IUIAHYBaHHS Ta KEpYBaHHS; HaBiralisi; KOTHITHBHA MOJEIb CIIPUM-

HSITTSI; HEYITKI CHCTEMH; JIaHi BiJl CEHCOPIB.

Beryn

IMocTanoBka 3aBAaHHS B 3arajiIbHOMY BHUIJISI.
Konnenmisi aBToHoMHuX cucreM (AC) 3HaXOIuTh BCe
OLIBII MIMPOKE ITOIIUPEHHS MPU CTBOPEHHI BEJTMKOMa-
ciTabHUX PO3MOALIEHUX B mpocTopi 00’ekTiB. AC
BKJIIOYAIOTh CYKYITHICTh KOMIIOHEHTIB, 1[0 Peaji3yloTh
B aBTOHOMHOMY DEXHUMIi IEBHY (DYHKIIIO, IUISI BHKO-
HaAHHA SIKOi MOTPIOHO pisHOMaHITHA iH(popMaris. [HIyc-
TpianbHi AC KOMIIOHYIOThCS 3 aBTOMATHYHUX JIiHIH,
UITY BepcratiB, TpaHCIOPTHUX cHcTeM, poOotiB [1].
3amizHnyHa [2] i aBToM0OO1TBHA [3] ranmy3i B epCHeKTH-
BHUX IUIaHax Iependayarore crBopeHHss AC Ha 06asi
PO3YMHHUX aBTOMOOUTIB 1 po3yMHHX moi3aiB. AC, mo
BUKOHYIOTh (PYHKIIi MOHITOPUHTY CHTyalliii BKITIOYa-
FOTh MOOUTBHI MPHUCTPOi (pOoOOTH, OS3MIIOTHI JTITAIBbHI
amaparti) JUIsl CIIOCTEPEKEHHS 1 OTpUMaHHs iH(popMallii.
VY npoekTax po3yMHUX MicT [3], sIK 1 y BCIX BHIIIE Tiepe-
paxoBaHHX, OCHOBHMM KoMmroHeHTOM AC € po3ymHa
aBTOHOMHa ManiHa (PAM) 110 mepeMiIroeTrhest y mpo-
cropi. [IpoGnema 1o BHHUKae mpu cTBopeHHI PAM —
HaBITallis B YMOBAX MEPEIIKOJl B aBTOHOMHOMY PEXKHMI.

[IpoGnema HaBiraiii aBTOHOMHOMHUX CHUCTEM Bila-
CTHBa MOOUTBHIH pPOOOTOTEXHIiI. 3aBHaHHS HaBirarii
MOOUTEHOTO pOOOTY PO3TISNAETHCS 3 TPHOX TOUOK 30pYy
[4, 5]: nnanyBaHHS MapuIpyTy MEpEMilIeHHs], JIOKaTi3a-
Lisl TUISHKK MapUIpyTy 1€ 3HaXOAWThCS PoOOT (JIoKa-
JIbHA HaBiramisi) i BiOOpakKeHHs MiCLE3HAXOKEHHS
poboTy Ha KapTy oToueHHs. J[J11 aBTOHOMHOI HaBirarii
poOOTYy BaXKJIMBO OJHOYACHE PIILIEHHS MepesidyeHHuX
3amad. Takuil miaxizn, igzomuii sk SLAM (simultaneous

localization and mapping) [6, 7], 6a3yeThcsl Ha MeTOAX
1 MOJIETIIX IITYYHOTO 1HTEJIEKTY [6, 7].

AHaJli3 OCTaHHIX AOCTiKeHb TAa mMyOmikamii.
Hagirariitai Mojerni 1700a1bHOTO TUIAHYBaHHS MapIiipy-
Ty (moOyaoBa MOCIIIOBHOCTI KEPYIOUMX peaKIii, sKi
3a0e3MevyloTh NepeMillleHHs] poOoTy B 3a3Jalieriip BH-
3HAYCHY TOYKY), a TAKOXK OKpEMi 3ajadi HaBiraigi Taki,
SIK YIPaBJIHHS MEPEMIIICHHSIM, BIJICTEKEHHS MPOH/IEHO-
ro LUISAXY, MOUIYK IIJI, HMaTpyJIOBaHHS TEpPHUTOpii, 30e-
peXeHHs 1t B obnacti BuamMmocTi [8, 9] He MOXyTh
Oyru Bukopucrati B AC, Tak sIK IPHUITYCKaIOTh HAasBHICThH
noBHOI iHQopMalii Mpo TreoMeTpil0 HAaBKOJIHUIIHHOTO
cepenoBHIIa. BisbI TOro, ToJIOBHE OOMEKEHHS Ha aBTO-
HOMHICTb TIOBEIIIHKH HAKJIAJAIOTh, TTO-TIEPIIIC, TPAIUIIH-
HU# a00 MOIU(pIKOBAaHHMIA METOJ] TPOrPaMHOT0 KepyBaH-
Hs TIpH peajizalii 1iany i, mo-Apyre, IPHUITYILIEHHS PO
BIJICYTHICTb 3aBal misd pyxy. L{ux HemonmikiB mo30aBicHi
MOJIENTI JIOKAJIBHOTO TuIaHyBaHHA nULxy [10], xomu Ha-
BKOJIMIIIHE CEpPE/IOBUILE € 3a3/alierilb HeBimome abo
JIOIYCKAETHCS TI0sIBA MEPENIKO, 1110 MOPYLIYIOTh MOIe-
penHiii onmc cepenoBuia. Mojeni JOKaJIbHOTO TUIAHY-
BaHHs TOTEHHIHO MOXYyTh Oyrn BUKOpucTani B AC,
ockinbku PAM, sik mpaBuiio, He JOCTYITHI ITOBHI 3HAHHS
PO HABKOJIMIITHE CEPEIOBHUINE, PEAIbHI CepeOBHIIA €
MIHIUBUMHU. Taki MOJEIi 3aCHOBaHI Ha BHUKOPHCTaHHI
JIAHUX BiJ] CEHCOPIB MPO CTaH HABKOJMIIHLOTO CEPEIo-
BUIIA Ta OHJIAWH TNPUHHSTTS DINIEHHS Ha OCHOBI IMX
JIAaHUX TIPO TIPOIIEC MePeMillIeHHS.

MoxkHa BHIUTUTH JBA HANPSIMKH JOCIIKCHb M-
XO/ly Ha OCHOBI CEHCOPHHUX JaHMX JJIsl BUPIIICHHS 3a-
BJaHb HaBiramii: CTBOPEHHS EBPUCTUYHHX aJITOPUTMIB
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ITiJ] KOHKPETHE 3aCTOCYBaHHs; MOOYyJI0Ba MOJIENCH 00po-
OKHM TaHUX BiJl CEHCOPIB, 3aII03MYEHHX Y )KUBOT IPHUPOJIH.
Jlo eBpUCTHYHUX aJrOPUTMIB PO3B’S3aHHS 3ajadi
JIOKAJIBHOT'O TUTaHYBaHHS NIEpEMillieHb BiTHOCATH Vector
Field Histogram (VFH) i ioro mopmanpiii po3BUTKU —
VFH +, VFH *; Generalized Voronoi Graph (GVG)
[11]. MoXIMBOCTI €BPHUCTUYHHX aJTOPUTMIB PO3TJIsi-
HEMO Ha npukiaji cimeiictBa Bug — anropurmis (Bugl,
Bug2, Bug3, Dist Bug , Tangent Bug) [12, 13]. danwnii
aITOPUTM JIO3BOJISIE POOOTY JOCATTH IUJIi B IIpoLeci
NepeMillieHHsI, 32 YMOBH, 1[0 B OYAb-SKHI MOMEHT 4acy
poboTy AocTymHa iHpopMaIlisl PO HAIPSIMOK Ha I 1
BiJICTaHi 7O Hel, poOOT MOXKE BUSIBIISITHA MEPELIKOAN Ha
LUIIXY PYXY 1 BUKOHYBaTH iX 00XiJ. 3a3HaueHi YMOBH
MiATPUMYIOTBCS. METOAAaMH JIoKalizalii poOOTy B Ha-
BKOJIMITHBOMY CEPEAOBHIIi, HANpPHUKIal, OOPTOBOO
IHEpIIIHOI0 CHCTEMOI0 Ha OCHOBI aKCelepoMeTpa Ta
ripockomna Ta, OINI[IOHAJIbHO, OAOMETPY MpPH HASBHOCTI
BUXIJHUX JaHHUX TPO MOYATKOBI KOOPAWHATH POOOTY i
i mepemimienns. Jlns Oinbinocti 3aBmaHb PAM He
MOXE MaTh IMOCTIHHUH JocTyn (Ha BCiX eramax repe-
MIlIEHHs1) JI0 JaHUX IIOA0 KiHUeBoi Iui. Tomy mis
JIOCATHEHHS il MOTPiOHO 3HATH MApIIPYT, IO MIPOXO-
JUTh Yepe3 MOCHTIIOBHICTh Miamiie. B ymoBax mepe-
mkogq PAM mOBMHHA MaTH 3[aTHICTh CHUTYaIliiHOTO
neperuianyBaHHs Mapuipyty [14]. Tomy moxens ¢op-
MYBaHHSI KEPYIOUHMX peakiiii IIOBUHHA OyTH iHTErpoBa-
Ha 3 MOJAEIUIIO CHTyaliiiHOro mianyBanHs. O4eBHIHO,
[0 peajizallis 3a3HaueHUX BUMOr 10 PAM He Moxke
0a3yBaTuCs Ha 3raJlaHAX EBPUCTUYHHX aJITOPUTMAX.
Mopueni 00poOKM JaHUX BiJl CEHCOPIB, IO 3aII03H-
YeHl y JKMBOi MPUPOJM IHTEHCHBHO PO3POOJISIOTHCS B
paMKax HanpsIMKiB KOTHITUBHOI poOoTorexHiku [15] i
BOY/IOBaHMX KOTHITHBHUX cucteM [16]. B pobori [17]
MPE/ICTaBJIeHAa MOAENb CIPUHHSATTS, 1110 BiTHOCHTHCS J10
KJIacy Mojieliell Ha OCHOBI CEHCOPHUX JIaHUX. 3amporo-
HOBaHa MOJIeJIb CIIPUHHATTS (pOpMye Ha IMiACTaBI TaHUX
BiJl CEHCOpIB YSIBJICHHS CUTYyallil y BUTJAI (aKTIiB IO
MaloTh 0araTouapoBy CTpyKTypy 1 BiioOpaaroTh CEHC
JIAHUX CJIOBaMU PI3HOTO pIBHS Yy3araJbHEHHA. Taka
oprasi3ais JO3BOJHIHM IHTETPYBAaTH MOJEIb CIPUIHST-
TS 13 MOJC/UIIO IO 3acHoBaHa Ha mpapwiax (MCII —
MOJIeNIb CHPUHHATTS, 3acCHOBaHAa Ha mpaBuiax) [18].
InrerpoBana MCII peanizye NpUHHATTS KypyROUHX
pilieHs y nBa eranu oOpoOKHM JaHHX Bija ceHcopiB. Ha
MIepIIOMY eTall BUKOHYETHCS IHTEpPIPETALisl IPOCTOPO-
BO-4acOBOr0 Ha0Opy HOaHHMX IPO CEpEelOBHIIE B SKIii
nepemimiaetscs PAM. Pesynbrat inTepnperanii € cTpy-
KTypOBaHMH (haKT, MIO MPEACTaBIsE CHTYAIl0 Ha Pi3-
HUX piBHSX aOCTparyBaHHs y BUTJISIII HEYITKOTO CEMaH-
THuHOrOo omucy (ciiB mpupoaHoi mosu) [18, 20]. Ha
JPYroMy eTari HEeYiTKMH BHUCHOBOK 3a IpaBHUIaMH 3
ninrBictuaHuME 3MiHEUME (JI3) dopmye kepyrodi pea-
kiii PAM. MCII Oyno 3amporioHOBaHO i anmpoOOBaHO
Ha KOHIENTYaJIbHOMY DiBHI JUISi CUTYalliHHOTO Kepy-
BaHHS MEPEMIIICHHAMH B3I0BX Mapmpyry PAM. Ox-
Hak, peamizanis MCII y peanbHUX CHTyalisIX moTpedye
pPO3pO0KH TiIXoAy LIOAO CTBOPEHHs OaraTomrapoBoi
0a3u 3HaHb JUISl TIPEJICTABIICHHS Y BUIISAII HEYITKUX
npaBuII 0E3MOCEePEHBO MAPIIPYTY, CTAHY CEPEOBUILA,
Croco0iB TIepecyHEHHsI B yMOBax 0OMEXeHb, YCYHEHHS
nepenKo Ha MapupyTi i Take inme. Ie, y cBoro yepry,

nmorpedye KOHKpETHU3aIlii KOMIIOHEHTIB MOJIEII TaKUX SIK
koHTekcTHi JI3, yBarogi JI3 Ta nmpeamerni JI3.

Mera cratTi — immiemenTaitiss MCIT s kiacy 3a-
Jlad CUTYaI[IHHOTO KepyBaHHS U NeperuiaHyBaHHS PyXy
PAM B3110BX MapuipyTy B yMoBax rneperkoa. Jlocmiau-
TH BIUIMB IIEPELIKOJ Ha CTIHKICTh KepyBaHHSI PAM. Po3-
TJIS,IA€THCS TPU Kilack nepemko. [lo-nepiie, komm gepes
nepemkoad (Gi3uuHO HeAOoCTymHO aiasi PAM ninsHka
MapIIpyTYT i3 AEKUTbKOX CyMDKHUX TiLUIEH i mOTpiOHO
CUTyallililHe TepeIUlaHyBaHHs (parMeHTy MapIupyTy.
[Mo-nmpyre, xoiu 30ypeHHsT MOXYTh TiepepBatu pyx PAM
MDK JIBOMa CYMDKHUMHY HiUUTSIME MapIipyTy i HOTpiGHO
cHUTyalliilHe KepyBaHHsS OMHHAaHHAIM mepemkonu. [lo-
TpETe, KOJM Yepe3 MEpPEIIKOIN HEAOCTaTHhO 1H(popMaIlii
JUTS BUPIIIICHHS 3aBJaHHs JIoKasi3anii PAM.

Mopean HaBiramii, 3acHoBaHa
HAa JaHUX BiJ ceHCOpiB

Immmemenrartist momeni MCII B Hagiramnii (MCITH)
0a3yeTbcsl Ha TNPUNYLICHHi, IO B IIPOCTOpPi, B SKOMY
¢yakuionye PAM, JOBUIBHUM YWHOM PO3MOJIIEHO
MHOXuHY MapkepiB (Landmark, LM) L = {LM,,..., LM,,}.
LM; xapakTepu3yeThbcsi HAOOpOM YHIKalnbHHX O3HaK. Ha
MHOXWHI L MOke OyTH 3alaHO Kilbka MapmipytiB. Ha-
MIPUKIIAL, j-i MapuipyT nepemimeHas PAM 3amaetbes y
BUIVIAAI BHOpsAKOBaHOI mocmigoBHocTi LM Route; =
=(LM;,,..., LM;)), ne p — nopxuna Mapupyty. Ilpu me-
pemimenni PAM 1o mMapumpyTy MOXYTh BHHUKATH Iie-
PEIIKOIY TAaKMM YMHOM, WO pyX Mik LM;, LM, €
HEMOXJTUBHUM. [lepemkoan MoXKHa PO3IUTUTH HA JBa
BUJIM: TIEPEIIKO/IA, IO YCYBAETHCS HUIIXOM <JIOKaJIBHOTO
00’13my» Ta LM B KiHLIEBOMY MiJICYMKY JOCATAEThCS;
MEPEIIKO/Ia, 0 YCYBAEThCS IUIIXOM 3MiHM (hparMeHTa
MapuIpyTy TaKUM YHHOM, II00 JOCSTHYTH HAaCTYITHOTO
pgocrynHoro LM no mapumpyry 3a LMy, Hanmpukiaz,
LM;;y, a60 LM, ;5. OcTaHHIM THI MEpelKOaNu YHEMOX-
JIMBITIOE NOCATHEHHS TOYKU Mapipyty LM,;.; i BUMarae
BIZIXWJICHHS BiJi MapIIpyTy 3 MOAAIBIINM MOBEPHEHHSIM
J0 MapIupyTy B Touti LM, ., (n > 1).

[Ipu Ttaxux mpunymenasx MCIIH, sxa Bukopuc-
TOBYETBCS JJIsl KepyBaHHA mepeMinieHHsMu PAM ys3-
JIOBXK MapIipyry, 0a3yeTbcs Ha TaKUX 3HAHHAX: MU U
TUIaHH [IEpEMIIIIEHb Ta YCYHEHHS MepemKkoi; haKkTy, 1o
MIPE/ICTABIISIIOTh HA OCHOBI JIaHUX BiJI CEHCOPIB MOXKIIMBI
curyailii B oroucHHi PAM; mpaBuiia, 1o mpencTaBiis-
I0Th 3HaHHS PO MapuIpyTu, pobodiit mpocrop PAM Tta
cTparerii KepyBaHHs; 0a30Bi aJrOPUTMH KepyBaHHS
PAM B THNOBUX CUTYaMisiX.

1. Muoxkuna ¢axkris. [lani Big ceHcopiB B PAM
00pOOJISIFOTECS MexaHi3MOM abctparyBanus [19, 20] 3
METOI0 OTPHMAaHHS IX ONUCY y BHUIJISII OaraToOpiBHEBOTO
¢axty y BepOaipHii (Gopmi Ha Pi3HMX PIBHSX y3araib-
HeHHs. Dakt Mae HewiTKy Xapaktepuctuky (HX), ska
MOKa3ye, HACKUTBKH 3MICT BepOalbHOTO MO/IAHHS CUTYa-
uii (MpOTOTHIT) BiATNOBIIa€ KOHKPETHOMY HaOOpy AaHHX
Big cerncopiB PAM. HX npencrasinsie codoro HeuiTke LR
YHCIIO 3 TayCOBOO (DYHKIII€IO MpUHaiIexHocTi. Ha ocHOBI
HX, BusHauaethcs ¢paktop BreHeHocTi (cf) [19, 20].

2. 3uanns. 3HanHs PAM mpo wine, mwial i mapur-
PYT TepeMillleHHs], PO CTPATETiI0 i KOHKPETHI KepiBHi
BIUIMBY, HEOOXIJHI IS JOCSTHEHHSI METH, IIpeJCTaBIIe-
Hi Ha Pi3HUX PIBHAX aOCTparyBaHHs y BUTJISIII HEYITKUX
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MpaBWJI 3 BUKOPHUCTAHHSIM (aKTiB pi3HUX DIBHIB y3a-
rajJbHEHHs. Y 3arajJlbHOMy BUIJIAII TpaBHia MAaloTh
omHakoBy (MomudikoBana Taxkari-Cyreno, MTS) mo-
nensb (1) ay1st BCiX piBHIB:

R! IF event(f') and CF_*“t! is high
and CF_*"f*!"is high (1)
THEN cf Salflizla of salfl_lz_ L[ef salf§+l =—1],

ne CF _f; — im’s JI3, sika HEdiTKO 3a JOIOMOTOK TPHOX
tepmiB (high, low, zero) npencrarisie YnucioBe 3HAYCH-
Hs (akTopa BrieBHeHOCTI cf dakry [19, 20].

B (1) naBeneno npaBuiio /-ro piBHS aOcTparyBaH-
Hs1, B sKe BKJTIOUeHi: f/ — (akr /-ro piBHs aGcTparyBaH-
HS JaHHX Bix ceHcopis, ““f! — cymyruuk daxry f; mo
BHUKOPHCTOBYETHCS [UIsl BKa3iBKU Ha MOTOYHY METY [-To
PIBHSI Ta aKTyaJIbHHH KOHTEKCT IO CYIPOBOIKYE IIPO-
uec pocsraenns mer; “f/" — cynyrauk paxry /+1-ro
piBHs aOctparyBanHs. [IpaBHiIO aKTHBI3YETHCS MOIIEO
event(f), 1110 MOPOIKYETHCS TOABOIO JAHUX BiX CEHCO-
piB npo o3Hakw i-ro LM, 3a yMOBH 110 IOTOYHA MifiTh
MepeMillleHHs JIOCATHYTa, [PO MIO CBIAYUTH aKTUBHICThH
cynytauka 1poro ¢daxty CF *“f!is high. Vwmosa
CF *“t/*is high B npaswni (1) BKasye Ha aKTyambHy
AL /+1-ro piBHS Ta 3B’s3Ye€ 1ie IPABUIIO 3 aKTyallb-
HUM KOHTEKCTOM (IIPaBHUIIO MpPEACTaBIsIE a3y aKTyallb-
HOT'O TUIaHY BEPXHBOro piBHS). [IpaBuio mpu akTuBiza-
1ii 3MIiHIO€ M /-TO PiBHSA MICIIS JOCATHEHHS aKTya-
JIBHOT AL IBOTO PiBHS 1 OMUIHHO (IIpU AOCSTHEHHI
OCTaHHBOI MiOITI /-TO PIBHA) MCaKTyasi3ye IIiaIiib
I+1-ro pisas ([cf *“f"' =-1]).

VY crarti s BHUpINIeHHS 3amavi Hapiraimii PAM
MIPOITOHYEThCSl Taka Mozenb crparudikanii b3 3a pis-
HSIMH a0CTparyBaHHSI.

Ha BepxHbOMY piBHI 3HaXOJMThCS MHOXKHHA Ipa-
B, sIKi onucytoTh imi PAM (pi3Hi 3aBpaHHS uu (yH-
kuii). Hmwkue piBHEM 3HaXomsAThCs 3HAHHS TPO IUIAH
JIOCSITHEHHSI MeTH (OMHC MapupyTy IepeMilleHb Y
BUTIISIII mociigoBHOCTI LM depes siki nponsrae mapii-
pyr). llle Hwx4e piBHeM opranizoBaHi KaprorpadivHi
3HAHHSA: ISl KookHOTO LM pobouoro npocTopy AatoThCst
IUIaHH JIOCATHEHHS1 CyMDKHHMX 3 HUM LM. Ha camomy
HIDKHbOMY piBHI B3 opraHizoBaHi 3HaHHS PO MOXKIIMBI
criocoOu KepyBaHHsI akTyaropamu PAM (enemeHTapHi
cTparerii ynpasiiHHA akryaTopamu). Ha puc. 1 B rpa-
¢iuHOMY BUTIISIAI MOKazaHo cTpatudikaiiro b3 3a pis-
HSIMH a0CTPaKTHOTO IIPEJCTABJICHHs KepyBaHHS Iiepe-
mimenasmM PAM.

Pisens 4 3HaHHS Mpo wini

Pieens 3 3HaHHS PO MapIIpyT

Kaprorpaciuni 3HanHES Ipo

Pisens 2 i .
poGouiii pocTip

; 1.1 pl 2 3HaHHA 1po cTpaTerii
Piserb 1 Rl' 2 Rt' npoizny LM
Pisens 0 RQ 3HaHH}1‘Hp0 crparerii
i YIpaBIIiHHA

Puc. 1. Crparudikanis b3 3a piBHsMu
a0CTPaKTHOT'O MIPE/ICTABICHHS KEPYIOUHX PillleHb

3. 3nanns mpo mimi. Bei mini PAM, o BuMmara-
I0Th TIEpEMillleHb, 3a/Ial0ThCsl 30BHI W JUIS JOCSATHEHHS
METU NOTPeOYIOTh TIaHy il (MapiIpyTy MnepeMilleHs).
Ha BepxnpoMy piBHi B3 3HaxomsThcs mpaBWia, IO
aKTyaJli3ylOTh 3HaHHS HIDKHIX PiBHIB PO KOHKPETHHI
MapuipyT, SIKi BUKOPHCTOBYIOTHCS Y SIKOCTI KOHTEKCTY
NpU KepyBaHHI NepeMilleHHAMHU. J[Is KOXHOro k-ro
MapuIpyTy 3 71_S MOXKJIMBUX 33/Ia€ThCS TaKe MTPaBUIIO:

4 t -7
Ry IF event(fg,, ) and CF_ sa fSiar, is high
THEN of Ty, =1, of 1y, =1,
sat sat
Cfi fLine_in = 1, Cfi fSlarl] = —1,..., (2)
sat .
cf fSlarln_S =-1
j=42,...nr; k=12,..,n_s.
Ha mpomy x piBHi B3 3HaxomsaTbes mpaBuiia, sKi
JIEaKTyali3yl0Th KOHTEKCT (TIOpIil0 3HAHb IO OIHCY-

I0Th Mapmpyr), KOJIM ME€Ta JOCATHYTA PO 11O CBITYHTH
JNOCSATHEHHSI OCTaHHBOI TOYKH MapuaipyTy, fAKa OIIUCYy-

eTbest haktoM £y, . Ie Taxa MHOXWHA TIPABUIT:
Js

R}, IF event(fy,, ) and CE_*“f  is high
and CF_*" fRoute; 15 high
THEN cf_ SatfRoutej =—1, cof_ mthMj p: -1, (3)

5

t t .
cf % fSW,] =1,..,cf % fSta”n_s =1
i=L2,...,p; j=12,.,n r.

Jpyra rpyna minei nepemimiensss PAM noB’s3aHa
3 TOSBOIO IEPEIIKO[, IO MOPYIIYIOTh HOPMabHIH
PEXUM TepeMillleHHs. AHAIOTIYHO, SK 1 JUIsl BUILE PO3-
[JISTHYTHX 1IiJIeld, Ha BepXHbOMY piBHI b3 3HaxomsThCs
MpaBWJia IO aKTyali3yIOTh 3HAHHS HIDKHIX PIBHIB IPO
TUIaHU YCYHEHHsI MEPENIKOM Ta MpaBmiIa o JeaKTya-
J3YIOTh II0 MOPIIiI0 3HaHb, KOJIM MeTa JocsrHyTa. B (4)
HaBEJICHO MHOXKHHY TPABUII IO aKTYaJli3ylOTh!

R;‘ IF event(fop, ) and CF_ Sa[fObS,i is high
THEN f_*“Spjpu0ps, =1, cf_ "My =1, (4)
i=12,..,n_ob.
®axktu f Start; B ) u fObsll- B (4) hbopMyIOTHCS Ha

OCHOB1 JaHWMX BiJl CEHCOpiB, HANPHUKIAJ, KHOIKA, IO
aKTUBI3ye KOMaHIy HAa BUKOHAHHs 3aBIaHHSA ab0 royo-
coBa KOMaHja, ab0 CEHCOp BiJCTaHI O MEPEIIKOIU.
Jis axktuBizanii npaBuia, Hanpukian, (2), kpiM momii
event(fs,qy, ) » noTpiOHa aKTyaJlbHa iJb

CF_*'f Stary, 18 high . Ti axtyanizauito 6yno Bukonao

MEXaHi3MOM YBaru, Koiu Oyja JOCATHYTa MONEPEIHS
LI IBOTO PiBHA. 3aCTOCYBaHHS MEXaHI3MIB yIpaBIliH-
HS KOHTEKCTOM Ta IepeMHKaHHs yBaru [17] OymayTsb
PO3IIISTHYTI HIDK4Ye. AKTHUBHE NMpaBWIo (2) akTyatisye
KOHTEKCT, IIO MOB’S3aHUM 3 JOCATHEHHSM HOTOYHOI

metu cf 5% froue. =1 UL HIDKUKX piBHIB. KpiM 1po-
- J

ro, mnpaBwio (2) aeakTyadi3ye I IIbOrO pPiBHS

S P fSiars, , MO0 YHEMOMNIMBMTH peaiza-

IiF0 IHIIMX KOMaHJ IO MOXYTh HAAXOAUTH 10 PAM
IiJ] YaC BUKOHAHHS BXKE MPUHHITOI KOMaHIU. AHAJIOTI-
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yHi (QYHKUIT 3 IJTaHyBaHHS YCYHEHHS IIEPEIIKO/IN, KOIH
BOHA 3’SIBJISIETHCSI BUKOHYIOTH TpaBwia 3 rpymu (4). B
000X BHIAIKax HpaBWia aKTHUBI3YIOTH (haKT-CYIMyTHHK

sat fLM

nepmoro LM B MapuIpyTi NepeMileHHs i

niani o6xoxy nepermkomn V' f; M-

4. 3naHHA npo MapmpyT. Mapiipyt, HanpuKIiIam,
j-d y BHUINIAII BIOOPSAKOBAaHOI TOCHigoBHOCTI LM
Route; = (LM, M;,) TIpeAcTaBIeHN MHOXHHOIO 3
p npaBuil. [IpaBuiio R;; onucye DiIsIHKY MapIIpyTy Mix
LM;; ta LM;; 1. J1nst 1i€l TinsHKE MapHIipyTy MHOTOYHOIO
LiJUTI0 TepeMileHHst € LM, TIpeicTaBIeHui CymyT-

| daxry T,

LM BXII[HI/II/I LM ISTHKA TUIAXY MPeICTaBICHUN
¢daktom f;;, . Heuitki mpaBuna B b3 mpexacrapieHi
o

Hukom “'f; 110 OTUCYE O3HAKHU

i+l

BiamoBiaHO 10 (1):

R} IF event(fyy, ) and CF_*"f,\ is high
and CF_ S“’fRou,ej is high )
THEN cf *“'f;,, =Lt meM,-,l- -

i=12,.,p—Lj=12,.nr

5. Kaprorpadiuni 3HanHs mpo podouiii nmpocTip.
LM; Ge3niocepelHbO TIOB’sI3aHUI JOpOramMH 3i CKiHYEH-
HOW MHOXHUHOIO LM {LM;} (j=1 ., k) pobogoro

npoctopy. Jlopora, sika npumukae 1o LM; i ine 1o LM,

Mae iJIeHTU(IKaTop, TTOB’sI3aHui 3 Ti HanpsIMKOM (ITiBHIY,
CXif, mBIEHb, 3axXia) a00 OUThII meTansHO. 3HaHHS B B3
PO KapTy MiCIIEBOCTI IPEJICTaBIEHI MHOKHHOIO TIPAaBUII,
IO OIKMCYIOTh JOpPOTH, HI0 Oe3MocepesHbo MOB’A3YIOTh
LM, nanpuknaz, LM; 3 ycima iHmumu LM

R}~ IF CF_f,), is high and CF_*"'f; v, is high

THEN cf *“fo,, 4y =1; (6)
i=1,2,.,m; j=12,..k

V npasuni (6) winsoBuit LM, npeacraBieHuil cy-

nyraukoM S f LM, daxra f;,, ., a Bxizauit LM npex-
j

craBieHuil nBoma Qakramu: f;,, Ta QakTomM-cymyrt-
1

HUKOM Smeuz_dir daxry fo,; gir » KHi € inenTudixa-

TopoM BHi3nHOI noporu Bif f;;, Imo Oe3nocepenHbo
1
3B’s13ye #oro 3 f;;, . IlpaBuna (6) He MOB’sI3aHi 3 KOH-
j

KpeTHUM MapipyroM. BoHn MoxyTs OyTH akTHBi30Ba-
Hi CCHCOPHMMH JaHUMHU IIPO Miclie3HaXomKeHHS PAM,
KOJIY BOHA 3HAXOIUTLCS B OTOUEHHI LM,.

Sxmo PAM 3HaxoauThes Ha Tix'i3HINA J0po3i 10
nesikoro LM (B 30H1 ToCTymy 10 JJaHUX), HA OCHOBI 1/1eH-
TUudikaTopa mi€i goporn (GopMylOTbCS O3HAKH (aKTy
£, air. Hinmo mepemimenns PAM e Bui3Ha Jopora 3
IIEeHTH(IKATOPOM, IO TIPEACTABIEHUH CYIYTHHKOM
baxry *““fou 4. Kaprorpadiuni 3HamHs mpo Te, SKuii
MaHEeBp MOTPIOHO BUKOHATH, 1100 MOTPAIKUTH 3 i i3HOT
JIOPOTH Ha BHi3HY ()OPMYIOTh NpaBHjIa TAKOTO THITY:

R 2 IF CF f,, - dir 15 high and CF_*"'f,, ;. is high

(7
THEN cf Smeaneuver type_l Cf s fOut dir= -1

6. 3nanns npo crparerii npoisny LM. LM saBnse
co0o0r0 MeBHE po3rajyKeHHs opir abo rayxuit kyr. Ha
pHc. 2 noKa3aHi MOXKJIMBI THUIIH PO3TaTyXKEHb, SIKi BUKO-
pUCTOBYBajHcsA B Mozeni mpocropy. Ilepenbadaerbes,
[0 Ha KOXHIM 3 Jopir, 10 mpuMHUKarTh A0 LM, Ha
JIesiKi BiICTaHI Bl pO3ray>KeHHsS € PO3MITKa Yy BHUIJISI-
Il CYLIJIBHOT cMYTH «cTomy. [HpopMaltis mpo 1ro JiHilo,
oTpuMaHa 3a JoroMororo ceHcopieB PAM, gopmye daxr
fiine in- IInan mpoizay LM posuneHoBaHuii Ha aBi dasu.
[epma ¢asa 1e BUKOHAaHHS MaHeBpY (MPOi3I MPSIMO
ab0 MOBOPOT) 100 MOTPAIMTH O CTAPT-CTOM JIiHIT Ha
BUI3HUIA JOPO31 31 CTapT-CTON JIiHIT Ha B’I3HUIA NOPO3i.
Jpyra ¢a3a e movyaTok pyxy Mo BHI3HHIA JT0po3i. 3HAH-
HS [P0 MaHeBp Ha mepuriii ¢as3i mpeacTaBieHi NpaBu-
noMm (8). IlpaBuino akryamizyeTbcs THpH IOSBI MOAIT
(Haizm Ha craprt-cron iHito, event(fy;,.)) 1 Ipu BHKO-
HaHHI YyMOB: Oe3IeuHa CUTYallisl Ha PO3TraJyKeHHI JTopir
(CF_fsyp is high), tan maneBpy (CF_*“fomnaner npe iS
high), crioci6 BuxoHanHs MaHEBPY (CF_fiiueuver method IS
high). Jlani, Ha 06a3i SIKMX (OPMYETHCS TPEICTABICHHS
cutyanii oroueHHs LM y Burmanmi daktie  fge,
fManeuverﬁtypea fManeuverimethod B 36epi1"af0TBCﬂ y nam’sTi
KokHoro LM i cratoth moctynHi ceHcopam PAM, komu
BOHA 3HaXOIUThCS Ha craprt-crom JiHii. [IpaBuio (8)
aKTyalli3ye CYNyTHHKU (akTiB: IJIb HepeMlH_[eHHH bi(s)
crapr-cTon JiHii Ha BHizHHH 10po3i of ““flie o =1, 1
CTparTerito ynpaBIiHHS:

R;—l IF event(f;,,) and CF_*“'f;, . . is high
and CF_fg,, is high
and CF_*“"f tueumer gpe i high
and CFffManeuver_melhod is high (®)
THEN cf *“f1,00 our =1,
cf_ st fU_Maneuver_type_method =1,

sat _ sat —
Cff fLine_in =-1, Cff fManeuver_type =-1

N4 NA

et 18

Puc. 2. Tunu posranyxeHb

[IpaBuiio (9) omucye 3HaHHS PO Apyry a3y — Io-
YaToOK pyXy IO BHi3HIi# nopo3i. Ha puc. 3 mokasani Mox-
JUBI THUNW BHI3HHUX JOPIT, SIKi BHUKOPHCTOBYBAJIHCS B
MOJIEJTi TIPOCTOPY.

Ng

\

Puc. 3. Turm popir
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AXTyaJi3yeThbcsl TIPaBUIIO TIONIEI0 HAI3Ly Ha CTapT-
CTON JIHIIO TNpH O4YiKyBaHHI I Ha BHWI3HHMH JOpO3i
CF_*“fine o is high. Tlpu 3a1aHOMy THII PyXy 1O BHI3-
Hilt 10p03i CF_fisving mermod IS high axTyamizyeTbes cTpa-
terist ynpaBmiuust ¢f “fy yoving memoa= 1 1 iBOBA CHTY-
alrisl 710 MOSIBU SIKOT J]aHa CTPATETisl YIIPaBJIiHHS 3aJIHIIa-
TUMETBCA aKTYanbHOO cf . 1, = 1.

R-?

]

IF event(cf f;,,,)and CF_*“'t, . . . is high
and CFffMoving_method is hlgh

: 9
THEN cf *“f150 o =1, 2

sat sat _
of_ fU_Moving_method =1, of_ fLine_in =1

7. 3nanns npo crparerii ynpaBainusa. Ctpareris
VIIPaBJIIHHS PEali3yeThCsl KOHTPOJEPOM, HAaIlpUKIA,
[I]], Hetipo ab0 HEUITKUM, SKHUH 3aCHOBaHHMI Ha ICB-
HOMY QJITOPUTMI YIPaBJIiHHS 32 MPSIMHMHU ab0 3BOPOT-
HuM 3B’s3kaM [21]. IIpaBuio (10) akTHBYe KOHTpOJIEp
0 Kepye MaHeBpoM (Ipoi3x BiA B’I3HOI cTapT-CTON
JiHIT 70 BHI3HOI CTapT-CTOI JIiHII PO3Tally’)KEHHS SIKe
npeacrasieHo LM, puc. 2). IlpaBwimo (11) aktuBye
KOHTpOJIEp HIO Kepye MPOi30M BiANIOBIIHAM METOIOM
(puc.3) Bim BHWi3HOI crapT-cTon JiHii omHoro LM no
B’13HOI CTapT-CTOM JiHii Apyroro LM:

0 sat .o
Ri IF CF_ * fU_Maneuver_type_method is high

and CF_*“f;, . . . is high (10)
THEN U_Maneuver type method,
R? IF CF_ Sme_Moving_method is high
and CF_*“f;, . .. is high (11)

THEN U_Moving method.

ExcnepumenTn

Jlst mocnimpkeHHs Mozeni 0yino po3po0JIeHO MITY-
YHE OTOYEHHS Yy BHIVISAI OPTOTOHAIBLHOTO JIA0IPUHTY
(puc. 4). B xI0Y0BHX TOYKaX JIAOIPUHTY (PO3TaTy)KEeH-
HSX Ta TIIYXUX KyTax) Mmictatbess LM. Pyx mo goporam
Mixx LM opraHizoBaHO 3 BUKOPUCTaHHSIM TPbOX CEHCO-
PHHX CHCTEM: Ha OCHOBI JIiHiT po3MiTKH (Ha puc. 4 mo-
Ka3aHO OBTHM KOJIbOPOM) 3 BHKOPHUCTaHHSIM CEHCOpa
JIiHIT; Ha OCHOBI BiJICTaHi JO OOMEXYIOUHX CTiH (TTOKa-
3aHO 3€JICHUM KOJHOPOM) 3 BUKOPHUCTAHHIM JajCKOMi-
PiB; Ha OCHOBI pyXy IO a3UMYTy (TIOKa3aHO YEPBOHUM
KOJIbOPOM) 3 BUKOPUCTAHHSIM IIM(POBOTO KOMIIACY.

B @

o

h
—

LMy,

W |
o} ) 5 |

Puc. 4. OToueHHs U151 eKCIIEPUMEHTIB

VY BIAMIOBIAHOCTI IO OMHMCaHOI MOJETI c(hOopMOBaHa
4OTUPHOX IIapoBa b3, 1110 omucye 3HaHHS PO 1L, pi3HI
MapIuIpyTH B IITYYHOMY OTOYEHHI, KapTorpadivHi 3HaH-
HS TIpO poOOUil MPOCTip, 3HAHHSA PO CHOCOOHM YIpaB-
JiHHA akTyatopamu PAM. Jlns anpoGarii migxomy 0yio
PO3pO0JICHO TIPOrpaMy IIO peattizye 0OpoOKYy JaHUX Bif
CEeHCOpIiB Ha OCHOBI 3HaHb (2)-(10) 3a MoaM(IKOBAHHOIO
Monewtro Takari-CyreHo 1o BKIIIOYAE MEXaHI3MHU Bij-
CTEXXEHHSI KOHTEKCTY Ta MePEMUKAHHS yBarH.

Hwxue HaBeneHO MPUKIAJ OZHOTO 3 MPOBENCHUX
excriepuMenTiB. basza mpasun (2)-(10) xoHKpeTH3oBaHa
Ut oHOTO Mapuipyty Route, = (LMs, LM,, LM, LM,
LM;, LM, LM,s5) (puc. 4). KoHkpern3oBaHi mnpaBuia
(2), (3) MarOTh BUTJIS:

R} IF even(f Stary, ) and CF_ sat g Stare, 15 high
THEN cf_*“frope =1, cf *f1,, =1,
t
cf_ SalfLine_in =1, cf ™ fStart] =-1,..,
t .
cf_* fSlarl4 =-1
R;‘,6 IF event(fyyy, ) and CF_ S‘”fLM]5 is high
and CF_*“"fp,... is high
THEN cf_*“"fg, = =1, cf_ "1, =1,

sat sat
of Mgy =1oorof gy =1.

12)

[Ipapuna (5) mo 6e3mocepeIHbO OMUCYIOTH MapIII-
pyT Route, IpeacTaBIIeH] HIDKYE!

R13,1 IF event(fy,) and CF_ S‘”fLMS is high
and CF_*“"fp,, 0. is high

t t :

THEN Cfisa fLM2 =1, Cfisa fLM5 =—1,

Rﬁz IF event(fy ;) and CF_ saszM2 is high

and CF_*"fp.,q, is high
THEN cf_*“'f;y,, =1, f *"fyy, =-1;
RIS),S IF event(fyy,) and CF_ SalfLM3 is high
and CF_*"fp,,. is high
THEN cf _*“'f;,, =1, cf *f,, =-1;
Ri4 IF event(fy, ) and CFimlfLMé is high
and CF_*"fp.q, is high
THEN cf *“f1, =1, f *“f =-1;
RIS),S IF event(fy ;) and CF_ SalfLM7 is high
and CF_*“"fp, . is high
THEN cf _*“'f;,, =1, cf “f, =-1;
Rl3,6 IF event(fyyy,,) and CF_ S‘”fLM]3 is high
and CF_*"fp.q, is high
THEN cf *“f1, =1, cf *"f) =-1.

(13)

Ry~ IF CF_fy), is high and CF_*"' f10r, is high
THEN cf *“'fg,, 5 =1;

Ry-' IF CF _fy), is highand CF_*"f;, is high
THEN cf *“fo,  =1;
Ry-' IF CF_fy,, is highand CF_*“f;,, is high

THEN cf *“f5, 5 =1;
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RY' IF CF_fyyy, is high and CF_*"f;,_ is high

THEN cf *“fp,, s =1;

IF CF {1y, is high and CF_*"f,,, s high

THEN cf_*"fp,, 5 =1;

R IF CF_fyy, is high and CF_*“f,,,  is high (14)
THEN cof *“fo,, g =1;

21
R]S

21 - o

Ry7 IF CF_f1y  is highand CF_S‘”fLM13 is high
THEN cf *'f,, p=1;

Ryg' IF CF f;,, . is highand CF_*"f;, _ is high

THEN cf *“fp,, p=1.

R IF CE {y, \ is highand CF_*"f,,,, . is high
THEN f " §ypyeumer 16 =1 "y =L
R IF CF £, y is highand CF_*"f,,  is high
THEN o ““Sypyaner formard =b
cff‘”faa s =L
RE2IF CF 1, y is highand CF_*"f,,, 1y is high
THEN of Sy eumer righi=1 € *“Topg =1
R2? IF CF {y,  is highand CF_*"f,, ¢ is high
THEN < Sy naner 18 = e oy 5 =1,
RF IF CF f}, gy is highand CF "y, p; is high
THEN of "y mamer forward =

(15)

Cfisalfaa_E =—1;
R? IFCF £}, y is highand CF_*"f,,  is high
MCffsaIfmIeLN@’_l’igh[ = 1, Cfisatfout_s = —1,

Kaprorpadiuni 3nanns (6), (7) mpo pobouiii mpoc-
Tip (puc. 4) npexacrasieni 9-ro npasuwiamu (14), (15).
33HaHHA TPO CTpaTerii Mpoi3ay pO3ralyXeHb IO Ha
puc. 3 mokasani BignoBigHuMu LM npencraieHi MHO-
YKMHOIO HIDKYE HaBEJICHUX TPaBHII:

Rll 1 IF event(f Line) @nd CF_*"'f Line in 1 high
and CF _fg,, is high
and CF_ SalfManeuver_righl is high
and CFffManeuver_mark is high
THEN cf S‘”le-ne_Ou, =1,

cf_ . fU_Maneuver_righl_mark =1,
cf_ SalfLine_in =—1lcf_ SalfManeuver_righl =-1
R;—l IF event(f;;,,) and CF_*“'f, Line in 1 high
and CF _fg,, is high
and CF_*"§ypcnver 1o 15 high
and CFffManeuver_mark is high
THEN cf *“f1;0 e =1,

(16)

cf_ . fU_Maneuver_leﬁ_mark =1,
cf_ SalfLine_in =—1lcf_ SalfManeuver_leﬁ =-1
R;—l IF event(f;;,,) and CF_*“'f, Line in 1 high
and CF _fg,, is high
and CF_ SalfManeuver_righl is high
and CFffManeuver_azim is high
THEN cf *“f1;0 e =1,

of_ s fU_Maneuver_Vight_azim =1,
of_ SalfLine_in =—1cf_ SalfManeuver_right =-1
Rlll—1 IF event(f;,,) and CF_*“'f Line in 1S high
and CF _fg, is high
and CF_ SalfManeuver_left is high
and CFffManeuver_azim is high
THEN cf S“’le-ne_ou, =1,

sat
of fU_Maneuver_leﬁ_azim =1,

sat _ sat —
of_ fLine_in =—1cf_ fManeuver_leﬁ‘ =-1

Rl1 -2 IF event(f Line) and CFis‘"f Line out 1S high
and CFffMoving_mark is high
t
THEN cf ** fLine_out =-1,

cf_ SalfU_Moving_mark =1, cf_ Sathine_in =1
R;—Z IF event(f;;,,) and CF_*“f Line our 1S high
and CFffMOVl'ng dist is hlgh

17
THEN cf *“f140 o = =1, (17

t t .
cof ™ fU_Moving_disl =1, cf ™ fLine_in =1
R;—Z IF event(f;;,,) and CFi S‘"f Line out 1S high
and CF_fy1,,in0 azim 15 high
THEN cf *“f;100 o = =1,
of_ SalfU_Moving_azim =1, cf_ SalfLine_in =1

3HaHHA MPO MOXKIIUBI CTpATErii yIpaBIiHHS MPE-
CTaBJICHI MHO)KAHOIO TIPABHIT:

0 t . g
Ry IF CF_ e fU_Maneuver_righl_mark is high
and CF_*“"fy .0 o is high
THEN U_Maneuver right mark;
0 t . g
R3 IF CF_ * fU_Maneuver_leﬁ_mark is high
and CF_*“"f1;,, o is high
THEN U_Maneuver left mark;
0 . g
R9 IF CF_ SalfU_Maneuver_righl_azim Is hlgh
and CF_*“"f1;,, o is high
THEN U_Maneuver right_azim,
t L
IF CF_ * fU_Maneuver_leﬁ_azim is high
and CF_*"fy 0 o is high
THEN U_Maneuver left azim;
t .
IF CF_ * fU_Moving_mark is high
and CF_*"f1,,, ., is high
THEN U_Moving mark;
0 . g
Ryy IF CF_ SalfU_Moving_disl is high
and CF_*"f1,,, ., is high
THEN U_Moving dist;
t .
IF CF_ * fU_Moving_azim is high
and CF_*“"f; ;.. ., is high
THEN U _Moving azim,
IF CF_*""fy (opy, is high
and CF_*"f1,,, ., is high
THEN U_Obst,.

(18)

0
Ri6

[lepenbavaeThcs 0 B JOBIIBHUNA MOMEHT KOHT-
poOJII0 MOKe OYTH pealli3oBaHa TUIBKU OJHA CTpaTeris
kepyBanHs1. L{fo ymoBy peanizyrors MoaugikoBani (18)
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npaswia. Hanpukinan, mpaBuio R{) B (18) mpuiime
BUTJISIL;

0 t . g
Ry IF CF_ * fU_Maneuver_right_mark is high
and CF_*“f,, . .. is high
THEN U_Maneuver right mark,

sat _ (19)
cof_ fU_Maneuver_leﬁ_mark =-1
sat _
cof_ fU_Maneuver_right_azim =-1L..,
sat —
Cff fU_Moving_azim =-1
Hwmwxye HaBemeHo amroput™m mo peanizye MTS
MOJIeTIb OOpOOKM JaHUX BiJ CEHCOPIB N NPUHHATTS
Kepyroouux pinreHb. Ha KO)KHOMY TakTi KepyBaHHs BU-
KOHYIOTHCSI OOYHUCIICHHS 1110 TIPUBEICHI Ha pUC. 5.

MEXAHI3M ABCTPATYBAHHS
OBYMICIIEHHS Ha 0CHOBI TaHHX, OTPUMAHHX Ha
IOTOYHOMY TaKTi Bl ceHcopis, SHAUEHB
®AKTOPIB BITEBHEHOCTI cf ®AKTIB f;.

A4
MEXAHI3M ITEPEKJIIOUYEHHSA YBATH
OBUYMCJIEHHA AKTYAJILHOL METH cf *f,
IUTAXoM 3acTocyBanHt MTS Moneni no mpasut 4-ro
PIBHA

\ 4
MEXAHI3M BIICTEJKEHHA KOHTEKCTY
OBUMCJIEHHS AKTYAJILHUX TTITIIIEH:
¢axropis Brerenocri cf cymyTHuKiB dakTis *“f;
TTOCJIIJJOBHO 3BEPXY BHM3 nutsxom
3actocyBanHi MTS Monem 1o npasun 3-ro, 2-ro, 1-
IO PIBHIB.

\ 4
KEPYIOUI CUTI'HAJIN
PEAJIBILLA KEPYIOUHMX BIUIMBIB U;
BUIIOBIHO 10 aKTYalnbHOI CTpaTerii KepyBaHHA Y
[TOTOYHII CHTYAIll HUTIXOM BHAAYl KEPYIOUHX KOMAaHI
Ha akTyaTtopu PAM.

Puc. 5. Anropurm hopMyBaHHS KEpYIOUHX BIUIUBIB
o moudikoBaniit Mmozeni TS

Mogaudikarist Mmogeni TS 3BOAUTHCS 10 HACTYITHO-
ro. Ilo-mepme, mpaBwio y mom AKH[O moxe Matu
tepm event(f;). 1le o3Hauae 110 MPaBHUIO 3aCTOCOBYBA-
eTbcsi MexaHisMoM BuBenenHst (MB) TS y Bunanky,
KonM cranacs nopis: Qakrop BneBHeHocTi ¢dakty f; Ha
MOTOYHOMY KpOILIi OOpOOKM JaHUX TPHHHIB 3HAYCHHS
cf f;>¢, a Ha MonepeAHLOMY KpOLI LSl YMOBa HE BHKO-
HyBanacs. Konu Ha nmoroynomy kpoui 3 paxrom f; momii
He BiIOYyBaeThCs, TO MPaBWIO, sike BXOMUTH (akT f;
BUMHKAETHCS 3 00poOKM MexaHi3MoM TS (B KiacHuHHX
MPOAYKLIHHAX CUCTEMAax INTYYHOTO IHTENEKTY Iie Tpa-
BWJIO € TaKMM IO BHUKpeCIIoeThbes). Tlo-apyre, sKio
cynytauk *“f; pakry f; akrusosano cf *“f;=1 (morou-
Ha MeTa aKTyajbHa), TO MEXaHi3M KOHTEKCTY NpPHILISE
inenTugikanii momii M ¢dakToM OLTBII yBarw, MIO
peai3oBaHO NUIIXOM 3MEHIIEHHS TOpOry & B YMOBI
BusHaueHHs nofii cf f;>e— A, ne A — ekcriepuMeHTa-
JBHO OOpaHa KOHCTaHTA. [HIII MOSICHEHHS A0 ajJropuT-
My JaHi HWKYe Ipyu OOrOBOPEHHI pe3yibTaTiB eMyJIsiii
(tabn. 1) mpoizmy PAM mno mapuipyry Route; . Y nep-
oMy cTOBOIl HaBEeAEHO MHOXKMHY (DAKTIB Ta iX CymyT-

HUKIB II0 3aMisHI B Mapumipyti Route;. IHmi cToBOII
BIJIMOBIIAIOTh MOJISAM IO MOPODKYIOTHCS 3MIHOK CH-
Tyanii nmpu nepemimmeHdi PAM B310BX Mapuipyry.
Kpok 0. TTouaTkoBa cutyaunis: PAM 3Haxoauthcest
B PEKUMI OUiKYBaHHS OYIb SIKOi IMOJIT PO IO CBiAYATh

CffsalfSlarl] =1, CffsalfObsll- =1.

Kpok 1. Ha mpomy kpoui BigOymacs momis
of £y >6—-A mma £=0.75, A=0.25, ockinbku
cf f Start; =0.8. B Taba. 1 xoMipku 1 paxkTopiB Bre-

BHEHOCTI, 3HAYCHHS SIKMX MaJI0 MICI[C Ha IOYaTKy Kpo-
Ky 00poOku MTS BimoOpaxeHi 3€JICHUM KOJIhOPOM,
mofii i 1MX (HaKTiB — POKEBHUM, PE3yJIbTaTH O0YHC-
JIeHb TIpaBWiI — KOBTUM. J[st miel cutyarii MB MTS
Oy/ie 3aCTOCOBAHO TUTBKH OJHE MPABUIIO HA BEPXHHOMY

. . 4 sat _
piBai Ry, ke BusHauuth  cf "fp,. =1,

cf SalfLMS =1, cf_ S‘”fLme_m =1. VMoBH /U151 aKTHBI-

3amii Oy/b SKUX MPaBWiI HIXKYUX PIBHIB BIJICYTHI, TOMY
HeMae OUTbII 3MiH B cTaTyci (haKTiB.
Kpok 2. AkryanmizoBaHi Ha TONEpeIHbOMY KpOLI

LT TepeMillleHHS sat g Route; T TiEpIIa MANUTE MapI-

pyry fLM5 aKTHBI3yBaJIO MEXaHIi3M MEpEeKITIOYEeHHS

yBard. lle M03BOJMMIO Ha TOTOYHOMY KpOIli OOpOOKH
JAHUX OOYMCINUTHA 3HAa4YeHHA (akTiB y TOMy 4HCIi
cf f; Mg = 0.9 1i3apeectpyBatu nogito cf f; Ms > € -A.
Jns miei curyarii MB MTS Ha TperboMy piBHI Oyme
AKTHBI30BaHO BU3HAYUTH

NPaBUIIO Rﬁ 1, fKe

sat _ sat _ LR

cf fLM5 =—1, cf fLM2 =1. Ha nepmomy miznpis-
Hi JIpyroro piBHS Ha IIbOMY KpoIi 3’SIBISIETBCS (aKT
cf f,, y=1, uepes mo Oyne aKTHBH30BAaHO IIPaBUIIO

21 . :
Ry~", B pe3ynbTaTi BU3HAYAETHCS of *““fo, w=1. Ha
JIPyroMy ITiAPiBHI IPYroro piBHS aKTHBI3YETHCS MPABUIO

22 sat, _ sat _
R,~", mo Busnavae cf “fo,, w=—1, cf “Myuneawer righn =
=1. B Ta0i. 1 OJaKUTHUM KOJLOPOM IMOKa3aHO (hakKT, 10
Ha OJTHOMY KPOIIi aKTHBI3YEThCS Ta JCAKTHBI3YEThCSL.

Kpok 3. Ha mpomy Kkpomi BigOymacs momist

cf f1;,.>¢— A ockinbku cf £, = 0.8. 3’ aBIrOTRCA (hakTH
fvtaneuwver mark =1 Ta LM fg,r, = 1. 3acTocOBYy€TBCS MpaBUio

11 sat. _ sat, _
R]_ 5 TOOTO Cff fLinefout_ la Cff fUﬁManeuverjightﬁmark - la

sat, — sat, — sat, —
Cff fLil7e7in ——1, Cff fManeuvel; right =-1. Cff fUﬁManeuverf right_mar —
= 1. IlpaBusio HyJILOBOTO PiBHI Rlo 3aITyCKae Ha BUKOHAH-
HA CTpaTel"i}O UManeuvel~J‘ight7mal‘k~

Kpok 4. Ha upomy xkpoui BimOymacss momis

cf f..>¢— A, ockinbku cf fr;,.=0.9. 3’sapnserscs akr

12
ftoving mark- 38CTOCOBYETHCS TIPABUIO Ry~ , 110 BU3HAYAE
sat. —_ sat. _— sat. —
Cff fLinefout - _1a Cff fUﬁMovingfmark =1lta Cff fLinefint =1.
IS yMOBa

f "84 Moving mark = 1 3aIlyCKa€ Ha BUKOHAHHS CTPATETIIO
Ubtoving mark- PAM TiounHae pyx 1o LM, (puc. 4).

Kpok 4a. Ha npoMy kpori cutyariis, konmu PAM
pyxaetsest Mixk LMs 1 LM, 6e3 meperiko, 3aJ0BOJIBHSIE

HpaBI/IJ'IO R]O 3 SKOT'O  BUKOHYETLCA

BHMOTaM TIJIbKH OIHOIO IMpaBHJIa R103 B (18) i3 3ayBa-

skeHHAMH (19). 3rigHO IBOTO MpaBWIIa CTPATETIs Kepy-
BaHHA 30epiraerbcs 06e3 3MiH.
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Tabnuya 1 —Pe3ynbTaTH KOMI'IOTepHOro excriepumenTy cf_f;

dakr

Homepu KpokiB 00po0KH JaHUX BiJ ceHCOpiB

0

4a

40

4B

5

14

14a

140

148

140

14e

{510

-1

-1

-1

-1

-1

-1

-1

-1

-1

sat.
|

1

-1

-1

-1

-1

-1

-1

-1

-1

sat.
fRoutel

-1

1

1

1

1

1

1

1

thxti

-1

-1

-1

-1

-1

-1

-1

-1

1

1

1

1

1

1

1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

-1

-1

-1

-1

-1

-1

1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

1

1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

fln N

-1

-1

-1

-1

-1

-1

1

fln E

-1

-1

-1

-1

-1

1

-1

fln w

-1

-1

-1

-1

-1

-1

-1

sat.
Trtancuver teoft

-1

-1

-1

-1

-1

1

1

sat.
Tvsaneuver right

-1

-1

-1

-1

-1

-1

-1

saig -
Maneuver_forward

-1

-1

-1

-1

-1

-1

-1

fLine

-1

-1

-1

-1

-1

-1

-1

sat.
fLine in

-1

1

1

1

1

1

sat
fLine out

-1

-1

-1

-1

-1

-1

-1

-1

{5

-1

-1

-1

-1

-1

-1

-1

-1

Frtancuver mark

-1

-1

-1

-1

-1

0.8

-1

-1

-1

-1

sat. f
Maneuver_mark

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

sarg -
U Maneuver left mark

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

saig
U_Maneuver_right_mark

-1

-1

-1

1

-1

-1

-1

-1

-1

-1

-1

-1

sarg -
U _Maneuver forward_mark

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

1

-1

fvtoving dist

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1

-1
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Kpok 40. Ha mpomy Kpolli MOJENIOEThCS MOsBa
nepemkoan Ha nuiasxy PAM. Jlns cnporieHHs npumyc-

KaeTbes, mo ¢akt fp,, y npaBumi (4) AOCTOBiIpHO
1
ineHTH(IKy€e TepenKoay, Halpukiaj, sSKy MOXIHBO
00’ixaTu cripaBa Ha OCHOBI JJaHUX BiJl CEHCODPY BiJICTaHi.
Hwxue HaBeneHi M0JAaTKOBI NMPaBWIM SIKI aKTUBYIOThH
CTpaTterito KepyBaHHS OMHHAHHSIM IEPEIIKOIN ITOKH
3HOBY HE 3’SIBUTHCS PO3MITKa:
4 sat s D
R; IF event(foy,, ) and CF_""foy. is high
sat
THEN Cfi fU_ObSll' =1,

sat sat .
cf_ fManeuver_maVk =1, cf_ fObstl' _mark = I (20)
0
Ri IF event(fManeuver_mark)

and CF_ s fManeuver_markis high

and CF_*“"fop0, ary is high

THEN cf_ SalfU_Moving_mark =1,
of SalfManeuver_mark =-1
cf SalfObsll-_mark =-L
Kpok 5. AHaioriuHo 10 KpoKy 2, KOJIH AOCATHYTO
LM,. Kpoku 6-13 BinoOpaxaroTh cuMylsiito Oe3mepen-
KOJTHOTO PyXy Ha AitsHkax (LM, LM, LM, LM7). Kpo-
ku 5, 8, 11, 14 onucyroTh cuTyallii, KOJIM BUHUKAE TIOIS,
nosi’si3aHa i3 npuOyrTsiMm PAM no weprosoro LM 3a
MapupyroM fy,, ;. 3’SBIAETBCS (QaKT, IO OMUCYE Ha-
npsiMok mix’i3ny 10 LM f, 4. AKTyanisyroTbes CymyT-
HUKH (akTiB yeproporo 1iIpoBoro LM 3a manuM mapii-
pyToM ““f1un1 i1, HAIPAMKY BHi3y 3 LM *“f5,, 4 Ta THIY
MaHEBPY ““fituncuver ppes 1O HEOOXIIHO BUKOHATH JUIA
npoizny LM. Kpoku 6, 9, 12, 15 . onucyrorts curyariii,
KOJIM BUHHUKA€E IIOJisl AOCATHEHHsSI CTapT-CTOIl JIiHII Ha
B’i3HMI 10po3i fi. 3’ sBISIOTECA GAKTU fiytineuver metiod
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METO/ly BUKOHAHHS MaHeBpY Ui mpoizay LM Ta Oe3me-
9qHOCTI NPOoi3My f,.. AKTyalli3ytoTbCs CyImyTHHKU (DaKTiB
MOSIBU CTApT-CTOII JIiHIi Ha BHI3HHHA J0PO3i S“th,-,,eJ,ut Ta
crpaterii mpoizgy LM. 3amyckaeTbcs cTpateris Kepy-
BaHHA PYXOM Ulineuver nype methoa- Ha Kpokax 7, 10, 13, 16
BHHUKAE MO TOCATHEHHS CTapT-CTOII JIiHIl Ha BUI3HUA
nmoposi fy;,. BimnoBigaux LM. 3’sBiseTbest GakT METOIy
pyxy mo BHi3HIH 10P031 fupving metmod- AKTYaTi3yIOThCSA
CYIyTHHKH (DaKTiB MOSBU CTAPT-CTOI JIiHIi HA B’T3HHMU
110p03i *“f4e in T CTPATETii pyXy Ha BHi3IHMX [OpOTax.
3arycKarThCs CTpaTerii KepyBaHHSI PyXOMHA Ha BUI3HUX
10porax Ungoving methos- KPOK 17 omHCye MO0 TOSBU
o3Hak KiHueBoro LM 3a mapuipyrom f;,,4. BukoHyeThCs
JeakTyanizamis pakTy pyXy Ho Mapipyrty *“frouer. AK-
Tyai3yloThcs (DAKTH, IO MOKa3ylTh FOTOBHICTE PAM
JI0 BUKOHAHHS HOBUX 3aBIaHb *“fg1.

Oco0MBOI YBaru 3aciyroBYIOTh Kpoku 14, 14a, 140,
148. Ha 14-my kporii gocsrayro LM;. Ha xporti 14a moze-
JIIOEThCSL HeOe3ledHa CUTyamis: pyX Ha aumsHi LM, —
LM,3 nebezneunuit (CF_fi,. is low). Tomy npasuso 3 (16)
He Oy/ie aKTHUBI30BaHKM 1, SIK HACITIIOK, HE Oy/ic BU3HAUCHA
cTpateris KepyBaHHs. SIKiIo 0a3y 3HaHb JOIMOBHUTH IIpa-
BuIamu 00’13y 3 LM; yepe3 LM, no LM,;, To nam pyx
mo Mapuipyry Oyae mnpomomxeHuil. Hipkue HaBeaeHO
TpaBUIIO 00 1311y HEOE3NMEUHOI AUITHKA

R}; [IF CF_fg,, islow and CF_""fy,
is high and CFifLM7 is high
THEN cf *fp =1, of 00, =1

TTiCIIsl aKTUBI3AL SIKOTO OYyIyTh aKTHBI30BAHUMU IPaBH-
na 3 (14), mo BKaXXyTh HaNpsM BHi3ay 10 LM 1 paBuia
HIDKYMX PIBHIB IO aKTUBI3YIOTh CTPATETil0 YIpPaBIiHHS
pyxom Bin LM; yepe3 LM,;. Kpoku 14r, 14z, 14e onu-
CyloTh cutyauii mpoizny Bim LM, no LMi;. Ockinbku
MOTOYHA [T TIEPEpPBAHOTO pPyXy IO Mapuipyry

CF f101,, is high  Bech wac 06’31y sanumaeThes

AKTHBHOIO, TO MPH MOCATHEHi LM, IIaHyBaHHS Mapiil-
PYTY BiIOYBa€THCS HA MOYATKOBIM 0a3i MpaBWI 1O 1 s
Mapupyty 0e3 MepenKo.

Oco0uBicTh MOJIArac B HEOOXIAHOCTI J€aKTUBI3a-

uii pakry cf *“f,,0,, =—1.

BucHOBKH i HAPAMKH NOJATBIINX AOCTITKEHb

JlocmimKeHHsT MOJIeNTi CIIPUHAHSTTS, 3aCHOBaHOI Ha
MpaBwWiaX, MOKa3add CIPOMOXKHICTh 11 IMIUIEMEHTAITi1
JUTs KJIacy 3a/1a4 Hapiramii podoty. Monenb cripuiHsIT-
TS 10 iHTEerpoBaHa 3 MoaudikoBaHowo Mojewmo Taka-
ri-CyreHo BHpIlllye 3aBIaHHS CUTYallifHOTO KepyBaHHS
Ta MeperuiaHyBaHHs MapUIpyTy i 3aI0BOJIbHSIE BUMOTaM
IIOJI0 aBTOHOMHUX CHCTEM Ta Ma€ IepeBaru B IOpiB-
HSIHHI 3 METOAaMH MPOrPaMHOI0 Ta €BPUCTUYHOIO Ke-
PYBaHHS 32 TAKUMH KPUTEPISIMHU:

e THYYKICTH 3a0e3IeYyeThCsl 3aBISKH MPEICTaB-
JICHHIO HEYITKMMH TMPaBUIIAMH PI3HOTO PIBHS y3araib-
HEeHHSl 3HaHHS TPO i, MapumIpyT W IUIaH YCYHEHHS
nepenikoy, KaprorpadiuHi 3HaHHS PO pododiil mpoc-
Tip, cTparerii i KOHKPETHI KEepiBHI PillIeHHs, 10 J103BO-
JIsi€ aJanTyBaTy 3HAHHS 1]l KOHKPETHI YMOBH 0e3 repe-
MIPOrpaMyBaHHS CUCTEMH KEpYBaHHS;

e MacmTaOOBaHICTh 3a0€3MEUYEThCS  3aMIHOIO
(parmeHTiB 0a3u 3HaHb. Ha piBHI MaplIpyTiB 10AAIOTHCS
HOBI MpaBmIa M0 33Ja0Th IUTISTHKYA MapIIpyTy MiX JIBO-
Ma CyMDKHMMHU Mapkepamu. Ha piBHI kaprorpadiuHux
JIAaHUX JIOAAIOTHCS MPaBIJIa IO OMUCYIOTH 3B SI3KM HOBUX
MapKepiB 3 icHytounmH. Ha piBHI (QyHKIIIOHAIBHUX MOX-
JUBOCTEH pOOOTY MOAAIOTHCS TpaBWia IO ONHCYIOTH
HOBI CTparerii NOBEOiHKM Ta KepyBaHHS poOorom. Ha
piBHI iH(pOpMaIIHHOrO 3a0e3MeYeHHS OMAIOTHCI HOBI
(hakTH 110 ONMUCYIOTH BiMMOBIMHI KOHIICITH, HOOYIOBaHI
Ha J]aHUX BiJI I0OaHUX B CUCTEMY HOBHX CEHCOPIB;

e  ONpAIfOBaHHS HEBU3HAYEHOCTI 3a0€3MeUy€eThCs
MeXaHi3MaMH BiJICTeXKEHHS KOHTEKCTY Ta IepEeMHUKaHHS
yBaru, 3aBIsSKU SKMM 3HaHHS NP0 IEPEHIKOAN Ta CTpa-
Terii IX TONOJaHHS aBTOMATHYHO 3aCTOCOBYIOTHCS Y
HeOE3MEeUHUX CHTYallisiXx. Pe3ynbratd KoMI IOTepHHX
€KCIIEpUMEHTIB MMiATBEPANIN MOXIMBOCTI poOOTY MION0
aBTOHOMHOT'O BUKOHAHHSI 3aBJAHHS Y CUTYAIisIX KOJIH,
To-Tepiie, MEePelKoAr IO MOTPEeOyIOTh CUTYaliHHOro
neperuianyBaHHs (pparMeHTy Mapuipyry abo YCYHEHHs
3aBajiM NIISIXOM TMEPEKITIOYCHHS Ha 1HIIY CTpaTerito, 1o-
JIpyTe, Yepe3 MepeiKoay HeqoCTaTHhO iH(opMalii 1s
BHpIIIICHHS 3aBIaHHS JIOKaJIi3allii poooTy.

[Momanpii moCHiPKEHHs HAlliJIeHI HAa CTBOPEHHS
MeXaHi3MiB ajianTtamnii i HaB4aHHs [0JI0 aBTOMaTHYHOI
moOyJ10BU KapTorpadiuHuX 3HaHb.
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Mopnesb CHTYalIMOHHOI'O IIVIAHMPOBAHMS U YIIPABJICHUS NepeMellleHUIMUA aBTOHOMHOI0 podoTa
A.A. Kaprun, A.U. Banrok

AnHoTanms. Ha ceronss akryaibHoOl sBisieTcs podieMa HaBUralli aBTOHOMHBIX MOOMIIBHBIX CHCTEM B IIPOCTPAHCTBE I'JIe
BO3MOJKHBI BO3MYIIIeHUs. [Ipobiiema 3aKimodaeTcs B TOM, YTO Pa3iInyHbIe BO3MYIIEHHS, BO3HUKAIOLIME B NPOLECCE JBIDKEHUS po0oTa,
HE MO3BOJISIOT Pean30BaTh MEpeMeleHHe BJONb 3apaHee 3alIaHMpPOBAHHOTO Mapuipyra M TpeOyrOT TEeKyIel NepeIulaHupoBKH B
COOTBETCTBUM C IIONY4EHHOH OT JAaTYMKOB CHTyaluu. J[jisi aBTOHOMHBIX CHCTeM IpoOieMa ycyryomnsercss HeoOXOIMMOCTBIO
aBTOMATUYECKOro (pOpMUPOBAHMA MOIENM TEKYLIEH CHTYalluM Ha OCHOBE JAHHBIX OT CEHCOPOB M MHTEIPUPOBAHUM 3TOH MOZIENH
CHTYallud C MOJEIAMHM IUIAHHPOBAaHMS W YNpaBieHUs B pealbHoM BpemeHu. IIpeamMerom McciieOBaHMsl  SIBISETCS
3HaHHEOPUEHTUPOBAHHBIE MOJIEIM 00pabOTKU JaHHBIX OT CEHCOPOB, NPHMEHSEMbIE B HABUIalldM aBTOHOMHBIX MOOMJIBHBIX CHCTEM.
Hesp wuccstenoBaHusi — WMIUIEMEHTALMs KOTHMTHBHOW MOJENM BOCIPHSITHS, OCHOBAaHHOM Ha IpaBWIIAX, I KiIacca 3ajad
CUTYaIIMOHHOT'O YIPABJICHUS M NEPEIIaHUPOBKY JIBIDKEHHSI aBTOHOMHOI'O po0OOTa BJIO/b MaplIpyTa B ycioBusx nomex. HMccnenoats
CIIOCOOHOCTh MOJIENIM  YJIOBIICTBOPUTh TPEOOBaHMSAM K aBTOHOMHBIM cHcTeMaM. Pe3ymbrarbl. Mozenb BOCHPUATHS JaHHBIX OT
CEHCOpOB IpEJICTAaBICHa MHOKECTBOM MHOIOYPOBHEBBIX (DakToB, B BepOaiabHOH (hopMe Ha pasHbIX YPOBHSX 00OOIICHHM,
OIMCHIBAIOIIMX TEKYIYIO CUTYALUIO B OKpYXeHUH poOoTa. ba3a 3HaHMii, KOTOpOH monmb3yeTcst poOOT NPH HaBUTALMH, MPEZICTaBIICHA
IIATUYPOBHEBOH HMEPapXUUECKOH CTPYKTYpOH HEUeTKHX IpaBWI: 3HAHWA O LEAX, MaplIpyre W IUIAHE YCTPaHEHUs IpEIsTCTBHH,
Kaprorpadudeckue 3HaHUS 0 pabodeM HPOCTPAHCTBE, CTPATErUAX M KOHKPETHBIX YIPaBIISIONMX BO3JEHCTBUSIX, HEOOXOIUMBIX IS
JIOCTIDKEHUS L. Pa3paboTaHbl alnroput™M M Imporpamma, B KOTOPOH MHTErPHPOBaHbI MOJIENb BOCHPUATHS M MoaM(HUIMpoBaHHAs
Mmozenb Taxkaru-CyreHo, KOTopasi peanu3yeT CUTYallIOHHOE YIIPaBIEHUE C MepeIIaHupOBKOi MapipyTa. Jljist uccinejoBaHNs MOJEIH
pa3paboTaHbl UCKYCCTBEHHOE OKPY)KEHHE M NPHBEICHBI PE3YJIbTAaThl KOMITBIOTEPHBIX SKCIIEPUMEHTOB 110 IIEPEMELICHHIO poOoTa 110
3aJJaHHOMY MapIIPYTy B OKPYXKEHHH ¢ MpersTcTBusMU. BpiBoabl. ITokazaHa cocTOATENBHOCTD MMILIEMEHTALMH MOJIEIN BOCIIPHATHS
JUI Kj1acca 3a7ad HaBUralum poOora. Mogenb BOCIPHATHS, MHTErPUpOBaHHAs ¢ MomuduimpoBaHHOH Mozensto Taxaru-CyreHo,
pelIaeT 3a1a4i CUTYaLlIOHHOIO YIIPABJIEHHs! C NEPEIUIaHMPOBKON MapIIpyTa U YJOBJIETBOPSET TPeOOBaHUAM aBTOHOMHBIX CHUCTEM U
HMEeT MNPEeUMYIIECTBA [0 CPABHEHWIO C METOJAaMH IPOrPAMMHOIO M 3BPHCTHYECKOTrO YIPAaBJICHHS 10 KPUTEPUAM T'MOKOCTH,
MacIITabupyeMoCTH 1 00pabOTKU HEOIIPEIEICHHOCTH.

KawueBble ca0Ba: MOOWILHBIH p060T; CUTYAallMOHHOC IUIAHHPOBAaHUEC W YIPABJIICHUE, HaBUralysl; KOrHUTUBHaAsA
MOZEJIb BOCIIPUATHA; HCUCTKUE CUCTEMBI; JaHHbIC OT CEHCOPOB.

Autonomous robot motion control situational planning model
Anatolii Kargin, Oleksandr Ivaniuk

Abstract. Today, the urgent problem is the autonomous mobile systems navigation in a space where disturbances are
possible. The problem is that various disturbances that occur during the robot motion do not allow movement along a pre-planned
route and require ongoing re-planning in accordance with the situation received from the sensors. For autonomous systems, the
problem is complicated by the need to automatically generate the current situation model based on data from sensors and integrate
this situation model with real-time planning and control models. The subject of the research is the knowledge-based models of
processing data from sensors used in the autonomous mobile systems navigation. The purpose of the study is the implementation of
a rule-based perception cognitive model for the situational control tasks class and re-planning the autonomous robot motion along a
route under interference. Investigate the model ability to meet the autonomous systems requirements. Results. Perception data model
from sensors is represented by multilevel facts set, in verbal form at generalization different levels, describing the current situation in
the robot environment. The knowledge base that the robot uses when navigating is represented by the fuzzy rules five-level
hierarchical structure: knowledge about the goals, route and plan for obstacles avoidance, cartographic knowledge about the
workspace, strategies and specific control actions necessary to achieve the goal. An algorithm and a program in which the perception
model and the modified Takagi-Sugeno model are integrated, which implements situational control with route re-planning have been
developed. To study the model, an artificial environment was developed and the results of computer experiments on moving the
robot along a given route surrounded by obstacles are presented. Conclusions. The consistency of the perception model
implementation for the robot navigation tasks class is shown. The perception model, integrated with the modified Takagi-Sugeno
model, solves the situational control problems with route re-planning and satisfies the autonomous systems requirements and has
advantages over the program methods and heuristic management according to the criteria of flexibility, scalability and processing of
uncertainty.

Keywords: mobile robot; situational planning and control; navigation; perception cognitive model; fuzzy systems; data
from sensors.
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THE IMPROVED MODEL OF USER SIMILARITY COEFFICIENTS COMPUTATION

FOR RECOMMENDATION SYSTEMS

Annotation. The subject matter of the article is a model of calculating the user similarity coefficients of the
recommendation systems. The urgency of the development is determined by the need to improve the quality of
recommendation systems by adapting the time characteristics to possible changes in the similarity coefficients of users.
The goal is the development of the improved model of user similarity coefficients calculation for recommendation systems
to optimize the time of forming recommendation lists. The tasks to be solved are: to investigate the probability of changing
user preferences of a recommendation system by comparing their similarity coefficients in time, to investigate which
distribution function describes the changes of similarity coefficients of users in time. The methods used are: graph theory,
probability theory, radioactivity theory, algorithm theory. Conclusions. In the course of the researches, the model of user
similarity coefficients calculating for the recommendation systems has been improved. The model differs from the known
ones in that it takes into account the recalculation period of similarity coefficients for the individual user and average
recalculation period of similarity coefficients for all users of the system or a specific group of users. The software has been
developed, in which a series of experiments was conducted to test the effectiveness of the developed method. The
conducted experiments showed that the developed method in general increases the quality of the recommendation system
without significant fluctuations of Precision and Recall of the system. Precision and Recall can decrease slightly or
increase, depending on the characteristics of the incoming data set. The use of the proposed solutions will increase the
application period of the previously calculated similarity coefficients of users for the prediction of preferences without their
recalculation and, accordingly, it will shorten the time of formation and issuance of recommendation lists up to 2 times.

Keywords: recommendation systems; similarity coefficients; collaborative filtering; data analysis; optimization.

evaluation of RSs allowed us to present the main

Introduction characteristics of their work quality as shown in Fig. 1.

Recommendation systems (RSs) are a powerful
tool for goods and services digital marketing. They are
often used on web-resources with a large number of
users and items. In this case, during the
recommendation system operation, there may be a
shortage of computing resources and a decrease in its
work quality. The analysis of the main criteria for the

Each of these characteristics has a significant
effect on the quality of the recommendation system, but
it should be noted that first of all system users form
their judgments about the recommendation system in
the process of its operation. However, this evaluation is
largely influenced by the characteristic of the time
(speed) of the recommendation.

| Quality characteristics of recommendation systems |
I

v

Characteristics that are important to
system owners

Time (speed) of the creation of
recommendation lists to users

> Accuracy of rating prediction

User space coverage and item space
coverage

> Robustness to profile-injection attacks

v

Characteristics that are important to
system users

Time (speed) of getting
a recommendation list

The usefulness of recommendations
and their relevance to user needs

The diversity, serendipity and novelty

> .
of recommendations

User data privacy, absence of risk for
using a system

Fig. 1. The main quality characteristics of recommendation systems

The conducted research has shown that the main
time components of formation and issuance of
recommendations in RSs are:

Leoef the computing time of the similarity

coefficients between users (or items) for memory-based

algorithms (or the computing time of latent factors for
model-based algorithms);

!preq the time of predicting individual
preferences based on user actions and similarity

coefficients for memory-based algorithms (or the time
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of predicting individual preferences based on latent
factors for model-based algorithms);

! form the formation time of Top N preferences
to create recommendation lists for users based on
predicted ratings.

The conducted research has shown that one of the
main indicators that affect the total time of creating
recommendations is the time computing similarity
coefficients between users. This is largely due to the
significant increase in the use of RSs, their introduction
into a wide range of applications, a significant increase
in the quantity of these systems users. As well as an
increase in the quantity of the content items amount, and
consequently an increase in the frequency of changes in
the users' preferences, and therefore their similarity
coefficients.

One way to optimize this characteristic is to
predict changes in user interests and adapt the RSs to
identified trends in time characteristics.

Thus, the question of improving the quality of
recommendation systems by adapting the time
characteristics to possible changes in preferences of
users becomes topical.

Analysis of the literature [1-17] showed that there
are currently many methods and models for improving
the quality of recommendation systems. One of the main
ways to achieve this is to use hybrid RSs. It should be
noted that one of the main means of formation
recommendations in hybrid systems is collaborative
filtering, wusing either wuser-based or item-based
approaches. In works [1-7] describes the basic models of
collaborative filtering: memory-based and model-based.

The conducted research has shown that the
memory-based approach is simpler, has high accuracy,
can use incremental input of new data. However, this
approach is resource-intensive, cannot provide a
descriptive analysis of existing patterns, give more
insight into available data, and explain a prediction.

At the same time, model-based methods have
models that give a greater understanding of formed
recommendations, as well as the process of generating
recommendations is divided into two stages: resource-
intensive model training in the pending mode and
simple computing recommendations based on the
existing model in real times. The disadvantages of this
approach are that it does not support incremental
learning and have a lower accuracy of prediction.

One of the main reasons for the high resource
consumption of user-based, based on memory-based
collaborative filtering methods, is to use the procedure
computing similarity coefficients between users
whenever it is necessary to form recommendations.
Currently, statistics changes in user behavior are not
counted for reducing the frequency of the recompute
their similarity coefficients, so there is no possibility to
adapt the recomputing time of similarity coefficients to
the probability of their change.

In the works [1, 18-23] models of user preference
change dynamics in time, both for periodic and for
non-periodic changes, were researched and proposed.
These models were developed and used to increase the
work accuracy of recommendation systems, but not to

reduce the recalculation frequency of user similarity
coefficients.

This  work  proposes to improve the
recommendation lists formation method in such systems
by using statistics on user behavior when using
collaborative filtering to reduce the formation time of
recommendations.

The conducted research has shown that the
similarity coefficients recompute can be used not only
to form recommendations but also, to identify the
networks of bots. Bots from the same network will have
consistently the same preferences because since they
will have the same target items for rating changes. Such
bots should be identified and their data disregarded
when recommendation lists formation created for
normal users. A sign of a bot network will be the
presence of a certain quantity of users with similarity
coefficients between them equal or very close to one
1-e<k <I1. In this case, the question arises how often
the similarities between users be recomputed?
Moreover, for how long should the similarity
coefficients for the detected suspicious user group
remain the same to make sure that it is a bot network?

In this formulation of the problem, it becomes
justified to use wser-based and memory-based
collaborative filtering, because it is necessary to
determine namely the similarity between users. In this
case, the prediction of ratings and generating
recommendation lists can generally be based on other
methods and models. This can lead to delays in
customer service when users need to wait for
recommendations unsatisfactorily long. To reduce the
load on computing resources, it is advisable to
determine which data of a recommendation system does
not lose its relevance for a certain period and to
recompute them no more frequently than with the
defined periodicity.

In neighborhood-based models of recommendation
systems [1-5], the creation of a user recommendation list
can be divided into three separate processes:

1. Computing the similarity coefficients between
users (or items).

2. Predicting individual preferences based on the
similarity coefficients.

3. Create a Top N of preferences to form
recommendation lists for users based on predicted
preferences.

This paper proposes to reduce the quantity of
computations related to the recomputation of user
similarity  coefficients. =~ Namely, the similarity
coefficients between pairs of users to recompute not
every time the recommendation lists are formed, but
only when such a recomputation is required. The
similarity coefficients between user pairs of a
recommendation system may remain unchanged for
some time but will change eventually. There may be
several reasons for changing the similarity coefficients
between users:

1. The cold-start problem: When new users are
added to the system their preferences are not known,
arises a cold-start problem [8], recommendations for
new users are created based on contextual (including
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demographic) and popular data. When the first actions
of the user appear, it is possible to compute similarity
coefficients for him, but this information is few at the
beginning, so they do not fully reflect the preferences of
the user and his similarity to other users. Therefore,
even with a small amount of new data about such a user,
the recompute of similarity coefficients for him can give
significantly different values.

2. Changing preferences or the continuous cold-
start  problem. In  practically  implemented
recommendation systems, user preferences have a
frequent change that may be related to changing a user's
needs or changing their tastes and interests. Changing
the preferences of already known wusers of a
recommendation system, which has accumulated
enough information to correctly identify their tastes, is
known in scientific publications as the continuous cold-
start problem [9].

Recommendation systems based on collaborative
filtering are most sensitive to the cold-start problem,
and therefore the continuous cold-start problem [1, 8,
9]. Thus, the conducted researches have shown that the
main components of the improved method of formation
recommendation lists can be an improved model of
recomputing similarity coefficients of users (items), a
time optimization model of similarity coefficients
recomputation. Consider the main components of
forming the recommendation lists method in more
detail.

The improved model

of computing user similarity coefficients

The conducted researches have shown that the
basis for developing the improved model of computing
similarity coefficients can be the user-based
collaborative filtering approach and testing it using the
graph database Neoj4. In this case, similarity

coefficients between users can be used Pearson
correlation coefficient [24, 25]:

Z (n; =7y —12)
ke(uy 1y ) = ——=2 (1)

\/Z(Vli -7)? \/Z (2 -7)?
i=0 i=0

where u; and u, users between whom the similarity

coefficient is determined;, 7,7,  ratings are set by 1*

and 2" users respectively; n the quantity of the items in

the system; i 757,  average ratings of 1% and 2" users
respectively.

The value k(uy,u,) belongs to the interval from -1
to 1, where -1 corresponds to the absolute dissimilarity
of users, and 1 the absolute similarity.

Formula (1) provides that it is necessary to need to

compute the difference between each rating 4; and the
average value of the ratings 7 .

For optimization in real applications for
computations similarity coefficients, this formula is
rewritten as:

ne Y ()= Qni - Y mi)
i=0

i=0 i=0 (2)
S 2 N2 N2 el 2
”'Z”li —(Z”li) '”'Zr2i_(zr2i)
i=0 i=0 i=0 i=0

By periodically enumerating k(uy,uy), it is

ke(uy,u) =

possible to detect the relative change in the preferences
of users u; and u,, that is, when changing k(uy,u,)

can say that u; or u, or both users changed their

preferences. Other approaches should be used to detect
the absolute change in the user's preferences, but in this
work, the authors are interested in the relative change of
preferences because due to relative change of
preferences it is necessary to recompute the similarity
coefficients.

Since recompute all the similarity coefficients in a
database for any user at each access to the system is a
labor-intensive process. In this paper, it is proposed to
add to the system the following parameters: the
maximum allowable recomputation period of similarity
coefficients for each user and the maximum allowable
average recomputation period of similarity coefficients
for all users system or a specific group of users. The
recomputation period of similarity coefficients can be
determined based on a level of user activity in the
system and a frequency of his preferences change,
which should be determined based on accumulated
statistics about him.

It is proposed to compute the average
recomputation period of similarity coefficients based on
the accumulated statistics about all system users.
Besides, to use it during the process of the cold-start
problem for an individual user, whose the authors do not
have yet enough data so that to determine his
recomputation period of similarity coefficients. Also,
possibly divide users into groups by a specific criterion.
For example, activity level, and compute for each group
its average recomputation period of similarity
coefficients.

Consider the example of the graph part in the
database of the developed recommendation system is
shown in Figure 2 and Figure 3. Therefore, Figure 2
shows the graph part of the recommendation system
database after computing user similarity coefficients. As
the figure shows, the developed graph database contains
users and items that are written as vertices of the graph,
and ratings that are written as oriented edges of the graph
that connect users vertices and items vertices. Based on
the ratings of formula (2), the wusers' similarity
coefficients are computed and recorded into the database
in the form of non-oriented edges between users.

In Fig. 2 schematically shows the format of recording
the above vertices and edges in the developed database.
Since only oriented edges can be created in DBMS Neo4j,
both types of edges are created oriented, but in the edges of
the "Similarity" type (Figure 3b), the direction of the edges
is ignored during the operation of the recommendation
system. This figure shows in which format in the
developed system proposes to save the values of the
recomputation periods of similarity coefficients.
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Similarity, ki,

Rating, ri1

\ Rating, ri4
Item 4

Rating, ri,

Similarity, ki3

/ Item 1 -«———Rating, rj;——

Rating, r3;

/Rating, ray
Item 2

Similarity, kys

Rating, ry3

Item 3

T

Rating, ra3

Rating, ras

Rating, rss

/

Fig. 2. The graph part of the recommendation system database after computing user similarity coefficients

Nodes, representing users, contains the label: User
and have the property id. Also, nodes, meaning items,
contains the label: [tem and the property id. A
relationship that contains user rating (Fig. 3, a) has the
label: Rated, the property rating that contains a value of
rating, and the property time that contains the value of
time when the user rated item. Relationships, that
containing the user similarity coefficients (Fig. 3, b),
have the label: Similarity and the following properties:

:Rated
{rating: $r, time: $t}

— coefficient the value of the similarity coefficient,

—recountPeriod the recomputation period of
similarity coefficients for the given user (containing the
empty value at the moment of cold-start),

—averageRP the average recomputation period of
similarity coefficients for all users of the system (or for
a group of users to which that user belongs),

— lastRecountTime the last recomputation time of
similarity coefficients for that given user.

:Similarity
{coefficient:

lastRecountTime: Sirt}

(b)

(a)

skl

Fig. 3. The format of relationships between nodes of graph for type "Rated" (a) and type "Similarity" (b)

Thus, user similarity coefficients must be
recomputed if the system requests their reading at the
time ¢ > lastRecountTime + recountPeriod  for an
already  known user or at the time
t > lastRecountTime + averageRP for a user during
the cold-start.

After similarity coefficients are recomputed, their
values are rewrites to new ones in the database, and the
time of the last recomputation is recorded in the
property lastRecountTime.

The reasons for changing the similarity
coefficients between a pair of users x; and x, can be:

—User x; changed his preferences.

—User x, changed his preferences.

—Users x; and x, changed their preferences.

—Enough data about user x; was accumulated to
more accurately determine his similarity coefficients,
and the previous data was not enough to determine the
correct similarity coefficients.

—Enough data about user x, was accumulated to
more accurately determine his similarity coefficients,
and the previous data was not enough to determine the
correct similarity coefficients.

—Enough data about users x1 and x2 were
accumulated to more accurately determine their
similarity coefficients, and the previous data was not
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enough to determine the correct similarity coefficients.

The experiment that values of the similarity
coefficients between user pairs were recomputing at
some time intervals, and comparing with the previous
ones to determine the stability periods of the user
similarity coefficients were conducted. Instability times
of wuser similarity coefficients, to make their
recomputations there is no sense. Moreover, knowing
the average recomputation period of similarity
coefficients, It is possible to determine the optimum
intervals of time through that it is possible to recompute
the similarity coefficients between users without
significant loss of the system accuracy.

Experiment description

The open dataset MovieLens was used for the
experiment [26]. This dataset was created based on the
movie recommendation system. The dataset MovieLens
contains the following data: user IDs, user ratings
for movies, tags for movies (that were added by users),
movie IDs, movie titles, movie genres, time of user action
(namely rating time, tag creation time). Since users of this
system must rate items using the number of stars.
Besides, they can use half the star, and the maximum
number of stars is five, then the ratings can be as follows:
0.5,1.0,1.5,2.0,25,3.0,3.5,4.0,4.5, 5.0.

The relationships between the elements of dataset
MovieLens are specified using adjacency lists in
spreadsheet files of .csv format, that contain, in one row,
related elements such as user id, movie id, and the rating
that a corresponding user has set a corresponding
movie. In the dataset MovieLens, time is recorded in
Unix-time format and represents a date from
28.07.1996.

For the experiment, all the time in the dataset was
divided into intervals, in this example, these intervals
were chosen for a duration of 1 million seconds -
approximately 11 days. This period was chosen because
of the particularities of the data set being used, namely
that people's preferences for movies do not change so
often, and the desire to watch movies of other genres
may take several days. Initially, different time intervals
were used, but stability/change periods for user
similarity coefficients could be observed at the selected
above interval duration, and the recomputations quantity
of similarity coefficients on the dataset did not exceed
700, therefore experiments with such the time interval
did not take much time.

Similarity coefficients between users were
recomputed at the end of each period that determined by
the given time interval, the data for the recomputation
was taken from the start of the dataset and to the end of
a current period. The computation data were recorded in
a .csv file in the format shown in Table 1.

As a result, time series were obtained for each pair
of users that contained values of their similarity
coefficients at different time intervals. Similarity
coefficients were considered only for the activity
periods of the investigated users. That is, when users
ceased their activity on the system, the similarity
coefficients for them were no more computed, as they
would remain unchanged, not because of their
preferences changes, but because of the new
information absence, as similarity coefficients would be
computed based on old data that ceased to be updated.
The limited number of user pairs were selected to
process the data received, for which activity periods
overlapped enough for analysis.

Table I — The data format for comparing user similarity coefficients

UserId 1 User 1d 2 Similarity coefficients for users 1 and 2, k
time 1 time 2 time N
1 2 kip e[-1;1] ki € [-151] ki € [-151]
1 3 ki3 € [-151] ki3 € [-151] ki3 € [-151]
n m knm € ['151] knm € ['151] knm € ['151]

The purpose of processing data from Table 1 is
counting of stability periods k;, that means a time
during which none of the pair users have changed their
preferences (the similarity coefficient between a pair of
users has not changed). To determine such a period, in
the table valid values of correlation for rating k;(¢,) are
searched. Then the time interval [¢#; ©,] is searched:

ki j (1) ~hi j (22)] >4 (3)

where d the limit of sensitivity, in this case, d is selected
to be equally 0.01.

In most of the data, user activity is insufficient, for
some values of time ¢ the correlation coefficient is
impossible to compute. In such cases, it is not possible
to determine the fact of period completion where the
correlation coefficient is constant. As a result, for

defined intervals, the array 7(n) was created, where n
the serial number of the defined sequence; 7 the
sequence duration in conventional units of time. The
created array allows to plot diagram of event frequency
to obtain the similarity coefficients stability interval of
user pairs N(n) as shown in Figure 4.

The constructed frequency diagram of the stability
intervals from their length in Figure 5 makes it possible
to obtain the probability function of the specified
interval existence length »n using the normalization at

that operation p(n)=N(n)/Zl.N(i) is carried out.

Initially, before constructing the chart, the data were
smoothed by the moving average. After that, regressions
were plotted, that match popular declining distributions.
The best approximation was given by the exponential
regression N(n) =~ 80e™'”" with the standard deviation
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S~19. At the same time, assuming the Pareto
distribution, having an approximation N(n)= 791"
with the standard deviation S~ 24. The obtained data
contribute to the choice of the exponential distribution
since its use allowed to obtain the smaller standard
deviation of the approximation result from the

experimental data. Unfortunately, the difference
between the deviations of the best approximations is
negligible against the background of random deviations
of the plot, so the statement of the exponential
distribution should be understood only as a working
hypothesis.
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Fig. 4. Diagram of the stability intervals frequency from their length, where: n the length of the stability time interval of user
similarity coefficient; NV the number of the stability time intervals of user similarity coefficients with length n

Also, to model the process of changing the
similarity coefficients, applying the assumption that
each similarity coefficients changes at a random time
and independently of each other, because such a process
has the exponential distribution, analogous to
radioactive decay. Then can proceed to determine the

time during that user pairs will change the similarity
coefficient with the 0.5 probability.

The invariance probability determination of the
similarity coefficients (within d) as a time function is
possible by presenting the data from Figure 4 as follows
in Fig. 5.
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Fig, 5. The dependence of the user pair quantity, who have not changed their similarity coefficient, on time;
where: ¢ conditional time; k& the user pair quantity who have not changed their similarity coefficients at a given time ¢

The plot from Figure 5 was obtained as follows: At
the beginning time, the total number of monitored users
was noted.

Further, at each time interval, the user pair
quantity, who has not changed their similarity
coefficient, was marked, which was defined as the
difference from the previous value at the appropriate

time on this plot and the corresponding value at the
appropriate time on the plot from Fig. 4. To confirm the
assumption of the exponential law, the exponential
regression was constructed, which showed a sufficiently
small standard deviation.

According to the change distribution exponential
law hypothesis of user similarity coefficients in time,
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the laws of radioactive decay can be applied to this
process, because of the coincidence of the accepted
basic laws of distribution. The plot from Figure 5 was
used to facilitate the search for a period when the given
part similarity coefficients of users (for example, 50%)
will be changed, by analogy with the radioactive decay
law. Indeed.

Fig. 5 shows the plot of the user pairs quantity
N(?), that have not changed the similarity coefficients,
this plot can be approximated by the exponential
function [27]:

N(t)=Nge™, 4

where N, the initial number of users, 4 the sought
regression coefficient, ¢ conditional time.

For the statistical description of preference
changes, it is sufficient to determine the coefficients N,
and A by exponential regression.

The regression is performed by logarithmic the left
and right parts of the equation.

In(N(t;)) = In(Ny) — At . (5)

The regression is performed on experimental data,
that are given in the following Table 2.

Table 2 — The data for exponential regression

t; 1 2 3 n-1 n
In(Mz)) | In(V) | In(V2) | In(V3) In(N,.1) | In(N,)

The regression error square is computed by the
following formula:

A7 =(n(N@) - (nN)-3)) . (©)

If open the parentheses, then the formula will take
the form that can be used to find the standard deviation
of R*:

AZ = I (N(t;)) - 2In(N (1) In(Ng) +
120 (N () + I (Ng) -, (7)
~20t; In(Ny )+ 1287

R? =In%(N(t,)) - 2 In(No)In(N(z;)) +
+20; In(N(1,)) +In>(Ng)- . (8)
20 In(Ng); +4262

where the overline indicates the operation of computing
the arithmetic mean of all regression data: i = 1..n.

To find the extremum of the standard deviation of
the regression from the experimental data, which is the
only minimum, we equate the derivatives by the sought
coefficients to zero:

!

(%2 )X = 2 In(N () - 2In(No Y +202, ()

!

2 = Tl N {7\ —
(R )ln(NO) =-2In(N(1;))+21In(Ny) —2rt;, (10)

that gives the following system of linear equations:

1, In(N(t;)) ~In(Ny )t; + 017 = 0 .

7 _ (11)
~In(N(5;)) + In(Ny) —At; =0

The solution the system of equations will give the

following expressions to compute the sought
coefficients:
- t - ln(N(tl-l) —E In(N(2;)) ’ (12)
tl'z i
_2 —

2 -t

1

—1.

1

After the computations, the curve really will be to
reflect the exponential distribution N(n) = 366.72¢ %",
As a result, the indicator 1 =0.046 allows to determine
the following values, as an analog of the decay patterns
of radioactive isotopes [28]:

The average lifetime of preference r = 1/4. In this
example, the average stability time of the similarity
coefficients of user pairs is 7 = 21.7 selected time
intervals in the experiment.

Half-life: The time at that half of the user pairs
will change their preferences: T1,=1In2, T}~ 15 the
selected time intervals in the experiment.

The probability of preference change at time #:
p()=1-e™.

The probability of preference invariability at
time £ ¢(f) = e™.

In the process of servicing recommendation
systems, for us the most important criterion is the
assurance that a user will do not change preferences
during time #,, with probability p,,:

Pst = exp(_}\‘tst) 5 (14)
£, =—In(py)/ . (15)

Also more useful maybe the formula that shows
the time of user preferences change with probability ¢

ty =—In(1—qg)/ % (16)

So, if the recommendation system allows the error
probability ¢, then similarity coefficients should
recompute no more frequently than every time intervals
tst.

Time optimization model of similarity
coefficients recomputing

Time optimization model of similarity coefficients
recomputing:

(17)

where T the time of complete recomputation, that

T(Y}c,,]},,nf,,nl-,,no,t,r) — min ,

including the recomputation of similarity coefficients
and their transmission for further processing, as well as
the value 4; T;. the time of transmission of the old

similarity coefficients for further processing; n; part

of the wrong decisions about the recomputation of the
similarity coefficients (to obtain the prediction of
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preferences with the given accuracy it was not necessary
to recompute the similarity coefficients, it was possible
to save system resources); #;, part of the wrong
decisions about not recomputing the similarity
coefficients (to obtain the prediction of preferences with
the given accuracy it was necessary to recompute the
similarity coefficients); n, the part of the wrong

recommendations; ¢ the time since the last
recomputation of preference statistics; t the average
period of user access to the system.

These values are subject to the following
restrictions:

Ty <T} the technological constants that depend

on the performance of a computing system and
computation algorithms;

n;,. <1 the part can be expressed from the empty

set before all cases are included;
0<ngy <n,, the part of the false recommendations
should not exceed value ;

O<t<ol<t<ow the time cannot be
negative, the recomputation for zero intervals of time is
not expedient, also the time is limited in value within
reasonable limits;

t<t system work time should be greater than the
time between user visits.

The function of average customer service time 7 is
built based on listed above values and the problem of
minimizing this service time is solved. The system
works as follows:

The point of time reference for an individual user
is the moment when the last full recomputation of
recommendations based on his activity history.

On subsequent hits, the system estimates the
probability that the previous computations of the
similarity coefficients will be erroneous for the user. If
the error probability has exceeded the set critical value,
then the similarity coefficients are completely
recomputed.

Let's introduce the notation ¢, (cr: critical), as the
time after which the probability of making wrong
recommendation lists is higher than =#,. The
recommendation creation error consists of the basic
probability of error for a recommendation system pj

and the probability of error due to the use of the old
similarity coefficients without their recomputation

p(t)=1—e_)‘l.

As a result of computing the sum of probabilities,
having the following result:

(18)

of a

ny(6) = pp + (1= pp)(1—e™),

where p, the base error probability
recommendation system (the error probability of
filtering algorithms).

The resulting function is monotonically increasing,
so the equation for search #, has only one positive

solution under the condition :

ncr = pb + (1 - pb )(1 - e_}’tw‘ )ncr =

o (19)
=py +(l-p)1—e),
where:
0<t,, <—11n[1—uj. 20)
A 1-p,

Specifically, if for a user the recomputation of the
similarity coefficients took place no later than ¢, , then
the acceptance of past results would be a false decision
with a probability less than n,,. . This allows estimating
the average time of service of a user if during the time
of the ¢, was making on average of ¢.,. /1t visits:

_ Tﬁ,’f+t T

T(tcr)— crtir (21)

lo+7T
The resulting dependence is the descending one
from T, at 7, =0, and monotonically falls to the

limit 7, . Therefore, to minimize service time 7'(z.,.),

it is necessary to take the maximum permissible value
t.,. . The system load coefficient will be:

(22)

So, the optimal recomputation time of similarity
coefficients ¢, was received, which will change the

system load too K.

The experiments to test the proposed model of
similarity coefficients recomputing in recommendation
systems were conducted. The experiment results
showed the possibility increasing the application period
of the predetermined similarity coefficients in further
computations of the RSs, and accordingly reducing the
formation time and recommendations issuance up to 2
times.

Conclusions

In this article, the model of user similarity
coefficients computation for recommendation systems is
proposed. The model differs from the known ones, in
that the recomputation period indicator of the similarity
coefficients, for an individual user, and the average
recomputation period indicator of the similarity
coefficients, for all users of the system, or a specific
group of users is taken into account.

During the modeling, an analytical expression was
proposed to determine the intervals at which it would be
advisable to recompute the user similarity coefficients
in the recommendation system.

It has been experimentally demonstrated that the
use of the proposed solutions will provide an
opportunity to increase the period of application of the
previously computed user similarity coefficients for the
prediction of user interests, without recomputing them
every time and, accordingly, reduce the time of
formation and issuance of recommendations up to 2
times.
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Bnockonasiena Mogenn o04uncaeHHs1 KoedilieHTIB 10100 KOPHCTYBa4viB PEKOMEHAANIIHUX CHCTEM
€. B. Meneuko, O. M. Jlpees, A. M. Anp-Opaiikat

Anotanisi. IIpeamerom BHBUGHHS Yy cCTarTi € Moaenb OOYMCICHHA KOe(]iLlieHTIB 10fo0M KOpHUCTYBadiB
PEKOMEHAIIHHUX CHCTEeM. AKTYaIbHICTh pO3POOKH BU3HAYAETHCS HEOOX1IHICTIO ITiABUIIEHHS SIKOCTI PEKOMEHIalliHHAX CHCTEM
LUIAXOM aJanTalii 4aCoOBUX XapaKTePHCTHUK JI0 MOXKIIMBHX 3MiH 000K KopucTyBadiB. MeTor0 € po3podka MeTOly BUSHAYECHHS
nepiofy crabiIbHOCTI BIIOI0OaHb KOPUCTYBa4iB PEKOMEHAALINHOI CUCTEMU Ha OCHOBI IEpepaxyHKy KoedilieHTiB 1of00u Mix
IapaMu KOPHUCTYBadiB. 3aBAAHHS: JOCIIIUTH HMOBIPHICTh 3MiHM BIIOZI00aHb KOPHUCTYBAa4iB PEKOMEHJALINHHOI CHCTEMH 3a
JIOIIOMOT'OK0 TOpiBHAHHS KoeillieHTiB X Moxo0HM y 9aci, JOCHIJUTH 3a SKUM 3aKOHOM PO3INOALTY 3MIHIOIOTHCS KoedilieHTH
oo0u KOpucTyBadiB y 4aci. MeToau AociilxkeHb: Teopis rpadis, Teopis HMOBIPHOCTI, Teopis pallioakTHBHOCTI, TEOpis
anroput™MiB. BucHoBKH. B Xoni mocmipkeHb BIOCKOHAJIEHO MOJENb OOYMCIEHHS KOE(Ili€eHTIB IMOZOOM KOpUCTYBadiB
peKoMeHaliiHuX cucteM. Mojienb Biipi3HAEThCS BiJl BIJOMUX BpaXyBaHHSAM IIOKAa3HHKIB Iepiojy NepepaxyHKy KoediuieHTiB
0/100U 1711 OKPEMOro KOPUCTYBa4a Ta CEPeIHbOro Nepiofy nepepaxyHKy KoedilieHTiB 01001 Ul yCiX KOPUCTYBaUiB CHCTEMU
a00 meBHOI TIpynu KopucTyBadiB. Po3poOieHo mporpamHe 3a0e3leueHHs, B paMKax SKOro Oylno IPOBEICHO Cepito
€KCIIEpUMEHTIB JUIs NepeBipKi eeKTHBHOCTI po3pobieHoro Meroay. [IpoBeneHi eKCliepUMEHTH IOKa3alH, M0 Po3poOiIeHuH
METOJl B LUIOMY MiJBHIIYE SKiCTh pOOOTH PEKOMEHIALiHHOi cMCTeMH 0e3 iCTOTHMX KOJIHMBaHb TOYHOCTI POOOTH CHCTEMH.
TouHICTP MOXE HECYTTEBO 3MEHINYBATHCh a0o0 30UIbLIYBATHCh, 3aJIeXHO BiJl XapaKTEepUCTHK Ha0Opy BXIJHMX JaHHX.
BuxopucraHHs 3alpOIOHOBAHHMX PillleHb TO3BOIUTH 301IBIINTH NEPiOJl 3aCTOCYBAHHS IONEPEIHBO OOUYMCIEHHX KOe]illieHTiB
1o00M KOPHCTYBadiB Ul IPOTHO3YBaHHsS BIHOJ00aHb O3 IX NOBTOPHOrO INEpepaxyHKy Ta, BilIOBIIHO, 3MEHIIUTH Yac
(dbopMyBaHHs 1 BUAaui peKOMeH ALl 10 2 pasiB.

Karwo4dosi cioBa: pexkoMmeHIawilHi cucremu; koedilieHTH mnomodu; komabopaThBHa GIIbTpaLis; aHai3 JaHUX;
ONTUMI3allis.

'YcoBepiieHCTBOBAHHASI MOJe/Ib BIYMCICHUS KO3 (PHIUEHTOB 10100Ms N0/Ib30BaTe el peKOMEHIATeJIbHbIX CHCTEM
E. B. Meneuxo, A. H. JIpees, A. M. Anp-Opaiikat

AnHoTanus. IIpeamMeToM H3ydeHHUs B CTAaThe SIBIACTCA MOJEIb BHIYUCICHUS KOA((HUIIMEHTOB 10100Us MoIb30BaTeIel
PEKOMEH/ATENbHBIX ~ CHCTEM. AKTYaJlbHOCTh  Pa3paOOTKH  OmpezessieTcss HEeOoOXOOMMOCTBIO — IOBBIIICHHS  KadyecTBa
PEKOMEH/ATEIbHBIX CHUCTEM IyTeM aJanTallid BPEMEHHBIX XapaKTepPUCTUK K BO3MOXKHBIM H3MEHEHUAM I0A00Us
nonb3oBaterneil. Ilesbio sABisiercs pa3paboTka METOAa ONpPEAENCHHs Ieproia CTabMIbHOCTH HPEIIOYTCHUH I10/1b30BaTelel
PEKOMEH/IaTeNIbHOI CHUCTEMBbl Ha OCHOBE HepecyeTa KOd((HIMEHTOB MOAOOMS MEXIy IapamMH Ionb3oBaTelied. 3agava:
HCCIIEZIOBATh BEPOSTHOCTh M3MEHEHHs HPEANOYTEHHH I10/1b30BaTeiell PEKOMEH/IATENIbHOI CHCTEMbI C MOMOIIBIO CPaBHEHUS
k03 hunMeHTOB MX 1omoOMs BO BPEMEHH, MCCIICOBATH II0 KaKOMY 3aKOHY PACIpENeNICHUs H3MEHSIOTCH K03((dHUIMEeHTb!
nonoOust  rmonp3oBaresied BO BpeMeHH. Meroabl HMccieqoBaHMii: Teopus rpadoB, TEOpHS BEPOATHOCTH, TEOPHS
PaJMOaKTUBHOCTH, TEOpHs ainroputMoB. BeIBogbl. B Xozme uccnenoBaHuii yCOBEpIIEHCTBOBAaHA MOJEIb BBIYMCICHUS
K03 GHUIUEHTOB ITOZOOUS MOTB30BaTeNel PEKOMEHAATEIBHBIX CHCTEM. MOJIelb OTIIMYaeTcsl OT N3BECTHBIX YUETOM IoKa3aTenei
nepuoza nepecyera ko3 uuneHToB nono0us 11 OTIENBHOrO I0JIb30BaTEIIs M CPEIHEro neproja nepecyera koddduuueHron
noxoOust Ul BCEX II0Jb30BATENEl CHUCTEMBl WIM OIpPECNICHHON TpyIIbl Iojib3oBareneid. Pa3paboraHo mnporpammHoe
obecrieyeHne, B paMKax KOTOPOro Oblia HPOBEICHA CepHs 3KCIEPHMMEHTOB Ul IPOBepKH 3(deKkTuBHOCTH pa3paboTaHHOro
Mmerozna. IIpoBeneHHbIE SKCIIEPUMEHTBHI IIOKa3alM, YTO pPa3paOOTaHHBIA METOZ B IEJIOM IOBBIIAET KayeCTBO pabOThI
PEKOMEH/IaTeNIbHOM CUCTEMBbI 0€3 CYIIECTBEHHBIX KOJIeOaHMII TOUHOCTH PaboThl CHCTEMbl. TOYHOCTh MOMKET HE3HAUUTEIBHO
YMEHBIIATHCSI WM yBEIMYMBATBCA B 3aBUCHUMOCTH OT XapaKTEepPUCTMK Habopa BXOIHBIX JaHHBIX. lcrone3oBaHue
MPEUIOKCHHBIX PEIICHUH TO3BOIUT YBEIMYUTD IIEPUOJL IIPUMEHEHHUsS! [IPEJIBAPUTEIILHO BHIYMCICHHBIX K03()(QULIHEHTOB 1ogoous
0JIb30BaTENel Ul NPOTHO3UPOBAHMS IPEIIIOYTCHUH 0e3 MX MOBTOPHOrO HepecyeTa M, COOTBETCTBEHHO, YMEHBIIUTh BPeMs
(bopMHpOBaHUA U BBLIAYM PEKOMEHIALUH J10 2 pas3.

KnaroudeBble ci0Ba: pekOMEHIATEIbHbIE CUCTEMBbl; KOI(QGUIMEHTH! onodus; kojuiabopaTuBHas GpUIBTpaLMs; aHATN3
JIAHHBIX; OITUMU3ALINL.
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ROBUST TELECOMMUNICATION CHANNEL
WITH PARAMETERS CHANGING ON A FRAME-BY-FRAME BASIS

Abstract. An approach is proposed to design of a robust data transfer channel for telecommunication networks that is
based on the desired bits spectrum spreading and their additional scrambling by using two pseudo noise coding sequences
derived from primitive polynomials of eighth and fifteenth degrees. Further information protection is offered to be achieved
by deploying four 32768 chip-long pseudo noise coding sequences, instead of one, with 128 cyclic shifts each. It is proven
that selection of a scrambling sequence and its cyclic shift according to a secret algorithm on a frame-by-frame basis helps
substantially improve performance of the telecommunication channel in terms of protection against interception while
preserving its useful properties. Research results permit to claim that the designed telecommunication channel could be
used in noise immune and concealed telecommunication networks.

Keywords: telecommunication network; primitive polynomial; pseudo noise coding sequences; computer simulation;

spectrum spreading; cyclic sequence shift.

Introduction

Problem statement. Telecommunication networks
have always been a prime target for those rogue elements
who want to prevent information transfer, intercept
messages or even take control over the channel by sending
spurious information instead of the legitimate one. The
latter is especially widespread when it comes to control
over unmanned aerial vehicles or drones. In general, it is
widely accepted that susceptibility of the wireless networks
is much higher than that of any other. That is why
enhancing noise immunity, concealment properties as well
as improving resistance to deciphering of the
telecommunication channels sending data over air interface
play a major role in their practical implementations.

Deployment of the wideband signals is one of the
most effective ways of improving the features of
telecommunication channel mentioned above. Formation
of the wideband signals in telecommunications is often
achieved with the help of different spreading techniques,
which are usually performed by using spreading coding
sequences.

According to this approach, every bit of information
in telecommunication channel is processed by the
spreading coding sequence, which consists of a certain
number of chips. The bigger the number of chips, the
better noise immunity, transmission concealment and
resistance to deciphering the channel possess. Besides, it
is a common practice to transmit data in
telecommunication channels frame-by-frame, which
creates a precondition to use a second coding sequence
that not only marks the limits of the frame, but also
performs additional scrambling of the data. This
additional scrambling gives an extra layer of protection to
the data being transmitted.

Auto- and inter- correlation parameters of the
spreading coding sequences are a key to their practical
utilization. It is well-known that very good correlation
properties can be found in pseudo noise coding sequences
that are derived from the primitive polynomials of the

certain degree. These coding sequences have proved their
effectiveness in the third generation mobile networks [1],
[2]. But in those networks the pseudo noise coding
sequences are used only to organize multiple access to the
system for many subscribers both within one cell and
between cells. At the same time, utilization of the pseudo
noise coding sequences to enhance noise immunity,
concealment properties and improving resistance to
deciphering have received insufficient attention in
research.

Additionally, deployment of the two, even with the
best properties, pseudo noise coding sequences with
account of the current level of cyber rogue element’s
equipment is not near enough. That is why, this paper
proposes to change the parameters of the pseudo noise
spreading sequences on a frame-by-frame basis, namely
using four (or even more) spreading sequences instead of
the one marking the frame size, with each of them
undergoing many cyclic shifts.

Thus, study of the practical realization of the noise
immune, concealed, resistant to  deciphering
telecommunication channels with utilization of the
pseudo noise coding sequences derived from primitive
polynomials with different cyclic shifts and frame-by
frame-parameters hopping is important and some extra
research is needed in this direction.

Recent literature review. Ultilization of pseudo
noise coding sequences in third generation mobile
networks is reasonably well-treated in [1] and [2]. In [1],
an area of application of these coding sequences is
outlined, as well as certain their examples are provided,
although it is done with particular stress on multiple
access to the network. In addition, correlation properties
are considered in respect to subscriber separation while
noise immunity and transmission concealment are not
entertained. In [2], it is paid a big attention to the practical
component of pseudo noise coding sequences
deployment and, besides, it presents a lot of explanations
concerning theory and practice of how to generate these
sequences, including those with different cyclic shifts
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using primitive polynomials. That is being said, this work
focuses totally on the pseudo noise coding sequences that
are used in CDMA2000 technology, while others are
treated superficially.

The authors in [3] try to present full and, yet,
detailed account of the spectrum spreading coding
sequences that, according to their parameters, can be used
in telecommunication networks. Unfortunately, study of
performance of certain spreading sequences in a practical
implementation of the telecommunication channel is not
done properly. Although this source outlines ways of
forming pseudo noise coding sequences and the
advantages that they bring, it serves as more of a
theoretical effort and does not support the information
with, for example, computer simulation.

An approach to practical use of pseudo noise coding
sequences for design of control channels for unmanned
aerial vehicles is studied in [4]. But it lacks an analysis of
the channel’s noise immunity while the cyclic shifts
option is not addressed, which could enhance both this
parameter and the transmission concealment in the
telecommunication control channel.

There are good reviews of the technologies that are
used in wireless telecommunication networks in [5] and
[6]. Nevertheless, these sources claim that pseudo noise
coding sequences are only one of the technologies
amongst many and, as a result, practical verification of
the coding sequences parameters is not done. With
account of the deficiencies in the reviewed known
literature, the purpose of this article is to study practical
implementation of the noise immune telecommunication
channels based on pseudo noise coding sequences as used
on frame-by-frame basis with different cyclic shifts.

Main material

Design of the code and chip structure of the
telecommunication channel. As mentioned above,
information transmission in a telecommunication
channel is performed by frames. Frame size is
determined by the channel type, the area of its use and
required data rates. In wideband applications, each
transmitted bit is spectrally spread by the short pseudo
noise coding sequence. In this case, spreading factor is
determined on the one hand by required date rate, on the
other — available frequency band.

Let us assume that required data rate in the
telecommunication channel is 20 Kbit/sec, while
available frequency band is 5 MHz. Thus, a possible
spreading factor equals 256 units and, in this way, short
pseudo noise coding sequence, which spreads bits, must
comprise 256 chips.

According to the recent developments in the field,
network developers are trying to use shorter frames
because it simplifies retransmission techniques,
deployed when there are too many errors. Let us assume
that the frame is composed of 128 bits, and, then, it

includes 32768 chips, as does the long pseudo noise
coding sequence determining frame size.

For the reasons given above, chip and frame
structure, as well as algorithm of the telecommunication
channel design, look as follows:

e Each frame with duration of 32768 chips
contains 128 bits of data, every one of them comprising
256 chips;

First pseudo noise coding sequence is formed that
includes 256 chips and matches the duration of one bit;

* Second pseudo noise coding sequence is
formed that includes 32768 chips and determines frame
duration;

» All bits except for the first one are spread by
short coding sequence with 256 chips;

» First bit always assumes value unity and is not
spread by the short pseudo noise coding sequence with
256 chips, but is, rather, used for frame synchronization;

e All frame’s bits are processed by the long
coding sequences with duration 32768 chips;

* Frame synchronization is performed using first
256 chips of the long coding sequence with 32768
chips.

Let us not forget that we need at least four long
pseudo noise coding sequences and they are used with
different cyclic shifts. Hence, it is important to study
how to generate them and check their auto- and inter
correlation properties.

Synthesis of the long pseudo noise coding
sequences and assessment of their properties. Good
performance of the telecommunication channel can be
secured only using coding sequences with required
correlation properties. To obtain good auto- and inter
correlation properties, it is highly recommended to
utilize primitive polynomials of a certain degree.

Primitive polynomials of the required degree can be
found in [2], as well as in many other places. We are
interested in the primitive polynomials of the fifteenth
degree. According to [2], there are 1800 of them available,
but for the purpose of this article we need just four. These

I L

polynomial F(x)=1+ X +x
can be also deduced by polynomial division. Four
primitive polynomials of the fifteenth degree that can be
used to generate pseudo noise coding sequences
comprising 32768 chips and selected by the authors are
as follows:

7 8 9 13 15

F(x)=1+x5+x +x"+x7+x 7 +x 7,

F(x)=1+x2+x6+x7+x8+x10+x15;

F(x)=1+x3+x4+x5+x9+x10+x“ +x12+x15;

2 6 7

+Xx +Xx +)C]1 +x15.

Fx)=1+x+x

Pseudo noise coding sequence derived from (1)

can be synthesized using 15 element shift register
presented in Fig. 1.

Fig. 1. Block diagram of pseudo noise coding sequence generator with 32768 chips from the primitive polynomial
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In this picture, at the output of the fifth, seventh,
eighth, ninth and thirteenth elements, the modulo 2
addition is performed. In principle, the diagram in Fig.1
is able to generate only 32767 chips because 15 zeros
cannot exist in it. Therefore, one additional “0” is
inserted to the run of 14 zeros without shifting the data
along the register [2]. If initial loading vector is all zeros
but last, then the fourteen zeros are the last ones in the
sequence and the additional zero is added as number
32768. Similar diagrams can be drawn for other
polynomials; they differ only in the way where the
modulo 2 addition is performed. The similarity is

important because we can easily switch from one
sequence to another, out of three left, using just one
device with almost no equipment cost.

As mentioned above, each sequence of 32768
chips undergoes cyclic shifts with the step equaling any
number of chips in the expression n*256, where n
assumes integer values from 1 to 127.

To quickly perform the shifts, one can use 15 bit
masks and those 15 bit long words should equal 127,
which corresponds to the number of cyclic shifts. To
perform this task, block diagram in Fig. 1 can be
modified as is shown in Fig. 2.

DI D D IIPD D

15 Bit mask

l

Pseudo noise coding sequence with the cyclic shift determined by the

mask

Fig. 2. Block diagram of pseudo noise coding sequence generator with 32768 chips and cyclic shifts determined by the mask

In Fig. 2, each of the fifteen bits of the certain
cyclic shift mask is processed by logical “&” with the
binary signal of the corresponding element of the shift
register. After that, output sequence with the shift,
corresponding to the mask, is formed by modulo 2
addition of all the signals from logical elements
performing logical “&”.

Thus, the block diagram in Fig. 2 can easily switch
from generating one sequence to another of the four
pseudo noise coding sequences with 127 possible cyclic
shifts each, on a frame-by-frame basis. This hopping
can be performed according to a secret algorithm, while
there are 512 possible options available to choose from.

Before proceeding to studying performance of the
designed channel, it is important to assess the
correlation properties of the pseudo noise coding
sequences presented above.

Fig.3 illustrates autocorrelation properties of the
first out of the four pseudo noise coding sequences
comprising 32767 chips, which is without adding an
extra chip and is generated according to (1).
Autocorrelation functions for the second, third and
fourth sequences are the same, as the one in Fig. 3.

It is evident from the figures that the polynomials
used to derive the sequences are truly primitive, because
once a single shift occurs, the correlation function
assumes -1 value and it stays this way for the whole
duration of the sequence. When there is no shift, the
correlation function value is that of the number of chips
in the sequences — 32767 (the figure does not reflect this
because it is focused on verifying the -1 value).

It is interesting to see what happens to the
autocorrelation functions when an extra chip is added to
obtain the sequences with 32768 chips. The
autocorrelation function for the pseudo noise coding
sequence with an extra chip is presented in Fig.4.

signal level

Signal level

Aok 4

Avd, PR

tion for the first pseudo noise coding sequence with 32767 chips
T T T T

Autocorrelation function peaks with
the magnitude

| / 32767 units
/ \
/

| #

o

autocorrelation function level -1 when "
any chip shift exists

&

& o
\\
I I

2 1 1 1 1 1
1 2 3 4 5 &
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Fig. 3. Autocorrelation function for the first
pseudo noise coding sequence with 32767 chips

ion for the first pseudo noise coding sequence with 32768 chips
T T T T T

Autocarrelation function peaks with
18 the magnitude
/ 32768 units.
Autocorrelation function level batween 2 and -4
when any chip shift exists 1

/

L L L L L
1 2 3 4 5 6
Number of chips to!

Fig. 4. Autocorrelation function for the first
pseudo noise coding sequence with 32768 chips

As evidenced by the data in Fig. 4, an extra chip
degrades the autocorrelation properties, but still they
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remain very good. Autocorrelation functions for the
second, third and fourth sequences with 32768 chips are
the same, at least when it comes to signal levels, as that
in Fig. 4. To assess the behavior of the correlation
function in Fig. 4, 5 presents the same graph but on is
bigger scale, just 1000 first chips. It is clear from this
figure that, although the upper and low bounds stay the
same, the function assumes three different values
determined by the coding sequence structure.

Data in Fig. 3 and 4 illustrate correlation functions
when the integration is carried out on the whole length
of the sequence. In real installations, the integration is
performed on a limited plot, and it obviously degrades
the performance.

In the synthesized telecommunication channel, the
sequence segment allocated for the integration is the
first 256 chip section of any of the four 32768 chip long
sequences with appropriate cyclic shift.

Ak Tatin i

2 T

tion for the first pseudo noise coding seq with 32768 chips on 1000 chips
T T T T T T

Autocorrelation function peak with
the magnitude
32766 units
Autocorrelation function level betwaen 2 and -4
when any chip shift exists

| / |
L b i

A5 T

I I I I I I I I
400 500 600 70 800 00
Number of chips

Fig. 5. Autocorrelation function for the first pseudo noise
coding sequence with 32768 chips on the first 1000 chips

To study the correlational properties in this case of
the limited integration segment, Fig. 6-10 show
correlation  function of the selected frame
synchronization segment, or window function, and the
four pseudo noise sequences of 32768 chip long.

Correlation function of the first 32768 chip sequence and the chosen 256 chip window
T T T T T

Frame sync signal N

30 I I I I I

15 2 25 3

Nurmber of chips <ot

Fig. 6. Correlation function for the first pseudo noise coding
sequence with 32768 chips and the chosen window function
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Correlation function of the first 32768 chip seq
T

200 T T

and the chosen 256 chip window on 1000 chips
T T T T

Frame sync signal

It it

g
T

Number of chips

Fig. 7. Correlation function for the first pseudo noise coding
sequence with 32768 chips and the chosen window
function on the first 1000 chips

Correlation function of the second 32768 chip sequence and the chosen 256 chip window
T T T T T T

g
i
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Fig. 8. Correlation function for the second pseudo noise
coding sequence with 32768 chips and the chosen
window function

Correlation function of the third 32768 chip sequence and the chosen 256 chip window
T T T T T

05 1 15 2 25 3

Number of chips x10*

Fig. 9. Correlation function for the third pseudo noise coding
sequence with 32768 chips and the chosen window function

Synthesis of the short pseudo noise coding
sequence. As mentioned above, the telecommunication

channel uses short pseudo noise coding sequence to

spread bits of the useful information. Similarly to
synthesis of the long pseudo noise coding sequences, a
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Signal level

Signal level

primitive polynomial is required to obtain 256 chip long
short pseudo noise coding sequence, but in this case that
of the eighth degree. The one, chosen in this paper, can be
presented as follows:

F(x)=1+x2+x3+x4+x8. 2)

As in the case with the primitive polynomial (1),

(2) can be used to generate a pseudo noise coding

sequence with the help of the shift register and addition
of the 256th chip to 255 already formed.

Correlation function of the fourth 32768 chip sequence and the chosen 256 chip window
T T T T T T

L L L L L L
05 1 15 2 5 3
Nurnber of chips x10*

Fig. 10. Correlation function for the fourth pseudo noise
coding sequence with 32768 chips and the chosen
window function

Fig. 11 illustrates pseudo noise coding sequence
with 256 chips synthesized according to (2).

256-chip long pseudo noise coding sequence
T T

Number of chips

Fig. 11. 256-chip long pseudo noise coding sequence

Performance study of the  designed
telecommunication channel on the background of the
internal noise and interfering signal. Having
synthesized the pseudo noise coding sequences and
studied their properties, let us proceed to assessing
performance of the proposed telecommunication
channel.

As was shown above, useful signal is presented as
a binary modulation of a 128 bit sequence (bit frame),
each of which is spectrally spread 256 times by the short
pseudo noise coding sequence just described. In
addition, each frame is scrambled by the 32768 chip

Signal level

Signal level

long pseudo noise coding sequence, which marks the
frame limits. Internal noise is presented as normally
distributed samples with one unite power level.
Interfering signal has the same probability distribution
and power as does the internal noise. Additive mixture
of useful signal, internal noise and interfering signal
over one frame is shown in Fig. 12. Here, the first
32768 chip long pseudo noise coding sequence is used
with the cyclic shift of 256 chips.

Further research is directed at establishing whether
it is possible to extract from the mixture in Fig. 12
frame structure of the information and the values of all
bits of information.

Additive mixture of the useful signal, internal noise and interfering signal over one frame
T T T T T

05 1 5 2 25 H
Number of chips x10*

Fig. 12. Additive mixture of the useful signal, internal noise
and interfering signal over one frame

Fig. 13 illustrates signal at the output of the
matched filter for the selected frame signal when it
processed the frame depicted in Fig. 12. Extracted frame
sync pulse is clearly visible in Fig. 13 at the beginning
of the frame.

Signal at the output of the frame sync matched filter over one frame
T T T T T

Frame sync pulse

a0 I I I I I I

05 1 15 2 25 3
Number of chips

Fig. 13. Signal at the output of the frame sync matched
filter over one frame

Fig. 14 shows the signal at the output of the spread
bits matched filter over one frame after it processed
signal mixture depicted in Fig. 12, preliminary
descrambled by the long pseudo noise sequence.

Analysis of the data in Fig.14 indicates that the
bits are confidently extracted from the mixture on the
background of the internal noise and interfering signal.
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Signal at the output of the spread bits matched filter over one frame
T T T T

300 I I I ! I

15 2

Number of chips 10t

Fig. 14. Signal at the output of the spread bits matched
filter over one frame

Performance study of the  designed
telecommunication channel with use of different long
pseudo noise coding sequences and cyclic shifts. In
some cases, deployment of the two pseudo noise coding
sequences cannot secure complete protection of the
information from the interception. This paper proposes
to further enhance concealed information transfer by
using not one but four 32768 chip long pseudo noise
coding sequences, as well as their cyclic shifts. There
are 128 cyclic shifts for each sequence and with account
of 4 sequences one can number 512 possible options to
choose from. In this case, any one of 512 options can be
chosen according to preselected secrete algorithm,
which frequently changes.

To test feasibility and effectiveness of the proposed
method, the signal similar to that in Fig. 12 was formed,
with only exception that the third 32 768 chip long
pseudo noise coding sequence was deployed with the
cyclic shift 1280 chips.

This signal is shown in Fig. 15.

Additive mixture of the useful signal, internal noise and interfering signal over one frame
with change of the long coding sequence and the cyclic shift
T T T T

15 2

Number of chips

Fig. 15. Additive mixture of the useful signal, internal

noise and interfering signal over one frame with change
of the long coding sequence and the cyclic shift

Let us assume that the rogue elements somehow
learnt about the structure of the short 256 chip long

x10*

pseudo noise coding sequence and the long 37268 chip
long pseudo noise coding sequence. But they are ignorant
of the possible change of the long sequence and its cyclic
shift. In this case, while trying to intercept the message
they will use known to them data about the sequences. As
a result, the rogue elements will obtain the frame sync
pulse and the bit sequence portrayed in Fig. 16 and 17
respectively.

As it seems from these figures, they will not be able
to decode the fame structure and extract the bits of useful
information.

Fig. 18 and 19 present the signals at the output of
matched frame sync filter and bits matched filter,
respectively, with the full knowledge about the selection
of the long pseudo noise coding sequence and the cyclic
shift.

Signal at the output of the frame sync matched filter over one frame without account of the sequence change
kil T T T T

Signal level

Signal level

I I I I I
15 2

Nurnber of chips

<10t

Fig. 16. Signal at the output of the frame sync matched
filter over one frame without account of the sequence
change and the cyclic shift

10(Signal at the output of the bits matched filter over one frame without account of the sequence change
4 T T T T T

15 H

Nurnber of chips xfo*

Fig. 17. Signal at the output of the bits matched filter
over one frame without account of the sequence
change and the cyclic shift

As data in Fig. 18 and 19 indicate, when the change
of the long pseudo noise coding sequence, as well as the
cyclic shift, are taken into account, respective processing
in matched filters permits to effectively extract frame
sync signal and bits of information.
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Signal at the output of the frame sync matched filter over one frame with account of the sequence change
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Fig. 18. Signal at the output of the frame sync matched
filter over one frame with account of the sequence
change and the cyclic shift

Signal at the output of the bits matched filter aver one frame with account of the sequence change
30 T T T |

g

o

g

I I I I I
05 1 15 2 25 3
Number of chips 10t

Fig. 19. Signal at the output of the bits matched filter

over one frame with account of the sequence
change and the cyclic shift

When shifts and sequences change almost randomly
on a frame-by-frame basis, the adversary must follow all
possible options, and there can be too many for him.

According to [2] there are 18000 primitive
polynomials of the fifteenth degree and with account of
the 128 possible shifts, it can become an insurmountable
problem for the interceptors.

Conclusions

Data transfer telecommunication channels are
among the important targets of the rogue cyber actors.
There is a constant battle between those who protect
information and those who try to intercept it. Thus,
enhancing noise immunity of the information, its
concealment and resistance to interception is a very
important topic to research.

To improve these parameters, it is proposed to
design a telecommunication channel with deployment of
the two pseudo noise coding sequences: one is 265 chip
long sequence for spectral spreading of the useful bits,
while the other is 32768 chip long to mark the frame
limits and provide additional scrambling of the
information.

To further increase resistance to interception, use
of four 32768 chip long sequences, instead of one, is
considered with different cyclic shifts. It is proven that
these pseudo noise coding sequences, derived from the
primitive polynomials, possess good auto and inter
correlational properties.

Performance study of the telecommunication
channel was carried out with the help of computer
simulation in Mathlab software package.

Computer simulation helped to establish that
proposed telecommunication channel permits to extract
useful bits of information from the additive mixture of
the internal noise and an interfering signal.
Additionally, it was revealed that using four different
32768 chip long pseudo noise sequences with cyclic
shifts changing on a frame-by-frame basis, according to
a secret algorithm, can substantially improve resistance
to interception while preserving all other useful
characteristics of the channel.

In this case, cyber criminals have a very difficult

task to intercept the wuseful information bits.
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Criiikuii TeJeKOMyHikaliiiHUH kKaHaJ
3i 3MiHOI0 MapaMeTpiB Bi Kaapy 10 Kaapy
O. I'. IImrom, B. B. Bumniscskwuid, 1O. B. bepezoscbka

AHoTanisi. 3po0iIeHO BUCHOBOK, IO Cy4acHI TEJICKOMYHiKalliiiHI KaHaJM HE € B JOCTaTHIM Mipl 3aXMIEHHMH Bif
3aBaJ| Ta IEPEXOIUICHHS 3JI0BMHUCHUKAaMU. 3alpOIIOHOBAHO MiJBUIIUTH 11i TOKA3HUKU B PO3POOJICHOMY TEJIEKOMYHIKaI[iHHOMY
KaHaJli 32 PaXyHOK BUKOPHCTAaHHSA JBOX THIIB IICEBJIOBUIIQJIKOBUX KOJOBMX IOCIIJOBHOCTEH: KOPOTKOi TpUBAJIicTIO 256
YHUIIiB, 1110 BUKOPUCTOBYETHCS U1 PO3IINPEHHS CEeKTpy OiTiB KOpHUCHOI iH(OpMallil, Ta NPOTSHKHOI TpUBaicTo 32768 uuiis,
10 MO3HAa4Ya€e PO3Mipu KaJpy Ta 3[IHCHIOE JonaTKoBe ckpeMOntoBaHHs iHpopMmauii. Haronomryerbes, mo a1 3a10BOJICHHS
BUMOI' IIOJO NPOTHJIl NepexoIuleHHIo iHdopmalii 3710BMHUCHHKaMH HEOOXiJHO BHKOPHCTOBYBAaTH HE OJHY, a YOTHUPHU
IICEeB/IOBUIIAJIKOBUX KOMOBUX MOCIIZOBHOCTE TpuBaiicTio 32768 uumiB 3 pi3HUMM LMKIIYHUMU 3CYyBaAMU KpaTHUMHU 256
4uIiB. 3 ypaXyBaHHSAM TOr'O, 110 TAKUX 3CYBiB HajiuyeTbcs 128 Ha KOXKHY 3 YOTHPHOX IIOCIIIOBHOCTEH 1 I1apa 1oCiioBHICThb-
3CyB 3MIHIOETHCS BiJI KaApy 10 KaJpy, 3p00JIE€HO BUCHOBOK, IO 1€ 3HAYHUM YMHOM 301UIBIIYe 3aXHCT iHpOpMaLii B KaHali BiJl
nepexorieHHst. JlocnipPkeHO B3aEMHO Ta aBTO KOPEJLiiHHI BIACTUBOCTI IICEBJIOBHIIAJIKOBHX KOJOBHX ITOCIIJIOBHOCTEH, SIKI
BUSIBWJINCS AYXK€ TapHUMH ISl THX IIOCIIJIOBHOCTEH, 110 OTPUMYIOTHCS 3 NPUMITUBHMX IOJIHOMIB IIEBHOTO IOPSAKY. 3a
JIONIOMOrol0  TIporpamuoro cepenosuma MathLab mpoBenene imiTamiiiHe KOMI'IOTEpHE MOJENIOBAHHS 3aIlPOIIOHOBAHOIO
TEJICKOMYHIKaIlifHOr0 KaHaly Ha OCHOBI 3alpPOINOHOBAaHMX KOJOBHX IIOCIIJIOBHOCTEH, B MpOLECi SKOro JOBEICHO, 10
HE3HaHHS IIEBHOI IIOCHiJOBHOCTI TpuBajicTio 32768 4YumiB Ta BigIOBIAHOIO IMKIIYHOIO 3CYBY HPHU3BOIUTH IO
YHEMOJJIUBIICHHS IEPEXOIUICHHsS iHpoOpManii 3710BMHCHUKAaMH. Haroiomyerbcs, I10 3alpONOHOBAHI IICEBJIOBUIIAJKOBI
KOJIOBI ITOCNIIOBHOCTI MOXXYTh OYTH JIETKO HpPaKTHYHO peajli3oBaHi B 3CYBHHX pericrpax BOCBMOI'O Ta I’ SITHAIISTOTO
MOPSIIKY, TPH IIbOMY II€PEeXiJ Bil OAHOTO IMKJIIYHOrO 3CYBY JO IHIIOIO MOXE JIETKO POOWTHCS 3a PaxyHOK BiJITOBIIHUX
MacoK, B TOH 4ac SIK Iepexia BiJ MOCIiJOBHOCTI O IOCIIZOBHOCTI Peali3yeThecsl 3a PaxyHOK aKTHBAWii abo JeakTHBamii
€JIEMEHTIB J0JJaBaHHs 110 MOAYJIIO 2 Ha BUXOJAX BIJIIOBIHUX €IEMEHTIB 3CyBHUX pericrpiB. OTpumani B poOoTi pe3ynbTaTu
JIOCITIJDKEHb JJ03BONISIOTH MPUITYCTHTH, 1110 3aIPOINOHOBAHUN TEJICKOMYHIKalliHHUI KaHall 3 BAKOPUCTaHHIM YOTUPHOX Pi3HUX
IICEB/IOBUIIAIKOBHUX IIOCIIIOBHOCTEH 3 PI3HUMHU LIUKIIYHUMH 3CYBaMH 33 IIEBHUM NPUXOBAHUM 3aKOHOM BiJ Kaapy 10 Kajapy
MOJKE YCIIIIHO 3aCTOCOBYBATHCS IIPU peaizallii 3aBal03aXUILEHNX, CKPUTHUX TeJIEKOMYHIKalliiHUX Mepex.

Kaw4yoBi ciooBa: TelekoMyHikamiliHa Mepeka; NMPUMITHBHHI IONIHOM; IICEBIOBHIIAIKOBI KOIOBI IOCIIJIOBHOCTI;
KOMII'I0TepHE MOJICIIIOBAHHS; PO3IINPEHHS CIEKTPY; IUKITIYHAI 3CYB ITOCIITOBHOCTI.

PobGacTHBIN TeJIeKOMMYHHKAIIMOHHBIH KaHAJI
€0 CMEHOIi IIapaMeTPoB 0T KaJpa K Kaapy

A.T. Ilmrom, B. B. Bumnesckuii, 0. B. bepe3osckast

AHHoTanus. Cuenas BbIBOJ, YTO COBPEMEHHbIE TEJICKOMMYHUKALMOHHbIE KaHAJIBl HE B JOJDKHON Mepe 3alllMIIeHbl OT
MIOMEX M IepexBara 3J0yMbINIICHHHKaMH. [Ipe/io)keHO MTOBBICUTD 3TH MOKa3aTely B pa3pabOTaHHOM TeJIeKOMMYHHUKAIMOHHOM
KaHaJIe 3a CYET UCIIOJIb30BaHMs IBYX THIIOB IICEBAOCIYYaiiHbIX KOJOBBIX I0CIEI0BATEIIEHOCTEN: KOPOTKON JUIUTEIBHOCThIO 256
YUIIOB, KOTOPAsk MCIIONB3YETCs Ul PACIIUPEHHs CIEKTpa OMT Moe3HOH MHpOpMauuy, U NPOTSHKEHHON IIIMTEIbHOCTBI0 32768
YHUIIOB, KOTOpas IIOMedyaeT pa3Mepbl Kajapa M OCYIIECTBISET JIONONHHUTENbHOE CKpeMOIMpoBaHHE HH(OpPMaIHy.
[NomgepkuBaeTcs, 4To Al YAOBIETBOPEHHS TpeOOBaHMUII 1O MPOTHBOACHCTBHUIO NepexBaTy HHPOPMAUK 3J0yMbIIUICHHUKAMHI
HEoOXOJMMO UCIIOIB30BaTh HE OJHY, a YEThIPE NCEeBIOCITydaliHble KOJOBBIE MOCIIEI0BATEIILHOCTH JUTUTEIBHOCTHIO 32768 unoB
€ Pa3HbIMM LIUKIMYHBIMU CIIBUTaMU KpaTHbIMU 256 uunam. C y4eToM TOro, 4TO TaKUX CABMIOB HAaCUMThIBAaeTCs 128 Ha Kaxiyro
U3 YeThIpeX I0CIIeI0BaTEIbHOCTEH U Mapa M0CIe10BaTeNIbHOCTh-CIBUT U3MEHSETCS OT Kajpa A0 Kajpa, clejaH BbIBOJ, YTO 3TO
CYIIECTBEHHBIM 00pa3oM MOBBIIIAET 3alUTy MH(POPMAIMU OT IepexBara. VcciiemoBaHbl B3aMMHO W aBTO KOPPEISIIMOHHEIE
CBOMCTBA IICEBIOCIHYYalHBIX KOJOBBIX IIOCIEIOBAaTEJbHOCTEH, KOTOpbIE OKa3ajluCh OYEHb XOPOLIMMM JUld  TeX
[10CJIEZI0BATENILHOCTEH, KOTOpbIC IIOJIy4arOTCsl M3 IPUMHUTUBHBIX IIOJMHOMOB COOTBETCTBYROLIEro mnopsiika. C IOMOLIbIO
nporpaMMHOi  cpexpl  MathLab  mpoBeneHO — MMHTAMOHHOE — KOMITBIOTEPHOE — MOJCIHMPOBAHHE  IMIPEAJIOKEHHOTO
TEJIEKOMMYHUKAIIMOHHOI'O KaHajla Ha OCHOBE MPEITI0KEHHbBIX KOMOBBIX I0CIEI0BATEILHOCTEH, B IIPOLIECCE KOTOPOro J0Ka3aHo,
YTO HE3HAHUE OINPEICJIEHHOM MOCIEe10BATENBHOCTH AIUTENBHOCTIO 32768 UUIIOB U COOTBETCTBYIOILEIO LIUKJINYECKOrO CIBUra
NPUBOANT K HEBO3MOXXHOCTH INlepexBaTa WH(OpPMAalMu 3I0yMBINUICHHUKaMH. [lomdepkuBaeTcs, 4YTO MpeIoKECHHEBIE
TICEBIOCITYJaliHbIe KOIOBBIE MOCIEIOBATEIBHOCTH MOTYT OBITh IIPAKTHYECKU PEaTM30BaHbI B CIIBUTOBBIX PETHCTPAax BOCEMOTO U
IISITHA/ATOTO MOPSIKA, IPH 3TOM IIepPeXo]] OT OJHOI0 IUKJIMYECKOrO CIOBHIA K JPYrOMY MOXKET OBITH JIETKO OCYIIECTBJIEH 3a
CYET COOTBETCTBYIOILMX MACOK, B TO BpeMsl KaK Iepexo] OT MOCJIEJOBATEIbHOCTU K IIOCJIEA0BATEIbHOCTH PEATU3YeTCs 3a CUET
AaKTUBALMM WIM J€AKTHBALMK 3JIEMEHTOB CyMMHUPOBAHUS 110 MOAYJIIO 2 Ha BBIXO/IaX COOTBETCTBYIOLIMX JIEMEHTOB CIBUIOBBIX
peructpoB. IlomydeHHsle B paboTe pe3yabTaThl KCCICJOBAaHUI IO3BOJNSAIOT IPEINONOKHTh, YTO IPEATIOKEHHBIN
TEJIEKOMMYHUKAIIMOHHBIM KaHaJ 3 MCIOJIB30BAHUEM YETBIPEX Pa3HBIX IICEBIOCIYYalHBIX IOCIIEAOBATEIbHOCTEH C pa3HBIMU
LUKIMYECKUMH CABUIaMM I10 OIPEAEICHHOMY CKPBITOMY 3aKOHY OT KaJpa K KaJIpy MOXET YCICIIHO HCIOJIb30BAaThCs IpU
peau3alyu IOMEX0yCTOHYMBBIX, CKPBITHBIX TEJIEKOMMYHHUKALMOHHBIX CETEeH.

KawueBbie CJI0Ba: TCICKOMMYHUKAIIMOHHASA CETh, HpI/IMI/ITI/IBHHﬁ TIOJIMHOM; HCGBL[OCJ'[y'-IaﬁHBIe KOJIOBBIC
T10CI€A0BATCIIBHOCTHU; KOMIIBIOTEPHOEC MOACIIMPOBAHUE, PACILIUPEHUE CIICKTPA, I.II/IKJ'II/I‘-IGCKI/Iﬁ CABUI" ITOCJIICI0BATCIIbHOCTHU.
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CONSTRUCTION OF INFORMATION TECHNOLOGY FOR DEVELOPMENT
OF KNOWLEDGE BASE ON IDENTIFICATION OF URBAN STRUCTURES
ON DIGITAL SPACE AND AERIAL PHOTOGRAPHS
IN THE URBAN ENVIRONMENT MONITORING

Abstract. The efficiency and quality of modern city management are directly linked to the relevant monitoring.
Improving the efficiency and validity of the obtained data on the urban environment is possible due to the automation of the
system of urban objects identification on digital space and aerial photographs, which involves determining their changes.
Therefore, a knowledge base (data), which consists of a set of rules, facts, an inference mechanism that can be implemented
through the use of deep neural network or hybrid (fuzzy neural network) models, is therefore needed. This academic paper
proposes the technology of formal presentation of the information technology construction for the development of a
knowledge base on the identification of urban structures on digital space and aerial photographs in automated monitoring of
the urban environment. The developed technology identifies an interdependent set of phases, with the possibility of further
parallelization of sub-stages, taking into account the peculiarities of knowledge representation (formalization) on the
identification of urban structures on digital space and aerial photographs in automated monitoring of the urban environment.

Keywords: information technology; knowledge base; deep neural network; fuzzy set; automated monitoring; urban

environment.

Introduction

Formulation of the problem. It is known that the
implementation of effective management of the modern
city requires timely receipt of data, which is ensured by
appropriate monitoring [1-5]. One of the main
requirements for such monitoring is the efficiency and
reliability of the data obtained.

Improving the efficiency and reliability of the data
obtained in monitoring the urban environment is closely
related to the development of an automated system used
for identifying urban objects in digital space and aerial
photographs, determining the presence of their changes
as an intelligent automated system.

The main element of automated systems for
identifying urban objects can be a knowledge base
(KB), which is a set of rules, facts, inference
mechanisms, implemented through the use of a deep
neural network or hybrid (fuzzy neural network)
models.

Development of a knowledge base is one of the
most time-consuming phases in the creation of
intelligent systems. However, the issues of an integrated
approach to the development of a knowledge base at the
industrial level to present and accumulate knowledge on
the processes of identifying urban structures on digital
space and aerial photographs using deep neural
networks and hybrid (fuzzy neural networks) models are
insufficiently studied.

Thus, in the subject area there is a contradiction,
which, on the one hand, consists in the need to develop
a knowledge base (data) for automated systems of
identifying urban structures on digital space and aerial
photographs using deep neural networks and fuzzy
logic, on the other hand the above contradiction consists
in the limited capabilities of existing technologies used
for the development of such a class of KB with a
comprehensive  presentation and acquisition of
knowledge on the processes of identifying certain

objects on digital space and aerial photographs, and the
processes of detecting changes in the urban environment
as well as carrying out analysis of their causes.

Analysis of recent research and publications.
Currently, there is a substantial body of scholarly work
on the development of KB for various purposes [6-8].
Traditionally, the basic technology of KB creation is
based on classical technologies of intelligent systems
development.

In this case, the prototyping method, which is
based on the implementation of a certain sequence of
phases of KB development with an intermediate
presentation, refinement and creation of a relevant
prototype, is used as a basic approach [9]. However, the
phases of classical technologies for the creation of
intelligent systems are characterized by a fairly
conditional, non-formalized, definition of the
boundaries of the above stages development, as well as
the transitions between them.

All this brings much complexity to the technology
of creating a prototype KB for monitoring the urban
environment from an industrial perspective, does not
make it possible to minimize the required amount of
work on the creation of a knowledge base, poses great
challenges to the development management,
complicates the formulation of tasks and functional
responsibilities of developers.

The purpose of the article is a develop a
formalized presentation of the construction of
information technology for the development of KB on
the identification of urban structures on digital space
and aerial photographs in automated monitoring of the
urban environment using deep neural networks and
fuzzy logic.

Basic material

Formally, the information technology of KB
development on the identification of urban structures on
digital space and aerial photographs in automated
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monitoring of the urban environment using deep neural
networks and fuzzy logic is proposed to be presented in
the form of a tuple [10-12]:

7 (59 9 18 )

where PXBI is setting the task of KB development on
the identification of urban structures on digital space
and aerial photographs;

{SI-KB r } is a set of stages of the corresponding KB
development, = l,_l , I is the total number of
development stages;

{C;{BF } is a set of connections between the stages

from the set {SI-KBF} , j= L_J, J 1is the total number of
connections;
KBF . |
i is a plethora of languages for

representation of knowledge on the identification of
urban structures on digital space and aerial photographs,
k=l,_K, K is the total plethora of knowledge
representation languages;

{M,{(BF } is a set of models of knowledge

representation, nzl,_N, N is the total number of

models.
The modified phases of classical intelligent
systems development are considered as the basic phases

from the set {SI-KBF} :
— the stage

SKBF ¢ {SI-KB F } on the identification of urban structures

of knowledge identification

on digital space and aerial photographs;
— the phases of knowledge conceptualization

SZKBF c { SI_KBF} :

— the phases of knowledge formalization
S3KBF c { SI_KBF} :
— the phases of software implementation

(prototyping) SfBF € {SI-KBF };
— the phases of software verification of KB

SKBF ¢ {SI-KBF } [13].
KBF

On the phase of knowledge identification S} ,
the general statement of the problem of knowledge base
development, which determines the necessary resources

and sources of knowledge, is achieved.

On the phase of conceptualization SZKBF , the

conceptual (field of knowledge) of KB
MEKBE ¢ {MfBF } is formed subject to the following

model

sub-stages:

1) based on the analysis of the subject area, the
composition of basic knowledge is determined in the
form of a verbal description (composition of the field of

knowledge) on the identification of urban structures on
digital space and aerial photographs in automated

o . K(KBF
monitoring of the urban environment — S, (KBF) ;

2) based on the knowledge composition, the field
of knowledge (structure of the subject area) is directly
formed using the appropriate language of the field of
knowledge description (this technology uses the
construction of conceptual models based on the
language of  object-oriented modeling UML

LnKiBFe {LgBF} [14]) - Sél/[,-(KBF).

On the phase
S3KBF

of (presentation) knowledge

formalization - a mathematical

MZKBFe {MfBF} and logical M3KBFe {MfBF} model

of KB is formed subject to the following sub-stages [15-
18]:

1) the formalized composition of knowledge on the
identification of urban structures on digital space and
aerial photographs and the presence of changes in the

. . KS(KBF
urban environment are determined — S3 ( ) ;

2) methods of knowledge representation and the
choice (development) of methods of knowledge

KR(KBF)

formalization are determined — S . In particular,

to present knowledge on the identification of urban
structures on digital space and aerial photographs and
the presence of changes in the urban environment, it is
proposed to apply the methods based on the use of

interval fuzzy sets of the second type l/fBF € {L[,\SBF } ,

interval fuzzy logic systems of the second type
15BF ¢ {L[k(BF } and modified deep neural networks

(convolutional neural network ) based on pre-trained
models, as well as the models for semantic

segmentation IGKBF € {L[k(BF } ;

3) a directly formalized description of knowledge
(formation of the mathematical model M 21(3 Fy s
performed using the selected methods of presentation as
well as the developed methods of knowledge

formalization — S3K D(KBF);

4) for each formalized subtask (segmentation of
urban structures on digital space and aerial photographs,
detection of changes in the urban environment) a
generalized algorithm for its solution is developed

(within  the MEBE Y the

formalized knowledge is taken into account and the
trends in the process of KB construction and
presentation of the results of solving subtasks are
AM (KBF
detected — S5 ( );
5) the elements of the mathematical model ,

MZKBF

mathematical model

which are considered as procedural knowledge,

are transformed into a logical model of the KB M 3KB r ,

described using the constructions of representation of
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logical models of the language of object-oriented

modeling UML LlKBF — S;M(KBF) .
On the phase of software implementation
KBF

(preliminary prototyping) of the KB S4 7" , a physical

model of the KB MXBF e {M fBF } is constructed , and

thus, the software prototype of the KB when performing
the following sub-stages is likewise created:

1) the KB architecture, which determines the
structure, functions and relationships of the components
of the KB — s2A(KBF)
main elements of the KB are the membership functions
of fuzzy sets, the training sample (implicit KB) and the
synaptic maps of neural networks;

2) the implementation (prototyping) of the

components of the KB — Sf P(KBF)

is developed. In this case, the

takes place. In this

case, the implementation of the KB components
includes the development of design options (model

KBF

formation My "~" ) for software implementation of the

KB using physical language models of the object-
oriented modeling of UML and direct software
implementation of the KB wusing a high-level

programming language Lé(B Fe {LIISB F } and (or) the KB

(data) management system L55F'¢ { LKBE } :

3) the process of populating the KB is based on the

KBF

elements of the mathematical model M5~ , which are

BP(KBF)

considered as declarative knowledge — S, . The

populating of the KB is carried out both as a result of
direct introduction of declarative knowledge into the
database (for example, when introducing a new or
expanding the existing training sample) and as a result
of learning the elements of the KB (for example,
synaptic maps are generated through neural networks
training).

Knowledge can be represented in the form of
synaptic maps, which are proposed to be determined by
the results of construction and further training of neural
networks using specialized simulation tools.

Testing (verification) of the KB SSKB Fe {SI-KBF } is

performed directly either on the design solutions,

presented in the form of UML models, or on the
program code that implements the prototype (or final
version) of the KB on recognition.

In case of errors, the return can be made to any
previous stage of KB development, depending on the
type of error detected.

Therefore, the set of connections {C;{BF }

between the stages of the set {SI-KBF } is determined by

the order of the above stages implementation (direct

connections ClKBF —Cf BE

(feedback) CKBF _ cKBE

Thus, multiple phases of information technology
TKBF

) and the test results

is set as follows:

KBF KBF KBF KBF KBF KBF
{Si }{1 NV S i } )

S21<BF _ SZK(KBF)Uséw(KBF) ’ 3)
S3KBF _ S3KS(KBF)US3KR(KBF)US3KD(KBF)U

USAM(KBF)USLM(KBF) @
3 3

SfBF :SfA(KBF)US}BP(KBF)US3BK(KBF) L ®)

Conclusions

Thus, the construction of information technology
for the development of KB with regard to the
identification of urban structures on digital space and
aerial photographs in automated monitoring of the urban
environment is proposed. Information technology makes
it possible to implement the industrial development of
KB on the identification of urban structures on digital
space and aerial photographs using neural networks and
fuzzy logic, with a clearly defined and interdependent
set of phases. Whereby, it is possible to further
parallelize the implementation of sub-phases, taking
into account the peculiarities of knowledge
representation (formalization) on the identification of
urban structures on digital space and aerial photographs
in automated monitoring of the urban environment.
Prospects for further research in this area may be the
development of proposals for the use of CAD-facilities
to design KB in automated systems for urban
environment monitoring.
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IloGynoBa ingopmauiiiHoi TexHoJI0ril po3podku 0231 3HAHB PO PO3NI3HABAHHS MiCBKHX 0y/10B
Ha NH(POBUX KOCMIYHHX Ta 2¢pOOTO3HIMKAX NPH aBTOMATH30BAHOMY MOHITOPHHIY MiCBKOI'0 CepeOBHINA

B. B. IlycroBapos

Anotanisi. EQexTuBHIiCTb 1 AKICTh yNpaBiIiHHA CydaCHUM MICTOM Oe3IOCcepe/IHbO 0B S3aHi 3 BEJEHHAM BiJIIOBiHOIO
MOHITOpHHTY. ITiZIBUIIIEHHS ONEePaTUBHOCTI i IOCTOBIPHOCTI OTPUMAHOI iH(pOpMallil PO MiChbKe CEPEOBHUIIE MOXIINBE 3aBIAKU
aBTOMAaTH3aLlii CUCTEMH PO3Mi3HABaHHS MICBKHMX 00’ €KTiB Ha HIU(POBHX KOCMIYHHMX Ta aepOo(OTO3HIMKAX 3 BU3HAUCHHSM IX 3MiH.
Orxe, HeoOXiHa 0a3a 3HaHb (JaHUX), KA CKJIAJIEHA i3 CYKYNHOCTI NpaBwil, (aKTiB, MEXaHI3MIB BUBE/ICHHS, 110 MOXYTb OyTH
peaizoBaHi Ha OCHOBI BUKOPHMCTaHHs INIMOOKMX HeHpoMepexeBHX a0o riOpuaHux (HEWiTKHX HeiipomepexeBux) mozeneil. B
CTaTTi 3aIPONOHOBAHO TEXHOJIOTiI0 (hOPMAIIBHOrO Mpe/CTaBICHHs N00Yy10BY iHpopMauiiiHOl TexHonorii po3podku 6a3u 3HaHb
PO PO3Mi3HABAaHHA MichbKuMX Oy/lOB Ha LU(POBMX KOCMIYHMX Ta aepo(OTO3HIMKaxX IPH aBTOMATH30BAHOMY MOHITOPUHIY
MicbKoro cepenosuia. Po3poOieHa TEXHONOris BHU3HAUa€ B3a€MO3AJICKHY CYKYIHICTb €TalliB, 3 MOXJIMBICTIO IOAQJIBIIOrO
po3mnapanenioBaHHsS BUKOHAHHS ITiIETAaIlB, 3 ypaxyBaHHSIM ocoOnuBocteil nomaHHs ((opmaiizamii) 3HaHb PO PO3Mi3HABAHHS
MiCbKHX Oy10B Ha IM(POBUX KOCMIYHHUX Ta aepO(OTO3HIMKAX IPH ABTOMATU30BAHOMY MOHITOPHHI'Y MiCBKOI'O CEpEJIOBHUIIIA.

KawuoBi caoBa: indopmaniiina TexHoioris; 0a3a 3HaHb, TJIMOOKa HEHPOHHA Mepeka; HEYiTKa MHOXHHA;
aBTOMATH30BaHNI MOHITOPUHT'; MiCbKE CEPEIOBHILIE.

HocTpoenne nHGOpMALMOHHOM TEXHOIOrMH Pa3padoTKu 0a3bl 3HAHMI 0 PACIIO3HABAHUM FOPOACKHUX CTPOCHMIA
HA HUPPOBBIX KOCMHYECKHX H a3P00TOCHUMKAX NPH ABTOMATH3HMPOBAHHOM MOHMTOPHMHIE FOPOACKOIi cpeabl

B. B. IlyctoBapos

AHHoTanus. OPDEeKTUBHOCT, M KauyeCTBO YIPABICHUS COBPEMEHHBIM T'OPOJIIOM HENOCPEICTBEHHO CBS3aHHBI C
BE/ICHUEM COOTBETCTBYIOLIEr0 MOHHMTOpHUHIa. [IOBBbINIEHHE ONEPaTMBHOCTUM M JIOCTOBEPHOCTH IIONY4EHHON MH(MOpMAaLUU O
TOpOJICKOI cpelie BO3MOXKHO Oiarozapst aBTOMAaTH3allMd CHCTEMbI PACIIO3HABAHUS T'OPOJACKMX OOBEKTOB Ha IM(POBBIX
KOCMUYECKHX M adpo(OTOCHUMKAX C OIpe/esieHHeM MX u3MeHeHuil. CienoBaTenbHO, HeoOXoauma 0a3a 3HaHUH (IAaHHBIX),
KOTOpasi COCTaBJIE€HA U3 COBOKYITHOCTH IpPaBuUi, (haKTOB, MEXaHU3MOB BBIBOJA, KOTOPbIE MOI'YT OBITH PEaM30BaHbI HA OCHOBE
UCIOJIb30BAaHUS TIYOOKMX HEHpOCeTeBBIX MM TMOPUAHBIX (HEUYETKHMX HeHpoceTeBbIX) Mozesied. B craTtbe mnpemioxena
TEXHONOrus (OPMaAILHOrO TPEACTABICHUST IOCTPOCHHUS MH(MOPMALMOHHONW TEXHOJIOIMH pa3paboTKH 0a3bl 3HAHWH O
pAcrO3HABaHUM TOPOJCKUX CTPOCHHMH Ha IUOPPOBBIX KOCMHYECKMX M a’pO(OTOCHMMKAX IIpH aBTOMAaTU3MPOBAHHOM
MOHUTOPUHI'€ TOPOACKOH cpenbl. Pa3paGoTaHHas TEXHONOrMS ONpENENseT B3aUMOCBA3aHHYIO COBOKYIHOCTB 3TaloB, C
BO3MOJKHOCTBIO JQJIbHEHIIEr0 pacrnapauie]MBaHUs BbBINOJIHEHHS MOIJTAIOB, C Y4€TOM OCOOECHHOCTEH IIpeacTaBIeHHs
(dopmanuzaumm) 3HaHMIA O pPAcCHO3HABAHMM TOPOACKMX CTPOCHMH HA LU(POBBIX KOCMHYECKHUX M a’3pO(OTOCHUMKAX IPH
aBTOMAaTH3HPOBAHHOM MOHUTOPHHI€ FTOPOJCKON CpeIbl.

Karoudesbie ciioBa: MHPpOPMALMOHHAS TeXHONOrus; 0a3a 3HaHWI; riyOoKass HEHMPOHHAs CETh; HEUETKOE MHOXKECTBO;
aBTOMAaTH3HPOBAHHBI MOHUTOPHHT; TOPOJICKas Cpena.
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CLARIFICATION OF THE ALGORITHM FOR ESTIMATING THE FREQUENCY OF
THE SIGNAL RECEIVED BY THE SATELLITE COMMUNICATION SYSTEM IN A
CONTINUOUS MODE UNDER THE INFLUENCE OF «<NEIGHBORING CHANNELS»

Abstract. Satellite communication systems that use phase modulation of a signal designed to transmit useful information in a
continuous mode face the problem of frequency uncertainty of the signal when used as intended. For demodulators of satellite mo-
dems of such systems operating with a continuous input signal, the most significant is the problem of synchronization in the fre-
quency of carrier oscillations in the conditions of frequency uncertainty of the signal. This synchronization task is actually reduced
to estimating the true parameters of the signal, namely the estimation of the carrier frequency. The complexity of the task of esti-
mating the carrier frequency in a satellite channel with phase modulation is exacerbated by the presence of additional interfering
actions of "neighboring channels" - signals with the same type of modulation and the same data rate. The paper specifies the algo-
rithm for estimating the carrier frequency of the signal received by the satellite communication system in a continuous mode, tak-
ing into account the influence of "neighboring channels" of information transmission. This algorithm allows to estimate the carrier
frequency according to the rule of maximum likelihood, taking into account the condition of uncertainty of all parameters of the
signal received by the satellite communication system in continuous mode, taking into account the influence of "neighboring
channels" of information with a minimum observation interval. It includes the steps of: calculating the readings of the amplitude
spectrum of the received signal and counting the convolution of the obtained amplitude spectrum with frequency response UV;
calculating the count of the derivative convolution and finding the initial estimate of the frequency; based on the obtained evalua-
tion of the evaluation procedure based on the multiplication of the phase of the received signal and the calculation of the estimated
carrier frequency of the received signal.In order to assess the effectiveness of this algorithm in the comparison of the effectiveness
of the estimates provided by the proposed procedure and the estimates made on the basis of subtraction of the global maximum
convolution of the amplitude spectrum of the received signal. The results of this assessment presented in the paper showed that the
dependences of the normalized variance on practically do not differ. That confirms the efficiency and feasibility and practical
value of the algorithm for estimating the carrier frequency given in the work, taking into account the influence of "neighboring
channels" of useful signal transmission. A promising area for further study of the issues raised in the work is the adaptation of this
algorithm to the carrier frequency estimation in combined phase synchronization systems that have the ability to increase the order
of astatism, monitoring the carrier frequency (pilot signal), the phase of which is modulated by a deterministic Doppler signal.

Keywords: estimation of signal carrier frequency; minimum limiting variance of carrier frequency estimation; influence of
"neighboring channels" of information transmission; fast Fourier transform function; signal frequency estimation algorithm.

Introduction

Satellite communication systems that use phase
modulation of a signal designed to transmit useful in-
formation in a continuous mode face the problem of
frequency uncertainty of the signal when used as in-
tended. For demodulators of satellite modems of such
systems operating with a continuous input signal, the
most significant is the problem of synchronization in the
frequency of carrier oscillations in the conditions of
frequency uncertainty of the signal. This synchroniza-
tion task is actually reduced to estimating the true pa-
rameters of the signal, namely the estimation of the car-
rier frequency. The complex signal envelope contains
unknown values v, ¢, 1. That is, the task of synchroniza-
tion is actually reduced to the assessment of the true
parameters of the received signal — v, ¢, t, knowledge of
the parameters of which is necessary for demodulation
of the signal [2].

The best results can be obtained by a joint assess-
ment of unknown signal parameters. However, in prac-
tice, it is not possible to implement such an estimate in a
channel with low energy and high frequency uncertainty
of the received signal. Therefore, the estimation of the
carrier frequency offset of the signal received relative to
the nominal value is performed before other synchroni-
zation procedures are included, namely: phase synchro-
nization and clock synchronization [3-5].

The complexity of the task of estimating the car-
rier frequency in the satellite channel is exacerbated by
the presence of additional interfering actions of
"neighboring channels" - signals with the same type of
modulation and the same data rate [6,7].

Sufficiently effective results of carrier frequency
estimation can be obtained by applying a two-stage al-
gorithm for estimating the carrier frequency of a phase-
modulated signal of a satellite communication system
when transmitting data in a continuous mode, taking
into account the uncertainty of all signal parameters.
Achieving the minimum observation interval in the
given carrier frequency estimation algorithm is ensured
by using the fast Fourier transform function [8].

In practice, the signal of the "neighboring channel”
can exceed the signal level in the main channel by 7 dB,
the difference in frequency of the "neighboring channel”
from the main is a value equal to 1/4T [6]. The algo-
rithm presented in [8] does not take into account the
influence of "neighboring channels". That is, an effec-
tive assessment of the carrier frequency in a satellite
channel requires consideration of the influence of adja-
cent channels. Which, in turn, necessitates the im-
provement of appropriate estimation algorithms.

Analysis of recent research and publications. The
issue of determining the estimate of the carrier frequency
of the signal received by the communication system in a
continuous mode and the development of the procedure for
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conducting this assessment, taking into account the influ-
ence of various factors, a number of works.

The authors of [9] proposed an algorithm for joint
estimation of carrier frequency, its synchronization and
determination of carrier frequency shift in channels with
additive white Gaussian noise. This algorithm uses a
frequency filter followed by a selection of input pulses
in order of importance, takes into account the previous
distribution of evaluation parameters and includes rec-
ommendations for re-sampling to solve the degeneracy
problem and fine-tune the estimated values of the input
signal frequency. The issue of assessing the impact of
"neighboring channels" in this work was not considered.

In [10] the method of sequence synchronization
proposed by the authors is considered, which expands in
the conditions of significant excess of the noise level
over the level of the information signal. For synchroni-
zation the service channel which works on one frequency
with information is used. Channel distribution is per-
formed during the formation of signals of quadrature
channels: in-phase channel is used to generate a phase-
locked signal with spread spectrum, quadrature channel is
used to transmit a clock signal. The synchronization algo-
rithm proposed by the authors lacks data and procedures
for calculating the impact of "neighboring channels",
and does not take into account the evaluation interval.

In [11] a variant of technical implementation of
high-speed carrier frequency recovery algorithm by di-
rect phase adjustment method of reference generator
with simultaneous elimination of phase ambiguity and
allocation of frame synchronization using coordinated
filters with Barker sequences is proposed. The use of
this algorithm involves a preliminary assessment of the
carrier frequency of the input signal, but without taking
into account the interval of determination and evalua-
tion of the impact of "neighboring channels".

The author of [12] proposes an approach to reduce
the error of estimating the carrier and symbol frequency
of signals with digital modulation by methods based on
the analysis of the frequency characteristics of the sig-
nal. The approach is based on the calculation of the first
derivative of the spectral density function and the search
for zero by the iterative method of the erroneous posi-
tion. This approach allows to ensure the relative accu-
racy of frequency estimation to 10-7 with a slight in-
crease in the number of computational operations, but
the issue of increasing system speed and directly taking
into account the impact of "neighboring channels"
against the background of reducing the estimation inter-
val is not considered.

In [13], based on the relative correlation character-
istics of the pseudo-noise sequence, an algorithm for
estimating the carrier frequency was developed, using a
preamble with the specified sequence. The evaluation
results of this algorithm, presented in the work, showed
its relative efficiency in terms of estimation accuracy,
savings in system resources and stable in the unstable
state of the communication channel. The question of the
influence of the carrier assessment interval on the effi-
ciency of the system and the question of the assessment
of the influence of "neighboring channels" were not
considered in the work.

In [14, 15] the issues of increasing the accuracy of
estimating the carrier frequency of the received signal,
increasing the speed of the carrier frequency estimation
system, storage resource of the signal receiving system
in the unstable state of the input signal receiving chan-
nel and low signal-to-noise ratio are considered. It is
proposed to use a pseudo-noise sequence in the devel-
opment of an algorithm for estimating and restoring the
carrier frequency. The issues of assessment of the im-
pact of "neighboring channels" and reduction of the
assessment interval in these works are not considered.

Certain results of the assessment of the impact of
neighboring channels are presented in [16]. But in this
work there is no consideration during the evaluation of
all signal parameters, and the lack of an algorithm to
reduce the evaluation interval, which generally affects
the quality of the results.

Analysis of the impact of '"neighboring channels"

The influence of "neighboring channels" on the effi-
ciency of estimating the carrier frequency of the FM sig-
nal will be estimated by the method of mathematical
modeling. During the simulation, the samples of the
complex envelope of the received signal were generated,
which are presented in the following form [2, 8, 17]:

z, =exp(j(2nv-n/Fd))-Zk(n/Fd —kT —1)+
+2,24-(z;+z;)+wn,

()

zy =exp(j(2n(v+1.4~T)~n/Fd +¢+))><

where
xzkd;h(n/Fd kT <",

2y =exp|J(2n(v=14-T) -0/ Fy +7 )|«
xzkd;;h-(n/Fd —kT—‘C—);

The influence of "neighboring channels" on the
complex envelope of the signal was taken into account
during the simulation in expression (1) through the value
of 2.24. The value of which means the fact that the levels
of adjacent channels exceed the level of the main channel
by 7 dB (201g (2.24) = 7) [4]. As before, assume that the
values of ¢, ¢', ¢ are independent and evenly distributed
in the range [0, 2nt]. Values t, ©', T independent, evenly
distributed in the range [0, 7] of random variables. The

transmitted data d, , dj|, d; were generated from three

independent random number sensors.

As an example in Fig. 1 shows a fragment of the
normalized amplitude spectrum of one of the received
signal implementations obtained during the simulation
[16]. In this Fig. 1 i the abscissa reflects the sequence
number of the amplitude of the spectrum obtained by
FFT length 2048. In Fig. 2 shows the result of calculat-
ing the convolution of the amplitude spectrum of the
signal with the amplitude-frequency characteristic of the
matched filter (AFCh MF) [16]. In this case, the maxi-
mum convolution of the amplitude spectrum of the sig-
nal received from the AFCh MF is far enough from the
actual frequency of the carrier oscillation of the signal
of the main channel.
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Fig. 1. Normalized amplitude spectrum of the received signal.
N;= 2048, type of modulation FM-2, Ey/N;, =0dB, v=0
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Fig. 2. Normalized convolution of the amplitude spectrum

of the signal received from the AFCh MF, taking into
account the influence of "neighboring channels"

The identified case differs significantly from that
presented in [8] in the absence of "neighboring channels"
(Fig. 3). In this case, the implementation of the proce-
dure of the first stage of the estimation algorithm based
on finding the abscissa of the global maximum convolu-
tion of the amplitude spectrum of the signal received
from AFCh MF gives an erroneous estimate of the car-
rier frequency of the main channel signal.

01 I

-150 -100 -60 o 50 100 150

Fig. 3. Normalized convolution of the amplitude spectrum
of the signal received from the AFCh MF

But on the dependence presented in Fig. 2, there is
a point maximum, at which the first derivative turns into
0 (around m = 0). In fact, in the neighborhood m = 0,
we observe the maximum point of some function, which
determines the dependence of the convolution value
SW,, on the number of the spectral component m .

Thus, the problem is to find the value of the ab-
scissa of the considered maximum.

The proposed evaluation procedure differs from
the above in that the evaluation of the first stage is not
sought on the abscissa of the considered convolution
maximum, but on the abscissa of the maximum of the
considered function, in which the first derivative is con-
verted to 0. The canonical solution of the problem of
finding the extrema of a function is reduced to the nu-
merical differentiation of the dependence SW,, as a
function of the quantity m .

It is known that the implementation of the opera-
tion of numerical differentiation gives significant noise
emissions. Therefore, thinning was used to perform this
procedure to smooth out noise emissions. Numerical
differentiation of dependence SW,, with thinning is

realized as follows:

1 _
SWy = dfo (W, =W )+
+df; (SWm+mO/2 h SWm—mO/Z )’

where SW,L — the first derivative of the convolution;
m=—N,

max+m0,—Nmax+2m0,...,Nmax—m0, my —

even positive number; N, = [(Vmax/Fd )-Nf] , dfy,

df| — positive constants.
As a result of calculations of the first derivative
convolution there is a point K;,. which is defined as a

point of change of a sign of a derivative from a plus to a
minus. Since differentiation was performed with thin-
ning, the value Kj,. did not directly determine the ex-

tremum point.
To find the latter, you need to return to the de-
pendence SW,, and find the corresponding point of the

local convolution maximum M, as follows:

My, =arg {Max{SWm }/(m() (Kloc - l))} .
The value M;,. actually determines the amount of

offset of the carrier frequency of the main channel. Ac-
cordingly, the assessment is rewritten as:

v=My.-(F/Nys). )

Based on the assessment of the formulas (2), in
turn, an evaluation procedure based on the multiplied
phases of the received signal is performed. As a result:

v=vh+(1/My) fir,. 3)

It should be noted that the increase m leads to the

smoothing of noise emissions of the first derivative, but
on the other hand leads to a deterioration in the accuracy
of the estimate at the calculation stage Kj,.. It was ex-

perimentally established that in the considered condi-
tions for realization of procedure of differentiation it is
necessary to stop on mg = 16. For my =16, df = 2/3,
df y=1/12. The simulation results showed that even
under the worst conditions (adjacent channels have the
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maximum allowable level and is characterized by the
minimum allowable frequency offset) in the considered
convolution there is a maximum point at which the first
derivative is converted to 0.

As an illustration, the result of numerical differen-
tiation of the dependence presented in Fig. 2 for
mg =16, presented in Fig. 4 [16].
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Fig. 4. The results of the calculation

of the first derivative convolution

When calculating the derivative & varies from

_[Nmax/m()] -1 to [Nmax/m0]+1 .

Thus, the algorithm for estimating the frequency of
the carrier oscillation of the FM signal is as follows.

1. Calculate the samples of the amplitude spectrum
of the signal received in accordance with (4) and the
samples of the convolution of the obtained amplitude
spectrum with AFCh MF in accordance with (5) [8]:

Gk+%, k=0,1,..,N/2-1

SRk= s (4)
Gk+Nf/2’k=Nf/2st/2+ls’Nf_l
SWm=SRm+Nf/2+
+ Hy |:SR + 24k T SRm+ 2—k}
~ meNy/ mNy/

2. Calculate the derivative of the derivative convo-
Iution and find the initial estimate of the frequency in
accordance with rule (2);

3. On the basis of the received estimation the esti-
mation procedure based on multiplication of a phase of
the received signal is carried out and the estimation of a
carrier frequency of the signal received according to
expression (3) is calculated.

To analyze the effectiveness of the evaluations
provided by the proposed evaluation algorithm, com-
puter simulation of the described procedure was per-
formed. Consider the simulation results for FM-2 in the
case of the presence of two «neighboring channels».
The simulation conditions are set out above.

Fig. 5, a shows the dependences of the normalized

variances of estimates cs% *T2; g — cs%, *T2 from the

ratio E, /N, for FM-2 and K = 256. Fig. 5,a also

shows the normalized boundaries o%, *T2 b o% *72

Of particular interest is the comparison of the effi-
ciency of the estimates provided by the evaluation proce-
dure proposed in this section and the evaluation procedure
based on the calculation of the global maximum convolu-
tion of the amplitude spectrum of the signal received from
the AFCh MF. To compare the effectiveness of the ob-
tained estimates, we compare the dependences given in
Fig. 5. Note that the dependence of the normalized vari-

ance of the estimate oZ*72 on the ratio Ej /Ny in

Fig. 5, a is almost no different from the corresponding de-
pendence presented in Fig. 5, b.

E, /Ny, dB
a

Ep/Ny » dB
b
Fig. 5. Type of modulation FM-2. K = 256; normalized

minimum limiting variance: a — 6\2/ *72 ;b— G2C *72 ;

normalized variances of carrier frequency estimates:

c— czc*T2;df 03*T2

The refined algorithm proposed in the work allows
the pain to accurately estimate the carrier frequency of
the received signal and, therefore, in general, significantly
improve the operation of the synchronization system. In
turn, a promising area for further improvement of this
system is the use of combined phase synchronization
systems, which have the ability to increase the order of
astatism, while monitoring the carrier frequency (pilot
signal), the phase of which is modulated by a determinis-
tic Doppler signal [18]. In turn, the further adaptation of
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the proposed algorithm to estimate the carrier frequency
relative to the combined synchronization systems in both
continuous and packet modes of signal reception, is a
development of the proposed direction to improve the
quality of the synchronization system [19].

Conclusions

The paper specifies the algorithm for estimating the
carrier frequency of a signal received by a satellite com-
munication system in a continuous mode, taking into
account the influence of "neighboring channels" of in-
formation transmission. This algorithm allows to estimate
the carrier frequency according to the rule of maximum
likelihood, taking into account the condition of uncer-
tainty of all parameters of the signal received by the satel-
lite communication system in continuous mode, taking
into account the influence of "neighboring channels" of
information with a minimum observation interval.

Achieving the minimum observation interval in the
given carrier frequency estimation algorithm is ensured
by using the fast Fourier transform function and estima-
tion steps:

- calculating the readings of the amplitude spec-
trum of the signal received in and the reading of the
convolution of the obtained amplitude spectrum with
AFCh MF;

- calculation of the reference of the derivative con-
volution and finding the initial estimate of the fre-
quency;

- based on the obtained evaluation of the evalua-
tion procedure based on the multiplication of the phase
of the received signal and the calculation of the esti-
mated carrier frequency of the received signal.

The paper compares the efficiency of the estimates
provided by the proposed procedure and the estimates
made on the basis of subtraction of the global maximum
convolution of the amplitude spectrum of the received
signal. A promising direction for further study of the
issues raised in the work is the adaptation of this algo-
rithm to the carrier frequency estimation in combined
phase synchronization systems that have the ability to
increase the order of astatism, monitoring the carrier
frequency (pilot signal), the phase of which is modu-
lated by a deterministic Doppler signal.
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YTouHeHHs! aJropuTMy OMiHKH YaCTOTH CHTHAJIY, 0 NPHIMAETHCS CHCTEMOI0 CYITYTHHKOBOIO 3B’ SI3Ky
B 0e3nmepepBHOMY PeKMMi IIPH YMOBi BILIMBY «CYCIIHIX KaHAJIiB»

0. JI. TypoBchkuit

AHoTtanisi. CylmyTHUKOBI CHCTEMHU 3B’S3KY, SIKi BAKOPHCTOBYIOTh (ha30BY MOYIIALIIO CUTHAILY, IO NMPU3HAUYCHUH ist
nepeiadi KOpUCcHOI iHopManii B Oe3repeOpBHOMY pEKHUMI, IPH 3aCTOCYBaHHI 3a NPU3HAUECHHAM CTHKAIOTBCS 3 IIPOOJIEMOI0 4acTo-
THOI HEBU3HAUECHOCTI CUrHaity. st IeMOyIIsITOpIiB CYITyTHMKOBHX MOJIEMIB TaKMX CHUCTEM, L0 TIPALIOIOTh 3 Oe3MepepBHIM BXiJl-
HHUM CHTHAJIOM, HAHOUIbLI 3HAUYLIO € IIpobieMa CHHXPOHI3allil 110 YacTOTi HECYy4Ooro KOJIMBaHHA B yMOBaX YaCTOTHOI HeBU3HAYE-
HOCTi curHaty. Bkazane 3aBnaHHsS CHHXPOHi3awii (h)aKTHIHO 3BOJUTHCS O OLIHKH ICTHHHHUX ITapaMeTpiB CUTHAIY, a caMe OLHKH
Hecydoi yacTord. CKIIaJHICTh 3aBJIaHHS OLIHKM HECY4YOl YaCTOTH B CYITyTHMKOBOMY KaHaJli 3 ()a30BOIO MOIYJIALIEI0 YCYTyOIs€ThCs
HasIBHICTIO JIOATKOBHX 3aBAXKAIOUMX il «CYCITHIX KaHAJTiB)» — CUTHAJIB 3 THM )K€ CAaMHUM THUIIOM MOJIYJISILII 1 Ti€IO K IIBUJIKICTIO
nepenadi iHpopmauii. B poOori yrouHeHo anroputM OLiHKY HECYy40i YaCTOTH CUTHAILY, L0 IIPUHMAETHCS CYITyTHUKOBOIO CHCTEMOIO
3B’s13Ky B Oe3MepepBHOMY PEXUMI 3 ypaxyBaHHSAM BIUIMBY «CYCIJIHIX KaHaJiB» repenaui indopmartii. Bkazanuii anropurm nae 3mo-
'y 3UACHUTH OLIHKY HECY4Ol YaCTOTH I10 MPaBIIIy MaKCHMAaJIbHOI PAaBAONOAIOHOCTI 3 BpaXyBaHHAM YMOBH HEBU3HAYEHOCTI BCIX
IapaMeTpiB CUTHAILY, 110 NPUIMAETHCS CYITYTHUKOBOIO CHCTEMOIO 3B’513Ky B O€3IIepEepBHOMY PEXHUMI 3 ypaxyBaHHSAM BIUIMBY «CYCi-
JIHIX KaHaJIB) nepezadi iHpopMalii npu MiHIMaIbHOMY iHTEpBaIi CIIOCTEpEKEeHHs. BiH BKIIto4ae eTanu: oO4YKCICHHS BiUIIKY aMIl-
JITYHOTO CHEKTPY CUTHAILY, IO NPUIMAEThCs 1 BiUTIKY 3TOPTKH OTPUMAHOrO aMILTITYJHOro ciekrpy 3 AUX Vd; obuncnenHs
BiUTiKy HOXi/THOI 3TOPTKH 1 3HAXOJKEHHSI IEPBUHHOI OLIHKH YaCTOTH; HA OCHOBI OTPUMAHOI OI[IHKH MPOBEICHHS IPOLEypH OLiH-
KM, OCHOBaHOI Ha IIOMHOKEHHI (ha3i CUrHaILy, 1110 NPUHMAEThCS 1 OOYNCIICHHS OLIHKU HECY4oi 4acTOTH CUTHAILY, IO IPUHMAEThCS.
3 MeTor0 OLHKH e(hEeKTUBHOCTI BKAa3aHOI'0 JITOPUTMY B pOOOTI NMPOBEIEHO MOPIBHAHHA €(EKTUBHOCTI OLIHOK, 3a0e3IeueHNX 3a-
IPOIIOHOBAHOIO MPOLIEYPOIO 1 OLIHOK, 311 ICHEHHX Ha OCHOBI OZIpaxyBaHHs INI00AIBHOr0 MAKCUMyMY 3rOPTKH aMILTITYJHOTO CIIeK-
TPy CUTHaiy, o npuiiMaerses. [Togauni B poOOTI pe3ynbraTH BKa3aHOi OLIHKM MOKA3alH, 3aJIeXHOCTI HOPMOBAHOI JMCHepCii Bif
MPAKTUYHO He Bizpi3HsoThcs. Lo miarBepmkye edeKTUBHICTD Ta pealli3yeMicTh Ta NPaKTUYHY LIHHICT IIOAAHOTO B POOOTI airo-
PHUTMY OLIHKH HECy4Ol YaCTOTU 3 YpaxXyBaHHSM BIUIMBY «CYCIIHIX KaHaIiB» Iepejaui KOpUCHOro curnaiy. IlepcriekruBHUM Ha-
HPSIMKOM IIOAAJIBLIOTO JOCIIUKEHHS HOPYLIEHUX B POOOTI IIMTaHb € aJIalTallisl BKa3aHOro AJrOPUTMY JI0 OLIHKH HECy4oi 4acTOTH B
KOMOIHOBaHHX cHCTeM (ha30BOi CHHXPOHI3AL|i, 1[0 MalOTh MOXKIIMBICTB JI0 ITiIBHIICHHS MOPSIKY acTaTH3MYy, IIPH CTEKEHHI 3a He-
CYYOI0 4acToTOIO (TIUIOT - CUTHAJIOM), (ha3a SIKOl MOy Ib0BaHA AeTePMiHOBAHMM JOMILIEPiBCHKIM CHI'HAJIOM.

Karo4doBi ciaoBa: omiHKka HeCcydoi 4acTOTH CUTHAIY; MiHIMAJIbHO I'DaHHMYHA JUCIIEPCis OLHKM HECY4oi 4acTOTH;
BIUIMB «CYCIJIHIX KaHaJIiB» nepenaui inpopmartii; GpyHkiis msuaKoro nepersoperHs @yp’e; alropuT™ OLIHKY YaCTOTH CUTHAIY.

YTouHeHHnE AJITOPUTMA OLCHKH YaCTOThI CUTHAJIA CHCTEMOii CIIyTHPlKOBOﬁ CBSI3H B HEMIPEPBIBHOM pPeEKHUME
MPH YCJIOBUM BJIUAHUA KCOCCAHUX KAHAJIOB)

A. JI. TypoBckuit

AHHoTanus. CIyTHUKOBbIE CUCTEMBI CBSI3H, HCIONB3YOIINE (Ha30BYI0O MOIYJALMIO CUTHAJIA, KOTOPBIH IpeJHa3HA4YCH
JUIS TIepejauk oJIe3HoM nHpopMalu B Oe3riepe6pBHOMY pexXUMe, IIPH NPUMEHEHHUH 110 HA3HAUYCHUIO CTAIIKUBAIOTCA C IIPOOIEMOit
YaCTOTHOH HEONpeJeNeHHOCTH curHana. Jisi 1eMOIy/nATOpOB CITyTHHKOBBIX MOJIEMOB TaKHX CHCTEM, PabOTAIOIIUX C HENpEephIB-
HBIM BXOJIHBIM CHTHAJIOM, HanOoJlee 3HauMMOH sIBJIsieTCs MpoOieMa CHHXPOHM3ALMH 10 YaCTOTE HECYIEro KoneGaHus B yCIOBUSX
4aCTOTHOW HEOIPEJIe/ICHHOCTH CUrHajIA. YKa3aHHOE 33/1a4a CUHXPOHM3ALMH (PaKTHYECKH CBOJMTCS K OLEHKE HCTUHHBIX NapaMeT-
POB CHTHANA, 3 IMEHHO OLEHKU Hecyllel yacToThl. CIIOKHOCTB 3a/1auH OLEHKU HECYILEH 4acToThl B CIIyTHUKOBOM KaHaje ¢ dazo-
BOM MOZYISILUEH yCyryOisercss HAIMYHUEM JIOIIOIHUTEIIBHBIX MEIIAIIMX JASHCTBUH «COCEIHMX KAHAJOBY» - CUTHAJIOB C TEM XKe
THUIIOM MOZYJISALIMK ¥ TOH K€ CKOPOCTBIO Tepefaun MHpopManuu. B padoTe yrouHeH anropuTM OLEHKH HECyIeH YacToThl CUrHala
CITyTHHKOBOI CHCTEMOM CBSI3U B HEHPEPHIBHOM PEXUME C YIETOM BIMSHHS «COCEIHMX KaHAJIOBY» Iepe/iaud HHpOpMaluK. YKa3aH-
HBIH aJrOPUTM HO3BOJISET OCYIIECTBHTH OLEHKY HECYyIeH 4acTOThI IO MPABILy MAKCHUMAIIBHOIO IPaBIONON00MS HPU YCIOBUU
HEOIPENIEIEHHOCTH BCEX NAPAMETPOB CHIHAJA CITyTHUKOBOM CHCTEMOM CBS3U B HEMPEPHIBHOM PEXHMME C YUETOM BIMSIHHS «COCE]I-
HHUX KaHAIOBY Iepesayd MH(popManuu npu MHHMMAJIbHOM MHTepBajie HaOmoneHus. OH BKIIOYAET JTallbl: BHIYMCICHUE OTCUYETa
aMILTUTYIHOI'O CIEKTPa CHrHaja U OTCYETA CBEPTKH MOIYy4EHHOTO aMILIUTYAHOro crekrpa ¢ AUX V®; BerauciIeHns oTcyeTa mpo-
M3BOJIHOM CBEPTKHU W HAXOXIECHHs MIEPBUYHOMN OLIEHKU YacTOTBI; HA OCHOBE IOMYYEHHOM OLEHKH MPOBEICHHS NPOLELYPhI OLECHKH,
OCHOBAHHOH Ha yMHO)KeHHE (pa3e CHrHala U BBIYMCIICHUS OLEHKM Hecyllel 4acToTsl curHana. C Lenbro OLeHKH 3Q(EKTHBHOCTH
YKa3aHHOT'O aropuTMa B paboTe MpoBeJeHO cpaBHEHHE 3((EKTUBHOCTH OLEHOK, 00ECIEUEHHBIX NPEJUIOKEHHOI IpoLeypoi u
OLICHOK, CJICJIAHHBIX Ha OCHOBE PACUETOB ITI00AJBHOI0 MAaKCHUMyMa CBEPTKH aMILUIUTYJHOIO CIeKTpa curHana. IIpeacrasieHHsle B
paboTe pe3ynbTaThl YKa3aHHOH OLIEHKH MOKAa3aJH, 3aBUCUMOCTH HOPMUPOBaHHOMN JUCIIEPCUH OT NPAKTUYECKU He OTInyarorcs. Yro
noATBepskaaeT 3PPEKTUBHOCTE U PEATM3yeMOCTh U MPAKTHUECKYIO LIEHHOCTh MPEJICTAaBIEHHOro B paboTe alrOpuTMa OLEHKH He-
CYIIEH 9acTOThI C Y4ETOM BIMSIHUS «(COCEIHHMX KaHAIOB» INEPENayud IMOJE3HOro cHrHajia. IlepcrieKTHBHBIM HamlpaBICHUEM Jallb-
HEHILero 1CccileI0BaHus 3aTPOHYTHIX B paboTe BOIPOCOB SBJISETCA afaNTalys yKa3aHHOIO allfOPUTMA K OLIEHKE HECYILEH YacToThl
B KOMOMHHPOBaHHBIX CHCTeM (ha30BOH CHHXPOHHU3ALUU, UMECIOT BO3MOJKHOCTb K ITOBBILICHUIO MOPSAAKE aCTaTU3MA, IIPH CIIEXKKE 32
Hecyllel yacToToH (IMIIOT - CUrHANIOM), (pa3a KOTOPOIl MOlyMpOBaHa JIETEPMUHUPOBAHHBIM JIONIIEPOBCKUM CHTHAJIOM.

Kamo4ueBblie cioBa: OLICHKa Hecymeﬁ YacCTOThbI CUT'HaJIa; MUHUMAJIBHO IPEJICIbHAsA TUCIIEPCHUS OLICHKU HeCyH.[eﬁ qac-
TOTBI; BIIMAHUC «COCCAHHUX KaHAJIOB)» II€pe€aavn I/IHq)OpMaI_II/II/I; (byHKI_II/ISI 6I>ICTp0FO HpeO6paSOBaHI/I$[ CDpre; AJIT'OPUTM OLICHKU
4acCTOoThl CUT'HaJ1a.
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DOA ESTIMATION BASED ON PROXIMITY OF THE ROOTS OF SEVERAL
POLYNOMIALS OF SUPERRESOLUTION METHODS

Abstract. Subject of study is the performance of methods of the spectral analysis in the presence of outliers. The
purpose of this paper is to increase the efficiency of spectral analysis (i.e. to reduce the root mean square error (RMSE) of
direction-of-arrival (DOA) estimation based on root similarity approach initially proposed by A. Gershman. The used
methods are: spectral analysis methods, pattern recognition methods, digital statistical modeling methods. The following
results were obtained. The root classification approach is used in the case of joint application of two types of data
covariance matrix (standard covariance matrix (CM) and estimate of CM with Toeplitz structure). This approach
removes the outliers (outlying roots) from preliminary DOA estimates (roots corresponding to the preliminary
DOAs). The modification of initial root classification approach is proposed. It consists of avoiding averaging of
DOA estimates obtained by estimator for the different CM at high signal-to-noise ratios (SNRs). This step for
considered case allows to improve the performance of DOA estimation using the root classification approach.
Simulation results are presented confirming the performance of proposed approach. Conclusions. The performance
improvement of the subspace-based methods of spectral analysis can be attained by removing the outliers from the initial
DOA estimates. The simultaneous application of classical second-order CM and estimate of structured CM gives two sets
of DOA estimates (roots of polynomials). Root classification approach processes these sets and improves the performance
of DOA estimation. The modification proposed in the paper gives the additional advantage at high SNR. The considered
approach is also can be used together with other polynomial rooting methods of DOA estimation.

Keywords: Direction-of-arrival estimation; Karhunen-Loéve transformation; spectral decomposition of correlation

matrix; spectral analysis methods; pattern recognition.

Introduction

Problem formulation in general form. The theory
of superresolution has the fundamental results and many
practical applications in the radiotechnical and information
systems [1-3]. The methods and principles of the
superresolution are widely used in the problems of
direction-of-arrival (frequency) estimation, time of arrival
estimation, delay estimation, multipath parameter
estimation, signal separation and localization, signal
(pattern) recognition in radar and communication, image
processing, passive millimeter-wave imaging, frequency
multiplexing, channel estimation, precoding in
communication, collision resolution in packet radio
networks, directional medium-access-control (MAC)
protocol for mobile ad hoc networks (MANET), physical-
layer secrecy in wireless systems with MIMO (multiple
input-multiple output) [4]. This list can be extended by
many applications arising in many areas. Furthermore, the
resolution problem can be considered as consisting from
the detection-resolution problem, measurement-detection-
resolution. In the information systems the problem of
resolution can be considered as information extraction
from the set of nonorthogonal signals.

The traditional results are refined and extended
based on results obtained in nonlinear dynamics,
functional analysis, graph spectral theory, random
matrix theory, properties of communication signals,
sparse representation of signals and so on [4].

Modern methods of superresolution (so called
subspace-based or eigenstructure methods) are related
with Karhunen-Loéve transforms and elements of the
functional analysis, principal component analysis.
Karhunen—Loéve transformation is also widely used for

dimension reduction
recognition [1-6].

The performance degradation of the subspace-
based methods can be explained by appearance of
outliers in the parameter estimates in the practically
important situations with small sample, signal-to-noise
ratios and so on [1, 2, 4-10].

Performance of the parameter estimation by
subspace-based methods can be improved by
application of the group of the subspace-based methods
with different characteristics (so called joint estimation
strategy), subspace-based method with second-order and
higher-order CM, resampling approaches (bootstrap,
pseudo noise resampling, surrogate data technology),
singular spectrum analysis (SSA) [4, 6-10]. The
different levels of implementation of the concept of the
outlier removing are known [6-10]. The process of
elimination can be realized on the level of estimators
(i.e. elimination of the estimators that gave parameter
estimates with outliers) and on the level of roots of
polynomial rooting methods [7].

The aim of the paper is improving the
performance of DOA estimation by removing the
outliers from the estimation process based on the
elimination of the outlying roots from the underlying
DOA estimators and using features characterizing the
signal roots.

The analysis of the previous investigations and
publications. The problem of the outlier reduction in
DOA estimation was mentioned in the several works [1,
7-10]. In the general case the source angular sectors
were used. This approach was used in the case of
estimator bank formed using pseudorandom weighting
of eigenvectors, pseudonoise resampling [7-10]. It can

in signal processing, pattern
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be used in the case of traditional methods related with
spatial spectrum (MUSIC, Min-Norm) and with parallel
search methods (Root-MUSIC, ESPRIT). As an
alternative way the substitution of the preliminary DOA
estimates into the likelihood (ML) function is possible
[1].

The approach with angular sector requires the
information which is known a priori or these sectors
must be estimated. In the first and second case (case
with ML function) the performance is dependent on
quality of CM estimate. Therefore, it is of interest to
consider the using the root classification scheme [7] that
can be applied to polynomial rooting methods (Root-
MUSIC, Root-Min-Norm and so on).

The scheme was used in the context of joint
application of two types of CM. The traditional second
order and fourth order (cumulant) CMs with Root-
MUSIC were considered in [7]. However, the
possibility of application of the root classification
approach for the case of combined application of the
traditional matrix and estimate of Toeplitz matrix was
not mentioned.

Approach from [7] consists of test of root
similarity and proximity to the unit circle. The part of
the approach was considered in [9] and named as
distance detection strategy.

The motivation for using distance functions as a
classification tool follows from the pattern recognition
theory [5]. In turn, the most obvious way of
determination of the similarity measure between pattern
vectors is in estimation of their proximity.

It should be noted that problem of final root
selection arises also for the case of DOA estimation in
the case with interpolated arrays [10].

Joint application of the traditional CM and
Toeplitz CM was considered in [4]. Source angular
sectors were used in that work. However, the problem
was the difference in the performance of proposed
approach from one of the estimator with Toeplitz CM at
low and medium SNRs. Therefore, it is of interest to
find the ways of minimizing the mentioned drawback.
This can be performed by using results of [7].

Signal model and proposed approach

Assume the uniform linear array of M elements
receiving V' <M narrowband signals from far-field
sources located at unknown DOAs ©,,---,0,. The

number of sources is estimated by one of the known
methods such as AIC, MDL [1]. The output of ULA can
be modeled as

y(@) =Ax(®)+n() . (1)

The problem is estimation of DOAs of the sources
u=[0,--,0,1 (1). Here
A =[a(0,),...,a(0,,)] is the array direction matrix, x(t) is

based on observations

the vector of source waveforms, n(¢) is the vector of white

Gaussian noise, (-) T denotes the transpose. Using the
made assumptions the CM of array output can be written

R, =E[yny"()]=AR A" +5°T ,  (2)

where R, = E[s(t)s” ()] is the VxV signal CM, T is
2 E[]

denotes the statistical expectation. Furthermore, (-)"

the identity matrix, o~ is the noise variance,

stands for the Hermitian transpose operator.
In practice instead of exact CM the sample CM is
used [1]

5 N
R=(1/N)Y " vy (o). (3)
Here N is the number of snapshots.
Computation of the modern spectral analysis (SA)

methods is related with spectral decomposition of R

~ A~ aH o ~ ~H

R=E;NA;E; +E,;N\,E; , ()
Here M xV matrix E and Mx(M—G) matrix IE,,

are formed from the eigenvectors of R corresponding
to signal-subspace eigenvalues from VxV matrix A s
and noise-subspace eigenvalues from A n , respectively,

V is the estimate of the number of sources.
The Root-MUSIC method is based on ULA
structure [1, 7, 8]. Root-MUSIC DOA estimates is

obtained based on the V roots of polynomial

P, (2)=al z"HPLa(z), 5)

where a(z)=[Lz,....z2" 7', z=exp(jo), ®=2nd x

xsin(0) /A , d is the distance between the elements, A
~ ~H
is the wave length. Moreover, nt = (I —-EsEs ) is the

projector on the noise subspace.

The V roots of polynomial named as signal roots
are selected base on their closeness to the unit circle.
The order of polynomial is 2M—2 and roots are in
conjugate reciprocal pairs. Only half of these roots (i.e.
M —1) is used usually for DOA estimation.

For the high SNR the roots corresponding to the
signals lie exactly on the unit circle. However, for the
medium and low SNRs these roots appear in conjugate
reciprocal pairs. The roots lying inside the unit circle
and closest to it are taken for the estimation process.

DOA estimates can be obtained from the
corresponding signal roots z,,v=1,...V
0, = arcsin((ﬁ) arg(z,)) . (6)

The Toeplitz CM approximation [1, 4] is used to

obtain the estimate of Toeplitz CM Rry. The
polynomial of the Root-MUSIC for such CM is

P,y (2)=al (z")A-U, 03 a(z), (7)

where fJS is the matrix formed from the signal

subspace eigenvectors of the ﬁTA .

The idea of [7] is to eliminate the outlying roots
from the DOA estimation process based on root
similarity and proximity to the unit circle. Root
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similarity can be tested using the following criterion,
checking whether two arbitrary roots of the estimators
(5) and (7) correspond to the same DOA:

0 -8 < Ay - ®)

Here 69) = sort{é(?v(i))} is the estimate of the vth
DOA, 1<v<V, A, is the similarity parameter, | |
denotes the absolute value. The index i corresponds to
DOA estimation method. Symbol sort{ | is the sorting
Furthermore,
Ev(i),v =1,...,V are the signal roots which are the

operator in the ascending order.

closest to unit circle in the complex plane.

Such approach is in some sense close to the known
approach named as k-nearest neighbors (or nearest
neighbor). The neighbors are used also in the attractor
trajectory surrogates [6].

The example of signal roots is indicated in Fig. 1.
The scenario with two equipower sources with ¢, =8°,

0,=12°, ULA of M =9, N=100 and signal-to-noise
ratio SNR=6 dB was used for this case. SNR was defined
as 10 log(css2 /c?), where cg is the power of sources.

The M —1 roots in the unit circle (only the half of
the 2M -2 roots) are indicated. Signal roots are also
marked by arrows.

1

0.5

-0.5

-1 +
-1 -0.5 0 0.5 1

Fig. 1. Complex roots of Root-MUSIC
polynomial inside of unit circle

In the mentioned approach the signal roots are
sorted based on their proximity to the unit circle [7]

031-\z,<f>\31-\zg>\g...gl-\zg’\. 9)

9 )| the distance

However, instead of the distance 1—|z

‘zf)‘ —1‘ can be used giving the same result.

In order to explain the principle of similarity and
obtain the second group of the roots the pseudonoise
resampling was performed as in [8]. Two clusters
corresponding to the sources are marked by dashed and
dotted circles are shown in the Fig. 2.

It should be noted that traditional measures of
similarity in pattern recognition and initial data
processing in statistics are Euclidean distance between
two patterns, Mahalanobis distance, Kolmogorov
distance, Tanimoto coefficient distance measure,
correlation distance, chi-square and so on [5].

0.5

-0.5

-1

I .
-1 -0.5 0 0.5 1

Fig. 2. Complex roots of traditional Root-MUSIC
polynomial and one with pseudo-noise resampling

The approach from [7] (named in the paper as
combined) adapted for the considered case of
application of the traditional CM and estimate of
Toeplitz CM can be described by the following
sequence of steps:

Step 1. Define the initial value of the A, .

Step 2. Test V? possible pairs of signal roots
{zg),zﬁf)}, g f=L...,V using (8). If more than V
root pairs satisfy the proximity measure (8) then reduce
A, - Process of reduction is performed successively
until / <V root pairs satisfy it.

Step 3. If V' signal root pairs {3](]),3](2)}

{319),352)} satisfy the root similarity condition (8) the
signal DOAS can be estimated as

0y = (O +82y/2,v=1,....7, (10)

where 0% =0(Z?).

Step 4. If only 0</<V signal root pairs
{3](]),3](2)},..., {3,(]),3,(2)} satisfy the condition (8) the /
signal DOAs are estimated as

év=(ég)+é$/2))/2avzla""l‘ an

The residuary ¥V -/ DOAs are obtained based on
remaining J —/ signal roots of the estimator which has

the smallest distance l—‘z,(,i) .

Step 5 End.
It should be noted that for the case when the
distance between sources and A, are small we can

have the situations when DOA estimates of estimators
corresponding to different sources can satisfy the
condition (8). However, the averaging of the DOA
estimates of estimators should be performed for the
same sources.

The simulation results of comparison of the
traditional Root-MUSIC (with standard CM), Root-
MUSIC with estimate of Toeplitz CM (Toeplitz CM
approximation (TA)), combined approach based on root
classification are presented in Fig.3. The name
combined is selected due to two methods (polynomials)
are calculated simultaneously.

Two equipower sources with 9, =10°, 0,=14° were
taken, N =50 . The ULA of M =7 antenna elements and
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—=©— 1-Root-MUSIC
—%— 2- Root-MUSICwith TA
—$— 3-combined approach

a
=)

RMSE (DEGREES)
=
©

107
SNR(dB)

Fig. 3. RMSE’s of DOA
estimation vs. SNR

1000 simulation runs were used. Parameter A, =2.5°

was used. RMSE was calculated as in [1].

Here we can see that using Toeplitz CM caused the
saturation of RMSE of DOA estimation. Furthermore,
performance of combined approach consisting in
application of root comparison (similarity) approach is
comparable with one of the Root-MUSIC using estimate
of Toeplitz CM at medium SNR’s and it is better at high
SNR’s. However, possibility of using the advantages of
two estimates of CM is not used at full.

The proposed approach consists in changing the
Step 3. The idea of proposed modification is avoiding
the averaging of DOA estimates for the situations with
high SNR. In such cases the performance of DOA
estimation when using the standard CM is better than
one with Toeplitz CM. Therefore, at high SNR we also
define the distance of the roots of two polynomials to
the unit circle. The roots of polynomial with smaller
distance are used for DOA estimation.

Simulation results for the scenario which is the
same as for the Fig. 3 are presented in the Fig. 4.

It can be seen that the performance of proposed
approach improves as compared to initial approach after
SNR=15dB. Here we can see the second threshold
SNR=22 dB.

It is necessary to say that for such SNR the
distances of roots of two polynomials (defined by
equations 5 and 7) to the unit circle are approximately
the same. Furthermore, the performance of proposed
approach at medium and high SNRs is better as
compared to Root-MUSIC with approximation of
Toeplitz CM. However, such as the value of RMSE for
combined approach is not the same as one of Root-

—©— 1-Root-MUSIC
—%— 2- Root-MUSICwith TA

@ —— 3-combined approach

w41 : :

w 10

14

o R,

w » e

o .

w 0

w 10

=

14

1071
-5 0 19 20

SNR(dB)

Fig. 4. Comparison of RMSE’s of DOA estimation
vs. SNR for proposed variant of combined approach

MUSIC it is possible to say that at high SNRs the
additional features for defining of appropriate roots can
be used.
Conclusions and directions
of future investigation

In the paper the idea of outlier reduction based on
roots classification and proximity of the roots of
polynomial rooting methods is used for the case of joint
application of two types of CM (traditional and Toeplitz
CM). Furthermore, the modification of approach [7] is
proposed. It is based on the fact that in the considered
case at the high SNR instead of averaging of DOA
estimates corresponding to the similar roots (roots with
small distance between them) it is preferable to use the
roots based on the their closeness to the unit circle.

The proposed approach can be extended to the case
of Root-Min-Norm, Root-MUSIC (Root-Min-Norm)
with pseudorandom weighting of eigenvectors, Root-
MUSIC (Root-Min-Norm) with pseudonoise resampling
and so on. Furthermore, it can be used for the case of
interpolated array. The analysis of influence of different
methods of distance calculation on the performance of
the considered approach should be performed.

It is of interest to generalize the proposed approach
also for the communication signals (BPSK, QAM and
so on) using the properties of communication signals.

The ways of performance improvement of the
Root-MUSIC when using several types of CM in the
situations with low SNRs should be investigated.

The fast algorithms can be used for the
computation of the roots of polynomial. Tricks allowing
avoiding the spectral decomposition of CM or fast
subspace decomposition should be considered.

REFERENCES

1. Stoica, P. and Moses, R. (1997), Introduction to Spectral Analysis, Prentice Hall, Upper Saddle River, NJ.
Slyusar, V. (1999), “Super-Rayleigh delay lag resolution of narrow-band pulses”, Izvestiya VUZ: Radioelektronika, vol. 42,

is. 3, pp. 55-62.

3. Bondarenko, B., Bondarchuk, G. and Timchuk,V. (2000), “Synthesis of optimal and quasi-optimal algorithms of
superresolution for information systems with antenna arrays”, Izvestiva Vysshikh Uchebnykh Zavedenij. Radioelektronika

vol. 43 (5-6), pp. 66-72.

4. Vasylyshyn, V. (2020), “Combined Application of structured and standard covariance matrices for DOA estimation”, Proc.

of IEEE Ukrainian Microwave Week, Kharkiv.

5. Beyerer, J., Richter, M. and Nagel, M. (2018), Pattern Recognition. Introduction, Features, Classifiers and Principles,

Walter de Gruyter GmbH, Berlin, 307 p.

6. Kostenko, P.Y. and Vasylyshyn, V.I. (2014), “Signal processing correction in spectral analysis using the surrogate
autocovariance observation functions obtained by the ATS-algorithm”, Radioelectronics and Communications Systems,

vol. 57(6), pp. 235-243.

&3



Advanced Information Systems. 2020. Vol. 4, No. 3 ISSN 2522-9052

7. Gershman, A. and Messer, H. (1998), “Mixed-order root-MUSIC algorithms with improved robustness”, Proc. of [EEE SP
Workshop on SSAP, Portland, pp. 33 — 36.

8. Vasylyshyn, V. (2011), “Improving the performance of Root-MUSIC via pseudo—noise resampling and conventional
beamformer”, Proc. of The Third Microwaves, Radar and Remote Sensing Symposium, Kyiv, Ukraine, pp. 246-249.

9. Qian C., Huang L. and So H.C. (2014), “Improved unitary Root-MUSIC for DOA estimation based on pseudo-noise
resampling”, IEEE SP. Letters, vol. 21, no. 2, pp. 140-144.

10. Friedlander, B. and Weiss, A. J. (1992), “Direction finding using spatial smoothing with interpolated arrays”, /EEE
Transactions on Aerospace and Electronic Systems, vol. 28, no. 2, pp. 574-587

Received (Hapiiinua) 11.07.2020
Accepted for publication (ITpuitasita mo apyky) 16.09.2020

B1IOMOCTI ITPO ABTOPIB / ABOUT THE AUTHORS

Bacuanmue Bosiomumup IBaHOBHY — JIOKTOp TEXHIYHHX HAayK, HAdyaJbHHK KadeIpH pajioeieKTPOHHHX CHCTEM IyHKTIiB
ynpasiinns [ositpsaux Cui, Hauionansnuii yrisepeurer IToiTpsaux Cuin, Xapkis, Ykpaina;
Volodymyr Vasylyshyn — Doctor of Technical Science Associate Professor, Head of department of Ivan Kozhedub Kharkiv
National Air Force University, Kharkiv, Ukraine;
e-mail: vladvas@ukr.net; ORCID ID: http://orcid.org/0000-0002-5461-0125.

OuiHIOBaHHA HANPAMKIB HAAXOI’KEHHs PaJiOXBWJIb,
OCHOBaHe Ha OJIM3BbKOCTI KOPEHiB IeKIJIbKOX MOJIiHOMIB METONIB HAIPO3AiTeHHS

B. 1. Bacwnummna

AnoTtanis. Ilpeqverom nociimkeHHs € epEKTUBHICTE METOAIB CHEKTPAIBHOTO aHANI3y IPU HASIBHOCTI aHOMAJIGHUX OL[IHOK
(BukuziB). MeToro NaHol CTaTTi € MiBUIIEHHS e()eKTHBHOCTI CHEKTPAIBHOIO aHaJIi3y (3MEHIICHHS CepeJHbOKBAPATHIHOI IIOXUOKH
(CKII) ouinroBaHHs HanpsAMKiB HauxowkeHHs (HH) pazrioxsuiib) Ha OCHOBI HifXoty OAIOHOCTI KOPEHiB MOIiHOMIB, 3aIIPOIIOHOBAaHOI'O
A.T'epiivaHoM. Metony, 10 BHUKOPHUCTOBYFOTBCS: METOIM CIEKTPAIBHOIO aHalli3y, METOOM pO3Ii3HAaBaHHS 00pa3iB, MeTomu
1(POBOro CTATUCTHYHOrO MozemoBaHHsA. bymu orpumaHi HactynHi pesysabrar. [linxin no wiacudikarii KOpeHiB INOJIHOMIB
BUKOPHUCTOBYETHCS Y BUIAJIKY CIIIGHOTO 3aCTOCYBAaHHS IBOX THIIB KoBapiariiaoi Matpuni (KM) nanux (cranmaprHoi Ta orinku KM 3
TEIUTIIEBOIO CTPYKTYporo). Lleit minxin ycyBae BUKMaM (KOpEHI IONIHOMY, IO BINIOBIZAIOTH BUKHZAM) 3 MOYAaTKOBMX oIiHOK HH
pamioXBWIb (KOPEHIB ITOJIHOMY, IO BiIIOBIAIOTH aHOMAJIBHHM OIL[iHKaM). 3alporoHOBaHAa MOIM(IKAIis ITOYaTKOBOrO ITiIXORY
Kinacugikanii KopeHiB noiHoMy. BoHa monsirae B ycyHeHHi ycepeaHeHHs oniHok HH, orprMaHnX MeTomoM OLiHIOBaHHS JUIS Pi3HHX
KM npu Bucokux BinHowmeHHsx curdan/mym (BCII). Ieit kpok 103Bose i pO3MIIAHYTOrO BHIAJKY ITiJBHIIMTH €()EKTUBHICTH
ouinroBanHs HH npu BuxopucranHi merony kinacudikauii xopeHis. IIpencraBiieHi pe3yibTaTi MOIENIIOBAHHS, 110 MiATBEPIKYIOTH
e(peKTUBHICTh 3alpOoIIOHOBaHOro miaxoy. BucHoBkn. [lokpamieHHs eeKTHBHOCTI METOMIB CIIEKTPAILHOTO aHaJli3y, OCHOBAaHHX Ha
BHKOPHCTaHHI IiJIIPOCTOPiB BiIacHUX BekTopiB KM naHuX Moke OyTH OCSATHYTO LUISXOM BUIAJICHHS BUKHIIB 3 TI0YaTKOBHUX OLIHOK
HH panioxsuib. OnHouacHe 3acrocyBanHs kiacuuHoi KM npyroro nopsiaxy Ta ouinkn KM 3 3aaHOI0 CTPYKTYPOO Jae aBa Habopu
ominHok HH panmioxBunb (kopeHiB mominoma). [ligxin mo kimacugikainii KOpeHiB 3IiHCHIOE OOpOOKYy LMX HaOOpiB 1 MiABHIIyE
edexruBHicTh owiHroBanHs HH. 3anpononoBana B crarti Moaudikawis fae qogarkoBy nepesary npu ucokomy BCILL. Posrisayruii
T JTX1]] TAKOXK MOYKE OyTH BUKOPHCTaHHI pa3oM 3 iHIIMMH MeToiaMu oninroBanHst HH, ocHoBaHMMY Ha MONTYKY KOPEHIB MOTiHOMY.

Knaro4doBi cjoBa: OIiHIOBaHHA HalpsAMKIB HaJXOIKEHHS palioxsBwib, Teopema KapyHeHa-JloeBa; crekrpaibHe
PO3KJIaJICHHS KOPEALIIHHOI MaTPHULIi; METOAU CIIEKTPAIBHOIO aHalli3y; po3Ili3HaBaHHsA 00pas3iB.

OuennBanue HANTPABJICHUI IPUX0a PAJHOBOJIH,
OCHOBAHHOE Ha 0/IM30CTH KOPHEll HeCKOIBLKHX MOJHHOMOB METO0B CBepXpa3peleHust

B. . Bacunuimun

Aunotanus. Ilpeamerom uccienoBaHus siusercss 3(PQPEKTUBHOCTH METONOB CHEKTPAJbHOIO aHAIN3a NPH HAIMYHU
aHOMAJIBHBIX OLIEHOK (BbIOpOcoB). Lle1bI0 naHHOI cTaThu €CThb MOBBILIEHUS 3 ()EKTUBHOCTH CNIEKTPAJIBHOIO aHaIH3a (YMEHbIICHHE
cpenuexBanpatrnaHoil ommoku (CKO) ornenrBanms HanpaBineHui npuxona paauoBond (HIT)) Ha ocHOBe moxxoma cXocTBa KOpHEH
OJIMHOMOB, IpeuioxkeHHoro A. I'epimvanom. Hcnosib3yeMbie MeTOIbI: METO/IbI CIIEKTPAIBHOTO aHAJIN3a, METO/IbI PACIIO3HABAHUS
00pa3oB, MeToabl LU(PPOBOrO CTATUCTUYECKOrO MOJEIUpOBaHUsA. bbulM momydeHsl criexyromue pedyiabtarbl. [lomxon mo
KJ1acCU(UKAIMK KOPHEH IOJIMHOMOB MCHOJB3YEeTCs B ClIydae NPUMEHEHHMS JBYX THUIIOB KOBapualmoHHON Marpuib! (KM) naHHBIX
(cranpaprHoii 1 oueHkr KM ¢ TeruuueBoil cTpykTypoit). 3TOT MOAXOZ yHalseT BhIOPOCH! (KOPHH MOJIMHOMA, KOTOPBIE OTBEYAIOT
BbIOpOCaM) M3 mpenBapurenbHblX ouneHok HIT paguoBonH (KOpHEH NHONMHOMA, COOTBETCTBYIOLIMX AHOMAIBHBIM OLIGHKAM).
IMpemnoxena MoaudUKaLU HAYaIbHOrO IOAX0/a Kiaccupukaiu KopHe. OHa 3aKI04aeTcs B yCTPAaHEHUH YCPEIHEHHS OLICHOK
HII, nomydeHHbIX MeTOIOM oOLEHMBaHMA i pasHbix KM npu Bbicokux otHomenwsx curHan/mym (OCII). Oror mar mis
PACCMOTPEHHOr'0 Cilydasl II03BOJIICT NOBBICUTH d(dexTuBHOCT, oneHuBanus HII mpu mcnonb3oBaHMM MeTOAAa KIIACCH(UKALMK
kopHell. IIpencraBieHHble pe3ysbTaThl MOIEIUPOBAHMS, KOTOPBIE IHMOATBEPXKIAOT 3(P(PEKTUBHOCTD IPEIVIOKEHHOIO IIOAXO0MA.
BeiBoabl. Yiydiienue 3¢(EKTHBHOCTH METOIOB CIEKTPAaJIbHOIO aHAIN3a, OCHOBAHHBIX Ha MCIIOIB30BAHHU IOIPOCTPAHCTB
coOcTBeHHbIX BekTopoB KM NTaHHBIX, MOXKET ObITh JOCTUTHYTO ITyTeM YJajaeHus BbIOpOCcOB U3 HaualbHbIX oleHoK HIT paauoBomnH.
OnHoBpeMeHHOEe NpuMeHeHue kiaccuueckod KM Broporo mopsika u ouenku KM ¢ 3amaHHON CTpyKTypoil naer 1Ba Habopa
oueHok HII paxnoBonH (xopHeil nommuoma). Iloxxox mo ximaccudukaly KOpHeEH ocylecTBisier o0paboTKy Tux HabOpoB M
noBblaer 3¢ dexruBHocTs onennsanus HII IlpemioxeHHas B craTbe MOAM(UKALNS JaeT JIONOIHUTEIBHOE MIPEUMYIIECTBO PU
BeicokoM OCIIL. PaccMoTpeHHBII 1OaXo]] TakKe MOXKET OBITh HUCIIONIB30BaH COBMECTHO C APYTHMMH MeToxamu oneHuBanus HII,
OCHOBAHHBIMH Ha ITOMCKE KOPHEHl MOJIMHOMA.

Kamo4ueBble cJaoBa: OICHUBAHUE HaHpaBJ’leHI/Iﬁ TNOCTYIUICHUS paJUOBOJIH; T€OpEMa KapyHeHa—J'IoeBa; CIICKTpaJIbHOC
Pas3iioKEeHUE KOppeJ'IfH.IPIOHHOﬁ MaTpulpbl; METOAbI CIIEKTPAJIBHOI'O aHaJIn3a, paclio3HaBaHUE 06pa303.
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THE STUDY OF ENSEMBLE PROPERTIES OF COMPLEX SIGNALS
OBTAINED BY TIME INTERVAL PERMUTATION

Abstract. The results of statistical analysis of cross-correlation properties of complex signals’ ensembles, were
obtained due to time interval permutations are presented in this paper. The essence of the method is to apply the division
of short videopulse sequences at the level of intervals with low interaction in the time domain with different numbers of
pulses. By applying the cross-correlation analysis, the maximum emission values of the side lobes of the cross-
correlation functions are calculated and its total average value is determined. Based on the obtained values, a series is
formed in which the first position is occupied by a time interval in which the value of the maximum emissions of the
side lobes of the cross-correlation function has an average value. The determination of the following time intervals is
based on the analysis of the rating series and the arrangement of values is carried out in accordance with the selected
total average value. Thus, a new average range of the maximum emission values of the side lobes of the cross-
correlation function is formed. The average range increases the number of ensembles with satisfactory cross-correlation
properties for use in radio communication systems with code division multiplexing, and minimal interaction between
signals in the time domain reduces multiple access interference.

Keywords: multiple access interference; videopulse; signal base; signal spectrum width; signal duration; crest factor;

duty cycle; impulse duration; cross-correlation function.

Introduction

Problem statement. In multiple access systems
with code division duplexing the subscriber signals are
overlapped randomly in time and transmitted in a
common frequency band, resulting in multiple access
interference (intrasystem interference). Such
interferences are characteristic, for example, of
cognitive radio systems and are embedded in the very
principles of their construction.

Current trends in the development of wireless
systems require a further increase in the number of
subscribers and the quality of service in wireless
multiple access networks.

Assessment of the cross-correlation function
(CCF) allows determining the cross-correlation
properties of complex signal ensembles obtained by
permutation of time intervals, due to which a significant
increase in the number of ensembles of such signals and
a decrease in the maximum emissions of side lobes, due
to which the level of multiple access interference
remains relatively low.

The received signals should be used in radio
communication  systems  with code  division
multiplexing, and increasing the number of ensembles
allows increasing the number of subscribers in them.

Therefore, the study of ensemble properties of
complex signals obtained by permutations of time
intervals on the basis of the rating series is an urgent
task.

Literature analysis. Assessments of the CCF for
the communication systems with code division
multiplexing are widely considered in the literature for
phase-manipulated, amplitude-manipulated, discrete and
other signals based on linear and nonlinear sequences
[1-5], but the correlation properties of complex signal
ensembles obtained by permutation of time intervals
based on rating series with the arranged values in
accordance with the selected common average value
have not been performed and thus require further study.

The basic material

Signals in code division multiple access systems
should provide the lowest possible level of multiple
access interference, which is mainly determined by the
allowable level of maximum peaks of CCF [6].

o}
Rmax =—, (1)
JB
where a — crest factor of CCF, in the general case
depend on the signal base B.

B=AF-T, )

where AF — the signal spectrum width, 7 — the signal
duration.

The larger the value of the crest factor, the better
the correlation properties of the signal.

For the synthesis of complex signal ensembles, a
sample of short video pulses sequences was chosen,
which are divided into four equal intervals with the
equal pulse durations

=7,
the periods of pulse duration are selected approximately
equal:

with signal duty cycle
Qi ~ Qj >> 1a

in so doing, the number of impulses entering each
segment may differ
n; # i’lj.

The examples of the output sequence and the first
two intervals after division are presented in Fig. 1 (a, b, ¢).

According to the results of dividing the output
sequences into intervals and further calculation of their
CCF, new ensembles of complex signal sequences with
a low level of cross-correlation were obtained. An
example of such a signal with the number of symbols
n =173 is shown in Fig. 2.

© Indyk S., Lysechko V., 2020
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Fig. 1: a — an example of the output sequence;
b — an example of the first interval of the sequence division; ¢ — an example of the second interval of the sequence division

Fig. 2 shows that as a result of the time interval
permutations, the sequences with minimal interaction
in time and low correlation were received, which

S7nit)
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original sequences.

forming on their basis
ensembles with a larger volume,
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Fig. 2. An example of complex signal sequence
from the resulting ensemble with a low level of cross-correlation

complex signal
relative to the
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To calculate the maximum emissions values of the
side lobes of the CCF, obtained as a result of the
sequences permutations, use the expression [7]:

Ry =1f\Jnin; . G)

Due to the different number of pulses in the
sequences, the signal energies will be different.

Therefore, for assessment of the CCF by
expression (3) it is necessary to normalize the signals
energy values [1]:

Sihopm (t) = Si (t)/\/Ez . (4)

The calculated maximum values of the CCF
sequences are shown in Table 1.

Table I — The result of calculating the maximum values of the CCF

maxR1 maxR2 | maxR3 | maxR4 | maxR5S | maxR6 | maxR7 | maxR8 | maxR9 | maxR10
maxR1 1 0,0204 0,0097 0,0093 0,0095 0,0093 0,0093 0,0093 0,0093 0,0093
maxR2 0,0204 1 0,0095 0,0091 0,0091 0,0093 0,0091 0,0091 0,0091 0,0091
maxR3 0,0097 0,0095 1 0,0087 0,0089 0,0087 0,0087 0,0087 0,0087 0,0087
maxR4 0,0093 0,0091 0,0087 1 0,0085 0,6917 0,525 0,8 0,8 0,75
maxR5 0,0095 0,0091 0,0089 0,0085 1 0,0085 0,0085 0,0085 0,0085 0,0085
maxR6 0,0093 0,0093 0,0087 0,6917 0,0085 1 0,7167 0,5833 0,5333 0,5333
maxR7 0,0093 0,0091 0,0087 0,525 0,0085 0,7167 1 0,5250 0,4833 0,5350
maxR8 0,0093 0,0091 0,0087 0,8 0,0085 0,5833 0,5250 1 0,8 0,75
maxR9 0,0093 0,0091 0,0087 0,8 0,0085 0,5333 0,4833 0,8 1 0,95
maxR10 | 0,0093 0,0091 0,0087 0,75 0,0085 0,5333 0,5350 0,75 0,95 1
Fig.3 shows the visualization of the CCF of the side lobes of the CCF for the obtained sequences

calculation result and the points of maximum emissions

with minimal energy interaction.
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Fig. 3. The result of calculating the CCF maxima
and the points of maximum emissions of the side lobes of the CCF

Table 1 and Fig. 3 show that the calculated values
of the CCF maxima with the minimum energy
interaction of the new sequences are compared with the
maximum emissions values of the side lobes of the
signals CCF involved in the permutations. As a result,
we see that the obtained sequences provide the
condition of minimal similarity (1).

Conclusion

Application of time permutations on the basis of a
rating series with the arrangement of values according
to the chosen general average value for the volume

increase in complex signals ensembles allow receiving
complex signals sequences with quite a low level of
cross-correlation, thus the interaction between signals in
time domain remains at a low level, which has a
positive effect on the level of multiple access
interference.

At the same time, the cross-correlation properties
will be slightly worsened, as the maximum emissions
values of the side lobes of the CCF signals depend on
the number of splitting intervals, but, nevertheless, it
becomes possible to use them in modern multiple access
radio systems.
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HocaimzkeHHs1 BaacTuBocTel aHcamM0JIiB CKJIAAHUX CUTHAJIB,
OTPMMAaHHUX ILISIXOM IIEPeCTAHOBOK YaCOBHX iHTEepPBaJIiB

C. B. Innuxk, B. I1. JInceuxo

AHoTanisi. Y crarri HaBeICHO PE3yNbTaTU CTAaTHCTUYHOIO aHAJ3y B3a€MOKODEJILIHHUX BIIACTMBOCTEH aHcamOIiB
CKJIa[JHUX CHTHAJIB, Ki OyJIM OTpUMaHi 32 paXyHOK IEPEeCTaHOBOK 4acoBHX iHTepBasiB. CyTh METOLY IOJATraE y 3aCTOCYBaHHI
PO30OUTTS NOCHIZOBHOCTEH KOPOTKUX BiJICOIMITYJICIB HA PiBHI IHTEpBAIN 3 HU3BKOIO B3a€EMOJIEI0 Y 4acoBii o0iacTi 3 pi3HONO
KinbpKicTio iMysbciB. [1InsxoM 3acTocyBaHHS B3a€MOKOPEILIIHOTO aHalli3y 31iHCHIOIOTh PO3PAXyHOK 3Ha4€Hb MAKCHMAaJIbHUX
BUKHIB OIYHUX NEMOCTOK (QyHKIiH B3aeMHOI KOpesLii Ta BU3HAYAIOTh IX 3arajbHe cepeaHe 3HayeHHs. Ha ocHOBI orpumaHnx
3HA4YeHb CKJIANAIOTh Psil, B AKOMY IEpIIy IO3MILI0 3aliMae 4acoBUH iHTEpBal, y SIKOMY BEJIMYMHA MaKCHMalbHUX BUKHJIB
6okoBHX TeNOCTOK (yHKLIT B3aeMHOI Kopessillii Mae cepellHe 3HAauyeHHsA. BHU3HAuUeHHS HACTYIHHUX YacOBHX IHTEpBaliB
BiZOyBaeThCsl HA OCHOBI aHali3y PEHTHUHrOBOrO psiy 1 PO3CTAHOBKA 3HAYECHb IIPOBOIMTHCA Y BIJIOBIIHOCTI 10 0OpaHOro
3araJlbHOr0 CepefHbOro 3HaueHHA. TakuM uyMHOM (OPMYIOTh HOBHMI YyCepeIHEHMIl psiji 3HaueHb MaKCHMaJIbHUX BHKH[IB
OGOKOBHX MENIOCTOK (DYHKIII B3a€EMHOI KOpEJALii, 3aBIAKH SKOMY 30UIBIIYETHCS KUIBKICTH aHcaMOMiB i3 3aJl0BUIBHUMHU
B33a€EMOKOPEIALIHHUMH BIIACTUBOCTAMM JUISi BUKOPHCTAaHHS B CHUCTEMax pajlio3B’s3Ky 3 KOJOBMM pPO3JUICHHAM KaHaliB, a
MiHIMaJIbHa B3a€EMOJIiSl MIJK CUTHAJIaMH y 4acoBii 001acTi IpU3BOAMTD 10 3MEHIICHHS 3aBa/l MHOKHHHOT'O JOCTYILY.

Karo4dosi ciaoBa: 3aBaja MHOXHHHOIO JOCTYITY; BiJICO iMITylbC; 0a3a CUrHAILY; IMPHHA CIIEKTPY CUTHAILY; TPUBAIICTh
CHUT'HaJly; IIMPHHA CIIEKTPY CUI'HAILY; HiK — (haKkTOp; IINapyBaTiCTh; TPUBAIICTb IMITYNIbCY; (QYHKIISI B3AEMHOI KOPEJIALI.

HccnenoBanue cBoiicTB aHcaMOJiel CJI0KHBIX CUTHAJIOB,
MOJYYCHHBIX MMYTE€M MEePECTAHOBOK BPEMEHHBIX HHTEPBAJIOB

C. B. UnmpIk, B. I1. JIsiceuko

AHHoTanusi. B craree mnpuBeneHbl pe3yabTaThl CTATUCTUYECKOI'O AHAIM3a B3aUMOKOPPESLMOHHBIX CBOMCTB
aHcaMmOJIell CIIO)KHBIX CHTHAJIOB, MOJYYEHHBIX 33 CUET IEePEeCTaHOBOK BPEMEHHBIX MHTepBayioB. CyTh MeTOna 3aKI04aeTcsl B
MIPUMEHEHNH pPa30MeHHs] II0CIEI0BAaTENbHOCTEH KOPOTKMX BHJICOMMITYJbCOB Ha paBHBIE IIPOMEXKYTKH C  HHU3KHM
B3aUMOJICHCTBHEM BO BPEMEHHOH 00JIACTH C Pa3HBIM KOJIMYECTBOM MMITYJbCOB. [lyTeM HpyMeHeHHs! B3aUMOKOPPEISILIMOHHOTO
aHaJIM3a OCYIIECTBIISIOT PAacueT 3HAUYCHUI MaKCUMAJIBHBIX BHIOPOCOB OOKOBBIX JIETIECTKOB (DYHKIIMH B3aWMHOW KOPPEILIUH U
OIpEeeNAT UX olliee cpeaHee 3HaueHHe. Ha ocHOBe MONY4eHHBIX 3HAYCHUH COCTaBIIAIOT Psill, B KOTOPOM IIEPBYIO IO3HIMIO
3aHMMAaeT BPEMEHHOH HHTEpBaJl, BEJIMYMHA MAaKCHMAJIBHBIX BHIOPOCOB OOKOBBIX JICIIECTKOB (DYHKIIMH B3aHMHOH KOPPENSIIIN
KOTOpPOro MMeeT cpefqHee 3HaueHue. OIpesiesieHHe CIEIYIONMX BPEMEHHBIX HHTEPBAIOB NPOMCXOIUT Ha OCHOBE aHAIM3a
PEHTHHTOBOTO psila, ¥ PacCTAaHOBKA 3HAYECHMI IPOBOIUTCSI B COOTBETCTBUH C BRIOPAHHBIM OOIIMM CPEJHUM 3HaueHHeM. Takum
00pa3oM (OPMHUPYIOT HOBBIH yCPETHEHHBIN psiJ| 3HAUYSHUIT MaKCHMAJIBHBIX BEIOPOCOB OOKOBBIX JIETIECTKOB (DYHKIIMH B3aHMHOU
KOppeJsiuy, Oarofapst KOTOPOMY yYBEIHYMBAETCS KOJIMUECTBO aHCaMOJIEH C yIOBIETBOPUTEIBHBIMYI B3aHMOKOPPEILIIUOHHBIMH
CBOMCTBaMH JUIsl MCIIOJIb30BaHKs B CUCTEMaX PaJMOCBA3U C KOAOBBIM Pa3JIeJCHUEM KaHAJIOB, a MUHUMAIBHOE B3aUMOJIeiicTBIE
MEXTy CUTHAJIAaMH BO BPEMEHHOM 00J1aCTH IPUBOIUT K YMEHBIIEHHIO IIOMEX MHO)KECTBEHHOT'O JIOCTYTIA.

Kamo4ueBble cioBa: rmomMexa MHOKXECTBECHHOTO JAocTyna; BUACOUMITYIIBC, baza CUrHajia; MHUpUHa CICEKTpa CUTHAJIa;
JUIMTCIIBHOCTh CUT'HaJ1a; IIUK — (baKTOp; CKBa>XXHOCTb; JJINTCIbHOCTD UMITYJIbCA; (byHKLII/Iﬂ B3aWMHOKN KOppesinun.
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YAOCKOHAJIEHHA HNIATI'OTOBKU NIEPCOHAJY JJIAA OBCJIYI'OBYBAHHSA
PAJIOTEXHIYHUX 3ACOBIB KOHTPOJIIO ITIOBITPAHOI'O ITPOCTOPY
IJISIXOM YPAXYBAHHS IMTAHb TEXHIYHOI EKCILTY ATAIIT
B TPEHAXKHUX IMITAIIMHAX KOMILJIEKCAX

AnoTanis. IIpenverom goc/iTKeHHs € MiArOTOBKA [EPCOHAILY, 110 0OCIYroBYe paaioTeXHiuHi 3ac00M KOHTPOIIIO TOBi-
TpsAHOro 1npoctopy. O0’€KTOM AOCiIKEHHS € TPEHAXKHI IMITAIlI}HI KOMIUIEKCH paJiOTeXHIYHUX 3aC00i1B KOHTPOJIIO MOBi-
TPSHOIO MPOCTOPY, IO BUKOPUCTOBYIOTHCS I IIJrOTOBKM OOCIYrOBYIOHYOro HepcoHaiy. MeTow podoTu € oOrpyHTy-
BaHHs CTPYKTYPH TPEHAXKHUX IMiTallifHUX KOMILIEKCIB HiIrOTOBKH (haxiBLiB 3 €KCIUTyaTalil paioTeXHIYHNX 3ac00iB KOH-
TPOJIIO TIOBITPSIHOTO NPOCTOpy. BcHOBKHM. BU3HaueHa TUIIOBA CTPYKTYpa iCHYIOUMX TPEHAXKHHX IMITAIlIHHUX KOMIUIEKCIB,
SIKI BUKOPUCTOBYIOTBCS I IiATOTOBKM NEPCOHAIY, 110 00CIYroBye pajlioOTeXHiuHi 3aCO0M KOHTPOIIO HOBITPSHOrO IpocC-
TOpy. 3a pe3yabTaTaMy aHalli3y HEJOMIKIB, 10 MAalOTh ICHYIOU1 TPEHaXXHI IMiTaniiiHi KOMIUIEKCH, OOTPYHTOBAHO: HEOOXi -
HICTb BHECEHHS JI0 IX CKJIaay MOJYJI, 110 3a0e3reuye BUBYEHHS IIMTaHb TEXHIYHOI eKCIUTyaTanil paJioTeXHIYHUX 3ac00iB,
Ta ioro cTpykrypy. HaBeneHo, mo kpiM HaB4aHHs (TpeHyBaHb) 0OCIYrOBYIOHYOI0 IIEPCOHAITY, 3aIIPOIIOHOBAHE IIPOrpaMHe
3a0e3IeueHHs JI03BOJIMTh NPH TEXHIUHIN eKcIuTyaTanil pajioTeXHIYHUX 3ac00iB 3xilicHIOBaTH 30epiraHHs Ta 0OpoOKy pe-
3yJbTaTiB BUMIPIOBAaHHS 3HAUCHb [1apaMETPiB, OTPHMMAHUX IIPH HEpeBipKax, Ta Moxe OyTH 3aCTOCOBAHO IS MiATPUMKHU
NPUHHATTS PILICHHS NP0 HOro TeXHIYHUI CTaH.

Karo4dosi cioBa: pazniorexHiyHi 3aco0H; TpEHaXKHI IMiTAallifiHi KOMIUIEKCH; TEXHIYHE OOCIYroBYBaHHS; TEXHIYHHI

CTaH; TeXHIYHA eKCIUTyaTallisl.

Beryn

IMocranoBka 3agaui. B cyuacHoMy cBiti B Oara-
ThOX cdepax IiSUIbHOCTI JIIOAWHH BUKOPHCTOBYIOTHCS
ckiajHi paxiorexniyni 3acoou (PT3). Haii6inem mmpo-
ke 3actocyBanHs PT3 3Haiinum B cdepi KOHTPOIIO 3a
noBiTpstHuM ipoctopoM (KIIIT), cucremax Hairamii ta
MOCaJIKH JIiTakiB Tomno. Excrutyarariiss PT3 Bumarae Big
MIepCOHay, SIKUH 1X 00CIIyroBye, BUCOKOTO PiBHS 3HAHB,
BMIHHS YiTKO Ta IIBHIKO MIATH B PI3HUX yMOBax. Y
3B’s13Ky 31 ckiagHicTio PT3 miaroroBka 00CIyroByvo-
T'O MIEPCOHANY € BaXJTUBOIO YaCTHHOI0. OCHOBOIO Tiro-
TOBKM Ha BCIX €Tamax € TpeHyBaHHs. TpeHyBaHHS JO-
3BOJISIE HE TiJIKM HAOYTH MEBHUX HABHYOK y BHKOPHUC-
tauHi PT3, a if B mojanpmioMy iX yIOCKOHATIOBATH, IO
B CBOI0 Yepry NPHU3BOAUTDH /IO «TPEHOBAHOCTI» IEpCOo-
Haiy. ITin «TpeHOBaHICTIO» MOXKHA PO3YMITH HasIBHICTb
c(OpMOBaHNX HABUYOK 1 BMiHb CHPHUHHSATTS, BiIOOpY Ta
nepepoOku iHpopMaIlii, KOOPIUHOBAHMX 1 CBOEYACHUX
niit 3 ynpasininas cucremamu PT3, oninkoro oOctaHOB-
KU, IPUAHSTTSM pillleHb Ta KOPEryBaHHSM iX B Mpoleci
BUKOHAHHS 3aBJaHb 33 IPHU3HAYCHHSIM.

Juns tpenyBanus ¢axiBuiB 3 ekcmuryararii PT3
Haifyacrille BHUKOPHCTOBYIOThCSl INTaTHI 3acoOu. B
Cy4acHHX yMOBax sl 3a0e3ledeHHs 3aB/JaHb IiAr0TO-
BKHU Ta 3MEHIIIEHHS BUTpAT 3ajumikoBoro pecypcy PT3
3HAXOSATh PO3MOBCIOMKCHHS TPCHAXHI IMiTamiiHi
komiutekcu (TIK) 3 BuxopucraHHsMm iH(opmaniiHuX
TexHouoriil. Bukopucranns Bigomux TIK mms migroro-
BKH O0CJIYTOBYIOUOTO MEPCOHANy Niependavac HaBYaHHs
(TpeHyBaHHs) Oe€3MOCEPEIHBO OIepaIliii BUKOPHCTAHHS
PT3 3a npuzHauenusm [1-3].

Pa3om 3 nuM ekcrutyaraiisi Moxe OyTH TpencTaB-
JIeHa JIBOMa CaMOCTIHMMH, B3a€MOOOYMOBIICHUMH Ha-
NpsIMaMU: BHKOPHUCTAHHSIM 3a TPH3HAYEHHSM Ta BCIM
KOMIUIEKCOM pOOIT, pU3HAUYEHHX Ui miaTpumanss PT3
B YCTaHOBJICHOMY TEXHIYHOMY CTaHi, IIEpEBEICHHIO HOTro
3 OJIHOTO CTaHy B iHINMH (IIATOTOBKA JI0 OE3MOCepeHbO-

rO BUKOPUCTaHHS 32 MPU3HAYEHHSM Y 3aJaHUX YMOBax
Ha Oy/Ib-KOMY Bipi3Ky Yacy BiJ MOYATKy €KCIUTyaTarlii
JI0 BUPOOITKY IMPU3HAYEHOTO pecypcy (Mi>KpEMOHTHOTO
pecypcy, TepMiHy 30epeKyBaHOCTI), CHpsAMYBaHHA Ha
3aBOJICBKMI PEMOHT 4M crucaHHs). Jpyruil Hampsm
eKCIUTyaTallil BU3HAYAETHCS TEPMIHOM «TEXHIYHA eKc-
ryaTamis». B Bimomux aBropam TIK BHBYEHHS nHTaHB
TEXHIYHOI eKCIUTyaTalii Ta BpaXyBaHHS TEXHIYHOIO CTa-
Hy PT3 npu imiTawii #ioro poboTu He rependadeHo.

Meta podoTH — OOIpYHTYBaHHSI CTPYKTYpH Tpe-
HAKHUX IMITAIIfHUX KOMIUICKCIB MiArOTOBKH (haxXiBIliB
3 eKCIUTyaTtalii paioTeXHIYHUX 3ac00iB KOHTPOIIIO
MOBITPSHOT'O TIPOCTOPY.

OOrpyHTYBaHHS HEOOXiTHOCTI BHECEHHS
1o ckiaany icnyrouux TIK miaroroBku gaxisuis
3 excnryaranii PT3 KIIII moay.is 3 BUBYeHHS
NUTAHb TeXHIYHOI eKkcmIyaTanii

AHamni3youn ocTaHHI JOCIiIKEHHs Ta IyOJikarii
3 i€l Temu [1-3], MoXkHa 3pOOUTH BHUCHOBOK, 1o TIK
MOX€E BHKOPHCTOBYBATHCh Y BCIX Tasly3sX 3aCTOCyBaH-
Hs PT3. BoHM BUKOHYIOTH Taki QyHKIII:

— 30epiranHs, 0OpoOKH 1 BioOpa)keHHs IapamMer-
piB, IIO BIiJNOBINAIOTH (YHKIIOHAIBHUM XapaKTepHc-
THUKaM CHUCTEMU;

— PO3LIMPIOIOTH Ta MOKPAILYIOTh MOXIIMBICTH Ha-
BUaHHA (TPEHYBaHHS) MEPCOHATY, MO OE3MOCepenHbO
BIIMBaTHME Ha BUKopucTaHHsA PT3 B peaqbHUX yMOBax.

SAx npuxnan posrnsHemo TIK, mo BukopuCTOBY-
I0ThCA JUTA TiAroToBKH (axiBuis y chepi KIIIT [1-3]. Ix
y3arajbHeHa cxema MO)ke OyTH Mpe/ICTaBIIeHa y BUIIISI,
HaBeJIeHOMY Ha puc. 1.

3a pesynbratamu anamzy, icHyroui TIK ymoBHO
MOXKHa TIOJIIIUTH Ha TaKi CKJIa0Bi.

1. biok  ¢opMyBaHHS TOBITPSHO-TIEPEIIKOIO0BOL
obcranoBku (PIIITO).

2. brok (opMyBaHHs CUTHAIBHOI CKJIaJJOBOi BHYT-
pimHbOcTaHiiHOI iHpopmarii (PCC BCI).
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Puc. 1. TunoBa cxema TIK miaroroBku nepconaiy 3 NUTaHb
BHUKOPUCTaHH: 3a mpusHayeHHsM PT3 KIIIT

3. brnok Bizyaizanii orpuManoi indopmariii (BOI).

4. Poboue mici orepatopa Bupody (PM OB).

5. Brok orinroBanHs aii omepatopa Bupody (O/]
OB).

6. OnepaTop BupodOy (OB).

7. Ocoba, mio omiHe omeparopa Bupody (OO
OB).

Bbnoku cknanaroTecs 3 HAOOPIB B3a€MOIIOB’ I3aHUX
0a3 3HaHb, 10 BKJIIOYAIOTH B ceO¢ BU3HAYCHI (YHKIIIO-
HAJIbHI 3B’SI3KM MK BXIJHMMHU Ta BUXIJHAMH BILIABA-
MH, Ta 0a3 JaHuX, MO CKIaMy SAKHX BXOAATH (hiKCOBaHi
3HAYEHHs, 110 XapaKTepU3yIOTh BiMNOBIAHI moxii. ba3u
JITAaHUX Ta 3HAHb € JUHAMIYHUMH, IO JI03BOJISIE BHOCUTH
3MiHH Ta IONOBHEHHSL.

Takum yrHOM, icHytoun TunoBi TIK MoxyTs OyTH
BUKOPHMCTAHI BHMKJIIOYHO IS IiATOTOBKH 3 MUTaHb BU-
KopucTaHHsA 3a npu3zHadeHHsaMm PT3 KIIIL

HaBeneHy cxeMy MOXXKHa ONHMCATH HACTYITHOIO CY-
KYITHICTIO B32€EMOIIOB’SI3aHUX €JIEMEHTIB, KOXKEH 3 SKHX
BIJINIOBIIa€ 32 BUKOHAHHS OKPEMHUX (PYHKITIH:

Stic =(4,X.Y), (1)

e A — nporpamMHe 3a0e3IeueHHs TPEHAKHO-1MITaIliHHOT
amapatypu, o 3a0e3leuye BiIMpPAaIIOBaHHS ITUTaHb

BUKOpUCTaHHA 3a npusHaueHHsm PT3 KIIL X -
omeparop BupoOy; Y —ocoba, 110 OIIHIOE OmepaTopa
BupoOy.  [IporpamHe  3a0e3meueHHs  TPEHAXKHO-
iMiTallifHOT anmapaTypy MOXXHa MPEACTABUTH Yy BHUIJISI
Ha0OpY €NEeMEHTIB!

Az(A]aA25A3’A4sA5)! (2)

ne A, —nporpamue 3abesneueHns DIITIO; A, —mpor-
pamue 3abesneuenns ®CC BCI; A; — nporpamue 3a-
oesmeuenns BOI; A, — mporpamue 3a0esnedenHs PM
OB; As — nporpamue 3a6e3neuenns OJ] OB.

[MpuHuun TpenyBanHs (axiBiiB 3 TUTaHb BUKOPH-
cranns 3a npusHaueHHs M PT3 KIIIT na icHyrounx TIK
mojsirae B HacTymHoMmy [3-8]. B mporeci HaBuaHHS
(TpeHyBaHHSI)  IMITYETbCS  BIJIOBiNHA  ITOBITPSIHO-
MepenikoaoBa 00CTaHOBKA, siKa MOXKe OYTH 3ajaHa sk
Oe3rocepeHbO 3a JOIOMOIOI0 CepBepa, Tak 1 3a JOIo-
MOrOI0 0coOu, IO OwiHIoE Aii oneparopa BupoOy. IH-
(dopmaris, sika IMITYETbCS, 3 YpaxyBaHHSIM OCOOJIHBOC-
Teil podoTH BUPOOY, MIEPEBOMUTHCS B CHT'HAJIBHY CKJIa-
JIOBY BHYTpIIIHbOCTaHIIIHHOI iH(opMmamii. OnepaTop 3a
JIOTIOMOT'OI0 1HIMKATOpIB Ta OpraHiB YNpaBIliHHS Bi-
NpanboBye BBEAEHY iMiTOBaHy iHdopmarito. Bei mii
omeparopa (IKCYIOThCS Ui MOAAIBINOI OmiHKU. Orri-
HIOBaHHS 3/IiIHCHIOETHCSI KOHTPOJIIOIOUOI0 0COOO0I0 IIIS-
XOM TIOpiBHSHHSA 3a()iKCOBaHUX [l omepaTopa 3 HOp-
MaTHBHUMH ITOKa3HUKaMH. B X0/l TpeHyBaHHS MOXYTh
BUHHMKAaTH KOH(QIIIKTHI CHTYyallii, siki He nepeadaueHi
HOPMAaTHBHOIO JTOKyMEHTali€ro. BoHu ¢ikcyroThes Ta
AHATI3YIOTHCS Y BIAMOBIAHIN 0a3i MaHMX JJI BHECCHHS
3MiH y BiJIOBiHI iMiTalilHi IporpaMu abo HOpMaTHB-
Hi JOKYMCHTH.

3 ypaxyBaHHSIM BHUMOT JIO IiATOTOBKH (paxiBIIiB 3
excruryaranii PT3, MoxxHa 3poOMTH BHCHOBOK, IO ic-
nytoui TIK MaroTh psia HETOMIKIB:

— IIpY HaBYaHHI (TPEHYBaHHI) BiINPaIbOBYIOTHCS
TIJIBKM HaBUYKHU 10 BUKopuctanHio PT3 3a npusHaueH-
HSIM;

— BIJICYTHSI MOXKJIUBICTh BPaXOBYBaHHS TE€XHIYHO-

— HEMOXKJIMBE iMiTaliliHe BBEJCHHS HECIPaBHOCTI,
0 YHEMOXXJIMBJIIOE BiINpaIfOBaHHS MUTaHb 3 BiJHOB-
neHHs TexHignoro crany (TC);

— HaBYaHHS [IEPCOHATY 3 MUTaHb POBEACHHS TeX-
HiuHoro obciyroByBanHs (TO) BincyTHE.

OOrpyHTYBaHHS CTPYKTYPH MOIYJsl 3 MUTAHb
BUBYEHHS TeXHiYHOI ekcriyaraunii PT3

BpaxoByroui HaBeZleHI BHIIE HEHOJIKH, BUHHKAE
notpeda B JIOMOBHEHHI CKJIaly iCHYIOUHMX Ta IEpCIeK-
tuBHUX TIK nomatkoBuM moxmynem. TumoBa cxema TIK
miaroroBku ¢axiBui 3 excruryaranii PT3 KIIIT moBun-
Ha MaTH BUIJISA], HABEACHHUI Ha pHUC. 2.

Moyib, 10 3alpOIIOHOBaHO, 000B’SI3KOBO MOBH-
HEH MaTu y CBOEMY CKJIaJli Taki ckianosi [9-11].

1. biok imitamii craHiB BHpOOy, SIKUil TOBHHEH
MaTu: OJIok imitariii HecripaBHocTel (BumiB TO), 6a3u
JMAaHUX THIIOBMX HecmpaBHocTedl Ta Bumie TO, 0asu
3HaHb (opMmyBaHHs BuAy TC BHpoOy Ta (YHKIIOHY-
BaHHs BHpOOYy B pizHuX BuAax TC, 6a3u maHux cdop-
MOBaHHX 3Ha4eHb napameTpiB. 3anexHo Bix aii OO OB
(inopmariii, IO BHOCUTHCS 32 JOIMOMOTOI0 OJIOKY iMi-
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Tamii HecmnpaBHocTed (Bumie TO)) pesyabTatu 0asu
3HaHb (yHKLIOHYBaHHA BHpOOy B pi3HMX Bugax TC
nopatothes Ha 6110k @CC BCI st imitanii podoru PT3

Hopwaris it
G0

BiamnosigHO 10 #oro TC (TO).

TIK miarotoBku ¢axiBuis 3 ekcruryaranii PT3 KIIIT

Moy, mo 3abesnedye

I ATOTOBKY TIEPCOHATY 3

NIMTaHb BUKOPHUCTAaHHA 3a
TpU3HAYCHHAM

—

<t on 1

Moy, mo 3abe3nedye
MiATOTOBKY MEPCOHAITY 3
TIMTaHb BUBYCHHS TeXHi'-IHO:f
eKCIuTyaTar it

<00 OB[>|

G—

Puc. 2. Tunosa cxema TIK 3 migroroBku ¢axisiiiB
3 excroryatanii PT3 KIIIT

2. bnok HOpMaTHMBHUX JaHHUX, N0 CKIAAy SIKOTO
BXOJ/ISATH 0a3M JaHUX: TECTOBHX Ta BUMipIOBAJIbLHUX CHI-
HaJliB, HOPMAaTUBHUX 3HAa4Y€Hb MapaMeTpiB, HOPMATHBHUX
niit oneparopa B nporieci TE.

3. biiok 3aco0iB BUMIpIOBaHHS, sIKIi MOXYTh OYyTH
¢i3nuHUMY 200 BipTYaJIbHUMH.

4. Brok ni#i orepaTopa M0 YCYHEHHIO HECTIPaBHOC-
teii (mepesipui TC).

5. basza manux (ikcanii giif omeparopa BUpOOyY IO
yCcyHeHHIo HecnipaBHocreii (nepesipui TC).

6. ba3a 3HaHb OLIHKM Jiif ornepaTopa IpH BiJHOB-
nenHi TC Ta npoBexneHHi oneparii TO.

7. Basza naHuX pe3yybTaTiB BUMIPIOBAHHS.

ba3u maHux Ta 3HaHb MOBUHHI OYTH TUHAMIYHUMHU.

B 3aranpbHOMY BUIJISII 3ampONOHOBaHUN MOIYJIb
MOXKHa OIIMCATH HACTYITHUMH €JIEMEHTaMU:

B=(B1,Bz,B3,B4,B5,B6,B7), (3)

ne By — nporpamue 3abe3neueHHs imiTarii craHiB BUPO-
0y; B, — mporpamHe 3a0e3neyeHHss HOPMATHBHOI CKJIa-
noBoi; B; — nporpamHue 3abe3nedeHHst 3ac00iB BUMIpIO-
BaHHS; B, — i onmeparopa mo yCYHEHHIO HECHPaBHOC-
teit (mepeBipui TC); Bs — ¢dikcarist niii onepatopa BH-
poOy mo ycyHeHHIO HecnpaBHocTed (mepesipii TC);
B¢ — ominka giii omepatopa npu BigHoBneHHi TC Ta
npoBenenHi omnepaniii TO; B; — 30epiranus pe3yabTatis
BHMIipIOBaHHSI.

3anpornoHoBaHuil MOAyNb, L0 3a0e3nedyye BH-
BUCHHS NMHUTaHb TEXHIUHOI ekcrutyaTtarii PT3, € ckiano-
Boro TIK. B 3arampHOMY BHIJISZI 3alpPOIIOHOBAaHA CTPY-
krypa TIK migroroBku ¢axiBuiB 3 excruryartamii PT3
KIIIT (sx BUKOpUCTaHHS 3a MPU3HAYEHHSM, TaK 1 TEXHi-
YHOI eKCILTyarallii), Ha BiAMiHYy Bix icHytouoi (1), mo-
BHMHHA MaTH BHUTJIS

S[ic[e :(A,B,X,Y), (4)

Jie BpaxoBaHi sik enemenTH icHytounx TIK, Tak i 3anpo-
MIOHOBAHUN MOAYIb.

CxeMa MOAyJsl 3 TUTaHb BUBYECHHS TEXHIYHOI eKc-
rryatauii PT3 KIIIT npencrasnena Ha puc. 3.
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Puc. 3. Cxema Monynst 3 IUTaHb BUBYCHHS
TexHi4HOI excruryaranii PT3 KIIIT

Briok imimanti craiy BHpoGy

Jlo Gitoxy 2

[MpuHOMD nii 3anmponoHOBaHOr0 MOIYIs, IO 3a-
6e3neunts BuBueHHs nutanb TE y ckmani TIK, monsrae
B HacTtynmHoMYy. [Ipu BHKOpHCTaHHI MOJIyINs ocoba, sika
OIIIHIOE Jii orepaTopa, BBOAWTE BiAMOBIIHI HECTIPABHO-
cti abo 3amae Bun TO, 1m0 migysrae BiAMpPAaIFOBAHHIO.
Ili nii BpaxoBYIOTbCS MPOrPaMHUM 3a0E3MEUeHHSM.
HecnpaHocti Ta TC BupoOy, mo iM BiAMMOBiaIOTH,
BpaxoBYIOThbCS TIPH MOJIENIIOBaHHI pobdoTtu 3pa3ka PT3
(610k @CC BCI). Omeparop mig 4ac BigmpalffoBaHHS
MMUTaHb BUKOPUCTaHHS BHPOOY 3a NpHU3HAYEHHSM abo
npoBezneHHs omnepauiii TE BusBise Ta ycyBae BBeneHi
HecnpaBHOCTi. Omepaiii 3 BHUMIpIOBaHHS 3HAYEHbL Ta
rapameTpiB MPOBOAATHCS OIEPATOPOM 3a JOTIOMOTO0
BipTyanbHUX a00 QiznuHKX 3aco0iB BuMiptoBaHHs. [Ipu
MOJICTTIOBaHHI po0OTH BUPOOY BPaxOBYIOThCS HECIPaB-
Hocti Ta TC BUpoOOY, mo iM Bimnosixatots. [locmigos-
HICTB Aiii omepaTopa Ta pe3ynbTatu Qikcyrorbes. Hemo-
JIKY, SIKI yCYBAJINCh ONEPAaTOpaMu, Pe3yJibTaTH BHMi-
proBanb mapameTpiB PT3 BHOcAThCS 10 0Oa3W HaHUX
pe3ynbTaTiB BUMIpIOBaHb. PillleHHS NpO NpaBHIBHICTH
niit onepatopa npu TE BupoOy mpuiimaeThcst Ha 06asi
MIOPiBHSIHHS ITOCJIIOBHOCTI il orepaTopa 3 HOpMaTHB-
HUMU JTisIMH.

3anpornoHoBaHa CTPYKTypa MOXYJsl 3 THUTaHb BH-
BYeHHs TexHiuHOI ekcruryarauii PT3 KIIIT mae B cBoe-
My CKJIaJi eJIeMEHTH (Hampukiala, 0a3a MaHUX Pe3yiib-
TaTiB BUMIPIOBaHHS), [0 JO3BOJISIOTH 11 3aCTOCYBaHHS
HE TUIBKY TP NPOBEACHHI TPEHYBaHb, a i 3A1HCHIOBATH
30epiraHHs Ta OOpOOKY pe3yabTaTiB BHMipIOBaHHS
3HA4YeHb MapaMeTpiB, OTPUMaHUX MNpPU MNepeBipKax, Ta
MOXe OYTH 3aCTOCOBAHO MJISl IIATPUMIN HPUHHATTS
PpilIEHHS PO WOro TEXHIYHUH CTaH.

BucHoBku

Bu3HayeHa THIIOBA CTPYKTypa ICHYIOUHX TPCHaXK-
HUX IMITalliiHUX KOMILICKCIB, SIKI BHKOPHUCTOBYIOTHCS
JUTS T ITOTOBKY MEpCoHany, 1mo odciyropye PT3 KIIII.

91



Advanced Information Systems. 2020. Vol. 4, No. 3

ISSN 2522-9052

3a pe3yibTaTaMH aHaJli3y HEIOJIKIB, IO MAalOTh
ICHYIOUM TpPEHaXKHi IMITalliiiHi KOMILIEKCH, OOIpYyHTO-
BaHO: HEOOXIHICTh BHECCHHS 10 1X CKJIaIy MOIYJIs, IO
3a0e3neuye BUBUEHHSI MHUTaHb TEXHIYHOI eKCIUTyaTaiii
panioTexHiYHHX 3aco0iB, Ta Horo cTpykTypy. HaBene-
HO, L0 KpiM HaBYaHHS (TPEHYBaHHs) 0OCIYrOBYIOUOTO

HIepCOHally, 3alpOIIOHOBaHE IporpaMHe 3a0e3NeueHHs
JIO3BOJIUTH TIpH TexHiuHii ekcmuryaramii PT3 KIIII
3IificHIOBaTH 30epiraHHsi Ta OOpOOKY pe3y/lbTaTiB BH-
MIpIOBaHHS 3Ha4eHb MapaMeTpiB, OTPUMAHUX IIPH Iie-
peBipkax, Ta MOXKe OyTH 3aCTOCOBaHO JUIS MiATPUMKH
NPUAHATTS PillIeHHS PO HOro TeXHIYHUN CTaH.
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YCOBepIHeHcTBOBaHPle MOATOTOBKH IMEPCOHAJIA IS oﬁcnymm;amm PAAHOTEXHUYECKHUX CPEACTB KOHTPOJIA BO3TYIIHOI'0
MPOCTPAHCTBA IYTEM yUueTa BOIPOCOB TeXHHYECKOMH IKCILTYyaTallU! B TPEHAKHBIX HMUTAIIMOHHBIX KOMIIJIEKCAX

J. H. Kprouxos, E. C. Pomynkun, B. B. /Ixyc, P. B. Turapenko

Annoranus. IIpenMeToM wHCClIeIOBaHMS SIBISETCS IOArOTOBKA IIEPCOHANA, OOCITY)KHBAIOIIEIO PATUOTEXHHYECKHE
CPEACTBA KOHTPOJISL BO3YIIHOTO IPOCTPAaHCTBA. OOBEKTOM HCCIEIOBAHUS SIBISIOTCS TPEHAKEPHBIE NMUTALIMOHHbIE KOMILICK-
Chl PaZMOTEXHIYECKHX CPEACTB KOHTPOJIS BO3IYIIHOIO IPOCTPAHCTBA, HCIOIb3YeMble VIS HOATOTOBKH OOCIY)KUBAIOILETO TIep-
conana. Ilesblo paGoThl SBISIETCS 00OCHOBaHHME CTPYKTYPBI TPEHAXKEPHBIX MMUTALMOHHBIX KOMIUIEKCOB IOJITOTOBKH CIELMa-
JIMCTOB IO SKCILTyaTallMyl PaJUOTEXHUYECKUX CPEICTB KOHTPOIS BO3AYLIHOTO NMPOCTPAHCTBA. BuIBoABI. OmpeneneHa THIIOBAs
CTPYKTYypa CYIIECTBYIOIIUX TPEHAXKEPHBIX HIMUTALMOHHBIX KOMILIEKCOB, MCIIONB3YEMBIX IS IIOATOTOBKH IEPCOHAIIA, OOCITY)XH-
BAIOILEr0 PaMOTEXHMIECKHE CPEACTBA KOHTPOIS BO3IYILIHOIO IPOCTpaHcTBa. I1o pe3ynpraTaM aHaaM3a HEJOCTATKOB CYILECT-
BYIOIUX TPEHAKEPHBIX MMUTALMOHHBIX KOMIUIEKCOB 00OCHOBAHO: HEOOXOMUMOCTh BHECEHMS B UX COCTaB MOIYIS, OOecIeyn-
BAIOILEro U3y4eHHe BOIIPOCOB TEXHUUECKOMN IKCILTyaTallMi PaJHOTEXHUUECKUX CPEICTB, U ero CTPYKTYpy. IlokasaHo, 4To Kpome
00ydeHHs (TPEeHUPOBOK) OOCIYKUBAIOLIEr0 NEPCOHANA, NMPEMIOKEHHOE MPOrpaMMHOE 0OECIIeYeHUEe MO3BOIUT NPH TEXHUYECKOH
9KCILTyaTalMH PaJHOTEXHUIECKHX CPEICTB OCYIIECTBIATE XPAaHEHHE M 00pabOTKy Pe3y/bTaToB U3MEPEHHs 3HAUCHUH [1apaMeTpoB,
HOJTy4CHHBIX IIPH IPOBEPKaX, U MOXKET OBITh MPUMEHEHO VTS IMOJICPXKKY IPUHATHS PELICHHS O €0 TEXHHYESCKOM COCTOSIHHH.

KamwueBble cjoBa: PaTuOTCXHHUYCCKUE CPEACTBA; TPCHAXKCPHBIC MMHUTALIMOHHBIE KOMIUICKCHI; TEXHUYECKOC O6CJ'Iy—
JKUBAHUE; TEXHUYICCKOC COCTOSIHUEC, TEXHUYECKAsl SKCIUTyaTalus.

Personnel improvement preparations for air space radiotechnical facilities maintenance
by the technical exploitation questions account in trainer imitation complexes

Dmytro Kriuchkov, Evgeniy Roshchupkin, Volodymyr Djus, Roman Tytarenko

Abstract. The subject of the study is preparation of auxiliary personnel air space radiotechnical facilities. The subject
of the study is the trainer imitation complexes of air space radiotechnical facilities, used for auxiliary personnel preparation. The
purpose of the work is a ground of trainer imitation complexes structure of specialists’ preparation based on air space radiotech-
nical facilities exploitation. Conclusions. The model structure of the existent trainer imitation complexes, used for personnel
preparation attendant air space radiotechnical facilities, is certain. Existent trainer imitation complexes lacks analysis results
justified: the need to include in their composition a module that provides the radio equipment technical operation issues study,
and its structure. It is shown that except educating (training) of auxiliary personnel, an offer software will allow during radio-
technical facilities technical exploitation to store and process the measurement results of parameter values obtained during
checks, and can be used to support decision-making on its technical condition.

Keywords: radiotechnical facilities; trainer imitation complexes; technical service; technical state; technical exploitation.
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RESEARCH ON THE SPECIFIC FEATURES OF DETERMINING
THE SEMANTIC SIMILARITY OF ARBITRARY-LENGTH TEXT CONTENT
USING MULTILINGUAL TRANSFORMER-BASED MODELS

Abstract. The possibilities of determining the semantic similarity of multilingual arbitrary-length text content have been
investigated using their vector representations obtained within different multilingual models based on Transformer
architecture. A comparative analysis of the Transformers has been performed to select the most advantageous model for
this class of problems. Also, two new unique approaches to determining the semantic similarity of a multilingual text
content have been developed to be used in the HIPSTO Open Al Information Discovery Platform, the challenge being to
allow arbitrary text length. Experimental and research evidence is offered to support the new approaches as a solution to the

semantic similarity problem.

Keywords: Natural Language Processing; BERT; semantic similarities; news content; Deep Learning; multilingual
text content; vector representation; Transformers; fine-tuning.

Introduction

The determination of the semantic similarity of
texts (sentences) is one of the fundamentally important
problems in the field of Natural Language Processing
(NLP). In particular, the issue of semantic similarity is
of paramount importance in systems of automatic
search, retrieval and analysis of multilingual contents
available on various news sites. In this case, the solution
to the problem lies in a numerical assessment of the
similarity of sequences corresponding to the
multilingual text content.

The problem of determining the semantic
similarity in the process of searching and analyzing a
multilingual text content can be solved efficiently by
using pre-trained multilingual Transformer-based
models adapted through fine-tuning within the Deep
Learning methodology [1].

Below the following models supporting multiple
languages and based on Transformer architecture are
analyzed:

- The multilingual BERT (Pre-training of Deep
Bidirectional Transformers for Language Understanding)
supporting 104 languages [2];

- The multilingual DistilBERT (104 languages),
which is a simplified BERT version operating 60%
faster and retaining over 95% of the BERT
characteristics measured in the GLUE (General
Language Understanding Evaluation) test [3];

- The multilingual XLM model for 100 languages
[41;

The comparative analysis of the above
Transformers (see below), ranks these models as highly
efficient tools for solving the problem of determining
the semantic similarity. All of them, however, suffer a
severe limitation on the length of an incoming tokenized
text sequence — they can recognize no more than 512
tokens. The main techniques used to solve the problem
are based on:

1) the cutting-off methods based on choosing the
first or the final fragments of the sequence or combining
the first and the final fragments of the sequence, in both

cases the length of the resulting sequence being no more
than 512 tokens;

2) the hierarchical methods (e.g. combining the
hidden states of all fragments of the sequence) [5].

However, these methods can lead to a loss of the
contextual dependence of the most important words
(hence, phrases and sentences) in the text sequences,
which can in turn significantly affect the quality of
determination of the semantic similarity of the texts
being analyzed. So, there is a problem with applying the
above Transformers to texts longer than 512 tokens and
saving the utmost contextual dependence of the most
significant words in text sequences, which is necessary
for efficient determination of the semantic similarity of
an arbitrary-length text content.

To meet this challenge, two new approaches to
determining the semantic similarity of an arbitrary-
length text content have been proposed to be used
within HIPSTO Open Al Information Discovery
Platform setup:

1) preliminary machine learning-based
generalization (automatic summarization) of arbitrary-
length texts under comparison and the subsequent,
direct determination of the semantic text similarity by
solving the problem of classification of pairs of text
sequences within the pre-trained and fine-tuned
multilingual Transformer-based model;

2) using, on step 1, the contextualized vector
representations of arbitrary-length texts obtained by
sliding window method according to the “medium core”
rule as an input for the pre-trained multilingual
Transformer (without fine-tuning, as feature extraction
problem), and on step 2 followed by determining the
degree of the similarity of the content through
measuring the distance between their vector
representations using the selected similarity metric (for
example, cosine similarity).

Related Investigations. It is appropriate to
mention here some investigations containing data on
Transformer-based solutions to the problems of
semantic text similarity. The possibility of determining
the semantic similarity of a text content within the
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HIPSTO AI technology setup on the basis of sentence
embeddings and the use of the first problem of the pre-
trained multilingual BERT model (the problem of word
masking) is described in [1]. In particular, it is found out
that without fine-tuning, the best results can be obtained
through the formation of word embeddings by
concatenating the last 4 layers and then forming
sentence embeddings using a special integrating layer.

The universal multilingual sentence encoder for
semantic retrieval for 16 languages using the family of
sentence embedding models of the universal sentence
encoder (USE) was performed in [6, 7]. Those models
appear to be implementations of CNN (Kim, 2014) and
Transformers (Vaswani et al., 2017) architectures [8, 9].

A technique of multilingual similarity discovery
based on bidirectional LSTM encoder using a LASER
(Language-Agnostic Sentence Representations)
preparation is proposed by Lee in Ref. [10, 11].

The experimental results obtained by different
methods of fine-tuning of BERT model for text
classification problems, including determining the
semantic similarity of the text are reported by Chi Sun
et al.,, 2019 [5]. The Sentence-BERT (SBERT) model
which is a modification of the pre-trained BERT and
uses Siamese and triplet neural network structures to
obtain semantically sensible vector representations
comparable by cosine similarity, is described by Nils
Reimers et al. (2019) [12]. A semantics-oriented search
system that uses BERT embeddings and additional
neural networks for estimating similarity and
subsequent arrangement of documents in the ascending
— descending order of their importance is proposed by
Manish Patel (2019) [13].

A search system using BERT embeddings and the
cosine similarity to estimate a search query and
document similarity is proposed in (X.Han, 2019) [14].

It is noteworthy that none of the above studies
considers the problem of efficient processing of texts
over 512 tokens long.

Generalized study design. The generalized
research scheme of solving the problem of determining
the semantic similarity of multilingual arbitrary-length
text contents consists in performing the following main
steps:

1) The problem is considered as a task of
classifying pairs of text sequences using Transformer-
based models (Strategy 1) or;

2) The problem is treated as a task of determining
an arbitrary-length vector representation applying the
sliding window principle and Transformer-based
models with the subsequent formation and
determination of the degree of similarity of the sentence
embeddings (Strategy 2);

3) Conclusions are drawn through a generalized
assessment of the results obtained and the formulation
of further directions of the research.

The solution to the problem of determining the
semantic similarity of a multilingual arbitrary-
length text content. Strategy 1

Within strategy 1, the problem of determining the
semantic similarity of a multilingual arbitrary-length

text content is considered as a classification of pairs of
text sequences. The applied research scheme includes
the following main stages:

1) Specifying the architecture of the software
module for determining the semantic similarity of
multilingual arbitrary-length text contents (strategy 1);

2) Analysis of the possibilities of various types of
multilingual ~ Transformer-based models (BERT,
DistilBERT and XLM) to determine the semantic
similarity of multilingual text contents;

3) Evaluation of hyperparameters for fine-tuning
of the model. Automatic tuning of the training rate for
multilingual models taking into account the model type
and the training data set;

4) Fine-tuning of multilingual Transformer-based
models (BERT, DistilBERT, XLM) for solving the
problem of classifying pairs of text sequences as well as
the subsequent analysis of the fine-tuning results and
selection of the most appropriate Transformer-based
model for solving the problem of determining the
semantic similarity of multilingual arbitrary-length text
content within strategy 1;

5) Selection of the basic method of summarization
of a text sequence over 512 tokens long to solve the
problem of determining the semantic similarity of a
multilingual arbitrary-length text content.

The program module for determining the semantic
similarity of multilingual arbitrary-length text content
within strategy 1 is shown schematically in Fig. 1. The
software module consists of two main blocks:

- A block of summarization of a text sequence to
no more than 254 tokens (for the BERT, DistilBERT
and XLM models);

- A fine-tuned multilingual Transformer-based
model for classification of pairs of sequences.

Three multilingual Transformer-based models
(BERT, DistilBERT, and XLM) available in the
Hugging Face library for TensorFlow [15] have been
considered for determining the semantic similarity of a
multilingual text content. The multilingual BERT
(177,854,978 trainable params) in 104 languages is a
bidirectional transformer pre-trained through combining
a modeling target using a masked language (MLM) and
the next sentence prediction (NSP) [2]. On training
NSPs in BERT, a specialized token [CLS] was used as a
sequence for evaluating the forecast results. In this
study, this token (the first token in the sequence) is used
to solve the problem of classifying pairs of text
sequences in all Transformers. The multilingual
DistilBERT model (135,326,210 trainable params)
covering 104 languages is an enlightened version of
BERT that operates 60% faster and retains more than
95% of the BERT characteristics measured in the GLUE
(General Language Understanding Evaluation) test [3].
The multilingual XLM model (571,499,522 trainable
params) in 100 languages is a pre-trained transformer
aimed at the following objectives [4]: 1) Causal
language modeling (CLM) (next token prediction);
2) Masked language modeling (MLM) (BERT-like);
3) Translation Language Modeling (TLM) an object
(extension of BERT’s MLM to multiple language
inputs).
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Fig. 1. Overall design of the module for determining the semantic similarity
of multilingual arbitrary-length text content (strategy 1)

Thus, unlike BERT and DistilBERT, XLM is not
trained specially for NSP. And yet, the input data format
of the XLM model, as in BERT, affords encoding of
two different sequences in the same input identifiers
(token type ids). However, the input data format in
DistilBERT does not have the token type ids and hence,
does not indicate which token belongs to which segment
of the text sequence. To solve this problem within
DistilBERT, segments are simply separated using a
special [SEP] token (as in BERT).

Neural networks contain a number of
hyperparameters that must be set before training can be
started. In practice, many of them have reasonable, by
default, values, but some of them must be configured
before training. The training rate is one of the most
critical parameters since it determines the degree of
adjusting the weights during training. In this study, we
used the method of preliminary automatic tuning and
adjustment of the learning rate to minimize more
efficiently the losses in training [16]. The learning speed
of a model was tuned automatically taking into account
the type of multilingual model and the training data set.
The training was carried out using Microsoft Research
Paraphrase Corpus (MRPC) kit containing 5800 pairs of
sentences [17]. The choice of this dataset is explained
later in this paper when fine-tuning of the Transformer-
based models is described.

The results of the automatic tuning of the learning
rate of Transformers are presented in Fig. 2, 3. The
learning rate values were chosen so that they correlate

to still falling losses (before the losses diverge). The
learning rates based on the analysis of the graphs in
Fig. 4 are as follows:

1) learning_rate = Se-5 for BERT;

2) learning_rate = 8e-5 for DistilBERT;

3) learning_rate = Se-6 for XLM.

In this research, for the task of classifying pairs of
text sequences, multilingual Transformer-based models
take the final hidden state s. As a function of activation
of a fully connected classifier layer, soffmax is used to
predict the probability p for class label / [18]:

p(lvs):softmax(WS), (1)
where Wy is the resulting tensor of the hidden state s.

Fine-tuning of multilingual Transformers (BERT,
DistilBERT, XLM) aimed at solving the problem of
classifying pairs of text sequences, was performed using
the MRPC dataset. Detection of rephrasing is a task of
examining two text objects and determining whether
they have the same meaning. In the general case, to
attain high accuracy in performing this task, thorough
syntactic and semantic analyses of two text objects are
required.

According to the style of rephrasing, paraphrases
can be subdivided into five types [17]:

1) Trivial change of words in a phrase (sequence);

2) Replacement of a phrase;

3) Changing the order of phrases;

4) Separation and/or combination of phrases;

5) Complex paraphrase.
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In this study, using type #5 of “paraphrase” is of
particular importance in determining the semantic
similarity of the multilingual text content: on the one
hand, the MRPC data set implements the corresponding
type of paraphrases and, on the other hand, it allows
checking the effectiveness of the results of fine-tuning
the Transformers (BERT, DistilBERT, XLM), taking
into account the NLP data available in literature [2 - 4].

The results of the fine-tuning of the multilingual
Transformers (BERT, DistilBERT, XLM) are presented
in Fig. 5-7 and Table 1. The analysis of the graphs in
Fig. 3-5 shows that the values of loss validation and
accuracy validation start moving apart even in the third
epoch of training, which suggests that two epochs of
training on an appropriate data set is quite sufficient for
these models. The data in Table 1 also show that the
multilingual BERT retrained on the MRPC dataset,
exhibits the highest measures of accuracy among all
multilingual Transformers fine-tuned to solve the
problem of classifying pairs of text sequences of
accuracy. At the same time, the accuracy measures for
the DistilBERT and XLLM models are very close even
though the XLM model has four times more trained

parameters than DistilBERT. Thus, with no limitation on
hardware, the multilingual BERT is most efficient to solve
the problem of determining the semantic similarity of
multilingual arbitrary-length text content within strategy 1.
If there are any restrictions in place, the multilingual
DistiBERT is the best choice. The XILLM model did not
prove to be effective within strategy 1 as it was never pre-
trained for a NSP task.

Generalization is a task of reducing the text to a
shorter version, reducing the size of the source text and
at the same time preserving the key information
elements and the meaning of the content. In this study,
the main task of summarization was to generalize a text
sequence to one no longer than 254 tokens (for the
BERT, DistilBERT, and XLLM models) and use it then
as one of the sequences of the input pair for the
multilingual model of choice. On having analyzed
several models of summarizers: LSA, KLS, LexRankS
and TextRank were short-listed. The models were
assessed on English texts, and their performance was
compared using their ROUGE points. Based on the
results, it was decided to use and further research the
model of hidden semantic analysis (LSA) [19].
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Table I — Values of the accuracy of fine-tuned
multilingual Transformer-based models

Model Precision | Recall | F1-score

no similar 0,78 0,86 0,82

BERT | similar 0,94 0,89 0,92
accuracy 0,88

. no similar 0,82 0,67 0,74
DistlBER ' itar 0,87 | 094 | 0090

T

accuracy 0,86

no similar 0,84 0,69 0,76

XLM | similar 0,87 0,94 0,91
accuracy 0,86

Solution to the problem of determining
the semantic similarity of multilingual
arbitrary-length text content. Strategy 2

The problem of determining the semantic
similarity of multilingual arbitrary-length text content
within strategy 2 is considered as a flow of: determining
the representation vector of the text content (contextual
word embeddings) using a sliding window approach by
the "medium core" rule and a model based on
Transformer architecture; calculating the degree of
similarity of sentence embeddings using the selected
metric (e.g., similarity cosine). In accordance with the
tasks formulated, the research scheme of strategy 2
includes the following main steps:

1) Defining the architecture of the software module
for determining the semantic similarity of multilingual
arbitrary-length text content within strategy 2;

2) An analysis of the possibilities of various types
of multilingual Transformer-based models (BERT,
DistilBERT and XLM) to determine the semantic
similarity of multilingual text content;

3) Suggesting a method of determining the vector
representation of an arbitrary-length text content
(contextual word embeddings) using the procedure of a
sliding window by the "medium core" rule and the
subsequent formation of sentence embeddings;

4) An analysis of the results delivered by the
software module within strategy 2 as well as the
selection of the most appropriate Transformer for
solving the problem of determining the semantic
similarity of multilingual arbitrary-length text content in
the course of strategy 2.

The software module for determining the semantic
similarity of multilingual arbitrary-length text contents

within strategy 2 is presented schematically in Fig. 6. It
includes four major blocks:

1) block 1 is intended to receive intersecting
fragments of tokenized sequences of texts over 512
tokens long complying with "the medium core" rule;

2) block 2 forms contextual word embeddings for
each fragment obtained at the previous stage, using the
multilingual Transformers;

3)block 3 forms resulting sentence embeddings
based on the word embeddings obtained for the entire
sequence using the averaging or maximization operations;

4) block 4 implements the process of determining
the degree of similarity of content by measuring the
distances between their sentence embeddings.

All the multilingual Transformer-based models
(BERT, DistilBERT, and XLM) reviewed in this paper
were pre-trained through combining a modeling target
using a masked language (MLM), which in turn
determines their efficiency in feature extraction in the
context of determining the semantic similarity of
multilingual arbitrary-length text content in strategy 2.

The method of determining the vector
representation of an arbitrary-length text content is
based on the sliding window technique following "the
medium core" rule, and it is accomplished through the
following steps (blocks 1-3) (Fig. 7):

1. Block 1

1.1. After tokenization, a list of main fragments of
510 tokens long is formed with the remaining fragment

of arbitrary length ABF ={BF;},i=1k (the special

ending and beginning characters are added for each
sequence). Then the whole sequence can be presented as

k
WST =3 BF;.

1.2. A list is made up, which includes the medium
fragments of token sequences (the “medium core™)

AMF={MFI~},j=],k—] formed at the joint of the

left and right main fragments. The medium core is made
of a half of right fragment and a tail of left fragment
having the length same as those of the part of the right
one used, the two additional special characters being
added to mark the end and the beginning of each
sequence. The length of the middle fragment is, as a
result, equal to the length of the right main fragment

length(BFH,)

length(MEj ) = 5
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2 Block 2 AEBF ={EBF;} — {BF;},i= Lk, ()

2.1. The contextual word embeddings of the main

and medium fragments are formed from the output of AEME = {EMFj } - {MFj }’] =Lk-1. 3)

the multilingual Transformer-based model. 3. Block 3
Corresponding lists are made up which can be 3.1. The contextual word embeddings of the main
formalized as follows: fragments are joined together, and the basic word
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embeddings of the entire sequence are formed as
WES =3 " EBF,.

3.2. Word embeddings of medium fragments are
half-truncated from the left and the right sides (to
maximize the preservation of contextual dependence
within the main sequence (“truncated medium core”))
and the corresponding fragments in the main sequence
are replaced with the resulting word embeddings

(EBF; + EBF; ;) =(EMF; /2),
i=Lk j=1Lk-1.

3.3. The resulting sentence embeddings are
formed according to the word embeddings of the entire
sequence using the averaging or maximization
strategy. In this research, Cosine Similarity was used
as the main metric for determining the degree of
similarity to determine the similarity of sentence
embeddings of two text content items, after which the
results of determining Cosine Similarity were
converted into angular distance [20]

(u,v)= (]—arccos(uv/(u+v))/p) , 4

where u,v are sentence embeddings obtained from the
results of the multilingual Transformers model.

Moreover, in accordance with the
recommendations given in [1, 14], a relative, rather than
an absolute assessment of the results of Cosine
Similarity determination is performed

IF (u,v) > (u,¢)THEN uis more vTHAN ¢ .  (5)

The experiment was carried out using pre-trained
multilingual BERT, DistilBERT and XLM. When
determining the sentence vector, the average value was
used (operation MEAN). The experiments have shown
that using the MAX operation greatly raises the lower
bound of the estimate. The extreme values of the
estimate for the cosine similarity (expression (4)) and
the Manhattan distance (considered as an additional
metric for determining the degree of similarity)
practically coincided; In this case, the relative similarity
score (5) was taken into account.

Table 2 shows the average results of using the
sliding window method according to the “medium core”
rule in comparison with the truncation method
(selecting the first 512 token fragments of a sequence)
and the hierarchical method (combining word
embeddings of all sequence fragments) with the
following comparison using the cosine similarity
(expression (4)) and Manhattan distance.

At the same time, the results of using mean
pooling and max pooling were also analyzed for each of
the methods for forming embedding of the entire
sequence longer than 512 tokens.

As the experiment condition, a sequence of 512
tokens was used as a reference, and sequences of
different lengths no more than 50% of the tokens from
the reference were used as fragments.

The analysis of the averaged results (Table 2)
proves the effectiveness of the method described in
Section 3.2 in comparison with both the truncation and

hierarchical methods. Also, it shows that an increase in
the fragment length gives an increase in the accuracy of
the sliding “medium core” window method. Therefore,
these results can be extrapolated to processing
sequences longer than 512 tokens.

In future, it is necessary to conduct additional
research to determine the optimal size of truncated word
embeddings of medium fragments for more efficient use
of the sliding window method according to the “medium
core” rule for processing sequences longer than
512 tokens.

Table 2 — The results of using word processing methods
for the input sequence longer than
the maximum allowed for BERT

Cosine Manhattan
Processing similarity distance
Method
mean | max mean max
pooling| pooling | pooling | pooling
Sliding window
method with the 87,77 | 97,96 108,73 | 193,61
“medium core” rule
Hierarchical method | 87,4 | 97,91 109,01 | 194,09
Truncation method | 84,45 | 97,14 124,62 | 251,59

Moreover, with the maximum sequence length
being just slightly over the maximum allowed for the
Transformer-based model, the results of using the
sliding window method and the hierarchical method for
sequences up to 1024 tokens in length are almost the
same. While the longer the sequence (e.g. more than
twice the maximum input sequence of the model), the
more effective the sliding window method compared to
the hierarchical one.

Diagrams 1 and 2 of Fig. 8 show the results of
Cosine Similarity for evaluating BERT outputs when
solving problems of determining cross-language semantic
similarity using the sliding window method according to
the "medium core" rule and the hierarchical method
respectively (formation of embedding sequences using
the maximization method). The data set included pairs of
two semantically similar sequences, but in different
languages (English, Dutch, Hindi). The maximum length
was 895 tokens for the sequence in Hindi, the minimum -
550 tokens in English.

In Fig. 9-12 there are the examples of scatter
diagrams and dimension values of vector elements in
solving problems of determining cross-language
semantic similarity for semantically equivalent pairs of
sentences (“English” - “English”, “English” - “Dutch”)
for the sliding window method (Fig. 9, 10) and the
hierarchical method (Fig. 11, 12).

An analysis of the experimental results showed
that in the absence of hardware limitations to solve the
problem of determining the semantic similarity of
multilingual text content of arbitrary length using the
second approach, the most effective is the use of
"heavy" multilingual models such as XLM, as well as
BERT.

If there are restrictions, the use of the
multilanguage DistilBERT model will be most optimal.
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Conclusions

This research has been carried out as a part of the
HIPSTO Open Al Information Discovery Platform. The
research shows the ways of using multilingual models
based on Transformer architecture (BERT, DistilBERT,

B B B W
English sentences 1 (all, mean) - x axis
Netherlands sentences 2 (all, mean) - y axis

Fig. 12. Scatter diagrams and dimension values for
equivalent pairs of sentences “English” - “Dutch”
for the hierarchical method

XLM) to determine the semantic similarity of text
content of variable length.

There are two new approaches proposed to
overcome the limitation on 512 input tokens for the
considered Transformer-based models:strategy 1 is based
on attacking the problem of determining the semantic
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similarity of multilingual text content of variable length
as a task of classification of pairs of text sequences using
Transformer-based models (currently being validated in
the HIPSTO Al technology setup); strategy 2 solves the
problem as the task of getting a vector representation of
variable length based on a sliding window using models
based on Transformer architecture and followed by the
determination of the degree of similarity of sentence
embeddings (currently implemented within the HIPSTO
Al technology setup).

The key point of strategy 1 implementation is the
preliminary processing of text content longer than 512
tokens using an intelligent summarization and the
subsequent application of the fine-tuned multilingual
Transformer-based model for classifying pairs of text
sequences.

Our research has demonstrated that BERT is the
best option to use for this approach in case there are no
strict computation power limitations. However, if the
limitations are in place, the use of the multilanguage
DistilBERT will be most optimal and acceptable in
terms of effectiveness.

The main advantage of strategy 1 is the ability to
overcome the restrictions on the length of the input
sequence when determining the semantic similarity of
text content in combination with all the advantages of
the fine-tuned Transformer-based model pre-trained for
Next Sentence Prediction (NSP).

The key feature of strategy 2 implementation is the
initial processing of text content longer than 512 tokens
with a sliding window based on the middle core rule
which ensures the maximum preservation of the
contextual dependence of the elements of the entire
sequence. This step is followed by pushing the sliding
window output through the Transformer-based
multilingual model to form sentence embeddings.

The experiments have shown that both XLM and
BERT are good options to use for this approach.
However, if the limitations are in place, the
multilanguage DistilBERT will still work as an
acceptably effective substitution.

The advantage of strategy 2 is the ability to
overcome the restrictions on the input sequence length
in combination with all the advantages of the most
powerful Transformer-based models in the generation of
contextual word embeddings and the corresponding
sentence embeddings (for example, such as the XLM
model).

The continuation of our research is planned in:

1) an analysis of the possibilities of using PAWS
(Paraphrase Adversaries from Word Scrambling)
dataset in English and its extension PAWS-X (up to six
typologically different types of languages: French,
Spanish, Russian, Chinese, Japanese and Korean) for
fine-tuning the multilingual BERT to determine the
semantic similarity of text content in the course of
strategy 1;

2) an analysis of the possibilities of using more
complex extractive and abstract models of
generalization and summarization of texts, including
those based on deep neural networks.

Thus, this paper presents the results of the research
of two effective and unique strategies of determining the
semantic similarity of text content of arbitrary length
using multilingual Transformer-based models. Strategy
2, which is based on the use of the Transformer-based
base model and a sliding window according to the
“medium core” rule, is currently implemented in the
HIPSTO AI technology setup. Strategy 1, which is
based on pre-summarization of text and the use of a
fine-tuned Transformer-based model, seems more
promising for further research and use. However, it is
more resource “expensive” in terms of implementation,
as it requires more extensive datasets for Transformer
fine-tuning.

The HIPSTO Al technology setup is growing its
dataset organically using the implementation of strategy
2 in production. In addition, the research and
development of a neural network-based summarizer
(which can also be trained with the datasets already
collected by HIPSTO) should improve the accuracy and
quality of strategy 1 implementation outcome.
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HocinzkeHHs1 0c00JMBOCTeli BU3HAYEHHSI CEMAHTUYHOI NOAiGHOCTi TEKCTOBOI0 KOHTEHTY A0BiJIbLHOI I0BKMHHM 3
BHKOPHCTAaHHAM 0araToMoBHHMX Mozeeii Ha ocHoBi Transformer

C. A. Onizapenko, B. B. Aprynos

AHoTanisi. B pobori nocmimpkeHi MOXIMBOCTI BH3HAYEHHS CEMAHTHYHOB MOAIOHOCTI 6araTOMOBHOI'O TEKCTOBOI'O
KOHTEHTY JIOBUIbHOI JIOB)KUHM Ha OCHOBI 1X BEKTOPHHX YSBJIE€Hb, OTPUMAHUX 3 BUKOPUCTAHHSIM Pi3HHX 0araTOMOBHHX MOJEIEH
Ha OcHOBI apxiTekrypu Transformer. [IpoBeneHo nopiBHsuIbHMIT aHai3 Mozaesnel Transformer st BuGopy Haitbinb edeKTuBHOL
MOZeN JUIsl BUPILIEHHs JaHOrO KJacy 3ajad. 3alpollOHOBAHO JBAa HOBUX YHIKAIBHHMX IJIXOIM JIO BH3HAYEHHS CEMaHTHYHOL
noztiOHoOCTi 6araTOMOBHOIO TEKCTOBOIO KOHTEHTY Ul Bukopucranus B miatrdopmi HIPSTO Open Al Information Discovery 3
TIOIONIAHHM TIPOOJIEMH BHKOPUCTAHHS TEKCTY JIOBIJIBHOI JOBKHHHU. AHAJI3YIOTHCS EKCIEPUMEHTaNbHI J[aHi, OTpHMaHi HpH
peaJizamii HOBUX IiAXO/IB JUIsl BUPIIEHHS 3aBJaHHs CEMaHTHIHOTO ITOAIOHOCTI TEKCTOBOT'O KOHTEHTY JJOBLIGHOI TOBKUHU.

KawuoBi caoBa: o6poOka npuponHoi mor; BERT; cemanTnuHa 1oaiOHICTh; HOBHHHHI KOHBEHT; TJIMOOKE HABYAHHS;
0araTOMOBHHMI TEKCTOBUI KOHBEHT; BEKTOPHE ITOJJaHHS; TpaHC()OpMEPH; TOHKE HaJIAIITyBaHHSI.

HcciienoBanue ocoGeHHOCTEN Onpee/ieHUsl CEMAHTHYECKOI0 CX0ACTBA TEKCTOBOI0 KOHTEHTA NPOU3BOJIbHOM AJINHBI
C HCNO0JIb30BaHHEM MHOTOSI3BIYHBIX Mojiejei Ha ocHoBe Transformer

C. A. Omuzapenko, B. B. ApryHos

AHHoTanus. B paGore nccienoBaHbl BO3MOXKHOCTH OIPEIEICHNs] CEMAHTHUECKOIO CXOZICTBA MHOTIOA3bIYHOT'O TEKCTOBOT'O
KOHTCHTa IPOM3BOJILHOM JUIMHBI HAa OCHOBE HMX BEKTOPHBIX IPECTaBICHUH, IIOTYy4EHHBIX C HCIIOJIB30BAaHUEM pa3iIMYHBIX
MHOT'OSI3bIYHBIX MOJIeiIeil Ha ocHOBe apxurekrypbl Transformer. IlpoBeneH cpaBHUTEnbHBIN ananu3 Mozeneil Transformer mis
BbIOOpa Hanbosee A(h(EKTHBHOW MOJIENH TS PEIIeHHs! JaHHOTO Kiacca 3a1ad. [IpeasiokeHbl aBa HOBBIX YHUKAIBHBIX MOAXO0/a K
OIPEICNICHUIO CEMAHTHYECKOr0 CXOJICTBAa MHOIOSI3BIYHOIO TEKCTOBOI'O KOHTEHTA Julsl Hcronib3oBanus B mwiardgopme HIPSTO Open
Al Information Discovery c¢ mpeonosieHHeM HpOOJIEMbl HCIONb30BaHUS TEKCTa IPOM3BOJIBHOW JUIMHBL AHAIM3UPYIOTCS
9KCIEPHMEHTAIbHBIC JIAHHbIE, MOYYEHHbIE NPH pealM3allii HOBBIX MOJIXOOB JUIS PEIICHUS 33ladd CEMaHTHYECKOro CXOZCTBA
TEKCTOBOI'O KOHTEHTa MPOU3BOIBLHON JJTHHBI.

KawueBbie cioBa: o0paborka ecrectBeHHOro s3bika; BERT; cemaHTH4ecKoe CXOACTBO; HOBOCTHOW KOHTEHT;
riIy0oKoe 00ydeHHe; MHOTOSI3BIYHBINH TEKCTOBBI KOHTEHT; BEKTOpPHAs 11oja4ya, TpaHC(HOpMephl; TOHKasi HACTPOHKa.
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ANALYSIS OF THE TEXT PREPROCESSING METHODS INFLUENCE
ON THE DESTRUCTIVE MESSAGES CLASSIFIER

Abstract. Problem. Social networks are increasingly becoming an environment for threats, insults, profanity and
other destructive manifestations of human communication. Today, a huge number of people are involved in online
platforms, and the amount of content created and reactions to it is constantly breaking records. Therefore, there is a need
to automate the detection and counteraction of antisocial influences. One of the important areas of such activities is the
detection of toxic comments that contain threats, insults, profanity, contempt for others and more. To perform this task,
researchers usually build a classifier based on neural networks. And for their training they use a collected or publicly
available set of data. The article investigates how different methods of pre-processing of input data affect the final
accuracy of the classifier. Previous studies in this direction have confirmed the presence of an impact on the result, but
did not allow to draw definitive conclusions about the effectiveness. Goal. Research of preliminary processing of text
data methods influence on the destructive messages classifier. Results. It has been shown that the effect of a particular
method can be quite dependent on the content in the data set. In addition, it is noted that sometimes the impact may be
insignificant, and in some cases may even lead to a worsening of the result. It is also justified the need to pre-check the
data set for the percentage of elements that fall under the impact of a particular method. Originality. The methods of data
processing are evaluated on the basis of English and Russian data sets. Practical significance. The obtained results allow
to make better decisions about the usage of certain pre-processing methods to improve the accuracy of the destructive
messages classifier.

Keywords: data preprocessing; destructive text data detection; neural networks; data mining; data set; data processing;

classifier.

Introduction

Nowadays, especially in quarantine conditions,
people increasingly prefer to communicate in online
environments. Based on data from the Statista portal,
we can say that in July 2020, three of the most popular
social networks broke the bar of 2 billion active users,
while three more hit 1 billion. Also in the same place
we can mention other top growth rate online platforms
like TikTok [1]. Accordingly, the amount of content and
reactions to it is also growing rapidly. Among this
large-scale volume of information, users encounter both
cognitive, entertaining, developmental content, and
various  negative  manifestations of  human
communication. These include cyberbullying, threats,
obscene language and any messages created to offend
the feelings and dignity of the interlocutors.

According to the need for timely response by the
communication platforms to the above destructive
manifestations, the task of automating the detection of
such negative factors for a healthy atmosphere on the
platform is extremely important. In addition, having
detected such a manifestation, it is necessary to quickly
neutralize it. Due to the size of the platforms and
according to the number of interaction points between
users, we note that even an army of moderators will not
be able to cope with the flow of information as quickly
as automated solutions can. Therefore, the study of
factors influencing the accuracy and speed of their work
is an urgent task.

Previous research analysis. A variety of
approaches are used to automatically detect destructive
messages, from simple statistical analysis of textual data
to complex neural network-based approaches with
complex architectures, reinforced with large amounts of
data. The study [2] presents a manual selection of

features of destructive messages and the use of context
to improve accuracy. It is also noted that taking into
account features that are based on uppercase and
lowercase letters, emoji does not lead to a significant
increase in the accuracy of the final result.

Research [3] demonstrates a wide range of
destructive messages categories, to identify each of
which you can choose an individual approach. This
paper also emphasizes the importance of understanding
the nature of the origin of each of the categories.
Moreover, authors show some possibilities to
experiment with the architecture of neural networks for
accuracy improving.

From [4] we can learn the basic methods of
statistical analysis applied to text for solving problems
in our chosen topic. In addition, the paper pays great
attention to the influence of syntactic connections in the
sentence on the quality of the final classification result.

From the study [5] we can better understand the
role of context in solving the domain problems. At [6]
authors analyze a wide range of classifiers in the context
of our problem, and at [7] it is demonstrated how to
reverse different classification methods errors in favor.

In the context of our study, the paper [8] requires
the most attention. Authors studied 35 preprocessing
methods applied on English-based dataset and showed
that the usage of most of them is a rather ambiguous
solution. Based on the above study, we have the
opportunity to investigate the effectiveness of using
some of the described methods on the Russian- and
English- language based data sets.

The aim of this paper is to study the impact of
some text pre-processing methods on improving the
accuracy of destructive message detectors.

To solve the selected problem, we train a classifier
based on an artificial neural network and compare the
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results of toxic comments identification after applying
each of the methods with the initial result of
identification. We will also consider the option of
combining these methods with each other.

Data samples

The experiments were performed using two data
sets. The first "Toxic Comment Classification
Challenge" [9] has the following characteristics,
presented in Table 1.

Table I — “Toxic Comment Classification Challenge” data
set characteristics

Parameter Value
Language English
Size (MB) ~ 52 MB
Number of records ~128.000

Number of classification | 6 (toxic, severe toxic,

categories obscene, threat, insult,
identity hate)
The second is “Russian Language Toxic

Comments. Small dataset with labeled comments from
2ch.hk and pikaburu” [10] has the following
characteristics presented in Table 2.

Table 2 — “Russian Language Toxic Comments. Small
dataset with labeled comments from 2ch.hk and
pikabu.ru” data set characteristics

Parameter Value
Language Russian
Size (MB) 445 MB
Number of records ~11.500
Number of classification categories 1 (toxic)

The following data distribution principle, shown
in Fig. 1, was applied to each of the datasets in the
experiment.

75,0%

Train

® Test & Validation

Fig. 1. Distribution of data in datasets

Classifier architecture

In our experiments, we rely on the neural network
architecture presented in [11] and in Fig. 2.

Input data
(None, 200)
e * N e N
Embedding Dense
(None. 200. 128) (None. 50)
N\ J \ y,
v v
e N e N
LSTM Dropout
(None. 200. 60) (None. 50)
N\ J \ y,
v v
e N e N
Max Pooling Dense
(None. 60) (None. 6)
N\ + J \ y,
e N +
Dropout Output
(None. 60)
N\ J

Fig. 2. Classifier architecture

As can be seen from the figure, our classifier
contains seven layers. The Embedding layer is
responsible for representing words in the coordinate
space. LSTM preserves the connection between words
in a sentence. Max Pooling helps to reduce the
dimensionality of data for further processing.
Subsequent block of duplicate Dropout-Dense layer
combinations prevents network overfitting and helps
with further dimensional reduction and, consequently,
helps to speed up classifier training.

Consider the architecture in a more detailed view.
The input data in the presented classifier, based on the
neural network, is a list of English and Russian
sentences (depending on the data set) of different
lengths. As for training of a network we cannot use
words in their usual state, we carry out over a data set
the following manipulations:

1. Tokenization. For example: we transform
every object that looks like "Good evening, gentlemen!
- Good!" on an array of unique words ["good",
"evening", "gentlemen"] without punctuation.

2. Indexing. We form from the received array of
all unique words in a data set the dictionary which
looks as follows: {1: "good", 2: "evening", 3:
"gentlemen", ...}.

3. Representation of indices. For each of the
objects in the data set, we form an array in which the
words involved in the object are represented as indexes
from our dictionary. For example: [1, 2, 3, 1].

The next problem we face is the problem of
different sized objects among our data. And the training
process of our network requires elements of the same
dimension. This is solved by using the padding
technique: set the maximum number of words, such as
200, and fill the remaining spaces in each object with
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zeros. If the object contains more words than the
selected maximum value — each subsequent word after
the maximum is being cut off. Although in the data sets
we have chosen, the size of most sentences does not
exceed the value of 50 words, nevertheless, the
dimension with a value of 200 is chosen to capture
atypical cases, if any.

The next step is the Embedding layer, which
projects words into a specific vector space using the
well-known WordToVec algorithm [12]. This allows us
to significantly reduce the size of the model. As a result
of this layer work we receive the list of coordinates of
words in vector space. In this case, we can use the
distance between these coordinates to identify relevance
and context.

The resulting tensor with coordinates is fed to the
LSTM layer. We used recursive LSTM to preserve the
coherence of words in the object.

After that, before transferring the original data to
the next layer, we need to reformat the 3D tensor to 2D.
To achieve this goal, we use the Global Max Pooling
layer, which helps reduce the dimension of the tensor as
follows: we review each sample of data and take the
maximum values. This process helps to create a new set
of data already reduced in size, which we will use.

After receiving the 2D tensor, we pass it to the
Dropout layer, which randomly eliminates a certain
percentage of nodes, the number of which we set,
replacing them with a value of zero. This is necessary so
that nodes at the next level are forced to process the
representation of missing data. In this way we achieve
the whole network has a better level of generalization —
we avoid the overfitting effect, according to which the
network can show good results on a familiar data set
and far from the desired results on an unfamiliar set. In
our experiments, we set the value of the drop rate as
10%. Of course, this value can be tuned empirically.

After the first Dropout layer, we transfer the data
to the Dense layer and the output goes through the
RELU activation function. After re-applying the
Dropout-Dense layers, the result goes through the
sigmoidal activation function, where classification is
performed for each of the labels and we get a value
between 0 and 1.

It should be noted that the model uses Adam
optimizer to work with the loss function (loss). We
selected "binary crossentropy", as we have just a binary
classification between the values: this object belongs to
a set to one of the categories or not.

Of course, the chosen architecture can be
customized. However, research on this topic is beyond
the scope of this article.

Research results

Initially, the classifier was trained in the "basic
mode" — using the pre-processing methods described in
the previous section, which are critical to its operation.
Next, we conducted an iterative experiment consisting
of the following steps:

1. In addition to the "basic mode" methods, we
use another method of data processing or a combination
of several methods.

2. We train the classifier on the selected data set
without changing the parameters described in the
previous section.

3. Test and validate the accuracy of the
classification.

For the English-based data set [9], the accuracy in
the basic mode reached 98.28% of successful
classification cases. And the results of the application of
additional used pre-processing algorithms and their
combinations are shown in Table 3.

Table 3 — Classifier accuracy results after applying text
preprocessing methods on a data set [9]

Method % covering Accuracy
to_lower (1) ~96.1 0.9825
remove whitespaces (2) |~ 59.2 0.9829
remove_ip (3) ~63 0.9827
remove_username (4) ~0.3 0.9824
methods 1-4 in ~97.2 0.9821
combination

For the Russian-based data set [10], the accuracy
in the basic mode reached 86.12%, and the results of
additional  pre-processing  methods and their
combinations application are shown in Table 4.

Table 4 — Classifier accuracy results after applying text
preprocessing methods on a data set [10]

Method % covering Accuracy
to_lower (1) ~914 0.8699
remove whitespaces (2) | ~93.3 0.8612
remove_ip (3) ~0.01 0.8729
remove_username (4) ~0.01 0.8638
methods 1-4 in ~98.9 0.8552
combination

Consider more details about functionality of the
methods used:

1) to_lower — lowercase all words;

2) remove whitespaces — removal of extra spaces
and service characters of carriage transfer;

3) remove ip — delete all elements that fall under
the next predicate described by a regular expression:

\d{ L3N L3 PNA{ 1,3 3\\d{1,3},
with which you can find IP addresses;

4) remove username — delete all
described by the regular expression:

AL

with which you can find nicknames.

elements
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The “% coverage” column in Tables 3 and 4
shows the percentage of the data set processed by this
method. As you can see, given the content of a
particular data set, it is extremely important to check
this indicator. After all, in one case, the method affects
almost the entire dataset, such as method 1 in table 3,
and in another case — the method affects less than one
hundredth of a percent of the data in the set, such as
methods 3 and 4 in table 4.

According to the results described in tables 3 and
4, we note that often the increase of accuracy is
relatively small. And sometimes there is even a
deterioration of the result compared to the baseline
result, as in the case of using a combination of methods,
as described in table 4.

It is also obvious that the impact of the methods
used on the English-language data set is much smaller
than that for the Russian-language set. Indeed, in the
first case, the deviation of the classification accuracy is
maximum when using all four methods, and is only
0.07%.

As for the Russian-language set, again the
maximum effect was shown by a combination of all
methods, with differences of 0.4%, which is 5.7 times
more than in English.

A possible explanation for this fact, in our opinion,
is the relatively small size of the Cyrillic dataset, which
led to less accurate classification, as well as a greater
impact of pre-processing.

Another reason may be the presence of only one
category of classification (in English there are six such
categories). This can also significantly affect the
accuracy of the classification.

However, in both cases, the use of this type of pre-
processing leads to a slight decrease in the accuracy of
the classifier. And although this reduction is quite small,
but on huge amounts of data, for the processing of
which are mostly used such classifiers, the effect can
lead to significant negative consequences.

Conclusions

Data preprocessing is an extremely important step
in preparing data for neural network training. At the
same time, it is necessary to carefully choose the
processing methods, pre-analyzing the data set and
estimating what percentage of data from this set is
affected by the method.

Based on the results of previous researchers, this
paper investigates the impact of some methods of pre-
processing of text data and their combination on the
accuracy of the destructive messages classifier.

It has been shown that some methods have almost
no effect on the accuracy of the work in the described
experiment, such as removing extra spaces or IP
addresses. However, caution should be exercised with
the use of combinations of different preprocessing
methods, which may have a small but significant effect
on the accuracy of the classification on large data sets.

Similar conclusions were reached by the author of
[8], who identified 15 appropriate methods of
preprocessing, some of which and their combinations
we studied.

Subsequent research should be aimed at finding or
self-generating a relatively large Cyrillic data set (at
least commensurate with the English), it is better if it is
a Ukrainian-based dataset. In the case of self-formation
it is necessary to design a crawler capable of collecting
text data from certain resources. Further study of this
data set and comparison with the results in English will
allow us to draw deeper conclusions about the
feasibility of different methods of pre-processing of data
for automatic detection of toxic messages on the
Internet.

It is also necessary to consider the use of
additional methods and their combination with the
selected ones and to take into account data sets with a
significant occurrence of instances that fall under the
action of a particular method.
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AHaJIi3 BINIMBY METOZIB NONEPeAHbLOI 00pO0KH TEKCTY Ha poboTy KiaacudikaTopa AeCTPYKTHBHHUX IOBiIOM/ICHb
O. B. Opnoscekuii, C. E. Ocramnos

Anotanisi. IIpo6aema. CouianbHi Mepexi Bce 4acTillle CTaOTh CEPEJOBUILEM UL IOrpo3, 00pa3, HEHOPMATUBHOI
JICKCHKH Ta 1HIIUX JECTPYKTUBHUX IIPOSBIB JIFOJCHKOrO CIiNKyBaHH:A. B oHnaiiHoBuX maTdopmMax chorozHi 3ajisHa Bel4Ye3Ha
KINBKICTb JIFOJEH, a 00'eM CTBOPEHOr0 KOHTEHTY Ta peakliii Ha HbOrO HOCTiHHO O'e pexopaHi noka3sHukH. ToMy BHHHKAE
norpeba B aBTOMAaTH3aLii JisIBHOCTI i3 IETEKTyBaHHA Ta MPOTH/III aHTHCOLiaIbHUM BIUIMBaM. OIHUM i3 Ba)XKIMBHUX HAIPSIMKiB
TaKol IisIbHOCTI € BHSBJICHHS TOKCHMYHMX KOMEHTApiB, IO MICTATH IOrpo3H, oOpa3u, HEHOPMATHBHY JICKCHKY, 3HEBary [0
OTOUYIOUYMX TOILIO. JIJIsi BUKOHAHHS Takoi 3a1adi 3a3Buuaid OynyroTh KiacudikaTop, 3aCHOBaHMH Ha HEHPOHHUX Mepexax. A Juist
X HaBYaHHS BUKOPHUCTOBYIOTH 3i0paHuii BiacHO abo IyOniyHO JNOCTymHHMM Habip naHuX. B crarTi nocmipKyeTbes, K pi3Hi
METOAM TomepeaHboi O0OpoOKM BXIJHMX IaHMX BIUIMBAIOTh Ha KiHIEBY TOYHICT poboru Kinacudikaropa. Ilonepenni
JIOCHII/KEHHS. B L[bOMY HAIpPSAMKY MiATBEPAMIM MPUCYTHICTh BIUIUBY HA PE3YNbTAT, aje HE JIO3BOJIMIM 3POOMTH OCTATOUHMX
BUCHOBKIB IIpo e¢exruBHicTb. Meta. JlocnimKeHHS BIUIMBY METOJIB HONEPEIHbOI 0OPOOKHM TEKCTOBHMX JAHMX HA PE3yNbTaT
pobotu knacudikaropa IeCTpyKTUBHHUX HOBiToMiIeHb. Pe3yibTaTn. IIpoaeMoHCTpOBaHO, 1110 BILIMB KOHKPETHOI'O METOLYy MOXeE
JIOCUTB CUJIBHO 3aJIEXKAaTH BiJl KOHTEHTY B HaOopi naHuX. KpiM 11p0ro, Bi3Ha4eHO, 1110 IHKOJIU BIUIMB MOXe OyTH HE3HAaUHHM, a B
JIEAKUX BHUIIAJIKaX MOXKE IPU3BOJUTH HABITH 1O HOTIpIIEHHS pe3yibTary. Takok OOIpyHTOBAaHO HEOOXIJHICTb IONEpeIHBOI
nepeBipky HabOpy AaHHUX Ha BiJICOTOK €JIEMEHTIB, 110 IiNagaioTh i Ail0 KOHKpeTHoro Metony. OpurinanasHicTs. [IpoBeneno
OLIIHKY METOJ(IB IoNepeHb0i 00pOOKM NaHUX Ha NMPUKIAAl aHIJIOMOBHOI'O Ta POCiHCHKOMOBHOrO HaOopiB nanHux. IlpakTuyna
3HauymicTb. OTpUMaHi pe3yJbTaTH J03BOJAIOTH SIKICHIIIE NPUIMATH PIIIEHHSA NPO BUKOPUCTAHHS THX YM IHIIMX METOAIB
rorepetHp01 00pOOKH ISl MiABUILEHHS TOYHOCTI NPOTHO3iB KiIachdikaropa JecTpyKTHBHUX TI0BiIOMIICHb.

Knaro4doBi caoBa: npenpoueciHr [aHUX; BHSBICHHA JECTPYKTMBHHMX TEKCTOBHMX JaHMX; HEHPOHHI Mepexi;
IHTeNeKTyaJIbHUH aHalli3 JaHuX; Halip JaHuX; oOpoOKa naHMX; KiacudikaTop.

AHa/Iu3 BJIMSIHUS METO/I0B NPeBAPUTEILHOI 00pad0TKH TeKcTa
Ha padoTy KJIaccupuraTopa AeCTPYKTHUBHUX COOOLICHHUI

O. B. Opnosckuii, C. D. Ocranos

AnnoTtanus. IIpo6nema. ComnanbHble CeTH BCE Hallle CTAHOBATCS CPEJOH Ul yrpo3, OCKOpOIeHHi, HEeHOpMaTHBHON
JIEKCHKH U JPYTUX JEeCTPYKTHBHBIX IPOSBIICHUH YeJI0Be4eCcKoro ooueHns. B onnaiiHoBbIX ruaropMax ceromHs 3aeiCTBOBAHO
OrPOMHOE KOJIMYECTBO JIIOJEH, a 00bEM CO3/IaHHOIO KOHTEHTA M PEaKLMi Ha HEro INOCTOSHHO ObEeT PEKOpJHbIE IOKa3aTelu.
ITosToMy BO3HHKaeT NOTPEOHOCTh B aBTOMATH3AIMH AESTEIHOCTH MO JETEKTUPOBAHUIO U IIPOTHBOAEHCTBUIO aHTHCOLMAIBbHBIM
nedictBuAM. OJHMM U3 BaKHBIX HANpPaBJICHUH TaKOH JEATENBHOCTH SBISICTCS BBIABICHHE TOKCHYHBIX KOMMEHTapHeB,
COJIEpKALIUX YIPO3bI, OCKOPOJIEHHs, HEHOPMATUBHYIO JIEKCHKY, IpeHeOpexeHHe K OKPYKAIoLUIMM M ToMy nofobHoe. [lns
BBINIOJIHEHUSI TAaKOH 3aJaud OOBIYHO CTPOST KJIACCU(UKATOP, OCHOBAaHHBIM Ha HEHPOHHBIX ceTsAX. A Uil UX 00ydeHHs
HCHOJIB3YIOT COOpPaHHBII COOCTBEHHO WIIH ITyOJIMYHO OCTYIHBIN HAabOp TaHHBIX. B cTaThe ucciemyercs Kak pa3inyHble METOBI
Ipe/IBAPUTENILHON 00pabOTKM BXOIHBIX JAHHBIX BIMSIOT Ha KOHEUYHYIO TOYHOCTb paboThl Kinaccudukaropa. IIpembimymme
HCCIICZIOBAaHUSA B 3TOM HAIPABJICHUM IOATBEPJWINM HPHUCYTCTBHE BIMAHMS Ha pe3ylbTaT, HO HE IO3BOJIMIM CHENATh
OKOHUaTeJIbHbIe BbIBOAIBI 00 3 dexTuBHOCTH. Ilean. HccinenoBanue BIUSHUSA METOIOB IIPEBAPUTEIILHOM 00paOOTKH TEKCTOBBIX
JIAHHBIX Ha pe3ylnbTaT padoThl KiacCH(pHUKAaTOpa AECTPYKTHBHBIX cooOueHud. PesyiabraThl. IIponeMOHCTpUpPOBAaHO, 4YTO
BIIMSIHME KOHKPETHOTO METOZa MOXKET JIOCTATOYHO CHIIBHO 3aBHCETh OT KOHTEHTa B Habope JaHHbIX. Kpome 3Toro, ormedeHo,
YTO HHOTJa BJIUSHHE MOXET ObIThb HE3HAUMTENbHBIM, @ B HEKOTOPHIX CIIydasxX MOXKET IPUBOAUTH JaXKe K YXYICHHIO
pesynbrara. Taxke 00OCHOBaHa HEOOXOIMMOCTH MPEIBAPUTENILHON HPOBEPKM HA0Opa JAaHHBIX Ha IPOLEHT 3JIEMEHTOB,
MOJIAAOMUX IO/l JICHCTBME KOHKPETHOro Merona. OpHrHHAIbHOCTB. [IpoBelieHa OlIEHKa METOZOB IIpEABapHUTEIbHON
00paboTKH [aHHBIX Ha MpPHMEpe AaHIJIOA3BIYHOIO M PYCCKOA3BIYHOrO HabopoB naHHbIX. IIpakTHyeckasi 3HAYMMOCTb.
IMonyueHHble pe3yNbTAThl IMO3BOJIIOT KAYECTBEHHO INPUHUMATh pelIeHHs 00 MCIOIb30BAaHMM TEX MM HMHBIX METONOB
IpeIBAPUTEIILHOI 00paOOTKH JUIsl MOBBIIIEHHUS! TOYHOCTH TIPOrHO30B KJIACCH(HUKATOPA JIECTPYKTHBHBIX COOOICHUH.

KamwueBblie ciaoBa: NpEeNpoOUCCCUHI JaHHBIX; BBIABJICHUC ACCTPYKTHUBHBIX TEKCTOBBIX IaHHBIX] HeﬁpOHHBIe CCTH,
HHTGJ’[J’[GKTyaJ'[BHBIﬁ aHaJIu3 JaHHBIX; Ha60p JAHHBIX 06pa60T1<a JaHHBIX KJ'[aCCH(i)HKaTOp.
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COMPARATIVE ANALYSIS OF RRT-BASED METHODS
FOR PATHFINDING IN UNDERGROUND ENVIRONMENT

Abstract. The importance of finding a path for autonomous moving robots is indispensable, because the successful
achievement of the target location depends on the solution of this problem. There are a large number of different methods
of finding the way, which differ in the accuracy of work, speed, the need for additional equipment. Underground
environments, such as mines and tunnels, differ from other structures and open space, and therefore, require different
approach when performing pathfinding, as narrow, curved passages and heterogeneous structure could render some of the
pathfinding methods ineffective. However, methods based on rapidly exploring random trees (RRT) maintain their
effectiveness because they are unaffected by the complexity of the environment. In this article presented a comparison of
the three RRT-based methods: RRT, RRT-connect and RRT*.

Keywords: robot; pathfinding; autonomy; RRT.

Introduction

Performing tasks in underground spaces always car-
ries certain risks for the workers and engineers on site.
The use of robots for performing remote work helps to
reduce, prevent or mitigate these risks. To successfully
perform assigned tasks, robot must be able to reach the
designated location by solving the pathfinding problem.
There are many methods for pathfinding, however, due
to complexity and heterogeneity of environment usage
of sampling methods carries more advantages over the
others. Sampling methods are unique in that planning is
done by randomly sampling the configuration space.
Sampling methods do not guarantee finding a solution,
if any exists, that is, they do not provide completeness.
Instead, they provide a lesser idea of completeness -
probabilistic completeness. The solution will be given,
if any, with sufficient algorithm execution time (infinite
runtime in some cases). That’s could cause problems in
some cases, however it grants independence from the
complexity of the surrounding obstacles.

In our previous work [1] we noted how RRT-based
search algorithms differ from others in their simplicity
and compactness. They could provide solution fast and
without the usage of a lot of computing power. Usability
of RRT-based solutions for long-term autonomy prob-
lems in complex environments is shown in [2]. In [3]
authors used RRT* for local path planning during mine
exploration. Those examples show the practicality of the
RRT-based algorithms. However, those algorithms dif-
fer in speed and complexity, and some of them are more
situational than the others.

The purpose of the work is to analyze speed and
efficiency of the RRT-Based algorithms (RRT, RRT-
Connect, RRT*).

Rapidly-Exploring Random Trees

RRT is an efficient data structure and sampling
scheme for quick, large-scale space searches. Developed
by LaValle [4], this approach had the key of shifting the
search toward unexplored areas of space. For the first
configuration g;,;; tree with K vertices build in K-/ steps,
on each of which random configuration g...q1is selected.
After selection of gang the algorithm looks for the vertex
closest to it gnear, and creates an edge between these two

vertices, then the next one is selected gpng. RRT algo-
rithm is shown on Fig. 1.

BUILD_RRT(Gini)
1 T.init(qinit);
2 for k=1to Kdo
3 Qrand — RANDOM_CONFIG();
4 EXTEND(T, qrana);
5 Return T

EXTEND(T,q)

1 Qnear—NEAREST_NEIGHBOR(q, T);
If NEW_CONFIG(G, Grear Qnew) then
T.add_vertex(gnew);
T.add_edge(Gnear, Grew);
If Qnew = q then
Return Reached;
else

Return Advanced,

© 0o N o a A~ w N

Return Trapped,

Fig. 1. The RRT algorithm

The RRT-Connect planner is designed specifically
for path planning problems that involve no differential
constraints [5]. In this case, the need for incremental
motions is less important. It differentiates from basic
RRT by usage of two trees instead of one, and swaps
between them until they are connected. RRT-Connect
uses CONNECT heuristic instead of the EXTEND func-
tion from basic RRT. Instead of attempting to extend a
RRT by a single step, the CONNECT heuristic iterates
the EXTEND step until ¢ or an obstacle is reached.
RRT-Connect algorithm is shown on Fig. 2.

The RRT* [6] algorithm differs from the basic RRT
only in the way that it handles the EXTEND procedure.
However, it connects the new vertex, ¢, to the vertex
that incurs the minimum accumulated cost up until g,
and lies within the set g, of vertices returned by the
NEAREST NEIGHBOR procedure. This way it can
return the shortest solution out of possibly achievable
with the current number of maximum nodes. RRT-
Connect algorithm is shown on Fig. 3.
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CONNECT (T,q)

1 repeat

2 S—EXTEND(T,q);

3 until not (S = Advanced)
4 Return S;

RRT_CONNECT_PLANNER(init Ggoar)
1 Ta.init(qinic); To-init(qgoar);
for k=1to Kdo
Grand — RANDOM_CONFIG();
if not (EXTEND(T4,Grana) = Trapped) then
If (CONNECT(Ty,qnew) = Reached) then
Return PATH(T,, T);
SWAP(T,, Tp)

0 N o a A W N

Return Failure

Fig. 2. The RRT-connect algorithm

RRT_STAR_PLANNER(Ginit Qgoar)
1 T.init(Ginit. Ggoar);
for k=1to Kdo
Qrand — RANDOM_CONFIG();
COST(Grana) «— DIST (qrand, Gnear)
Qbest, Gneighbors <— FIND_NEIGHBORS(T, Grand)
for q”in Qneighbors
if COST(Grang) + DISTANCE (Grang, ¢) < COST(q)
COST (q") = COST(Grang) + DISTANCE (Grang, q)
EXTEND(T,q)
10 Return T

© O N O 0 b W N

Fig. 3. The RRT* algorithm

Experiments

For the experiments was used map of the Ivsilikat
mine, located in Republic of Tatarstan, Russia. The map
is shown on Fig. 4.
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Fig. 4. Ivsilikat mine map

This map offers a vast, heterogeneous structure
with a lot of small openings and long passages, so it
optimal for the purpose testing performance of path-
finding algorithms.

Due to random and somewhat unpredictable
behaviors of RRT-based algorithms, number of iteration
for each part of the experiments was set to 1000. Six
experiments were conducted in total, with different
amounts of maximum nodes (1024 and 2048) for each
algorithm. Behavior of different algorithms is shown on
the Fig. 5. As can be observed, their behavior varies
differently from each other.

800

700

600

500

] 100 200 300 400 500 600 0 100 200

400 500 600 0 100 200 300 400 500 600

Fig. 5. Behavior of RRT-Based algorithms, from left to right: RRT, RRT-Connect, RRT*

Results of simulation (time/shortest path) with
maximum number of nodes set to 1024 for the RRT,
RRT-Connect, RRT* are shown on Fig. 6, 7 and 8
respectively. For the RRT with 1024 nodes, average time
in which path was found is, 2.3 seconds, with average
length of the path 776.3. Shortest path, achieved in 2.996
seconds is 694.8, shortest time, for the path 768.9, is
0.973 seconds. Algorithm failed to find the path 253
times (25.3% of total number).

For the RRT-Connect with 1024 nodes, average
time in which path was found is, 3.3 seconds, with
average length of the path 709.3. Shortest path, achieved
in 3.06 seconds is 668, shortest time, for the path 702, is
2.561 seconds. Algorithm failed to find the path 901
times (90.1% of total number).

For the RRT* with 1024 nodes, average time in
which path was found is, 29.3 seconds, with average
length of the path 693.3. Shortest path, achieved in
59.724 seconds is 616.7, shortest time, for the path 726, is
7.137 seconds. Algorithm failed to find the path 241
times (24.1% of total number).

Results of simulation (time/shortest path) with
maximum number of nodes set to 2048 for the RRT,
RRT-Connect, RRT* are shown on Fig. 9, 10 and 11
respectively. For the RRT with 2048 nodes, average time
in which path was found is, 3.3 seconds, with average
length of the path 780.3. Shortest path, achieved in
1.503 seconds is 688.6, shortest time, for the path 778, is
0.878 seconds. Algorithm failed to find the path
120 times (12.0% of total number).
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Fig. 6. Results of the simulation for the RRT with 1024 nodes

RRT-connect with 1024 samples
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Fig. 7. Results of the simulation
for the RRT-Connect with 1024 nodes
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Fig. 8. Results of the simulation
for the RRT-Star with 1024 nodes

For the RRT-Connect with 2048 nodes, average time
in which path was found is, 4.3 seconds, with average
length of the path 749,3. Shortest path, achieved in 2.908
seconds is 658, shortest time, for the path 676, is 2.632
seconds. Algorithm failed to find the path 50 times (5.0%
of total number). For the RRT* with 2048 nodes, average
time in which path was found is, 37.3 seconds, with
average length of the path 687.3. Shortest path, achieved in
47.972 seconds is 613.8, shortest time, for the path 721.5,
is 8.321 seconds. Algorithm failed to find the path 132
times (13.2% of total number). Average time and path for
the RRT with 2048 nodes increased compared to the one
with 1048, in a trade for decrease of failure rate.
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Fig. 9. Results of the simulation for the RRT with 2048 nodes

RRT-connect with 2048 samples
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Fig. 10. Results of the simulation
for the RRT-Connect with 2048 nodes
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Fig. 11. Results of the simulation
for the RRT-Star with 2048 nodes

Conclusions

Due to basic RRT algorithm being first of it’s kind,
the average results of RRT 1024 experiment are used as
example to compare the results of other experiments.
Comparison table for all six experiments is shown on
Fig. 12. As seen in the 1024 experiment, RRT-Connect
showed better average time and average path that RRT,
however it’s success rate is tremendously low. As can be
seen from the Fig. 12, the it is most dependable on the
number of nodes. While other methods deceased failure
rate in about a half, failure rate for RRT-Connect with
1024 nodes is 86.1% higher than the RRT-Connect with
2048 nodes. RRT*, on the other hand, has higher success
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rate and shorter path than RRT, but takes 12.3 timeg more N Max. Average | Average | Failure

seconds to complete. As seen inn the 2048 experiment, ame Nodes time, s path rate, %

RRT-Connect hag increased tlme and path compared to RRT 1024 23 76.3 253

1024 nodes experiment due to increased number of nodes

on each tree, however it trades it for the best success rate ERrTr;ect 1024 3.3 709.3 90.1

in this series of experiments. RRT*, on the other hand, °

has the shortest path out of all the methods, but it’s time | RRT" 1024 29.3 693.3 24.1

further increased. RRT 2048 3.3 780.3 12

In conclusion, the choice of the pathfinding method [zt

should be made based on the computing power and time | connect 2048 4.3 749.3 5

available for the task. For the getting optlmal path, RRT RRT* 2048 373 6873 13.2

offer the best solution. For fast and simple pathfinding

RRT-Connect seems like a better choice. Fig. 12. Algorithm effectiveness comparison table
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IopiBHAIBbHMI aHANI3 MeTOAIB, 10 0a3yl0Thed Ha RRT s nmomyky muisixy y mii3eMHHX CTPYKTypax
A. A. TIponenko, B. I'. IBanos

AHoTanisi. BajxmBicTs NoMmyKy IUISAXY JUI aBTOHOMHHUX PYXOMHX POOOTIB HE3MiHHA, aJUKE BiJ BUpIIICHHA L€l mpo-
6JIeMH 3aJISKUTh YCIIIIHE JOCATHEHHS LIbOBOTO PO3TallyBaHH:. € BeMKa KUIbKICTh PI3HUX METOJIB IOIIYKY LIUIAXY, SIKi Bifl-
PI3HSIOTBCS TOYHICTIO pOOOTH, IIBHAKICTIO, HEOOXIIHICTIO B TOAATKOBOMY ycTarKyBaHHI. [lif3eMHI cepeloBHIla, Taki sIK IIaXTH
Ta TyHeIi, BIIPI3HAIOTBCA BiJl iHIIMX CHOPYJ Ta BIAKPUTOrO IPOCTOPY, @ OTXKE, BUMAraroTh IHIIOIO IiJXOMy NpHU 3AiHCHEHH]
TOIIIYKY MapIIpyTy, OCKUIBKH BY3bKi BUI'HYTI IPOXOZM Ta T€TEPOreHHa CTPYKTYpa MOXKYTb 3pOOUTH JIesIKi METOM IIPOXOPKEHHS
Mapupyry HeeexruBHUMH. OHAK METOAM, 3aCHOBAHI Ha IIBUIKOMY J0CHipKeHHI BUunaakosux nepes (RRT), 36epirators cBoto
e(eKTUBHICTb, OCKUIBKM Ha HUX HE BIUIMBA€E CKJIAJHICTh HABKOJIMIIHBOIO CEpeloBUIA. Y Liil CTATTi NPEACTaBICHO IOPiBHAHHA
Tpbox MeroziB Ha ocHOoBI RRT: RRT, RRT-connect Ta RRT*.

Karw4dosi caoBa: pobor; nomyk Mapipyris; aBroHomist; RRT.

CpaBHHUTEJILHBIH aHAJIM3 METON0B, OCHOBAaHHBLIX Ha RRT 1151 moncka myTn B moi3eMHBIX CTPYKTYpax
A. A. TIponenko, B. I'. IBanoB

AHHOTanusA. BaxxHOCTh NOKCKa IyTH U aBTOHOMHBIX ITOABU)KHBIX POOOTOB HEM3MEHHA, BEIb OT PEIICHUs STOH Mpo-
6JIeMbI 3aBUCHUT YCIICITHOE JAOCTHIXKEHHE LIEIEBOr0 pacronoxeHust. ECTb 60i1bI10e KOIMYEeCTBO Pa3InYHbIX METOJOB MOMCKA ITy-
TH, KOTOPbIE OTJINYAIOTCS TOYHOCTBIO Pa0OTHI, CKOPOCTBIO, HEOOXOIMMOCTBIO B JIONOIHUTENFHOM 00opynoBanuu. [loasemHbie
Cpe/ibl, TaKKe KaK MAXThl U TOHHEIH, OTJIMYAIOTCS OT APYTHX COOPYXKEHHH W OTKPBITOrO MPOCTPAHCTBA, a CIEJOBATENIBHO, TpPe-
OYIOT MHOT'O ITOJIX0/Ia IIPU OCYILECTBIICHUH ITOMCKa MapIIPyTa, IIOCKOJIbKY Y3KHE N30THYThIE IIPOXOIbI M T€TEPOreHHas CTPYKTY-
pa MOTYT c/ieNaTh HEKOTOphIe METOBI MIPOXOKICH!S MapiipyTa HedddexTuBHbIMU. OJHAKO METO/IbI, OCHOBAaHHBIE HA OBICTPOM
uccieioBanny ciydaitueix nepeBbeB (RRT), coxpaHsioT cBoro 3 eKTHBHOCTE, IIOCKOIBKY HA HUX HE BIIMSIET CIIOKHOCTH OKpY-
xKatoreit cpensl. B aToit craThe npencrasieno cpaBHenne Tpex MeronoB Ha ocHoBe RRT: RRT, RRT-connect u RRT*.

Karudessie cioBa: podoT; nouck Mapupyros; aBToHoMus; RRT.
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TEMPORAL REPRESENTATION OF CAUSALITY IN THE CONSTRUCTION
OF EXPLANATIONS IN INTELLIGENT SYSTEMS

Abstract. The subject matter of the article are the processes of constructing explanations in intelligent systems. Objectives.
The goal is to develop a temporal representation of causality in order to provide a description of the process of the intelligent
system as part of the explanation, taking into account the temporal aspect. As a result, it provides an opportunity to increase
user confidence in the results of the intelligent system. Tasks: structuring of causal dependences taking into account the
decision-making process in the intellectual system and its state; development of a temporal model of causality for explanations
in the intellectual system. The approaches used are: approaches to the description of causality between the elements of the
system on the basis of causal relationships, on the basis of probabilistic dependencies, as well as on the basis of the physical
interaction of its elements. The following results were obtained. The structuring of causal dependences for construction of
explanations with allocation of causal, probabilistic communications, and also dependences between a condition of intellectual
system and the recommendations received in this system is executed. A model of causal dependences in an intelligent system
is proposed to construct explanations for the recommendations of this system. Conclusions. The scientific novelty of the
results is as follows. The model of causal dependences which are intended for construction of the explanation in intellectual
system is offered. This explanation consists of a chain of causal relationships that reflect the sequence of decision-making over
time. The model covers the limitations and conditions of the formation of the result of the intelligent system. Constraints are
represented by causal relationships between key performance actions. Restrictions must be true for all explanations where they
are used. Conditions determine the probable relationships between such actions in the intellectual system. The model takes into
account the influence of key parameters of the state of the intelligent system on the achievement of the result. The presented
model provides an explanation with varying degrees of detail based on the definition of the temporal sequence of actions, as
well as taking into account changes in the states of the intelligent system.

Keywords: intellectual system; explanations; explanations formation process; causal dependence; temporal dependence.

Introduction

The effectiveness of intelligent systems usage
largely depends on users' trust in the results of their
work. Increasing confidence is achieved through the
transparent operation of the intelligent system or by
explaining the reasons for the results proposed by the
intelligent system [1].

In the first case, the "white box" approach is
implemented [2]. According to this approach, during the
intelligent ~ system's  decisions  generating, its
transparency for the user is taken into account, which
involves taking into account the context of decision-
making. Context-oriented solutions, according to this
approach, should explain themselves. This approach
assumes that the solutions of the intelligent system can
be interpreted directly as they are formed. For example,
a sequence of rules within the logical inference of an
expert system can be interpreted as a justification for the
decision obtained for the user because it contains a
chain of causal relationships.

In the second case, it is assumed that the intelligent
system is presented in a black box [3]. That is, the
algorithms of its operation are not known to the user.
Therefore, each decision of such a system needs a
separate explanation. For example, the recommendation
system can generate for the user a personal list of goods
and services of interest to him using matrix factoring.
However, the factorization procedure itself is not clear
to the wuser. Accordingly, to increase the user's
confidence in the received recommendation, it is

necessary to provide an explanation that justifies the
accepted recommendation in a user-friendly form [4].

Modern intelligent systems solve critical problems,
in particular in the transport sector, in the
implementation of autonomous vehicle management, in
the military sphere in the management of weapons
systems, in medicine in the operational diagnosis of
patients [5]. The cost of error in the decisions of such
systems is too high. For such solutions to be used by the
user, he must trust the results obtained.

Complexes of sophisticated algorithms, including
neural networks and deep learning, are used in solving
these problems. Therefore, modern intelligent systems,
as a rule, have the form of a black box for the user [6].
Thus, the latest intelligent systems are characterized by
a contradiction between the importance the tasks of
critical nature to be solved and the possibility of a user-
friendly description of the decision-making process.
This contradiction indicates the importance of the
problem of constructing explanations for the results of
the intelligent system. This explanation increases user
confidence and facilitates the implementation of the
solution proposed by the intelligent system.

Explanation in the intelligent system is considered
a detail of the results or their reasons, making it possible
to make the process of functioning of the intelligent
system transparent and understandable to the user [7].

The existing directions of construction of
explanations are focused on determining the reasons for
the recommendations of the intelligent system by
simplifying and ensuring the transparency of the
algorithms of its work [7]. Simplifying the decision-
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making process in the intelligent system makes it
possible to explain the system's results in a user-friendly
form, for example, in the form of generalized causal
relationships between input data and the results
obtained. The form of representation of the explanation
can be both textual and visual [8].

However, the existing approaches to the formation
of explanations take into account only certain aspects of
causality and do not take into account the temporal
dynamics of causal relationships. Further generalization
and formalization of causal dependencies in the
explanation make it possible to describe an intelligent
system's operation with varying degrees of detail and
build explanations according to the knowledge and
needs of a particular user. This indicates the relevance
of the subject of this work.

The aim of the article is the development of a
temporal representation of causality describes the
operation of the intelligent system as part of the
explanation, taking into account the temporal aspect.

As a result, it provides an opportunity to increase
user confidence in the intelligent system's results. To
achieve this goal, the following tasks are solved:

— structuring of causal dependencies taking into
account the differences of the decision-making process
in the intellectual system and its state;

— development of a temporal model of causality
for explanations in the intellectual system.

Structuring causal dependencies

When simplifying the model of the intelligent
system's process within the problem of forming an
explanation, two groups of approaches are used:

—selection of key dependencies that make it
possible to generalize the process of obtaining results in
the intelligent system;

— decomposition of the process of obtaining the
result [8].

The first group of approaches aims to construct
such a representation of the decision-making process in
an intelligent system containing:

— the relationship between key variables and the
result obtained; this connection determines the influence
of key parameters on the obtained solution in a user-
friendly form;

—the causal link between key actions of the
decision-making process.

Decomposition makes it possible to identify the
links between the procedures for processing input data
and obtain and present the result. This approach
determines the causal links between these procedures.
These links are the basis for explaining the decision-
making process in the intelligent system, which simplifies
perception and increases confidence in this process.

Thus, the first group of approaches implements the
black box principle and involves the construction of a
separate explanation after obtaining the result in the
intelligent system.

The second direction of explanations is related to
the transparency of the algorithms used. That is, the
principle of the white box is implemented within this
direction. Each transparent algorithm specifies the

causal relationships that led to the corresponding
solution of the intelligent system. The transparent
algorithm itself serves as an explanation. Such results
are interpreted directly in the process of obtaining them.

A comparative analysis of the basic approaches to
the construction of explanations makes it possible to
conclude that descriptions should contain causal
relationships that most likely reflect the decision-
making sequence in the intelligent system. Such
dependencies determine both the sequence of decision-
making over time and the direct influence of this
process's parameters on the obtained result, taking into
account the either explicit or implicit representation of
time. Accordingly, the temporal representation of causal
dependencies should take into account:

—binary and probabilistic relationships between
decision actions;

—the direct influence of the values of the
parameters characterizing a condition of the intelligent
system, on the received result.

The structuring of the generalized causal
relationship that meets the above requirements is
presented in table 1.

Table I — Elements of generalized causal dependence

Element The resul- Key differences
ting value

The direct causal {true, The dependence in

relationship bet- false} the explanation must

ween actions to ob- be true

tain results in the

intellectual system

Probabilistic Proba- The inclusion of de-

relationship bilistic pendence in the expla-

between actions to nation increases the

obtain the result probability of the truth
of this explanation

The relationship {true, Dependence in the

between the state of false} explanation deter-

the intelligent mines the parameters

system and the of the intelligent

result system's state, which
have a significant
impact on the
outcome of its work

This scheme adapts the known approaches to the
description of causality: interventionist [9];
probabilistic [10]; transference [11].

Temporal model of causality for explanation
in the intellectual system

The integration of the elements listed in Table 1
based on temporal approaches [12-14], involves
consideration of causality in three aspects:

— as a causal relationship between successive events;

—as a probabilistic connection between events,
states, actions that occurred at different points in time;

—as a reflection of the information connection
between the intelligent system's elements, which leads
to a change in its states; such a connection is
implemented through the information transfer between
these elements.
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The first component of causality rl-( ll-) is as follows:

1
i) g il > @
where f;, f; — the facts between which a causal link is
established, #;,¢ j — moments of time of facts occurrence
fi» f; accordingly. The facts f;, f; for causal dependence

(1) are binary:

fj =truev false, 2)
The causal relationship for the first component is

determined based on the description of causality
considered in [11]:

Vfl-EIfl-:fl- =true < f; =true
|ka ¢fl-f1- = false < f; =true.

That is, there is a cause-and-effect relationship
between facts f;, f; only at the occurrence f; leads to the
occurrence f;. The truth of other facts f; does not affect

€)

the appearance of the fact f. An additional condition of
causal dependence is that the facts f, f; must be ordered
in time. Accordingly, the dependence rl-(l/-) is true in the

2.

case of the truth of the facts f,f; and the temporal
sequence of these facts according to (1):

”l(l,) _ true,iﬁ"(fj =truen f; =true)/\tj >, @)
’ false,otherwise.
A key feature of the form (1) dependencies is that

they determine the restrictions on possible explanations.

That is, causal dependencies rl-(l/-) must be satisfied for
all possible explanations in the intelligent system.

The second component of causality:

2

%LﬁQpr, ()
where G — is the type of relationship between the facts
Ji»f;. Probabilistic dependence rl-(?)
differences from dependence (1): sets different types of
communication of facts, taking into account the temporal
aspect; has a probabilistic nature. The type of connection
G can determine the time, sequence, and conditions of
the truth of the fact f; after the true fact f;:

G e{T,0,U}, (6)

where T — is the set of temporal dependencies using
absolute time values; O — sets of temporal
dependencies based on a priori given order of facts in
time; U - a set of temporal dependencies using
conditions to determine the order of facts over time.

In the first case, the absolute value of the time or time
interval when the fact f; becomes true after the fact f; is set.
This connection makes it possible to explain the temporal
properties of the processes in the subject area and, for
example, taking into account technological limitations on
the time of resource use, service interval, etc.

In the second case, time is given by the relative
order of occurrence of the facts. For example, a fact f;
may become true immediately after the fact f;, or

has two key

through several intermediate facts. If the fact f; is true
immediately after the fact f; this connection describes a
detailed chain of causal relationships between the
intellectual system's actions. If it is necessary to identify
only the key dependencies that led to the result, it will
not take into account intermediate facts.

Thus, the connection rl-(?) makes it possible to build
a simplified and accessible as an explanation of the

description of the recommendations in the intelligent

system. It should be noted that rl-(?)
causal relationship only for a subset of the intelligent
system's results. Therefore, such a link provides a
plausible explanation for the recommendations and
conclusions obtained. The agreed weight reflects the

probabilistic nature of the connection in this dependence:

determines the

rl-(,?) _ W(Z,)’f (f; =truen f; = true) 1, S )

0, otherwise.

The possibility of matching scales determines the
need to use them instead of the value of the probability of

using dependence rl-(j).
such scales that make it possible to obtain the correct
explanations for the intelligent system's known results.
The same dependence can belong to several explanations.
Therefore, the relative total weight of the rules should
correspond to the probability of using each explanation

E, for the intelligent system's known results:

Yo X o) srEy @

where E = {E,} — a set of explanations that were used to
describe the results in the intelligent system.

According to expression (8), the procedure for
determining the weights of the rules is a teaching
procedure with a teacher. The training result should be
such weights of rules that set the known probability of
using each explanation E,. The third component of the

(3)

representation of causality ri

The agreement is to determine

determines the

conditions under which a fact f; becomes true. The
properties f; ; of this fact are determined, which had a

significant impact on the solution obtained in the
intelligent system. Each property fj ; becomes true in

the case of acquisition k — a parameter of a given value.
In this case, for the truth of the causal relationship, the
truth of a certain subset of properties is sufficient:

() _ {true,ifok’j € ka,j = true, ©

ry /=
/ false,otherwise,

where K — a set of properties that have a key impact on
the occurrence of the fact f} ;.
(1)

Thus, the dependencies 7; F and rl-(?)

to explain the sequence of actions to obtain results by the

intelligent system. The dependence rl-(i-)

significant influence of the parameters of the state of the

are designed

reflects the
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intelligent system on the obtained result. Causality in the
explanation is comprehensively represented by
dependences (4), (7), and (9). That is, the explanation can
be represented as an ordered sequence of dependencies:

g

where m €{1,2,3} —is the index of causal dependence.

Dependencies rl-(l/-) set limits on the sequence of
occurrence of facts f;, f; over time. According to
expression (8), they have the following weight, which
provides a unit probability of the corresponding

explanation P(E,):
PE,) =134 € E,. (11)

Dependencies rl(-3), in fact, determine the truth of

facts f; based on the values of a subset of variables that
characterize these facts. Thus, the combination of relations

r.(z) and rl(.3) depending on the value of the weights wl-(’zj)

l’./
sets both probabilistic and traditional causal relationships,
taking into account the sequence of actions and the state
of the intelligent system. The integration condition of
these dependencies is to take into account the time or
order of occurrence of the facts f;, .

Temporal representation of causality based on a

combination of dependencies rl-(l/-) and rl-(?)

(4) LiﬁrP(En):la

[A (12)
b w(z-),0<w(2-) <lif P(E,))<1.
i,j i,j n

has the form:

The generalized
causality has the form:

temporal representation of

r(4) ifr(-3) = false,

iLj 27

= 1,1'frj(-3) = true,

0, otherwise.

(13)

"

In the first case, expression (13) takes into account
the sequence of actions to achieve the result. In the
second case, the state of the intelligent system is taken
into account. The binary values of the rules are
converted to numerical to calculate the probability of
realization of the explanation.

Conclusions

A model of causal dependencies for constructing
an explanation in an intelligent system is proposed. The
model contains the limitations and conditions for
forming the result (the solution of such a system).
Constraints are represented by traditional causal
relationships between actions to achieve results in the
intellectual system. Conditions determine the probable
connections between these actions. The model also
considers the parameters' influence of the intelligent
system state on the achievement of the result.

In the practical aspect, the presented model
provides an explanation in the form of a sequence of
causal relationships with varying degrees of detail based
on the definition of the temporal sequence of actions. In
the absence of information about individual actions, the
explanation can be formed considering changes in the
state of the intelligent system over time.
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TemmnopasbHe NPeICTABICHHS KAay3aJIbHOCTI IPH KOHCTPYIOBAHHI MOSICHEHD B iHTEIEKTyaJbHHX CHCTEMAaX
C. ®@. Yammrit, B. A. JlemmaCcKMit

Anotanisi. IIpegMerom BUBYCHHS B CTAaTTi € IpoLiecH IOOYZOBU IOSCHEHb B IHTEIEKTyaJIbHHUX cucTeMax. MeTorw €
pO3po0Ka TEMIOPaIbHOrO MPEICTABICHHS Kay3aJdbHOCTI Ul TOro, mo0 3ade3nedutd MoOynoBy OIMMCY IPOLECy poOOTH
IHTEJIKTYaJIbHOI CHCTEMM Y CKJIAJi IIOSCHEHHS 3 ypaxyBaHHSM TEMIIOPAJIbHOIO acleKkTy. SIK Haclifok, L€ Ja€ MOXIMBICTh
IIJIBULMTH JIOBIpy KOPHUCTYBauiB 0 PE3YJbTaTiB POOOTH iHTENEKTYalbHOI CHUCTeMH. 3aBIAHHSA: CTPYKTYpU3allis Kay3allbHHX
3aJIeXKHOCTEH 3 ypaxyBaHHSAM BIAMIHHOCTEH NpoOLeECy NPUHMHATTS pillleHb B IHTENEKTyalIbHIM cucreMi Ta ii craHy; po3poOka
TEMIIOPaJIbHOI MOJEINI Kay3albHOCTI JUIs HOACHEHb B IHTEIEKTYyalbHil cucTemi. BukopucroByBaHMMH MiIX0AaMH €: ITJIXOIH 10
OIIMCY Kay3aJIbHOCTI MiJK €JIEMEHTaMH CHCTEMH Ha OCHOBI IPUYMHHO-HACIIIKOBHX 3B'SI3KiB, HA OCHOBI iIMOBIPHICHHX 3aJIeKHOCTEH,
3aJIeXKHOCTEH JUIs TOOYNOBHU HOACHEHD 3 BUIIJICHHAM IPUYMHHO-HACHIJIKOBHX, IMOBIPHICHUX 3B'I3KiB, a TAKOX 3aJIEAKHOCTEH MK
CTAHOM IHTENEKTYaJbHOI CHUCTEMH Ta OTPUMAaHMMHU B Iii CHCTEeMi pEeKOMEHJaLisMH. 3alpONOHOBAHO MOJEIb Kay3aJbHHX
3aJIeXKHOCTEH B IHTENEKTyallbHIN crcTeMi Juist MoOYJ0BH IOSCHEHb 100 NMPONO3ULii 1€l cucremu. BucHoBkn. HaykoBa HOBH3HA
OTPUMAaHUX PEe3YJbTATIB MOJIATa€ B HACTYITHOMY. 3arpOIIOHOBAHO MOJIENb Kay3aIbHUX 3aJI€)KHOCTEH, 1110 IPU3HAYEHI Ul H00Y10BH
MOSICHEHHS B 1HTENEKTYasbHill cucTeMi. Take MOACHEHHS CKJIAJAEThCs 3 JIAHIIOKKA Kay3albHUX 3aJICKHOCTEH, 110 BiI0OpaXkaroTh
TOCIIIIOBHICTD NMPUHHATTS pillleHHs y 4aci. Mozenb OXOIUIoe OOMEXEeHHs Ta yMOBH (DOpPMYBaHHS PE3y/bTaTy iHTENEKTYalbHOI
cucremMd. OOMeXeHHs IpeJICTaBIIeH] MPHYUHHO-HACIIJKOBUMH 3aJISKHOCTAMU MK KIFOYOBUMH JiSIMM 3 JOCATHEHHSI PE3yJIbTarTy.
OOMeKeHHS MatoTh OyTH iICTHHHHMM JJI BCIX IOSICHEHb, JI6 BOHU BUKOPHCTOBYIOTBCS. Y MOBH BU3HAYalOTh MMOBIPHI 3aJI€KHOCTI
MDK TaKMMH JAiSIMH B IHTEIEKTYalbHIH cucreMi. Y MoJel BpPaXOBYEThCS BIUIMB KIIOUOBMX IIApAaMETPIiB CTaHy IHTENEKTYaJbHOI
CHCTEMH Ha JIOCSTHEHHs pe3yibTary. IIpencraieHa Mozens 3a0e3neuye no0y 0By MOSICHEHHS 3 PI3HUM CTYIICHEM JleTali3allii Ha
OCHOBI BU3HAU€HHS TEMIIOPAIBHOI OCIIIOBHOCTI /1iHf, @ TAKOXK 3 BpaXyBaHHSAM 3MiHHU CTaHiB IHTEIEKTYaIbHOI CUCTEMH.

Karo4doBi cioBa: iHTenekTyalpHa CHCTEMa; IOSICHEHHS; Ipouec (OpPMyBaHHS MOSCHEHb; Kay3allbHa 3aJIC)KHICTB;
TEMITIOpaJIbHA 3aJIeXKHICTb.

TeMnopaabHOe MPeICTABICHHS] KAay3aJIbHOCTH PN KOHCTPYHPOBAHNH 00bSICHEHNI B MHTEVIEKTYaIBHBIX CHCTEMAX
C. ®@. Yaimmrit, B. A. JlemmHaCKMi

AnHoTanus. IIpexverom wu3ydeHHsl B CTaTbe SIBILIIOTCS IPOLIECCHI IOCTPOCHUS OOBSCHEHHH B MHTEIUICKTYAJIbHBIX
cucremax. Llenbo sBiserca pa3paboTka TEMIIOPAIBHOIO MPEICTaBICHHS Kay3aJbHOCTH VI TOrO, YTOObI 00ECIEUUTh HOCTPOSHUE
OIHCaHUsI IPoLecca padOThl HHTEIUICKTYaIbHOM CHCTEMBI B COCTaBE OOBACHEHHS C Y4EeTOM TeMIIOpabHOro actekra. Kak ciencrsue,
3TO JIaeT BO3MOXKHOCTH IIOBBICUTH JIOBEpUE MOJIB30BAaTENed K pe3ylbTaraM paOOThl MHTEIUIEKTYaJbHOH CHCTEMBL. 3agadu:
CTPYKTYpU3aLMs Kay3aIbHbIX 3aBUCHMOCTEH C Y4eTOM OCOOEHHOCTEH! Ipoliecca NPHHATHS PELICHHH B MHTEIUICKTYaIbHOI CHCTeMe U
€e COCTOSIHMS; pa3paboTKa TeMIIOpaIbHOW MOJIENH Kay3aJIbHOCTH JUIsl OOBSICHEHHH B MHTEIUICKTYaIbHON cucteme. VcronbzyembiMu
MOAXO0AAMH SBIISFOTCS: MOAXOIbl K OMMCAHHIO KAay3aIbHOCTH MEXIY JIEMEHTaMM CHUCTEMbl Ha OCHOBE NPUYMHHO-CIICICTBEHHBIX
CBSI3eH, HA OCHOBE BEPOSITHOCTHBIX 3aBUCHMOCTEH, a TAalKe HAa OCHOBE (DM3MUECKOro B3aMMOJCHCTBHSA €€ MIeMeHToB. llomydeHsl
CIIEYIOIME Pe3yJIbTaThl. BbINonHeHa CTpyKTypU3alys Kay3aibHbIX 3aBHCUMOCTEH VI HOCTPOSHMS OOBSACHEHHH C BbIIEICHHEM
IIPUUMHHO-CIIC/ICTBEHHBIX, BEPOSTHOCTHBIX CBS3€H, a TakoKe 3aBUCHMOCTEH MEXIY COCTOSHUEM HHTEIUICKTYaJbHOH CHCTEMbI U
TOJTy4EHHBIMU B 3TOH CHCTeMe peKoMeHaausaMu. [Ipeuiokena Mozienb Kay3albHbIX 3aBHCHMOCTEH B MHTEIUIEKTYIBHOM CHCTEME [T
MOCTPOEHUsI OOBACHEHUH OTHOCHTENIBHO IIPEIIOKeHHH 3Toif cucreMbl. BbiBoabl. Hayunas HOBH3HA IONMydeHHBIX pe3Y/bTaToOB
3aKIo4aeTcs B crexyroneM. Ilpemioxkena Mozienb Kay3allbHbIX 3aBUCHMOCTEH, IpeJHA3HAYEHHBIX IS IOCTPOCHUs OOBSCHEHUS B
MHTEIUIEKTYaIbHOH cucreme. Takoe 0OBbsCHEHHE COCTOUT U3 LIETIOYKU Kay3aIbHBIX 3aBUCUMOCTEH, OTPaXKaroIHX M0CIe10BaTeIbHOCTD
NPUHSTHSL PELleHHss BO BpeMeHH. Mozienb OXBaThIBAaCT OrpaHMYEHUs M YCIOBHA (DOPMUPOBAHMS PE3YJbTaTa HMHTEIUIEKTYAIbHOH
cucteMbl. OrpaHUYeHHs TIPE/ICTaBIECHb! IPUUUHHO-CIICCTBEHHBIMU 3aBUCUMOCTSIMH MEXKTy KIIFOUEBBIMH JIEHCTBHSAMH 110 JIOCTHKEHHUIO
pesynbrara. OrpaHMYeHMs] JOJDKHBI ObITh MCTHHHBIMU Ul BCeX OOBSCHEHMH, IZie OHM HCIONB3YIOTCS. YCIOBHS OMPEIEIISIOT
BO3MOJKHBIE 3aBUCHMOCTH MEXJy TAKMMH JCHCTBHAMH B MHTEIUICKTYaJIbHOH cHUCTeMe. B Moznenn y4uThIBaeTcst BIMSIHUE KIIFOUYEBBIX
[1apaMeTPOB COCTOSHMS MHTEIUICKTYAJIbHOH CHCTEMbl Ha IIOMYYEHHE Pe3y/IbTHpYHOIWMX Hpemioxenuil. IlpencraBneHHas Moznenb
oOecrieunBaeT IOCTPOCHHE OOBSCHEHHMS C pPa3HOM CTENEHbIO JCTANM3AlMM HAa OCHOBE OIPENENICHHS TEMIIOpalIbHOH
TOCIIE/I0BATEeIbHOCTH ICHCTBHUH, @ TAKOKE C yJeTOM M3MEHEHHS COCTOSIHNI MHTEIIEKTYaIbHOH CHCTEMBI.

Kao4deBble caoBa: MHTEUICKTYalbHas CUCTEMA; OOBACHEHHS; mHpouecc (HOpMHUPOBaHUS OOBSCHEHHH; Kay3albHas
3aBHCHMOCTb; TEMIIOPAJIbHASI 3aBUCUMOCTb.
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MOJEJIIOBAHHSI MEXAHI3MY BAJIJIAIIL BPA3JIMBOCTEN
TP AKTUBHOMY AHAJII3I 3BAXUIIEHOCTI KOPITIOPATUBHUX
MEPEX 3A JTOIIOMOI' OO IIOJITHOMIB BEPHIIITEMHA

AnoTanis. [IpeaMeToM BUBYEHHS Y CTATTI € MOJIEIb POLIECY AaKTUBHOI'O aHaNiI3y 3aXMILEHOCT] iHpOpMALiHHUX cucTeM
Ta MEpex, 30KpeMa OJJHOro 3 11 KIIOYOBHX KOMIIOHEHTIB, a caMe MeXaHi3My Ballijauii BpasiuBocreil. MeToro aocaixkeHHs €
po3podka MaTeMaTHYHOI MOJIEINi aHalli3y KiJIbKOCTI YCIIIIHOI Ta HETaTWBHOI BaJIZAIN 3a 4ac palioHaJIBHOTO IMKITY Basiarii
BUSIBIICHUX BPA3/IMBOCTEH ITi/l 4aC aBTOMAaTH30BaHOI'0 aKTHBHOIO aHAJIi3y 3aXHUIEHOCT] KOpIopaTUBHOI Mepexi. Pe3yiabTaTn: Ha
OCHOBI IIPOBEACHUX B POOOTI CHOCTEPEXKEHb Ta JOCHIIKEHb (YHKLIOHYBAaHHS 3aC00iB eKCIulyaTalii BUABICHUX Bpa3iIMBOCTEH
OyJI0 IPUIHSTO PIIICHHS MO0 ONUCY IMHAMIKH MPOIECIB BAIIALI] caMe 3a JOIIOMOr o0 MoMiHOMIB bepHiITeitHa, ski yCIinmHo
aIpOKCHMYIOTh aHAJITUYHI 3aJIe)KHOCTI UL KUIBKICHUX XapaKTepHUCTHK Ipolecy Baiaauii BpasnuBocteil. [Ipu 1ipomy, Ha ocHO-
Bi NOPIBHSHHA EMITIPHYHUX Ta PO3PAXyHKOBHMX 3HAUCHb JAHUX XaPaKTEPHCTUK BCTAHOBJICHO, IO BIIXMICHHS € JOIMYCTUMHMH.
BucHoBkH: po3pobiieHa MaTeMaTHYHa MOJIENb 3a0e3neuye OTPUMAaHHS aHAIITHYHUX 3a1€XKHOCTEH JUIs KUIBKOCTI YCITIIIHO BaJli-
JIOBaHHX, HEBAJIIOBAHUX BPa3JIMBOCTEH Ta KUIBKOCTI BUIAJKIB BaJliJallil BPa3IMBOCTEH, 10 NPU3BEIN 10 KPUTHYHUX TTOMMIIOK
3a 4ac PallioHaJIBHOr0 LUKy BaJliallil BUABJICHUX BPa3lIMBOCTEH.

Karo4doBi cioBa: akTHBHHMII aHAII3 3aXUILEHOCTI; BaJlilallisi Bpa3JIMBOCTEH; KOPIIOPaTHBHA Meperka; rnosiiHoMu bepHi-

TEHHA.

Beryn

3a ocraHHI pOKH, pa3oM 3i 3pOCTaHHSIM MOLINpe-
HOCTI KOPIOPaTHBHUX MEpeX Ta e(EeKTHBHOCTI iX BU-
KOpPHCTaHHS JUIsi CTBOPEHHS €IWHOI THYdYKoOl iH(popMa-
LiHHOT cucTeMu Oyab-sKO BEJIHMKOI OpraHi3allii, MUTaH-
Hs 3a0e3redeHHst iHpopmauiiinoi Oesneku (IB) Takmx
Mepex Ha0yBa€ HaJ3BUYAIHO BETUKOTO 3HAYCHHSL.

[Ipu upoMy, OJHHUM i3 aKTyaJbHUX HAIPSIMKIB 3a-
OesneuenHs Ib xKopropaTuBHUX MEpeX € BIIPOBAKEH-
HS HE JIMIIE JIETEKTYIOUMX MEXaHi3MiB KiOep3axwucCry,
SIKI HECYTh 3aBI1JIOMO 3alli3HUINI XapakTep pearyBaHHS,
ajie 1 MPEBEHTHBHUX METOIIB Ta 3aCO0iB 3a0e3IeUCHHS
Ib. Cepen uucna ocTaHHIX, HaWIEPCIEKTHBHIMINMU
3aJIMIIAIOTHCS CUCTEMH aKTUBHOTO aHaNi3y 3aXHIIEHOC-
Ti (CAA3), sIKi 103BOJISIIOTH HE JIUILE BUSABJISITH BPa3IIH-
BOCTI, ajie i BaiIyBaTH iX, TOOTO MiATBEPHKYBATH MO-
JKITUBICTH peaizallii KOHKPETHHX BpasJIMBOCTEW 3a pa-
XYHOK iX eKcIuTyaTtaiii, THM CaMUM BCTaHOBJIOIOYH
(aKTUYHUIA CTaH 3aXMIIEHOCTI iHPOPMAIIHUX CUCTEM
Ta MEpexX, a TakoK (OpMyBaTH PEeKOMEHIAlii Moo
YCYHEHHS iATBEPHKEHUX BPa3IMBOCTEH.

IMocTanoBka mpodaemu. Icayroui CAA3 06azy-
I0ThCSl Ha MPAaKTHYHOMY ayAuTi iHpopMaliiHoI Oe3re-
KM, BKJIFOYAIOYH MACHBHI Ta aKTUBHI METOJM BHUSBJICHHS
1 TATBEPIUKEHHS BPa3IUBOCTEH iH(pOpMaIiiiHUX cuc-
TeM (30KpeMa, METOJM TPOBEIEHHS TECTyBaHHs Ha
npoHukHeHHs1). [Ipy 11bOMY, MPOBIAHI JOCITIIKEHHS Ta
pO3pOOKH TependavyaroTh BUKOPHCTAHHS MEXaHI3MiB
LITYYHOTO IHTENEKTY, TaKUX 5K, KIACH4YHi aJrOPUTMH
MAaIIMHHOTO HAaBYaHHS, HEHPOHHI MeEpexi, MapKiBChbKi
MPOLIECH MPUHHATTS pillleHh B YaCTKOBO CIOCTEPEXKY-
BaHOMY CEpENIOBHIIII Ta iHIII, JUIs IPOTHO3yBaHHs, ILIa-
HYBaHHS Ta TE€HEPYBaHHS YCIIIIHOTO BEKTOpa aTakw,
aBTOMaTu3allii mpolecy MOIUIYKy Ta eKCILTyartalii Bpas-
nmuBoctei. OfHaK, CIii 3a3HAYMTH, IO MPH PO3poOIi
MOAIOHUX METOJIB MaJI0 NPHIUISETHCS yBaru JOCHi-

JOKEHHIO OJJHOTO 3 KIIFOUOBHUX KOMITOHEHTIB OYyIb-sSKOT
CAA3, a came MexaHi3My BaJlifalii Bpa3iuBOCTEH, 30-
KpeMa Horo aHajizy Ta MOJIETIOBaHHIO.

AHaJi3 oCTaHHIX JoCHiIKeHb i myOsikamii.
[IpoBenenuii aHasi3 OCTaHHIX JOCHTIHKEHB 1 MyOTiKaIii
MOKa3aB, M0 iCHYE PsAI MOICNEH Ta alropuTMIB, SKi
IO3BOJISIFOTH 3 PI3HUM CTYIIEHEM JeTalli3allii OmucaTu
MPOLIEC aKTHBHOI'O aHaJi3y 3aXHUILIEHOCTI, 30KpeMa ue-
pe3 MOJIEITIOBaHH MEpeKeBUX aTak. JlaHi MO BHKO-
PHUCTOBYIOTh pI3HY MaTeMaTH4Hy 0a3y, OIHaK Oiyb-
IICTh 3 HUX 3aCHOBaHI Ha KiHIICBHX aBTOMAaTaXx i mpen-
CTaBJISIOTH TIPOILEC aHaTi3y 3aXHUILEHOCTI abo araky B
SIKOCTI TTOCITIZIOBHOCTI CTaHIB aBTOMATA.

OCHOBHUM HEJONIKOM BUKOPUCTAaHHS MOJIEIeH
rpadiB aTak B aHaJi3i 3aXHIICHOCTI € MOXIIUBICTh iX-
HBOTO 3aCTOCYBAHHS JIMIIE JUIs CLEHAPiiB MPOBEICHHS
aHaJli3y 3aXMIIEHOCTI B HEBEJIMKUX MeEpexax, depes
npoOJieMy IMIBUIKOTO 3pOCTaHHs CcTaHiB. [l BUpilIeH-
HA 1€l mpobsemMu, y podorti [1] 6ymno tpanchopMoBaHO
creHapii nponukHeHHs B momanHs PDDL (Planning
Domain Definition Language) Ta BUKOpHCTaHO KJIacHy-
HUH aNrOpHUTM IUTaHYBaHHS JUIS MOUIYKY LUISXIB aTak.
OxpiM 1pOro, /Ui BpaxyBaHHS HEBH3HAYEHOCTI B Clie-
Hapii TecTyBaHHs Ha NMPOHUKHEHHsSI KOMIT IOTEPHOI Me-
pexi, B [2] npobneMa IutaHyBaHHsS aTtak Oyna 3moje-
JbOBaHa B TEPMiHAaX YacTKOBO CIIOCTEPEXKYBaHUX Map-
KiBCBKHUX TIpOIIeciB NpUiHATTS piteHs (POMDP).

OpHak, OCKIIBKY Miaxoau, 3acHoBaHi Ha POMDP,
HE JI03BOJISIIOTH MaclITabyBaTH MOJENb J0 PUHHATHHAX
pOo3MipiB, B pobOTi [3], aBTOPH MOAEITIOIOTh TECTYBAaHHS
Ha MPOHUKHEHHS SIK YaCTKOBO CITIOCTEPEKYBAHY YMOBHY
npo0JieMy, AOMYCKarOUM YaCTKOBY CHOCTEPEXKYBaHICTh
Ta HeAeTepMiHOBaHi eeKTH Jii.

Takox, ciig BigzHauuTu podotry [4], B skii Oyrno
00TOBOPEHO PO3POOIIEHHSI EKCIIEPTHOI CUCTEMH Ha OC-
HoBi POMDP Ta 3anpornoHoBaHo moinuieHHs ii edex-
TUBHOCTI 32 paXyHOK BHKOPHUCTaHHS METOZOJIOTI] aBTo-
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MAaTU30BAaHOTO IUIAHYBAHHS Ta MPOIECY HMPUHHITTA pi-
meHb MapkoBa.

3 TOYKH 30py OOMEKEHHS PECypCiB Ta OOYHCIIIO-
BaJIbHOI CKJIAJTHOCTI aJTOPUTMIB IUIAaHYBaHHS aTak, sKa
MOJKE BUHUKHYTH 9epe3 CKIAIHICTh IUIaHyBaHHs rpadis
aTtak, HeoOXiIHO BigMIiTHTH poboTH [5-7]. 30KpeMa B [5]
OyJI0 3ampONOHOBAHO ABTOMATHYHUI QJITOPUTM TeEHe-
pyBaHHs rpada aTak Mpu TECTYBaHHI Ha MPOHUKHECHHS,
SIKMH CKOpOYY€E HAUTMIIKOBY iH(opMarito IUIIXOM Orl-
TUMI3allii TOMOJIOTIT MEPEXKi Mepel CTBOPECHHIM CaMOro
rpada atak.

TakuM 4MHOM, 3 KOPOTKOTO JITEPATYPHOIO OTJISIITY
MOJKHA 3aHAYUTH, IO MIPU MOJICITFOBAHHI MPOIIECY aKTHU-
BHOTO aHaJi3y 3aXHIIEHOCTI, 30KpeMa TeCTyBaHHs Ha
MIPOHUKHEHH, 30BCIM HE PO3TIIIAETHCS MUTAHHS SKOC-
Ti IPOLIECY TAKOTO aHaJI3y.

Mertor cTaTTi € po3poOka MaTeMaTHIHOI MOJEINI
aHaJTi3y KUTBKOCTI YCIIITHOI Ta HErAaTUBHOI BaJIifamii 3a
yac pallioHaJbHOIO IMKIY BaJlifailii BHSBICHUX Bpa3-
JIUBOCTEH TiJl Yac aBTOMATU30BaHOI'O aKTHBHOI'O aHaIi-
3y 3aXHIIEHOCTI KOPIIOPATHBHOI MEPEXKi.

BuKkJ1aJ] 0CHOBHOTO MaTepiajy

Sk Bxe 3a3Hayajocs paHille, iCHYIOUi CHCTEMH
aKTUBHOTO aHAJI3y 3aXHUIIECHOCTI iH(QOpMAIliiHUX CHC-
TEM Ta MEPEK BKIIFOYAIOTH JIBA THITU 3aCO0IB: MMTACHBHI —
3aco0M BUSIBJICHHS TOTEHLIWHUX BPa3IMBOCTEH IIJIHO-
BUX CHCTEM (Tak 3BaHi CKaHepu Oe3MeKH, cepell SKUX
cmin Bumiut NeXpose, Nessus vulnerability scanner,
OpenVAS Vulnerability Scanner) Ta akTHBHI — 3aco0H
eKCILTyaTallii BUSBICHHX Bpa3JIUBOCTEH, abo sK ix mie
Ha3UBAIOTh — 3aCO0M MPOBE/ICHHS TECTYBAaHHS Ha IIPO-
nukHeHHs (Metasploit Framework, Core Impact,
SAINT Security Suite Ta iH.).

3araiom, HEOOXiJHICTh B MEPEBIpIli MOXKIMBOCTI
peasizauii BUABIEHHX BPa3JIUBOCTEH, TOOTO iX Baliga-
1ii, BUHUKA€E 4Yepe3 Te, 0 CKaHepu Oe3IeKu J03BOJIs-
FOTh BUSIBIIATH JIUIIIE TOTCHIITHI BPa3IMBOCTI MiJHOBUX
CHCTEM, TIPHU I[bOMY JIOIYCKAIOYH XHOHICTh TaKuX CIpa-
LIOBaHb, sIKa MOJISITa€ B HEMOXJIUBOCTI (haKTUUHOI pea-
Jti3anii BUSIBIIEHOT BPa3JIMBOCTI 3 OOKY 3JI0BMUCHHKA.

I Tomy B poboti Oyno mpoBeneHo psn crocTepe-
JKeHb (DYHKIIIOHYBaHHS caMe 3aCO0IB €KCILTyaTallil BUsB-
JICHUX BPa3JIMBOCTEH HAa OCHOBI SIKMX BCTAHOBJICHO, IO
SIKICTh BaJliJamii Bpa3IMBOCTEH XOCTIB IJIbOBOI KOPIIO-

pPaTUBHOI Mepexki BU3HAYAETHCS BEKTOPOM (qs,q f,qc)

TPHOXBUMIPHOTO ~BEKTOPHOTO MPOCTOPY, 1€ ¢, —

abcIyyca, sika BU3HAYa€ KUIbKICTh YCIIIITHO BaJliIOBaHUX
BPA3/IMBOCTCH, ¢, — OP/MHATA, K4 BU3HAYAE KUIBKICTH

HeBaJ'IiI[OBaHI/IX BpaBJ'IPIBOCTeﬁ Ta (. —armiKaTa, sSKa

BHU3HAYA€ KUIBKICTh BHUMAIKIB BaliJamil Bpa3JIUBOCTCH,
IO MPU3BENTH 10 KPUTHYHUX TOMHIIOK Ha I[JIbOBOMY
XOCTI Ta MOAAIBIIOI BTPATH 3 HUM 3B SI3KY.

KokHa 3 BKa3aHMX KOOpDJHMHAT 3 ONHIEI CTOpOHH
HEMepepBHO 3MIHIOEThCS B Haci (4ac palioHaJbHOTO
LUKITY), IPOTSATOM SIKOTO TIPOBOJIUTHCS] aKTUBHHI aHAITI3
3aXHIIEHOCTI OKPEMOro LIBOBOTO XOCTa Ta KOpIopa-
TUBHOI Mepexi B LIJIOMY, a 3 1HIIOI, BCI TPH KOOPIUHA-
TH TIOB’S3aHI MK COOOI0 JEAKOH (DYHKI[IOHATBHOIO
3aJIeKHICTIO.

OpHak, Ha BiZIMiHY BiJl JeTepMiHOBaHUX ITUHAMIY-
HHUX CHUCTEM, SIKi MOYKHa OIHCATH CUCTEMaMH IU(epeH-
LiaJIbHUX PIiBHSHB, 10 OYIYIOTHCSI HA OCHOBI MPUPOIH
CHCTEMH, 3aBJIaHHS BHUSIBJICHHS BaJlifallil Bpa3jIMBOCTEH
HE € ONHO3HA4YHMM. ToMy, BapTO PO3B’S3yBaTH laHE
3aBJaHHs, CTBOPIOIOYH AHATITHYHI 3aJISKHOCTI, SKi B
CBOIO Uepry € PO3B’s3KaMHM JISSIKOi CUCTeMU AudepeHIri-
aJBHUX PIBHSHB.

s uporo, crepury Oysio MPOBEIEHO NOCIiIKEeH-
HS poOOTH OTHOrO 3 BiIOMHUX 3ac00iB aBTOMAaTM3aIlil
MpoLIeCy aKTUBHOTO aHalli3y 3axWIIeHOCTI — Armitage
[8]. Hanwuii 3acid € 6e3KOmMTOBHUM TpadidHUM IHCTPY-
MEHTOM YIIPaBJIiHHS KibepaTakaMu 3 BiJKPUTUM KOIOM,
¢akTyHO TpadiuyHOI O0OJIOHKOIO JUIS paHille 3ramy-
BaHOro 3aco0y eKCIuTyaTallii BpasnuBocTeld Metasploit
framework, sika cripomrye Ta B IeBHil Mipi aBTOMaTH3Ye
poboty 3 QpeHMBOPKOM.

JlocmimkeHHs BiOyBaIoCs 32 paxyHOK CHMYJISIi
MpoLIeCy Bajijalii Bpa3MBOCTEH OKPEMHX XOCTIiB I10-
TEHLIHOI 1IJIbOBOI KOPIOPAaTHBHOI MEpeXi Ha cliemia-
JIBHO CTBOPEHOMY TECTOBOMY CTEHJIi, PE3YJIbTaTH HaBe-
neHi B Tabn. 1 (me J — 3arajpHa KiJbKICTh CIIPOO eKc-
IutyaTtanii BHSBJIEHHX BpPa3jMBOCTEH OKPEMOro XOCTa
LTBOBOT KOPIIOPATUBHOI Mepexi; ¢ — 3arajbHUil uac
MIPOBEACHHS Baijamii BUSBICHUX BpPa3IMBOCTEN OKpe-
MOI'0 XOCTa IIIJIbOBOi KOPIOPAaTHBHOI MEpEeXi, BHpaxke-
HUH B CEKyHJax).

[Ipu 11bOMY, CIIMCOK XOCTIB 0y710 ¢hOPMOBAHO BU-
XOJISTYM 3 CTATUCTUYHHX JIAHUX MIONO PO3IOBCIOKEHO-
CTi BUKOPHCTaHHSI KOHKPETHHUX OIEPAIlifHUX CHCTEM B
cBiTi [9] Ta 30kpema B Ykpaini [10].

Tabnuya 1 —Pe3ynbTaTu NpoBeeHHs Bajiaanii
BPa3JIMBOCTEH 32 J0IIOMOroI0 armitage

[Tnatdopma (OC) J qs qr q. t

Windows XP SP2 312 3 306 3 345
Windows XP SP3 98 3 93 2 86
Windows 7 85 2 80 3 65
Windows 8.1 83 1 81 1 58
Windows 10 84 0 83 1 154

Windows Server 9 ) 92 2 82

2008 R2

;Y)ilngiows Server 39 0 39 0 71

Mac OS X 10.13 63 1 61 1 115
Mac OS X 10.14 46 1 45 0 83

Metasploitable 2 765 3 762 0 293
Metasploitable 3 780 3 777 0 330

3 nmaHux TaOMUII BHIHO, IO Yac palliOHaIBHOTO
LUKy MTPOBEJCHHS Ballifallii Bpa3auBOCTeW, B JaHOMY
BHIIAJIKY, CKJIafnae 345 cekyHa. 3MiiCHUBIIN HOPMYBaH-
Hs Bizgpi3ka yacy [0;345], orpuMyeMO HOpMOBaHHH yac

Ha Biapi3ky [0;1], sikuii npencrasiaeHo B Tabm. 2. Tomi
3HAYCHHs 3MIHHUX ¢ (1,), 41 (t,), q.(t,) , Ak QyHKuii

BiJl yacy HOpMYBaHHs, IIPeJICTaBIIeHi B Ta0II. 3.
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Tabnuys 2 — HopmyBaHHS 4acy paioHAJIbHOTO0 IUKITY

t — peanpHUi Hac 0| 58 65 71 82

83 86 115 154 293 330 | 345 | 0

t, —HopmoBanuituac | 0 | 0,168 | 0,188 | 0,206 | 0,238

0,241 | 0,249 | 0,333 | 0,446 | 0,849 | 0,957 1 0

Tabnuys 3 — 3HaYeHHs KITBKOCTI yeminIHo BaJi1oBaHuX ¢(7,), HeBAJiI0BaHUX BPAa3INBOCTell Ta BUNAAKIB BaJianii
qA(t,), 10 NPU3BEJIM 10 KPUTHIHUX TIOMHUJIOK ¢ (1,)

t,— mopmoanmiiuac | O | 0,168 | 0,188 | 0,206 | 0,238 | 0,241 | 0,249 | 0,333 | 0,446 | 0,849 | 0,957 | 1 | 0
qs(t,) 0 1 2 0 2 1 3 1 0 3 3 310
it 0 81 | 80 | 39 | 92 | 45 | 93 | 61 | 8 | 762 | 777 | 306 | 0
qut) 0 1 3 0 2 0 2 1 1 0 0 310

BukopuctoBytoun teopemy bepHmteitna [11],
CYTHICTh SIKOI IIOJISITa€ B TOMY, IO JOBINBHY Hemepe-
pBHY QyHKIif0O f(f), siIka BH3Ha4YeHa i HelepepBHO-
nmudepeHiiioBada Ha Biapisky [0;1], MoxxHa mpencTa-

BUTH y BUIIISAL ITOJIHOMY
n
f(tn) = Z f(%)bk,n (tH) >
k=0

k, k —k
ne by, (t,)=Cyt,"(1=1,)"".
BukopucroByroun naHi 3 Tabi. 3 i mpeacTaBIeHHS

(1) Oynm oTpuMaHi MOYATKOBI aHAJTITUYHI 3aJIEKHOCTI
JUT. KUTBKOCTI YCITIIIIHO BaJIiIOBAHUX Bpa3IMBOCTEH

a5 =45(,)
q5(t,) = q5(0)bg 11(1,) +q5(0,168)y 11(2,) +
+q,(0,188)by 11(1,) +q5(0,206)b3 11 (2,,) +
+q5(0,238)b4 11(8,) +44(0,241)bs 11 (1,) +
+q4(0,249)b 11 (1) +q4(0,333)by7 11 () +
+q,(0,446)bg 11(1,) +4(0,849)bg 11 (2,) +
+45(0,957)byo.11(4,) + 45 Wby 111 ().
[Ticns micTaHOBKY BiIIIOBIAHUX 3HAYCHB 3 Ta0M. 3:
s (1) = by 11(8,) +2by 11 (8,) +2by 11 (1) +
+bs 11 (t,)+3b6 11 () +b7.11(,) +
+3bg 11 (t,) +3b10.11 (1) +3b11 11 (2,).

B tabn. 4 npexacrasineni sHaueHHs by 1y(7,) A

(1)

)

k=0...11. B tabn. 5 npencrasneHi MopiBHUIbHI 3HAYEH-
Hsl pe3yJbTaTIB OOYMCIEHHS 1 qaHux 3 Tadm. 3 ((¢, — Hop-

moBanuit vac, ¢°(t,), q”¢(t,) — emmipnuni Ta pospa-
XYHKOBI 3HaueHHs BimmoBimHo, O =|q¢(z,)—qf ()| —

BiZXWICHH:). SIK BUIHO 3 TaOJ. 5, BIAXWICHHSA MiX €M-
MiPUYHUMA JaHUMH 1 PO3PaXxyHKOBHMH JAOIYCTUMI, a
mpu 30UTBIICHHI KUTBKICTh 3HAuY€Hb, IIi BiIXWICHHS
CTaI0Th BCE MEHIII 1 MEHIIII.

Tabnuys 4 — 3navenust noainomis by ;(1,)

OpHak, IS MTOJANBIIUX JOCIIIKEHb, OB’ I3aHIX
3 XMOHUMH CIIpoOaM¥ BaiJanii Bpa3iIuBOCTEH Ta 3 BH-
MaIkaM¥ BaJIiAaIlii, siki IPU3BEIH 10 KPUTUYHUX [TOMH-
JIOK, 1151 PI3HUILI HE CYTTEBA.

I'padik 3anexxHocTi (2) npencrasieHo Ha puc. 1. 3
rpadika BHAHO, WO GYHKIIA (g =(g(t,) ycmimHoi
BaJIifallii Bpa3IMBOCTEH 3a70BOJIbHAE YMOBI Jlimmrurs
[11], TobTo, Mt HOBUTBHHX tg) , tgz) €[0;1] icnye
K > 0, 110 BUKOHY€ETHCS HEPIBHICTb

€)

3 ymoBH (3) BUILTHBAE, 11O iICHYE MPSIMOKYTHA 00-
7acTh, 3a Mexi skoi rpadik dymkuii g, =¢q,(¢,) He

4, 00) =g, )| < K [0~

BUXOIUTH. Lle 1ae MOXIHBICTh B IoJabIioMy OyayBa-
TH 3aKOHH PO3MOALTY HMOBIPHOCTEH KIJTBKOCTI YCIIIIHO
BaJIiIOBAaHUX BPA3JIMBOCTEH, 10 MPHU3BEE 10 METOJUKH
PO3paxyHKy PU3MKIB BTpAT BiJl HEBaJiJOBAHUX BpPa3JIH-
BOCTEH, SIKi IPU3BOJSATH 10 KPUTUYHUX MOMMIOK. Kpim
TOro, sIK OyIio mokaszaHo B [11], mpyu BUKOHaHHI YMOBH
(3), cpaBeyiuBa OITiHKA

|B,(q5.t,) — a5 (t,)| < K \Jt,(A=1,)/n. 4)

3 rpacdika BugHO, mo QyHKLis qg =qg(t,) ycmi-
IIHOI Bamijanii Bpa3IuBOCTeH 3a10BONIbHsIE yMOBi Jlin-
g [11], To0To, At AOBLIBHUX tg) ,tgz) e[0;1] ic-
Hye K >0, 1110 BUKOHYETHCS HEPIBHICTh

1 2 1 2
4, ()= g, ()| < K [P —12)] 3)

3 ymoBH (3) BUILTHBAE, 11O iICHYE MPSIMOKYTHA 00-
7acTh, 3a Mexi skoi rpadik dyHkuii g, =¢q,(¢,) He
BUXOJUTb.

Lle nae MOXJIMBICTh B MOAAIBLIIOMY OynyBaTH 3a-
KOHU PO3MO/LTY HMOBIPHOCTEH KiJBKOCTI YCIIIIHO Ba-
JIIOBaHUX BPA3IMBOCTEH, IO MPHU3BENE IO METOIUKH
PO3paxyHKy PU3MKIB BTpAT BiJl HEBaJiOBAHUX BpPa3JIH-
BOCTEH, SIKI IPU3BOASATH JIO KPUTUYHHUX TTOMHIIOK.

k b @) k b @) k b @) k b @) k b @) k b @)
0| (-0 |3 |1652(1=0) | 4 | 3304 (1-1)" | 6 | 4620(1-¢)° | 8 | 165 (1-¢)° | 10 | 110(1-0)
U (=0 | 2 | ss2(1-0) | 5| 4625 (1-0)° | 7 | 3307 (1-0)* | 9 | 55°(1-4)" | 11 A
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Tabnuys 5 — IopiBHAIBHI 3HAYEHHS 1A ¢,(f,)

iy q°s(t,) q” () 0 T q°s(t,) q”s(,) 0

0 0 0 0 0,249 3 1,181262 1,818738
0,168 1 1,065446 0,065446 0,333 1 1,309026 0,309026
0,188 2 1,100162 0,899838 0,446 0 1,494756 1,494756
0,206 0 1,126111 1,126111 0,849 3 2,425641 0,574359
0,238 2 1,167208 0,832792 0,957 3 2,970647 0,029353
0,241 1 1,171013 0,171013 1 3 3 0

KinbKicTb ycniluHO BanigoBaHWX Bpa3nvMBOCTeN LinboBoi cuctemu, qs(f)

BiaxwieHHs1) Ta tabn. 7 (0=|q¢(t,)—qF (¢,)| — Biaxu-

3,5
3 . . .
\ / neuns; ¢°.(1,), q%.(t,) — eMmipnuHi Ta PO3PaxyHKOBI
1
\ Z . . . . . . .
2 P 3HAUCHHS BIIIIOBITHO) IPEACTABJICHI BiMOBIAHI TOPIB-
2 1 | /I HSUTBHI 3HAYEHHS! Pe3YJbTATIiB OOYMCIIEHHS 1 JaHHUX 3
s j | ‘\‘ y tabim. 3. Takox, ciif Big3HAuWTH, 3 puc. 2 Ta 3 BUIHO,
1 1 \ e .
I I 7 = = -
. HHE / o QyHKIT gr=4q7,) 1 9. =9, (¢,) TakoX 3a70BO
| \ i JBHAIOTH YMOB1 Jlinmuus.
1 A\ 7
0,5 I', —
0 / AN KinbkicTb Banigauin spasnueocten, g4t)
0 0,2 04 0,6 03 1 1,2 900
Yac, npotsirom sikoro 6ynu BanifgoBaHi BpasnueocTi, t, 800 —
Puc. 1. 3anexHICTh KUTBKOCTI YCHINITHO BaJIiIOBAHMX 00 - '
BPAa3IMBOCTEH LUIHOBOI CHCTEMH BiJI yacy 600 7 ',
PaLiOHAIBHOTO IHKITY 500 i !
400 ,, !
Kpim Toro, sk 0ymno mokasano B [11], mpu Buko- 30 =
HaHHI YMOBH (3), CIpaBe/I/IMBa OIliHKa 200 /
100 = Z
|Bn(qsatn)_qs(tn)|£K\/tH(l_tH)/n' (4) 1]
0 02 04 06 08 1 12

3 HepiBHOCTI (4) BHUIUIMBAE, IO iICHYE TaKe JOMAT-

He yucio K , IpH SIKoMy
=K t,(1-1,)/n .

0= qf‘(tn)_qsl‘y(tn)

SanexHicTh (5) Ta€ MOKIIUBICTh 33]]aBaTH BiIIOBI-
JIHY TOYHICTh JUIS BU3HAYCHHS CTEIeHi n MojiHoMa be-
pHIITeitHa. BukopucroBytoun naHi 3 Tabn. 5 Ta 3anex-
HicTh (5) Oyno OTpUMaHO MaKCHUMalbHE 3HaueHHS K
s gg =qg(t,) : max(K;)=13,949121, ne i e [1;11).

AHaoriuHO, BUKOPHCTOBYIOUH TIpeacTaBieHHs (1)
Ta JaHi 3 Tabi. 3, OTPUMYEMO MMOYATKOBI aHAJITHYHI 3a-
JISKHOCTI JUIsl KIIBKOCTI HEBaJIiIOBAaHHMX Bpa3lMBOCTEN
g7 =qy(t,) (3anexHicts (6), puc. 2) i KiIbKOCTI BUIAJ-

©)

KiB BaJIiamii Bpa3IMBOCTEH, 10 MPU3BEIH 10 KPUTHIHUX
HOMUIIOK ¢, = q,.(¢,) (3anexHicts (7), puc. 3).

q7(t,) =81by 11(4,)+80by 11(1,) +39b5 11(1,) +
+92b4 11(1,,) +45bs 11(1,,) +93bg 11(1,) +

Yac, npoTArom sIKOro He Banigysanucb BPasnuBeocTi, B,
Puc. 2. 3anexHicTh KibKOCTI HEBAJIiIOBAHUX BPa3IMBOCTEH

LTHOBOI CHCTEMH BiJI 4acy pailioHaAJIBHOIO LUKITY

KinbkicTb BanigoBaHux Bpa3nmMBOCTEW, siki npuBenu
[0 KPUTUYHUX MOMMIOK B LiNbOBIN cucTemi, gft)

35

2,5

15

[

ft

0,5

N

o

o r Q
o 3

|

a
4

05
Yac, npoTtsirom sikoro 6ynu BusiBrieHi Banigauii BpasnmeocTen, t,

Puc. 3. 3anexHICTh KUTBKOCTI BaJiZaIlii Bpa3IUBOCTEH,

(6) : SO
+ 1 + + 2 + SIK1 IIPU3BEJIN 10 KPUTUYHUX ITOMUJIOK B HJILOB1M
6 b7'1 1 (tH) 83b8' 11 (t” )+76 b9'l I (t”) CHCTEMI BiJI 4acy panioHaJBHOIO LUKITY
+T7TTbyg 11(4,) +306by 11(2,)-
OKpiM [IbOr0, BUKOPUCTOBYIOUH JaHi 3 Taba. 61 7
, = + +2 + . ’ .
G (t) = by () 302,11 () + 24 11ty ) (7) Ta 3aNeKHICTH (5), OTPUMYEMO MAKCHMAJIbHI 3HAYEHHS

+2b6 11(t,) +b7.11(t,) +bg 11(8,) +3by1 11 ()

B Tabn. 6 (¢°/(t,), ¢” s (t,) — evmipumi Ta pos-

PaxyHKOBi 3HaYeHHs Bi/NoBiTHO; 0 =|q% (4,)— q.l; ®,)

K ie[l11):
i gy =qp(,): max(K;)=4880,359905 ;

wis g, =q.(t,): max(K;)=30,411511.
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Tabnuys 6 — IopiBHsLILHI 3HAYEHHS LISt ¢ £ @)

te | aCp@) | aP @) | O=lar)—af @) |t | 4°p@) | aPp@) | 0=|a7)-af ()

0 0 0 0 0,249 93 65,743882 27,256118
0,168 81 62,547827 18,45217 0,333 61 67,844585 6,844585
0,188 80 63,809242 16,19076 0,446 83 78,745219 4,254781
0,206 39 64,596778 25,596778 0,849 762 538,115125 223,884875
0,238 92 65,508850 26,49115 0,957 777 478,499059 298,500941
0,241 45 65,575300 20,5753 1 306 306 0

Tabnuys 7 — IopiBHsIBHI 3HAYEHHS 15 ¢(Z,,)

t | q%.@) | 4'.,) | O=|ac@,)-al,) te | q%.@) | 4F.,) | O=|ac@)—al,)

0 0 0 0 0,249 2 1,335418 0,664582
0,168 1 1,337389 0,337389 0,333 1 1,221982 0,221982
0,188 3 1,360285 1,639715 0,446 1 1,125939 0,125939
0,206 0 1,364959 1,364959 0,849 0 0,731249 0,731249
0,238 2 1,346917 0,653083 0,957 0 1,860081 1,860081
0,241 0 1,343984 1,343984 1 3 3 0

HA auepeHIifHUX PIBHAHL OYJI0 BUKOPHCTAHO TOJIHO-
BucHoBKH Anepent P Y P

Takum urHOM, B po0OOTI OYII0 pO3pOOIICHO MaTeMa-
TUYHY MOJIENb aHaJli3y KUIBKOCTI YCIINIHOI Ta HETaTHB-
HOI BaliJalliif 3a Yac paljiOHAIFHOTO LUKy Bajigarii
BUSIBIICHUX Bpa3JIMBOCTEH IIiJ] 4ac aBTOMATH30BAHOT'O
aKTHBHOT'O aHaJi3y 3aXHUIEHOCTI KOPIOPATHBHOI MEPEXKI.
Crizt BII3HAYMTH, 10 Yepe3 HEMOXKIIMBICTh BUKOPUCTaH-

MU bepHInTeliHa, sKi yCHIIIHO anpoKCUMYIOTh aHAJIITHY-
Hi 3aJIEKHOCTI /TSI KiJIBKOCTI YCITIIITHO BaJIiIOBAaHUX Bpa-
37IMBOCTEH, HEBaJIIOBAHUX BPa3IMBOCTEH Ta KiJIBKOCTI
BHITQJIKIB BAJTIAAIIIT BPA3IMBOCTEH, 1110 MPHU3BEIH 10 KPH-
TUYHHX MTOMUIOK. [Ipy IbOMY BHUHHKA€E TIEBHE BiIXMICH-
Hs yepe3 Te, IO B XOJi JOCHIPKeHHs OyJo B3STO HeBe-
JIUKY KiJIBKICTB TOJ@HKIB, OJTHAK II€ € JIOIYCTHMHM.
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Modeling the vulnerabilities validation mechanism in the active analysis of the security
of corporate networks using Bernstein polynomials

Roman Kyrychok, Herman Shuklin, Oleg Barabash, Galyna Gaidur

Abstract. The subject of the article is the models of the process of active analysis of the security of information sys-
tems and networks, in particular, one of its key components, namely the vulnerability validation mechanism. The purpose of
the article is to develop a mathematical model for analysing the number of successful and negative validations over a rational
cycle of validation of identified vulnerabilities during an automated active analysis of the security of the corporate network.
Results: Based on the observations and studies of the exploitation tools of the identified vulnerabilities, it was decided to
describe the dynamic of the validation processes using Bernstein polynomials, which successfully approximate the analytical
dependencies for the quantitative characteristics of the vulnerability validation process. Also based on a comparison of the
empirical and calculated values of these characteristics, it was established that deviations are permissible. Conclusions: The
developed mathematical model provides with analytical dependencies for the number of successfully validated, invalidated
vulnerabilities and the number of vulnerability validation cases that led to critical errors over the rational cycle of validation
of identified vulnerabilities.

Keywords: active analysis of the security; vulnerability validation; corporate network; Bernstein polynomial.

MopneupoBaHue MeXaHM3Ma BAJIMIALMH YA3BHMOCTEI IPU AKTHBHOM aHaJIM3e
3aLIMIIECHHOCTH KOPNOPATHBHBIX ceTeil ¢ MOMOLIbI0 N0IMHOMOB bepHiuTeiina

P. B. Kupuuoxk, I'. B. Illyknun, O. B. Bapa6am, I'. U. Taiixyp

AuHoTanusi. IlpeamMeroM n3ydeHHs CTATbH €CTh MOJEIH MPOLECcCa aKTUBHOIO aHAJIN3a 3allUIICHHOCTH HH(OpMa-
LMOHHBIX CHCTEM M CETeil, B YaCTHOCTH OJHOTO M3 €ro KIIFOUCBBIX KOMIIOHCHTOB, 2 HUMEHHO MEXaHH3Ma BATHIALUH YSI3BUMO-
creil. IlesibI0 ¥MccIen0BaHUS SBIACTCS pa3padoTka MaTeMAaTHISCKOH MOJEIH aHajIn3a KOJUYEeCTBa YCIENIHON U HeraTUBHOM
BTN 32 BpeMs Pal[MOHAILHOIO LIUKJIA BAUIALNH BISBJICHHBIX YI3BUMOCTEH BO BpeMs aBTOMATH3UPOBAHHOI'O AKTHB-
HOTr'0 aHaJIM3a 3allUIICHHOCTH KOPIIOPaTUBHOM ceTH. Pe3ylIbTaThl: Ha OCHOBE IPOBEJCHHBIX B paboTe HAOMIONEHUN U HCCle-
JIOBaHUI (YHKIMOHUPOBAHHS CPEACTB IKCILUTyaTAl[MU BBISBICHHBIX YI3BUMOCTEH OBLIO MPUHSTO pelIieHHe 00 ONMUCAHHS -
HAMUKH MIPOLIECCOB BAIUAAIIMH UMEHHO C ITOMOIIBIO TIOJIMHOMOB BepHIiTeiiHa, KOTOpbIe YCIEUIHO allpPOKCUMHUPYIOT aHaJIH-
THYECKUE 3aBUCUMOCTH JUISl KOJMYECTBEHHBIX XapaKTEPHCTHK Ipolecca BalWAalndk ys3BUMocTei. IIpu 3TOM, Ha OCHOBE
CpaBHEHHUS IMIIMPUYECKUX M PACUCTHBIX 3HAUCHHUII TAHHBIX XapPAaKTEPUCTHUK YCTAHOBJICHO, YTO OTKJIOHEHHS JOMYCTHMBI. BbI-
BOJBI: pa3paboTaHa MaTeMaTHyYecKas MOZENb 00eCIeYnBaeT MOTyYeHNEe aHATMTHISCKUX 3aBUCHMOCTEHN IS KOJIMYeCTBa yc-
MEUIHO BaJMANPOBAHHBIX, HEBAIUIOBAHUX YSA3BHMOCTEH M KOJIHYECTBA CIIy4aeB BAIUIALNH YSI3BUMOCTEH, KOTOphIC TPUBEIN
K KPUTHYECKUM OIIMOKaM 3a BpeMsl PalliOHAIBHOIO LMK/ BATUJALNH BBISBICHHBIX YSI3BUMOCTEH.

KuarwueBbie ca0Ba: aKkTHBHBII aHaU3 3aILUIICHHOCTH; BaINIALUS ySI3BUMOCTEH; KOPIOPATUBHAS CETh; MOJINHOMBI
bepamrreiina.
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ANALYSIS AND COMPARATIVE RESEARCHES OF METHODS
FOR IMPROVING THE SOFTWARE

Abstract. The results analysis of main methods for identifying software vulnerabilities presents in the article. The results
of authors’ research, synthesizing and regulating knowledge about systems for detecting software vulnerabilities, are presented.
The software analysis methods used during certification tests are considered. It is shown that the methods and techniques existing
for software security analysis use do not ensure the result accuracy under fuzzy input data conditions. This drawback is
aggravated by strict requirements for the test scenarios implementation speed. This is largely due to the fact that experts, in order
to a decision make, have to conflicting information large amounts analyzed. Consequently, it is necessary to develop a system for
identifying vulnerabilities, the main task of which will be to the conflicting information amount minimize used by an expert
when making a decision. The most promising direction the existing identifying vulnerabilities systems efficiency increasing is
seen in reducing the burden on an expert by methods for identifying vulnerabilities and implementing a decision support system
improving. This will significantly reduce the time spent on a decision making on software security, and, as a result, will the
software security testing procedure accessible to a developer’s wide range make more.

Keywords: computer systems; Software; security risks; security threats.

The requirements and security risks analysis
of computer systems software

The modern information space is a complex,
heterogeneous structure that performs society various
functions and needs. At the same time, a significant part
of the automation and intellectualization functions is
assumed by computer systems (CS). Malicious impacts
on the CS during their operation are carried out with
purposes various malicious of security services violation
(deterioration). The tasks solution related to the
prevention of unauthorized influences on the CS and the
information that is processed and stored in them is
carried out as part of comprehensive programs to
improve security. At the same time, the safety CS
improving problem is high relevance.

A generalized CS security model can be
represented as Fig. 1, which is based on the following
objects: security improving methods and means —
security software increasing models, methods and
means; user’s interaction computerized system —
hardware and software, computing, information,
linguistic, communication and other resources for

interacting with users, as well as the users themselves;
software — is one of the most important and vulnerable
computer systems components; security increasing
mechanisms and means — information protecting
mechanisms and means; security threats — a potential
event, action, process or phenomenon that could
damage the user’s interaction computerized system;
security risks — the potential possibility exploiting
vulnerabilities CS of a specific threat to cause damage.
An existing computer systems integral component
is software. And, in many respects, the operation CS
quality depends on the operating software quality. As
noted in the explanations, one of the most vulnerable,
from the view of security point, components the CS is
software. Moreover, the task of increasing (ensuring)
software security the complexity is compounded by the
need to take into account security risk factors
throughout the entire software development life cycle.
An international standards number of analysis and
regulatory documents [10, 11, 12, 14] has shown a
significant increase in software quality requirements
recently. This only confirms the fact the expert
community increase attention to the software operation
issues and tasks. The conducted

Security improving methods and means

studies  allowed classifying
software  requirements  and

~ =

CS vulnerabilities

presenting them in the diagram
form Fig. 2. This scheme clearly
illustrates the fact that now, in
addition to the ensuring tasks

CS software complgtgqess anc! use  ease,
vulnerabilities accessibility, reliability and
Threats m ‘E‘> Computerized user othel.r characteristics, the
The computer | Interaction system requlrements for software
systems hardv:are security are becoming

componen . . K
vulnerabilities increasingly important -among
operators. As the developing and
operating ~ secure  software
Fig. 1. Generalized computer system security model importance evidence, we can
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note the annual growth its vulnerabilities identified. So,
in Fig. 3, statistics are presented for only one software
type — Web applications with risk varying degrees
vulnerabilities, noted by IBM over the past two years.

Open sources information research [1, 8, 16] made
it possible to present the most common vulnerabilities
types. The software security threats classification is
presented in Fig. 4.

Software requirements

4
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General requirements

Software Creation Process
Requirements

Software Security Requirements

all management, control and >
> safety functions
implementation provided for

by the technical task

protection against computer
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sy data when:
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and software
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the failures consequences, development reading programs and data
errors a.nd failures Protectlon software architecture or their physical
> during storage, input, —> development destruction
processing and output of
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accidental changes possibility
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DRI ETeT | ) —> software verification
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{—ysompleteness Softwar(;DeIl'very and Storage the software maintenance and
equirements e .
madification requirements
—» accessibility
—» the software supply scope to the customer
—>  logicality is specified in the contract the possibility of identifying and
eliminating detected defects and
|y software installation should be done from errors in programs and data,
standard media introducing new functions and
components in state analysis
the source and executable software codes software and updating
on electronic information carriers, as well documentation, duplicating and
as the necessary operational documents, controlling the distribution of
software and other development tools, software versions.
should be stored in a place that excludes . .
e . updating and ensuring the
the possibility of unauthorized access to .
. safety of documentation and
them by persons. not having NATO —> . .
physical media
powers
Fig. 2. Software requirements classification
100% 100% 100% The presented classification is based on an
100% 90% TR < international standards number of software development
20% — : 9%  jssues fixing. At first, these are the standards: ISO
80% ~ 0% 4% 10007-2007 “Organization management. Guidelines for
70% isf’.-’\ 7% 87%  configuration management”, ISO / IEC 12207-2010
60% ' ' “Information  technology. System and software
58% . . ;
s0% 0% = engineering. Software life cycle processes”, German
40% Information Security Agency. IT Baseline Protection
S Manual — Standard security safeguards (Guide to the
20% information technology basic protection level), GOST
— 58412-2019 “Secure software development”, etc.
i As can be seen from the presented classification,
2014 2015 2ia 2017 2018 at present there is a wide information range security
B highrisk M medium risk | lowrisk |  threats during software development. In addition, in

Fig. 3. The Web applications percentage
with vulnerability varying degrees

recent years there has been a significant increase in the
cyberattacks intensity, and hence an even greater these
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threats spectrum expansion. Such a variety very often
leads to ambiguity in assessing the software security
level among experts and those responsible for
information security issues. Taking into account an

increasing number of factors and threats leads to the
uncertainty ~ factors  introduction, complicating
decision-making processes and reducing the results
accuracy.

Tnformation Security Threats in Software Development ‘
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. i i ity The Informat
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Fig. 4. The software security threats classification

Therefore, it becomes important to develop and
implement models and methods for improving software
security, taking into account uncertainties.

The software vulnerability detection
methods analysis

The literature [1, 3] comparative review showed
that software traditional methods analysis are somehow
connected with the defects absence proof. Moreover,
these methods can be divided into two main categories:
inspection-testing and logical-linguistic.

It is known from [1] that such a classification is
based on their focus on the action object. So inspection-
testing methods are aimed at fixing the software security
violation fact, and logical-linguistic methods are aimed
at the software under study identifying deviations from
indicators declared in the technical documentation.

Research has shown that there are currently many
different options for classifying methods for identifying
software vulnerabilities. At the same time, noting their
wide range and variety, one can also indicate their
action direction and identify target and auxiliary
methods.

Let us present the methods classification for
identifying software vulnerabilities in the form of Fig. 5.

As can be seen from this figure, most of the
methods can be synthesized according to the expert;
dynamic, static and combined analyzes principles. At
the same time, about 45% of the methods are targeted.
Let us present the comparative characteristics of the
proposed methods.

Since the greatest effect in the software security
testing process is provided by target methods, we will
focus on these methods, evaluate them and highlight their
use limitations. To highlight these methods quality

characteristics using, we use the CWE (Common
Weakness Enumeration) database developed and
recommended by MITRE (mitre.org) Corporation and the
US Department of Homeland Security (DHS) Cyber-
security and Infrastructure Security Agency (CISA) [6].

We will select the characteristics recommended by
MITRE from the specified base: the input / output user
data processing errors (CWE - 78, 79, 89, 119, 134, 189,
352, 434); security functions errors (CWE - 21, 200,
255, 264, 287, 310); synchronization errors (CWE -
162, 399, 829, 834); the use software interfaces errors
(CWE - 583, 684); environment errors (CWE - 16, 733);
the error handling disadvantages (CWE - 703);
encapsulation errors (CWE - 653); low code quality
(CWE - 477).

The targeted methods applicability pie diagrams
for identifying software vulnerabilities, as applied to the
most common security threats analysis, are shown in
Fig. 6.

The critical software vulnerabilities statistics
analysis, in accordance with MITRE 2019 CWE Top,
OWASP Top 10-2019, WASC (Web Application
Security Statistics Project), made it possible to present
the most dangerous software errors brief description
(vulnerabilities) in Table 1.

As can be seen from the diagrams Fig. 6, the listed
and researched targeted methods for identifying
vulnerabilities cover most of the error spectrum.
However, the problem of identifying the vulnerabilities
most, at this stage, using existing methods has not been
completely resolved. In addition, it should be borne in
mind that most, even targeted, methods for identifying
vulnerabilities do not fully solve the assigned tasks.
However, some of them are applicable for detecting a
limited errors number.
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Fig. 5. Methods classification identifying software vulnerabilities
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Fig. 6. The targeted methods applicability pie charts for identifying software vulnerabilities

Consequently, experts (developers) need to take
into account the fact that it is advisable to use the entire
possible the proposed methods spectrum. It is only
necessary to determine the methodology for their most
effective use in the security testing process.

This hypothesis is confirmed by the availability
methods with a sufficiently high applicability degree.
For example, formal verification is applicable to
identify more than 70% of errors, and interprocedural
context-sensitive analysis covers about 40% of software
vulnerabilities.

It should be noted that very the three-dimensional
scale introduction for assessing the presented methods

applicability introduces a fuzziness element in the
decision-making process about possible software
vulnerability. This is especially true when different
methods of identifying vulnerabilities show opposite,
conflicting results. The advertised software errors
variety, their occurring at all software development
stages possibility, the ambiguity of understanding the
rules and specifications by software developers (for
example, CWE-684), as well as other factors, reduce the
error detection accuracy, introduce ambiguity in the
conditions for identifying software vulnerabilities,
complicate by experts the adoption process software
security solutions.
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Table I — The most dangerous software errors (vulnerabilities) brief description

No Index Characteristics description Software vulnerability brief description
1 |CWE-119 | Improper Restriction of The software performs operations on a memory buffer, but it can read from
Operations within the Bounds of a | or write to a memory location that is outside of the intended boundary of the
Memory Buffer buffer.
2 |CWE-79 |Improper Neutralization of Input | The software does not neutralize or incorrectly neutralizes user-controllable
During Web Page Generation input before it is placed in output that is used as a web page that is served to
other users.
3 |CWE-78 |Improper Neutralization of Special | The software constructs all or part of an OS command using externally-
Elements used in an OS Command | influenced input from an upstream component, but it does not neutralize or
('OS Command Injection') incorrectly neutralizes special elements that could modify the intended OS
command when it is sent to a downstream component.
4 | CWE-200 | Exposure of Sensitive Information | The product exposes sensitive information to an actor that is not explicitly
to an Unauthorized Actor authorized to have access to that information.
5 |CWE-162 | Improper Neutralization of The software receives input from an upstream component, but it does not
Trailing Special Elements neutralize or incorrectly neutralizes trailing special elements that could be
interpreted in unexpected ways when they are sent to a downstream component.
6 | CWE-684 | Incorrect Provision of Specified | The code does not function according to its published specifications,
Functionality potentially leading to incorrect usage.
7 | CWE-733 | Compiler Optimization Removal | The developer builds a security-critical protection mechanism into the
or Modification of Security- software, but the compiler optimizes the program such that the mechanism i
critical Code removed or modified.
8 | CWE-703 | Improper Check or Handling of | The software does not properly anticipate or handle exceptional conditions
Exceptional Conditions that rarely occur during normal operation of the software.
9 | CWE-653 | Insufficient Compartmentalization | The product does not sufficiently compartmentalize functionality or
processes that require different privilege levels, rights, or permissions.
10 | CWE - 477 Use of Obsolete Function The code uses deprecated or obsolete functions, which suggests that the codg
has not been actively reviewed or maintained.

There is a need to synthesize knowledge about
software vulnerabilities and develop appropriate models
and methods to support decision-making about software
security, taking into account a fuzzy input data factors.

The models and methods analysis
for software security decision support

The literature analysis [4, 5, 7] and research
conducted have shown the approaches, models, methods
and decision support systems (DSS) wide range.

Based on the generally accepted classification
systems, three main the decision making theory
approaches can be distinguished, divided according to
the conditions for making decisions:

- in certainty conditions taken;

- in risk conditions taken;

- in uncertainty conditions taken.

At the same time, the conducted research has
shown the alternatives priority to the DSS models and
methods occurring under a risk and uncertainty
conditions. It should be noted that most often, in
practice, in order to improve the DSS systems quality
and accuracy results, it becomes necessary to synthesize
knowledge in a risks and uncertainties reducing for
solving problems.

Research have shown that in the DSS systems
development, taking into account the reducing risks
tasks is reduced to minimizing the first and second kind
errors probability that arise when making decisions.

It is known from [4] that it is customary to refer
the first kind mistakes as a wrong solutions making in
the current conditions, to the second kind errors - not to
accept the right one. Quantitatively, these errors ratio
consequences are estimated by the risk formula:

where C, — the expected "useful value" in the actions
taken result; P(H};) — the probability that the actions
strategy is chosen correctly and the event will be
completed with a positive result; C,; — losses arising as
a breakdown result or unreasonable decision to act;
P(H,;) — the probability of wrong choice strategy,
leading to a negative result.

In the works [7, 13] the risk reduction approach
when testing the computer systems security was
considered. The ROC-analysis apparatus was taken as
the basis for solving the problem. Using the data and
research results, the authors carried out a comparative
analysis of the developed methods for identifying
anomalies and abuses of critical computer systems. The
hypothesis was confirmed that the methods for
identifying anomalies, which were based on the fuzzy
mathematics theory rules (fuzzy discriminant and
cluster analysis and a fuzzy expert system based on the
Bayesian classifier), satisfy the established quality
criteria. At the same time, the computer systems
software component architectures and semantics
development rapid pace requires an increase in the using
efficiency this well-known mathematical apparatus.

It should be noted that the certain methods
possibility risk reduction is determined by the fact that
their occurrence nature is in the same area in which the
information uncertainty arises. Risks are determined
both by making decisions based on incomplete initial
data and by the confrontational systems actions
algorithms ignorance. Accordingly, the risk reduction
calculation methods can be considered from a reducing
uncertainty methods set. The DSS systems synthesizing
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task in this situation is reduced to the specific methods
choice for reducing uncertainty, their combination or
integrated use. The reducing uncertainties methods
classification is shown in Fig. 7. As you can see from
the figure, the uncertainties reducing methods can be
conditionally divided into two large groups: based on

the starter data modifying methods and algorithmic. The
conducted research has shown that the initial data
modifying methods choice is implemented taking into
account the requirements for the data processing quality
(for example, taking into account the requirements for
the problem solving promptness).

Uncertainty reduction methods

The starter data modifying methods Specialized algorithmic methods
Game theo 1he SOl
| Multiple planning options — Y t— computings theory
methods
methods
Bounded -
| Fuzzy sets — Rationality — Structrlrllr:tlhr(r)lé)sdehng
Methods
. . . Risk theory The "classical" higher
t— The uncertainty sequential reduction — methods | mathematics methods
— Intelligent processin, || Expected utility — l\/iztt;ZE?;lijlal
gentp & theory methods prog &
methods

Fig. 7. The reducing uncertainties methods classification

For example, multivariate planning methods are
very popular in the financial and economic sector. And
some works in this industry [5] emphasize their use
appropriateness in solving optimization problems of
allocating resources and forces. However, the
significant time spent on their implementation, as well
as the taking impossibility into account the possible
alternatives entire range, reduce their capabilities when
solving problems in increasing software security.
However, the significant time spent on their
implementation, as well as the taking impossibility into
account the possible alternatives entire range, reduce
their capabilities when solving problems in increasing
software security.

The uncertainty successive reduction methods
have a similar disadvantage, although such the methods
accuracy, as seen from the sources [18], is quite high.

The intellectual processing methods, despite their
diversity and positive reviews [15, 18], ultimately most
often come down to separate structural subtasks of the
overall task consistently reducing uncertainty. Based on
this, we can conclude about the relatively these methods
low efficiency.

At the same time, the fuzzy sets theory at this stage
has significant prospects for its development. So in the
works [4, 7] high obtaining accuracy and efficiency the
resulting data processed using the fuzzy sets theory the
methods is noted.

With an algorithmic approach to reducing
uncertainty, the methods choice is most often limited to
the decision theory functionality. Each of these methods
has a advantages and disadvantages set.

So in the works [9, 15], it is noted on the one hand
the solving multi-alternative problems possibility of the
game theory mathematical apparatus (namely, in this
problem formulation we most often encounter when

modeling the software security testing process), and on
the other hand, the uncertainty in the indicators and
optimization criteria. Also, high computational
complexity significantly limits the implementing
practical this modeling mechanism possibilities.

And, for example, in the works [2] devoted to the
expected utility theory, it is noted that this theory main
provisions application to reduce the uncertainty, the
source of which is the information asymmetry,
contributed to the agency relations normative theory
formation. But it is this, according to the authors that
often become a factor in reducing the resulting data
accuracy. A shift in the research vector only towards
empirical knowledge reduces other theoretical
approaches value, which ultimately leads to a decrease
in the modeling results quality.

Largely, the bounded rationality methods [4] have
similar disadvantages, which recommend minimizing
the expected result, based on the person’s (expert’s)
socio-psychological characteristics making the decision.

The literature review conducted [4, 15, 17] led to
the works conclusion about a large number devoted to
the mathematical programming methods. So, to the
mathematical programming problems solve, more than
two dozen mathematical methods are used: from the
simplest "northwest corner" to computationally complex
gradient methods for finding an extremum. Taking this
into account, the DSS systems efficiency improving
problem using this mathematical apparatus is not in the
new mathematical programming methods development,
but rather in the complexity of formalizing the solution
conditions and choosing methods for them that most
adequately describe the controlled system functioning.

Research have shown that the structural modeling
methodology, "classical" higher mathematics, the "soft"
computing’s theory for a classes of problems and
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models wide range solving are described in sufficient
detail in the scientists works. So, for example, it is
described in the works devoted to the DSS systems
software creation [7, 8], the calculations general
mathematical methods development in the decision
support interests [4], and mathematical modeling
interests [17, 18]. Despite the rather long history and
these methods variety, their improvement and use will
allow one to fulfill a particular scientific tasks number
of increasing software security. So, for example,
structural modeling methods will allow formalizing the
DSS process, and the methods of the "soft" computing
theory and "classical" higher mathematics will the basis
of the developed method become for software security
increasing.

Thus, the forming alternatives problem in DSS
systems about software safety in a priori uncertainty
conditions and the resulting risks can be solved by
improving mathematical methods [7, 15, 17, 18].

Research problem statement

The research conducted on existing systems for
identifying software vulnerabilities have shown that
they have a disadvantages number associated with the
complexity of processing a input data large amount with
a high contradiction degree. In addition, the lack of
improved decision support mechanisms reduces the
expert group effectiveness. Confirming this hypothesis,

we present a generalized model for identifying
vulnerabilities in Fig. 8.
Vulnerability
detection system
F1(Vs V)
Code and software | "*
o V1
compilation results
ISNAZE W )
ZV,. Expert
Jatabases of
possible
vulnerabilities |1 Vi
Fn(ViVy)

Fig. 8. Generalized vulnerability identification model

As can be seen from the figure, the information
amount obtained during software testing Vs the
expert's  decision-making  process  significantly
complicated makes, the time for implementing test
scenarios increases, and the software security
procedures effectiveness reduces. Vs is defined as the

software security tests results sum carried out by various
methods.

Ve =2 V;, )

=

where i — the method number; n — the test cases number.
The value V; depends on the source code volume

and software compilation results V.,

the possible

vulnerabilities database volume V,, as well as the

algorithm that implements the check V; = F; (V,.,V).

ro’s
The time #,,,, required to implement test scenarios
for analyzing software for vulnerabilities is determined

similarly to the value V;. The value ¢, depends on the

vulnerability detection system operating time ¢ as

cey ?
well as the time ¢, required for an expert to make a
decision.

The time 7., is determined by the maximum time

values spent on searching for vulnerabilities, by each of
the methods implemented in the system for identifying
vulnerabilities.

Assuming that software security tests start running
at the same time ¢;,,, the total time to determine

software security is:
tges =max (fi (Voo Vo) o (Vo Vi)) 405 (3)

The values V;, based on the problem formulation,

should be free from uncertainty signs. However, the
resulting data that determine software security decisions
due to the data possible polarization may again become
fuzzy.

Proceeding from this, increasing the software
security testing procedures efficiency, as well as the
making decisions efficiency about security, lies in the
optimization problem plane solving of minimizing the
fuzzy sets fuzziness index.

The fuzzy sets fuzziness index, on the one hand,
directly depends on the fuzzy set power, that is, the
analyzed data volume Vs, and on the other hand, it

depends on the conflicting data set power Vz(“p).

Accordingly, a particular optimization problem can be
transformed into the result:

i) s min, (4)

when limited R < R,,,, .

To reduce the importance there is proposed to
improve the method for identifying vulnerabilities in the
work, as well as DSS methods as the system integral
part for identifying vulnerabilities use. These methods
implementation will allow you to achieve the required
result by removing from Vs the data that do not affect

decision making, automate the data processing process
and focus on important information for decision
making. It is proposed to use these methods as the
vulnerability detection system modules components. In
this case, the generalized model for identifying
vulnerabilities is transformed into Fig. 9.

In the presented figure, it is not possible to display
the detecting software security promptness factors
account. However, the efficiency characteristic
significantly affects the software quality and its security.
For the optimization problem representation
completeness, we introduce the software safety
indicator, and denote it as the software secure factor

(I10)
K663 .
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Fig. 9. Improved generalized vulnerability
identification model

Based on this, we present the software security
increasing task in the mathematical expression form:

Kégg()) =arg {1‘563 (f(VZ(“P) )) —min/ R< Ry, }

Thus, in order to a scientific problem solve and
this goal achieve, it is necessary to the following
research tasks solve:

—to conduct an existing methods analysis
comparative and research for identifying vulnerabilities
and making decisions on software compliance with
security requirements;

— to improve the model and method for identifying
software vulnerability;

—no develop a method for making a decision on
software security;

—to evaluate the developed methods effectiveness
and the research results obtained reliability;

—to develop practical recommendations for the
software security increasing developed methods using.

Conclusions

The results analysis of main methods for
identifying software vulnerabilities presents in the
article. The results of author’s research, synthesizing
and regulating knowledge about systems for detecting
software vulnerabilities, are presented. The software
analysis methods used during certification tests are
considered.

It is shown that the methods and techniques
existing for software security analysis use do not ensure
the result accuracy under fuzzy input data conditions.
This drawback is aggravated by strict requirements for
the test scenarios implementation speed. This is largely
due to the fact that experts, in order to make a decision,
have to large conflicting information amounts analyze.
Consequently, it is necessary to develop a system for
identifying vulnerabilities, the main task of which will
be to the conflicting information amount minimize used
by an expert when making a decision.

The most promising direction the existing
identifying vulnerabilities systems efficiency increasing
is seen in reducing the burden on an expert by methods
for identifying wvulnerabilities and implementing a
decision support system improving. This will
significantly reduce the time spent on a decision making
on software security, and, as a result, will the software
security testing procedure accessible to a developer’s
wide range make more.

Also, the software security testing procedures
availability increasing have to the both developers and
information systems users interest increase to the
security problem, which, in turn, will give a new
impetus to the methods and systems for identifying
vulnerabilities development and verifying software
compliance with security requirements.
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AHaJIi3 Ta NOPiBHSJIbHI AOC/TiKeHHs] METOIB MiIBMILCHHS PiBHs (0e3NeKH NMPOrpaMHoro 3ade3ne4eHHs
M. O. Moxaes, B. B. Jlaunos, Jxan Jlinazsa

AHoTanisi. Y crarri npencraBieHi pe3ynbTaTH aHajlidy OCHOBHHMX METOAIB BUSIBICHHS BpPas3iMBOCTEH IPOrpamMHOro
3abe3neuenns. [IpencraBieHi pe3ynpraTd JIOCHIUKEHb Psily aBTOpIB, CHHTE3YIOUMX Ta PErVIAMEHTYIOUMX 3HaHb PO CHUCTEMH
BUSIBIICHHS BPA3JIMBOCTEH IpOrpamMHOro 3a0esneyeHHs. Po3risiHyri Meroau aHamily IIporpamMHOro 3a0e3ledyeHHs, 1o
BUKOPUCTOBYIOTBCS IIPH IIPOBEICHHI cepTU(ikaliiiHuX BUNpoOyBaHb. [TokazaHo, 1110 BUKOPUCTAHHS 1CHYIOUMX METOJIB Ta METOJMK
aHatizy Oe3neKku mporpaMHoOro 3ade3nedeHHs He 3a0e3reduye TOYHICTh pe3yibTaTiB Ha yMOBAaX HEUHCENBHUX BXiJHUX HaHuX. Lleit
HEJIOJNIK YCKJIaJTHIOE YKOPCTKI BUMOTH JIO OIEpaTHBHOCTI peaiizalii TecToBHX cueHapiiB. Omke, HeoOXiqHe Po3pOOJICHHS CUCTEMH
BUSIBIICHHS Bpa3IMBUX KOPUCTYBauiB, OCHOBHOI 3aJlaueto sKoi Oynae MiHiMizalis KUIBKOCTI HPOTHpIUHOl iH(opMmarii, 1o
BUKOPUCTOBYETBCS €KCIIEPTOM IIPH NPUHHATTI pitieHb. Halikpalie nepcrnexTHBHe CTBOPEHHS IiIBUILEHHS €()eKTHBHOCTI iICHYIOUNX
CHCTEM BHSBJICHHS BPA3JIMBOCTEH IIOJNArAa€ y 3MEHIICHHI HABAHTaXXEHb €KCIIEPTIB 33 PaXyHOK BUIPOOYBaHb METOAIB BUSBJICHHS
BPa3IMBOCTEH, 10 BIPOBA/DKEH] 10 CUCTEM MIATPUMKHU NPUIHATTSA piieHb. Lle N03BONUTH iCTOTHO 3HU3MTHU 3aTPUMKH 4acy IpU
MIPUHHSTTI pillleHb M0J0 Oe3MeKH MPOrpaMHOro 3a0e3IeueHHs, a TaKOXK, SIK HACIIJOK, 3p00HTh MPOLEAypy TECTyBaHHS Oe3NeKd
MPOrPaMHOro 3a0e3MeUeHHs OUIBLI JOCTYITHOIO IIMPOKOMY KOJIy po3poOHUKiB. [TiZBUILEHHS TOCTYITHOCTI NPOLELYpP TECTyBaHHS
6e31eKH IIPOrpaMHOro 3a0e3MeueHHs IOBHMHHO I1iIBUIIYBATH iHTEPEC K PO3POOHUKIB, TaK 1 KOPUCTYBayiB iHPOPMALIHHUX CHCTEM
10 rpo0IieM Oe3neKH, 1110, B CBOIO Yepry, 1acTb HOBHII IMITYJIbC PO3BUTKY METO/IIB Ta CUCTEM BUSBIICHHS BPa3JIMBOCTEH 1 MepeBipKU
BI/INOBITHOCT] IIPOrpPaMHUM BUMOraM Oe3IeKH.

Kaw4doBi caoBa: KOMH'IOTepHa ChCTEMA; IPOrpaMHe 33663HC‘IGHHH; pU3nKu 663]’[61(1/1; 3arposu Oe3IeKu.

AHAJIN3 ¥ CPaBHUTEJIbHbIE NCCIeT0BAHNS METOA0B NMOBBIIIEHNs 0€30MACHOCTH MPOrPAMMHOI0 o0ecTedeHust
M. A. Moxaes, B. B. [laBb1i0B, Jxxan JIuipsn

AHHOTanus. B crartee mpencTaBieHsl pe3yIbTaThl aHAIN3a OCHOBHBIX METOOB BBIBICHHMS yI3BHUMOCTel Software.
IIpuBeneHs! pe3yibTaThl UCCIEIOBaHUI Psiia aBTOPOB, CHHTE3UPYIOLIHE U PErIaMEHTHPYIOIINE 3HAHUS O CHCTEMAaX BBLSIBICHUS
yazBuMocreil Software. Paccmorpensl Meroznsl aHanusa Software, Hcrmonb3yemble INPU HPOBEICHHH CEPTH(HHUKAIMOHHBIX
ucnbiTanuil. [loka3aHo, 4TO MCIONB30BaHHE CYILECTBYIOIIMX METOJOB M METOAMK aHanm3a OesomacHoctd Software He
o0ecreurBaeT TOYHOCTH PE3yNlbTaTa B YCIOBHMSAX HEYETKHX BXOMHBIX JAHHBIX. JTOT HENOCTATOK YCYIYOJLSIETCS JKECTKHMHU
TpeOOBaHUAMHM K ONEPATHMBHOCTH pEaM3allid TECTOBBIX cleHapueB. CiieqoBaTenbHO, HEOOXOAMMO pa3paboTaTb CHCTEMY
BBISBJICHUSI YA3BUMOCTEl, OCHOBHOW 3ajgaueil KOTOpOH OyneT MHUHMMH3aLMs KOJIMYECTBA NPOTUBOPEYHMBOH HH(OpMAIMH,
UCIONB3yeMOH DKCIEPTOM NPY NMPUHATHY penieHns. HanOolee NepCHeKTUBHBIM HANpaBieHUEM IMOBBIEHHS d(h(EKTHBHOCTH
CYILECTBYIOLINX CHCTEM BBISBICHUS YS3BUMOCTEH BUIMTCS CHIDKCHHE HArpy3KH Ha SKCIIEpTa 3a CYET YCOBEPIICHCTBOBAHHS
METO/IOB BBISIBJICHHS YA3BUMOCTEH M BHEAPSHYS CHCTEMBI HOIEPIKKH IPUHATHS PELICHUs. DTO MO3BOJIUT CYIIECTBEHHO CHU3UTh
3aTpaThl BPEMEHM HA NPUHATHE pelleHus o Oe3omacHocTu Software, M, Kak CIEICTBHE, CIENAeT HPOLENYPY TECTHPOBAHMS
Oe3omacHocTH  Software Ooiee JOCTYNHOM INMPOKOMY KpYry pa3paborunkoB. [loBBIIIEHHWE JOCTYITHOCTH HPOLEAYP
TecTUpoBaHMs Oe3omacHocTH Software [OIDKHO TIOBBICHTH HMHTEpeC Kak pa3pabOTUMKOB, TaKk U IOJIb30BaTeNeH
MH(pOPMALMOHHBIX CUCTEM K IIpobiieMe 6e30IacHOCTH, YTO, B CBOIO OYePEeb, JACT HOBBIH HUMITYJIBC Pa3BUTHIO METOIOB U CHCTEM
BBISIBJICHVS YSI3BUMOCTEH M BepU(UKALIMK COOTBETCTBUS Software TpeGoBaHHsM OE30MaCHOCTH.

KawueBble cioBa: KOMIIBIOTEpHAsA CUCTEMA; IPOIrpaMMHOE 06eCHe‘{eHI/Ie; pucku 6€3OHaCHOCTI/I; Yrpo3bl 0€e30IMacHOCTH.
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TESTING PROCESS FOR PENETRATION INTO COMPUTER SYSTEMS
MATHEMATICAL MODEL MODIFICATION

Abstract. Testing process for penetration into computer systems mathematical model was developed in the article. The
proposed model differs from the known by computer systems specialized information platforms security testing capabilities,
which made it possible to estimate the penetration test algorithm execution time falling within a given interval probability. The
proposed testing process for penetration into computer systems mathematical model was further developed (modified).
Modified model distinctive feature is the Erlang distribution as the main one in the state transition processes mathematical
formalization. This made it possible on the one hand to unify the mathematical model and present the testing process at a
higher level of the testing hierarchy, on the other hand to simplify it 1.7 times. A security testing mathematical model was
developed in order to estimate the simulation results accuracy, based on the known GERT-networks simplification and
modification approach. Testing algorithms execution time value mathematical expectation values are obtained and estimated.
Comparative modeling results investigations have shown the study values comparability for all three approaches of security
testing process mathematical formalization. This confirmed the hypothesis that it is advisable to use a unified mathematical

formalization approach, which was implemented in a penetration testing process modified mathematical model.

Keywords: computer systems; Software; testing; mathematical model.

Introduction

Ensuring the security of computer systems used in
conditions of increased intensity of cyberattacks is
associated with the need to conduct test control of the
software security level. This process is carried out
through appropriate methodologies, methods and testing
tools. These practical implementations are based on
different models for identifying vulnerabilities. Analysis
of the literature has shown that at present there are
various approaches to mathematical formalization and
modeling of software security testing processes. These
models are presented in works [1-9, 13-15].

Thus, in [1], a model for identifying vulnerabilities
is proposed. The authors of the article based the model
on the logic of microprogram machines. This
development, along with the advantages (efficiency,
permissible accuracy and reliability), has obvious
disadvantages caused by the choice of the main
technology for solving the problem: low adaptability of
models to real changes in the behavior of systems;
significant complication of implementation algorithms
in the event of a possible insignificant change in the
behavior of at least one site (agent).

The works [9, 10] present individual test stages
(including security) mathematical models. In them,
mathematical formalization approaches (GERT-networks,
probabilistic approaches) are reasonably chosen, taking
into account possible risks and errors. However, the lack
of argumentation when choosing a method for specifying
the probabilistic distribution to describe individual stages
(GERT-networks), as  well as  unreasonable
simplifications and limitations (probabilistic approaches),
reduce the simulation results accuracy. A number of
works [6, 10] present not only cybersecurity systems
mathematical and implemented simulation models. On
the one hand, this significantly increases the the proposed
mathematical models’ practical application
argumentation level. However, on the other hand, the

shortcomings associated with restrictions on their use in
these works could not be eliminated.

Recently, penetration testing services have become
increasingly popular in the IT-industry. A number of
popular articles [1, 2] set out in some detail the possible
approaches and steps that accompany these services.
However, these works vast majority consider this
cybersecurity assessment type from a view practical
point, based on the expertise in various computer and
information infrastructures experience. This, in turn,
leads to spectrum and increased run time either

unreasonable  expansion, without ensuring the
appropriate  assessment  quality, or  possible
vulnerabilities and  security risks insufficient

consideration. The mathematical models’ development
and research governing penetration testing procedures
can optimize these processes (increase their efficiency
and IT-infrastructures security).

Summing up the analysis, we can conclude that it
is relevant to testing process for penetration into
computer systems mathematical model modification.

GERT-network analysis

In the work [14] the GERT-network interpreting
the generalized penetration test algorithm is shown in
Fig. 1.

Fig. 1. GERT-network interpreting the generalized
testing algorithm diagram

© Semenov S., Weilin Cao, 2020

133



Advanced Information Systems. 2020. Vol. 4, No. 3

ISSN 2522-9052

In this figure, state 1 can be described as initial. The
transition from state 1 to state 2 is initiated by developed
tests for objects such as sites, web applications, mobile
tools and their applications and characterizes the
collecting information about system and system hardware
components process. State 2 corresponds to the
"Information Gathering Step Passed" status.

The transition from state 1 to state 3 is initialized
for "SCADA and IoT" objects that have a number of
features for collecting information about security test
objects (for example, mandatory port scanning). State 3
is interpreted by the status "Information collection stage
passed" of tests for "SCADA and IoT" objects.

Transition 1-1 is interpreted by insufficient
information collected about the system under test and
return for additional collection and necessary
information evaluation. Transition 2-4 should formalize
the authentication procedures for web applications,
mobile tools and their applications users. At the same
time, the fate is necessary that recently these content
software developers are increasingly focusing on
biometric authentication mechanisms. Transition 3-4 is
similar to transition 2-4, but describes the biometric
authentication procedures for "SCADA and IoT"
objects. Transition 3-5 describes the evaluating process
the passwords reliability in "password" authentication
systems. States 4 and 5 are interpreted by the
“Authentication Step Passed” status. The transition from
state 4 to state 6 formalizes the testing process the
network stability sessions and the network equipment
security. State 6 is the final procedural state
characterizing the computer system security. Transition
6-8 formalizes the final part — the received information
log creation. Transition 6-1 can characterize a return to
the initial state in unsatisfactory test evaluation cases,
the need to conduct additional penetration tests, change
customer requirements or make changes to the system
configuration during testing, etc. Transitioning from
state 5 to state 7 formalizes the data warehouses and
their access security rules (including tests for the
administrator privileges and compliance with security
policy rules adequacy) assessment processes.

As with transition 6-8, transition 7-8 formalizes
the final part — received information log creation, and
transition 7-1 returns to the initial state with fixing
results and providing recommendations for improving
the individual component computer systems or the test
object as a whole security.

We will modify the presented model.

The developed mathematical model modification
is carried out in order to formalize a higher hierarchy
level, in which it is possible to generalize a testing
processes number (for example, initialization,
information collection, authentication) for various
computer and software tools (web applications, mobile
tools and their applications, "SCADA and IoT" objects),
combining these processes in one state.

Using these assumptions, we present the GERT-
network modified scheme in the Fig.2. form. The
computer system penetration test process modified
GERT-model corresponding branches characteristics are
shown in Table 1.

W31

W23 3 W3s
Wi2

Was 4 Was

Wa

Fig. 2. Modified GERT-network scheme interpreting
a generalized testing algorithm

Table 1 — Modified GERT-model branch characteristics

No. | Branch Wtf‘ggc Probability ?ﬁﬁnmgerﬁﬁngjffn
L2 | W pl g =01-g "
21 @23) | Wy p2 E=01-0,07
30 @4 | W | qi=1-p2 | &=(1-0)
41 (35| W p3 Ea=(1-0,07
51 45) Wys pd Es=(1-03)7%
6 | By | Wy | q2=1-p3 | &5=(1-050)7"
7| @1 Wy g3=1-p4 | gs=(1-0st) %5

In this case, the algorithms and testing procedures
for penetration into computer systems execution time
equivalent W-function is:

WiaWosWss + WipWoaWas

Wg(s) = =
L= (Wia W33y + WiaWauWyy )

1
_ P& (P2P38284 + @1P4Eats) W

- J S (Pz‘]z&z + 919383 )’

We will conduct GERT-model studies (Fig. 2).
Penetration testing algorithms implementation time
probability distribution density curves graphs at
different values pl—p4 for conditions given in the

work [14], are illustrated in Fig. 3, a (Graph 1: pl=
=05, p2=0.6,p3=p4=09, O =0,=0;=0,=0.5,
05 =0.55, k=3; Graph 2: pl=0.5,p2=06,; p3=
=09, p4=05 (0 =050,=07,0;=04=05=;
=0.55, k=3). Penetration testing algorithms imple-
mentation probability distribution function graphs for
conditions given in the work [14] are given in Fig. 3, b.
The values Wpg(s) for the same conditions

obtained as a testing process for penetration into
computer systems mathematical modeling result, as well
as a generalized model are presented in Table 2.

Using the mathematical package MathCad, we find
the random test time ¢ mathematical expectation. For
condition 1 in accordance with scheme 1, this value is
equal to ¢ = 7 c.u. In accordance with scheme 2 (Fig. 2)

under condition 1, this value is approximately equal to
t ~ 6 c.u. For condition 2 in accordance with scheme 1,

this value is equal to ¢ = 7 c.u.
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Distribution function

Distribution density

t(c.u) t(c.u)
a b
Fig. 3. Penetration testing algorithms implementation time
probability distribution density graphs obtained
using a modified GERT-model

Table 2 — Values Wi(S) obtained as a testing process for
penetration into computer systems mathematical
simulation result for diagrams of Fig. 1, 2

WiS) WiS) WiS) WiS)
(condition 1) | (condition 2)| (condition 1) | (condition 2)
No. for the for the for the modi- | for the modi-
scheme scheme fied scheme | fied scheme
Fig. 1. Fig. 1. Fig. 2. Fig. 2.
1 0.914 1.338 0.684 0.559
2 1.249 1.89 0.963 0.808
3 1.52 2.36 1.383 1.197
4 1.762 2.83 2.035 1.823
5 2.028 3.428 3.071 2.861
6 2.369 4.318 4.775 4.639
7 2.846 5.789 7.675 7.761
8 3.559 8.504 12.809 13.25
9 4.71 14.332 22.287 22.281
10 6.766 30.171 40.503 34.105

In accordance with scheme2 (Fig.2) under
condition 1, this value is approximately equal to
t=6c.u.

As can be seen from the above results, the
difference between the random test time ¢ mathematical
expectation values obtained in the first GERT-model
and the generalized model is insignificant. And this
despite some differences in the values Wy (s) for the
examples given.

It should be noted that the author intentionally did
not change values p;, and (;, thereby studying the
models in the "worst" conditions. If we change the

values p; and (@; as recommended by expert
practitioners, we can get values Wy(s) close to the
original. This confirms the Erlang distribution

feasibility hypothesis as the main one in the state
transition processes mathematical formalization.

We will test the possibility of such a security
testing process mathematical formalization simplified
approach.

Testing process for penetration into computer
systems modified mathematical model
comparative studies

For the testing computer systems for penetration
process mathematical formalization proposed approach
comparative study, as well as testing the GERT-network
simplified modification possibility hypothesis as a

reference, we will use the algorithm for simplifying
GERT-networks described in [3]. To solve this problem,
we will modify the presented in Fig. 1 GERT-networks
according to this algorithm, and thus formalize a
mathematical model higher hierarchy level.

As shown in [3], the modification algorithm
primarily depends on the GERT-network serial and
parallel arcs converting methods, as well as first-order
branches and loops connecting the node output and
input.

Series arches. If the GERT-network series-
connected arcs have W -functions W, and W,, then

their equivalent W -function W, is: Wgy, =WW,.

x> X2
denoting through Rey; and Rey, real, and through

Moving to characteristic functions and

Imy; and Imy, — first and second arcs characteristic

functions imaginary parts, respectively, we get:

%1 =Rey; +ilmy; and y, =Rey, +ilmy,. The

equivalent arc X, has a characteristic function:
XE1p =Rey Reyy —Imy; Imy, + @

+i(Rey; Imy, +Imy; Rey, ).

Parallel arches. For GERT-network with selection
probabilities parallel arcs respectively p; and p,, we
have: Wiy = piWy + poWs .

The equivalent arc Xpg;, in this case has a

characteristic function:
Xgip =piRey;+pyReyp + 3)

A first-order arc and loop connecting the node
output and input. If W = pjM; is a first-order loop
connecting the node output and input W -function and
having a selection probability p;, and W, = p,M, isa
node output arc W -function and having a selection
probability p,, then the equivalent this fragment W -
function is:

Weia =Wy /(1-W). 4)

The arc Wgy, selection probability ppj, is

PE12 =WEI2 (0): %—Pl) if the number of node

output arcs is more than one. Going to characteristic
functions, we get:

XE12 =Dy %
X(Rem - p1Reyy Reyy — ppImy; ImX2)+
(1-pi Reyy )2 +pi (Rey, )2 6)

+iP2 (Ime (1= py Rey; )+ p Imy, Isz)
(1-py Rey )2 +pi (Imy, )2

Using the branch transmittance concepts described
in [9] as a product

Ly =Xy =py J58),
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where pj — the branch execution probability, fz; © -

the arc characteristic function [2], we present the
GERT-network modified branches characteristics in
Table 3.

Simple mathematical actions made it possible to
distinguish equivalent W, ;,; -functions, where i is the

state number. Let us present them in Table 4.

Table 4 — Modified branches characteristics

Table 3 —Characteristics of the modified branches
No. Branch Characteristic function
No. Branch Characteristic function 1 12 5 5
— (1,2) W :(Plil) +2pLEE, +(pi&2)
1 (1.2) g =(1-gin™ a2 1- g
2 2.3) £y =(1-Qit) 2 2 | @3 Wea3 = P&y + P3&s
3 24) g3 =(1-05i)™ 3 24) Wyra=Was
4 3,5 =
4 3.5 &y =(—0yit)y (3.5) Wy3s = PaSe + Ps&7
5 4,5) W c= +
5 4,5) Es=(1-0s it)*ks 4.5 = P36 + P5&7
k 6 (371) Wq3’1 = W6,1
6 3,1 =(1=-0:it)™"s
CD =0 -051) 7 @D Wit =1,
7 (4.1) &y =(1-0ity s

Based on the above rules, we will find equivalent
new branches 17, -functions.

Then we formalize the proposed in Fig. 1 GERT-
scheme, adapting the input data and Erlang distribution
measures to a new generalized structure:

WqE(s)zl_(
q

((P2&3 + P3Es ) (Pale + P5E7) + Pats (P3Es + P5Er))

X

2 (g2 2
ququ23Wq35 + ququ24Wq45 B P (E.:l + 2&1&:2 + E.>2 )
Wa12Wg23W 431 +Wq12Wq24Wq4l)

X

1-qi&g

1- (((plE.:l )2 + 217125.;1@2 + (Pliz )2 )/(1 - 418 ))(42§8)((P2§3 + P34 )+ P4&s )

= (6)

(27 (& 28182 +23))((pas + ps8a) (paBs + psEo ) + pats (s + psE1)

(1_QIE.:8)_((171E.:1 )2 +2P12§1§2 +(P1§2 )2)612§8 ((P2<§3 +P3§4)+P4§5)

We will conduct studies of the GERT-model
presented as expression 6.

Penetration test algorithms implementation time
probability distribution density curves graphs at
different values pl-p5, g¢l, g2, are illustrated in

Fig. 4. In this case, curve 1 illustrates the test algorithms
random implementation time behavior for the modified
scheme of Fig. 2 case and the equivalent W-function
represented by the expression 1.

Curve 2 illustrates the penetration test algorithms
implementation time synthesized using model 6
probability distribution density results.

Distribution density Distribution density
03 T T T T 0.3 T T T T

t(cu)
a b

Fig. 4. Penetration test algorithms implementation
time obtained using the modified GERT-model
for conditions 1 (a) and 2 (b) probability
distribution density graphs

t(c.u)

Penetration test algorithms implementation time
for similar conditions probability distribution function
diagrams are given in Fig. 5.

Distribution function

Distribution function 1
1 T T T

o2 ./ =

t(cu) t(c.u)

a b

Fig. 5. Penetration test algorithms implementation time
obtained using the modified GERT-model for conditions 1 (a)
and 2 (b) probability distribution function graphs

The wvalues WyE () for the same conditions

obtained as a testing processes for penetration into
computer systems mathematical simulation result are
presented in Table 5.

As we can see from the graphs for both conditions,
the test algorithms run time mathematical expectation is
close to the value ¢ = 6 c.u.

It is easy to note that the GERT-network
transformation using simplified rules requires certain
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time and computational costs, which amount depends on
the GERT-network complexity and equivalent
transformations number.

Table 5 — Values W,(S) obtained as a testing process
for penetration into computer systems
mathematical simulation result

No. (cor?(/iqiet(iiil 1) (cor?(/iqiet(iiil 2)
1 2.197 1.819
2 2.547 2.02
3 2.879 2213
4 3.206 2412
5 3.55 2.634
6 3.945 2.898
7 4.435 3.232
8 5.086 3.679
9 6.01 4313
10 7.415 5.298

In the above example of such transformations, it
was necessary to make 5 for 12 initial characteristics.

This represents 41% of the initial operations
number.

Therefore, it can be argued that the implementing a
unified mathematical model complexity under given
conditions is less than 40%. This result confirms the
hypothesis that it is advisable to use a testing process for
penetration  into  computer systems  modified
mathematical model.

Conclusions

The article indicates that penetration testing
services are increasingly popular in the IT-industry. At
the same time, the scientific papers vast majority
consider this cybersecurity assessment type from a
practical view point, based on the expertise in various
computer and information infrastructures experience.
The theoretically reasonable conditions and limitations

reduces the work effectiveness absence is carried out
and can lead to an increase in testing errors.

To eliminate this contradiction, in article was
developed a generalized testing algorithm, as well as a
set of testing process for penetration into computer
systems mathematical models. At the same time, the
GERT-network modeling approach was taken as the
basis for mathematical formalization. This made it
possible to simplify the penetration testing scheme, take
into account possible changes in procedures (including
the new procedures and services addition) to evaluate
the probability-time characteristics and the it’s scale
possibility with an increase in the volume and tasks
complexity being solved.

Testing process for penetration into computer
systems mathematical model was developed in the
article. The proposed model differs from the known by
computer systems specialized information platforms
security testing capabilities, which made it possible to
estimate the penetration test algorithm execution time
falling within a given interval probability.

The proposed testing process for penetration into
computer systems mathematical model was further
developed (modified). Modified model distinctive
feature is the Erlang distribution as the main one in the
state transition processes mathematical formalization.
This made it possible on the one hand to unify the
mathematical model and present the testing process at a
higher level of the testing hierarchy, on the other hand
to simplify it 1.7 times.

A security testing mathematical model was
developed in order to estimate the simulation results
accuracy, based on the known GERT-networks
simplification and modification approach.

Testing  algorithms execution time value
mathematical expectation values are obtained and
estimated. Comparative modeling results investigations
have shown the study values comparability for all three
approaches of security testing process mathematical
formalization. This confirmed the hypothesis that it is
advisable to use a unified mathematical formalization
approach, which was implemented in a penetration
testing process modified mathematical model.
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Moandikanis MaTeMaTHYHOI MO/IeJIi MPoLeCy TeCTYBAHHSI HA NPOHMKHEHHsI B KOMII'IOTEPHI CHCTEeMH
C.T. CemeHo, Ilao Beiinin

AHoTanisi. Po3pobieHo MareMaTH4yHy MOZEINb NPOLECY TECTYBaHHA HAa NIPOHHKHEHHS B KOMIT'IOTEPHI CHCTEMH, IO
BIZIPI3HAETHCA BiJl BIIOMHX YpaxyBaHHSIM MOXJIMBOCTEH TeCTyBaHHS Oe3IeKH Creliani3oBaHux iH(opMmamiiHux miatdopm
KOMII''OTEPHHUX CHCTEM, IO IO03BOJMJIO OLIHUTH HMOBIDHICTh NONaJaHHSA 4acy BHKOHAHHSA AJTOPUTMY TECTYBaHHS Ha
NPOHMKHEHHS B 3alaHUi iHTepBai. 3ampoNOHOBaHA MaTEMAaTHYHA MOJENb IIPOLIECY TECTyBaHHA Ha NPOHUKHEHHS B
KOMII''OTEpHI CHUCTEMH OTpUMaja HOJAJIBIIMKA pPO3BUTOK (MoaudikoBaHa). BinmiHHOIO ocoOnuBicTIO JaHOI Moneni €
BHUKOPHCTaHHS po3noaity Epnanra B SKOCTi OCHOBHOI'O IIpU MaTeMaTH4YHOI (opmaitizarii nporeciB nepexoy 3i CTaHy B CTaH.
Ile nosBonmio 3 oxHOro 6OKy yHihiKyBaTH MaTeMaTHYHY MOJEJb i YIBUTHU IIPOLIEC TECTyBaHHS Ha OinblI BUCOKOMY piBHI
iepapxii TecTyBaHHs, 3 iHIIOro OOKY cnpocTHTH ii B 1,7 pa3u. s OMIHKM TOYHOCTI pe3yJbTaTiB MOJEIIOBAaHHS, Ha OCHOBI
BigoMoro migxony cmpomeHHs ta moaudikanii GERT-mepex, po3pobieHo MareMaTHdHY MOJAENb TECTYyBaHHsS O€3NeKu.
OrpuMaHO 1 OLIHEHI 3HAYEHHS MATEeMaTHYHOrO O4YiKyBAaHHS BEIMYMHM 4Yacy BHKOHAHHS aJrOPUTMIB TECTYBaHHS.
IMopiBHsUIBHI JOCIIKEHHS Pe3yJIbTaTiB MOJIEIIOBAHHS [10KA3aJlH MOPIBHAHHICTh 3HAYEHb JOCII)KyBaHUX BEIMYMH IS BCIX
TPbOX MiJAXOAIB MareMaTH4HOi (hopMaiizauii mpouecy tecryBaHHA Oesneku. Lle miaTBepamio rimore3y Hpo JOLUIBHICTH
BUKOPUCTaHHS YHi(iKOBaHOro migxomy MaTeMaTHuyHoi Qopmanizawuii, SKMH OTpUMaB peadizauilo B MoaudikoBaHOI
MaTeMaTH4HOI MOJIENIi IPOLECy TECTYBaHHs Ha IIPOHUKHEHHS.

Kao4oBi coBa: KOMI'IOTEpHA CUCTEMa; IIPOrpaMHe 3a0e3MeUCHHS; TeCTyBaHH; MaTeMaTUIHa MOJEIb.

Moaudukanust MaTeMaTHYeCKOii MOIe/IN MpoLecca TECTHPOBAHNSI HA MPOHUKHOBEHNE B KOMIIBIOTEPHbIE CHCTEMBI
C.T. Cemenos, I{ao Beiinun

AnnoTtanus. Pa3paborana MaTeMaTHdecKast MOZAEIb MPOIIEcca TECTUPOBAHNS Ha IIPOHUKHOBEHHE B KOMIIBIOTEPHBIE
CHUCTEMBI, OTJIMYAIOIIAsCs OT HW3BECTHBIX YYETOM BO3MOXKHOCTEH TECTHPOBaHUsS 0€30IaCHOCTH CIEeIUATH3UpPOBAHHBIX
WH(OPMAIMOHHBIX IUIATGOPM KOMITBIOTEPHBIX CHCTEM, YTO IIO3BOJIWJIO OLEHHTh BEPOSITHOCTH IIONAJaHUs BpPEMEHU
BBINOJIHEHUS! aJITOPUTMa TECTHPOBAHMS Ha NIPOHWKHOBEHHE B 3aJlaHHBIN MHTepBai. [IpeuioxkeHHas MaTeMaTHIecKas MOJIeNb
mporecca TECTHPOBaHMS HAa IPOHMKHOBEHHE B KOMIIBIOTEPHBIE CHCTEMBl IIONy4YWia JanbHeiliee pa3BHTHE
(MomudummpoBana). OTINYUTENEHOH 0COOCHHOCTHIO JaHHON MOJENH SIBISETCS MCIIOIb30BAaHHUE paclpeleseHusi Dpianra B
KauecTBE OCHOBHOI'O IIPU MaTeMaTH4eCKOi (opMain3anuy mpoueccoB Nepexosa 13 COCTOSHUS B COCTOSHUE. DTO MO3BOIMIO
C OIHOW CTOPOHBI YHH(UIMPOBATH MAaTEMAaTHYECKYI0O MOJIENb M MPEACTaBHThH IPOLECC TECTUPOBAHHS Ha 0Oojee BHICOKOM
YPOBHE HepapXWy TECTUPOBAaHUS, C JAPYrOil CTOPOHBI YNpocTHTh ee B 1,7 pa3za. [l OLEHKM TOYHOCTH pe3yJbTaTOB
MOJICTIMPOBAHMSI, HA OCHOBE W3BECTHOrO Moxaxoza ymnpouieHus n moxudukaunn GERT-cerel, paspaboraHa MaTeMaTH4ecKas
MOJIeTb TecTHpoBaHusl Oe3omacHOcTH. [lomydeHbl W OLEHEHB! 3HAUYCHHS MAaTEMAaTHUECKOro O)KHUAAHHS BEIHYWHBl BPEMEHU
BEIITOJIHEHUSI aJITOPUTMOB  TecTHpoBaHUs. CpaBHHTENBHBIE HCCIEIOBAaHHE pPE3YJIbTaTOB MOJCIHPOBAHMS — ITOKa3alu
COITOCTAaBHMOCTh 3HAYCHUH HCCIEIYeMbIX BEJIMYMH JJIsl BCEX TPeX IOAXOJO0B MaTeMaTHYeCKoW (hopManm3alud Iporecca
TECTHUPOBAaHUsL O€30MACHOCTH. OTO IOATBEPAMIO THUIIOTE3y O Iel1ecO00pPa3HOCTH HCIONb30BAHUS YHU(DHIUPOBAHHOTO
MOJX0Jja MaTeMaTH4ecKoi (opMann3alyy, IONYYHBIIETO0 PeaIn3alfio B MOAW(GHUINPOBAHHOW MaTeMaTHYECKOH MoJenn
Mporecca TECTUPOBAHS Ha IPOHUKHOBEHUE.

KawueBble cioBa: KOMITBIOTEpHAsA CUCTEMA, IPOrpaMMHOE 06eCHe‘IeHI/Ie; TECTUPOBAHUE; MATEMATUICCKast MOICIIb.
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SIGNAL RELAY TIME MEASURER REFLECTED
FROM A SMALL PURPOSE AT ITS LOCATION OVER THE SEA

Abstract. In the article possibility of account of phase fluctuations of signals reflected is examined from littlepitch aims
location, during optimization of process of measuring of time of delay of signal. The process of optimization of measuring
of distance to the aim on conditions of superrefraction is examined in supposition, that fluctuations of the signals reflected
from nouupyembix aims up-diffused on a normal law, and the cross-correlation function of these fluctuations has an
arbitrary kind. Within the limits of suppositions got correlation for the optimal estimation of time of delay of the reflected
signals. Using the obtained ratios to determine the delay time and the variance of the group delay estimation, the target
distance meter was synthesized under the radar of the target above the sea beyond the line of sight for the case when the
correlation function of phase fluctuations is described by an exponential function. The proposed optimal estimation
algorithm and rangefinder can be used to construct promising radar locations for low altitude targets. The use of such a
meter can improve the accuracy of measuring the target range from 2 to 2,5 times.

Keywords: rangefinder; phase fluctuations; cross-correlation function; dispersion.

Introduction

Formulation of the problem. Usually, when
working, developing and designing radar stations (RS),
airspace intelligence engineers try to reduce the impact
of additive interference (generator noise, active
interference etc.) on the tactical and technical
characteristics of the radar stations. The impact of
multiplicative interference caused by the change in the
refractive properties of the medium of propagation of
radio waves on the operation of RS is not taken into
account. This fact does not allow to fully realize the
capabilities of RS for the detection and maintenance of
air targets with a given accuracy. Analysis of the work
[1, 2] showed that to improve the quality of radar at the
location of the low altitude target, it would be advisable
to conduct rapid diagnosis of propagation conditions in
the inspection area RS.

It is known that a change in the type of refraction
can cause both a decrease and an increase in the
detection range of radar facilities. The reason for this
phenomenon is the presence of inhomogeneities of the
troposphere on the route. The presence of tropospheric
inhomogeneities on the track of propagation of radio
waves can in some cases increase the range of radio
equipment [3, 4, 5]. However, the location of targets
beyond the line of sight increases the errors of
determining  spatial  coordinates. According to
experimental data [6-11], in determining the target
range beyond the line of sight for every kilometer of the
distance to the object fluctuating measurement error
range can reach ten meters, which does not allow to
fully realize the capabilities of anti-aircraft missile
systems for the destruction of low altitudes goals.

Analysis of recent research and publications.
Analysis of recent publications has shown that when
locating a low altitude target beyond the line of sight,

using the phasometric distance measurement method,
errors in measuring the range of that target increase. As
shown in [8-11], this is due to the appearance together
with the uncorrelated and correlated components of the
phase fluctuations of the signals reflected from low-
altitude targets, which are in the troposphere beyond the
line of sight.

A number of papers [8-13] have become the
theoretical basis for optimizing the signal delay
measurement process. In these works, the process of
optimizing the measurement of the distance to the target
under the conditions of superrefraction is considered on
the assumption that the fluctuations of the signals
reflected from the low altitude targets are distributed
according to the normal law, and the correlation
function of these fluctuations has an arbitrary
appearance. Within the assumptions, the ratios were
obtained to optimally estimate the delay time of the
reflected signals.

In order to be able to improve the accuracy of the
determination of the range of aerial objects in a
particular radar sample, it is necessary, first of all, to
have adequate structural diagrams of the rangefinders.
In the known literature [6], circuits of range meters for
the case where the fluctuations of the phase of the
signals reflected from the targets are distributed
according to normal law are considered, and the
correlation function of these fluctuations has an
arbitrary appearance.

In this paper, we propose an optimal estimation
algorithm and a device that implements this algorithm
for the case where the correlation function of phase
fluctuations is exponential.

The purpose of the article is to construct a
structural diagram of the device of the delay time signal
of the reflected from the low altitude target, provided
that the fluctuations of the phase of the reflected signals

© Biesova O., Karlov V., Lukashuk O., Petrushenko V., 2020
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are distributed by normal law, and the correlation
function of the phase fluctuations is exponential.

Main part

As was established in [7-11], the phase
fluctuations of the frequency components of the signal
reflected from the low altitude target at its location
above the sea are distributed according to normal law.
This allowed us to optimize the process of measuring
the range by the criterion of maximum logarithm of the
likelihood ratio. According to this criterion, [12, 13]
obtained the relations for measuring the delay time and
the variance of the estimation of the group delay using
the correlation function of phase fluctuations, which is
given in the general form.

As shown in [12-14], the Optimal Delay Time
Estimation is as follows:

. [” r(@R(Q)d

3= > (1)
[ arect(0/a0)R(Q)d0

where  y(Q)=x(Q)+n(wy+Q) - the input signal
having the form of the sum of the expected signal, x()
and phase noise n(wy+Q); AQ — the width of the probe
signal spectrum; g - carrier frequency; R(Q) - a
weight function.

According to [12-14], the ratio for the variance of

the estimation of the group delay time is written as
follows:

144 0,5 AQ
of =— | [ Q0@(Q.0)d0d0; ()
AQ -0,5AQ

where @(€Q, Q) — the correlation function of the phase

fluctuations of the frequency components of the signal.

Since, when the signal is propagated to and from
the target, the effect of the medium is on its frequency
components, the equation with the weight function will,
in this case, be:

0,5AQ 1)

J. @(Q,Ql)rect(—jR(Ql,t3)=x(Q). 3)
-0,5AQ AQ
If the phase fluctuations of the frequency

components of the signal are described by an
exponential correlation function:

1
D(Q,0Q)= cfp exp{—g|Q—Ql |}, 4)

then the integral equation for finding the weight
function will be:

0,5AQ
j_O’SAQexp{—|Q—Ql|/p}R(Ql,t3)>< )
xc(zprect (Q/AQ) = Q4 rect (Q/AQ).
To solve it, we differentiate twice the left and right
parts, give similar and, given that R(Q,z,)=1¢,R(Q),

we get:

Q Q AQ
p | prect| |~ —+1 |x

29 x[3(Q+40/2)-8(Q-A0/2)]

. (0)

where §(Q+AQ/2) - delta function.

Determine the variance of estimation of the
optimal measurement of group delay in this case.
Substituting (5) into (2), we obtain:

2
2 _ G(p ) 12¢ (7)
AQ? 1+3c+3c?
We get an expression for an algorithm for optimal
measurement of group delay (range to target). Using the

relation (5), respectively, we obtain the finite relation:

A 0,5AQ
i, =K, I_O’SAQQy(Q)dQ+

St onm

®)

+K, [ (AQ/2) - y(-29/2)],

where K; and K, - weighting factors.

The weights are as follows:

-1

K =12[AQ3 (1+3c+3czﬂ ; )
-1

K, =(3c+3c2)[AQ(l+3c+3c2)} . (10)

The scheme of the device that implements the
obtained algorithm (8) is shown in Fig. 1.

|
:
G

|

|

|

|

|

|

|

|

|

Fig. 1. Scheme of the evaluation device t;

The operation of the device is as follows. The
implementation of the radar signal is accepted

S(t)= (1/(2n))~exp(j0)0 [t—(po (o9 )/mo})x
><Oj‘J G(Q)exp(j{Q[t—q)’ (oaO)J—n(0)+Q)})dQ

enters the block of formation of linear phase induction
of frequency components of signal 1 (block of
formation y(Q2) and relative interval of correlation of
phase fluctuations ¢ ).

From the output of block 1,the implementation of
the phase in y(Q) enters the block estimation delay. In
this block, according to algorithm (8), an optimal
estimate t; is formed. In this case, in block 2, the
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0,5AQ

integral is calculated J-—o A Qy(Q)dQ and in block 3,

the ratio is calculated [y(AQ/2)-y(AQ/2)] in

accordance with algorithm (8).

The output of block 2 is connected to the input of
one of the blocks 5, the other input of which receives a
voltage proportional to the coefficient k1 formed in
block 4. The output of block 5 is connected to one of the
inputs of block 7, the other input of which is connected
to the output of block 6, one of the inputs of which is
connected to the output of block 3, and the other with
the output of the block 4 on which the voltage is
generated, proportional to the coefficient x,. The
weights k; and k, correspond to the coefficients of the
additives of formula (8) and are determined in the block
of formation of weights 4, which receives the estimated
value of the relative correlation interval of phase

fluctuations ¢ = 2{)AQ_] from block 1. In blocks 5 and

6, multiplication is carried out, and in block 7 -
summation of the voltage supplied to their inputs.

We compare the variance of the optimal
measurement of the group delay of the algorithm (8)
with the variance of the measurement error according ¢,
to the algorithm, which does not take into account the
correlation of phase fluctuations. According to (2), for
the variance of the measurement error according to an
algorithm optimal for uncorrelated phase fluctuations,
we obtain the relation:

c,z =126<2P/A92 X

x{c—%cz (1+c)[e‘2/" +1+c(e_2/" —1)}}.

Using relation (11), we estimate the gain (B) in the
accuracy of measurement ¢,, which is ensured by using

(11)

the proposed optimal algorithm, using the expression:

The results of calculation B are shown in Fig. 2.
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Fig. 2. Evaluation of the gain
in the accuracy of measurement

From the data shown in Fig. 2, it is clear that in the
range of values of ¢=0,4—1,4 the accuracy gain is
from 2 to 2,5 times.

Conclusions

Therefore, the feature of measuring the distance to
the low-altitude target framed at a distance, the greater
the line of sight, is to take into account, together with
the uncorrelated and correlated frequency components
of phase fluctuations reflected from the target signal in
the frequency domain. In this case, the estimated delay
time of the reflected signal assuming a normal law of
distribution of phase fluctuations in the frequency
domain will be unchanged.

Using the obtained ratios to determine the delay
time and the variance of the group delay estimation, the
target distance meter was synthesized under the radar of
the target above the sea beyond the line of sight for the
case when the correlation function of phase fluctuations
is described by an exponential function.

The proposed optimal estimation algorithm and
rangefinder can be used to construct promising radar
locations for low altitude targets. The use of such a

2/ 12 meter can improve the accuracy of measuring the target
B=o / © tomm (12) range from 2 to 2,5 times.
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BumiproBa4 yacy 3aTpHMKH CHTHAJTY, BiAOMTOro BiJ MaJIOBHCOTHOI iJIi IPH ii JIOKaNii Hax MopeM
O. B. becosa, B. JI. Kapnos, O. B. Jlykamyk, B. M. Ilerpymenko

AHoTanisi. B craTTi 3anporoHOBaHO AJIrOPUTM ONTHUMAJIBHOTO OLIHIOBaHHS 4acCy 3aTPUMKHU CUTHAIY NP paJiiofoKarlii
MaJIOBUCOTHUX Lieil. AJITOPUTM BpPaxoBYye HAsBHICTH (ha30BUX (uIyKTyaliil BiOMTHX BiJ MaJOBUCOTHMX LiJ€i CHrHANIB, sIKi
00YMOBJICHI CEpeIOBHUIIEM MOIIMPEHHS paIioXBWib. B poboTi mpencraBiieHa CTPYyKTypHA cXeMa INPHUCTPOIO, SIKUH peaizye
3aIPOIIOHOBAHMI aJITOPUTM OLIHIOBAHHSA 4acy 3aTpuMKu. IIpu 1pomy KopessiniiiHa QyHKIis Gpa3oBuX QIIyKTyaliil OMUCYeThCS
€KCIIOHEHIIHHOW (yHKUieto. Po3paxyHkM, siki HaBeAeHI B CTaTTi, CBiAYaTh PO T€, IO BUKOPHCTAHHS 3alpOIIOHOBAHOI'O
BHMIpIOBa4a JajgbHOCTI JO3BOJISIE MTIIBUIIUTH TOYHICTH OLIHIOBaHHS JAJIBHOCTI Bix 2 10 2,5 pasiB. BukopucroByroun orpumani
CIIBBIJIHOLIEHHS /Ul BU3HAUYCHHS 4acy 3aTPUMKH 1 JMCIepcii OLiHKU IPyNoOBOi 3aTPUMKH, OyB CHHTE30BaHHH JAleKOMip IO
mery nix PJIC mMetn Haz MopeM 3a MexxaMu NpAMOi BUAMMOCTI JUI BUIIAJKY, KOJIM KopeswiiHa GyHkiig ¢pa3oBux Qurykryauii
OIMCYETHCS eKCIOHSHIIIHHOI (QyHKLi€r0. 3alpONOHOBAHUI aJlrOPUTM ONTUMAJILHOTO OLIHIOBaHHS Ta JAJICKOMIP MOXYTb OyTH
BUKOPHCTaHi Ul MOOYJOBH IEPCHEKTHBHHUX DaliONIOKaLlifiHUX JIOKalil Ui MaJOBUCOTHUX Lineil. BukopucTaHHs Takoro
BHMIpIOBa4a JI03BOJISIE IMiBUIIUTH TOYHICTH BUMIPIOBaHHS JAITBHOCTI JI0 iji Bix 2 110 2,5 pasis.

KawuyoBi ciroBa: BumiproBau gansHOCTi; pa3oBi GurykTyarlii; kopessiniiiHa QyHKIis; Auciepcis.

H3mepuTesib BpeMeHH 3ana3bIBAHUS CHTHAJIA, OTPA’KEHHOr0 OT MAJIOBBICOTHOI 11eJIH NPH ee JIOKALHH Hajl MoOpeM
O. B. becosa, B. Jl. Kapnos, E. B. Jlykamyk, B. H. Ilerpymenko

AHHOTAanmus. B crartee nNpemIoKeH airOpUTM ONTHMAIBHOTO OICHHUBAaHHMS BpPEMEHH 3alla3lblBaHMS CHTHAIA IIPH
PaaMoNOKalii MAJIOBBICOTHBIX LENel. AJITOPUTM yJHUTHIBAaeT HAIMIKeE (a3oBBIX (UIYKTYaIWii OTPaKCHHBIX OT MaJIOBBICOTHBIX IieNiel
CHTHAJIOB, KOTOpBIE OOYCIIOBJIEHBI CPEION paclpOCTpaHEeHUs paJroBONH. B pabore mpezicraBiieHa CTPYKTypHAsl CXeMa YCTPOKCTBa,
pEAH3YOIIETO TPEVIOKEHHBI aIrOPUTM OLCHMBAHUS BPEeMEHH 3aepkKKH. [Ipu 3TOoM KoppersunoHHas (yHKIMS (a3oBbIX
(IyKTyarmii OnMchIBaeTCS JKCIOHEHIMANBHON (YHKIMEH. Pacdersl, mpeicTaBleHHBIE B CTaThe, CBHUIETEIBCTBYIOT O TOM, YTO
WCIIONB30BaHUE TPEIOKEHHOIO M3MEPHTENS TAJbHOCTH TTO3BOJISIET TOBBICHTH TOYHOCTH OLEHHBAHMS JAJIBHOCTH OT 2 10 2,5 pas.
HVcnone3yst mofydeHHble COOTHOLICHUSI ISl ONpPENEICHUs BPEMEHH 3a[ep)KKH M JIWCTIEPCHH OLEHKU TPYIIIOBOHM 3aJIepXKKH, ObLT
CHHTE3UPOBaH JaibHOoMep 210 neiw rox PJIC nenm Hajg MopeM 3a npesenaMi IpsSMOi BHMMOCTH JUTSL CITydasi, KOTia KOpPEIsIOHHAs
(byHKIUS (a3zoBbIX (UIYKTyalHii ONMCHIBACTCS SKCIIOHSHIMAIBHOM (yHKIMeH. [IpeioyKeHHBIH ainropuT™ ONTHMAIBHOTO OLICHUBAHUS
1 JATBHOMEP MOT'YT OBITH UCIIONB30BAHBI YISl IIOCTPOSHHS IEPCIEKTUBHBIX PAIHOJIOKAIINI TSt MAJIOBBICOTHBIX Liesieil. Mcronb3oBanue
TAKOro U3MEPUTEIIS II03BOJIAET OBBICUTH TOYHOCTh M3MEPEHUS JaIbHOCTH JI0 LIeNH OT 2 10 2,5 pas.

Karoudesble ciI0Ba: U3MEpUTEIb JAILHOCTH; (ha30Bble (IIYKTyalluH; KOPPEISILIMOHHAs! (DYHKLNS; AUCTIEPCHSL.
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SUBSTANTIATION OF THE CHOICE OF METHODS
OF NON-DESTRUCTIVE TESTING OF ELEMENTS OF
ENERGY EQUIPMENT USING A FUZZY LOGIC APPARATUS

Abstract. The paper illustrates the solution of the problem of choosing methods of quality control of manufacturing parts
and assemblies of power equipment using a fuzzy logic device. The main methods of non-destructive testing for the
detection of surface and internal defects are considered, as well as the main indicators of quality of metal products. The
types of metal defects and welded joints are inspected. The description of the equipment and means of control for detection
of defects is executed. The sequence and methods of quality control by ultrasonic, capillary and magnetic powder methods
of control are described in detail. The results of quality control of parts during production and during their operation are
obtained. The analysis of the revealed defects is carried out. An example of using an integrated approach to control is
given. The obtained results of control of the percentage of coincidence of detection of defects on the product are analyzed.
Comprehensive quality control was performed by visual, ultrasonic, capillary and magnetic powder methods of non-
destructive testing to determine the percentage of coincidences of defects. By creating a heuristic analyzer based on the
interface of the fuzzy logic system Fuzzy Logic Toolbox of the Matlab program, an example of determining a combination
of non-destructive testing methods for quality control of a steam turbine bearing liner is considered. Computer simulation
according to the Mamdani algorithm is carried out, which consists of fazzification with determination of ranges of change
of input values for each example, task of distribution functions for each input parameter; calculation of rules based on the
adequacy of the model; defuzzification with the transition from linguistic terms to quantitative assessment and graphical
construction of the response surface. The simulation made it possible to determine the optimal combination of non-
destructive testing methods, which provides the highest quality of defect detection in the steam turbine bearing liner.

Keywords: control object; defect; non-destructive testing; fuzzy logic; heuristic analyzer; fuzzification; defuzzification;

quality control.

Introduction

The development of modern energy, machine-
building and metallurgical production is inextricably
linked with the creation and improvement of methods and
means of non-destructive testing (NDT), allowing to
ensure high reliability and safety. Improving the quality
and reliability of industrial products is possible under the
condition of continuous improvement of production
technology and continuous quality control of products.
Control of product parameters in the industry is
characterized by sufficient complexity and high cost, so
the task of introducing mass control of product
parameters without increasing their cost is timely and
relevant. To assess the technical condition of critical
facilities and units of power equipment at various stages
of production and operation in many industries, the
methods of NDT are widely used. Among a large number
of methods and means of NDT objects and units of power
equipment, a special place is occupied by ultrasonic,
color (luminescent) and magnetic powder methods.

For the implementation of modern flaw detection
use a wide range of serial devices and non-destructive
testing, but in each case, there is a specificity (structure
and properties of the object of control, its shape and
design, etc.), which necessitates additional research and
development of specialized controls. This is especially
evident during flaw detection of products with a complex
surface. An important problem is the display of the shape
and size of the detected defects in the products, which are
both in operation and during their manufacture.

Very often the use of one control method is not
enough to check the quality of the product in
accordance with the technical documentation for the

product. In such cases, a set of NDT methods is used. In
some cases, in practice, there may be problems for
which the use of known methods (or techniques) of
NDT is not effective. In these cases, research institutes
and plants are developing new special methods, tools
and techniques of non-destructive testing. Therefore, the
substantiation of the use of the necessary methods of
NDT and the means that implement and ensure the
identification and determination of the characteristics of
defects of parts and components of power equipment, is
an urgent scientific and practical task.

Analysis of basic research and publications. One
of the main priorities in the production of most products
is the quality of the final product. The struggle to
improve the quality of manufactured products is
synonymous with the struggle for the consumer in a free
market [1 — 5]. This statement is especially important in
the manufacture and operation of critical products and
structures. Obviously, a defective unit used in a
particular mechanism or structure is much less, and
failure in the best case will cause the mechanism to
stop, at worst — can lead to disaster. Thus, quality
control is a prerequisite for metal products, which are
components and parts of the responsible objects.

For qualitative assessment of such objects, the
methods of NDT are widely used [1, 2].

According to the current standard [4 — 5] in non-
destructive testing it is accepted to classify 9 types of
NDT, which unite on the basis of the used physical
phenomena and the nature of probing fields.

It is necessary to allocate the most widespread in
technique methods of NDT for the comparative analysis
and revealing of their advantages and lacks for the
decision of problems of flaw detection.

© Hryhorenko I., Hryhorenko S, Ovcharenko M., 2020
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Objects of control differ in a wide variety of
forms, properties of materials, and also the list of
defects characteristic of them. This necessitates the
analysis of the main problems in the control of various
methods. This is especially true of metal products,
which occupy a leading position in terms of output. One
of the main indicators of the quality of metal objects is
the presence of defects.

Defects can impair physical and mechanical
properties of metals, such as strength, ductility, density,
electrical conductivity, magnetic permeability, etc. They
are often divided into overt and covert. The first is
detected by a visual method of control or by means of
tools and methods that are given in the regulatory
documentation. If the defects are most likely detected by
appropriate instrumental methods of NDT, but are not
detected visually, they are also classified as obvious. The
latent defect cannot be detected by the intended method
and equipment. Defects are also divided into critical, the
presence of which makes the use of products for their
intended purpose impossible or dangerous; significant —
significantly affect the performance of the product or its
durability; insignificant, which do not have such an
impact, as well as insurmountable and surmountable.

By origin, defects are divided into production-
technological and operational. The first include
metallurgical defects that occur during casting and
rolling; technological, arising during the manufacture of
products and their repair, and before the operational —
defects that occur after some operation of the products
due to fatigue of the metal, their elements, corrosion,
wear, as well as improper maintenance and operation.

According to the number and nature of distribution
in the products, the defects can also be single, local
(cracks, shells, etc.), distributed in limited areas, such as
areas of corrosion, distributed throughout the product,
for example, the heterogeneity of chemical composition;
external (surface and subsurface) and internal (deep).

By the nature of geometric parameters, defects can
be point, linear, planar and three-dimensional.

Depending on the size of metal defects are divided
into sub microdefects, microdefects and macro defects.

Macro defects can be small or large. Usually, for
the classification and identification of macro defects,
their morphological and genetic characteristics are used.

Analysis of works [1 — 3] shows that the most
common and dangerous defects are cracks of different
origin. Under the influence of residual and operating
stresses, cracks can propagate at high speeds. Therefore,
the micro- destruction caused by them often occurs
almost instantly and poses a high risk. Moreover, in
comparison with extended cracks of all kinds, round
defects are less dangerous and more static in their
development.

Thus, the assessment of the nature of the defect
(whether it is long or rounded) is important information
in diagnosing and predicting the residual life of the test
object.

The aim of the study. When choosing a method
or a set of NDT methods for specific parts or
assemblies, it is necessary to take into account the
following main factors: the nature (type) of the defect

and its location, the sensitivity of the control method,
the working conditions of the parts and technical
specifications for the product, the part material, the
condition and roughness of the surface, the shape and
size of the part , condition and roughness of the surface,
shape and size of the part, control zones, accessibility of
the part and the control zone, control conditions [1 — 3].

The study used three main methods of non-
destructive testing that are used at enterprises and plants in
the manufacture of parts and assemblies of power
equipment, namely: capillary (color flaw detection),
magnetic particle and ultrasonic testing. They were not
chosen in vain, since they have a number of advantages
and features in use (ease of control, speed, sensitivity,
information content). It is the integrated control that makes
it possible to assess the quality of the product as a whole.

Main part

Ultrasonic Testing method of product quality
control. Let us consider ultrasonic testing using the
example of welded joints of the rotor frame of the SGK
538 / 160-70UHL4 hydrogenator, which was operated at
one of the Ukrainian hydroelectric power plants (Fig. 1).
The method of control and adjustment of the flaw
detector was carried out according to DSTU, drawings
and other normative and technical documentation. To
complete the task, the surface of the test object was
prepared in accordance with the methodological
instructions, in our case it is a fragment of the butt welded
joint of the hydrogenator rotor rim discs to each other
(Fig. 2) and setting up the flaw detector for operation.

Fig. 1. The skeleton of the rotor of the hydrogenator

Fig. 2. Fragment of the butt welded joint of the rotor rim disks
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The control was carried out with a UD4-TM flaw
detector and a SWB 45-2 converter, which was initially
set up according to the control method on a standard
sample V2 (setting the depth gauge, vibration velocity in
the material and other auxiliary values of the transducer)
and built an electronic ADD diagram (amplitude-
distance-defect ) for a fixation level of a defect equal to 2
mm. Next, we gradually move on to control. During the
inspection, it was revealed that on the fragment of the
butt welded joint, which had to be inspected, with the
section length L = 400 mm, single load-bearing integrity
was revealed that did not exceed the fixation level, as
well as lack of penetration of the root of the seam, which
is unacceptable for all types of welded joints.

The results obtained indicate that the detected lack
of penetration must be corrected. Modern standards for
assessing the quality of products do not allow the use of
products with these types of defects.

Penetrant Testing method of product quality
control. Let us consider the Penetrant Testing method
(color defectoscopy) using the example of the bearing shell
of a steam turbine bearing (Fig. 3), which are intended for
operation at a thermal power plant in Ukraine.

Fig. 3. Steam turbine bearing insertion

Fulfillment of the task for carrying out the
Penetrant Testing method (color defectoscopy) on the
example of the bearing shell of a steam turbine bearing.
Surface preparation was carried out according to the
guidelines. The ambient temperature was + 14 ° C,
which is favorable for the control. During the control,
aerosol cans were used, namely: penetrant — MR6SC,
cleaner — MR70, developer — MR88. The lighting in the
room was combined. The task was to carry out a color
defectoscopy of the fit of the babbitt fill to the steel base
of the insert.

During defectoscopy, the part was cleaned of dirt
and dust and a penetrant was applied. After 5 minutes of
exposure, the penetrant was reapplied to improve the
permeability of the active substance. After 15 minutes
of exposure, the part was cleaned according to the
control procedure and the developer was applied. After
the developer had dried, linear indications were found
on the verge of babbitt pouring and the steel base of the
steam turbine bearing shell. Linear indication detected is
unacceptable when babbitt casting is in contact with
steel base. This indicates that mistakes were made in the

technological process, in the manufacture of the
product. In order to accept this part into work, it must be
corrected by re-pouring and checking. Modern
standards for assessing the quality of products do not
allow the use of products with these types of defects.
This type of defect can lead to an accident during the
operation of the product.

Magnetic particle Testing method of product
quality control. Let us consider the Magnetic particle
Testing method using the example of a workpiece
(forging) for the manufacture of tie rods with M160
thread. Testing methods and flaw detection materials
according to GOST, drawings and other normative and
technical documentation.

To complete the task, the surface of the test object
was prepared, in our case it is a blank (forging) for the
manufacture of tie rods with M160 thread. After
cleaning the surface, a 20 um layer of contrasting white
paint is applied to it, as the magnetic suspension in
black MR76S will be used. In our case, we use a
magnetizing device (yoke) AC-42 V, operating on
alternating current using the applied field method. The
magnetic field strength on the controlled area of the
object surface is H = 2.2 kA / m. We slowly magnetize
the workpiece and apply a magnetic suspension. After
holding on the surface of the test object, a linear
indication with a length of L = 42 mm appeared, which
is located at the point of thread cutting.

Having analyzed the width of the display opening
and its length, one can declare the inadmissibility of
defects of this type. The blank is not suitable for further
stud production. This type of defect can lead to an
accident during the operation of the product.

Comprehensive non-destructive testing of
products quality control. On the above-described
products of units and parts of power equipment, a
comprehensive quality control was carried out by the
following main NDT methods, such as visual,
ultrasonic, magnetic particle and penetrant testing,
which made it possible to determine the percentage of
coincidences in the detection of defects, the results of
which are shown in Table 1.

After analyzing the results obtained, we can
conclude that it is necessary to use comprehensive
quality control of products, since it is impossible to
highlight the importance of one of the main methods.
Only an integrated approach makes it possible to judge
the presence and nature of the identified defects, taking
into account all the advantages and features of using
NDT methods. Using the example of a common test
object (a bearing shell of a steam turbine bearing), we
will consider the expediency of using a complex NDT.

Assessment of the quality of control using a
fuzzy logic apparatus. In practice, when evaluating
metal products by NDT methods and tools, it becomes
necessary to find a balance between the reliability of the
results and the cost of testing. The economic feasibility
of NDT is one of the main indicators of competitiveness
in the market for such control services. So, there is a
need to determine a combination of such NDT methods,
allowing to obtain the greatest reliability of control
results while minimizing the cost of its implementation.
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Table 1 —The percentage of coincidences in the detection of defects

NDT methods Percentage of
Product name Visual Ultrasonic | Magnetic particle | Penetrant de:ggﬁldfiz;:cs tlsn[y
Testing | Testing Testing Testing g > 70
Fragment of the butt-welded section of
S - + - - 25

the rotor rim disks
Steam turbine bearing support shell + + + + 100
Tie rod (workpiece) - - + + 50

The solution to this problem is possible due to the
use of a fuzzy logic apparatus, is widely used in
solving control problems, evaluations in decision-
making systems under fuzzy, blurry conditions. The
subject of fuzzy logic is the study of judgments in
conditions of fuzzy. Calculations and construction of
fuzzy logic diagrams can be performed using the
MatLab computer program in the fuzzy logic
application.

Let us consider using an example of determining
a combination of NDT methods for quality control of a
steam turbine bearing support shell, how a fuzzy logic
system works.

Quality control of the manufacturing of the steam
turbine bearing support shell can be carried out using
the radiation monitoring method.

This control method gives the most reliable
results (in this case) and can be taken as exemplary
(100% quality).

However, this method is the most expensive and
most dangerous compared to other methods. Not every
enterprise has the ability to use radiation monitoring
due to its complexity, danger, and the need for
qualified specialists. In such cases, production workers
are trying to replace radiation control with other
methods. No doubt, the combined control gives the
most reliable results, but how to determine the
appropriate combination of methods to use?

Currently, there are many fuzzy logic algorithms.
Most often everyone uses the following methods:
Mamdani, Tsukamoto, Sugeno, Larsen. The main
analytical relations describing the functioning of the
Mamdani algorithm, presented in [6]. In works [7 — 9]
the possibilities of using the Mamdani algorithm are
presented. The paper [10] presents a solution to the
problem of classifying defects in metal pipes of oil and
gas pipelines using the Mamdani fuzzy inference
algorithm and the Sugeno fuzzy knowledge base. In
[11], a method was proposed to improve the accuracy
of detecting defects in metal products, the possibility
of using the apparatus of the theory of fuzzy sets to
determine such parameters of the transducer that
would give the opportunity to minimize the error in
determining a defect was proved. In [12], the solution
to the problem of controlling the accuracy of the
parameters of the technological process of producing
kefir and improving its quality by creating a heuristic
analyzer is considered.

To build a heuristic analyzer, we first use the
Mamdani fuzzy inference algorithm. Since the

enterprise considers the possibility of using three
control methods (visual control is input and is not
taken into account), the model should have three
inputs and one output. Select the Penetrant Testing
(PT) as the first input.

The second input is the Ultrasonic Testing (UT).
The third entry is the Magnetic Particle Testing (MT).
We select the quality of control (Quality) as the initial
value (Fig. 4).

4| Fuzzy Logic Designer: Untitled = m] *

File Edit View

Untitled

(mamdani)

Quality

‘ FIS Name: Untitled FIS Type: mamdani
And method . e Current Variable
Or method s « =

: Type
Implication min. e

Range

Aaggregation e e
Defuzzification centroid ~ Help Close ‘ ‘

‘Opening Membership Function Editor ‘

Fig. 4. Window of the task of input and output parameters
when monitoring the quality of the state of the bearing
shell of a steam turbine bearing

We define membership functions for the selected
input variable — the Penetrant Testing (PT). In the
Range item, set the range in which the function
changes (from 10% to 40%) of defects. We set the type
of the membership function in the Type column: for
three membership functions, namely the minimum
(min), average (middle) and maximum (max), we
choose the Gaussian distribution.

Similarly, we set the membership functions for
the selected input variable — the Ultrasonic Testing
(UT). In the Range item, set the range in which the
function changes (from 25% to 80%).

We set membership functions for the selected
input variable — the Magnetic Particle Testing (MT). In
the Range item, set the range in which the function
changes (from 35% to 70%).

We set membership functions for the selected
initial variable — quality control. In the Range item, set
the range in which the function changes (from 0% to
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100%). We set the type of the membership function in
the Type column: for three membership functions,
namely the minimum quality, average quality and high
quality, we choose the distribution (trimf) a triangular
distribution law. We set the rules according to which
the model will operate. The rules are based on the
model:

therulel: IF [xe 4| AND [ye B|TO[ze C];
therule2: IF [xe 4| AND [y e B,|TO[zeC,];
therule3: [F [xeA3]AND [yeB3]TO[zeC3],

where x,y,z... — nominal output (input) linguistic

Variables, A] , A2 . A3 . B] . Bz . B3 . C] . C2 . C3 ... —are some
fuzzy sets, described by their membership functions.

In the "rules" window, we will compose rules that
characterize how the quality of control changes

depending on the selected combination of control
methods (Fig. 5).

In Fig. 6. the windows of the values of the
variables are presented:

a —at 50% compliance with the input parameters;

b — at 100% compliance with the input parameters.

The response surfaces for a combination of control
methods are shown in Fig. 7.

Conclusions

1. The study examined three main methods of
non-destructive testing quality of power equipment
products: ultrasonic, capillary and magnetic particle
NDT methods.

The results of quality control of parts at various
stages of production and operation are analyzed in
detail, as well as a reasonably comprehensive approach
to performing non-destructive testing.

The revealed defects only indicate the need to
implement the use of a complex of NDT methods at all
stages of production and operation of products. This
can save not only the funds of enterprises, but also

4. Rule Editor: Untitled = a X human lives.
Fie it Viw Opions 2. By means of the graphical user interface, it was
possible to build a fuzzy logic system that solves the
1.1 (PT is min) and (UT is min} and (MT is min) then (Quality is max) (1) A . . .
2. If (PT is middle) and (UT is middle) and (MT is middle} then (Qualty is max} (1} problem of ﬁndlng the necessary combination of NDT
3. If (PT is max) and (UT is max) and (MT is max) then (Quality is max) (1) . .
£ If (PT is min) then (Qualy s min) (1) methods to ensure high quality control of used
5. If (UT is min) then {Quality in) (1)
6.1 (MT = rr“nli:{, tnen (aﬂaarrry " rr:i:uf; (1{, product S.
ToIF(PT i ) and (UT iddle} and (MT in) then (Quality is middle) (1) . .
8.If fPTEE::;:;d (U'r:::Iax;?nz"(r.ﬁis:wi:;mt;ueneguualir?y isl:mee}E} 3. The pI‘OpOSﬁd heuristic analyzer plays the role
§_If (PT iz middle) and (UT is max) and (MT is middle} then (Quality is max) (1) f d . f h d f . . .
10. If (7T is middle} and (UT is max) and (T s max) then (Qualty is max) (1) % of an advisor for the defectoscopist- engineer In
i and o e choosing the necessary combination of methods for
PTis UTis MTis Quality is . . . .
‘ ' . ol carrying out a comprehensive non-destructive quality
m!n -~ min sl H'n!ﬂ " |VTI!"I ~
e i = =it control of products.
none none nens [none 4. From the obtained results of computer
= > = 2 - 2 - e simulation, the following conclusion can be drawn:
not not not not . . .
when monitoring the quality of the state of the
~ Connection Weight: . . . . .
. bearing shell of a steam turbine bearing, it is
@ and ; e e El= advisable to use a combination of two methods of
| = ‘ = = | non-destructive testing (ultrasonic and magnetic
particle), because they give the maximum quality of
Fig. 5. Window for setting rules control at the level of 87%.
4 Rule Viewer: Untitled o O x 4| Rule Viewer: Untitled = O x
File Edit View Options File Edit View Options
PT=25 UT =525 MT = 52.5 Quality = 845 PT =395 ur=79 MT = 69.4 Quality = 87
A | O | O | o s | N | | | | 2]
2 | P = | L | | ] | ]
3 | | | | | | o 3 | \ | | P |
- | | | | | EE— [~ | \ | | | [~ |
8 | | B | | | O~ | 5 | | ES | | | ™ |
Ji | | L1 1 || I | 1 &
- | [ | | | 3 | =R [ | | |
s [ | | Pl [ | | | [ | \ [~ | | |
9 ! 7 9|.-"_ ~| \ | ~ | Pl
g | ] | 2]} | 2] LN \ | o
10 40 25 80 35 70 g 10 40 25 0 35 0 g
0 100 (1] 100
““PU" [25,52 5:52 5] Hp‘ﬂf points: |41 Move:  jeft | right | down| up ‘ Input | 39 45 79.01,68.27) HW points:  1g4 Move:  jeft | right | down| up ‘
‘ Ready H He | Cose | ‘ ‘“Bﬂdi' H ep | cose | ‘

Fig. 6. Window of variable values window:
a —at 50% compliance with the input parameters;
b —at 100% compliance with the input parameters

147




Advanced Information Systems. 2020. Vol. 4, No. 3 ISSN 2522-9052

Ju—

10.

11.

12.

Quality

Quality

40 -

204
40

Fig. 7. Window of variable values window:
a — the dependence of the quality of control with the combined use of the ultrasonic method and magnetic particle;
b — the dependence of the quality of control with the combined use of the capillary method and magnetic particle;
¢ — the dependence of the quality of control with the combined use of the capillary method of ultrasonic
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OOrpyHTyBaHHs1 BUOOPY MeTOAIB HEPYiiHIBHOI0 KOHTPOJIIO €JIEMEHTIB €eHepreTH4HOro 0012 JHAHHS
3a JJONOMOI0I0 aNapaTy HeviTKOI JIOTiKa

I. B. I'puropenko, C. M. I'puropenko, M. M. OpuapeHko

AHoTanisi. B poOoTi npoinrocTpoBaHO pillleHHs 3a/a4yi BUOOPY METOJIB KOHTPOJIIO SIKOCTI BUTOTOBJIEHHS JeTaleil Ta
BY3JIiB €HEPreTHYHOro OOJIaJHAHHS 3a JOIOMOIOI arapary HEYiTKOI JIOriku. Po3rJIsHyTo OCHOBHI METOIM HEpYIHIBHOrO
KOHTPOJIIO JUIS BUSIBICHHS IOBEPXHEBUX Ta BHYTPIMHIX Je(EKTiB, a TaKOXX BHCBITICHO OCHOBHI IIOKA3HHUKH SKOCTI
MeTtanoBupoOiB. [IpoBexeHo orisim BuaiB nedekTiB Merany Ta 3BapHUX 3’€IHaHb. BUKOHaHO omuc OONamgHaHHS Ta 3acoliB
KOHTPOJIIO JUIS BUABJICHHs JedexrTiB. JleTaabHO ONMCAHO IIOCIiZOBHICTH Ta METOJUKA KOHTPONIO SKOCTI YIbTPa3BYKOBUM,
KaIliJIApHUM Ta MarHiTONOPOIIKOBUM METOAAMU KOHTPOI0. OTPUMAHO pe3yabTaTH KOHTPOIIO SIKOCTI JeTaneil Ipy BUpOOHHIITBI
Ta B mpoueci ix excrutyaranii. [IpoBeneHo anani3 BusiBieHux nedexri. IIpuBeneHo NpuKiIaz BUKOPUCTAHHS KOMIUIEKCHOIO
IiIXOAY 10 BUKOHAHHS KOHTpouto. [IpoaHani3oBaHO OTpHMaHi pe3ysbTaTH KOHTPOIIO BiACOTKY 30iry BUsBIICHHA nedekTiB Ha
BUpoOi. IIpoBeseHO KOMIUIEKCHHH KOHTPOIb SIKOCTI Bi3yaJbHHM, YJIbTPAa3ByKOBHM, KaNlUIAPHUM Ta MAarHiTONOPOIIKOBHM
METOJaMU HEpPYHHIBHOrO KOHTPONIO JUIS BH3HAYEHHS BIJCOTKY 30IriB BHSBIEHHs JedekTiB. 3a JOMOMOrOI CTBOPEHHS
€BPUCTUYHOrO aHalizaropa Ha 0a3i iHTepdelicy cucremu HediTkoi Jioriku Fuzzy Logic Toolbox nporpamu Matlab posrisayro
NPUKIIa] BU3HAYEeHHS KOMOiHaLii MeTOHIB HepyHHIBHOrO KOHTPOJIO Ul KOHTPOIIO SKOCTI BKJIAIMILY MiJIIIMIIHUKA IapOBOI
TypOiHu. [IpoBeeHO KOMIT'TOTEpHE MOAEIIIOBAHHS 3a anropurMoM Mamdani, sikuii cknaznaersest 3 (asudikauii 3 BUSHAYCHHAM
Jiara3oHiB 3MiHH BXiJTHUX BEJIHYHH UL KOXXHOTO NMPUKIANy, 3aBAAHHAM (QYHKIIH pO3MOALTY Ul KOKHOTO BXiJHOTO ITapamMeTpa;
OOYMCIIEHHS TIPaBIJI, BUXOMIYM 3 aJE€KBAaTHOCTI Mozeli; nedazndikariii 3 mepexoxoM BiJl JIHIBICTHYHAX TEPMIB IO KiJIbKiCHOT
OLIHKH Ta TpadiyHOl MOOYI0BM MOBEPXHI BiAryKy. MoenroBaHHs a0 3MOr'Y BU3HAUUTH ONTHMAaJbHY KOMOIHAIi0 METOAiB
HEpyHHIBHOI'O KOHTPOJIIO, 1110 3a0e31euye HailBUIIy SKICTb BUSABJICHHS Je(eKTiB y BKIaJUIIy MiANIUITHUKA TapOBOI TypOiHH.

Kamw4oBi ciaoBa: o6’ckr koHTpoo; Ae(eKT; HEPYHHIBHUIT KOHTPOJIb; HEYiTKa JIOTiKa; eBPUCTHUHMI aHamizatop; (asudikaiis;
nedasudikalisnk KOHTPOJIb SIKOCTI.

O0ocHOBaHUE BbIOOPA METOI0B HEPAa3PYyLIAIOLIEr0 KOHTPOJISI 3J1eMEHTOB JHEPreTH4eCKOro 000pya0BaHus
¢ IOMOIIBIO ATMAPATa HeYeTKON JOTMKHI

H. B. I'puropesnko, C. H. I'puropenko, H. M. OB4apenko

AHHoTanus. B pabore NpOMIUIIOCTPUPOBAHO PEIICHHUS 3aJla4u BbIOOpA METONOB KOHTPOJIS KayeCTBa W3TOTOBIICHUS
JieTaneil ¥ y310B SHEPreTH4ecKoro o00pyJ0BaHHs C IOMOLIBIO alIapara HEYeTKON JOrMKH. PaccMOTpeHbl OCHOBHBIE METOJIbI
HEpa3pyIIaoIero KOHTPOJS IS BbISBICHUS IIOBEPXHOCTHBIX M BHYTPEHHHX AE(EKTOB, a TaKKe OCBELICHbI OCHOBHBIC
HOKa3aTeNn KadyecTBa Merajiousjenuii. IIpoBeneH o0630p BuIOB Je(EeKTOB MeTalla M CBapHBIX COEIMHEHMI. BbinonHeHo
omnucanue 000pynOBaHUS U CPECTB KOHTPOIIS UL BbIsiBIIeHU iedexToB. [lonpoOHO onncaHo nocienoBaTenbHOCT U METOUKA
KOHTpPOJI KauyecTBa YIbTPa3BYKOBBIM, KalWUIIPHBIM M MarHUTONOPOLIKOBas MeTojaMu KOHTpois. IlomydeHbl pe3yibTaTsl
KOHTpOJI KauyecTBa JeTajeil Npu IPOU3BOJACTBE M B MIpoLecce MX IKCIulyartanuu. IIpoBeneH aHann3 BBIABICHHBIX AE(EKTOB.
IIpuBeseHB! NpPUMEP HCIONB30BAHMS KOMIUIEKCHOTO I10JXOJd K BBINOIHEHUIO KOHTpOJs. IIpoaHann3upoBaHbl IMOJIYYCHHbIE
PE3yNbTaThl KOHTPOJIS NIPOLIEHTa COBIA/ICHUS BbISBICHUS AePEKTOB Ha mM3ziesuu. IIpoBeileH KOMIUIEKCHBIN KOHTPOJIb KauecTBa
BU3YaJIbHBIM, YJbTPa3BYKOBbIM, KANMWUIAPHBIM M MAarHUTONOPOLIKOBBIM METOJAMH HEpa3pyIIAIOIero KOHTPOJISA Ul
ONpeJieNieHNs] NPOLEHTa COBIAJeHUH BhIsBIEHUS nedekros. ITocpencTBOM CO3[aHMs 3BPUCTUYECKOrO aHaIM3aTopa Ha Oase
unrepdeiica cucrembl Heuerkoi soruku Fuzzy Logic Toolbox nporpammsl Matlab paccMoTpeH mnpumep onpezneneHus
KOMOMHALMKM METOJ0B HEpa3pyIlarollero KOHTPOIS Ul KOHTPOJIS KadecTBa BKJIAJbIIIA IOJUIMIHUKA MAapoBOH TypOWHBI.
ITpoBeneHO KOMIIBIOTEPHOE MOJEIMpOBaHUE 1O Merony Mamdani, koTopblii cocrout u3 (dassudukaimu ¢ onpeneneHueM
JIAIa30HOB M3MEHEHUs BXOJHBIX BEJIMYMH JUIS Ka)XKI0ro IpuMepa, 3anadeid QyHKIMil pacrpesieseHus IUIsl KaXJI0ro BXOIXHOro
IapaMeTpa; BBIYUCICHUS IPABII, UCXOAS W3 aJleKBaTHOCTH Mozeny; JedassupuKauy ¢ NepexoiaoM OT JIMHIBUCTHYECKUX
TEPMOB K KOJIMYECTBCHHOH OLEHKE M IpadUUecKoro MHOCTPOCHHUsS IOBEPXHOCTH OTKIMKA. MozenupoBaHue I103BOJIUIIO
ONpPENENUTh ONTHMAJIbHYI0 KOMOMHAILMIO METOJIOB HEPA3pYLIAIOLIEr0 KOHTPOJs, KOTOpas 00ECIEeUYMBAET BHICOKOE KauyecTBO
obHapyxeHHs 1e(heKTOB BKJIa plIla MOAIIMITHAKA TapOBOi TYpOHHBI.

Kaw4deBbie caoBa: 0OObEKT KOHTPOJS; JAedEKT; HEepaspyLIAOLIMi KOHTPOJb;, HEYETKas JIOTHMKA; 3BPUCTHYCCKHUIT
aHanm3aTop; Qaz3udukanys; nedaz3uuKays; KOHTPOIb KauecTBa.
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MULTIFUNCTIONAL ANTENNA DEVICE FOR PROTECTION OF RADIO

COMMUNICATION CHANNELS OF UNITS OF LAW ENFORCEMENT FORCES

Abstract. Safe conduct of mass events requires from law enforcement forces to protect the units’ radio communication
channels, detection and suppression of counterparty control radio channel. It also requires finding and destroying single-use
interference transmitters, the presence of which is a manifestation of the aggressive intentions of the crowd. This requires
means using antennas with directional properties, frequency ranges of which are determined by the established standard
and mass radio communications. In general, the antenna parameters of radio systems, radio intelligence, radio monitoring,
suppression are different requirements. Therefore, it is difficult to implement a universal antenna for many applications and
conditions. Ideal for operating an antenna can be considered one that could predictably change the properties when adding
(replacing) elements (modules), the parameters of which are known and consistent with the basic (basic) design. But serial
antenna of radio electronic means is finished devices and are not always amenable to improvement. So the article discusses
the possibility of using improvised antennas that have adequate models, as confirmed by numerous experiments, with the
main parameters whose values can be purposefully changed: frequency range, width and shape of the directionality chart,
its reflector properties, etc. An addition, software for such antennas is publicly available. Considering the functional
requirements, we have analyzed the designs of antennae "Radiator over a cylindrical surface", angular antennas and
antennas "Radiator over a plane", characteristics of which at the same sizes are approximately the same and are calculated
by the same formulas. The possibilities of angular antennas of the "open-book" type with different angles between
reflectors have been investigated. To do this, analytical simulations of technical solutions suitable for use in radio
communications of units of law enforcement forces were conducted. The efficiency of the proposed constructs was checked
and their characteristics were determined. Thus, the proposed technical solutions for angular antenna devices are able to

protect the radio communication channels of law enforcement units during mass events.

Keywords: law enforcement; radio communication; angular antenna; opening angle.

Introduction

When performing assigned tasks of law
enforcement units (LEU) of Ukraine (especially during
mass events), there is a need to protect the information
of their own radio channels, detection and suppression
of counterparty control radio channels and search and
destruction of installed transmitter of single-use
interference, the presence of which is a manifestation of
the aggressive intentions of the crowd.

These tasks require radio communications using
antennas with directional properties, frequency ranges of
which are determined by the regular and mass radio
communications that are being used. The following
requirements are imposed on such antennas: small size,
design and operational simplicity, masking ability,
embedding into special devices or equipment, the ability
to use regular radios and/or interference generators as
sources of interference etc [1]. Currently, such means in
LEU are practically absent. Additional restrictions also
impose a special features of the conditions of units' radio
communication use: LEU usually work in campus — a
limited area of constant composition and locations
(student or military town, city squares, etc.); there is an
urgent need to ensure the mobility and stealthiness of the
use of radio communications; the use of standard
directional antenna devices available in the Armed Forces
is not possible in direct contact with the of counterparties.

We emphasize that the antenna parameters of radio
systems, radio intelligence, radio monitoring,
suppression have different requirements, so it is difficult
to implement a universal antenna for many applications
and conditions. In addition, during the operation of

radio electronic means (REM), the requirements for the
properties and values of their parameters may change
(increase), but the REM serial antennas are complete
devices and are not always upgradable [2, 3].

In general, the ideal antenna for operation can be
considered one that could predictably change the
properties when adding (replacement) elements
(modules), the parameters of which are known and
consistent with the basic (basic) design. Natural is also a
requirement to minimize the number of elements the
basic design and allowable geometric sizes. Additionally,
should take into account the need for installation
(mounting) antennas on vehicles or protective equipment,
and low sensitivity to variations of geometrical sizes of
the design and the possibility of its implementation in
terms of maintenance, etc. [4]. The above determines the
relevance and purpose of the publication — to consider
building a multifunctional antenna VHF/UHF ranges, to
offer recommendations on design elements and to
propose measures to increase the efficiency of use when
performing assigned tasks of LEU.

Analysis of recent studies and publications.
Within annotated purpose appropriate to consider
improvised antennas — construction (products) that meet
the following functional requirements:

- the antenna has an adequate model, confirmed by
numerous experiments, the software for which is in the
public domain;

- basic design is simple, supplemented with
variable elements to achieve the required properties and
predicted values of characteristics;

- the main parameters which values can be
purposefully changed are frequency range, width and
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shape (single-beam and multipath) of the directionality
chart (DC) and its reflector properties, etc.

From the point of functional requirements view,
we will analyze the designs of antennas of type
"Radiator over a cylindrical surface", angular antennas
and antennas of type "Radiator over a plane", which can
be considered as a limited case of an angular antenna
with an opening angle of 180°, identified by patent
search HO1Q19/13, HO1Q19/17, HO1Q19/19 (the list of
which is commensurate with the volume of this
publication) and from literature [2, 3, 5]. In addition, the
characteristics of these types of antennas of
approximately the same sizes are calculated using the
same formulas [2, P. 279].

In Fig. 1, a and 1, b show the appearance of the
basic designs of antenna devices in accordance with a
cylindrical reflector (CR) and an angular antenna (AA)
[5]; marked with: 1 —reflector, 2 — radiator.

Fig. 1 Basic antenna designs

In Fig. 2 shows the appearance of constructs with CR,
which are different from the base design (BD); marked
with: 3 — separating screen, 4 — additional reflectors. In the
table 1 gives a brief description of the constructs and the
technical results obtained with the changes.

Fig. 2 Variants of antenna constructions with CR

The possibility of using radiators of different designs
in the BD, which improves the frequency characteristics of
antennas and broadens their scope of application, was
considered in [8]. Also considered are technical solutions
based on the reflector as clippings from a cylinder formed
by one [9] or several [10] metal shields of the "®opr-1I{I1"
type. In Fig. 3 shows the appearance of AA constructs that
have differences from the base structure; notations similar
to those shown in Fig. 1. In the table 2 gives a brief

description of the constructs and the technical results
obtained with the changes.

Table 1 — Description of constructions of antenna devices
with cylindrical reflector

Difference from BD

Con- Variable element The technical result
struct
and/or parameter
Fie 2-a Reflector height (2- Width DCy; = 60-180°;
%’5] 4 Width DC = 20°; simple
Slit width (0,3-0,7)A | power system
Fig. 2-b | Separating screen Width DG, =20°;

Width DCy; = 30-60°;

3] Slit width (0,6-1,4) reduction of lateral petals

Additional 2 reflectors

Fig. 2-c Sizes of additional Increas'mg directional
[3] coefficient on 1-4 dB
reflectors
Fi The second radiator  |Reducing antenna
ig. 2-d . .
3] Radiators at an angle |transverse size by up to
to the vertical 30%
The radiator is Frequency-angle
Fig. 1-a asymmetric about the dependence of the DC

plane of symmetry;
location radiator, slit

(6]

without complicating the
antenna design

width (0,6-1,4)\

a) b)
Fig. 3 Angular antenna constructs variants

Table 2 — Description of the constructions
of angular antennas

Con- foference from BD The technical
Variable element and/or
struct result
parameter
Fig. 3-a Separating screen Reducing width
[3] parating DC; by up to 25°
Fi The corner antenna is three-di- L
ig. 3-a S . Essential sizes
7] mensional; Opening angle, re- reduction
flector height and radiator shape

Obviously, listed in table 2 constructs have not
exhausted the basic design, which makes the relevance
of the annotated construction of a multifunctional
antenna device to protect the radio communication
channels of the law enforcement units.

Highlighting previously unsolved parts
of a common problem. The goal of the work

The purpose of the study is to provide technical
solutions for angular antenna devices capable of
protecting the radio channels of law enforcement units
during mass events.

The objectives of the study are as follows: to
conduct analytical modeling of variants of VHF / UHF
angular antennas technical solutions suitable for use in
law enforcement units' radio communication systems; -
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to check the performance of the proposed constructs and
determine their characteristics.

Materials and methods

Ideal for use is an antenna that can change
parameters depending on the operating conditions, meet
the requirements of manufacturability of the basic
design, minimize the number of components and so on.

From this point of view, the possibilities of angular
antennas of the "open-book" type with different angles
between reflectors were investigated.

Study results of the antennas of "open book"
type. Table 3 shows the results of the authors'
simulations of the antenna "Radiator over a plane"
(opening angle 180°) for reflectors with proportional to
the wavelength A by sizes.

Table 3 — Characteristics of antenna type
""Radiator over a plane' variants

Distance § | Length of | - \w.qip o the | Directionality

to the the . o
reflector | radiator | ™20 petal (E), chart shape

0,22 0,46 A 77 1 petal
0,25\ 0,46 A 32 1 petal
0,32 0,46 A 90 1 petal
0,4\ 0,48 A 105 1 petal
0,5\ 0,48 A - 2 petals
0,6 L 0,48 A - main + 2 lateral
0,71 0,47\ - main + 2 lateral

In Fig. 4 in the azimuth plane shows a diagram of
one of the antenna’s variant and the directionality chart
as a result of a machine experiment. Marked with: a;,
o, o3 — the corresponding angles between the reflectors;
F1, F2, F3 — DC for different conditions of radiators
location (marked with black dots on bisectors of
corresponding angles).

The calculations are made for the opening angle of
the central sector o, = 90°. At a distance S of the
radiator from the top of the angle by 0,25\ width of the
DC F1 the width at the zero level is about 90°. It can be
reduced by increasing S by up to 0,75\, which reduces
the width of the main petal F2 of the directionality chart
by almost half. At a value of S = A, a zero dip (F3) is
formed in the DC.

270
Fig. 4 DC for a, =90°

Similar calculation experiments were performed
for the values of angles a, = 60° and a, = 45°. Their
results are shown in Fig. 5 and 6 (similar to those shown
in Fig. 4).

90
- 60

270 270
Fig. 5 DC for o, = 60° Fig. 6 DC for o, =45°

For the variant of the opening angle of the central
sector at 60° (see Fig. 2) calculable width of the
antenna’ directionality chart F4 at the zero level is about
60° and practically does not change at distance of the
radiator from the top of the angle a; on distances from
0,25A to 0,5A. The shape of the directionality chart can
be substantially altered to form a dip along the optical
axis by increasing S to magnitude A (F5).

If the opening angle of the central sector is equal
45° (see Fig. 3), calculable width of the antenna’
directionality chart F6 at the zero level is about 45° and
practically does not change at the distance of the
radiator from the top of the angle a3 at a distance from
0,25A to 1,0A. The shape of the directionality chart can
be substantially altered to form a dip along the optical
axis by increasing S to magnitude, which is
approximately 1,2\ (F7).

Thus, changing the opening angle of the antenna
together with the change of radiator location allows to
vary widely the DC shape of the single antenna.

Field study results of the antennas "open book"
type. The theoretical and practical experience of the
authors allow us to consider different variants of
multifunctional antenna device "open book" type, which
is based on the idea of constructing an angular antenna.
Fig. 7 shows the appearance of a device designed to
investigate the directional properties of layout such an
antenna; marked with: 1 — reflector of two metal plates,
2 —ruler, 3 — slider-hinged knot, 4 — radiator, 5 — optical
sight. When changing the opening angle, the ruler
always remains in the bisector of the angle due to the
design of the slider-hinged knot — the equilateral hinged
connection of the slider with the reflector plates (Fig. 8).

Fig. 7 Antenna layout

Selected reflector sizes: length L = (1-1,5)Amax
height H = 1,2)A,,.x, where A — wavelength in a certain
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range VHF/UHF. As the radiator used antennas regular
radios Kenwood and Motorola.

The use of angular antennas with different opening
angles between common adjacent screens makes it
possible to create combined antennas for different
functional purposes. Examples of such antennas can be
an antenna made in one half plane, with three antennas
having opening angles o, = a, = 03 = 60° (see Fig. 9) or
o = a3 = 45°, ap = 90°, or with four antennas having
equal angles of 45°, or other variants of the structure.

Fig. 8 Example of changing
the reflector opening angle

Fig. 9 Antenna device
with equal opening angles

Practical application of antenna device. Studies
have shown that the "open book" type antenna can
operate at different frequencies or in the receiving (to
determine the azimuthal angle of the direction of the
signal source or radio interference) or/and in the
transmitting (for radio communication or radio
counteraction) modes.

In the mode of determining the azimuthal angle,
two angular antennas with equal angles of aperture a,
and a3 work in the direction of the radiation source.
Their symmetrical directionality charts are summed up,
forming a dip in the direction of the bisector of the
angle ap. Thus, the minimum of the received signal level
determines the direction of the radiation source. The
same effect can be achieved by changing the position of
the radiator of the central antenna until point of dip in
its DC.

In radio counteraction mode, a central antenna
radiator is connected to the generator, the maximum of
the directionality chart of which, by geometrical
symmetry, is directed to a certain azimuth of the
radiation source, which is set, for example, by means of
an optical sight.

As the results of the experiments show, the level of
the side petals of the DC of such antennas can be
reduced by installing metal rectangular or circular
jumpers on the reflector in certain positions.

Comparative analysis of technical solutions. To
compare constructs based on known technical solutions,
an information model of the antenna device (AD) was
developed. It contains a list of characteristics (attributes)
to be measured by instruments and expert method of
expert method of attributing balls, as well as economic
indicators that measure on an absolute scale. The
economic indicators include the cost of components, the
labor costs of different skill levels specialists and the
associated cost of AD manufacturing.

The qualimetric task of determining the quality of
the developed constructs was to calculate the integral
index for each of the above-mentioned ADs and to
compile their ranking ranked list. There are two
methods to form this list.

The first involves the comparison of a certain
characteristic of the AD — the object of comparison
(OC) — with the corresponding feature of the established
sample and the subsequent calculation of the modified
coefficient of concordance [11] as an integral quality
index.

The second is implemented as follows:

- measure (evaluate) the values of all features for
all OCs;

- for each of the characteristics determine the
feature-sample (the largest or smallest measurement
result) — there is an analogy with the calibration scheme
in the field of metrology for multimeters, when the
calibration is performed separately for each of the
measured parameters, the method of verification — direct
verification [12];

- calculate the rating coefficient as the ratio of the
measurement result of a particular trait to the numerical
value of the feature-sample;

- determine the maximum total rating (adding all
rating coefficients) from the calculated;

- calculate the coefficient of conformity Ky as the
ratio of the total OC rating to the maximum overall
rating;

- rank the OP in the order of reducing the K.

For example, the AD is compared on several
features, some of which have a positive effect on the
rating (antenna amplification coefficient, geometric
sizes, communication range), and others (the width of
the main DC, the size of the DC' lateral petals, the cost
of manufacture AD) —negative.

For the first group of features, the rating is defined
as follows:

- the maximum value is chosen from the measured
values of the i-th feature B; as an sample (Bp.x =
max{B;});

- calculate the value K; = Bi/ Bpax.

The rating coefficient of the second group of
features is defined as:

- from the measured values of the j-th feature D;
choose the maximum D,,,x = max{D;} and the minimum
value Dy, = min{D;} — this is a sample;

- calculate the value Kj = (Dpax + Dimin — Dj)/ Diax-

The total rating of the k-th AD Ry is calculated as
the addition of all K and K;.

Choose Rsmax = max {Rsy}, which is taken as the
sample.

The coefficient Kgy = Ry / Rymax 18 calculated.

The ranked list, which determines the place of the
k-th AD in the list in the order of reduction of Ky, is
submitted to the decision-maker.

The described sample ranking method [13] is
implemented as a software product in the Microsoft
Excel application environment, which has been tested
and can be used to support decision-making regarding
the choice of OC in any subject area.

The application of the described method to
compare the constructs discussed in the article showed
the acceptability of constructing a multifunctional
antenna device to protect the radio communication
channels of law enforcement units based on angular
antennas.
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Conclusions

The advantages of these antennas are as follows.

1. Multifunctionality: antenna designed to determ
and suppress communication, informative, navigative
channels and drones' control channels in the UHF,
GSM, GPS, GLONASS, Galileo ranges. Work in the
frequency ranges is provided by broadband radiators.
The height of the antenna allows the placement of
several radiators without the effect of dimming.
Changing the shape of the directionality chart also
possible by deviating the radiator from the bisector of
the opening angle.

2. Equipping the antenna device with an optical
sight provides simple mechanical aiming, including
airborne. The combination of several ways to detect a
target — visual, radio frequencial, Wi-Fi — increases the
probability of finding it and minimizes the number of
activations for non-profile targets.

3. Important additional features are opened when
all antennas work together or by switching them. With
the proper choice of angles between the antenna plates
and the distance from the radiators to the top of these
angles, it is possible to provide a favorable addition of
the fields of waves reflected from the reflector plates,

with the fields of waves created directly by the
radiators. But this problem requires separate research.

4. The simplicity of design of the antenna device
enables its manufacture even in the conditions of repair
shops.

The disadvantage is the insufficient number of
practical applications in different variants of
simultaneous placement of several radiators in the
aperture of one or more angular antennas that make up
the antenna device.

The proposed variants of construction and use of
the multifunctional antenna device ensure the
implementation of electronic warfare measures —
directing the source of interference, accurate
directionality chart of the main reflector in the direction
of the target (object of observation), suppression of the
radiation source (interference), which can be placed on
the air or surface.

This guarantees the ability to adapt to any situation
in the radio communication system and to protect the
local radio communication system.

The authors dedicate this publication to the bright
memory of their colleagues and co-authors, Yuri
Pavlovich Belokursky and Igor Viktorovich Ruzhentsev.
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BararodynkuioHansHMii aHTEHHHI MPUCTPIi JJIA 3aXHUCTy KaHAJIB pagio3B’ 3Ky
MiAPO3AiJIiB CHJI 0XOPOHH NMPABONOPSAKY

B. €. Koznog, 0. B. Koznos, O. O. Illep6una, O. O. Houkosa, O. FO. loxos

AHoTanisi. be3neune npoBeseHHS MacOBHX 3aXOiB NOTpedye Bifl CHJI OXOPOHH IIPABONOPAAKY 3aXUCTy KaHaliB
Panio3B’s3Ky MiAPO3/UIIB, BUABICHHS 1 NPUIYLIEHHS PajiOKaHAIIB YIpPaBJIiHHSA IPOTHOOPUOI CTOPOHH, IOUIYKY 1 3HUILECHHS
nepeziaBadiB 3aBajl pa3oBoi Mii, HAasABHICTb SKUX € MPOSBOM arpeCUBHUX HaMipiB HaToBiy. [l 1boro HeoOXiJHi 3acobu, 1o
BUKOPHUCTOBYIOTb aHTEHM 31 CIPSAMOBAaHMMHU BJIACTHBOCTSIMH, Jialla30HM YacTOT SKUX BHU3HAYaIOTHCA 3aCTOCOBYBAaHUMU
IITATHUMU 1 MAacoBMMHM 3aco0aMu pajio3B’si3Ky. 3arajioM, O IapaMeTpiB aHTeH CHCTeM paJio3B’s3Ky, pPaliopO3BiAKH,
PaJiOMOHITOPUHTY, NpPUAYIICHHS BUCYBAIOTbCA Di3HI BUMOTHM, TOMY YyHIBEpCaJbHy aHTEHY Julsi Oe3iiui 3acTocyBaHb i yMOB
peanizyBaTH BakKo. lneasbHOIO [UIsl eKCIUTyaTalil aHTEHOK MOXKHA BBAXKATH Taky, SfKa Morya O IPOrHO30BaHO 3MIiHIOBATH
BJIACTHBOCTI IPH JOJaBaHHi (3aMiHi) eJleMeHTiB (MOAYNIIB), MapaMeTpH SIKHX BIZOMi 1 y3rojukeHi 3 0a30BOIO (OCHOBHOIO)
KOHCTPYKIi€l0. A cepiliHI aHTeHH paliOeIeKTPOHHMX 3ac00iB € 3aKiHYeHHMMH MPHUCTPOSMHM 1 HE 3aBXKIU IiIAIOTHCS
YIIOCKOHAJICHHIO, TOMY PO3IVITHYTO MOXJIMBOCTI 3aCTOCYBaHHS IMIPOBI30OBaHMX AaHTEH, sKi MalOTh aJeKBaTHI MOJIEI,
MATBEPKEHI YHUCEIPHUMHU EKCIIEPUMEHTAaMHM, IporpaMHe 3a0e3NedeHHs Ul SKUX € B 3arajJbHOMY JOCTYI, 3 OCHOBHHMU
rapamMeTpaMy, 3HA4YEHHSI SKUX MOXYTh LIJECHPSAMOBAaHO 3MIHIOBATHCS: [iala3oH 4YacToT, WMpHHA 1 ¢opma Jiarpamu
CIIPSIMOBAHOCTI, il OIPOMiHIOIOY BIACTHBOCTI TOLIO. 3 OrJIAy Ha (hyHKLIOHAJIbHI BUMOIH IIPOBE/ICHO aHalli3 KOHCTPYKLil aHTeH
tury "OnpoMiHioBad HaJ LMJIIHAPUYHOIO IOBEpXHE'", KyTMKOBHX aHTEH Ta aHTeH Tuiy "ONpoMiHIOBaY Haj IUIOLIMHON",
XapaKTePUCTUKH SKUX IIPU OJHAKOBHMX PO3Mipax NMpUONN3HO OIHAKOBI i PO3PaXOBYIOTHCS 32 OZHMMH i TUMH X (HOpMyIaMH.
BuxoHaHO 1OCHIIKEHHS MOXIMBOCTEH KyTMKOBHX aHTEH THUILy "PO3KpHTa KHHMra" 3 pi3HHUMH KyTaMu MiX BinOMBauam, is
4Oro NPOBEAEHO AHANITUYHE MOJCIIOBAHHSA BapiaHTIB TEXHIYHUX pilleHb, NPUJATHUX I 3aCTOCYBaHHS B CHCTEMax
panio3B’s3Ky MiAPO3IUIIB CHJI OXOPOHH IPaBONOPsKY. IlepeBipeHO Ipane3faTHICTb 3alpOINOHOBAHMX KOHCTPYKTHBIB Ta
BU3HAUCHI iX XapaKTEepUCTUKH. TakuM YMHOM, 3aIIPONOHOBAHI BapiaHTH TEXHIUHMX DillleHb KYTMKOBMX AHTEHHHX IPUCTPOIB
3[aTHI 320€3Me4nTH 3aXUCT KaHATIB Paio3B’sI3Ky MiZPO3IUIIB CHII OXOPOHHM IPABOIOPSAAKY IIPU IIPOBEICHHI MACOBUX 3aXO/IiB.

Karo4doBi ciaoBa: 0xopoHa PaBoNOPsIKY; Pafio3B’sI30K; KYTUKOBA aHTEHA; KyT PO3KPHBY.

MHoropyHKIHOHATBLHOE AHTEHHOE YCTPOHCTBO /IS 3aIIMTHI KAHAJIOB PaJANOCBS3H
MoApa3AeJeHui CHJI 0OXPAaHbI MPABONOPAIKA

B. E. Koznos, 1O. B. Ko3nos, A. A. lllepouna, E. A. HoBuxosa, A. 10. Moxos

AHHOTanmusa. be3omacHoe mpoBeneHHE MAaccOBBIX MEPONPHATHII TpeOyeT OT CHJI OXpaHbl IPaBOIOPSAKA 3aIIUThHI
KaHaJIOB PaJHOCBsI3H MO/APA3ICICHUH, BBISIBICHHS M HOJABICHUS PaJHOKAaHAJIOB YIIPABIECHHS IPOTUBOOOPCTBYIOIIEH CTOPOHEL,
IIOUCKAa M YHUUYTO)XKEHUs NEPeJaTyUKOB IIOMEX pa3oBOro AEHCTBUS, HAJIM4YME KOTOPBIX SABISIETCA NPOSBICHUEM arpecCHUBHBIX
HaMmepeHHi Tonmbl. JIJist 3TOro HeoOXOMMMBI CPEACTBA, MUCIONB3YIOIINE aHTEHHBI C HAIPaBICHHBIMHI CBOMCTBAMH, IHAIa30HbI
YacTOT KOTOPBIX OIPEAEISIOTC MPUMEHIEMBIMH IITaTHBIME U MacCOBBIMHU CPEACTBAMH PaanocBs3u. B obmiem, k mapamerpam
aQHTEHH CHCTEM paJHOCBs3H, DPAJANOpPA3BE/IKU, PAaIMOMOHHTOPWHIA, IIOJABICHUS NPENbSBISIIOTCS pa3yinuHble TpeOOBaHWS,
[I09TOMY YHUBEPCAJIBHYIO aHTEHHY IJII MHO)KECTBA IPUJIOKEHUH M YCIOBUI co31aTh TpynHO. MneanbHol A1 SKCILTyaTaluu
QHTEHHOW MOYKHO CUMTATh TaKyl0, KOTOpasi Morjia Obl TPOrHO3MPYEMO H3MEHSThH CBOMCTBA ITPHU 100aBJIEHHH (3aMEHE) SJIEMEHTOB
(Momyrneif), mapaMeTpbl KOTOPBIX W3BECTHBI M COTJIACOBAaHBI C 0a30BOi (OCHOBHOI) KOHCTpPYKIMEH. A cepuilHble aHTEHHBI
PaAMONIEKTPOHHBIX CPEACTB SABIIOTCS 3aKOHYEHHBIMU YCTPOWMCTBAMM M HE BCerla NOAJAIOTCA MOJEpPHHU3ALUU. I03TOMY
PaccMOTPEHBl BO3MOXKHOCTH IIPUMEHEHUS] UMIIPOBU3UPOBAHHBIX AHTEHH, UMEIOLIMX a/IeKBaTHbIE MOJEINIHU, MOATBEPKACHHbIE
MHOTOYHCIICHHBIMH JKCIIEPUMEHTaMH, IIPOrpaMMHOE OOecrieueHne Il KOTOPBHIX €CTh B OOIIeM JIOCTyIe, C OCHOBHBIMHU
rapamMeTpaMy, 3HAUYCHHS! KOTOPBIX MOTYT IIeJICHANPaBICHHO W3MEHSATHCS: IUAlla30H 4YacTOT, INMpPHHA M (GopMma JUarpaMmel
HAIpaBJIEHHOCTH, €€ M3JIydaTelbHbIe CBOWCTBA M TOMY Hono0Hoe. C ydeToM (hyHKIMOHAIBHBIX TPeOOBaHHUH IPOBEICH aHAIIN3
KOHCTpYKIMiT aHTeHH Tuna "OOiydaTenb HaJ IWIMHAPUYECKOH ITOBEPXHOCTBIO", YTOJIKOBBIX AHTEHH M AaHTEHH THIIA
"OOmyuaresib  Haj IUIOCKOCTBIO", XapaKTEPUCTHUKM KOTOPBIX IIPU OIMHAKOBBIX pa3Mepax MPHMEPHO OAMHAKOBBI U
pacCUUTHIBAIOTCS TI0 OJHMM W TeM e (opMyinaMm. BEINoIHEHBI HCCIEIOBaHMS BO3MOXXHOCTEH YrOJKOBBIX aHTEHH THIIA
"packpbITasi KHUra" C PasiMuHBIMU yIVIAMH MEXIY OTpa)kaTelsMH, JUI1 4ero NPOBEACHO AaHAIMTUYECKOE MOJEIMPOBaHHE
BAPUAHTOB TEXHUYECKUX PEILIEHWH, IMPUIOAHBIX VIS NPUMEHEHUs B CHCTEMax pPaJUOCBS3HM IIOAPA3/EICHUIl CUII OXpaHbI
npaBonopsinka. [IpoBepeHa paboTOCIIOCOOHOCTH MPEIOKEHHBIX KOHCTPYKTHBOB U ONpPEIETICHBl MX XapaKTePHCTHKU. Takum
00pa3oM, MpeIOKEHHBIE BApUAHTHl TEXHUUECKIX PEIICHUH yroJKOBBIX aHTEHHBIX YCTPOMCTB CITOCOOHBI O0ECIEUHTH 3aLIUTy
KaHAJIOB PaJIMOCBSI3H MOpa3eICHUI CUII OXpaHbl IPABONOpPSIKA IPU IPOBEICHUN MaCCOBBIX MEPOIPUSATUH CBSI3H.

KiaroueBble cI0Ba: OXpaHa IPaBONOPSAKA; PAJHOCBA3b; YIIIOBas aHTCHHA; YIOJl PACKPBITHA.
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APPLICATION PROBABILISTIC ECONOMIC MATHEMATICAL MODELS
FOR OPTIMIZATION PLANNING OF AN IRREDUCIBLE STOCK AND IMPROVING
THE EFFICIENCY OF LOGISTICS SUPPLY MANAGEMENT OF THE STATE
DEFENCE FORCES WITHOUT REDUSING THE LEVEL OF RELIABILITY

Abstract. The subject matter of the article is the logistical support of the state defence forces. The goal of the study is
the is the development of a probabilistic economic and mathematical model of logistics supply management for planning a non-
reducing stock of the state defence forces logistics supply. The tasks to be solved are: to formulate the task of determining the
irreducible (reserve) of logistics supply stock size, to provide that the maximum possible value of its probability exhaustion
within a certain period will not exceed the limiting value in terms of Wilson economic and mathematical model; by statistical
processing of the state defence forces actions observation performing their assigned tasks to present the task of determining the
optimal non-reducing stock by type of logistics cost without to reducing the level of reliability as a task to test multi-alternative
statistical hypotheses; on the basis of solving the problem of continuous linear programming to determine the optimal non-
reducible stock according to the nature of expenditures in order to improve the logistics supply management of the state defence
forces. General scientific and special methods of scientific knowledge are used. The following results were obtained: Loses of
the logistics supply stocks the defense state forces performing their assigned tasks within a certain period of time as a
normally distributed random variable with a mathematical expectation and standard deviation calculated from the results of
statistical data processing. The problem of determining the optimal irreducible stock by types of loses of the logistics supply
without reducing the level of reliability is formulated as a problem of multi-alternative statistical hypotheses testing and solved
as a problem of continuous linear programming. Conclusions. It was determined the size of the non-reducing (reserve) stock of
logistics supply of state defense units when performing their assigned tasks, provided that the maximum possible value of the
probability of its exhaustion during a certain period does not exceed the limit value should be formulated in terms of Wilson
economic-mathematical model. The assumption that the expenditure of the logistics supply stocks means when performing the
assigned tasks by the state defense forces is a random variable subject to the normal distribution law make it possible to use the
well-known theory of probability apparatus and many-alternative statistical hypotheses testing and make calculations based on
the existing statistical sampling data. Statistical processing of data obtained during state defense forces preforming assigned tasks
allows you to obtain initial data and calculate the predicted optimal probabilities of the logistics supply loses distribution in

accordance with current, average, overhaul and irrecoverable losses.

Keywords: logistics support; irreducible stocks; Wilson model; economic and mathematical models; multi-alternative

statistical hypotheses; continuous linear programming.

Introduction

Formulation of the problem and research tasks.
The experience of modern armed conflicts encourages
the search for new approaches to the formation of
prospects for the development of armaments and
equipment and areas for improving the equipment of the
state defense forces (SDF). The development of new
economic and mathematical models will make it
possible to provide a comprehensive reflection of the
basic parameters and characteristics of the logistics
system and improve effective ways to manage the
equipment of SDF. At the organization of drugs of
divisions of forces of SDF there is a necessity to define
a non-reducing stock of logistical support (LS). Usually,
the need for LS is probabilistic, and the procedure of
their restoration is complicated by the specifics of the
SDF tasks on purpose.

In this regard, the authors consider it relevant to
study and search for new methods for determining the
non-reducing stock of LS in order to improve the
stockpile management of SDF equipment.

Analysis of recent research and publications of
recent research and publications on the above issues
shows that the features of the SDF tasks on purpose
outline the main problems and areas of development of

the theory of justification of decisions on forecasting the
cost of LS. To date, there are quite affordable,
economical and quite effective methods for determining
the magnitude of the projected losses of weapons based
on analytical models of combat use of troops. To one
degree or another, they take into account the impact on
the magnitude of losses of a number of operational-
tactical and physical-geographical factors of important
factors, in particular, the degree of cover of troops, the
degree of enemy fire, operational damage to weapons
and more. However, the connection with the deduction
of the non-reducing stock of LS by the authors [1-4] is
not fully investigated.

A common understanding of the processes of the
logistical approach to the evaluation and adoption of
sound and concretely formulated decisions on inventory
management has proven its effectiveness in the field of
economics and business [5,6]. Nevertheless, the
application can provide tools to optimize the planning of
the minimum stock and increase the efficiency of the
state defense forces logistics.

The goal of the study is the is the development of a
probabilistic economic and mathematical model of
logistics supply management for planning a non-
reducing stock of the state defence forces logistics
supply. This goal defined the following research tasks:
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— to formulate the task of determining the
irreducible (reserve) stock of logistics supply size, to
provide that the maximum possible value of its
probability exhaustion within a certain period will not
exceed the limiting value in terms of Wilson economic
and mathematical model,

— by statistical processing of the state defence
forces actions observation performing their assigned
tasks to present the task of determining the optimal non-
reducing stock by type of logistics cost without to
reducing the level of reliability as a task to test multi-
alternative statistical hypotheses; on the basis of solving
the problem of continuous linear programming to
determine the optimal non-reducible stock according to
the nature of loses in order to improve the logistics
supply management of the state defence forces.

General scientific and special methods of
scientific knowledge are used.

Main material

1. Using Wilson economic-mathematical model
to determine the non-reducing stock of LS. Let’s
assume the daily requirement x of some LS resources
(fuel, units of equipment, etc.) by the SDF unit performs
the assigned tasks for a certain period of time, is a
normally distributed random variable with mathematical
expectation m and standard deviation o, i.e. random
variable has a distribution N(m,c).

The values of m and o can be calculated by
statistical data processing. Note that the values m of ¢
can vary from minimum to maximum depending on the
nature of the SDF actions.

It is natural to assume that to replenish LS stocks it
takes some time L, not more than the time to perform
the assigned tasks.

The magnitude of demand during the lead-up
period is usually described by a probability density per
unit of time (for example, a day or a week) from which
the distribution of demand over a period can be
determined.

In particular, if the demand per unit of time is a
normally distributed quantity with an average value m
and a standard deviation, then the total demand for the
period of order execution L, will have a distribution
N(m; ,o;) such that the average demand value during

the period L with the mathematical expectation mp
calculated by the expression

m; =D-L, (1)

where m — is the mathematical expectation of the
random value of the daily requirement of LS stocks.
Similarly,

o, =vLo, )

o — standard deviation of the random value of
daily requirement of LS stocks.

That is, the needs x; of some LS resources of the
SDF unit is a random variable subject to the normal
distribution law N(m;,c;).

The task is to determine the size of the irreducible
(reserve) stock B, provided that the maximum possible

value of the probability of its exhaustion during the
period L does not exceed the value of ay.

In terms of an economic and mathematical model,
the problem is formulated as follows [7]:

to determine the size of the safety stock that
satisfies the probabilistic condition

P{xL—mL ZB}Sasel, (3)

although the random variable x; is distributed according
to the normal law N(m; ,c;).
Dividing the inequality by the value, we obtain

Xy —myp, > B

—. C))
(e) L (e) L
Let’s introduce a random variable
A L (5)
SL
Obviously, this value will have a normal

distribution law. Let’s determine its mathematical
expectation and standard deviation:

M(Z)=M; ©)
[M}LM(H_M):
1 GL GL 1 (7)
=—WM(xp)-M(@mp))=—-(myp —mp)=0;
SL Gy
D(Z)=D; ®)
[M}%D(H_M):
°L /el (8)
=L (D)~ D) =Dy =1
SL oL
o(Z)=oc; (10)
G(Z)zc{w} D{szl. an
SL SL

Thus, from expressions (6) - (11) it follows that
the random variable Z is normalized value with the law
of distribution N(0,1) .

From the properties of the normal distribution law
one can obtain the value of the probability that equality
takes place P{Z > B/o} =0l

plz>BloplB c7cnl-
SL Sr

(1D
1
= 5(1 —@(t)) = Ocse,,
where F (t) — is the Laplace distribution [10].
Expression (11) allows to find ¢, .
Insofar as
ta = B/CL , (12)
then
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(13)

Therefore, the size of the reserve stock must
satisfy the inequalities

B=ta'0L

BZta'CL.

(14)

2. Improving the efficiency of logistics supply of
the state defense forces based on the use of
mathematical apparatus for testing multi-alternative
statistical hypotheses. By the nature of their activities,
SDF can perform tasks in which the costs of LS loses
(e.g., equipment) can be restored by current (CR),
average repairs (AR) with their own funds, by overhaul
(O) at a state enterprise (SE), or be irreversible (I). The
probabilistic nature of LS losses complicates the process
of managing the FDF LS to determine the optimal non-
reducing stock by type of LS loses without reducing the
level of reliability.

The assumption that the LS loses performing SDF
assigned tasks is a random variable subject to the
normal distribution law will allow us to use the known
apparatus of probability theory and test many alternative
statistical hypotheses and make calculations based on
existing statistical sampling.

According to the classical theory of testing
statistical hypotheses, we accept:

H; - hypothesis, which is that the SDF unit
irreversible LS losses

It should be mentioned that the choice of the main
hypothesis was made for reasons of the inevitability of
the implementation of PR in the operation of LS during
the SDF assigned tasks.

Then, the daily LS expenditure x € Q is a random

variable with a distribution density f(x/ Hy) if
hypothesis Hy is correct, and f(x/H;), f(x/H,),
f(x/ Hy) when alternative hypotheses H,, H, or H; are
correct, respectively. A priori probabilities of realization
of the corresponding hypotheses P(H;), i=0,1,2,3 are
considered known. The task is to find a rule according
to which according to the results of the analysis of the
statistics of LS loses to accept this or that hypothesis

and on its basis to determine the required LS stock.
The decision is made using a critical function

0<A(x) <1, (15)

which has sense of the probability of accepting a
particular hypothesis.

Acceptance or rejection of hypotheses is

accompanied by the possibility of errors. According to
the classical theory of statistical hypothesis testing [8,9],
the probability of rejecting hypothesis Hy, when it is

Hy - hypothesis, which 1is that the daily a SIP
requirement LS stocks can be restored by CR; true, is called the level of 51gn1ﬁcance or error of the
H, - hypothesis, which is that the daily firstkind ag. On the other hand, if the hypothesis Hy is
requirement of LS stocks can be restored by AR; accepted in a situation when the hypothesis No is true,
H, - hypothesis, which is that the daily and i=0,1,2,3, then this is the i-th error of the second
requirement of LS stocks can be restored by SE; kind B; (Fig. 1).
01
A
f1(x)
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£ «
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Fig. 1. Testing of multi-alternative statistical hypotheses to increase the efficiency of SDL LS management
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To ensure the required level of combat capability
of equipment, it is advisable to accept the condition
0l = 0L,y , and the search for a critical function to carry

out the criterion of minimum errors of the second kind

Pi -
B = [ £/ H)(1— A(x))dx =
Q

_ (16)
=LjfuuﬂmuMni=Q&
Q
3
B= | 2 PCUH)S (x/ H)(1 = A()dy =
Qi=l . (17)
=1—PU%)—jzy%Hgf@/HpA@yu:>mm;
Qi=1
mﬂwjﬂwHwanw=%a (18)
Q
0<A(x)L1, xeQ. (19).

From expression (18) we determine the power of
the criterion, which is subject to maximization:

3
jzmmyuummnﬁ:mw
Qi=l

(20)

Thus, the task of testing hypotheses will be
formulated as follows:

To find a function A" (x) that maximizes the
functional (20) and satisfies conditions (17) - (19).

By sampling in 7 steps ( j =1,n) this problem can
be reduced to the problem of linear programming:

To find a set

P(H() Y f(x;/ Hy)ag = 0y
=

(25)

Problem (21) - (25) is a classical problem of linear
programming and can be solved by known methods
using a computer algebra environment [10-12].

3. Interpretation of the results of calculations to
improve the LS management of SDF. Improving the
efficiency of SDF LS management is possible under the
condition of determining the optimal non-reducing stock
according to the nature of loses.

Statistical processing of data obtained during the
performance of SDF assigned tasks allows to obtain the
initial data and calculate the predicted optimal
probabilities (19) of the distribution of LS loses in
accordance with CR, AR, O and I losses.

Since the value of the optimal set has the meaning
of the conditional probability, i.e. the mass fraction in
the total amount, in the final form, condition (14) will
be defined as

* *
Bl- th--Gw-al- , l=0,3,

(26)
where B: i=0,3 - is the optimal non-reducing LS
stock at the costs that are restored at CR, AR, O and |
loses, respectively.

Conclusions

It was determined the size of the non-reducing
(reserve) stock of logistics supply of state defense units
when performing their assigned tasks, provided that the
maximum possible value of the probability of its
exhaustion during a certain period does not exceed the
limit value should be formulated in terms of Wilson
economic-mathematical model.

The assumption that the expenditure of the

A = {a(’;,ar ,a;,a;}, (21)  logistics supply stocks means when performing the
assigned tasks by the state defense forces is a random
such that maximizes functionality variable subject to the normal distribution law make it
3 n possible to use the well-known theory of probability
Z Z P(H,)f(x; | H;)a;(x)dx = max (22) apparatus and many-alternative statistical hypotheses
i=0 j=1 ' testing and make calculations based on the existing
S ) statistical sampling data.
and satisfies the constraints Statistical processing of data obtained during state
3 o defense forces preforming assigned tasks allows you to
Da=1,i=0,3, (23)  obtain initial data and calculate the predicted optimal
i=0 probabilities of the logistics supply loses distribution in
. accordance with current, average, overhaul and
420,i=0,3 (24) irrecoverable losses.
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Anortanisi. IlpetMeroM BHBYEHHSI B CTaTTi € JIOTiCTWYHEe 3a0e3NeueHHs CHWJI OOOpOHM JepkaBd. MeToio
JOCJiZKeHHs1 € pPO3poOKa HMOBIPHICHOI EKOHOMIKO-MAaTeMaTH4HOI MOZENI YIpaBIiHHSA 3alacaMu JUlsd IUIAHYBaHHS
HE3HIDKYBAJILHOT'O 3ar1acy 3aco0iB MaTepiaIbHO-TEXHIYHOTr0 3a0e3MeueHHs CHil 000POHU JiepKaBy. 3aBAaHHS JOCiKEHHS:
copMyiIOBaTH 3a1ady BU3HAYCHHS PO3MIpY HE3HWKYBAIBHOIO (PE3EpPBHOrO) 3amacy MarepialbHO-TEXHIYHUX 3aco0iB 3a
YMOBH, [0 MaKCHMalbHO MOXXJIMBE 3HAYCHHS MMOBIPHOCTI #Oro BHYEpHAHHS MPOTSIIOM BH3HAYCHOrO IEpiogy He
MEePEBUILUTh TPAHUYHOrO 3HAYCHHS y TEPMiHAX CKOHOMiKO-MaTeMaTHYHOI MOJiei YiICOHA; IIISIXOM CTATUCTHYHOI 0OpOOKH
JIAHUX CIIOCTEPE)KeHb Jill Cuil 0OOOPOHH Jep)KaBU MPH BUKOHAHHI HHMH 3aBIaHb 32 MPU3HAYCHHSAM IPEICTABUTH 33134y
BU3HAYCHHS ONTHUMAJILHOTO HE3HM)XYBAJIBHOIO 3a11acy 3a BUIaMH BUTPAT 3ac00iB MarepiaibHO-TEXHIYHOro 3a0e3neucHHs 6e3
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3HIDKCHHS PIBHS HAJMHOCTI SIK 3a/1a4y NepeBipku 0araToalbTepPHATUBHUX CTATUCTUYHMX TiIOTE3; HA MiACTaBi pPO3B’A3aHHSA
3a7a4i KOHTHHYalIbHOI'O JIIHIHHOrO INporpaMyBaHHsS BH3HAQUUTH ONTUMAJbHUHA  HE3HIKYBAJIBHOIO 3aracy BiJIOBiJHO
XapakTepy BUTPAT 3 METO IiJBMILCHHS €(EKTHBHOCTI YNpaBIIiHHA JIOTICTMYHUM 3a0€3l1€4eHHSAM CHI OOOPOHH IEpikKaBU
3ac00aMM MaTepianbHO-TEXHIYHOro 3a0e3neyeHHs . MeToN0I0riUHOI OCHOBOKO JIOCIIKEHHs CTajlu 3arajJbHOHAyKOBi Ta
CIelianbHl METOAM HayKoBOro mi3HaHHiA. OTpuMaHi Taki pesyabTaTH. Burparn 3amaciB MarepiallbHO-TEXHIUHHX 3ac00iB
IIpY BUKOHAHHI CHJIaMH OOOpPOHM JIEp>KaBU 3aBJlaHb 3a NPU3HAYEHHSAM IPOTATOM IIEBHOIO MEpiofy 4acy € HOPMalbHO
PO3MOAICHOI0 BHIIAJKOBOIO BEIMYMHOK 3 MaTEMAaTHYHMM OYiKYBAHHSIM Ta CEPeAHEKBAJAPATHYHUM BiJXUICHHSIM,
00paxOBaHUMHU 3a pe3yJbTaTaMU CTaTUCTHYHOI OOpoOKM NaHuX. 3ajaya BU3HAYEHHS ONTHUMAJBbHOIO HE3HHXKYBAIBHOTO
3amacy 3a BHJAMM BHUTpAT MarepialbHO-TEXHIUHMX 3ac00iB 0e3 3HIKEHHs piBHA HadiHOCTI chopMyiboBaHAa K 3ajadya
nepeBipku OaraToaJbTepPHATUBHUX CTAaTUCTUYHMX TilOTe3 Ta pO3B’sA3aHa K 3aJa4a KOHTMHYAJIBHOI'O JIIHIHHOTO
nporpamyBaHHs. BucHoBkH. BuzHaueHHs po3Mipy HE3HMKYBaJIbHOrO (PE3€PBHOI0) 3amacy MarepiallbHO-TEXHIYHHX 3ac00iB
ipo31iIiB cui1 000POHM JeprKaBU NPH BUKOHAHHI HUMU 3aBJaHb 33 NMPU3HAYEHHSAM 32 YMOBH, I10 MaKCUMAJIbHO MOXIIUBE
3HAYCHHs HMOBIPHOCTI HOro BUYEpIaHHs MPOTArOM BU3HAUYCHOr0 MEPiojly HE NEPeBUILUTH IPAHUYHOIO 3HAYCHHS JOLIIBHO
chopmynroBaTH y TepMiHaX EKOHOMiKO-MaTeMaTHuHoi Mogzeni VYincona. IlpumymeHHs npo Te, IO BUTPATH 3alacis
MarepialbHO-TeXHIYHUX 3aC00iB IPU BUKOHAHHI CWIAaMHM OOOPOHM JEpXKaBU IPU BUKOHAHHI 3aBJaHb 3a NPHU3HAYCHHSIM, €
BUIIAIKOBOIO BEJIMUHMHOIO, ITi/IKOPEHOI HOPMAJIbHOMY 3aKOHY PO3IOJiIY, JO3BOIUTh CKOPUCTATUCS BIIOMUM anapaToM Teopii
IMOBIpHOCTI Ta mnepeBipku 0araTro aJbTEPHATUBHUX CTATHCTMYHHUX TiNOTe3 Ta POOMTH PO3PAaXyHKU 3a JAHUMH 1CHYHOUOL
cratucTuyHol BUOipku. CratucTHdHa 00poOKa NaHMX, OTPUMAHMX IPU BUKOHAHHI CHIaMH OOOPOHU Jep)KaBH 3aBJaHb 3a
NPU3HAYCHHAM JIa€ 3MOT'Y OTPHMATH BUXIJHI JaHi Ta 00paxyBaTH NPOrHO30BaHI ONTHUMANbHI IMOBIPHOCTI pO3IOALTY BUTPAT
MarepialbHO-TEXHIYHHUX 3aCO0IB BiINIOBIIHO 0 HOTOYHOr0, CEPEAHBOr0, KAIITAIBHOIO PEMOHTY Ta 0E3II0BOPOTHUX BTpAT.

Kaw4yoBi ciaoBa: norictuuHe 3a0e3ledeHHs; HE3HM)KYBAIbHMI 3amac MaTepiallbHO-TEXHIYHHUX 3aco0iB; MOJIENb
VincoHa; €KOHOMiKO-MaTeMaTHuYHi MoJeni; OaraToalbTepPHATHBHI CTaTUCTHYHI TiNOTE3H; KOHTHHYaJIbHE JliHilHE
[pOrpaMyBaHHS.

IIpumMeHeHUE BEPOATHOCTHBIX IKOHOMHKO-MATEMATHYECKUX MOAeJIeH JIsl ONTHMU3ALMH IVIAHUPOBAHUS
HECHUZKAEMOro 3a1maca 1 nNoBbIeHHs 3 (PEeKTHBHOCTH JOTHCTHYECKOro odecneyeHust
CHJI 000POHBI IOCyIapcTBa 0e3 CHUMKEHHs YPOBHS HAEKHOCTH

E. A. Cunopenko, E. A. Maxoron, H. B. Kopna, 0. B. badkun, A. B. Ucaxos, W. B. Kanuaua

Annoranus. [Ipeamerom m3ydeHus B craThe SIBISETCS JIOTHCTHYECKOE OOecnedeHne Cuil 00OpOHBI rOCYIapCTBa.
[eabio uccaenoBaHus SBIsETCS pa3paboTKa BEPOSTHOCTHON 3KOHOMHKO-MaTeMaTHYECKOH MOJENH YIPaBICHHS 3aracaMiu
JUISl TUTAHUPOBAHUSI HECHIKAEMOr0 3araca CpPe/ICTB MaTepHAIBHO-TEXHHYECKOr0 oOecrieueHHs CHi 00OpOHBI IrOoCyaapcTBa.
3amaum uccaeqoBanus: choOpMyIIUPOBATh 3aady ONpEeIeNeHNs] pa3Mepa HeCHIKaeMoro (pe3epBHOI0) 3amaca MaTepruaabHO-
TEXHHYECKHX CPEACTB MPU YCIOBUH, YTO MaKCHMAaJIFHO BO3MO)KHOE 3HAYEHHE BEPOSTHOCTH €ro HCUSpIaHWs TEUCHHE
OIIPEIeNICHHOr 0 TIEPHO/ia He MPEBBICUT MpPEETbHOr0 3HAUCHHUS B TEPMUHAX YKOHOMHUKO-MAaTeMaTUUECKOW MOJENN Y WIICOHA;
IIyTeM CTaTHCTHYECKOH 00pabOTKM JaHHBIX HaOJIIOACHUI NeHCTBHI CHJI 00OPOHBI TOCYAapCTBa MPU BHIIOIHEHUH UMH 33a1a4
[0 Ha3HAYEHHWIO MPEICTaBUTh 3aJady OIpeJesIeHHs] ONTHUMAIBHOIO0 HECHIDKAEMOro 3amaca II0 BHAAaM 3aTpaT CpeaCTB
MaTepHAIbHO-TEXHUYECKOro obecredeHus 0e3 CHIKEHHs YPOBHS HaJIS)KHOCTH KakK 3aJady MPOBEPKU MHOI0AIBTEPHATUBHOT O
CTaTUCTUYECKUX THIIOTE3; HA OCHOBAaHHMHU pEIICHHs 3aJauydl KOHTHHYAJIBHOTO JIMHEHHOrOo IPOrpaMMHUpPOBAaHUS ONPEIEIHTH
ONTHUMAJIBHBI HECHM)KaeMOT'0 3araca COOTBETCTBEHHO XapaKTepy pacXoJOB C IEJbI0 IOBBINIEHUS 3((eKTUBHOCTH
yIpaBiIeHHsT JIOTHCTHYECKMM OOeCHeYeHHeM CHI 00OpOHBI TroCydapcTBa CpEICTBaMH MaTepHaIbHO-TEXHUYECKOr O
obecrieyeHUss. MeETOOJIOrMYECKO OCHOBOIM HCCIIEJOBAaHHS CTajdM OOLICHAy4YHbIE M CIELHaJIbHBIE METOJbl HAyIHOTO
no3HaHus. [lomydeHsl cienyionme pe3yabTaThl. Pacxobl 3amacoB MaTepualibHO-TEXHUYECKUX CPEICTB IPH BBIIOIHEHUN
cuiIaMH OOOpPOHBI TOCYJapcTBa 3ajJad 10 HA3HAYCHHIO B TEUCHHE OINPEJEIICHHOrO IIepHoJa BPEMEHH HOPMAaJIbHO
pacripesielIeHHON CiTydailHOM BEIMYMHOM C MAaTeMaTHUeCKHMM OXHIAaHHEM M CPEeIHEKBaJIpaTHUECKOro OTKIOHEHUEM,
paccUMTaHHBIMH 110 pe3yJIbTaTaM CTaTHCTUYECKOH 00paboTKM JaHHBIX. 3ajada ONpenesieHHs ONTHMAaIbHOI0 HECHIKAEMOr 0
3amaca 0 BHJAaM 3aTpaT MaTepHAIbHO-TEXHUYECKUX CPEICTB 0e3 CHMIKEHHS YPOBHS HAJEKHOCTH CHOPMYIHPOBaHA Kak
3aJa4a MPOBEPKH MHOT0AJIBTEPHATHBHOIO CTATUCTUYECKHX THUIIOTE€3 W pellleHa KaK 3ajada KOHTHHYAIBHOI'O JIMHEHHOIO
nporpamMmmupoBaHus. BeiBoabl. Ompenenenre pa3Mepa HECHIDKAEMOro (pe3epBHOr0) 3amaca MaTepHalbHO-TEXHUYECKHX
CPEeZICTB TOAPAa3JeNIeHHH CHJI OOOPOHBI T'OCYZAapcTBAa HPH BHIIOJIHEHHHM MMM 33/1a4 10 HA3HAYEHHIO IPU YCIOBHH, YTO
MaKCHMAQJILHO BO3MOXXHOE 3HAYEHHE BEPOSTHOCTH €ro HCUYEpIaHWsl TEYEHHE OIPENEICHHOr0 Iepuoja He IPEBBICHT
MIPEICBHOr0 3HAYCHUs Lenecoo0pa3Ho cOpMyIHpOBaTh B TEPMHHAX JKOHOMHKO-MAaTEeMaTHYECKOH Mozaenu YWICOHA.
[Ipenmonoxxenre o0 TOM, YTO pPacXoibl 3alacOB MAaTEpUaJIbHO-TEXHUYECKUX CPEACTB IPU BBITOJHEHUH CHJIAMU OO0OPOHBI
roCy/iapcTBa IPH BEITOJHEHUH 3a/1a4 110 Ha3HAUYEHHUIO, SIBJISAETCS CIyJailHOH BENWYMHOMN, IIOMYNHEHHOW HOPMAIEHOMY 3aKOHY
pacripesesieHus, IO3BOJUT BOCIIONB30BAThCSl W3BECTHBIM  alllapaTOM TEOPHH BEPOSTHOCTH M HPOBEPKH MHOTO
aIbTEepHATUBHBIX CTATHCTHYECKUX THIIOTE3 U NMPOU3BOJUTH PacyeThl 10 TaHHBIM CYLIECTBYIOIIEH CTATHCTHYECKOH BBIOOPKH.
Cratuctudeckasi 00paboTka JaHHBIX, IONYYSHHBIX MIPH BBHIOJIHEHHH CHJIaMU OOOpPOHBI FOCYAapCTBa 3a/1a4 M0 Ha3HAYCHUIO
MIO3BOJISICT TIOJYYUTh HCXOAHBIE JAaHHBIE W PAaCcCUUTATh INPOTHO3MPYEMBIE ONTHUMAaJbHBIE BEPOSTHOCTH pacHpeAeiIeHUs
pPacXxomoB MaTepHaIbHO-TEXHHYECKHX CpPEICTB B COOTBETCTBMH C TEKYIIUM, CpEIHEro, KalHTaJbHOrO pPEMOHTa H
6€3B03BPATHBIX M1OTEPD.

KawueBbie cl10Ba: JOTMCTHYECKOE ODECIIEUEHNE; HECHIKAEMBIH 3aM1ac MaTEpUaNbHO-TEXHUUECKUX CPEICTB; MOJIETb
VYuicoHa; 3KOHOMHKO-MaTEMaTHIECKHE MOJIENTH; MHOI0AJIbTEPHATUBHOIO CTATUCTUYECKUE THITOTE3bl; KOHTHHYAJIBHOE JINHEHHOE
MIPOrpaMMHUPOBAHHUE.
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