


HY

@W I
&

'{a AY
2 resﬁco‘é

HamionansHuil yHiBepcuTeT «3anopi3bKa MOMITEXHIKa»

PaI[lOEJIeKTpOHlKa, lH(l)OpMaTI/IKa, YiIpaBJ/J1IHHA
HayxoBuit xypHan
Buxoauts 4oTHpu pasu Ha pik
Ne 4(59) 2021

3acHoBanuil y ciuni 1999 poky.

3acHOBHUK 1 BUIaBelb — HarioHambHMIA YHIBEPCUTET «3armopi3bKa MOJITEXHIKAY).
ISSN 1607-3274 (npyxoBanwuii), ISSN 2313-688X (eneKTpOHHHII).
3anopixxs

HY «3amnopizbka momiTexHika
2021

National University «Zaporizhzhia Polytechnicy»

Radio Electronics, Computer Science, Control

The scientific journal
Published four times per year
Ne 4(59) 2021
Founded in January 1999.

Founder and publisher — National University «Zaporizhzhia Polytechnicy.
ISSN 1607-3274 (print), ISSN 2313-688X (on-line).
Zaporizhzhia
NU «Zaporizhzhia Polytechnic»

2021

HanmonanpeHelil yHUBEpCUTET «3alOPOKCKas MOJIUTEXHUKA

PaaunosiiekTpoHuKa, MHPOpMaATHKA, YIIPABJIECHHUE

Hayunbiii )xypHan
BoixonuT uetsipe pasza B rof
Ne 4(59) 2021
OcHoBaH B sHBape 1999 rona.

OcHoBarenp 1 u3aarenb — HanmoHanbHbI YHUBEPCUTET «3aOpOKCKask MOJUTEXHUKA.
ISSN 1607-3274 (neuatHsiit), ISSN 2313-688X (31€KTpOHHBIN).
3anopoxne
HY «3anoposxckas NonuTexHuKa»

2021



HayxoBuii JKypHAJ «PanioesniekTponika, indopmaTuxa,
ynpapiiHHs» (ckopoyeHa Ha3Ba — PIY) Bumaetbes HarioHansHuM
yHiBepcuTeToM «3anopisbka noiitexnika» (HY «3amopisbka monitexHikay) 3
1999 p. nepioAUYHICTIO YOTHPH HOMEPH HA PiK.

3apeectpoBaHo y MinicteperBi roctuuii  Ykpainm 19.11.2019 p.
(CBimouTBO MpoO JEpXKaBHY PEECTPALil0 JPYKOBAaHOrO 3aco0y MacoBoi
indopwmariii cepis KB Ne 24220-14060 TIP.)

ISSN 1607-3274 (npyxoBauuii), ISSN 2313-688X (enekTpoHHUIA).

Hakazom MinicrepctBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArectamiitHoi konerii MiHicTepcTBa 110710
JUSsUTBHOCTI CrieniatizoBaHuX BYeHHX paj Bix 06 Oepesus 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HaBHIIiK piBeHb), B SAKHX MOXYTh ITyONKyBaTHCSA pPE3yJIbTaTH
JIMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JOKTOpA HAyK i JOKTOpa
¢inocodii (kanaMIaTA HAYK).

Kypnan Brmouenuit 10 nonscekoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHMX ~MaTepiaiB MDKHApOAHMX KOH(EpeHLiii 3 MPHUCBOECHOIO
KiIbKiCTIO GaniB (D0oAaToK 40 oromomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecrry6miku ITonbma Bixg 31 ymmas 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBi CTATTi aHIIIHCHKOIO,
POcCiiichbKOI0 Ta yKpaTHCHKOIO MOBaMHU.

IIpaBuia o opmieHHsI crareit
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3K0OITOBHUIT BiAKPHTHII OH-TaiiH KocTynm 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHan 1o3Boiisie aBTopaM MaTH aBTOPCHKI IpaBa i 30epiraTu mpasa Ha
BUJaHHA Oe3 oOMexenb. JKypHan J103Bojs€ KOPUCTYBauyaM UMTaTH,
3aBaHTa)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan H03BOJIsE€ MOBTOpHE
BUKOPHCTaHHA ioro BMmicty y Bimmosignocti Creative Commons JtineH3icio
CCBY-SA..

OmnyO6niKOBaHUM CTAaTTSM IIPUCBOIOETBCSA YHIKaNbHHIL ineHTH]IKaTOpP
mudpooro 06’exra DOL

7KypHaJ BXoauTh 10 HaykoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epPaTUBHHUX JKypHANax i HAyKOMETpUYHHUX 0a3ax HaHUX, a
TaKOX PO3MIILYeThCsl Y IN(pPOBUX apxiBax Ta 06i06gi0TEKaX 3 GE3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI Hepenik SKMX MOJAHO HA CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

KypHan posnoscioKyeTbest 3a Karajgorom mnepioJMuHuX BHIaHb
VYkpaiuu (nepearuiatHuii inaexc — 22914).

TemaTHka JKypHaJy: TeJICKOMYHIKalii Ta  pajaioeleKTPOHIKa,
nporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOPUTMIB i MPOrpaMyBaHHS),
KOMIT'IOTEpHI Haykd (MaTeMaTHYHE 1 KOMII'IOTEpHE MO/ICITIOBaHHS,
ONTHMI3alis 1 JOCHi/KEHHs Omepaliif, ynpaBiliHHs B TEXHIYHHX CHUCTEMaXx,
MDKMalliHHA 1  JIIOAWHO-MAlIMHHA  B3a€MOJIS, IITYYHUH  IHTEJEKT,
BKJIFOYAIOYM CHUCTEMH, 3aCHOBAaHI HAa 3HAHHAX, 1 EKCIEPTHI CHUCTEMH,
iHTENEeKTyalbHII aHANi3 JaHHUX, PO3Mi3HABaHHS 00pa3iB, IITYYHi HEHPOHHI
i HeHpo-HeuiTKi ~ Mepexi, HEeUiTKy JIOTiKy, KOJICKTHBHHI  iHTEIEKT
i MyJIPTHAr€HTHI CHCTEMHM, TiOpHAHI CHCTEMH), KOMII'IOTEpHA IHXKEHEepis
(amaparHe 3a0e3reyeHHsT 00YNCIIOBANIBLHOT TEXHIKH, KOMII FOTEPHI MEpexi),
iHdOpMalliiiHi CHCTEMHU Ta TEXHOJOTIi (CTPYKTYpH Ta 0a3H JaHHX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta CKCIEPTHI CHCTeMH, 00poOKa JaHHX | CUTHAIIB).

Vei crarri, nmpornoHoBaHi 10 myOuikarii, OAepKyIOTh 006’€KTHBHMIl
PO3IJIsil, 1LIO OUIHIOETBCA 3a CYTTIO 0e3 ypaxyBaHHs pacH, CTari,
BIPOCIOBIJIaHHsA, €THIYHOrO MOXO/KEHHs, I'POMAJHCTBA ab0 IONITHYHOT
¢inocodii aBropa(is).

VYeci cTaTTi MpoXoAsaTh ABOCTYIIHYACTE 3aKpUTE (AHOHIMHE JJIsl aBTOPA)
Pe3eH3yBaHHS IUTATHUMH PENAKTOPAMH i HE3AICKHUMH PELCH3CHTAMH —
NIPOBITHUMH BUCHHMH 32 MpodiseM KypHaIy.

MOJJaHO Ha caiiTi:

PEJAKIINHA KOJIEI'TA

TI'onosnuit peoakmop — Cy66otin Cepriii OsiekcaHIpoBHY — JOKTOP
TEXHIYHMX HayK, npodecop,3aBiayBad KadeapH NpOrpaMHHX 3aco0iB,
HauioHanbHuii yHiBepcuTeT «3anopisbka MoiTexHika», YKpaina.

3acmynuuk 20n06n020. peoakmopa — Iliza Jimurpo MakapoBuy —
JOKTOp TEXHIYHMX HayK, Ipodecop, AUPEKTOp IHCTUTYTY iH(OPMATHUKH Ta
pagioenekTpoHiky, npodecop xadeapun pamgiOTEXHIKM Ta TEICKOMYyHIKarlii,
HarionanbHuit yHiBepcuteT «3anopisbka HoiitexHika», Ykpaina.

Ynenu peokonezii:

AmnapoyJinaxkic Tocig — noxrop dinocodii, ronosa nenapramenty tenaedoHii
LenTtpy o6cnyroByBanHs Mepex, YHiBepcutet SHinu, ['penis;

Bonsincpkuii  €Breniii  BosioaMMHpPOBHY — IOKTOpP TEXHIYHHX HAyK,
npodecop, npodecop KadeapH MTYyIHOTO iHTENEKTy, XapKiBCbKHil HAIliOHAIBHHIT
yHiBepcUTeT paioeneKTpoHiku, YKpaiHa;

Bennexenc KOcr — okTop ¢inocodii, TONEHT, TOUEHT (aKyNbTeTy iHKEeHEPHHX
TexHonoriit (kammyc e Haip), Katomupkuii yrisepeuter JIboBea, bebris;

Boasp Kapcrem — noxrop ¢inocodii, mpodecop, mpodecop kadempu
TexHi4HOi iH(popMaTuku, J[OPTMYHACHKHIl YHIBEpCHTET NpPUKIAJHHX HAyK Ta
muctents, HiMeaunna;

Byrrke anc-Jlitpix — goxrop ¢inocodii, JOneHT, NPOBITHUNA HAyKOBHit
CMiBPOGITHUK 1HCTUTYTYy TexXHi4HOI iH(opMaTukn, TexHiYHMI yHiBepcHTET
Lnemenay, Himeuunna;

Topbanb Ouexcanap MukonaiioBuy — I0KTOp (i3HKO-MaTeMaTHIHHX
Hayk, Tpodecop, mpodecop QaxympTeTy MaTeMaTHKH, YHiBepcuter Jlectepa,
Besuka Bpuranist;

Topoaunuuii Imutpo OjeroBuy — 10oktop (inocodii, kKaHANIAT TEXHITHUX
HayK, JIOLEHT, MPOBIAHKUI HAYKOBHIi CriBpoOiTHUK JIUpeKiii HayKu Ta iHmkeHepii,
KaHnajcbka areHIist npuKopaoHHoi ciyx6u, Kanana;,

JpobGaxin Ouer OueroBu4 — JO0KTOp (i3UKO-MAaTeMaTHYHHX HAYK,
npodecop, nepumii npopektop, J[HINPOBCHKHIl HAlOHAIBHUIT YHIBEPCHTET iMEHI
Onecs ['onuapa, YkpaiHa;

3aiineBa Osiena MukojaiBHa — KaHIuaaT (i3MKO-MaTeMaTHYHHX HayK,
npogecop, mpodpecop kadenpu indopmaruku, JKumiHcekuil yHiBepcHTET B
Kumini, CioBauunna;

Kamesima Miuitaka — moktop Hayk, mpodecop, mpodecop dakymbreTy
HayKH Ta imkenepii, YHiBepcureT lnHomaki Cenuiy, SInomist;

Kapramos Bojogumup MuxaiiioBuu — JOKTOp TEXHiYHMX HayK,
npodecop, 3aBimyBady  kadeapu  MemiaimkeHepii Ta  iHpopMariiHUX
paioCNeKTPOHHUX ~ CHCTeM,  XapKiBCbKWMH  HAliOHAJIBHWII  yHiBepcHTET
PpazioeneKTpoHiky, YKpaina;

Jlepamenko Biraniii I'puropoBuu — xanmumar QisuKo-MaTeMaTHYHHX Hayk,
npodecop, 3asixysau kadempu indopmarnku, HKwtiHcbkuii yHiBepcuter B Kuimi,
CroBay4nHa;

Jlyenro JaBun — noktop ¢inocodii, mpodecop, 3aBimysay xadenpu Teopii
CHTHANIB Ta KOMYyHiKauiif, MaJpuIChKUii MONITeXHIYHMIT yHiBepcHTeT, [craHis;

MapkoBcka-Kaumap VYpeyia — [OKTOp TeXHIYHHX Hayk, mpodecop,
npodecop Kadeapu OOGUHCIIOBAILHOTO iHTENEKTY, BpolulaBchka moliTexHika,
TTonbua;

Ouiiinnk AHapiii OjekcaHIPOBHY — JIOKTOP TEXHIYHMX HAayK, JOLEHT,

npodecop kapempum mporpaMHHMX 3aco0iB, HamioHambHHiT  yHiBepcHTET
«3arnopi3bKa MoJiTexHikay, YKkpaina;
IMagaikoB Bosoaumup BosoAMMHPOBHY — JOKTOp TEXHIYHMX HayK,

CTapIInii HAYKOBHil CIIBPOOGITHUK, IPOPEKTOP 3 HAyKOBOI poboTH, HauioHansHuit
aepoxocmiunnii yHiBepcuteT iM. H.E. XKykoBcpkoro «XAl», Ykpaina;

Hammmoekuii Mapuin  — goktop Hayk, mpodecop, mpodecop Bimaimy
iHTEJIeKTYaJ bHUX chcTeM, JlociHuil iHCTUTYT cucTeM TlonbebKoi akaseMii Hayk,
M. Bapmaga, [Tomnbmia;

Cxpyncbkuii Crenan IOpiiioBnu — KaHIMIAaT TEXHIYHUX HAyK, JOLEHT,
JIOLEHT Kadeapyu KOMIT'IOTePHHX CHCTeM i Mepex, HamionanbHuii yHiBepcHTET
«3armopi3bKa MoJliTeXHiKa», YKpaiHa;

Tadynmuk Taauna BoJsoguMupiBHA — KaHIMAAT TEXHIYHMX HAyK,
npodecop, npodecop kadenpu nporpaMHux 3acobiB, HarionansHuii yHiBepcHTET
«3armopi3bKa MoJliTeXHiKa», YKpaiHa,

Tpurano Tomac — pokrop dinocodii, crapumii Bukiagad Kadeapu
eNeKpPUYHOi Ta eNeKTPOHHOI imkeHepii, Imkenepruii konemwxk im. C. Illamon, M.
Ampnon, I3paine;

Xenke Kapcren — JOKTOp TeXHIYHMX Hayk,
criBpoGiTHUK ~ dakynbrery  iHOpMATHKM — Ta
yHniBepcuter LibMeHay, Himeuunna;

Hlapnancekux Outekciii AabOeproBuu — 10KTOp (inocodii, moueHT,
JoneHT  (akymbTeTy — aepokocMiuHoi  imkeHepii, JlendTcbkmii  TexHiuHMI
yHiBepcuteT, Hinepnanan.

HayKOBHH
TexuivHumit

npodecop,
aBTOMAaTU3Allii,

PEJAKIIMHO-KOHCYJbTATHUBHA PAJIA

Appac ITirep — nokrop dinocodii, ToeHT, TONEHT PaKyIbTETy iHKEHEPHUX
Texnouoriii (kammyc Jle Haip), Katonuupbkuit yuisepcuret JIboBeHa, benbrist;

Jlicusiucpkuii  AHaToniii — kaHomaar  Qi3MKo-MaTeMaTMYHMX — HayK,
TOJIOBHHI HAayKOBHIl eKcHepT, I3painbcka enekTpuuHa Koprioparis, Xaiida,
H3spaine;

Mappury Xpuctian — gokrop dinocodii, mpodpecop daxynbrery iHxeHepii
Ta iHpopMauifiHuX TexHoNOTIi, YHiBepcHTeT NpUKIagHMX Hayk Kapunoii,
ABcTpis;

Mapkocsin Mrep BapakecoBHd — JOKTOp TEXHIYHHX HayK, mpodecop,
JIUPEKTOp €PEeBaHCHKOr0 HAYKOBO-IOCIIHOTO IHCTUTYTY 3ac00iB 3B’513Ky, Ipodecop
kadenpu  TenekoMyHikaiii, Pocilicbko-BipMEHCBKUI yHiBEepcHTET, M. €peBaH,
Bipmenist;

PyGeas Outer BosioAMMHpPOBMY — KaHIUAAT TEXHIYHUX HAyK, JOLECHT
(akynbrery imkenepii, YHiBepcuter MaxkMactepa, I'aminsTon, Kanana;

TaBxeqiaze ABTaHILT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX HayK, mpodecop,
npodecop 1Ko Hi3Hecy, TeXHOIOTIT Ta ocBiTH, [epxaBHuil yHiBepcuTeT iM. I
Yapuyasay3e, Toinici, ['pys3is;

Ypeyreio Jlopy — 10KTOp (i3nKo-MaTeMaTHYHHX HayK, mpodecop, mpodecop
Kadeapy eNeKTPOHIKM Ta OOYMCIIOBAaNIBHOI TeXHiKH, TpaHCHIbBAHCHKUH
yHiBepcutet B Bpaiosi, PymyHisi;

Hlyasy IiTep — qoKTOp TeXHIYHKX HayK, mpodecop, mpodecop GakyabTeTy
imKeHepii Ta KOMIT'IOTepPHUX Hayk, I'aMOyprebkuil yHiBepCHTET IPHKIIAIHIX HAyK
(HAW Hamburg), I'am6ypr, Himedunna.

PexomenoBano 10 BiaanHs Buenoro pajgoro HY «3anopisbka monitexHikay, mporokoia Ne 3 Bix 06.12.2021.
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ABSTRACT

Context. The article considers the features of solving non-traditional problems of recognition of specified types modulation
signals in automated radio monitoring. The practical features of this problem determine the increased a priori uncertainty, which
consists in the absence of a priori information about the distribution densities of the given signals and the presence of unknown
signals.

Objective. It is proposed to solve the problem using an unconventional method for the recognition of statistically specified
random signals in the presence of a class of unknown signals. This method assumes that for the given signals there is a classified
training sample of realizations, according to which the unknown parameters of their distributions are estimated, as well as some
threshold values that determine the probabilities of correct recognition of the given types of signal modulation in the presence of
unknown signals.

Method. A general solution to the problem of recognition of given signals in the presence of unknown signals is given, and
recognition methods of types modulation based on the description of signals by probabilistic model in the form of a mixture of
distributions are given. The method is based on the description of signals by a probabilistic model in the form of a mixture of
distributions and construction of a closed area for given signals in the probabilistic space of signals.

Results. Studies of the recognition problems of given types of modulation of signals have been carried out. The studies were
performed by statistical tests on samples of signals for radio monitoring of communications. In this case, the decisive rule for
recognizing the given types of signal modulation is implemented in software on a computer. As a result of the statistical tests carried
out on control samples of signals, estimates of the probabilities of correct recognition of the given types of signal modulation in the
presence of unknown signals were obtained.

Conclusions. Values of indicators of quality of radio emissions recognition acceptable for the practice of radio monitoring are
obtained. The dependences of quality indicators on some conditions and recognition parameters are property. As a result of the
research, practical recommendations were obtained on the use of the proposed method for recognizing specified types of signal
modulation in automated radio monitoring systems.

KEYWORDS: automated radio monitoring, radio emission, signal, types modulation, probabilistic model, recognition method,
statistical tests. the probability of correct recognition.

ABBREVIATIONS TM are types of modulation.
RM is a radio monitoring;
RE is aradio emission;
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NOMENCLATURE
M is a number of classes of recognizable signals;
X 1is a finite-dimensional random vector of some
observations;
L is a dimensions of realizations of the observed
signals;

W(%/a') is a probability densities of the signals;

o is a vector parameters of the probability densities;
P(H'") is a priori probabilities of hypotheses;

)?} is a training sample for the signals;

n; is a volume of the training samples;

A is a threshold value in decision rule;

AJ(k), AJk)) are the quadrature components of the
signals;

Gczj: Gsz./:
components;

m, mg are the mathematical expectations of the
quadrature components:

g, are the weight coefficients in a composition of
distributions;

O 1is a number of components in a composition of
distributions;

Py 1s a average probability of an erroneous
decision-making in favor of signals with a given TMs
under the action of signals from the (M+1)-th class;

Pusinry 1s a average probability of an erroneous
decision-making in favor of signals from the (M+1)-th
class under the action of signals with a given TM;

Py is a average probability of error due to
entanglement of signals within the class of signals with
given TMs.

are the variances of the quadrature

INTRODUCTION

Radio monitoring is a complex task of spatially-
spectral-temporal processing of radio emissions in a wide
frequency range. To simplify the solution, it is
decomposed into a number of relatively independent
processing tasks, in particular, detection of radiation
sources operating in separate frequency channels,
selection and recognition of the given types of radiation
sources, recognition of the types of modulation of RE,
recognition of species and estimation of modulation
parameters for new unknown RE, recognition of RE
sources. These processing tasks are solved by signals
corresponding to the RE from the output of automated
radio monitoring complexes. Therefore, for their
mathematical description, mathematical models adequate
to the solvable problems of signal processing should be
used. It should be noted that due to the action of noise and
many other uncontrolled factors, the observed signals are
random in nature with a priori unknown statistical
characteristics. A priori uncertainty regarding the
statistical characteristics of signals is usually overcome by
using training samples of signal implementations that can
be obtained for given RE. However in case of RM many
unknown RE are received for processing, for which it is
not possible to obtain training samples of signals. Under
such conditions it becomes impossible to use known

statistical methods for pattern recognition in automated
RM. In classical problems of signal recognition a priori
uncertainty overcoming was carried out using training
samples of the signals being recognized. However, in real
problems of the automated RM, situations arise when the
observed signal may not belong to the given classes of
signals and should be assigned to the class of unknown
signals not specified in the probabilistic sense.

The object of study is the process of solving of
recognition signals problems in automated RM.

The subject of study is the non-traditional methods of
given signals recognition in the presence of unknown
signals when probabilistic models in the form of a
mixture of distributions is used to describe of the signals.

The purpose of this work is discusses the features of
solving the problem of recognition of the specified TM of
signals. Based on this mathematical model of signals, the
decisive rule for the recognition of given signals is
synthesized. Investigations of the recognizing task
specified types modulation of signals by means of
statistical tests on samples of the corresponding signals
have been performed.

1 PROBLEM STATEMENT

Let us consider the features of the formalized
formulation of the signal recognition problem under the
indicated conditions for solving recognition problems
with the automated RM. We assume that the signals being
recognized are represented by finite-dimensional random
observation vectors X , according to the implementation of
which decisions are made. The (A +1) -ahypotheses are
set that can be made with respect to the observed signals:
Hi,i: I,M - for the specified signals, HY*1 _ for the
unknown signals combined in the (M+1) -th class. It is
assumed that the probability densities of the distributions

of specified signals W()?/ a),i =1,M are presented up to

random vector parameters &i, i=1,M, and the
probability density is unknown for the (M +1)-th class of

signals. A priori probabilities of hypotheses P(H')= P,
M

are also given, moreover » P, =1. It is also believed that
i=1

training samples {%i,r :mi = I,M}, for M signals

have been obtained and the training sample for the

(M +1) -th signal is absent or it is not representative.

The nonrandomized decision recognition rule splits
the sampled signal space into (Af +1) non-intersecting
regions, in particular, regions separately for M given
signals and the rest of the space — for unknown signals. In
accordance with the available a priori information about
the signals, it is possible to construct own regions only for
given signals.
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2 REVIEW OF THE LITERATURE

Features of different signal processing tasks during
automated radio monitoring are considered in [1-3]. In
particular, the importance of solving the problems of
recognizing RE from the signals representing them is
noted. Features of solving the problem of automatic
classification of signal modulations during radio
monitoring are considered in [1]. Creating the information
basis of spectral masks for automated RM are considered
in [2]. Methods detection and recognition of signals for
RM are considered in [3].

In [4-7] the different methods for automatic
recognition of types of modulation for signals is
presented. In particular, method of robust automatic
signals modulation classification under varying noise
conditions are considered in [4]. Method of radar signals
modulation recognition based on deep joint learning are
considered in [5]. Method of communication signals
modulation recognition based on statistical model are
considered in [6]. Method of automatic signals
modulation recognition using wavelet transform and
neural network are considered in [7].

The tasks of recognition signals corresponding to
given RE have to be solved under conditions of a priori
uncertainty. Since real signals are, generally, random in
nature, statistical methods of pattern recognition should
be used for signal recognition. These methods are
considered in [8-10]. A priori uncertainty is overcome
using classified training samples of recognized signals.
However, in real problems of the automated RM,
situations arise when the observed signal may not belong
to the given classes of signals and should be assigned to
the class of unknown signals not specified in the
probabilistic sense [11].

When solving the problems of signal recognition
based on the selected probabilistic model, the presence of
unknown signals should be taken into account. In [12] an
appropriate signal recognition method based on the
autoregressive model was proposed.

From the analysis of publications, it follows the
relevance of researching the possibilities of using non-
traditional methods of selection and recognition of given
random signals to solve problems of recognizing specific
types of modulation in automated RM. In this case, it is
necessary to specify the methods for recognizing signals
by selecting probabilistic signal model that are adequate
to the solved of recognizing problems. In addition, studies
should be carried out of the proposed methods for signal
recognition using signal samples characteristic of the
problems of recognition of RE in radio monitoring.

To achieve the goal of research in this article:

—the theoretical features of the methods of
recognition of specified types modulation of the signals in
the presence of unknown signals based on probabilistic
models in the form of a mixture of distributions are
considered;

—the values of recognition quality indicators were
studied by statistical tests of recognition methods on
communication signals samples corresponding to the

problems of recognition of given types of modulation in
RE.

3 MATERIALS AND METHODS

The solution of the formulated problem of recognizing
given signals in the presence of a class of unknown
signals can be based on constructing in the sample space
closed own regions for M signals defined by their training
samples of implementations. When realizations of the
observed signal fall into one of the signal's own regions, a
decision is made about the action of the given signal.
Otherwise, a decision is made about the action of the
unknown signal. The shape of their own areas is
determined by the specific types of signal distribution
densities, which depend on the selected probabilistic
model for given signals, as well as on predetermined
threshold values that are selected from the condition that
the specified indicators of signal recognition quality are
achieved.

To solve such an unconventional problem of selection
and recognition of given signals in the presence of a class
of unknown signals, it is advisable to use the following
decision rule [11]:

— if inequalities hold

m@{ﬁW(i/&l)}< A,

I=LLM

)

then H, hypothesis about the action of the (M+1)-th

class of unknown signals is accepted;
— if the system of inequalities holds:

mﬂ{P,W(fc/&l)}Z A,

I=1,M
PW(E/ah = BW(E/al), 1=1,M, | #i,

(@)
3

then H' hypothesis about the action of the specified i -th
signal is accepted.

Here, the unknown parameters of the distribution
densities o/ are estimated from the training samples for
M signals, and the threshold value A is determined from
the condition of ensuring a specified probability of correct
recognition of the specified signals.

Note that when constructing the decision rule (1),
information on the distribution density of the (Ar+1) -th

signal was not used and its training sample was not
required. The statement and solution of the considered
recognition problem is a formalization of the substantive
requirement about the need to isolate (perform selection)
and recognize M specified signals and classify unknown
signals in the (M+1)-th class, information about which is

insufficient for their recognition.

When using a probabilistic signal model in the form of
a mixture of distributions, the decision recognition rule
(1-3) takes the following form [12]:

— if the conditions hold:
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max { P, ngWm (fc/&[) >\, 4)

=LMool

0 I 0 I - .
BY gy G/a)2 B Y g W, Glal), 1=1M, 120, (5)
q=1 q=1

the hypothesis H I about the action of the i -th given
signal is accepted;
— if the conditions hold:

(6)

>

0
max{}’, > gy (/3! )} <,

= g=1

then the hypothesis H M+ about the action of unknown
signals from the (M+1) -th class is accepted.

After making a decision to observe the given types of
signal modulation, a decision is made according to (5),
what kind of signal modulation is observed. In this case,
there are probabilities of confusion between the given
types of signal modulation.

Under the assumption of independence of samples of
quadrature components, the probabilistic properties of
signals were determined by mixtures of Gaussian
distributions of samples of quadrature components in the
form [11]:

2
A..—m ..
. 2
20

j:lccq'\IZﬂf\‘ Cj

2
- N 1 { (As'_ms’
W(d)= 3 - f2 5 Y
o,

jzlccq”2”L sj

2 2
cj’csj’m

’ ()

— are respectively, the variances

of the

where o m

cjo'tsj
and mathematical
components.

At the same time, a special case of the decision-
making rule (4-6) on the 2N-dimensional vector of
independent quadrature components of the signals
(4. (k), A, (k)), k=0,1,2,..., N —1 can be used.

In the given decision rules for recognition, it is
assumed that for unknown parameters of signal
distribution densities there are their estimates calculated
from training samples of realizations of the specified
signals.

expectations quadrature

4 EXERIMENTS
Let us consider some results of studies of the
problems of recognition of RE, which were carried out by
statistical modeling. Moreover, the methods of selection
and recognition of random signals in the presence of a
class of unknown signals, which are described in clause
(4-6) are implemented on a computer program. Next,

statistical tests were carried out on samples of
implementations of some signals that correspond to RE
characteristic of radio monitoring of communications.
Based on the training samples of the given signals, the
corresponding parameters of the decision rules are
calculated. Control samples of signals were used to find
estimates of the probabilities of signal recognition based
on the results of statistical tests. By changing some
conditions and research parameters, the corresponding
dependences of signal recognition quality indicators are
obtained.

Under the conditions of increasing load of radio bands
with automated RM, it is also an important task to
recognize the specified types of modulation for the newly
detected REs. This is a more difficult recognition problem
compared to the above considered problem of recognition
of the REs with given types and modulation parameters.
The complexity is due to the fact, that whole classes of
signals are subject to recognition — signals with a definite
TM and various possible values of the modulation
parameters. Recognition of TM signals during RM in real
conditions is difficult due to the random nature of the
transmitted messages, interference action, as well as the
appearance of radio signals with new previously unknown
TMs for which there is no a priori information.

It is proposed to solve this problem as a problem of
recognizing classes of signals with known TMs in the
presence of a class of signals with unknown TMs. In this
case, the general form of the decision rule for the
selection and recognition of given signals (1-3) is
concretized taking into account the description of signal
classes with given TMs by a probabilistic model in the
form of a mixture of distributions (4—6). Here, the
decision on the TM is made according to the
implementation of the signals in the form of sequences of
samples of quadrature components A.(k), A (k) ,
k=1,2,3,...,N, obtained from the output of a digital
radio receiver. The studies were conducted for signals
with the following types of modulation: on-off amplitude
modulation (AM2), on-off and four-position frequency
modulation (FM2, FM4), and on-off phase modulation
(PM2), sixteen-position code-amplitude modulation
(QAM16), unmodulated carrier (NON).

When choosing such an initial description of the
signals for each specific type of modulation, characteristic
images are formed — areas determined by the projections
of the readings of the quadrature components A.(k) and

A, (k) onto the plane with coordinates (4., 4,) (Fig. 1).

The signals were observed on the background of
interference in the form of Gaussian white noise. It can be
seen that these projections define characteristic regions
for each type of modulation. Here, histograms of the
distribution of the values of the signals quadrature
components are given for each coordinate.

5 RESULTS
From an analysis of the content of the problem of
recognition of TM signals, it follows that a model in the
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form of a mixture of distributions and the corresponding R G ey
decision rule (4—6) taking into account relations (7) can 0.3
serve as a suitable probabilistic model for describing s
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Figure 1 — Histograms of the distributions of the quadrature components of the signal samples with different types of

modulation:

a—FM2,b—-PM2, c —-FM4,d - AM2, e - QAM16, f — NON
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manipulation rate in the range of 100-2400 Baud. For
each type of signal, training and control samples of 500
realizations with a length of N = 1024 quadrature
samples were obtained. The training samples of signals
with given TMs were used to evaluate the unknown
parameters of the decision rule for recognizing TMs (4—
6). Control samples of signals were used to obtain
estimates of the quality of recognition of TMs through
statistical tests.

The recognition quality of TM signals was evaluated
by the following indicators: F/ .5 — the average

probability of an erroneous decision-making in favor of
signals with a given TMs under the action of signals from
the (M+1)-th class; P,/ — the average probability

of an erroneous decision-making in favor of signals from
the (M+1)-th class under the action of signals with a given
TM; Py, — the average probability of error due to

entanglement of signals within the class of signals with
given TMs.

As the M given signals, signals with the following
types of modulation were used: FM2, FM4, QAM16, and
signals from the (M+1)-th class — signals PM2, AM2,

NON. The choice of threshold values in decision rule (4—
6) was carried out from the condition of ensuring a given

N
probability of recognition of the TMs Py, The values A;

determine the sizes of the own areas of the given signals
in space (4,,A4;) and accordingly affect not only

Py+1/my (the probability of “skipping”), but also
By /m+1) (the probability of “false alarm”). Fig. 2 shows

a diagram of the exchange of quality indicators
Pogsm+ryand P/ obtained at N = 1024 and at a

signal-to-noise ratio of 9.54dB.

0" 003 006 009 12 015 01§ 021 024 P,

Figure 2 — Diagram of the exchange of indicators of the quality
of recognition of given types of signal modulation

From the obtained dependence it follows, that it is
impossible to reduce simultaneously both error
probabilities. By lowering the threshold values A;, the

own areas of the given signals are narrowed and the
probability of “false alarm” decreases, but at the same
time, the probability of “skipping” the given signals
increases.

The dependence of the recognition quality of the TMs
signals on the duration of their observation N is of
particular interest. This dependence is important, because
the parameter N , unlike s/n ratio, can be controlled to
provide the required quality of recognition of the TMs.
Therefore, the dependences of the probability of
recognition errors on the length of the implementation of
the signals N were investigated. In studies, for each value
N =8,16,32, 64,128, 256, 512,1024, threshold values X;

were selected based on the conditions for ensuring the
required probability  Bj.1,/) =0.05. The obtained

dependences are shown in Fig. 3. It can be seen that at
N <64, the quality of recognition deteriorates
significantly, and at N >256 an acceptable quality of
recognition of TMs is provided.

A

L

0,8

0,6

0.4

8 16 32 64 128 256 512 N

Figure 3 — Dependence of the probability of correct recognition
A
P¢r. of TMs on the length of signal implementations

6 DISCUSSION

From the obtained research results it follows that the
considered decision rule for recognizing TMs (2) provides
an average probability of correct recognition for all TMs
of at least 0.9 with a probability of “false alarm” of not
more than 0.02. This corresponds to the real requirements
for the quality of recognition of TM signals with
automated RM.

The results of the study illustrate the distinctive
feature of the proposed method for recognizing given
types of modulation in the presence of unknown types of
modulation in comparison with traditional methods for
recognizing types of signal modulation. In traditional
methods of recognizing the types of signal modulation, all
unknown types of modulation signals will mistakenly
refer to one of the given types of signal modulation. The
proposed method for recognizing the given types of
modulation uses a two-stage decision-making procedure.
In this case, due to the randomness of the observed
signals, insignificant probabilities of error in assigning the
given types of signal modulation to the class of unknown
types of signal modulation R/, and vice versa of

unknown types of signal modulation to the given types of
signal modulation £,y are possible. The necessary

probability of correct recognition of the type of
modulation can be achieved by choosing the appropriate
duration of the observed signals N.
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AHOTALISL
AKTYaJIbHICTB. Y CTaTTi PO3IJISIHYTI OCOOJIIMBOCTI BUPIIICHHS HETPAAMLIIITHOT 3a1a4i po3MTi3HABaHHSI 3aJ]aHUX THITIB MOJTYJISILIi CUTHAIB

B aBTOMAaTH30BAaHOMY paJiOMOHITOpUHTY. [IpakTHuHi 0cOONMBOCTI Takoi 3ajadi BH3HAYAIOTH MIJBUILCHY anpiOpHy HEBH3HAYEHICTH, SKa
IOJIATAE y BIICYTHOCTI alpiOpHUX BioMOCTel PO MIITBHOCTI HIMOBIPHOCTEH PO3MOALTY 3aJaHUX CHTHANIB i HAsSBHOCTI HEBIIOMHX CUTHAIIIB.

Mera. 3anpornoHOBaHO BHPIIICHHS 3a7adi 3 BHUKOPHCTAHHSAM  HETPAIAMIIIHOTO METOAY pO3IMi3HABaHHS CTATUCTUYHO 3aJaHuX
BHIIAJIKOBUX CHTHATIB TPH HAasSBHOCTI HEBIJIOMHUX CHUTHANIB. Y IbOMY METOMI NPHITYCKAETHCS, IO JUIS 3aJaHUX CHIHAIIB Ma€eThCs
KiacudikoBaHa HaBuUaJbHA BUOIpKa peaizalii, Mo sKiif OLIHIOIOTHCS HEBLIOMI ITapaMeTpH X po3Moily, a TAKOXK JesKi IOpOroBi 3HaUEHHs,
110 BU3HAYAIOTh KMOBIPHOCTI IIPaBHIIBHOTO PO3Ii3HABAHHS 331aHUX TUIIIB MOYJIANII CHTHANIB [P HAsBHOCT] HEBIJOMHIX CHTHAIIB.

Metoa. OOroBOprOETHCS 3arajbHe BHUPIIICHHS 3a7ad4i pO3Mi3HABAHHS 3aJaHMX CHTHANIB Yy MPUCYTHOCTI HEBIJOMHX CHTHATIB Ta
NPUBOJMUTHCS METOJ| PO3Mi3HABAaHHS 3aJaHUX THIIIB MOJYJISLIl, OCHOBAaHMH Ha ONHUCI CHTHATIB HMOBIPHICHOIO MOJCIUIIO Y BHAI CyMilli
posnoziniB. Meron 6a3yeThcs Ha ONMHUCYBAaHHI CUTHANIB IMOBIPHICHOIO MOJEIUIIO Y BHJI CyMillli PO3HOJIIIB i TOOYI0BI 3aMKHYTOI 00nacTi
JUTS 3aIaHUX CUTHAJIB y HMOBIPHICHOMY TPOCTOPI CHTHAIIB.

Pesyabratu. [lpoBeneHi [OOCHiIKEHHS 3aJadi pO3Mi3HABAHHS 33/JlaHMX THINB MOJYJISLIl CHIHANIB IHUISXOM CTaTUCTUYHUX
BHUIIPOOOBYBaHb Ha BUOIPKaxX BIAIIOBIHUX CHTHAIIB, XapaKTEPHHUX JUIsi aBTOMATH30BAHOTO PaJiOMOHITOPHUHTY 3ac00iB 3B’s13Ky. [Ipu ripomy
BHUpIIIYBaJIbHE MPABWIO PO3ITi3HABAHHS 3aJaHUX THIB MOMYJIILIT CUTHANIB MPOTrpaMHO peaitizoBaHo Ha EOM. YV pe3ynbTaTi mpoBeIeHUX
CTAaTUCTUYHUX BUMPOOYBaHb HAa KOHTPOJBHUX BUOIpKaxX CHTHATIB OTPHUMaHI OILIHKM HWMOBIPHOCTEH MPaBUIILHOTO PO3IMi3HABAHHS 3aaHUX
THMIB MOJYJIALIT CUTHAJIIB P HasIBHOCT] HEB1IOMUX CHUTHAIIIB.
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BucnoBku. OTpuMaHi NpUHHATHI AT NPAaKTUKK PaJiOMOHITOPHHIY 3HA4YEHHS MOKA3HHKIB SKOCTi PO3IMI3HABAHHS THIIB MOIYIAII]
curHaiiB. JlociimKeHi 3a71eXHOCTI MOKa3HUKIB SKOCTI BiJl JESIKUX YMOB i HApaMeTpiB po3Mi3HABaHHS Y Pe3yNbTaTi MPOBEACHUX AOCIIKEHb
OTPUMaHO MPaKTHYHI PEKOMEH/Alli M0 BUKOPHUCTAHHIO 3alpPOIIOHOBAHOTO METO/AY PO3Mi3HABaHHS 3a/laHUX THUITIB MOAYJIALII CHUTHAJIB y
CHCTEMax aBTOMATH30BAaHOTO PalilOMOHITOPHHTY.

KJ/IIOYOBI CJIOBA: aBTOMaTH30BaHHIl palioOMOHITOPHHT, PaJiOBUIPOMIHIOBAHHS, CHTHAJT, THII MOXYJALIi, IMOBipHiCHa MOZeIb,
METO/I PO3Ii3HABaHHS, CTATUCTUYHI BUIPOOOBYBAHHSI, IMOBIPHICTh MPABUIBHOTO PO3IMTi3HABAHHSI.
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AHHOTALUA

AKTYyaJIbHOCTB. B cTaThe paccMOTpeHbl 0COOEHHOCTH PEeLIeH s HeTpaJULIMOHHOM 33/1auyl pacro3HaBaHMs 3a1aHHBIX TUIIOB MOAYJISILIUU
CHTHAJIOB B aBTOMAaTU3UPOBAHHOM paJrOMOHUTOpUHTe. [IpakTHyeckne 0COOCHHOCTH 3TOH 3aa4y ONPEACNSIOT MOBBIMICHHYIO allpHOPHYIO
HEOMPEACIEHHOCTh, KOTOpast 3aKJII0YaeTCsd B OTCYTCTBHH alpPHOPHBIX CBEACHHH O IUIOTHOCTSX pacHpeieieHHs 3aJaHHBIX CHTHAJIOB U
HaJIMYMU HEU3BECTHBIX CHI'HAJIOB.

Heas. IlpemnoxeHo pelneHHe 3a7audl € MCIOJIb30BAHMEM HETPAJUIIMOHHOTO METO/A PACIIO3HABAHMS CTATHCTHYECKH 3aJaHHbIX
CIIy4ailHBIX CHTHAJOB IIPU HAJMYUM KJIAcCa HEM3BECTHBIX CHUTHAJIOB. B 3TOM Merone mosaraercsi, 4To Juis 3aJaHHBIX CHTHAJIOB MMECTCS
KJaccuuIpoBaHHas 00y4aroias BEIOOpKa pealn3alyii, 10 KOTOPOH OLCHUBAIOTCS HEM3BECTHBIC MTAPAMETPBI UX paclpeesICHHH, a TakKe
HEKOTOpbIE ITOPOrOBbIE 3HAYEHMSI, ONPEIEISIONINE BEPOITHOCTH MPABUIBHOIO PAcO3HABAHUS 3a/IlaHHBIX BHJIOB MOAYJISILIMHA CUTHAJIOB TIPU
HAJINYUH HEM3BECTHBIX CUTHAJIOB.

Metoa. OGcyxaaercss ofliee pelIeHHE 3afavyd Paclio3HABaHMS 33/laHHBIX CHTHAJIOB B IMPHUCYTCTBUM HEU3BECTHBIX CHIHAJIOB H
MIPUBOUTCSI METOJI PACIIO3HABAHHS 33/IaHHBIX TUIIOB MOAYJISIIMKM. MeToa OCHOBAaH Ha OMMCAHMU CUTHAJIOB BEPOSTHOCTHON MOJEJIBIO B BUAE
CMECH pacHpe/eeHuil U MOCTPOSHUN 3aMKHYTOH 00JIaCTH JUIsl 3aJaHHBIX CUTHAJIOB B BEPOSITHOCTHOM IPOCTPAHCTBE CHUIHAJIOB.

PesyabTaTel. [lpoBeneHsl HcciieoBaHUs 3aJaddl pPacliO3HABAHUS 3alaHHBIX THUIIOB MOJYJISIIMU CHUTHAJIOB ITyTEM CTATHCTHYECKHUX
WCTBITAaHUH HA BEIOOPKAX COOTBETCTBYIOIIMX CHUTHAJIOB, XapAKTEPHBIX JUII aBTOMAaTU3MPOBAHHOTO PAaAMOMOHUTOPUHTA CpencTB cBs3H. [Ipn
9TOM pellaroliee MPaBIiIO PACIO3HABAHUS 3aJaHHBIX THIIOB MOIYJSIIUM CHTHAJIOB MPOTrpaMMHO peanu3oBaHo Ha OBM. B pesymbrarte
MPOBE/ICHHBIX CTATUCTUYECKUX HCIBITAHUH HA KOHTPOJBHBIX BBIOOPKAX CHUTHAIOB IIOJIYYEHbl OLEHKH BEPOSTHOCTEH HPaBUILHOTO
pacrio3HaBaHMs 3a/IaHHBIX THUITIOB MOJYJISLIUH CUTHAJIOB NP HATMYMU HEU3BECTHBIX CUTHAJIOB.

BeiBoabl. [lomydeHs! mpuemiiemble ISl NMPAKTUKH PaJHOMOHHTOPHUHra 3HAYEHHUS IOKa3aTeJed KadecTBa pacllO3HABaHUSA THIIOB
MOJYJISILMM CUTHAJIOB. VccienoBaHbl 3aBUCHMOCTH IOKa3aTeled KauyecTBa OT HEKOTOPHIX YCJIOBHMH M HapaMeTpoB pacro3HaBaHusi. B
pe3yibTaTe TPOBEICHHBIX HCCIEIOBAaHUN IIOJMy4EHBl IIPAKTUYECKHE PEKOMEHIAMU I10 WCIIOJIb30BAHMIO IIPEUIOKEHHOTO METo/a
pacrio3HaBaHUs 3a/JaHHBIX THUIIOB MOJYJIAIMH CUTHAIOB B CHCTEMaX aBTOMAaTH3UPOBAHHOTO paJlMOMOHUTOPHHTA.

KJIIIOYEBBIE CJIOBA: aBTOMaTH3HpPOBAHHBIA PAaTAOMOHHTOPUHT, PAAHOM3IyYECHHE, CUTHAN, THII MOIYJISIIUH, BEPOSTHOCTHAS
MOJIeNb, METO/l PACIIO3HABAHUS, CTATUCTHYECKHE UCTIBITAHHS, BEPOSTHOCTD NPABUIBHOTO PACIIO3HABAHMSI.
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ABSTRACT

Context. The problem of creating a model of transmission and transformation of information has been resolved, the processes of
information transformation in transmitters and receivers have been considered, the process of influence of the destabilizing factors in
the communication channel has been investigated.

Objective. The study aims to create a mathematical model of the communication channel, taking into account the destabilizing
factors that affect the transmission channel and control the correctness of the communication channel model.

Method. A mathematical model, which evaluates the stability of the signal in the communication channel at the stage of design-
ing telecommunication systems for various purposes, taking into account the effects of destabilizing factors in the environment of
information signal transmission, is proposed. It is also a proposed method of determining the parameters of information signals in the
communication channel and the increase in the bandwidth during exposure of external destabilizing factors on the signal transmission
medium in the communication channel.

Results. A mathematical model of the communication channel was obtained, which takes into account external destabilizing fac-
tors that can affect the communication channel and equipment. The developed model contains a method of verification, which allows
determining its correctness.

Conclusions. The method of information transfer has been improved by adding a verification method. The value of the bit error
obtained during the simulation of the communication channel coincides with the value of the bit error during the verification process,
which indicates the correctness of the considered mathematical model of the communication channel. The modeling of the communi-
cation channel confirmed the adequacy of the proposed method of modeling the communication system, so this method can be rec-
ommended for use in the design and research of telecommunications systems.

KEYWORDS: communication channel, modulation, communication quality, signal recovery, demodulation, filtering.

ABBREVIATIONS S is a signal strength;
QPSK is a Quadrature Phase Shift Keying; P, is a probability of error in binary;
MIMO is a Multiple Input Multiple Output; P, is a probability of erroneous character reception;
OFDM is an Orthogonal Frequency-Division Multi- P,;, is an equivalent probability of error;
plexing; fois a frequency
LC-ROF is a linear-cell-based radio-over-fiber; tis a time;
LTE is a Long-Term Evolution; a is an independent coefficient;
VLC is a Visible Light Communication; b is an independent coefficient;
PLC is a Power Line Communication; 0 is a signal phase;
BER is a Bit Error Rate; s(?) is a full signal emitted at any time
AWGN is an Additive White Gaussian Noise; N is a noise power;
BPM is a binary phase manipulation. v is a signal-to-noise power ratio;
Y, is a normalized signal-to-noise ratio.
NOMENCLATURE
M is the number of characters in the alphabet; INTRODUCTION
R is a source performance; The design of telecommunication systems requires a
Ty is a time interval; careful study of the principles of information, the proper-
k is the number of binary units of information in one  ties of communication channels, as well as existing sys-
character; tems for transmitting and receiving signals. The rapid
T is a signal duration; pace of development of science and technology has
n is the number of binary signals; caused the growth of industry and telecommunications
E is the energy that falls on the M-th symbol; services.

E, is the energy per binary unit (bit) of the source;
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Selecting and designing a communication channel
without proper study of the systems that affect the trans-
mission medium can lead to complete or partial data loss.
The first step in preventing the loss of information in
communication channels during the development of data
transmission systems is to model the processes of conver-
sion and transmission of information taking into account
external influences.

The task of developing a mathematical model of
transmission and transformation of information, including
transmitter and receiver, is relevant and determines the
direction of research.

The object of the study is the process of formation,
transmission, and recovery of radio signals.

The purpose of the study is to create a mathematical
model of a communication system that takes into account
the destabilizing factors that act on the transmission chan-
nel and controls the correctness of the communication
channel model.

1 PROBLEM STATEMENT

In almost every electrical measurement or generated
signal, there are unwanted components that mix with the
useful signal. Noise is an unwanted component of a signal
from any source. If the required signals are very weak,
they can be completely lost against a background of
higher noise levels.

In general, sources of unwanted noise power can be
classified as internal or external noise. Internal noise oc-
curs when unwanted random signal power appears at the
output of an electronic device, despite its absence at the
output of the device that generates the useful signal. In-
ternal noise is generated inside the device. On the other
hand, the power of external noise is regarded as combined
unwanted sources of electrical signal that are received by
the device from any external source.

All the above facts are the cause of errors in detecting
a useful signal. To avoid such errors, it is necessary at the
stage of designing communication systems to analyze the
resistance of the system to external and internal interfer-
ence using mathematical modeling.

To achieve this goal, a mathematical model was pro-
posed, the essence of which is as follows. It is suggested
to choose a mathematical model of the communication
system as input data. This model should receive informa-
tion modulating signals that can be obtained using a ran-
dom number generator. In the mathematical model of the
transmitter, the carrier frequency signals are modulated.
These signals are summed and transmitted to the commu-
nication channel, where they are exposed to external in-
fluences generated by the simulation system. In the re-
ceiver, the additive mixture of signals is restored by a
demodulator, which is described by the difference equa-
tion and uses bandpass filters. The degree of similarity of
the recovered signal to the modulating signal in the com-
munication channel model is estimated by the probability
of bit error by comparing the signal at the input of the
communication system model and the output of the
model. The Bit Error Rate Analysis Tool of the MATLAB

software package is used to verify the correct operation of
the communication system model.

2 REVIEW OF THE LITERATURE

In [1] the methods and algorithms of frame synchroni-
zation used in multi-antenna radio communication sys-
tems for orthogonal space-time block coding were con-
sidered. However, it did not evaluate the noise immunity
of the signal when using QPSK modulation, which is not
entirely consistent with the integrity of the information
during the transmission session over the communication
channel.

In the study [2] a method for solving the problem of
identification of emergencies in the power supply system
on the railway, using set theory, was proposed. However,
the issue of transmitting diagnostic information to a re-
mote operator was not addressed and the effect of destabi-
lizing factors on the communication channel was not as-
sessed. Such assessment is necessary to ensure the integ-
rity of the information. In addition, due to remote moni-
toring of the system parameters, it is possible to identify
an emergency or prevent its occurrence more quickly.

A complex mathematical model of a MIMO commu-
nication channel is proposed in [3]. The destabilizing fac-
tor is the additive Gaussian white noise there, which is
common in the design of radio communication systems.
This is because the additive Gaussian white noise refers to
the fluctuation noise, which is represented as the sum of
several independent oscillations. Fluctuation noise is a
stationary ergodic random process with a Gaussian (nor-
mal) probability distribution, according to the central limit
theorem. The spectral power density of the fluctuation
noise always depends on the nature of the physical proc-
ess of its formation. Most of the interferences that occur
in practice belong to the group of additive interferences.
This paper does not consider the effect of unintentional
interference on the communication channel.

In [4] the noise immunity of existing radio lines with
noise-like signals and digital types of modulation was
investigated. To increase the noise immunity of commu-
nication systems, it was proposed in [4] to use non-
stationary signal structures with variable center frequency
and power spectral density. However, when assessing the
potential noise immunity of radio lines, only the probabil-
ity of a symbolic error in the radio channel is taken into
account, which does not allow to take effective measures
to adapt to the situation in the communication channel.

The study [5] developed a system of quantitative indi-
cators of information security of the marine infrastructure.
However, mathematical models of the communication
system have not been developed and the impact of exter-
nal influences on the communication channel has not been
assessed, which indicates the lack of stability of the com-
munication system used to external influences of inten-
tional and unintentional interference.

In [6], the possibility of increasing LTE performance
by using MIMO systems and frequency distribution
methods is proposed. The authors [6] used OFDM tech-
nology. Analysis of the operation of OFDM technology
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showed that in the case of spectrum-concentrated interfer-
ence, it is impossible to translate the carrier frequency
signal into another range. As a result, some of the infor-
mation transmitted over the communication channel will
be lost because the frequency range through which the
information is transmitted has been affected by external
interference. As a result, the authors of [6] did not suffi-
ciently substantiate the noise immunity to intentional and
unintentional interference of the developed transmission
channel using LTE technology.

The study [7] considered a system with changing pa-
rameters and used the difference-phase modulation of the
second order, as well as the resistance of such a system to
additive interference. As a result, it was possible to reduce
the Doppler effect caused by the movement of the object
and interference in the communication channel. Improv-
ing the quality of communication using the method pro-
posed in [7] is due to the use of Phase-Difference Modu-
lation. However, the effects of artificial interference were
not taken into account, which certainly led to a deteriora-
tion in the quality of communication.

[8] considers the LC-RoF radio communication sys-
tem, which allows transmitting mobile communication
without hard transmissions during high-speed train
movement. Hard transmissions occur when the range of
radio transmitters is exceeded. As a result, the user may
lose connection to the Internet or data. The developed
system was tested on a Shinkansen high-speed train
owned by the West Japan Railway Company. The LC-
RoF system can have two configurations: routing with
wavelength division and routing based on an optical
switch. When testing the LC-RoF radio system, only less
efficient routing systems based on an optical switch were
used. Scientists in [8] did not fully take into account the
effect of external interference of artificial origin on the
optical and radio data transmission.

In [9], a rather promising data transmission system
was proposed, which combines VLC (Visible Light
Communication) and PLC (Power Line Communication)
technologies. As for disadvantages of the developed sys-
tem in [9], it is shown that in the case of PLC, the trans-
mission medium is shared between all subscribers, and
the quality of the data transmission medium depends on
the installation quality of the power supply system and is
exposed to shortwave radio transmitters. The PLC signal
transmission medium to the first transformer junction is
running. It is shown that PLC modems will be affected by
low-quality power consumers. When using the VLC sys-
tem, subscribers must be in the line of sight, and the qual-
ity of data transmission depends on the operating condi-
tions. It is known that the VLC system is negatively af-
fected by solar radiation. The disadvantage is that the
issue of intentional interference to the communication
channel has not been fully addressed.

In [10], a high-frequency radio communication system
with a millimeter band of 41 GHz was proposed. To pro-
tect against the effects of atmospheric phenomena, the
authors proposed to use narrowly directed antennas with a
high gain. The disadvantages of this system include the

fact that the transmitter and receiver of the radio signal
must be in the line of sight, which complicates the appli-
cation on rough terrain. However, when assessing the
potential noise immunity of radio lines, the probability of
a symbolic error in the radio channel is not investigated,
which does not allow to take effective measures to adapt
to the situation in the communication channel.

In [11], a chaotic scrambling algorithm was used to
increase the stability of the communication system from
artificial interference. Gaussian noise was added to the
mathematical model to be studied to model the communi-
cation channel. As a disadvantage, it should be noted that
the probability of bit error was not estimated. This disad-
vantage does not fully assess the resistance of the pro-
posed algorithm to artificial interference.

Scientists in [12] solved the problems of design and
analysis of control protocols for discrete-time multi-agent
systems of the second order. Interference related to the
time delay on equipment and communication channel has
been simulated. The disadvantage of this study is that the
effect of artificial interference on the communication
channel has not been evaluated.

In [13] the problem of control of energy consumption
and distribution of resources in the radio communication
system was solved. As a disadvantage of this work, it
should be noted that the quality of interference to the
communication channel was taken into account only fluc-
tuating interference. Other types of artificial interference
were not considered.

In [14] the research of the system of mobile access
points using millimeter waves for communication of high-
speed trains, and the design of the extended system of
mobile access points, including the specification of the
physical layer and the single-frequency network, is pre-
sented. Experimental studies were conducted on the Seoul
subway line. The simulation results showed that the ex-
tended system of mobile access points can provide broad-
band mobile wireless communication with a peak data
rate exceeding 5 Gbps at a train speed of 500 km / h.
However, when assessing the immunity of radio lines, the
probability of a symbolic error in the radio channel is not
investigated, which does not allow us to take effective
measures to adapt to the situation in the communication
channel.

A group of researchers in [15] considered the charac-
teristics of the channel in the range of millimeter waves of
the 5G communication standard for typical routes of high-
speed rail communication system, including urban, rural,
and tunnel, with straight and curved route shapes. Based
on the obtained results, proposals were made to improve
the symbol rate, subframe bandwidth, and polarization
configuration for use in the design of a 5G communica-
tion system on typical routes of a high-speed railway
communication system. However, when assessing the
immunity of radio lines, the probability of a symbolic
error in the radio channel is not investigated, which does
not allow us to take effective measures to adapt to the
situation in the communication channel.
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The efficiency of receivers and transmitters in noisy
conditions depends on the choice of modulation methods,
coding, and scheme of the receiver and transmitter. In
works [1-15] this is not fully taken into account.

3 MATERIALS AND METHODS

Binary systems use two waveforms to transmit source
binary symbols, each of which may contain one binary
unit (or one bit) of information. However, with a larger
alphabet of signals, each symbol sent can carry much
more information. In particular, the alphabet containing M
characters (M different signals) allows you to transmit
binary units of information for each sent character. M-th
signals can be formed by multi-position manipulation of
the oscillations of the carrier in the amplitude, frequency,
phase.

The block diagram of a typical data transmission sys-
tem is shown in Fig. 1. It is assumed that the message
source generates statistically independent equally prob-
able binary symbols with a rate of R symbols per second,
where R is the performance of the source. This assump-
tion is valid because the message of any source can be
converted into a sequence of equally probable binary
characters using the appropriate encoding method. Each
symbol of the source in question carries one binary unit of
information. Over the time interval, the T), source creates
one of the M =2 different equal-sequence sequences
of binary symbols, each of which contains RT), binary
units of information.

The encoder divides the sequence generated by the
source into blocks with k& = RT), symbols in each and
sends a command to the modulator to generate one of the
M = 2* possible signals. In binary systems, k = 1 and the
modulator selects only two possible signals with a dura-
tion of 7= Tj;= 1/ R each. When using coding with alge-
braic binary code, the encoder receives blocks with k> 1
source symbol. The encoder sends to the modulator a
command to generate one of M = 2* different sequences
(codewords); any such sequence consists of n binary sig-
nals (where n> k) with duration 7= TM / n each. During
the reception, the demodulation of individual binary sig-
nals with a duration of 7, and not the whole sequence, the
duration of which is equal to T, Then the demodulation

results are fed to a logic circuit that converts n decisions
made by the demodulator into k information symbols. In
the M-th system, the encoder also receives blocks with
k> 1 binary source symbols and sends a command to the
modulator to generate one of the M = 2* different signals
with a duration of T, However, in the receiver, the in-
coming signal is considered indivisible and is processed
as a whole.

The modulator sends the selected signal to a commu-
nication channel in which this signal is distorted by addi-
tive white Gaussian noise. Depending on the context, the
signal transmission speed will be understood as either the
M-symbol transmission rate (1 / Tj,) or the source per-
formance (1/ 7).

On the receiving side, in the case of a binary system
without encoding information, a decision is made on the
incoming signal as to which symbol was transmitted, and
one of two possible values is issued. This eliminates the
need for a decoder because the result of the decision (de-
tection) is directly a binary digit that contains one binary
unit of information. In a binary system with algebraic
coding under the action of each binary signal, the de-
modulator (the first decision circuit) produces one of two
possible values of its output value, and then the decoder
converts each block of the output values of the demodula-
tor into a sequence of k binary symbols. In M-systems, the
demodulator converts each M-signal into one of the M
possible values of its output value. In turn, the decoder for
each of the M possible values of the input signal produces
a certain sequence of & binary characters.

An objective comparison of so many different systems
is quite a difficult task. If the frequency band of the sys-
tem is insignificant (this assumption is often true when
using M-signals or algebraic codes), it is more appropriate
to compare systems at the same data rate.

The energy per binary unit (bit) of the source E; is re-
lated to the energy £ on the M-th symbol represented by
the formula

Source of notifications Coder Modulator
A 4
Channel
\4
Recipient of notifications < Decoder Demodulator

Figure 1 — Block diagram of the data transmission system
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where k& is the number of binary units of information in
one character. The signal strength S, at a fixed perform-
ance of the source R, is determined by the formula:

S =E’R.

When comparing communication systems, it is pro-
posed to use the probability of erroneous reception of the
symbol, rather than the probability of erroneous reception
of the binary unit, because between these two quantities
there is no single universal deterministic relationship.
Such specific relationships can be formulated for individ-
ual cases. Probably the most general assumption that will
link the probability of erroneous reception of a character
with the probability of erroneous reception of a binary
unit is the following: if any M-th character is received
incorrectly, the decoder randomly selects & binary charac-
ters corresponding to each of the others (2°') M charac-
ters. Further, if there is a set of M k-bit binary sequences,
then M/2 of them contain in some arbitrary digit binary
number 1, and the rest M/2-binary number 0. Then from
24" possible erroneous solutions, 2! — 1 contain in this
digit the same binary number as the transmitted sequence.
The remaining 2 sequences contain the opposite num-
ber in this digit. Under such assumptions, the average
probability of erroneous reception of the binary unit (the
probability of error in binary digit) P,, is related to the
probability of erroneous reception of the symbol P, by the

ratio
k-1
2 1 P
Foy =l % Pe:H—e'

2k

()

In this case, relation (1) indicates the probability limit
of erroneous reception of the symbol P,:

P

e
<—F— 2
9] 2(1_ 2—k) ( )
For large k, the limit defined by (2) practically coin-
cides with
F,, <0.5F,.

If the bandwidth of the system is limited, it is advis-
able to compare systems that occupy the same radio fre-
quency band. Unfortunately, the spectrum width of the M-
th or coded signal depends on the type of system. For
signals with multi-position amplitude manipulation
(multi-level signals), the width of the signal spectrum is
essentially independent of M. However, at large M, this
method of manipulation does not provide sufficient noise
immunity during radio communication. When using fre-
quency-manipulated or other orthogonal signals most
commonly used in radio communications, the bandwidth
of the system is proportional to M. At the same time, in
all these systems, the data rate is proportional only to

log, M . Assuming that the value of M and the data rate

are given, the graph of the probability of erroneous sym-
bol reception from the signal-to-noise ratio can be consid-
ered as a curve taken at some fixed bandwidth of the sys-
tem (in the whole range of signal-to-noise ratio).

It is shown that a more objective characteristic of the
noise immunity of a discrete communication system than
the probability of erroneous reception of the symbol Pe
and the probability of erroneous reception of the binary
unit P,, is the equivalent probability of error P,,. It is
defined as the probability of error in the binary channel
when transmitting without redundant coding, in which the
probability of error-free reception of a long segment of
the message is the same as in this system. In particular, in
the case of M-position redundant coding, it is possible to
determine the equivalent probability of Rape error by the
expression

P

— e
log, M~

The problem of integrated design of communication
systems, which usually consists of a compromise between
the quality of the system, data rate, and bandwidth is a
task with many unknowns and does not always allow to
find a single universal basis for comparing communica-
tion systems. using M or coded signals.

The transmission of information through the use of
several phases of the same tone signal is a natural gener-
alization of the method of binary phase manipulation.

Consider a four-phase system in which when using a
binary signal BPM with phases, for example, 0°— 180°
can be transmitted completely independently, for coherent
detection, on the same carrier another binary signal with
phases 90°-270°. One signal can be considered as a result
of balanced modulation (multiplication by + 1) oscilla-
tions cos2mfyt, and the other as a result of balanced

err

modulation of oscillations sin2nfyz . The input signal

after filtering is fed to two coherent detectors. One of
them wuses the reference oscillation of the species
cos2mfyt (with compensation for phase shifts occurring

in the transmission medium and the receiver filters) and
emits the first signal and in-phase noise component. An-
other coherent detector uses a reference oscillation of the
form sin2mnfyt and extracts the second signal and the

quadrature component of the noise. It is shown that at any
given moment of the hour, for example, at the moment of
seeing a two-way virtual scheme, offending warehouses
to the noise of an area. In such a rank, with the same
smoothness of frequencies, it is possible to improve the
speed of transmissions. According to the average value of
the recipient, two units of the visa are assigned to S7/n,,
wherein in this case, S is the power of one of the two
quadrature signals. Hence, to double the transmission
speed with a constant probability of erroneous reception
requires doubling the radiated power. It is established that
there are no other values of the carrier phases that could
be used to transmit another signal of binary BPM, free
from cross-interference from the already considered two
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quadrature signals. This does not mean that other binary
BPM signals can be transmitted on this carrier, for exam-
ple, with phase values of 45°-225° i 135°-315°. It is es-
tablished that due to the presence of crosstalk, which re-
duces the signal resolution in the additive noise, the total
radiation power should grow not in proportion to the
number of binary signals combined, but much faster.

In the above case, the formation of binary signals
BPM on each of the quadrature components of the carrier,
the signal emitted at any time can be represented by the
expression

s(t) = acos2mfyt + bsin 27fyt,

where for each signal element a and b are independent
and take the value +1 or —1. It is known that the signal
emitted at any time can be recorded as

s () =2 cos(cos 2yt + 0), (3)
where O takes one of the values 45°, 135°, 225°, 315°.
Thus, the previously considered sum of two signals with
phase values of 0 ° or 180 ° and 90 ° or 270 ° can be rep-
resented as a signal with one of the four possible phase
values (45°, 135°, 225°, 315°) carrying two binary units
of information. Summarizing (3) in the case of M phases,

we obtain that each signal element of duration 7' can be
written as

s(t)=+S2cos(cos2nf1+0), 0<r<T, 4)
where 0 is one of the many equidistant values obtained,
for example (Fig. 2) from the expression

6,, :(ZR/M)(m—l), m=1,..M.

An integer power of 2 is selected as M: M = 2.

The power S in (4) is the power of the full received
signal.

We will be interested in measuring the value of the
phase 0. To do this, you can simply use a conventional
phase detector with a reference voltage of the form 6.
Such a detector detects cos®,, . This feature is ambiguous

[cosB,, =cos(2n—6,,)] and only in the binary case when

0=0 or m ambiguity is eliminated. Phase determination
0 is performed using two-phase detectors with a refer-
ence voltage of the form cos2nfyt and sin2mnfta logic
circuit that determines the ratio of certain components of

the signal. One of the modulator options is a circuit that
uses M coherent or phase detectors with a reference volt-

age of the form cos(cos2mf,t+6, ) and selects the solu-
tion for the maximum (algebraic) output signal. This rule

of the decision follows directly from the criterion of
maximum plausibility.

In Fig. 2 shows a variant when M = 8. Angle ©n/0 is
the zone of correct reception if the phase value is trans-
ferred 0, =0. Assume that a signal with 8 = 0 has been

transmitted. Let us denote the in-phase and quadrature
noise components at the input of the phase detector (con-
nected after the bandpass filter) by x (¢) and y (¢), respec-
tively. It’s known that the input voltage detector is as fol-
lows

v(t)=[ 25 +x(r) [oos 2mfyt — y(¢)sin 2 fot, )

where S is the signal strength, and N = X% = yz — noise

power, because the possible values of the signal phase
differ from each other in magnitude 2n/M, then, as can be
seen from Fig. 2, the reception will be correct if the phase
of the voltage is determined (5) differs in absolute value
from the phase of the transmitted signal by no more than
/M. The exact expression for the probability of erroneous
character reception has the form

\/ZCOSO 2

T
P :1—(ij]‘jje—y 1+ /4y coseeycosze[Lj j e 2dx|do
€ 2n) <. N2m )
M

where the ratio of signal power/noise to interference
. C S
power at the detector input is indicated by y = N

If a matched filter is used, then
y = S/N = E/nO s

where F is the energy of the signal element corresponding
to the M-th symbol. The normalized signal-to-noise ratio
is defined as the signal-to-noise ratio per binary unit of
information:

Vo =v/k=y/logy M
or for the case of an agreed filter
Y2 :Ez/l’lo :E/anE/no logzM .

If we record the speed of information transmission, it
is obvious that maintaining a constant probability of erro-
neous reception of the symbol with increasing M it is nec-
essary to increase the normalized signal-to-noise ratio vy,
in proportion to M*log,M. The required frequency band
decreases in proportion to . If we consider the frequency
band to be fixed, then to keep the probability of erroneous
reception of the symbol constant with increasing M, it is
necessary to increase the normalized signal-to-noise ratio

v» also proportionally. While the speed of in-
log, M

formation transfer increases proportionally log, M .

Note, however, that due to the increase in transmission

rate, the signal power S should increase in

ro-
log, M P

portion to M, and not.
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Figure 2 — The formation of the signal of the M-DFM (Fig. M = 8)

Assuming that when erroneously receiving any
M-character, the decoder randomly selects k binary char-
acters corresponding to any of the remaining 2°-1
M-characters, then the probability of erroneous reception
of the binary unit is associated with the probability of
erroneous reception of the symbol relation (1) and, there-
fore, the above dependencies for the probability of erro-
neous reception of the symbol will also be valid for the
probability of erroneous reception of the binary unit.
However, in the case of multi-position FM, as follows
from Fig. 2, the most probable errors are those in which
the receiver instead of the phase of the transmitted signal
is fixed to the adjacent phase value, and not some other. If
we now choose a method of converting binary symbols to
M, in which signals with adjacent phase values are repre-
sented by binary sequences that differ only in one digit
(as, for example, in the Gray code), then each erroneous
reception of the M-symbol will most likely mean error in
only one digit of the binary sequence of k digits. In the
limit (which at very high signal/noise ratios)

Pez = (1/k) Py =(1/logy M ) R, (6)

Equations (6) and (1) reflect the two extreme cases
that characterize the relationship between the probability
of erroneous reception of the binary unit and the probabil-
ity of erroneous reception of the M-th symbol. In both
cases, these probabilities are related by some algebraic
coefficient, and the nature of the change in the probability

of erroneous symbol reception as a function of signal en-
ergy in the presence of additive Gaussian noise is still
largely determined by the exponential dependence on

Lz' Thus, with multi-position binary phase manipula-
M

tion for any M > 4, the required signal strength should
increase approximately proportionally M.

4 EXPERIMENTS
A complete simulation of the communication system
was performed to determine and verify the calculated
parameters and model the interference in the communica-
tion channel. An example of such a model is shown in

Fig. 3.

Description of the means of estimating the parameters

of the communication system model, shown in Fig. 3:

1. The Error Rate Calculation block compares the input
data from the transmitter with the output data of the
receiver. The length of the filters must be taken into
account in the block settings.

2. The Constellation Diagram allows you to observe the
phase constellation.

3. The Spectrum Analyzer unit allows you to monitor the
signal at the output of the communication channel.

4. The Find Delay block allows you to compare the re-
ceived and transmitted signal, to find the probability
of a bit error without knowing about the delay in the
received signal.
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Figure 3 — Communication channel model, which was built in the SIMULINK software application from the MATLAB software
package

Description of the blocks of the communication sys-

tem model shown in Fig. 3:

1. In the configuration parameters of the model, select
the discrete solver and the end time of the simulation.

2. The input to the communication channel model is pro-
vided by the Bernoulli Binary Generator block, which
generates a random binary sequence of bits using the
Bernoulli distribution.

3. Generated random binary sequence (Bernoulli genera-
tor), fed to the input of the modulator unit QPSK
Modulator Baseband (Quadrature Phase Shift Keying,
QPSK). At the receiving end, use the appropriate de-
modulator (QPSK Demodulator Baseband). In the
modulator block settings, the “bit” parameter must be
selected as the received data type, because the Ber-
noulli generator generates a sequence of bits. In the
modulator block settings, select the “bit” parameter as
the source data type.

4. A forming filter is installed at the output of the QPSK
modulator and the input of the demodulator. The
model developed in this study uses a Raised Cosine
Transmit Filter. This type of shaping filter increases
the sampling of the signal and filters the input signal
using an FIR filter (finite impulse response) of the
raised cosine with a square root, or a conventional FIR
filter with a raised cosine.

5. The AWGN Channel is used as the transmission
channel model. This unit adds white Gaussian noise to
a real or complex input signal. In the block settings,
set the parameter “Number of bits per character” to 2,
as QPSK is used. Set the relative signal level to 1/8, as
the filter interpolation factor is 8. The symbol period

must correspond to the generator settings. The signal-
to-noise ratio is set to 10.

5 RESULTS

To verify the correct operation of the communication
channel model shown in Fig. 3, we will use the Bit Error
Rate Analysis Tool of the MATLAB software package.
The theoretical curve, which shows the signal-to-noise
ratio, is shown in Fig. 4.

During the simulation of the communication channel
at Eb / NO = 10 dB, the following results were obtained
(Fig. 3).

e Bit error probability: BER =3.295e -6 ;
e The number of erroneous bits is 51;
e The total number of transmitted bits is 1.548e + 7.

6 DISCUSSION

Analyzing the simulation results obtained during the
simulation of the communication channel, we can con-
clude that the model is built quite correctly. The fact that
the model of the communication channel is correct is con-
firmed by the fact that the simulation results obtained
during the simulation in Fig. 3 (BER =3.295e—-6), co-
incide with the results obtained by the analysis tool Bit
Error Rate Analysis Tool MATLAB software package,
where BER =3.8e—6 (MATLAB software package,
where Ey/Ny=10 dB). For more accurate results, you need
to increase the simulation time.

The disadvantage of QPSK is the complexity of the
system. The advantage is a higher data rate.
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Figure 4 — Theoretical signal-to-noise ratio curve obtained us_ing the Bit Error Rate A_nalysis Tool of the MATLAB software
package. E,/Nj — the ratio of the energy of the information bits per symbol to the spectral density of the noise power in decibels

CONCLUSIONS

The results of experimental studies of the communica-
tion channel fully confirmed the results of the mathemati-
cal model. As part of the study of the mathematical
model, the verification of the correctness of the construc-
tion of the mathematical model (to ensure the correctness
of signal filtering) is considered. The adequacy of the
model is confirmed by the results of the experiment. The
theoretical values of the Bit Error Rate (BER) obtained
during the simulation of the communication channel are
consistent with the results obtained using the Bit Error
Rate Analysis Tool of the MATLAB software package.

The scientific novelty of the obtained results is that
the proposed method of determining the parameters of
information signals in the communication channel and
increase the bandwidth of the communication channel
during external interference to the signal transmission
medium in the communication channel, which led to im-
proved communication quality because QPSK technology
was used.

The practical significance of the obtained results is
that the method of mathematical modeling of information
signal conversion processes during the process of forma-
tion, transmission, and selection of information signals is
proposed.

Prospects for further research. The use of differen-
tial QPSK avoids the problem of lack of phase synchroni-
zation between transmitter and receiver. The use of QPSK
with squaring offsets, (1/4— QPSK) allows mitigating the
effects of changing the voltage of the signal of the carrier
with a high slope when switching between characters.
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VIIK 004.94
MOJIEJTFOBAHHSI CUCTEMH 3B’S13KY 3 METOIO JOCJIUKEHHS I 3ABAJI B CEPEOBHILI ITEPEJAYI

KBacHikos B. II. — npodecop, Z0KTOp TeXHIYHHX HAYK, 3aBijlyBad Kadeapy KOMIT IOTEPU30BAHUX CICKTPOTEXHIYHUX CUCTEM Ta TEXHO-
norii HanionansHOTO aBiamiiHoOTO yHiBEepcureTy, Kni, YkpaiHa.

€ropos C. B. — xaHIUIaT TEXHIYHUX HayK, JOLEHT KadeapH KOMII I0TEpPH30BaHUX EICKTPOTEXHIYHUX CHCTEM Ta TexHounoriii Hamiona-
JIBHOTO aBialiiHoOro yHiBepcurety, Kuis, Ykpaina.

IlIkBapunnbka T. FO. — TOLEHT, KaHINWAAT TEXHIYHUX HAYK, JOLCHT KadeaApr KOMII FOTEPU30BAHUX CICKTPOTEXHIYHUX CHCTEM Ta TEX-
Houoriit HanionansHOTro aBianiiiHoro yHiBepcutery, KuiB, Ykpaina.

Opuatcbkmii 1. T1. — 1okTOp TeXHIYHUX HAyK, podecop Kadeapu KOMIT I0TePH30BaAHNX EIEKTPOTEXHIYHUX CUCTEM Ta TexHoorii Ha-
L[IOHAJILHOTO aBialiiiHOTO yHiBepcuTeTy, KuiB, Ykpaina.

KaraeBa M. O. — xaHIUIaT TEXHIYHUX HAyK, JOLCHT Kadenpu AOUeHT kadeapH KOMII'IOTCPHU30BAHUX CIEKTPOTEXHIYHUX CHCTEM Ta
TexHouoriit HanioHansHoro aBianiiHoro yHiBepcutery, KuiB, Ykpaina.

AHOTALISA

AkTyanbHicTb. PO3MIIsIHYTO 3a1auy CTBOpEHHs MOEII Nepenadi Ta nepeTBOpeHHs iHGopMallil, po3IJISHYTI IIPOLECH NePEeTBOPEHHS iH-
¢opmanii B neperaBadax Ta IpuiiMadax, po3MIAHYTHI mporec Ail aectabimizyrounx (axTopiB Ha kaHal 3B’s3Ky OO0’ €KTOM JNOCHTIIKCHHS €
npoiiec popMyBaHHs, Iepeiadi, Ta BiTHOBJICHHS PaliOCUTHAIIIB.

Mertoz. 3anpornoHOBaHO MaTeMaTUYHY MOJENb, SKa J03BOJIS€ OLIHUTH CTIMKICTb CUTHANLYy B KaHali 3B’SI3Ky L€ HA eTalli NPOeKTyBaHHS
TEIeKOMYHIKalifHIX CHCTEM Pi3HOTO IPH3HAYEHHS 3 ypaXyBaHHAM il 3aBaJl B CepeIOBUIII ITepenadi iHpopMariiiHoro curnany. [Iposeneno
OIIHKY [il 3aBajii HA KaHAI 3B’SI3KY 3aBASKA BUKOPUCTAHHIO CITIBBIIHOIICHHS CHUTHAJ/IIYM. 3alIPOMIOHOBAHO METO/l BU3HAYCHHS [TapaMeTpiB
iHpOpMAIIHIX CUTHAIIIB Y KaHali 3B 53Ky Ta IiJBUIICHHS MPOITYCKHOI 34aTHOCTI MiJ Yac Aii 30BHILIHIX 3aBaj HAa CEpe/IOBHUILE Tepeaadi
CUTHaJly B KaHaJi 3B’3KY.

PesyabTaTn. byna orpumaHa MaTeMaTH4YHA MOJIENIb KaHATY 3B’s3KY, SIKa BPaXOBY€ 30BHIIIHI AecTabinizyiodi GakTopH, sKi MOXKYTb Hifi-
TH Ha KaHAI Ta anapaTypy 3B’s13Ky. Po3pobieHa Moienb MIiCTUTh MeTO.T BepHDiKallii, SKuii 103B0JIsI€ BU3HAYUTH il KOPEKTHICTb.

BucHoBku. BrockonaneHo MeTon nepeayi iHpopMariii IUsIXoM JI01aBaHHs MeToay Bepudikaiii. 3HaueHHs OiITOBOI MOMMIIKH, 1110 0YJI0
OTPUMAHO IIiJl 4ac MOJISIIIOBAHHS KaHAJly 3B’SI3KY CIIIBIIAJIa€ 31 3HAUCHHSIM OiTOBOI MOMMIIKH I1ijl 4ac mporecy Bepudikallii, 1o cBiTIUTh Ipo
IIPaBUIBHICTE PO3IIITHYTOI MaTeMaTHYHOI MOZieNi KaHaTy 3B s13Ky. ToMy meif MeTox MOJETIOBaHHS KaHALY 3B’ 3Ky MOXe OyTU peKOMEH/I0-
BaHMM JUII BAKOPUCTAHHS i1 4ac MPOEKTYBaHHS Ta AOCIIKCHHS TEJICKOMYHIKALiHHUX CHCTEM.

KJIFOYOBI CJIOBA: kaHai 3B’s13Ky, MOAYJISLS, SIKICTb 3B’A3KY, BiJTHOBJIEHHS CUTHAILY, IEMOAYJISLIs, (iabTpaLis.

VJIK 004.94
MOJEJTUPOBAHUE CUCTEMBI CBSI3H C LEJbIO UCCJAEIOBAHUS JEACTBUA MOMEX B CPEJIE ITEPEJAYA

KBacuuxos B. II. — nmpodeccop, TOKTOp TEXHUUECKUX HAYK, 3aBEAYIOIIMHA Kadeapbl KOMIBIOTEPH3UPOBAHHBIX AIEKTPOTEXHUYECKUX
cucTeM U TexHosoruit HannonansHOro aBuanimoHHoro ynusepcurera, Kues, Ykpaunna.

Eropos C. B. — kanauar TeXHUYECKUX HAYK, JOIEHT KadeIpsl KOMITBIOTEPH3UPOBAHHBIX JIEKTPOTEXHNYECKUX CHCTEM M TEXHOJIOTHH
HammonansHoro aBuanmoHHoro yuusepcurera, Kues, YkpanHa.
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HMxBapuuukas T. FO. — 10UeHT, KaHIUIAT TEXHUYECKHUX HAYK, JOLEHT Kadeapbl KOMIbIOTEPU3UPOBAHHBIX 3JIEKTPOTEXHHYECKHX CHUC-
TeM U TeXHOJIOTHi HarmoHanpHOTO aBUAIIMOHHOTO YHUBepcuTeTa, Kies, YkpanHa.

Opnatcebkmii [, II. — 10KTOp TeXHHYECKUX HayK, Mpodeccop KOMIBIOTEPU3UPOBAHHBIX JJIEKTPOTEXHUYECKUX CHCTEM U TEXHOJIOTHH
HanmoHnansHOro aBHaiMoHHOro yHUBepcuTera, Kues, YkpanHa.

KartaeBa M. A. — kaHAWAT TEXHUYECKUX HAYK, TOLEHT Kapeapbl KOMIBIOTEPU3UPOBAHHBIX HJICKTPOTEXHHUYECKHX CHCTEM M TEXHOJO-
ruit HarmonansHOTO aBHAiiOHHOTO YHUBepcuTeTa, Kues, YkpanHa.

AHHOTALUS

AKTyaJIbHOCTB. PaccMoTpeHa 3amada co3IaHus MOJENH Mepeaadu U mpeodpa3oBaHus HHPOPMAIMH, IPOLECCHl MPeoOpa3oOBaHus WH-
(dopmaiu B nepenaTyvkax M MPUEMHHUKAX, MPOIECC NSHCTBHS AeCTaOMIH3UPYIOMNX (aKTOPOB HA KaHAT CBA3U OOBEKT HCCICIOBAHHS —
rporecc GopMHUPOBaHUS, Iepeladll U BOCCTAHOBIICHUS PaJIMOCHTHAJIOB.

Mertoa. I[Ipemioxkena MaTeMaTHIecKasi MOZENb, TIO3BOJIIONIAS OIIEHUTh YCTOHYMBOCTh CHTHAJIA B KaHAJIE CBA3M Ha 3Talle IPOeKTHPOBa-
HUS TEIEKOMMYHHUKAIHOHHBIX CUCTEM Pa3IHYHOr0 Ha3HAYCHUs C YUETOM BIHSHUS [OMEX B Cpeie mepeaadr WH(PpOPMAIMOHHOTO CHTHAA.
BnusiHne nomex Ha KaHaj CBSI3M OLICHHBACTCS 3a CYET MCIIOJIb30BaHHs COOTHOIEHUs curHai/myM. [Ipeioxken MeTos onpeseeHus napa-
METpPOB MH(OPMALMOHHBIX CUTHAJIOB B KaHAJIC CBS3W M IOBBIMICHUS MPOIYCKHOH CIOCOOHOCTH IpH AEHCTBUY BHEIIHHX IIOMEX Ha Cpeny
repe/iayy CUTHANIA B KaHAJIC CBA3H.

Pesyabratsl. [lonyyena marematiueckas MOJENb KaHAla CBSI3H, YUMTHIBAOIIAs BHEIIHHE [ecTaOWIM3upyromre (HaKkTophl, KOTOPhIC
MOTYT JICWCTBOBATh HAa KaHaJ W aInaparypy cBsi3u. PaspaboTaHHas MOJENb CONEPKUT METO]] BEPUPHKALMH, TO3BOJISIOIINI ONPE/ICIUTh e
MIPaBUIIEHOCTD.

BoiBoabl. YiryumeH crocod nepeaads HHGpopMaIi myTeM J100aBiIeHns MeTona Bepudukanuy. Bennunna OUTOBOMN OMIHOKH, TTOIyYeH-
HOW MPU MOJEIUPOBAHUH KaHAla CBSI3U, COBIAAET C BEIMYMHON OUTOBOM OMIMOKH B Mpoliecce Bepu(HKaILUK, YTO CBUICTEIbCTBYET O Mpa-
BHJIBHOCTH MaTEeMaTHYECKOM MOJENIM paccMaTpHBacMOro KaHaja CBs3H. [103TOMy JaHHBIA METOJ MOAEIMPOBAHUS KaHajla CBSI3M MOXKET
OBITH PEKOMEH/IOBAH VISl HCIIOJIB30BAHUS IIPU MMPOCKTUPOBAHUY U HCCIICIOBAHIH TEIEKOMMYHHUKAIIMOHHBIX CHCTEM.

KJIIOUYEBBIE CJIOBA: kanan cBsi3u, MOAYJISINS, KAYECTBO CBSI3U, BOCCTAHOBIICHUE CUTHANA, AEMOMYIISINS, (pUibTparms.
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YCOBEPHIEHCTBOBAHHBIIA METO/] I'PAMA-IIIMUATA JIJIS
OBPABOTKU PA/IMOJIOKAIIMOHHBIX CUT'HAJIOB

IMuza I. M. — n-p TexH. Hayk, npodeccop kadeapsl PannoTexHuky U TeleKkOMMyHHKaluii HanmoHnansHOro yHu-
BepcHuTeTa «3amopoXKCKast MOTUTEXHUKAY, T. 3aopoKbe, YKparnHa.

Pomanenko C. H. — xaua. ¢u3.-mMaT. HayK, JOUEHT Kadeapsl 3amuTsl HHPOopMarun HarmonansHOTO yHHBEPCHTETA
«3anopokckasi MOJUTEXHUKay», T'. 3alIOPOXKbe, YKpanHa.

AHHOTANMUA

AKTyanbHOCTh. [Ipn 3amuTe pagroIoOKalMOHHEIX CTAaHIUH OT aKTHBHBIX HIYMOBBIX IOMEX, JEHCTBYIOMNX 110 OOKOBBIM JIeTIe-
CTKaM JMarpaMMBl HAaIPaBICHHOCTH aHTEHHBI, HCIOJIB3YIOT IPOCTPAHCTBEHHYIO (DMIBTPAIMIO CUTHAJIOB, KOTOPAsl peasn3yercs IIy-
TEM HUCIIOJIb30BAHUS AaHTEHH, PA3HECEHHBIX B IIPOCTPAHCTBE. B 3TOM cityuae pasiuuue HampaBiIeHHH IpueMa M0JC3HOI0 CUTHala U
HOMEXH MO3BOJISET c(HOPMHUPOBATH ONTHMAJIBHOE 3HAYECHHE BECOBBIX KOX()(MUIMEHTOB aJanTHBHBIX IPOCTPAHCTBEHHBIX (IILTPOB
JUIs TofaBieHust moMexu. OHAKO, €CIM UCTOYHUK MOMEXH CMEIIAEeTCsl B 00JaCTh IMNIABHOTO Tyda, TO MPOCTPAHCTBEHHBIE PA3INIUs
MEXLy TOJIE3HBIM CHUTHAIOM M MOMEXOH yMEHBIIAITCA. DTO MPUBOAUT K CYLIECTBEHHOMY HCKa)KEHUIO JHarpaMMbl HalpaBIeHHO-
CTH OCHOBHOH aHTEHHBI. B pe3ymbraTe 3TOro yXyamraercsi TOUHOCTh M3MEPEHHs YITIOBBIX KOOPJIMHAT, a TAKXKE TyBCTBHTEIBHOCTD
npueMHOTro ycrpoiictBa PJIC. B crarbe nmpemiokeH cTpyKTYpHO-IapaMETPUIECKIA METOI aIallTallii IPOCTPaHCTBEHHOTO (PHUIBTPA,
obecneunBaromuii 3¢ dpexruBnyio padory PJIC npu Bo3neiictBnu AT kak ¢ HanpaBieHHs: GOKOBBIX JICTIECTKOB, TaK U C HaIlIpaBJIe-
HUS [JIAaBHOT'O JIy4da.

Heas. Iopbimenue 3¢ dexrrBHOCTH padoThl PJIC npu cmemennu ucrounuka AlIII ¢ HampasieHus: 60koBbIX JenecTkoB JJHA
Ha HalpaBJICHUE [VIaBHOI'O JIyya.

Merton. IIpemioxeHHbll METO/] MO3BOJISIET 3a CUET CTPYKTYPHOI aganTald MHOTOKAHAIBHOTO MPOCTPAHCTBEHHOIO (QHILTPa
HCKITIOUUTh UCKaXXEHHE INIABHOTO JIyya AWarpaMMbl HampaBieHHOCTH aHTeHHBI PJIC u obecrieunts ee paboTy B YCIOBHAX BO3MOX-
HOTO BO3AEHCTBHS MOMEXH MO TIaBHOMY Jydy. CTpyKTypHas afanTanus IPOCTPAHCTBEHHOTO (GMIBTPA Peaan3yeTrcs IyTeM TeKyIe-
TO aHaJIN3a BECOBBIX KO3()(HUIIMEHTOB OIIOKOB KOMITCHCAIIHH.

Pe3yabTaThl. YCOBEPIIEHCTBOBAHO CTPYKTYPHYIO CXEMY MHOTOKAaHAIBHOTO IIPOCTpAaHCTBEHHOro (risTpa mo meroxy ['pama-
[IIMuaTa co CTPYKTYpHO-TIapaMeTpHIEeCKON aanTalueil, a Takke CTPYKTYpHYIo cxeMy 00Kka KoMIeHcanuu. B pesynbraTe mpose-
JICHHOT'O MOJIEJIUPOBAHUS MOATBEPIKACHA BO3MOXKHOCTh UCKJIIOUEHUSI UCKAKCHUI JUarpaMMbl HAlIPaBJICHHOCTH OCHOBHON aHTECHHbI
PJIC B ycnoBusix Bo3moskHoro Bozzeiictsus AlLIII no rimaBHOMy sydy quarpammsl HanpasiaeHHoct PJIC.

BeiBoabl. Hayunas HoBH3HA pabOTHI COCTOMT B YCOBEPIIEHCTBOBAHUH aATOPUTMa 0OpabOTKM CUTHAIOB MPH MIPOCTPAHCTBEHHOM
¢unpTpanun kak mnpu BosaeiictBun AlIII ¢ HampaBieHus: OOKOBBIX JIEIECTKOB, TaK U MPH CMEIIEHUH MCTOYHMKA TTOMEXH Ha Ha-
MIPaBJICHUE TIIABHOTO JTyda JHarpaMMbl HanpaBieHHOCTH aHTeHHBI PJIC.

IIpakTrdeckas HOBU3HA PabOTHI COCTOUT B pa3paboTKe CTPYKTYpPHOH CXEMBI I MaTEMaTHYECKOH MOJEIH yCOBEPIICHCTBOBAHHO-
T'O IPOCTPAHCTBEHHOTO (PUIIBTPA CO CTPYKTYPHO-TIApaMETPHIECKON aTanTaluei.

KJIIOUEBBIE CJIOBA: cTpyKkTypHO-ITapaMeTpudecKas afanTanys, akTUBHAS IIyMOBasi TIOMeXa, IIPOCTPAHCTBEHHBIH (QUIIBTD,
KO3 GHIMEHT TOIaBICHUSL.

ABBPEBUATYPbI UO]’UKl I:UKZI — KOMILJICKCHBIC 3HAUYEHUs MOMEX Ha
AIIT — akTHBHAS IIyMOBas IOMEXa;

BBIXOJI€ MIEPBOr0 KacKaja;
JAHA — nuarpamma HarpaBI€HHOCTH aHTEHHBI;

BriJIA — GecnMIOTHBIH JICTAONIMIA anapar; Ug2,Ug12 — KOMIUIEKCHOE 3HAYEHHE MIOMEX HA BBIXO-
BM — BeluncauTeNnb MOy, Jie BTOPOTO Kackazna;
KOM — kommyTarop; Uz — KOMIUIEKCHOC 3HAYCHHE IIOMCXU Ha BBIXOZE

JI3 — nuHus 3aaepKKy;
PJIC — paauonokanoHHas CTaHLIuUS;
®II — popmupoBarens mopora.

TPETBETO KacKaaa,
O — a3uMYT IOMEXH,
O — CPCAHCKBAAPATUYCCKOC 3HAYCHHUEC IIOMCXH B OC-

HOMEHKJIATYPA HOBHOM KaHaJjie IIpuema,

Kopr — ONTHUMaIBbHOE 3HAYEHHE BECOBOTO KO3 duiu- Ok~ CPCAHCKBANDATHHCCKOC 3HAUCHUC MOMEXH B

eHTA, KOMI.'ICHCEII_[I/IOHHOM KaHalic,

: p — KOMIUIEKCHOE 3HaueHHe KoddduimeHTa Mexka-
U( — KOMIUIEKCHOE 3HaU€HHE IIOMEX B OCHOBHOM Ka- .
HanbHOU Koppensuu AIIIT;

S . K, — Monyns BecoBoro koapunmenra;
U, 1,Uw,U,3 — KOMIIEKCHbIE 3HAYECHUS MOMEX B K, — ko3 dpumment noxasnenns AILITIL.

KOMIICHCAIMOHHBIX KaHaJIaX IMpUeEMa,

HaJe€,;
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BBEJIEHUE

O/HUM M3 OCHOBHBIX TPEOOBaHHM, MPEABIBIAEMBIX K
PJIC, saBnsercs ee MmOMeXO3alUIIEHHOCTb. JTO Xapak-
TEpHO JUIi I[IMPOKOTO KJlacca  paJroJIOKallMOHHBIX
CPE/ICTB KaK BOCHHOTO, TaK U IPaXJaHCKOTO Ha3HAUCHHUS
[1]. B ycnoBusix BO3AEUCTBUS aKTHBHBIX HIYMOBBIX IO-
MeX BO3MOXXHOCTh OOHApYXXCHHUS IIOJIC3HBIX CHTHAJIOB
CYIIECTBEHHO CHIKaercs [2, 4]. B coBpeMeHHBIX yCIOBH-
SIX ~ BEPOSITHOCTh  IOAABICHHUS  PAJANOIOKAIIMOHHBIX
CpeAcTB MO OOKOBBIM JIETIECTKAaM IHarpaMM HarpaBicH-
Hoctu aHTeHHB! (JIHA) 3HaunTensHO BO3pocia. JTo Ofm-
pexnemsiercst AByMs (axkrtopamu. Bo-nepBbix, 3To omnpene-
JISIETCSl BO3pOCIIEH BEpOSTHOCTHIO BozneicTBust Ha PJIC
bnJIA, ocuamennsix uctounukamu AL, geicTBytro-
mMH B OnvxkHer 3one [1, 2]. Bropas mpuunHa BO3poc-
el BepositHocTy nogasnenus PJIC oObsicHsieTcs cyie-
CTBEHHBIM TIOBBIIIEHHEM HWHTEHCHBHOCTH aKTHBHBIX I10-
MeX, GOpPMHUPYEMBIX COBPEMEHHBIMH CPEICTBAMH PAIHO-
MIPOTUBOJCHCTBHS. DTO oOecreunBaeTcs BHEIPEHHEM B
MTOCTAHOBIIMKH NOMEX (a3HpOBaHHBIX AHTEHHBIX pelle-
TOK C KOTEPEHTHBIM CIIOXKEHHEM ITOMEXOBBIX CHUTHAJIOB, &
TaKXKe pean3anueil pexxuMa «rmomexa B Kagpe» [2].

1 IIOCTAHOBKA 3AJJAYHN

Jns moebimenust spdexkruBHoctu PJIC B ycnoBusix
BozzaeicTeust AL o rmasHoMy nyay JJHA ucnons3yrot
MOJISIPU3ALMOHHBIE OTJIUYUSA B CTPYKTYpE MOJIE3HOTO CHT-
Hajla ¥ MOMEXH, YTO pealu3yeTcs HUCHOIb30BAHUEM Y-
aJIbHOMNOJIAPU30BaHHbIX aHTeHH. [Ipu Bo3aelicTBun AIIIIT
110 OOKOBBIM JIETIECTKAM HCIIONB3YIOT MIPOCTPAHCTBEHHBIE
OTJINYHMS B HANPABJICHHUSAX BO3JCHCTBHS MOJIE3HBIX CHTHA-
moB 1 AIIII. DT0 obecneuynBaeTcs HCIOIB30BAHUEM Pac-
MIPEAEIEHHOTO B TPOCTPAHCTBE IPHEMA CUTHAJIOB Kak
ocHoBHOM anTeHHO# PJIC, Tak M aHTEeHHAMM KOMIIEHCA-
IIMOHHBIX KaHAIOB NMpHeMa. B 3ToM cirydae BecOBBIE KO-
3 QUIMEHTH aJaNTHBHOTO MPOCTPAHCTBEHHOTO (HUIIBT-
pa, KaKk MpPaBWIO, HE MPEBBIIIAIOT €JUHUYHOTO YPOBHS.
IIpu 3TOM nuarpaMMel HaIpaBJICHHOCTH KOMIICHCAI[OH-
HBIX KaHAJIOB «HAKPBIBAIOT» OOKOBBIC JICHIECTKH OCHOB-
HOM aHTEHHbI, YTO MO3BOJIsIeT KomriieHcupoBath AILLIIL,
BO3/ICHCTBYIOIINE C HAINpaBIEHUH OOKOBBIX JIEHECTKOB.
Onnako, B cilydae, KOrJa NMPOCTPAHCTBEHHBIE OTIMYMS
YMEHBIIAIOTCSA U WCTOYHHMK IIYMOBOH NMOMEXH HAYMHAET
JeiicTBoBaTh 1o riaBHOMY iyay JIHA, To, BciencTBue
YBEIHUYCHUST BECOBBIX KO3()(UINMEHTOB NPOCTPAHCTBEH-
HOro (miIbTpa IpPH KOMIEHCAIMU IOMEXH, MPOHCXOIHUT
UCKa)XeHHe TIaBHOro Jjyda. IIpu stom yxynmraercs Tod-
HOCTh M3MEpPEHUs YTJIOBBIX KOOPAMHAT LieNei, a Taike
qyBCTBUTEIBHOCTb IIpUeMHOro yctpoiictea PJIC.

Iens pabotel — noBeIeHne 3G deKTHBHOCTH PabOTHI
PJIC mpu cmemenun ucrounuka AIIIl ¢ HanpasneHus
OokoBbIx JnermecTkoB JIHA Ha HampaBlieHHE TJIaBHOTO
Tyda.
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2 OB30P JIMTEPATYPBI

W3BecTHB MHOT'OKaHAJIbHBIE aBTOKOMIICHCATOPHI ITO-
MeX C KOppEeSILMOHHOM 00paTHOM CBSA3bIO, KOTOpBIE
obecrieunBaror 3amuTy PJIC npu BO3AeHCTBHM HECKOJb-
kux uctoyHukoB AIIITI, pa3HECEHHBIX B NPOCTPAHCTBE
[1]. OcHOBHBIM HEJOCTAaTKOM TAKHX YCTPOMCTB SIBISETCS
HHU3KOE ObICTpojeHcTBHE TpH (POPMHUPOBAHUN BECOBBIX
KodpdunueHToB [3—5]. IT0 00yCIOBICHO IBYMS TPHYH-
HaMH, B 9aCTHOCTH: HCIIOJIb30BAaHHEM MHOTHX KOHTYpOB
00paTHOM CBsI3M, KOTOPBIE TOPMO3ST MPOLIECC ATANTALIH,
a TaKKe B3alMHOM KOppeysiLueil MoMeX B KOMIIEHCALU-
ounbix kananax PJIC. Emte oqHUM HETOCTATKOM SIBISETCS
yYMEHbILIEHHEe OBICTPOJCUCTBUSI TAKUX YCTPOWCTB IpH
CYIIIECTBEHHOM pa30poce COOCTBEHHBIX 3HAYCHUHN KOppe-
JISIIMOHHOM MaTpPHUIIBI TOMeEX.

W3BecTHBI TakkKe MHOTOKaHAJIbHBIE CUCTEMBI IOMEXO-
3alUThI, TOCTpOEHHbIe Mo MeTtoxy I'pama-IlImunra, uc-
MOJIB3YIOIINE aBTOKOMIIEHCATOPHI 0€3 KOPPEeIsIIHOHHBIX
oOpatHbIX cBs3eit [5]. Takue ycTpoiicTBa ¢ IPSMBIM BEI-
YHCIEHHEM BECOBBIX KO3((HUINEHTOB IO3BOJIIOT obec-
neynth oprtoroHamuzauuio ALl B koMmeHcalMOHHBIX
KaHaJlax IpUeMa U CYIIECTBEHHO IOBBICUTH OBICTpOnEH-
crBue (HOPMHUPOBAHHUSI BECOBBIX KOAPQPUIMEHTOB MpO-
cTpaHcTBeHHOro (wibTpa. HemocraTkoM Takux mpo-
CTPAHCTBEHHBIX (HIBTPOB SIBISETCS yXYIIICHUE TOYHO-
CTH U3MEpPEHHS YIJIOBBIX KOOPAMHAT IIeJieH, a TakXkKe UyB-
CTBUTEIBHOCTH OCHOBHOro kaHana PJIC mpu cmemeHun
MCTOYHHMKA TIOMEXU C HalpaBJICHHs OOKOBBIX JICIECTKOB
JIHA Ha HampamJieHHE TJIABHOTO JIyda. IT0 00yCIOBICHO
HCKaKeHUuEM TrnaBHoro Jjyda JHA mnpu xommeHcauuu
AIIITI, geiicTByromIei mo rmaBHOMY Iydy [6, 7]. B craTse
[8] Takxke oTmeuaercsi, 4TO B Cilydae COBIAJCHUS Ha-
MpaBJIeHUH Bo3leicTBHA moje3Horo curHama u Al
Bo3HUKaeT 3pdexr «ocmemrenus» PJIC. Bumumo, 310
MOKHO OOBSACHHUTH TE€M, YTO B 3TOM ciiy4ae, Gopmupye-
MBbI€ MIPOCTPAaHCTBEHHBIM (PUIIBTPOM BecoBbie KO3 durm-
eHThl npu kommeHcauuu AIIIl ogHOBpeMEHHO KOMIIEH-
CUPYIOT U IIOJIE3HBIN CUTHAIL

3 MATEPHUAJIBI U METO/IbI
W3BecTHast CTpyKTypHas cXeMa OpTOTOHAIM3alUU
AIIIT mo merony I'pama-IlImuara npusenena Ha puc. 1
[5, 9]. B cTpykTypHOU cXeMe peamn3oBaH CiIydail, Korma
Ha PJIC mo OoxoBeM senectkam JIHA neicTBYIOT Tpu
ucrounnka AIIII, pa3sHecennsie B mpoctpaHcTBe. CoOT-
BETCTBCHHO, IIPU 3TOM Ha CTPYKTYpHYIO CXE€My Ha BXO.

OCHOBHOT'O KaHaJIa IMOCTYTIalOT ITIOMEXOBBIE CUTHAJIBI UO .

a Ha BXOAbl KOMIICHCAIIMOHHBIX KaHAIOB IOCTYHAIOT
AIIIT oT pa3HECEeHHBIX B MPOCTPAHCTBE HMCTOYHHUKOB

Ugl» UK2 u UK3. VY CTpoiCTBO CONEPKUT MEPBBIN, BTO-

po¥i u Tpetuil kackansl aekoppensuuu. 13 puc. 1 creny-
eT, 4To B OJlokax 2, 3, 5 MPOUCXOAMT OPTOTOHAIN3ALNS
netictBytomux nmomex Uy, U, u U,3. B Ookax 1,4 u
6 BBITIOJIHSIETCS] TIOCJIEI0BATENbHAST KOMIIEHCALUSI TIOMEX

Ug, Ut Ukin -
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Pucynok 1 — CrpykrypHas cxema oproroHanusauuu ALIIT mo
merony ['pama-IlImunra

B kauectBe OJIOKOB JEKOPpEISIIMM B CTPYKTYPHOH
CXEM€ HCIOJb3YIOTCS OJHOKAaHAIBHBIE aBTOKOMIIEHCATO-
PBI C MPSMBIM BBIYMCICHHEM BECOBBIX KOA()(UIUECHTOB.
CTpyKTypHasi cxeMa TaKoro aBTOKOMIICHCATOpAa MpHUBE-
nera Ha puc. 2 [5, 10]. CTpykrypHas cxema COACPKUT
yMHOXHTENHU 1, 7, 9, 60K KOMIZIEKCHOTO COTPSKEHUS 2,
HHTETPaTopHI 3 U 6, TMHUY 3aAePKKU 4 U 8, HeTnTens 5 1
cymmarop 10. HemocpeacTBeHHo u3 puC. 2 CliefyeT, 4To

OIITUMAJIBHOC 3HaA4YCHHUE BCCOBOI'O KOS(l)(I)I/ILII/IeHTa kOHT

st mostHoro noxgasiieHns AlLIIT B Giokax KoMIIEHCAIMU
1, 4 u 6 popmupyeTcsl Ha BBIXOJE ACIHUTENSI 5 10 BBIpa-
JKEHHIO:

*

_ UOUK

()

10 Brixox

z

5 Kont
] L.
__b 9

Pucynok 2 — CtpykTypHast cxema 06JI0ka OpTOTOHAIH3AINN
[Tpu sTOM ycpeqHEeHHOEe 3HaYCHUE KOPPEISLIMOHHOTO
r——
momenTa UgU,~ dopmupyercs Ha BbIXOJE MHTETpaTOpa

2 T * o
3, a nucnepcus nomexu oy =U U, ", koTopas neicTBy-
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€T B KOMIICHCAITHOHHOM KaHalie, (OpMHUpyeTCs Ha BBIXO-
Jie uHTerparopa 6. MruoBeHHbIE 3HAYCHHS HAMPSKSHUIA,
JICHCTBYIOIIMX HA BBIXOJAaX KaXIOTO 0JIOKA KOMIICHCAIIUU
1 Ha ero BxoJe (CM. puc.l), CBI3aHBI BRIPAKCHHUIMHU:

UO] :UO_ROHT1UK35 U02 :UOI_ROHT4UK213
. . . (2)
Ugs =Up2 _kOHT6UK12’

rre Konris> Konras Konre — BECOBBIE KOd((HUIMEHTI 6110~
KOB KomIieHcanuu 1, 4, 6.

Bripaxcenue (1) MOXHO NPEACTaBUTH B CICAYIOIIEM
BHJE!

Komr =P 02K =p—> €)

K

r7e P — KOMIUIEKCHOE 3HaueHue koddduimeHra Mexka-
HanbHOW Koppemsinuu AlIL, a 6y U o, — cpeaHekBaj-

paTHyecKie 3Ha4eHHs IIOMEXH B OCHOBHOM M KOMIICHCA-
IIMOHHOM KaHaJax IpHeMa.
W3 BeipakeHus (3) HENMOCPEOCTBEHHO CIEIYET, YTO

k

npusHakoM cmelnenus: ucroynnka Al ¢ HanpaBnenus
OOKOBBIX JIENIECTKOB Ha HalpaBJeHHWE IJIABHOTO JIyda
JHA. Jlns ¢popMupoBaHHs Takoro NpHu3HaKa B Mpolecce
CHHTE3a CTPYKTYPHOH CXEMBI NPH YCOBEPIICHCTBOBAHUN
merona I'pama-lIlImunra B Kaxaslii aBTOKOMIIEHCATOp, B
KOTOPOM KOMIEHCHPYIOTCS TIOMEXH, ICHCTBYIOIINE B
OCHOBHOM KaHaje, IOMNOJHHUTEIbHO BBEAEHA ILEMb, CO-
JieprKaInasi mocaeJ0BaTeIbHO COSANHEHHBIC BHIYNCIUTENb
Moyt 13, popmupoBaTens mopora 12 u kommyratop 11
(cM. puc. 3). Takas uenb MOXKeT 0OECIEYUTh CTPYKTYp-
HYI0 aJanTalyil0 MHOTOKAHAJIBHOTO MPOCTPAaHCTBEHHOTO
¢unbTpa npu cmentennn uctounukos AILI ¢ nanpagne-
HUsI OOKOBBIX JieniecTkoB /IHA Ha HampaBiieHHE TIIaBHOTO
Jy4a U UCKIIIOYNTH €ro NCKakeHue. [Ipu 3ToM 650K KoM-
MICHCAIMU TIOMEX B OTIMYHE OT OJO0Ka OpTOrOHAIM3AIHH
(cM. puc. 2) nmeet BUA, TIpeACTaBICHHBIN Ha pHC. 3.

MOJKET OBITh

MOIynb BecoBoro kodp¢unuenta (Ko.

Brixoa

Us

Pucynok 3 — CtpykTypHast cxema 6J10ka KOMIICHCAIIN

PaccMorpum anroputm paboTel Ha IpUMeEpe HEPBOTO
Kackaga oOpadOTKM CHI'HAJIOB YCOBEPIICHCTBOBAaHHOIO
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MHOTOKaHAJILHOTO  IPOCTPAHCTBEHHOTo  (uiibTpa Cco
CTPYKTypHO-IITapaMeTpuueckoi anmantanumeit [10], mpen-
CTaBJICHHOTO Ha puc. 4.

Ha Bxo0J15I IEepBoOro Kackaja o0pabOTKH CUTHAJIOB, KO-
TOPBIA CONEPKUT OJIOK KomreHcauu | u OJOKH JeKop-
pensitnu 2 u 3, kK ocHOBHOMY Bxoay O Oiioka KoMIeHca-
MM 1 MOCTYMaloT MOMEXH C OCHOBHOTO KaHaJa IpueMa

Up. K ocnHoBHbIM Bxomam O OJIOKOB JIEKOPPEJSALUU C
HOoMepamu 2 U 3 moctynarot momexu U, u Uy, cooT-

BeTcTBeHHO. [Tomexa UK3 MOCTYyNnacT Ha KOMIICHCAITUOH-

Hble BXxoabl K O10ka xommeHcanuu 1 u 0JI0KOB JeKoppe-
nsun ¢ Homepamu 2 u 3. B cootBercTBHE ¢ (hopmynoi
(1) 1 cTpyKTYypHBIMH CXeMaMH pUC. 2 WM PUC. 3 Ha BbI-
X0/1aX MHTErpaTopoB 3 B OJ0ke KomrieHcanmu 1 u B Go-
Kax AEKOPPEIIIU C HOMEepaMH 2 U 3 BBIYUCIISIOTCS KOp-

PEIAIMOHHBIE MOMCHTDBI U()U 1(3* . UKIU K3* u UK2U K3* N
KOTOpBIE TIOCTYMAIOT HA ACTUTENN 5 B KAUeCTBE YUCIIUTE-
Js1. B xadecTBe 3HaMEHATENs ¢ BBIXOJ0B UHTETPaTopoB 6
MOCTYIAeT JUCIEpPCUs] MOMEXHU, KOTopas NEHCTBYeT Ha
Bxojax K Oj0ka KoMIieHCauu U OJIOKOB JCKOPPEIIAIIUH.
[Ipu 3ToM B OyOKax IeKoppessinuy 2 u 3 ASKOpPEIupy-

ercst momexa U3, a B O10ke KOMIIEHCAuu ¢ HOMEpOM 1,
YTO COOTBETCTBYET CTPYKTYPHOH cXeMe, PEe/ICTaBICHHON
Ha puc. 4, komneHcupyercs nomexa U, 3, Kotopas aeit-

CTBYET B OCHOBHOM KaHalle mpuema. Eciii akTHBHAS I10-
Mexa feficTByeT mo 60koBbIM senectkaM JIHA, To 3Haue-
HHUE MOJyJIsl BECOBOrO KOA((HIIMEHTa HA BBIXOJIE BBHIUMC-
sutenst Moxyis 13 (cM. puc. 3) He IpEBBIIIAET MOPOT ¢ B
(dopmupoBarene mopora 12 u pe3yabTaT KOMIICHCAIMH C
BbIXosla cymmaropa 10 uepe3 kommyraTtop 11 mocrymaer
Ha BBIXOJ 0JIOKa KOMIICHCAI[UK C HOMEPOM 1.

KounencamioHHRIe
KaHa/Ll 1Ip Heéma

Ocuopuoil
KaHAT IpHéMa

g, U, T ,I _{[

Kacka sl
: DOPAnOTE
{_)l[{ l{_) lf\ 0lk 00padOTKIL
] ; I - HTHAJIOR:
Biaok brok Biioi CHIHAIIOR
KOMIIEHCALIII ] ﬂ.t‘KUppt‘.'IHLlll.lI 2 :,‘Iel{ﬂ])pe.‘lﬁll‘llll “; HCI)nI)I]”[
U, Ug, Ui

0 K
baok

aekoppendmm 5| BTOpOIT

E_. "
KoMMeHcamn 4

komnencam 6|  TPETIOE

U I
Pucynok 4 — YcoBepleHCTBOBaHHbBII MHOTOKaHAJIbHBIN MPO-
CTPAHCTBEHHBINH QHIBTP CO CTPYKTYPHO-TAPAMETPHUUECKON
ajganrauuei

B citydae, korna npu cMEICHNN HCTOYHUKA TTOMEXHU B
MIPOCTPAHCTBE WIIH B PE3YJIbTATE CKAHUPOBAHMS AaHTCHHBI,
AIIT cmemaeTcs 1 HaYMHACT JEHCTBOBATH 110 TJIABHOMY
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nyuy IHA, To ypoBeHb IOMEXH B OCHOBHOM KaHaje yBe-
JINYUBAETCA, B COOTBETCTBUHU C BhIpakeHHEeM (3), U Mo-
JIyJb BeCOBOro Kod((HIMEeHTa MpEeBHILIAET MOPOT € B
¢opmupoBarene nopora 12. Kommyrtatop 11 monkirogaer
Ha BBIXOZ OJIOKa KOMIIEHCAIlMM C HOMEpOM | IoMexy,
JIeICTBYIOIIYI0 HA OCHOBHOM Bxoje cymmaropa 10. ITpu
3TOM ITOMeXa Ha BBIXOJIE 0JIOKa KOMIEHCAnnu | HE KOM-

NEHCUPYETCS U UOI :UO. B stom ciywae AIIT npo-

JIOJDKAeT TMOCTYNaTh Ha OCHOBHOM M KOMIIEHCAIIMOHHBII
BXO/IbI OJIOKa KOMIIEHCAIMU 1, BECOBble KOA(D(HHUINEHTHI
aBTOKOMIIEHCATOpa (OPMHUPYIOTCSI U LENb CTPYKTYPHOU
aJanTaluy OTCIEKUBACT MOMEHT, KOrja IoMeXa CHOBa
CMECTHTCSl Ha HampaBlicHHe OOKOBHIX senectkoB JIHA.
TTocne cmemenus ranasuoro jgyda JIHA ¢ HanpaBieHus Ha
ucrounnk Al mMomyns BecoBoro KodpduuueHTa Ha
BBIXOZI€ BBIYHUCIUTENSI MOAY/A 13 HE IpEeBBIMIACT YPOBEHb
MOpoTa € M MPOIECC KOMIIEHCAMH MOMEXH, AECHCTBYIO-
el mo OOKOBEIM JiemiecTKaM, Ipojoibkaercs. [Ipu atom
kommyTarop 11 moaximrogaer Bbxox cymmaropa 10 x BbI-
Xo/y Oyioka KoMmneHcanuu ¢ HomepoMm 1. B Gmokax ne-
KOPPETSIUU ¢ HoMepaMu 2 U 3, KOTOPbIE COOTBETCTBYIOT
CTPYKTYpHOIl cxeme, IpUBEAECHHON Ha puc. 4, OpTOroHa-

muzyrores nomexu U, u U, OTHOCHTENBHO IOMEXH

U . B C3yJbTAaTE I3TOI'O0 KOPPEISLIUMOHHBIEC MOMCEHTHI
K3

UOU K3* u UK1U K3* paBHsIOTCS HYJ0. BTopas uudpa B
MH/IEKCAaX TIOMEX Ha BBIXOJAX KacCKaJOB OMpEAeisieT HO-
Mep Kackajia oOpaboTKH MOMEXH, B KOTOPOM OHa II0JTy-
YeHa.

s uccrnenoBanust 3h(HEKTUBHOCTH MPEATIOKCHHOTO
MeToZa 00pabOTKU PaJIMOIOKANIMOHHBIX CHTHAJIOB pa3pa-
0OTaHBI MaTEMAaTHYCCKHE MOJICIH, COOTBETCTBYIOIIHE
CTPYKTYPHBIM CXeMaM OJIOKOB KOMIICHCAIIMH M OPTOTO-
HaJlM3aluy, MpeacTaBIeHHbIM Ha puc. 2 u 3. Ilpu co3na-
HUU MOJeNell TMPOCTPaHCTBEHHOTO (HIBTpPa B Ka4eCTBE
OCHOBHOH aHTEHHBI HCIIOJIb30BaHAa aHTCHHA C aMILIATY/-

HBIM pachpe/esieHueM C YpOBHEM NEpBOTro OOKO-

BOTO JienecTka, paBHeIM 13 nb. B kauectBe komneHcauu-
OHHOM aHTEHHBI WCIIOJIb30BaHa ciIaOOHAINpaBICHHAS aH-
TEHHA, KOTOpas «HAKpPBIBACT» OOKOBBIC JICTICCTKH OCHOB-
HOI aHTEHHBI.

Peanmmzanms mpeanioKeHHOTO alropuTMa paboTHI MpPo-
CTPaHCTBEHHOTO (PHIIBTPA M €ro WCCIIEIOBAaHIE 00eCIeuH-
BAJIOCH WCIIONIF30BAaHMEM IaKeTa Tpad)UuaecKoro paciimpe-
Husg SimuLink crcTeMbl MaTeMaTHYECKOTO MOICIHPOBA-
Hust MatLab. beina chopmupoBana KOHKpETHAs TOMEXOBast
00CTaHOBKa Ui TIPOBEICHHS HCCIICAOBAHUI MPOCTPAHCT-
BEHHOro (miibTpa Kak C MapaMEeTPHYCCKOW, TaK H CO
CTPYKTYpHO-TIapaMeTpuieckoil anantauueil. [Ipu ckanu-
POBAaHUU AHTEHHOW CHUCTEMBI, B 3aBUCUMOCTH OT a3UMyTa
o, nucnepcust ALLIIT B ocHOBHOM KaHajie M3MEHsUIach 10

sin X
3aKOHYy —— . OTO MOJEIMPOBAIOCH IOCIIEN0BATEIBHO-
X

crero mmmynbcoB AN mmmrenmsrOCTRIO 1,5 MKe. Ilpm
9TOM MaKCHUMaJlbHasi OTHOcuTenbHas aucnepcus AL
coctapmsia 40n0b B Makcumyme rmaBHoro nyda J[HA.
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Hucnepcus AIIII B koMIeHCAlMOHHOM KaHaJle PaBHSIIACH
25 nb B MakcMyMax OOKOBBIX JICTICCTKOB.

4 PE3YJIBTATBI

B nponecce MonaenupoBaHHsI HCCIEIOBaHA Kak W3-
BECTHas cxeMa OJIoKa KOMITEHCAIIMH MPOCTPAHCTBEHHOTO
¢upTpa ¢ mapamMeTpudecKkoil aganraruei (puc. 2), Tak u
MIPEAIOKEHHAs aBTOPAaMH U 3aIlaTeHTOBAaHHAs CXEMa CO
CTPYKTYpHO-TIapaMeTpudeckoi amamrarmei (puc. 3). B
MIPUHSTHIX YCIOBUSIX MOJAEINPOBAHUS ITPH HCCIECAOBAHUH,
B 3aBUCUMOCTH OT asumyTa aedcTtBust AL, momydeHs
pe3yJIbTaThl, KOTOPbIE MPEICTABIEHBI HA pUC. 5-9, momy-
YEeHHBIC NPU MapaMeTpUUYEecKON aJanTallid MPOCTPAHCT-
BECHHOTO (pHIIBTpA.

Ha puc. 5 mpencraBnena AIIIIl, neiicTByromas Ha
BXOJ/I€ OCHOBHOT'O KaHaJjla NMPOCTPAHCTBEHHOTO (HIIBTpA.
CurHan MMUTHPYET MNPOLECC CKAaHUPOBAHMSA AHTEHHOU
cucreMmsl PJIC B nuama3oHe a3sMMyTallbHOTO CEKTOpa yr-
J0oB [-2,4°...+2,4°], OTHOCHUTEIBHO a3UMyTa [JIaBHOTO
nyda IHA, paBHOrO HyIIIO.

YpoBeHb

| I | |
-0.8 0 0.8 16 24
AsumyT, rpag

Pucynoxk 5 — Curnasn, neiicTByromui, Ha BX0Jle OCHOBHOT'O Ka-
HaJla MPOCTPAHCTBCHHOTO (BHUIbTPA

Ha puc. 6 npuBenena ocpuuiorpaMma ko3 duineHra
nonasienus AL, neiicTByromeii Ha BBIXO/IE IPOCTPaH-
CTBEHHOTO (MIbTpa C MapaMEeTPHYECKON aaanTaiyen.
AHanu3 puc. 6 MO3BOJISET CHAENATh BBIBOJ, 4TO KO3((hu-
nueHT noxasnenus K, AIIII, xoropast neiicTByeT ¢ Ha-
MIpaBJIeHHs TJIABHOTO JIy4ya, OTPAaHMYMBACTCS Ha YPOBHE
26 nb npu ee MakcuMaabHOM ypoBHE, paBHOM 40 1b. Oto
OrpaHHYeHUe OOYCIIOBJICHO YBEIMYCHHEM MOJYJISI BECO-
BOro K03()(hUIMEeHTa MPOCTPAHCTBEHHOTO (UIBTPA U CO-
OTBETCTBYIOIINM yBEIWYEHHEM COOCTBEHHBIX HIYMOB
KOMITEHCAI[HOHHOTO KaHasla Ha BXoje cymmaropa 10 (cm.
puc. 2), 4TO YXyALIaeT YyBCTBUTEIBHOCTb INPHEMHOTO
ycrpoiictBa PJIC. U3 puc. 6 Taxke CleayeT, YTO0 MaKCH-
ManbHBI K03 durment momasnenus K, AL, neiict-
BYIOIIICH 10 OOKOBBIM JICIIECTKaM, paBHseTcs 23 1b, uto
COOTBETCTBYET TEOPETUUECKOMY MpeeTy IpHU ee MaKCH-
MaJIbHOM ypOBHE, paBHOM 25 1b.
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Pucynoxk 6 — Koaddurment nogasnennst AL nmpn
napaMeTprUuecKoil aaanTaly IpPOCTPAaHCTBEHHOTO
¢upTpa

Ha puc. 7 npencrasiena ociuiuiorpaMMa MOJIYJISL Be-
coBoro ko3(dduimenta mpoCTpaHCTBEHHOTO (HIBTPa B
IpoLecce CKaHUPOBaHUS aHTeHHbL. 13 puc. 7 BUAHO, 4TO
npu neiictBun AL ¢ HampaBieHuss OOKOBBIX JIETIECT-
koB: (0=1,6°, wim o=+1,6°), MakcUManbHOE 3HAYCHHE
MOJIyJisl BecoBOro koaduirienta papHo eaunuie. Kormga
AIIIT geiicTByeT IO TJaBHOMY JIydy C HampaBJICHUsS
0=0°, To BecoBoi KOd((UIMEHT yBeIUIUBACTCS 10 S5-TH
eauuul. [Ipyn 5TOM ypoBEeHb COOCTBEHHBIX HIYMOB KOM-
MIEHCAlMOHHOTO KaHalla Ha BeIXoze cymmaTopa 10 cymre-
CTBEHHO YyBenuumBaercsi. CIEICTBHEM 3TOTO SIBIISETCS
YXYyIIICHWE YyBCTBUTEIBHOCTH TMPUEMHOTO YCTPOWCTBA
PJIC. Dto Takxke cnemyeT u3 puc. 8, Ha KOTOPOM ITOKa3a-
HO yBeNHWYCHHE HECKOMIEeHcHpoBaHHOTO octaTka AIIITT
Ha BBIXOIe IPOCTPAHCTBEHHOTO (huibTpa.

0

24 16 0.8 08 16 2.4

Aoy, e
Pucynox 7 — Moy BecoBoro ko3 puiueHTa 00ka KOMIEH-
CalMy PH TTapaMEeTPUYECKOH aJjanTalin MpOCTPAHCTBEHHOTO
¢unbTpa

=
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UL
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24 16 08
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Pucynok 8 — HeckoMneHcupoBaHHbII 0CTaTOK
AT Ha BBIXO/E MPOCTPAHCTBEHHOTO GUIBTPa

B pesynbrare uccinenoBaHuUi yCTAHOBIIEHO, YTO MC-
MOJTb30BAHNE CTPYKTYPHO-TIApaMETPUIECKO 00paboTkm
PaZMOIOKAIIMOHHBIX CUTHAJIOB MCKIIIOYAaeT BO3MOXKHOCTh
yxyamenus dyBcTButenbHocTH PJIC u TouHOCTH M3Me-
pEeHHs YTIIOBBIX KOOpAMHAT Lenel. JleiicTBuTeNnbHO, MO-
ckonbky mnpu BosaedctBuu AIIIl mo rmaBHOMy nyuy
JIHA BBIXO/ NPOCTPAHCTBEHHOTO (MIBTPA MOJKIIOYALT-
Csl K OCHOBHOMY BXOJly CyMMaTopa 0JI0Ka KOMITEHCAINH,
to xommencarus ALIIT we mpoucxomutr u JJHA PJIC B
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00J1aCTH TJIIABHOTO JIyda HE UCKAXKaeTCsl, 4TO o0ecreyrBa- JITEPATYPA / JIUTEPATYPA
eT HopMasibHOE (yHKImouuposanue PJIC. 1. PanuosnextponHble cucteMbl: OCHOBBI IIOCTPOEHUSI U TEO-
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Miza JI. M. — n-p TexH. HayK, npodecop kabenpu PagiorexHiku Ta TenekomyHikauiit, HanionanbHuii yHiBepcHTeT «3amopi3bka
MOJIITEXHIKa», M. 3amopixoKs, YKpaiHa.

Pomanenko C. M. — kanz. ¢pu3.-MaT. HayK, AoUEHT Kadeapu 3axucty iHpopmarii, HarioHansHMI yHIBEpCHTET «3anopi3bKa mo-
JiTexHiKa», M. 3amopixoks, YkpaiHa.

AHOTAIIS
AkTyanabHicTb. [Ipu 3axucTi pagionokamifHIX CTAHIH Bil aKTHBHUX IIYMOBHX 3aBaJ, IIOYMX IO OOKOBUX IMENIOCTKAX Aiarpa-
MH CIPSIMOBAaHOCTI aHTCHH, BUKOPUCTOBYIOTh IIPOCTOPOBY (hijbTpalilo0 CHTHAIIB, KA Peali3yeThes LUIIXOM 3aCTOCYBAHHS aHTEH,
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po3HEeceHnX B IpocTopi. B mpoMy Bumaznky mpu pi3HHX HampsiMax IMPUHOMY KOPHCHOTO CHUTHAIy 1 3aBaJH BIAETHCS c(HOpPMYBaTH
ONTUMAJbHI 3HAYCHHS BaroBUX KOCQIII€HTIB aJanTUBHHUX MPOCTOpoBHX ¢QinbTpiB Mt mogasneHHs AlII3. OmHak, sKIo HKepeno
3aBa iU 3MILIY€ETHCS B 00J1aCTh TOJIOBHOTO POMEHS, TO IPOCTOPOBI BiIMIHHOCTI Mi>K KOPUCHHM CHI'HAJIOM 1 3aBaJI0I0 3MEHIIIYFOThCS.
e npuBOOHUTE OO CYTTEBOTO CIIOTBOPEHHS JAiarpaMy CIPSMOBAaHOCTI OCHOBHOI aHTCHH. B pe3ynbTari HOro MOTipIIyeThCSI TOUHICTH
BUMIPIOBAaHHSI KyTOBUX KOOPJWHAT, & TaKOXX YYTJIHMBICTH mnpuiiMansHoro npuctporo PJIC. B crarTi 3ampornoHOBaHO CTPYKTYpHO-
TmapaMeTpUYHAN METOJ aJanTalii mpocTopoBoro QinbTpa, sikuil 3abe3neuye edektuBHy pobdoty PJIC mpu nii A3 sk 3 Hanpsmy
OOKOBMIX IEJIIOCTKIB, TaK i 3 HANPSIMY T'OJOBHOTO IIPOMEHS.

Hins. [lixpumenus epexkruBHOCcTI podotu PJIC mpu 3mimenHi mxepena A3 3 Hanpsimy 6oxoBux menroctkiB JJCA Ha Hampsam
TOJIOBHOT'O IIPOMEHS.

MeToa. 3anponOHOBaHUN METO]] 103BOJIIE 32 PAaXyHOK CTPYKTYypHOI afganTarii 6araToKaHaIbHOTO NPOCTOPOBOro (iIbTpa BHU-
KJII0YHTH crioTBopeHHs ronosHoro npomens JJCA PJIC i 3a6e3neuntu i poO6oTy B yMOBax MOMIIHBOI il 3aBaJiy 110 TOJIOBHOMY IIPO-
MeHto. CTpyKTypHA aJamTallist IpocTopoBOro GiIbTpa peai3yeThes IUITXOM HOTOYHOTO aHali3y BaroBUX KOoe(ilieHTiB OJIOKIB KOM-
neHcarii.

Pe3yabTaTn. Po3po6ieHo CTpyKTypHY cXeMy OaraTokaHaJIBHOTO IpocTopoBoro ¢inbTpa 3a MerogoM I'pama-IlIminTa 31 cTpyk-
TYPHO-NIAPAMETPUYHOIO 3/IANTAIli€l0, a TAKOXK CTPYKTYpPHY cXeMy OJioka KoMmeHcauii. B pesynbraTi NpoBeAeHOro MOJETIOBaHHS
HiITBEp/PKEHA MOXKIIMBICTh BUKJIIOUEHHS CIIOTBOPEHHS JliarpamMu CIpsiMoBaHOCTi ocHOBHOI aHTeHH PJIC B ymoBax MOXIMBOT mii
AIII3 110 TOTIOBHOMY TIPOMEHIO.

BucnoBkn. HaykoBa HOBH3HAa poOOTH mojsirac B yJOCKOHAJICHHI aJlTOPUTMY OOpPOOKM CHTHAJIIB IPH HMPOCTOPOBiil dinbTpamii
curHaiiB sk npu Aii AII3 3 HanpsiMy OOKOBMX MENIOCTKIB, Tak i MpH 3MILICHH] JyKeperna 3aBagll Ha HAIpsM TOJIOBHOTO MPOMEHS
niarpamu crpsimoBaHocti autenn PJIC. [IpakTuuHa HOBM3HA pOOOTH MOJISITAE B PO3POOLI CTPYKTYPHOI CXeMH 1 MaTeMaTHYHOI MoJie-
J1i YIOCKOHAJICHOTO POCTOPOBOTO (BiJIbTpa 3 CTPYKTYPHO-IIAPAMETPHUYHOIO aIANTAIIi€lO.

KJIFOUYOBI CJIOBA: cTpykTypHO-IIapaMeTpUyYHa aJamnTallis, akTHBHA [IyMOBa 3aBaJia, IPOCTOPOBHI (UIBTP, KOoedillieHT Ho-
JIaBJICHHS 3aBajiu.

UDC 621.396.95
ADVANCED GRAM-SCHMIDT METHOD FOR RADAR SIGNAL PROCESSING

Piza D. M. — Dr. Sc., Professor of the Department of Radio Engineering and Telecommunications of the National University
“Zaporozhye Polytechnic”, Zaporozhye, Ukraine.

Romanenko S. N. — PhD, Associate Professor of the Department of Information Security of the National University
“Zaporozhye Polytechnic”, Zaporozhye, Ukraine.

ABSTRACT

Context. When protecting radar stations from active noise interference acting along the side lobes of the antenna directional pat-
tern, spatial filtering of signals is used, which is realized by using antennas that are spaced apart in space. In this case, the difference
in the directions of reception of the useful signal and the interference makes it possible to form the optimal value of the weighting
coefficients of the adaptive spatial filters to suppress the interference. However, if the interfering source moves into the main beam
region, then the spatial differences between the wanted signal and the interference are reduced. This leads to significant distortion of
the main antenna radiation pattern. As a result, the accuracy of measuring the angular coordinates deteriorates, as well as the sensitiv-
ity of the radar receiver. The article proposes a structural-parametric method for adapting a spatial filter, which ensures effective
operation of the radar when exposed to the active noise interference both from the direction of the side lobes and from the direction
of the main beam.

Goal. Improving the efficiency of the radar when the active noise interference source is shifted from the direction to the side
lobes to the direction of the main beam.

Method. The proposed method makes it possible, due to the structural adaptation of the multichannel spatial filter, to exclude the
distortion of the main beam of the radiation pattern of the radar antenna and to ensure its operation under conditions of possible inter-
ference from the main beam. Structural adaptation of the spatial filter is realized by the current analysis of the weighting coefficients
of the compensation blocks.

Results. The structural diagram of the multichannel spatial filter by the Gram-Schmidt method with structural-parametric adapta-
tion, as well as the structural diagram of the compensation block, has been improved. As a result of the simulation, the possibility of
eliminating distortions of the radiation pattern of the main antenna of the radar in conditions of the possible impact of the active noise
interference along the main beam of the radiation pattern of the radar has been confirmed.

Conclusions. The scientific novelty of the work consists in the improvement of the signal-processing algorithm at spatial filter-
ing both when exposed to the active noise interference from the direction of the side lobes, and when the interference source is
shifted to the direction of the main beam of radar.

The practical novelty of the work lies in the development of a structural diagram and a mathematical model of an improved spatial
filter with structural-parametric adaptation.

KEYWORDS: structural-parametric adaptation, active noise interference, spatial filter, suppression coefficient.
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OHEHKA METOAOB FEM 4 FDTD I1PU MOJAEJIMPOBAHUHA
AJIEKTPOMATHUTHBIX XAPAKTEPUCTHUK YCTPOUCTB
INPEOBPA3OBAHMS ITOJIAPU3AIIUU C JTUADPPAI'MAMMU

MuasTsii C. U. — kaHAa. TeXH. HayK, TOLEHT Kadeapbl paluonHKeHepu, HallnoHanbHbIi TEXHUUECKUH YHUBEPCH-
TeT Ykpaunsl «KueBckuil moJuTexHuYeckuii MHCTUTYT uMeHHu Mrops Cuxopckoroy», Kues, Ykpausa.

Bymnamenko A. B. — crapumii npenonaBarens kadeapsl paguonHxeHepun, HanmoHanbHbIi TEXHUYECKUH YHUBEP-
cureT Ykpaunsl «Kuesckuil nonurexuuueckuil uHCTUTYT uMeHu Uropsa Cukopckoro», Kues, Ykpanna.

BoikoBcknii A. B. — maructp kadenpsl paxuonHkeHepuy, HanmoHanbHbI TEXHUYECKUH YHUBEPCUTET Y KpanHbI
«Kuepckuii nonurexundeckuil ”HCTUTYT uMeHHU Mrops Cukopckoro», Kues, Ykpanna.

Bynamenko A. B. — crynent snekrpomexanndeckoro otaeneHus locTkrHCKOro npodeccnoHalbHOTO KOJIIeKa
nmenn MBana Koxeny6a Cymckoro rocynapcTBeHHoOro yHuBepceurera, llloctka, Cymckast o0i1., YkpanHsa.

AHHOTALUS

AKTyaJbHOCTb. Ha ceronHsHuil 1eHb MPOUCXOIUT CTPEMUTEILHOE PaCIIMPEHNE Kpyra COBPEMEHHBIX OTpacieil HayKu U TeX-
HUKH, KOTOPBIC aKTUBHO HCIOJB3YIOT CIIYTHHUKOBBIC TCICKOMMYHHKAIIMOHHBIC CHCTEMBI IS IIpUeMa, 00pabOTKU U TMepeaadyn pas-
nnyHol nHpopmaruu. Takue pagnodIeKTPOHHBIE CHCTEMBI JIOCTATOYHO YacTO TPEOYIOT yBennueHus: 00beMOB HH(POPMALUH, KOTO-
pbie OHH 00pabaTHIBAIOT U MepeIaloT. Y 1BOeHHsT 00BEMOB NepeaBacMoil HHGOPMALUH MOXKHO AOCTHYb, UCIIONB3Ysl JBYXIOISPU3a-
LMOHHBIC aHTEHHBIE CUCTEMBI M YCTPOHCTBa. B Hamie BpeMst OOJBIIMHCTBO CHEIHUAINCTOB, KOTOPBIE 3aHIMMAIOTCS pa3pabdoTKON pas-
HBIX COBPEMEHHBIX NOJISAPH3aLUOHHBIX ycTporicTB CBY, BBIMOIHAIOT X YHCICHHOE MOACITHPOBAHKE M ONTHMHU3AIMIO C TIOMOIIBIO
BapHAIIOHHBIX METOJIOB pacdeTa, METOIOB MHTCTPAIBHBIX YPaBHECHH, METO/Ia COTJIACOBAHMS MOJICH YacTUYHBIX oOnacreit. Hambo-
Jiee aKTHBHO TPUMEHSIOTCS METOMBI ¢ pa30MeHUEM BHYTPEHHEH 00JIACTH YCTPONCTB Ha dJIeMEeHTapHbIe ssueiiku. Cpeau HUX BO Bpe-
MEHHOH o0JylacTi HauboJsiee 4acTo UCIONB3YIOT METOJ] KOHEUHBIX PAa3HOCTEll ¢ pa30MeHneM Ha IeKCaroHajJbHYIO CETKY, a B 4acTOT-
HOM 00J1aCTH IPUMEHSIOT METOJ] KOHEUHBIX JJIEMEHTOB C aJJalTHBHOM TeTpadipuueckoi cetkoid. Takum oOpa3oM, akTyalbHOH 3a1a-
yell SBNAeTCs OLEHKA CKOPOCTH U TOYHOCTH 3TUX METOJOB C LIEJIBIO OnpeaeneHus 6onee 3p(heKTHBHOTO U3 HUX.

Hean. Llenpio uccnenoBanus SBSETCS CPaBHEHUE CKOPOCTH U TOYHOCTH PACUETOB 3JIEKTPOMATHUTHBIX XapaKTEPHUCTUK BOJIHO-
BOJHBIX NMOJIAPU3aTOPOB uucieHHbIMU MeTogamu FEM u FDTD, a Taxoke cpaBHEHHE CXOAMMOCTH 3TUX METOJIOB IIPU aHAJIN3E MOJIS-
pu3anmoHHBIX yerpoiictB CBY ¢ auadpramamm.

Merton. [[yist pacueToB U aHaNHM3a dJICKTPOMArHUTHBIX XapPaKTEPUCTHK B CTAThe UCIIOIB30BAHO METOJ[ KOHEYHBIX Pa3HOCTEH BO
BpeMeHHOIT o6mactu FDTD u MeTo/1 KOHEUHBIX 37IeMeHTOB B 4acToTHOM oOmact FEM. B FEM ocymiectBisieTcs pa3OueHne Ha TET-
pasapuueckue siueiiku cetku. B FDTD o6macth pacuera pa3douBaeTcsi Ha TeKCarOHAIbHBIC SIYCHKH CETKH.

Pe3yabTaThl. YCTaHOBICHO, YTO CXOAUMOCTH KO3()(GHUIUEHTA CTOSTYEH BOJIHBI 10 HATIPSDKEHUIO JUISl BOJIHOBOJHOTO ITOJISIPH3aTO-
pa siBisietcst ObicTpol [uisi 060oux MeTonoB. IlonydeHo, 4To CXOAMMOCTH XapakTepucTuk auddepeHunanbHoro (Ha3oBoro CaBHra,
K03 GUIHEHTa IIUIMITHYHOCTH U KPOCCHOJSIPU3ALUOHHON pa3Bsi3KH pa3pabOTaHHOTO MHKPOBOJIHOBOTO YCTPOMCTBAa OKa3alKCh
3HAYUTENFHO O0Jice YyBCTBUTEIFHBIME K UCIIONIB3yEMOMY KOJHYECTBY SUEeK CeTKH. bosee Toro, B HCClIeIOBAaHUU PAaCYETHBIM ITyTEM
TIONYYEHO, YTO BPeMs BBIYMCICHUI METOIOM KOHEYHBIX JJIEMEHTOB B YaCTOTHOU 00JacTé Ooiee uyeMm B 2 pa3a MEHbIIE, YeM COOT-
BETCTBEHHOE BpeMsi, HCOOXOAUMOE JIJIsl pacyeTa BpeMsl BEIYUCICHUI METOJOM KOHEYHBIX Pa3HOCTEH BO BpeMeHHOH oOnactu. [Ipu
HCTIOJIE30BaHUU METOJIa KOHEYHBIX DJIEMEHTOB B YACTOTHOW O0JIACTH COOTBETCTBYIOIICE KOMUYECTBO SUYCCK TETPAdAPHUICCKOI CETKU
B 10 pa3 MeHblIIe, YeM KOJIMYECTBO SUEEK reKCaroHaJIbHON CETKH B METOJIe KOHEYHBIX Pa3HOCTEIl BO BpeMEHHOU 001acTy.

BoiBoabl. [IpoBeicHHbBIC HCCeNOBaHus MOKa3ay, 4To MeTo] FEM B yacToTHOM 00J1aCTH, B KOTOPOM NMPUMEHSIETCS aJanTHBHAS
TeTpadpuueckas cetka, 6onee apdexruBen, yeM Meroq FDTD s pacuera ¢pa3oBbIX U MOJSIPU3ALUOHHBIX XapaKTEPUCTHK COBpE-
MEHHBIX BOJIHOBOJAHBIX MOJISIPU3ATOPOB IS PA3INYHBIX IPUMEHEHHUMH.

KJIFOYEBBIE CJIOBA: FDTD6 FEM; FIT; meTon KOHEUHBIX Pa3HOCTEH; METOJ KOHEYHBIX 3JIEMEHTOB; YHCICHHbBIE METObI;
CXOIUMOCTB; CITyTHUKOBBIC HH(POPMAIIMOHHBIE CHCTEMBI; MHKPOBOJIHOBBIC YCTPOMCTBA; BOJTHOBOJ; MOJSpU3aTop; auadparma; aud-
(depeHnnanbHBIN (a3oBBIi cABHUT; KOAPQPUIIHESHT SILUTUNITHIHOCTH; KPOCCIIONAPU3AIIMOHHAS pa3Bs3Ka.

ABPEBUATYPbI HOMEHKJIATYPA
FEM - Finite Element Method; A=S8, g — xo>doumeHT nepenadn moIApuU3aTOpa
FDTD - Finite Difference Time Domain;
FETD - Finite Element Time Domain;
FIT — Finite Integration Technique; .
SF-FDTD — Split-Field Finite Difference Time Do- #// BOJHb BEPTHKAILHOM HOAPUSALILL
main; Af — muddepeHimansHpIi (Ha3oBblii CIBUT, TPA.;

XPD — Crosspolar Discrimination; Qx5 — APTYMEHT KOd(pQHIMEHTa Nepenadn Imos-

KCBH — koo ¢uument crosieii BOIHBI 10 HAPsiKe- pu3aTopa AJis TOPU3OHTANIBHON MOISPU3ALUY, TPa.;

HHIO, Qyo1 ) — APryMeHT KOd(Q(QHIMEHTa Mepeaayn ToJs-
KIIP — kpoccnionsipu3aliioHHas pa3Bsa3Ka;

CBUY — cBepXBBICOKHE YaCTOTHI.

JUISL BOJIHBI TOPU3OHTAIBHOM HOJIAPU3ALINHT;
B =5,y — xoaddunueHT nepegaun MoIspuU3aTopa

pu3aTopa i BEPTHKAILHOW MOJISIPU3AIIH, TPal.;
7 — KO3 GHUIMEHT SIUTUITUIHOCTH, 1b;
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Sy11 — K02 ULIIEHT OTpaXKeHUs TONAPU3ATOPA;

XPD — xpoccnonsipu3aliioHHasl pa3Bsi3ka, ab;
VSWR — k03 (UIHEHT CTOSUEH BOJHBI [0 HAIPSDKE-
HHUIO.

BBEJIEHUE
BonHOBOAHBIA  NONSPU3ATOP  SBJSETCS  BaXKHBIM
JJEMEHTOM COBPEMEHHBIX CIIyTHUKOBBIX AaHTEHHBIX

CHCTEM, KOTOpBIE NPUMEHSAIOT CHUTHAlIbl C OAHOM WM
OTHOBPEMEHHO JIByMsl OpPTOTOHAJIBHBIMH KPYTOBBIMH
MOJSIPU3AIMSAMHM  DJIEKTPOMAarHWTHBIX ~ BOJH.  Bce
KOHCTPYKIIMM BOJIHOBOJHBIX IIOJIIPH3aTOPOB  MOKHO
YCIIOBHO Pa3eJMTh HAa TPU OCHOBHBIE rpynmnbl. CeromHs
CYIIECTBYET MHOXKECTBO HAy4YHbIX CTaTeil M JOKIAJ0B Ha
KOH(EpEHITHSX, TTOCBSIICHHBIX pa3paboTke "
ONTHMU3AIMK TOJsipu3aTopoB ¢ nuadparmamu [1-13],
HOJIIPU3aTOPOB c [IEPErOpOIKON [14-21] u
HOJISIPU3AaTOPOB €O IITHIpsAMH [22-26]. B coBpeMeHHbIX
aHTEHHaX C JBOWHOW monispu3anued a1 pagapoB U
CITy THHUKOBBIX TENEeKOMMYHUKAIIMOHHBIX CUCTEM
BOJIHOBOJHBIE  IIOJISIPU3ATOPHl  (PYHKIMOHUPYIOT B
COYETaHWH C OPTOMOOBBIMH IIpeoOpasoBaTeisiMu [27—
41], xoTOpble OCYLIECTBISIOT pa3JeleHuEe CHTHAJIOB C

peoOpa3oBaHHBIMH TOJIIPU3ALUSIMH. HawnbGonee
3¢ dexTHBHBIMU KOHCTPYKIHSAMU OPTOMOOBBIX
npeoOpa3oBaTeneii  ABISAIOTCA  TpeoOpazoBaTeld  Ha

OCHOBE JIByXpEOEpHBIX IIEPEXON0B B MPSIMOYTOJIBHBIX
BOJIHOBOZAX [6, 26], ueThipexpeOepHbIX BOJIHOBOAAX [27],
TYPHUKETHBIX niepexoznoB [29, 31] u nepexoznos boiidora
[28]. Kpome ToOro, mOSBHIMCH HOBBIE KOHCTPYKIIMH
OpPTOMOJIOBBIX MpeoOpa3oBareneld [42—46] Ha OCHOBE
KOaKCHAJIBHBIX YeThIpexpeOepHbIx [47, 48] n ceKTOpHBIX
KOAKCHAIIFHBIX TPeOCHYATHIX BOJHOBOIOB [49—56] mist
JBYXIHAMa30HHBIX cUCTEM TTUTAHUSA aHTEHH
CIIyTHUKOBOM CBSI3M M PagHoacTpOHOMHUH. B Hacrosmiee
BpeMsl IIMPOKOE NPHMEHEHHUE IOIYYWIN BOJIHOBOIHBIC
momsipu3atopel  [57, 58], KOTOphIe HWCHONB3YIOTCA B
COBPEMCHHBIX  PaJHOJIOKALMOHHBIX M  CIYTHHKOBBIX
CHUCTeMaX, HEKOTOpbIe M3 KOTOPBIX MPUMEHSIOTCA B
coBpeMeHHBIX cuctemax 5G [59, 60]. Kpome Toro,
HIMPOKOE NPUMEHEHHUEe MoNTyyrin u (azoBpaiarenu [61—
66], KOTOpBIE MPUMEHIOTCS B KAayeCTBE MOJSPU3ATOPOB.
Yacto aszoBpamarenn MNPUMEHSIOTCS B KadyecTBe
OCHOBHBIX 4acTeil ()a3MpOBaHHBIX AHTEHHBIX PEUIETOK B
TEXHOJIOTUH WHTETPUPOBAHHBIX B ITOUIOKKY BOJTHOBOOB.
Takyto cTpykTypy ObUTO 3(P(HEKTHBHO CMOIEIHUPOBAHO C
MOMOIIBI0 METOJa corjacoBaHuss Mox [61], koTopswlid
o0ecTeunBaeT BBHICOKYIO CKOPOCTh M OOJBIIYI0 TOYHOCTD
BerancieHnit. KoHcTpykmms Takoro  (asoBpammarens
COCTOMT U3 Mapbl IWINHAPUIECKUX IITHIPEH B BOIHOBOJIE
Ha vacrore 7.5 I'Tn. HeoOxomumblii ¢a3oBblit caBur
obecrieunBaeTcss 3a CYeT PeryJHpOBaHMs JUIMHBI JTHX
wTeipeii. B [62] Obuia mpemiokeHa KOHCTPYKIHMS
(azoBpamarens B BosHOBoAe Ha uacrore 15.2 ITm,
KOTOPBI MOXXET OCYIIECTBIATh PETYIHPOBKY (asel B
muamazoHe oT 0 mo 360°. DddexruBHOCTH TEpemayun
CHJIBHO 3aBHCHUT OT 3a30pa MEXIy peryJupyeMon
METaNIMYECKON MJACTUHKOW M BOJHOBOAOM. ABTOpBI

[63] mpemnoXwiM ~ KOHCTPYKIIMIO  BOJHOBOJHOTO
¢azoBpamiatenst CO  BCTPOSHHBIM  METAIMYECKUM
pedpoM, KoTOpbIii obecrieunBaeT caBur (asel Ha 360°.
Bropas xoHcTpykuus —QaszoBpamarens ¢ OOKOBBIM
IIEJIEBBIM BOJIHOBOJIOM peann3yeT caBur ¢assl B 360° 3a
CYET PEryJIMPOBKM METaJUIMYECKOH 3aclIOHKH, YTO
pacrioso)keHa Ha KOHIIE IeNTUTeIIsT MOIIHOCTH Ha 3 1b.

O0beKkTaMu HCCIeT0BAHMS SIBIISTIOTCS METOJ KOHEY-
HBIX pa3HOCTel BO BpeMeHHOU oOmactu FDTD m merox
KOHEYHBIX 3JIEMEHTOB B 4acTOTHOH oOmactu FEM, koro-
pBle MCHONB3YIOTCS AJS pacdera 3JIEKTPOMAarHUTHBIX Xa-
pakTepuctuk ycrpoiicts CBY nuamaszona.

IIpeameTomM uHccleg0BaHUs SBISIOTCS CXOIUMOCTH
muddepeHnraIbHOTO (Ha30BOT0 CIOBUra, COTJIACOBAHUS U
MOJISIPU3ALUOHHBIX XapaKTEPUCTUK BOJHOBOIHOTO IOJIS-
pu3aropa ¢ quadparMamu.

Ileabio padoThl SBASETCS CPaBHEHHE CKOPOCTH W
TOYHOCTH PAacUETOB 3JIEKTPOMATHUTHBIX XapaKTEPUCTHK
BOJIHOBOJHBIX ITOJIAPU3ATOPOB YHUCJICHHBIMHU MCTOJaMU
FEM u FDTD, a Ttaxxe cpaBHEHHE CXOJAMMOCTH 3THUX
METOJIOB TPH aHaJM3€ IIOJIIPU3ALMOHHBIX YCTPOMCTB
CBUY ¢ nqnadpramamu.

1 IOCTAHOBKA 3AJIAYN

OCHOBHOI MH)XEHEPHOH MpobieMoi mpu pa3paboTke
BOJTHOBOJHBIX TOJISIpH3aTOpOB M (azoBpamareneii CBY
SIBJISIETCSI OYEHBb BBICOKAsl UYBCTBUTEIBHOCTh NX (PAa30BBIX
U TIOJSIPU3ALMOHHBIX XapaKTEPUCTUK K HETOUYHOCTSAM OII-
peneneHnsl ONTUMANIBHBIX Pa3MEpPOB YCTPOWCTB M H3rO-
TOBJIEHUS UX KOHCTPYKUMM. llenplo NaHHOM HayyHOU
CTaTbU SIBISETCS CPAaBHEHHE CXOAMMOCTH M CKOPOCTH
pacueTroB anekTpoanHamuueckux MeroaoB FEM u FDTD,
KOTOpBIE aKTHBHO NMPUMEHSIOTCA [UIS aHalIHW3a Xapakre-
PUCTHUK IOJIIPU3AaLUOHHBIX YCTPOUCTB. B naHHO# cTatbe
OyzeM cpaBHHMBaTb METOJbI NMPU pacyeTe d3JIEKTpoMar-
HUTHBIX XapaKT€pPUCTUK BOJIHOBOJHOIO MONSIPU3aTOPA Ha
npuMepe KOHCTPYKIHH ¢ IAAThIo tuadparmamu. s tod-
HOTO aHajdW3a HEOOXOOWMO CpaBHUTH BpEMs pacyera
JIByMsI METOJAMH IIPH UX OJMHAKOBON TOYHOCTH, KOTOpast
3aBHCUT OT KOJHMYECTBA HCHOIB3YEMBIX SUEEK CETKH
BHYTpH o0beMa mnoispusaTopa. Kpome Toro, 3amaueit
HCCIIEOBaHMS SBJIAETCS CpPAaBHEHHE KOJIMYECTBA HEOO0XO-
JUMBIX TETPa’dpPUYECKUX sYeeK CETKH B YaCTOTHOH 00-
jgactu g Metoga FEM ¢ KonuuecTBOM reKcaroHaJlbHbIX
styeek ceTKH ais metona FDTD Bo BpeMenHo# 00actu
TIPY OIMHAKOBOM TOYHOCTHU pacyeTa 00OMMH METOAMH.

2 OB30P JIMTEPATYPBI

B HacTtosmee BpeMs CYIIECTBYET MHOXECTBO
BapHAaHTOB MOIU(UKAIMNA METOAa KOHEUHBIX Pa3HOCTEH
Bo BpemeHHOU obOmactu (FDTD) m meronma KOHEYHBIX
anementoB (FEM). Kaxnas u3 moandukariii iMeeT CBOH
XapakTepucTukun 3(PPEKTHBHOCTH H  CBOEOOpPa3HEIC
MPUJIOXKEHNS, TAE €€ MPOU3BOIUTEIBHOCTh JIydIle IO
CpPaBHEHHWIO C JIPYyruMu MeTonaMu. [ MOpuAHBIE MeTon
9JIEKTPOMArHUTHOTO MOJICJIMPOBAHUSI BO BPEMEHHOMU
obmactu, coueraromuii B cebe sBHBI Meron FDTD u
HesIBHBIH MeToj; BpeMmeHHo# oOmactu (FETD), Obur
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paspaboran B [67]. [Ipemiaraemslii 0X01 00ECIICYMBACT
peuMyIIecTBa THOKOCTH MoenupoBanus Metoga FETD
JUIA  CIOXHBIX  TEOMETPUYECKHX  CTPYKTYp |
s¢¢pextuBHOCTH  Metoga FDTD  jmnsg mpocThix
TEeOMETPUUECKUX CTPYKTyp. B [68] aBTOpBI CpaBHUBAIOT
pa3auuHbIe TOAXO/B] K YCPEAHEHUIO MaTepHaa B METOIE
koHeuHoro wuHTerpupoBanus (FIT) nma w3orHYTBHIX
mnekTpukoB. [Ipemmaraercst W WMccnemyercss HOBBIN
CMEUIaHHBI METOA C HCIIOJh30BAaHHEM HOPMAIbHOW M
TaHTCHIMAJIbHOW  coCTaBLOmMX  Tons.  CHMKEHBI
OmMMOKY, BO3HUKAIOIIME NP PE3KUX Mepenagax
JM3JIEKTPUIECKON MPOHUILIAEMOCTH.

B [69] npemyaraeTcst HOBBII 60Jiee BEICOKOTO MOPSIKA
c Oombioi obmacteto FEM juis pemienust mpsiMbIx
TPEXMEPHBIX AJIEKTPOMATHUTHBIX 3aJad BO BPEMEHHOI
obuacrtu. Orot YCOBEPIIECHCTBOBAHHBIN FEM
TIPUMEHSETCS Juis aHanmmu3a MHOTOIIOPTOBBIX
BOJIHOBOAHBIX ycTpoiictB CBY ¢ mNpou3BONBHBIMU
METAJUTHYECKIMHU u JIV3IIEKTPUIECKUMHA
HeoaHOpongHocTsMU. B cratee [70] wuccnemyrorcs u
CPaBHMBAIOTCA  BBIYMCIHWTEIBHBIE  XapaKTEPUCTHKU
METO/a €CTeCTBEHHBIX 3yieMeHToB M FEM. B [77, 72]
aBTOPbl ONTHUMHU3UPYIOT cBA3M noxaceredn g FIT B
NIPOCTPAaHCTBE M BpEeMEHU. PexomeHayemblld METOX
ONTHUMHU3AIMK  TO3BOJsIET 3()(EKTHBHO  yMEHBIIUTH
Heu3UUeCKUue OoTpaxkeHuss BoiaH. B [73] mpemiaraercs
moudukarms FIT mis pacuera aHM30TPOITHBIX MO, MOJT
C MOTepSMH U OTKPBITOrO BOJHOBOAA. UYMcCIEHHBIE
MIPUMEDHI, NIPEICTABICHHBIE B cTaTbe [73],
MOATBEPKAAIOT, YTO NpeuiokeHHbI cMmemanublii FIT ¢
COCPEIOTOYCHNEM MAacChl HE COAEPKHUT KaKHX-THOO
JIOXKHBIX COOCTBEHHBIX MOA W OOECHEYMBAET BBICOKYIO
BBIUHCIIHUTENBHYIO 3()(eKTUBHOCTB. B cTaThe [74] aBTOpHI
MPEACTABISIOT HOBBIH  HEKOH(QOPMHBIA  THOPHIHBIM
meroa FDTD/FETD 6e3 rubpuan3zanuu uepes OydepHyto
30Hy. UuclieHHBIE TpPUMEpbl BKIIOUEHbI B [75], 4TOOBI
HPOEMOHCTPUPOBATh MIPON3BOIUTEIIHHOCTD
pEeKOMEHIyeMoro  THOpPUAHOTO  METO/d,  KOTOPBIH
sBisieTcsl Oojiee TOYHBIM M CTAaOWIBHBIM B TEYEHHE
JUINTENIEHOTO BPEMEHU.

B [76] aBTOpEI IpeanaratoT HOBBI THOPHUIHBIN METO.
CXeMbl mpocTpaHcTBeHHO-(mIbTpoBanHo FDTD (SF-

FDTD) " METO/I MOJICETOK IS aHaimza
MHOTOMAacIITaOHBIX 00BEKTOB. IIpHWBEHEHBI pe3yabTaThI
MOZEJIUPOBaHUS NEPUOINYECKON BOJIHOBOJIHOI
CTPYKTYDHI, MTOITBEPIKTAIOIIIHE TOYHOCTh u

3G GEKTUBHOCTh TMPEIIOKEHHOTO THOPUIHOTO METO/a.
Astopel  [77] paspaboramu HoBbIH Meron FDTD,
OCHOBaHHBI Ha MPOCTPAaHCTBEHHBIX MPEOOPa3OBAHUSIX.
OTOT MeTOoJ MNPeoJoJeBaeT NPENATCTBUA, IPUCYIIHE
TpaguioHHoMy anroputmy FDTD B mpocTpaHCTBEHHO
CIIOKHOM  oOmactu.  Pesynbrarel  MopenupoBaHUs
noarsepxaaoTcss ¢ nomowpto FIT. B [78] aBtopsl
paspaborann  CTaOMIBHBIA, TOYHBIH W OBICTPBIN
YUCJIEHHBIN METOJ], OCHOBAaHHBIN Ha TPEYTOJIbHON CETKE U
MIPOCTPAHCTBEHHBIX  NPeoOpa3oBaHMAX  UISL  3a/4ad
SNEKTPOAVMHAMUKH C  TPOW3BONBHBIMUA  TPaHHIIAMHU.
[IpeqmaraeMerii  MeTox  HAMHOTO  ObICTpee, 4eM

kinaccyueckuit FDTD npu HanuuuM HMCKPUBIIEHHBIX
T'paHMIL.

[ToaToMy omnpezneneHne ONTHUMAJIBHBIX YHCICHHBIX
METOAMK I BEICOKOTOUHOTO pacyeTa BCEeX DJIEKTpoMar-
HUTHBIX Xapaktepuctuk CBY monspusatopoB sBisercs
BaXXHOI W aKTyaJlbHOM Hay4yHOH 3ajaueil. Pe3ynbrarsl
MIPOBEJICHHOTO B CTAaTh€ MCCIICIOBAHMSI TIO3BOJISIOT TIOJTY-
YUTh PEKOMEHJAIMN OTHOCHTENBHO TOTO, KaKOH METOX
pacdera siBisgeTcsa Oosiee OBICTPBIM M TOYHBIM ISl pa3pa-
00TKHM BOJHOBOAHBIX moisipuzaropoB CBY nmamazona
JUIS COBPEMEHHBIX TEJIEKOMMYHHKAIMOHHBIX U PajnOIO-
KaI[MOHHBIX CHCTEM

3 MATEPHUAJIbI U METO/1bI

CoBpeMeHHbIE TIMPOKOTMOJIOCHBIE CIyTHUKOBBIE aH-
TEHHbIE CUCTEMBI C JBOMHOM OpPTOTrOHAILHON KPYroBoii
MoJIIpu3alell UCTIOIB3YIOT BOJIHOBOIHBIE MOJISPU3ATOPI
¢ muadparMaMu. ITO KOMIIAKTHOE MHKPOBOJIHOBOE YCT-
POWCTBO BHINONHSACT NPeoOpa3oBaHUE OPTOTOHAIBHBIX
AIIEKTPOMATrHUTHBIX BOJH C KPYTOBOH MOJSpU3allUe B
OPTOTOHAJIbHBIE BOJIHBI € JIUHENHOU nosspuzauneid. Kon-
CTPYKIHSI TAKOTO TOJISIPU3aTOPa HA OCHOBE KBaJPAaTHOTO
BOJIHOBOZIA C 5 CHMMETPHYHBIMU IuadparMaMu Mpen-
CTaBJieHa Ha puc. 1.

= W]

hy hy| hyl  he hy

= 0 [ -

Pucynok 1 — CtpykTypa KBaipaTHOrO BOJIHOBOIHOTO
HoJIsIpU3aTopa ¢ quadparMamMu

a f‘l

OCHOBHBIMH XapaKTCPUCTUKAMHU MOJISPU3AUOHHOTO
YCTpPOWCTBA SBJSIFOTCS Clieayromue: (a3oBbie, COIia-
cymomme U nojsipusaiuonsbie. K (a3oBbIM xapakTepu-
CTHKaM OTHOCHTCS Mu(depeHIMaTbHbIA (Ha30BbIA CIIBUT.
Cornacyromue XapakTepUCTUKU MOJISPHU3aToOpa OIpeie-
JSTIOTCST KO3 PUIIUCHTaMU CTOSYCH BOJHBI MO HAIpshKe-
aHuto (KCBH) mis BonH o6enx momspuzaruid. K momspu-
3aI[HIOHHBIM XaPaKTEPUCTUKAMHU OTHOCUTCS KO PHUIIUCHT
IUIMIOTHYHOCTH W KPOCCIOJSIPU3AIUOHHAS ~ Pa3Bs3Ka
(KIIP).

Juddepennmanpapiii (pa30BeI CABUT OINMpenenseTcs
BBIPOKCHUEM

Af =0521.0 — 05217 (1

TIE @y g1y — aPTYMEHT Kod(pQUIHMEHTa epeaadn mos-
pu3aTopa sl TOPU3OHTAIBHOW TONAPU3ALNN; @y oy —

apryMeHT ko3¢ (uIMEeHTa Mepenavyd MoJspu3aTopa yis
BEPTUKAJIbHOU NOJIIPU3ALUY.

KCBH ropu3oHTaIbHON M BEpTHKAIBHOW IMONSpHU3a-
1K onpeaenseTcs GopMyIamMu
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1+
= (2)

rae Syq; — Ko3QQUIMEHT OTPaKeHHs MOIIPH3aTOPa.

B norapudpmmyeckoir mkane Kod(pOHUIHEHT 3SIUTUII-
THYHOCTH MOXKET OBITH BBIpaKeH B Ab ciienyromum oopa-
30M [77]

A>+B%+ \/A4 +B* +24?B? cos(2Ag)

r=10Ig ,
A%+ B? —\/A4 +B* +24°B? cos(2Ag)

3)

rae A=S,1 y — ko3dpduuuenT nepegaun nosspusaTopa
JUISL BOJIHBI TOPU3OHTANIBHOM HomsApusaiuu; B =S5,y —

KO3 GHUIHMEHT Mepeadu MosIpu3aTopa s BOJIHBI Bep-
TUKAIBHOM MOJISPU3ALIUH.

Bennuuna KITP o0buHO BhIpakaetcs B Ib U MOXKET
OBITh paccYMTaHa CJICIYIOIIUM 00pa3oM

“4)

r+1

XPD (dB)=201g N
r—1

rae » — K03(QPUIUEeHT STHNTHIHOCTH, KOTOPBIN Mpe/Ba-
PHUTETHFHO HEOOXOIMMO TIEPEBECTH B IMHEHHYIO MITKAITY.

4 SJKCIIEPUMEHTBI

Bo Bpems gucneHHOI ONTHMH3ALUU pa3pabOTaHHOTO
KBaJpaTHOTO BOJHOBOAHOTO TOJsipu3aTopa c auadpar-
MaM{ OJHOBPEMEHHO aHAIM3UPOBAINCH KOI(DPHUIUEHT
smmuntuyHocty u KIIP Ha BRIXOze momsipu3aTopa, a Tak-
xe nuddepennuanphblii dazopbiit casur 1 KCBH s
OCHOBHBIX DJIEKTPOMAarHUTHBIX MOJI 00€UX HOJISPHU3AIHH.
HeneBbiMu ¢yHKImMsMu ontumusanun sBisitorcs KCBH
JUISL OCHOBHBIX MOJ| 00€HX JIMHEHHBIX IMOJSpU3alni Me-
aee 1,15 u KIIP menee —32 nb B pabouem Ku-muamazone
10,7-12,8 ITu. XapakTepUCTHKH ONTUMHU3UPOBAHHON
KOHCTPYKIMH TIPSIMOYTOJIBHOTO BOJIHOBOJHOTO TOJISIPH-
3aropa C nuadparMaMu OBUTH PACCUMUTAHBI C BBICOKOM
TouHOCTBIO MeTogoM FEM B wacToTHOW oGnacté ¢ mc-
nons3oBaHueM 100 000 syeex TeTpa’ApUyYecKON CETKH,
Ha KOTOpbIE BHYTPEHHHUiII 00bEM CTPYKTYpbI ObLI paslie-
JIEH aJIalITUBHBIM CIIOCOOOM.

Pa3paboTaHHBINl BOJTHOBOJTHBIN IMOJSPHU3ATOpP ObOecHe-
yuBaeT 3((EKTUBHBIC TOJIIPU3ALMOHHBIC XapaKTePUCTH-
ku. Jlnanazon naMeHeHus nuddepeHpuansHoro (ha3oBo-
ro casura cocraBisier 90°+2,6°. KCBH 11 oCHOBHBIX
Mox obOenx NWHEHHBIX momspu3anuii Menpmie 1,13. Ko-
3G QUIHEHT UTUNTHYHOCTH Pa3pabOTaHHOTO TMOJSIpH3a-
topa He mpesbrmaer 0,4 nb. Yposens KIIP paspabotan-
HOTO TIoNsipu3aropa Huwxe —32,9 nb.

Bo Bcem pabouem Ku-mmanazone 10,7-12,8 I'T'm mak-
cumainbHbIl ypoBeHb KCBH 11 0CHOBHBIX MOA Kak ro-
PU30HTAIBHOM, TaK W BEPTUKAIBHOM IOJIApU3ALUU CO-
CTaBJIsET NMPUMEPHO 1,13, YTO MOITHOCTHIO YIOBIETBOPSIET
TpeboBanusaM. [uddepeHunansueiii Gpa3oBblii cABUT ON-

TUMHM3MPOBAHHOTO TMoJisipu3aropa auadparMbl MpsiMO-
YTrOJIBHOTO BOJIHOBO/IA U3MEHsieTcs oT 87,5° 10 92,5°.

PaccmMoTpuM  MONSpU3ALMOHHBIE  XapaKTEPUCTHKH
pa3pabOTaHHOTO BOJIHOBOJHOTO HOJSIPH3aTOpa C Jua-
¢parmamu. KosppUIMeHT 3IMIITHYHOCTH TOJIsIpU3aTopa
PacCUUTHIBAJICS C UCIOIB30BAHUEM PE3YJIBTATOB MOJENHU-
poBarus MerogoM FEM u dopmynsr (3). Kosboumment
SJUIMNTAYHOCTH ONTHMH3MPOBAHHOTO MOJISIPH3aTOpa CO-
craBisier MeHee 0,40 nb B monoce padounx gactot 10,7—
12,8 I'Tu. CootBerctBytomuii KITP 6pu1 mOTy4eH u3 BbI-
paxenus (4). Bo Bcem pabouem Ku-mnanasone 10,7-12,8
I'T' KTIP monsipusaropa menee —32,9 nb.

Tenepp uccnenyeM 3aBUCHMOCTH COTJIACYIOUIHX, (a-
30BBIX M TOJIIPU3ALMOHHBIX XapaKTEPUCTHK OT KOJIHue-
CTBa siYEEK TETPAdAPHUECKON CETKH, IPU KOTOPBIX BHYT-
peHHUI 00BbEM CTPYKTYpbI aJallTHBHO NENMIICS Ul pac-
uyeta MeTogoM FEM. Kpome Toro, Mel cpaBHUM pe3ynbTa-
Thbl, MONMy4YeHHble ¢ Hucnonb3oBaHueM FDTD c¢ pasHbmM
KOJIMYECTBOM S[UEEK I'eKCadIPUIECKON CETKH.

5 PE3YJIBTATBI

YucrieHHBIE pacyeThl XapaKTEPHCTHK MOIIpPH3aTOpa
00oMMH paccMaTpHUBaeMBIMH METOJaMH OBLTH OCYIIECTB-
JICHBI C TMIOMOIIBIO CHEUATH3UPOBAHHOTO ITPOTPAMMHOTO
obecrieuernss CST Microwave Studio 2017 Ha mepco-
HaJILHOM Komimotepe ¢ nporecopom Intel Core 17-6700K
¢ TakToBOoM uyactoroi 4 I'Tm m oObeMoM omepaTHBHON
namsata 32 I'b. BxogHsiMu nmapameTrpamMu pacdeToB, KO-
TOpBIE ONPEEISIOT HOIPEUTHOCTD MMOJYYEHHBIX 3JIEKTPO-
MarHUTHBIX XapaKTEPHUCTHK, SBISETCS KOJIMYECTBO WC-
TIOJTb3YEMBIX SIYCEK CETKH BO BHYTPEHHEM 0OBEME BOJIHO-
BOJIHOTO TTOJISIPU3aTOopa.

Pe3ynpTaThl YMCICHHOTO MOJEIMPOBAHUS C HCIOJb-
3oBanueM FEM ObUIM MOJYYEHBI A KOIWYECTBA SUEEK
tetpadaprdeckort cetku ot 20 000 mo 200 000. IIlar yBe-
JUUeHusT yucha sueek cetku coctaBms 20 000 sueex
ceTku. PaccuuTaHHBIE SJIEKTPOMArHUTHBIE XapaKTepH-
CTHKH TOJISIpU3aTOpa Ha OCHOBE KBaJPaTHOT'O BOJIHOBOJA
¢ nuadparMaMu B 3aBHCUMOCTH OT KOJMYECTBA SUEEK
CETKM M BPEMEHH pacyeTa II0Ka3aHbl B Tabmuue 1.

Amnanu3 Tabnunpl | mMoKas3pIBaeT, 9TO NMPH KOJIMYECTBE
TEeTpadIpUuecKux siueek ceTku, paBHoM 200 000, snek-
TPOMAarHUTHBIE XapaKTEPUCTHKU IIOJISIPU3aTOpa IPAKTH-
YEeCKH MepecTaroT W3MeHAThes. [loaTomMy amst cpaBHEHMS
MOTPENIHOCTE pacueTa 3JIEeKTPOMArHUTHBIX XapaKTepH-
CTHK JIByMSl PacCMaTpHUBAEMBIMH METOJAaMH B KauyecTBE
HauOoiee TOYHBIX 3HAYEHUH BO3bMEM XapaKTEPHCTHKH,
nosy4yeHHsle MeTogoM FEM npu ucnonszoBanuu 200 000
TETPAdAPHUECKUX STUCEK CETKH.

W3 tabnuue! 1 BUAHO, YTO aOGCOIOTHAS OTPELIHOCTH
pacuetoB KCBH meronom FEM He mpessrmaer 0,004 B
nuHeitHoM Maciutabe (menbie 0,4% OTHOCHTENBHO TOY-
Horo 3HaueHws 1,132). W3 HwkHell dactm Tabmummsl |
(Ipy  KONHMYECTBE TETPAdAPUUECKUX SIEEeK CETKH OT
100 000 mo 200 000) BumHO, YTO AaOCONFOTHAS IMTOTPEI-
HOCTh OIPEAEICHHs TOYHOTO 3HaYeHHs AU PepeHIab-
Horo (pazoBoro caBura HaxoauTcs B mperenax 0,2°, a
kodpduuuent smmnTuyHocTH u KIIP momspuzatopa
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ObUTH pacuyuTaHbl ¢ abcomoTHeIMK norpentHoctsivu 0,02
1nb u 0,6 n1b, cOOTBETCTBEHHO.

Ha puc. 2 mpeacraBieHsl pe3yibTaThl YUCICHHOTO
pacyera (azoBBIX M MOJAPH3ALMOHHBIX XapaKTEPUCTHK
pa3paboTaHHOrO KBaJpaTHOTO BOJHOBOJHOTO IOJISIpU3a-
Topa ¢ auadparmMamu ¢ ucrnoip3doBanuem FEM B gacTort-
HOW obmactu. Ha 3TMX pHCyHKax MBI MOXKEM CPaBHHUTH
pe3yibTaThl, IOJNyYCHHBIE C HCIOIB30BAaHUEM TpyOOi
terpadapuueckoil cetku ¢ 20 000 siyeek, ¢ pe3yabTaTamu,
MOTY4YEHHBIMHA C HCIIOJIb30BAHHEM CpPEIHEH CEeTKH Co
100 000 TeTpasapoB, U ¢ pe3ysbTaTaMH, PACCANTAHHBIMHU
C MCIOJIb30BAaHUEM IIJIOTHOM TETPA3APUUYECKON CETKH C
200 000 srueex.

o
=

= 20000 sgeex (FEM)

!E E%“)}-
a = 921 == 100000 gueex (FEM)
1=
E 29 200000 sueex (FEM)
l,
g &
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PucyHOK 2 — 3aBUCHMOCTB JICKTPOMArHUTHBIX XapaKTePUCTHK
ot yacToThl i Metona FEM: a — nuddepenauansaoro dhazo-
BOTO caBHra; 6 — kodhduirenTa swmnTunaHocty; B — KIIP

Pe3ynbpTarhl 4YMCIIEHHOTO MOJEIUPOBAHUS C HCIIOJb-
3oBanueM FDTD Obuiu OTyYeHBI IS KOJIMYECTBA STICCK
rekcasapudeckoit cetku ot 100 000 mo 1500 000. Illar
npupaienus cetku coctasisul 100 000 siueex cetku. Pac-
cuyuTaHHble ¢ noMmoiupio FDTD siekTpoMarHuTHele Xa-
PAKTEpUCTHKH TOJSIPU3aTOpPa Ha OCHOBE KBaJpaTHOTO
BOJIHOBOJIa C Ara)parMaMy B 3aBUCHMOCTH OT KOJIMIECT-
Ba HCHOJB3YEMBIX SYEEK TeKCadPUIECKOl CEeTKH U Bpe-
MEHH pacuera MoKa3aHbl B TaduIe 2.

AHanu3 W3MEHEHHUs] PAaCCUUTAHHBIX AJIEKTPOMAarHUT-
HBIX XapaKTePUCTHK Hossgpu3aropa B Tabmunax 1 u 2 B
3aBUCUMOCTH OT HCIIOJIb3yeMOTI'0 METOJa U KOJUYeCTBa

SYEeK CEeTKU yKa3blBaeT Ha TO, YTO Haubojee TOYHBIM
sBisgerca pacueT merogoM FEM mpu xonuyecTBe siueex
TeTpayapuueckoi cetku, paBHbIM 200 000. CpaBHeHue ¢
9THMU pe3yabraTamMu Metona FEM naHHBIX pacuera me-
togoM FDTD, xotopsle npuBeJeHB B TadOmune 2, moka-
3BIBAET, YTO a0COIIIOTHAs MorpemHocTh pacieros KCBH
MetogoM FDTD ne mpeppimaer 0,002 B muHEHHOM Mac-
mrabe (MeHbine 0,2% OTHOCHUTETHHO TOYHOTO 3HAUCHHS
1,132). Y3 mmxHelt yactn Tabnunbl 2 (IpH KOJIMYECTBE
sgeek Tekcayapmdeckor cetku ot 800 000 mo 1500 000)
BUHO, YTO aOCOJIOTHAsi MOTPEIIHOCTb OIPEICICHHs
TOYHOTO 3HaYeHUs Tu(QepeHInanbHOro (Ha3oBoro CIBU-
ra HaxomuTcs B mpenenax 0,2°, a k03(hGUIMEHT 3IUTUII-
tuunoctd u KITP mossipu3atopa ObUTH pacyMTaHbl ¢ a0-
comotHbMH TiorpemmHocTsmMu 0,03 1b u 0,6 1b, cooTBeT-
CTBEHHO.

Ha puc. 3 mnpencraBieHsl pe3yiabTaThl YUCIEHHOTO
pacdera (pa30BBIX M THOJSPH3ALMOHHBIX XapaKTEPUCTHK
pa3paboTaHHOrO KBaAPAaTHOTO BOJHOBOJIHOTO IOJISIPU3a-
Topa ¢ muadparmamu merogom FDTD. Ha stux pucynkax
MBI MOXEM CpPaBHHTb pe3yJbTaTbl, MOIY4YEHHbIE C HC-
MOJIE30BaHNeM TpyOoi mecturpanHoit cetku ¢ 100 000
SYEEK, C pe3yIbTaTaMH, MOJTYUYCHHBIMH C HCIIOJIb30BAHH-
eM cpenneii cetku ¢ 800 000 TeTpasapamMu, U ¢ pe3ynbTa-
TaMH, PaCCYUTaHHBIMHU C HCIIOJIB30BaHUEM IUIOTHOM Tek-
casapudeckoii cetku ¢ 1500 000 sueex.

94
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Pucynok 3 — 3aBHCHMOCTb dJIEKTPOMArHUTHBIX XapPaKTePUCTUK
oT yactoThl it Metona FDTD: a — nudpdepennuansaoro dhazo-
BOTO caBHra; O — ko3 dunuenTa umnTrnaHoCcTH; B — KIIP
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Tabnuma 1 — 3aBUCUMOCTh XapaKTEPUCTHUK MOJIIPU3ATOPa U BPEMEHH pacueTa OT KOJUYECTBA SYCEK TETPAdIPHICCKOM
cetku B Mmerone FEM

Hucno mempaso- Bpemsa eviuucnenuii | Maxcumanwvuvrii | /Jugppepenyuanvnoiii pazoewtii Kosppuuuenm

puuecKux aueex FEM, cex. KCBH cosuz, 2pad. AAURMUYHOCIU, KIIP, 0b
cemku ob
20 000 28 1,136 90°+3,95° 0,60 —29,2
40 000 46 1,134 90°+3,11° 0,47 -31.3
60 000 64 1,133 90°+2,77° 0,42 -323
80 000 76 1,133 90°+2,62° 0,40 -32,8
100 000 100 1,132 90°+2,51° 0,39 —33,1
120 000 117 1,132 90°+2,55° 0,39 -33,0
140 000 139 1,132 90°£2,60° 0,40 -32,8
160 000 172 1,132 90°+2,65° 0,40 -32,7
180 000 205 1,132 90°+2,69° 0,41 —32,6
200 000 227 1,132 90°+2,70° 0,41 -32,5

Tabnuma 2 — 3aBHCUMOCTh XapaKTEPUCTHK MOJIIPH3ATOPA U BPEMEHH pacdeTa OT KOJIMYECTBa SYEEK FeKCadIPHICCKON
cetku B Mmetoge FDTD

Yucno aueek zekcalo- Bp MR Gt Maxkcumansnorit Augpgpepenyuansuoiii paszo-| Korpguuuenm snnun-
puuecKoii cemku /zenmc;eiDTD, KCBH 8vlil cosuz, zpao. muunocmu, 0b Kitp, ok
100 000 24 1,134 90°+3,43° 0,52 -30,5
200 000 34 1,132 90°£3,06° 0,46 -31,5
300 000 57 1,132 90°+2,85° 0,43 -32,1
400 000 79 1,132 90°£2,66° 0,40 —32,7
500 000 95 1,132 90°+2,58° 0,39 -32,9
600 000 118 1,132 90°+2,54° 0,39 -33,1
700 000 144 1,132 90°£2,52° 0,38 -33,1
800 000 165 1,132 90°£2,51° 0,38 -33,1
900 000 194 1,132 90°£2,50° 0,38 —33,2
1000 000 219 1,132 90°£2,55° 0,39 —33,1
1100 000 243 1,132 90°£2,56° 0,39 —33,0
1200 000 267 1,132 90°+2,58° 0,39 -33,0
1300 000 293 1,132 90°£2,59° 0,39 -32,9
1 400 000 304 1,132 90°£2,61° 0,40 -32,8
1500 000 322 1,132 90°£2,63° 0,40 -32,8

Tabmuma 3 — Cpasaenne meronoB FEM u FDTD mist pacdera xapakTepHCTHK BOJIHOBOJHOTO ITOJISIpU3aTOpa ¢ quadparMaMu

Bpenn ot Bpemsa sviuucnenui Yucno mempardpuueckux Yucno aueek zekcaropuye- Kosppuuuenm
yucneHuil N KIIP, o6
FDTD, cek. AYeeK cemku CKOIl cemKu nunmuynocmu, 06
FEM, cex.
100 219 100 000 1 000 000 0.39 -33.1
117 243 120 000 1100 000 0.39 -33.0
139 304 140 000 1 400 000 0.40 -32.8
6 OBCYXJIEHUE TOYHOMY 3HAYECHHUIO INPOUCXOAMUT O4YeHb ObicTpo. Jms

AHanu3 Tabnui 1 ¥ 2 moka3sIBaeT, YTO BpEeMsl pacue-
TOB 3aBUCHUT OT KOJIMUYECTBA SIUEEK TETPAdAPUUECKON CeT-
KH, Hcnonb3yeMbix B FEM, 1 KomudecTBa s9eek reKcadI-
pudeckoil cetku, ucmonbdyemblx B FDTD, mpubnuzu-
TeNbHO Kak JuHeHHas QyHkiusa. Cxommmocts KCBH

merona FDTD 310 00BsiICHAETCS XOPOLIMM COOTBETCTBH-
€M HCIOJIb3YeMOM JeKapTOBOW TeKCadApalbHON CETKU
CTPYKType KBaZpaTHOTO BOJIHOBOJIHOTO IOJSIpHU3aTopa ¢
muadpparmamu. CregoBatensHo, pacier KCBH ¢ momo-
meio0 MetogoB FEM u FDTD pgoctatoyHO TOYeH maxke
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JUIS OTHOCHTEJIFHO HEIUIOTHBIX ceToK. Ha rpy0oit ceTke
MakcuManbHbld ypoBeHb KCBH cocrasnser 1,134-1,136
W cXOAuTCs K 3HaueHMio 1,132 Ha Menkux ceTkax. Takum
0o0pa3oM, TI0 Mepe TOro, KaK UCIIob3yeMasl CeTKa CTaHO-
BUTCA Oojiee IUIOTHOHM, MakcuManbHBIN ypoBenb KCBH
HEMHOT'O YMEHBIIAETCS.

W3 tabnum 1 u 2 BUAHO, 9TO HA TPYOBIX CETKaX pacyer
muddepeHnranbHOTO (Pa30BOT0 CABUra, KOd(hGHUIHEHTA
smmntuaHocTd U KIIP BosHOBOAHOTO mosisipu3atopa ¢
JuadparMaMy SIBJISIETCS IOBOJIBHO HETOYHBIM JUIA 000MX
MeTO0B. XOTs pa3paboTaHHass KOHCTPYKLUS TMOJSIpU3a-
Topa obecrieunBaeT Tpedyemerii KIIP menee —32 nb, pe-
3ynbTarhl pacyetoB MetojgoM FEM Ha rpyObIx ceTkax ot
20 000 mo 60 000 siueex TeTpad’APUUECKON CETKH MpPE.-
ckaszbiBatoT KIIP Ha ypoBHsx Bcero ot —29 nb g0 —31 ab,
a merogom FDTD Ha rpyOsix cerkax or 100 000 mo
200 000 stueex rekca’ApUUECcKO CETKU — Ha YPOBHSX OT
—30 nb o —311b nb.

Kaxk BumnO U3 Tabmuier 1, mnst merona FEM yBenmue-
HUE KOJIMYECTBA siueeK TeTpasapudeckoil cetku ¢ 20000
mo 100000 mpwBOAWT K YMEHBIIEHHIO KO3 (HUIHEHTa
ammnTAYHOCTH nojsipuzatopa ¢ 0,60 n1b mo 0,37 nb u
onHOBpeMeHHOMY yMenbmienuio ero KIIP ¢ —29,2 nb no
—33,1 nb. JlanpHeiinee yBenmu4YeHHE KOJIWYECTBA SUEEK
terpadapuueckoit cetku co 100000 go 200000 npuBoaUT
K yBEIMYEHHIO KOd(duImeHTa aumnTnaHoOCTH pa3pabo-
tanHoro noJsispuzaropa ¢ 0,37 ab no 0,40 n1b u onHOBpeE-
MeHHOMY yBennuenuto ero KITP ¢ —33,1 a1b no —32,5 nb.

JanHble, mpuBeieHHBIE B TaOnuIe 2, MOATBEPXKIAIOT
Takywo ke TenaeHuuio ans meroga FDTD. Veenuuenue
KOJIMYECTBa sueeK rexkcasapuieckon cetku ot 100 000 go
900 000 BemeT K YMCHBIICHHIO KOX(PPHUIMEHTA SIUTHII-
THaHOCTH moysipu3aropa ¢ 0,52 n1b mo 0,38 nb u oxHo-
BPEMEHHOMY CHIKEHHUIO NUMKoBOro yposHsa ero KIIP c
—30,5 nb o —33,2 ab. Ilocnenyromiee yBennIeHne KO-
YyecTBa siueek rekcadapuieckord cetku ¢ 900 000 mo
1500 000 TpUBOIUT K HEOONBIIOMY YBEIHUCHHIO KO3(-
(uLKeHTa MITHYHOCTH pa3paboTaHHOTO MOJISIPH3aTO-
pac 0,38 n1b 1o 0,40 1b 1 0JHOBPEMEHHOMY MOBBIIIEHUIO
ero KIIP ¢ —33,2 nb no —32,8 nb.

Kak BupHO Ha puc. 2 u 3, YKUCIEHHBIE PE3YJIbTATHI
CXOJIITCS. OTHOCHTENIBHO OBICTPO MPU YBEJIWYEHHU KOJIH-
YeCcTBa SUEEK TeTpadapuueckoi cetku B meroge FEM ot
20 000 mo 100 000 u mpu yBeTUYEHUH KOJITUIECTBA SUEEK
rexcadapudeckoii cetku B merone FDTD ot 100 000 mo
800 000. anpHelimiee yBeTWYEHHE KOJHMYECTBA SUCEK
CeTKU MPUBOJMT K ropasfo Oosee MEIJICHHOMY H3MEHe-
HHUIO PacCUMTAHHBIX (A30BBIX M IMOJSIPU3ALMOHHBIX Xa-
PaKTEpUCTHK MOJIIPU3aTOPA.

CrenoBarenbHO, 00bEM KOHCTPYKLHMH IOJISIpU3aTOpa
HeoOxoauMo pasnenare Ha Oonee wem 100 000 sueek
TeTpadapuyeckoil cetkn B Meroge FEM u Ha Gonee yem
800 000 stueex rexcasapuyeckoil cetku B Metone FDTD,
ecny pacdeT Ko3(h(HUIMEHTa SUTUNTHYHOCTH MOJSIpH3a-
topa u KIIP BeImomHsI0TCS ¢ TpeOyeMoil TOUHOCTBHIO Me-
uee 0,5 nb. B ciyuae npumenerns FEM co 100 000 sae-
€K TETPadAPUYIECKON CeTKH BpEeMs pacyera Ha Iepco-
HaJIbHOM KOMIIBIOTEPE, MCIONB3YEMOM JUIS YUCICHHOTO
ananmuza, coctaBwio 100 cexyna. Hms meroga FDTD c

npumerenneMm 800 000 siueek TeKcadAPUUECKON CETKU
COOTBETCTYIOIIlee BpEeMs pacdeTa Ha TOM e MepCcoHalIb-
HOM KOMITbIOTEpPE COCTaBUIIO 165 CeKyHI.

CpaBHMM 4HCJIEHHBIE XapaKTepucTUku MeTonoB FEM
n FDTD npu pacyere 3I€KTPOMarHUTHBIX MapaMETPOB
MoJISIpU3aTopa Ha OCHOBE KBaJPaTHOTO BOJIHOBOJA C JIHa-
¢parmamu. [t 3TOrO0 MBI OOBEAMHSIEM WM aHAIU3UPYEM
HECKOJBKO cTpok Tadmur 1 u 2, comepKaniux pe3ybTa-
TBI, PACCYMTAHHBIC HA OJHOM M TOM € IEPCOHATHHOM
KOMIBIOTEpE, B HOBYIO Tabmuimy 3.

W3 Tabmuie! 3 BUAHO, 9TO TPHU TOW e TOYHOCTH pac-
4yeTa ($a30BhIX U MOJAPH3ANUOHHEIX XapakrepucTuk CBY
BOJIHOBOJIHBIX YCTPOMCTB BpeMsl BBIYHCIICHHI, HE00XO-
mumoe it FEM B wacroTHOM o6mactu, Oosee ueMm B 2
pa3a MeEHbIe, 4eM BpeMs, HeoOXoauMmoe Jyisi MeToxa
FDTD. Kpome Toro, COOTBETCTBYIOIIEE KOTUUECTBO SUe-
ek terpadapuueckoit cetkd B FEM B 10 pa3 MeHblIe, ueM
KOJINYECTBO SUEEK TEeKCa’ApUYECKON CETKH B METOAE
FDTD. 310 mpuBOINUT K CHIKEHUIO TPEOOBAHUI K IaMsi-
TH KOMIIbIOTEpa, HeoOXonmuMoil s pacyeroB. CienoBa-
tenpHO, Metoq FEM B wacTtoTHO# 0ob6iactd, B KOTOPOM
MPUMEHSIETCSl TeTpadApHueckas cerka, oonee dddextu-
BeH, ueM Meron FDTD nns pacuera 31eKTpOMarHUTHBIX
XapaKTEPUCTUK COBPEMEHHBIX BOJHOBOIHBIX IOJISIpU3a-
TOPOB ¢ Auad)parMamu.

BbIBO/IbI

B BBINOJHEHHOM HCCIEIOBAHUM PEIICHO aKTYaJIbHYIO
3a/1a4y OINpeAeNeHUs] ONTUMAIbHOTO YUCIEHHOTO CETOY-
HOTO METOJ[a pacueTa IEKTPOMArHUTHBIX XapaKTePUCTHK
BOJTHOBOIHBIX YCTPOUCTB MpeoOpa30BaHUs HOISIPU3AIIH
¢ guadprMamu. Pe3ynbraThl IPOBEIEHHOTO B CTaThe WC-
CJIeIOBaHUS TIO3BOJIMIN TIONYYUTh PEKOMEHAAIIUN OTHO-
CHUTETFHO TOTO, KaKOW METOX pacdera SBIISIETCS Oojee
OBICTPBIM M TOYHBIM JJISI Pa3pabOTKH BOJHOBOAHBIX IIO-
nsapuszaropoB CBU nuana3oHa [Uisi COBPEeMEHHBIX Telle-
KOMMYHHKAITMOHHBIX U PaTUOIOKAIUOHHBIX CUCTEM.

Hay4Hoii HOBM3HOW eCThb TO, 4TO BIEpBbIE OBLIO
OCYILIECTBJIEHO CPaBHEHHE BPEMEHU pacdeTa U CXOAUMO-
CTU DJIEKTPOMAarHUTHBIX XapaKTEPUCTHUK BOJHOBOJHOTO
moJIsipU3aTopa ¢ auadparMaMu IpH UX pacdeTe METOIIOM
koHeuHBIX 37eMmeHToB (FEM) B wacTtoTHO# oOmactu u
METOZOM KOHEUYHBIX pPa3HOCTEH BO BPEMEHHOI OO0iacTw
(FDTD). BuepBrle mokazaHo, 4TO BpEeMsI BBIYHCICHUI,
HeoOxoanmoe I pacdera ¢ nomonisio FEM B gacToT-
HOW obmacth, 6ojiee 4eM B 2 pa3a MEHBIIE, YEM COOTBET-
CTBYIOILIEE BpeMs, HEOOXOAMMOE ISl pacyeTra METOJIOM
FDTD. YcraHOBIEHO, YTO IIPU 3TOM KOJUYECTBO SYEEK
TeTpadapuueckoit ceTku B MmeTojie FEM B 10 pa3 menbIte,
4eM HeoOXO0AMMOe KOJHMYECTBO SYEEK TI'eKCadIpHYecKOn
cetku B Metozie FDTD.

IIpakTHyeckass HEHHOCTb 3aKJIIOYAETCS B TOM, YTO
OBLTO OTpenesecHO HeoOXOIUMOe MHHHUMAIFHOE KOJIHYe-
cTBO siueek cetku ais MeronoB FEM u FDTD, xoropoe
HEOOXOIMMO WCITONB30BATh IUIS pacdeTa MOISpU3AIOH-
HBIX XapaKTePHCTHK BOJHOBOJHOTO IpeoOpa3oBaTes
MOJISIpU3aUy ¢ AradparMaMy C 3aJaHHOH TOYHOCTBIO.

Bruto mokaszaHo, 94To HEOOXOAMMO MPHUMEHATH Ooee
100 000 staeek TeTpadAPHUUECKON CETKH Ha 00HEM KOHCT-
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PYKIMH BOJIHOBOAHOTO TONSpPHU3aTOpa, €CIU pacder
KPOCCHOJISIPU3AIIMOHHON PAa3BsI3KU BBIMOJIHACTCS METO-
nom FEM B yactotHOl 00acTH ¢ TpeOyeMOi TOYHOCTHIO
0,5 nb. Ecnu pacueT momspU3aliiOHHBIX XapaKTEPUCTHK
BeInonasgeTcs MetogoM FDTD ¢ TtpebyeMoll TOYHOCTBIO
0,5 nb, To HeoOxomumo wHcmoan3oBaTh 0oaee 800 000
SIYeEK TeKCadAPUIECKON CETKH Ha BECh 00BEM CTPYKTYPHI
BOJIHOBOJTHOTO TIOJIIPH3ATOPA.

CrnenoBarenbHO, Uid pacuera (Ha30BBIX H TOISPH3A-
LIMOHHBIX XapaKTEPHCTHUK BOJHOBOIHBIX IOJISPU3aTOPOB
¢ muadparmamu meron FEM B uvactoTHOW obGnactH, B
KOTOPOM IIPUMEHSETCS TeTPadApHUEcKas CeTKa, SBISCTCS
Gouiee OBICTPBIM U 3 PeKTUBHBIM, YeM MeTox FDTD.

IlepcnekTHBBI JAJIbHEMIINX UCCICAOBAHUI 3aKIIO-
YarTCsd B CpPaBHCHUHU CETOYHBIX YHUCJICHHBIX MCETO0B
aHaJM3a C METOJIOM MHTETPaJbHBIX YPaBHEHHH, METOJIOM
COTJIACOBAHUSI MO M APYTMMH aHAINTHYECKUMH METOJa-
MH, KOTOpbIE TPUMEHSIOTCS JUIS pacdyeTa BOJHOBOJHBIX
TIOJIIPU3aTOPOB CBEPXBBICOKHIX YaCTOT.

BJIATOJAPHOCTH
PoGoTa BeImonHEeHa Ha Kadenpe paxdOMH)XEHEPUH
HannoHabHOTO TEXHMYECKOTO YHMBEPCHUTETA Y KpauHbI
«KueBckuil moMUTEXHUYECKUH WHCTUTYT UMeHH Urops
CHKOpPCKOTOY.
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AHOTAIIA

AxTyanbHicTh. Ha choromHimHiil 1eHp BiIOYBa€ThCS CTPIMKE PO3MIMPEHHS KOJIa CyYacHHX Taly3eld HayKd 1 TeXHiKH, SKi ak-
THBHO BUKOPHUCTOBYIOTh CYITyTHHKOBI TeJICKOMYHIKalLiiHi CHCTEMH JUIs IpHoMy, 0OpoOJieHHs Ta repenadi pizHoi indopmarii. Taki
paioeIeKTPOHHI CHCTEMH JOCHTh YacTO BUMAraioTh 30iibIIeHHS OOCsriB iHpOpMarii, sKi BOHH OOpOONSIOTH Ta MEpeAaloTh.
ToaBoenust obcsiriB nepeaaHol iHGopmariii MOXKHa JOCATTH, BUKOPHCTOBYIOUH JBOIOJISAPU3ALIHI aHTEHHI CHCTEMHU Ta MPUCTPOl. Y
HaIl Yac OUTBLIICTE CIIEMialIicTiB, KOTPi 3aiMarOTHCS PO3POOICHHAM Pi3HUX CYYaCHHUX MOJsIpU3aliiHux npuctpois HBY, BukoHyoOTH
iX YHceNnbHEe MOJCTIOBAHHS T4 ONTHUMI3aIilo 3a JOTIOMOTOI0 BapiallifHUX METOIB PO3PaxyHKY, METOIIB IHTETpaIbHUX PiBHIHB, Me-
TOJIy y3TOMKECHHS IIOJTIB YacTKOBHX oOyacteil. HaifOimbIl akTHBHO BHKOPHCTOBYIOTH METOIH i3 PO3OHTTSIM BHYTPIIIHBOI 00macTi
IIPUCTPOIO Ha eJleMeHTapHi koMipku. Cepex HUX y 9acoBiif o6yacTi HaffOLIBII YacTO BUKOPHCTOBYIOT METO CKIHUEHHHX Pi3HHUIB i3
PO3OUTTSAM Ha TeKCaroHalbHY CITKY, @ B YaCTOTHIH 00JAcTi 3aCTOCOBYIOTh METOJ CKIHYEHHUX EJIEMEHTIB i3 aJaiTHBHOIO TETpaes-
PHUYHOIO CiTKOIO. TakuM 4MHOM, aKTyaJbHOIO 3aJa4yel0 € OLiHKAa MIBUAKOCTI Ta TOYHOCTI LUX METOJIB 3 METOI BU3HAYEHHS OLIbII
e(eKTHBHOTO i3 HHX.

Mera. MeTo0 [OCHI/KEHHS € TMOPIBHAHHS MIBHIAKOCTI Ta TOYHOCTI PO3PAaXyHKIiB €IEKTPOMArHITHUX XapaKTePHCTHK
XBIJICBIIHUX Tosgpu3atopiB uncenbHuMU Metogamu FEM i1 FDTD, a Takox mopiBHAHHS 30DKHOCTI IMX METOMIB NPH aHami3i
nonspu3aniianx npuctpois HBY i3 miadpparmamu.

Metoa. [yt po3paxyHKIiB i aHai3y €NEKTPOMATHITHUX XapaKTEPHCTHK Y CTATTI BUKOPHCTAHO METOJ CKIHUCHHHX PI3HHIb Yy
qacoBiii obmacti FDTD Ta Merox ckiHueHHHX eneMeHTIB y dactoTHid oGmacti FEM. V FEM 3nilicHIOETBCS po30OHTTS Ha
TeTpaeapuuHi koMmipku citku. Y FDTD o6nacth po3paxyHKy po30HBa€ThCsl Ha FeKCaroHajlbHi KOMIPKH CITKH.

Pe3yabTaTh. YcTaHOBICHO, IO 30DKHICTh KoedilieHTa CTiifHOI XBHJII 3a HANPYrolo JUIs XBHJIEBIHOTO HOJIIPU3AaTOPA € IIBHI-
Koo Juts 060X MeToaiB. OTpuMaHo, 110 301KHOCTI XapaKTepUCTUK Au(epeHIitHOro (pa3oBoro 3cyBy, KoedillieHTa elinTUYHOCTI Ta
KPOCIOJISIPU3aLiiHOT PO3B’A3KH PO3POOIECHOTO MIKPOXBHIIBOBOTO MPUCTPOT BUABHIIMCSA 3HAYHO OLIBII YYTIMBUMH JI0 BUKOPUCTAHOI
KUTBKOCTI KOMIpPOK CiTKH. [0 TOTO X, Yy AOCHiIKEHHI pO3paxyHKOBHM IUIIXOM OTPHMAHO, IO Yac OOYUCICHb METOJOM CKiHYEHUX
€JIEMEHTIB B YaCTOTHIH oOyacTi OimbII HiXK B 2 pa3d MEHIIWHA, HDXX BIAMOBIIHMHA Yac, M0 HEOOXITHHH IS OOYMCICHb METOIOM
CKIHUECHUX PI3HHIb Y 9acoBii obuacti. [Ipu BUKOpHCTaHHI METOy CKiHYEHHX €JIEMEHTIB y YacTOTHIiH 00JacTi BiINIOBiIHA KUIBKICTh
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KOMIpOK TeTpaefpudHo]i ciTku B 10 pa3iB MeHIIa, HiX KiJTbKICTh KOMIPOK I'€KCaroHAIBHOI CITKH METO/I CKIHYEHHX PI3HHIb y 4acoBiit
obacri.

BucnoBku. TIpoBezeHi T0CIiKeHHs MOKasany, 10 Merox FEM y 4acToTHOI o6iacTi, B IKOMY BHKOPHUCTOBYETHCS aJIalTHBHA
TeTpaeipuyHa citka, Oinbi edexruBHuil, Hixk Meron FDTD st po3paxyHky (a30BuX Ta MOSIPH3ALIHHIX XapaKTEPUCTUK CYYaCHUX
XBUJICBIZIHMX TOJIIPU3ATOPIB Ta IHIINX MIKPOXBHIBOBHX IPUCTPOIB JUIS Pi3HUX 3aCTOCYBaHb.

KJIFOYOBI CJIOBA: FDTD; FEM; FIT; meron cKiHU€HHHX Pi3HHUII; METOJ CKIHUEHHHX €JICMEHTIB; 301KHICTB; CyITyTHUKOBI
iHdopmariiiHi cucTeMH; MIKPOXBUIILOBI IIPUCTPOI; XBUJIEBi; nospusarop; Aiapparma; audepenuiitnuii dhasopuii 3cys; koedirieHT
SJIITUYHOCTI; KPOCTIOJSIpH3aliiiiHa po3B’sI3Ka.
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ABSTRACT

Context. Today, there is a rapid expansion of the range of modern branches of science and technology, which actively use satel-
lite telecommunication systems to receive, process and transmit various information. These radioelectronic systems quite often re-
quire an increase of the volumes of information, which they are processing and transmitting. Increase of the volumes of transmitted
information in two times can be achieved by using dual-polarization antenna systems and devices. Nowadays, most part of the spe-
cialists, who are engaged in the development of various modern polarization-processing microwave devices, carry out their numerical
modeling and optimization using variational techniques, methods of integral equations, method of fields matching in partial regions.
The methods with division of the internal region of the device into elementary cells are applied most actively. Among them in the
time domain the most often used approach is finite difference method with the decomposition at hexagonal mesh, while and in the
frequency domain the finite elements method with the adaptive tetrahedral mesh is applied. Therefore, the estimation of the speed
and accuracy of these methods with the purpose of determination of more effective among them is a relevant problem.

Objective. The goal of the research is comparison of speed and accuracy of the calculations of electromagnetic characteristics of
waveguide polarizers using FEM and FDTD methods, as well as the comparison of the convergence of these methods for the analysis
of polarization-processing microwave devices with diaphragms.

Method. For the calculations and analysis of electromagnetic characteristics in the article we used the method of finite differ-
ences in the time domain (FDTD) and the method of finite elements in the frequency domain (FEM). In FEM the volume is split into
the tetrahedral mesh cells. In FDTD the computational domain is divided into hexagonal mesh cells.

Results. It was found that the convergence of voltage standing wave ratio for the waveguide polarizer is fast for both methods. It
was obtained that the convergence of the characteristics of differential phase shift, axial ratio, and crosspolar discrimination of the
developed microwave device turned out to be much more sensitive to the number of mesh cells used. Moreover, in the research it was
obtained by calculations that the computation time by the finite elements method in the frequency domain is more than 2 times less
than the corresponding time required for calculations by the finite difference time domain method. When using the finite elements
method in the frequency domain the corresponding number of tetrahedral mesh cells is 10 times less than the number of hexagonal
mesh cells, which are used in the finite difference time domain method.

Conclusions. Performed investigations have shown that FEM in the frequency domain, which applies an adaptive tetrahedral
mesh, is more efficient than the FDTD method for the calculations of phase and polarization characteristics of modern waveguide
polarizers and other microwave devices for various applications.

KEYWORDS: FDTD; FEM; FIT; finite differences method; finite elements method; numerical techniques; convergence; satel-
lite information systems; microwave devices; waveguide; polarizer; diaphragm; differential phase shift; axial ratio; crosspolar dis-
crimination.
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ABSTRACT

Context. In the queuing theory of a research of the G/G/1 systems are relevant because it is impossible to receive decisions for
the average waiting time in queue in a final form in case of arbitrary laws of distributions of an input flow and service time.
Therefore, the study of such systems for particular cases of input distributions is important. The problem of deriving solutions for the
average waiting time in a queue in closed form for systems with distributions shifted to the right from the zero point is considered.

Objective. Getting solutions for the main characteristics of the systems — the average waiting time of requirements in the queue
for queuing systems (QS) of type G/G/1 with shifted input distributions.

Methods. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral
equation. This method allows to obtaining a solution for the average waiting time for the systems under consideration in a closed
form. The method of spectral decomposition of the solution of the Lindley integral equation plays an important role in the theory of
systems G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used.

Results. For the first time, spectral expansions are obtained for the solution of the Lindley integral equation for systems with
delay, which are used to derive formulas for the average waiting time in a queue in closed form. The paper presents the final studies
for the remaining eight delay systems.

Conclusions. It is shown that in systems with delay, the average waiting time is less than in in the usual systems. The obtained
formula for the average waiting time expands and complements the well-known queuing theory incomplete formula for the average
waiting time for G/G/1 systems. This approach allows us to calculate the average latency for these systems in mathematical packages
for a wide range of traffic parameters. In addition to the average waiting time, such an approach makes it possible to determine also
moments of higher orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as
the spread of the waiting time from its average value, the jitter can be determined through the variance of the waiting time.

KEYWORDS: delayed system, shifted distributions, Laplace transform, Lindley integral equation, spectral decomposition
method.

ABBREVIATIONS c,, is a coefficient of variation of service time;

LIE is a Lindley integral equation; !
QS is a queuing system;
PDF is a probability distribution function.

NOMENCLATURE
a(t) is a density function of the distribution of time
between arrivals;

A*(s) is a Laplace transform of the function a(t);

b(t) is a density function of the distribution of service
time;

B*(s) is a Laplace transform of the function b(t);

C, 1is a coefficient of variation of time between

arrivals;
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E, is a Erlang distribution of the second order;
E; is a shifted Erlang distribution of the second

order;

G is a arbitrary distribution law;

H, is a hyperexponential distribution of the second
order;

H, is a shifted hyperexponential distribution of the

second order;
HE, is a hypererlangian distribution of the second

order;
HE, is a shifted hypererlangian distribution of the
second order;
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M is a exponential distribution law;
M’ is a shifted exponential distribution law;
W is a average waiting time in the queue;

W*(s) is a Laplace transform of waiting time density

function;

A is a Erlang (exponential) distribution parameter for
input flow;

M,A, are parameters of the hyperexponential

(hyperelangian) distribution law of the input flow;

u is a Erlang (exponential) distribution parameter for
of service time;

Ly,1, are parameters

(hyperelangian) distribution law of service time;
p is a system load factor;

of the hyperexponential

T, 1s a average time between arrivals;

?;% is a second initial moment of time between

arrivals;
T, 18 a average service time;

rﬁ is a second initial moment of service time;

®_(s) is a Laplace transform of the PDF of waiting
time;

L (S) is a first component of spectral
decomposition;

y_ (S) is a second component of spectral
decomposition.

INTRODUCTION

In the study of G/G/1 systems, an important role is
played by the method of spectral decomposition of the
solution of the Lindley integral equation (LIE) and most
of the results in the queueing theory are obtained using
this method. The most accessible this method with
specific examples is described in the classic queueing
theory [1].

This article is devoted to the analysis of QS with time
lag, i.e. systems with input distributions shifted to the
right from the zero point. The latest results on such
systems are published in [2—7]. This article summarizes
the research results for the remaining eight out of sixteen
possible systems. In [2—7], as well as in previous works of
the authors, it was shown that the average waiting time
for a request in the queue in systems with time lag is less
than in conventional systems with the same load factor.
This is achieved due to the fact that the numerical
characteristics C; and c, decrease with the introduction

of the delay parameter t; >0. Thus, the operation of

shifting the distribution law transforms Markov systems
into non-Markov systems.

The results of works [2—7] together with [1] allowed
to develop the method of spectral decomposition of the

solution (LIE) for the study of systems HE, /M~ /1,
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M"/HE, /1, H,/E;/1, E,/HE,/1, E;/HE,;/l,
HE, /H, /1, HE,/E;/1 u H,/HE, /1. Hereinafter,

the superscript “—” will mean the operation of shifting the
distribution law.

All the QS considered in the article, formed of the

four most known shifted laws of distributions M, E,,

H, , HE; are of type G/G/1.

In the queueing theory, the studies of G/G/ systems
are relevant due to the fact that they are actively used in
modern teletraffic theory, moreover, it is impossible to
obtain solutions for such systems in the final form for the
general case.

The object of study is the queueing systems type
G/G/1.

The subject of study is the main characteristics of the
systems — the average waiting time of requirements in the
queue.

The purpose of the work is obtaining a solution for
the average waiting time of requirements in the queue in
closed form for the above-mentioned systems.

1 PROBLEM STATEMENT
The paper poses the problem of finding the solution of
the average waiting time of claims in a queue in the
queueing systems, formed by four distribution laws

shifted to the right from the zero point: M™, E,, H,,

HE, . These four laws of distributions form 4x4=16

different QS G/G/1. The results for the first eight QS are
presented in [2].

When using the method of spectral decomposition of a
LIE solution to determine the average waiting time, we
will follow the approach and symbolism of the author of
the classical queuing theory [1]. To solve the problem, it
is necessary to find the law of waiting time distribution in
the system through the spectral decomposition of the

form: A*(=s)-B*(s)-1=y, (s)/y_(s), where v, (s)
and y_(s) are some fractional rational functions of s that

can be factorized. Functions , (s) and y_(s) must

satisfy special conditions according to [1], which are
omitted here.

To solve this problem, it is first necessary to construct
spectral expansions of the form

A*(=s)-B*(s)-1=y,(s)/y_(s) for these systems,

considering special conditions in each case.

2 REVIEW OF THE LITERATURE

The method of spectral decomposition of the solution
of the Lindley integral equation was first presented in
detail in the classic queueing theory [1], and was
subsequently used in many papers, including [8, 9, 13]. A
different approach to solving Lindley’s equation has been
used in the Russian-language scientific literature. That
work used factorization instead of the term “spectral
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decomposition” and instead of the functions _ (s) and
y_(s) it used factorization components , (z,t) and

o_(z,t) of the function 1-z-y(t), where y(t) is the

characteristic function of a random variable & with an
arbitrary distribution function C(t), and z is any number
from the interval (—1, 1). This approach for obtaining end
results for systems under consideration is less convenient
than the approach described and illustrated with numerous
examples in [1].

The practical application of the method of spectral
decomposition of the LIE solution for the study of
systems with different input distributions is shown in [2—
71, as well as in previous works of the authors.

In [10, 11] presents the results of the approach of
queues to the Internet and mobile services as queues with
a delay in time. It is shown that if information is delayed
long enough, a Hopf bifurcation can occur, which can
cause unwanted fluctuations in the queues. However, it is
not known how large the fluctuations are when the Hopf
bifurcation occurs. This is the first publications in the
English-language journals about queues with a delay.
Approximate methods with respect to the laws of
distributions are described in detail in [9, 13, 14, 23, 24],
and similar studies in queuing theory have recently been
carried out in [15-22].

3 MATERIALS AND METHODS
Consider the class of density functions f(t), which are
Laplace-convertible, that is, for which there is a function

F'(5)=[e™ f(tydt=L[f(1)]. Next, we use the delay
0

theorem as a property of the Laplace transform: for any
ty > 0, the equality will be satisfied

L[ f(t—ty)]=e 0 -F(s), (1)

where Re(S)>0. The considered density functions M,
E,, H,, HE, belong to this class.

Table 1 — Numerical Characteristics of Distributions

In [2-7], using equality (1), obtained spectral
decompositions  A*(-s)-B*(s)—-1=y,(s)/y_(s) and
derived formulas for the average waiting time for eight
systems. Based on these results, we can now formulate a
general statement.

Statement. Spectral

A" (-s)*B"(s)~1=, (s)/y_(s) of the LIE solution
for all with delay formed by the distribution laws from

Table. 1 completely coincide with the spectral expansions
for the corresponding usual systems. Thus, the main
A" (-s)*B"(s)-1 of the
decomposition is invariant to the operation of the time
shift of the density function.

Corollary. The formulas for the average waiting time
for all systems with shifted distributions will have exactly
the same form as for the corresponding systems with
ordinary distributions, but with changed parameters due to
the time shift operation [2—7]. Consequently, the average
waiting time for systems with lag actually depends on the
magnitude of the shift parameter t; > 0.

expansions

expression spectral

Next, we present the main results obtained for the
systems HE, /M~ /1, M /HE;/1, H,/E;/1,
E, /HE; /1, E; /HE; /1, HE; /H, /1, HE;/E5/1 n

H, /HE; /1. To do this, we first summarize in Table 1

the numerical characteristics of the considered
distribution laws, which are used in [2-7].

The numerical characteristics of the shifted
distributions (Table 1) clearly indicate a significant
influence on them of the shift parameter t,. Now it is
necessary to determine the unknown parameters of these
distributions. These parameters were also obtained in [2—
7] and for the cases of density functions of the
distribution of intervals of input flows a(t) are given in
Table 2. Similar parameters for the service time
distributions b(t) will take place by replacing A with p.

Distribution laws T, Ti C}zL
M 1/) 2N\ 1
E, 1/A 3/(20\%) 1/2

1- pHr? =20 A, p(1— p)+ p(2— P)A3

H, p/ A +(1-p)/ 2, 2Ap/a2 +(1-p)/22] =P A 1A PA-P)+PC-PA)

[A=p)A, + p’»z]z

A 2Pk, (b —Ay)+ pL=2p)(y —1,)

HE /hy +(1=p)/ 3p/ (203 +3(1- p)/ (2\2
2 p/A+(1=-p)/ 2, p/(2r)+3(1-p)/ (213) 21— p)ry + ph
1 1ty .2 1
— - 2 — 4 Y
M 2o (k2+x)+t° (1+2ty)?
- 1 3 by !
E; Tt 72t 2(1+ Ay
— _ 234 2 2
H; PP, 212t 4 p)]+2[£2+(1 2|D)] (L= PN —2ZA2,pA - P)+ pC2- A
Moo Mooy Ao [t + (1= p)A; + PA, ]
— - - 2_ - - - 2
HE, p.d p)+t0 t§+2t0[£+(l p)]+37p2+3(1 2|O) AL —2ph, (A —2y)+ p(l 2p)(k£ Xy)
N A Mooh 20 22 AtoA Ay — Py —Ay) + 4]
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Table 2 — The parameters of the shifted distributions obtained by the method of moments

Distribution laws

Density function a(t)

Parameters p,A, A, A,

M- pe ) -y l—to

E; 02 (t—tg)e 204 = L s

H; pre M) 4 (1- p)a,e W p;i\/;m M= ﬁf_pto) 2y = (2%1:2))

HE; 4pa(t—ty)e 0 L a(1-p)ad(t-ty) p=1+\/1_ E —2t0)2272 3 = 72_9 N :2—(17:[))
2 4 g7 —ty)? +c2T] (B 1) (B 1)

Table 3 — The Laplace transform of the waiting time density function, the components of the spectral decompositions of the LIE
solution, the expressions for the mean waiting time

The Laplace transform of the waiting time density function and the

The expressions for the average waiting time

Qs components of the spectral decompositions
s (s+1) (2 —5)2(27» —5)2 W =1/s;—1/p, where s, absolute values of
HE; /M /1 W*(S)=¥, ‘V+(5):M , w_(s)= ! 2 . negative zeros of the function numerator
n(s+sy) (n+s) (5=5)(s—53)(S—5S4) v, (5)/v_(s) -
2 2
W (s) = 610,030, (21, +5)" (21, +5) B
16uf13 (5+6)(s+0,)(S+63)(S +5y4) o
M~ /HE; /1 W = H
S(sS+0y)(S+0,)(S+03)(S+0y) 2(1-
v, (5)-2Cro)CroE o) [ (), (=)
(2p; +5) (20, +59)
" Slsz(s+2u)2 s(s+s)(s+5,) W=i+i—l,where s;, S, absolute values of
H3/E;/1 W (s):4 2(s+8)(5+8y) v+(8)= s+2u) %M
e " ! 2 ( * “) negative zeros of the function numerator
y_(8)=-(A =8)(Ay —8)/(5—53) - v, (s)/w_(s).
2 2
W' (s)= 2(5126263(54(S+2},l1) (s+2u,) ’ wol, bt i—i—i,where
U5 (S+06;)(s+0,)(s+03)(s+0o Gy Oz O3 Oy K Ko
B/ HE- /1 16pi13 (S +07)(s+0,)(s+03)(s+0y)
2 2 . §(5+0,)(5+65)(5+53)(S +04) (5)__(2}‘_3)2 6}, 0y, O3, 04 absolute values of negative zeros
V5= u, +9)2(2u, +5)° P VB (s-05) of the function numerator y, (s)/w_(s) ..
* S8, (s+ S+ s(s+s;)(s+s _
(5)=—1 2( ul)( ) > (5)=7( ( 2), W =i+i—i—L , where s, s, absolute
— (s+51)(s+8 )y (s+m)(s+,) S S, W My
2 (21 —5)? values of negative zeros of the function
v.(s)=— s-s; numerator v, (s)/y_(s) ..
. 1S (s+mp)(s+psy) s(s+s)(s+5,) 101 1
Wi (s)=—"—5—"1, W, (S)=7—7—, W=—t——"—— wh bsolut
- s (5+5)(5+5,) +(s) (5+m)(5+ ) 51+32 — where S;,S, absolute
HE, /H, /1 _g)? _g)? values of negative zeros of the function
__(2n-s) (28, -5)
v_(s)= (5—5)(5—5,)(555) numerator v, (s)/y_(s) .
2
S5y (s+2 S(s+5))(s+s _
W*(S)=212(—H), \V+(5)=¥(22) W =i+i—l,where S|, S, absolute values of
- 4p”(s+s;)(s+s,) 2u+s) S, S U
2 (27%—5)2 (27»2—5)2 negative zeros of the function numerator
Y s s v (s)/v-(s).
2 2
W' (s) 2515?:25354(S+2H1) (5+2p) ’ wol, byttt to where
U5 (S + 5 )(S+5,))(S+S3)(S+5S 1 S S3 0S4 W My
e JHE= /1 163 (S +81)(S +8,)(S +83)(S +84) Si% S S WM
2 2

S(S+3)(S+5,)(S+83)(S+54) 7(5):7(7” -s)(x, -5) .

v-()= [(s+2m) (s +2m)°1 (s—s5)

S|, Sy, S3, S4 absolute values of negative zeros of

the function numerator . (s)/w_(s) .
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Table 3 shows the Laplace transformations of the
waiting time density function in the queues in the systems
under consideration, the components of the spectral
expansions of the LIE solution, as well as the expressions
for the average waiting time in the corresponding
systems.

A detailed description of the algorithms for
calculating the average waiting time for the systems under
consideration can be found in [2—7]. Thus, the published
results for the last eight of the sixteen systems are
presented here.

4 EXPERIMENTS
The results of numerical simulation are presented to
confirm the adequacy of the proposed QS models with
time lag. Tables 46 below show the data of calculations

in the Mathcad package for three systems HE, /M~ /1,
E,/H,/1, Hy /HE; /1 for cases of low, medium and
high load p=0.1;0.5;0.9 for a wide range of ¢, , ¢, and
a shift parameter t, .

Table 4 — Results of experiments for QS HE, /M™ /1 and
HE,/M/1

Input Average waiting time
parameters
HE, /M /1
P Cu For QS 2 For QS
N ¢, =01 ¢, =05 ¢, =099 HE,/M/1
(t=0.9) (t=0.5) (t,=0.01)
0.71 0.000 0.005 0.029 0.03
2 0.000 0.013 0.078 0.08
0.1
0.000 0.016 0.094 0.10
8 0.000 0.017 0.099 0.11
0.71 0.005 0.181 0.610 0.62
2 0.008 0.458 1.966 2.00
0.5
4 0.009 0.599 4.503 4.62
8 0.009 0.655 9.706 10.15
0.71 0.344 2.956 6.516 6.61
2 0.805 16.002 22.465 22.59
0.9
1.102 60.607 77.044 77.28
8 1.260 238.99 295.29 295.96

Table 5 — Results of experiments for QS E, /H, /1 at Cu=2
for the E,/H,/1 system

Input parameters Average waiting time

R S e T

E;/H; /1 E»/Hy/1
0.637 1.005 0.99 0.055
0.672 1.333 0.5 0.065

0.1 | 0.700 1.818 0.1 0.128 0.160
0.706 1.980 0.01 0.156
0.707 1.998 0.001 0.159
0.357 1.005 0.99 0.504
0.530 1.333 0.5 0.877

0.5 | 0.672 1.818 0.1 1.716 2.094
0.704 1.980 0.01 2.051
0.707 1.998 0.001 2.089
0.077 1.005 0.99 4.544
0.389 1.333 0.5 8.473

0.9 | 0.643 1.818 0.1 16.538 20.072
0.701 1.980 0.01 19.674
0.707 1.998 0.001 20.031
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Table 6 — Results of experiments for QS H, /HE; /1 and
H,/HE,/1

Input Average waiting time
parameters
o ©; Cu) For QS H, /HE; /1 Hﬂ/,;{gﬁl

=099 | t=0.5 | t=0.01 A

(1;0.71) 0.03 0.04 0.09 0.09

(L;1) 0.06 0.07 0.11 0.11

0.1 (2;2) 0.23 0.36 0.44 0.45

4:4) 0.93 1.56 1.79 1.79

(8;8) 3.74 6.38 7.16 7.17

(1;0.71) 0.26 0.48 0.75 0.76

(L;1) 0.51 0.75 0.99 1.00

0.5 (2;2) 2.04 3.15 4.03 4.04
(4:4) 8.15 12.73 16.17 16.24

(8;8) 32.62 51.07 64.58 64.84

(1;0.71) 2.49 6.00 6.77 6.77

(L;1) 4.73 8.29 9.06 9.08

0.9 (2;2) 18.92 33.20 36.14 36.17
(4:4) 75.69 123.39 | 144.63 144.77
(8;8) 302.78 | 528.43 | 577.29 577.88

Results for systems with a delay are compared with
results for usual systems. It is obvious that the average
waiting time in a system with a delay depends on the shift
parameter t;. The load factor p in both tables is

determined by the ratio of average intervals p=71, /T, .

The calculations used the normalized service time ?“ =1.

5 RESULTS
The paper presents mathematical models of eight
systems with time lag. As one would expect, a decrease in
the coefficients of variation ¢, and ¢, due to the

introduction of the shift parameter t; >0 into the laws of

the distributions of the input flow and service time, entails
a decrease in the average waiting time in systems with a
delay several times. This is the main result of the
presented models.

The adequacy of the presented results is fully
confirmed by the fact that when the shift parameter t,

tends to zero, the average waiting time in the delayed
system tends to its value in the usual system.

If conventional systems, including exponential and
Erlang distributions, are applicable only for point values
of the input parameters, then systems with delay are
applicable for interval values of these parameters. This is
the second most important result and the advantage of the
presented systems.

The above calculation results are in good agreement
with the results of work [25] in the range of parameters in
which the systems under consideration are valid.

6 DISCUSSION

The operation of the shift in time on the one hand,
leads to an increase in system load with a delay.

The time shift operation, on the other hand, reduces
the variation coefficients of the interval between receipts
and of the service time of requirements. Since the average
waiting time in the system G/G/1 is related to the
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coefficients of variation of the arrival and servicing
intervals by a quadratic dependence, the average waiting
time in the delayed system will be less than in the usual
system under the same load factor.

For example, for the E;/H,/1 system when loading
p=0.9 and the shift parameter t,=0.99, the variation

coefficient C, of the interval between receipts decreases

from 1/+/2 for a usual system to 0.077. The service time
variation coefficient Cu decreases from 2 to 1.005, and

the waiting time decreases from 20.072 units of time for a
usual system to almost 4.544 units of time for a delayed
system (Table 5).

In addition, the introduction of the shift parameter
leads to a fairly wide range of variation in the coefficients

of variation ¢, and Cu> in contrast to usual systems,

which are applicable only in the case of fixed values of
the coefficients of variation. Therefore, systems with
delay extend the range of their applicability in the modern
theory of teletraffic.

CONCLUSIONS

The paper presents the spectral expansions of the
solution of the Lindley integral equation for eight systems
with delay, which are used to derive expressions for the
average waiting time in the queue for these systems in
closed form.

The scientific novelty of the results is that spectral
expansions of the solution of the Lindley integral equation
for the systems under consideration are obtained and with
their help the calculated expressions for the average
waiting time in the queue for systems with delay in closed
form are derived. These expressions complement and
expands the well-known incomplete formula for the
average waiting time in the G/G/1 systems with arbitrary
laws of input flow distribution and service time.

The practical significance of the work lies in the fact
that the obtained results can be successfully applied in the
modern theory of teletraffic, where the delays of
incoming traffic packets play a primary role. For this, it is
necessary to know the numerical characteristics of the
incoming traffic intervals and the service time at the level
of the first two moments, which does not cause
difficulties when using modern traffic analyzers [12].

Prospects for further research are seen in the
continuation of the study of systems of type G/G/1 with
other common input distributions and in expanding and
supplementing the formulas for average waiting time.
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CUCTEMH MACOBOTI'O OBCJIYT'OBYBAHHS 3 3AINIBHEHHSIM Y YACI

Tapaco B. H. — 1-p TexH. Hayk, npodecop, 3aBiayBau Kadeapu MPOrpaMHOTO 3a0C3MEYCHHS Ta YIPAaBIiHHS B TEXHIYHUX
cucremax [ToBOI3BKOro JIep)KaBHOTO YHIBEPCUTETY TeIeKOMYHiKalliii Ta inpopmaruky, Pociiicbka denepartis.

Baxapesa H. ®@. — n-p TexH. Hayk, npodecop, 3aBigyBad kadenpu iHpopMaTuku Ta 0OUMCIIOBANIBHOT TexHiKH [10BOI3BKOTO
ZIep>KaBHOTO YHIBEpCHTETY TeIeKOMYHiKalii Ta inpopmaruku, Pociliceka @eneparis.

AHOTAIIA

AxTyanbHicTh. Y Teopii MacoBoro oociyroByBaHHs nocuimkeHHs cucteM G/G/1 akTyanbHi gepes Te, [0 HE MOXKHA OTPUMATH
piLIeHHs U1 yacy O4iKyBaHHS B KiHLIEBOMY BHIJISJI B 3arajbHOMY BHUIIQJKY IPU JOBUIBHHUX 3aKOHAX PO3IOALTIB BXiJJHOTO IOTOKY i
4yacy oOCIyroByBaHHs. TOMy € BOKJIMBHUMH JOCIIJDKEHHS TaKUX CHCTEM JUIsl OKPEMUX BHIIQJIKIB BXIIHHMX PO3moALTiB. Po3risHyTo
3a7ady BUBEACHHS DILlIEHb /Ui CEPeJHbOr0 Yacy OYiKyBaHHS B 4ep3i y 3aMKHYTIH (opmi Iyt cHCTeM 3i 3CyHYTHMH BIIPaBO Bil
HYJIbOBOI TOUKH BXiJJHUMHU PO3MOIITaAMH.

Meta podoru. OTpuMaHHs pilIeHHS I OCHOBHOI XapaKTEPUCTHKH CUCTEMH — CEPEIHBOTO Yacy OYiKyBaHHS BUMOT Y 4ep3i s
JIBOX CHCTEM MacoBOro oocimyroByBaHHs Ty G/G/1 31 3cyHYTUMHU BXiTHAMH PO3MOIIIAMH.

Mertoa. J{yisi BUpILICHHS TIOCTABICHOTO 3aBAaHHs OyB BUKOPHCTAHUI KIACHYHUN METOJ CHEKTPAIBLHOTO PO3KIAAaHHS PIlICHHS
interpanpHoro piBHsHHs Jlinmii. Ileit MeTon a03BOJIsSE€ OTPUMATH PILICHHS IS CEPEJHBOTO 4Yacy OYiKYBaHHS Ui PO3IJISHYTHX
CHCTEM Y 3aMKHYTIH (opmi. MeToJ ClieKTpalbHOTro PO3KJIaJaHHs PIllleHHs IHTerpaabHOrO piBHAHHA JIIHIUI rpac BaXKIMBY poib y
teopii cuctem G/G/1. 171t mpaKTUYHOTO 3aCTOCYBaHHS OTPUMAHMX Pe3yJIbTaTiB OyJI0 BUKOPUCTAHO BiJTOMHUI METOJ MOMEHTIB Teopii
HMOBIpHOCTEH.

PesynbraTn. Brepuie oTpMMaHO CHEKTpalbHI PO3KJIAJAHHS PILICHHS IHTErpanbHOro pPiBHSHHS JIMHIN Ui PO3TIISTHYTHX
CHCTEM, 3a JOMOMOTOI0 SIKMX BUBEICHI PO3PaxyHKOBI BHPa3H A CEPeIHBOTO Yacy OYIKYBAaHHA B 4ep3i y 3aMKHYTIH ¢opmi.
Y po6oTi mozaHi 3aBepuIaibHi AOCTIIKESHHS U PEIITH BOCBMU CHCTEM 3 3aITi3HCHHSM.

BucHoBku. [lokazaHo, 1m0 y cucTeMax 3 3ami3HEHHSM Y 4aci CepeHil Jac O4iKyBaHHS MEHINE, HDXK Y 3BHYaWHUX CHCTEMaXx.
OTpuMaHi PO3paxyHKOBI BHpa3H ISl 4Yacy OUYiKyBaHHS PO3IIMPIOIOTH 1 JONOBHIOIOTH BiIOMY He3aBepIIeHy (opMyiry Teopil
MacoBOT'0 0OCITyTOBYBAHHS JUIsl CEPEAHBOr0 acy odikyBaHHs it cucteM G/G/1. Takwit miaxin J03BOJIsSIE po3paxyBaTH CepenHiil qac
OYiKyBaHHs JUIS 3a3HAYCHUX CHCTEM B MAaTEMAaTHYHMX IaKeTax IS IIMPOKOrO Aialla3oHy 3MiHM mIapamerpiB Tpadiky. Orpumani
pe3yNbTaTH 3 YCIIIXOM MOXYTh OyTH 3aCTOCOBaHI B cydacHid Teopil Tenerpadiky, A€ 3aTpUMKHM MaKeTiB BXIiZHOTO Tpadiky
BiZlirparoTh MepIuopsaHy poib. KpiM cepeqHboro uyacy O4ikyBaHHs, TaKdil MiIXiA Ja€ MOXJIMBICT TAKOXK BHU3HAYUTH MOMEHTH
BUILUX TMOPSJKIB Yacy OYIKyBaHHs. 3 OMIsiAy Ha TOH (akT, 10 Bapiallis 3aTPUMKH IMakKeTiB (IKUTTEp) B TEIEKOMYyHiKarlil
BHU3HAYAETHCS SIK TUCTIEPCis 4acy OYiKyBaHHS BiJl HOTO CepeTHHOTO 3HAYCHHS, TO JUKUTTEP MOKHA Oyie BU3HAUUTH Yepe3 TUCIIEPCito
Yacy O4iKyBaHHS.

KJIIOYOBI CJIOBA: cuctema 3 3ami3HEHHsIM, 3CYHYTi po3noainu, neperBopeHHs Jlammaca, iHTerpansHe piBHsSHHS JliHmi,
METO/] CHEKTPAIBHOTO PO3KIIaaHHS.
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YIK 621.391.1:621.395
CUCTEMBI MACCOBOI'O OBCJIYKUBAHUS C 3AIIA3IbIBAHUEM BO BPEMEHU

TapacoB B. H. — n-p texn. Hayk, mpodeccop, 3aBemyromiuii kadexpoil MporpaMMHOr0 OOECIICUeHHS] W YMpaBICHUS B
TEXHUYECKHX CcHCTeMax IIOBOKCKOrO TOCYyJapCTBEHHOTO YHHBEPCHTETa TeIeKOMMYHHKanuidi u uH(popmaTtuku, Poccuiickas
Denepanus.

Baxapesa H. ®. — 1-p Texn. Hayk, mpodeccop, 3aBemyromas Kadenpodl WHGOPMATHKHA M BBIYHCIMTEIBHOW TEXHUKH
[ToBOKCKOTO TOCYJapCTBEHHOTO YHIBEPCUTETA TEIEKOMMYHHKAIMH 1 HHpopMaTuky, Poccuiickas @eneparust.

AHHOTAIUSA

AKTyasnbHOCTb. B Teopun maccoBoro obcmyxuBanus uccienoBanusi cucreM G/G/1 axkTyasibHbI B CBSI3H C TEM, YTO HEJb3s
MOJNyYUTh PELICHHs A BPEMEHH OXKHJAHUS B KOHEYHOM BHAE B OOILIEM cilydae IpPH NPOM3BOJBHBIX 3aKOHAX pacIpeiesieHUi
BXOJHOTO TIOTOKAa M BPEMEHH 00CTyXHBaHMSA. [109TOMy Ba’KHBI HCCIEJOBAHMS TAKUX CHUCTEM JUIS YAaCTHBIX CITy4aeB BXOJIHBIX
pactpenenennii. PaccMoTpeHa 3agada BBIBOJIAa PEIICHHUN UIS CPEITHETO BPEMEHH OXXKUAAHHS B O4YEpEeOH B 3aMKHYTOH (opme Iyt
CHCTEM CO CABUHYTHIMH BIIPABO OT HYJIEBOH TOUKH BXOJHBIMH PACIIPENCICHUIMHE.

Leas padorsl. [Toryuenue penreHus JIsi OCHOBHOH XapaKTEPUCTHKH CHCTEM — CPEIHETr0 BPEMEHH OXKHIAHUS TPeOOBaHUI B
ouepeu 1 cucteM MaccoBoro obciyxusanust (CMO) tuna G/G/1 co CIBHHYTHIMH BXOAHBIMH PacIipe/ielICHUSIMU.

Metoa. [{ns penieHus IOCTaBJICHHOH 3aJaddl HWCIONB30BaH KIACCHYECKHMH METOJ CHEKTPAIbHOTO pA3JIOKEHHS pEICHUs
MHTETPANbHOTO ypaBHeHUs JIunamu. JlaHHBI METOA MO3BOJSIET TOMYYHUTh PELIEHHE OISl CPEOHEr0 BPEMEHH OXUAAHUS TS
paccMaTpUBaeMbIX CHCTEM B 3aMKHYTOH (opme. MeTo/ CrIeKTpabHOTO Pa3iiokKEHHs PeIIeHHs] HHTErPAIbHOrO ypaBHeHUs JIMHH
WTpaeT BaXHyIO pons B Teopun cucteM G/G/1. i NpakTHIECKOTO IMPUMEHEHHS IONYyYEHHBIX PEe3ylbTaTOB HCIIOIb30BAH
U3BECTHBIA METOJ] MOMEHTOB TEOPUHU BEPOSITHOCTEH.

Pe3yabTaTsl. BriepBble moydeHbI CHEKTpalbHBIE Pa3lOKEHHs PEUIeHHs HHTEIPaIbHOTO ypaBHEHUS JIMHIUIM Ui CHCTEM, C
TIOMOIIBIO KOTOPBIX BHIBEJICHBI PACUECTHBIE BBIPKEHHUS JUISL CPEJHET0 BPEMEHH OXKHJIAHUS B OYEepear B 3aMKHYTOH opme. B pabore
IIPE/ICTaBIICHbI 3aKII0UYNTENBHBIE HCCIISIOBAHUS ISl OCTABLIMXCSl BOCBMH CHCTEM C 3aIla3/bIBAHUEM BO BPEMEHHU.

BriBoasl. [TonmyueHb! crieKTpaIbHbIe Pa3IoNKEHHs PELICHHs] HHTErPAILHOTO ypaBHEHUs JIMHIUTH JUTs paccCMaTPUBAEMBIX CHCTEM
U C UX MOMOILbIO BBIBEJICHBI PACUECTHBIEC BBIPAXKEHHUS AT CPEJHEr0 BPEMEHH OXHAAHMS B OYEPEIM JUIS 3THX CHCTEM B 3aMKHYTOMH
¢dopwme. IlokaszaHo, 4TO B CHCTEMax C 3ama3/bIBAHUEM BO BPEMEHH CpEIHEE BPEMS OKHMIAHHSA MEHbIIE, YEM B OOBIUHBIX CHCTEMaX.
[NomyueHHble pacdeTHBIE BBIPAXKEHHS U BPEMEHH OXHAAHWS PACIIUPSIOT W JOMOJHSIOT W3BECTHYIO HE3aBEPIICHHYIO (HOpPMYITy
TEOPHH MAacCOBOTO OOCITY)KWBaHHMS JUIA CPEIHET0 BpeMeHH okumanus s cucteM G/G/1. Takoit moaxon MO3BOJSIET pacCUUTATh
cpexHee BpeMs OKHJAHUS JJI1 YKAa3aHHBIX CHCTEM B MAaTEMaTHUYECKUX ITaKeTax Ul MIMPOKOTO JHara3oHa W3MEHEHUs HapaMeTpoB
tpaduka. Kpome cpemHero BpeMeHH OXHAAHMS, TaKOH IMOAXOJ TaeT BO3MOXKHOCTH ONPENENUTh M MOMEHTHI BBICIIHX IOPSIKOB
BPEMEHU OXKHJAaHUS. YUHTHIBAsl TOT (aKT, YTO BapHaIMs 3aJeP>KKH MAKeTOB (IDKUTTEP) B TEIEKOMMYHHKAIMAX OIpeJelsieTcs KaK
pa3bpoc BpeMEHH OXHAAHHS OT €ro CPEeIHEro 3HA4YCHHs, TO JDKUTTEP MOXKHO OyAeT ONpeNelMTh Yepe3 IHCIEPCHI0 BPEMEHU
OXKHJAHUS.

KJ/IFOYEBBIE CJIOBA: cuctema c¢ 3ama3gsiBaHMEM, CABUHYTHIC paclpeneieHus, npeodpasoBanue Jlamnaca, WHTEerpaibsHOe
ypaBHeHue JIMHIUTH, METO CIIEKTPATBbHOTO PA3I0KEHHS.
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ABSTRACT

Context. Modern computer vision systems require effective classification solutions based on the research of the the processed
data nature. Statistical distributions are currently the perfect tool for representing and analyzing visual data in image recognition sys-
tems. If the description of a recognized object is represented by a set of vectors, the statistical apparatus becomes fundamental for
making a classification decision. The study of data distributions in the feature blocks systems for key point descriptors has shown its
effectiveness in terms of achieving the necessary quality of classification and processing speed. There is a need for in-depth study of
the descriptor sets statistical properties in terms of the main aspect — the multidimensional data separation for classification. This task
becomes especially important for constructing new effective feature spaces, for example, by aggregating a set of descriptors by their
constituent components, including individual bits. To do this, it is natural to use the apparatus of statistical criteria designed to com-
pare the parameters of the distribution of the studied samples. Despite the widespread use and applied effectiveness of the feature
descriptors apparatus for image classification, the statistical basis of these methods in their implementation in aggregate visual data
systems and the choice of effective means to assess their effectiveness for distinguishing real images in application databases remains
insufficiently studied.

Objective. Development of an effective images classification method by introducing aggregate statistical features for the de-
scription components.

Method. A metric image classifier based on feature aggregation for a set of image descriptors using statistical criteria for assess-
ing the classification decision significance is proposed.

Results. The synthesis of the classification method on the basis of the introduction of aggregated statistical features for a set of
image description descriptors is carried out. The efficiency and effectiveness of the developed classifier are confirmed. On examples
of application of a method for system of real images features its efficiency is experimentally estimated.

Conclusions. The study makes possible to evaluate the applied effectiveness of the key points descriptors apparatus and build on
its basis an aggregate features system for the effective visual objects classification implementation. Our research has shown that the
available information in the form of a bit descriptors representation is sufficient for a significant statistical distinction between visual
objects descriptions. Analysis of pairs and other blocks for descriptor bits provides a promising opportunity to reduce processing
time.

The scientific novelty of the study is the development of a method of image classification based on an integrated statistical fea-
tures system for structural description, confirmation of the effectiveness of the method and the importance of the created features
classification system in the image database.

The practical significance of the work is to confirm the efficiency of the proposed methods on the real image descriptions exam-
ples.

Gadetska S. V., Gorokhovatsky V. O., Stiahlyk N. 1., Vlasenko N. V., 2021
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ABBREVIATIONS
KP — key point;
ORB (Oriented FAST and Rotated BRIEF) — detector
that forms the descriptors of key points;
BRISK (Binary Robust Invariant Scalable Key-
points) — detector that forms the descriptors of key points.

NOMENCLATURE
n — dimension of the descriptor KT;

B" — space of binary dimension vectors 7 ;

E; —reference descriptor with the number ; ;

E —reference set;
Z —description of the visual object;

n
{{ZV, ; }izl }i:l — binary description matrix;

El, E2, E3, E4— descriptions of reference images
in the experiment;

S — the number of description descriptors;

m — number of classes;

0 — aggregate feature vector;

o — aggregate feature vector for the first processing
method;

0 aggregate feature vector for the second process-
ing method;

Ps(i) (v) — probability of occurrence v units in place
of the i-th bit in the description of the s vectors;

p; — the probability of occurrence of one in place of
the i-th bit in the set of descriptor descriptors;

DY) —normalized measure of similarity of vectors;

d)) — Manhattan distance between vectors 0 for
j -th reference and object;

k — fragment number;
u;, — the value of the highest level attribute for the

fragment with the number £ ;
b — fragment size in bits;
q — dimension of the vector uy ;
K — classifier.

INTRODUCTION

Statistical data science tools usage to build visual ob-
jects images classifiers in computer vision systems is
aimed at providing the necessary performance based on
the study of properties, content, structure of reference data
and the introduction of obtained knowledge into the clas-
sification process [1-6]. An element of the image space in
a vector data environment with real or binary components
in the implementation of structural recognition methods is
a finite set of key point descriptors (KP) of the image [2].
Recently, BRISK and ORB descriptors with binary com-
ponents have become popular due to low computational
costs [3—6, 13].
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Statistical data distributions are perfect tools for repre-
senting and analyzing visual data in image recognition
systems. If the description of a recognized object is given
by a set of vectors, the statistical apparatus becomes fun-
damental for making a classification decision. Data distri-
butions research in the blocks systems for KP descriptors
have shown their effectiveness in terms of providing the
required quality of classification and processing speed [2].
There is a need for in-depth study of statistical properties
descriptor sets in terms of the main problem — the multi-
dimensional data separation for classification. This task
becomes especially important when constructing new
effective feature spaces, for example, by aggregating a set
of descriptors by vector components [3, 4, 10]. For this
purpose, it is natural to use the apparatus of statistical
criteria designed to compare the parameters of the distri-
bution of the studied samples.

The aggregator classifier organizes a new data space
to describe as a set of descriptors, which evaluates the
similarity of the feature vectors of the recognized object
and a single reference image, and the classification is
done by optimizing the degree of this similarity.

Probabilistic model of generating visual object de-
scriptors vector data is a practical approach to formalize
the process of classifier constructing, the essence of
which is to build and study statistical distributions of ob-
jects or their components with the introduction of aggre-
gation and optimization procedures on multiple classes [1,
6].

Despite the widespread use and practical effectiveness
of the apparatus of KP descriptors for the visual objects
classification [2—-5], there is still remains unexplored sta-
tistical basis of these methods and the choice of effective
means to assess their effectiveness for real datasets [1, 2].

The object of this research is the introduction of a sta-
tistical data analysis apparatus to build the image classi-
fier based on the aggregate data representation as a set of
KP descriptors and confirm its effectiveness.

The subject of the research is the synthesis of the clas-
sifier on the basis of aggregated features and statistical
proof of the separation properties of these features for
reference classes and examples of input images.

The aim is to develop a performance-efficient method
of image classification by introducing aggregate features
for the composition of the description components.

1 PROBLEM STATEMENT

Consider a multidimensional space B”" of any binary
vectors of dimension » , where we will construct the ob-
ject descriptions and reference images. Description Z is
defined on the basis of the KP descriptor set of the visual
object in the form of a finite set of binary vectors of di-
mension S

Z={z,}y-1,2,€B".
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In a more detailed view, we will consider and analyze
the description Z ={{z,})_;}/~; as a matrix of binary
values with s xn size.

We will traditionally consider classification as a re-
flection

K:Z—|l,..m],

where each class is represented by a reference descriptor
in E s J= L,...,m , which are available for analysis [2].

Let’s study the visual objects classification as assign-
ing their description to one of the reference classes, based
on the aggregate representation of the description data
using the tools and criteria of mathematical statistics. In a
general case, the classification problem is formally re-
duced to establishing the degree of similarity of two vec-
tor sets with binary components of equivalent size. We
will build a secondary integrated system of features

6=1{0 k}kN=1 on the basis of descriptions Z , {E j};'-'zl and

implement it in the classification solution.

We use a metric approach to determine the degree of
similarity of feature values 0 for object and reference
images. The introduction of aggregate features contributes
to a significant acceleration of the classifier decision pro-
cess, the gain in comparison with the traditional method
of voting descriptors reaches hundreds of times [5, 6].
Another task is to investigate the separation properties of
the newly created system of features using traditional
statistical criteria.

2 REVIEW OF THE LITERATURE

The formal definition of the classification problem
with the description of the image as a set of KP descrip-
tors is formulated in [2—4], which also studies the advan-
tages of implementing a structural description model in
the methods of statistical classification [1, 5-9]. It is
noted that the primary problem is the excessive computa-
tional costs caused by large arrays of vector data. Articles
[4-6, 9, 16, 17, 26] investigate statistical models for the
synthesis of feature space modifications to reduce the
amount of computation, in particular, the application of
data aggregation methods by forming distributions and
defining statistical data centers. Works [1, 2, 8, 14] are
devoted directly to the analysis of learning models for the
fixed base of descriptions used in computer vision and the
definition of the function of belonging to a fixed system
of classes.

Articles [9, 13, 19, 21, 25] discuss the principle of
construction feature detectors for the binary descriptors of
KP.

Studies [1, 2, 8, 15, 23] contain results on the applied
implementation of statistical approaches to the visual im-
ages classification using an ensemble processing. In [1, 6—
8, 17-20] methods of evaluating the effectiveness of intel-
ligent systems using statistical and metric measures of
similarity are described. The advantages of statistical so-
lutions such as high processing speed, sufficient distor-
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tions resistance and ensuring the required level of classifi-
cation efficiency are discussed.

Works [11, 12] are used as sources of traditional and
modern methods of statistical evaluation, the book [15]
contains a description of applied features of software
modeling, and sources [2—6, 10, 23] include the results of
authors’ research in implementing statistical approaches
to develop structural methods image classification. In
particular, [2] proposed technologies of component analy-
sis and spatial processing for the classification of visual
objects using statistical characteristics of the structural
description of the image.

3 MATERIALS AND METHODS

We introduce a mapping Z — 0,Z < B”", from a fixed
set Z of binary vectors — KP descriptors for a given ob-

ject into an integer vector 0= {0, } ,]{V:l , the components of

which will be calculated by some rule, according to which
N =n or N = s. This will make it possible to identify and
distinguish visual objects on the basis of smaller data, as
set of vectors is transformed into a single vector [4].

We will classify on the basis of estimating the differ-
ences in the values of vectors 0 for different descriptions,
the calculation of which is proposed in two different
ways, which aims to take into account the structural fea-
tures of the studied data and, as a result, ensure the effi-
ciency of the recognition process.

According to the first method of determining vectors
0, we find the sum of binary values (number of units)
consecutively for each bit with the number separately,
based on the complete set of object descriptions Z . For a
fixed description we obtain vectors of the form:

1 DI NN 1
9“:{95’}[21,99=zzv,,»,ose§> <s.

v=l

)

The vector (1) is an aggregate parameter formed on a
set of descriptor descriptors by bitwise analysis of data in
the form of adding the values of the corresponding bits

(matrix columns Z = {{z,, }y1 },=1)-
If we consider the distribution of values by the i-th bit

from the description of the object close to binomial,
which is determined by the Bernoulli formula:

POW=Clpl(-p)*™

oh

for which we calculate p,=——, the value
s

91(]),i =1,...,n as it known in mathematical statistics [11],

can be interpreted as the average value of the appearance
of the corresponding number of units in place of the i-th

bit: 0 = p.s .
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In general case, the tuple of values
oM = (6{1),...,99)) obtained on the basis of the descrip-

tion Z can be considered as an aggregated parametric
representation of the description, where the parameters
are the probabilities p; of occurrence of single bits for

the 7 -th component in the set Z. We introduce the repre-

sentation 0V into the classification process, as it signifi-
cantly reduces computational costs by transforming data
from a set of vectors into a single parameter-vector [2—4].

Consider 0/ ), j=1L..,m — a vector aggregated by

columns of the matrix for the binary description of the
reference E J with the number j=1,...,m, according to

(1) and 019 _an aggregate vector for the description of
the studied object O.

To compare the aggregate descriptions of objects of
type (1) and, accordingly, to solve the classification prob-
lem, we introduce the classifier [2]

K:k:argmaxD(j) , )
Jellim]

p® :1—ﬂ, d\¥ = f‘el@f') —61(10)‘,j =lom. (3)
s-n P

Classifier (2) implements the principle of analysis
“object — reference image” based on the aggregate vector
representation 6 [2]. We emphasize that expression (2)
can be considered as a decisive rule, which is based on the
likelihood function, presented, in contrast to its classical
probabilistic representation [1], in terms of metrics, in
particular, Manhattan.

To confirm the significance of the decision, as well as
to control the obtained result of the classifier (2) with the
involvement of aggregate vectors, we use methods of
mathematical statistics, namely, a paired two-sample t-test
for averages [11, 12], which provides pairwise (coordi-
nate) comparison of the studied objects — vectors 0 for a
statistically significant difference in their average values.
When using this test, two samples of the same volume are
considered, in which the elements have a fixed location
(as coordinates).

In the process of testing the null hypothesis regarding
the equality of the averages in these samples, Student’s
statistics is used [11]; a level of significance a is estab-
lished, equal to the probability of making an error of the I
kind, i.e. rejecting the null hypothesis if it was correct;
based on the initial data, the p-value is calculated as the
maximum possible probability of error of the I kind.
Then, if the p-value is less than the established a, then the
null hypothesis is rejected, and an alternative hypothesis
is accepted regarding the significant difference of the
means (at the level of significance o). Otherwise, there is
no reason to reject the null hypothesis of no statistically
significant differences between the means [11].
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Based on the features 0;, it is possible to calculate
higher-level features u; for data blocks as sets of col-
umns [1]

up= 2.0; . 4

In relation (4) the relation is established b=n/gq,
k=1,b+12b+1,...n—-b+1.

Features (4) implement cross-correlation processing of
the matrix Z with a rectangular mask size bxs [1, 14].
As a result of calculation (4) we obtain an integer vector
uy, of dimension ¢ . The parameter ¢ is a characteristic
of the newly created system of fragments, it varies from
n to 1 with increasing fragment size from 1 to n .

The values of the vector u = (ul,...,uk,...,uq) can be

used for classification as independent structural features
of the statistical type. Given a simple model for calculat-
ing functions (4), they are all easy to determine for an
arbitrary fragment size (logically or by adding integers).
Based on representation (4), a hierarchical recognition
method can also be used, which uses a system of features
uy, with different degrees of data integration to compare

with reference set [2, 16]. The range of integer values for
features u;, can be directly determined by the size of the

fragment u; €{0,...,sb} as Model (4) implements the

procedure of reducing the information redundancy of the
spatial signal due to the allowable resolution reduction of
the feature system [2, 14].

Note also that for the sake of universality of the study,
it may be appropriate to perform analysis of variance of
aggregate vectors constructed from reference E;,
j=1,..,m, in order to ensure that the reduction of data
dimensionality did not affect the difference in the refer-
ences set. In this case, since the structure of the vectors
aggregated by formula (1) involves the consideration of
paired samples, in this case it is possible to use only non-
parametric analysis of variance, for example, in the form
of the Friedman test [11].

The second way to calculate vectors 0 is to represent
the components of the vector as the sum of unit bits sepa-
rately for each binary descriptor of the description. In this
case, by adding the elements of the rows of the matrix (1)
we obtain aggregate description vectors in the form:

n
0 = (015,00 =3 2,,,0<00) <n. )

i=1
Then 0?7 , j=1,...,m —is a vector aggregated along

the rows of the matrix of the description of the reference
E; with the number j=1,...,m by expression (5); where
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0(20) _ aggregated vector according to the description of
the studied object O.

Note that the process of formation of aggregate vec-
tors in the form (5) leads to the creation of already inde-
pendent samples, the study of which does not involve a
coordinate comparison. In this case, due to the independ-
ent nature of the data, it is proposed to check for a signifi-
cant difference only by statistical methods. The essence of
the introduction in this situation of a two-sample t-test for
averages for two independent samples is to compare the
averages of two sets of disordered elements, which are the
number of units calculated separately for each binary de-
scriptor description, the sequence of which obviously
does not matter. The procedure for implementing the test
remains the same as for the case of dependent (paired)
samples, and differs only in the formula, according to
which the relevant statistics are calculated on the basis of
the studied data [11].

Note that here it may also be appropriate to perform
analysis of variance of aggregate vectors (5), built on the
references E s J= L,...,m; in order to verify the fact of

statistically significant differences 9(2j), j=L...,m in

the set of these vectors. Here, the structure of aggregate
vectors involves the consideration of independent sam-
ples, which involves the use of methods of both paramet-
ric and nonparametric variance analysis (for example, in
the form of the Kruskal-Wallis test) [11].

4 EXPERIMENTS

Consider an example with experimental descriptions
of three fixed reference images E1, E2, E3, and E4, ob-
tained from E1 by rotation. Examples of images based on
the results of software modeling with the formed coordi-
nates of the BRISK KP descriptors are shown in Fig. 1
[13, 15, 21]. For the descriptions of these images in the
form of a set of descriptors, our calculations are per-
formed.

In the calculation example, n = 512 is the dimension
of the descriptor, s = 500 is the number of descriptors in

the description, m is the number of reference images or
classes (m = 3).

We proceed to the implementation of the proposed
classification approach based on the values of the parame-
ters 0 in the database of three reference images E1, E2,
E3 (Fig. 1) and the image E4, transformed by rotation of
E1. Note that the representation using KP descriptors pro-
vides invariance to the transformations of displacement,
rotation and scale of the analyzed object [2].

Fragments of the calculation results for aggregate vec-

tors G(U),j =1,2,3,4, of the form (1) for objects E1, E2,
E3, E4 are given in Table 1.

According to formulas (2, 3) with the substitution of
indicators E4 we have:

DM =0983;:D® =0.929; D® =0.895.

Table 1 — Fragments of component vectors

o) = 9N312 ;1234

Component | g(11) 0(2) o3 o4
number
1 448 397 369 430
2 318 305 394 312
3 410 371 341 395
4 391 365 325 378
5 290 250 385 278
6 306 306 293 305
7 224 162 343 234
507 213 242 265 220
508 237 247 276 235
509 205 292 303 210
510 145 235 257 154
511 220 299 295 240
512 195 299 298 203

Figure 1 — Reference images with marked KP
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We see that the use of classifier (2) leads to the correct
recognition of the object E4 as a transformed reference
image E1, as its similarity with the first reference image is
the greatest.

For the hierarchical features obtained by expression
(4) at the size of the fragment b =2 obtained the follow-
ing values of these indicators: 0,986; 0,934; 0,908.

As you can see, they differ slightly from the values for
the full description (b =1), but the data vector is reduced
by 2 times, which allows for further reduction of compu-
tational volumes.

Confirmation of the fact of statistically significant
proximity of E4 to El, as well as statistically significant
difference of E4 from other reference images E2, E3 is
obtained using a paired two-sample t-test for averages
applied to samples represented by aggregate vectors

o) = {Gl(lj)}f:llz,j =12,3,4, form (1), the results of
which are shown in table 2

Table 2 — The results of the application of a paired two-
sample t-test

Samples El, E4 E2, E4 E3, E4
P-value 0,252 0,002 0,0000000006
Significance no yes yes

In this case, for the hierarchical features obtained by
expression (4) at the size b =2 of the fragment, the value
of the P-index was obtained: 0.330; 0.022; 0.000001.

Let’s move on to consider the vectors aggregated by
the second method.

Fragments of the results of the calculation of the com-
ponents of the vectors 02 ), j=1234 of the form (5)

for objects E1, E2, E3, E4 are given in table 3.

Table 3 — Fragments of component vectors

02) = {6$2j)}€g?,j =123.4

Component | g(21) [ 922 [ 23 [ g4
1 301 332 248 194
2 272 313 320 273
3 239 311 234 303
4 272 327 344 250
5 302 253 237 137
6 241 318 308 221
7 305 245 298 260

495 200 277 196 253
496 298 269 237 268
497 281 291 268 245
498 213 171 282 267
499 280 196 286 279
500 235 197 268 295
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The confirmation of statistically significant proximity
of E4 to El, as well as statistically significant differences
of E4 from other reference images E2, E3, obtained using
a two-sample t-test for averages with different variances

02/, j=1,2,3,4, are shown in table 4.

Table 4 — The results of the two-sample t-test

Samples El, E4 E2, E4 E3, E4
P-value 0.843 0.024 0,0000000005
Significance no yes yes

In order to assess the stability of the studied approach
to the application of description variations that may occur
under the influence of noise, we performed calculations
for descriptions transformed by expression (4), where
generalization b =2 for the case occurred by adding pairs

of values 0/ This corresponds to the calculation of
hierarchical features when performing a merge for pairs
of descriptors that appeared next to each other in the de-
scription. At the same time, the amount of data is also
halved.

The obtained P-values for this case were 0.886; 0.034;
0,0000000007. This fact in comparison with the data of
tab. 4 indicates the resistance of the considered methods
to accidental interference, as the previous classification
conclusions are fully confirmed.

5 RESULTS

The main result of this study is the development of
images classification models based on the statistical anal-
ysis of component sets in the images descriptions and
metric means of class selection. The proposed variants of
data analysis models are based on the degree of similarity
between the object and reference images, are workable
and provide sufficient classification efficiency. Computa-
tional simulation performed on the example with 3 refer-
ence images confirmed efficiency of the proposed ap-
proach with use of significant data difference statistical
criteria. Variants of the generalized features system syn-
thesis that implies the further compression of the descrip-
tion sets and acceleration of classification procedures are
also analyzed.

6 DISCUSSION

The synthesis of an aggregate feature system based on
KP descriptor set makes possible to build a classifier that
works successfully for the real images database.

As you can see, the first P-value (Table 2) for both op-
tions b=1, b=2 significantly exceeds the significance
level o = 0.05 (equal to the probability of error of the first
kind), which indicates the absence of statistically signifi-

cant differences between 0UD and 914 (i.e. between
the first reference image E1 and E4, which is transformed
from E1); other obtained P-values are significantly less
than 0.05, confirming a statistically significant difference
in pairs between 014, 002 and 012, 919 (ie between
E4, E2 and E4, E3).
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Note, that for a large sample size (in the example we
have n = 512), checking the data for compliance with the
normal distribution law when using a paired t-test is not
mandatory [11].

Note also, that the visual comparison of bar charts,
which is a graphical representation of the vectors aggre-
gated by formula (1), is a clear confirmation of the results
obtained on the difference of objects (Fig. 2) (similarity

between 0% and 0D and significant difference be-

tween pairs 6(14),6(12) and 6(14), 9(13)).

We also see that the first P-value is equal to 0.843 (Ta-
ble 4) and significantly exceeds the level of significance
a= 0.05, which indicates the absence of statistically sig-

nificant differences between 0) and 0% (ie between
El and E4); other P-values, which are significantly less
than 0.05, confirm a statistically significant difference in

pairs between 0(2¥ s 0> and 0% s o) (ie between
E4, E2 and E4, E3).

Similarly to the previous one, the visual comparison of
bar diagrams, which are a graphical interpretation of the
vectors aggregated by formula (5), confirms the obtained
results (Fig. 3).

The proposed classifier construction method allows fur-
ther generalization in terms of fragment size aggregation
that implies reduction of processing time.

CONCLUSIONS

The urgent problem of mathematical support Statisti-

cal data analysis is a powerful research tool for intelligent

decision making, machine learning and data science. The
study makes possible to assess the applied effectiveness
of the key points descriptors apparatus and build on its
basis an aggregate features system for the effective visual
objects classificator implementation. Our research has
shown that the available information in the form of a bit
representation of the descriptors is sufficient for statistical
separation of data for different visual objects. Analysis of
pairs and other blocks of bits reduces the processing time.

The scientific novelty of the study is the development
of a method of image classification based on an integrated
statistical features system for structural description, con-
firmation of the effectiveness of the method and the im-
portance of the created features classification system in
the image database.

The practical significance of the work is to confirm
the efficiency and effectiveness of the proposed methods
on the examples of real images descriptions.

Prospects for the study are related to the further en-
hancement and application of the developed classifiers in
large-scale visual data bases.
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AHOTAIIA

AxTyanbHicTh. CydacHi CHCTEMH KOMIT' IOTEPHOTO 30py MOTPeOYIOTh ieBUX Kiacu]ikaliiHUX pillieHb HA MiATPYHTI BUBYCHHS
pupoax 00podroBaHKX AaHUX. CTaTHCTHYHI PO3NOALIN Ha 11l Yac € JOCKOHAIMM 3ac000M IOJaHHs Ta aHali3y Bi3yalbHHUX JaHHX
y cHCTeMax po3mi3HaBaHHs 00pa3iB. SIKIIO omuc po3mi3HABaHOTO 00’€KTY MPEACTABICHO MHOKHHOIO BEKTOPIB, CTATUCTUYHHIN ama-
par crae hyHAaMEHTAIBHUM JUTs IPUAHATTS Kiacu]ikaliiiHOro pimieHHs. BHBYSHHs PO3MOIUIIB JaHUX y CKJIAJI CHCTEMH OJIOKIB
IUISL IECKPHUIITOPIB KIIFOYOBUX TOUOK ITOKA3AJIM CBOIO PE3YJIBTATHBHICTD Y aCMeKTi 3a0e3MedeHHs MOTPiOHNX MOKa3HHUKIB SKOCTI Kila-
cudikamii Ta mBHIKOAIT 00poOIeHH. BiHIUKae HEOOXITHICTH MOTIMOICHOTO BUBYCHHS CTATUCTUYHUX BIACTUBOCTEH TSI MHOKHHHU
JIECKPUIITOPIB y ACTIEKTi TOJIOBHOTO (h)aKTOPY — pO3Pi3HEHHs 0araTOBUMIPHUX JAHUX 3a/u1d Kinacu¢ikanii. OcobnuBe 3HaueHHS Haly-
Ba€ I 3a/1a4a npy o0y A0BI HOBUX e()eKTHBHHUX MPOCTOPIB O3HAK, HANIPUKIIAM, IUISIXOM arperyBaHHs MHOKHHH JCCKPUIITODIB 3a iX
CKJIaJIOBUMH KOMIIOHCHTaMH, B TOMY YHCIIi 32 OKpeMuMH OiTamu. JJisi OO MPUPOAHIM € HANpalbOBaHe BUKOPHCTAHHS arnapary
CTATUCTHYHHX KPUTEPIiB, MPU3HAYCHHUX [T TOPIBHSHHS ITapaMeTpiB PO3MOJiLY A0CHi/KyBaHUX BHOiIpok. He3Baxkaroun Ha HIMPOKE
3aCTOCYBaHHS i MPUKIJIAJHY PE3yJIbTATUBHICTH amapaTy ACCKPHITOPIB sl Kiacudikaiii 300paXkeHb, 10 LHX IMip 3aJHUIIAETHCS HE
JOCIIHDKEHUM CTaTHCTHYHE MIATPYHTSI X METOIB [IPU BIIPOBAKCHHI iX y arperoBaHuX CHCTeMax O3HaK Bi3yaJIbHUX JaHUX 1 BUOip
e(eKTUBHUX 3ac00iB AJIS OLIHIOBAHHSA iX JI€BOCTI IS PO3PI3HEHHS pealbHUX 300pakeHb y MPUKIaTHUX 0a3ax JTaHHX.

Meta po6otH. Po3pobieHHS e()eKTHBHOTO 32 MIBUAKOMIEI0 METOAY PE3yJIbTaTUBHOI Kiacugikarii 300pakeHp NUIIXOM BIIPOBa-
JDKCHHS arperoBaHUX CTATUCTHYHHMX O3HAK JUIS CKJIaly KOMIIOHEHTIB OIUCY.

MeToa. 3anponOHOBaHO METPUUYHUH KiIacupikaTop 300paxkeHb Ha OCHOBI arperanii 03HaK ISl MHO>KHHH JECKPHUITOPIB ONUCY i3
BUKOPUCTAHHSIM CTaTUCTUYHHUX KPUTEPIiB 1100 OLIHIOBAHHS 3HAYYNIOCTI KJIacH(iKaLiifHOTO pillIeHHS.

PesyabTaTu. 31ilicCHCHO CHHTE3 MeTOy Kiacubikallii Ha MiACTaBi BIPOBA/UKCHHS arperoBaHUX CTATHCTHYHHX O3HAK Il MHO-
JKMHH JECKPUITOPIB onucy 300paxenHs. [TinTBeppKeHO Mpale3aaTHICTh i eeKTHBHICTh po3pobieHoro kiacudikaropa. Ha npu-
KJIa/lax 3aCTOCYBaHHs BapiaHTIB METOAY JUIS CUCTEMHU O3HAK PEAIbHUX 300pa)KCHb CKCIEPUMEHTAIBHO OLiHEHa HOro pe3yJbTaTHB-
HICTb.

BucnoBxku. [IpoBenene HocTiKEHHS 1a€ MOKIIMBICTh OLIHUTH NPUKIAIHY €EeKTUBHICTh 3aCTOCYBAHHS anapary JAeCKpUITOPiB
KJIFOYOBUX TOYOK 300pakeHHs 1 HOOYZIOBU Ha HOro OCHOBI arperopaHoi CHCTEMH O3HAK IS PE3yJIbTaTHBHOIO 3AifiCHEHH Kiacupi-
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Karii Bi3yanpHHX 00’ ekTiB. Hamre mociipkeHHs mokasaio, mo HasgBHOI iH(opMamii y BUTIIIi 6iTOBOrO MOAAHHS IECKPHUIITOPIB OIH-
Cy IOCTATHBO JUISl 3HAUYYIIOTO CTATUCTHYHOIO PO3PI3HEHHs ONKCIB Bi3yalbHHX 00 €KTiB. AHai3 map i iHmmx ONokiB ajis OITiB Je-
CKPHUITOPIB Ja€ NEPCHEKTUBHY MOXKIIMBICTh CKOPOUCHHS Yacy 00poOIeHHsI.

HaykoBy HOBHM3HY JOCTI[DKSHHsI CKJIagae po3polieHHsT MeToay Kiacuikaiii 300pakeHp Ha IiJCTaBi CUCTEMH iHTETPOBAHUX
CTaTUCTHYHHUX O3HAK JUIS CTPYKTYPHOT'O OIUCY, HMIATBEPPKEHHS PE3yJIbTATUBHOCTI METOY Ta 3HAYYLIOCTI CTBOPEHOI CHCTEMH O3HAK
npu Kracudikanii y Mexkax 6a3u 300pakeHb.

IpakTHyHa 3HAYyMWicTh POOOTH NONATAE y MATBEPKEHHI MPAIe31aTHOCTI Ta pe3yIbTaTHBHOCTI 3aIPOIIOHOBAHUX METOJIIB Ha
MIPUKJIAJIaX JIECKPUITOPHUX OIHCIB PEabHUX 300paKEeHb.

KJIIOYOBI CJIOBA: xomm’toTepHHii 3ip, KIFOYOBa TOYKA, JAECKPHUIITOP, arperamis JaHWX, CTATUCTUYHHMN PO3IOXUI, 3Hady-
IIiCcTh KJIACH(IKAIHOTO PIllICHHS, IIBUIKOisI 00POOICHHS.
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HA OCHOBAHHU OITUCAHUS KAK MHOKECTBA BUHAPHBIX JTECKPHUIITOPOB KJIIOYEBBIX TOYEK
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AHHOTAIUSA

AKTyanbHOCTh. COBPEMEHHBIC CUCTEMbI KOMIIBIOTEPHOTO 3pEHHUsS TPeOYIOT JEHCTBEHHBIX KIACCH()HKALMOHHBIX PEIeHHi Ha
OCHOBE M3y4YEHHMs IPUPOBI 00pabdaThiBacMbIX AaHHBIX. CTATUCTUYECKHE PACIIPEEICHUS B HACTOSIIEE BPEMs SBJISIOTCS COBEPLICH-
HBIM CPEICTBOM IIPEJICTABICHUS M aHAIIM3a BU3YaJIbHBIX JAHHBIX B CHCTEMax pacro3HaBaHus oOpa3oB. Eciu omucanue pacrosHa-
BAEMOr0 O0OBEKTa MPE/ICTABICHO MHOXECTBOM BEKTOPOB, CTATUCTHYCCKUI ammapar CTaHOBHTCS (yHIAMEHTAIBHBIM JUISl HPHHSTHS
KJIacCH(MKAIMOHHOTO pelleHus. M3ydenne pacnpenenaeHuil JaHHBIX B COCTaBE CHCTEMBI OJIOKOB JUISl JJECKPUIITOPOB KITIOYEBBIX TO-
YeK MOKa3aJy CBOIO Pe3yJIbTATHBHOCTH B aCIeKTe o0ecredeHns TpeOyeMbIX MoKa3aTesled KauecTBa KiIacCH(UKAILNK U OBICTPOJeHCT-
BUsL 00paboTKH. Bo3HHKaeT HEOOXOANMOCTh YIIyOJIeHHOTO M3Y4eHHs! CTATHCTHYECKHX CBOWCTB JUISI MHOXECTBA IECKPUIITOPOB B
acreKTe IJIaBHOro (hakTopa — passIMYeHHs] MHOIOMEPHBIX NaHHbIX ais kinaccudukanuu. Ocoboe 3HaYeHHE MPUOOpETaeT 3Ta 3aja4a
IIPU TTOCTPOCHUH HOBBIX (P ()EKTHBHBIX IPOCTPAHCTB NPHU3HAKOB, HAIIPUMEp, ITyTEM arpernpoBaHHs MHOXECTBA JECKPHIITOPOB IO
HX COCTaBJISIOILIMM KOMIOHEHTaM, B TOM 4UCJIE 110 OTJEIbHBIM OuTaM. J[JIs 3TOro eCTeCTBEHHBIM SBIISETCS HapabOTaHHOE UCIIOJIb30-
BaHHUE aNlapara CTaTUCTUYECKUX KPUTEPHUEB, NIPEIHA3HAYCHHBIX U1 CPAaBHEHHUS IIapaMETPOB PACIPEACICHHS UCCIIELYyeMBbIX BBIOO-
pok. HecMoTpst Ha IIMPOKOE NPUMEHEHHE U NPUKIAAHYIO Pe3yIbTaTHBHOCTD alliapaTa ACCKPUITOPOB s KilaccH(UKaul n300pa-
JKEHHU, 10 CHX HOp OCTAETCs HE UCCIICJOBAHHON CTATHCTUYECKAs OCHOBA 9TUX METOJIOB IPH BHEAPEHHUH UX B arpEerHPOBAHHBIX CHC-
TeMaX IPH3HAKOB BU3YaJIbHBIX JAHHBIX M BEIOOP 3()(EKTUBHEIX CPEACTB [UIS OLEHKH UX AEHCTBEHHOCTH IIPH PA3INYCHUH PEeabHBIX
N300paKeHUH B IPUKIJIANHBIX 0a3ax JaHHBIX.

Iean padoThl. PazpaboTka 3dhexTnBHOrO 110 OBICTPOACHCTBHIO METO/IA PE3YJIbTATHBHON KiacCHu(UKALMK H300paKEeHHH ITyTeM
BHEJIPCHUSI arpernPOBaHHBIX CTATUCTHYECKUX MPU3HAKOB JUIS COCTaBa KOMIIOHEHTOB OIIMCAHUSL.

Mertopn. IIpeanoxeno MeTpuyeckuii KiaccupukaTop n300paXKeHHI Ha OCHOBE arperalnuy MPU3HAKOB ISl MHOXKECTBA IECKPHII-
TOPOB OINHUCAHHUS C UCHOJIb30BAHUEM CTATHCTHYECKUX KPHUTEPHUEB OLIEHKU 3HAYMMOCTH KJIACCH(UKALMOHHOTO PEIICHHS.

Pe3yabrarsl. OCyIIecTBICH CHHTE3 METOAA KIacCH(HUKALNKY Ha OCHOBAHWH BHEJPECHHS arperMpOBaHHbBIX CTATHCTUYECKHX MPH-
3HAKOB JJISI MHOJKECTBa JECKPHUIITOPOB OMHCaHUs n300paxkeHus. [lonTBepkaeHo padoTocmocoOHOCTh M 3()(HEeKTHBHOCTE pa3pabdo-
TaHHOTO KJIaccudukaropa. Ha mpuMepax npuMeHeHHs] BApHaHTOB METOA JUIS CHCTEMBI PH3HAKOB PEAIBHBIX M300pakeHni JKCIe-
PHMEHTAJILHO OICHEHA €r0 PEe3yJIbTaTUBHOCTb.

BriBoasl. [IpoBeneHHOE HccIei0BaHKE TaeT BOZMOXKHOCTH OLEHUTH NPHUKIAIHYI0 3G ()EKTHBHOCTS IPUMEHEHUS allapaTa IecK-
PHIITOPOB KIIIOYEBBIX TOUCK M300PaXKEHUSI U IIOCTPOSHHUS HA €r0 OCHOBE arpernpoBaHHON CHCTEMBI IPU3HAKOB ISl PE3yJIbTaTUBHOTO
OCYILECTBICHUS KIacCH(UKALMKY BU3yaJIbHBIX 00bekToB. Halle uccieoBaHue IOKa3ano, 4TO MUMEoLIeHcs MHpOpMaluKu B BUIE
OUTOBOrO NPEJCTABICHUS JECKPUIITOPOB ONMUCAHUS AOCTATOYHO U1 3HAYMMOTO CTATHCTHYECKOTO PA3INyMsl ONMCAHMIT BU3YyalbHBIX
00BEKTOB. AHAIM3 Tap U Opyrux OJOKOB AJs OMTOB AECKPUNTOPOB JAaeT MEPCHEKTUBHYIO BOZMOYKHOCTD COKPAIICHHS BPEMEHH 00-
paboTkm.

HayuHyro HOBH3HY HCCIICJOBaHUS COCTaBIISET pa3paboTka MeTona KiaccH(UKanuyu M300pakeHHuii Ha OCHOBE CHCTEMBI HHTET-
PHPOBAHHBIX CTATHCTHYECKHX MPU3HAKOB JUIS CTPYKTYPHOTO OIMCAHUS, TIOATBEPXKICHUE PE3yIGTATHBHOCTH METOJ[a ¥ 3HAYMMOCTH
CO3aHHOW CHCTEMBI IPU3HAKOB TIPH KJIACCU(UKALNY B TIpe/ieax 0a3pl H300pakeHHU.

IIpakTHyeckasi 3HAYUMOCTh PabOTHI 3aKIIIOYAETCS B TOATBEPIKICHUH PabOTOCHOCOOHOCTH M PE3yJIbTAaTUBHOCTH HMPEIOKEH-
HBIX METOJIOB Ha IIPUMEpax JeCKPUITOPHBIX ONMUCAHUN peaIbHbIX H300PaKCHUH.

KJ/IFOYEBBIE CJIOBA: koMnbloTepHOE 3peHUe, KIIoueBas TOUKa, JECKPUIITOP, arperanus JaHHBIX, CTATUCTUYECKOE pacIpe-
JeTICHNE, 3HAYUMOCTh KJIACCU(PHKAMOHHOTO PEeIIeHHUs, OBICTpOACHCTBHE 00pabOTKH.
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ABSTRACT

Context. The problem of a neural network model synthesis for industrial processes with the definition of an optimal topology
characterized by a high level of logical transparency and acceptable accuracy is considered. The object of research is the process of
neural network modeling of industrial processes using an indicator system to simplify and select the topology of neuromodels..

Objective of the work is consists in synthesis a neural network model of industrial processes with a high level of logical trans-
parency and acceptable accuracy based on the use of the system.

Method. A method is proposed to use artificial neural networks of feedforward propagation for modeling industrial processes.
After evaluating the overall level of complexity of the modeling problem based on the indicator system, it was decided to build a
neuromodel based on historical data. Using the characteristics of the input data of the problem, the most optimal structure of the neu-
ral network was calculated for further modeling of the system. A high level of logical transparency of neuromodels significantly ex-
pands their practical use and reduces the resource intensity of industrial processes.

Results. Neuromodels of industrial processes are obtained based on historical data. The use of an indicator system made it possi-
ble to significantly increase the level of logical transparency of models, while maintaining a high level of accuracy. Constructed neu-
romodels reduce the resource intensity of industrial processes by increasing the level of preliminary modeling.

Conclusions. The conducted experiments confirmed the operability of the proposed mathematical software and allow us to rec-
ommend it for use in practice in modeling industrial processes. Prospects for further research may lie in the neuroevolutionary syn-
thesis of more complex topologies of artificial neural networks for performing multi-criteria optimization.

KEYWORDS: modeling, industrial processes, indicator system, neuromodel, sampling, training, error.

ABBREVIATIONS N, is a multiple neurons at the network output;
ANN is an artificial neural net; N. i .
. . L o. 1s aneuron at the network output;
OS is organized simplicity. p
N}, is a multiple neurons of the hidden network layer;
NOMENCLATURE
CAWP is complexity is associated with people;

Infsample is a general information of input data (data

Ny, is a hidden network layer neuron;
NUMglemtype 1 @ number of element types in the neu-

ral network;

set); ;
NN is a neural network;

Kinput 1s a number of element types in the neural net-
work: NNgiruct is a structure of neural network;

Keorry 1s a number of independent variables that OC is organized complexity;

. o | is a number of neurons at the network input;
strongly correlate with the original features;

. - . Lev, is a measurement accuracy level;
Kimp is a number of the most significant independent accmeas M ’

. Levy 1is a level of significant and less significant
variables among factors4

Khntcorrx 1S @ number of independent variables that

are weakly dependent on others or do not correlate with
each other4

N is a number of input features that characterize sam-
ple instances;

N; is a multiple neurons at the network input;

Nj, is a neuron at the network input;
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and/or non-significant factors4
LeVianag 18 a level of possible control and manage-

ment;
Leviask is a conditional difficulty level of the task;

LeVgmpitetn 18 @ level of possible simplification of the

structure;
m is a number of dependent (categorical) features of

sample instances;
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p is a number of neurons at the network output;

Param; is additional and specificity parameters of

task;
g is a number of connections between neurons in the

network;
I is number of neurons in the hidden network layer;
RC is random complexity;
Sample is a data set;

Task is general represent of the modeling task;
W is a multiple of connections between neurons;
Wy is a connection between neurons in the network;

Xn is a independent attribute of the sample instance;
X is a set of independent attribute (variables);
Ym 1is a value of the dependent variable (attribute) of

the sample instance;
Y is a set of values of dependent variables.

INTRODUCTION

Today, much attention in production is paid to im-
proving equipment, but in fact, the autonomous perform-
ance of equipment and its perfection do not take into ac-
count the size of batches, the time spent on transferring
parts between machines [1—4]. The most significant costs
in the technological chain fall on production. Static mod-
eling does not provide a complete answer to many ques-
tions the way out of this situation is to switch to complex
(simulation modeling) production processes and create a
model [1, 2].

Such a model can be investigated over time for both a
single test and a given set. Usually, simulation models are
built to find the optimal solution in conditions of resource
constraints, when other mathematical models are too com-
plex. Production system modeling is used when conduct-
ing experiments with a real system is impossible or im-
practical [3]. Simulation modeling of production proc-
esses connects all areas of product production: production
process development, production process modeling and
technological preparation of production, as well as pro-
duction management. Based on the results of such model-
ing, the parameters of movement of workpieces and parts
should be regulated [1-3]. The results of simulation mod-
eling are not calculated using formulas, as is the case
when using analytical models, but are a product of statis-
tical processing of data observed and recorded during the
processing of the modeling program. The simulation
model, as an object of measurement, unlike real systems,
is a fully accessible system.

The object of modeling can be industrial, logistics,
transport, and other systems. Modeling of production sys-
tems allows to [1-4]:

— identify and fix problems in advance that will mani-
fest themselves on Ethan commissioning and would re-
quire financial and time costs;

—reduce investment in production with the same pro-
ductivity parameters;
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— optimize production and choose the most rational
solution from a variety of options.

These advantages indicate the importance of using
modeling in production and industrial processes, because
it can significantly reduce costs. However, when model-
ing complex, nonlinear processes, systems, and objects,
the question always arises as to what is best to use as the
basis for the model [1]. ANN whose parametric synthesis
is based on historical data about processes, objects, or
systems can produce hidden knowledge from the data [4].
This makes it possible to account for implicit relation-
ships. The logical structure of such neuromodels usually
remains hidden from the user. The problem of manifesta-
tion (contrast) of this hidden logical structure is solved by
reducing neural networks to a special logically transparent
sparse form.

That is why the applied problem of constructing mod-
els of real industrial processes based on ANN, which
would be characterized by a high level of logical trans-
parency and acceptable accuracy of operation, is relevant.

The object of study is the process of constructing
neuromodels of industrial processes with a high level of
logical transparency and acceptable accuracy of opera-
tion.

Using a system of indicators, it is possible to deter-
mine the structural features of the Ann at the very begin-
ning, which will be used as the basis of the model.

The subject of the study is a neural network model of
industrial processes, which is characterized by a high
level of logical transparency and acceptable accuracy.

Using information about the modeling task and evalu-
ating the input data, it is necessary to build a neuromodel.

The purpose of the work is to construct and study
neuromodels of industrial processes with a preliminary
definition of structural features based on the use of a sys-
tem of indicators.

1 PROBLEM STATEMENT
Most of the tasks associated with the synthesis of
models based on data about industrial processes have a
different nature and a high level of specificity ( Paramy ).

However, when using the apparatus of neural networks, it
is sufficient to have a comprehensive assessment of the

complexity of the task: Task = {Paramr, LevTask}, Such a

comprehensive assessment can be obtained on the basis of
information about the input data of the task (a sample of
data) and a group of criteria for evaluating the accuracy of
the data and the requirements for the model:

Levy,y = {Inf Lev Levi,,Lev LeVianag }

It was noted in [5] that a simple neuromodel based on
a perceptron will be sufficient for tasks belonging to the
OS category. Then such a model ( NN ) will consist of: a

sample > smplfctm > accmeas®

set of neurons N = {Ni, Ng., Nh} consisting of subsets of
Ni={Nil,N- Nil},|=l,2,...,|Ni

iy oo

No = {No, Noy - No,  P=12,...

input

, output

N0|, and hidden neu-
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rons Np = {thth,...,Nhr},r :1,2,...,|Nh|. The number
of neurons in the hidden layer ( Ny = {Nhl’NhZ""’Nhr },

r=12,.., |Nh|) can be calculated based on analytical es-

timates of the input data. The input data of the problem is
represented by an information Sample = (X,Y), where

X ={X1,X2,...Xn} is the set of independent variables:

features, Y = {yl, y2,...ym} is the set of values of depend-

ent variables, N and M are the numbers of input features
that characterize the sample instances.

After that, it can proceed to determining the weights
of connections between neurons W = {Wq }, in other words,

to parametric synthesis. Having determined the values of
the elements of sets, we can consider the synthesis of
ANN: complete.

Therefore, the first subtask will be to determine the
exact category of complexity of the problem based on the
values of the criteria
LeVTask = {I nfsamples Levsmplfctm> Lev fetro LevaccmeaSv I-evmanag }

and data about the data sample. The next subtask will be
the calculation of the number of neurons in the hidden
layer of the network

|Nh| = Kinput - Keorry — Kimp — Khtcorrx [5].

2 REVIEW OF THE LITERATURE

Technological processes of industrial production, es-
pecially the processes of cutting structural materials, are
very complex in their physical and chemical nature [6-8].
Until now, there are no analytical models accepted by
everyone that accurately describe the patterns of tool wear
and load processes, thermal processes in the cutting zone,
etc. Therefore, in mechanical engineering technology,
models that previously designated as empirical are very
often used [6, 7]. Empirical models of objects and proc-
esses are the result of processing experimental data on the
behavior of an object or process using mathematical sta-
tistical analysis methods. Very often, the mathematical
apparatus of regression and correlation analysis is used to
build models of objects based on the results of experimen-
tal studies [7].

They studied the interdependencies of height and mass
of people of different ages and were faced with the need
to introduce such indicators of this dependence that would
reflect the relationship between the studied characteristics
of a person, but would not define each other Strictly un-
ambiguously. Currently, regression and correlation are the
main concepts of statistics [7].

The main task of correlation analysis is to identify the
significance of the relationship between the values of var-
ious random variables. The relationship between quanti-
ties (including random variables) in which one value of
one quantity (argument) corresponds to one or more well-
defined values of another quantity is called, respectively,
an unambiguous or multi-valued functional dependence.
The relationship between quantities, in which each value
of one quantity corresponds with the corresponding prob-

ability to a set of possible values of another, is called
probabilistic (stochastic, statistical). Examples of correla-
tion are the relationships between the strength and fluidity
limits of steel of a certain brand, between size errors and
shape errors of the part surface, between the test tempera-
ture and the strength of the material, etc. [6-8].

The mathematical apparatus of regression analysis al-
low to:

—evaluate unknown parameters of the regression
model proposed for the study;

—check the statistical significance of model parame-
ters;

— check the adequacy of the model;

— evaluate the accuracy of the model.

The type of regression model is proposed by the re-
searcher himself, and he proceeds from the following:

—the physical essence of the object or phenomenon
under study;

— the nature of the experimental material;

— analysis of a priori information.

The easiest object for model is an object that has one
input and one output factor. The input factor characterizes
the impact on the object under study. In technological
processes of mechanical engineering, this can be tempera-
ture, force, time, geometric parameters of the tool, charac-
teristics of the processed and tool materials, etc. The out-
put factor characterizes the reaction (response) of the ob-
ject to the influence of the input factor. Initial factors in
technological processes of mechanical engineering — the
length of the path traveled by the tool, the amount of
wear, stress, the quality of the treated surface, etc.

Usually, building models and studying an object be-
gins with the simplest models: linear ones [9-12]. The
linear model corresponds to a regression curve in the form
of a simple line. If we have an unlimited number of ex-
perimental points, then the linear regression model has the
form [9]:

N
y =Y wixj, s=1,2,.., S,

j=1

M

where y* is the value of the initial feature for the s-th

instance (observation) of the sample, is the weight Wj of

j-th attribute, X? is the value of the j-th attribute for the

s-th instance of the sample, N is the number of features
that characterize the sample instances, S is the sample
size.

In more complex cases, multidimensional linear re-
gression, in addition to first-order variables, can also in-
clude variables reduced to different powers, as well as
their combinations in the form of products and quotients
of different orders [10—12]. In this case, each such combi-
nation or variable of some order is considered as an addi-
tional dummy variable of the first order. And regression,
which essentially combines nonlinear functions, reduces
to a linear weighted sum of First-Order variables. In this
paper, we will use the least squares method to determine
the coefficients w = {w;} for [9-12]:
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— first-order linear regression models:
N

y =W+ D WiXj; (2)
j=1
— second-order linear regression models:
N N
2
Y =Wo + D WiXj+ D Wing )X s 3)

j=1 j=1
— second-order linear regression models with a first-

order fraction:
N

_ IR IR RIRIE RN C)
Y=Wot WX+ 3 D | W j o |+ L WNOSN -1+ )]
j=1 j=1p=j+1 p) j=l
— linear regression polynomial models with a reduced
number of features:
N
Yo=Y wixi ey, (5)
j=1

Currently, a large number of methods for constructing
mathematical models of various objects are described. At
the same time, among them, methods for constructing
mathematical models of technological processes should
be distinguished. When compiling mathematical models
of technological processes, they rarely have the necessary
complete a priori information about the technological
object and its environment [13, 14]. Even if there are
known systems of equations describing the behavior of
the system, it often turns out that there is no data on the
value of individual parameters, and besides, often the
existing models are too complex and the adaptation of
such models becomes quite time-consuming and lengthy.
In the future, it turns out that the model adopted during
the design process only roughly reflects the object, which
causes an error when managing using such a model.
Building a meaningful analytical model of a complex
object is problematic, and sometimes impossible, because.
the order of the dynamical system and the presence of
various nonlinearities are unknown. Therefore, it is desir-
able to build models of other classes.

An alternative modeling method is ANN [13, 14].
ANN is a mathematical analog of biological neurons in
the brain. ANN can be considered as a directed graph
with weighted connections, in which artificial neurons are
nodes. These models differ in the structure of individual
neurons, in the topology of connections between them,
and in learning algorithms. The ANN of direct distribu-
tion has an architecture consisting of layers (Fig. 1): in
such models, the input features of the recognized instance
are fed to the network inputs and then propagated from
the input layer (X;...Xy) to the original (y;...ym) [13, 14].

Each neuron on the hidden and output layers receives
signals from the outputs of neurons in the previous layer
at the inputs. The input vector of each neuron is converted
to a scalar using a weight (discriminant) function, after
which the value of the output signal is calculated using
the activation function. The output values of the last layer
are the result of the neural network.
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Figure 1 — Multilayer perceptron

The output values of each neuron are determined by
the formula:
Num prev
sz,n 'Valoutprev) >
n=1
where wy(x) is the activation function, W the weighting

(6)

Om=v(Wpo+

factors, Valgytprey 1s the output values of the neurons of
the previous layer, Num e, is the number of neurons of

the previous layer, m=1.2,..., M, M — the number of neu-
rons in the current layer [15].

3 MATERIALS AND METHODS
As it was given in the previous section, the modeling
task can be unified for a specific task after a certain com-
prehensive assessment of its complexity. Given that the
structure of ANN (NN = (struct, param)) allows to most
subtly encode the relationships between the input data
(X = {Xl,xz,...xn}), it is necessary to accurately select

the synthesis option for such a non-network model. Based
on the values of the indicators to assess the complexity of
the task

(Levrask = {Infsample’ I-eVsmprctma LeVietr, LeVacemeas
LeVimanag } )» it can be chosen a way to synthesize the

most acceptable structure [5].

Thus, the use of recurrent neural networks can lead to
a problem of retraining, when the model will show good
results with a high level of accuracy on the training data,
but the accuracy will immediately decrease on the test
data, in other words, the model will work only on the
training sample.

In the case when the model was synthesized for a
large-scale sample (n > 200 ) of data, at the same time,
the data was updated (new data about the object or system

under study was obtained: Sample‘ :<X|,Y‘>) or the

existing data was corrected, a strategy for structural opti-
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mization of the previously synthesized ANN may be use-
ful. With this approach, it will be important to evaluate
the possibility of simplifying the model structure. Struc-
tural optimization will consist in a point-by-point change
of the neuromodel: updating the activation function, re-
moving or adding an interneuronal connection
(struct'={N",c’}, N'={N,N',,N'.}, c={}). By
eliminating the connections responsible for noisy data, it
is possible to significantly increase the accuracy of the
resulting model. In contrast to the complete re-execution
of the synthesis, this approach will differ significantly in a
lower level of resource consumption [5].

In the case when a problem with input data

Sample:<X,Y> that is questionable can be modeled

(there is a question about the accuracy of the data, their
excess or a high degree of interconnectedness), it is nec-
essary to resort to input data preprocessing. Thus, the se-
lection of informative features will allow us to exclude

uninformative features Sample' =<X|,Y>, which will

subsequently increase the level of logical transparency of
the neuromodel. By spending more time on data preproc-
essing, it is possible to significantly reduce the time re-
sources at the stage of model synthesis based on ANN.
When modeling complex processes, objects and sys-
tems, data about which are recorded by sensor systems
with high frequency and represent Big Data (n>1000
and real-time pre-processing is impossible). A high-
precision neuromodel may be required. In this case, neu-

roevolutionary approaches can be used for the synthesis
of such a model, which are more capable of guaranteeing
an accurate architectural architecture of ANNs with a high
level of accuracy [5].

However, most industrial construction processes are not
characterized by excessive data or their constantly updated
nature. Therefore, such processes belong to the OS cate-
gory. The measurements of most of these processes are
either automated, since they are made on the basis of the
readings of special sensors, or they are protected from inac-
curacies, since they are made using special equipment. This
way, always LeViccmeas<0. Also, most industrial con-

struction processes are associated with fully controlled sys-
tems and objects (in most cases, the management is auto-
mated). Therefore, in this case, t0o, always LeVpanag =0

The criteria characterizing the possibility of simplifying the
structure and the number of significant factors also differ in
small values, since they are not focused on operational
processes, where there are difficult-to-fix features

(LeVgmpifetn =15 Lev e =—1) [5].

The general scheme of chosen the category of com-
plicity using indicators prepared as a formula (7).

Therefore, we can conclude that it has a level of com-
plexity of the OS category, which makes it possible to
further use indicators to determine the structural features
of the model (Fig. 2).

LeVsmplfetn < 0, LeV ey <0, LeVacemeas = 0, LeVmanag =0 —> OS

Levrask =

I-eVsmprctn >0,Leveey <0,Levaeemeas =0, I-evmanag =0->0C
LeVempifetn < O[] LeVsmpitetn = 0, LeV ety > 0, LeVaeemeas > 0, LeVpanag = 0 — CAWP

(N

LeVsmpifetn > 0, L&V fcyr > 0, LeVacemeas = 0, L8Vimanag = 0 — RC

| nfSe\mple<<
LeVsmprctnSO
LerctrSO
LeVaccmeas=0
LeVianag=0

| transparent structure of the :
\ “—____neuromodel _ __ _

The number of neurons in the hidden
layer can be calculated based on

analytical estimates of the input data

Figure 2 — Organized simplicity category of modeling task
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In our case, NuMgjempype =3 by default, because it is

assumed that only input, hidden and output neurons are
used. Next, it is need to determine the number of inde-
pendent variables that strongly correlate with the original
features Kgorpy . Additionally, the number of independent
variables that are weakly dependent on others or do not
correlate with each other is determined Ky corrx - Addi-
tionally, information about the number of the most sig-
nificant independent variables among the factors is pulled
up from the previous stage . After that, the number of

neurons in the hidden layer can be determined by the for-
mula [5]:

|Nh| = Kinput - KcorrY - Kimp - Kntcoer =3. ®

Also in the same way, ANN will be synthesized with
3 neurons in the hidden layer.

4 EXPERIMENTS

We have a sample of data describing samples of high-
chromium cast iron with different content of additional
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impurities. An example of data sampling is shown in Ta-
ble 1.

High-chromium cast irons with a chromium content of
10...35% are used for the manufacture of parts of mecha-
nisms operating under conditions of intense abrasive wear
[16]. These parts must have significant hardness. Improv-
ing the design of parts of various mechanisms (ground,
slurry and sand pumps, hammer crushers, ball mills, flota-
tion machines) requires their mechanical processing by
cutting. This leads to conflicting requirements for materi-
als, namely: maximum hardness is required to ensure
wear resistance, and minimum hardness is required for
cutting processing.

The solution to this problem is that the material must
have satisfactory machinability by cutting in the casting
state (low hardness) [17], and after mechanical processing
by cutting, heat treatment must be performed [18], which
will ensure a sufficient level of hardness and, accordingly,
wear resistance.

Samples of high-chromium cast iron containing:
1.09...3.54% C, 11.26...29.68% Cr, 0.77...5.71% Mn,
0.13...2.86% Ni, 0.99...1.46% Si were manufactured. For
these samples, cutter wear (I.,) was determined during
mechanical cutting. Minimal cutter wear of 0.45 mi-
crons/m was observed when cutting sample 1 with a min-

imum carbon content of 1.09% and the amount of car-
bides (K): 9.2%. The hardness of cast iron (HRC) and
microhardness of the components of the base structure
(HV50y5q) and carbides (HV50,,) were determined in
the casting state and after heat treatment of annealing at
690°C and 730°C for 9 hours and normalization from
1050°C with an exposure time of 4.5 hours.

It is necessary to establish the following functions:
cutter wear (I, amount of carbides (K), hardness
(HRC), microhardness of the base (HV50,,4) and car-
bides (HV50,,,) in the casting state and after heat treat-
ment (annealing, normalization) from the arguments: con-
tent in Cast Iron C, Cr, mn, Ni, Si.

The sample consists of input and output features:

— X, is content in the alloy with, %;

— X, is content of Cr in the alloy, %;

— X3 is Mn content in the alloy, %;

— X4 18 Ni alloy content, %;

— Xs 1s Si content in the alloy, %;

-V, is cutter wear (I.y);

— Y, is amount of carbides (K);

— Vs is hardness (HRC);

— Y, is microhardness of the base (HV50p,scq);

— Vs is microhardness of carbides (HV50,,,).

Table 1 — General information about data set

Xy X2 X3 X8 Yi Y2 Ys - y7
1.09 17.33 1.99 1.37 0.45 9.2 34.1 433
1.52 18.73 1.49 1.33 091 13.4 35.7 415
2.55 11.91 3.8 1.26 9.12 18.7 389 330
2.24 22.82 1.21 1.29 2.96 19.4 49.1 529
3.01 29.68 0.72 1.09 39.63 32.1 57.7 1402

Table 2 — Linear regression models
Dependent Total quadratic
variable\ Model type error Average ‘Yreal_)’calcl
First-order linear model (2) 57.9872 4.6689
Second-order linear model (3) 58.0843 1.6301
Yi Second-order linear model with first-order fractions (4) 1.8432 0.1972
Linear regression polynomial model with a reduced number of 1.8432 0.1942
features (5)
First-order linear model (2) 52.0201 1.2409
Second-order linear model (3) 28.7258 1.0976
Y2 Second-order linear model with first-order fractions (4) 8.2949 0.2554
Linear regression polynomial model with a reduced number of 8.2949 02223
features (5)
First-order linear model (2) 16.1631 2.7727
Second-order linear model (3) 10.1685 2.0367
Y3 Second-order linear model with first-order fractions (4) 6.3619 0.4485
Linear regression polynomial model with a reduced number of 6.3619 04148
features (5)
First-order linear model (2) 27.3060 3.5000
Second-order linear model (3) 19.8430 3.1000
Ya Second-order linear model with first-order fractions (4) 5.3524 0.6004
Linear regression polynomial model with a reduced number of 53504 04224
features (5)
First-order linear model (2) 2.6163 1.1000
Second-order linear model (3) 7.2305 3.1000
Ys Second-order linear model with first-order fractions (4) 9.6063 0.1108
Linear regression polynomial model with a reduced number of 96063 0.1255
features (5)
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Table 3 — Results for ANN-based models

Target Number of hid- Training
. . Average error
variable den neurons Time, s
Yi 3 3 0.061046
Yo 3 2 0.093592
Vs 3 4 0.040249
2 3 2 0.011954
Ys 3 2 0.096513

Table 4 — Model results based on test data

. . Second-order Second-order linear mod- Llnea? regression 'poly—

Target First-order linear . . nomial model with a

. linear model el with first-order frac- ANN
variable model (2) . reduced number of fea-

3) tions (4)
tures (5)

Vi 5.1 1.8 0.2 0.3 0.1

Y> 1.7 1.5 0.4 0.3 0.12

Vs 3.0 2.6 0.6 0.5 0.08

Ya 4.2 3.8 0.8 0.6 0.05

Ys 1.42 3.58 0.3 0.4 0.13

5 RESULTS the complexity of the task and the system of indicators, it

Table 2 shows the results for linear regression models.
During compression special attention was concentrated on
total quadratic error and average real and calculated re-
sults of depended feature.

Table 3 shows the results for ANN-based models.
During compression special attention was concentrated on
number of hidden neurons (what was calculated based on
system of indicators), training time (calculated on sec-
onds), average error of model.

Table 4 shows the results of models based on test data.
During compression special attention was concentrated on
average error of models for different depended features.

6 DISCUSSION

Based on the results of the initial analysis, the task
was assigned to the OS group. After all, the input sample
was not excessive, and the risks of human influence were
excluded. The only significant complicating factor is the
poorly conditioned correlation matrices.

Further calculations showed that the use of 3 neurons
in the hidden layer is sufficient to build a neuromodel
with acceptable accuracy of operation.

Analyzing the initial results, we should note a fairly
large run-up among the model training time: from 4 sec-
onds (the largest indicator among ANN-based models) to
34.37 for linear regression models.

The results obtained on the data after reduction
showed that the accuracy increased when constructing a
neuromodel with a certain structure based on the indicator
system, and the time significantly decreased.

Additionally, we should note the high level of logical
transparency of the obtained Ann-based models.

CONCLUSIONS

The urgent scientific and applied problem of con-
structing a neural network model of industrial processes
with a high level of logical transparency and acceptable
accuracy based on the use of a system of criteria for de-
termining the structure is solved.

The scientific novelty lies in the study of the use of a
system of criteria for determining the structural features
of a neural network model. Based on the assessment of

© Leoshchenko S., Oliinyk A., Subbotin S., Netrebko V., Gofman Ye., 2021
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was possible to obtain logically transparent neuromodels
with a high level of accuracy of work.

The practical significance lies in the fact that the de-
veloped neural network models can be used during the
implementation of real technical processes in production
facilities. Their use will significantly reduce production
costs and automate the modeling process.

Prospects for further research and development ar-
eas include the development of neuromodel synthesis
methods based on the combined use of complex Ann to-
pologies and swarm optimization methods.
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Hetpedko B. B. — 1-p TexH. Hayk, mpodecop kadenpu o0aHAHHS Ta TEXHOJIOTIT 3BaplOBaTbHOrO BUpOOHHITBA HamioHaapHOTO
YHIBepCHTETY «3amopi3bka MOJITEXHiKay, 3amopixoks, YKpaiHa.

T'odpman €. O. — kaHA. TEXH. HAYK, CTAPUINK HAYKOBHH CIIBPOOITHUK HAyKOBO-JOCHIITHOI YacTHHHU HalioHambHOTO yHIBEpCHTE-
Ty «3amnopi3bka MOJTiTeXHiKay, 3amopixoks, YKpaiHa.

AHOTAIIA

AKTyanbHicTh. Po3risiHyTO 3aa4y noOyI0BH HelpoMepekeBOT MO/ MPOMHUCIOBHX IPOIECIB i3 BU3HAYCHHSIM ONTHMAJIBHOL
TOIOJIOTI], IO BiZPi3HAETHCSI BUCOKMM PIBHEM JIOTiYHOI MPO30POCTi Ta MPUAHATHOIO TOYHICTIO. OO0’€KTOM NOCIIHKEHHS € Tpolec
HEHPOMEPEKEBOr0 MOJICTIOBAHHS NPOMHCIIOBUX IIPOLECIB i3 3aCTOCYBAHHAM IHJMKATOPHOI CHCTEMHU [UIs CIPOIICHHA Ta BHOOPY
TOTIOJIOTiT HEHPOMOIETi.

Meta po6oTH moJsrae y No0yaoBi HepoMepeKeBoi MOAETI MPOMHCIOBUX HPOLECIB 3 BUCOKUM PiBHEM JIOTIYHOI IPO30POCTi Ta
MPUHHATHOIO TOYHICTIO HA OCHOBI BUKOPHCTAHHI CHCTEMHU.

Mertoa. 3anpornoHOBaHO BHKOPHUCTOBYBATH LITYYHI HEHPOHHI MEpexki MPSAMOro MOIMIMPEHHS JUls MOJCTIOBAHHS IPOMHUCIOBUX
npouecis. ITicist OIiHKM 3aranbHOTO PiBHS CKJIAJHOCTI 337adi MOJEIIOBAaHHS HA OCHOBI IHAMKATOPHOI CHCTEMH OyJI0 NPHHHSTO pi-
HIeHHs OylyBaTH HEHpPOMOZENIb Ha OCHOBI iICTOPHYHUX AaHUX. BUKOPHCTOBYIOUM XapaKTEPUCTHKU BXITHUX JAaHMX 3a1adi Oyio po3-
paxoBaHO HAHOLIBII ONTHMANbHY CTPYKTYPY HEHPOHHOI MepeKi AJIsl TOJANIBIIOr0 MOJCIIOBAHHS CUCTeMU. BHCOKHI piBeHb JIOTiY-
HOT [IPO30POCTi HEHpOMOeIeii, 3HauHO PO3IIKPIOE TX NPAKTUYHE BUKOPHCTAHHS Ta 3HWKYE PECYPCOEMHICTh HPOMHUCIOBUX IMPOILIe-
ciB.

PesyabTaTn. OTpuMano HEHpOMOIeli IPOMHUCIIOBHX MPOIIECIB HA OCHOBI ICTOPHYHMX JaHUX. BUKOpHCTaHHS 1HANKATOPHOI CHC-
TEMH J03BOJIWIO B 3HAUHIHM Mipi 30UIBIINTH PiBEHB JIOTIYHOI IPO30POCTI MOAENeH, 30epiraroun BUCOKHH piBeHb TodHOCTI. [100ymo-
BaHi HEHPOMOJIEN 3HIKYIOTh PECYPCOEMHICT IIPOMUCIIOBHUX ITPOLECIB 32 PaXyHOK 301IBIIEHHS PiBHS IOIEPEAHHOTO MOICIIOBAHHS.

BucnoBkn. [IpoBesieHi eKCIIEpUMEHTH MiATBEPAWIM MPale3JaTHICTh 3alPOIIOHOBAHOTO0 MAaTEMaTHYHOTO 3a0e3NeYeHHs 1 J03BO-
JISIFOTh PEKOMEH/TyBaTH HOTO JUIsl BAKOPUCTAHHS Ha MPAKTHIL IIPH MOJAEGITIOBaHHI IIPOMUCIIOBUX IporieciB. [lepcriekTnBH moaanbmmx
JOCII/KEHb MOXKYTh MOJISITATH HEWPOEBOJIOLIITHOMY CHHTE31 OLIBII CKJIAJHUX TOMOJIOTIH IUTYYHHX HEHPOHHHMX MEPEX Ui BUKO-
HaHHs 0araTOKpUTEpiaabHOI ONTUMI3ALL].

KJIFOYOBI CJIOBA: moznentoBaHHS, IPOMHUCIIOBI MPOIECH, CHCTEMa 1HAUKATOPIiB, HEHPOMOAEb, BUOIpKa, HABYAHHS, TIOMIJI-
Ka.
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Cy66otnn C. A. — 1-p TexH. HayK, npodeccop, 3aBenyromuii kadeapoi IporpaMMHBIX cpeacTB HannoHnanpHOro yHUBEpCUTETa
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T'opman E. A. — crapumii Hay4HBIH COTPYAHMK HAYYIHO-MCCIIENOBATENHCKON YacTH HallMOHABHOTO YHHBEpCHTETA «3aro-
POXKCKast HONUTEXHHUKaY, 3all0pokbe YKpanHa.

AHHOTAIUSA

AKTyalbHOCTB. PaccMoTpeHa 3a1a4a IOCTpOEHHs HEHPOCEeTeBOI MOJENU INPOMBIIIICHHBIX IIPOLIECCOB C ONpPEICICHUEM ONTU-
MaJIbHOW TOIOJIOTHH, KOTOpasi OTIMYAETCs] BHICOKMM YPOBHEM JIOTMYECKOI NPO3pavyHOCTH M MpUEMIIEMOi TOYHOCThI0. OOBEKTOM
HCCIIEIOBAHUS SABJISIETCS IIpoLiecC HEHPOCETEBOro MOJCIUPOBAHNS IPOMBIIIICHHBIX CTPOUTENIBHBIX NPOLIECCOB C IPUMEHCHUEM UH-
JIUKATOPHOI CUCTEMBI ISl yNIPOIIEHHS BEIOOPA TOMONOTHH HEHpoMoaene.

Henr padoThI 3aKTIOYaeTCs B MOCTPOCHHM HEWPOCETEBOM MOJENH NMPOMBIIIIEHHBIX CTPOUTEIBHBIX IMPOLECCOB C BBICOKHUM
YPOBHEM JIOTHYECKOH PO3PAYHOCTH M IPHEMIIEMOI TOYHOCTHIO HA OCHOBE HCIIOIb30BAHNH CHCTEMBI.

Metona. IIpennoxeHo MCIONB30BaTh MCKYCCTBEHHBIE HEHPOHHBIE CETH IPSMOTO PAcIpOCTPAHCHUS AJSI MOJCITHPOBAHUS IIPO-
MBIIIUIEHHBIX IIporieccoB. [loce omeHKH 0o0Iero YpoBHS CIOKHOCTH 3aJady MOJCIMPOBAHUS HA OCHOBE MHANKATOPHOWU CHCTEMBI
OBbUIO NPUHATO pEUIeHHe CTPOUTH HEHPOMO/ENh Ha OCHOBE HCTOPHUUECKUX JaHHBIX. VICTIONB3ys XapaKTepPUCTUKHM BXOJHBIX JAHHBIX
3amayn OblIa paccudTaHa HanboJiee ONTHMANIbHAS CTPYKTypa HEHPOHHOW CeTH IS JajbHEHIIEro MOJIEITMPOBAHNUs CUCTEMBL. Bbico-
KUH ypOBEHb JIOTMYECKOH MPO3pauyHOCTH HeHpoMmojenel, 3HaUUTEIbHO PACIIUpPAET UX MNPAKTUYECKOE HCIIONb30BaHHE M CHHUXKAET
PECYPCOEMKOCTD MPOMBIIIIEHHBIX ITPOLIECCOB.

PesyabTartel. [lonydeHnsl HEHpOMOENN IPOMBILUIEHHBIX NIPOLIECCOB HA OCHOBE HCTOPUUYECKUX JAaHHBIX. Mcronp30BaHME MHAU-
KaTOPHOI CHCTEMBI O3BOIMIIO B 3HAUUTEIFHON CTEHEHH YBEIWINTh yPOBEHB JIOTHIECKOI MPO3PavHOCTH MOJETEH, COXPAHSSI BBICO-
KN ypoBeHb TOYHOCTH. IIocTpoeHsI HelpoMopenel CHIKAIOT PECYpPCOEMKOCTh MPOMBIIUICHHBIX MPOIECCOB 32 CUET yBEINYCHUS
YPOBHS IIPEIbIIYHIEIO MOAEIUPOBAHUSL.

BriBoasl. [IpoBesieHHBIE SKCIEPUMEHTHI HOATBEPIIIH pabOTOCIIOCOOHOCTD IPEUIOKEHHOTO MATEMAaTHYECKOT0 00ecieeH s 1
MO3BOJIIOT PEKOMEHA0BATh €ro Ul UCIIOJIb30BAHUS Ha IPAKTUKE NPU MOJAEIUPOBAHUY IPOMBIIIICHHBIX IpoLeccoB. IlepcreKkTiBbI
JaJbHEHIINX MCCIIeIOBAaHUI MOTYT 3aKIII0YaThCsl B HEHPOIBOIIOIMOHHOM CHHTE3¢ 00Jiee CI0KHBIX TOIOJIOTHH UCKYCCTBEHHBIX HEMH-
POHHBIX CETEH IS BBIMOTHEHHUS MHOTOKPUTEPHATbHON ONTHUMH3AIHN.

KJ/IFOYEBBIE CJIOBA: MonenupoBaHue, IPOMBIIUICHHbBIE MIPOLECCH], CUCTEMa MHAWKATOPOB, HeiipoMoens, BEIOOpKa, 00y-
YeHHUE, OLIUOKA.
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ABSTRACT

Context. The work is dedicated to the identification of a simple and effective mechanism by which it is possible to build algo-
rithmic classification trees (algorithmic tree models) on the basis of fixed initial information in the form of a discrete data training
sample. The constructed algorithmic classification tree will unmistakably classify (recognize) the entire training sample on which the
model is built, have a minimum structure (structural complexity) and consist of components — autonomous classification and recogni-
tion algorithms as the vertices of the structure (attributes of the tree).

Objective. The aim of this work is to create a simple, effective and universal method of constructing classification (recognition)
models based on the concept of algorithmic trees for arrays of real hydrographic data, where the obtained schemes of classification
systems (classification tree structure) are characterized by a tree structure (construction) and autonomous classification algorithms
(sets of generalized features) as their structural elements (construction blocks).

Method. The general scheme of synthesizing classification trees in a form of algorithmic trees on the basis of a procedure of ap-
proximation of an array of discrete data by a set of elementary classifiers, which for the set initial training sample builds a tree-like
structure, i.e. a model of the algorithmic tree, is suggested. Moreover, the constructed scheme consists of a set of autonomous classi-
fication and recognition algorithms evaluated at each step/stage of constructing the classification tree for this initial sample. A
method for constructing an algorithmic classification tree has been developed, the main idea of which is to approximate step-by-step
the initial sample of an arbitrary volume and structure by a set of elementary classification algorithms. The method of algorithmic
tree in the formation of the current algorithmic tree vertex, node, generalized feature provides selection of the most effective, high-
quality elementary classifiers from the initial set and completion of only those paths in the tree structure where the largest number of
errors (failures) occurs. The structural complexity of the algorithmic tree design is estimated based on the number of transitions, ver-
tices and tiers of the model structure, which allows one to improve the quality of its subsequent analysis, provide an effective decom-
position mechanism, and build algorithmic tree structures under fixed constraint sets. The method of the algorithmic tree synthesis
allows one to build different types of tree-like recognition models with different initial sets of elementary classifiers with predeter-
mined accuracy for a wide class of problems of the artificial intelligence theory.

Results. The developed method of building algorithmic tree models allows one to work with training samples of a large amount
of different types of information (discrete data) and provides high speed and economy of hardware resources in the process of gener-
ating the final classification scheme, as well as to build classification trees with predetermined accuracy.

Conclusions. An approach to the synthesis of new recognition algorithms (schemes) based on a library (set) of already known
algorithms (methods) and schemes has been developed. That is, an effective scheme for recognizing discrete objects based on step-
by-step evaluation and selection of classification algorithms (generalized features) at each step of the scheme synthesis is presented.
Based on the suggested concept of algorithmic classification trees, a model of the structure of the algorithm tree was built, which
provided classification of flood situations for the Uzh river basin.

KEYWORDS: classification tree, algorithmic classification tree, discrete object, feature, recognition function, recognition algo-
rithm, branching criterion.

ABBREVIATIONS BAS is a branched attribute selection.
TS is a training selection;
ST is a test selection; NOMENCLATURE
RS is a recognition system; G is a set of signals (discrete objects);
IR is an image recognition; R is a partitioning into classes (patterns) H; speci-
GA is a generalized attribute; fied in the initial data set G ;

RF is a recognition function;

SS is a software system;

LCT is a logical classification tree;

ACT is an algorithmic classification tree;

n is a total number of the problem attributes (the at-
tribute space dimensionality;
W is a discrete object of the initial TS;

DFT is a generalized feature tree; m is a total number of training pairs (known classifi-
CMT is a classification models tree; cation objects) of the initial TS;
GAT is a generalized attribute tree; fr is a recognition function;
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fj is a generalized feature constructed at j— step of

generating the algorithmic classification tree model;
a

1
tion algorithms in the scheme of the algorithmic classifi-
cation tree;

Xj is a discrete objects (signals) of the initial TS;

is a fixed independent classification and recogni-

| is a value of a class of discrete object X belonging;

H; is a set of classes set by the initial TS;

M is a total number of independent classification al-
gorithms a; in the set;

k is a total number of classes (patterns) of the set of
signals G ;

W (f) is the generalized attribute f
quality value;

Gy,,...a, 18 a subset of the initial G which is ap-

information

proximated using the set of classification algorithms &;;

S

a is a number of occurrences in the TS of train-

ing pairs which meet the condition Xj € G, 5 3

SI

a,..a, 152 number of all training pairs of the initial

TS which are correctly classified (when the basic mem-
bership requirement is fulfilled X5 € G, | o, fr(Xs) =1;

Ba,,...a; 18 a frequency of occurrence of the members

of the sequence of discrete objects from the initial TS in
Ga,,....a; data set;

Pa,,..a is @ maximum frequency out of frequencies

\j Ejll 5 Is aregarding all the classes of the current prob-

1
lem;

Fs is a value which characterizes the quality of ap-
proximation of the initial TS using the set of classification
algorithms &;;

Kstop 1s @ branching stopping criterion at the ACT
model construction;

F is a function of recognizing the structure of the
classification tree;

En is a classification errors, rejections (of the first
type) in the initial training data set;

Ety is a classification errors, rejections (of the first

type) in the training data set;
Tyz is a characterizes the total time (hardware time)

which is necessary for building the current generalized
feature fj ;

Ey, is a information capacity (structural complexity)
of the constructed GF f; within the current step of

generating the algorithmic classification tree model;
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Syu; is a total number of discrete objects X; of the

initial TS which are generalized (described) by the
specified generalized feature f;;

Ppt(TS) is a power (volume) of the initial TS (or its

fixed part for the current step of the scheme of
constructing the algorithmic classification tree);
Erpy is a total number of errors of the algorithmic

classification tree model in the data of the initial test set
as well as of the training set;
M is a total power (volume) of the data of the

training set as well as of the test set;
Fra is a characterizes the number of vertices of the

obtained algorithmic classification tree model with the
resulting value fg (RF, i. e. the leaves of the classifica-

tion tree);
V) is a represents the total number of all types of

vertices in the structure of the algorithmic classification
tree model;
Oy 1is a total number of generalized features used in

the classification tree model,
Paji is a total number of transitions between the verti-

ces in the structure of the constructed classification tree
model;
N A is a total number of different classification algo-

rithms that are used in the classification tree model;
I'vain is a indicator of generalizing data of the initial

TS using the classification tree;
Qmain 1s a integral indicator of the quality of the algo-

rithmic classification tree model.

INTRODUCTION

Tasks related to image recognition, are quite diverse
and arise in the contemporary world in all spheres of eco-
nomics and social content of human activity, this leads to
the need to construct and study mathematical models of
the corresponding systems. As of now, there is no univer-
sal approach to their solving. There have been proposed
several fairly general theories and approaches that allow
solving many types (classes) of tasks, but their application
differs greatly by the high level of sensitivity to the spe-
cifics of the task itself or subject area of application [1].
Many theoretical results have been obtained for special
cases and subtasks, and it should be noted that the weak
point of successful real recognition systems is the neces-
sity to perform a huge amount of computation and orien-
tation on powerful hardware tools. However, a large
number of application tasks in various fields of natural
science, such as geology, geophysics, geochemistry,
medicine, sociology, archeology, biology, etc., where
classification problems are solved using software and
hardware systems, determines the intensity and relevance
of this study [2-5]. So, to date, four thousand recognition
methods and schemes are known. All of them are charac-
terized by a variety of approaches to the classification
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problem, but have sets of strict restrictions. The limita-
tions of classification schemes are largely related to the
efficiency of the recognition scheme, the speed of classi-
fication, and the rational use of information system re-
sources. Well-known classification schemes and methods
are also characterized by high sensitivity to classes of
applied problems and their specifics. It is clear that such
limitations of classification methods and schemes also
have a negative impact on real information systems (rec-
ognition systems) [6]. The representation of training sam-
ples and large amounts of discrete information in the form
of logical and algorithmic tree structures has its own sig-
nificant advantages. This allows you to provide an eco-
nomical description and efficient data analysis, a simple
mechanism of operation [7]. So, the coverage of the train-
ing set with a set of elementary features in the case of
logical classification trees, or the coverage of the training
set with a fixed set of autonomous recognition and classi-
fication algorithms in the case of algorithmic classifica-
tion trees, generates a fixed tree-like data structure (a tree
model) that enables compression and transformation of
the initial data of the training set. This method allows
significant software optimization, significant savings in
the resources of the classification system [8] in problems
with complex data structures. The scope of application of
the concept of classification trees, various types of LCTs /
ACTs structures is currently extremely voluminous. The
set of problems and problems solved by this device can be
represented by three basic classes: problems of describing
and presenting complex structural data, a class of classifi-
cation and forecasting problems, and a class of regression
analysis problems [9]. Note that modern algorithms and
methods based on step — by-step selection of traits of de-
cision tree synthesis belong to the class of greedy algo-
rithms and are known from the literature — division and
capture. When applying the classical scheme, the con-
struction of the classification tree will be carried out in
stages in the direction from top to bottom [10].

Decision trees, namely the structures of algorithmic
classification trees are the object of the study.

The central issues of classification tree methods re-
main the problem of selecting the basic branching crite-
rion in the schema structure, the branching stop criterion,
and the logic tree branch rejection criterion. There is a
fundamental question of the theory of classification trees
— the question of the possible construction of all variants
of logical tree structures corresponding to the initial TS
and the selection of the minimum depth and structural
complexity of the classification tree [11].

The methods and algorithms for constructing algo-
rithmic classification trees (decision trees) are the subject
of research.

A problematic issue of existing methods for process-
ing training samples in recognition problems when con-
structing classification rules is that they do not effectively
allow us to adjust their complexity and accuracy in the
process of model synthesis [12]. This disadvantage is
largely absent in the methods and schemes for construct-
ing recognition systems based on the concept of algo-
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rithmic, logical classification trees. Note that a special
feature of the algorithmic tree concept is the possibility of
integrated use of many well — known recognition algo-
rithms to solve each specific problem of constructing a
recognition scheme. This allows you to organize the
modular principle of constructing classifiers. The concept
of algorithm trees is based on a basic scheme — optimal
approximation of training sample data by a set of general-
ized features, classifiers that are included in a certain
structure built in the learning process [13].

The objective of the work will be to build an effec-
tive, universal method for synthesizing recognition mod-
els based on the concept of algorithm trees for arrays of
real hydrographic data in the problem of predicting flood
phenomena. In this case, the constructed recognition
(classification) systems are a graph — schema structure
(classification tree) and contain sets of different types of
recognition algorithms and sets of classifiers (generalized
features).

1 PROBLEM STATEMENT
Suppose within some set G of discrete objects X
there is a partition R into a finite number k of subsets

k

(classes, images) Hj,(i=1,...k), G = U H; . The respec-
i=l

tive sets Hy,...,Hy are called images and the elements of

set G are called images or representatives of images
Hy,...,Hg . Objects (images) X are defined by sets of

values of some features Xj,(j =1,...,n). If xeH;, then
we consider that this object belongs to image H;. In the
general case images Hy,...,H can be specified by prob-
p(Hy/X),..., p(Hj /%),
p(H;j/Xx) is the probability ( or in the continuous case

abilistic  partitions where

probability density) of belonging X,(x<€H;) to image
Hi . Initial training information in the form of HB is set

by the problem condition as a fixed sequence of some
training pairs of the following form:

(X1, TR(X))see, (X FR (X)) 1)

To check the effectiveness of the constructed classifi-
cation models, a test sample is also given — in the form of
a set of objects of known class affiliation, and it can be
represented as a fixed part of the initial TS data. In this
interpretation of the initial problem, TS is a collection of
some sets of discrete objects of known class affiliation.

Moreover, each discrete TS data object is a set of val-
ues of fixed elementary features, object attributes, and
values of recognition functions (RF) on this data set. Note
that the value of the recognition function (class marker)
refers a fixed discrete TS data object to the corresponding
class [14].

Within the framework of this study, the basic task will
be to construct a model of the algorithm tree (ADC struc-
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ture) with a set of fixed design parameters P . Moreover,

the structure L (ACT models) of which would be optimal
F(L(p,Xj), fr(Xj)) = opt according to the conditions of

the problem (a set of initial TS data, the structure of the
initial array of discrete data. Note that in this study, we
will be interested in constructing ACT structures for real-
world training samples of hydrographic data.

2 REVIEW OF THE LITERATURE

The research is a continuation of the works devoted to
the main problematic issues of the concept of tree-like
classification schemes for discrete objects [6—8, 11] in
pattern recognition problems. The main attention in these
works is paid to the problems of constructing, represent-
ing, using, and optimizing the structures of classification
trees. It is known from [6] that the resulting classification
scheme, which is constructed by an arbitrary method or
algorithm based on the criteria of branched feature selec-
tion, has a tree-like logical structure. In other words, it
can be represented in graph — schematic form. A logical
classification tree consists of a set of vertices, branches of
the structure, which are grouped by tiers and obtained at a
certain stage of building a classification tree model [15].
An actual problem that arises from the work [16] is the
question of synthesizing recognition trees, which will
actually be represented by a tree of algorithms. Note that
unlike existing classification schemes, the main feature of
tree recognition systems is that the importance of individ-
ual features, a group of features, or algorithms is deter-
mined relative to the function that sets the division of
objects into classes [17]. Thus, the work [18] deals with
the main issues related to generating decision trees in the
case of uninformative features. We note a characteristic
feature of classification tree models (LCT/ACT struc-
tures) to provide effective one-dimensional branching,
which allows analyzing attributes, individual features in
the object structure, and working with generalized fea-
tures of various types. In this case, sets of generalized
features can be represented as complex predicates, and for
structures of algorithm trees in the form of sequences by
autonomous classification and recognition algorithms [8].
This representation of classification models (LCT/ACT
structures) is actively used for big data mining, where
there is a need to build a classification model that predicts
the value of one or more target variables based on data
from the original TS array [19]. To date, there are a sig-
nificant number of methods and schemes that implement
the concept of decision trees based on basic branching
criteria, but two of their representatives (C4.5/C5.0 and
CART) have received the greatest use and distribution. So
the scheme of the logical classification tree C4.5/C5.0
uses the so — called information-theoretic criterion as a
node selection criterion (branching criterion). The CART
scheme is based on the calculation of the Gini index (cri-
terion). This criterion is based on calculating the relative
distances between the distributions of primary classes
[20] based on the metric given by the condition of the
problem. Schemes of all methods and algorithms of
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branched feature selection, algorithms for ACT structures,
can be reduced to optimal coverage (approximation) of
the initial data array by a set of fixed classification (rec-
ognition) algorithms. For the LCT case, TS data is ap-
proximated by sets of estimated elementary features. A
basic question arises-the question of choosing an effective
branching criterion in the structure of the classification
tree scheme. The question boils down to the problem of
efficient selection of sets of vertices, features and their
combinations of discrete objects for schemes of logical
classification trees and algorithms for ADC methods. A
set of these basic questions is considered in [21], which
highlights the problem of informational evaluation of in-
dividual discrete features, their sets and fixed combina-
tions based on fixed performance criteria. This allows you
to introduce an effective mechanism for implementing
branching in the design of the classification tree model.
The structures of classification tree models (LCTs / ACTs
models) constructed from the initial TS data have a rela-
tively small structural complexity, but the classification
tree structure itself is sparse and unevenly filled in depth
with attributes compared to the class of regular logic trees
[22]. Important issues remain the convergence of the
process of constructing classification tree structures using
branched feature selection methods, the issue of maxi-
mum complexity of the tree model synthesis procedure
itself, and the choice of an effective criterion for stopping
the logical tree synthesis process [23]. An important point
is also that the concept of classification trees does not
contradict the fundamental ability to use not only individ-
ual attributes, attributes of objects that combine them, and
sets as attributes, vertices of the classification tree struc-
ture. Moreover, individual independent recognition algo-
rithms estimated from TS data can be considered as
branches. In this case, the output will be a new structure —
the ACT model [8]. This paper will be devoted to ACT
structures in practice.

3 MATERIALS AND METHODS

At the first stage, by analogy with the schemes of se-
lection of elementary features (LCT structures) [7], we
propose a basic scheme of algorithmic classification trees.
Moreover, for ACT structures, it will consist in approxi-
mating the array of the initial TS with a set of autono-
mous, independent classification algorithms of various
types and structures.

At the first stage, the condition of the problem is the
initial TS of the general form and structure (1). It is a set
of elements with class labels (RF values) of the total vol-
ume m. A system of different types of algorithms (classi-
fiers) is also defined as a condition of the problem
a; (X),a,(X),...,ap (X) . We introduce the following basic

sets, which represent the breakdown of the initial HB data
by the corresponding independent classification algo-
rithms @ :

Ga,...a, = 1X€G/a(X) =1}, (i =1,... M). ?)
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Each of the fixed autonomous classification algo-
rithms a;(X) of the initial set generates a value from the

set {0,1} at the output. Here aj(X)=1, in the case of a
successful approximation of the object x, 8j(X)=0 in

the opposite case.
Note that the set system G, 5 is a complete step —

by-step division of the set G in the process of increasing
the i value — that is, the classification algorithms in-
volved. This division is implemented by a set of inde-
pendent classification algorithms a;,a5,...,a); . Note that

depending on the initial set of classification algorithms

aj,a,...ay , some of the sets G, , may be empty.

This situation is possible if one fixed or several algo-
rithms for approximating the current TS data fail.

Enter a value Sy 5~ that determines the number of

training pairs (Xg, fr(Xs)), (1<s<m) that meet the con-
dition X5 € Gy o - Additionally, we introduce a value

a > (1=0,L..,k=1) that determines the number of
M

......
initial pairs (Xg, fr(Xs)), (5=1,2,..,m) that meet the
conditions Xj € G, 5 and fr(Xs)=]j.

Then, according to these values and by analogy with
the methods of selecting sets of elementary features [23],
the following values can be introduced, which should be
considered as basic criteria for constructing branching for
ACT structures:

]
S _ Sal,...,ai . J Sal,...,a,
a,....q m ’ ay,...,q 2t p
- i

Pa,..a = mjaxwal,...,ai' 3)
If the condition Xs¢&Gy o for all is met

- - ] -
(s=1...m), then 85 5 =0 and Va,.a =0 when

(j=0,1,..,k-1).
The value 8,  , characterizes the frequency of oc-
in the set

currence of sequence sets Xj,Xp,...,Xm

characterizes the frequency

H

Gg,.,...a - The value \y;l,_ a

<58

of an object X Dbelonging to the j class and

Xe Gal,“.,a .

i

The condition Xe Gy, is equivalent to the condi-
tion that for a sequence a,...,a; there is such an element
ay that ay(x)=1. The value 8, 5 characterizes the
information efficiency of recognition for an object X up
to one of the classes H(,Hj,...,H,_; under the condition
Xe Gal,...,ai .
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At the next stage, the fundamental question of whether
an object X belongs to classes Hg,Hj,...,H_; again
arises — the question of forming a classification rule for
the ACT scheme. Here you should assign the classifica-
tion object X to a class H j when performing the follow-

ing basic relation:

“)

pal!'--sai = Wél,...,ai '

Note that this ratio is a fixed classification rule, and

{0< j<k—1}. The larger the value Pa,,...a; » the higher
its efficiency.

According to the problem condition, the only informa-

tion that represents image splitting Hg,Hy,...,Hy_; is the

initial TS. In this case, the class H j is a collection of all

training pairs (Xg, fr(Xs)) of TS that satisfy the condition
of belonging fg(X;) =] [24-27].

By analogy, the average efficiency of recognizing the
set of images H,Hj,...,Hx_; which are specified by the
training dataset with the help of recognition algorithms
ay,ay,...,a , is estimated by the following value:

Fs(aj,....am) = Zsal,...,ai Pay,....q

ap,...,a

(5)
The value Fg(ay,...,ap ) is an estimate of the ap-
proximation of the initial TS using the initial set of inde-
pendent classification algorithms a;,a,,...,ay or the
approximation ability of a fixed set of algorithms.

The value Fg(ay,...,a) ) can be obtained in parallel
according to the following scheme. Let the recognition
function F be a certain display that matches each set
aj,....aj with a certain element of the set {0,L...k—1}.
Moreover, each element of this set encodes a class label.

In this case F, the RF is a function of the form
F(ay,...,a;) , the arguments of which take values from the

set ay,...,aj . Then the RF F(ay,...,a;) uniquely refers the
object X,(xeG) to the class Hj,(0< j<k—1) for which
the condition is fulfilled:

F(ay,....a5) =101 <k-1). 6)
Let the condition of the problem be the initial TS in
the form of a sequence of training pairs (Xj, fr(X;)) and

a fixed set of different types of classification algorithms
(ay,-..»8y ) - The total number of training pairs in HB is —

M , the dimension of the feature space is — n . It has to be
admitted that the work of the constructed models of clas-
sification trees is checked using an array of training data-
set whose capacity is equal to T (whose class belonging
is also known).
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Admittedly, here the data of the initial TS specify
some partition into classes (Hy,...,Hy ), and it is possible
that the corresponding algorithms &; may be unrelated by
a single concept of recognition, and they can implement
various methods and algorithms of classification (for ex-
ample, these may be conventional geometric algorithms —
the principle of whose work lies in approximating the TS
by the corresponding geometric objects, algorithms for
calculating estimates, potential functions, etc.).

The result of each of the fixed, selected from the algo-
rithm library, autonomous classifiers a;, at the corre-

sponding stage of ACT generation, is one or more gener-
alized features — f j - Here, GFs are classification rules

that approximate a certain part of the initial training sam-
ple. For the case of known geometric recognition algo-
rithms, the resulting generalized features will be geomet-
ric objects that cover TS in the feature space of the di-
mension problem — n.

In applied problems, there may be cases when the cor-
responding classification algorithm a; cannot construct a

generalized feature f;. This situation is possible due to

the complex arrangement of classes Hy in the feature
space of the problem or certain conceptual and implemen-
tation limitations of the classification algorithm itself. It is
also possible that the generalized features f; constructed

by the classification algorithm a; do not fully approxi-
mate the initial TS, or this situation is provided for by the
ACT generation algorithm scheme itself. Here it is possi-
ble that there is an initial limitation in the scheme of the
tree algorithm for generating no more than one general-
ized feature f; at each step of constructing the ADC

structure.
Objects of the initial TS that do not fall under the con-
structed scheme of sets of GFs f; approximation of the

sample belong to classification errors of the first type —
Eny . Accordingly, for TS data, failures classified of this

type are classified as errors of the first type — Et, .

Therefore, we assume that the ACT structure (type II)
will have a general construction of the form — (Fig. 1).

Moreover, each tier of such a classification tree
defines the stage of building an ACT model. That is, the
stage of approximation by a fixed classification algorithm
a; for a certain part of TS data. It is clear that this
approach allows you to effectively adjust the complexity

and accuracy of the classification tree model that is being
built.
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Step Nal
GFs tier Nel

Step Ne2
(iFs tier No2

Step Ned
GFs tier No3

Step Nod
GFs tier Ned

perseeaacll) K,

Figure 1 — General scheme of the ACT structure
(type 1I)

For each stage of ACT model generation — (Fig. 1)
submit its own classification algorithm a; and its own
corresponding part of TS, a subset of the initial TS. Note
that the entire initial TS is provided only at the first step,
then with the next stages of building the classification
tree, the power of the TS data array will fall due to the set
of constructed GFs sets f;. At each step of the sequence,

the GFs will approximate a certain part of the original TS
data. Depending on the conditions of the problem, the
structure of the current ACT construction scheme, and the
features of a fixed algorithm g;, it is possible to generate

sets f j and sequences of ACT at each step of the ACT

scheme.
We introduce in the following form the basic criterion
Kstop for stopping the branching scheme of the method

for constructing the algorithm tree model, which consists
in checking the volume of the initial sample Py (TS) or

its fixed part:

(M

0,if Py (TS)=0;
SOP T Lif Py (TS) > 0.

The general scheme for constructing the ACT model
continues until the condition is met Kgop =1. In a

situation where Kgiop =0 the ACT model synthesis

scheme is completed. There is a transition to the stage of
testing the model based on TS data and evaluating the
quality of the classification tree based on Integral
indicators of the model quality.

For the ACT method, the fundamental question be-
comes the choice of the branching criterion, the effective
choice of the current classification algorithm a; in the

structure of the classification tree model under construc-
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tion. Then, by analogy with the methods of approximating
HB with a set of elementary features — as a basic branch-
ing criterion, we can offer a step-by-step assessment of
the effectiveness of a set of algorithms (ay,...,8;) in the

following form:

1 K Ey
N (T + Sy, + YT
Ppt (TS) Z Uz Uz SUZ

j=!

®)

W(aj)= "

In formula (8), summation is performed for all classes
that are defined by the initial TS data array. Note that
there may be restrictions on summation, which are due to
the structure, set of initial parameters of the
corresponding classification tree construction algorithm.

An important point in the methods of constructing
ACT — models (Fig. 1) is that each step of the tree
algorithm actually builds its own fixed one or more GFs

f; . The total number of GFs will increase with each step

of the classification tree algorithm. In this case, the ACT
scheme with a set of fixed classification algorithms
(ay,...,8y,) generates a tree — like construction — a tree of

generalized features with the corresponding set of GFs
( f], f27'"7 fz) .

Then, we can propose one of the possible algorithmic
schemes for constructing ACT (type II).

At the first stage of building a model, the
classification tree is selected based on the basic
performance criterion in interactive mode or according to
a random scheme. A set of autonomous classification and
recognition algorithms (ay,...,ay) for initial TS data is

recorded. Classification algorithms are selected for their
total number in the set (value m) depending on the TS
structure, conditions, and constraints of the applied
problem. This stage is of fundamental importance due to
the impact of the final complexity of the constructed ACT
model.

At the second stage of building a classification tree
model, a complete regular logical tree is constructed. In
this ACT structure, a selected classification algorithm
from the fixed initial set is located on each of the tiers
(ay,-...,ay ) . Notably, in this logical tree, each vertex has
two transitions to the next tier (two descendants), which
are denoted by the value from the binary set {0,1} . Since

we are dealing with a regular logical tree, on each of the
tiers of this structure there are labels (variables) of the
same type (order), this applies only to the classification
algorithms &, , and not the GFs they generate.

Thus, at the second stage of generating the ACT (type
II), an array of the training dataset is consistently
provided to the classification algorithms a; (according to
the structure of the constructed classification tree —
(Fig. 1) in order to obtain a set of corresponding GFs, and
their total number in the tree structure and the number for
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each classification algorithm (a step in the scheme of the
tree, a tier of the logical tree) depends on the initial
parameters of the initialization of the algorithm of
constructing the ACT (set up interactively or
automatically) and the peculiaritites of the application
task for which the ACT model is built.

After constructing a set of all GFs f; for this

application task they are located at the appropriate
vertices of the obtained classification tree in order to
complete the procedure of its construction. The main
point of this stage is that the set of constructed GFs
should overlap the entire array of the training set to ensure
one hundred percent recognition of the initial data.
Moreover, there may be some deviations if the ACT
model is built with the predetermined accuracy and
complexity (this limitation of the task can be implemented
by changing the number and capacity of the GFs f j

being built at the second stage). It must be stressed that
this condition can also be realized by limiting the steps
(the number of tiers of the structure) in the procedure of
building the ACT model, additional restrictions on the
number of classification algorithms used in the structure
of the classification tree.

At the third stage of the scheme of constructing the
ACT after constructing the basic structure of a
classification tree it is possible to go directly to the mode
of testing the received ACT model. It has to be noted that
for each test object, which is provided at the input of the
classification tree, there are calculated the corresponding
values @(aj) (using a set of previously constructed

GFs — for each vertex of the corresponding tier of the
tree) that ensure (determine) the corresponding route in
the structure of the constructed ACT of the second type.
Thus, the GFs of each of the vertices of the ACT — in the
case of a possible approximation of the object of
unknown classification, ensure that the corresponding
counter of the class membership is incremented and leave
it unchanged in case of refusal (impossibility) of
classification. At the output of the ACT structure, the
object of unknown classification refers to the class whose
membership counter will be maximal, and in case of their
zero equity we are dealing with classification refusal.
Remarks. Based on the scheme of constructing the
ACT of the second type, which was presented above, we
can see that the number of GFs (parametric complexity,
capacity) generated by the same selected classification
algorithm a; on some tier of the classification tree for

each of the paths of the ACT structure may be different;
and following this direction, we come to the fact that the
structure of the ACT model does not necessarily belong to
the class of regular structures (logical trees) — that is, in
each tier of the ACT structure under construction,
together with a different quantity and type (general
parameters) of GFs the presence of different classification
and recognition algorithms a; is allowed.
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4 EXPERIMENTS

One of the possible areas of applying the concept of
algorithmic classification trees is related to the problems
associated with forecasting and classifying flood events
(based on arrays of meteorological and hydrological data).
It is known that flood events cause tremendous harm to
both the economic and ecological sectors of the national
economy: they flood and prevent economic circulation of
agricultural land, flood settlements, destroy residential
buildings and industrial enterprises, dams, highways and
railways, and human casualties occur — which is ex-
tremely important for the Transcarpathian region. That is
why the study of the conditions for the formation of flood
situations in the context of classifying meteorological
phenomena under changing climatic conditions is a nec-
essary stage for further substantiation of new methods for
calculations and forecasts for overcoming critical ecologi-
cal situations.

It should be noted that the surface water flow regime
of the Uzh River basin is characterized by significant ter-
ritorial unevenness due to climatic, temperature factors
and the influence of the Carpathian mountains, which
have a decisive impact on the formation of seasonal run-
offs. To analyze the conditions and causes of floods on
the river Uzh in the Transcarpathian region in the autumn
— spring period there were used the data from 2 hydro-
logical (observation) posts with a monitoring period from
the beginning of 1992 to 2010 including (at the 30-km
observation site). It should be highlighted that according
to water regime, the river Uzh can be referred to rivers
with flood regime of the Carpathian subtype — where
flood situations are observed mainly during the autumn —
spring period. Such flood situations are usually called
cold season floods, and they are observed in the period
from October / November to April / May. It is clear that
the modern climate has been changing, that is why the
boundaries of warm and cold periods are not constant
from year to year, and the basis for determining their be-
ginning and ending were mainly the basic meteorological
conditions (air temperature, types of precipitation and
SNOW cover) .

An important peculiarity of the Uzh river basin, in
contrast to other river basins in the western region of
Ukraine, is the formation of flood phenomena of mixed
origin (based on snowmelt and rain runoffs, often with a
predominance of rain component), which occur, by most
observations, during autumn — spring; notably, this water
regime is due to the climatic peculiarities of Transcarpa-
thia, the presence of mountains, the movement of atmos-
pheric fronts and other factors. We emphasize that in the
basins of the rivers of the Transcarpathian region, rain
(snow-rain) flood phenomena of different intensity and
duration repeat with a frequency of up to 4-6 times per
calendar year of observations. On the other hand, it
should be noted that as a result of intense snowfall (the
corresponding process of snow thaws) for the basin of the
river Uzh only snow floods are observed, and it should be
said that annual maximums are quite common only due to
snowmelt, not water arteries of the Transcarpathian re-
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gion. Thus, the annual maximums of floods of the cold
period often exceed significantly the maximums of the
warm period, and flood phenomena of the cold period are
longer in time and occur more frequently, and the maxi-
mum water discharge of cold period floods is almost 2.5
times higher than the maximum water discharge of warm
period floods (certainly in this scheme depending on the
year there are some exceptions). The peculiarity of the
Uzh river basin is that the maximum intensity of water
rise is from 1.5 to 2.5 m per day, in some cases (1992)
this figure may exceed 3 m per day.

The initial parameters of this application task of clas-
sifying flood phenomena of the river Uzh are presented in
(Table 1).

It must be noted that the monitoring of the river basin
has specific features (it may even be unique within a cer-
tain area of observation) which arise from the fact that the
river is one of rather dynamic objects of nature, and re-
quires, to a great extent, an individual approach (due to
geography, formation conditions, water regime etc.). The
total water flow of the river should be considered not only
as a certain hydrological factor, but also as a geomor-
phological factor (this should be taken into account at the
stage of monitoring and selecting the observation feature
space).

So the monitoring of the river bed is connected with a
large space (the entire river basin) and significant time
consumption, a change in the frequency of observations;
along with this the tasks of the observation post include
the complete characteristic feature of not only merely
hydrological objects, but also the general geological and
geomorphological conditions of the river basin. It should
be noted that the general model of the flood phenomenon
is described on the basis of 18 features (attributes), which
have a different nature and are formed on the grounds of
long-term observations of the Uzh river basin, and among
these features the following defining characteristics (sets
of parameters) of the river basin can be distinguished:

1) The total density of the river cover within the
observation sector is the ratio of the length of all surface
flows of the riverbed (in kilometers), to the total amount
of area of the basin (in square kilometers) in the respec-
tive sector of observation. Notably, this parameter is cal-
culated separately for each observation post.

2)  The coefficient of curvature of the riverbed in
the observation area is the ratio of the actual length of the
river section (observation area) to the length of the line
from the source to the mouth.

3)  The parameter of the type of annual terraces is a
feature characterizing the geological peculiarities of the
structure of the riverbed within the observation site and
ranges as follows — {1 ... 6}.

4)  The parameter of the average width of the river-
bed in the observation area for the basin the Uzh river
basin is characterized by sharp differences in the values
depending on the observation post where the measure-
ments are made.

5) The parameter of the reference water level —
usually, the average water level for rivers is taken as the
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reference level; the average water level is observed during
the year within the period when the river is free of ice
cover, and this average water level is determined as the
arithmetic mean of daily level values for a certain period
from flood recession to the beginning of ice phenomena).
There are approximately determined the period and height
of the low, constant and intermediate level, which is taken
as the reference (initial) one; at the next stage, the excess
of the operating level over the reference one is calculated.
In case of exceeding, it is used as the value of growth for
bringing all current observations to the datum level.

6) The parameter of the average depth of the river-
bed in the observation area for the Uzh river is character-
ized by rather large differences for different observation
areas.

7)  The parameter of the general regime of the river
is a feature that characterizes the peculiarities of water
supply and flow of the riverbed in the observation area
and ranges in the following way — {1 ... 10}.

8) The parameter of the temperature regime of the
river is a feature characterizing the peculiarities of the
temperature regime of the river at the observation site and
is within the range of {1 ... 50}.

9)  The parameter of the average river flow speed is
an attribute characterizing the average rate of water flow
in the middle of the riverbed at the observation site.

10) The parameter of the maximum surface speed of
the river flow is different from the parameter of the aver-
age river flow and is measured on a permanent basis for
the site of observing the riverbed.

11) The indicator of the average daily flow rate of
the river at the observation site calculated for the period
of 24 hours (the indicator is calculated once a day) — the
calculating can be done not on the basis of the current
measurements, but on the basis of the parameter of the
average flow speed.

12) The parameter of the riverbed relief type is a
feature characterizing the degree of complexity of the
riverbed relief and is within the range of {1 ... 20}.

Based on the set of the presented hydrographic charac-
teristics, at Uzhhorod National University, there were
constructed the models of classifying flood phenomena as
ACT structures for the river Uzh for the 12-year period
(1992 —2010). To build models of classification trees, the
software system “Orion III” was used for generating
autonomous recognition and classification systems, where
the algorithmic library of the system has 15 algorithms
(recognition methods and schemes). Thus, the TS con-
sisted of objects (each of them is described by 18 fea-
tures) of three basic classes, and at the stage of examining
the built classification system (the ACT model) should
provide the efficient recognition of objects of the un-
known classification in relation to these three classes. The
general parameters (characteristics) of the constructed
structures (ACT models) are presented in (Table 2).

Notably, the array of the initial training data was
dominated by training pairs of class H; (objects of the

situational state of the neutral zone, the green marker), in
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the second place with a significant gap in number there
were training pairs of class H, (objects of the situational
state of the observation zone, the yellow marker) and in
the third place there were directly training pairs of the
flood phenomena (objects of the red marker) — class H;.

It should be stressed that the capacity of class H,
slightly exceeds the capacity of class H;, this can be ex-

plained by the dynamics of changes in the flood situation
over time, which can return to the normal state (the neu-
tral zone) — phenomena of class Hs, and in most cases

goes into crisis (the red zone of flood phenomenon) —
class Hy ( Fig. 2). The training dataset consisted of 8391

objects (sets of the known classification) for two monitor-
ing posts in the city of Uzhhorod, and the efficiency of the
constructed recognition system was evaluated with the
help of the test set of 500 objects for each of the observa-
tion posts, and the test dataset was a separate part of the
initial training dataset (consisted of discrete objects of the
known classification).
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Figure 2 — Flood phenomena of yellow and red zones of the Uzh
River during 1992-2010

It must be underlined that this size of the test set is not
sufficient for a comprehensive analysis of the quality of
the constructed models (structures) of classification trees,
but due to the limited nature of the TS itself, even this test
set enables the evaluation and analysis of the main pa-
rameters of the synthesized ACT structures. The con-
structed ACT structures (models) provided the necessary
level of accuracy and efficiency of the classification
specified by the application task, the required speed and
the consumption of the working memory of the system,
but showed different structural complexity of the con-
structed classification trees (the parameters of the com-
plexity of the LCT structure — sets of algorithms, sets of
generalized features, the number of the vertices of the
classification tree structure).

On the basis of the ACT method proposed in this
study, classification models of flood phenomena of the
Uzh River were built, and admittedly, the ACT structure
enables the efficient regulation of the complexity of the
classification tree being constructed, or the construction
of recognition tree models with the predetermined accu-
racy as specified by the problem. Clearly, in order to
compare and select the specific model of the classification
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tree from a fixed set, it is necessary to identify their most
important characteristics (feature space dimension, the
number of vertices, the number of transitions of the tree
structure, etc.) and determine their error in regard to the
input array.

An important point is the analysis of quality criteria of
the obtained information models which depend on the
error of the model, the capacity of the initial array of the
training set and test set (the number of training pairs and
the feature space dimension specified in the problem), the
number of structural parameters of the model and so on. It
is evident that the critical parameters of the constructed
ACT model that need to be minimized are the model er-
rors respectively within the training dataset, test set and
each of the classes (parts, subsets of the initial TS), which
are initially specified by the current application task. It
has to be emphasized that one of the most important indi-
cators that characterizes the basic properties of the ob-
tained ACT models is the basic indicator of generalizing
the initial training dataset by the classification tree (classi-
fication model) which is calculated as follows:

m'OUZ
Fran +Van +Naj +2Pay

)

I'Main =

The basic indicator of generalization of the classifica-
tion tree model (the algorithm tree structure) reflects its
main parameters and characteristics of classification trees.
This indicator can also be used as an optimality criterion
in the procedure for evaluating an arbitrary tree recogni-
tion scheme — the LCTK structure. In a fixed classifica-
tion problem, lpyy,in it is important to maximize the pa-

rameter, this allows you to achieve the most optimal
structure of the classification model, and ensures maxi-
mum compression of the initial TS data. This refers to the
problem of representing an array of source data with a
tree of minimal structural complexity [28]. So an impor-
tant indicator of the quality of the model constructed as a
classification tree taking into account the parameters of
the structure of the ACT model is the general integrated
quality indicator presented in the following way:

Er _Erp
Quain =——21 ¢ Man (10)
Ouz 'zi Pi
The set of parameters p; for the integrated

assessment of the quality of the classification tree model
represents the most important characteristics of the
classification tree (according to the LCT / ACT
structures) which is being assessed (e. g. the number of
elementary features or generalized features that are used
in the classification tree model, the number of transitions
between vertices, tiers of classification trees, etc.). A
fragment of the main results of comparing constructed
structures (structures of algorithm trees based on integral
quality assessment), conducted tests of ACT models of
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various types, with different sets of classifiers, parameters
of structural complexity, restrictions on generating
generalized features for the data array of the flood
classification problem is reflected in (Table. 3).

5 RESULTS

The constructed classification trees (ACT models)
provided the necessary quality and speed of schemes of
classifying flood phenomena of the Uzh river, at the same
time the structure of the tree sheme itself is quite com-
pact — (Table 4). The sets of independent classification
algorithms that were selected to generate the groups of
GFs also proved their efficiency within this application
task. The possible further research may be related to ex-
panding the list of classification algorithms in the ACT
scheme as well as additional conditions and restrictions
concerning the generation of sets of GFs for each step of
the classification tree scheme (ACT structure).

The complete ACT (type ), alg. = 2

heme of the ACT (2=5]

ube algorithm

Figure 3 — Integrated indicator of the quality of the constructed
ACT models

The presented models of classification trees can be
used to assess the general condition of the Uzh river basin
(at the observation site) and to identify the situation of the
red (flood) zone on the basis of the current measurements
of the observation posts. It should be noted that the con-
ducted practical tests of the ACT structures (models) have
confirmed the efficiency of the mathematical tool and
proposed methods and algorithms for constructing the
ACT, the developed software which enables the produc-
tion of the recommendation on employing this approach
(the concept of ACT models) and its software implemen-
tation for solving a wide range of classification and rec-
ognition tasks in the practical plane.

The only fundamental point to consider when generat-
ing ACT models is that usually the consumption of work-
ing memory and CPU time of the information system is
much higher compared to the structures (models) of the
LCT, and it largely depends on the peculiarities of im-
plementing recognition algorithms ( classifiers), the num-
ber of algorithms in the ACT scheme, the scheme (the
model type) of the ACT structure being generated.
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6 DISCUSSION

The quality indicators of structures (ACT models)
presented in this study can be extended to the structures
(trees) of LCTs of this application task. It must be high-
lighted that this integrated indicator of the quality of the
ACT model ranges from zero to one, and the lower it is,
the worse the quality of the constructed classification tree
will be, and the higher the indicator, the better the ob-
tained model will be. Thus, the proposed integral assess-
ment of the quality of classification tree structures (ACT
models) reflects its basic characteristics and can be ap-
plied as an optimality criterion in the scheme of qualita-
tive assessment of an arbitrary tree classifier (classifier
tree models). The algorithm tree model operates only with
ready-made, constructed sets of generalized features, in-
dependent classification algorithms. Each of the con-
structed schemes using the algorithmic tree method will
represent a general recognition system, a model of the
algorithm tree that can be used for practical work — proc-
essing large arrays of experimental data in the form of
discrete sets. The constructed classification schemes and
models of algorithm trees will represent to a certain extent
a new recognition algorithm. Moreover, it is synthesized
from well-known recognition algorithms and methods,
and the resulting ACT structure, the classification scheme
is characterized by high versatility in terms of application
and a relatively compact model structure. The algorithm
tree requires a large amount of hardware to store general-
ized features or sets of them and initially evaluate the
quality of classification algorithms based on TS data.
However, the constructed ACT models in comparison
with LCT structures have high performance of classifica-
tion rules, comparable hardware costs for storing and op-
erating the tree structure itself, and high classification
quality.

CONCLUSIONS

The paper solves the actual problem of constructing
ADC models for an array of hydrographic data based on
graph — diagram structures of algorithms (schemes for
covering data arrays with a set of different types of recog-
nition and classification algorithms).

The scientific novelty of the results obtained in this
paper lies in the fact that a method for constructing ACT
structures for classifying flood phenomena of the Uzh
river is proposed based on a scheme for qualitative
evaluation of sets of different types of classifiers for syn-
thesizing the structure of the classification tree. In the
scheme of the algorithm tree (ACT methods), a fixed sub-
set of data from the initial initial sample is approximated
at each stage of constructing the classification tree. The
basic scheme for evaluating the effectiveness of algo-
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rithms in the ACT method (branching criterion) can be
used both to construct the structure of the algorithm tree
and to evaluate their approximation ability relative to TS
data. This approach makes it possible to achieve low
structural efficiency of the synthesized ACT model rela-
tive to the initial data set in the future. In this paper, a set
of general indicators and parameters is proposed, which
makes it possible to effectively represent the general
characteristics of the ACT model. It can be used to select
the optimal ACT from a set of random classification trees
— LCT structures constructed on the basis of methods.

The practical value of the obtained results (models of
algorithm trees) lies in the fact that the proposed method
for constructing ACT models (classification schemes in
the form of algorithm trees) was implemented in the algo-
rithm library of the universal software system “ORION
III” for solving various types of applied classification
problems and predicting large arrays of discrete objects.
This toolkit made it possible to carry out an effective clas-
sification of flood phenomena of the Uzh River. The con-
ducted practical tests confirmed the operability of mathe-
matical support and constructed ACT models, the devel-
oped software, which makes it possible to make a recom-
mendation on the use of this approach and its software
implementation for a wide range of applied problems of
classification and recognition of discrete objects.

The perspective research direction for solving the
task of classifying the situational condition of the Uzh
River can also be the employment of methods, algorithms
and schemes for constructing LCT models with the possi-
bility of comparing them (efficiency, structural complex-
ity and speed of classification) to the constructed ACT
structures (models), expanding the library of recognition
algorithms (classifiers), optimization of software imple-
mentations proposed in this study of constructing the
ACT (the evolutionary transition from the C4.5 algorithm
to C5.0 can be regarded as an example of such an efficient
software optimization), as well as practical testing of the
constructed models of classification trees using the train-
ing dataset of a larger number of posts of observing the
Uzh river basin.
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Table 1 — The initial parameters of the task of classifying flood phenomena of the Uzh River basin.

Number of an obser- Dimension of the Capacity of the data Capacity of the data Total number of The ratio of objects
vation post feature space — N array of the initial TS || array of the test set — || classes according to | of different classes of
Ne -M S partitioning the the TS
training dataset — 1 (H{/H 5/ H3 )
1 18 4252 500 3 73/102/4107
2 18 4139 500 3 68/97/3974
Table 2 — General parameters of the constructed ACT models
Number of the Method (algorithm) Total number of Total number of GFs Total number of all Total time of gener-
constructed of constructing the different classifica- (sets of GFs) in the vertices (together ating the ACT struc-
ACT model ACT model tion algorithms ap- ACT structure with the resulting ture of the current TS
plied in the ACT — 9) ones) in the ACT
N Uz structure
All
Observation post Nel
1 The complete ACT 5
method (type I) restrictions on the
sequential use of 42 84 686 s.
one-at-a-time algo-
rithm
2 The complete ACT 5
method (type II) restrictions on the
nurflber of GF gen- 53 08 M2s.
erations for one step
of constructing the
ACT
3 The constrained ACT 1
method (Z=10) a hypersphere algo- 35 71 406 s.
rithm
4 The constrained ACT 1
method a hypercube algo- 58 117 839 s.
(Z=5) rithm
5 The constrained ACT 1
method (Z=3) a hyperellipse algo- 37 75 442 s.
rithm
6 The complete ACT 2
method (type I) a hypersphere algo-
rithm, 40 81 706 s.
a hypercube algo-
rithm
Observation post Ne2
1 The complete ACT 5
method (type I) restrictions on the
sequential use of 39 79 676 s.
one-at-a-time algo-
rithm
2 The complete ACT 5
method (type II) restrictions on the
number of genera-
tions of GFs for one 40 % 0.
step of constructing
the ACT
3 The constrained ACT 1
method a hypersphere algo- 34 69 380 s.
(Z=10) rithm
4 The constrained ACT 1
method (Z=5) a hypercube algo- 57 115 828 s.
rithm
5 The constrained ACT 1
method (Z=3) a hyperparalhlelepl- 48 08 793 ¢
ped algorithm
6 The complete ACT 2
method (type I) a hypersphere algo-
rithm, 38 77 695 s.
a hypercube algo-
rithm
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Table 3 — The comparative table of classification tree models (ACT structures) of classifying flood phenomena of the Uzh River
basin (of posts Ne1-Ne2)

Ne Method (scheme) of synthesizing the structure (model) of Integrated indicator of the quality Total number of errors of the
the classification tree (LCT / ACT) of the classification tree model model in the training dataset and
QMain test dataset EI’A”
1 The complete ACT method (type 1)
(the number of algorithms — 5, restrictions on the sequential 0.005821 0
use of one-at-a-time algorithm) 0.005845 0
2 The complete ACT method (type 1I)
(the number of algorithms — 5, restrictions on the number of 0.004778 0
GF generations for one step of constructing the ACT) 0.004712 0
3 The constrained ACT method 0.004464 0
(z=10) 0.004389 0
(the number of algorithms — 1, a hypersphere algorithm)
4 The constrained ACT method (Z=5) 0.004387 12
(the number of algorithms — 1, a hypercube algorithm) 0.004228 13
5 The constrained ACT method (Z=3) 0.004256 6
(the number of algorithms — 1, a hyperparallelepiped algo- 0.004354 6
rithm)
6 The constrained ACT method (Z=3) 0.005582 1
(the number of algorithms — 1, a hyperellipse algorithm) 0.005645 0
7 The complete ACT method (type I) 0.005790 0
(the number of algorithms — 2, 0.005801 0
a hypersphere algorithm, a hypercube algorithm)
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IoBxan I. ®. — 0-p TexH. HAYK, JOICHT, TOLEHT Kadeapu nporpamuoro 3abe3neuenns cucreM JIBH3 Yskropoacekuii HartioHa-
JIBHUN YHIBEPCHTET, M. YKropon, YkpaiHa.

Mina O. B. — 1-p TexH. HayK, JIOIEHT, 3aB. Kadeapu iHGopMamiiHUX yIpaBIsiounx cucreM i rexuomnoriid. IBH3 Yxropoacekuii
HalliOHAJILHUH YHIBEpCUTET, M. YKropoJ, YKpaiHa.

Myneca O. Q. — n-p TexH. HayK, JOICHT, TOUCHT Kadeapu kibepHeTHKU Ta mpukiagHoi matematuku JIBH3 Vikroponacekuii
HalliOHAJBHUH YHIBEPCUTET, M. YKropox, YKpaiHa.

Momimyx B. B. — kanza. TexH. HayK, IOLEHT, JOLEHT Kadeapu nporpamHoro 3abesneuenns cucrem IBH3 YVikropoachkuii Harti-
OHAJIbHUH YHIBepCcUTET, M. YKropos, YkpaiHa.

AHOTAULIA

AxTyanbHicTh. Po0O0Ta IpucBsSYeHa BUSBICHHIO IPOCTOTO Ta €peKTHBHOTO MEXaHI3My 3a JOIOMOTOIO SIKOTO MOKHA OymayBaTH
ITOPUTMIUHI JepeBa Kiacudikarii (MoJeli AepeBa aaropuTMiB) 3a (HiKCOBAHOIO MOYATKOBOIO 1H(GOPMALIEIO Y BUTIIA] HaBYAIBHOT
BHOIpKH quCKpeTHUX AaHuX. [loOymoBane anropurMmiuHe nepeBo kinacudikanii Oyxe 6e3noMIIKOBO KiacupikyBaTH (po3mi3zHaBaTH)
BCIO HAaBYaJILHOI BHOIPKH 3a SKOIO MMOOYyJ0BaHAa MOJENb, MaTH MiHIMaJIbHY CTPYKTYPY (CTPYKTYpHY CKJIQIHICTB) Ta CKJIQJATHCS 3
KOMITOHEHTIB — aBTOHOMHHX aJITOPUTMIB Ki1acU(iKailii Ta po3mi3HaBaHHs B AKOCTI BEPIIUH KOHCTPYKIIiT (aTpuOyTiB Iepera).

Meta. MeToto 1aHoi poOOTH € CTBOPEHHS IIPOCTOr0, e(heKTUBHOTO Ta YHIBEpPCAILHOTO MeTo/1a o0y 10BH Moelei Kiacudikarii
(po3mi3HaBaHHs;) Ha OCHOBI KOHIICHLIi IepeB AITOPUTMIB AJIsi MacHBIB peajbHUX NaHUX TifporpadidHOro xapaxtepy, A¢ OTpUMaHi
CXeMH cHucTeM Kiacudikamii (CTpyKTypHu aepeB kiacu@ikalii) XapaKTepu3yIOThCS AEPEBONOAIOHOI CTPYKTYpOIO (KOHCTPYKII€0) Ta
HASBHICTIO aBTOHOMHHUX aJITOPUTMIB Kiacugikaimii (HaOOpiB y3arallsHEHHX O3HAK) B SAKOCTi CBOiX CTPYKTYpHHX €JeMEHTIB (OI0KiB
KOHCTPYKIIIT).
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Merton. [IponoHyeThCs 3araibHa cXeMa CHHTe3y AepeB Kiacugikamil y BUIIIAL AepeB aJropuTMIB Ha OCHOBI IIPOLIEAYPH AIIPOK-
cuManii MacuBy NUCKPETHHX JaHMX HAaOOpPOM €JeMEHTapHUX KiIacu(ikaTopiB, sika A 3aJaHOi IMOYaTKOBOI HAaBYAIBLHOI BHOIpKH
Oy/ye AepeBONONIOHY CTPYKTYPY — MOJCIb JepeBa aroputMiB. [IpuuoMy moOyaoBaHa cXema CKIATAEThCs 3 HA0OPY aBTOHOMHHX
anropuTMiB kiaacudikarii Ta po3mizHaBaHHs OL[IHEHUX Ha KOXKHOMY Kpolli, eTarli no0yaoBu aepesa kiacudikamii 3a JaHOK MOYaTKO-
BOIO BHOiIpKOI0. Po3pobiiennit MeTos o0y 0B aaropuTMIYHOTO JepeBa Kiacu(ikalii OCHOBHA i/iesl SIKOTO MOJISATae B MO KPOKOBIii
ampokcuManii HayaiabHOi BUOIPKH TOBUIBHOTO 00°‘€My Ta CTPYKTYpPH HaOOpOM eleMEHTAapHHX alTropuTMiB Kiacupikamii. Meron me-
peBa anropuTMiB mpu (GOopMyBaHHI MOTOYHOI BEPLIMHHU JAEPEBa AITOPHUTMIB, By3ia, y3arajJbHEHOI O3HAKH, 3a0e3lmedye BUIUICHHS
HaWOLIBII e()eKTUBHUX, SKICHHX eJIEMEHTapHHUX KIacH(]ikaTopiB 3 MOYaTKOBOro HAOOPy Ta HOOYMOBY JIMIIE THX HIIAXIB B CTPYKTYpi
JepeBa e BinOyBaeThesl HAWOIIbIIA KiJbKICTh MOMIIIOK (BiIMOB) kinacudikarii. CTpyKTypHa CKJIQIHICTh KOHCTPYKIII JiepeBa auro-
PHUTMIB OLIHIOETHCS HA OCHOBI KIIBKOCTI MEPEXO/iB, BEPIIMH Ta SPYCiB CTPYKTYpH MOAEINI, L0 JO03BOJISIE MiJBHUILNTH SIKICTh HOTO
HACTYIHOTO aHalizy, 3a0e3neunTH eheKTUBHUI MeXaHi3M JeKOMIT03UIlii, Ta OyayBaTH CTPYKTYPHU JAEPEB alTOPUTMIB B yMOBaX (ik-
COBaHMX HabopiB 0OMexeHb. MeTo CHHTE3y AepeB alrOpUTMIB [103BOJsIE OyayBaTH Pi3HOTHIHI JepeBONno/iOHI Mojeni po3mi3Ha-
BaHH 3 PI3HHUMH I0YaTKOBUMH HaOOpaMH eJISMEHTApHUX KiIack(iKaTopiB 3 Hamepes 3a1aH00 TOYHICTIO A1 IMPOKOro KIacy 3a1ay
TeOopii IITyYHOTO iHTENEKTY.

PesyabTaTn. Po3pobnenuii MeTon moOyAoBH MOAENEH IepeB alrOPUTMIB JO3BOJISE MPAIIOBATH 3 HABYAILHUMHU BUOIpKaMH Be-
JIIKOTO 00°eMy pi3HOTHITHOI iH(opMarii (IUCKPETHIMH JaHUMH) Ta 3a0e3redye BHCOKY IIBUIKICTh Ta €KOHOMHICTD allapaTHHUX pe-
cypciB B Ipolieci reHepanii KiHneBol cxeMu kiacudikariii, Oy ryBatu nepeBa kiacudikarii 3 Hanepes 3a1aHo0 TOYHICTIO.

BucnoBku. Po3po0ienuii miixiJ CHHTE3y HOBHX JITOPUTMIB (CXeM) po3mi3HaBaHHS Ha OCHOBI 0i0mioTekn (Habopy) Bixke BiJo-
MHX aJrOpUTMiB (MeToIiB) Ta cxeM. ToOTo npencrapieHa eeKTUBHA CXeMa PO3ITi3HABaHHS TUCKPETHHUX 00 €KTIB HA OCHOBI IIOKPO-
KOBOI OIIIHKK Ta BUOOPY aaroputMmiB Kiacudikarii (y3aralbHeHHX 03HAK) HA KOXKHOMY KpoIli cHHTe3y cxeMu. Ha 6a3i 3ampomnoHoBa-
HOI KOHILETILiT aNropuTMiYHUX JepeB kiacudikaiii modyaoBaHa MOJeb CTPYKTYPH JepeBa alrOPUTMIB, ska 3abe3nedria Kiaacudi-
Kallilo TaBOJIKOBHX CUTYAIi AJIs GaceiiHy piuky Yik.

KJIFOYOBI CJIOBA: nepeBo knacudikariii, anropuTMidae AepeBo Kiacudikamii, JUCKpeTHHH 00°€KT, 03HaKa, QYHKIIS Po3mi-
3HABAHHSI, AITOPUTM PO3Ii3HABAHHS, KPUTEPIi PO3ralyKeHHS.

YK 001.891:65.011.56
METO/J AEPEBA AJITOPUTMOB B 3AJAYE KJJACCUDPUKAIIMU T'NAPOT'PAOUIYECKUX JAHHBIX

IoBxan U. ®. — 1-p TexH. HayK,, AOLEHT, TOLUEHT Kadeapsl mporpaMMHoro obecredenus cucteM [ BY3 Yikropoackuii Hanmo-
HaJbHBIN YHUBEPCUTET, I. YKropoJ, YKpauHa.

Muna A. B. — 1-p TexH. HayK, TOLEHT, 3aB. Kadeapsl HHYOPMANMOHHEIX YIPABISIIOINX cucTeM U TexHosoruit [ BY3 Vxropon-
CKUil HallMOHAIBHBIN YHUBEPCUTET, I'. YKTOpoA, YKpauHa.

Myaeca O. FO. — 1-p TexH. HayK, JOIEHT, TOLCHT Kadeapbl KNOepHETHKY U NpHKIagHol MaTematuku ['BY3 Yxroponackuii Ha-
LIMOHAJIbHBIM YHUBEPCUTET, I. YIKropoJl, YKpauHa.

Moaumyk B. B. — xaHa. TexH. HayK, JAOIEHT, JOIEHT Kadeapbl mporpaMMHOro obecredeHus cucteMm ' BY3 Yxropoackuii Ha-
LIMOHAJIbHBIN YHUBEPCUTET, I'. YKropos, YKpauHa.

AHHOTAIUA

AKTyaabHOCTB. PaboTa MOCBSIIEHA BBISBICHUIO IPOCTOrO U 3()(GEKTUBHOIO MEXaHH3Ma ¢ IIOMOII[BI0 KOTOPOTO MOKHO CTPOUTH
ITOPUTMHYECKHE JIepEeBbsl KiaccH(UKanuy (MOIEIH JiepeBa aIrOpUTMOB) IO (UKCHPOBAHHOM HavyanbHOI MH(OpManuu B BHIC
y4eOHOM BEIOOPKM ANCKPETHBIX AaHHBIX. [locTpoeHo anropuTMudeckoe AepeBo Kiaccupukanuy Oyaer 6e30mmb0IHo Ki1acCupUIn-
poBath (pacro3HaBaTh) BCIO 00y4YarOLIyI0 BEIOOPKY IO KOTOPOH MOCTPOEHA MOJIEIb, UMETh MUHUMAIBHYIO CTPYKTYPY (CTPYKTYPHYIO
CJIO)KHOCTB) U COCTOSITH M3 KOMIIOHEHTOB aBTOHOMHBIX aJITOPUTMOB KJIaCCU(MKALIMU U PACIIO3HABAHUS B Ka4eCTBE BEPIINH KOHCT-
pyxuuu (aTpuOyTOB 1epeBa).

Heap. Lensio qanHoi paboThl SIBJISETCS CO3MAHUE IPOCTOTO, IP(HEKTUBHOrO U YHHUBEPCAIBHOTO METO/A ITOCTPOCHUS MOJIEIeH
ki1accudukamy (pacno3HaBaHus) Ha OCHOBE KOHIICIHIIMHU JICPEBbEB AITOPUTMOB VIS PEalbHBIX MAcCHBOB JaHHBIX THIpOrpaduye-
CKOTO XapakTepa, I'Zle MOJTy4YeHHBIE CXEMBI CHCTEM KilacCu(UKauu (CTPYKTYpPbI IepeBbeB KIacCH(HUKALNH) XapaKTePU3YIOTCs Ape-
BOBHIHOH CTPYKTYPOH (KOHCTPYKITHEil) M HAJTMYMEM aBTOHOMHBIX aJlTOPUTMOB KiIaccH(pHKamy (HaGopoB 0000IIEHHBIX IPU3HAKOB)
B KaUeCTBE CBOMX CTPYKTYPHBIX JIEMEHTOB (0JIOKOB KOHCTPYKIIHH).

Mertoa. Ipennaraercs o0mmas cxeMa CHHTE3a JICPEBbEB KIACCU(PUKALMU B BHJE JEPEBLEB aJITOPUTMOB Ha OCHOBE IPOLIELYPbI
aNmpoKCUMAIMU MaCcCHBa JUCKPETHBIX JaHHBIX HAOOPOM 2JIEMEHTapHBIX KIACCH(HUKATOPOB, KOTOPAs AJIs 3aJJaHHOH HCXOITHON 00Y-
Yarowieil BIOOPKU CTPOUT JIPEBOBUIHYIO CTPYKTYPY — MOZEIIb JIepeBa airopuTMoB. [IpiyeM nocTpoeHHas cxeMa COCTOUT U3 Habopa
ABTOHOMHBIX JITOPUTMOB KJIACCU(UKAIIMU U PACIIO3HABAHUS, OLIEHEHHBIX HA KAXKIOM IlIare, 3Tane MNOCTPOSHUs AepeBa Kiaccuduka-
L[UU 110 JaHHON MCXOAHOH BhIOOpKe. PazpaboTaH METOA MOCTPOCHHUS alrOPUTMHYECKOTO JepeBa KiacCM(HKALMKM OCHOBHAs HIEs
KOTOPOTO 3aKJIIOYaeTCs B IO MIArOBOl alnpoOKCHMAIUK HavyaJlbHOI BEIOOPKH MPOU3BOJIBHOTO 00BEMa M CTPYKTYPbl HAOOPOM 3iie-
MEHTapHBIX AITOPUTMOB KiIaccuuKauu. MeTon fepeBa alIropuTMOB IpH (OPMHUPOBAHIH TEKYIIEH BEpIIMHBI IepeBa alrOPUTMOB,
y3I1a, 0000IIeHHOH NTpHU3HaKK, oOecreunBaeT BhIIeNIeHHe HanOoiee 3(h(heKTUBHEIX, KaUeCTBEHHBIX JIEMEHTAPHBIX KIIacCH(PUKaTOpoB
U3 Ha4yaJIbHOTO Habopa M JOCTPOWKY TOJIBKO TeX ITyTei B CTPYKType JiepeBa Iie NPOUCXOMUT Hanbobllee KOJIUIECTBO OMIMOOK (OT-
ka30B) knaccupukanyuy. CTpyKTypHas CIIOKHOCTb KOHCTPYKIIMH JIepeBa aJrOPUTMOB OLICHUBAETCS HAa OCHOBE KOJIMYECTBA IEPEeXo-
JI0B, BEPIIHH U APYCOB CTPYKTYPbl MOJENH, YTO II03BOJISET IOBBICUTh Ka4eCTBO €ro IOCJIEAYIONero aHaumu3a, ooecnednts sddex-
TUBHBIA MEXaHU3M JEKOMIIO3ULIMH, ¥ CTPOUTh CTPYKTYDBI JePEBbEB aJTOPUTMOB B YCIOBHAX (PUKCHPOBAHHBIX HAGOPOB OrpaHuYe-
HU. MeTo/l CHHTe3a IePeBbEB AITOPUTMOB MO3BOJISIET CTPOUTH PA3HOTHUITHBIC IPEBOBUIHBIC MOJICIHN PACTIO3HABAHUS C PA3IMYHBIMU
Ha4aJbHBIMKA Ha0OpaMHM 3JIEMEHTOB KIIACCH(HKATOPOB C 3apaHee 3alaHHONW TOYHOCTBIO JUISl IIMPOKOTO Kilacca 3a/iad TEOPHH HCKYC-
CTBEHHOT'O MHTEIJIEKTA.

© Povkhan I. F., Mitsa O. V., Mulesa O. Y., Polishchuk V. V., 2021
DOI 10.15588/1607-3274-2021-4-8

92



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasminss. 2021.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021.

Ne
0

4
4

10.

11.

Pe3yabTartsl. Pa3paboTaHHbI METOX ITOCTPOSHHUS MOJIeTIel IepeBEEB AITOPHTMOB ITO3BOJISIET pab0OTaTh C yUeOHBIMU BEIOOPKAMHU
00JIbIIOro 00BbeMa pa3HOTHITHOM MH(pOpMaNUK (IMCKPETHBIMHU JTaHHBIMH) M 00ECIIeYMBAET BHICOKYIO CKOPOCTh M DKOHOMHOCTH all-
HapaTHbIX PECYpCOB B IPOIECCE MeHEpalii KOHEYHOM CXeMBbl KJIacCH(HKAIMU, CTPOUTH JIEpEeBbsl KIIacCU(HKAIMU C 3apaHee 3aJaH-
HOH TOYHOCTBIO.
BriBoabl. PazpaGoran moaxox cuHTE3a HOBBIX ITOPUTMOB (CXeM) pacro3HaBaHUS Ha OCHOBe OmOIMOTEeKH (Habopa) yxe W3-
BECTHBIX aITOPUTMOB (METOAOB) M cxeM. T0 ecTh mpeAcTaBieHa 3QQEeKTUBHAs CXeMa PACIO3HABaHUS AUCKPETHBIX OOBEKTOB Ha
OCHOBE ITOIIarOBOM OLIEHKH M 0TOOpa alnropuTMOB Kiaccudukaiu (0000MECHHBIX MPU3HAKOB) HAa KaXKAOM IIare cuHTe3a cxembl. Ha
0aze NMpemIoKeHHOH KOHIIENIINY AITOPUTMHIECKHX IEPEBhEB KJIACCH(UKAIUKM IOCTPOEHa MOJENb CTPYKTYPHI JIepeBa alrOpUTMOB,
KOTOpast obecrieunia KiIacCu(pUKaIMIO ITAaBOAKOBBIX CUTYalMi JuIs OacceiiHa peku Yik.

KJIFOUEBBIE CJIOBA: nepeBo kiaccupuKamnuy, aropuTMHISCKOE JCPEBO KilacCU(UKAIINU, TUCKPETHBIA 00BEKT, IPU3HAK,
(yHKIHMS pacro3HaBaHUs, AITOPUTM PACIIO3HABAHNS, KPUTEPHUI BETBICHHSI.
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