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HayxoBuii JKypHAJ «PanioesniekTponika, indopmaTuxa,
ynpaBiiHHs» (ckopoueHa Ha3Ba — PIY) Bupmaetbes HarioHambHuM
yHiBepcHuTeTOM «3anopizbka nomitexnikay (HY «3amopisbka monitexHikay) 3
1999 p. nepioAMYHICTIO YOTHPU HOMEPH HA PIK.

BapeectpoBaHo y MinicreperBi roctumii  Ykpainm 19.11.2019 p.
(CBimouTBO NpoO JEpXKaBHY PEECTPAIlil0 JPYKOBAaHOrO 3aco0y MacoBoi
indopwmariii cepis KB Ne 24220-14060 TIP.)

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

Hakazom MiHictepcTBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArtecTaniiiHoi Kkonerii MiHicTepcTBa 1010
JUSsUTBHOCTI CIeniaiizoBaHuX BYeHHX paj Bix 06 Oepesns 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HalBHIIIK piBeHb), B SAKHX MOXYTh IyONIKyBaTHCSA pPE3yJIbTaTH
JMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JIOKTOpa HayK i JOKTOpa
¢inocodii (kanauIaTa HAYK).

B xypnani 6e3k0mToBHO MyOIIKYIOTECSI HAYKOBI CTATTi aHIIIIHCBKOIO,
POCIHCBKOIO Ta YKPaTHCHKOIO MOBAMH.

IpaBuiaa odopmIeHHs crarteit
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3KOIITOBHUII BiAKPUTHII OH-1aiiH KOoCTYN 10
MOBHOTEKCTOBHX ITyOiKartiif.

JKypHai 103BoJIsie aBTOpaM MaTH aBTOPCHKI MpaBa i 30epiraty mpasa Ha
BUJaHHA Oe3 oOMexenb. JKypHan f103Bojs€ KOPHCTYBauaM UMTAaTH,
3aBaHTAXyBaTH, KOIIIOBaTH, IONIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHJIATHCSA Ha TOBHI TekcTH cBOIX crared. JKypHan 103BoJse NMOBTOpHE
BHUKOPHCTaHHs ioro BMmicty y BianosigaocTti 3 CC ninensiero CC-BY.

OmnyOIIiKOBaHUMH CTATTSIM TIPHCBOIOETHCS YHIKAJIBHUH 1JCHTH(IKATOP
nudposoro 06’exra DOI.

JKypuaa BxoauTs 10 HaykoMeTpuuHoi 6a3u Web of Science.

JKypnana pedepyerbes Ta iHAeKCY€ThCs Y IPOBITHNX MIKHAPOIHUX Ta
HalliOHAIBHUX pe)epaTHBHUX JKypHallaX i HAyKOMETPHYHUX 0as3ax JaHMX, a
TaKOX PO3MIILYEThCsI Y HUdpoBUX apxiBax Ta 6i6mioTekax 3 GE3KOMITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHH mHepeliK SKHX MOJAHO HAa CailTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

7KypHan posnoscrokyeTbest 3a KaTamorom mnepioqudHuX BHIAHb
VYkpainu (nepeariatauii inaexc — 22914).

TemaTuka KypHAJXy: TelIeKOMyHiKamii Ta  paioesieKTpOHiKa,
nmporpamHa iHkeHepis (BKJII0Yal0ud TEOPilo aIrOPUTMIB i MPOrpaMyBaHH),
KOMIT'IOTepHI Hayku (MaTeMaTH4YHE 1 KOMII'IOTGPHE MOJEIIIOBAHHS,
ONTHMI3allis 1 JOCII/PKeHHs ONepalliii, yIpaBliHHA B TEXHIYHUX CHCTEMax,
MDKMallMHHA 1  JIIOAMHO-MallMHHA — B3a€MOJIS, I[ITYYHUH  1HTEJEKT,
BKJIFOYAIOYM CHCTEMH, 3aCHOBAaHI Ha 3HAHHAX, 1 EKCIEpTHi CHCTEeMH,
IHTENeKTyalbHUH aHAJI3 JaHUX, PO3Mi3HaBaHHA 0Opa3iB, MTYyYHI HEHpPOHHI
i HeHpo-HeuiTKi ~ Mepexi, HEeUiTKy JIOTiKy, KOJICKTHBHMH  iHTEIEKT
i MyJIbTHAreHTHI CHCTEMHM, TiOpHIHI CHCTEMH), KOMII'IOTEpHA iHXKEHepis
(amapaTHe 3a0e3redyeHHs] 0OUHCIIIOBAIBHOI TEXHIKH, KOMIT IOTEpHI Mepexi),
iHdopMariiiHi cucteMu Ta TEXHOJOTI! (CTPYKTYpH Ta 6a3u DaHHX, CHCTEMH,
3aCHOBAHI Ha 3HAHHSX Ta €KCIIEPTHI CHCTEeMH, 0OpOOKa JaHUX | CUTHATIB).

Vei crarri, mponoHoBaHi o myOmikawii, OmepXyoTh 00’€KTHBHHIL
PO3IJIsii, ILIO OUIHIOETBCS 3a CYTTIO 0e3 ypaxyBaHHS pacH, CTari,
BIPOCIIOBIIaHHS, CTHIYHOTO MOXO/DKCHHS, I'POMaJsIHCTBA ab0 MOJITHYHOT
¢inocodii aBropa(is).

VYei cTaTTi NPOXOAATH ABOCTYIIHYACTE 3aKpUTE (AHOHIMHE IJI aBTOpPA)
Pe3eH3yBaHHsl IUTATHUMU PENAKTOPAMH i HE3ANEKHUMH PELEH3EHTAMH —
MPOBIJTHUMH BUCHUMH 32 MPodijeM KypHay.

TOZaHO Ha CaTi:

PEJAKIIUHA KOJIEI'TA

T'onosnuii peoakmop — Cy66otin Cepriii OJiekcaHAPOBHY — JJOKTOP
TEeXHIYHHX HayK, mpodecop,3aBigyBad kaderpu HpOrpaMHUX 3aco0iB,
HauionanbHuii yHiBepcuTeT «3amnopi3bka HoJliTexXHiKa», YKpaiHa.

3acmynuuk 20n06n020. peoakmopa — Iliza imurpo MakapoBuy —
JOKTOp TEXHIYHUX HayK, Npodecop, MPOPEKTOp 3 HayKOBO-NENAaroriyHoi
po0OTH Ta MUTAaHb MEPCIICKTUB PO3BUTKY YHIBEPCUTETY, IUPEKTOP iHCTHTYTY
iHQOpMaTHKH Ta pPaJioeNeKTPOHiKH, mpodecop KadeapH paJioTeXHIKH Ta
TenekoMyHikanii, HauioHanbHuii yHiBepcuteT «3amopizbka IONITEXHiKay,
Vxpaina.

Ynenu peokonezii:

AmnapoyJinaxic Tocig — noxrop dinocodii, ronosa aenapramenty tenaedoHii
LlenTpy oOcmyroByBaHHsS Mepex, YHiBepcuteT SHinu, ['pewis;

Bonsincpkuii  €Breniii  BosioAMMUpOBHY — IOKTOp TEXHIYHHUX HayK,
npodecop, npodecop Kadeapu MTYyIHOTO iHTENEKTY, XapKiBChKHil HAIliOHANBHHI
YHIBEpPCUTET paioeeKTPOHIKH, YKpaiHa;

Bennexenc FOcr — yioktop dinocodii, H0LEHT, TOUEHT (HaKyIbTeTy iHKEeHSPHUX
Texnonorii (xammyc [Jle Haip), Karommipknit ynisepenter JIboena, berbrist;

Boas Kapcren — jokrop ¢inocodii, mpodecop, mpodecop kadempu
TexHiuHOi iH(popMmaTHky, JlOPTMYHIACHKHH YHIBEPCHUTET NPHUKIAJHMX HAayK Ta
mucreurs, Hiveuanna;

Byrrke I'anc-Jlitpix — mokrop dimocodii, nomeHT, mpoBinHmii HayKoBHit
CHiBpOoOITHUK IHCTHTYTY TeXHiuHOi iH(popmaTukH, TexHiuHHil yHiBepcuTeT
Inbmenay, HiMeuunna;

Top6anbp Outekcanap MukonaiioBuy — J0KTOp (i3HKO-MaTeMAaTHYHHX
Hayk, Tpodecop, npodecop QaxympTeTy MarteMaTHKH, YHiBepcuter Jlectepa,
Benuka Bpuranis;

Topoannumii J{murpo OuieroBuy — Joktop dinocodii, KaHAMIAT TEXHIYHHX
HayK, JOIIEHT, TIPOBITHMI HAyKOBUH cHiBpoOiTHHK JIupekuii Haykn Ta iHXeHepii,
Kanajicbka areHiist IpukopIoHHoi ciysx6u, Kanana;

Jlpodaxin Ousier OuieroBud — JOKTOp (i3HKO-MaTEMaTHYHHX HayK,
npodecop, nepumii npopekTop, J[HINPOBCHKHI HAIOHAIBHHIT YHIBEPCHTET iMeHI
Omnecs I'onvapa, Ykpaina;

3aiiueBa Ouiena MukojaiBHa — Kanauaatr (i3sMKO-MaTeMaTHYHHX HAYK,
npodecop, mpodpecop kabenpu inpopmaruku, IJKHITIHCHKHI yHiBEpCHTET B
Kumnini, CroBauunna;

Kamesima MiuiTaka — 10KTOp Hayk, mpodecop, mpodecop daxyasrery
HayKH Ta imkeHepil, YHiBepcuteT lnmmuomaxi Ceniy, SInoHis;

Kapramos Bosomumup MuxailioBu4 — JIOKTOp TEXHIYHHX Hayk,
npodecop,  3aBimyBau  kadenpum  MemiaimkeHepii  Ta  iH(opMamiitHHX
pamioeNeKTPOHHUX  CHCTeM,  XapKiBChKHMil ~ HAI[IOHAJIBHUH  yHiBEpCUTET

pajtioenekTpoHiky, Ykpaina;

JleBaurenko Birtauiii I'puropoBuy — kammumar (isHKO-MaTeMaTHYHHX HAyK,
npodecop, 3aBimyBau Kadenpu iHdopmarnky, XKwniHcknii yHiBepcuter B JKuiiHi,
CroBayymHa;

Jlyenro JaBua — nokrop dinocodii, mpodecop, 3aBizyBau kadeapu Teopii
CHTHAJIIB Ta KOMYyHiKaliif, MaapuacbKuii momitexniunmii ynisepcurer, Icnamis;

MapkoBcka-Kaumap VYpeyaa — JOKTOp TeXHIYHHX Hayk, mpodecop,
npodecop kadeapu oO6UMCITIOBANBHOTO iHTENEKTy, BpoiylaBceka moliTexHika,
Tonbma;

Quiilinuk Anapiii OslekcaHpoBHY — KaHIWAAT TEXHIYHUX HAyK, JOICHT,
JoneHT Kadenpu mporpamMHuX 3aco6iB, HamioHanbHuMid yHiBepcHTET «3amopizbka
MoJTiTexHiKa», YKpaiHa;

IMaBiaikoB Bosogumup BooAMMHPOBHY — JOKTOpP TEXHIYHMX HayK,
CTapIIni HayKOBHH CIiBPOOITHHK, NPOPEKTOp 3 HaykoBoi pobotH, Hamionansauii
aepokocmiunmii yHiBepeuret iM. H.E. JKykoBcbkoro «XAl», Ykpaina;

Manmuuskuii Mapuin  — noktop Hayk, mpodecop, mpodecop Bimaimy
iHTeJIeKTya bHUX cucTeM, JlocmiaHuil iHcTuTyT cucteM Ilonbebkoi akaiemii Hayk,
M. Bapmaga, ITosbIma;

Cxpyncbkuii Crenan FOpiiioBuy — KaHInMIAaT TEXHIYHUX HAyK, JOLEHT,
JIOLEHT Kadeapy KOMIT'IOTepHHX CHCTeM i Mepex, HamionamsHuii yHiBepcuter
«3amnopi3bKa noniTexHika», YKpaina;

Taéynmuk I'aanna BoaoguMupiBHa — KaHIMAAT TEXHIYHUX HAYK, JOLCHT,

npodecop Kadeapu mporpamHHX 3aco0iB, HamionanbHuii  yHiBepcuTeT
«3armopi3bKa MoJliTeXHiKa», YKpaiHa;
Tpurano Tomac — poktop dinocodii, crapumit Bukiaagaud kadempu

€JICKPUYHOI Ta eNEeKTPOHHOI imkeHepii, [mkenepunit xonemwk im. C. IllamoH, M.
Amyon, I3pains;

Xenke Kapcren — 0KTOp TeXHIYHHX HayK,
criBpobiTHUK  dakymeTery  iHQopMaTMKM  Ta
yHiBepcurer Libmenay, Himeuunta;

Ilapnancskux Ogekciii AasdeproBuu — 10kTOp dimocodii, momeHT,
noueHT  (akymbTeTy —aepokocMidHoi  imkeHepii, JlendTcbkuit  TexHiuHHi
yHiBepcuret, Hinepnauu.

HAYKOBHH
TexuiuHni

npodecop,
aBTOMAaTH3alLlil,

PEJAKIHIMHO-KOHCYJIbTATUBHA PAJIA

Appac ITitrep — nokrop dinocodii, TONEHT, TOUEHT (aKyIbTETy iHKESHEPHHX
TexHounorii (kammyc Jle Haip), Katomumpbkuit yriBepcureT JIboBeHa, benbris;

JlicusiHebKMiE  AHaToiii — KkaHauaar  (i3MKO-MaTeMAaTHYHUX — HAyK,
TOJIOBHHI HayKOBHil eKcmepT, I3painbcka enekTpuuHa Koprioparis, Xaiiga,
W3paiib;

Manpurm Xpucrian — 1okTop dinocodii, mpodecop dakympTery iHxKeHepil
Ta iHdopmauiiinux TexHouorii, YHiBepcuTeT npukiIagHuX Hayk Kapuuoii,
ABcrpis;

Mapxkocsin Mrep BapakecoBud4 — 1OKTOp TeXHIUHMX Hayk, mnpodecop,
JIMPEKTOp €peBaHCHKOro HayKOBO-JIOCIIIHOTO iHCTUTYTY 3ac0o0iB 3B’s13Ky, podecop
kadenpu TenexomyHikamii, Pocilicbko-BipMeHCBKHIT yHiBepcuTeT, M. €peBaH,
Bipwmenist;

Py6enr Outer BouiofMMHpOBMY — KaHANIAT TEXHIYHHX HAyK, JOLEHT
¢akynbrery imkenepii, YHiBepcurer MakMactepa, ['aminbron, Kanana;

TaBxemiaze ABTaHILT — KaHANAAT (i3MKO-MAaTEMAaTHYHUX HayK, Tpodecop,
npodecop 1Ko GizHecy, TeXHOIOTIT Ta ocBiTH, JepxkaBHuil yHiBepcuTeT iM. Ll
Yasuasase, Toimici, I'pysis;

Ypeyrbio Jopy — 10okTop Gi3uKo-MaTeMaTH4HUX HayK, Ipodecop, npodecop
kadepu  eNEKTPOHIKM Ta OOYMCITIOBANBHOI —TeXHikW, TpaHCHIBBAHCHKHIt
yHiBepcuret B bpauiosi, PymyHis;

Iyaen IliTep — 10KTOp TEXHIYHMX HAyK, Tpodecop, mpodecop iHCTHTYTY
uudposoi Tpanchopmarii 3actocyHkiB Ta xuBux gomeHiB (IDiAL), JdoptmyHn,
HimeuunHa.

PexoMeHI0BaHO 10 BUAAHHS BueHOI0 panoto HY «3amopisbka nomitexnikay, mpotokon Ne 4/20 Bix 02.03.2020.
Kypnan 3Bepcranuii pepakuiiiHo-suaaBHrauM Biguiiom HY «3amopizeka nomitexHikay.

Beo-caiit :xypHauy: http:/ric.zntu.edu.ua.

Anpeca penakuii: Penakuis sxypuainy «P1Y», Harionansauii yHiBepeuTeT «3anopisbka nonitexHikay, Byi. JKykoBebkoro, 64, M. 3anopixoks, 69063, Ykpaina.

Temn: (061) 769-82-96 — penakiiiiHO-BUIaBHUYNIA BiIis
E-mail: rvv@zntu.edu.ua

Dakc: +38-061-764-46-62
© HarnionanbHuii yHiBepcuTeT «3amopi3bka nojitexHika, 2020
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Control» is published by the National University «Zaporizhzhia
Polytechnic» NU «Zaporizhzhia Polytechnicy» since 1999 with periodicity
four numbers per year.

The journal is registered by the Ministry of Justice of Ukraine in
19.11.2019. (State Registration Certificate of printed mass media series
KB Ne 24220-14060 I1P).

ISSN 1607-3274 (print), ISSN 2313-688X (on-line).

By the Order of the Ministry of Education and Science of Ukraine from
17.03.2020 Ne 409 “On approval of the decision of the Certifying Collegium
of the Ministry on the activities of the specialized scientific councils dated 06
March 2020” journal is included in the list of scientific specialized
periodicals of Ukraine in category “A” (highest level), where the results of
dissertations for Doctor of Science and Doctor of Philosophy may be
published.

The journal publishes scientific articles in English, Russian, and
Ukrainian free of charge.

The article formatting rules are
http://ric.zntu.edu.ua/information/authors.

The journal provides policy of on-line open (free of charge) access for
full-text publications. The journal allow the authors to hold the copyright
without restrictions and to retain publishing rights without restrictions. The
journal allow readers to read, download, copy, distribute, print, search, or
link to the full texts of its articles. The journal allow reuse and remixing of its
content, in accordance with a CC license CC-BY.

Published articles have a unique digital object identifier (DOI).

The journal is included into Web of Science.

The journal is abstracted and indexed in leading international and
national abstractig journals and scientometric databases, and also placed to
the digital archives and libraries with a free on-line access, full list of which
is presented on the site:
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operations research, control in technical systems, machine-machine and man-
machine interfacing, artificial intelligence, including data mining, pattern
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All articles proposed for publication receive an objective review that
evaluates substantially without regard to race, sex, religion, ethnic origin,
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All articles undergo a two-stage blind peer review by the editorial staff
and independent reviewers — the leading scientists on the profile of the
journal.
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Hayunblii xkypHaia «PaauodiiekTpoHnka, HHPOPMATHKA, yHpaBJieHHe»
(cokpamienHoe HazBaHue — PHY) wu3maeTcss HaIMOHAIBHBIM YHHBEPCHTETOM
«3anopoxckas nonutexHukay (HY «3amopokckas nomurexnuka») ¢ 1999 r.
TICPHOAUTHOCTBIO YETHIPE HOMEPA B TOX.

3apeructpupoBan B MunucrepcrBe toctunuu Ykpaumnel 19.11.2019 1.
(CBUETENBCTBO O TOCYIAPCTBEHHOH PErHCTPAIMK EYaTHOTO CPEICTBA MAaCCOBOM
unpopmanyu cepust KB Ne 24220-14060 I1P).

ISSN 1607-3274 (neuarssrii), ISSN 2313-688X (25eKTpOHHBIIT).

Ilpukasom MunucrepctBa oOpa3oBaHusi ¥ Haykn Ykpaunsl Ne 409 or
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ABSTRACT

Context. The task of creating a radio system (RS) for identifying metals in the middle of subgroups of magnetic and nonmag-
netic metals based on eddy current devices (ECD) is considered. The object of study is the radio identification system.

Objective. Development of a radio system that allows you to expand the possibilities of ECP by identifying a metal in a subset of
non-magnetic (copper, gold, silver, etc.) and magnetic (steel, nickel) materials.

Method. A block diagram of the RS, which uses the processing of ECD signals in the time and spectral regions, is proposed. PC
allows to identify the type of metal from which the control object (CO) is made, within the subsets of non-magnetic and magnetic
materials, which allows to increase the probability of detecting CO hidden in a dielectric medium, made of non-ferrous, precious or
ferrous metals.

The validity of the results obtained from the verification of the technique was tested on a laboratory model of the PC, which con-
sists of an analog eddy current part and a microcontroller with ADC to transfer data to a laptop, which implements the methods of
signal processing. The article proposes the hypothesis of an informative parameter and a mathematical model that explains the causes
of the signal and its form. The possibility of using RS to solve the problem of metal identification within a subset of non-magnetic
and magnetic materials has been experimentally confirmed.

Conclusions. Experimental studies carried out confirmed the efficiency of the proposed RS and the methods for processing the
ECP signal, the software that implements it, which allows us to recommend it for the development of devices for identifying the
metal from which the test object is made. Prospects for further research are to adapt mathematical and software not only to the base
of metal images, but also to create images of complex objects, which will make it possible to identify a hidden metal object and
thereby expand its capabilities.

KEYWORDS: eddy current transducer, metal control objects, metal identification.

ABBREVIATIONS No, N1are numbers of turns of the corresponding coil
RS is a radio system; and metal,
ECD is an eddy current devices; [ is a length of sample;
CO Isa control object; U, is a voltage at the output of the synchronous phase
FD is a phase detector; detector;
OK is an obj ect of c;ontrol; U, is a voltage at the input of the phase detector;
PlLis gpulse induction; ) f.1s a frequency of signal at the input of the phase de-
VLF is a very low frequency detection. tector;
Jupr 18 a frequency of reference signal;

o NOMENCLATURE ¢ is a phase shift between reference and voltage in the
M is a interdependence; receiving coil;
S, 1s an effective area of the metal; U, is a reference voltage;

Mz is a residual’s magnetization;
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X 1s a magnetic susceptibility, relative units;
o is a conductivity, sm/m;

U, max 18 @ maximum voltage value on the antenna;
AU,, is a change in voltage on the receiving an-
tenna;

V' is a linear velocity of the object of control along
the antenna turns;
L is a distance between receiving and transmitting

antennas;
Qgtart 18 a value of initial phase shift;

@ ., 1S @ maximum value of the offset of the initial

phase;
A¢is a change in the initial phase under the control

of the object of control;

x is a discrete samples;

m is a number of samples in the sample;

P(x) is a polynomial of approximation of a section
from discrete readings;

Ay, A, are highest positive maxima of the graphic-
digital image;

K% is a an integral parameter that can be used to esti-
mate the difference in signals;

S1,S2 are areas under the
different metals to be compared;

A S is a the estimated value of the difference between
metals;

S, fn2, fu, fr2 are the lower and the upper strips of

intersection of two

the spectrum of the two metals to be compared;
Af is a difference in spectrum width by level —-40dB.

INTRODUCTION

The task of identifying the metal from which the metal
objects are made are important for a number of branches
of the national economy. Usually X-ray, luminescent and
chemical methods are used for its solution. However, they
need to clear the surface of the objects and do not allow
objects to be explored remotely without damaging their
surface. In addition, they require the presence of a metal
object, which must be placed in the working area of the
device, and do not allow the identification of hidden ob-
jects in a dielectric environment, for example, the soil.
However, there are methods of detecting metal objects
and devices built on the eddy current method, which al-
low to detect hidden objects and dichotomically (black or
color) to identify the type of metal. The detected hidden
object is extracted from the environment in which it is
located, and then, if this is necessary, is investigated by
known methods. It is a labor-intensive and complex proc-
ess that requires considerable time and laboratory re-
search.

The object of study The object of development and
research is the radio engineering system of metal identifi-
cation.

The subject of study The subject of research is the
form of the waveform of the eddy current devices (ECD)
at the output of the phase detector RS obtained from con-
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trol objects made of different magnetic and nonmagnetic
metals.

The purpose of the work Industrial ECD solves the
problem of dichotomy identification of the objects being
investigated, detecting and dividing them into two subsets
(magnetic or black) and (non-magnetic or colored). How-
ever, it remains important to identify the metals in the
middle of subsets, that is, the definition of the object is
made of copper or gold, steel or nickel.

1 PROBLEM STATEMENT

Development of radio engineering system, which pro-
vides remote identification of metals on the basis of the
previously developed methodology.

Among the set of parameters xi characterizing the sig-
nal (amplitude, phase change of the signal during scan-
ning, transition of the signal through zero, change of po-
larity, etc.), it is necessary to find those that characterize
the metal as much as possible, measure their values and
create a base of graphical-digital images of metals of this
signal, which is an array of identification parameters x =
{xi}, i=1, 2, ..., N, where N is the number of parameters
characterizing the signal and comparing it with those
found in the database.

Matching the characteristics of the image of the meas-
ured signal with that in the database and is the identifica-
tion criterion — P. The similarity criterion reflects the per-
centage similarity of the signal from the new metal to the
signal from the database, where m is the percentage simi-
larity of each of the informative parameters of the new
signal to informative parameters from the database. Crite-
rion P is calculated by averaging only the minimum val-
ues (K) of the vector m:

K

Mk
k=1 K
The problem of constructing and recognizing graphic-

digital images of the PC output signal is considered in this
article.

P =

2 REVIEW OF THE LITERATURE

There are now a large number of ECD, including those
that are produced serially. All of their plural can be divided
into two classes: tonal VLF and pulse PI [1]. Devices of
type PI that work with pulse signals [1] and in essence are
low-frequency radar stations [1, 2, 3]. The ECD in the
modern market is represented by metal detectors from the
manufacturers: Minelab, Fisher, Garret [1, 3].

The tonal include devices such as VLF, which to
indicate the presence of an object using the sound
difference frequency between the reference and rebuilt
under the influence of the object frequencies. The
difference in frequency allows the operator to listen the
tone of the signal to determine the object. Qualified
operator can distinguish colored metal from black.

Information about the object under study is in the
amplitude, phase, or frequency of the signal received by
the antenna, and it is considered that one of these
parameters is informative and the others are interfering.
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The amplitude method [4] is widely used for signal analy-
sis in the case when the informative parameter is the am-
plitude of the signal, and the interfering phase or fre-
quency. The device tracks the amplitude of the input sig-
nal and when it reaches a certain threshold, it sends in-
formation to the indicator device indicating the presence
of the object. By the amplitude of the signal, one can also
determine from which metal (black or color) the object of
control is made. In this case, changing the phase or fre-
quency of the signal does not affect the readings of the
metal detector. Most modern metal detectors use metal
identification at the threshold level of the signal, which
allows only dichotomous analysis.

Phase and frequency methods are mainly used in de-
vices for non-destructive control of parameters of metal
objects [5, 6] and are used with significant influence of
the interfering factor on the amplitude of the signal. In
them, the amplitude detector is replaced by phase or fre-
quency. These two methods can also be used to search for
hidden objects. So, on the principle of phase shift meas-
urement, a metal detector CM6000-Di52HM manufac-
tured by the US, which allows you to detect hidden metal
objects.

The theoretical work on the development of methods
for identifying the type of metal from which a hidden
object is constructed, based on the measurement of phase
shifts between reference and informative signals, are pre-
sented in [6] and [7]. However, the authors [6, 7] failed to
realize the identification of metals in the middle of sub-
sets of magnetic and nonmagnetic materials. The pro-
posed methods allow only dichotomous identification
(magnetic — nonmagnetic material). In papers [8, 9] and
[10], we propose methods for processing the ECD signal,
which allow the identification of metals in the middle of
subgroups of magnetic and nonmagnetic materials.

The purpose of this work is to explain the features of
the radio engineering system of metal identification [11],
built on the basis of the eddy current detection method of
metal objects, the development of a mathematical model
of the output signal of the ECD and software that
implements the methods of identification of metals.
Unlike the known [4, 6, 7], it is possible to determine the
metal from which the object of control is made from a set
of nonmagnetic (gold, copper, silver) and magnetic (steel,
nickel) metals. The proposed model allows to describe the
signal at the output of the phase detector RS, built on the
basis of circuitry solutions of the input cascades of the
serial metal detector CM6000-Di5S2HM [11], which is
further processed by the methods proposed in [8, 9, 10]
and allows you to realize the goal.

3 MATERIALS AND METHODS

The basis of the ECD is the excitation of eddy currents
on the surface of the investigated metal OK, which arise
as a result of the interaction of the electromagnetic field
provided by the radiation (transfer) coil of the antenna
system. Antenna system has two coils (transmitting and
receiving). Transmitter emits a low-frequency signal
(frequency 6.6 kHz), and the receiving register Foucault
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currents are given in OK. They cause a secondary
electromagnetic field, which is recorded by the receiver
coil of the antenna system, is processed by the electronic
unit and transmitted to the indicator device. The signal
excited by the electromagnetic field in the output coil of
the antenna system of the ECD is complex and depends
on the conductivity of the investigated object and its
magnetic properties [6].

The basis for explaining the emergence of an informa-
tive parameter is taken by Brusini’s model [7], which he
proposed in his dissertation paper. It considers a mathe-
matical model consisting of three objects (from the re-
ceiving and transmitting coils and a metal sample that
moves over the coils and is the object of control). Sche-
matically, the interaction between objects of the system is
shown in Fig. 1.

The transmitter of the antenna emits a low-frequency
signal that interacts with the receiving antenna directly
(parasitic signal) and through an OK, which re-emitting
the signal.

The input coil shows the voltage from the transmitter

U and the sample U :
USP (1) = —ioM, 1,e™,
U (1) = —ioM,,1,e™,

iot _
le™ =

M, | ioL(R—inl) jor
2 272 106 >
L | RP+o°L

where M is a reciprocation, which is determined by the
connection between the elements of the system, R is the

sample resistance, L is the inductance of the sample.
Phase shift between voltages

Im(USP (1)) +US (1)
Re(UP (0)+US () |

o) = arctg[
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Figure 1 — Model of interaction of the investigated metal
with coils of the antenna system
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Smin = 0.1 Sz42ka>  Smax zrazka»

2
S - % =4.910° M, ik = 6600 Hz,

zrazka

tpron = 0.073 sec,

where y is a magnetic susceptibility, S, is a effective

area of the metal, No, N1 are number of turns of the cor-

responding coil and metal, / is a sample length. The pa-
rameter defining the influence of the OK on the signal in
this model [5, 7] is the interinduction M, My, is a techni-
cal constant determined by the flow coupling between the
two coils, My, Ta M), — these are variables that depend on
the properties of the sample and its position relative to the
antenna coils. When the OK moves, the relationship be-
tween mutual inductances My, and M), changes, which is
determined by the change in the effective magnetic sus-
ceptibility y =u-—1 and the change in conductivityo,

which is introduced into the system of connected objects.
The signal from the receiving U, and the transmission
U, of the coils comes to the FD [12], the scheme of
which is shown in Fig. 2, which allocates a signal propor-
tional to the cosine of the phase difference between U,
and U,

upr+
R1

1
L

I% 1
iUupr

Figure 2 — Phase detector scheme [12]

Output signal FD is determined by the dependence [12]:

) 0, Je#
Ua:

wpr
1.
EUeCOS(p, Se=Supr

where U, is a voltage at the output of the synchronous
FD, U, is a voltage at the input of the FD, £, is a signal
frequency at the input of the phase detector, £, is a fre-
quency of the reference signal (frequency, which is emit-
ted by the antenna system RS), ¢ is a phase shift between
reference and voltage in the receiving coil, U, is a refer-
ence voltage.

At the output of the FD, a change in the phase shift
between signals in the transmitting and receiving coils of
the antenna system occurs when the OK passes over the
coils. When scanning an object by antenna system, the
heterogeneous object passes first over the transmission
turns, between the transmitter and the receiving coils and
over the receiver. The signal form on the output of the FD
is shown in Fig. 3.

With further move of the antenna system over the OK
from its center to the transmission coil there is a similar
signal but a mirror shape. The maximum amplitude of this
signal is less than the first. This is due to the residual
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magnetization of OK [5, 13]. Signal at the input of the
phase detector RS

U, =—aaif Vi o=[[B-0S Wb B=p,(H+M) T,
N
where Mz is a residual magnetization, which is deter-
mined by the magnetic and conducting properties of the
control object, H is a the magnetic field strength created
by the transmitting antenna.

The voltage U, depends on the speed of the antenna
passing over the OK and on the residual magnetization of
the M metal from which the OK is made.

When the antenna move over the OK, there are
currents Foucault whose density increases when the OK
reaches the center of the coils [7]. After passing through
the center of the antenna system, the metal has residual
magnetization [5] and begins to interact with the other
shoulder of the antenna system, which leads to a decrease
in the amplitude of the signal. A difference in signal am-
plitudes occurs when passing one and the other antenna
system shoulder. This difference is an informative pa-
rameter in the FD signal, which defines the material from
which the object of control is made.

To confirm the hypothesis of the effect of residual
magnetization that occurs during scanning, a signal is
investigated at the output of the phase detector for OK’s
made of monolithic metal and from a set of thin plates
isolated from each other (Fig. 4). In the experiment, a
duralumin solid sample measuring 20x25x3 mm and a set
of duralumin foil plates of the thickness of 0.08 mm of the
same size were used.

The signals received at the output of the phase detec-
tor are shown in Fig. 5. As we see for a monolithic sam-
ple, there is a difference in signal amplitudes when pass-
ing over different shoulders of the antenna system and
there is no set of plates for it, which confirms the possibil-
ity of using it as an informative parameter.

Mo
Mo g M;j»
+—> P

0.5

COS FiCu

-0.5

t, disc

-1

0 50 100 150 200
Figure 3 — To explain the shape of the signal at the output
of the FD
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Isolator

Figure 4 — Types of OK that were used to explain the effects of
Foucault’s currents

Monolithic metal

\ Thin plates

... Time 200.0ms  @:72.00ms

Figure 5 — Signals at the output of the FD for the OK from
the set of plates (left) and the monolithic metal

The values of My, and M), and the voltage at the out-
put of the phase detector were calculated for different
locations of the OK relative to the antenna system. The
results of calculating these values for duraluminium OK
are given in Table 1. The coordinates of the places of ac-
commodation were measured in relative units, where 0 is
the beginning of the reference, the coordinate of the last
turns of the transmission coil, and 200 is the center of the
antenna system.

When the OK moves, the ratio between the mutual
inductances M has changed, which is determined by the
change in the effective magnetic susceptibility and the
change in conductivity, is introduced into the system of
connected objects. Calculations can be made for other
materials. To do this, we must use the data presented in
table 2. As we see the signal at the output of the FD de-
pends on the values of the magnetic susceptibility  , the

specific conductivity o and x — the coordinate of the posi-
tion of the OK relative to the antenna, that is, is a function
Uy =f(x70).

Let’s record the mathematical expression for the sig-
nal at the output of the phase detector, using the signals
that arrive at the input of the phase detector are harmonic.
This allows us to offer a mathematical expression that
takes into account the characteristics of the motion of the
OK relative to the antenna system coils and allows for a
signal similar to the experimental. In the absence of an
OK in the area of the antenna system on the receiving coil
from the transmission signal is given by frequency o, the
instantaneous value of whereUy; =U (7 max €OS(01) ,
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where Uz max — the maximum value of the signal given
in the receiving coil of the antenna system.

Table 1 — The values of M,; and M, and the received
voltage at the output of the OK

Coordinates Moy, M, Voltage
0 -9,9523e-10 —1,0477e-10 | —0.0000 + 0.0013i
100 -9,9502¢-10 —1,0498¢-10 | —0.0522 —0.1028i
150 —9,9492¢-10 —1,0508¢—10 | 0.4804 +0.1520i
200 —9,9481¢-10 —1,0519e-10 | —0.9770 + 0.0567i

Table 2 — Characteristics of metals are required for calculations

Metal ’( -magnetic G -conductivity,
susceptibility, r.u. sm/m
Steel 100 7 690 000
Nickel 100-600 11 500 000
Copper 9631 0’6 59 500 000
Silver 23.1x1 0’6 62 500 000
Gold _34.4x 10*6 45 500 000

If the antenna system moves in parallel with the me-
tallic OK and crosses it along the axis passing through the
center of the antenna system, then the phase and ampli-
tude of the induced signal changes at the output of the
receiving coil.

The instantaneous signal value given in the receiving
coil will look like:

U, :UlZmax(l-i-mcos(%t))cos(mt+(p(t)),

where Uz ax 1S a the maximum voltage value on the

AUz , AU,, is a change in voltage

1Zmax
on the receiving antenna when passing OK over the
antenna, V is a linear velocity of the OK along the an-
tenna turns, L is a distance between receiving and

Ao

antenna, m =

transmitting antennas,

(p(t) = (Psrart + t H (pstart

max

is an initial phase shift value, ¢, ,, is @ maximum value
of the offset of the initial phase (table 3), A¢ is a change
of initial phase under the action of OK.

Table 3 — Initial phase shift value

Metal 0,0y deg.
Steel 10 72°
Copper electro technical -120°

After forming U ; by synchronous FD, a signal is

proportional to the phase shifts in the antenna system,
which arise due to the influence of the OK on the inter-
induction between the antennas.

The synchronous detector allocates a signal that is pro-
portional to the speed of the movement of the OK and the
nature of its change. In Fig. 6 for the example shows a sig-
nal simulated for OK made from electro technical copper.
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Figure 6 — Signal from copper OK, modeled on the proposed
model

Further processing of the U, signal was carried out by
the methods proposed by the authors in [8, 9, 10]. This is
the spectral method and the method of graphic images, the
comparison criteria in which are the spectral characteris-
tics of the received signals (for the first method) and the
critical points of the time signal (for the second one).
Let’s consider briefly the signal processing by the method
of graphic-digital images [10]. To do this, we need to
digitize the signal from FD, normalize it by duration and
amplitude, and transform it into a graphic image whose
information parameters are the extrema of the signal and
the point of transition through zero. The digitized signal is
approximated by polynomial functions in the regions de-
termined by the maxima and minima of the FD signal. For
each approximation interval, we set the number of dis-
crete points xjj, X3,...,X, obtained experimentally in

the process of digitizing the signal, and write the ap-
proximation interval polynomial [14—16]:

P(x)=q +a2x+a3x2 +---+an_1x".

Next, we convert the approximated signal into a
graphic image [10, 11], in which the continuous change of
the signal is replaced by characteristic lines (points of
placement of extremums and zeros). Which differ in co-
ordinates, height and polarity. The corresponding time

signals (Fig. 2) graphic images for steel and copper are
presented in Fig. 7 (blue is marked by extremes, red is the
point of transition through the zero level), where A; and
A, are the largest positive graphic-digital image maxima.
An integral parameter that can be used to estimate the
difference in signals is K% [17]:
A1 —
K= 1—AZ-IOO%.
41
Identify the type of metal and verify the correctness of
the identification of the metal by the spectral method [8,
9]. The informative parameters in it are the area under the
outburst spectrum and the spectrum band at the level of -
40 dB of the signal taken from the FD.
The spectral density S*(f) [8] as well as the signal at
the output of the FD depends on p,,n,, o, and in the

frequency region is described by the expression S'(f) = S
(HR(f), where R(f) and S(f) — fading factor when passing
through the multilayer environment in which the OK is
located and the spectrum of the signal, respectively [9].
We assume that all parameters, except for the mag-
netic permeability and conductivity are the same. Then
the spectral density of the output signal depends only on
p, and o their values can be determined from which

metal is made of OK.

In the proposed radio system both methods are used
simultaneously, which increases the probability of identi-
fication of the metal from which the OK is made.

4 EXPERIMENTS
Experimental studies were conducted on a layout,
based on which tonal VLF system was adopted (very low

detection frequency). The layout diagram is shown in
Fig. 8.

1 T T T T T T T T T
—
05 : Ay rj oA, i
. A = i Jaia) Y A LJ M
0.6}~ i i LJ .
. j i I i i i 1 | i I i I I
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
COPPER
1 T e—i— T T T T T
A As : :
05 AAxl p— - i 3 H -
0 W | a A ll 3 th M
l'J 2 :
05 S |
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Figure 7 — Graphic images of signals of a number of steel and copper OK’s (different sizes and different orientations relative to the
antenna system)
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Block 1 Block 2 Block 3
Transmis._sion / - Low frequency Microcontroller
Receptlo? signal generator
“antenna
L
Block 4 Block 6
Reception Indicator
“antenna”
L
Block 5 Block 7
Phase detector, amplifier Clock pulse
and filters generator

Figure 8 — The block diagram of the layout of the radio engi-
neering system

The RS layout consists of transmitting and receiving
antennas (blocks 1 and 4), a low frequency signal genera-
tor (block 2) that excite the transmitter of the antenna
system, a block 5 that provides amplification and phase
detection of a signal, a pulse generator (block 7) required
for synchronization of the operation of the blocks of the
RS, the microcontroller (block 3), which performs the
normalization of the signal in amplitude and duration ac-
cording to a specially developed algorithm, and the indi-
cator block 6 necessary for processing the digitized signal
in accordance with the developed x methods for assessing
signals and indicating the result of identification.

The microcontroller block 3 processes the output sig-
nal of block 5 according to the method developed by the
authors developed in [2, 10], which allows the identifica-
tion of metals, based on the comparison of the signal
taken from the output of the phase detector and recorded
in the memory block of the microcontroller unit. In Fig. 9
shows the shape of the signal at the output of the FD for
the OK made of steel, which is obtained theoretically and

experimentally measured on the RS model. As we see the
coincidence of signals is sufficient, so that the proposed
hypothesis of physical processes in the work of RS con-
sidered lawful.

In the RS model, a signal was measured at the output
of the phase detector of block 5 (the input of the ADC of
the AtMega32 microcontroller [18, 19] of block 3),
which, with the help of the developed software, normal-
ized the signal by amplitude and duration and transmitted
to the indicator device — a laptop, which calculated the
necessary parameters of identification.

1

0.5

uor

-0.5F

t, disc

L 1

0 2000 4000 6000 8000 10000
Figure 9 — Signals at the output of the FD theoretical (dashed
lines) and experimental (solid line) for the OK made of steel

The values of K% for the theoretical and experimen-
tally received signals have the following values [20]:

~0,93-0,80

Ktheor 100% =14%;

s

0,96-0,78
p=—""

Kex *100% =18%.

In Table 3 the characteristics of graphic images of
some metals, investigated in this work (the base of
graphic images) are given.

Table 3 — The coefficients of graphic-digital images for different metals

Sample name (column) and .number 1 5 3 4 5 6 7
in order of extremum (line)
Steel 0.3055 -0.9471 0.9461 —-0.9007 0.9826 —0.5326 0.1844
Coordinates of extremes 8 18 28 36 46 57 69
Coordinates of zeros 12 23 32 41 52 65
Copper —0.2551 0.8720 —0.9963 0.4949 —0.1403
Coordinates of extremes 7 18 29 41 52
Coordinates of zeros 11 23 36 49 56
Silver 86,8% pure —0.2462 0.8406 -0.9917 0.5086 —0.1494
Coordinates of extremes 7 17 28 40 50
Coordinates of zeros 10 22 35 47 57
Titanium 0.5026 -0.9139 1.0000 —0.5525
Coordinates of extremes 5 14 26 35
Coordinates of zeros 8 20 31 41
Gold 90,0% pure -0.2354 0.8405 -0.9624 0.5098 -0.1512 0.0540 0.0350
Coordinates of extremes 9 20 30 42 54 63 65
Coordinates of zeros 13 25 37 50 61
Lead —0.3122 0.9769 —0.9954 0.4797 —0.1736
Coordinates of extremes 6 15 25 36 47
Coordinates of zeros 1 9 20 31 43
Bismuth 0.2011 0.2887 —0.9310 1.0000 —0.4570 0.2582
Coordinates of extremes 3 7 16 25 36 45
Coordinates of zeros 10 20 32 42
Aluminum -0.3073 0.8535 —1.0000 0.4309 -0.1411 0.0240 —0.042
Coordinates of extremes 7 18 27 38 50 57 60
Coordinates of zeros 11 22 34 46 56 58
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For each OK in the columns 1,2, ... the values and co-
ordinates of the sequences of extremums are given, as

And the difference between the bands is according to
the formula:

well as the coordinates of the points of the signal passing ful = fn2 .

through the zero level. Fn= T 100% ,  fu2 fu2,
As can be seen from Table 2, each metal has a differ-

ent arrangement of extremums and zero poin‘Fs, so their Fv= Sr—fn 100%, fu> fn,

values can identify the type of metal from which the ob- S

ject is made. To do this, you need to create an image for Ant Ay

an object from an unknown metal, calculate its coeffi- Af = —

cients, and compare them with those that are already in
the base, and find the corresponding image, thereby de-
termining the type of metal.

In Table 4 and 5 the spectral characteristics of the in-
vestigated materials are given [20].

5 RESULTS

where fn1, fn2, fu, fv2 are the lower and upper bands of
the spectrum [21-23] of the two metals that to be
compared, Af is a difference in spectrum width by level
-40dB [24, 25].

Table 5 — Percentage difference in parameters between copper
and some other metals

dThChp e;centage dlffere(?ce 1S cilcut{ai[le d f.br t?e arelasl Comparable metals The difference in The difference in
under the bypasses according to the following formula: the arcas under the the bands
(8, 9]: bypass
S1—S»2 Silver vs copper 7.8% 4.48%
S = ‘— 100%, S1282, Gold vs copper 5.6% 1.67%
! Copper vs titanium 15.8% 11.96%
where S1,S2 is a square under the intersection of two Copper vs lead 2.5% 1.99%
different metals to be compared, AS is an estimated Copper vs aluminum 8.927% 7.8%

value of the difference between metals.

The results of identification of the metal are shown in

table 6 on the example of duralumin.

Table 4 — Spectral characteristics of some investigated materials

Metal Spectrum width by S under the bypass spectrum (dB-Hz)
level 40dB (Hz)
Steel 20 3.84+£0.12...23.05+ 0.25 444.5043.62
Copper 6.72 +£0.08...27.48 £ 0.16 575.88+3.12
Steel and copper together 7.51+0.19...26.00 £ 0.22 485.50+ 4.23
Gold 90.0% pure 6.50 £0.15...27.99 + 0.32 545.0 £ 4.39
Bicmyr 4.89+0.11...28.46 + 0.86 580.6 £ 10.8
Silver 99.99% pure 6.64 +0.10...27.00 + 0.14 544.36 + 3.55
Silver 90.0% pure 1 Ruble 1896y. 6.72 +£0.04...27.55+ 0.29 556.87 +£4.74
Silver 90.0% pure 50 kopeck 1912y. 6.75+ 0.05... 27.50+0.17 552.81+ 3.88
Silver 88.5% pure Thaler 1665y. 6.67£0.09 ...26.84 £ 0.19 541.30 +3.34
Silver 75.0% pure Thaler 1648y. 6.66 £ 0.08...27.02 + 0.21 544.43 £ 3.00
Silver 68.3% pure 1618y. 7.09 £0.13...28.27 £ 0.23 553.04 +4.34
Nickel 9.56£0.11...26.77 £ 0.18 495.00 +4.50
Titanium 7.44 £0.29... 27.84 £ 0.36 537.66 = 5.15
Table 6 — Results of identification of the metal
Metal Metal new: duralumin
benchmark Difference %, for each of % similar to
informative parameters the standard
1 2 3 4 5
Metal Polarity S Fn Fv K% Spectrum. method Time method
Steel 100 21.111 44.779 20.099 72.300
Copper 0 2.516 3.363 4.743 12.211
Gold 90,0% pure 0 3.274 6.527 2.975 13.748
Bismuth 100 2.853 29.679 1.346 7.681
Silver 99,99% pure 0 3.452 4514 6.407 16.602
Silver 90,0% pure 0 1.322 3.363 4.501 10.754
Nickel 100 12.148 26.491 7.204 24.385
Titanium 100 4.694 6.533 3.495 24.385
Duralum 0 1.156 2.246 2.489 1.475 98,29% 98,52%
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The decision on the similarity of an unknown metal to
an existing one is based on the matrix of differences (col-
umns 1-5 of Table 6). The line with the largest number of
minimum differences is selected (the selected positions in
bold are highlighted in Table 6) and for this position, the
percentage similarity is calculated, by averaging only the
minimum values.

The number of cases of correct identification duralu-
minium: 45 times out of 50, the probability of 0.90.

The researches carried out on the developed experi-
mental RS confirmed the possibility of accumulation of
signals of groups of different metals and the creation of
images of objects, which can be different metals.

6 DISCUSSION

The experimental studies confirmed the hypothesis
about the possibility of using the eddy-current method for
the identification of metals. The proposed model with a
sufficient probability allows us to link the signal form at
the output of the FD with the parameters of the metal
from which the OK is made, as can be seen from the
comparison of the calculated and experimentally taken
signals.

As can be seen objects made of different materials can
be identified by the difference between the two highest
positive peaks in the signal FD. To do this, the processing
of the signal uses a graphical-digital method, which, by
the amplitudes of the maxima and their time placement,
allows identification of objects of control by the type of
metal from which they are made.

CONCLUSIONS

Thus, the actual task of identifying metal objects is
solved by new information features detected in the form
of a signal at the output of the ECD, its transformation
into a graphical-digital image of a metal object, its
analysis and comparison with images recorded in the
memory of the eddy current radio system. The signal
processing technique and the radio engineering system
that implements it are developed.

The scientific novelty of the obtained results are to
derive new information criteria in the output signal of the
eddy current converter that characterize the metal type. It
is proposed to identify metals to compare graphically-
digital images of a signal obtained from an unknown
metal with images recorded in a database of known
metals, which allows them to be identified within the
subsets of non-ferrous (non-magnetic) and ferrous
(magnetic) metals. To improve the accuracy of the
obtained results, it is proposed to use the spectral
identification method simultaneously with the graphical-
digital method.

The practical significance of the obtained results are
to explain the causes of differences in the form of signals
received from different metals, to create a database of
graphical-digital images and to develop a layout of a
radio-technical identification system, which allows to
distinguish metals within the subgroups of non-ferrous
and ferrous metals.

© Abramovych A. O., Agalidi Y. S., Piddubnyi V. O., 2020
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Prospects for further research is the creation of
mathematical support for the implementation of spectral
and graphical-digital methods of identification,
development of new and effectively operating units of the
radio engineering system.
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Bepcutery Ykpainu «KuiBcbkuii mositexHiuHui iHCTUTYT iMeHi Irops Cikopeskoroy», Kuis, Ykpaina.

AHOTAIIA

AxTyanbHicTh. Po3risiHyTOo 3amady ctBopeHHs pagiotexHiyHol cucremu (PC) ineHTudikauii MeTaniB B cepeAnHi miarpyn Mar-
HITHUX Ta HEMarHiTHMX METaJiB Ha OCHOBI BHXpOCTpyMoBuX meperBoproBauiB (BCII). O6’ekToM HOCITIKEHHS € pajioTeXHiYHA
cucTema izeHTudikamii Metais.

Mertopa. Po3poOka pamioTexHidHOI cuCTeMH, sika J03BoJIsIE po3umpuTt MoxiauBocti BCII nuisixom izentudikamii Metany B mii-
MHOXHHI HEMarHiTHUX (MiJb, 30JI0TO, CPiOJI0 1 IHIMKX) 1 MATHITHUX (CTaNb, HiKEJIb) MaTEPialiB.

3anponoHoBaHa cTpyKTypHa cxema PC, sika 6a3yerscst Ha 00poOni curranis BCII B wacoBiit Ta cekTpaibHild 001acTsIX, sika Ha-
JIa€ MOYIJIMBICTD iAeHTH(]IKALIT THITy METaly B MeXaX MMiIMHOKHHMA HEMarHITHUX 1 MarHITHUX MaTepialliB, IO JO3BOJISIE ITiABUIUTH
HMOBIPHICTh BHSIBIICHHS IIPHXOBAHUX B JI€JIEKTPHIHOMY cepefoBuIli 00’€kTiB KoHTpoo (OK), BUTOTOBICHHX 3 KOJBOPOBHX Ta
YOPHUX METaJIB.

Pe3yabTaTh. J[OCTOBIpHICTh OTPHMAHUX PE3YJIbTATIB EPEBIPKH POOOTH METOIUKH IepeBipsiiach Ha labopaTtopHoMy MakeTi PC,
SIKUH CKJIaJa€eThCs 3 aHAJIOr0BOI BUXPOCTPYMOBOI YaCTHHM Ta MikpokoHTpoiepa i3 AIIT s nepenavi qaHux Ha HOYTOYK, IO HPO-
rpamMHO peaiizye MeToqu 0OpoOKu curHaity. B cTaTTi 3amporoHoBaHa rimore3a BUHHKHEHHS iHPOPMATHBHOIO MapaMeTpy Ta MaTe-
MaTH4YHa MOJIENb, SKa IOSCHIOE NMPUYMHM BUHUKHEHHS CUrHaMy Ta Horo ¢opmy. ExcriepumeHTanbHO HiATBEpIKEHa MOXIUBICTBH
Bukopuctanas PC mis ineHTndikanii MeTaniB B paMKax MiJMHOKHHNA HEMArHITHUX 1 MATHITHUX MaTepialiB.

BucnoBku. [IpoBeneHi ekcnepuMeHTaIbHI JOCTIIKEHHS i ATBEPANIN Mpane3 aTHicTh 3anpornonoBanoi PC ta MeToaiB 00poOku
CUTHAJIIB BUXPOCTPYMOBUX II€PETBOPIOBAUIB, IPOrPaMHOTo 3abe3IedeH s, 0 Horo peanizye. Pesynpratn poOoTH 103BOISIOTH pe-
KOMEHJIyBaT! CTPYKTYpY PajiOTeXHIYHOI CHCTEMH Ul PO3POOKM IpmiIafiB ifeHTH]IKaIii MeTany, 3 SKOro BUTOTOBJICHUI 00’ €KT
KOHTpOJI0. [IepcrieKTHBY NOAANBIINX TOCIIDKEHb MOJISraloTh B afanTaliii MaTeMaTHYHOrO i IPOrpaMHOro 3a0e3IeUeHHs He JINIIe
6a3u 00pa3iB MeTaliB, a i JJIsl CTBOPEHHs 00pa3iB CKIaAHUX 00’€KTIB, 110 103BOJMTH 1IeHTH(IKYBAaTH 00’ €KT, i THM CaMHM, PO3IIHU-
pUTH iX (YHKIIOHATbHI MOYKJIUBOCTI.

KJUIFOYOBI CJIOBA: BUXpOCTpYMOBHI IEPETBOPIOBAY, METAIEBI 00’ €KTH KOHTPOJTIO, iIeHTU]IKALlisI METaIiB.

YJK 621.39
PAANOTEXHUYECKASI CUCTEMA HAEHTUO®UKALIN METAJIJIOB HA OCHOBE BUXPETOKOBBIX
HPEOBPA3OBATEJIEN

A6pamoBHY A. A. — acnupaHT Kadeapsl paJHoTeXHHYECKUX YCTPOHCTB U cHcTeM HalnoHambHOr0 TEXHHYECKOTO YHUBEPCUTETA
Yxpauns! «Kuesckuii nonurexauyeckuit MHCTUTYT uMeHH Hrops Cuxopckoro», Kues, Ykpauna.

Aramuau 1O. C. — kaHJI. TeXH. HayK, CT. HAy4H. COTPYIHHK Kadenpsl paJuOoTEeXHUYECKUX YCTPOHCTB U cucteM HaroHanbHOro
TEXHUYECKOTO YHUBepcuTeTa YKpauns! «KueBckuii nonutexaudeckuit ”HCTUTYT uMeHH Urops Cuxopckoro», Kues, Ykpauna.

Moanyouplii B. A. — kaHI. TeXH. HayK, JOUEHT Kadeaphl paAHOTEXHUIECKUX YCTPOUCTB U cHcTeM HallMoHanbHOTO TEXHHUYECKO-
ro YHUBepcHuTeTa YKpanHbl «KueBckuil monurexHnuecknii HHCTUTYT UMeHH Urops Cukxopckoro», Kues, Ykpanna.

AHHOTAIMS
AKTyalIbHOCTB. PaccMoTpeHa 3aada co3manus paguoTexandeckoit cucremsl (PC) naeHTH(UKAINT METaJUIOB B CEpEeIMHE MO-
TPYII MAarHUTHBIX ¥ HEMarHUTHBIX METAJUIOB HA OCHOBE BUXPETOKOBEIX MpeodpaszoBareineil (BTII). O6bexToM Hccaen0BaHus SIBIIS-
eTCs paJUOTEXHUIECKast CHCTEMAa MICHTH(OUKALIHH.
Metoa. Pa3paboTka paguoTeXHHYECKON CHCTEMBI, KOTOPasi MO3BOJISIET pacIipuTh BosMoxkHocTH BTII nmyTtem mnentudukanuu
MeTaJlla B OJAMHOXKECTBE HEMarHUTHBIX (MeJib, 30JI0TO, Cepedpo | Apyroe) U MarHUTHBIX (CTajlb, HUKEIb) MaTepPHUaJIOB.
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H3rOTOBJIEHHBIX U3 LIBETHBIX, APAarOUE€HHbIX UJIK Y€PHBIX METAJIJIOB.

IIpennoxena crpykrypHas cxema PC, xoTopast ucronsszyer obpadorky curnanoB BTII Bo BpeMeHHOH U crekTpaibHOH obmac-
1sx. PC no3Bosier uieHTHGUINPOBATh TUII METala, U3 KOTOPOro BhIONIHEH 00bekT KoHTpos (OK), B paMkax MOoJMHOXKECTB He-
MarHUTHBIX U MAarHUTHBIX MaTEpHaJIOB, YTO MO3BOJIET IOBBICUTh BEPOATHOCTD BBISBICHUS CKPBITBIX B IuajekTpudeckoil cpene OK,

Pe3yabTathl. J0CTOBEPHOCTH MONYyYEHHBIX PE3yNIBTATOB MIPOBEPKU PAOOTHI METOAMKHU NPOBEPSIIACH HA JTaOOPaTOPHOM MaKeTe
PC, koTOpBIif COCTOUT U3 aHATIOTOBOW BUXPETOKOBOW YacTH U MUKpOKoHTpoiuiepa ¢ AL anst mepenaun JaHHBIX Ha HOYTOYK, KOTO-
PBIif IpOrpaMMHO peanu3yeT MeToAs! 00paboTKM curHanma. B craThe mpeasoskeHa Tumore3a BO3HUKHOBEHUSI HH(POPMATHBHOTO Mapa-
MeTpa M MaTeMaTHdecKasi MOJelb, KOTopas OOBSICHIET NIPUYNHBI BOSHHKHOBEHMS CUTHATA M ero GopMy. DKCIIepUMEHTAILHO HOA-
TBEPIKI€HAa BO3MOXHOCTD MCIIOJI30BaHUS KOMITBIOTEPOB VISl PEIICHNUS 3aJaul HASHTU(QHUKAIIMY METaUIOB B PaMKaxX ITOJMHOXECTBa
HEMarHUTHBIX U MATHUTHBIX MaTepUajoB.
BeiBoabl. [IpoBeieHHBIE IKCIIEPHIMEHTAIBHBIE MCCICIOBAHMS HOATBEPIMIN PaboTOCIIOCOOHOCTh mpemiokenHoil PC u Meronos
o6pabotku curHanos BTII, nmporpaMmuoro obecrnedeHusi, KOTOPOe €ro peaausyeT, YTO MO3BOJISIET PEKOMEHI0BaTh ee sl pa3paboTKu
MpuOOpPOB HAEHTH(HHUKAIMKE MEeTalna, U3 KOTOPOro M3rOTOBIEHHBIH 00BEKT KOHTpois. IlepcrekTuBbl JanpHEHINX HCclIel0BaHUH CcO-
CTOST B aJanTallii MAaTEMAaTHYECKOTO W MPOrPaMMHOTO obecriedeHusl He TOJBKO 0a3pl 00pa30oB METAIOB, HO M CO3laHHsA 00pa3oB
CJIOXKHBIX OOBEKTOB, YTO MO3BOJIUT HICHTU(DHINPOBATH CKPBITHII METANINUECKHI OOBEKT U TEM CaMBIM PACIIHPHUTH €€ BO3MOKHOCTH.
KJ/IIOUEBBIE CJIOBA: BuxpeToKOBBIi IIpeoOpa3oBaTelb, METANINIECKHE 00BEKTH KOHTPOJLSL, HACHTH(HUKAL METaJlIOB.
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MOJEJIb 1 METO/ OITPEAEJIEHUSA PASMEPOB IITEYATHBIX IIJIAT
C YYETOM MHOXECTBA ®AKTOPOB

Edumenko A. A. — 1-p TexH. HayK, IoUeHT, 3aBeayroumid kadeapsl JCUKT, Onecckuii HallMOHAIBHBIHA ITOJTUTEX-
HU4YeCKuil yHuBepcuret, Onecca, YKkpauHa.

Kapuanrau A. II. — ct. npen. xadeapst ICHUKT, Opecckuil HaUMOHAIBHBIN ITOJUTEXHUYECKUH YHHUBEPCHUTET,
Opnecca, Ykpauna.

AHHOTALIIUA

AkTyanbHocTb. OnpesieieHHe Pa3MepoB MEUaTHBIX UIAT SBISETCS BaXKHBIM 3TAllOM B NPOLIECCE MPOSKTUPOBAHMUS 3IEKTPOHHOM
1 PaJIMO3IEKTPOHHOI anmnaparypsl, T. K. OT HPABHJIBHOTO UX ONPEEICHHUs 3aBHCAT KaK IT0Ka3aTelIM KauecTBa M HaJeKHOCTH (QyHK-
LUOHMPOBAHMS, TaK ¥ SKOHOMHYECKHE, M KCILTyaTallMOHHBIE TTOKa3aTean. HecMoTpsl Ha mOCTaTOYHOE KOIMYIECTBO PabOT, MOCBS-
IIEHHBIX 3THM BOIIPOCaM, HE CYIIECTBYET METOJOB, KOTOPbIE ObI 0OBEKTHBHO yUHTHIBAIIM BCE MHOXKECTBO (hAKTOPOB, BIMSIONINX HA
pa3Mepsl, U IIpu 3TOM ObUIN OBl yJOOHBIMH IJIs HCTIONB30BaHus. [IoaTOMy, Ha IIpaKTHUKE UCIIOIB3YETCS ONBIT Pa3pabOTIMKOB, @ TaK-
K€ U3BECTHBIC TPeOOBAHNS U OTpaHUYEHHS K IMPOEKTHpyeMoil anmaparype. OIHAKO Takoil MOAXOA HEe MPUBOAUT K ONTHMAIbHBIM
pe3yibTaTaM IpH ONpPee/ICHUU pa3MepOB IIeYaTHBIX ILIAT.

Ileabio paboTHI SBISETCS CO3JaHHE MOJICIH JISKTPOHHBIX MOJYJIeH Ha OCHOBE IEYaTHBIX IUIAT ¥ METOJA IS OIPENEeNCHUs UX
pa3MepoB U, B YACTHOCTH, KO3 (UINEHTA 3aMONHEHHUS C yYETOM MHOXECTBa AeHCTBYIONMX (aKTOPOB U MPUMEHEHHUS CTaHIAPTHBIX
pa3MepoB IMeYaTHBIX IUIaT.

MeTtoa. Metox onpezneneHns pa3MepoB MMEUaTHBIX IUIAT YUUTHIBACT BIMSHIE YCTAHOBOYHOH IO YIEKTPOHHBIX KOMIIOHEH-
TOB ¥ K03()HUIUEHTA 3aII0THEHNsI, KOTOPBII OTINYACTCs TEM, YTO YCTaHOBIICHA 3aBUCHMOCTH K3 OT Pa3MepoB JIEKTPOHHBIX KOMIIO-
HEHTOB U IUIOTHOCTH MX PAcCIIOJIOXKEHHUS Ha IIEYaTHOH IUIaTe, a TakXkKe 3aBHCUMOCTh BBOAUMOTO KOd(h(hHIMEeHTa IPOIOpIOHaIbHO-
CTH OT IUIOLIA I [IEYATHBIX IJIAT P UCIIOJIb30BAHUY UX CTAHIAPTHBIX Pa3MEpOB.

PesyabTatel. Co3/1aHa MOJIeIb IEKTPOHHBIX MOAYJICH Ha OCHOBE IE€YaTHBIX IIAT U METOJ Ul ONpPENe/ICHUs UX pa3MepoB, KO-
TOpPBII MO3BOJISET ¢ MUHUMAIIBHBIMU 3aTpaTaMU ONPEJeNIsTh pa3Mephl IeYaTHBIX IUIaT HA PAHHUX CTAaJHUIX IPOEKTUPOBAHUS B YCIIO-
BUSIX OTPAaHWYEHHBIX MCXOMAHBIX JAHHBIX, a TAK)K€ OrPaHMYEHMH MO0 TUIOpa3MepaM IEeUaTHBIX IJ1aT, yCTaHABIMBAEMBIX COOTBETCT-
BYIOIIMMH CTaHAAPTAMHU U IPYTMMH HOPMATUBHBIMH JOKYMEHTAMH.

BriBoabl. B pesynpTate TeOpeTHUECKHX MCCIEIOBAHUN pelleHa BajkHAs HAYYHO-TIPaKTHUYECKast MpoOiaeMa HOBBIIEHUS dddex-
THBHOCTH TPOEKTUPOBAHMS MEYATHBIX IUIAT: HONYYHIN JadbHEHIIee pa3BUTHE MOAENb W METOJ ONpPEAeIICHHUs Pa3MepOB MeYaTHBIX
IUIAT C yYeTOM MHOXKECTBa (DAaKTOPOB, ONPEACISIONINX X IUIOIAAs U pa3Mephl. B OCHOBEe MeToza JISKUT yCTAaHOBJICHHASI 3aBHCH-
MOCTb MEXIy KO3 (UIMEHTOM 3aII0JHEHNS] U yCTAHOBOYHON ILTOLIABIO MIEKTPOHHBIX KOMIIOHEHTOB JUISl Pa3HBIX 3HAUCHUIT IIOT-
HOCTH UX PacIlOJIOXKEHUS Ha Ne4aTHOI uiaTe. OTO MO3BOJIAET ¢ MUHMMAJIBHBIMH 3aTpaTaMU BPEMEHU OINpeJelsaTh pa3Mepsl Ieyat-
HbIX I1aT. Takke yCTaHOBIEHA B3aUMOCBA3b MEX/Y ILIOIAbI0, HEOOXOIUMOI AJIs IPOEKTUPYEMOr0 3JIEKTPOHHOIO MOJYJIS U IO-
TEPSAMH, CBSI3aHHBIMHU C TPEOOBAHUSAMH HMCIIOJIb30BAHUS CTAHAAPTHBIX THIIOPa3MEPOB MEYATHBIX IUIAT U BBIPAKEHHBIMU KO3 dHULH-
€HTOM IPONIOPLUOHATBHOCTH.

IIpakTHdeckas HEHHOCT MONTYYEHHBIX PE3yIbTaTOB COCTOUT B MX TOTOBHOCTH K HCIIOJIB30BAHHUIO pa3pabOTINKAMHU JUIS OIpesie-
JICHHUS Pa3MepOB MEYaTHBIX AT, YTO MPOJEMOHCTPUPOBAHO COOTBETCTBYIOIIUM IIPUMEPOM.

KJ/JIIOUEBBIE CJIOBA: pa3Mmepsl Ie4aTHBIX IUIAT, KOMIIOHOBOYHBIE XapaKTEPUCTUKH, HIEKTPOHHBII MOy, KO3()(GHUIUESHT
3aI10JIHECHUSL.

ABBPEBUATYPbBI

MKIT — MEeKKOMITOHEHTHBIE IPOMEXKYTKH;

M3OK — MexayHapoiHas 3JIEKTPOTEXHHYECKas KO-
MUCCHS;

TIIT — mevaTHas mata;

POA — panuosnexkrpoHHas annapaTypa;

OA — 3IIeKTpOHHAA aNnaparypa;

9K — 351eKTpOHHBIE KOMIIOHEHTHI;

OMC — 351eKTpOMAarHuTHasi COBMECTUMOCTb.

HOMEHKJIATYPA

a — pa3Mepbl MEKKOMIIOHEHTHBIX TIPOMEKYTKOB;

k —xonmuectBo THIIOpa3MepoB JK;

n — xoauyectBo DK Ha revaTHoOM miaTe;

n; — xonuyectBo DK i-ro Tumopasmepa;

K3 — xoa¢p¢unnent 3anonnenus miomaan 111 snex-
TPOHHBIMH KOMITOHEHTaMH;

Ky — k03¢ ¢puuneHT nponopuuoHaibHOCTH;

St — TUTOIIAb IEYaTHOM IUIATHI;
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SMmim — TUIOIIAAh MEXKKOMIIOHEHTHOTO MPOMEXYTKa
i-ro DK;

St — maomazap IIT npoMexyToyHOro i—To TUIIOpas3-
Mepa B IIpeieiax Habopa;

Stiner — wiomane [I1 ctannapTHOrO TUIOpPa3MeEpa;

Syct— YCTaHOBOYHAS IUIOILAb,;

Sk — moians JK;

Sy — mnomans OK.

BBEJEHUE

s onpenenenys miomany neyaTHON IUIAThL, IPOU3-
BOJHBIMU OT KOTOPOH SIBIISIIOTCSA €€ pa3sMephl, UCIOJIb3Y-
eM rpaduyueckuii MeToJ] KOMIIOHOBKH [ 1], Koraa 1ust ero
MPUMEHEHHUST TEOMETPUUECKHE pPa3MEpPhl JJIEMEHTOB, B
JTAHHOM CJy4ae JJIEKTPOHHBIX KoMrmoHeHToB (JK), mpen-
CTaBJISIIOT B BUJI€ YUCJIOBBIX KOMIIOHOBOYHBIX XapaKTepH-
CTUK, 2 UMEHHO UX YCTaHOBOYHBIX IIowmaaen Sycr;. s
YOpOIIeHus ompeneneHust Sycr; cloxHbe (opmber DK,
KOTOPBIE MOTYT TaKXXe IOMOJHATHCS IIIEMEHTAaMHU Kpel-
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JICHUS!, OXJIAXIICHUs, SKPAHUPOBAHHUS U T. I. 3aMEHSIOT
OoJiee MPOCTHIMH, KaK IPAaBUIIO, IPSMOYTOJIbHUKAMH.

Ucxons u3 atoro, mnomanp I Sy MoxHO paccum-
TaTh, UCHONB3Ysl BEIpaxkenue (1):

n
2. Syeri

Sppp = 2L—— 1
T X (1)

Pacuer cymMMapHOH yCTaHOBOYHOHM IUIOIALU 3JIEK-
TPOHHBIX KOMIIOHEHTOB Ha TI€YaTHBIH y3eN SBIISETCS
OOBIYHOW TMPOLEAYPOi NPOEKTHUPOBAHMS MEYATHBIX ILIAT
(¥ COOTBETCTBEHHO IEYATHBIX Y3JIOB) M HE IPEICTABISIET
HuKakux mpobnem. CoBceM HE Tak 0OCTOUT JIENO C ycTa-
HOBJICHMEM Kod(duiuenTa 3amnosHeHus. Ilpu Bcel ka-
JKyIIeHcs MPOCTOTE BOIPOCA ITO MPEACTABIACTCS I0CTa-
TOYHO CIIO)KHOHU 3a7adeH, T.K. CBSI3aHO C y4ETOM OOJIBIIIO-
TO KOIN4ecTBa (pakTOpoB, KOTOPBIE UMEIOT CBOU OCOOEH-
HOCTH OL€HUBAHUSI.

Ha camom zene He cymecTByeT 0ObEKTHBHBIX METOJIOB
onpeneneHus Ks ¥, 0OBIYHO, MCIIOIB3YeTCsl OIBIT paspa-
OOTYMKOB, a TAK)KE U3BECTHBIC TPEOOBAHMUS U OrpaHUYCHHS
K IMpoeKkTupyeMoit anmaparype. OfHaKo Takoi MoaxoJ He
MIO3BOJISIET NOTYYUTh ONTHMAJIBHBIE PE3YJIbTATHL

1 IOCTAHOBKA 3AJTAYHN

B ocuose ompenenenus pazmepos 111, kak Obu1O CKa-
3aHO BBIIIE, JIGKNAT BBIYMCICHHWE MX IUIOMIAAH, HE0O0XO-
JUMOW JUISl pa3MEIIeHUs] 3JIEKTPOHHBIX KOMIIOHEHTOB U
WX JJIEKTPHYECKUX COSAMHEHUH (TPACCHPOBKH).

K ocHOBHBIM (hakTOpaMm, ONPENEISIONMM KakK IUIO-
Iajpb, TAaK ¥ Pa3MEphl MEYATHBIX IJIAT, OTHECEM CIIEAYIO-
miye:

1 — cxema MpOeKTUPYEeMOro y3ja (JIEKTPOHHOTO MO-
IyJIs IEPBOTO YPOBH);

2 — sneMeHTHas 6a3a y3ina,

3 — KOJMYECTBO Pa3MEIIAeMBbIX 3JIEKTPOHHBIX KOMIIO-
HeHrtoB Ha [1IT;

4 — MeroXn TpPOEKTHPOBAaHUS — (YHKIHOHAIBHO-
y3JI0BOH WU PYTOM;

5 — BO3MOXKHOCTb PACHOJIOKEHHS KaK OJHOTO, OBYX
Tak ¥ Ooyee (QYHKIMOHAIHHBIX YCTPOWCTB HA ONHOMW IIe-
YaTHOM IuIaTe;

6 — pyHKIIMOHATBEHAS €eMKOCTD MOTYJIS,

7 — pa3mepsl crangaptHbx I1IT;

8 — TpeboBaHMS PEMOHTONPHUTOIHOCTH, TEXHOJIOTHY-
HOCTH, TETIOBOTO pesxkuma, DOMC;

9 — Ha3HaueHHe U 00JACTh UCIIOIb30BaHUS (PYHKINO-
HAJIBLHOTO y3Ja: cuioBas anekrponuka; HU-, BY-, CBU-
CXEMBI; YCTpOHcTBa C OONBIINM TEIUIOBBIIEICHUEM U
TIOBBIIIEHHON POYHOCTH.

Jnst co3maHuss MOAENIM DIEKTPOHHBIX MoxyJel ¢op-
MaJIU3yeM IpeCTaBICHHBIC (PAKTOPHI.

IlepBblii, BTOpO M TPeTHH U3 HUX B COBOKYIHOCTH
MOJKHO BBIPA3UTh CyMMapHOH YCTaHOBOYHOH IIOIMIAIbIO
JIEKTPOHHBIX KOMIIOHEHTOB MOAYJIS LSycr;.

Metoa npoeKkTUpoBaHHUA 4, BO3MOXKHOCTH PAacCIOJIO-
JKCHUSI OINpPEJINICHHOTO KOJIMYecTBa (PyHKIMOHAIBHBIX
ycrpoiict Ha [1I1 5 u pyHKIMOHATBHYIO EMKOCTh MOJY-
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751 6 B COBOKYITHOCTH MPEJACTaBUM KOA(PPHUIIUESHTOM ITPO-
MOPUUOHATBHOCTU K.

Pa3mepsl crannapthbix [1I1 7 yno6Ho mpeacraButh Ux
IUIOIIATBIO — Styp.

PeMOHTONPUTrOHOCTh, TEXHOJIOIMYHOCTb, TEILIOBOU
pexxum, OMC 8 npencraBuM kodpUIMEHTOM 3am0JIHE-
HUsS K3, IpU 3TOM ClleiyeT UMETh B BHIY, YTO YeM 3TH
MOKa3aTelH BBINIE, TEM MEHBIIE IOIKEH OBITH KOd(pu-
IIUEHT 3aII0JTHEHHS.

Hasnauenme u o007acTh HCMONB30BaHUSA (PYHKIIHO-
HaJIBHBIX Y3JI0B 9 ompenersioT cnenuduky ux mocrpoe-
HUSI ¥ OTPAXAIOTCSI B KOHCTPYKTHBHOM HCIIOJIHCHUH, YTO
B KOHEYHOM CYETE BBIPAXAETCS Pa3NUYHBIMM 3HAUYCHUS-
MH KO3(D(UIMEHTOB 3arojHEHHS U IPOMOPIHOHAIBHO-
ctu. Takum 00pa3oM, C LENbI0 JOCTHXEHUS TpeOyemoi
anexkBaTHocTH Mozenei [1I1 atn koaddurments! cnenyer
paccMaTpuBaTh OTAENBHO.

Hcnone3ys umeromuecst nannsle, Gopmyiy (1) mpe-
oOpa3zyeM K TakoMy BHAY, KOTOPBIH OoJiee TOJHO OTpa-
JKaeT NMPHUBEACHHbIC BBIIE (aKTOPHI:

n
2 Syeri
S oA=L
T1IT K3
TakuM 006pa3oM, YTOOBI pacCUMTATh IUIONIA b, & 3aTEM
pasMepsl TIeYaTHOMN TIATHI TIPOEKTUPYEMOTO 3JIEKTPOHHO-
TO MOy, HEOOXOJUMO OTPEAEIUTE KOIPPUIIHEHTHI
3aII0JTHEHHS M TPOTIOPIIMOHATIBHOCTH. METo ISl UX OTI-
pelesieHust TOJDKEH OBITh MPOCTHIM B HCIIOJIB30BAHUU H
HOCHTH OOBEKTHBHBIN XapakKTep.

2 OB30P JIMTEPATYPBI

Bomnpocawm pacuera pa3smepos u miomaau [T ynens-
eTcsl BHUMaHHME B LIEJIOM psijie pador.

Tak, B [2], nns pacuera IUIOIIAIM [IEYaTHBIX IUIAT UC-
nojie3yercst opmyiia, B KOTOpoi Kod(QUIIHEHT, aHao-
TUYHBIA KOA((UIMEHTY 3alOJHEHUS, NPEICTaBICH Ta-
KHM, KOTOpBIM MOXET MPUHUMATh 3HaueHus oT 1 1o 3.
KoaddummeHT 3aBuCHT OT Ha3HAUCHWS W YCIOBHU IKC-
IUTyaTalliy ammapaTypel, HO HE MPEACTaBICHBI 3aBUCHMO-
CTH, KOTOpPBIE ITO3BOJISIA OBl ONPEAETATh €ro 3HAUYCHUS
JUTSE KOHKPETHBIX YCIIOBHH.

B pabote [3] pacuernas miomaae [1I1, HeoOxoaumas
JUISL pacroniokeHust n-ro xoimuectBa DK ompenensercs
KaK OTHOIIICHWE CyMMapHOH ycTaHOBOUHOH momragy JK
n KOA(pQUIMEHTY 3alOJHEHUS, KOTOPBIH NpeACTaBIcH
kak K3 = 0,6-0,7 0e3 KOHKpETH3AIUU €T0 OMpPEICIICHUS
WJIN YCIIOBUI BEIOODA.

AHaJIOTMYHO TIPEJICTaBJIEH BOIIPOC pacyera IUIOMIaIn
IIIT B [4]. 31ech Takke HCMONB3yeTCs KOAPQHUIUEHT 3a-
noyHerus (K3 = 0,6-0,7) 6e3 ¢popmanmu3anim ero npume-
HEHWS.

Pa3zpabotannbiii MeTon [5] mO3BONISET OIEPaTHBHO
OTIPE/ICIISITh 3aBUCUMOCTH KOA(HUIMEHTa 3aT0OTHEHUS OT
pa3MepoB MEYaTHBIX IJIAT IS 3JIEMEHTHOU 0a3bl, Xapak-
TEPHOIl AIIEKTPOHHBIM CPEACTBAM PA3IMYHBIX HalpaBie-
HUH TexHuKU. OJIHaKO, OH NMPHUIOAEH JUIs YacTHBIX 3a/ay
moucka ontuManbHeIX pasmepos IIII mms HK asnexrpos-
HBIX CPEJICTB.

Ky - 2
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Bompocam ompezneneHusi pasMepoB MEYaTHBIX IUIAT
MOCBAIICHBI U Jpyrue padotsl [6—12]. OmHako, 310 pac-
CMOTpPEHHUE OTJIEIBHBIX YACTHBIX BOMPOCOB, HE HOCSIIMX
CHUCTEMHOI'0 XapakTepa OIpeAeseHUs] pa3MepoB Iedat-
HBIX ILIAT.

B nmanHO# ctathe pa3paboTaH METOJ, ITO3BOJISIOLIHIA
ompenenats pazmepsl [1I1 ¢ yaerom MHOXKecTBa (aKTOPOB
¥ UCTIONIb30BaHMS CTaHIAPTHBIX pazmepos [1I1.

3 MATEPUAJIBI U METO/bI

Omnpenenum ko3¢ duunent 3anonuenus [1I1. 3Haue-
HUE KOI(PQUIIMCHTA 3aMOJHEeHUsI TIeYaTHOM IUIaThl OIpe-
JIeTSIeTCsl LENbIM PAJIOM PAacCMOTPEHHBIX BbIIE (PaKTo-
POB, HO ONPEACISIOMUMHE SIBISIOTCS pa3Mepbl 3JIEKTPOH-
HBIX KOMIIOHEHTOB U BenuunHbl MKII, ¢ KoTopbiMu 3J1eK-
TPOHHBIE KOMITIOHEHTHI ycTaHaBnuBatorcest Ha 111 u koto-
pBle KOCBEHHO BBIPAXAOT TPEOOBAaHUSI PEMOHTOIPHIO-
HOCTH, TEXHOJIOTUYHOCTH, TEIUIOBOrO pexuma, IMC.

Bemmanaa MKII moxer ycraHaBIUBaThCS pa3padoT-
YMKOM MEeYaTHOMN IUIATHI, UCXO/ U3 TEXHUUECKUX Tpebo-
BaHWH, B TIEPBYIO OYepellb, BHIMOTHEHUS JIEKTPUIESCKUX
COEIMHEHUH, O0ECIeUYeHNs TEINIOBOTO PEXUMA M 3JIEK-
TPOMarHUTHOM coBMecTuMocTd. Ha puc. 1 npuBeneH
¢parment III1 ¢ pacmonmoxkernasm OK. 3necs OK mpen-
CTaBJIEH €T0 IUIOMAABI0 Sk, 3 MEKKOMIIOHEHTHbIE TPO-
MEKYTKH — COOTBETCTBEHHO ILIOIIA/IbI0 MEKKOMIIOHEHT-
HBIX TIPOMEXYTKOB Syikrr-

B cooTBeTcTBUM NpENCTaBIEHHON MOJEIHN NEYaTHOTO
y3J1a IUIOIA/b MEYaTHOW IUIAaThl MOXKHO OIPEAEIHUTH MO
¢dopmyne (1). Ecnmn nomyctuts, uro Ha 11 motepu mio-
a1 ONPEACIAIOTCS CYyry00 MEXKOMIOHEHTHBIMHU ITPO-
MEXYTKaMH, TO MOXKHO IIPEJACTABUTH JPYTYIO 3aBHCH-
MOCTb ISl OIIPEICNICHNS TIIOIAAN TIeIaTHO IIaThl:

n
St = 22 (Sycri + Swca) - 3)
i=l
[IpupaBuuBaem mpassie yacty (1) u (3):
n
2. Syeri n " "
i=1
lK— = 2. (Syer + Svkni) = 22 Syeri + 2 Smk -
3 i=1 i=1 i=1

Orcrofa mosry4aeM BBIPAXKEHUE /TS ONPEICIICHHUST KO-
s¢duLeHTa 3aM0THEHHS:

n
2 Syeri
Ky=— = - . 4)
2. Sycri + 2 Swki

i=l1 i=l1

S SHKn M
/

-

| / |

R

| |

I _

Pucynok 1 — Moaens nedatHoro y3na
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Taxum obpazom, momaznp [1I1 3aBrcHT Kak OT pa3me-
POB DJICKTPOHHBIX KOMIIOHEHTOB, TaK W OT 3aJaBac€MbIX
MEKKOMITOHECHTHBIX ITPOMCKYTKOB. I/ICHOHI)?)y}I BbIpaxe-
HHe (4), MOXXEM IIOJIyYUTh UCKOMYIO 3aBUCHMOCTh K3 OT
pasmepoB DK ¢ yuetom 3agaBaembix MKII.

Jnsa atoro, Hapsmy C U3MEHEHHEM YCTaHOBOYHOM
wromann DK, 9To XapakTepu3yeT pa3Mephl CaMHX SJICK-
TPOHHBIX KOMITOHEHTOB, OyZeM H3MEHSATH pa3Mepsl Ipo-
MEXYTKOB MEXIy HHMH. Pa3Mepbl MEKKOMITOHCHTHBIX
MIPOMEXYTKOB ¢ YCTAaHOBHM OJIMHAKOBBIMH CO BCEX CTO-
POH ans Bcex TumopasmepoB DK, mpu 3TOM HX IIIOMIagh
Smkn OyzeT pasHas, T.K. 3aBHCUT OT pazmepoB DK. Takum
00pa3zoM, KaX/blil 3JICKTPOHHBI KOMIIOHEHT IPEICTaBHUM
B BHJIE CYMMAapHOH IUIOLIA/IN:

Ssi = Sycti + Smxri - Q)

JUisl Jmydimmero mpeicTaBieHHs PAacCMOTPUM 3TO Ha
MpUMepe ABYX MIEKTPOHHBIX KOMIIOHEHTOB (pHC.2).

[omyyaem cremyromume miomanu DK ¢ MexxomIto-
HEHTHBIMH TPOMEXYTKaMH AJISI ABYX UX 3HAYCHUH pas-
MEpOB a:

IK1: Sycr=16 Mm% S,= 36 Mm* (@, =1 Mm); Sy, = 64
MM (a; =2 Mm);

DK2: Syct,= 64 MM2; Sy»= 100 MM (a1 =1 Mm); Syo=
144 Mm® (a; =2 Mwm).

[pousBenem pacuer K3 mo dopmyne (4) mis nedat-
Ho# 1aTel pazMepoM 100x100 mm. C menbio yIpomeHus
pacyeToB IPHUMEM CIEAYIOIINE AOMYIICHHS:

— BBenenne MKII mo3Bomnger 3amonudaTh miomaas I111
CO CTOINPOILIEHTHOH IUIOTHOCTBIO, T.€. 6€3 OPYrux JOMOJ-
HUTEJBHBIX TIOTEPD;

— IIIT xoMIIOHYyETCsl 3JIEKTPOHHBIMM KOMIIOHEHTaMH
OJTHOTO THIIOpa3Mepa.

C y4eToM 3THX JOMYIIEHUH MOKEM ONpeAeTuTh MaK-
CUMaJIbHOE€ KOJIMYECTBO AJIEKTPOHHBIX KOMIIOHEHTOB,
pa3MelaeMbIX Ha eYaTHO! IuiaTe:

n = Snn / Sxi, (6)

rae miomans [T Spp = 10000 MM,

Kommgectso DK HeoOxomamMo I OMpeneNieHHS UX
CyMMapHO# yCTaHOBOYHOM ruromaan XSycr; CymMmapHas
ycraHoBo4Has 1iomangs OK ¢  MeXKOMIIOHEHTHBIMHU
MIPOMEXYTKaMH Sy; TP MPHUHATOM JOIYIIIEHUN COBIAIACT
C IUIONIAJIbI0 CaMO MMEYaTHOM IIJIaThI.

PesynbraThl pacueToB cBeieM B Ta0I. 1.

bia §en
4 i
[na ]
= | |Surr : \* E & V| Sere : = §
= — \_I— LI _ \J—,
g S a Sz
a 0

PucyHok 2 — DNeKTpOHHBIE KOMIIOHEHTHI ¢ pa3MepamMu
a—4x4 MM u 06— 8%8 MM
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Tabmuna 1.
Tunopasmep n Syeris MM K3
DK s MKIIT s MKIT s MKIT
ai a a a a a
OK1 278 | 156 | 4448 | 2496 | 0,44 | 0,25
DK2 100 | 70 | 6400 | 4480 | 0,64 | 0,45

W3 npumepa BUIIHO, YTO MPOSABIISAETCS 3aBUCUMOCTh K3
oT pazmepoB OK, KOTOpPYI0 MOXXHO HCIIONIB30BaTh LIS
JOCTHXKEHUsI 1esid paboTel — (opmanu3anuu onpesene-
HUSI pa3MEpOB MEYaTHBIX IUIAT. DTON K€ LENU CIYXUT U
ycTraHoBleHHE 3aBHCUMOCTH K3 oT pasmepoB MKII ms
pasnuuHbIX THHOpa3MepoB DK, koTopas Takxe SBHO Ipo-
CIIeXKHUBAETCS.

4 SKCIIEPUMEHTbBI

C menpio MOITy4YeHHs 3aBUCHMOCTEeH K3 OT ycTaHO-
BOYHOM IJIom@anan 3JCKTPOHHBIX KOMIIOHECHTOB MPOBEAEM
OoJiee TOJIHBIE HUCCIIEIOBAHUS JUIS TaKUX 3HAYCHU Tepe-
MCHHBIX U OFpaHH‘IeHHﬁ:

— pa3Mepsl MEXKOMIIOHEHTHBIX MPOMEXYTKOB, MM: d
=1{0,5; 1; 1,5; 2; 3; 5};

— pa3Mepbl JNEKTPOHHBIX KOMIIOHEHTOB, MM: 1x1;
2x2; 4x4; TxT7; 10x10; 15x15; 20%20; 30x30; 40x40;

— pasmepsl I, mm: 100x100; 100%220; 144,45%280;
188,9%280; 500x500. Pazmeppl neyaTHbIX IL1aT, KPOME T10-
CIIeITHET0, COOTBETCTBYIOT cTaHmapty MOK 60297 [6, 7].

Hwmxe Ha pucyHkax 3—7 mpuBeAEHBI MOTyYSHHEIE 3a-
BUCHMOCTH K3 OT YCTaHOBOYHOMH IUIOMIAAH 3JIEKTPOHHBIX
KOMIIOHEHTOB C Y4Y€TOM IIPHUBEICHHBIX OIPaHUYCHUN.
3neck mudppamu 1-6 0003HAUCHBI 3aBUCUMOCTH, COOTBET-
cteytoe MKII, paBubim 0,5 mm; 1 mm; 1,5 Mm; 2 Mvm;
3 MM; 5 MMm.

1
0,8
0,6
0,4

K3

1 10 100

YcTaHoBouHasA naowaap 3K, Sy, mm?2
Pucynok 3 — 3asucumoctu K3 i IIT pasmepom 100100 mm

1000

le/IBeIleHHbIe 3aBUCUMOCTH HE€ HMCKT BaXHOI'O
npaKTqucxoro 3HAUYCHUA 110 HpI/I'-lI/lHe HpI/lHSITOFO paHee
JIOTMyUIeHUs] O KOMIIOHOBKe TeudaTHbix miatr DK oaHoro
TUIIOpa3Mepa, YTO Ha MPAKTHUKE SIBJISIETCS YACTHBIM CITy-
4aeM, MPUTOM JOBOJIbHO peakuM. OJHAKO OHHU MO3BOJIS-
0T TPOCIEeNUTh TEHACHINH W3MeHeHHWH K3 oT ycraHo-
BouHo# tromaau DK, Bemmanasr MKII u pazmepos II1.
1
0,8

1 10 100
YctaHoso4Has nnowaab K, Syor, Mm?
Pucynok 4 — 3asucumoctu K3 i IIT pasmepom 100x220 MM

1000 10000
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1 10 100 1000 10000
YeraHosouHas naowans 3K, Sy, mm?
Pucynok 5 — 3aBucumoctu Kz st I pazmepom
144,45x280 MM
1 10 100 1000 10000

YcTaHoBo4YHaA nnowanb IK, Sy, Mm2
Pucynok 6 — 3aBucumoctu K3 quis I pazmepom 188,9%280 mm

0,8
o 0.6
0,4
0,2

1 10 100

YcTaHoBoYHaA naowaab 3K, Sy, mm?
Pucynok 7 — 3aBucumoctu K3 amst I pazmepom 500x500 Mmm

1000 10000

AHanu3upys UX, MOXKHO CJIeNIaTh BBIBOJ, YTO Ha 3aBU-
CUMOCTH KO3((HIMEHTa 3aI0JIHEHUS! OT yCTAaHOBOYHOMU
wromann JK mpaktndecku He BimsieT pazmep [II1. Hc-
KIIFOUCHHE COCTaBIsIET KOMOWHANNS TaKUX KOHCTPYKTHB-
HBIX MCXOJHBIX JaHHBIX — MUHUMaNbHbII pazmep IIII u
MaKCHMAaJIbHBIM THIIOpa3Mep 3JIEKTPOHHOTO KOMIIOHEHTA
(puc. 3). Ota koMOWHAIMA MOKET OBITH KpailHe penKoii,
MO3TOMY B JajibHEHIeM He OylieM paccMaTpUBATh BITHSI-
Hue pasmepoB I1I1 Ha 3aBUCHMOCTH K3 OT YCTaHOBOYHOM
wtomaau JK.

B peanbubix ycnoBusix Ha I1I1 pacnonaraercss MHOXKe-
ctBo TunopasMepoB OK. C mpaxkTudeckoid TOUKH 3peHUs
HEo0XOJMMO TIONIy4YNTh 3aBHCUMOCTH K3 UMEHHO OT yCTa-
HOBOYHOH IUIOIIAZN MHOXKECTBA 3JIEKTPOHHBIX KOMIIOHEH-
TOB, BO3MOXHBIX /11 YCTAHOBKH Ha I1€YaTHBIX IIaTaxX.

Jlist peannzanyuy TaKuX 3aBUCHMOCTEH HY)KEH JAPYrou
MOJXO.

[Ipennaraercst [y peanpHOTrO MEYAaTHOTO y371a KOo3(-
(PUIMEHT 3aMOIHEHUS ONIPENEIATh 110 CPEJHUM 3HAUCHH-
AM YCTaHOBOYHOH myIomagy Sycre, H CyMMapHOH IUIOIa-
I1 Sy, 2TEKTPOHHBIX KOMIOHEHTOB. C 3Toi 111610 op-
Mydy (4) ¢ yuetoM 3aBHCUMOCTH (5) NMpPEACTaBUM B Clie-
JIYIOILIEM BHUJE:

~ SyCTep

K3 (7)

SZcp
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st MozenupoBaHusl IEYaTHBIX IUIAT C IIEJbI0 OIpe-
JeneHus: kod(duunenTa 3arnoiHeHus OyieM Opath MHO-
xectBa HaOopoB DK U3 /ieBsATH paHee NPUBEICHHBIX TH-
opa3MepoB.

COOTBETCTBEHHO OIIpe/eNsieM BXOJIIME B 3Ty (op-
MYJIy CpeHHE 3HaYCHUS TUIOIa IeH:

1
SYCTcp = ;(SYCTI n +"'+SVCTi et
1 & (®)
+Syeni ) == 2. (Syeri 1),
nig
k

n=an»j,

Jj=1

1 k
Sch:;.zl(szi.ni)j. )
j=

OmnpenensieM 3aBHCUMOCTH KoddduimeHTa 3amoHe-
HUSL OT cpeaHed mwromamy Habopa DK mms kaxkmoro
MKII. JIns nody4eHUs aHATUTHYECKONM 3aBUCUMOCTH
MIPOBOAMM aNNpPOKCHUMAIMIO 3TUX JAaHHBIX. {11 3TOTO
WCIIONIb3yEM TTOJMHOMUAIBHYIO JHMHHUIO TPEHAA IakeTa
Microsoft Office Excel.

OnpenenmuM  K03(QPHUIHUEHT TPOIOPIHOHATEHOCTH.
KoaddunmeHt mnponopuuoHaibsHOCTH, Kak OIpPEeAeIeHO
OBLJIO BBILIE, 3aBHCHUT OT CJIEIYIOIIIX (PaKTOPOB:

— METoJa TPOEKTUPOBAaHMI. IJTO HamOOJee YacTo
NPUMEHSIEMbI B COBPEMEHHBIX YCIIOBUSX (YHKIIMOHAIb-
HO-y3JI0BOM METOJ| UM JPYIrOM, KOTOPBI HE CBSI3aH Tpe-
00oBaHNSAMH (QYHKIMOHAILHOH 3aKOHYEHHOCTH, HO B TO
e BpeMsl JOJDKEH o0ecrieunBaTh KOHCTPYKTHBHYIO 3a-
KOHYEHHOCTh DJJIEKTPOHHBIX Mojayjiei. Bropoit meton
OyzeM Ha3bIBaTh MPOCTO Y3IIOBBIM;

— KONM4ecTBa (PYHKIIMOHATBHBIX Y3J10B Ha oxHOMU [111;

— (YHKIIMOHATBHONW €MKOCTH 3JIEKTPOHHOTO MOIYIISA
Ha OCHOBE II€YaTHOM IJIaTBHI.

Bropoii u Tpetuii pakTopsl MO CYTH BBIPAXKAIOT OIHO
U TO e, IPH 3TOM BTOPOIl (haKTOp ABIAETCS TaKHM, KO-
TOpBIA JIETKO (HOPMATU3YETCs, MOITOMY OrPAHHYUMCS
TOJIBKO UM.

Ecnu ucnone3yercs mpocTto y3noBod meTox Ge3 co-
OmroneHnst TpeOoBaHMI (YHKIMOHAIBHOW 3aKOHYEHHO-
CTH, TO JaXe NpPH HAIMYMHU CTAaHIApTHHIX pasMepos 111
HX MOXXHO KOMIIOHOBAaTh 3JICKTPOHHBIMH KOMITOHEHTaMH,
MIPEACTABISIONMMA YacTh (DYHKIIMOHATBHO 3aKOHYEHHO-
IO y371a MM HECKOJIBbKHX Y3JI0B B KOMOMHAINHU (YHKIIHO-
HaJIbHO 3aKOHUYCHHBIX W HE3aKOHYEHHBIX. B aTOM cimydae
MOJKHO CUHUTaTh, YTO CYIIECTBEHHBIX OTPaHWYCHUH Ui
MaKCUMalbHO 3((EeKTUBHOTO 3allONHEHHUSA I1€9aTHBIX

Ij1aT JJICKTPOHHBIMHU KOMIIOHCHTaAaMU HET U COOTBETCT-
BEHHO NpUHATh Ky = 1.

Hpyroe nemo coOnroneHue (HyHKIIMOHATBLHONW M KOH-
CTPYKTHUBHOHM 3aKOHYEHHOCTH, T.€. KOTAa TpeOyeTcsl BbI-
MOJHATh KOMIIOHOBKY (PyHKIMOHAIBHO 3aKOHYEHHBIX
y3noB Ha [II1 crangaptHeIX pasmepoB. CyTh MpoOiIeMBbl
3aKJIFOYAETCs B TOM, YTO MPAKTHYECKU BCETla HEM30eKHBI
norepu miomany [1I1, cBs3aHHBIE ¢ HATWYMEM NPOTHBO-
pednsi — ¢ ogHOM cTOpoHBI, Habop DK, ompenenmsembrit
CXEMOH 3JIEKTPUYECKON NPUHLMIIMAIBLHON U IEpeuHEM
3JIEMEHTOB, C JIPyTroi — CTaHIapTHBIE pa3Mepbl IEeYaTHBIX
mnat. M To, 1 Ipyroe u3MeHATh Henb3s. B pesynbrare, B
o0IIeM ciydae, IoJIydaeM HEeMOJIHOE 3aIl0HEHHe III0a-
nu nedatHod miatel. Kak ompenenuts Ky, BhIpaxaro-
Ui 9T IoTepu?

[Ipennaraercst caenars 3TO CIEAYIONMM 00pa3oM: B
MPOMEXYTKAaX MEXAY CTaHIAPTHBIMH 3HAUCHHUSMH pPa3-
mepos I1I1 [13, 14] (cM. Tabn. 2) paBHOMEPHO yCTAaHOBHUTH
MIPOMEXXYTOUHBIE 3HAU€HMs pa3MepoB 1o rpymmam. [lox
TPYNIION clieayeT MOHUMaTh HaOop TumopazMepon II1,
JUIsl KOTOPOTrO ONMmKaiIIuM OONBIINM SIBIISIETCSl OAWH U
TOT JK€ CTaHAApPTHBIA Tunopasmep. Ilyrem cpaBHeHus
MIPOMEXXYTOUHBIX M CTaHJAPTHBIX Pa3MEPOB MOXKEM IIO-
JYYUTh 3HAYCHUS KOI(PPHUIUECHTA MPONOPIHOHATBHOCTH.
YuuteiBas TOT (aKT, YTO CpaBHEHHE yJOOHEH NPOBOIUTH
HE 10 pa3MepaM, a Mo IUIOIIA/AsAM, HCIONb3YEeM CIEaYIo-
IIyI0 3aBHCHUMOCTh ISl ompeneseHus Kodh¢uuneHra
MPOTIOPIIMOHAIBEHOCTH:

(10)

B Tabmn. 3 u tabn. 4, COOTBETCTBEHHO 1O CTaHAAPTAM
MO3K 60297 u 60917, npuBeneHb UCXOAHBIE HaHHBIC H
pe3ynbTarel pacuera KoddduimeHTa nponopuuoHaIbHO-
ctu o Gopmynie (10) s HaGOPOB MPOMEKYTOUHBIX
pasmepoB IIII OTHOCUTENBHO HEKOTOPBIX CTAHJAPTHBIX
TUIIOPA3MEPOB MCYATHBIX IIAT.

5 PE3YJIBTATbI

Pe3ynpTaThl anmnmpoKCHMMAalUK U MONyYCHHbIE 3aBHCH-
MOCTH KO3 QHIIMEHTa 3aIlI0JIHEHUS OT CpeIHEN IIIomaan
Habopa OK s xkaxmoro MKII npuBenens! B Tabi. 5 1 Ha
puc. 8 B BUae KpUBBIX 1—6.

PesynbTaThl NIPOBENCHHBIX JKCIIEPUMEHTOB I10 OIpe-
JieneHno koddduipeHTa nponopuruoHaILHOCTH ISl Ha-
TTSIAHOCTH BOCHPHATHSA TaOMMYHOW MH(MOpPMauuM IMpes-
craByieHbl Ha puc. 9 1 10 (COOTBETCTBEHHO IO CTaHAAp-
tam MOK 60297 n 60917). Ha HuX M300pakeHb! 3aBUCH-
MOCTH KO3(QQHUIMEHTa MPONOPLUUOHATIBHOCTH OT IUIOIIa-
AU II€YaTHBIX IJIAT.

Tabmnuma 2.

Pa3zmepsr 55,55x100 100x100 100x160 100x220 144,45x160 144,45%220 144,45%280 188,9x160
cranapTHBIX | 188,9x220 | 188,0x280 | 233,35 x160 | 233,35x220 | 233,35x280 | 322,25x160 | 322,25 x220 | 322,25 x280
H6H02n907M3K 411,15%160 | 411,15%220 411,15%280 500,05%220 500,05 x280

, MM

Pa3zmepsr 500,05%x160 115%160 115%235 115%285 265%115 265x160 265%235 265%285
CTaH,HapTHbIX
I1IT mo MDK 415%x160 415%235 415%285 565x160 565%235 565%285

60917, MM
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Tabmuna 3.
OO603HaYeHUE TUIIO- 1 2 3 4 5 6 7 8 9 10
pasmepa cTaHIapTHON
TITT
Pa3smeps! cTanmapr- 100 100 144,45 233,35 188,9x | 233,35 | 411,15 | 500,05 |411,15 500,05
seIx 111 mo MOK X x X X 220 X x X X X
60297, MM 160 220 160 160 220 160 160 220 220
IMnomans crangapT- 160 220 302,2 373,4 415,6 513,4 657,8 800,1 904,5 1100
Hoit I, cM’
ITnoma s IpoMexy- 160 220 302,2 373 415,6 513,4 657,8 800,1 904,5 1100
TOYHBIX THIIOpa3Me- (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)
pos IIT u ko3ddurm- 150 210 300 370 410 510 650 790 900 1080
€HT NPOMNOPIHOHANb- (1,07) (1,05) (1,01) (1,01) (1,01) (1,01) (1,01) (1,01) (1,01) (1,02)
HOCTH 140 200 290 360 400 500 640 780 890 1060
(Kvim) (1,14) (1,1) (1,04) (1,04) (1,04) (1,03) (1,03) (1,03) (1,02) (1,04)
110 170 230 310 380 420 520 660 810 910
(1,45) (1,29) (1,31 (1,2) (1,1 (1,22) (1,17) (1,21) (1,12) (1,25)
Tabnwma 4.
O003Ha4YeHNE TUITOPA3- 1 2 3 4 5 6 7 8 9 10
Mepa crangaptHoi 111
Pasmeps! cTaHaapTHBIX 115 115 115 265 265 415 265 565 415 565
TIT mo MBK 60917, Mmm x x x x x x x x x x
160 235 285 160 235 160 285 160 235 235
ITnomans cTaHIapTHRIX 184 270 327,7 420 620 664 755 904 975,2 1328
I, cM
ITnoma s IpOMEXyTOq- 184 270 327,7 420 620 664 755 904 975,2 1328
HBIX THIIOpa3mMepoB 111 (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)
1 K03 PULHEHT Ipo- 180 260 320 410 600 660 750 900 970 1320
[IOPLHOHANHOCTH (1,02) | (1,04) (1,02) (1,03) (1,0 | @,0D) | 1,00 | (1,004) | (1,01 (1,01)
(Kvin) 170 250 310 400 580 650 740 880 960 1300
(1,08) (1,08) (1,06) (1,06) (1,07) (1,02) (1,02) (1,03) (1,02) (1,02)
130 190 280 330 430 630 670 760 910 1200
(1,42) (1,42) (1,17) (1,28) (1,35) (1,05) (1,13) (1,19) (1,08) (1,11
Tabauna 5. L=
KpuBasna | MKII, | YpaBHeHue anmpokcUManuu 14 _
rpauke MM ' 12 34 5 6 78 ? 10
1 0,5 | y=2-10°x-0,0002:x> +0,0117-x + 0,7225 12
2 1 y =3-10"°x* — 0,0005-x*+0,0215-x + 0,4878 /
3 L5 | y=3-10°%x-0,0005x> + 0,0237x +0,3538 S 12
4 2 y =5-10"%x> — 0,0006-x>+ 0,0292x +0,2081 =
5 3 y =3-10 x> — 0,0004-x’+0,0233-x + 0,1166 L1
6 5 y=9-10"-x>—0,0002-x> + 0,015x + 0,0426 . \
1 0,9
0,9 ! T -3 0 200 400 600 800 1000 1200
0,8 T4 Mnowagp MMM, cm2
EE 2 Pucynok 9 — 3aBucumoct Ky ot momazau I111 B tnamazone
205 CTaHIAPTHBIX TUIOpa3MepoB 1—10, COOTBETCTBYONIHX
0,4 my6mmkanun MOK 60297
Ei B nomonHeHue cienyer OTMETUTh, YTO OOBEIUHCHUE
0,1 IBYX W Ooyiee (PyHKIMOHAILHO-3aKOHUCHHBIX Y3JIOB Ha
0 OJIHOM TEYaTHOM IulaTe MOXKET CYIIECTBEHHO H3MEHUTH
0 20 40 60 20 100

CpeaHAA ycTaHoBOYHAA Naowase Habopos IK, mm?

Pucynok 8 — I'paduku 3aBrucuMocTH K03 QUIMEHTA 3aOTHEHUS
ot cpenneii momanu OK (1, 2, 3, 4, 5 1 6 — KpuBBIE anNPOKCHU-
manun 11t MKII 0,5; 1; 1,5; 2; 3 1 5 MM COOTBETCTBEHHO)
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€€ 3alOoJHAEMOCTb, KaK B CTOPOHY YIy4YIIEHHs, TaK U
YXYIIICHNS, YTO KOJIMYECTBEHHO OYIET ONpenessiThes
3HaYeHHEM KO3 GHUIMEHTA TPONOPIIHOHATEHOCTH.

B takoMm ciydae Ky onpenensieTcsi aHaloruuHo, pu
3TOM OOBEIUHEHHE MPEACTABISIETCS KaK YBEIHUCHHMS
CyMMapHO# YCTaHOBOYHOM IUIOIIAIHN 3JIEKTPOHHBIX KOM-
MIOHEHTOB, COOTBETCTBYIOLIEH 00bEANHEHHIO Y3JIOB.
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Pucynok 10 — 3aBucumoctu Ky ot miontaau 111 B auanasone
CTaHJAPTHHIX TUIIOPa3MepoB 1—10, COOTBETCTBYIOIINX
my6mmkammu MOK 60917

PaccMoTpuM npuMep MCIIOIb30BaHMS TIPEIOKEHHOTO
METO/1a OpeIeJICHHs] pa3MepOB IIeYaTHOH IIIaTHI.

VcxomHBPIMKA JaHHBIMH SIBISIETCSI CXEMa DJIEKTpHYe-
CKasl TPHUHIUIHAATIbHAS SJIEKTPOHHOTO MOXIYIS C Teped-
HEM DJIEMEHTOB U COOTBETCTBEHHO YCTAaHOBOYHEIE pazMe-
PBI DIIEKTPOHHBIX KOMIIOHEHTOB Sy(r;-

Pa3mepsl medaTHOH IUIaTHl ABJSIOTCS MPOU3BOAHBIMHU
ot tromaau I1I1, koTopas onpenensercs mo Gopmyie (2).
J71s1 3TOro BBINIOJIHSAEM CIIELYIOLIME ASHCTBUS.

1. OmpenensieM CyMMapHyI YCTaHOBOYHYIO ILIONIAIb
AJIEKTPOHHBIX KOMITIOHEHTOB. JlomycTum, ZSycr; = = 290 oM.

2. OnpenersieM K03 GUIMESHT 3aMOJHCHUS 110 Tpadu-
KaM Ha puc.8 wiy, 0oiee TOYHO, 10 hopMyiaM B TadI. 5.
Jnst 3Toro HeoOX0IMMO MPUHSTH BEIMYHHY MEKKOMIIO-
HEHTHOTO IpoMexyTka. Jlomyctum a@ = 2 MM, KOTOpOMY
COOTBETCTBYET YpaBHEHHE 4 IJIsl ONpEACICHUs ), BHIpa-
xkaromero Kj. s pacuera HEOOXOOMMO OIPENCIUTH
3HAYCHUE X — CPEIHIOI0 YCTaHOBOYHYIO IDIOIIATh HA0O-
POB DJIEKTPOHHBIX KOMIOHEHTOB Sycre, MO opmyite (8).
Homyctum, x = 20 MmMm. B pesynbrate pacuera moirydyaem
K3=0,592.

Ecnu Her TpeGoBaHUIA 10 MCIIONB30BAHUIO CTAHAAPT-
Horo pa3mepa [1I1, To mo ¢opmyne (1) onpenensiem mio-
11a/1b eUaTHOI ATk, KoTopas paBHa Sy = 489,9 M’ u
HCIIONIB3YETCsI 1Is onpenenenns pasmepos 111

3. Ecmn ecth TpeOoBaHUE IO HCIOIH30BAHUIO CTaH-
JAPTHOTO pa3Mepa MeYaTHON IUIaTh, TO HEOOXOIUMO BBI-
OpaTh ONMMKANITYI0 OOJBIIYIO IUIOMIAIh TAKOBOW M COOT-
BETCTBEHHO pa3Mephl.

B gamHOM mpuMmepe Takasd IUIOMIAAb  paBHA
Strer = 513,4 CMZ, KOTOPOIl COOTBETCTBYIOT CTaHIApTHHIE
pa3mepst II1: (233,35%220) mm (Tabdu. 3).

4. Ucnonp3yst Tabn. 3, ompenenseM 3HaueHHE KOd(]-
¢unKeHTa NPONOPIHMOHAIBHOCTH, XapaKTEPU3YIOLIEro
notepu romaau I1I1, koTopelil B TaHHOM ciiyyae paBeH
KMH =1 ,05

6 OBCYXJIEHUE

[omy4eHHble pe3ynbTaThl B BHIE 3aBUCHMOCTEH
koa(dunmenTa 3anoaaeHus Kz (tabn. 5, puc. 8) mosBo-
JISOT OTPEAENIATh 3TOT KOA(POHUIMEHT I pacdeTa ILIo-
I[agy MeYaTHBIX IUIaT C yYeTOM IUIOTHOCTH PacIioyioxke-
HUS HJIEKTPOHHBIX KOMIIOHEHTOB, 33/1aBaéMO BEITMYMHOM
MEXKOMITOHEHTHBIX TPOMEXYTKOB, M pPa3MEpOB DJIeK-
TPOHHBIX KOMIIOHCHTOB, MNPEACTABIIICMBIX HX cpe)lﬂei/i
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DOI 10.15588/1607-3274-2020-1-2

24

YCTaHOBOYHOH Miomansio. [l cpaBHEHMSA, B JPYTHX
paboTax KO03(pUIMEHT 3amoNHEHHUS PEKOMCHIYETCs
NPUHUMATh B OIPENENICHHBIX IIpejiesiax 3HaueHHi 0e3
00OCHOBaHMSI M TIPUBSA3KM K BHEUIHUM (akTopam, 4YTO
CYIECTBEHHO BIMAET Ha IOKA3aTENIH TOYHOCTU OIpeje-
nenus pasmepos I1I1.

[MomydeHHbIe pe3ysbTaThI MO ONpPENEICHUI0 KOIhdH-
IUeHTa nponopuronanbHocTH Kypp (puc. 9, 10) mpemio-
JKEHBI BIIEPBBIC M paHee B JIPYTHX padOTax B YaCTH €To
ydera i onpenenenus noreps mwiomanu 1111, ceszanHon
C HCIOJb30BAaHUEM CTAHIAPTHBIX Pa3MEPOB IIE€YATHBIX
IUIaT, HE paccMarpuBanuchk. Kpome Toro, ncronabs3oBaHue
Ky 1o3BoIIsIET TOBBICUTH 3(P()EKTHBHOCT YCTaHOBICHUS
cTaHAAapTHBIX pa3mepos 111

BbIBO/IbI

B pabote pemena 3anada omnpeaeneHust pa3MepoB Ie-
YaTHBIX IUIaT C y4eToM psfa QakropoB. Hayunas mo-
BHU3HA MTOJy9IEHHBIX PE3YIbTaTOB COCTOUT B CICIYIOLIEM:

1. Ionyunnu panpHeHIIee pa3BUTHE MOJEIbL IJIEK-
TPOHHBIX MOJIYJEeH Ha OCHOBE IEYATHBIX IUIAT M METO.
JUIsl OTIPENENICHNSI UX Pa3MEpPOB, B OCHOBE KOTOPOTO Jie-
KHUT YCTAHOBJIEHHAsl 3aBHCHUMOCTb MexAy Kod(humuen-
TOM 3amoiHeHHs K3 M yCTaHOBOYHOM IUIOIIA/bIO 3JIEK-
TPOHHBIX KOMITOHEHTOB [JIs1 Pa3HbIX 3HAYECHHUH TNIOTHOCTH
UX PacMOIOKEHHUs Ha MEYaTHOW IUIaTe, 4TO MO3BOJIET C
MUHUMAJIBHBIMU 3aTpaTaMu BPEMCHU U TIMOBLIILICHUEM
JIOCTOBEPHOCTH PE3yJIbTaTOB Ompeaenats pasmeps! 111
Ha pPaHHMUX CTAaJHAX NMPOEKTUPOBAaHHS B YCIOBUSX Orpa-
HUYCHHBIX UCXOJHBIX JaHHBIX.

2. BriepBoie mocpeacTBOM KOA(PQHUIIMCHTA TIPOTIOPIIHO-
HaJIBHOCTU Ky YCTAHOBIIEHA B3aUMOCBSI3b MEXIY IUIOIIa-
IbI0, HEOOXOAUMOH I MPOEKTHPYEMOTO BJIEKTPOHHOTO
MOJYJIsl ¥ TIOTEPSIMH, CBSI3aHHBIMHU C BBITIOTHEHUEM TPeOo-
BaHMI CTaHIAPTU3ALMK Pa3MEpPOB IEUYATHBIX IUIAT, YTO
JIaeT BO3MOKHOCTH PAIlOHAJIBHO MOJIXOJUTh K OIpeaese-
HUIO UX Pa3MCPoOB U 06ecnequmo TCXHOJIOT'MYHOCTH.

IIpakTudeckass LEHHOCTh IIPEUIATacMbIX PELICHUM
COCTOUT B MX TOTOBHOCTH K HCIIOJI30BAaHHIO Ha IIpE-
NPUSTHAX, KOTOPbIE 3aHUMAIOTCs Pa3pabOTKONW M MPOM3-
BOJICTBOM 3JICKTPOHHOHM M PaJMO3JIEKTPOHHOH armapary-
pBI, a TaKKe B y4eOHOM IpoIecce YHHBEPCUTETOB TI0 CO-
OTBETCTBYIOIINM CHEIHAIBLHOCTSM.

IlepcnexkTuBBI JajbHEeHIINX HccaeaoBaHuil. B pac-
CMaTpUBacMOM HANpABICHUU I TOBBIMICHUS 3(dek-
TUBHOCTU MPOEKTUPOBAHMS NMEYATHBIX IUIAT U Y3JI0B Iie-
JI€CO00Pa3HO MPOJOKUTE HCCIIEAOBAHUS 110 TaKUM BO-
mpocam:

1. TonyueHue 3aBucuMoOCTEil KO3 (GUIMEHTa 3am0J-
HCHUSA OT CpeaHEﬁ IIomanaun 3JIEKTPOHHBIX KOMIIOHEHTOB
JUISl IpYTUX 3HAYCHUI MEKKOMITOHCHTHBIX TIPOME)KYTKOB.

2. Pa3zpaboTka MeTona, MO3BOJISIONIETO HA PaHHHUX
craguax npoektupoBanus 111 onpenenars kiacc TOYHO-
CTH ¥ KOJIMYECTBO CJIOEB MEYaTHBIX TUIAT.

BJATOJAPHOCTHU
ABTOpHI BBIpaxaroT OmaromapHocts Jlazapery C. 3a
pa3paboTKy MPOTrPaMMHOTO OOECIeYEHHs, C IOMOLIBIO
KOTOPOTO HCCIEJOBAHBl BBIBEACHHBIE 3aBUCHMOCTH U
TMOJIYUCHBIL HeOGXOIll/IM]:le PpacyeThl U PE3YJIbTATHI.
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MOJEJIb I METOJ BUSHAYEHHS PO3MIPIB IPYKOBAHUX IIVIAT 3 YPAXYBAHHSIM BE3JITYI ®AKTOPIB
€dimenxo A. A. — 1-p TexH. HayK, JOLEHT, 3aBigytounii kagenporo E3IKT, Onecpkuii Hal[ioOHAIEHUHN TTOJITEXHIYHUI YHIBEpCH-
Tet, Oneca, Ykpaina.
Kapaanrau O. II. — ct. Buki. xadenpu E3IKT, Onecbkuit HanioHa pHUIA MoNiTeXHIYHKH yHiBepeuTeT, Opeca, Ykpaina.
AHOTAULIA

AKTyaJabHicTh. BuzHaueHHs po3MipiB APYKOBaHMX IUIAT € BAKJIMBUM €TAallOM B MPOIECi MIPOSKTYBaHHS €JIEKTPOHHOI Ta pajio-
CJIEKTPOHHOI anapaTypH, Tak SIK Bil MPaBWIBHOTO X BU3HAUCHHS 3AJICXKATh SIK MIOKA3HUKH SKOCTI 1 HaAIHOCTI (YHKIIIOHYBaHHS, TaK
1 eKOHOMIYHI Ta eKCILTyaTallil{Hi MOKa3HUKH. He3Bakaroun Ha JOCTaTHIO KUTBKICTh POOIT, MPUCBSYEHUX LM IHUTAHHIM, HE iCHyE
METO[B, sIKi 6 00’ €KTHBHO BpPaXOBYBaJIX BCIO Oe31IiU (haKkTOpiB, 0 BIUIMBAIOTH HA PO3MIpH, i IpU HbOMY OyJiu O 3pydHHMH IS BH-
KopHcTaHHs. ToMy, Ha NPAKTHI[I BAKOPHCTOBYETHCS JIOCBIJl PO3POOHHUKIB, @ TAKOXK BiJIOMI BUMOT'H Ta OOMEXEHHS J0 IPOSKTOBAHOT
amapatypu. OJJHaK TaKWH MiXi He MPU3BOJMTH 10 ONTHMAIBHUX PE3yJIbTATiB MPU BU3HAYEHHI PO3MIpIB IPYKOBAHHX ILIAT.

MeTo10 poGOTH € CTBOPEHHS MOJETI €IEKTPOHHUX MOJYJIIB Ha OCHOBI APYKOBAHMX IUIAT i METOAY [UISl BU3HAUCHHS iX pO3MIpiB,
i, 30kpeMa KoedilieHTa 3allOBHEHHSI, 3 ypaXyBaHHAM Oe3nivi Iifounx (akTopiB i 3aCTOCYBaHHS CTAaHAAPTHHUX PO3MIpIB JPYKOBaHHX
IuI1ar.

Metoa. Metoz BU3HaUYEHHS PO3MipiB APYKOBAHUX IUIAT BPAXOBYE BILTUB YCTAHOBITIOBAIBHOI IO €ICKTPOHHUX KOMIIOHEHTIB i
KoedimieHTa 3aMOBHEHHS, IKUH BiAPI3HIAETHCS TUM, III0 BCTAHOBIICHA 3aIeXHICTh K3 Bill po3MipiB €1eKTPOHHUX KOMIIOHEHTIB 1 TUIO-
i iX po3TallyBaHHS Ha JPYKOBaHIM IUIaTi, a TaKOX 3aJISKHICTH BBOAUMOTO KoedilieHTa MPOMOPLifHOCT] Bif IUIOMII APyKOBaHUX
IUIAT IPY BUKOPUCTaHHI 1X CTaHJapTHUX PO3MIpiB.

PesyabsTaTn. CTBOpEeHa MOZENb SNEKTPOHHUX MOJYJIB HAa OCHOBI IPYKOBAaHUX IUIAT 1 METOX JUIS BU3HAUCHHS IX PO3MIpiB, KU
JIO3BOJISE 3 MiHIMAJIGHUMH BUTPaTaMH BH3HAYATH PO3MIpH JPYKOBAHUX IUIAT HAa PaHHIX CTaJisX NPOSKTYBaHHS B yMOBaX oOMexe-
HHX BUXIJHHUX JaHHX, a TAKO)K OOMEXKEHb 110 THIOPO3Mipax JPYKOBaHHUX IUIAT, 110 BCTAHOBJIIOIOTHCS BiANOBITHUMH CTaHIApPTaMH Ta
IHIIMUMH HOPMATUBHUMH JOKYMECHTAMH.

BucHoBku. B pe3ynbTari TEOpETUYHNX JOCTIIKECHb BHPIIICHAa B)KIMBA HAYKOBO-IPAKTHYHA MPOOIEMa MiIBUIIEHHS e(QEeKTHB-
HOCTI TIPOEKTYBaHHS IPYKOBaHHUX IUIAT: OTPHMAJIHU MOJANBIIMI PO3BUTOK MOJENB i METO]] BU3HAUYCHHS PO3MIpIiB IPYKOBaHUX ILIAT 3
ypaxyBaHHSIM 0e3Jidi pakTopiB, 10 BU3HAYAIOTH iX IUIONTY i po3Miph. B 0CHOBI MeTOy eXKNTh BCTAHOBIICHA 3AJICKHICTh MIXK KO-
(ili€eHTOM 3aITOBHEHHS 1 YCTAaHOBIIIOBAIBGHOIO IUIOIICIO €IEKTPOHHUX KOMIIOHEHTIB JUIS PI3HUX 3HA4€Hb HIITBHOCTI iX po3TamryBaH-
HS Ha JpyKoBaHii maTi. Lle 1o3Bossie 3 MiHIMaIbHUMH BUTpaTaMM 4acy BH3HA4YaTH PO3MIpH JPYyKOBaHUX IuiaT. Takox BCTaHOBIeE-
HUH B3a€MO3B’SI30K MDX IUIOIIEI0, HEOOXIIHOIO JUIsl IIPOEKTOBAHOTO €JISKTPOHHOTO MOJIYJISl i BTpaTaMH, IOB’sI3aHUMH 3 BUMOTaMHU
BHUKOPUCTAHHS CTAHAAPTHUX TUIOPO3MIpiB IPyKOBAHHUX IUIAT i BUPAKEHUMH KOS(illiEHTOM ITPOMOPLiHHOCTI.

[TpakTryHa HiHHICTH OTPUMAHUX PE3YJIBTATIB MOJIATAE B IX TOTOBHOCTI 10 BUKOPUCTAHHS PO3pOOHUKAMH JUTsl BU3HAUSHHS PO3Mi-
PiB IPYKOBaHUX ILIAT, IO TPOJEMOHCTPOBAHO BiAMIOBIIHIUM MPUKIAIOM.
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KJIIOYOBI CJIOBA: po3mipu IpyKOBaHHX IUIAT, KOMIOHYBaJIbHI XapaKTePUCTUKH, €IEKTPOHHUH MOMYJIb, KOe]IIlieHT 3amoB-
HEHHSL.

UDC 621.38.001.66
MODEL AND METHOD OF DETERMINATION PCB SIZES ACCOUNTING MANY FACTORS

Yefimenko A. A. — Dr. Sc., Associate Professor, Head of ESICT Department, Odessa National Polytechnic University, Odessa,
Ukraine.

Karlangach A. P. — Senior Lecturer of ESICT Department, Odessa National Polytechnic University, Odessa, Ukraine.

ABSTRACT

Context. The determination of the size of printed circuit boards is an important step in the design process of electronic and radio-
electronic equipment, since its correct determination affects on both characteristics of quality and operational reliability, as well as
economic and performance characteristics. In spite of multitude works devoted to these questions, there are no methods that objec-
tively consider all multitude factors that affect the sizes, and at the same time are convenient to use. Therefore, in practice, the ex-
perience of developers is used, as well as the well-known requirements and limitations for the designed equipment. However, this
approach does not lead to optimal results when determining the dimensions of printed circuit boards.

Objective. The aim of the work is to create a model of electronic modules based on printed circuit boards and a method for de-
termining their sizes, and in particular fill factor, taking into account multitude acting factors and the application of standard sizes of
printed circuit boards.

The method for determining the size of PCBs takes into account the influence of the installation area of electronic components
and the duty cycle, which is distinguished by the fact that the dependence of the short circuit on the dimensions of electronic compo-
nents and their density on the printed circuit board is established, as well as the dependence of the input proportionality coefficient on
the area of printed circuit boards when using their standard sizes.

Results. Created the model of electronic modules based on printed circuit boards and a method for determining their sizes, which
allows with minimum costs to determine the size of printed circuit boards at an early stages of design with limited initial data, as well
as restrictions on the standard sizes of printed circuit boards established by corresponding standards and other regulatory documents.

Conclusions. As a result of theoretical studies was solved an important scientific and practical problem of increasing the effi-
ciency of printed circuit boards design: the model and method for determining the dimensions of printed circuit boards were further
developed taking into account many factors determining their area and sizes. The method are based on the established dependency
between the fill factor and the installation area of electronic components for different values of the density of their placement on the
printed circuit board. This allows to determine the size of printed circuit boards with minimal time.

Interconnection has also been established between the area required for the designed electronic module and the losses associated
with the requirements for using standard types of printed circuit boards and expressed by the coefficient of proportionality.

The practical value of the got results is in their readiness for use by developers to determine the size of printed circuit boards that
is demonstrated by the corresponding example.

KEYWORDS: PCB size, layout characteristics, electronic module, fill factor.
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ABSTRACT

Context. The problem of achieving multi band functionality and two or more reconfiguration capabilities by using a single an-
tenna for diversified Wireless communication applications. The objective of the work is to model a prototype that combines the
above functionalities.

Objective. The major goal of the work is to produce a very efficient and compact antenna satisfying all the requirements for
wireless applications combining semi compound reconfigurability and multi-band functionality for Wireless communication applica-
tions.

Method. This paper reports design and investigations on a planar multi-band frequency— and pattern-circular shaped reconfigur-
able antenna by the use of PIN diodes. It consists of symmetrically placed, seven PIN diodes on each half of the circle cutting the
longitudinal axis. By changing the controlled activation of the slots placed on a circular disk which is fed by Coplanar Waveguide
feed, the required reconfiguration mechanism is achieved. The antenna can be operated in 8 different modes by the use of 15 PIN
diodes. A beam shape pattern reconfigurability is achieved by operating the antenna in all the modes. The basic antenna is a circular
disk without slots and is designed to operate at 2.4GHz. Frequency reconfigurability is achieved by changing the overall electrical
length of the slot by activating the switches in appropriate positions in different operating modes. Pattern reconfigurability is
achieved by maintaining the same overall electrical length in each operating mode but changing the switch positions orient in a par-
ticular direction in each half of the circle.

Results. The model has been developed and investigative simulations were carried out using Ansys HFSS.

Conclusions. The proposed antenna resonates at three frequencies 2.2GHz, 4.98GHz and 5.72GHz when operated in pattern re-
configurability mode. A simultaneous frequency reconfigurability along with pattern is achieved with more (at 6.2GHz, 8.2GHz and
9GHz) or less number of new frequency bands (at 7.1GHz) than pattern reconfiguration mode. The area of the antenna occupied is 40
X 60 mm®. An acceptable gain is obtained in all of the operating modes. The prototype of the designed antenna has been developed
and the simulation results have been verified experimentally.

KEYWORDS: Frequency diversity, Pattern diversity, Reconfigurable antennas, PIN diodes, Circular patch, RF switch, Gain.

ABBREVIATIONS

CPW is a Coplanar Waveguide;

MIMO is a Multi-Input-Multi-Output;

EM is an Electromagnetic;

PIN is a p-type-Intrinsic-n-type;

HFSS is a High Frequency Structure Simulator;

FEM is a Finite Element Method,;

Wi-Fi is a Wireless Fidelity;

Wi-MAX is a Worldwide Interoperability for Micro-
wave Access;

WLAN is a Wireless Local Area Network;

IEEE is an Institute of Electrical and Electronics En-
gineers.

NOMENCLATURE
0 is an Elevation angle;
¢ is an Azimuth angle;
f. is a Resonant frequency;
€ 1s a Relative Permittivity;
1, is a Relative Permeability;

a. is an effective radius.

INTRODUCTION
Today’s modern wireless and electronic communica-
tion systems require multifunctional, compact, smart an-

© Pandurangaiah Y., Satyanarayana R. V. S., 2020
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tennas that can adapt to varying system requirements.
These requirements are not met by fixed performance
antennas whose fundamental properties like frequency,
polarization and pattern characteristics are fixed. In this
context there are two types of antennas.

1) Reconfigurable antennas which have the ability to dy-
namically meet such adaptable service requirements [1].
Several antennas have been reported which have single re-
configuration capability i.e., either in frequency [2], polariza-
tion [3] or pattern [4] accordingly the antennas are fre-
quency, polarization and pattern reconfigurable antennas.

2) Multiband antennas that can meet the challenges
like miniaturize circuit dimension while maintaining
transmission performance, including multiple operation
bands, low cost, high efficiency, wide bandwidth and ac-
ceptable gain, are proved to be common solutions. Re-
cently there are many developments made in the design-
ing the antennas with two or more reconfiguration capa-
bilities; combining frequency — polarization, polariza-
tion — pattern, frequency — pattern reconfigurations called
as compound reconfigurable antennas.

The reconfigurable antennas and multi band antennas
offer a good solution to meet the fixed performance an-
tennas problem.
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The major object of study to design an antenna
combining multi-band functionality and two function re-
configurability in order to produce a very efficient and
compact antenna satisfying all the requirements.

The subject of study is reconfiguration method de-
ploying slots and PIN diodes for changing the electrical
length and the surface current distributions that in turn
produce the change in frequency, polarization or pattern.

The purpose of the work is to make use of a single
antenna which is compact in size serving multiple re-
quirements for major wireless service applications.

1 PROBLEM STATEMENT

An antenna with slotted aperture has to be used for ob-
taining multi-band characteristics. Also, by adding or re-
moving part of the antenna length through means of PIN
diodes, the effective length of the antenna can be changed
and hence it’s operating frequency. By changing the
course of direction of flow of current using PIN switches
there by intentionally modifying the spherical distribution
of radiation, pattern reconfiguration is achieved.

2 REVIEW OF THE LITERATURE

A folded slot monopole antenna with quad band [5], a
meandered folded monopole antenna with extended stair-
case and F-shaped arms [6] that operates at five frequency
bands have been reported. Antennas combining two or
more diversity features support individual selection of
frequency and radiation characteristics at varying degrees
[7-8]. Moreover, pattern reconfiguration has received
much attention because of their diversity functions in ra-
diation patterns that enhances the performance of wireless
communication systems. One of the techniques to achieve
diversity in pattern is to reconfigure the beam shape
which can be used to improve the system capacity and
quality of the link [9-11].

Very less work is done in the area of multi-band recon-
figurable antennas [12—14]. In [12], the authors developed
a wideband and multi band frequency reconfigurable an-
tenna using PIN and varactor diodes which are regulated by
integrated microcontroller controlled embedded biasing
network. In [13], the authors demonstrated by placing four
identical slots on the radiating patch and two slots on the
ground structure, the antenna can radiate at 10 narrow fre-
quency bands. In [14], a reconfigurable multiband CPW
fed planar patch MIMO array antenna operating in three
operating modes is proposed. In [15], an extended U-slot
patch antenna with shutter shaped slots on the ground plane
is designed for multiband polarization reconfigurability.
The authors in [16], presented a single feed annular ring
slot reconfigurable antenna using five PIN diodes to pro-
duce frequency and polarization diversities.

3 MATERIALS AND METHODS
The geometrical configuration of the proposed multi-
band frequency and pattern reconfigurable antenna is
shown in Fig. 1. The antenna is designed on low cost
FR4-Epoxy material with dielectric constant & =4.4, loss
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tangent tan & = 0.02 and thickness t=1.6mm. The area
occupied by the antenna is 40 X 60 mm?.

The main structure of the antenna consists of a circular
disk which is designed to operate at 2.4GHz following the
design guidelines given by (1), (2) [17]:

f o 1.84118c .
2Maeqf Erplr ' M

2h na
ac=a,|l+——<In(—)+1.7723 ;. 2
\/ na&{ (2h) } @

>

Where wr=1 in this case, ‘c’ is the velocity of the

light, “a’ is the actual radius of the circular patch and‘t’ is
the thickness of the substrate. The actual radius ‘a’ calcu-
lated from the above formula of the circular patch which
resonates at 2.4GHz is 24mm but due to introduction of
rectangular slots at the edges, the radius is reduced by 1.7
times (=~ 14mm). The other dimensions of the antenna are
listed in Table 1. A coplanar waveguide feeding is used to
excite the antenna because of it’s many advantages over
the conventional microstrip line, such as simple fabrica-
tion, wide impedance bandwidth, easy surface mounting
for series and shunt devices, and low radiation [18].

& »
< v

H x

Figure 1 — Geometrical layout of the proposed multi-band
Frequency and Pattern Reconfigurable Antenna

A strip of length W, and width Ly is used as imped-
ance matching stub between the feed and the circular
patch to improve the radiation characteristics of the an-
tenna. In order to have multi band operation, slotting
technique is employed in the design. Rectangular slots of
equal length 7mm and width 1mm are placed at every
22.5° angle position starting from feed point on the circu-
lar disk as shown in Fig. 1. In order to achieve recon-
figurability, 15 switches (S;—S,s) as shown in Fig. 1 were
placed at center position on each slot connecting them.
The various operating modes are shown in Table 2. PIN
diodes are employed to have switching mechanism.
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At RF frequencies, PIN diodes behave as a variable
resistor, with equivalent circuit model for ON/OFF states,
as shown in Fig. 2. Both the ON and OFF states have a
package inductance Ls. The equivalent circuit for the ON
state (forward biased) as shown in Fig. 2a has a low resis-
tance Rg which contributes to insertion loss. The equiva-
lent circuit for the OFF state (reverse biased) as shown in
Fig. 2b has parallel combination of reverse bias resistance
Rp and total capacitance Cr, which contributes to the iso-
lation. The biasing circuit to make the switches active and
inactive is shown in Fig. 2c.

Table 1 — Optimized Geometrical Parameters of the proposed
Reconfigurable Antenna

Dimension Dimension
Parameter Parameter
(mm) (mm)

L 40 L 3.0589
W 60 L, 0.5345

t 1.6 Ls 1.0

R 14 W, 15.8071

g 2.0 W, 8.3554
L 16.4706 W 7.0
L, 2.0 & 4.4

Table 2 — Different Switch configurations of the proposed
Reconfigurable Antenna

Configuration Switch Switch Type of Recon-
& Position status figurability

Frequency and

Cl S[*S]s OFF Pattern
Frequency and

Ca Si-Sis ON Pattern

G Sy, Ss, Sia, Sis ON Pattern

Cy S5, S5, So, So ON Pattern
Frequency and

CS Sl, S5, Slz OFF Pattern
Frequency and

Cs S35, 87, Si0, Sia OFF Patter
515, OFF Frequency and

G 85,87 OFF ‘%,attegl

S10,812,314 OFF

Ie S2,84,56,5s ON Frequency and

’ S9,511,813,815 ON Pattern

In this design, the PIN diode is modelled in HFSS us-
ing two series lumped RLC boundary conditions, as
shown in Fig. 3, where the first part of RLC boundary is
L and second is either Rg for the ON state or a parallel
combination of Rp and Cr for the OFF state. This way of
modelling is used to achieve robustness in terms of recon-
figuration between different frequency bands.

In this diode model, the ON state lumped parameter
values are chosen to be Rg = 1Q, Lg = 0.7nH and OFF
state values are chosen as Rp= 2kQ, Ct = 0.3pF. These
values are chosen according to the datasheet of the PIN
diode SMP1340-079LF from Skyworks Solutions.

When all the switches are OFF, the antenna is set to
operate in C;, the antenna resonates at four fundamental
frequencies namely 2.3GHz, 4.9GHz, 5.28GHz and
5.55GHz and when all the switches were made ON in
configuration C,, the antenna resonates at 2.4GHz,
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Figure 2 — PIN diode equivalent circuit (a) ON state (b) OFF
state. (¢) Bias Circuit

Equivalent PIN diode model in
HFSS

A

J Metal Strip

Metal Strip

Lumped RLC Boundary
Figure 3 — Modelling of PIN diode in HFSS

4.6GHz, 6.2GHz, 8.2GHz and 9.0GHz. It is observed that
there is change in the radiation pattern in elevation plane
by 30° at first fundamental frequency. Hence the antenna
is said to have simultaneous frequency and pattern recon-
figuration when operated in C; and C,. In C;, when the
switches at 22.5° and 45° position of the bottom right half
of circular disk (S;, Sg) and top left half of circular disk
(S14, Sy5) are activated as shown in Fig. 4 a, the antenna
exhibits triple band resonating at 2.3GHz, 4.29GHz and
5.5GHz. In C4, when the switches in opposite direction to
that of Cs i.e., (S,, S3) and (S, Sp) are activated as shown
in Fig. 4b, the antenna resonates at the similar frequencies
but there is a change in radiation pattern direction in ele-
vation plane. Hence the antenna is said to exhibit multi-
band pattern reconfigurability when it is reconfigured
from C; to Cy. Likewise, in Cs, when the switches at 22.5°
and 45° positions are turned to ON state as shown in Fig.
4c, it operates at 5 bands and in Cg, the switches at 22.5°
and 90° positions are activated to make the antenna
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change its radiation pattern when operated from Cs to Cq.
This is shown in Fig. 4d. In this configuration, the an-
tenna operates at only two bands centred at 2.34GHz and
7.11GHz. Hence the antenna can able to switch between
frequency and pattern when it is reconfigured from Cs to
Cs. When it is reconfigured to C; i.e., when switches at
45° and 90° positions were made ON as shown in Fig. 4e,
it is observed that there is a change in number of bands
and the frequencies with change in radiation pattern. It
operates at 2.3GHz, 4.2GHz and 5.05GHz with good re-
turn loss at 2.3GHz compared to other frequencies. Hence
it shows simultaneous frequency and pattern reconfigura-
tion when it is reconfigured from any of the above con-
figurations. Alternatively, when switches at all 22.5° posi-
tions were made ON as in Fig. 4f, there is a shift in the
second and third frequency bands when compared with C,
to SGHz and 7.1GHz respectively having first resonant
mode unchanged. The pattern shape changes from direc-
tional to dipole like pattern when antenna is reconfigured
from C; to Cs.

Figure 4 — Antenna operating in Cs, Cy4, Cs, Cq, C7 and Cg
configurations

4 EXPERIMENTS

The numerical optimizations have been performed to
achieve the desired resonant frequencies using commer-
cial EM simulator HFSS Version 17.0 which is based on
Finite Element Method (FEM) numerical technique.

It has been observed that frequency and pattern
switching of the proposed multi band reconfigurable an-
tenna is obtained by positioning PIN diodes as switch on
the slot. The proposed antenna is reconfiguring simulta-
neously in frequency and pattern when operated in (Cy,
Cy), (Cs, Cg) and (C, Cyg) configurations. The frequency is
reconfigured in S, C and X frequency bands with resonant
frequencies from 2.3 to 9.6 GHz respectively. Fig. Sa,
Fig. 5c and Fig. 5d show the return loss graphs for switch-
ing configurations C,, C,, Cs, Cq, C; and Cg. The pattern
reconfiguration is observed when the proposed antenna is
reconfigured in C;, C4 configuration modes which is
shown in Fig. 5b.
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5 EXPERIMENTS AND RESULTS

The prototype of the proposed reconfigurable antenna
is fabricated on a low cost FR4 substrate with dielectric
constant 4.4 and thickness 1.6mm and tested in order to
validate the above simulated results. The photograph of
the prototype antenna used for the measurement is shown
in Fig. 6. The proposed antenna is configured in all oper-
ating modes using PIN diodes as mentioned in Section 3.
All the return loss measurements were taken using R&S
ZVA24 Vector Network Analyzer which operates in the
range 10MHz-24GHz. The simulated and measured re-
flection coefficients S;; of the proposed reconfigurable
antenna for all the operating modes are shown in Fig. 7.
The quantitative values of the measured results are tabu-
lated in Table 4. The measured results agree with simu-
lated results with small variations in the resonant frequen-
cies. These minimum variations of about 0.02% is ob-
served at 4.3GHz in case 3 and maximum deviation of
about 5.1% is obtained in case 4 at 2.3GHz frequency.
i

Figure 6 — Developed prototype of the proposed multi-band
reconfigurable antenna

The radiation pattern measurements have been carried
out in the anechoic chamber. The model of the measure-
ment facility is given in Fig. 8. The measured radiation
patterns in azimuth (xy-plane 6=0°; 8 =90°) and elevation
(xz- plane ¢=07; yz- plane ¢ =90°) cuts for different oper-
ating modes are shown in Table 3.

Table 4 summarize the corresponding measured fre-
quency band of resonant frequency at all switching con-
figurations. The simulated returns loss for all the switch-
ing configurations are below —10dB. The obtained maxi-
mum gain at these resonant frequencies is also tabulated
for each antenna configuration.

A highest bandwidth of 660MHz is obtained with res-
onant frequency of 7.1GHz when the antenna is operated
with PIN diode configuration Cs. The narrowband func-
tionality of the proposed antenna offers virtual antenna
size reduction. Further it is observed that the proposed
frequency reconfigurable antenna can be used for S- & C-
band based Wi-Fi and WiMAX applications.

Each band of the proposed antenna when operated in dif-
ferent configurations with acceptable gain (gain>2dB) can
be used in several wireless applications like IEEE 802.16
WiMAX 2.3GHz (2.3-2.4GHz), IEEE 802.11b/g Wi-Fi
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24GHz (2.4-2.485GHz) in S-band, WLAN (5.1-
5.8GHz), IEEE 802.11a Wi-Fi (5.72-5.87GHz) in C-
band. Such applications for each configuration are listed
in Table 3. The measured peak gain graph when operated
in C,, Cs and Cg configurations is shown in Fig. 9. The
gains are measured across the tuning range. The gain for
the configuration C; at 2.4GHz is higher than other oper-
ating modes is observed which is around 12dB due to
directional radiation pattern compared to other operating
states which have almost dipole like omnidirectional pat-
tern.

Table 3 — Elevation and Azimuth radiation patterns in two prin-
ciple cuts operating in all modes

Elevation cut Azimuth cut
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Table 4 — Operating frequencies and bands of the proposed
Reconfigurable Antenna in each configuration

Operating Return Operat- Gain
Fre- Loss | ..P (dB) | Applica-
Case ing band -
quency (dB) (MHz) (xz- tion
(GHz) plane)

S-band
2.3 33.27 340 2.2 WiMAX

C, 4.9 14.17 70 1.1 -
5.3 16.75 70 —6.1 WLAN
5.6 24.59 160 -7.0 WLAN
S-band

2.4 31.93 420 6.3 Wi-Fi

c 4.7 20.67 200 3.8 C-band
? 6.2 17.63 170 32 C-band
8.2 15.04 320 5.8 X-band
9.0 20.35 330 1.4 X-band
2.3 26.41 350 4.2 WIiMAX

C; 4.3 12.52 120 2.2 -
5.4 17.56 140 32 WLAN
2.2 20.13 310 2.3 S-band
Cy C-band

5.7 20.07 180 2.3 Wi-Fi

S-band
2.3 28.21 350 5.6 WiMAX
c 4.6 26.93 180 3.3 C-band

: 5.5 23.17 140 1.8 -
7.4 20.41 500 4.9 C-band
8.4 1431 490 5.4 X-band
S-band
Ce 2.3 33.71 380 53 WiMAX
7.1 21.41 660 3.4 C-band
S-band
C; 2.36 28.34 390 12.9 WiMAX
S-band
225 18.61 310 5.46 WiMAX
Cs 494 25.86 150 239 | C-band
7.15 18.79 450 3.99 C-band

CONCLUSIONS

This paper presents a multi-band frequency- and pat-
tern-reconfigurable circular patch antenna using coplanar
waveguide feeding. The multi-band operation is achieved
by using rectangular slots at edges of the circular patch at
an interval of 22.5° each. The reconfigurability in fre-
quency can be obtained by suitably changing the electrical
lengths of the patch using 15 RF PIN diode switches that
are placed between the slots and operate in various con-
figuration modes. The direction of the pattern is changed
by changing the current distribution of the patch which is
achieved by carefully selecting the appropriate switches.
The antenna operates at different resonant modes in dif-
ferent configurations. Mostly it is operated at 2.3GHz,
49GHz, 5.3GHz, 5.55GHz, 6.2GHz, 7.2GHz, 8.2GHz
frequencies in various operating modes. The practical
significance of measured results demonstrate that the an-
tenna can be operated for suitable applications in S-band
WiMAX, Wi-Fi and C- band Wi-Fi, WLAN with accept-
able gain and good radiation performance.

Prospects for further research is to obtain fully com-
pound reconfigurability that includes polarization diver-
sity.
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YIK 621.3

MHOTOJJMAITIABOHHASI AHTEHHA KPYT'JIOM ®OPMBI, IOJYKOMIIOHEHTHO PEKOHOUT'YPUPYEMASI C
HOMOIIBIO PIN IUOAO0B, C YACTOTHBIM U IPOCTPAHCTBEHHBIM MHOI'OOBPA3UEM JIJIS1
BECIHPOBOJHBIX IPUMEHEHU I

Manaypanraiis M. — npodeccop, 3aBeayromuii kageapoii ANeKTPOHHKH U CPEJCTB CBA3M, HEKEHEPHBIH KoJuTemx Bapnamas,
Xaitnapaban, Tenanrana, Mumus.

CarpsHapasina P.B.C. — nokrop, npodeccop kadeapsl 31eKTPOHUKH U CpeAcTB cBsi3u, YHuBepcutet [lpu Benkarenisapa, Tu-
pynaru, Muaus.

AHHOTAIUA

AKTyanbHOCTb. Pemaercs nmpo6iemMa JOCTIKEHUST MHOTOTIOJIOCHOCTH € ABYMs MM OOJIbIIEe BO3MOXKHOCTSIMU PEeKOH(PUTypanum
C HCTIOTB30BAHMEM OJHOW aHTEHHBI U Pa3sHOOOPA3HOTO HCHONB30BAHMS B OECIIPOBOTHON CBA3M. 3aaHHeM pabOTHI SBISETCS MO-
JETTMPOBAHHE NIPOTOTHUIIA OOBEIUHSIONIETO BhIMICYKAa3aHHYI0 (DyHKIIHOHAILHOCTb.

eab. OcHOBHAS 1ENb pabOTHI — CO3AaTh 0YEHb AP (HEKTUBHYIO M KOMIIAKTHYIO aHTEHHY, YAOBIECTBOPSIONLYIO BCEM TPEOOBaHUIM
npy O6ecrpoBOIHOM IPHUMEHEHHH, COYETAIOLIYI0 BO3MOXKHOCTB MOJYKOMIIOHEHTHOH pPEeKOH(UTypalui 1 MHOTOIIOJIOCHOCTb JUISL HC-
TH0JIB30BaHMUS B OECIIPOBO/IHOI CBSI3H.

Metoa. B cratbe coolmaercs o pa3paboTKe U MCCIEJOBAaHMM YaCTOTHBIX CBOMCTB M KPYrOBOW IJHarpamMMbl HaIllpaBIEHHOCTH
IUIOCKOII MHOTOKaHaJIbHOM PEKOH(PUIYpHpYEeMOil aHTeHHBI ¢ ucnonb3oBaHueM PIN-mmomoB. OHa coctout u3 cemu PIN-anonos,
CHMMETPUYHO PACHOJIOKEHHBIX Ha KaXJOH MOJOBHHE KpyTa, Pa3AeleHHOr0 NMPOAOIBbHOIM ockio. [IyTeM m3MeHeHHs ynpaBisieMoro
TIEPEKITIOUCHUS CIIOTOB, Pa3MEIICHHBIX Ha KPYTJIOM JUCKE, KOTOPOE OCYIIECTBISIETCS C TOMOIIBIO KOIIIAHAPHOTO BOJTHOBOJA, TOCTH-
raercss HeoOXOJWMBI MEeXaHU3M PEKOH(QUTyparuu. AHTEHHa MOXeT paboTaTh B 8 pasiMUHBIX peKMMax c momormeio 15 PIN-
nuonoB. Tpancdopmanmst GOpMBI Tyda JOCTHTAeTCs 3a CUET pabOTHI aHTEHHBI BO BeeX pexknMax. OCHOBHAs aHTEHHA IIPEJICTaBILIET
co00i KpyIJblid AUCK Oe3 CIOTOB M MpeaHasHaveHa i pabotsl Ha yactore 2,4 I'T. TpaHchopManus 4acTOThl JOCTUIASTCs ITyTeM
M3MEHEHUsI O0LIeH AIIEKTPUYECKOH JIMHBI CII0Ta MyTeM aKTHBAIMU NepeKirovyaresieldl B COOTBETCTBYIOIMIUX MOJOKEHUSIX B pa3iny-
HBIX pexuMax pabotsl. TpaHchopManus cXeMbl JOCTUTAETCSI TyTEM COXPaHEHHs OJJMHAKOBO OOILEH NEKTPUIECcKOi JUTHHBI B KakK-
JIOM paboueM peKHMe IMyTeM W3MEHEHUs MONOXKEHUs MepeKIodaTenell, OpUEHTHPOBAHHBIX B OMNPEAEICHHOM HAMpaBICHUH B Kax-
JIOM TTOJIOBUHE KpYyTa.

Pe3yabTaTtsl. brula pazpaboTana MoeNb M IPOBEACHO SKCIIEPIMEHTAIBHOE MOACTHPOBAaHHE C UcTonk30oBanueM Ansys HFSS.

BriBoasl. [Ipemnaraemast anteHHa HacTpoeHa Ha Tpu dacTotsl: 2,2 I'T, 4,98 I'Ty u 5,72 I'Ty mpu pabote B pexxuMe N3MEHEHUS
(dopMBI IUarpaMMbl HanpasieHHOCTH. OJXHOBpEMEHHOE M3MCHEHHME YacTOTHI BMecTe ¢ (OpMOH nocTturaercst ¢ Gompmmm (Ha 6,2
I'Tu, 8,2 I'Tu 1 9 I'T) uax MEHBIIMM KOJIMYECTBOM HOBBIX MMoJioc yactot (Ha 7,1 T'TI), uem B pexume npeoOpa3oBaHus (HOPMBI.
Inomap, 3aHMMaeMasi AHTEHHOH, cocTapiseT 40 x 60 My, IIpueMIeMoe YCHUIeHHe JOCTHTAETCS BO BCEX PEXHMAX paboTsl. Msro-
TOBJICH IIPOTOTHII pa3pabOTaHHOH aHTEHHBI, PE3yJIbTaThl MOJICITUPOBAHYS OATBEPIKICHBI IKCIIEPUMEHTAIIBHO.

KJ/IFOYEBBIE CJIOBA: yacToTHOE pa3HeceHHe, pa3HeCeHHe 10 1a0IoHaM, peKoHUrypupyemble anTeHHbl, PIN-nuozpl, kpy-
roBas AuarpamMma, paJruo4acTOTHBIN MePeKII0UaTeNb, yCUICHHUE.

VK 621.3
BATATOJIIATIA3OHHA AHTEHA KPYIJIOi ®OPMH, HAIIBKOMIIOHEHTHO PEKOH®IT'YPOBAHA 3A
JIOTMIOMOT OIO PIN JAIO/IB, 3 YACTOTHHUM I IPOCTOPOBUM PISHOMAHITTSIM JIJISl BE3JJPOTOBHX
3ACTOCYBAHb

Maunypanraiis Y. — npodecop, 3asinysau kadeapu enekTpoHikH i 3aco6is 38’13y, [mxenepHuit konemx Bapraman, Xaiinapa-
6an, Tenanrana, [umis.

Carsaunapasna P. B. C. — nokrop, mpodecop xadenpu eneKTpoHiku i 3acodiB 3B 53Ky, YHiBepcureT LLpi BenkaremBapa, Tipy-
mari, [amis.

AHOTAIIA

AxTyanbHicTs. [Ipobiema mocsraeHHs OaraTocMy»kHOI (DYHKIIIOHAIFHOCTI 1 1BOX ab0 OinbIne MOXIUBOCTEl pexoHpirypamii 3
BHUKOPHCTAHHSIM €MHOI aHTCHHU TSl PI3HOMaHITHUX 3aCTOCYBaHb 0€3[pOTOBOrO 3B 513Ky. 3aBIaHHAM POOOTH € MOJIEIFOBAHHSI IPOTO-
THUITY, SIKU{ TTO€IHY€E B co01 BHIIEBKa3aHi QyHKIIT.

Meta. OcHOBHA MeTa POOOTH — CTBOPHUTH JyKe e(EKTHBHY i KOMIIAKTHY aHTEHY, 1110 3aJI0BOJIbHSE BCIM BUMOraM Juisi 6e31poTo-
BHX 3aCTOCYBaHb, 1[0 MOEIHYE HAMIBKOMIIOHEHTHY PEKOH(IrypoBaHicTh i GaraTocMyskHy (QYHKIIOHAIBHICTD /IS 3aCTOCYBaHb 0€3-
JIPOTOBOTO 3B’SA3KY.
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MeTtoa. AHTeHa MOXKe TIPALIOBATH B 8 pi3HUX pexxumax 3a goromoroto 15 PIN-mioxis. Tpancdopmariist popMu mpomeHs gocsira-
€TBCSI 32 PaXyHOK POOOTH aHTEHH y BCiX pexumax. OCHOBHA aHTEHa SIBIISIE COOO0 KPyInii AucK Ge3 CIIOTIB 1 mpu3HavyeHa st pobo-
TH Ha yactoTi 2,4 I'Tu. Tpancdopmartist 4acTOTH 1OCATaeThes UIIXOM 3MiHH 3arajbHOT eIeKTPHYHOT JOBKUHH CJI0Ta IIUITXOM aKTH-
Ballii IepeMHKayiB y BiAMNOBIIHHUX MOJOKEHHSX B Pi3HUX pekumax pobotu. TpaHchopmarlis cXeMH JOCITaeThCsl LULIXOM 30epeKeH-
HSl OJJHAKOBOI 3arajibHOT €JIeKTPUYHOI JOBXKHUHHU B KO)KHOMY POOOUYOMY PEXHMI LIIAXOM 3MiHH IOJIOKEHHS IePEMHKayiB, OpiEHTOBA-
HUX B IIEBHOMY HalpPsIMKY B KOXKHiH ITOJIOBHHI Kojla. AHTEHA MOXeE TPALOBATH B 8 Pi3HUX pexknMax 3a gornomororo 15 PIN-mioxis.
Tpancdopmarist GopmMu IPOMEHsT JOCATAETHCS 32 paXyHOK poOOTH aHTEHH y BCiX pexkuMax. OCHOBHA aHTEHa SIBIISE COO0I0 KpyTiauid
JIucK 6e3 cioTiB i mpu3HaueHa as pobotu Ha wactoti 2,4 I'Tn. Tpanchopmamis 9acTOTH JOCSATA€ThCS IUIIXOM 3MIHM 3arajbHOI
SJICKTPUYHOI JOBXKUHH CJI0Ta HUISXOM aKTHBALl NepeMHUKadiB y BIATIOBITHUX MOJOXKEHHAX B PI3HUX pexumax podotu. Tpancdop-
Mallisi CXeMH JOCATAETHCS IUIIXOM 30epeKeHHS 0JTHAKOBOT 3araJIbHOT €JISKTPUYHOT JTOBXXHHH B KOXKHOMY pOOOUOMY PEIKHMI IUISIXOM
3MIiHH TI0JIO)KEHHSI IePeMUKaYiB, OPi€HTOBAHHUX B IEBHOMY HAIPSMKY B KOXHII MOJIOBHHI KOJIa.

Pe3yabTaTn. Byno po3po6ieHo Mosielb i IPOBEICHO eKCIIepHMEHTaIbHE MO/ICTIOBaHHs 3 Bukopuctanusam Ansys HFSS.

BucHoBku. [IponoHoBaHa anTeHa HajamroBana Ha Tpu 4actotu: 2,2 [T, 4,98 TTu i 5,72 I'T'1 mpu po6oTi B peskuMi 3MiHHU (o-
pMHE giarpaMu copsMoBaHOCTi. OHOYACHA 3MiHA YaCTOTH pa3oM 3 (OPMOIO JocsraeThes 3 Benukoro (Ha 6,2 I'Th, 8,2 T i 9 I'T'm)
a00 MEHIIOO KITBKICTIO HOBHX cMYT 9acToT (Ha 7,1 I'T'm), Hixk B pexxumi nepetBopenHs Gopmu. [lnoma, sky 3aiimae aHTeHa, CTaHO-
BHUTH 40 X 60 MM, IIpuitHATHE TOCHIIEHHS TOCATAETHCS Y BCIX pekHMax poboT. Buroroneno nmporotun po3pobieHol aHTeHH, pe-
3yJIBTaTH MOJICIIIOBAHHS I ITBEPIKYIOTHCS €KCIIEPUMEHTAIIBHO.

KJIFOYOBI CJOBA: yacToTHEe pO3HECEHHS, qiarpama CpsIMOBaHOCTI, pekoH(DirypoBani anTenu, PIN-mionu, kpyrosa miarpa-
Ma, palio4acTOTHHUI NepeMuKay, HOCHICHHSI.
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METHOD FOR SELECTING A CLASSIFIED TRAINING SAMPLE FOR
RADAR’S ELEVATION CHANNELS

Semenov D. S. — Chief designer of surveillance radars of Scientific and Technical Department State Enterprise “Sci-
entific and Production Complex “Iskra”, Zaporizhzhia, Ukraine.

Piza D. M. — Dr. Sc., Professor, Professor of Radio Engineering Department, National University “Zaporizhzhia
Polytechnic”, Zaporizhzhia, Ukraine.

ABSTRACT

Context. Under conditions of simultaneous exposure to active and passive interference, the passive component decorrelates the
active component of the combined interference in the receiving channels of the surveillance radar, which significantly reduces the
effectiveness of its suppression. Therefore, in order to adapt the weight coefficients of the spatial filter during spatio-temporal proc-
essing of radar signals, it is necessary, by one method or another, to form a classified training sample generated only by active noise
interference.

Objective. The goal is to optimize the choice of a method for generating a classified training sample for various elevation chan-
nels of the radar field of view, taking into account the predicted distribution of passive interference in range.

Method. An analytical assessment of the distribution of the most powerful Cb type cumulonimbus cloud systems, followed by
mathematical modeling of the effectiveness of the active noise suppression using various training samples generation methods.

Results. Based on the performed analytical calculations, it was shown that in the upper part of the field of view of surveillance
radar in the sector of elevation angles from 6° to 30°, the upper boundary of Cb type clouds does not exceed 75 km, which guarantees
the absence of passive interference at the end of the radar range. This makes it possible to form a training sample at a time interval
located before the radiation of the next probe pulse. In the lower part of the field of view in the sector of angles 0° to 6°, the upper
boundary of the clouds is located at a distance of 75-270 km, which does not allow the formation of a training sample at the end of
the radar range. It is proposed to use the correlation method, in which the time interval for the formation of the training sample is
determined by the “on the fly” analysis of the magnitude of the inter-channel correlation coefficient. The choice of the interval with
the highest value of inter-channel correlation during the repetition period allows us to form a training sample with the least influence
of passive interference on the process of suppressing the active component of the combined interference. As a result of modeling, it
was found that the use of a training sample significantly reduces the duration of the transient process when forming the weight coef-
ficients of the spatial filter and, accordingly, improves the quality of the suppression of active interference.

Conclusions. The scientific novelty of the work lies in the fact that for the first time the problem of individual selection of a clas-
sified training sample for the surveillance radar elevation channels has been solved. Practical significance consists in the develop-
ment of a methodology for analyzing the location of the most powerful cloud systems in range in the radar field of view with varying
degrees of influence of passive interference in elevation channels in a real signal-noise environment. To the practical novelty should
also include the results of simulation modeling, which confirm the need to choose a method for generating a classified training sam-
ple in different elevation channels of the radar viewing area should also be attributed.

KEYWORDS: combined interference, classified training sample, modeling, inter-channel correlation coefficient modulus.

ABBREVIATIONS Gin — jamming variance.
JK — jamming canceller;
ANI — active noise interference; INTRODUCTION

CTS - classified training sample;

MICC — magnitude of the inter-channel correlation
coefficient;

PI — passive interference;

SF — spatial filter.

In real-world operating conditions, both active noise
interference and passive interference (PI) can affect a ra-
dar [1]. An active noise interference (jamming) is created
by sources of independent continuous noise emissions
located in the far zone of the antenna, such sources are
point-like in range and angular coordinates. Passive inter-
ference (clutter) is a radar signal reflected from the under-
lying surface of the Earth, hydrometeors or chaff and is
. non-stationary in nature. With the combined effect of the
k - complex value of the weight coefficient; jamming and passive interference, the passive interfer-
R; — Earth radius; ence decorrelates the active component of the combined

. interference in the receiving channels of the radar [2, 3].
Under these conditions, in the distance sections in the

NOMENCLATURE
h — height of the upper limit of clutter;
ho — radar position height above ground level;

U, - complex value of the interference voltage in the

main channel; angular directions where the passive interference is pre-
Uy - complex value of the interference voltage in the =~ dominant, the compensation of active interference be-
compensation channel; comes problematic [4]. In addition, the presence of pas-

sive interference, which in the general case has non-

‘p‘ — inter-channel correlation coefficient modulus; 4 the !
stationary nature, leads to a significant delay of transients
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during adaptation of spatial filters [4, 5]. This is due to the
degradation of the SF weighting coefficients when com-
pensating for active interference at the range intervals
over which the PI operates. In [6], an attempt was made
under the conditions of combined interference to apply
the alternate adaptation of the subsystems of spatial and
temporal radar signals processing. However, the random
nature of the passive interference distribution at range
intervals did not allow to obtain a significant improve-
ment in radar noise immunity.

Thus, in order to effectively suppress the active com-
ponent of the combined interference in elevation chan-
nels, it is necessary to form a classified training sample
generated only by the active interference.

1 PROBLEM STATEMENT

There are various methods for the formation of CTS
[7] . For the formation of CTS, time, frequency or correla-
tion differences in the structure of active and passive in-
terference can be used. In real conditions of radar func-
tioning, elevation channels are affected to varying degrees
by passive interference. In the lower elevation channels,
passive interference reflected from the underlying surface
of the Earth has a greater effect. In the upper elevation
channels, interference reflected from hydrometeors or
chaff has a greater effect.

Thus, for the design of interference suppression sys-
tems, it is necessary to optimize the choice of methods for
the formation of CTS. It is also necessary to take into
account the general laws of the distribution of cloud sys-
tems in the Earth’s atmosphere [8], which affect the dis-
tribution of passive interference in range in elevation
channels. The task solved in this article is to develop a
methodology for choosing methods of forming a classi-
fied training sample in elevation channels of a typical
surveillance radar.

2 REVIEW OF THE LITERATURE

A number of publications are devoted to improving
the efficiency of spatio-temporal processing of radar sig-
nals under the influence of combined interference. The
most promising of them are adaptive systems capable of
automatically suppressing active interference signals
without a priori information about the interference envi-
ronment, improving the reception of a useful signal [9].
However, with the simultaneous exposure to jamming and
clutter, the efficiency of existing adaptive systems of spa-
tio-temporal processing significantly deteriorates due to
jamming decorrelation by clutter.

In many well-known technical solutions, it is proposed
to use a fixed time interval located at the end of the radar
range for the formation of a CTS [11, 12]. The proposed
technical solutions are based on the a priori assumption
that the intensity of passive interference decreases with
increasing range. Moreover, the presence of a fixed inter-
val simplifies the implementation of the method.

However, with spatially distributed cumulonimbus
cloud systems of type Cb, the intensity of the reflected sig-
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nals at the maximum range of the radar in the lower eleva-
tion channels of the field of view can significantly exceed
the inherent noise of the receiver, as well as the level of the
ANI. This does not allow effective suppression of the ac-
tive component of the combined interference.

In [13], a method for generating a CTS was proposed,
in which the calculation of weighting coefficients is per-
formed in the frequency range shifted relative to the
working frequency range of the radar. However, due to
the differences in the central frequencies of the interfer-
ence used to form the SF weighting coefficients and the
center frequency of the spectrum of the useful radar sig-
nal, the suppression coefficient of the ANI deteriorates
significantly [13]. To increase the ANI suppression coef-
ficient at the signal frequency, an automatic measurement
of the phase difference due to the frequency difference
between the ANI and the signal, with the subsequent ad-
justment of the noise phase in the compensation channel,
was proposed in [14]. This significantly complicated the
implementation of the proposed method.

In [15, 16], a correlation method was proposed for
generating a classified training sample, using the natural
non-stationarity of passive interference in time (in range).
Such non-stationarity is characteristic of signals reflected
both from hydrometeors and from chaff cloud, which
have a point-like character. The proposed method is based
on the use of a posteriori information regarding the distri-
bution of passive interference in range.

Taking into account the fact that under the influence
of both ANI and passive interference, the passive interfer-
ence decorrelates the signals generated by a point source
of ANI in the receiving channels of the radar, it seems
possible to estimate the distribution of the module of the
interchannel correlation coefficient over the range sec-
tions. In this case, according to the known values of the
MICC, a time interval is selected for adapting the weight
coefficients of the jamming canceller with the maximum
correlation value, which corresponds to the lowest level
(or absence) of passive interference.

MICC |p| can be calculated using the “sliding win-

dow” method at intervals consisting of m range samples

U,U;

U,

U’

(M

The number of samples m to be averaged in expres-
sion (1) is determined by the adaptation time of the spatial
filter weight coefficients. If in the expression for calculat-
ing the weighting coefficient of jamming canceller

k= UOUZ (U,{UZ)_1 , as well as in the expression for
MICC (1), the averaging intervals are the same, then the
calculation of the weight coefficient and MICC are per-
formed in parallel and synchronously. Thus, the possibil-
ity of real-time radar operation is provided. For example,
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with a useful signal duration of 1 ps, the duration of the
transient process during the formation of the weight coef-
ficient, and, accordingly, the formation of the MICC, can
be approximately 10 ps.

3 MATERIALS AND METHODS

Taking into account the variety of methods for gener-
ating CTS and the varying amount of passive interference
in elevation radar channels, it seemed appropriate to de-
velop a methodology for selecting methods for generating
CTS in elevation channels of surveillance radars during
their design or modernization.

The morphological classification of clouds consists of
10 forms, 20 species and 36 varieties [8]. In this regard, it
seems advisable to consider only those types of clouds
that can cover a significant part of the radar field of view
in azimuth, range and altitude, creating the most difficult
conditions for the operation of SF. The main data on these
types of clouds are given in table 1. From the table 1 it
follows that the most difficult conditions for the operation
of SF arise when exposed to passive interference reflected
from cumulonimbus clouds of the species Cb.

Table 1 — Data on the considered forms of clouds

. The height of the |Layer thickness,
Abbrevition Type lower boundary, km km
As altostratus 2...6 1...2
Sc stratocumulus 0.5...1.5 0.2...0.8
Ns nimbostratus 0.5...1.9 2.3
Cb cumulonimbus 0.6...1.2 3...8

Let us analyze the location of the passive interference
layer reflected from Cb types clouds on the radar’s range
depending on the elevation of the radar beam and the
height of the position of the radar above sea level.

Let us consider the geometry of the problem (Fig. 1)
on the plane containing the center of the Earth C and the
radar’s beam OA. Earth’s surface can be approximately
represented by a circle of radius R3. Let the height of the
position of the radar above sea level be — h0 , height of
the upper limit of passive interference — h. In this case,
the upper limit of passive interference can be represented
by a circle with the center at the point C with a radius of
R3 + h. The point of intersection of a radar beam with a
circle of radius R3 + h corresponds to point A in Fig.1.

It is necessary to determine the position of the upper
limit of passive interference on the radar range scanning,
i.e. determine the length of the segment OA.

Let’s introduce a polar coordinate system with a pole
in point O and a polar axis OM, corresponding to zero
elevation. Let the angle of the point A be denoted as 0.
The equation of a circle of radius a with center at the
point (r0, 60) in the polar coordinate system r, @ is de-
fined as [12]:

P2 - 2rry cos(p—0g) + r02 =a’. 2)

where 7 is the polar radius; ¢ — polar angle; (ry, 6y) — co-
ordinates of the center of the circle.
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Figure 1 — Geometry of the problem
Taking into account (2), the coordinates of the center

of the Earth C(Rz+%y,—90°) and the notation intro-

duced, the equation of the circle corresponding to the up-
per limit of the passive interference is defined as:

P - 2r(Ry + )cos(90° + q))+ (Ry + hg )2 =(Ry + h)2 , (3

or
I’2+21"(R3 +h0)sin(p+(R3 +h0)2—(R3 +h)2:0. (4)

Since the polar angle ¢ coincides with the elevation

angle 0 in the introduced coordinate system, the desired
segment OA is determined by solving equation (4) with
respect to the substitution ¢ =0 .

The discriminant of an equation is defined as:

D/4=(Ry+ho P sin?0—(Ry + o 2 +(Ry + A . (5)

By the condition of the problem % > h, therefore, the
discriminant (4) will be positive, and equation (4) will
have two real roots:

1”1,2 = —(R3 + ho)Sil’l 0+

6
J_r\/(R3 +hy)? sin? 0—(Rs +hy)* + (R +h)> . ©

An analysis of expression (6) and the conditions of the
problem shows that only a positive root will be its solu-
tion, while the second (negative) root will correspond to
the second intersection point of the OA line (containing
the radar beam) with the circle. Finally we have:

04 :\/(R3 +hg)?sin? 0—(Ry +hy)? +(Ry + h)* —
—(R3 + ho)sin 0.

(M
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4 EXPERIMENTS

Let us apply the obtained dependence of the distance
on the height of the border of passive interference (PI) to
the radar 36D6 of Ukrainian production, which is used in
air defense systems in many countries of the world. The
radar has two fields of view in elevation, called “lower”
(0 ... 6 °) and “upper” (6 ... 30 °). The values of angles in
elevation of the radar beams are given in table 2.

Table 2 — The values of angles in elevation of the radar
36D6 beams

Beam number

Elevation angle, degree

Lower field of view Upper field of view
1 0.75 9
2 2.25 15
3 3.75 21
4 5.25 27

The dependence of the distance on the height of the
upper boundary of passive interference (clouds of Cb
type, as shown it table 1) for the elevation beams of the
36D6 radar is shown in Fig. 2 (upper zone) and Fig. 3
(lower zone).

300

——— bzam1

———bzam 2
beam3 |[
— . —~bzam4

200 J

180 F 1

Range, km

100 1

Height, km

Figure 2 — The dependence of the distance on the height of
the upper boundary of passive interference for the upper zone

300

150} P
100 F / s e

50t - d_,ﬂ -

1 2 3 4 5 B 7 8 El
Heght, km
Figure 3 — The dependence of the distance on the height of
the upper boundary of passive interference for the lower zone
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Analysis of Fig. 2 shows that with the height of the
upper limit of passive interference equal to 9 km, at the
end of the range there will be an area free from interfer-
ence for the formation of CTS. So, for example, for the
Ist beam of the upper zone, the upper limit of passive
interference will correspond to a distance of about 75 km
75 kM, for the 2nd one — 35 km, for the 3rd and 4th — 25
and 20 km.

As follows from Fig. 3, the upper boundary of Cb type
clouds in 1-4 beams of the lower zone will be located at a
distance from 70 to 270 km. Therefore, the formation of
CTS in the elevation channels of the lower zone of the
36D6 radar according to the method proposed in [11, 12]
cannot be ensured under real operating conditions.

An acceptable method for the formation of CTS in the
elevation channels of the lower zone may be the correla-
tion method proposed in [15, 16]. In the proposed
method, a real-time “on the fly” estimation of PI distribu-
tion in range in each elevation channel is carried out.
Such estimation is made by calculating the MICC for the
range interval. Moreover, taking into account the natural
unsteadiness of the PI in range, CTS is formed in the time
interval with the maximum value of the MICC, at which
the PI has the lowest level.

5 RESULTS

The Simulation of a spatial filter was carried out in
graphical extension SimuLink of MATLAB computing
environment. The simulation was carried out for the case
when the active noise interference affected the direction
of the side lobes of the antenna pattern of the main chan-
nel. In this case, in the direction of the active noise inter-
ference source, the gain of the compensation antenna was
equal to the gain along the side lobe of the main antenna.
Passive interference was acting from the direction of the
main lobe of the antenna pattern of the main channel. The
gain of the main antenna was 20 dB higher than the gain
of the compensation antenna.

Under these conditions of external influences on the
spatial filter, interference signals in the reception channels
were set as follows:

— the ratio of the active interference dispersions to the
noise dispersion in the reception channels is equal in the
interval equal to the inter-pulse period;

— the ratio of the dispersion of passive interference to
the dispersion of noise: in the main channel is 30 dB, in
the compensation channel is 10 dB;

— passive interference was set at intervals (0-50) and
(300—400) ps within the inter-pulse period. In this case,
the dispersion of passive interference at the intervals of
the range within the inter-pulse period varied within 3 dB.

The following parameters were monitored during the
simulation:

— waveforms of signals at the input and output of the
spatial filter;

— the magnitude of the inter-channel correlation coef-
ficient;

— the magnitude of the weighting coefficient;

— active noise interference cancellation ratio.
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Under the specified modeling conditions, for the dis-
persion of active noise 0124 ;7 in reception channels equal
to 10 dB, we got the results are presented as shown in
Fig. 4-7:

— in Fig. 4 shows the signal U, 0 acting at the input of

the main channel of the spatial filter in the current inter-
pulse period (0-500) ps. An signal with compensated
active influence is also shown, acting at the output of the
spatial filter in the next inter-pulse period (500—1000 ps).

Such latency occur due to the delay of the U o, and U X

signals for the CTS formaion time.

Amplitude

Time (seconds) x 107

Figure 4 — The signal at the main input (0—500) ps and at
the output (500-1000) ps of spatial filter

— Fig. 5-8 show the distributions of the normalized
MICC |p|, the weighting coefficient magnitude ‘k‘ and

the interference cancellation ratio Ky on the interval (0—
500) ps, where the classified training sample is formed, as
well as on the interval (500-1000) ps, where it is used.

From Fig. 5 it follows that the maximum value of |p| in
the interval (0-500) s of the current inter-pulse period is
reached at a time moment corresponding to 300 ps. At the

end of the current inter-pulse period, in accordance with
the proposed algorithm, the formed weighting coefficient

k,,, is selected according to the maximum |p| value
max

to compensate the active interference delayed in the delay
lines of the spatial filter for the one repetition period.

P .

0 0.1 02 03 0.4 0.5 06 0.7 08 09

Time (seconds) x 107

Figure 5 — The distribution of the normalized MICC at
intervals of formation (0-500) ps and using (500—1000)
s of the training sample
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Figure 6 — The distribution of the weighting coefficient magni-
tude at intervals of formation (0-500) pus and using (500—1000)
s of the training sample

From Fig. 6 (with ¢, equal to 10 dB) and Fig. 8

(with 67, equal to 30 dB) it follows that at intervals of

the presence of passive interference (0-50) ps and (300—
400) ps, the weight coefficient modulates it, violating the
inter-period correlation. After the formation of a classified
training sample by the proposed method, the modulation
of passive interference does not occur.

[} 0.1 0.2 03 04 05 06 o7 08 09 1
Time (seconds) x 10

Figure 7 — The distribution of the cancellation ratio at intervals
of formation (0-500) pus and using (500-1000) ps of the training
sample

In Fig. 7 shows the efficiency of active interference
suppression both on the interval of training sample forma-
tion and on the interval of its use (as the dependence of
the suppression coefficient vs. time) The decrease in the
suppression coefficient at the intervals of (0-50) ps and
(300—400) ps during the formation of the CTS, as well as
at the intervals (500-550) ps and (800-900) pus when we
using CTS, is explained by decorrelation of the active
interference by passive interference, which is confirmed
by Fig. 1.

This is determined by the excess of passive interfer-
ence over active. Comparison of the time of increase in
the suppression coefficient during the formation of CST
(starting from the 50th microsecond) and when using CST
(starting from the 550th microsecond) shows that after the
formation of the training sample, the duration of the tran-
sition process decreases significantly. So, during the for-
mation of the training sample, the duration of the transi-
tion process (until the coefficient of suppression reaches
the value Ki; = 6dB) is 200-50 = 150 ps.

In the interval of using the CST, the duration of the
transition process (until the coefficient of suppression
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reaches the value Ky = 6dB) is 575-550 = 25 ps. Based
on the results obtained, it can be considered that under the
conditions of unsteady passive interference, the proposed
method for processing radar signals will increase the radar
interference immunity.

Magnitude
|
{
T

0 U.l ':.‘.2 '_'-.U lJ-l 3.!:‘ C'.U U-'-‘ U.E I}I‘J 1
Time (seconds) x 10~

Figure 8 — The distribution of the cancellation ratio at intervals
of formation (0-500) ps and using (500-1000) ps of the training

sample with active interference variance Gi 7 =30dB

6 DISCUSSION

A comparative analysis of two methods for forming a
classified training sample based on the general distribution
pattern in space of the most powerful Cb type cumulonim-
bus clouds showed that it is necessary to use different
methods to increase interference immunity in different ele-
vation channels. So, in the upper part of the field of view it
is rational to use the a priori method, i.e. use the time inter-
val located at the end of the radar range, with a guaranteed
absence of passive interference. In the lower part of the
field of view, where such an interval is absent, the a poste-
riori method with the “on the fly” correlation analysis of
the presence/absence of passive interference at range inter-
vals is more preferable.

In this case, by choosing the interval with the highest
value of MICC, you can select the time interval with the
lowest level of passive interference to adapt the weight
coefficient of the spatial filter.

CONCLUSIONS

Based on the performed analytical calculations, it was
shown that in the upper part of the field of view of surveillance
radar in the sector of elevation angles from 6° to 30°, the upper
boundary of Cb type clouds does not exceed 75 km, which guar-
antees the absence of passive interference at the end of the radar
range. This makes it possible to form a training sample at a time
interval located before the radiation of the next probe pulse. In
the lower part of the field of view in the sector of angles 0° to 6°,
the upper boundary of the clouds is located at a distance of 75—
270 km, which does not allow the formation of a training sample
at the end of the radar range.

It is proposed to use the correlation method, in which the time
interval for the formation of the training sample is determined
by the “on the fly” analysis of the magnitude of the inter-
channel correlation coefficient. The choice of the interval with
the highest value of inter-channel correlation during the repeti-
tion period allows us to form a training sample with the least
influence of passive interference on the process of suppressing
the active component of the combined interference. As a result
of modeling, it was found that the use of a training sample sig-
nificantly reduces the duration of the transient process when
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forming the weight coefficients of the spatial filter and, accord-
ingly, improves the quality of the suppression of active interfer-
ence.
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MOJITEXHiKa», M. 3aopixoKs, YKpaiHa.

AHOTANLIA

AkTyanabHicTb. [Ipn ogHOYacHOMY BIUIHMBI aKTHBHOI 1 TACHBHOI 3aBajii OCTaHHS IEKOPEIIOE€ aKTUBHY CKIIAJ0BY KOMOiHOBaHOL
3aBaqy B MpuiHOMHUX KaHanax PJIC BusBIIEHHS i cynmpoBOIy, IO iCTOTHO 3HIDKYE €PEeKTUBHICTS ii kKommeHcanii. Tomy mpu mpocto-
poBo-dacoBiif 0OpoOIl pamioNoKamifHUX CHTHAIB HEOOXiJHO THM UM IHIIMM METOAOM c(opMyBaTH KiIAacH(piKOBaHy HaBYAIbHY
BHOIPKY, TOPOJPKEHY TIJIbKM aKTHBHOIO IITYMOBOIO 3aBaJI0I0 JUIS aJanTallil BArOBUX KOS(]illiEHTiB IPOCTOPOBOTO (iNbTpa.

MeTtoa. AHaiTHYHA OILiHKA PO3MOAUTY HaHOUIBII MOTY)KHHX KyIT4acTO-IOLIOBHX XMapHUX cucteM Buay Cb 3 momanpmiuM ma-
TEMaTHYHUM MOJEITIOBAaHHSIM €()eKTHBHOCTI MPUYIICHHS aKTUBHUX 3aBaJl 3 BUKOPUCTAHHAM Pi3HUX METOAIB ()OpPMyBaHHS HaBUYaIIb-
HOI BHOIpKH.

PesyabraT. Ha migcraBi npoBeeHNX aHATITHYHAX PO3PaXyHKIB MOKA3aHO, II0 Y BEPXHiil yacTHHI 30HU orisiy TunoBoi PJIC
BHSIBJICHHS 1 CyIIPOBOY B CEKTOPI KyTiB MicId Bix 6° 1o 30° BepxHs Mexa xmap Buay Cb He mepeBuiiye 75 KM, 10 TapaHTYE BiaCy-
THICTh IACHBHUX 3aBaj B KiHIi ganbHOCTI nii PJIC. Lle no3Boinsie chopmyBatu HaBYadbHY BHOIpKY Ha 4acOBOMY iHTEpBalli, pO3Ta-
IIOBAHOMY IIepe]] BUIPOMIHIOBAHHSIM YEpProBOI0 30HIYIOUOTO IMITyJIbcy. Y HIDKHIH YacTHHI 30HH OIVINy B cekTopi KyTiB 0° mo 6°
BEPXHS MeXa XMap PO3TalIOBYETHCS Ha JAIBHOCTI 75-270 kM, 0 He J03BOIsiE chOPMyBaTH HaBYAIbHY BUOIPKY B KiHIII JaJIBHOCTI
nii PJIC. 3anpornoHoBaHO BUKOPUCTOBYBATH KOPEISAMIHHMI METOM, IPH SIKOMY YacOBHH iHTepBaJI JIs (OpPMyBaHHS HaBYAIHHOI BH-
OipKM BH3HAYAETHCS MUITXOM MOTOYHOTO aHANI3y BEJIMYMHH MOJIYJSl MiKKaHAIBHOrO KoedimieHta kopensuii. Bubip inTeppany 3
HAMOLIBIIMM 3HAYCHHSM MIKKAHAJIbHOT KOPEJISIIii MPOTArOM IMepiojgy MOBTOPEHHS J03BOJsE€ chHOpMyBaTH HaBYabHY BHOIPKY 3
HaMEHIIINM BIUIMBOM IaCHBHOI 3aBaJi Ha MPOLEC KOMIICH ALl aKTUBHOT CKJIaJ0BOi KOMOiHOBaHOT 3aBau. B pe3ynbrati Mozeto-
BaHHs BCTAHOBJIEHO, 1110 BUKOPUCTAHHS HABYAJILHOI BUOIPKH i1CTOTHO 3MEHIIY€e TPHBAJICTh MEPEXiHOro mpouecy npu GopMyBaHHi
BaroBUX Koe(ili€eHTIB MPOCTOPOBOTO (HINBTpA 1, BIAMOBIAHO, IIOKPAIIYE SKICTh MPUAYILICHHS aKTHBHOI 3aBa/IH.

BucnoBku. HayxoBa HOBU3Ha pOoOOTH IMOJISITAaE B TOMY, IO BIEPILE BHPIIICHA 3a7a4a 1HAMBITyalbHOTO BUOOPY KiacH(ikoBaHOL
HaBYaJIbHOI BHOIPKH A1t KyToMicieBuX KaHaniB PJIC BusBIEeHHS i cynpoBoy.

[IpakTraHe 3HAUCHHS MOJSTae B Po3poOIli METOAWKH aHAli3y PO3TAllyBaHHS HAHOUIBII MOTYXHUX XMApPHUX CHCTEM MO JAlb-
HocTi B 30Hi orysiny PJIC 3 pi3HUM cTyneHeM ypaKeHHsS KyTOMICLEBHMX KaHAJIIB NMACHBHMMH 3aBaJlaMH y PEAIbHIH CHUTHAJIBHO-
3aBaJIoBiif 00cTaHOBILI. J[0 MPAaKTUYHOI HOBH3HU TAaKOX CJIiJ] BiTHECTH Pe3yJIbTAaTH IMITAI[IHHOr0 MOJEIIOBAaHHS, SIKi MiATBEP/IKYIOTh
HEeOoOXiHICTh BUOOpPY MeToxy (opmyBaHHs Kiacu(pikoBaHOT HaBYaIbHOI BUOIPKH B PI3HMX KyTOMICLEBHX KaHalaX 30HH OLJISAY
PJIC.

KJIFOYOBI CJIOBA: komGiHOBaHa 3aBaja, KiacH(pikoBaHa HaBYalbHA BHOIpPKa, MOAETIOBAHHS, MOIYJb MiKKaHAJIBHOTO
KoedimieHTa KOPesii.
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AHHOTAL U
AKTyaJIbHOCTB. [Ipy 01HOBpEMEHHOM BO3JCHCTBUM AKTUBHOM U ACCUBHOM IIOMEXU IOCIEAHSASA JEKOPPEIUPYET aKTUBHYIO CO-
CTaBJISIONIYI0 KOMOMHUPOBAaHHON MOMEXH B MpHeMHEIX KaHanax PJIC oOHapy»keHHsI ¥ COPOBOXKACHHUS, UTO CYIIECTBEHHO CHIDKAET
3¢ eKTUBHOCTE ee KoMIeHcauuy. [109ToMy mpu MpocTpaHCTBEHHO-BPEMEHHOH 00paboTKe paIoIOKAIIMOHHbBIX CUTHAIOB HE00X0-
JUMO TE€M WM MHBIM METOZOM CpOpMHPOBATH KIACCHHIMPOBAHHYIO OOYYaIOIIyI0 BBIOOPKY, MOPOXKACHHYIO TOJBKO aKTHBHOM
[IyMOBOM IIOMEXOH JUIs aAalTalliyi BECOBBIX KO3()(GHIUEHTOB MPOCTPAHCTBEHHOTO QUIIBTPA.
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MeToa. AHaIUTHYECKas OLCHKA paclpeieieHns Hanbojee MOIIHBIX Ky4eBO-TOXKIeBBIX 00madHbIX cucteM Bupa Cb ¢ mocie-
JYIOIIMM MaTeMaTHYeCKUM MOJeInpoBaHueM 3()(HEeKTUBHOCTH MOJABICHHS aKTHBHBIX IIOMEX C MCIIOJIb30BAHHEM PA3JIMYHBIX METO-
JI0B (hOPMUPOBaHUS 00YUAIOIICH BEIOOPKH.

PesyabTaTthl. Ha 0OcHOBaHMM IPOBENCHHBIX AaHAIUTHYECKUX PAcyeTOB IOKAa3aHO, YTO B BEpXHEH 4acTH 30HBI 0030pa TUIOBOH
PJIC oOHapy»eHHs1 U COIIPOBOXKACHUS B CEKTOpe YrioB Mecta oT 6° 1o 30° BepxHsst rpaHuua obnakos Buga Cb He mpesbimaer 75
KM, 9TO TapaHTHUPyeT OTCYTCTBHE NMACCHUBHBIX MOMEX B KoHIE AambHOCTH aAeiictBus PJIC. OTo mo3Bomster chopmupoBats 00ydaro-
IIyI0 BBIOOPKY HA BPEMEHHOM HHTEPBAJE, PACIIOI0KEHHOM Iepe]] N3TyUYeHHEM OUepeTHOTO 30HIUPYIOIETO UMITyIbca. B HipkHEH
4acTH 30HBI 0030pa B cekTope yrinoB 0° 1o 6° BepXHsIs TpaHHIa 00JIAKOB pacloiaraeTcst Ha JanbHOCTH 75-270 KM, 94TO HE MO3BOJISIET
chopMmupoBaTh 00ydaronyio BEIOOpKY B KoHIE mansHoct jerictBust PJIC. IIpennoskeHo HCIONB30BaTh KOPPETAMOHHBI METON,
IIPY KOTOPOM BPEMEHHOW MHTEepBall IJisi (POPMHPOBaHUs 00ydaromieil BBIOOPKY ONpeessieTcs IyTeM TEKYIIEero aHalli3a BeJIHYHHbI
MOJIyJIsl MeXKaHaJbHOTO Koddduimenrta xoppensnun. Beibop nHTepBana ¢ HauOONBIINM 3HAYCHUEM MEKKAHAIBHOH KOPPEJISILMU B
TEUEHUH TEPUOAa MOBTOPEHHUS MO3BOJISIET CPOPMHUPOBATH OOYUAOLIyI0 BBIOOPKY C HAMMEHBIIUM BIMSAHHEM MACCHBHON MOMEXM Ha
MIpOIecC KOMIICHCAIIMM aKTUBHOM COCTaBIAOLIell KOMOMHHUPOBAHHOM NMOMEXH. B pesynbpraTe MOIETMPOBAaHHS yCTAHOBJIEHO, YTO
HCTIONB30BaHUe 00ydJaromeil BRIOOPKH CYIIECTBEHHO yMEHbBIIAeT JUINTENFHOCT NEPEXOAHOTO Mporecca IpH (HOPMHUPOBAHUH BECO-
BBIX KO3((HIIIEHTOB IPOCTPAHCTBEHHOTO (DMIIBTPA M, COOTBETCTBEHHO, YJIyUIIaeT KAUeCTBO ITOaBICHHUS aKTUBHOW IIOMEXH.

BriBoasl. Hayunast HoBu3Ha pabOTHI COCTOHT B TOM, YTO BIEPBHIE pellieHa 33ja4a WHIMBHAYaIbHOTO BEIOOpa KIACCHHINPO-
BaHHOU 00y4aromei BEIOOPKH ISt yriioMecTHBIX KaHanoB PJIC oOHapyskeHUs U CONPOBOKACHNSI.

IIpakTHyeckoe 3HaYeHHE COCTOUT B pa3pabOTKEe METOJMKU aHAJIM3a PAaCIHOJIOKEHHsS HanboJiee MOIIHBIX OOJIAYHBIX CHCTEM IO
JaJbHOCTH B 30HE 0030pa PJIC ¢ pa3nuyHON CTENEHBIO MOPAKEHUs YITIOMECTHBIX KaHAJIOB ITACCHBHBIMU IOMEXaMH B peajbHOM
CHUTHaIBbHO-IOMEX0BOI o0cTaHOBKe. K mpakTHueckol HOBU3HE TaKXkKe CIEAyeT OTHECTH PEe3ylbTaThl MMHTALIMOHHOTO MOJEIHPOBaA-
HUsI, KOTOPbIC MOATBEPIKAAIOT HEOOXOAUMOCTh BhIOOpa MeToa (hopMUpPOBaHHMs Kitaccu(pHUIMPOBAHHOI 00y4arolieil BHIOOPKH B pa3-
HBIX YTJIOMECTHBIX KaHajax 30HbI 0030pa PJIC.

KJIFOYEBBIE CJIOBA: xoMOnHHpOBaHHAS MOMeXa, KlaccH(UIMpoBaHHAs oOydaromas BHIOOpKa, MOJACTHUPOBAHUE, MOIYIb
MEKKaHAJIBHOTO KO3 (hUIMEeHTa KOPPETSIIH.
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ABSTRACT

Context. The concept of existing computers when achieving nanoscale hardware has almost exhausted itself. This also applies to
computing power and related energy costs. Reversible computing, for example billiard-ball computer, is the base model of the
quantum computing which are considered to be the prospect of IT technology. Billiard-ball computing is energy-effective computing
or green computing. Base of such paradigm are special logic gates. However, the mathematical apparatus for creating such
computers has not yet been fully developed. The problem is that for new reversible elements that have a one-to-one correspondence
between inputs and outputs, the application of well-known methods of analysis and synthesis encounters certain difficulties. So, for
example, it is forbidden to use branching, which significantly complicates the synthesis. Reversible elements should provide signal
transmission in the forward and reverse directions, which is in principle feasible in binary logic based on tri-states buffers, but

significantly complicates the device, increases the crystal area and power consumption, which they are designed to reduce.
Objective. The goal of the work is the analysis of the functionally complete reversible gates that named Toffoli gate, Fredkin
gate, the analysis of the binary full adder, based on Fredkin gates and to design method for circuits based proposed gate.
Methods. Analysis of the digital circuits with Boolean algebra. Synthesis digital circuits with proposed decomposition method.
Design Fredkin gate in term of the FPGA’s Look up Table. Simulation of proposed element in the system NI Multisim by National

Instruments Electronics Workbench Group.

Results. Analysis of the full adder based on Fredkin gates. Synthesis method of the reversible circuits based on Fredkin gates.

LUT based Fredkin gate and it simulation.

Conclusions. The conducted studies allows us to build circuits based on Fredkin gates from proposed novel elements.
KEYWORDS: Quantum Computing, Logic Function, Fredkin Gate, Shannon decomposition or Boolean factorization.

ABBREVIATIONS
CNF is a Conjunctive Normal Form;
DNF is a Disjunctive Normal Form;
FG is a Fredkin Gate;
FPGA is a Field-Programmable Gate Array;
LUT is a Look up Table of FPGAs;
TG is a Toffoli Gate;
XOR is an exclusive OR.

NOMENCLATURE

A is a third Fredkin Gate (or Toffoli Gate) input;

B is a second Fredkin Gate (or Toffoli Gate) input;
C is a first Fredkin Gate (or Toffoli Gate) input;
F1 is a first Fredkin Gate output;
F2 is a second Fredkin Gate output;
F3 is a third Fredkin Gate input;

g is a “trash” output of an Adder;
J(X X9, X0), = T,h g, v,W... s

function;

k is an iteration variable;

p is a first input/output of an Adder;
q is a second input/output of an Adder;

r is a third input or input carry of an Adder;
S is an additional function;

a decomposition

X X,,...X, are the abstract variables;
Z1 is a first Toffoli Gate output;

Z2 is a second Toffoli Gate output;
Z3 is a third Toffoli Gate output.

INTRODUCTION
Quantum computing is actual area of modern science
and technology [1, 2]. It is believed that quantum
computers, that manipulates g-bits and g-bytes, can give a
sharp leap in the memory size and computing power to
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solve many IT problems in the future. The area of
reversible computation is closely related to these studies
[3]. Reversible computation means that we can reverse
calculation process and get input data, for example to
check out computation. Reversible computation is the
base of green computing. For example, so called “billiard-
ball” computing get energy quants (“balls”), in contrast
traditional computing, only online, so power consumption
is many less. In ideal model the same balls can used many
times and turn back to the source. In Quantum computer,
in special quantum logic balls are Q-bits, but this
paradigm can be successfully used in binary logic, binary
computers and digital circuit. As energy quanta in billiard
computers, you can use charges stored on capacitors. In
addition, it can be used for modeling in quantum devices
design. Reversible computing requires novel reversible
gates, for example binary gates. Some of these elements
are TG, FG. Analyze and synthesis reversible gates
circuits have their own characteristics and difficulties, for
example fan-out problem. However, fan-out restricted
allows solving race hazard problem in digital devices.
Therefore, a detailed examination of these features is of
considerable interest.

The object of study are the elementary Quantum
gates and circuits based on binary Fredkin gates [4, 5].

The purposes of the work are to analyze of the full
adder based on binary Fredkin gates and design binary
Fredkin gates circuits synthesis method based on
proposed element, similar LUT FPGA.

1 PROBLEM STATEMENT
Given: Full adder based on FG [9]. There are five
rows of signals p,q,r, including constants 0,1 and five
reversible elements. The internal structure of the Fredkin
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element is not disclosed. The first p and second ¢ are the
bits (“g-bits” in common case) to be added, the third r is
the input carry (carry in). Some of the outputs (p,q) of the
device repeat the inputs (p,q). There are outputs
parityr @ p@® g and carry outrp Vv rq Vv pq. There is
“trash” output g. Every Fredkin gate has own inputs
C,B,A and outputs F1,F2,F3.

In case C=1, F1=1, F2=A4, F3=B. In case C=0,
F1=0,F2=B,F3=A. In the literature [1-17], the problems
of analyze and synthesis FG-circuits, FG realization in
FPGA are not fully covered. There is no detailed
description in terms of Boolean algebra [18].

It is required: perform Boolean analyze of the FG-
full adder, to propose Boolean synthesis method FG-
circuit for a given logic function, perform to design LUT
based FG and it simulation.

Describe every Fredkin gate input like Boolean
function 4; (p,q.7),B;(p,q,7),C;(p,q,r),i =1..5..

Describe every Fredkin gate output like Boolean

ﬁlnCtiOIlFi.i(p,q,}"),thi(p,q,}"),Fé.i(p,q,r),

Prove that the required parity and carry are formed at
the device outputs.

Based on the analysis, to propose a synthesis method
for a given logical function and verify it by completing
the construction of the circuit from the end. Taking logic
function f(xx,,...x,,) to get

A;(x1x7,..%,)), B; (x1x5,..x,,), C; (x1X,..%,, ), 6
F i (qxy,..x,), F5 ;(%g,..%,), 3 ; (%5,...,).

It is need to design element’s architecture based on
LUT FPGA logic elements and to perform simulate the
proposed element.

2 REVIEW OF THE LITERATURE

Currently rises research in reversible computing, in
quantum computing [1-5]. For the quantum operations
special gates are used. Let us consider how they are
described in the literature [1-9] and obtain in detail the
corresponding Boolean functions.

Toffoli gate TG [9], proposed in 1980, is Control-
Control NOT or CCNOT. Toffoli gate’s conditional
symbol and functions shows Fig. 1 and Table 1.

Minimization of the Toffoli gate’s function Z3 by
Karnaugh map and permutation matrix shows Fig. 1.

Here C,B are control inputs (Fig.1). If C=B=1 gate
works like NOT gate. Otherwise, the repeat function of 4
input is implemented on the Z3 output. Expressions (1)
describes Toffoli gate in DNF:

7,(CBA)=C;
Z,(CBA) =B, 1)
73(CBA) = CAv BAv CBA.
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1 1
A Z1
B . 1
c z3 0
a b
0 0
1 1
1 1 1 1
0 1 1 1
c d

Figure 1 — Toffoli gate: a — Conditional Symbol, 4,B,C —
Inputs, Z1,72,73 — outputs; b — C=B=1,4=1,Z3=0;
¢ — C=B=1,4=0,Z3=1; d — if C not equal B, then Z3=A

Table 1 — Toffoli Gate’s Truth Table for the binary logic

Ne C B A Z1 Z2 Z3
0 0 0 0 0 0 0
1 0 0 1 0 0 1
2 0 1 0 0 1 0
3 0 1 1 0 1 1
4 1 0 0 1 0 0
5 1 0 1 1 0 1
6 1 1 0 1 1 1
7 1 1 1 1 1 0
A
B
[ 1 3 2
0 F 1].| o _
| ——1——CA
4 L 5 7 6
0 1 0 [: ] -
l ) T CBA
c -
BA
a
i1 0/0/0 0|0 0 O
0/ 1/0/0 0|0 0 O
0 0|10 0(0 0|0
0 0|0|1 0|0 0O O
0 0|00 1|0 0 O
0 0j0|j0 0|1 0 O
0 0j0|j0 O|O0 O 1
0O 0|0|j0 0|0 1 O
b

Figure 2 — Toffoli gate: a — Truth table as the Karnaugh map;
b — Permutation Matrix

Note that Z3(C14)=CAvCA=C® A

Fredkin gate FG (CSWAP, Controlled swap gate)
proposed supposedly in 1982 together with Toffoli [1-5,
9]. Fredkin gate’s Conditional Symbol and functions
shows Fig. 3 and Table 2.

Minimization of the Fredkin gate’s functions Z2,73 by
Karnaugh maps and permutation matrix shows Fig.4
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A F1 PR W—
B F2 © o
C F3 e => O
a b
—.—

o— O

@—H—> O

c
Figure 3 — Fredkin Gate: a — Conditional Symbol; b — input
green and red balls swapped if C=1 (yellow ball); ¢ — input
green and red balls transit to the same outputs if C=0

Table 2 — Fredkin Gate’s Truth Table for the binary logic

Ne C B A F1 F2 F3
0 0 0 0 0 0 0
1 0 0 1 0 0 1
2 0 1 0 0 1 (1}
3 0 1 1 0 1 1
4 1 0 0 1 0 0
5 1 0 1 1 1 0
6 1 1 0 1 0 1
7 1 1 1 1 1 1
A -
_ ZB/CB
o 1
0 0 1 1 }/
4 5 7 6
0 1 1 0
c
CA
a
A
B
0 1 3 2
o | [ 1) | o
4 5 Tk_‘—:_\CA
o 0 1 )=
CB
(o
b
1/0/ 0/ 0 0O/ 0|00
0/1/0/0/ 0|00 O
0/0|1/0 0|00 O0
0 00|11 OO0 |0
0/0/0|0 /1 0|00
0O/0/0|0 /0|01 0O
0/0| 0|0 0|1 |00
0O 0/ 0/0 O/ O0/0 |1

c
Figure 4 — Fredkin gate: a — Truth table as the Karnaugh
map; b — Permutation Matrix
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Note that the parity is observed in Truth table Fig.4 a:
the number of units is the same at the input and output,
unlike Table 1. Really, in billiard logic it is impossible to
change the number of balls.

Therefore in DNF and Jegalkin Form (Polinom)
present expressions (2):

H=C
F, =CAvCB=CA®CB =
(CAYCB (CA)(CB) = (Cv 4)CBv (CAYC v B) =
=CAv CB; )
Fy=CAvCB=CA®CB=
=(CA)CB v (CA)(CB) = (C v A)CBv (CA)(Cv B) =
=CAvCB.

In F3 C and not C swapped. Let S is additional
Function [9]:
S(CBA)=(A® B)C. 3)

Therefore, we can get expression (4).

F,(CBA)=B®S, A
F(CBA)=A®S. )

Poretsky’s law used CBvB=CvB and common
gluing law ACv ABv CB=CAvCB- expression (5):
(A®B)COB=
=(CABv CAB)Bv (CABv CAB)B =
=CABv (Cv Av BYCv Av B)B =
=CABv (Cv ABv AB)B =
=CABv CBv AB= (5)
= A(CBv B)vCB=
=A(CvB)vCB=
=ACv ABv CB=
=CAv CB.
Similarly, we can prove next:
(ADB)CD A=
=(CABv CAB)Av (CABv CAB)A =
=CABv(Cv AvB)Cv Av B)A=
=CABv(Cv ABv AB)A=
=CABv CAv AB = (6)
=B(CAv A)v CA=
=B(Cv A)vCA=
=CAvCBv AB =

=CBv CA.

Functional completeness not respected for F2,F3. F2
has number 172 and not corresponds Post criterions (exist
truth-preserving and falsity-preserving: saves constants
0.1). F3 has number 202 and not corresponds Post
criterions too (saves constants 0.1). When B=0 for F2, we
get binary number 1000 (conjunction). Conjunction
implementation shows expression (7):
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F,y(CBA) = CAv CB = F,(C0A4) = CA. (7)

When B=1 for F3, we get binary number 1110

(disjunction). Implementation of Disjunction shows
expression (8):
F;(CBA) = CBv CA=> F5(C14)=CBv CA = ®

=CvCA=Cv A
When B=1,4=0 for F2, we get binary number 10

(NOT). Implementation of NOT operation shows
expression (9):
F5(CBA)=CAv CB=>Fy(C10)=C. ©9)

Thus, a Boolean analysis of TG and FG expressions
given in the literature performed. Expressions (7), (8), (9)
describes minimal functional complete sets AND,NOT
(7), (9) or OR,NOT (8),(9).

3 MATERIALS AND METHODS
Let us use Boolean analyze method for the circuit of a
single-bit binary adder based on five Fredkin gates [9] —
Fig. 5.

p —@ P

q T q
r 3¢ carry

sum
0 parity

1 g

Figure 5 — Full adder based on five FG

Note that there are no branches in this circuit. They
are forbidden in reversible logic. Instead, branches are
used repeaters. On the Fig. 5 uses additionally constant
“0” and “1” (ancilla bits).

We get the functions at the output of the first element
(the inputs “p”, 0,1 to the left of the vertical bar, the
outputs F). We get the expression (10):

F(CBA)=C=F ,(p,0,1)=p;
F,(CBA)=CAv CB=> F,,(p,0,1) = pl v p0 = p;

_ - SN0
F,(CBA)=CAv CB= F,(p,0,1) = plv p0=p.

So we have outputs of first gate — Fig. 6.
1 F1.1

5

q
3
r l carry
a4 sum
parity

1 . g
Figure 6 — Analysis of first FG
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Then it is necessary to get outputs of second gate —
expression (11):

F(CBA)=C= Fy (4, p,p) = p;
F5(CBA)=CAvCB= F55(q.p,p)=qpvqp=9®p; (11)
F3(CBA)=CAv CB = F5(q,p,p)=qpVvqp=q®p.

In terms of the Fredkin gate, it sounds like this: bits 0
and 1 are swapped places if the control signal =1 (is set),
that is, when p = 1, signal 0 appears at the output of F1.2,
and at the output of F1.3 appears 1. These crosses mean
“swap”. Analyze of the second element shows Fig. 7.

1 F1.1
p —>@ > p
2 F2.1 q 5
q ® ¢
r carry
4 sum
0 & parity
1 g

=]

qep
Figure 7 — Analysis of second FG
Thus, at the outputs of 2.2, and at the output of F2.3

the input bits 0 and 1 again change places if p = g. We
analyze the third element:

F(CBA)=C= F, (r,(q® p).(g ® p)) =7;
Fy(CBA)=CAv CB=> Fy,(r,(q® p).(q® p) =r(g® p)v r(q® p) =

=r®pdg; (12)
F5(CBA)=CAv CB= Fy5(r,(¢® p),(¢® p)) =r(q® p)vr(g® p)=

=r®pdyq.
Thus, we get Fig. 8.

1 p
r —@ p
2 5 — -
q I 1=

q & @ q rpeqvriPeq

=repeq

rpeq Vv riPeql=
=TFepeq

g
Figure 8 — Analysis of third FG

We see that indeed at the second output of the third
element a sum or a sign of parity is formed, in fact — not
parity. The control signal is the sum »@® p @ g because it

passes in transit to the output (parity). Other signals are
r®&op®q. So forth element
following functions:

and implements the
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F(CBA)=C=F,({rop®q},r,{ropdq}) =
=r®pdq;
Fy(CBA)=CAv CB =
Fi(rop®g},r.{r®pdg}) =
(rep@qr®p®gVvr®pdg)r=
=r®pdqr;
F3(CBA)=CAv CB =
Fu;(r®p®@gql,r,{ir®p®q}) =
(rep@q)rdpdgv(r®pdg)r=
=r®pdgvr®pdg)r=
=r®p®q)vr.

The fifth element implements the following functions

(13)

F(CBA) =C = Fs51(q,{r®@p@q)r} {r®p®q)vr})=
=q;
Fy(CBA) = CAv CB = Fs5(q.{(r® p@q)r} {(r® p@q)vr}) =

W@ p@Pvriva(r® p®q)r=

=q(r®&p®qvarvr(r®p®q);
F3(CBA)=CAv CB=
Fs3(q{r®p@qr} {r®p@q)vr}) =
W ®p@q)vrivalr® p@q)r} =
:;gvrgvr;:;@vr(m).

(14)

Therefore gq(r@ p@qg)vgrvr(r®p®gq) - is carry,
r(pq) v r(pv q)—is garbage function. It was analysis.

Now let us solve the inverse problem. Author
proposes synthesis method for FGs circuits with single

output f'(x,x,,...x, ), based on decomposition by 4,B,C

forms (2). First step is selection some variable X;:

Fk_2 =f(x1x2,...xn) =

- (15)
=X;8(x1%y,..%,) V Xih(x1 X7,..X,,).
Therefore, from (15) we can get inputs of last FG:
Cr = x;;
B k= h(xlxz,...xn); (16)

A =g(xy,..x,).
Now regard some input (4 or B), for example, B of
last FG (16) and select new variable x; :

B (= h(x,x,,..x,) = X V(X,X,,...X, ) V
_ (17)
VX W(X X, ,...X,).
So, we have inputs of k-1 FG. If x; #x; it means

that x,— is output of another FG, not /~1 FG, X, - 1S

output of all circuit. Similar steps are performed until the
decomposition functions (g,4,v,w... etc.) become input

variables X,X,,...x, or constants 0.1.
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4 EXPERIMENTS
Now regard synthesis. Let we need to get circuit for
next function on F2 output of the last FG:
4r®p®gvarvir®p@qyr. (18)

It is carry function (12). Conditional FG symbol
shows Fig. 9.

—A  F1}—

—{B F2}l— qgr@peq)varv (rep&q)r

—l1c F3

Figure 9 — Last FG
Let wuse Shannon decomposition or Boolean
factorization to get 4,B,C functions. Select ¢ variable:

(9@ p®g) v grvi(r® p@q)r)v

- _ - (19)
vq(q(r@p@q)vqrv {(r@p@q)r).

Conversing (19) we can get expression (20):
(@ p® v rvir®p@g)r)ve(ir®p@gyr)=

=q(r®@p@®g)vr)ve({r®p@q)r).

Expression (20) means, that inputs FG(k) are next:
C=gq;

B=(r®p®q)r;
A=(r®p@q)vr.

(20

@n

Expression (21) describes outputs of FG(k—1) too. So
we have FG(k) circuit, shows at Fig. 10.

q

—_— A F1 _q
(repeq)r . e —
—1B F2|— q(rep@q)vqrv(repeq)r
(repeq)vr ¢ F3

Figure 10 — FG(k) circuit
Having inputs 4,B,C we can get F3, but we don’t
want. Output F3 is not needed (trash). Getting inputs of
FG(%1) shows factorization by r:

FH.z:”((V@p@q)r)v;((r@p@q)r):

=(rép@qr.
Expression (22) means, that ¢ to the FG(k) transit
from another gate:

(22)

repeq
répaq J q
—a AH—7 A}
r réepaqgr _——_ J—
— B F2 B F2 |— qir®p@q)vqrv (répeqr
repeq | . F3 repeqvr | l

Figure 11 — FG(k) + FG(k—1) circuit

Further, we consider r® p®¢q (C input) and r —
factorization:
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r(r®&p®q)vr(r®p®q)=
~r(rgp~ rapv rap D)
Vr(rapv rap~ rap ) - (3)
=r(gpv ap)v r(gp v qp) =

=r(p@ v r(p®q).
Expression (23) means that k-2
formulas (24):

FG inputs are

C=r
B=p®gq; (24)
A=p®gq.
So Fig. 12 shows a new circuit.
repeq
e e A A=
"1 R [OP2U g F2|— ar@peavarvepear
opeq)|| . g (epe@vr| |
r r
—a F1
p&q repeq
_—8 F2
P | . g|| Ferew
Figure 12 — FG(k) + FG(k—1) + FG(k-2) circuit
Next step is p-factorization:
p(p@q)vp(p®q)=
=p(pav pa)v p(pgv pe)= (25)
= pgv pq.

Fig. 13 shows next circuit according additional
expression (25).

At last, we consider ¢ — factorization and
get F;,_4(g,1,0). So full circuit is shown at Fig. 14.

We see that the inputs of the device are r, p, ¢, 0, 1
and, although we got a slightly different Fig. 5 circuit, it
implements the same functions, namely a full single-bit
adder. The output of the last gate F3 is not used. Output
r® p@gq is parity (sum). It is easy to see that the circuit

is reversible.

repeq

repaq J q g
—-+HAa FA—H—A F1[—

r (réepeqr —_
—HB F2 B FZ — qr@p@q)vqrvrépeqr

rrepeﬁ_ ¢ F3 frepeq)vr e F3

r r

Peq répaq
B

Ppedll . g | rered

p

paq

Q| &
il

Fal] Pee

Figure 13 — FG(k) + FG(k—1)+ FG(k-2) + FG(k-3) circuit
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rep@q

repeq J q q
—+HA FmHH——A Fi}=

r (répeaq)r o — J—
—B F2 B F2|— drepeq)varv(repeqr

{repoﬂ_ ¢ F3 (repeq)vr c Fal

r r
—A A
pé&q repaq
He F
peq] || Tereq)
P P
2
q ®
Hs  rHP®
] | P R

A F1

q
1
-8 Fr2Ha
[

FS_a

Figure 14 — Full FG(k) + FG(k-1)+ FG(k-2) + FG(k-3) +
+FG(k—4) circuit

For example, we can set unit values and “drive” them
from inputs to outputs, using simple rules. If the input
unit C is a logical unit (“ball”), then the signals installed
at inputs 4 and B at the outputs are swapped. If there is a
logical zero at input C (there is no ball), then the signals
installed at inputs 4 and B go to the outputs without
changes. Therefore, at the p=1, g=1, =1 on outputs
“parity” and “carry” are formed 1. This is forward mode.
In the back mode we can install “parity”=1 and “carry”=1
and then “to roll” “balls” to the input p,q,r.

In this mode FG inputs and outputs are swapped:
F1=C; F2=B; F3=A.

5 RESULTS

Based on the above studies, is proposed FG realization

byl-LUT (Fig. 15).
F1
—0
c c

o— oI

b
. v
= ¥
| g |
=

m
=

Figure 15 — Proposed FG realization byl1-LUT

The signal C passes to the output F1 without
changing, and two inverters play the role of a signal
amplifier.

Signals B and 4 are transmitted to the outputs of either
F2 or F3 depending on the value of signal C which
controls the corresponding pass transistors.

1-LUT based FG simulation in Multisim CAD shown
at Fig. 16.
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Figure 16 — 1-LUT based FG simulation in Multisim CAD:

a— C=l1, B=1, A=0; b — C=0, B=1, A=0; ¢ — C=0, B=1,4=1; d — C=0, B=1, A=0; e — C=0, B=0, A=0; f — C=1, B=0, 4=0; g — C=1,
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B=0, A=1; h— C=1, B=1, A=1
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6 DISCUSSION

Proposed LUT for one variable has two trees in
different to usual LUT FPGA [18]. Two NOT gates on C
input are needed to restore binary signal from another
gates. Output F1 repeat control input C. Input B can be
connected to the output 2 if C=0 or to the output F3 if
C=1. Input 4 can be connected to the output F3 if C=0 or
to the output F2 if C=1. NOT gates on input B, C and
NOT gates on outputs F2, F3 are needed to restore binary
signal from another gates too.

So there is bijective reflection CBA to F1F2F3
accordingly Truth Table 2. Such useful feature allows
checking out gates in fault tolerant devices [19-21]. This
implementation requires 16 transistors.

Successful simulation of the proposed FG-LUT shows
Fig.16. We see at C=1, B=1, A=0 F1=1, F2=0, F3=1 (B
and A swapped); at C=0, B=1, 4=0 F1=0, F2=1, F3=0; at
C=0, B=1, A=1 F1=0, F2=1, F3=1; at C=0, B=1, A=0
F1=0, F2=1, F3=0; at C=0, B=0, A=0 F1=0, F2=0, F3=0
etc. Table 2 proved.

As it evident from the Fig. 15,16 — this gate works in
one mode “Forward” from the left to right. If we modify
circuit Fig. 15 and include “Back” mode, we shall get
Fig. 17.

Forward

. l_r—DoTD- [ o F1
BackQ .||_:|‘0 Forward
~<HTH | g
1L
-!n_% Forward
Forward l _I_L?a'ﬂ—o F2
B ; Back ' |_:_ L
i L PE
1_ i _‘||_r Forward
Forward l I_Lbn]—o F3
P I
A = Ba?i B 1 _I_L l
ik

Figure 17 — I;roposed 1-LUT based FG with two modes:
Forward and Back

Complexity of modified gate is very larger: 24 (NOT
gates) +16 (pass transistors) = 40 transistors. Therefore,
we must find new ways two modes realization, for
example by tri-states buffers; however, it increase time
delay yet more and power consumption too.

Next discussion direction is using proposed gate in
future CMOS adiabatic logic: how to control “balls” of
power supply for the NOT gates? In addition, there is the
problem of capacitors power supply leaking.

Creating of the fault tolerant reversible logic may be
solve in view including redundancy [21-22] with
considering restriction [23].

CONCLUSIONS
The problem of creating reversible logic gates and
reversible circuits and devices is the point of growing
modern IT. Boolean algebra allows to describe reversible
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logic analyses and synthesis, but complexity such math
requires to design new more simply description in terms
“swap” or “not swap” relate each variable.

The scientific novelty of obtained results is that the
proposed synthesis method and proposed gates creates
base for design reversible circuits.

The practical significance of obtained results lies in
the fact that the simulation of the proposed gates
confirmed their effectiveness, which allows you to create
reversible systems in FPGAs.

Prospects for further research are to study the
problem of checking out and diagnosis of gates.
Optimization of the amount repeaters for the fan-out
imitation is interest direction. Design layout of the
proposed gate may be subject of the next article. Design
software for automatic synthesis proposed FG circuits
may be subject of the new science projects.
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YK 004.93

EJJEMEHT ®PEJKIHA HA BA3I LUT
Twopin C. ®. — n-p TexH. Hayk, npodecop, mpodecop kadeapu aBTOMAaTHKH 1 TeneMexaHiku [lepMChKOro HalliOHaJIBHOTO
JOCIIITHUIIBKOTO TOJIiTeXHIYHOro yHiBepcurery, Ilepmb, Pocis; nmpodecop kadenpu maremaruyHoro 3a0es3neueHHs OOYMCIIOBAIBHUX
cucreM [IepMCBKOTO IepKaBHOTO HALliOHAIBHOTO IOCIIJHUIBKOTO yHiBepcutety, [lepmb, Pocis.

AHOTALISA

AxTyanbHicTh. KoHIemNIis icHyr04nX KOMII'IOTEpiB IIpH JOCATHEHHI HAHOPO3MIpiB alapaTHHX 3ac00iB MpakTHYHO Buuepnana cebe. Lle
TaKOXK BIIHOCHUTBCS 10 OOYMCIIOBAILHOI MOTYKHOCTI 1 TIOB’SI3aHUMHU 3 HEIO BUTpaTamu Ha eHeprito. OOOPOTHI OOYMCIICHHS, HAPUKIA],
OUTbsApAHUI KOMI'IOTEp, € 0a30BOK0 MOJECIIF0 KBAaHTOBHUX OOYHCIICHb, sIKi BBaKAOThCS mepcrekTuBor IT-texHomoriit. Binmbspani
oOunciieHHs — 1€ eHeprosdepiratrodi abo eKoJoriyHO 4HCTi oOumcieHHs. OCHOBOIO TaKOl MapaJuIM{ € CIICIiajbHi JIOTIYHI €JIEMEHTH.
OpHak, MaTeMaTHYHUI anapaT JUisi CTBOPEHHSI TAKUX KOMII'IOTEpIB e He MOBHICTIO po3pobienuii. [Ipobiema monsrae B ToMy, IO JUIst
HOBHX OOOPOTHHX E€IIEMEHTIB, SIKi MalOTh B3a€EMHO OJIHO3HAYHY BiIMOBIIHICTH M BXOJaMH 1 BUXOJAMH, 3aCTOCYBaHHS BIIOMHUX METO/IIB
aHaJi3y 1 CHHTE3y CTHKA€ThCsA 3 IMEBHUMH TPyAHOIIAMH. Tak, HampuKiai, 3a00pOHEHO BHKOPHUCTOBYBATH PO3TaNy>KeHHS, IO ICTOTHO
yckiaaHioe cunTe3. OOOpPOTHI eIeMEHTH MOBHHHI 3a0e3MevyBaTH Mepeiady CUTHAIY B MPSIMOMY i 3BOPOTHOMY HaIpsIMKaXx, 1[0 B IPHHIIUITI
MO>IIMBO B JBIHKOBIi Jorimi, 3acHOBaHOI Ha Oydepax 3 TppoMa CTaHAMH, aje 3HAYHO yCKJIAJHIOE IPHCTPiif, 301IbIIye IOy KpucTaia i
€HeprocriOKUBaHHS, SKi BOHU NMOKIMKaHI 3MEHIINTH.

Meta. Metoro aaHoi poOOTH € aHali3 (YHKI[IOHAIBHO 3aBeplIeHUX 00OPOTHHUX BEHTHUIIIB, sKi Ha3BaHi BeHTWIeM Toddoni, BeHTHIeM
Openxina, aHami3 JIOBIYHOTO MOBHOTO CyMaTopa, 3aCHOBAaHOTO Ha BeHTWIAX @DpejkiHa, i 3ampONOHOBAHMN JIOTIYHHN METOJ CHHTE3Y
MIPOEKTYBAaHHS HAa OCHOBI 3aIIPOIIOHOBAHOTO JIOTIYHOTO EJIEMEHTA.

Mertonu. AHamiz nuppoBHX CXeM 3 BHKOpUCTaHHAM OyseBoi anreOpu. CHHTE3 UU(PPOBUX CXEM 3alpPONOHOBAHUM METO/IOM
nexomnosunii. J{uzaitn BenTmins @penkina Ha 6a3i LUT FPGA. MoaentoBaHHs 3arpornoHoBaHoro eieMenra B cuctemi NI Multisim Bix
National Instruments Electronics Workbench Group.

Pe3ysabTaTH. AHamiz HOBHOTO cyMaTtopa Ha OCHOBI BeHTWIiB ®pexnkiHa. Meron cuHTe3y OOOpOTHHX CXEM Ha OCHOBI BEHTHIIIB
®penkina. Benruns Opezxina va ocHoBi LUT i fioro MoienmoBaHHsI.

BucnoBku. [lpoBeneHi JOCHIIKEHHS 103BOJISIIOTH OyAyBaTH CXEMH Ha OCHOBI BeHTWIIB DpenkiHa i3 3amponOHOBaHHUX HOBUX
€JICMEHTIB.

KJIFOUOBI CJIOBA: kBanTOBI 004MCiIeHHs, joriuda yHKIis, BeHtiiabp penkina, pozknananns lllennona 6ynesa dakropuzarms.

YK 004.93
SJIEMEHT ®PEJKHHA HA BA3E LUT
Twopun C. ®. — n-p TexH. Hayk, npodeccop, mpodeccop kKadeapbl aBTOMATHKH U TejeMeXaHUKH [IepMCKOro HalpoHaJIbHOTO
HCCIIEN0BATENbCKOTO  MOJIMTEXHUUECKOro yHuBepcurera, Ilepmb, Poccusi; mpodeccop kadenpsl MareMaTH4ecKoro obecredeHus
BBIYHUCIIUTENIFHBIX cUCTEM [1epMCKOro rocyapcTBEHHOTO HAIIMOHAIBHOTO HCCIIeI0BAaTEIbCKOTO yHUBepcuTeTa, [lepmb, Pocenst.
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12.

AHHOTANUA

AKTyabHOCTh. KoHIENIHA CyIECTBYIOIHMX KOMIIBIOTEPOB IIPU JOCTHKEHHHM HAHOPa3MEPOB allapaTHBIX CPEJCTB NMPAKTUUECKH HMcuepraa
ce0s. DTO TakKe OTHOCUTCS K BBIYHCIHTEIbHOH MOIIHOCTH U CBA3aHHBIMHU C Hel 3aTpaTamMu Ha dHepruro. OOpaTHMble BBIYHCICHHUS, HAIPHMED,
OMIIBSIpIHBINH KOMITBIOTED, SBIIOTCS 6a30BOM MOJEIBI0 KBAHTOBBIX BHIYHCIICHHH, KOTOPBIE cunTaroTcs nepernektuBoii UT-rexnonoruit. buibspaHbie
BBIUHMCIICHUS — 3TO 3HEProcOeperarolue Win 3K0JI0rHYeCKU YMCThIe BhunciIeHUs. OCHOBOMN TaKoi mapajurMbl SBISIOTCS CIELHAIbHBIE JIOTHIECKHE
aneMenThl. OHAKO MaTeMaTHYECKHI ammapaT A CO3aHUs TaKHX KOMIIBIOTEPOB elle He MONHOCTBIO pazpaboran. [Ipobinema 3akimodaercs B TOM,
YTO JUI1 HOBEIX OOpAaTHMBIX JJICMCHTOB, KOTOpBIE MMEIOT B3aHMHO OJHO3HAYHOE COOTBETCTBHE MEXIY BXOJAMH M BBEIXOJAMH, NPUMCHEHHUE
M3BECTHBIX METOJIOB aHAJIN3a U CHHTE3a CTAJKUBACTCS C ONMpeJeTIeHHBIMU TPYAHOCTAMH. Tak, HampuMep, 3ampelieHo UCHONIb30BaTh Pa3BETBICHHUE,
YTO CYLIECTBEHHO YCIOXKHsAET cuHTe3. OOpaTuMBble JJIEMEHThI HODKHBI 00eCIIeunBaTh epeJady CUrHajla B IPSIMOM U 00paTHOM HANpaBICHHAX, YTO B
MIPUHIIAIIE BO3MOXKHO B IBOMYHOM JIOTHIKE, OCHOBaHHOW Ha Oydepax ¢ TpeMsl COCTOSHUSAMH, HO 3HAYUTENILHO YCIOKHAET YCTPOHCTBO, YBEIHINBACT
IUIONIA/b KPHCTAJIA U SHEProNoTpeOIIeHNE, KOTOPbIE OHU MPU3BAHBI YMEHBIIUTh.

Heab. AHanu3 (YHKIMOHAIBHO 3aBEPIICHHBIX OOPAaTMMbBIX BEHTUIICH, KOTOpbIE Ha3BaHbl BeHTHIEM Togdonu, BenTHiaeM PpenkuHa, aHaIu3
JBOMYHOTO MOJHOTO CYMMaTopa, OCHOBAHHOTO Ha BEHTHWIIX PpenkuHa, ¥ MpeUIoKEHHBIH JIOTMYEeCKHil METOJ| CHHTe3a IIPOSKTUPOBAHHS Ha OCHOBE
MPeJUI0KEHHOTO JIOTHYECKOT0 2/1eMEHTa.
Metoapl. AHanu3 HU(GPOBBIX CXEM C HCIIOIb30BaHUEM OyieBoi anreOpbl. CuHTE3 HU(PPOBBIX CXEM MPEIOKEHHBIM METOIOM JIEKOMITO3HIIMH.
Jnzaiin BenTmist @penkuna Ha 6aze LUT FPGA. MonenupoBanue npeuioxkeHHOro ainemenrta B cucteme NI Multisim ot National Instruments
Electronics Workbench Group.
Pe3yibTaThl. AHAIIU3 TOJIHOrO CyMMaropa Ha OcHOBe BeHTWel dpeakrHa. MeTosa cuHTe3a 00paTHMBIX CXEM Ha OCHOBE BeHTHIIeH DpenKuHa.
Bentune @penkuna Ha ocHose LUT u ero mogennposanue.
BriBoasl. IIpoBeneHHbIE HCCIEA0BAHNUS O3BOJISIOT CTPOUTH CXEMbl Ha OCHOBE BeHTHIIeH DpekuHa U3 MpeUI0)KEHHBIX HOBBIX JJIEMEHTOB.
K/IOYEBBIE CJIOBA: KBaHTOBbIC BBIYMCICHUS, Joruueckas QyHkuus, BeHTWwiIb @Dpenkuna, pasnoxeHue lllenHona wiu Oysesa
(axTopu3arus.
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MATEMATHUYHE
TA KOMIPIOTEPHE MOAEJTIOBAHHA

MATHEMATICAL
AND COMPUTER MODELING

MATEMATHYECKOE
N KOMIIBIOTEPHOE MOAEJINPOBAHUE

VK 519.24

CPABHUTEJIbHBIN AHAJIN3 METOOB OIITUMU3AIIUHA
IO CTOUMOCTHBIM (BPEMEHHBIM) 3ATPATAM IIJTAHOB
HHOJIHOI'O ®PAKTOPHOI'O OKCIIEPUMEHTA

Komesoii H. JI. — n-p TexH. Hayk, nmpodeccop, 3aBeayommid Kadpeapoil HHTEIICKTYIbHBIX H3MEPHUTENBHBIX CHC-
TEM M MH)XEHepuM KauecTBa, HanuoHanbHblll aspokocmudeckuil yHusepeuter uM. H.E. J)KykoBckoro «XapbKoBCKUI
ABUALMOHHBIN MHCTUTYT», XapbKOB, YKpauHa.

Kocrenko E. M. — 1-p TexH. Hayk, noueHT, [lontaBckasi rocygapcTBeHHas arpapHas akagemus, [lontasa, Ykpauna.

Mypatos B. B. — acniipasT kadeapbl HHTEIUIEKTYaJIbHBIX H3MEPUTEIbHBIX CUCTEM U MH)XEHEPHH KauecTBa,
HarmmonaneHsiit a3poxocmuueckuit yauBepcuter um. H. E. JKykoBckoro «XapbKOBCKHMI aBHAI[MOHHBIA HHCTUTYTY,
XappKoB, YKpauHa.

KprokoB A. M. — 1-p TexH. Hayk, npodeccop Kadeapsl pakeTHO-apTHIUIEPUHCKOTO BOOpykeHus, HarmonansHas
akageMus: HannonansHoil rBapaun YkpanHsl, XapbKoB, YKpauHa.

Bunenxo A. U. — 1-p TexH. HayK, JOLEHT, HAUYaJIbHUK JOKTOPAHTYpPbI U aJbIOHKTYphl, HanuonaneHas axanemus
Haunonanenoil reapaun YkpauHsl, XapbKoB, YKpauHa.

Mopo3oB A. A. — 1-p TexXH. Hayk, npodeccop, MEpBBIH 3aMECTHUTENb HadaJbHUKA aKaJeMHUH IO Yy4eOHO-
METOMYCECKON M HaydHOU paboTe, HarmonansHas akagemus HannonansHOM rBapaim YKpanHbl, XapbKoB, YKpanHa.

AHHOTAIUS

AKTyaIbHOCTB. [Ipe/iyIosKeHO IPUMEHEHHE METOJ0B OMCKa KOCSKOM PbIO, 00€3bsSHbEr0 MONCKA, NPBIralOIUX JIATYIEK IS H0-
CTPOCHHUS ONTHMAJBHBIX [0 CTOMMOCTH (BPEMEHH) IIAHOB KCIIEPUMEHTA IPU UCCIICTOBAHUU TEXHOJIOTMYECKHX TIPOLECCOB M CUC-
TEeM, HO3BOJISIOIIMX OCYILECTBICHUE HAa HUX aKTHBHOTO SKCIICPHMEHTA.

Ileas padoTbl. CpaBHUTENBHBIN aHATH3 THX METOJOB ONTUMHU3ALUH 10 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM IUIAHOB IIOJIHO-
r0o (paKTOPHOTO IKCIIEPHMEHTA.

Meton. IIpeanoxeHbl METO/IbI TOCTPOSHHUST ONTHMAIBHON 10 CTOMMOCTH (BPEMEHH) pean3alii MaTPHILb! IUIAHUPOBAHMS JKC-
HEePUMEHTa C UCIOJIE30BaHUEM aITOPUTMOB MOMCKA KOCSIKOM PBIO, 00€3bsIHBET0 MOUCKA, NPHIraolInX JIAryiek. B Hayane BBoguUTCS
KOJINYECTBO ()aKTOPOB M CTOUMOCTH NEPEXO0/I0B ISl KXKJI0r0 YPOBHs (JaKTOPOB. 3aTeM C Y4ETOM BBEJICHHBIX JaHHBIX Gopmupyercs
UCXO/IHAas MAaTPHIIA IIIAHUPOBAHUS SKCIEPUMEHTa. MeTO/] OMCKa KOCSAKOM PbIO OCHOBAaH HA NEPECTAHOBKE CTOJIOIIOB MATPHUIIBI 1A~
HHPOBAHUS IKCIIEPUMEHTA, HCXOJIS U3 CYMMBI CTOMMOCTEH (BPEMEH) IIEPEX0/10B MEK/LY YPOBHAMM Jyisi Kakaoro u3 daxropos. Kocs-
KH pbIO (hOPMHUPYIOTCS TIO CIEAYIOMIEMY NPHHIUITY: MEHBIIE KOCSKOB PbIO Tam, TAe OoJbIe cyMMa CTOMMOCTEH (BpeMEH) mepexo-
JIOB MKy YPOBHSMH (paKTOPOB. 3aTeM BBIIOJIHSIOTCS IIEPECTAHOBKU KOCSKOB PBIO, PACHONIOKEHHBIX PSJOM B MaTpHIlE INIAHUPO-
BaHMs DKCIepHMeHTa. [Ipy HCIOIb30BaHNH METOa 00E3bSIHBETO MOMCKA CTOJOIBI MAaTPHIL! IUIAHUPOBAHUS SKCIEPHMEHTA IIpeji-
CTaBIAIOT co0oi nepeBbsi. Kaxxnoe nepeBo coCTOUT U3 BETBEH, 110 KOTOPBIM Iepemeriactes ooe3bsiHa. BeTseil nepeBa Ooublue TaM,
IJie MEHBIIE CyMMa CTOMMOCTEH (BPEMEH) MEepeXo/0B MeXIy ypoBHSAMHU (aktopoB. OOe3bsHa HAYMHACT CBOE JBHKECHHE CHH3Y
BBEpX M0 Ka)XKJ0i BETBH JiepeBa. Bo BpeMst 3TOro BBINONHSETCS MOUCK 110 BETBSIM, Ha KOTOPBIX HAXOAUTCS 00€3bsiHa 110 MHHUMAIIb-
HOMY 3HAYEHHMIO CyMMbI CTOMMOCTEH (BPEMEH) MEPEeX0J0B MEXKY YPOBHIMH Ui KaXA0ro M3 (akTopoB. B Meroze mphirarommx
JISTYIIEK BBINOJIHACTCS ONPEAENICHHE YCHEIIHON JIATYIIKH 110 HAUMEHBIICH CTOMMOCTH NEePeX0J0B MEXIy YPOBHIMH JUIS KaXKI0TO
u3 daxropos. ITocie 3TOro BBINOIHSIOTCS IEPECTAHOBKU JIAryIIeK. JIAryiika CTpeMUTCst K Hanbosee yCIHEIHOW U HPH yCIOBHU
HAXOXKJICHHsI MOOJIU30CTH OCTACTCS B TEKYIIEM MECTOINOJIOXKEHHUH. 3aT€M PACCUUTHIBACTCS BBIMIPBIII 10 CPABHEHUIO C MCXOIHON
CTOMMOCTEBIO (BpEMEHEM) IIPOBEICHUS IKCIICPIMEHTA.

Pe3yabsTarsl. Pa3paborano mporpamMmHOe obecriedeHue, peasn3ylonee MpeiIoKeHHbIE METO/IbI, KOTOPOE HCIIOIb30BaHO JUIS
HPOBE/ICHHUS BEIYMCINTEIBHBIX KCIIEPUMEHTOB 110 U3YUYEHHIO CBOMCTB ITUX METO/OB P UCCIICIOBAHNH TEXHOJIOTHUECKUX IpOLiec-
COB M CHCTEM, MO3BOJISIOIINX OCYLIECTBICHHE HAa HUX aKTUBHOTO JKCIIepUMeHTa. [1oydeHbl OonTHMabHbIe TI0 CTOMMOCTH (BpeMe-
HM) pealli3alliy IUIaHbl SKCIIEPUMEHTOB, a TAK)XKE TPUBEICHBI BEIUTPBIIIM B PE3yJIbTaTaX ONTUMU3ALMHU 110 CPABHEHHUIO ¢ UCXOJHOMN
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CTOUMOCTBIO IPOBEACHHUS DKCIICPHUMCHTA. HpOBeI{eH CpaBHPITeJILHBIﬁ aHaJIu3 METOAOB ONTHUMHU3ALWU 1O CTOMMOCTHBIM (BpeMeH-

HBIM) 3aTpaTaM IUIAaHOB MOJHOTO PAKTOPHOTO SKCIICPHUMEHTA.

BblBO}Il)I. HpOBe}leHHBIe OKCHEPUMEHTBI IMMOATBEPANIINA paGOTOCHOCO6HOCTB MPCUIOKECHHBIX METOJIOB U PCAJIU3YIOUIEI'0 UX ITPO-
rpaMMHOI'0 OGCCHC‘ISHI/IX, a TAK)XE€ IMO3BOJIAIOT PEKOMEHAOBATH UX MJIA NPUMCHCHHS HA INPAKTHUKE IIPU IOCTPOCHHUH ONTUMAJIBHBIX

MaTpull INIAHUPOBAHUS SKCIIEPUMEHTA.

KJIFOYEBBIE CJIOBA: ontuMH3amusi, METO/I OMCKA KOCSKOM PBIO, IITAHUPOBAHUE IKCIIEPHIMEHTa, METOJ] 00€3bIHBETO MOUC-
Ka, ONTHMAaJIbHBIN IIaH, METOJ TIPBITAIOLINX JISATYIIEK, CTOMMOCTb, BPEMSL.

HOMEHKJIATYPA

k — xonmmuecTBO (haKTOpOB OOBEKTA, BBEACHHBIX B MC-
CIIeJOBaHUE;

t — BpeMst paboThI IPOTPAMMBI, C;

B — BeMrpbI1L;

N — KOJHYECTBO OIBITOB B MATPHUIIC IUIAHUPOBAHUSI
9KCIICPUMEHTA U MATPHILE CTOMMOCTEH MEePeX0I0B MEKIY
YPOBHSIMH (haKTOPOB;

Cuq —  HadaJpHas  CTOMMOCTH  TPOBEICHUS
SKCIIEPUMEHTA;

Crun MUHUMaJbHAsE CTOMMOCTh  TIPOBEACHHUS
SKCIICPUMEHTA;

Som — OOIIAst CTOUMOCTH IPOBEIEHHS IKCTIEPUMEHTA,
yCIL €.;

S;; — CTOMMOCTb IIEPEXO0JIa OT i-I0 OIBITA K j-My, YCIL.
ex.;

X; — 3HaueHwue i-ro pakTopa MccieayeMoro nporecca.

BBEJEHUE

Hawnbonee BaxHOI COCTaBHOM YacThIO HAYIHBIX HCCIIC-
JIOBaHUH SIBIISTIOTCS 3KCIEPUMEHTHL. DTO OAWH M3 OCHOB-
HBIX CMOCOOOB MOJIyYUTh HOBbIE HayuHble 3HaHUS. [lpu-
MCHEHHUE TIIAHUPOBAHMS SKCIIEPUMEHTA JICJIACT MOBEJCHHE
OKCIIEPUMEHTATOPa LIEJICHANPABICHHBIM M OPraHU30BaH-
HbIM, CYHICCTBEHHO CHOCO6CTByeT TOBBINICHUIO ITPOU3BO-
JUTEJIbHOCTU €T0 TpyAda U HAACKHOCTH IOJTYUYCHHBIX pE-
3yJIbTaTOB. BayKHBIM JIOCTOMHCTBOM METO/A SIBISIETCS €r0
YHUBEPCAILHOCTb, PUTOJHOCTh B OTPOMHOM OOJIBIINHCT-
Be 00JacTeil uccuenoBaHms. DKCIIePUMEHTAIbHBIE METOIbI
WCCIIEIOBAHNS IIMPOKO HPHMEHSIOT Ul ONTHMH3ALMN
TIPON3BOACTBEHHBIX MporneccoB. OHONM M3 ITIaBHBIX LeTeh
9KCIICPHIMEHTA SIBISIETCS MONyYEHHE MaKCHMAJIBHOTO KO-
J4ecTBa MH(OPMAIMU O BIUSHHM HCCIEAYyEeMbIX (hakTo-
POB Ha NPOMU3BOJCTBEHHBINA Mpomecc. DKCIHEPUMEHT A0I-
JKeH OBITh TIPOBEIEH 10 BOSMOYKHOCTH B KPAaTUAHIIHIA CPOK
C MUHUMAJIbHBIMU 3aTpaTaMu U MMO3BOJIUTH IMOJYYUTH JOC-
TOBEpHBIE pe3ynbTatsl [1].

OO0BbeKT HccIe0BAHNSA: TEXHOJIOTHUECKUE TPOLIECCHI
W CHCTEMBI, MO3BOJISIOIINE OCYIIECTBICHHUE HAa HHUX aK-
THUBHOT'O KCIIEPUMEHTA.

IIpeamer uccaeoBaHMsI: METO/IBI ONTUMH3ALUK 110
CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM IUIAaHOB SKCIEPH-
MEHTa, OCHOBaHHbBIC HA IPUMEHEHHUH AJITOPUTMOB ITOMCKA
KOCSIKOM PBIO, 00€3BSIHBETO IMOWCKA, MPBITAIOIMINX JIATY-
IIIEK.

Leabr muccjeq0BaHUsA: TIPOBECTH CPABHUTEIBHBIN
aHaIM3 METOJIOB ONTHUMH3AIMK 10 CTOMMOCTHBIM (Bpe-
MEHHBIM) 3aTpaTaM IUIAaHOB MOJHOTO (aKTOPHOTO JKCITe-
pumeHTa. 1lo pe3ynbraram CpaBHEHUS BBIJAIOTCS PEKO-
MEHIALUH ISl NCTI0JIb30BAHUS KaXKI0T0 U3 METO/IOB.

1 IOCTAHOBKA 3AJJAYHN

ITpu OCYIIECTBAEHUH MEPECTAHOBOK CTOMMOCTH JKC-
MEPUMEHTA HAXOIUTCS 10 hopMmyJie:

n k
Soom = 2, 2, S;; — min.
=2 j=2
Bpemst mpoBemeHHST 3KCIEPUMEHTa HAaXOIHUTCS 110
cienyroiieit Gopmyie:

n k
logm = 0, DL —> min.
=2 j=2

3ajaya ONTHMHU3AIMU IUIAHOB 3KCIEPHUMEHTa I10
CTOMMOCTHBIM (BpPEMEHHBIM) 3aTpaTaM sBisieTcst NP-
MOJIHOM, T.€. JUIS CBOETO pElICHHs TpeOyeT BpeMeHH U
OOJIBIIOrO KOJIMUECTBA BBIYHUCIICHUH, OBICTPO PacTyIINX C
YBEIIMUEHUEM pa3MepHOCTU 3aaaud. [loaTomy mnonHbIN
nepeOop BCeX BO3MOKHBIX BapUAHTOB PEIICHUS SIBIISCTCS
3arpynHuTenbHbIM  [1].  HeoOxommmo HaiiTm  omnTH-
MaJIbHBIA WM ONM3KMH K ONTUMAaJIbHOMY IUIaH SKCIEPH-
MEHTa, Ui KOTOPOTO CyMMapHasi CTOMMOCTH (Bpemsi)
MIPOBEJCHUS SKCIIEPUMEHTA SIBIIACTCS MUHUMAIbHON MiN
NpUOIMKEHHON K MUHMUMabHOH. C yBeIMYEHHEM YncIia
(hakTopoB k KONMMYECTBO MpeoOpa3oBaHHUHA 3HAUYNUTEIHHO
BO3pacTacT. B cBsA3M ¢ 3TMM HEOOXOAMMO HAXOIUThH pe-
MIEHUs C TOMOIIBI0 MPHONMKEHHBIX alrOPUTMOB, Ha-
NpUMep, TakuX, Kak MMOMCKa KOCSIKOM PbIO, 00€3bsSHBETO
MOUCKa, MpbIratomux jsrymek [2]. [Ipu atom 3amaH uc-
XOIHBIM IJIaH S3KCIIEpUMEHTa M MaTpULla CTOMMOCTEH
(BpemeH) niepexosioB ypoBHel (akropoB. Takxe He0OX0-
JIIMO CPaBHHUTH PE3yJbTaThl pa3pabOTaHHBIX HPOrpaMM
0 BPEMCHH peajiM3allii METOJI0B (t1<t,<t3) ¥ O BBIUT-
pHIIIaM B CTOMMOCTH WJIM BPEMEHHU INPOBEICHHS JKCIIe-
pumentoB (B> B,>By3).

2 OB30P JIUTEPATYPbI

W3BecTHBI KOMOMHATOPHBIE METO/IbI ONTUMH3ALIUH, HO
OHM HE MPUMEHSINCH I TIOCTPOCHUS ONTHUMAJIBHBIX IO
CTOMMOCTHBIM WJIM BPEMEHHBIM 3aTpaTaM IUIAHOB MHO-
roakTopHbIX dKcnepuMeHToB [3]. Panee mpoBomuiich
UCCIIEIOBAHMSI TIOCTPOCHUSI MHOTO(AKTOPHBIX IUIAHOB
HKCIEPUMEHTOB, OCHOBAaHHBIE HA HCIOJIb30BAHUU Clie-
JYIOIUX METOJO0B ONTHUMH3AIMU: aHAJIN3 MEPEeCTaHOBOK
[4], meronm TmoOCIENOBATEIHHOTO IPHONMKECHUS, METO
BEeTBEH M TpaHWI, CIy4ailHBIH TOHWCK (TIepecTaHOBKa
CTPOK MaTpHUIbl TIAHUPOBAHMSA), CHMIUIEKC-METOM, MYy-
PaBBUHBIN aNTOPUTM, TCHETHYECKUH alropuTt™ [5], MeTox
OT)KHUTA, JKQJAHBIA adTOPUTM, POl dacThil [6], adropuT™m
MTONCKA KOCSIKOM PBIO, aITOPUTM 00€3bsIHBETO Toncka [7],
aNropuT™M TpbIraromux Jsiryiek [8]. VM3sectHsl paboTh
[0 CPaBHHUTEIBHOMY aHAJIN3y METOAOB ONTUMH3AIMU:
CHHTE3a ONTHMAJIBHBIX TI0 CTOMMOCTHBIM (BPEMEHHBIM)
3aTpaTaM IUIaHOB MHOTO()aKTOPHOTO KCIIEPUMEHTa, IpH
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UCCJIEJIOBAaHUU BECOM3MEPHUTENILHOI CHCTEMBI U TEpMOpe-
ryasaropa [10], cpaBHMTENbHOMY aHalIM3y aJrOPUTMOB
ONTHUMU3AIMK TIOCTPOCHUSI KOMIIO3UIIMOHHBIX IUIAHOB
BTOpOro mopsiika. Beugy sroro menecoobpasHo st
CpaBHEHUsSI Pe3yJbTATOB ONTHUMHU3AIMU IUIAHOB JKCIEPH-
MEHTa TPUMEHHTH aJTOPUTMBI TMOUCKA KOCSKOM pBIO,
00€3bHBETO MONCKA U MPHITAFOIINX JIATYIICK [2].

3 MATEPUAJIBI U METO/bI

Jlnst oNTUMU3aIMH TUIAHOB MOJTHOTO (haKTOPHOTO 3KC-
MIEPUMEHTa TI0 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaMm
MIPEIJIOKEHBl METOIbl TOCTPOCHUSI ONTUMAIBHOM IO
CTOMMOCTH (BPEMEHHM) peajn3allii MaTpHIlbl INIAHUPOBa-
HHS DKCIIEPUMEHTa C HCIIOJIb30BAaHHEM aJTOPUTMOB I10-
UCKa KOCSKOM pPBbIO, 00€3bSHBETO IMOMCKA, MPBIFAFOIINX
ssryuex [2].

Pa3paboTanbsl MeTOIBI M MPOTpaMMHOE OOecIieueHNe
JUIL  ONTHMHU3AalMU  IUIAHOB  IOJHOTO  (hakTOpHOTO
9KCIIEPUMEHTA 110 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM
C HCIIONB30BAaHMEM aJTOPUTMOB IIOMCKA KOCSKa pPBIO,
00€3bsIHBETO TOMCKA, TPBITAIOIINX JIATyIIeK. B Hadane
paboTHl MPOrpaMMbI BBOIAMTCS KOJIWYECTBO (HaKTOPOB U
CTOMMOCTH IIEPEXO/0B IS KAKIAOTO YPOBHS (haKTOpOB.
3areM ¢ y4eToM BBEJICHHBIX JIAHHBIX (OPMHUpYETCS HC-
XOJ/IHasi MaTpHILIA IUTAHUPOBAHMS IKCIIEPUMEHTA.

Meroj moucka KOCSKOM pbI0O OCHOBaH Ha IepecTa-
HOBKE CTOJIOIIOB MaTpHIIbl TUIAHUPOBAHMUS IKCIIEPUMEHTA,
UCXOJISl U3 CYyMMBI CTOMMOCTEH (BpEMEH) Mepexo 0B Me-
XKLy YPOBHSIMH JUIsl KaKaoro u3 (aktopoB. Kocsku peio
(opMHupPYIOTCS TIO CIIETYIONIEMY MPUHIUITY: MEHBIIE KO-
CSIKOB PBIO TaM, rie OOJIBIIEe CyMMa CTOMMOCTEH (BpeMeH)
MIEPEeX0/I0B MEXKAY YPOBHSIMH (HakTOpOB. 3aTEM BBIITOJ-
HSIOTCSl TIEPECTAHOBKM KOCSIKOB PBIO, pacIoIOKEHHbBIX
PSIIOM B MaTpHILIE MJIAHUPOBAHKS IKCIIEPUMEHTA.

IIpn wucnonb3oBaHMM MeToga OOE3BSIHBETO IIOMCKA
CTOJIOLBI MATPHILBI TUIAHUPOBAHMSI IKCIIEPUMEHTA IPe/-
CTaBIISAIOT co0o0il mepeBpsi. Kaxmoe aepeBO COCTOMT u3
BETBEH, MO KOTOPBIM IepeMeraercsi o0e3bsiHa. Berseid
JepeBa OoblIe TaM, IJ€ MEHbIIE CyMMa CTOMMOCTEH
(BpeMeH) TIepexoJI0B MEXAYy YPOBHSIMH (AaKTOPOB.
OOe3psiHa HAYMHAET CBOE JBIDKCHUE CHHU3Y BBEPX I10 Ka-
XKJI01 BETBH JiepeBa. Bo BpeMst 3TOTO BBIMOIIHIETCS TOUCK
10 BETBSM, Ha KOTOPBIX HAXOJUTCS 00E3bsiHA 10 MHHH-
MaJbHOMY 3HAQUYE€HHIO CyMMBI CTOMMOCTEH (BpeMeH) Iie-
PEXO0I0B MEXIY YPOBHAMH I KXKIOTO U3 (PaKTOPOB.

B MeToze npeIraromux JSITYIIEK BBINOJIHAETCS ONpe-
JICJICHHE YCIICIIHOM JIATYIIKY 110 HauMEHbUIEH CTOUMO-
CTH IIEPEXO0JIOB MEXIY YPOBHSIMH JUIS Ka)KIoro u3 Qak-
TopoB. Ilociie 3TOro BBIMOJHSAIOTCS MEPECTAHOBKH JISTY-
mek. Jlsrymka crpemMurcst K HanboJiee YCIEeNIHOW U TIpU
YCIIOBUHM HAaXOXKJCHUSI MOOIM30CTH OCTACTCS B TEKYILIEM
MECTOIIOJIOKEHHH. 3aTeM PACCUUTHIBAETCS BBIUTPBINI IO
CPaBHEHHUIO C UCXOJHOW CTOMMOCTBIO (BPEMEHEM) IIPOBE-
JICHUSI SKCIIEPUMEHTA.

PaccMOTpHM TOIIAroBEI QJITOPUTM OJHOTO W3 TPea-
JIO)KCHHBIX METOJIOB ONTUMHU3ALUH IUIAHOB ITOJHOTO (haK-
TOPHOTO SKCIEPUMEHTA MO0 CTOMMOCTHBIM (BPEMEHHBIM)
3arpataM. CyTb IPUMEHEHHUS AJITOPUTMA TTOMCKA KOCSKOM
PBIO 3aKIIFOYAETCSI B CIIETYIOLIEM:!

[Har 1. B Hauane anropuTMa BBOAUTCS KOJHYECTBO
(hakTopoB k.

[ar 2. BBox 3HaUeHUH MEPEX0I0B MEXKIY YPOBHAMU
JUTS KaXJI0TO U3 (haKTOPOB.

[lar 3. B 3aBUCHMOCTH OT BBIOPAHHOTO KOJIHYCCTBA
(hakTopos CTPOUTCS Martpuia IUTAHUPOBAHHS
JKCIICPUMEHTA.

[Mar 4. Pacuer mnepBoHAYaNbHOW CTOUMOCTH Cipy
MIPOBEACHUS IKCIIEPUMEHTA.

Ifar 5. TeHepauuss Marpuubl CyMM 3HA4eHUH
MEPEX00B MEKAY YPOBHAMH IS KaXI0TO U3 (haKTOPOB.

[ar 6. CopTupoBKa WHAEKCOB M T€HEPAINs MacCHBa
WHJEKCOB JUIsi CYMM 3Ha4eHHM TEPEeXOJI0OB MEXIY
YPOBHSIMH JIJIsl KaXKJ10TO U3 (hakTopoB.

[ar 7. [lepecraHnoBka B CTOJ0IaX B COOTBETCTBUU C
MacCHMBOM HHJEKCOB [UIsl CyMM 3HAau€HUIl Mepexo/ioB
MEXKITy YPOBHSIMU JIJISI KQXKIOTO 13 (PaKTOPOB.

IIar 8. Pa3nenenne MaTtpuubl IUIAHUPOBAHUS
AKCIIEpPUMEHTa Ha OJOKH B COOTBETCTBUH C MAacCHBOM
WHICKCOB JUII CyMM 3HAYCHHH MEPEXOIO0B MEXKIy
YPOBHSAMH JJIsI KaXIOro u3 (haKTOPOB, KOJIHYECTBO
KOTOPBIX PacCUUTHIBACTCS 1O (hopMyiie

(N+1)

N, blocks = 2 >
rae N —unngekc (0...3).
Mlar 9. [usa kaxmoro croidma  CO3JarTCs
MEPECTAaHOBKU JIOKaJIBHBIX 6J'IOKOB MaTpulbl
IJIaHUPOBAHUA OKCIICPUMEHTA C BBIYUCJIICHUEM

MHUHHMAaJIbHOH JIOKAJIbHOM CyMMBI 3HAYEHUH IS KaXK/10T0
13 CTOJIOLOB.

[ar 10. Pacuer 10kanbHOI MUHUMAIBHON CTOMMOCTH
SKCTIEPUMEHTA PN TIEPECTaHOBKE OJIOKOB.
Ilar 11. Iloctpoenue  onTUManIbHON
TUTAHUPOBAHMS SKCIICPUMEHTA.

[ar 12. Pacger o0mieit cTOMMOCTH SKCTIEPUMEHTA.

[dar 13. Pacuer cToMMOCTH BBIUTPHIIA B Kak
OTHOUIGHWsS] ~ HAYaJIbHOH  CTOMMOCTH  IIPOBEIEHMS
skcniepumenta  Cy,y K = MHHUMAaIBHOW — CTOMMOCTH
npoBesieHust IKCepuMeHTa Cyyy.

IMar 14. Pacuer BpemMeHH {, 3aTpauyeHHOTO Ha
ONITUMU3ALHIO TIaHa TIOJTHOTO (haxTopHOTO
9KCIIEPUMEHTa C HCIIOJIB30BAaHUEM aITOpPUTMa IIOMCKa
KOCSIKOB PBIO.

MaTpulbl

4 SKCIIEPUMEHTbBI

HcxonHple faHHBIE ISl ONTHMH3ALMU [UIAHOB JKCIIE-
pUMeHTa B3SITHI U3 paboTsl [11], B KOTOpOH MPOBOAMIOCH
HCCIJICIOBAHNE CUCTEMBI ISl OTpPEIeIeHHsI Pacxoja Toll-
JMBa B JBHTATEIAX BHYTpeHHero cropanus. Ilpu sTom B
KauyecTBe KPUTEPHs ONTHMHU3AIMU PAacCMaTPUBAJICS pac-
XOJ TOIUIMBAa ¢ B MHLTHIMTpax. DakTopamu, KOTOpbIC
BJIMSIFOT Ha 3TOT TOKa3aTrellb, ObUTH BBIOpAHBI: X — KOJIH-
YEeCTBO 00OpPOTOB JABUTATEISI B MUHYTY (7), 00/MuUH; X; —
temieparypa asurareist (7), °C. MaTpulia IIaHupOBaHus
HAYaIbHOTO dKCIepuMenTa (k = 2) mpuBeneHa B TaoOm. 1.
CTOMMOCTH W3MEHEHHs 3HAUCHUH ypoBHEH (HakTOpoB
npuBeneHs! B Tabm. 2 [11].
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Tabmina 1 — MaTpuna maHIpoBaHHs HAYAILHOTO
JKCIEPUMEHTA

Tabnuma 5 — MaTpuia IiaHupOBaHKS HAYaIbHOTO SKCIIEPH-
MEHTa

HavanbHplii ian HavanbHblii 11aH
Howmep Obo3HaueHne HakTopoB Howmep Ob6o3HaueHne HaKTopoB
OIIbITa X X5 OIIbITa X; X5 X;
1 —1 —1 1 -1 —1 —1
2 +1 —1 2 +1 —1 —1
3 —1 +1 3 -1 +1 —1
4 +1 +1 4 +1 +1 -1
5 -1 —1 +1
Tabmuia 2 — CTouMOCTH U3MEHEHHUI 3HAYEHU I 6 ] ] ]
ypoBHeil pakTopoB 7 1 1 1
CTOMMOCTH M3MEHEHHI 0O6o03Hauenne GpakTopoB ] +1 +1 +1
3HAYECHUHN YPOBHEH
X x> . .
(hakTopoB, ycI. e Tabnuna 6 — Bpemst n3MeHeHNsI 3HAYCHNI YPOBHEH (haKTOpOB
U3 «—1» B «F1» 0,32 0,16 Bpewmst n3meHeHus 3HaueHHit ypoBHel | OOo3HaueHue (akTopoB
N3 «+1» B «—1» 0,22 0,48 (haxTOpOB, MUH X, X5 X;
N3 «—1» B «+1» 30 22 3,75
B pabote [11] mpoBoIMIOCH HCCIIEIOBAHNE TEXHOIIO- 3 <« 1» B <l» 25 5 75

TMYECKOr0 TPOIecca CBAPKH IUIACTHH MAaJlOH TOJIIMHBI
TI0 OIIPEAETIECHHIO ONTHMAJIBHOTO PEKHUMa CBAPKH.

B xauecTtBe (PakTOpOB paccMaTpHBaIHCh: X| — eM-
KOCTh KOHJIEHCATOpOB, MKD; X; — KOA(HUIMEHT TpaHC-
¢dopmanun; X; — ycunue Ha anekrpoxaax, H. IlepBona-
YaJbHBIA IUIAH TOJHOTO (PAKTOPHOTO OIKCIEPUMEHTA
(k =3) npuseneH B Tadn. 3. CTOMMOCTH U3MCHCHUS 3HA-
YEeHUH ypoBHeH (akTopoB NpHUBeeHBI B Ta0. 4 [11].

Tabnuma 3 — MaTpuna miIaHipOBaHUS HAYaJIbHOTO
JKCIIEpUMEHTA

HauanpHbIl TU1aH

Howmep 0O6o03Hauenue GakTopon

OIIBITA X, X, X;
1 -1 -1 -1
2 +1 -1 -1
3 —1 +1 -1
4 +1 +1 -1
5 -1 —1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1

Tabmuma 4 — CTOMMOCTH U3MEHEHHH 3HAYCHUN
ypoBHEH (pakTopoB

CTouMOCTH H3MEHe- O603HaueHne PaKTopoB
HUIA 3HAYEHUH ypOB-
Hell haKkTopoB, Xi Xz Xz
YCIL. €.
W3 «—1» B «+1» 2,5 2,0 1,5
U3 «+1» B «—1» 3,0 2,5 2,0

IIpu ucciaenoBaHUU TEXHOJIOIMYECKOrO IMpOIecca H3-
TOTOBJICHUsI AETaJCi ropsyel IITaMIIOBKOM Ha OCHOBAa-
HUM alpUOpHO MH(pOPMAIMK B KayecTBE KPUTEPHS OI-
TUMM3AIMK Tpoliecca Oblia BBIOpaHA TOJIIUHA JICTAIH
Nyer, @ JOMHHUPYIOUIMMH — CleAyromye (akTopsl: X; —
TeMmIieparypa Harpesa 3arotoBku, °C; X, — BpeMsi HarpeBa
3arOTOBKH, MUH; X3 — TeMmIieparypa Harpesa mrammna, “C.
[lepBoHaUaNBHBIN TIAH TOJHOTO (AaKTOPHOTO 3KCIICpPH-
MeHTa (k =3) mpuBeneH B Tabn. 5. Bpems m3MeHEHUs
3HauYeHUH ypoBHEH (pakTopoB npuBeseHs! B Tabm. 6 [11].

Taroke B pabore [11] mpoBeeHO HCCIIEIOBAHUE YIaCT-
Ka I[eXa CTAHKOB C YHCJIOBBIM MPOTPAMMHEIM YIIPaBIICHU-
eM. B kauecTBe KpuTepHs ONTUMH3AIMHA OBLIO BBHIOPAHO
CyMMapHOe BpeMs pa0OTHl CTaHKOB. J[OMHHHPYIOIINMHU
(hakTOpamu, KOTOpPBIEC BIFIOT HAa 3TOT ITOKA3aTelb, OBLIH
BBIOpaHbI: X| — BpeMsl BBINOJIHEHUS] NPOGHIAKTHKA (1),
9acoB; X, — YUCIO CTaHKOB C YHCIIOBBIM IPOTPAMMHBIM
yIIpaBJIeHUEM V,; X3 — BpeMsi paboThl CTaHKOB B TEYCHHE
CYTOK f, 4acoB; Xy — NEPHOJUYHOCTb NMPO(UIAKTUKH f,
yacoB. [lepBoHauaJIbHBIN TIAH TTOJHOTO (PaKTOPHOTO JKC-
nepuMenTa (k = 4) nmpuBeieH B Ta0I. 7. Bpems n3aMeHeHUs
3HAYCHHUH ypoBHEH (DaKTOPOB IpuBeIeHHI B Ta0I. § [11].

Tabmuna 7 — Marpuna miaHupOBaHUS HAYaIbHOTO
JKCIICPUMEHTA

HavanbHblii mian

Howmep 0O603HaueHue GpakTopoB
OIBITA X; X X; Xy
1 —1 -1 -1 -1
2 +1 -1 -1 -1
3 -1 +1 —1 —1
4 +1 +1 -1 -1
5 -1 -1 +1 -1
6 +1 -1 +1 -1
7 -1 +1 +1 -1
8 +1 +1 +1 -1
9 -1 -1 —1 +1
10 +1 —1 —1 +1
11 -1 +1 -1 +1
12 +1 +1 -1 +1
13 —1 -1 +1 +1
14 +1 -1 +1 +1
15 -1 +1 +1 +1
16 +1 +1 +1 +1

Tabmna 8 — Bpemst n3MeHeHus 3HaYeHHH ypOBHEH (aKTOpOB

Bpewmst n3menenus 3naueHui 0O0603HaueHne GaKTOpOB
YpOBHEi#i (hakTOpPOB, 4aCOB X; X5 X; Xy
W3 «—1» B «+1» 7,0 6,0 16,0 100,0
W3 «+1» B «—1» 3,0 2,0 12,0 50,0

Bruto paspaborano mporpamMmHOe oOecricucHue, pea-
TU3yOIIee METOJ[ TOWCKa KocsikoM pbid (CBim. mpo
peectparito aBTOpchkoro mpaBa Ha TBip Ne 83293 Bin
29.11.2018), merom obGe3psHBETO mOHCKa (CBim. Tpo
peectparito aBTOpchkoro mpaBa Ha TBip Ne 83294 Bin
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29.11.2018), meron mnpeiratonux Jsrymek (Ceig. mpo
peecTpaiiito aBTOpchbkoro mpasa Ha TBIp Ne 83295 Bix
29.11.2018). A3wik mporpammupoBanus — C++. Ilpocue-
THI BBHINOJHSJIMCH HAa KOMITBIOTEpE C IporeccopoM Intel
Core 15-7200U c vactotoii 2.71 GHz. KonndectBo dak-
TOPOB M CTOMMOCTH TIE€PEXO0JIOB YPOBHEH (akTOPOB BBO-
IATCS C KJIaBHATYpHl. {7 HAXOXKACHUS ONTHMAIIbHBIX
PeKUMOB M KOHCTPYKTHBHEIX IMapaMeTpoB OBLT BRIOpaH
HAYaJbHBIA IUTAaH TIOJHOTO (DaKTOPHOTO OJKCIIEPHMEHTA
tima 2 (ancno omsrroB N=2%). Onrumusanust HagambHO-
ro TUIaHa SKCIEPUMEHTa OCYIIECTBILUIACH MO KPHUTEPHIO
MHUHHMyMa CTOMMOCTHBIX WJIM BPEMEHHBIX 3aTpaT Ha €ro
peamuzaruio [11]. OnTuManeHble MO peaNn3aluy TUIAHBI
OKCIIEPUMEHTA ISl HCCIEOBaHUS pPaccMaTpPHBAaEMbIX
O6T)GKTOB u CpaBHHTeHLHLIﬁ aHaJIu3 METOA0B NNPUBCACHDI
B Tabm. 9-16.

5 PE3YJIBTATBI

[TpoBeneHHBIE AKCTIEPUMEHTHI MTOATBEPIMIN paboTOC-
MIOCOOHOCTh METOJI0B, OCHOBaHHBIX Ha HCIIOJIb30BAHUN
ANTOPUTMOB: TTOUCKA KOCSKOM PBIO, 00€3BTHBETO TTOMCKA,
MIPBITAONIHX JIATYIIEK [2].

s cronmocTel M3MEHEHUsI YpOBHEH (aKkTOpOB MpH
UCCIEJIOBAaHUU CHCTEMBI JJIsl OIPE/IeNIeHHs pacxo/ia ToIl-
JUBa B JIBUraTeIsIX BHYTPEHHETO CropaHMs, MpPeJCcTaB-
JICHHBIX B Ta0J. 2, MOJy4YEHBI Pe3yJIbTaThl ONTHMHU3AIINH,
orpaxkeHHble B Tabu. 9. Ilpu 3TOM HMCXOIHAs CTOMMOCTB
IIpoBeAeHUs 3KcnepuMeHTa pasHa 1,02 ycin. en. CpaBHu-

TENbHBIA aHAINW3 METOJIOB HPU HCCIIEAOBAHUM 3TOW CHC-
TEMBI IpecTaBiieH B Tadi. 10.

Jliist crouMocTeld U3MEHeHUs1 ypoBHEH (haKTOpOB IMpu
HCCIIEIOBAHUH TEXHOJIOIMYECKOI0 MPOLEecca CBapKU IJIa-
CTHH MaJIOH TOJIIIMHBI, IPEACTaBICHHBIX B Ta0I. 4, TOMIy-
YeHBI PE3yNIbTaThl ONTHMHU3AIMH, NPHUBEACHHBIC B Ta0I.
11. McxomHass CTOMMOCTh MPOBEICHUS JKCIEPHMEHTa B
3TOM citydae — 27 ycin. eq. CpaBHUTENbHBIN aHau3 Npe-
JIO)KEHHBIX METOJIOB TIPH HMCCIEAOBAHUH 3TOTO TEXHOJO-
THYECKOTO TIpoIiecca MpeICTaBIeH B Ta0I. 12.

Jnst BpeMeH M3MEHEHUs] ypoBHel (DaKTOpOB IpHU HUC-
CJIEZIOBAHUM TEXHOJIOTMYECKOTO MPOIEcca N3rOTOBICHUS
JieTanel ropsyel MTaMIIOBKOM, MPEeICTaBICHHBIX B Ta0II.
6, MOTy4eHbI Pe3yIbTaThl ONTUMM3ALNH, IPUBEICHHbIC B
tabn. 13. McxoaHoe Bpemsi NPOBEACHHS JKCIEPUMEHTa
247,75 mMun. CpaBHUTEIbHBII aHANU3 METOJOB INPHU HC-
CJIEJJOBAaHUM HTOT0 TEXHOJOTHMUYECKOro Ipolecca Mpes-
cTaBjeH B Tabn. 14.

Jlnst BpeMeH M3MEHEHUs! ypoBHEH (DaKTOpOB HpH HC-
CJIEZIOBAaHMM Y4YacTKa IieXa CTAHKOB C YHCIOBBIM IIpPO-
IpaMMHBIM YIPaBICHHEM, IPEACTABICHHBIX B TaOm. 8§,
MOJTy4eHbl PE3yJIbTaThl ONTUMH3ALUM, NPHBEICHHBIE B
Tabn. 15. McxomHoe BpeMs MpOBENEHHS IKCIICPUMEHTA
251 ygaco. CpaBHHUTENBHBIN aHANINU3 MPEATIOKEHHBIX Me-
TOJIOB TPHU HCCIEIOBAHUU y4acTKa IleXa CTaHKOB C YH-
CIIOBBIM TPOTPAMMHBIM YIIPABICHUEM, NPEACTaBICH B
Tabm. 16.

Tabnuma 9 — [1naHel SKCTIEpUMEHTA [T UCCIIEIOBAHHUSA CHCTEMBI ONPEICTICHUS pacXo/a TOIUIMBA B ABUTATEISAX
BHYTPEHHETO CTOPaHHS

HauanbHblil 110 MeToj oncka KOCsIKOM pbIo MeTos 00€3bsIHBEr0 MOUCKa MeTo IpHIraoIIHX JIATYIIEK
Homep O6o3HaueHne Homep O6o3HaueHne Homep O6o3HayeHne Homep O6o3HaueHne
OIBITA (axTopoB OIBITA (axTopoB OIBITA (axTopoB OIBITA (axTopoB

X, X5 X X5 X X> X, X5
1 -1 -1 2 +1 -1 4 +1 +1 2 +1 -1
2 +1 -1 1 -1 -1 3 -1 +1 1 -1 -1
3 -1 +1 3 -1 +1 1 -1 -1 3 -1 +1
4 +1 +1 4 +1 +1 2 +1 -1 4 +1 +1

Ta61mua 10— CpaBHHTeHLHLIﬁ aHaJIn3 METOAOB IIPpU UCCIICAOBAHUN CUCTEMBI OIPEACIICHUA pacxoaa TOIIIMBa
B ABUT'aTCJIAX BHYTPEHHET'O CropaHus

MeTo1 ONTUMHU3ALUH CTOMMOCTb peaiM3aluy SKCIEPUMEHTA, YCIL. el Bpewmsi cuera nporpammsl, ¢ Beiurpsii

TTouck KOCSIKOM PhIO 0,7 0,013 1,46
O0e3bAHUIT TOUCK 0,94 0,001 1,1

IIpbIraronux JsArymex 0,7 0,001 1,46

Ta6n1/1ua 11 — [Tnausr OKCIICPUMEHTA JUISL UCCIICAOBAHUSA TEXHOJIOI'MYCCKOTO MMPOLECCa CBAPKHU IJIaCTUH MaJjion TOJIIHUHBI

Havansueiit nuan MeTo/1 MoucKa KOCSIKOM PbIO MeTto1 00€3bsIHBETO OUCKA MeToa npbIralonuX JSArynex
Homep O6o3HaueHHE O6o3HaueHne O6o3HaueHne O6o3HaueHne
Howmep omnbiTa Howmep ombiTa Howmep ormbiTa
OlbITa aKTOPOB aKTOPOB aKTOPOB aKTOPOB
X X X X X X X X X X X X
1 -1 -1 -1 1 -1 -1 -1 2 +1 -1 -1 1 -1 -1 -1
2 +1 -1 -1 5 -1 -1 +1 6 +1 -1 +1 5 -1 -1 +1
3 -1 +1 -1 7 -1 +1 +1 8 +1 +1 +1 7 -1 +1 +1
4 +1 +1 -1 3 -1 +1 -1 4 +1 +1 -1 3 -1 +1 -1
5 -1 -1 +1 4 +1 +1 -1 3 -1 +1 -1 4 +1 +1 -1
6 +1 -1 +1 8 +1 +1 +1 7 -1 +1 +1 8 +1 +1 +1
7 -1 +1 +1 6 +1 -1 +1 5 -1 -1 +1 6 +1 -1 +1
8 +1 +1 +1 2 +1 -1 -1 1 -1 -1 -1 2 +1 -1 -1
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Ta6m/111a 12 — CpaBHI/ITeHLHHﬁ aHaJIM3 MCTOJAOB IIPHU UCCIICAOBAHNHU TEXHOJIOI'MYCCKOTO IMTPOLCCCa CBAPKHU IIJIACTHH MaJIoi TOJIIIUHBI

MeTo/1 ONTUMHU3ALUH CTOMMOCTb peaM3aluy SKCIEPUMEHTa, YCIL. €1 Bpewmsi cuera nporpammsl, ¢ Boiurpsii
TTouck KOCsIKOM phIO 14 0,05 1,93
O0e3bAHMI TOUCK 14,5 0,03 1,86
Ippiraronux aarymex 14 0,03 1,93

Tabmuna 13 — I1naHel SKCIIEpUMEHTA JUIsl HCCIISOBAHNS TEXHOJIOTHYECKOTO MPOIIECCa N3TOTOBICHHUS ICTalel TOpSYed ITaMIOBKOH

HavaubHblil 1aH MeToJ1 ITOHCKa KOCSIKOM PBIO MeTo/1 00€3bsIHBEr0 MOKCKa MeTo IphIralomuX JIArymeK
Homep O0o03HaueHue Homep O003HaueHue Homep O003HayeHne Howmep O0o03HayeHne
OIBITA (akropos OIBITA (akropos OIBITA (akropos ombITa (akropos

X X5 X3 X X | X X X5 X3 X X | X
1 -1 -1 -1 4 +1 +1 -1 3 -1 +1 -1 4 +1 +1 -1
2 +1 -1 -1 8 +1 +1 +1 7 -1 +1 +1 8 +1 +1 +1
3 -1 +1 -1 6 +1 -1 +1 5 -1 -1 +1 6 +1 -1 +1
4 +1 +1 -1 2 +1 -1 -1 1 -1 -1 -1 2 +1 -1 -1
5 -1 -1 +1 1 -1 -1 -1 2 +1 -1 -1 1 -1 -1 -1
6 +1 -1 +1 5 -1 -1 +1 6 +1 -1 +1 5 -1 -1 +1
7 —1 +1 +1 7 -1 +1 +1 8 +1 +1 +1 7 -1 +1 +1
8 +1 +1 +1 3 -1 +1 -1 4 +1 +1 -1 3 -1 +1 -1

Ta6n1/1ua 14— CpaBHI/ITeHBHHﬁ aHaJIn3 METOAOB IIPU UCCIICAOBAHNU TEXHOJIOI'MYCCKOTO MPOo1Lecca U3roTOBICHUA JeTaneu I‘Opﬂ‘leﬁ

IITaMITOBKOM
MeTo/1 ONTUMHU3ALUH Bpemst peanusaiyu SKCrepUMeHTa, MUH Bpewmsi cuera nporpammsl, ¢ Beiurpsiiu
TTouck KOCsIKOM pbIO 74,5 0,051 3,33
O06e3bsIHUI TOUCK 79,5 0,04 3,12
[Ipblraronux jaryuex 74,5 0,01 3,33

Tabmuma 15 — ITnans!l SKCHepuMeHTa JUIsl HCCIISAOBAHMS YUacTKA IIeXa CTAHKOB C YHCIOBBIM MPOTPAMMHBIM YIIPABICHUEM

HavaybHbli 11aH MeToJ1 IToHCKa KOCSIKOM PBIO MeTo/1 00€3bsIHBEr0 MOKCKa MeTo/1 HPHIralomuX JATYIIeK
Homep O003Hauenune Howmep O003HaueHue Howmep O003HaueHue Homep O6o3HaueHne
oIbITa (bakTopoB ombITa (akTopoB oIbITa (akTopoB oIbITa (akTopoB

X | XN XX XL | XN [ XX XL | XN [ XX X | XN [ X | X
1 -1 | -1 ]-1]-1 16 +1 | +1 | +1 | 41 8 +1 | +1 [ +1 | -1 16 +1 | 41| 41| +1
2 +1 | -1 | -1 ] -1 14 +1 | -1 | +1 | +1 6 +1 | -1 | +1 | -1 14 +1 | 1 | +1 | +1
3 -1 [+ | -1 ] -1 13 -1 | -1 [ +1 ]+ 5 -1 | -1 [+1]-1 13 -1 [ -1 |41 ]+l
4 +1 | +1 | -1 | -1 15 —1 | +1 | +1 | +1 7 1 | +1 | +1 | -1 15 —1 | +1 [ +1 | +1
5 -1 [ -1 [ +1] -1 11 -1 [+ | -1 ]+ 3 -1 |+l | -1]-1 11 -1 [+ | -1 ]+l
6 +1| -1 | +1 | -1 9 -1 -1 ]-1]+ 1 -1 -1 ]-1]-1 9 -1 | -1 ][-1]+
7 —1 | +1 | +1 | -1 10 +1 | -1 | -1 | +1 2 +1 | -1 | -1 | -1 10 +1 [ -1 | -1 | +1
8 +1 | 41 | +1 | -1 12 +1 | 41| -1 | +1 4 +1 |+ [ -1 | -1 12 +1 | 41| -1 | +1
9 -1 | -1 ]| -1]+ 4 +1 | +1 | -1 ] -1 12 +1 | +1 | -1 | +1 4 +1 | +1 | -1 | -1
10 -1 [ -1 ]+ 2 -1 -1 ]-1 10 -1 [ -1 ]+ 2 +L -1 [ -1] -1
11 1 | +1 | -1 ] +1 1 1| -1]-1]-1 9 -1 | -1 ]-1]+ 1 -1 | -1 ]-1]-1
12 +1 | +1 | —1 | +1 3 -1 | +1 | -1 ] -1 11 —1 | +1 | -1 | +1 3 —1 [ +1 | -1 ] -1
13 -1 | -1 [+ | +1 7 -1 | 41 [ +1 | -1 15 -1 | +1 [ +1 | +1 7 -1 | 41 [ +1 | -1
14 +1 | =1 | +1 | +1 5 -1 | -1 | +1] -1 13 -1 | -1 | +1 | +1 5 1 [ -1 ]| +1] -1
15 -1 | 41 [ +1 | +1 6 +1 | -1 [ +1 | -1 14 +1 | =1 [ +1 | +1 6 +1 | -1 [ +1 | -1
16 +1 | +1 | +1 | +1 8 +1 | +1 | +1 | -1 16 +1 | +1 | +1 | +1 8 +1 | +1 | +1 | -1

TaGJ’II/IL[a 16 — CpaBHI/ITeHBHBIﬁ aHaJIn3 METOAOB ITPU UCCIICAOBAHUMN y4aCTKa [€Xa CTAaHKOB C YUCJIOBBIM ITPOTPaAMMHbBIM

YIpaBJICHUEM
Mertoza ontumuszanuu Bpems peannzanuu 9KCnepuMeHTa, 4acoB Bpewms cyera nporpammsl, ¢ | Beiurpsiin
TTouck KOCSIKOM pbIO 130 0,14 1,93
O06e3bsIHHMN TOUCK 180 0,037 1,39
IIpbiraomux JArymex 130 0,017 1,93

6 OBCYXJIEHUE

[Ipu uccnenoBaHUU CUCTEMBI ISl ONPEAETICHUS pacxoa
TOIUTMBA B ABUTATENISIX BHYTPEHHETO CTOPAHMS AJIs 3HAUCHHUS
CTOMMOCTEH U3MEHEHUs YPOBHEH (haKTOPOB, IPUBEJCHHBIX B
TalJ1. 2, MOTy4eHbl Pe3yabTaThl ONTUMH3ALHUN IUIAHOB JKC-
[IEPUMEHTa METOJAMHU IIOMCKAa KOCSKOM PpbIO, 00€3bsSHBETO
MOMCKa W MpbIraromux Jsrymek (tadm. 9). Kak BugHo u3
Tabn. 10, BBIMIPHIIM B pe3yJibTaTaX ONTUMHU3ALMU IIPU UC-
MI0Ib30BAHUH METOAOB MOMCKA KOCSIKOM PBIO M MPBITAIOMINX
JIATYIIEK OOJIbIIe, YeM IPH METOAE O0e3bsHbEro IOMCKa.
OpHako ObICTPO/ICHCTBUE BBINOJHEHUSI BBIYMCICHUN TpPH
WCIOJIb30BAaHUM METOJA IPBITAIOUIMX JIATYLIEK BBIIIE, YeM

[IPU UCIOJB30BAaHUHM METOJIOB 00E3bSHBET0 MOUCKA U KOCA-
KOM pBIO.

Hcxonst W3 uMCCleNoBaHUS CHUCTEMBI TEXHOJIOIMYECKOTOo
Iporecca CBAPKU IUIACTHH MAaJOH TONIIMHBI JUISL 3HAYCHHS
CTOMMOCTEH M3MEHECHUsI YPOBHEH (haKTOPOB, MPUBEICHHBIX B
TabI1. 4, MOJy4YeHbI Pe3yJIbTaThl ONTUMHU3ALMHI [JIAHOB JKCIIe-
pHMEHTa METOAaMH ITOUCKA KOCSKOM pbIO, 00€3bSHBEro MOHC-
Ka ¥ npbIraroiux jsirymek (tadmn. 11). Kak BugHo u3 tadm. 12,
BBIUTPBIIIHN B PE3yIbTaTaX ONTHMHU3AIMH TIPU UCTIOIB30BAHHN
METOIOB TIOMCKAa KOCSKOM PBIO ¥ TIPBITAIOMIUX JIATYLIEK
Ooutblie, YeM IpH MeToj/ie 00e3bsHbero mnoucka. OpHako Obl-
CTPOJIEWICTBHE BBIIOJHEHUS BEIYHUCICHUH TIPH UCTIOJIB30BAHUN
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METO/a TIOUCKA KOCSIKOM PBIO BBIIIE, YeM MPH UCIIONB30BaHUH
METO/I0B 00€3bSIHBET0 MOUCKA U NPHITAIOUX JIATYIIEK.

BcenencrBue mccnenoBaHus TEXHOJIOTHYECKOTO IIpoLecca
U3rOTOBJIEHUs JeTanell ropsyeil ITaMIOBKOW Ul 3HAUYEHUI
BpeMeH U3MEHEHHs ypoBHeH (aKTopoB, IPHBEIEHHBIX B Ta0.
6, TIOTy4eHBI PE3yJIbTAaThl ONTUMU3ALMHU IIAHOB HKCIEPUMEH-
Ta METOJIaMU ITOMCKa KOCSKOM PBIO, 00€3bSHBEr0 MOUCKa H
MeToAa mpelraronux Jirymek (tabn. 13). Kak BugHo u3
Tabmn. 14, BBIMTPHINIM B Pe3yNbTaTaX ONTHMH3AIUH IIPU HC-
HOJIb30BAHMU METOZOB IIOMCKA KOCSIKOM PbIO M MPBITalOIUX
JATYIIEK OOJIbIIE, YeM IPU MeTo/ie 00e3bsiHbero moncka. On-
HaKO OBICTPOACHCTBHE BBITIOJIHEHUSI BBIYHUCICHUH TpPU HC-
TIOJTE30BaHUH METO/A TPBITAIOIINX JITYIIEK BBIIIE, YeM IpH
UCIIOJIb30BAHUH METOJIOB MTOUCKA KOCSKOB PBIO U 00€3bSHBETO
TIOHCKA.

B xoze uccnenoBaHusl yyacTKa 1ieXxa CTAaHKOB C YHCJIOBBIM
[IPOrpaMMHBIM YIPABJICHUEM JUISl 3HAYEHUH BpEeMEH HM3MEHe-
HUS ypoBHEH (HakTOPOB, MPUBEACHHBIX B Ta0l. §, MOIy4CHBI
pe3ysbTaThl ONTUMM3ALMHU IIJIAHOB 3KCHEPHMEHTa METOIaMHU
MOUCKA KOCSKOM PbIO, 00€3bsIHRETO MOMCKA U METOJA TpbI-
ratouux Jrynek (taba. 15). Kak BunHo u3 Tabi. 16, Bbmr-
PBIIM B pe3yibTaTax ONTHMH3ALMK MPH HUCIOIB30BAaHUN Me-
TOJIOB IIOMCKA KOCSKOM PbIO ¥ MPBIrAIOLIMX JISTYHIEK OoJblie,
4YeM MpU MeTojie 00e3bsiHbero noucka. OaHaKo ObICTPOJICHCT-
BHE BBINOJIHEHUS] BBIYMCIICHUHM NPU HCIIOJIb30BAaHUM METO/a
MIPBITAIONINX JISTYIIEK BBIIIE, YeM IPH HCIOJIb30BAHUN METO-
JIOB IIOMCKA KOCSIKOB PbIO U 00€3bsIHBETO IOUCKA.

BbIBO/IbI

B pabote peniena akTyanbHas 3agada IMOJydYeHHs 1OCe-
JAOBATCJIBHOCTH OIBITOB IIPHU MPOBEACHUHN IOJIHOI'O Q)aKTop-
HOTO JKCIIEpHMEHTa, o0ecreunBaonas ero MUHUMAaIbHYIO
CTOUMMOCTB WJIM BpEMS peain3aliii SKCIIEPpUMEHTA.

PazpaboTanbl MeTOABI M IIPOTpaMMHOE oOeclieueHue,
peanu3yone ONTUMHU3AIKUI0 MHOrO(QAKTOPHBIX IUIAHOB
9KCIIEPUMEHTOB C MPUMEHEHHEM aITOPUTMOB ITOHCKA KOCS-
KOM PBIO, 00€3bsSHBEr0 MOUCKA, MPBIrAloIMX Jarymek. Ha
IIpUMepax HCCIIeOBaHMs CUCTEMBI JUISl ONPEHEICHHs pacxo-
Ja TOIJIMBAa B ABUI'aTCJIsIX BHYTPCHHEIO CropaHus, TCXHOJO-
THYECKOT0 TpoIecca CBapKU IIACTHH MaJIOH TOJIINHEL, TeX-
HOJIOTUYECKOI0 Ipolecca HM3rOTOBJIEHUS JAeTanel ropsaeit
[ITAaMITOBKOM, y4YacTKa IieXa CTaHKOB C YHCJIOBBIM IIPO-
rpaMMHBIM yIpaBJICHHEM Ji0OKa3aHa paboTOCHOCOOHOCTh U
9 QEeKTHBHOCTh TPEUIOKEHHBIX MeToJ0B. cciemoBaHue
MOKA3aJ10, YTO MOUCK ONTHMAIBLHOTO MIIH OIU3KOrO K ONTH-
MaJbHOMY IUIAHA JKCIEPHMEHTA C MCIOIb30BAHUEM METO/Ia
NPBITAIOMNX JITYIIEK Jaj HAaWITydIIne pe3yiabTaTol. Taroke
9TOT METOJ 00JagaeT JYUIIMMH MOKa3aTeIsIMU OBICTPOaCH-
CTBHUSI, YEM METOJ 00€3bsIHBETO MOUCKA. Brurphimm, moiy-
YaeMble B pe3yJIbTaTe ONTHMHU3ALUH, MPH HCIONb30BAHHU
JAHHBIX METOJIOB SIBJISIIOTCS CYILECTBEHHBIMH. lIprMeHeHue
pa3paboTaHHBIX METOJOB W MPOTrPaMMHOTO OOECIeueHus,
OCHOBAHHOT'O Ha HCIOJIB30BAHUH AJITOPUTMOB TTOHCKA KOCS-
KOM pBIO, 00€3bSIHBETO MOUCKA, MPBIFAIONINX JISTYIIEK, -
(EeKTHBHO MPH KOJIM4ecTBe (PakTopoB k > 3.

HayuHast HOBU3HA pabOTBI COCTOUT B TOM, 4TO BIICPBBIC
MIPEIOKEHBl METOIBI MOCTPOCHUSI ONTHMAIBHBIX IIIAHOB
MHOTO()AKTOPHBIX IKCIEPHUMEHTOB, OCHOBAHHBIEC HA HCIOJb-
30BaHMM AJITOPUTMOB IOMCKA KOCSIKOM pbIO, 00E3bsSHBEr0
MOWCKA ¥ TPBITAIONIMX JIATYIIEK, YTO MO3BOJHT CTPOUTH
ONTHMAJIbHBIE KOMOMHATOPHEIE IUTaHBI 0€3 TOJHOTO Tepedo-
pa BapHaHTOB MEPECTAHOBOK OIIBITOB.

B Havane paboTsl IporpaMM, pearn3yromuX METOIBI T10-
CTPOCHHUSI ONTHMAIBHBIX IUIAHOB MHOTO(AKTOPHBIX 3KCIe-
PUMEHTOB BBOIWTCS KOJNMYECTBO (PAKTOPOB M CTOMMOCTH
HEePEXOA0B I KaX0ro ypoBHs (pakTopoB. 3aTeM ¢ yuyeToM
BBEJICHHBIX JTAHHBIX (POPMHUPYETCS MCXOAHAS MaTpHIa IlIa-
HUPOBAHUS SKCIEPUMEHTA.

MeTtox ToncKa KOCSIKOM PBHIO OCHOBAaH Ha IIEPECTAHOBKE
CTOH6LIOB MaTpulbl IJIAHUPOBAHUSA DSKCIEPUMEHTA, UCXOIS
U3 CyMMBI CTOMMOCTEHl (BpeMeH) MepexomoB MEXIy ypOB-
HSAMH 1S Kaxoro u3 ¢aktopoB. Kocsku peid GopmMupyror-
CsI IO CIETyIoIIeMy MPHHITUITY: MEHbIIE KOCAKOB PBHIO TaMm,
rje Oonbllle CyMMa CTOUMOCTEH (BpeMeH) epeX0a0B MEXIY
YPOBHAMH (HaKTOPOB. 3aTeM BBHINONHAIOTCA IEPECTAHOBKU
KOCSIKOB PbIO, PACIONIOKEHHBIX PSIOM B MaTpUIle INIAHUPO-
BaHUS SKCIEPUMEHTA.

Ilpu wucnonb3oBaHMU MeTOAa OO0E3bSHBETO IOUCKA
CTOJIOIBI MAaTPHUIIEI ITAHUPOBAHUS SKCIEPUMEHTA IIPEACTAB-
nsr0T coboii iepeBbs. Kaxknoe 1epeBo cocToUT U3 BETBEH, 110
KOTOPBIM IlepeMernaercst o0e3bsiHa. Bersell nepeBa Gonblie
TaMm, TJIe MEHbIIE CyMMa CTOMMOCTEH (BpEMEH) MepexoioB
Mexk1y ypoBHAMU (GaxkTopoB. O0e3bsiHA HAUMHAET CBOE JIBU-
JKEHHE CHHU3Y BBEpX IO KaKIOW BETBH jAepeBa. Bo Bpems
3TOr0 BBIIOJHAETCS IOUCK IO BETBSAM, Ha KOTOPBIX HAXO-
JuTcs 00e3bsHAa MO MHHHMATbHOMY 3HAYEHHIO CYyMMBI
CTOMMOCTEH (BpPEMEH) INEPeXOJOB MEXIY YPOBHAIMHU JULL
Ka)XJ10r0 U3 (GaKTopoB.

B Meroze mpblIrarolyx JIACyIIEK BBIIONHSAETCS ONpese-
JICHWEe YCTIENIHON IATYIIKHM II0 HAWMEHBIIEH CTOMMOCTH
(BpeMeHH) MEPEXOA0B MEKAY YPOBHSIMHU IS KaXIOro U3
¢axtopos. [locre 3TOro BBIMOMHAIOTCS MEPECTAHOBKU IISTY-
mek. Jlarymka ctpemuTcs K Haubosee YCHEIIHOH M Ipu
YCIOBUH HAaXOXJICHUS MOONHU30CTH OCTaeTCs B TEKYyIIEM
MECTOIOJIOKEHUH.

B xomnIe paboThI IpOrpamMM, peatn3yrOMUX TH METOJIBI,
PacCUYUTHIBACTCS BBIMI'PBINI 110 CPABHCHUIO C HCXOZ[HOﬁ CTOU-
MOCTBIO (BpeMeHeM) ITPOBE/ICHHS IKCIIEPIMEHTA.

IIpakTHyeckasi 3HAYMMOCTb PE3YJILTaTOB PabOTHI 3a-
KITIOYaeTCst B TOM, YTO pa3paboTaHO MporpaMMHOe obecre-
YeHHEe, DPealU3yIollee IPEUIOKEHHbIE METOAbI, a TaKXke
IPOBEJCHB! KCHEPUMEHTHI, ITOATBEpANBIINE €ro padoTo-
CIOCOOHOCTb U MO3BOJISIIOIINE PEKOMEHJIOBATh NI UCIOIb-
30BaHMS HA TIPAKTHKE HAYYHBIM PAOOTHHKAM IPH MOCTpOe-
HUU OTITUMAJIBHBIX MaTpHUIl INTAHUPOBAHUS SKCIICPUMECHTOB.

IMepcnexkTHBBI JaJbHEHIINX HCCIEOBAHUIT COCTOAT B
IIPUMEHEHUH Pa3pabOoTaHHOIO NMPOTPAMMHOI0 OOecIeueHHUs
Ha OoJiee IUPOKOM HAOOpe MPaKTUYECKHUX 3alad, B YaCTHO-
CTH JUIs MICCIIEOBAHHS TPEXypPOBHEBBIX IIAHOB MHOTo(ax-
TOPHOTI'O 3KCHEPUMEHTA, a TAaKXKe KOMIIO3ULUOHHBIX IIJIaHOB
BTOPOTO MOPSIKA.
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AHOTAULIA

AKTYyaJIbHICTh. 3alpPONOHOBAHO 3aCTOCYBAaHHS METO/IB MOILIYKY KOCSIKOM PHO, MaBISYOr0 IMOIIYKY, CTprOa0dux xab uis modymnoBu
ONTUMAJIBHUX 32 BapTICTIO (YaCOM) IIJIaHIB €KCIICPUMEHTY MPH JIOCIIDKEHHI TEXHOJIOTTYHHUX MTPOLIECIB 1 CHCTEM, L0 J03BOJISAIOTH 3/1iHCHEHHS
Ha HUX aKTUBHOT'O EKCIICPUMECHTY.

Meta po60oTH — IOPIBHIBHUN aHAII3 IUX METOAIB ONTUMI3alil 3a BApTiICHUMU (YaCOBHMHU) BUTPATaMH ILIAHIB IIOBHOIO (haKTOPHOTO
eKCIICPHMEHTY.

MeTto/. 3anpornoHOBaHO METOAU MOOYAOBH ONTHMAJIBLHOI 3a BapTICTIO (4acoM) peajtizallii MaTpHIli JIaHYBaHHS SKCIICPUMEHTY 3 BHKO-
PHUCTaHHSM QJITOPUTMIB IONIYKY KOCSKOM pHO, MaBISIYOrO IMOLIyKY, cTpubaroumx »xab. Ha mouarky BBOJWTBHCS KUIBKICTh YMHHHKIB i
BapTOCTI MEPEXOAIB I KOXKHOTO piBHA (akTopiB. IToTiM 3 ypaXyBaHHSAM BBEICHHX JaHHX (OPMYETHCS BXiJHA MATPUIS IUIAHYBAHHS €K-
criepuMeHTy. MeToa MouryKy KOcsSkoM pu0 3aCHOBAHHMH Ha MEPECTAHOBLU CTOBIIIB MATPHII IUIAHYBAHHS €KCIIEPUMEHTY, BUXOISIUH 3 CyM
BapTOCTeH (YaciB) MepexoiB MixK piIBHAMHU 1JIs KOXKHOTO 3 (akTopis. Kocsiku pud GopMyroThCs 32 HACTYITHUM MIPUHIMIIOM: MEHILE KOCSKIB
pub Tam, xe OinblIa cyma BapTOCTeH (4aciB) mepexoiB Mixk piBHAMHU (akTopiB. [I0TiM BUKOHYIOTBCS EPECTAHOBKU KOCAKIB pUO, po3TaIlo-
BaHUX MOPYY B MATPHUIi IUIaHYBaHHS €KCIIepUMEHTY. [Ipu BUKOPHCTaHHI METO/y MaBIISTUOTO TOLIYKY CTOBIIII MaTpHUIli IUIAHYBAaHHS eKCIIe-
puMeHTY € aepeBamu. KoxxHe 1epeBo CKIIaaeThesl 3 TUIOK, M0 SIKUM MepeMilaeThesi MaBma. [ 110k JepeBa Oiblie Tam, e MEeHIIIa cyMa Bap-
TocTell (4aciB) mepexoiiB Mix piBHAMM (akTopiB. MaBna nouyuHae CBii pyX 3HM3y Bropy 10 KOXHiH rimmi jgepea. Ilix uac mporo
BHKOHY€ETHCS IIOIIYK IO TLIKaX, Ha SKUX 3HAXOJUTHCS MaBIla, 32 MiHIMAaJIbHAM 3HAYEHHSIM CyM BapTOCTEH (YaciB) IMepeXoiB MiK PIBHAMHI
JUTSE KOXKHOTO 3 (hakTopiB. Y MeTO/I cTprubarynx ka0 BUKOHYETHCSI BU3HAYCHHS YCITIIHOI Ka0H 3a HAiIMEHIIIO BApTICTIO MEPEXOIIiB MiXK
PIBHSIMH JUTst KOKHOTO 3 (hakTopiB. Ilicis Hporo BUKOHYIOThCS epecTaHoBKH kab. YKaba mparHe 10 HalOUIbII YCIIIIHOT Ta 32 YMOBH Hepe-
OyBaHHs TTOOJIN3Y 3aJIMIIAETLCS B MOTOYHOMY po3TallryBaHHi. I1oTiM po3paxoByeThcsi BUTpAIll B MOPIBHAHHI 3 BUXIJHOIO BapTiCTIO MPOBE-
JCHHS CKCIIEPHMEHTY.

PesyabTaTn. Po3pobieHo nporpamue 3a0e3eyeHHsl, 1110 peallizy€e 3anpornoHOBaHI METO/H, SIKE BUKOPHCTAHO ISl ITPOBEJCHHS 004nC-
JIOBAJBEHUX CKCIEPHMEHTIB 3 BUBYCHHS BIACTHBOCTEH IIMX METOAIB IPU JOCIIPKEHHI TEXHOJIOTIYHUX IPOLECIB 1 CHCTeM, IO JTO3BOJIIOTH
3[iCHEHHS Ha HHUX aKTHUBHOTO eKcIepuMeHTy. OTpHMaHO ONTHMAJbHI 3a BapTiCTIO (YacoM) peanmisawil IVIAHU €KCIICPHMEHTIB, a TaKOX
HaBEJICHI BUTpAIlll B Pe3yJibTaTaxX ONTUMi3allii B MOPIBHSAHHI 3 BUXiTHOK BapTICTIO MPOBEACHHS eKcrepuMeHTy. [IpoBeeHo MopiBHSUIbHUN
aHaJTi3 METO/IB ONTHMI3allil 32 BapTICHUMHU (YaCOBUMH) BUTPATaMH IUIaHIB MOBHOTO ()aKTOPHOTO EKCIIEPUMEHTY.

BucnoBku. [IpoBeieHi ekClIEpMMEHTH MIATBEPAMIN MPALE3JaTHICTh 3alIPOIIOHOBAHMX METOJIIB 1 peai3yrouoro iX mporpaMHOro 3abes-
MICYEHHS, a TAKOX [O3BOIIOTh PEKOMEHIYBATH iX JUIS 3aCTOCYBaHHS HA IPAKTHII IPH NMOOYIOBI ONTHMAIBHUX MATPHIb IUIAHYBaHHS
EKCIIePUMEHTIB.

KJIFOYOBI CJIOBA: ontumisaiiisi, METO/] TOIIYKY KOCSKOM pu0, IIaHYBaHHS €KCIIEPUMEHTY, METO/] MaBIISIYOTO MOIIYKY, ONTHMAITb-
HUH TUIaH, METOJ] CTPUOAIOYNX )kal, BapTiCTh, Yac.
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ABSTRACT

Relevance. It is proposed to use methods to search for fish schools, monkey searches, jumping frogs for constructing optimal cost (time)
experiment plans in the study of technological processes and systems that allow the implementation of an active experiment on them.

The purpose of the work is a comparative analysis of these optimization methods for the cost (time) costs of plans for a full factorial
experiment.

Method. Methods are proposed for constructing the cost-effective (time-consuming) implementation of the experiment planning matrix
using fish search, monkey search, jumping frogs algorithms. At the beginning, a number of factors and transition costs are entered for each
level of factors. Then, taking into account the entered data, the initial planning matrix of the experiment is formed. The fish search method is
based on rearranging the columns of the experiment planning matrix, based on the sum of the values (times) of transitions between the levels
for each of the factors. The schools of fish are formed according to the following principle: there are fewer schools of fish where the sum of
the values (times) of transition between the levels of factors is greater. Then permutations of fish schools located side by side in the
experiment planning matrix are performed. When using the monkey search method, the columns of the experiment planning matrix are trees.
Each tree consists of branches along which a monkey moves. There are more tree branches where there is less sum of costs (times) of
transitions between levels of factors. The monkey begins its movement upward along each branch of the tree. During this, a search is
performed on the branches on which the monkey is located by the minimum value of the sum of the values (times) of transitions between the
levels for each of the factors. In the jumping frog method, a successful frog is determined by the least cost of transitions between levels for
each of the factors. After this, permutations of frogs are performed. The frog strives for the most successful and, provided it is nearby, it
remains in its current location. Then the gain is calculated compared to the initial cost (time) of the experiment.

Results. Developed software that implements the proposed methods, which was used to conduct computational experiments to study the
properties of these methods in the study of technological processes and systems that allow the implementation of an active experiment on
them. Optimum cost plans for the implementation of the experiments were obtained, and the gains in the optimization results compared with
the initial cost of the experiment were given. A comparative analysis of optimization methods for the cost (time) costs of plans for a full
factorial experiment has been carried out.

Conclusions. The experiments have confirmed the performance of the proposed methods and the software implementing them, and also
allow us to recommend them for practical use in constructing optimal experiment planning matrices.

KEYWORDS: optimization, fish school search method, experiment planning, monkey search method, optimal plan, jumping frog
method, cost, time.
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ABSTRACT

Context. The process of maintenance of modern radio-electronic facilities is aimed at supporting the serviceability or perform-
ance of the facilities during their technical operation. Specifications for achieving high reliability of operation are often contrary to
other required characteristics, such as reducing the size of the product, obtaining high accuracy, reducing the cost of operation, etc.
Therefore, the problem of the optimal choice of maintenance parameters to solve various tasks of operation using different criteria is
relevant.

Objective. The objective of this research is developing approaches to determine the optimal parameters of the process of adap-
tive maintenance.

Method. Within the framework of the general simulation statistic model of the process of maintenance and repair of a complex
facility (REF), we have developed a simulation model for parameter optimization of one of the maintenance strategies. The general
simulation statistic model is intended to simulate the process of the TMR of the FEF in order to predict the reliability and value of the
facility operation. Optimization of maintenance parameters improves both indicators of reliability of the facility and economic indi-
cators of operation of the facility as a whole. The parameters are optimized on the basis of the criterion of a minimum specific cost of
the REF operation or the criterion of the maximum ratio of technical use. In both cases, limitation means the required value of the
mean time between failures of the facility, and as a method of optimization, we use the method of directed search within the scope of
the maintenance parameters. An expert can participate in the process of finding an optimal solution, being involved in the analysis of
intermediate data and making a decision on the completion of the search process.

Results. The improved method of optimizing the maintenance parameters is a mathematical and algorithmic basis for the general
software of the simulation statistic model of the maintenance and repair process. The method is programmed and tested in solving
testing tasks. The results of the computational experiment are illustrated in the tabular form.

Conclusions. In our work we have developed the simulation model of the process of adaptive maintenance of a complex radio-
electronic facility. The model enables to substantially simplify and automate the process of research and optimization of the adaptive
maintenance parameters of a complex radio-electronic facility. By adding the least reliable elements gradually to a plurality of items
subject to servicing and modeling the random moments of the failure time, the simulation model calculates the optimal maintenance
options with the adaptive time of condition monitoring. The simulation model is based on the algorithmic model and algorithmic
optimization methods for adaptive maintenance, developed in our research, and works in the ISMPN software environment. As a
method of optimization, we use the method of directed search within the scope of the maintenance parameters, with a DN distribution
as a mathematical reliability model for electronic components and DM distribution for mechanical components.

The practical value of the research lies in developing software which optimizes the maintenance parameters and predicts the reli-
ability and value of operation for the given REF. The results obtained are to be used when determining the requirements for the pa-
rameters of operation of both new facilities and those of the available stock.

KEYWORDS: optimization of maintenance parameters, adaptive maintenance.

ABBREVIATIONS Ch
ISMPN is a simulation statistic modeling program;
AM is an adaptive maintenance;
DB is a database;
REF is a radio-electronic facilities; ca(y) is a function of the specific cost of operation
OTM is a operation time maintenance;
OCM is an on-condition maintenance.

; 1s a cost of the maintenance operation for the i-th

element
. 1s a cost of operation;

with the optimal value of the maintenance level u,,;(Y) ;

NOMENCLATURE ca(y") is an optimum value of the specific cost of

a;(ty) is an estimation of the average degradation rate operation in the current step;

of the i-th element; ¢s ¢ 1s a specific cost of the facility in the failure

Cy; is a cost of the i-element; mode;
) ) . ¢ 15 a specific cost, if the facility is in the mainte-
Ciepli 18 a cost of replacing the i-h element;
nance state;

e; 1s an i-th constructive element;
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E_ is a set of elements maintained;

m

E,, is a desired set of elements maintained;

E,, is a conditionally optimal set of elements main-

tained;

K, 1s a steady state availability factor;

K., (y) is a function of the steady state availability
factor with the optimal value of the maintenance level

+ ) -
Uzoi (V) 5
K4 (y") is an optimum, in the current step, value of

the steady state availability factor;
L(#;) is a smoothed value for current control time 7 ;

N; is a number of simulations implemented;

P+

am
maintenance;

is a conditionally optimal parameters of adaptive

P,, is an optimal parameters of adaptive mainte-
nance;

* . . . .
P,mc 1s an optimal parameters of adaptive mainte-
nance according to the criterion minc, ;

P, is an optimal parameters of adaptive mainte-
nance according to the criterion max K ;

S(#;) is a seasonal value of seasonality at the current
time;

S(t;_s) 1s a seasonal value for the same period of the

previous season;
s is a seasonal period;
T(t;) is a current trend value;

T, C'p (t;,) 1is a current forecast value of the mean time
between failures of the least reliable element;

T, w(tr) 1s a planned time interval of a regular mainte-
nance;

Ty is a mean time between failures;

7,1 is a required mean time between failures;

T, is a time of operation of the facility;

t; 1is a current time of the 4-th maintenance;

U,, is a vector of defining parameters levels, which
determines the necessity for maintenance of elements;
U, is a required vector of defining parameters levels,

which determines the necessity for maintenance of ele-
ments;

U,, is a conditionally optimal vector of defining pa-

rameters levels, which determines the necessity for main-

tenance of elements;
U;,; is a conditionally optimal vector of defining pa-

rameters levels of elements from the 1¥to the i-t4;
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u,,; is a optimal value of the defining parameter ob-

tained in the final (i-th) step;

+

u,,; is a conditionally optimal value of the defining

parameter obtained in the last (i-#%) step of modeling;

uyt is an intermediate optimal value of the defining
parameter for this step;

uyi(y) is a function which determines the depend-

ence of the optimal maintenance level of the i-th element
on the ratio vy ;

v; 1s a ratio of variation of mean operating time to uni

failure of the i-th element;
o is a sequence smoothing ratio;
B is a trend smoothing ratio;

¥ 1s aratio of seasonality smoothing;
T,epi 18 @ mean time of replacement of the item of the

i-th element;

T, o 15 an administrative time for maintenance;

T,,; 1s a mean maintenance duration of the i-th ele-

ment;

T,,- 18 a mean time of maintenance control;

mc

Tyou 18 @ mean time of troubleshooting;

€4 is a the necessary accuracy of the results (rela-
tive error);

v is a desired lead ratio;

y" is a conditionally optimal lead ratio.

INTRODUCTION

The task of providing the necessary indicators of reli-
ability of complex REF arises very often, both in the de-
sign of new models of equipment (modernization) and in
the operation of available ones. Complex radio-electronic
facilities are recoverable facilities of long-term applica-
tion. The cost of such facilities is high, as well as the costs
of operation. Diversity and the stochastic nature of the
impact of various operational factors on the radio-
electronic facilities result in the fact that, with the same
operation time or duration of operation, facilities, in terms
of reliability, have different actual technical condition.
Due to this fact, operation or calendar time does not ex-
pressly characterize the technical condition of the facility.

In order to provide the required level of reliability of
REFs during their operation, maintenance and repairs are
usually performed, the essence of which is to timely re-
store the operational condition of the facility and the pre-
ventive replacement of the items in the pre-failure condi-
tion.

On the one hand, a longer period of maintenance en-
ables to increase the production operation of REF, as well
as the operation profitability. But this is not the case with
the use of an outdated equipment stock which signifi-
cantly increases the time of maintenance due to the elimi-
nation of intensively increasing failures and malfunctions.
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The object of study is the maintenance process of
complex radio-electronic facilities.

The subject of study is optimizing the parameters of
adaptive maintenance.

The purpose of the work is to develop approaches to
determining the optimal parameters of the process of
adaptive maintenance.

1 PROBLEM STATEMENT

Depending on the criterion used in determination of
the timing of maintenance, there are two main strategies
for arranging maintenance: OTM and OCM. When per-
forming OTM, control is exercised according to the avail-
able potential of the facility, and when the residual life
reduces to some predetermined threshold, the facility
maintenance is performed. When conducting OCM, the
current technical condition of the facility is monitored,
with maintenance performed, if the technical condition of
the facility deteriorates to some predetermined unaccept-
able threshold. In turn, two types of strategies can be
identified during OCM: OCM with a constant control
period and OCM with a variable control period (adaptive
OCM).

Each strategy is characterized by its parameters, which
can be simulated using simulation statistic modeling. The
modeling criteria of determining parameters of adaptive
maintenance in our research are as follows: the criterion
for minimizing the specific cost of the facility operation,
which is determined at a reference period of operation,
with the provision of a reference requirement to the reli-
ability level of the facility, and the criterion of maximiz-
ing the coefficient of technical operation with the provi-
sion of the same requirement to the reliability level of the
facility [1-4].

To perform modeling, it is necessary to create simula-
tion models for all maintenance strategies.

The initial data for ISM are the following variables:

E,, Ty, o, B and y.

Thus, the article solves an urgent scientific problem in
relation to the development of simulation models to opti-
mize the adaptive on-condition maintenance parameters

. . * &
and getting subsequent output variables: E,,, U, , and
v. Two criteria are used: optimization by criterion
minc, and by criterion max K, . The limitation is the

use of DN distribution, as a mathematical model of reli-
ability of electronic components and DM distribution, for
mechanical components.

2 REVIEW OF THE LITERATURE

Nowadays, many scientists also investigate the prob-
lem of optimizing the maintenance process for different
types of facilities. Thus, to minimize the cost of servicing
systems with the reliability constraint, work [5] suggests
the approach which uses the methods of Lagrangian re-
laxation embedded in dynamic programming. The ap-
proach can be applied to determined and probable tasks of

dynamic programming, as well as to Markov partially
© Lienkov S. V., Zhirov H. B., Tolok I. V., Lienkov Ye. S., 2020
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observable decision making process. The computational
complexity of the approach is polynomial with regard to
the number of Q-components of the system. The author of
work [6] addresses the problem of optimizing mainte-
nance in a multi-component system which performs sev-
eral missions with scheduled finite discontinuity. Due to
the limited time, budget, or availability of resources,
maintenance can only be performed on a limited set of
components. To do this, we propose a new integrated
formulation of nonlinear programming for the sample
maintenance, which enables to choose the components to
be serviced, the maintenance levels to be performed, and
maintenance tasks for several maintenance technicians. In
work [7], a stochastic optimization model is considered to
reduce the long-term total cost of maintenance complex
systems. The work relies on the following principle: op-
timization of cost models for complex multi-component
systems is based on analyzing the reliability of different
maintenance approaches (regular block and age ones) and
on clustering maintenance actions to reduce the total cost
of maintenance of a complex system. In work [8], in ac-
cordance with the task of optimizing maintenance, the
author selected the most important components of the
power system with renewable energy sources. Then a set
of maintenance strategies is proposed for all critical com-
ponents. The total cost of each strategy for all critical
components is calculated as the amount of costs for: op-
eration, maintenance and environmental protection. The
best maintenance strategy for each critical component is
selected by identifying the lowest total cost of different
maintenance strategies.

The author of work [9] addresses a new method of op-
timal strategy of maintenance of a complex system taking
into account the reference reliability limitation. It is based
on the direct analysis method which provides accurate
quantitative determination of the reliability of highly reli-
able maintenance systems. As a discrete maintenance
model, the article considers a model where each main-
tained component can operate in one or more discrete
maintenance modes. In work [10] the author considers the
optimal schedule of preventive maintenance of one ele-
ment on the finite segment on the basis of Bayesian mod-
els of the failure function. In work [11] a new approach to
the modeling of maintenance of machine tools is devel-
oped taking into account the architecture of stock sys-
tems. The stock architecture is considered, which consists
of various types of machine tools of different manufactur-
ers of equipment, working with different users, but sup-
ported by one repair shop. The essence of the approach is
to jointly optimize the decisions on the levels of repairs,
namely: the schedule of repair, relocation, disposal and
preventive maintenance, taking into account the structure
of user costs and policy in the workshops. In work [12],
the author suggests a new approach to cost-effective op-
timization of maintenance completion strategies for a set
of repaired elements. The optimization method consists of
two stages. Firstly, a new concept of matrix modeling is
introduced to find the scope for solving this optimization
problem. Secondly, a genetic algorithm is used to find a

65
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solution with minimal costs. It is shown that the combina-
tion of matrix modeling and genetic algorithm is a power-
ful method for solving the problem of optimization. In
work [13], the MINLP model is suggested which repre-
sents a stochastic process of failures and repairs of the
system in the form of a Markov continuous-time chain, on
the basis of which the choice of backup and frequency of
verification and maintenance tasks is optimized for
maximum profit. The model explicitly takes into account
all possible conditions of the system. It also offers effec-
tive decomposition methods and reduction of maintenance
scenarios.

Thus, the task of developing simulation models and
improving the procedure of optimizing the adaptive on-
condition maintenance parameters for two different crite-
ria is relevant.

3 MATERIALS AND METHODS

The development of a simulation model for optimiz-
ing the parameters of the process of adaptive maintenance
should be based on a pre-formalized adaptive mainte-
nance model. In our work we use an improved model as
the formalized model of adaptive maintenance, which is
described in works [1]. The optimization task was solved
for one of two criteria: optimization by criterion minc,

(1) and by criterion max K, (2):
Ce(<E;:wU;1’O°’BaX»'Y*>)_>mins (D

To(( B U By ) > 73

KSSa (<Em,Um,(X, B’ XY >) — max .

Constants of smoothing are not directly related to the
choice of maintenance options. For this reason, the pa-
rameters o,f,x are not included in the number of opti-

mized strategy parameters, and we regard them as con-
stants.

When solving a problem (1) the set E,, is fixed, with
the sequence of partial problems solved. At each step, an
auxiliary set E,, is formed by adding one element from
the set E,,, with a specific task solved for determining
the optimal parameters satisfying the condition:

Ce(<E;:laU:<n>asB9x,'Y*>) - (I]l’lll’l . (3)
m>Y

Solution P, = <E,J,'1,U ,J;,,y+> satisfying condition (3)

is a conditionally optimal solution obtained, if the set of

maintained  elements  consists of E,, and

Upi = {15t 2 seeestty i} [1,16].
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When adding new elements to E;,, the mean time be-
tween failures 7 should increase, and when the require-

ment Ty >7,“/ is met in a certain step, the process of

search for a conditionally optimal solution is completed.
This solution, obtained in the final stage, is taken as the

general optimal one P; m -

Figure 1 shows the algorithmic model of the task solu-
tion (1)
Statement 1 generates the output data: the set of the

maintained elements £, ; records constants of smoothing.

Statement 2 creates empty sets E,,; and Up,;, and

initiates the variable i, which is used to calculate the
number of steps for a solution search (simultaneously, the
variable i is the number of element e; which is added to

the set E,,;). The set E,,; is used as the current set of

maintained elements (one element from the set E,, will

be added at each stage). A set U,,; is used to memorize
the obtained optimal values of the maintenance levels
u,,; of elements included in the set £, .

Statement 3 forms the number 7 of the next (current)
step of the search process.

Statement 4 chooses i-th element e; from the set E,,

and adds it to the set. The elements e; from the set E,,

are selected in ascending order of their mean time be-
tween failures.

Statement 5 makes function charts u,;(y) and

cJ () depending on the value of the lead ratio vy, which
binds the scheduled time interval to the next maintenance
ﬁn (t;) , with the current predicted value of the mean time

between failures of the least reliable element 77, (#; ) :

, 1
Topti) = a; (1)

For a two-parameter exponential smoothing model,
estimation of the average degradation rate of the i-th ele-
ment is determined by the expression:

a;(tgs1) = L(tg) + T (1),
L(tp) = o-a; () + (1= o) [S(tg—1) — T (t4_1)]
T(t) =BS(t) = St ))+(1=PB) - T(ty—y)
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Input

Ep Ty o, By

++ .
Ef = @:U" -3 -i—0 Saveu,,; in the database
mi Y mi > + ottt +
Ui = Upi (umi eL]m)

[
| t
3 N 9 Determine T0+
1:=1
T0+ : TO(<Emt’U-:n’Y+>]
‘ 10
4 Select €¢; € E )\
pe 7 =75
mi = Lmi I No
Yes 11 Yes
P
5 Construct function 12| K, =E} U, =Epy i< |E,, ]
charts u,,;(v); ¢; (v) Y=yt mN
| | °
6 Determme T 13 * * *
E Uy No solution

Y s (v = mylnc (v)

7 ; ++
Retermlﬂe U, i Output
Umi = Up i(Tk )

Figure 1 — Algorithmic model for optimal parameters search of the OCM strategy with adaptive change of the control period
For a three-parameter smoothing model [14, 15]: () = (B, UL y). )

a;(t =Lt ) +T ) |xSWr,1_o),
@i(lk+1) [ () + 1 k)] (k15 Statement 6 determines the optimal value of the ratio

L(tx)=a- Gill). ———+ (= )[S(t_) - T ()], y" in the current step, which satisfies the condition:
t—s
T(ty) = B(S(t,) = S(t-1) +A=P)- Tt co (v") =minc, (v) . (6)
St)=x- 2ille) % () ——=+(1=y)-St;_,)- Statement 7 determinez the optimum value of the
L(%) maintenance level:
The function u,,;(y) determines the dependence of t =i (r") Q)
the optimal maintenance level of the i-#4 element on the Statement 8 saves the value u;" in the DB as the op-

ratio v . ) .
timal value for this step.

+ . . . .
The value u,,;(y) is determined on the basis of the ex- Statement 9 defines the value of the mean time be-
tween failures, obtained in the current search step

) TO _TO( m(z)) and am(i)_<Em1’Um1’Y >
t (1) Co(Epyis Uy y) — min. 4) Statement 10 verifies the compliance with the condi-

Ui

pression:

tion T, >7,“Y . If the condition is satisfied, Statement 12

Function ¢, (y) is the specific cost of operation ob-  forms the final solution:

tained with the optimum value of the maintenance level . .
U:,—”'(Y) : ame *= Yam(i) -
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Thus, the solution search process finishes.
If Statement 9 does not comply with the condition

Ty =Ty, Statement 10 verifies if all the elements from

E,, have already been used. If not, and (i<‘Em‘), it

passes control to Statement 3 to continue the solution
search process.

Statement 13 forms the optimal values of the adaptive
maintenance parameters.

The algorithmic model of the task solution (2) com-
pletely coincides with the model developed above, except
for the content of Statements 4 and 5. The only difference
lies in the fact that instead of the criterion min ¢, a crite-

rion max K .., is used. Therefore, in Statement 4 a func-

ssa

tion chart K., (y) is constructed, with the optimal value
determined in Statement 5 on the basis of the condition:

Ko (r")=max K, (y). (8)
Y

The content of all other operators remains unchanged.

Taking into account the aforementioned, one can for-
mulate the following method of optimizing the parameters
of the adaptive maintenance process of a complex radio-
electronic facility:

1. Create a database of the REF, with the task of opti-
mizing the adaptive maintenance parameters solved.

2. Specify the simulation parameters for [SMPN.

3. Determine the set of potentially maintained ele-

ments £,, and the required mean time between failures

based on the maintenance 7,/ .

4. Choose an item from the set of potentially main-
tained ones, with the highest failure rate, and perform
modeling according to one of the criteria: minc, or

max K Determine the conditionally optimal mainte-

req *
nance parameters for one maintained element.

5. Determine the mean time between failures and
compare with the required one. If the mean time between
failures is less than required, add the second one, etc. to
the list of maintained items, till the mean time between
failures is no less than necessary.

6. Determine the optimal parameters of adaptive main-
tenance.

4 EXPERIMENTS
The problem is solved using the ISMPN program. In
each step of the task solving, actions are performed in
accordance with the following procedure:

1) the formation of the current subset E,; of the

maintained elements (in the i-¢th step one element E,, is

added to the subset E,,;);
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2) the search for a conditionally optimal solution
P;m(i) = <E;;”~,U;“m~,y+> (by criterion minc, or
max K .., ) and determination of the mean time between

failures 7y ;
3) verification of compliance with the condition
Ty = T,* . If the requirement is not satisfied, proceed to

point 1 and continue solving the task. If the request is
met, complete the closing point of the procedure;
4) acceptance of the conditionally optimal solution

P;m(i) obtained in the final step as the final solution of

the task Pp, := P ;) -

The procedure is illustrated by the example of the test-
ing facility Test-1. The database for the facility was estab-
lished. The facility contains 15 elements of different lev-
els included in the set of denied elements Ej. For exam-
ple, the set of potentially maintained elements E,, com-
prises 5 least reliable elements from E(. Table 1 shows

the data on such elements. Mean time between failures is
subject to the DN distribution with the coefficient of
variation of failure time of all elements v; =0.8 .

Cost and time characteristics of the facility Test-1:

Trepi = 1hy 1,; = 02hours; Cp; = 10cu; Cppp =
leu; Cpi=lecu (Vi=L|E,|); T, = 05k
Thou=1h; T,,, =1h

Table 1 — Characteristics of potentially maintained elements
of the facility Test-1

. . Cost of the
Element Mean failure time
number Element name T . h element COi s
cpi-
c.u.
1 132 10000 40
2 12 14142 20
3 11111 14142 20
4 131-1 20000 10
5 131-2 20000 10

We specify the parameters of modeling and the envi-
ronment for the ICM, namely: 7, =20 years;

NP =100; €™ =0.2; cgr =10 culyear; cg,, =2

c.u./year.
If maintenance for the facility Test-1 is absent in such
conditions, the following values are obtained: 7, = 1,210

h; ¢, =0.02997 cu/h; K, = 0.99835. Permanent
smoothing equals to 3 =0.5.
The required mean time between failures:
Ty =1.500 h.
5 RESULTS

Optimization by criterion min ¢, .
The calculations are performed as follows:
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1. In step 1, we add element 132: E;,(l) = {132} to

the set £, .

2. We launch the ISMPN program in the mode “Opti-
mizing maintenance/adaptive maintenance” and specify
the following variation parameters:

—for: u,, 1u,, € [0.4; 0.8]; Au,, =0.05;

—for: y:ye [0.2;0.7]; Ay =0.05.

Figure 2 shows the view of the PC screen after model-
ing is completed in step 1.

By the function chart ¢, (y), we determine its mini-
mum and corresponding conditionally optimal value
7" =0.45 . According to the chart u;,;(y), we determine

the optimal value of the maintenance level for element
132 uy i =up(y") = 0.40.

As a result of the calculations performed in step 1, we
obtain the following conventionally optimal solution:

Pty = (Bt Ui v* ) = (11324:10.40}30.45).

(G5 ISMPN:

3. According to the chart T (y), we determine the

mean time between failures 7, = 1.386 hours, which is

achieved with these parameters (shown next to the chart
on the right).

4. If the requirement 7, > 75! is not fulfilled, we
take the next step. But before proceeding to the next step,
we enter the latest value of the maintenance level u,,|

(for element 132) in the database.
The final modeling results are shown in Table 2.

To ensure the reliability level 7;°/ = 1.500 h, the pa-
rameters
P*

amc

obtained in step 2:
=P = ({132,12}; {0.40;0.55}; 0.40) are opti-
mal parameters of the adaptive OCM by criterion min ¢, .

With the above parameters, the following values of
indicators are provided:

To(Pone) = 1.529 h; ¢, (P,,.) = 0.02162 c.u./h;
Kysq(Pom ) =0.99825.

Search for optimal adaptive maintenance status parameters

Object Test-1 Histograms Mo maintenance To=12071 | Cu=003007 cu/h
i . Proceed
Optimum maintenance level 0
07
: Stop
Criterion  [in Ce ~ SR 0,40 -
05 4 Exit
. 04 = o
Maintenance level change 02 025 03 035 04 045 05 0355 06 065 0:01:13
Initial value 040
Final value (80
Change interval T 00252 T
: 0,025 f----1 R
BapbvpoBanve GAMMA 00248 4 : : Uo7
0,024 g IR, 0.45
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Figure 2 — View of the PC screen after modeling is completed in step 1 (criterion min c)
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The statistical error of the modeling results, with the
above results obtained, is € =0.148 .
Optimization by criterion max K, .

1. In step 1, we add element 132 to the set E,,:
Epay= {132}

2. We launch the ISMPN program in the mode “Opti-
mizing maintenance/adaptive maintenance” and specify
the following variation parameters:

—for u,, :u,, € [0.4; 0.8]; Au,, =0.05;

—fory :ye [0.4;1.0]; Ay =0.05.

The result of modeling shows that the function
K 5, (7) does not have a stable maximum, so we immedi-
ately proceed to step 2 and add element 12 to the set

Epqy: Em2y = {132, 12}. Figure 3 shows the view of
the PC screen after completing the simulation in Step 2.

In step 2, the maximum of the function K, (y) is ob-

tained at the value of the argument y* = 0.65. According
to the chart, we find conditionally optimal value of the
maintenance level u,,] =u,}(y") = 0.65. All these data
are calculated in a programmatic manner and displayed to
the right of the corresponding chart.

Thus, after completing step 2, we obtained a conven-
tionally optimal solution:

P = (B Ut = (11323:10.45150.65)

Table 2 — Results of calculation of conditionally optimal parameters of the adaptive maintenance strategy for the facility Test-1
(criterion min c,)

. ) Values of indicators obtained under conditionally optimal pa-

¢ Conditionally optimal parameters p+ .

step am(i) rameters Pt .

num- am(i)

ber i
ert E;,;i M;,J,r y* T0+ ,h c;r ,cu/h K;:m €
0 - - - 1207 0.03007 0.99834 0.135
1 {132} 0.40 0.45 1386 0.02427 0.99818 0.138
2 {132, 12} 0.55 0.40 1529 0.02162 0.99825 0.148
3 {132, 12, 11111} 0.45 0.45 1706 0.01894 0.99840 0.153
4 {132, 12, 11111, 131-1} 0.55 0.45 1868 0.01743 0.99849 0.143
5 {132, 12, 11111, 131-1, 131-2} 0.56 0.40 2057 0.01603 0.99852 0.173

(0 ISMPN: Search for optimal adaptive maintenance status parameters

. Histograms  No maintenance To=12137 h Cu=0025370 c.u./h
Object Test-1 9 Proceed
Adaptive maintenance Optimum maintenance level
Stop
Criterion  |max Kssa ~ 0.45
Exit
Maintenance level change 00043
Initial value n.4n
Final value 0.80
Change interval 0,05
0,025 4
0,024
Bapbupoeanve GAMMA 002283
0,023
Initial value 04 0,022
Final value 1.00 na
Change interval |0.03
. 1500 e ——e kel S
Beta coefficient  |0.50 | : . \ :
1000 --m-me- R IR IR Pt E. 1469.3
500 4-------- bemeneend beemeeeees boemeeeee TR TR
List of serviced items o . . . . .
100000 132 04 05 05 07 0,3 039 1
141421 12
el 099836
080885 4 - 0.65
099828 4 - ---
0,39526
04
eps = 0146

Figure 3 — View of the PC screen after completing the calculations in step 2 (criterion max K,)
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3. According to the chart Tj (y), we determine the

1469 h, which is

achieved with these parameters (displayed along with the
graph on the right).

mean time between failures 7, =

4. If the requirement Ty > 7,/ is not satisfied, we
proceed to the next step. However, as before, we enter the

latest value of the maintenance level u;,j = 0.45 in the

database.
Table 3 shows the complete data obtained for all 5

steps (for all elements of the set £, ).

For the requirement 7;°/ = 1.500 h, the parameters,

obtained in step 3, are optimal for the parameters of the

adaptive maintenance strategy by the criterion max K, :

*

Pam K

With the above parameters, the following values are pro-
vided:

Ty (P,

a”lK)

= 1.616 h; c (P

am K

) = 0.02048 u.c./h;
Ksa (Poy ) = 0.99846.

The statistical error of the modeling results, with the
above results obtained, is € =0.152.

6 DISCUSSION
The analysis of the task solution results with regard to
optimization of adaptive maintenance parameters by two

different criteria show that the solutions -P? and

am K

*
Pones are better than the solu-

by all indicators P’

amk >

tion P

am ¢ - Table 4 shows the compared parameters.

The table also shows that the advantage of the solution
P}, « is obtained only at the expense of a greater number

*

of maintained elements: according to the solution P, ,,

the number of the maintained elements is equal to 3, and
*

according to the solution P, .,

it equals to 2. This result

is expectable, since in the output data cost and time spent
on maintenance are very insignificant and equal for all
elements.

Table 4 — Comparative data of the optimal parameters of the
adaptive maintenance of facility Test-1

Number Compared parameters
. o of the
Main- Optimi- main-
tenance zation tained
para- crite- elements Ty, Ce» K
meters rion h cu/h ssa
Em
P* min c,
am ¢ 2 1529 0.02162 | 0.99825
p* max K, 3 1616 | 0.02048 | 0.99846
am K
+
Pam ¢(3) | min c, 3 1706 0.01894 | 0.99840

=Py =({132,12,11111}; {0.4;0.45;0.5}; 0.65).

The results obtained in this example also show that in
the case of three maintained elements, the conditionally

optimal solution P;m(3), obtained by the criterion

min ¢,, is much better than both solutions P, . and
*
Pam K

The obtained results adequately demonstrate the pecu-
liarities of the simulation model of optimizing the pa-
rameters of the adaptive maintenance strategy, as well as
the possibility of application of the modeling results ob-
tained.

CONCLUSIONS

The simulation model of the process of adaptive main-
tenance of a complex radio-electronic facility is devel-
oped in the work. The essence of the simulation model is
that by gradually adding the least reliable elements to a
set of elements to be maintained, and simulating random
moments of the failure time of the facility elements, the
model calculates the optimal parameters of maintenance
with the adaptive time of the technical condition control.

The scientific novelty of the research is to improve
the simulation model of the process of adaptive mainte-
nance of a complex radio-electronic facility, which,
unlike available ones, is based on the algorithmic model
and algorithmic optimization techniques used in the soft-
ware package of the ISMPN. As a method of optimiza-
tion, we use the method of directed search within the

Table 3 — Results of calculations of conditionally optimal parameters of an adaptive maintenance strategyfor the facility Test-1
(criterion max K,)

. Values of indicators obtained under conditionally optimal pa-
Step Conditionally optimal parameters P . +
.y am (i) rameters P, ;)
ber i + ++ + + +
Emi Ui Y TO ,h Ce ,cu/h KSS(l €
0 — — — 1219 0,02970 0,99834 0,137
1 {132} — — — — — —
2 {132, 12} 0,45 0,65 1469 0,02289 0,99836 0,146
3 {132,112, 11111} 0,50 0,65 1616 0,02048 0,99846 0,152
4 {132,12, 11111, 131-1} 0,55 0,55 1815 0,01801 0,99853 0,164
5 {132,12, 11111, 131-1, 131-2} 0,40 0,60 1941 0,01721 0,99860 0,167
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scope of the maintenance parameters; as a mathematical
model of reliability, we use the DN distribution for elec-
tronic components, and DM distribution for mechanical
components, with the scheduled time interval to the next
maintenance determined on the basis of the three-
parameter exponential smoothing model, which enables to
significantly simplify and automate the process of study-
ing the reliability of indicators and optimization of adap-
tive maintenance parameters of a complex radio-
electronic facility.

The practical value of the results obtained lies in de-
veloping software which optimizes the maintenance pa-
rameters and predicts reliability indicators and operation
cost for the given REF. The results obtained are to be
used when determining the requirements for the parame-
ters of operation of both new facilities and those of the
available stock.

Prospects for further research lie in creating simula-
tion models and software tools for optimizing the parame-
ters of the process of scheduled maintenance of REFs,
maintenance and repair procedures of the REF groups.

ACKNOWLEDGEMENTS
The work was performed as part of the state budget
research topic of the Military Institute of the Taras
Shevchenko Kiev National University, on the theme “De-
velopment of models and methods for determining the
optimal parameters”, code “Optimization” (state registra-
tion number 0118U004378).

REFERENCES

1. Lenkov S., Tolok I., Tsitsarev V., Zhyrov G., Lenkov E.,
Khlaponin Yu., Borowik B. eds. Forecasting reliability of
complex technology objects. Parameters optimization of
their technical exploitation: monograph. Bielsko-Biala, Pub-
lishing house «BEL», 2018, 253 p.

2. Zhirov G. B., Lenkov E. S. Algoritmi modeliuvannia
protsesiv tehnichno-go obslugovuvannia za stanom skladnih
radioelektronnih ob’ektiv, Radio Electronics, Computer Sci-
ence, Control, 2018, No. 2(45), pp. 14-21. DOI:
10.15588/1607-3274-2018-2-2.

3. Zhirov G.B., Lenkov €. S., Tolok I. V. Analiz matematich-
nih  modelei tehnichnogo obslugovuvannia skladnih
tehnichnih ob ektiv, Zbirnik naukovih prats’ Harkivs 'kogo
universitetu Povitrianih Sil, 2017, Vip.2(51), pp. 153-158.

4. Lenkov S. V., Seliukov O. V., Tolok I. V. i dr. Mate-
matichna model’ protsesiv vitrachannia ta popovnen-nia re-
sursu ugrupovannia skladnih tehnichnih ob’ektiv, Nauka i
tehnika Povitrianih Sil ZSU, 2018, No. 2 (31), pp. 174-181.

5. Faddoul R., Raphael W., Chateauneuf A.Maintenance opti-
mization of series systems subject to reliability constraints,

YIK.004.052

11.

12.

13.

14.

15.

16.

Reliability Engineering & System Safety, 2018, No. 180,
pp. 179-188. DOI: 10.1016/j.ress.2018.07.016.

Khatab A., Diallo C., Venkatadri U., Liu Z., Aghezzaf E.-H.
Optimization of the joint selective maintenance and repair-
person assignment problem under imperfect maintenance,
Computers & Industrial Engineering, 2018, No. 125,
pp. 413—422. DOI: 10.1016/j.cie.2018.09.012.

Martinod R., Bistorin O., Leonel F., Castafieda L., Rezg N.
Maintenance policy optimisation for multi-component sys-
tems considering degradation of components and imperfect
maintenanceactions, Computers & Industrial Engineering,
2018, pp. 100-112. DOI: 10.1016/j.cie.2018.07.019.
Shayesteh E., Yu J., Hilber P. Maintenance optimization of
power systems with renewable energy sources integrated,
Energy, 2018, No. 149, pp. 577-586. DOIL
10.1016/j.energy.2018.02.066.

Bri§ R., Byczanski P., Gono R., Rusek S. Discrete mainte-
nance optimization of complex multi-component systems,
Reliability Engineering & System Safety, 2017, No. 168, pp.
80-89. DOI: 10.1016/j.ress.2017.04.008.

. Belyi D., Popova E., Morton D., Damien P. Bayesian fail-

ure-rate modeling and preventive maintenance optimization,
European Journal of Operational Research, 2017, No. 262,
Issue 3, pp. 1085-1093. DOI: 10.1016/j.ejor.2017.04.019.
Rawat M., Kumar L. B. Novel approach for machine tool
maintenance modelling and optimization using fleet system
architecture, Computers & Industrial Engineering, 2018,
No. 126, pp. 47-62. DOI: 10.1016/j.cie.2018.09.006.
Wijk O., Andersson P., Block J., Righard T. Phase-out
maintenance optimization for an aircraft fleet, /nternational
Journal of Production Economics, 2017, No. 188, pp. 105—
115. DOT: 10.1016/].ijpe.2017.01.002.
Ye Yixin, Grossmann I. E., Pinto J. M., Ramaswamy S.
Modeling for reliability optimization of system design and
maintenance based on Markov chain theory, Computers &
Chemical Engineering, 2019, No. 124, pp. 381-404. DOI:
10.1016/j.compchemeng.2019.02.016.
Vartanjan V. M., Romanenkov Ju. O., Revenko D. S., i dr.
Modeljuvannja dynamichnyh procesiv po chasovyh rjadah:
monografija.  Harkiv, Nac. aerokosm. un-t im.
M. Je. Zhukovs’kogo «Har’k. aviac. in-t», 2012, 266 p.
Rendon-Sanchez J., Menezes L. Structural combination of
seasonal exponential smoothing forecasts applied to load
forecasting, European Journal of Operational Research,
2019, Vol. 275, Issue 1, pp. 916-924. DOI:
10.1016/j.ejor.2018.12.013.
Ashurkov 1. S., Leshko N. A., Kakaev V. V. Ispol’zovanie
metoda priamogo perebora dlia optimizatsii prostranstven-
noi struktury mnogopo-zitsionnoi radiolokatsionnoi sistemy
[Elektr. resurs]. Rezhim dostupa
http://trudymai.ru/published.php?ID=69752

Received 27.05.2019.

Accepted 24.12.2019.

IMITAIIAHA MOJEJb HPOLIECY AJAITUBHOI'O TEXHIYHOI'O OBCJIYT'OBYBAHHSA CKJIATHOI'O
PAJIOEJEKTPOHHOI'O OB’€EKTA
JlenkoB C. B. — 1-p TexH. HayK, pod. TOJOBHUIT HAYKOBUH CIIBPOOITHUK HAYKOBO-IOCIITHOTO IIEHTPY BilicbKOBOTO IHCTUTYTY
KuiBcbkoro HarionansHoro yHiBepcurety imeni Tapaca IlleBuenka, KuiB, Ykpaina.
Kupo I'. B. — kaHx. TexH. Hayk, C.H.C., JOLUCHT Kadeapu paaiOTEeXHIKH Ta pPaJiOCIEKTPOHHUX cHCTeM KuiBCchbKkoro

HAIlOHATBHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka, KuiB, Ykpaina.

Tonok 1. B. — xaHa. mexn. Hayk, Ha4aJdbHUK BilickkoBoro iHCTUTYTY KuiBchkoro HaiioHaNFHOTO yHiBEpcHTETy imeHi Tapaca

IleBuenka, KuiB, Ykpaina;
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JlenkoB €. C. — kaHA. TeXH. HayK, CTapIINil HAYKOBHI CIIBPOOITHHUK IEHTPAIEHOTO HAYKOBO-IOCTIJHOTO IHCTUTYTY 30pOHHHX
Cun Ykpainu, Kuis, Ykpaina.

AHOTANIA

AxTtyanbHicTs. [Iporec texniunoro obcnyrosyBanss (TO) cydacuux 06’exrie PET HanpapieHuii Ha MiATpUMAaHHs COPaBHOCTI
YH Mpare31aTHOCTI 00’ €KTIB MiJ Yac iX TeXHIYHOI eKcIuTyararii. Bumoru, moao JocarHeHHs BUCOKOT HaAIHOCTI eKCILTyaTallii 9acTo
3HAXOMAATHCS B CYNEPEYHOCTI 3 IHIIUMH HEOOXiTHUMH XapaKTEPUCTHKAMH, TAKUMH SK 3MEHIICHHS PO3MipiB BHPOOY, OTpUMaHHS
BHCOKOI TOYHOCTI, 3HIKSHHS BapTOCTi eKcIuryaranii i T. A. ToMy mmTaHHs, onTuManbsHOro BuOOopy nmapamerpiB TO i BupilieHHS
Pi3HMX 3a/1ad eKCIUTyaTalii Ta i3 3aCTOCyBaHHSM Pi3HUX KPUTEPIiB, € aKTYaJIbHOIO.

Meta. Metoro 1aHoi poOOTH € po3poOKa MiXOIIB II0JJ0 BU3HAUYCHHS ONTHMAaJIbHUX HapaMeTpiB MpoLecy aJalTHBHOTO TEeXHIY-
HOTO 00CITyrOBYyBaHHSI.

Meton. B pamkax 3arajbpHOi iMITAL[iifHOI CTATHCTHMYHOI MOJENi HPOLECY TEXHIYHOTrO OOCIYroBYBaHHS i PEMOHTY CKIIaJHOTO
06’exty PET po3pobinena imiTaniiiHa Moaens ontumizarii napameTpiB oxuiel i3 crpareriit TO. 3aranbHa iMiTawiifHa cTaTHCTHYHA
MOJIeNb MIPU3HAuYCHa ISl MOZEIOBaHHs mpouecy nposencHHs TO u pemonty 06’ekta PET 3 MeTo0 MpOrHO3yBaHHs MOKAa3HHKIB
HAJIHHOCTI Ta BapTOCTi ekcrutyaTamnii 00’ exTa. OnTuMizanis mapamerpis TO mokparrye, Sk MOKa3HUKH HAIHHOCTI caMoro 00’ekta
TaK i eKOHOMIUHI ITOKa3HUKH €KCIUTyaTalii 00’ekra y minoMmy. OnTuMizarist mapamMeTpiB 34iHCHIOETECS 32 KPUTEPiEM MiHIMyMy ITH-
TOMOI BapTocTi ekciuryaranii 06’ekra PET a6o 3a xpurepieM MakcuMyMy Koe(illieHTa TEXHIYHOTO BUKOpUCTaHHSI. OOMEXEHHSIM B
000X BHUIAJKaX BUCTYIAa€ HEOOXiTHE 3HAUSHHS CepeTHHOr0 HapoOITKy Ha BiIMOBY 00’€KTa, a B IKOCTI METOY ONTHMIi3allii BUKOpHC-
TOBYETHCSI METOZ CIPSIMOBAHOTO nepebopy y npocropi mapamerpiB TO. ¥V mpoueci mouryKy onTHMaibHOTO PillleHHS MOXe MpuiMa-
TH y4acTb JIIOJIMHA-CKCIIePT, sIKa 3aTy4aeThCsl Ul aHai3y MPOMDKHHUX HaHHX 1 Ul MPUHHATTS PIlICHHs OPO 3aKiHYEHHS MPOLecy
TIOILYKY.

PesyabTaTn. YpockoHaneHa MeToauKa ontuMizanii mapameTpiB TO sBisie co0010 MaTeMaTH4He Ta aATOPUTMIYHE MiAIPYHTS UL
3arajJibHOTO MPOTrPaMHOr0 3a0e3MeueHHs iIMiTaliifHOT CTATHCTUYHOT MOZETI MPOIecy TEXHIYHOTO 00CIYTOBYBaHHS 1 peMOHTY. Po3po-
OJIeHHMI METOJ| POrpaMHO peai3oBaHMH 1 TOCHIKEHUHI IIPU BUPIIICHHI TECTOBHX 3aBJaHb. Pe3ynbTaTH 00UYHCIIIOBAIBHOTO EKCIIe-
PHMEHTY IIPOUTIOCTPOBaHi y TaOIH4HIH hopMi.

BucaoBkn. Y po6oTi po3pobiieHa imitaniiiHa MOJeNIb MPOLECy aJalTHBHOIO TEXHIYHOIO 00CITyroBYBaHHS CKJIaJJHOTO pajioerne-
KTPOHHOTo 00’ckTa. Mosesb 03BOJISIE CYTTEBO CIPOCTUTH Ta aBTOMATH3yBaTH IPOLEC JOCHIIIKEHHS Ta ONTHUMI3alil mapamerpiB
aJIalITUBHOTO TEXHIYHOTO OOCIYyrOBYBAaHHS CKJIAJJHOTO pajioeneKTpoHHOro 06’exra. I1II1XoM MOKPOKOBOrO J10AaBaHHS HaiiMEHII
HaJiHHUX €JICMEHTIB O MHOXXMHH €JIEMEHTIB, AKi HiUIAraloTh 00CIyroByBaHHIO, Ta MOJEIIOBAHHIO BHIIAJKOBUX MOMEHTIB 4acy
BIIMOB €JIeMEHTIB 00’€KTa, iMiTalliiiHa MOJENb PO3paxoBy€ ONTHUMAJbHI MapaMeTPH TEXHIYHOTO OOCIyTrOBYBaHHS 3 aJalTHBHUAM
4acoM IMPOBEICHHS KOHTPOIIO TEXHIYHOTO CTaHy. IMiTamiiiHa Moziesis 6a3y€eThCs Ha pO3POOICHUX B POOOTI aNrOpUTMIYHIH MoJeni Ta
METOJHIII ONTHMIi3amii MapaMeTpiB MPOLECy aAANTUBHOIO TEXHITHOIO OOCIYrOBYBaHHS Ta MPAMIOE Y CEPEIOBHUIII IPOrpaMHOTO 3a-
co0y ISMPN. B sxocti MeTomy onTHMi3anii BHKOPHCTOBYETHCS METOH CIPSIMOBAHOTO Hepebopy y mpocTopi mapamerpis TO, a 3a
MaTeMaTHYHy MOJIENb O€3BIIMOBHOCTI B3ATHI DN pO3MOII, U €NEKTPOHHUX KOMIOHEHTIB Ta DM po3momii, A MeXaHIuHIX
KOMITOHEHTIB.

IIpakTruHe 3HaUSHHS pOOOTH MoJIATae y po3poOili mporpaMHoro 3abe3nedeHHs, sike ontumisye napamerpu TO Ta nmporuosye no-
Ka3HUKH HaJAiiiHOCTI Ta BapTOCTi excrutyarauii ast 3aganoro 06’ exra PET. OtpumMatni pe3ynbTaTH MPOMOHY€ETHCSI BAKOPHCTOBYBATH
IIPY BU3HAYEHI BUMOT 10 ITapaMeTPiB eKCIUTyarailii Ik HOBUX 00’ €KTiB, Tak i 00’ €KTiB CTApOro MapKy.

KJIFOYOBI CJIOBA: ontumizatist mapaMeTpiB TEXHIYHOTO 0OCITyrOByBaHHs, aJallTHBHE TEXHIYHE O0CITYTOBYBaHHS.

YIK.004.052
HUMHUTALOUOHHASA MOJEJIb TIPOLECCA AJAIITUBHOI'O TEXHUYECKOI'O OBCJIY)KUBAHUS
CJOXKHOI'O PAJJMODJIEKTPOHHOI'O OBBEKTA

JlenkoB C. B. — 1-p. TexH. Hayk, npod. IIaBHBIH HAy4HBIH COTPYJHHK Hay4YHO-HCCIICIOBATEIbCKOTO LeHTpa BoeHHOro
nHcTuTyTa KneBckoro HanpoHansHOro ynuBepcurera umenu Tapaca LlleBuenko, Kues, Ykpanna.

Kupos I'. B. — KkaHJ. TexH. HayK, C.H.C., JOLEHT Kadexpbl pagHOTEeXHHKa W DPaJHO3NICKTPOHHBIX cucTeM KueBckoro
HallMOHAJIBHOIO YHUBepcuTeTa uMeHu Tapaca llleBuenko, Kues, Ykpauna.

Touok I. B. — xana. nea. Hayk, HayalbHUK BoenHoro mucturyTa KueBckoro HanmoHajabHOrO yHMBEpCUTETa ImIMMeHU Tapaca
IIeBuenko, Kues, YkpauHa.

JlenkoB €.C. — KaHJA. TEXH. HayK, CTapllIUil Hay4HbIH COTPYJHHMK LEHTPAJIbHOIO HAyYHO-HCCIEIOBATEIbCKOIO HMHCTUTYTA
Boopyxennsix Cun Yxpaunsl, Kues, Ykpausa.

AHHOTAIUA

AkTtyaiabHocTh. [Iponecc Texuunueckoro obcmyxkusanus (TO) coBpemenHsix 00bekToB PET HampaBieH Ha moanep)kaHHe HC-
MIPAaBHOCTH WM PabOTOCHOCOOHOCTH OOBEKTOB NPU MX TEXHHYECKOH SKCIUTyaTanuu. TpeOoBaHMS, IO JOCTHKEHHIO BBICOKOH Ha-
JEXKHOCTH HKCILTyaTaI[M 9aCTO HAXOAATCS B MPOTHBOPEUNH C APYTUMU HEOOXOANMBIMU XapaKTePUCTUKAMH, TAKUMH KaK YMEHBIIIE-
HUE Pa3MepoB U3IENNs, NOIydeHNUs BRICOKOH TOYHOCTH, CHI)KEHHE CTOMMOCTH KCIUTyaTauu | T.1. IloaToMy Bonpoc, OnTHMAaIbHO-
ro BeIObopa napameTpoB TO miist penieHust pa3INYHBIX 337a4 SKCIUTyaTallluy ¢ IPUMEHEHHEM Pa3JINUHbIX KPUTEPUEB, SBISCTCS aKTy-
QJIBHOH.

Hean. Lenbro naHHOM paboTHI sBIsIETCS pa3paboTKa MOIXOJ0B K ONPEAEICHHIO ONITHMAIbHBIX NapaMeTPOB Mpolecca aaanTHB-
HOTO TEXHUYECKOTO 00CTy>KHBaHHUSI.

MeTtoa. B pamkax o6uield MMUTaMOHHON CTaTHCTHYECKON MOJAEIH MPOLecca TEXHUYECKOT0 00CTy)KUBAaHUS M PEMOHTA CJI0XKHO-
ro oobvekta PET pa3paboTaHna IMUTaIIMOHHAS MOJENb ONTHMHU3AIMK ITapaMeTpoB OfHOH u3 crpareruii TO. OOmas UMUTAIIOHHAS
CTaTUCTHYECKask MOZETb MpeIHa3HaueHa JJIsl MOASIUpOBaHus mpouecca nposeneHus TO u pemonrta oobekta PET ¢ menpro mporxo-
3MpOBAHMS [TOKA3aTeNIeH HAIe)KHOCTH M CTOMMOCTH dKCINTyaTanuu o0bekTa. OnruMusanus mapamerpos TO ymydmmaer, Kak IoKasa-
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TEIN Ha/IS)KHOCTH caMoro 00beKTa, Tak U SIKOHOMUUYECKUE TT0Ka3aTeIN KCILTyaTali 00beKTa B 1eToM. ONTHMU3aIHs TapaMeTpoB
OCYIIECTBIISETCS 10 KPUTEPUIO MUHUMYMa yJIeJIbHON CTOMMOCTH dKcIuTyaranuy oobekra PET nim no xpurepuro Makcumyma Kod¢-
(HLHEHTa TEXHUYECKOT0 HCIIoIb30BaHus. OrpaHnyeHneM B 000HX CIIydasix BBICTYIaeT TpeOyeMoe 3HaueHue cpeHell HapabOTKH Ha
OTKa3 00BEKTa, a B KaueCTBE METOJa ONTUMHU3AIMHU MCIOIb3YETCs METOJ HANpaBIeHHOTO Iepebopa B NMPOCTPAHCTBE MapaMeTPOB
TO. B mpouecce nmoucka ONTUMAaNbHOTO PEHIEHNsT MOKET IPUHIMATh Y4acTHE YEI0BEK-3KCIIEPT, KOTOPbIH MPUBIEKACTCS ISl aHATH-
3a MPOMEXKYTOYHBIX JAHHBIX U IS IPUHATHS PEIICHUsI 00 OKOHYAHHH TIPOIIeCcca IIONUCKA.

Pe3yabTaThl. YCoBepIICHCTBOBaHHAS METOAMKA ONTHMHU3AMU mapametpoB TO mpeacraiseT co00ii MaTeMaTH4eCcKyro U ajro-
PUTMHYECKYIO OCHOBY JUIsl OOILEro MporpaMMHOro oOecTieueHUs] IMUTAIIMOHHOM CTaTUCTUYECKOH MOJIENH IIponecca TEXHUIECKOro
o0CIyXKUBaHHS M peMoHTa. Pa3paboTaHHBIM METOA IPOrpaMMHO peaM30BaH M HCCIEJOBAH IIPH PEIICHUH TECTOBBIX 3agaHuil. Pe-
3yJIBTAThl BEIYUCIUTEIILHOTO 3KCIIEPUMEHTA IIPOMILTIOCTPUPOBAHEI B TAOIM4HOM (hopMme.

BeiBoasl. B pabore pa3paboTaHa MMHUTAIIMOHHAs MOJENb MPOLECCa aJalTHBHOIO TEXHHYECKOro 00CITyKHMBAHHS CIOXKHOIO pa-
JHO3JIEKTPOHHOTO 00BeKTa. Mo/1enb MO3BOIISIET CYLIECTBEHHO YIIPOCTUTh M aBTOMATU3HPOBATh MPOLIECC UCCIIEA0BAHNS U ONITHUMH3a-
I[MU NTapaMeTPOB aAAaNTUBHOIO TEXHUYECKOTO 0OCTY>KHBAHHS CI0KHOTO PaJMO’IEKTPOHHOTo oobekTa. IlyTem momaroBoro no6as-
JICHUsS HauMEHee HAAEKHBIX 3JIEMEHTOB K MHOXKECTBY 3JIEMEHTOB MOATEKAMNX OOCTYXKMBAHHIO M MOJCIHPOBAHUIO CITydalHBIX
MOMEHTOB BPEMEHH OTKa30B JIEMEHTOB 00BEKTa, MIMHTAIMOHHAS MOJEIb PACCUUTHIBACT ONTHMAJbHBIE MapaMeTPhl TEXHHYECKOTO
00CITy>)KUBaHUS C aJallTHBHBIM BPEMEHH IPOBEICHUS KOHTPOJS TEXHHYECKOTO COCTOSHUS. VIMuTannoHHas Monenb Oa3upyercs Ha
pa3paboTaHHBIX B paboTe aJTOPUTMUYECKOH MOJETH U METOJMKE ONTHMH3AINN apaMeTpoB Ipoliecca afalTHBHOTO TEXHUYECKOTO
obciyxuBaHus U paboraeT B cpene nporpammHoro cpeacrsa ISMPN. B kadecTBe MeToJa ONTHMM3ALUM MCIIONB3YETCSl METOJ Ha-
HPaBJICHHOTO nepedopa B IpocTpaHcTBe napamerpos TO, a 3a MaTeMaTHUECKy 0 MoJenb Oe30TkasHocTH B3sto DN pacnpenenenue,
JUIS 3NIEKTPOHHBIX KOMIIOHEHTOB 1 DM pacnipenienenue, Ui MEXaHUUECKUX KOMIIOHEHTOB.

IIpakTuyeckoe 3HaueHUE PabOThI COCTOUT B Pa3pabOTKe MPOrpaMMHOr0 00eCIedeH s, KOTOpOe ONTUMU3UPYET mapameTpsl TO 1
MIPOTHO3MPYET MOKA3aTeNN HAAEKHOCTH M CTOMMOCTH JKCIUTyaTanun s 3aganHoro oosexra PET. Iomy4yenHsle pe3yabTaThl Mpea-
JIaraeTcs HCIOJIb30BaTh NIPU ONpPEAEeTICHIN TPeOOBAHHH K TapaMeTpaM KCIITyaTalluH, Kak HOBBIX OOBEKTOB, TaK X 0OBEKTOB CTApOTO
napka.

KJIIOYEBBIE CJIOBA: ontiMu3anyst napaMeTpoB TEXHUUECKOTO 00CITyKUBaHU, aJalTHBHOE TEXHUIECKOE 00CITyKIBaHHE.
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VIIK 004.65

HE3AJIEKHICTh AKCIOMATHKH BATATO3HAYHUX 3AJIEXKHOCTEWR
B PEJISILIMHUX (TABJIMYHUX) BA3AX JIAHUX

IysikoBa A. B. — xanz. ¢iz-mar. Hayk, cTapuuii BUKiIaaad kadeapu iHpopMaTuky Ta iHPOpMaLiHHUX TEXHOJIOTIH,
LenTpanbHOYKpalHCHKUIT Iep)KaBHUI TeJaroriyHuid yHiBepcureT iMeHi Bosogumupa BunHnuenka, KponuBHHUIBKUIA,
VYkpaiHna.

AHOTANIA

AxTyanbHicTh. CKIaJHICTh PO3yMiHHS KOHIETIIT 6araTo3HauyHMX 3aJ1€KHOCTEH (MPH BUKJIAACHHI TEOPESTUUHHX OCHOB SIKOI BH-
KOPHCTOBYETHCSI aKCIOMaTUYHUH MiXiA) B pessiiHuX (TaOnuyHnX) 06a3ax JaHUX MPU3BOIUTH 1O MpobieM iX MOAETIOBaHHS, 110, B
CBOIO Yepry, MOKE CTAaTH MPUYWHOIO MOPYIICHHS LUTICHOCTI TaHUX. YaCTKOBOMY BHPIIICHHIO [IMX MMUTaHb CHPHSE MOUTYK MiHIMaIb-
HUX 32 KUIBKICTIO Ta IIOTYXKHICTIO KOMIIOHEHT aKCIOMaTHK OaraTo3HauyHMX 3aJIS)KHOCTEH; 3BiJCH BUILIMBAE HEOOXITHICTH BCTAHOB-
JICHHSI €KBIBaJIEHTHOCTI PO3MIISTyBaHUX aKCIOMAaTHK Ta JOBEICHHS HE3aIEKHOCTI IX CKIaTOBHX.

OO6’€KTOM JOCII/UKEHHSI € aKCIOMAaTHKK 0araTo3Ha4HUX 3aJIeKHOCTEH. MeTolo poOOTH € BCTAHOBJICHHS EKBIBaJEHTHOCTI JBOX
aKCiOMaTHK 0araTo3Ha4YHHX 3aJ€KHOCTEH, OJJHA 3 SIKHX € 3MEHIIEHOIO 33 KIIBKICTIO Ta HOTY>KHICTIO KOMIIOHEHT, Ta JIOBEICHHS He3a-
JIEXHOCT] OCTaHHBOT.

Mertopn. IIpu noOynoBi JOBeJeHb BUKOPUCTOBYIOTHCS TEOPETHKO-MHOXHHHI Ta JIOTiKO-aireOpaiuni MeTonu. EKBiBaIeHTHICTH
JIBOX aKCioMaTHK 0araTo3HaYHUX 3aJIE)KHOCTEH BCTAHOBIEHO KJIACHYHO: HABEACHO BiIHOMIEHHS CHHTAKCHYHOTO CIiTyBaHHS i MO0y-
JIOBAHO IMOCIIOBHOCTI 0araTo3HaYHUX 3aJISKHOCTEH, SKi € JOBEACHHAMH NPABMJI KOXKHOI aKCIOMAaTHKH 13 CKIamoBUX iHIIOL. [yis
oOyIOBU JIOBEACHHS HE3aJISKHOCTI aKCIOMAaTHKH 3allpOIIOHOBAHI MOJENI PeIifHIX CXeM, Taki, o Ul akciomu abo mpaBwia,
HE3aJIeXKHICTh SIKHX JOBOIUTHCS, HE MOXHA MOOYXyBaTH JOBEACHHS 3 MHOXKIHH 1HIINX aKCioM abo IpaBuiL.

Pe3yabTaT. BecTaHOBIEHO €KBIBaJICHTHICTD aKCIOMAaTHKH OaraTo3HauyHMX 3aJIeKHOCTEH, 3allpOIIOHOBAHOI IPYIO0 BYeHHX bBipi
(Beeri), ®arinum (Fagin) i I'oBapnom (Howard) i akciomaruku 6araTosHaunux 3anexnoctedd bickyna (Biskup). JloBeneHo He3anex-
HICTh OCTaHHBOI aKCIOMATHKH y TOMY PO3yMiHHI, 1110 63 BTpaTH MOBHOTH HE MOXKHA OIyCTHTH Hi €IMHY aKciomy, Hi )OJHE 3 mpa-
BUJI BUBE/ICHHS.

BucHoBku. [/loBeneHa He3aJIeKHICTh aKCIOMAaTHYHOI CHCTeMHU OaraTo3HauyHHX 3ajieKHOCTel bickyma, sika Mae He Oiibiie 3a Ki-
JIBKICTIO Ta MOTYXXHICTIO KOMIIOHEHT Hi)K 1HII aKCiOMaTHKH 0araTO3HAYHUX 3aJIC)KHOCTEH; BUKOPUCTAHHS CaMe TaKOi aKCIOMaTHKH
Mae niepesaru npu po3po6bui CASE-3aco6iB (Computer-Aided Software Engineering tools), siki MiCTSATH peaizamito 3BeI€HHS CXeM
permsniiiHux 6a3 JaHUX O YeTBEPTOI HOPMAIbHOI (OPMH, a TAKOXK HMPH PyYHOMY IIPOEKTYBaHHI JIOTIYHOI MOJET pesiiiHol 6a3n
JaHHX.

KJIFOYOBI CJIOBA: pensiiiini 6a3u naHux, OaraTo3HauHi 3aJ€KHOCTI, aKCIOMATHKH, HE3aJICKHICTh aKCIOMAaTHKU OaraTo3Ha-
YHUX 3aJI€KHOCTEH.

ABPEBIATYPU
BJ1 — 6a3a ganux;
B33 — baraTro3HauyHa 3a1€KHICTb;
@®3 — ¢yHKIIOHATTFHA 3aJISKHICTD.

HOMEHKJIATYPA

O — KiHeubs (HOpMYJIOBaHHS TBEP/KEHHS, JeMU a0o
TEOpEMH, JIOBEJICHHS;

B — [T0YATOK JIOTIYHOT YaCTUHU JOBEICHHS;

* — KiHeIlb JIOT1YHOI YaCTUHHU JOBEICHHS;

A; — akciomatuka b33, 3anpononosana bipi, ®ari-
HuM i ['oBapom;

A, —akciomaruka b33, 3ampononosana bickymom;

A — atpuOyT BigHOMIEHHS (TabNHIIi);

u,v,w,X,Y,Z —vHOXUHH aTpUOYTIB;

R — cxema, MHOXXHMHA aTpUOyTIB BinHOMmIEHHS (Tab-
T,

! — Tabnuis, CKiIHYeHHA MHOYKHHA PSAAKIB cXeMH R ;

S, Sp, S3 — PAAKY Tabmui 1 ;

X > Y — ©3 mix MHOXXMHaMu aTpulyTiB X 1V ;

X »>— Y — B33 mix mHO)kMHamu aTpudyTiB X 1 ¥

- — BIZIHOIIICHHSI CHHTAKCUYHOT'O CJIiTyBaHHS,
@, ¢1,P, —axcioma abo IMPaBUIO BUBEACHHS;
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U|X — obmexeHHs (3ByxeHHs) BinHomeHHs U 3a

MHOXHHOI0 X ;
G — muoxuna b33;
[G]R — CHHTAaKCHUYHE 3aMHKaHHS MHOxuHU b33 G

BizHOCHO cxemu R ;
[G]+tr — cuHTakcWuHE 3aMHMKaHHS MHOXUHH b33

G, nmoOynoBaHe 3a JOMOMOTOI R -aKCiOMH 1 TpaBMII
[IOIIOBHEHHS,;
Sy, S, —cucremu axciom;

Ty, T, — MHOXXUHHU TE€PMIB.

BCTYII

[Iporec mpoeKTyBaHHS JIOTIYHOI CXEMH PeNALiiHIX
(Tabnuunanx) B/l gacto nns 3abe3nedeHHs IUTICHOCTI Ja-
HHUX BHUMarae ypaxyBaHHs HasBHocti b33. Inmmmu cio-
BamH, icHyBaHHS b33 mpu3BoAuTH 10 HEOOXIMHOCTI 3Be-
JIeHHsT cxeMu pessiniiinoi B/l mo derBeproi HOpManbHOT
¢opmu [1]. Ha nymxy nesikux po3poOnukiB bJl (nampu-
knan, [2]) B33 ckimamHo BHMBYATH, OCIIIKYBaTH, MOJIC-
moBaTH Ta 0oOpoOmroBaTH. ICHyBaHHS 3a3HAa4eHOi MpO-
Oiremu, 30KpeMa, OSACHIOE IHTEPeC HAYKOBIIB A0 TOIIYKY
MIHIMaIIFHOI 3a KUTBKICTIO Ta TOTYXXHICTIO KOMIIOHEHT
akciomatuku b33, mpo mo cBiggaTh, HaNpPUKIAI, CydacHi
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poboTH, mpUCBsUeHI NHTaHHAM akciomarusauii b33 [3,
4]. B cBOMW uepry, MoIIyK TaAKHX aKCIOMaTHYHHUX CHCTEM
NPU3BOAMTE JI0 MOTPEOU BCTAHOBJICHHS E€KBIBaJICHTHOCTI
B)XK€ BIJIOMHMX Ta HOBHMX akcioMaTuk b33 Ta goBeneHHS
HE3aJISKHOCTI iX CKJI/IOBHX.

00’exTOoM mocaimkeHHs € akciomatuku b33 B pens-
midHuX (Tabmmuaux) BJI.

IpenMeToM IOCTiTKeHHSI € CKBIBAJICHTHICTh Ta He-
3aJIeKHICTh akciomaTtuk b33.

MeTo10 po0OTH € BCTAaHOBJICHHSI €KBIBaJICHTHOCTI aK-
ciomatuku B33, 3anpornonoBaHoi BueHnmu bipi, darinum i
T'oBapmom, i akciomatuku b33 Bickyma, a Takox moOymoBa
MaTeMaTH4HOTO JIOBEJCHHS HE3aJIEeKHOCTI KOMIIOHEHT
OCTaHHBOI.

Jana poboTa € MpoJOBKEHHSIM IMKIY POOIT, y SKUX
oOyZ0BaHe CTPOTe Ta IIOBHE JIOBEACHHS MOBHOTH aKcio-
Maruku b33 [5], BuKoHaHe y BiANOBIIHOCTI i3 cTaHIApT-
HUM{ BUMOTaMH JI0 CTPOTOCTI MaTeMaTHYHUX JIOBE/ICHb,
a TaKOXX HaBEJICHO KpUTEpili IMMOBHOTH aKCiOMATHKH
B33 [6].

1 IOCTAHOBKA 3ATAYI
Ha Tabmumi ¢ cxemu R BukoHyetbes b33 X —>— 7V,

SKIIO JUI ABOX MOBUIBHUX PAAKIB §p, Sp Tabmmui f, ski
30iraloTbcss Ha MHOXMHI arpuOyTiB X, icHye psmok
S3 €¢, AKuil NOPIBHIOE 00’€IHAHHIO OOMEXEHb DAAKIB
51, 5, Ha mHoxuun arpubytis X UY i R\(XUY) Bin-
TIOBiJTHO:

def
(X > Y)t)=true> Vs, 55 et(s) | X =55 | X =

235‘3 Gl(S3=S1 ‘(XUY)U82|R\(XUY))) [7][‘

KopektHuii Ta moBHHI HaOIp akcioM 1 TpaBWJ BUBE-
JIeHHA Ui akciomaTuku b33, Bmepiue 3amporoHOBaHUI
BueHNMH bipi, @arinum i ['oBapaom, BKItoUae Taki ckia-
noBi [8]:

1. Akcioma peduekcuBHOCT: ————, Y < X .
X ->->7
X -7
2. IIpaBwio NOBHOTH: —————— .
X >—>R\Y
X —>->Y
3. IlpaBuiio MOMOBHEHHS: JUTST
XUU-»>->7YUV

VcU.

X—>->Y,Y>>7Z
Xo>o2z\y
HaBez[eHy BHIIIC aKCiOMaTI/I‘{Hy CUCTEMY HO3HAYUMO

K Aj.

4. TIpaBwIo TPaH3UTUBHOCTI:

BignoginHo, 3anpornonoBana bickynoM akcioMmaTu4Ha
cucrema b33 ckilafaeTbes 3 TAKUX aKCIOMHM 1 PaBUIl BH-
BeneHHs [9]:

1. R -akcioma: .
—>—>R
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X >->Y 1
XUU YUV

2. IIpaBwiio NONOBHEHHS: 151

VcU.
X->-YY->>Z

X—>->2Z\Y
ITo3HauMMO L0 aKCIOMAaTHYHY CUCTEMY 5K A, .

3. IlpaBwiio TpaH3UTHBHOCTI:

3amava MoJsira€ y BCTAHOBJICHHI €KBIBAJICHTHOCTI aK-
ciomatuk A; i A,, Ta JOBEJCHHI HE3aJEKHOCTI aKcio-

MaTUKu A, , K Takoi, 110 Mae MEHIIy KUIbKICTb Ta IO-

TYXHICTb CKJIaJIOBUX HIX akciomMaTnka Aj.

2 OI'JisiA JIITEPATYPU
b33 Oymun mocmimxeni y 1970-x pokax 3aniono
(Zaniolo) [10] Ta He3anexxHo rpymnoro BYeHux bipi, Dari-
HuM 1 ['oBapiom [8]. Humu x Oyia 3anpornoHoBaHa mep-
ma akciomaruka b33 A; i1 HaBeneHa cxema JOBEIEHHS il

IIOBHOTH.
OOroBOpIOIOYN HE3aNeXKHICTh akcioMaTuku Ap, Me-

Haenb30H (Mendelzon) Bka3aB Ha HAJJIUIIKOBICTh B Hii
IpaBuJia TIOTIOBHEHHS, B TOH K€ Yac BiAMITHUBIIN OCOOJIH-
BY POJIb NpaBHiIa TIOBHOTH, OCKUIBKH L€ €MHE MPABHUIIO,
B sSKOMY (irypye pemsimiifHa cxema R BigHOIIEHHS (Ta0-
qaii) [11]. Bumora HeoOXiTHOCTI BKIIOYCHHS B aKcioma-
tuky b33 mpasuna moBHOTH (200 SKOICH 3 HOTO Bepciii)
MIIKPIIUTIOETHCS TUM, 10 y caMoMy o3Ha4yeHHi b33 ¢iry-
Py€ HOHATTA persimiinoi cxemnu R . Takum uMHOM, mepmia
HEHaJUIAIIKOBA (B TOMY CEHCI, 1[0 Oe3 BTpaTy IOBHOTHU HE
MOXKHa OIIyCTUTH JKOIHY 3 ii CKIIaJIOBUX) aKCiOMaTH4Ha
cucrema s b33 Oyna 3ampornoHoBaHa MeHAEIB30HOM
L5 akciomaTHKa CKIaJa€ThCs 3 aKCIOMH pedIeKCHBHOCTI,
IpaBuJia MOBHOTH 1 paBHJIa TpaH3UTUBHOCTI [11].

B3aemo03B’s13kM MK PI3HUMH BEpCisIMH NpaBHjIa MOB-
HOTH 1 IHIIUMH TpaBWiaMu BuBeaeHHs s B33 Oymim
ommcani bickynoM y po6Goti [9]; 30kpema, BiH 3amporio-
HyBaB 3aMiHUTH NPABMIIO TIOBHOTH HA R -akciomy:

_ 9
& —>—>R’

sKa 30epirae 3aJISKHICTh BiJl peNSLiHHOI cXeMH 1 mpu
bOMY JI03BOJIIE€ 3MEHIIMTH MOTYXHICTh aKCIOMaTHKU
B33 mmsxom BumaneHHs 3 Hel akcioMH pedIeKCHBHOCTI.
Aue B po0OTi He NMPUIINSAETHCA AOCTATHROI YBark JOBeE-
JIEHHIO HE3AJIEKHOCT]I aKCIOMAaTHYHOI CHCTEMH.

[Hmi Tpu akciomatuku b33, 3MeHIIIeH] 32 MOTYXHICTIO
KOMITOHEHT y TOpiBHSHHI 3 akciomaTnkoro b33 A, Oymn

posristayTi y podorti C. XaprmanHa (Hartmann) Ta iu. [3].
3rimHo 3 [3] akciomatuku b33, sKi cKIaIaloThCs 3

1. R -akciomu

—->—>R’
2. aKCiOMH MPHUHAJICIKHOCTI ,Ae X,
X —>— 4
. XY, Y>> 7
3. TpaBuia TPAH3UTHUBHOCTI
X->—>Z\Y

Ta OAHOTO 3 HABCACHUX HIKYC ITPaBUJI BUBCACHHS:
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X—>oYX->>Z7

— TpaBwiIa 00’ €THAHHS:

E)

X->->YUZ
— IIpaBWiIa NEPETUHY: XV X552
P PeTHIY: Xo>osvNz
. XY, X > 7
— TpaBWIiIa Pi3HUIIL:
X >—>27Z\Y

€ KOPEKTHUMH Ta IOBHHMH.
Takox B po6oTi [3] mOBeneHa HE3aIeKHICTh KOXKHOT 3
3a3Ha4YeHNX BUIIE akciomaTuk b33.

3 MATEPIAJIM TA METO/HU

Haramaemo, 1m0 B HaBeJEeHOMY BHIIE 3alHCi
R -akciomu, a0o, IHIIMMHU CJIOBaMH, OIHAPHOTO BiIHO-
LICHHs M)XK OPOXKHBOIO MHOXHHOIO & 1533 & >—> R,
MHOXXHMHa & y BEpXHill 4YacTWHI 3alucy Ha3MBAETHCS
nocuikoro, a b33 & ——> R — BUCHOBKOM.

Hacninytoun Tpaauuii MaTeMaTHYHOT JIOTIKH, 3TiJHO 3
[12] ckaxemo, 1m0, akcioma abo MPABWIIO BHBEICHHA ¢ ,

SIK BUCHOBOK, CHHTaKCHYHO CIiIy€ 3 aKCIOMaTHYHOI CHC-
TeMd A (AR @), SK NOCHIKH, SIKIIO ICHYE CKiHUEHHA
MIOCITIJOBHICTE @y, ®7,...,¢, , TAKA, IO G =, , 1 KOXKHA
¢; € abo akcioma, a0o HalexkUuTh A, ab0 € BUCHOBKOM 32
SIKMM-HEOyIb MPABIJIOM BUBEICHHS 3 MOMEPEAHIX y ITii
NOCTIZOBHOCTE @ ;,@,  j,k<i. IlocninosHicts

¢1,92,...,(¢0, HA3UBAETHCA JOBECICHHSIM.

Hexaii 3amano 1Bi axciomatuyni cucremu (S7,77) i
(8,,15), ne S;, S, — cucremu axcioM, BU3HA4YEHI Bif-
HOBiAHO 4yepe3 MHOXUHM TepMiB 1 1 T5 . Cucremu akci-
oM (51,77) 1 (S,,7;) Ha3uBaKOThCA €KBIBAJICHTHUMH TOJI
1 TIIBKM TOAI, KOJIM MHOKMHA TepMiB 7] Moxe OyTH BH-
3Ha4eHa 4epe3 MHOXKHUHY TepMiB 75, | MHOXKHHA aKCiOM
S| Moxke OyTu nOBeAeHa 3 MHOXHHM akcioM S,, 1 Ha-
BIIaKH, MHOXHHA TepMiB 7, Moke OyTH BH3Ha4€Ha depes
MHOXXHHY TepMiB 7}, 1 MHOXXKHHaA akciom S, Moxe OyTn
JIOBe/IeHa 3 MHOKHHH akciom Sy [13].

Jlema 1. Axciomatuku A; i A, € eKBIBaJIEHTHUMH. O

JoBenenns. O4YeBUOHO, MO MHOXWHH TEPMIB IS
000X aKCIOMAaTHK CITiBIIAJal0Th, TOXK 3AIUIIAETHCS MMO0Y-
JTyBaTH JTOBEJCHHS CKJIAJOBUX (aKCIOMH i TpaBUJI BUBE-
JIeHHsT) aKCIOMaTHKN A, i3 CKIaJOBUX aKCIOMAaTHKH Aj i
HaBIIAKH.

m [lokakeMo criodaTky, o akciomaruka b33 A; wmi-
CTHTH TaKWil Hadip aKCiOM Ta IpaBUJ BHUBEICHHS, 32 II0-
MIOMOTOI0 SIKOTO MOXKHA MO0y yBaTH JOBEICHHS CKIIA/I0-
Bux akciomaruku b33 A, .

JoBeleHHA IpaBUIl IONOBHEHHS 1 TPaH3UTHUBHOCTI
akciomatuku b33 A, 3 aHanoriyHMX NpaBmII aKCiOMaTH-

ku B33 A; e TpuBianbHuM.

IToOymyemo noBefeHHS R -akCiOMH 3 aKCiOMATHKH
AII
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1. ¥ >—> < (akcioma pedaeKCUBHOCTI);

2. & —>—> R (3 1.1 3a npaBUJIOM ITIOBHOTH B pPe3YJIb-
taTi cnportenns b33 & —-— R\ ). =

m [loxaxxemo Tenep, mo akciomaruka b33 A, wmic-
TUTh TaKWH HaOIp aKCiOM Ta MpaBHJ BHUBEICHHS, 32 IO-
MOMOTOI0 SIKOTO MOXKHA MOOY/yBaTH JAOBEICHHS CKIIAI0-
BUX akciomatuku b33 A;.

JloBejieHHsT TpaBHJI TIOMIOBHEHHS 1 TPAaH3UTHUBHOCTI
akciomatuku b33 A| 3 aHaMOTiYHMX IIPaBWII aKCiOMAaTH-
ki b33 A, e TpuBianbHEM.

IIpogemMoHCcTpyEMO, 10 aKcioMa pedIeKCUBHOCTI BH-
BOIUTHCS 3 R -akcioMH 3a JIOIIOMOTOI0 INPaBWJI IOIIOB-
HEHHS 1 TpaH3UTHBHOCTI. J[is 11bOro moOymyemMo JoBe-
IeHHs iMIutikanii & R=>X->>Y,mmaYcX:

1. & —>— R (R -akcioma);

2. R—>— R (3 n. 1 3a mpaBujIOM MOMOBHEHHS B pe-
3yabrarti cipoutends 533 G UR —->— RUR);

3. U —>— O (3a npaBWIOM TPaH3UTHBHOCTI 3 II. 1 1
1. 2 B pe3ynbTaTi cipoteHas b33 & —— R\R);

4. X >—Y (3 3 3a nmpaBUiIOM IMOTIOBHEHHS B PE3YIIb-
tari cipoutenns 533 JUX »—> FUY ,ne Y X). =

[oxaxxeMo, IO TPaBUIO MOBHOTH akciomMaTtwkud b33
A| BHBOOMTBbCA 3a JONOMOIOI0 R -akCioMH 1 IIpaBUI

TIONIOBHEHHS Ta TPAaH3UTUBHOCTI akciomatuku b33 A, .
[oOymyemo JIOBEICHHS IMITTiKamil
X->->Y=>X->->R\Y:

1. X >— Y (Buxigna b33);

2. &8 —>— R (R -akcioma);

3. Y >—> R (3 1. 2 3a mpaBWJIOM TIOTIOBHEHHS B pe-
3yabrarti cpoutends 533 JUY -— RUY);

4. X >—> R\Y (3a mpaBWwIOM TpaH3UTHBHOCTI 3 II. |
im 3).=

OTXe, KOKEH SIIEMCHT MHOKHHH aKCiOM 1 TIpaBWII BH-
BeJIeHHs A Mae noBefeHHS 3 akciomaruku B33 A,, i
HABIIAKH, KOKEH CJIEMEHT MHOXHHHU aKCiOM 1 TIPAaBHII BU-
BelleHHd A, Mae moBelcHHs 3 akciomatuku b33 Aj.

3BiZicH BUILIUBAE, L0 akcioMaTuku A; 1 A, € exBiBaie-

HTHUMH. O

OCKUIbKH €KBIBaJEHTHI aKCIOMaTUKH MarOTh OJHI U Ti
K caMi BIIACTHUBOCTI KOPEKTHOCTI 1 MMOBHOTH, 3 TOTO, IO
aKcioMaTuka A; € KOPEKTHOIO Ta OBHOIO [5], BUILIMBAE,

IO aKCioMaTHKa A, TaKOX € KOPEKTHOIO Ta IIOBHOIO.
INokaxxemo Temep, 1o akciomatuka b33 A, € Hesa-

JICKHOIO.

Jlema 2. R -akcioma € HE3aJEXHOIO BiJ IPaBUJI BUBE-
JIeHHS (TIONOBHEHHS 1 TPaH3UTHBHOCTI) aKCIOMaTHKH
B33 A2 .0

JloBeieHHS € TPUBIAIILHUM, OCKIJIBKH IHIIHNX aKCiOM B
posrisinyBaHiit akciomarnii b33 Hemae. O

Hexait 3amana nesxa maOoxnHa b33 G . 3aMuUKaHHAM
[G] p Ha3MBAEThCA MHOXKMHA B33, AKi CHHTAaKCHYHO CITi-

IyroTb 3 G BiTHOCHO cxeMHd R :

77
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def
Gl ={Xx 5> Y |G+ g X 571} [6]

Jnst cnpouieHHst O3HAueHb Jalli mapamerp R SIBHO
BKa3yBaTH He OyaeMo.

Jlema 3. IlpaBuia TpaH3UTHUBHOCTI € HE3IC)KHUMHU
Bil R -akciOMH 1 TpaBWJI TIONOBHEHHS aKCIOMATHKH
B33 A,. O

JloBenenus. [y moBeneHHs TOCTaTHHO BKa3aTH MHO-
xuny b33 G, mna axoi [G] i c [G]I—, ae [G]I— tr —
3amukaHHsI MHOXHHH b33 G, moOymoBaHe 3a JOMIOMO-
ror0 R -akciOMH 1 IIpaBUJI IIONOBHEHHS, a [G] - — 3amu-
kaHHd MHOXMHHM b33 G BimHOCHO R -akciomu i BCix
NpaBHJI BUBE/ICHHS.

3agikcyemo MHOXHMHM atpuOyTiB X 1 Z Taki, 1o
X208 A XNZ=, iposrasHemo muoxuny b33 G,
sKa 3aJ0BONBHsIE yMoBaM VY CR(X ->—>YeGAa
ANY 5>>7ZeG=X>>72\Ye0).
B33 X »>— Z\Y He moxe OyTH BHBejiEHa JIHIIE i3 3a-
CTOCYBaHHSIM R -aKCiOMH Ta ITPaBWJI TIOIIOBHEHHS.

Ockinbku X #0, 10 X—>—>Z\Y He €
R -akciomoto. *

Ipumyctumo, mo b33 X —>— Z\Y orpumana 3 ne-
skoi B33 W —— T 3a mpaBuioM HONOBHEHHS, TOOTO
ICHYIOTh TaKi MHOXXUHHU atpubyTiB U #Q 1 V # O, mio
VcU, npuuomy WUU =X i TUV=Z\Y. Toni
Xﬂ(Z\Y):(WUU)ﬂ(TUV)QV;t@, IO CYNEPEYHTh

ymoBi X (1Z = . OTpuMany OpoTUpivys 3 NPHITYLIEH-

Ilokaxxemo, 110

HSIM, OTXKE, [G] Fuac [G] - 1 mpaBUIIO TPAH3UTUBHOCTI €
HE3aJIeKHUM BiZ R -aKCiOMH i paBWII MIONOBHEHHS aKCi-
omaTtuku b33 A, . *O

Jlema 4. [IpaBuiia MOTIOBHCHHS € HE3AICKHHMHU BiJ
R -akcioMn 1 mpaBWJI TPAH3UTHBHOCTI aKCIOMaTHKH
B33 A, .0

Josenenns. 3adikcyeMo MHOXHHY aTpuOyTiB X C R
Taky, mo X #, 1 posrsHeMo MHOXuHY b33
G={X >>Y|X cRAX =} Tokaxemo, mo b33

XUU->—>YUV s neskux MHOXKWH —arpuOyTiB
U,V cR takux, mo U\X # i V cU He Mmoxe OyTH
BUBEJICHA JIUIIE 13 3aCTOCYBaHHAM R -aKCIOMH Ta MPaBUII
TPaH3UTUBHOCTI.

Ockinmekn X #0, 10 B33 XUU »— YUV me €
R -akciomoro. =

Takox B33 XUU ->— YUV He Moxe Halexaru
muoxuHi B33 G, ockinbku X JU # X (maragaemo, o
U\X#J).~

[pumyctumo, mo b33 X UU —»— YUV orpumana
32 MpPaBWJIOM TPAH3UTHBHOCTI. BpaxoByrouw, 10 mpu
MEPUIOMY 3aCTOCYBaHHI IPaBUJIa TPAH3UTHBHOCTI B II0-
CHJIII MOXYTh OyTH BHMKOpHCTaHi Jiie R -akcioma Ta
b33 3 muoxuHM G, TOOTO Taki b33, jiBa yacTHHA SIKHUX €
MHOKHHOIO X , MAEMO TaKi J[Ba BUIIAIKH:
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1. {X 55 3.8 5> R X 5> R;

2. X 55 X, X 55 Y| X 5>V \X .

Tobto  pe3ynpTaToM  3acTOCYBaHHS  IIpaBHJIa
TPaH3UTHUBHOCTI 3HOBY € Taki b33, niBa yacTMHa SKHX €
MHOXHHOIO X .

Ockimpkr X UU #X i U\NX =0, orpumanu
NpOTUpIvYs 3 MpHUMymeHHsIM. OTXKe MMPaBUIIO MTOTTOBHEH-
HS € HE3aJIOKHUM Bil R -aKCiOMHM 1 IPaBUJI TPAH3UTHBHO-
cTi akciomatuku b33 A, . o

Teopema 1. Axciomaruka b33 A, € He3anexHo0. O
JloBenieHHS BUTITUBAE Oe3MOCepeHb0 3 JieM 2, 31 4. O

4 EKCIIEPUMEHTHN

[IpogeMoHCTPYEMO BUKOHYBAHICTh JIEMH 4 Ha KIIacH-
gHOMY Tipukiazni [14].

Hexait € pemsmiitHa cxema R = {Komnanisa, Cnigpo-
6imuux, Kniewm}, Ha sKiii 3amaHa MHOXHHAa b33
G = {Komnanis —— CnigpobimHnux, Komnaniss —>—
——> Knienm}. CeMaHTH4YHO 1| O3HAyae, o Oy/ab-sKHi
CHIBpOOITHUK II€BHOI KOMMaHii MO)ke OOCIyroByBaTu
JIOBUTEHO 0OPAHOTO KITIEHTA Ii€] KOMITaHil.

MuoxuHoto ycix b33, siki MOXHa T0BECTH 3 BUKOPHC-
TaHHAM JMIIe R -akCciOMH 1 TIpaBWiia TPaH3UTHBHOCTI,
IHIIAMM CIIOBAMHM, 3aMUKAHHSAM 3amaHoi MHOKuHKA b33
G, noOynoBanuM 0Oe3 BHUKOPHCTaHHS IpaBHja ITOTOB-
HEHHS, €:

{ D —>— {Komnanis, Cniepobimnux, Kiieum},
{Komnanin} —>— {Cnispobimnux},
{Komnanin} —>— {Knienm} }.

Ockinbky, Hanpukian, TpuBianbHa b33 {Kowmnanis,
Cnigpobimnux} —— {Cnigpobimnux} He HAICXKUTH TO-
OynoBaHoMy BHWIE 3aMHKaHHIO MHOXWHH b33 G, crae
OUYCBUIHUM, 110 TOOYIyBaTH 11 JOBEACHHSI HE € MOXKIHU-
BHAM 0€3 3aCTOCYBaHHS IPaBUJIA TIOMIOBHEHHS.

[IpogeMoHCTpyEMO TeTiep BUKOHYBAHICTh JIeMH 2.

PosrnsiHemo pensmiiiHy cxemy R = {4, B, C}, Ha sKiit
3agana MHOxuHa b33 G = {4 >— B, 4 >— C}.

Bbyneanom MHOXHHHA R € MHOXHHa
{D3,{4},{B},{C},{4B},{AC},{CB},{ABC}}. Tomi yci
b33, siki MO)KHA TOBECTH 3 BUKOPHCTAHHSIM JIUIILIE MPABU-
Ja nomnoBHeHHs, € B33 Bugy X -o>—>Y, ne
X e {{4},{4B},{AC},{ABC}} .

OdeBHIHO, IO MPH 3aCTOCYBaHHI 10 Takux b33 mpa-
BWJIa TPaH3UTUBHOCTI oTpumaemo b33, niBa yactuHa
AKNX X TAKOXX ~ HAISKUTh A0  MHOXXHHHU
{{4},{AB},{AC},{4BC}} . 3Bincu mMaeMo, 110 3aMHKaH-

Hs1 MHOXUHHE b33, moOymoBane 3 BUKOPHCTAHHSIM JIHIIC
3aJJaHUX B YMOBI JIEMH 2 TIpaBWJI IIONOBHEHHSI Ta TPaH3U-
TUBHOCTI, CKJIQIa€Thes 3 Takux b33 Buny X »>— Y, s
skux X = .

OTxe, Ul HABEIEHOI MOJIENI PEIAIiHOI CXeMH i3 3a-
naHoto MHOKHHOIO b33 moBectn R -akcioMy BHKOPHCTO-
BYIOUH IIPaBWJIa TPAH3UTHBHOCTI 1 MOMOBHEHHSI HE € MO-
JKITUBUM.



e-ISSN 1607-3274 Pagioenekrponika, inpopmatuka, ynpasminss. 2020. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 1

ExcriepuMeHTanbHe MiATBEPIKEHHS BHKOHYBAHOCTI
JieMd 3 TIPOBOJMTHCSI aHAIOTIYHO HIISIXOM 1OOYI0BHU 3a-
MUKaHHS MHOXMHU b33 3 BUKOpPHCTaHHIM JIHUILE 3aJaHUX
B yMOBi lemu 3 R -akCiOMH Ta IIpaBuJia IOTIOBHEHHSI.

5 PE3YJIBTATH

ExBiBaneHTHicTh, akciomaTuku b33, HaBemeHOi Bue-
HumHu bipi, ®arimum 1 ['oBapmom, i akciomarnkm b33
Bickyna BcraHoBieno B semi 1. Hacmigkom mporo pe-
3yJIbTaTy € KOPEKTHICTh Ta MOBHOTa akciomatuku b33
Bickyna, 1110 BUIUIMBAE 3 JIOBEJCHHS] KOPEKTHOCTI Ta MOB-
HotH akciomaruku b33 bipi, ®arina i 'oBapaa [5].

TonoBHUI pe3ynbTaT MPO HE3aICKHICTh aKCIOMATUKU
b33 bickyna mpezacrasineHo y TeopeMi 1, TOBeAEHHS SKOi
BUIUIMBAa€E 3 HAaBCACHUX B JieMax 2—4 iHTeprpeTamii
PEIALIAHIX CXEM.

6 OBI'OBOPEHHSI

Bynp-ska 3 akciomatuk b33, posrmsHyTHX y pobdoTax
Bickyna [9] ta XaptmanHa i iH. [3], B ciily mOBemeHHs
HE3aJISKHOCTI X KOMIOHEHT € TI0Ka30BOI0 AJIsI BUKOPHC-
TaHHS PO3pOOHUKAMHU cxeM pensuiitaux bJ1.

3ayBaKMMO, 110 PO3TJISTHYTI aKCIOMAaTH4HI CHCTEMH
MICTSITh aKCIOMH 1 TIpaBWJIa BUBeICHH: Juie st b33, ski
€ po3mHMpeHHsIM (yHKIIOHATBHUX 3aiexHocteit (D3).
OznaueHHs D3 HaBEIEHO HIDKYE.

KaxyTb, 1o Ha Tabnuui ¢ BukoHyeTbest 3 X >V,
SIKIIO JUISL JBOX JTOBUIBHUX PSIIKIB Sy, Sp TaOmmmi ¢, AKi
30iraroTbcsl HA MHOXKUHI aTpuOyTiB X , Mae Micre iX piB-
HICTH 1 HA MHOXUWHI aTpuOyTiB Y :

def
(X > Y)(@)=true <
Vsy,89 € t(sl|X = s2|X = S1|Y= s2|Y) [7].

MarematuuHe 0BEJCHHS HE3aJICKHOCTI aKCIOMaTHKU
@3 ApMmcTpoHTa HaBeAeHO B pobOoTi [15].

OCKIJIBKM Ha JOBUIBHIN TAONMWIN 3aBXKIW MOYKHA 3a/a-
™ sk O3, tak i b33 (manpukman, TpuBiameHi), TO A
MOBHOI LTICHOT KAPTUHM MOTPIOHO JOCIIHKYBAaTH He3a-
JexHicTh akciomatnku ®3 1 B33, Axa Mac criibHI I
IIUX 3aJeKHOCTeH MpaBuia BUBeNEHHS [0, 8]. Takum uu-
HOM, HaBe/IeH] B aHiil poOOTi pe3ynbTaTu, CTPOTro Kaxy-
YH, MO’KHA BB2)XKaTH POMIKHUMH.

BUCHOBKH

Y po0OTi BCTAHOBIICHO CKBIBAJICHTHICTH akcioMaTrku b33
BueHnx bipi, @arina i I'oBapaa ta akciomatuku b33 bicky-
ma (sxka Mae He OiUNbIIe 3a KUTBKICTIO Ta MOTYXKHICTIO
KOMITOHEHT, HIXK 1HIIN aKCIOMAaTUKH OaraTO3HAYHHUX 3ajie-
JKHOCTEH), a TAKOXK JIOBe/ieHa HE3AISKHICTh CKIIaJIOBHX
OCTaHHbBOI.

HaykoBa HOBM3HA OTpHMaHUX pe3yJIbTATIB IOJISTAE
y TOMY, III0 HaBEJICHE JOBCACHHS HE3AICKHOCTI aKcioMa-
Tk B33, sike Hacnigye TpaaMuii BCTAaHOBJICHHS He3alie-
JKHOCTI aKCiIOMaTUYHUX CHUCTEM y MaTeMAaTHYHIN JIOTIII,
moOyToBaHe BIIMOBIAHO JO CTAaHAAPTHUX BHUMOT IIIOJIO
CTPOTOCTI MATEMAaTHYHOTO JJOBEJCHHS, 1 MOXE 3aIIOBHUTH
OJTHY 3 ICHYFOUMX IPOTAJNH B MAaTEeMAaTHYHOMY arapari
HOpMaJTi3arii.
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I[IpakTHyHa 3HAYMMICTh OTPUMAHUX pE3YJIbTATIB.
OckijbkH akcioMaThyHa cucteMa b33, 3ampomoHoBaHa
BickynoMm, € MEHIIIOIO 3a KUIBKICTIO Ta MOTYKHICTIO KOM-
MIOHEHT akcioMaTHkolo b33 MOopiBHAHO 3 aKCiOMAaTHKOIO
bipi, ®arina i ['oBapaa, exBiBaJIEHTHOIO 10 HEl 1 He3ale-
JKHOIO (SIK OyJIO TOKa3aHO BHWINE), TO 1 BUKOPHUCTAHHS €
mouimbHUM TIpu po3podrii CASE-3aco06iB, MmO MicTATh
peamizariito 3BeieHHS cxeM pemsniianx b/l mo werBeproi
HOpMAITEHOI (hOpMHU, a TAKOXK MIPH PYIHOMY IPOCKTYBaHHI
JIOTIYHUX Mojesen pensiinaux b

NOAAKU
PoGora BukoHana Ha kadenpi iHpopmaruku ta iHpO-
pMariitnux TexHomnorii lleHTpanbHOYKpaiHCBKOTO Jep-
’KaBHOT'O TIEJarOriYHOro yHIiBepCcUTETYy iMeHi Boioanmu-
pa BuHHHYEHKa B MeXaX HAYKOBHX JOCTI/KCHB, IO
MIPOBOIATHCS Kaeaporo.
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YK 004.65

HE3ABUCHUMOCTH AKCHOMATHUKH MHOTO3HAYHBIX 3ABUCUMOCTEN B PEJIAIIMOHHBIX
(TABJINYHBIX) BA3AX JAHHUX

IMy3ukoBa A.B. — kauna. Qu3.-Mar. HayK, CTapIIMid IpernoaaBaTensb kadeapsl HHOOPMATUKA W WH(POPMAIIMOHHBIX TEXHOJIOTHHA,
LeHnTpaabHOYKpaUHCKUH TOCYIApCTBEHHBIA IEAaroruyeckuil yHMBEpcUTEeT WMeHM Biagumupa BunHMuenko, KponuBHHLIKHMA,
Ykpauna.

AHHOTAIUA

AKTYaJIbHOCTB. CIIO)KHOCTh MOHUMAHUS KOHIICTIIINA MHOTO3HAYHBIX 3aBUCHMOCTEH (U H3JI0KEHUH TEOPETUIECKUX OCHOB KO-
TOPBIX HCIOIB3YETCsl aKCHOMATHIECKUH TTOIX0/1) B PEIMUOHHBIX (TaOIMYHBIX) 0a3aX JaHHBIX MPUBOAUT K MpoOIeMaM MX MOIEIIH-
POBaHUS, YTO B CBOIO OYEpPE/b MOXKET CTaTh NPHUMHON HapyIICHHS LEIOCTHOCTH JaHHBIX. YaCTUYHOMY PEIICHHIO STHX BOIPOCOB
CHOCOOCTBYET MOUCK MHHHMAJIBHBIX MO KOJIMYECTBY M MOIIHOCTH KOMIIOHEHT aKCHOMAaTHK MHOTO3HAYHBIX 3aBHCHMOCTEH; OTCIO/a
BO3HHKAET HEOOXOIMMOCTh YCTaHOBIJICHHUS SKBUBAJICHTHOCTH PAacCMaTPUBAEMbIX aKCHOMATUK U JJOKA3aTeNIbCTBA HE3aBUCUMOCTH MX
KOMITOHEHT.

OOBEKTOM HCCIICAOBAHNUS SBJISIOTCS aKCHOMATUKU MHOTO3HAYHBIX 3aBUCUMOCTEH. L{enb paboThl — yCTaHOBUThH 3KBUBAJICHTHOCTh
JIBYX aKCHOMAaTHK MHOTO3HAYHbBIX 3aBHCHMOCTEH, OIHA U3 KOTOPBIX SBJSIETCS] YMEHBIIEHHOM MO KOJMYECTBY U MOIIHOCTH COCTaB-
JISIOIINX, ¥ JOKA3aTh HE3aBUCUMOCTD TIOCIICTHEH.

MeTon. [Ipu mocTpoeHHN T0KA3aTENbCTB HCIONB3YIOTCS TEOPETHKO-MHOKECTBEHHBIE U JIOTHKO-aNTe0pandeckue METOabl. DKBH-
BaJICHTHOCTH JIByX aKCHOMAaTHK MHOT'O3HAYHBIX 3aBHCHMOCTEH yCTaHOBJIEHA KJIACCHYECKH: PACCMOTPEHO OTHOILIEHHE CHHTAKCHUe-
CKOTO CJIEIOBAHMS M IIOCTPOEHBI ITOCIIE0BATENEHOCTH MHOTO3HAUHBIX 3aBUCHMOCTEH, KOTOpPBIE SBIIOTCS JOKa3aTeIbCTBAMH IIpa-
BIJI KXKIOW aKCHOMATHKH M3 COCTABIIIOIIMX Ipyroif. J{is mocTpoeHus 10Ka3aTenbCTBa HE3aBUCHMOCTH aKCHOMATHKH TIPEJIOKEHBI
MOJIEJIH PEJISLMOHHBIX CXEeM, TaKhe, 4TO JJIs aKCHOMBI WJIM IIPaBWJIa, HE3aBUCHMOCTh KOTOPBIX JIOKa3bIBAETCs, HEJIb3s MOCTPOUTH
JIOKa3aTeNbCTBA U3 MHOXKECTBA JPYTUX aKCHOM HJIH IIPAaBUIL.

PesyabTarbl. YcraHOB/IEHA SKBUBAJEHTHOCTh AKCMOMAaTHUKU MHOTO3HAUHBIX 3aBUCHUMOCTEH, MPEIOKEHHON I'PYNIION yueHBIX
Bupu (Beeri), ®arunsim (Fagin) u XoBapaom (Howard) n akcmomaTHKi MHOTO3HauHBIX 3aBUcHMocTeil buckyma (Biskup). [loka3ana
HE3aBUCHMOCTh MOCTIEeHEN aKCHOMATHKH B TOM CMBICIIE, YTO 0€3 MOTEePH MOJTHOTHI HENb3s OIYCTUTh HU €IUHCTBEHHYIO aKCHOMY, HU
OJIHO W3 TIPaBUJI BEIBOJIA.

BriBoasl. J[oxazaHa HE3aBHCHMOCTb aKCHOMATHYECKOH CHCTEMBI MHOTO3HAUHBIX 3aBHCHUMOcTed Brckyma, koTtopas mmeer He
OoJIbIIIE 110 KOJIMYECTBY M MOIHOCTH KOMIIOHEHT, YeM JPYIrHe aKCHOMAaTHKH MHOTO3HAYHBIX 3aBHCHMOCTEH. Mcronbp30BaHue HMEH-
HO TaKOi aKCHOMaTHKH UMeeT mpeumyinectsa npu paspaborke CASE-cpeacts (Computer-Aided Software Engineering Tools), ko-
TOpPBIE COICPIKAT PEAUTU3ALUIO IPUBEICHHS CXeM PEISIIMOHHBIX 0a3 JaHHBIX K YeTBEPTONH HOPMAJILHOH (opMe, a TaKkKe, IIPH PyIHOM
MIPOEKTUPOBAHUH JIOTHYECKOI MOJEIH PESILMOHHON 0a3bl JaHHBIX.

KJ/IFOYEBBIE CJIOBA: pensiuonHble 0a3bl JaHHBIX, MHOTO3HAYHBIE 3aBUCUMOCTH, aKCHOMAaTHKH, HE3aBUCUMOCTh aKCHOMa-
THUKU MHOTO3HAYHBIX 3aBUCHMOCTEH.

UDC 004.65
THE INDEPENDENCE OF THE AXIOMATIC SYSTEM OF MULTIVALUED DEPENDENCIES
IN RELATION (TABLE) DATABASES
Puzikova A. V. — PhD, Senior lecturer of the department of computer science and information technology, Volodymyr Vynny-
chenko Central Ukrainian State Pedagogical University, Kropyvnytskyi, Ukraine.

ABSTRACT

Context. The complexity of understanding the concept of multivalued dependencies (when setting out their theoretical founda-
tions, an axiomatic approach is used) in relational (table) databases leads to problems of their modeling, which in turn can cause a
violation of data integrity. A partial solution to these issues is facilitated by the search for equivalent axiomatic systems of multival-
ued dependencies that are minimal in terms of the number and power of their components. This, in turn, requires establishing the
equivalence of these axiomatic systems and proving the independence of their elements.

The object of the study is the axiomatisations of multivalued dependencies.The purpose of the work is to establish the equiva-
lence of two axiomatic systems of multivalued dependencies, one of which is minimal in terms of the number and power of compo-
nents, and to prove the independence of specified axiomatics.
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Method. Set-theoretic and logical-algebraic methods are used in the construction of proofs. The equivalence of two axiomatic
systems of multivalued dependencies is established classically: the relation of syntactic inference is considered and sequences of
multivalued dependencies are constructed that are proofs of the rules of each axiomatics from the components of the other. To build
proof of independence of the axiomatic system, models of relational schemes are proposed, such that for an axiom or rule whose
independence is being proved, it is impossible to construct proof from set of other axioms or rules.

Results. Equivalence of the axiomatisation of multivalued dependencies proposed by a group of scientists Beeri, Fagin and How-
ard and the Biskup’s axiomatisation of multivalued dependencies has been established. The independence of the Biskup’s axiomatic
system is proved in the sense that without loss of completeness it is impossible to remove neither the only axiom nor none of the
inference rules.

Conclusions. The independence of the Biskup’s axiomatisation of multivalued dependencies, which has no more in number and
power of components than other axiomatic systems of multivalued dependencies, is proved. Using such axiomatic system has advan-
tages in the development of CASE-tools (Computer-Aided Software Engineering Tools), which include the implementation of reduc-
ing the relational database schema to the fourth normal form, and also, when manually designing a logical model of a relational data-
base.

KEYWORDS: relation databases, multivalued dependencies, axiomatisation of multivalued dependencies, independence of the
axiomatic system of multivalued dependencies.
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UDC 004.622.612

SYNTHESIS METHOD OF TERNARY BENT-FUNCTIONS
OF THREE VARIABLES

Sokolov A. V. — PhD, Senior Lecturer of the Department of Informatics and Control of Information Systems Protec-
tion, Odessa National Polytechnic University, Odessa, Ukraine.

ABSTRACT

Context. Such perfect algebraic constructions of many-valued logic as ternary bent-functions and their truth tables which are
called as 3-bent-sequences, are used very often in modern cryptographic algorithms, in particular, in pseudorandom sequence genera-
tors. However, today there are no methods for synthesizing the ternary bent-functions class for a number of variables greater than
two, which significantly limits the ability to scale the number of protection levels of the of pseudorandom sequence generators based
on the ternary bent-functions. This circumstance generates the task of developing methods for the synthesis of ternary bent-functions,
which is solved in this paper for the case of ternary bent-functions of three variables. The object of this research is the process of
efficiency increasing of the cryptographic algorithms based on the functions of many-valued logic.

Objective. The purpose of the paper is to construct a method for the synthesis of the set of ternary bent-functions of three vari-
ables.

Method. The mathematical apparatus of the Reed-Muller transform (algebraic normal form) was used as the basis of the pro-
posed constructive method for the synthesis of ternary bent-functions of three variables. So, on the basis of the established properties
of the algebraic normal form of ternary bent-functions and limited enumeration, the search for ternary bent-functions up to affine
terms is performed, after which we apply the procedure of reproduction.

Results. As a result of using of the proposed method for the synthesis of ternary bent-functions of three variables, 155844 3-bent-
sequences were found up to an affine term, while the cardinality of the full set of found 3-bent-sequences is 12623364. The research
performed made it possible to determine that in this set there are 3-bent-sequences of six different weight structures, on the basis of
which 12 different triple sets can be compiled for use in pseudorandom sequence generators. A scheme for a cryptographically stable
pseudorandom sequence generator based on the found set of 3-bent-sequences of length N =27 is proposed. It is shown that the

protection levels number of such a generator of pseudorandom sequences is P = 7.041-10*" which is comparable with the protection
levels number of modern block symmetric cryptographic algorithms, for example, AES-128.

Conclusions. The further development of modern cryptographic algorithms, in particular, cryptographically stable pseudorandom
sequence generators, is largely based on the use of perfect algebraic constructions of many-valued logic. For the first time, a con-
structive method for the synthesis of ternary bent-functions of three variables is proposed. For the found set of ternary bent-functions,
the distribution of weight structures is found, and the possible triple sets are established. Based on the constructed set of ternary bent-
functions, a pseudorandom sequence generator scheme is proposed that has a protection levels number that is comparable with mod-
ern block symmetric cryptographic algorithms. We note that the constructed class of ternary bent-functions can also be used for the
synthesis of cryptographically strong S-boxes, codes of constant amplitude, as well as error correction codes. As an actual area of
further research, we can note the development of methods for the synthesis of ternary bent-functions of a larger number of variables.

KEYWORDS: cryptography, pseudorandom sequence generator, ternary logic, bent-function.

ABBREVIATIONS A={a;} is an arbitrary ternary sequence in the Reed-
PRSG 1sa pseudorandom sequence generator; Muller transformants domain, where i =0,1,....,N —1;
LFSR is a linear feedback shift register; O
FCSR is a feedback with carry shift register; Ly and Ly are direct and inverse Reed-Muller trans-
BF is a ternary bent-function; form matrices correspondingly;
ANF is an algebraic normal form. wt(T;) is an algebraic degree of the corresponding

ANF term T; ;

NOMENCLATURE . . L
N is a length of 3-bent-sequence; deg(®) is an algebraic degree of nonlinearity;
Jgy is a cardinality of the full set of ternary se- [\/k| is a number of primitive irreducible polynomials

quences; of degree k ;

V,u is a Vilenkin-Chrestenson matrix of order 3t ¥ is a number of protection levels.

where LeN; INTRODUCTION
Og (w) is a Vilenkin-Chrestenson transformants of the The current stage of development of cryptographic
sequence B ; methods of information protection is characterized by the

introduction of cryptographically high-quality functions
of many-valued logic [1]. At the same time, one of the
most actual tasks is the development of ternary pseudo-
random sequence generators (PRSG). Such generators are
used in the tasks of quantum cryptography, and can also
domain, where i=0,1,..,N -1; be used in implementations of cryptographic algorithms

KO, Kl, K2 is a amounts of symbols “0”, “1” and “2”
correspondingly;

@ is a polynomial of ANF;

F ={fj} is an arbitrary ternary sequence in the time
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based on many-valued logic functions on binary com-
puters.

At present, the dynamically developing and applicable
in practice is the construction of ternary PRSG [2], which
is based on the use of LFSR or FCSR [3] and a special
nonlinear element, which is most often used with perfect
algebraic constructions such as 3-bent-functions. At the
same time, the number of protection levels for the PRSG
depends on the length of the 3-bent-function and on the
cardinality of the set of available 3-bent-functions, which
makes it necessary to develop methods for synthesizing
large sets of ternary bent-functions.

At present, regular methods have been created for the
synthesis of 3-bent-functions of two variables, neverthe-
less, there are no such methods for a larger number of
variables, which significantly reduces the possibility of
increasing the number of protection levels of PRSG based
on ternary bent-functions.

The object of research is the process of improving
the efficiency of cryptographic algorithms based on
many-valued logic functions.

The subject of research is the methods for the syn-
thesis of 3-bent-functions.

The purpose of the work is to construct a method for
the synthesis of the set of ternary bent-functions of three
variables.

1 PROBLEM STATEMENT
Let us consider the complete set of sequences of
length N =27 over the alphabet
2n L4m

{0,1,2} <><1l,e" 3 e 3 , which are the truth tables of

all possible 3-functions of k =3 variables. The cardinal-
ity of this set is equal to J gy =37 = 7625597484987 .

The problem is to find in this set of sequences of
length N =27 such a sequences that are truth tables of
ternary bent-functions of three variables, i.e. possess a
uniform absolute values of Vilenkin-Chrestenson trans-
formants.

2 REVIEW OF THE LITERATURE

The current stage in the development of information
technology is characterized by the widespread introduction
of the mathematical apparatus of many-valued logic func-
tions into correcting coding [4] and information compres-
sion algorithms [5], as well as in the signal processing [6].

The current stage is also characterized by a rapid de-
velopment of methods of many-valued logic functions
and their implementation in cryptography. In particular,
the use of cryptographically strong ternary PRSG, which
are proposed to be used to increase the cryptographic
strength of quantum information protection protocols, is
proposed in [7, 8]. The authors of [9] proposed a scheme
of effective PRSG based on ternary bent-functions pre-
sented in Fig. 1.
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Figure 1 — Scheme of PRSG based on ternary bent-
functions

The raw material for the operation of the scheme
(Fig. 1) are such perfect algebraic constructions as ternary
bent-functions that have a uniform absolute value of
Vilenkin-Chrestenson transformants and, accordingly, the
maximum possible value of nonlinearity.

The Vilenkin-Chrestenson spectrum of the discrete
sequence above the alphabet

2n j4n
0el% 155¢'3 2556 3 s found by multiplying
the column vector containing the samples of the signal by

the complex conjugate transformation matrix Vi [10].

In this case, the matrix of the Vilenkin-Chrestenson
transform of order 3", L eN is constructed over the al-
phabet {0,1,2} using the recurrence formula [11], and
then in order to perform the Vilenkin-Chrestenson trans-

form it is translated into the exponential form, i.c. to the
2n L 4nm

i | el e
alphabet {e1%,e" 3 e 3 }:

VoL

3 3 3
Vo =| Vo (V3L,1+1)mod3 (V3L,1+2)mod3 (1)
Vi (V3L_1+2)mod3 (V3L_1+1)m0d3
where

ejo ejo ejo

000 o xm
Vi=[0 1 2|>|el® e 3 e 3| Q)

0 2 1 .4n 2n

- R
el '3 ¢33

A generalized definition of a ternary bent-function
was given in [11], according to which the existence of
bent-functions of the many-valued logic of an odd number
of variables was confirmed.
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Definition 1. For a Vilenkin-Chrestenson matrix of
order N =q*, where q is a prime, a bent-sequence
B =[hy,hy, -+, hi,---,hy_;] is a sequence over an alphabet

iy

hyese 9 +,v=0,1,.,q-1 if it has a uniform absolute

values of Vilenkin-Chrestenson spectrum that can be rep-
resented in matrix form

|QB(co)|=‘H~\7N‘=const, ®=0,N-1, 3)

where V,; is the Vilenkin-Chrestenson matrix of order N
.2n
—V

over the alphabet h; e 1 @

Currently, methods for the synthesis of 3-bent-
sequences of two variables are known [12]. The research
of the structure of this class of bent-sequences of cardinal-
ity J =486 allowed to establish their possible weight
structures, depending on which they are classified into 6

classes:
1,4,4}(54); |{5,2,2}(108);
!4,1,4§(54); 52,5,2 (108); 4)
4,41} (54); [{2,2,5}(108),

where the numbers in curly brackets show, respectively,
the number of characters “0”, “1” and “2” in the 3-bent-
sequence, and the numbers in parentheses indicate the
number of 3-bent-sequences with the indicated structure.

In [9], it was established that, from the point of view
of constructing an PRSG, the triple sets of 3-bent-
sequences possess the best properties.

Definition 2. A set of three bent-sequences By, B,, B

in the Vilenkin-Chrestenson basis is called a triple set if
the concatenation of their truth tables in symbolic form is
balanced, i.e. the number of characters “0” is equal to the
number of characters “1” and is equal to the number of
characters ‘2”7, i.e. K° =K' =K?.

Thus, the 3-bent-sequences from (4) determine two
triple sets

{{1,4,4}.{4,1,4} {4,4.1}},
{{5.2,2}.{2,5,2},{2,2,5}}.

Currently, in the literature there are no methods for the
synthesis of 3-bent-sequences of three variables, and ac-
cordingly, their weight structures remain unknown, which
makes it impossible to construct specific PRSG schemes
based on 3-bent-sequences of length N =27 .

©)

3 MATERIALS AND METHODS
The use of the exhaustive method for the synthesis of
3-bent-sequences, as it was done in [9], is ineffective for
3-bent-sequences of length N =27, since the solution of
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this problem will be coupled with enumeration of the set
of all ternary sequences of length N =27 , which consists

of Jq = 327 — 7625597484987 clements. At the same

time, practice shows that the construction of purely regu-
lar methods for the synthesis of 3-bent-sequences is also
difficult due to the complexity and unpredictability of this
class of perfect algebraic constructions.

Nevertheless, the performed researches show that the
synthesis of 3-bent-sequences of length N =27 can be
performed in the Reed-Muller transformants domain, i.e.
in algebraic normal form (ANF) [13].

Definition 3. An algebraic normal form of a Q-
function is a polynomial @ over Z, of a degree

deg(®) < q with coefficients g, €{0,1,...,q—1}, contain-

ing the operations “Sum modulo q” and “Multiplication
modulo q”.

On the basis of Definition 3 the definition of affine
functions, which play a key role in cryptography is intro-
duced.

Definition 4. Ternary functions whose ANF polyno-
mial has degree deg(®) <1 are called as affine.

Thus, each ternary sequence F = {f;} is uniquely as-

sociated with the corresponding sequence of ANF coeffi-
cients A={a;}. Moreover, it was established in [3] that

the transition to the Reed—Muller transformants domain
and vice versa can be performed in matrix form:

A=F-Ly, F=A-Ly, (6)
where L' is the matrix of the inverse Reed-Muller trans-

form, which is constructed in accordance with [13]; L, is

the Reed-Muller transform matrix.
For the length of the original sequence N =27 the
inverse Reed-Muller transform matrix has the form:

100000000000000000000000000
111000000000000000000000000
121000000000000000000000000
100100100000000000000000000
111111111000000000000000000
121121121000000000000000000
100200100000000000000000000
111222111000000000000000000
121212121000000000000000000
100000000100000000100000000
111000000111000000111000000
121000000121000000121000000
100100100100100100100100100
Ly = 11T ittt |, (7)
121121121121121121121121121
100200100100200100100200100
111222111111222111111222111
121212121121212121121212121
100000000200000000100000000
111000000222000000111000000
121000000212000000121000000
100100100200200200100100100
111111111222222222111111111
121121121212212212121121121
100200100200100200100200100
111222111222111222111222111
121212121212121212121212121
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while the direct Reed-Muller transform matrix has the
form

100000000000000000000000000
021000000000000000000000000
222000000000000000000000000
000200100000000000000000000
000012021000000000000000000
000111222000000000000000000
200200200000000000000000000
012012012000000000000000000
111111111000000000000000000
000000000200000000100000000
000000000012000000021000000
000000000111000000222000000
000000000000100200000200100
L,, ={000000000000021012000012021 |. (8)
000000000000222111000111222
000000000100100100200200200
000000000021021021012012012
000000000222222222111111111
200000000200000000200000000
012000000012000000012000000
111000000111000000111000000
000100200000100200000100200
000021012000021012000021012
000222111000222111000222111
100100100100100100100100100
021021021021021021021021021
222222222222222222222222222

For example, let us consider some ternary sequence

F oflength N =27
F =[000011011110120212110212021], 9
for which, taking into account (6), using the Reed-Muller
transform matrix L,,, we find the Reed-Muller transform

coefficients vector
A=[000000001000011120121120100] . (10)

Each element of the ANF vector (10) is one corre-
sponding coefficient in the general form of the ANF 3-
function of three variables

(D(Xl > X2 > X3) = aOOO + a001)(3 + a002X32 + aOlOXZ +
aOIIXZ X3 + a012X2X32 + aOZOXZ2 + a021)(22 X3 + a022 X; X.“f +
+a100X1 + a101X1X3 + a102X1X§ + a110)(1)(2 + a111X1X2X3 + (1 1)
-"-aIIZXIXZX32 + a120X1X22 + a121X1 X§X3 + a122XIX22 X32 +
+a200X12 + a201)(12)(3 + a202X12X32 + aZIOXIZXZ + a211X12X2X3 +
+a212X12 X2 X.’f + a220X12 X; + aZZlXI2 X22 X3 + a222 X22 X; X.’f N
Thus, taking into account (11), we can write the ANF
of sequence (9):

2y 2 2
DX, Xy, X3 ) = X X7+ X Xy Xy + X X X, +

2 2 2 2 2y 2
XX, H2X XX X+ 2X X3+ XX (12)
2 2 2y 2
XXy +2X K Xy A+ XK,
Substituting consistently all possible sets of

{X,X,, %} in (12), we obtain the original truth table (9).

© Sokolov A. V., 2020
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Let us check if sequence (9) is a 3-bent-sequence. For
this, it is necessary to find the absolute values of its
Vilenkin-Chrestenson transform coefficients

|0 (0)] = (V2742742727272727
V272727272727 272742727
V272727272727 27427427 273

Thus, sequence (9) is indeed a 3-bent-sequence.

(13)

4 EXPERIMENTS
Let us consider each ANF coefficient of the ternary
sequence @, where i is the vector of their three coordi-

nates, each of which indicates the degree of occurrence of
the corresponding variable in the term. Let us denote by

wt(T;) =Zi the algebraic degree of the corresponding

term.

As the algebraic degree of nonlinearity we call the
maximum value among all degrees of terms included in
the algebraic normal form of a ternary sequence

deg(®) = max {Wt(T;)} .

The proposed constructive synthesis method for 3-
bent-sequences is based on the use of the Reed-Muller
transform domain and the following determined proper-
ties of ternary bent-functions.

Property 1. The sum of a 3-bent-sequence with an af-
fine sequence is a 3-bent-sequence.

Property 2. The maximum algebraic degree of the
term included in the 3-bent-sequence of length N =27 is
wt(T,)=4.

Thus, each element of the sequence A={a},
i=0,1,...,26 corresponds to the ANF term of 3-function
in general form, as shown in the Table 1. In the Table 1
affine terms are marked by the symbol “a ”, while terms
whose algebraic degree exceeds the value wt(T,) >4 are

marked by the symbol “x”. The remaining terms are
marked by the symbol “*”.

Analysis of the data presented in Table 1 shows that
the number of terms marked by the symbol “*” is 19.
Thus, we write the proposed constructive method for the
synthesis of 3-bent-sequences of length N =27 in the
form of following specific steps.

Step 1. Consider the sequence in the Reed-Muller
transformants domain

A:|:a000 aOOl a002 aOlO a011 a012 a020

o a * o * * *

Qo Qo Qg9 g Ap Ay &y Ay Ay By
* ¥ g %k kK ox ok k%

By 8yo9 Bygp Bypp Byyg Byyy Bypy By By By
VO T T S TV VY

(14
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Table 1 — Correspondence of terms and coefficients
of 3-function ANF

a, T, Marks | a T, Marks
8900 - a a, X X, ng *
801 X « A5 X X; *
302 X32 * 8 X X22 X5 *
Q10 X o A X X22 X X
Ao X%, * 3500 X; *
Qo1 X, X32 * 81 X12 Xy *
80 X; * Ay Xlz X32 *
Qo1 X; X5 * o) X12 X, *
3, | XX | " Q| XXX "
A9 X « &, sz XZ X
801 X, X3 * 8y Xlz X;

ap | XX | " Q| XXX X
A0 XX, * ay X; X Xz X
ay XX, X, * B B B

Substituting the next specific values over the alphabet
{0,1,2} instead of the symbols “*”, and substituting in-

stead of the symbols “a ” and “x” the values 0, we obtain
a specific ternary sequence in the Reed-Muller transfor-
mants domain. This sequence, by multiplying by the ma-

trix of the inverse Reed-Muller transform L.}, is trans-

ferred to the time domain, obtaining the candidate se-
quence F.

Step 2. We find the absolute values of the spectral co-
efficients of the Vilenkin-Chrestenson transform of the
sequence F and check it for the compliance with the
conditions of Definition 1. If it is a 3-bent-sequence, we
save the corresponding sequence A, otherwise we dis-
card it.

Step 3. If the end of the search is not reached among
all possible sequences A, we go to Step 1, otherwise the
search is completed.

Step 4. For each 3-bent-sequence found, we release 4
positions marked by the symbol “a”, i.e. the positions
corresponding to affine terms. Substituting into them all
possible values from the alphabet {0,1,2} we obtain, on

the basis of each 3-bent-sequence, a set of 3*=81
3-bent-sequences.

Note that since in Table 1 there are 19 values marked
with the symbol “*”, the total number of ternary se-
quences that must be enumerated in the proposed algo-

rithm s 319 — 1162261467 instead  of
Jeun =3%7 =7625597484987 in the case of complete

enumeration, which is in 6561 times less.

© Sokolov A. V., 2020
DOI 10.15588/1607-3274-2020-1-9

86

5 RESULTS
Performing Steps 1,...,3 of the developed algorithm al-
lowed us to find 155844 3-bent-sequences of length
N =27 up to affine terms.
As an example, we can give one of the found 3-bent-
sequences in the form of its ANF

22 2 2 22 2 22
B, = X)X, + XX, X + XXX XX + X X X, + XXy, (15)
as well as a sequence in time domain

B, =[000011011011102122011122120]. (16)

Note that among the found 3-bent-sequences there are
468 3-bent-sequences with an algebraic degree
deg{B} =2, 3744 3-bent-sequences with an algebraic

degree deg{B} =3 and 151632 3-bent-sequences with an
algebraic degree deg{B}=4.

Accordingly, based on the obtained set of 3-bent-
sequences, by applying Step 4 of the proposed algorithm,
it is possible to synthesize a set of 3-bent-sequences with
cardinality 155844 -3* =12623364.

A research of the found class of 3-bent-sequences of
length N =27 allowed us to establish that they can be
classified according to the 6 possible weight structure
types

12,9,6{(2103894); |19,12,6§(2103894);
[19, 6,12} (2103894); [112,6,9i (2103894);  (17)

6,12,9;(2103894); | {6,9,12§(2103894),
where, similar to (4), the numbers in curly brackets show,
respectively, the number of characters “0”, “1” and “2” in
the 3-bent-sequence, and the numbers in parentheses indi-
cate the number of 3-bent-sequences with the indicated
structure.

Based on 3-bent-sequences of weight structures (17),

12 possible triple sets can be constructed

{6,9,12},{9,12,6},{12,6,9}};
{6,9,12},{12,6,9},{9,12,6}};
{6,12,9},{9.6,12},{12,9,6} |
{6,12,9},{12,9,6},{9,6,12}};
{9.6,12},{6,12,9},{12,9,6} |
{9.,6,12},{12,9,6},{6,12,9}}; (18)
{9,12,6},{6,9,12},{12,6,9} |
{9,12,6},{12,6,9},{6,9,12} |
{12,6,9},{6,9,12},{9,12,6}};
{12,6,9},{9,12,6},{6,9,12} |
{12,9,6},{6,12,9},{9.6,12} |
{12,9,6},{9.6,12},{6,12,9}
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6 DISCUSSION

The obtained set of 3-bent-sequences of length
N =27 is valuable not only from the point of view of the
theory of synthesis of perfect algebraic constructions, but
also can serve as a basis for constructing effective PRSG
according to a scheme similar to Fig. 1. In view of the use
of 3-bent-sequences of greater length, even the use of one
possible triple set can provide a significant level of cryp-
tographic stability. The PRSG scheme based on 3-bent-
sequences of length N =27 is shown on Fig. 2.

[ MUX ]
e
Q Q Q
| BF, H BF, || BF, ‘
— T

=i

Figure 2 — PRSG scheme based on 3-bent-sequences of length
N = 27 from one triple set

Let us determine the number of protection levels of
the developed PRSG. For example, let the polynomials of
the following mutually simple degrees to be chosen to
construct the corresponding 3LFSR

deg{f}=9;
deg{f,} =8; "
deg{f;} =7
deg{f,}=5.

The number of primitive irreducible polynomials of
degree k=9 is |V9|:1008, of degree k=8 is
|V8| =320, of degree k=7 is |V7| =156 and of degree
k=5 is |Vy| =22 [14].

The initial state of 3LFSR; can be selected by
3’ —-1=19682 different ways, 3LFSR, by 3*—1=6560
ways, 3LFSR; by 3’7 —1=2186 ways and 3LFSR, by
3° —1=242 ways.

Moreover, the 3-bent-sequences themselves in the tri-
ple set can be selected by 2103894’ ways. Thus, the

number of protection levels of the constructed PRSG is
defined as

Y =1008-320-156-22-19682-6560 x

20
x2186-242-2103894° =7.041-10*, 20)

© Sokolov A. V., 2020
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which is a significant value, and exceeds the number of
protection levels of such a modern block symmetric cryp-
tographic algorithm as AES-128 [15] and many other
modern block symmetric chippers [16].

CONCLUSIONS
The scientific novelty lies in the fact that a method
for the synthesis of 3-bent-sequences in the Reed-Muller
transformants domain was developed. Using the devel-
oped method, a class of 3-bent-sequences of length
N =27 and cardinality J =12623364 was constructed.

For the found class of 3-bent-sequences, six possible
weight structures and 12 possible triple sets were discov-
ered.

The practical significance consists in the fact that the
synthesized class of 3-bent-sequences of length N =27
was proposed to be used to construct the scheme of the
ternary cryptographically strong PRSG. At the same time,
the estimated number of protection levels of the con-

structed PRSG is W =7.041-10"", which is comparable
with the number of protection levels of modern block
symmetric cryptographic algorithms.

As a further area of research, it is worth to note the
development of methods for the synthesis of 3-bent-
sequences of longer lengths, as well as research of perfect
algebraic constructions with larger values of Q.
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YK 004.622.612

METO/]I CHHTE3Y TPINKOBUX BEHT-®YHKIIIN TPhOX 3MIHHUAX

Coxos10B A.B. — KaHJ. TeXH. HayK, CTapIINi BUKJIaAa4 Kadeapu iHPOpMaTHKU Ta YIpPaBIiHHS 3aXHCTOM 1H()OpMaLifHUX CHC-
TeM, Omechkuil HaliOHAJIFHUH TOJIITEXHIYHIH yHIBepcuTeT, M. Oxeca, Ykpaina.

AHOTAIIA

AxTyanbHicTh. OCTaHHIM YacoM Bce YacTillle B CyYacHUX KpUNTorpadidHuX alropurMmax, 30KpeMa, B TeHepaTopax NCEBIOBH-
MaJIKOBUX IOCIIJJOBHOCTEH BUKOPHCTOBYIOTHCS TaKi JOCKOHAII anreOpaiuHi KOHCTPYKLIi GaraTo3HaYHOI JIOTIKH, SIK TPIHKOBI OEHT-
¢yHKii i X Tabmuni icTHHHOCTI — 3-6eHT-Tnocaen0nBaTenbHOCTI. [IpoTe, ChoroHi He iCHY€e METOIIB CHHTE3Y KJIacy TPiiKOBUX OEHT-
(GyHKUIR U1 Yncia 3MIHHAX OiIbIe JBOX, IO iICTOTHO OOMEXYe MOXIIMBOCTI MacIITa0yBaHHS YMCIia PiBHIB 3aXHCTy 3a3HAUYECHHUX
TeHepaTOPIB IICEBAOBHUIIAAKOBUX MOCHifOBHOCTEH. JlaHa 0OcTaBrHa pOOUTH aKTyaJ bHUM 3aBIAaHHS PO3POOKH METOMIB CUHTE3Y Tpiii-
KOBHX OeHT-(yHKIIiH, sika BUpIlIeHA B JaHiil poOOTi AT BUMAAKy TPIHKOBUX OEHT-QYHKLiH TphoX 3MiHHKMX. O0’€KTOM JAHOTO J10-
CITIIPKEHHSI € MPOIECH ITiIBUIIEHHS €()eKTHBHOCTI KPUIITOAITOPUTMIB Ha OCHOBI (DyHKIii GaraTo3HAYHO JIOTIKH.

Meta. Merta ctarTi — o0y yBaTH METO]] CHHTE3Y MHOXKHHH TPIHKOBUX OCHT-(YHKLIH TPHOX 3MIHHUX.

Metona. B sKocTi OCHOBH 3aIIpOIIOHOBAHOTO KOHCTPYKTHBHOI'O METOMY CHHTE3Y TPIHKOBHX OEHT-()YHKIIH TPhOX 3MIHHUX BHKO-
pHCTaHO MaTeMaTHYHUI amapat neperBopeHHs Pima-Maitepa (anrebpaiunoi HopmansHoi opmu). Tak, Ha OCHOBI BCTaHOBJICHUX
BJIACTUBOCTEH anrebpaiuHOl HOpMaIbHOI GOopMH TPIHKOBUX OEHT-(QYHKLIM i 00MeXKeHOro nepedopy CHouaTky BUKOHYETHCS MOIIYK
TpPifKOBUX OEHT-GYHKIIH 3 TOUHICTIO 10 ahiHHUX TEPMIB, MiCIIs YOTrO BiOYBA€THCS TX PO3MHOKEHHSI.

PesyabTaTn. B pe3ynbpraTi BAKOPUCTAHHS 3aIPONIOHOBAHOTO METOLY CHHTE3y TPIMKOBHX OEHT-(YHKIIN TPhOX 3MIHHHUX 3Hale-
HO 155844 GeHt-QyHKHIT 3 TOYHICTIO 10 adiHHOTO TepMa, B TOW dYac SK IOTYXKHICTb IIOBHOI MHOXWHH 3HaIeHWX 3-OeHT-
mocyiToBHOCTEH cknanae 12623364, [IpoBeneHi JOCTiIKEHHS TO3BOIMIA BU3HAYUTH, 110 B TaHIH MHOKHHI € 3-0CHT-ITOCITIIOBHOCTI
LIECTH PI3HUX BaroBHUX CTPYKTYP, HAa OCHOBI SIKMX MOXYTh OyTH CKJaJieHi 12 pi3HUX TPOiCTUX HAOOPIB Ul BUKOPUCTAHHS B TeHepa-
TOpax MCEBIOBHUIAIKOBHIX MOCIIIOBHOCTEH. 3apooHOBaHO CXeMy KpHITOrpadidyHO CTIHKOro reHepaTropa ICeBIOBHIIAIKOBUX I10-
CIIIZIOBHOCTEH HA OCHOBI 3HaljeHoi MHOXWHM 3-OeHT-nociimoBHocTeil moxkuHu N =27 . [loka3aHo, IO YHCIIO PIBHIB 3aXHUCTY

TaKOTo TeHepaTopa IMCeBIOBUITAIKOBHIX MOCTiOBHOCTEH ckiagae WV =7.041- 10* , [0 MOXHA TIOPIBHATH 3 YHCJIOM PiBHIB 3aXUCTY
Cy4acHHX OJOKOBHX CUMETPHYHUX KPHIITOAITOPUTMIB, Hanpukiaa, AES-128.

BucHoBku. [Toganpmmii po3BUTOK Cy4acHHX KPHNTOrpadiuHUX alrOpUTMIB, 30KpeMa, KpUNTorpadidHo CTIHKHX T'eHEpaTOpiB
TICEBIOBHIIAIKOBUX MOCHIIOBHOCTEH, 6araTto B 4OMy IPyHTY€EThCS Ha 3aCTOCYBaHHI JOCKOHANMX alre0paidHuX KOHCTPYKIiK Oarato-
3Ha4HOI JIoTiku. B po0oTi Bepiie 3anpornoHOBaHO KOHCTPYKTHBHUH METOJ| CHHTE3y TPIHKOBUX OEHT-(QYHKIil TppoxX 3MiHHHX. s
3HAWEHOI MHOXKHUHHM TPIHKOBUX OCHT-(YHKIIH BCTAHOBJICHO PO3IOJII BarOBUX CTPYKTYp, @ TAKOX BHSBICHO MOXJIMBI TPOICTI Ha-
6opu. Ha ocHOBI 100y/10BaHOi MHOYKHHH TPiHKOBUX OeHT-(yHKIIIH 3apONOHOBaHA CXeMa reHepaTopa MCeBIOBHIIAaJKOBUX ITOCHI0-
BHOCTEH, SIKMH BOJIOJII€ YHMCIIOM DIBHIB 3aXHUCTY, SIKE MOXKHA IOPIBHATH 3 CyYaCHHMH OJIOKOBUMH CHMETPUYHHMMH KPHUITOAITOPUT-
Mamu. Bigznaunmo, 1o moOyaoBaHUi Kiac TPiHKOBUX OeHT-(PyHKIIIH Takok MOXke OyTH 3aCTOCOBaHHMU AJIsI CHHTE3y Kpunrorpadiu-
HO CTiHKHX S-OJIOKiB, KOJIB MOCTIHHOI aMILTITYAH, a TAKOXK KOPEKTYIOUMX KOAIB. B SKOCTI aKkTyaabHOrO HAMPSIMKY IMIPOJOBKEHHS
MPOBEICHHUX JOCHTIPKEHh MOYXKHA BUIUTHTH MOOYJOBY METO/IIB CHHTE3Y TPIHKOBUX O€HT-()YHKIIH OLTBIIOTO YKCIa 3MiHHUX.

KJIFOYOBI CJIOBA: xpunrorpadis, reHepaTop MCeBIOBHIIAAKOBHIX ITOCIIIOBHOCTEH, TPU3HAYHA JIOTiKa, OCHT-(QYHKIIISL.

YK 004.622.612
METO/] CHHTE3A TPONYHBIX BEHT-®YHKIUI TPEX MEPEMEHHBIX

CoxoJioB A.B. — kaHA. TeXH. HayK, CTapUIMi npernogaBaTesb kadeapbl HHOOPMATHKU U yIPABICHUS 3alIUTOH HH(POPMALUOH-
HBIX cucteM, OfeccKHii HalMOHAIBHBIN MOJTUTEXHUYECKUH YHUBEpCHUTET, I. Onecca, YKpauHa.

AHHOTAIUA
AKTyansHOCTb. B mocrennee Bpemst Bce dale B COBPEMEHHBIX KPHITOTPAGUIECKUX aJTOPUTMaX, B YaCTHOCTH, B TeHEpaTOpax
TICEBJIOCITY YA HBIX MOCIIEIOBATEIFHOCTEH, HCIIONIB3YIOTCSI TAKUE COBEPIICHHBIE alre0pandeckue KOHCTPYKIMH MHOTO3HAYHO! JIOTH-
KH, KaK TPOWYHbIE OCHT-(QYHKIUH U UX TaOJIUIBI UCTHHHOCTH — 3-0€HT-T0CIIeJ0BaTeIbHOCTH. TeM He MeHee, CEro/IHs He CyIIeCTBY-
€T METOJIOB CHHTe3a Kilacca OeHT-(QYHKIMI JUTs Ynciia IepeMEHHBIX OoJiee JIBYX, YTO CYLIECTBEHHO OTPaHUYMBAET BO3MOXKHOCTH II0
MacIITaOMPOBAHMIO YKCIIA YPOBHEH 3allIUThl YKAa3aHHBIX T€HEPATOPOB IICEBAOCIYYaiHBIX TocuenoBarenbHocTel. JJanHOe 06cTos-
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TEIBCTBO JieNIaeT aKTyaJbHOW 3a/iady pa3pabOTKH METOJOB CHHTE3a TPOWYHBIX OeHT-(QyHKIMH, KOTopas pellcHa B JaHHOH padore
JUISL CITydast TPOUYHBIX OCHT-QYHKIMHA Tpex nepeMeHHbIX. OOBEKTOM JaHHOTO HUCCIIE0BaHMs SBISIOTCS MPOLECCH! MOBBIEHUS d¢-
(DEeKTUBHOCTH KPUIITOAITOPUTMOB Ha OCHOBE (DYHKIIMIT MHOTO3HAYHOM JIOTHKH.

Iesn. Llenb cTaThl — MOCTPOUTH METOJ CHHTE3a MHOXKECTBA TPOMYHBIX OEHT-(QYHKLHUH TpeX NepeMEHHbIX.

Mertoa. B kauecTBe OCHOBBI NPEJIOKEHHOTO KOHCTPYKTHBHOTO METO/d CUHTE3a TPOUYHBIX OCHT-QYHKIMI TpeX NepeMEHHbIX
HCTIONB30BaH MaTeMaTHYECKUil ammapaT npeoOpa3oBanus Puna-Mamnepa (anreOpamdeckoil HopManbHO# Gopmer). Tak, Ha ocHOBE
YCTAHOBJICHHBIX CBOWCTB anreOpandeckoil HOPMAaJIbHOW (POpMBI TPOWYHBIX OCHT-QYHKUIWA M OTpaHHYCHHOrO mMepebopa cHadaia
BBITIOJTHAETCS HOMCK TPOMYHBIX O€HT-(QYHKIHUH C TOYHOCTHIO 710 ah(GHHHBIX TEPMOB, TIOCIIE YeT0 IPOMCXOMUT X PAa3MHOXKCHUE.

PesyabTatel. B pesynbrare HCHONB30BaHMS IPEJIOKEHHOTO METOAA CHHTE3a TPOMUYHBIX OCHT-(QYHKIHI Tpex HepeMeHHBIX
HaiineHo 155844 tpondHbIX OGEHT-(QYHKIUH ¢ TOYHOCTBHIO O addUHHOrO TepMma, B TO BpeMsi KaK MOIIHOCTH MOJIHOIO MHO)KECTBA
HalICHHBIX 3-0CHT-TIOCIICA0BATENbHOCTEH cocTarisieT 12623364, [IpoBeieHHbBIC HCCIICIOBAHMUS TIO3BOJIUIIN ONPEACIUTh, YTO B JIaH-
HOM MHOJKECTBE MMEIOTCSI 3-0€HT-MOCIEeI0BATEIbHOCTH IECTH PA3IMYHBIX BECOBBIX CTPYKTYp, HA OCHOBE KOTOPBIX MOTYT OBITh
cOCTaBlIeHbI 12 pa3NuuHBIX TPOUCTBEHHBIX HAOOPOB JUIS MCIIOIB30BAHUS B F€HEPATOPaX ICEBJOCTYYalHBIX MOCIEI0BATEILHOCTEN.
[Ipenmoxxena cxema KpunTorpaguyeckd CTOMKOTO T€HEpaTopa IICEBAOCIYYAHHBIX MOCIEIOBATEIBHOCTE HAa OCHOBE HAWJEHHOTO
MHOXXecTBa 3-6eHT-nocnenoBarensHocteld HEl N =27 . [Toka3aHo, 4TO YKMCIIO YPOBHEW 3aIUTHI TAKOTO T€HEpaTopa ICeBIOCITY-

yaifHBIX MOC/enoBaTeNbHOCTEN cocTapuster ¥ =7.041-10", uTo coM3sMepuMO ¢ UMCIIOM yPOBHEH! 3aITUTHI COBPEMEHHBIX ONOYHBIX
CUMMETPUYHBIX KPUNITOAITOPUTMOB, Hantpumep, AES-128.

BriBoasl. [lanpHelimee pa3BUTHE COBPEMEHHBIX KPHIITOTpadHIECKUX aIrOPUTMOB, B YACTHOCTH, KPHITOTPAHUIECKH CTOHKHX
TeHEepaTOPOB MCEBAOCITyYaiHBIX MTOCIEI0BAaTEIbHOCTE BO MHOIOM OCHOBBIBASTCSI HA IIPMMCHEHHUHU COBEPIICHHBIX aIreOpandecKux
KOHCTPYKIIMH MHOTO3HAuHOH JIOTHKH. B paboTe BriepBble NpeIuIokKeH KOHCTPYKTHBHBIN METOJ] CHHTE3a TPOUYHBIX OeHT-()yHKIHI
Tpex MmepeMeHHbIX. s HallIeHHOro MHOXKECTBA TPOMUYHBIX OCHT-(QYHKIMH YCTaHOBIEHO paclpeeleHHe BECOBBIX CTPYKTYp, a TaK-
e OIpezIeeHbl BO3MOXKHBIE TPOHCTBEHHBIE HAbOphl. Ha 0CHOBE MOCTPOEHHOTO MHOXKECTBA TPOUYHBIX OEHT-(QYHKIHU MpeanokeHa
cXeMa TeHepaTopa IICeB/IOCTyIaiHBIX ITOCIEA0BATEIPHOCTEH, KOTOPHIIT 001a1aeT 9NCIOM YPOBHEH 3aIUTHI CON3MEPHMBIM C COBpe-
MEHHBIMH OJIOYHBIMH CHMMETPHYHBIMH KpHITOANropuT™MaMH. OTMETHM, 4TO MOCTPOCHHBIA KJIACC TPOUYHBIX OCHT-(yHKIUH Taroke
MOXeT OBITh IPHMEHEH Ul CHHTe3a KPHNTOTpadHIecKH CTOMKHX S-0JIOKOB, KOJOB ITOCTOSTHHON aMIUTHTY/BI, a TAaKkKe KOPPEKTH-
pyOIMX KOIOB. B kauecTBe akTyaabHOrO HalpaBJIEHHs NPOBEAECHHBIX UCCIEAO0BAHUI MOXKHO BBLICIUTH OCTPOCHUE METOJOB CUH-
Te3a TPOUYHBIX OCHT-(QYHKIHMIT OOJIBILEro YUCIIa ITePEMEHHBIX.

KJIFIOUEBBIE CJIOBA: kpunrorpadus, reHepaTtop ICEBAOCIYYaHbIX IOCICI0BATCIBHOCTEH, TPOWYHAs JIOTHKA, OCHT-
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AHAJIN3 CUCTEMBbI H,/E,/1 1 EE AHAJIOT'A CO CIBUHYTbBIMHA
BXO/JHbIMMU PACIIPEJAEJIEHUAMHN

TapacoB B. H. — 1-p TexH. Hayk, nmpodeccop, 3aBeayroumuii kadenpoil mporpaMMHOT0 00ecriedeH s U yIpaBlIeHUs
B TEXHHYCCKUX CHUCTeMax [IOBOJDKCKOIO TOCYyJapCTBEHHOI'O YHHBEPCHTETA TCICKOMMYHHMKAUUNH W HMH(OPMATHKH,
Poccus.

AHHOTAIUA

AKTyalIbHOCTB. B Teopun MaccoBoro obciyxuBanus uccienoanus cucreM G/G/1 akTyadbHBI B CBS3H C TEM, YTO HENb3S T0-
JyYUTb PEIICHUs JUI BPEMEHH OXKHJAHHSI B KOHSYHOM BHZE B O0IIEM CIydae IPU MPOM3BOIBHBIX 3aKOHAX PACTIPEAEICHNI BXOIHO-
TO IIOTOKA ¥ BpeMeHH o0cCiyxuBaHus. [109ToMy BayKHBEI HCCIIEOBAHUS TAKUX CHUCTEM JUIS YaCTHBIX CIIydaeB BXOAHBIX paclpesere-
Hui. PaccMoTpeHa 3aja4ya BBIBOJIA PELICHNS JUIsl CPETHEr0 BPEMEHH OKHJAaHWUs B OUYepeId B 3aMKHYTOH (hopMe JUlsl Iapbl CHCTEM C
OOBIYHBIMH U CO CIABUHYTHIMH TUIIEPIKCIIOHEHIIMATBEHBIMU M 3PJIaHTOBCKUMHU BXOIHBIMH pacIpe/ie/ICHUSIMU.

Leap pa6orsl. [lonmyueHue penreHus sl OCHOBHOM XapaKTEPUCTHKH CHUCTEM — CPEIHEro BPEMEHH O)KHIAHUS TpeOOBaHWIA B
ouepear Uil IBYX cUCTeM MmaccoBoro obcmyxuanus tuna G/G/1 ¢ OOBIYHBIMH M CO CIBHHYTBIMH T'MICPIKCIIOHCHLIUATbHBIMUA U
9PJIaHTOBCKMMH BXOJIHBIMHU PACTIPECTCHUAMH.

Metoa. Jlns peuieHus MOCTaBIECHHOM 3a7jaud UCIOJIb30BAH KJIACCUUECKUH METOJ| CIIEKTPAJIbHOTO PA3IOKEHHsI PEIICHUs] UHTE-
rpanbHOTO ypaBHeHUs JInHMIH. JIaHHBIM METOA MO3BOJISET MOTYYUTh PEHICHHE ISl CPEIHEr0 BPEMEHH OXHAAHMSA UL PacCMaTpH-
BaeMBIX CHCTEM B 3aMKHYTOH (opme. MeTo CHEeKTpaJbHOIO pas3iioKEHHs PEeLIeHHs MHTErpalbHOro ypaBHeHus JIMHmmM urpaer
Ba)kKHYIO ponb B Teopun cucteM G/G/1. [l mpaKTHIecKoTo MPUMEHEHHS IOy YeHHBIX Pe3yIbTaTOB NCIIOIb30BaH U3BECTHBII METO
MOMEHTOB TEOPHH BEPOSITHOCTEIA.

Pe3yabTaThl. BriepBbie 1oiIy4eHbI CHEKTPAIbHbBIE PA3JIOKEHHS PEICHUS] HHTErPAILHOTO YpaBHeHHs JIMHIIH 1715 IBOMCTBEHHOM
Mapbl CUCTEM, C IIOMOIIIBIO0 KOTOPBIX BBIBEICHBI PACUETHBIE BBIPAXKEHMS ISl CPETHEr0 BPEMEHH OKHIAHHUS B OYEPEAN B 3aMKHYTOMH
dopme.

BriBoasl. ITomydeHsl CieKTpaabHbIE Pa3IOKEHHS PELICHHs] HHTETPAIBHOTO ypaBHEHUs JIMHIIH [T paccMaTPUBAEMBIX CHCTEM
U C UX MOMOIIBIO BBIBEJICHBI PACUCTHBIC BBIPAKCHUS AN CPEJHEr0 BPEMEHH OXHAAHHSA B OYEPEIM UL STHX CHCTEM B 3aMKHYTOH
¢dopme. ITokazaHo, 4TO B CHCTEMax C 3ala3/bIBAaHUEM BO BPEMEHH CpelHEe BPeMs OXKHIAHHS MEHbIIe, YeM B OOBIYHBIX CHCTEMax.
[NomyueHHble pacyeTHBIE BBIPKCHUS ST BPEMEHH OXKUAAHMS PACIIUPSIOT U AOMOIHSIOT M3BECTHYIO (GOPMYITy TEOPHH MacCOBOTO
00CITyKUBaHHS IJIsl CpeHero BpeMeHu oxxunanus s cucreM G/G/1 ¢ mpon3BOIbHBIMU 3aKOHAMH paclpeiesIeHUH BXOIHOTO MOTO-
Ka U BpeMeHH 00cimykuBaHMs. Takol MOAXOJ MO3BOJISIET PACCUMTATh CPEIHEE BPEeMs OXKHMAAHMS JUIS YKa3aHHBIX CHCTEM B MaTema-
THUYECKUX MaKeTax s MIUPOKOro JHarna3oHa M3MEHEHHs mapaMeTpoB Tpaduka. Bce ocTanbHble XapaKTEPUCTHKH CHCTEM SIBIISIOTCS
MPOU3BOAHBIMH OT BPEMEHU OKHIAHUS.

Kpome cpenHero BpeMeHH OXKHIAHUs, TaKOH MOAXOA JAeT BO3MOKHOCTH ONPEAENUTh U MOMEHTBI BBICHINX TOPSIIKOB BPEMEHU
OKHJAHUA. YUHUTHIBas TOT (DakT, 9TO BapHaIMs 3aJePKKU IAKeTOB (JUKUTTEP) B TEICKOMMYHHKAIHMAX OINpPEAENseTCs Kak pa3dpoc
BPEMEHH OXKHJAHHS OT €r0 CPEIHEr0 3HAUCHNUS, TO [DKUTTEP MOXKHO OyIET ONpenenuTh Yepe3 JUCIEPCHIO BPEMEHH OXKHIaHHS.

[NomyuenHsle pe3yabTaThl Iy OINKYeTCs BIEPBEIC.

KJIIOYEBBIE CJIOBA: runepskcrioHeHINAIBHOE U HPIIAHTOBCKOE paclipesieNieHns, mpeodpazosanue Jlamnaca, cpegnee Bpems
OXKHJAHUS B OUCPEIIH.

COKPAULIEHUA
NV JI — unterpansHoe ypaBHeHue JIunanuy,
CMO — cucteMa MaccoBOTO 00CITy>KHBaHHUS;
OPB — ¢yHKIus pacupeesieHnst BEpOSTHOCTEH.

H, — runepakcrnoHeHIaIbHOE pacpeeeHue BTOpo-
ro MOPSIIIKA;

HE — CABHUHYTOC THICPIKCIIOHCHIIMAJIBHOC pacipe-

JACJICHUE BTOPOI'O IMOpAAKa;

HOMEHKJIATYPA

a(t) — ¢dyHKIMS TUIOTHOCTH paclpeaeieHus HHTepBa-
JIOB MEX]ly NOCTYIUICHUSIMH TpeOOBaHH;

A*(s) — npeoGpasosanne Jlamaca byukiun a(t);

b(t) — gyHKIMS WIOTHOCTH paclpeneleHus BpEMEHH
00CITy)KUBaHWS,

B*(s) — mpeobpasoBanue Jlarmaca ¢pyskumu b(t);

C, — Ko3(¢dHULUMEHT BapualMM HHTEPBAJIOB IOCTYII-
JeHnit TpeboBaHuii;

Cy — KOdHULKMECHT Bapualuy BpeMEeHH 00CITykKuBa-

HUS;
E, — pactipenenenue DpiiaHra BTOPOTO HOPSIIKA;
E5; — cuBuHyTOE pacmpenencHue DpiaHra BTOPOTO

MOPS/IKa;
G — IpOU3BOIBHBIN 3aKOH pacIpeIeICHNUS;
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M- BKCHOHCHHI/IaJ'IBHHﬁ 3aKOH PACIPCACIICHUS

M’ — COBUHYTBIN 5KCIIOHEHLIIMAIBHBIA 3aKOH pacipe-
JICIICHHUS;
W — cpenHee Bpems 0KAIAHUS B OYEPENIH;
*
W (s) — npeobpa3oBanue Jlamiaca ¢GyHKIUM IIOTHO-

CTH BPEMEHH OXKUJIAHHS;
Z — moboe uncio u3 uaTepsana (—1, 1);
A1 — HepBbll mapaMeTp TIMIEPIKCIOHEHLUATbHOIO

pactpeneneHus: BXOIHOTO TTOTOKa,
L, — BTOPOM MAapaMeTpP TI'MIEPIKCIOHEHIUAILHOTO

pacmpe/ieneHus BXOAHOTO OTOKa;
[ — TapaMeTp pacmpeneNieHns] JpllaHra BpeMeHH 00-

CITY>KHBaHUSL;
p — KO3((HULHMEHT 3arpy3Ku CUCTEMBI;

T), — CpemHHMH MHTEpBaT MEXKIY HOCTYIUICHHUSIMH Tpe-
OOBaHWUiA,
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?;% — BTOPOU HayalbHBIA MOMEHT HMHTEpBAJIa MEXKIY

HOCTYIUICHUSIMU TPpeOOBaHUIA;

T, — CpeaHee BpeMs 00CITyKUBAHS;

2
T
BaHMS,

®_(s) — mpeoOpasopanue Jlamnaca ®PB Bpemenn

— BTOpPOHM HayaJIbHBI MOMEHT BPEMEHH OOCITy>KH-

OKU/IaHUS;
v, (S) — mepBas KOMIIOHEHTa CHEKTPAIBLHOIO Pasio-

HKEHUSL;
y_(S) — BTOpas KOMIIOHEHTa CHEKTPAIbHOTO Pa3Io-

KCHUA.

BBEJIEHUE

Hacrosiias cratbs nocssimena ananuzy CMO Hy/E,/1
¢ OOBIYHBIMH M CO CABHHYTBIMH BIIPaBO OT HYJIEBOH TOU-
KM Trunep3kcrnoHeHmansasiMia (Hy) u apnaHrosckumu
(E,) BxomubIMHu pacnipenenenusivi. B pabore [1] BiepBbie
NPUBEICHBI Pe3yJbTaThl IO HCCIEIOBAHUIO CHCTEMBI
M/M/1 ¢ 3ama3apiBaHEeM BO BPEMEHH CO CIIBUHYTHIMH
9KCIIOHEHIMAIBbHBIME BXOJHBIMH paclpe/ieIeHUsIMH, I10-
JTy4eHHbIE KIACCHYECKHM METOJOM CIIEKTPAIBHOTO pa3-
JOXKEHWS DEIICHHS MHTETPAIBHOTO ypaBHeHHs JImHum
(MYJI) [3]. CoBur SKCIOHEHIMAIBHBIX pacIpeneneHu
BIIPaBO OT HYJCBOH TOYKM TpaHC(HOPMHUpPYET Kiacchye-
ckyto cucteMmy M/M/1 B cucremy G/G/1.

B paOore [1] moka3aHo, 4To cpeiHee BpeMs OXKHIIaHUS
TpeboBaHus B ouyepeau B cucteme M/M/1 ¢ 3ama3npiBaHu-
€M BO BPEMEHH MEHBINE, YeM B KIIACCUYECKOH CHCTEMeE
M/M/1 npn omHaKOBOM KO3(QUIMEHTE 3arpy3KHu 3a CUET
TOTO, YTO KO3((HIIMEHTHI BApHUAIIN BPEMEH ITOCTYTIIICHHSA

C?» n 06CJ'Iy)KI/IBaHI/I}I C}/l CTaHOBATCA MCHBIIC COWHHUIIBI

npy napameTpe 3anasibiBaHus ty > 0. Pesynbrarsl pabo-

ToI [1] coBMecTHO ¢ [2, 7-9] MO3BOJISIOT TaKXKE Pa3BUTh
METOJ] CIeKTpaibHOTO pasnokeHus pemeHus (MYJI) Ha
cucremy H,/E»/1. B pesysbrare aToro OysemMm UMeTh HOBYIO
CMO H,/E,/1 ¢ 3ama3npiBaHueM BO BPEMEHH, KOTOPYIO

o6o3naunm H,/E,/1 B omiuume OT OOBIYHON CHCTEMBI

[oapoOHOCTH MpPUMEHEHHsT METO/ia CHEKTPAILHOTO pa3-
noxxenust pemenust (MYJI) ais cucreM ¢ TUNIEPIKCIIOHEH-
LMAITEHBIMU ¥ SKCIIOHEHIMAJIBHBIMI BXOJIHBIMHU pacIipesie-
JICHUSIMH MOXKHO YBHJIETh B paboTe aBTopa [7].

PaccmarpuBaembie CMO ¢ OOBIYHBIMH U CIBHHYTHIMH
BXOJHBIMH paciipeieieHusIMu oTHocsTes K Tary G/G/1.

B Teopum maccoBoro oOCITy>KHBaHUS HCCIEIOBaHUS
cucteM G/G/1 akTyanbHBI B CBS3H C TEM, YTO OHH aKTHB-
HO HCHOJIB3YIOTCSA B COBPEMEHHOH TeopHu TeneTpaduka,
K TOMY 7K€ HEJIb3sl IOJTy4UTh PEIICHUS ISl TAKHX CHCTEM
B KOHEYHOM BH/IE JJIs1 001Iero ciydas. [IpobieMmy MOXHO
ObUTO OBl PEelINTh C MOMOIIBIO 3aKOHOB pacHpeieeHu
BeiiOynna unu ['amma Haubonee o0miero Buaa, KOTOpbie
o0ecrieunBarOT JHMana3oH HM3MEHEHUS KOd(QQHUINECHTOB
Bapuanuii or 0 10 c© B 3aBUCHMOCTH OT BEIMYMHBI MX
napamerpoB. Oxa3sbIBaeTcsi, 4To mpeodpasosanue Jlamma-
ca (YHKOWM IUIOTHOCTH pacmpezaeneHus BeiOymra nHe
MOXET OBITh BBIPRKEHO B AIEMEHTAPHBIX (QYHKIHAX.
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IIpeobOpazoBanue Jlammaca (QyHKIUHM IJIOTHOCTH ramma
pacrpe/esieHusi BKIIOYACT MapaMeTphl 3TOTO 3aKOHA B
MOKA3aTei CTETCHHU:

-0 400 —a a—1
F(s):B— [ e_Stt“_le‘t/ﬁdtzL[ B j (o) =
(o) (o) \ Ps+1

1
O

OTO 03HaYaeT, YTO pPeUIeHHe JUIs TJIABHOM XapaKTepHCTH-
KH CPEHET0 BPEMEHU OXWIAHUS B CHCTEME Hajuo Oyaer
OTIPENETATh ISl KQKJO0H KOHKPETHOH Maphl IapaMeTpoB
0 ¥ 3 9TOTO 3aKOHA pacHpeNeNICHNs, YTO HE HMEET CMBbIC-
na. Takum obpa3om, 00a yIOMSHYTHIX 3aKOHA pacrpene-
JIeHHs1 KaK HambOoiee obmrie, He MOTYT OBITh HCIIONIB30-
BaHBl B TEOPUH MACCOBOTO OOCITy>KHBaHUs. TeM cambIM,
cpenHee Bpems oxumanus B cucreme G/G/1 B oOuiem
cllyyae Ha OCHOBaHUM 3THX 3aKOHOB paclpejeleHHi He
MOXeT ObITh ompejeneHo. [ToaTomy ocraercs MCHONB30-
BaTh JAPYTrHe YacTHBIE 3aKOHbI PaCIpeIeICHHN.

B unccnenosannu cucrem G/G/1 BaxkHyI0 poib Urpaer
METOJ] CHEKTPaJIbHOro paszioxeHus pemwenus UYJI u
OONBIIMHCTBO PE3yJBTATOB B TEOPHH MAacCOBOTO 00CITy-
JKMBAHUS! MOTyYEHBl IMEHHO C IIOMOIIBIO JAHHOTO METO/a.

O0bexkToM wuccaegopanusi siisiercs CMO Tuna
G/G/1.

IIpeameTom HMccaeq0BaHMs SBISIETCS CPEIHEE BPEMs

oxupnanus B cuctemax Hy/Eo/1, Hy /E5 /1.

Henabo padoThl SBISETCS TOJMYyYEHUE DEIIECHUS B
3aMKHYTOH (opMme Ui OCHOBHOH XapaKTEPUCTUKU CHUC-
TEMBI — CPEJHETO BPEMEHU OXKUJIaHHsI TPCOOBaHUN B OvYe-
peau uis BeienepeurciaeHHsix CMO.

1 HOCTAHOBKA 3AJTAYHN
B pabote craBuTCS 33/1a9a HAXOXKICHUS PELICHUS TS
BpeMEHH OXuAaHus TpeboBaHuii B ouepenu B CMO
Hy/E»/1, H,/E5; /1. Ilpn ucmonb30BaHMM METOJA CHEK-

TpanpHOTO pasnoxkeHus pemeHus UYJI 6ymem mpumep-
KHUBAThCS MOIXOAA M CHMBOJIMKH aBTOpPA KIACCHKH TEO-
pun MaccoBoro ooOciyxuBanusi [2]. Ham HeoOxoammo
HaWTU 3aKOH paclpe/esieHUus CIy4ailHOM BEeJIWYHMHBI —
BPEMEHU OXUJAHHSA B CUCTEME Uepe3 CHEKTPaIbHOE pas-
noxenue BUma: A*(-s)-B*(s)-1=y, (s)/y_(s), rae
v, () 1 y_(S) HekoTOphIe panHOHANbHEIE QYHKIHH OT
S, KOTOpPBIE BO3MOXKHO Pa3iIoXXHUTh HA MHOXKHUTETH. DyHK-
uMk y, (S) M y_(S) MOKHBI yHOBIETBOPATH CIELYIO-
MM yCJIOBUSAM COTJIacHO [2]:

— 1t Re(s) >0 dynxuus Y, (S) SIBJIIETCS] AHAJIUTH-
4ecKol 0e3 HyJei B 9TOi NONyIIIOCKOCTH;

— I Re(s) <D GyHKIHS Y _ (S) SIBJISICTCSI aHAJIU-

(1

THYECKOW 0e3 HyJel B 3Toi mosyruiockoct, raoe D —
HEKOTOpasi TOJIOKHUTEIbHAS KOHCTAaHTA, OMpeelsieMast

u3 ycnoBus: lim a(t)/e_Dt <.
t—oo
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Kpome Toro, Qynkuum (S) n y_ (S) JIOJKHBI
YIOBJIETBOPSITH CIEAYIOUINM yCIOBUSAM:

im0

=1 =-1. (2)
‘s‘aoo,Re(s)>0 S ‘S‘*}OO,RC(S)<D S

Jlnst penieHuss TOCTaBIEHHOW 3agaun HE0OXO0IUMO
BHAYaje MOCTPOUTH VI yKAa3aHHBIX CHCTEM CIIEKTPajb-
HbIC Ppa3IoKCHUA BUIa
A*(-s)-B*(s)-1=wy, (s)/y_(s) ¢ yderom ycmosuii
(1), (2) B kaxxgom ciyyae.

2 IUTEPATYPHbBIA OB30P

MeTo CHEKTPaIbHOTO PA3JIOKECHUS PEIICHUS HHTE-
rpajJbHOrO ypaBHEeHUs JIMHIIM BIEpBbIe OAPOOHO Mpe-
CTaBJIEeH B KJIACCMKE TEOPHUH MAacCOBOTO OOCIY>XKHBaHHUS
[2], a BHOCIENCTBUM NMPUMEHSUIICS BO MHOTHX paboTax,
Britoyast [3,4]. AHajnoruuHbiil noaxoA k pemenuto MYJI
HCIONB30BaH B [5]. 31ech BMECTO TEpMHUHA «CIIEKTpalib-
HOE pAa3JIOKeHHE» HCHONb30BaHa (PAKTOPHU3ALMS, a BMe-

cto dynximit Wy (S) u y_(S) — KOMIOHeHTHI haKTopH-

s o, (z,t) 1 o_(z,t) dyskuan 1-2z-y(t).

Takol TOIXOX AJIS TIONyYEHHs] KOHEUHBIX pe3yJbTa-
TOB JUISI pacCMaTpUBAEMBIX CHCTEM MeHee ynoOeH, uem
MTOJIXO, ONHCAHHBIN B [2] M POMILTIOCTPUPOBAHHBIA IS
JIYIIEero TOHUMaHUsI MHOTOYHCIICHHBIMHU TPUMEPaMHU.

B pabore [6] BHepBbIC MPEACTABICHBI PE3YJIbTATHI
agamu3za CMO co CABMHYTHIMHM SKCIOHEHIHMATbHBIMU
pacripeeneHusIMu.

[TpakTHyeckoe NpUMEHEHHE METO/a CIEKTPalIbHOTIO
pasnoxxenus pemrenus UYJI s uccienoBaHust CHCTEM ¢
TUIEePIKCIIOHCHIIMAIEHBIMA M 9KCIIOHEHITMATHHBIMHU
BXOJTHBIMH paclpeelICHHAMH MTOKa3aHo B paboTax [6-9].
B To e Bpems, HaydyHOH IuTepaType, BKIIOUas web-
pecypchl, aBTOpY He yAAIOCh OOHAPYKHUTh PE3yIbTaTHI 110
BpemeHr oxupanus st CMO ¢ 3KCTIOHEHITHATTBHBIMU |
THIEPIKCIIOHCHITHAFHBIMI BXOJHBIMH pacIpeieeHus -
MH 2-TO MopsiJika oOIIero BUa.

ANNpoKCUMAaTHBHBIE METOJBI OTHOCUTEIBHO 3aKOHOB
pacnpenenenuii moapoOHO onucaHbl B padotax [11-13], a
MTOX0KME WCCIIEOBAHHUS B TEOPUH MacCOBOI'O OOCITY>KH-
BaHMS B MOCJIeIHEE BpeMs MTpoBeeHbI B [14—17]

3. MATEPUAJIbI U METO/IbI
Jus cucremer Hy/E»/1 3ak0oHBI pacmipeneneHus HHTEp-
BAJIOB BXOJHOI'O IIOTOKAa M BPEMEHH OOCITY)KMBAaHHMS 3a-
JaoTcs pyHKUMAMH IDIOTHOCTH BHAA!

a(t)= prie M +(1- phe 2, 3)
b(t)=4pn’te 2. “4)

3anumemM mnpeoOpasoBanus Jlaruaca dynkumit (3) u

(4):

A
A*(s)=p—1
(s) ps+x1

+(1_|o)si“2xz : B*(s):[ 2 jz.

2u+s
Tornma BeIpaxeHHe IUIsl CIEKTPAIbHOTO Pa3IOKEHUS pe-
menust UYJI s cucremsr Hy/E,/1 npumer Bu:
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2
Ve (s) _ p M +(1-p) M2
v_(s) A =S h—s| \2u+s

_ —S(S+5)(S+35,)(S—S3)
Oy =9)(Ay -5)2u+9)>

T.K. MHOTOYJICH 4-11 CTENEHU B YUCIUTENIE 3TOTO BBIpaXe-

HAS MOXHO TPEACTaBUTh B  BHJAEC  Pas3lIoXKEHHUs
—5(53 + 0252 +C;S+Cp) c kod¢dunneHTamu
Cy =4p—2 -2y, Cp = 4u(n—2 —A2)+ My,

Co =4u[MA,y + (A p—A; —A,p)]. B cBoro ouepens ky-

3

Ouueckuif MHOTOUJIEH $ +0252 +CS+Cy C TaKUMHU KO-

>pPUIMEHTaMH B CTalMOHAPHOM pexuMe (DyHKIHUOHH-
poBanust CMO mpu p =T, /Ty, <1 wumeer aBa AEHCTBU-
TEJIbHBIX OTPUIATEIBHBIX KOPHSA —S|, —S, M OJUH IOJIO-
JKUTEJbHBII KOPEHb S3.

OkoHUaTenBHO

Vi (8) _ =S(s+8)(5+8)(5=83)
V-(S) (4 -9)hy —5)2u+s)’

6))

[MosTomy ¢ yuerom ycnosuit (1), (2) 3a ¢yHkuuto
vy, (S) mpumeM

v, (5) =S(s+8)(5+8y)/ (5+2m)%,

T.K. HyIu KyOudeckoro MHorowieHa S=0, S=-§,
S=—S, numnomoc S=-2p nexar B oonactu Re(s)<0,a
3a (hyHKIIHIO

y_(s)=—(h —5)(hy —5)/(5—53) .

Teneps BeinoHeHUe ycioBui (1) u (2) A MOCTPOSHHBIX
dynxumit v, () u y_(s) oueBnano. To moxTBEpKIA-
€T U PUCYHOK, TJIc OTOOPAKEHbI HyJIM M MOJIOCa OTHOIIE-
Hust W, (S)/y_(S) Ha KOMIUIGKCHOH S — IUIOCKOCTH JULst
WCKJIFOUEHHUs OMMOOK TOCTPOEHHs CHEKTPAIBHOTO pas-

noxenud. Ha puc. 1 moirocsl oTMEYEHBI KpECTUKAaMU, a
HYJIH — KPY>KKaMH.

-2“ -5 -5z }\1 12 53 Re[s]

Pucynok 1- Hynu n nomocs! gynkiun Yy (S)/y_(S) s cuctemst
H,/Ey/1

Jlaee 1O METOAMKE CIHEKTPAIbHOTO PAa3JI0KEHHS
Haiinem kKoHcTaHTy K:

Vs (S)
|s—>0 s

(5+5)(+5)) _ 5%

= lim
(s+2p)° 4’

|s|>0
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Hocrpoum ¢pyrkimo @, (s)= K/, (S), uepes Ko-

TOpylo HaiimemM mpeoOpaszoBanue Jlamraca ¢yHKIMK
IUIOTHOCTH BPEMEHHU O)KUIAHHS:

slsz(s+2p)2

W (s)=s-®, (s)= .
(s)=5:@.(s) 42 (s+5,)(5+5))

OKOHYATENILHO

slsz(s+2u)2

(6)

W*(s =— )
4p=(s+5)(s+57)

*
Ipoussoauas oT Gynkumu W (S) o 3HAKOM MHHYC

BT. S=0 ¥ gact cpeaHee BpeMs OXKUJIaHUA:

dw* (s) . d 5152(s+2u)2 oo
= _0=
ds "7 ds| 4’ (s+5)(s+5))
I 1 1
=t —
S S K

Torma cpenHee BpeMs OXHIAHWS UL CHCTEMBI
H,/E,/1 Gyner paBHo:

N ™

S5 S M
rac Sl 5 52 a0COJIIOTHBIE 3HAYEHMS OTpHULATCIbHBIX KOP-
HeH —S] u —52

$3+ 0252 +C|S+C( C NMPUBEICHHBIMU BBINIEC KOI(POHUIH-

KyOW4ecKoro  MHOTOWIEHa

eHTaMH. TakuMm oOpas3oM, cperHee BpeMs A CHCTEMbI
H,/E,/1 onmHO3HAuHO oOmpenesieHo B BUJAE 3aMKHYTOW
¢dopwmst (7).

Takol mOXO0J K MCIOJIB30BAaHUIO METOJA CHEKTpab-
HOTO pAa3JIOEHHs TO03BOJIIET ONpPENeNUTh HE TOJIBKO
cpenHee BpeMsi OXHIaHus U3 (6), HO 1 MOMEHTHI BBICIIIHX
TIOPSIIKOB BPEMEHH OKHMJaHus. Bropas mpowsBojHast OoT
¢yukipn (6) npu S =0 paetr BTOpoi Ha4YaIbHBIA MOMEHT
BpeMeHn oxwuaanus. C ydeToM OIpeAeseHHs Bapualuu
3aJICp)KKUH — JDKUTTEpAa B TEJIEKOMMYHHMKAIMIX Kak pas-
Opoc BpeMEHH OKHJIaHMs OT €ro cpeaHero 3Hadenus [10],
TEM CaMBIM TTOJyYHM BO3MOKHOCTBH OIIPEAETIECHUs JDKUT-
Tepa yepe3 JUCIEPCHIO BPEMEHH OXKHIaHMS.

Jlns paKTUYecKoro NMPUMEHEHHs PacdyeTHOTO BhIpa-
xeHus (7) HeoOXOIMMO ONpENeTNTh YHCIOBEIE XapaKTe-
puctuku pacupenenennit (3) H, u (4) E,. JJns atoro Boc-
MOJIB3yeMCSl CBOMCTBOM IpeoOpa3oBanus Jlammaca Boc-
MPOU3BEICHHUS] MOMEHTOB U 3alHUIleM HadajabHble MOMEH-
THI JI0 TPETHETO MOopsiAKa s pacnpeaeieHus (3):

o =P, (-p) 7 _2p 2(-p) "5 _6p 6(-P)
Mook A 23 N3

[lpu anmpokcUManuu C HCHOJIH30BAHUEM TMEPBBIX
JIByX MOMEHTOB HCHM3BECTHBIC MapaMETPhl pacIpeselie-
Hust (3) Aq,Ap, P OIPEAEISIOTCS C MOMOLIBIO CIEAYIO-

IIUX BBIpaXeHUH [6]:

7\.1 :Zp/?;h, k2:2(l—p)/?K,

© Tapacos B. H., 2020
DOI 10.15588/1607-3274-2020-1-10

p=%[1i (2 —1)/(+1)]. @

Orcioma ciemyer, 9to KO3(QUIMEHT BapUAIUN
C) 1. Ilpu annpokcuManuy ¢ UCHOJIb30BAHUEM MEPBBIX
TpeX MOMEHTOB JUIsl HAXOXKJCHUS MTapaMeTPOB pacIpe/ie-
nenus (3) HeoOxommmo B makere Mathcad pemmts cuc-
TEMY TpeX ypaBHEHHH (8), OIy4eHHBIX METOOM MOMEH-
ToB. [Ipr 3TOM HEOOXOIMMBIM M TOCTATOYHBIM yCIIOBHEM
CYIIECTBOBAHUS DEIICHUS SBISIETCS BBINOJIHCHHE YCIIO-

Bus: T; -1y 21,503 [11].
s pactipenencaus (4) mveem:
S S R
TR
TakuM 00pa3oM, THIEPIKCIOHECHIIUAIBHBIA 3aKOH
pacrpesieiieHiss BTOPOro MOPSIKa MOXKET OHPEIeNAThCS

MOJHOCTBIO BYMSI MIEPBBIMH MOMEHTAMHU M TEPEKPHIBATH
BECh JMAIa30H W3MEHEHWs Kod(h(HUINeHTa BapHaIiH
(1, ) . Benuuunel 7, , %u’ C.» Cy =1/2 Oynem cunrtaTh
BXOJ/IHBIMH TapaMeTpaMu JIJIsl pacdera CpeTHEro BpeMeH!
oxuganust s cucreMmsl Ho/Eo/1 ¢ MCoas30BaHUEM BBI-
paxenus (7). Torma anroputM pacdera CBEICTCS K IO-
CJIEJIOBATEILHOMY OMPECICHUIO TapaMEeTPOB pacipeie-
nenust (3) u3 BoipakeHHH (9) U K HAXOXKICHUIO HYKHBIX

KOpHeﬁ MHOI'o4JcHa 53 + Cz 52 + CIS + CO C IPUBCIACHHDbI-

MU BbIIE KO3((UIMEHTAMH, a 3aTeM K HCIIOJIb30BAHHIO
pacdeTHoro BeipakeHus (7).

Teneprs paccmotpum cuctemy Hy/E,/1 ¢ 3ama3neiBa-
HUeM. Takyro CHCTeMy MBI YK€ OOO3HAYIIN BBIMIE KaK

H,/E, /1. Jlns Hee OTOKU OIMCHIBAIOTCS CIEAYIOLIUMU
(OYHKIUSIMU TIJIOTHOCTH:

pre 1)y (1= p)nje 2 ) st
0, 0<t<ty,

b(t)=

a(t)= (10)

ap® (t-ty)e 2(0) sy,
0, 0<t<t,.

an

YTBCpH(HCHI/Ie. CHGKTpEU'H)HOe PA3IO0KCHUEC PCUHICHUA

nyJ UL CHCTEMBI H,/E; /1

A (-s)* B (s)—1=w,(s)/w_(s) mmeer TouHo TaKoii
ke BuI (5), uro u s cucteMbl Hy/Ey/1.

JlokazatenbcTBo. [IpeobpazoBanus Jlamnaca dpyHKImi

(10) m (11) nmerot BUI:
A
A*(s)=[p—0L

S+M

Ay o s
1-p)—2—]-e S,
+( p)s+k2] ¢

2 2
B*(5) :[TLJ e s,

Torna
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+(1_ p)}\'_z].etos X

" : A
A (-s)xB"(s)-1=[p— P
.

A —S

2
X 2 e S _1=
2u+s
2
A A 2
1 +(1—p)7\1—2_5]><(2—uj -1.
2 pu+s

A —S

IToxasarenu CTENEHW Yy SKCIIOHEHT B CIIEKTPAJIHLHOM
pa3NokKEeHUN OOHYNSIOTCS W TakuM 00pa3oM omeparus
CABMIra BO BpE€MEHU HuBeNUpyroTcs. CreKkTpaabHble pas-
noxxeHus perreHust MY JI st o6eux cucTeM COBIMAAAIOT U
umetot BuJ (5). Y1Bepxknenue 1 1okazaHo.

CreoBaTenbHO, BCE TPOBEJCHHBIC BBIINIE BBIKIAIKH
st cuctemsl Ho/Ep/1 cripaBemymiBel M Al CHCTEMBI

=[p

H, /E5 /1. Takum o6pasoM, mis cucteMsl H, /E; /1 Mox-

HO BOCIIOJNIH30BAThCS TOyYCHHBIMH BBIIIE PE3yIbTaTaMHU

st cucteMsl Ho/E,/1, HO ¢ HW3MEHEHHBIMHM YHCIOBBIMU

XapaKTEePUCTUK CIBUHYTHIX pactpeneneruit (10) u (11).
OmnpenenuM YHUCIOBBIE XapPaKTEPUCTUKH CIBHHYTHIX

pactpenenennii Hy, (10) u E; (11). [ns ux ompenene-

HUsI BOCIIOJNIb3yeMCsl CBOMCTBOM mpeoOpazoBanus Jlamma-
ca ()yHKIIMH TJIOTHOCTH BOCTIPOU3BOJUTH MOMEHTBI:

dA*(s) d M Ay o —ts
——— o= {[pP——+(1-p)—=]& O} |s_0=
i ls=0 ds{[psw( p)s+k2] }s=o
= pAl (1= p)AY! +.

OTcrona cpenHee 3HAYCHUE MHTEPBAIA MEXIY IOCTY-
IUICHUSMH TPeOOBAHUI:
= _ -1 -1
W= p7\.1 +(1— p)7\.2 "rto . (12)

Haifins BTOpYI0 NpPOM3BOAHYIO OT TMPEOOpPazOBaAHUSA
*
A (s) mpu s=0 ompenenum 2-ii HayaIbHBIA MOMEHT WH-
TepBaa MeX/y IOCTYIIICHUsIMU

T = 2ph 7 + (- PR T+ G + 240 A + (1= p)A3']. (13)

Torna kBagpar ko3 puIIMeHTa BapUalnu:

[tohihy +(1= P)A; + phy T

[Tos10%uB, KaK U B CIIy4ae ¢ OOBIYHBIM pacipeeIcHI-
em (3)

2 =

M=2p/ (T —ty), by =2(1-p)/ (T —ty)  (15)

u nonctaBuB (15) B (14) momyunm ypaBHEHHE YETBEPTOI
CTENEHU OTHOCUTEIBHO HapamMeTpa P. Pemms ero c yue-
TOM YCJIOBHUS (< p <1 onpeAensieM napameTp P:

— 2
L Bl)

27\4 2%, -t + T

(16)
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[MoncraBus Beipaxkenue (16) B (15) Haxoaum Hews-
BECTHbIE NapaMeTpbl pacnpenenenus (10) Ay, A, . Ilpu
9TOM B KadecTBE P MOXKHO BBIOpATh JT000€ M3 ABYX 3HA-
YEHUH.

OcraeTcss OmnpenesuTh YUCIOBBIE XapaKTEPUCTHKH
pacupenenenus (11). Cpennee Bpemsi 0OCTyKMBaHHUS B

cucreme H, /E, /1 paBHO

(a7

- -1
Ty =H  +1p.

Orcrona mapametp | pacnpenenenus (11) Oynmer pa-
BeH u=1/(T, —tg) -
OT1crofa Iuana3oH W3MEHEHMs IapameTpa C/ABUTa

ompesenuTes u3 ycnosus 0 <ty <7, .

Bropoii HayanbHBIII MOMEHT BpEeMEHH OO0CIyXKHBa-
HUS paBeH

> 2t 3
R
2
2p

(18)

Otcroga kod(duiMeHT Bapualnuud BpeMEeHH 00cCity-
XKUBaHUA OyAeT paBeH

Gy =[N2 (1+uto )1 (19)

Taxum obOpazom, Bce mapameTpsl pacnpeneneuuii (10)
u (11) npu 3agaHuy 3HaYeHUH T, , T, Cus Cys ty B Kade-

CTBE BXOJAHBIX JaHHBIX i cucteMbl H, /E; /1 Oymyr
ONPEIEIEHbl OHO3HAYHO METOI0M MOMEHTOB.
3ameruM, 4To KOd(pQUIMEHTH Bapuauuu C, >0 u

cy <1/ NG pu mapamerpe casura t, >0 . Takum oGpa-

30M, O4EBUIHO, 4TO cucrema H, /E; /1 Takxke oTHOCHT-

cs k tuity G/G/1.

Tenepb paccMOTpHM BIHMSHHE NapaMeTpa CIBHIA Ha
k03 dunmeHTs Bapualuii pacnpeneneHuii. s oObraHO-
ro pacnpezaenenust H,

¢2 - L= PPN —2pira (1= p)+ P2 = 23]
[(1= Py + ph,]?

CpaBHuBast mocienHee BeipaxkeHue ¢ (14) yoexxmaem-
Csl, 4TO MapaMeTp CABUTa BO BpeMeHH tj >0 yMeHbInaeT

K03(h(pUIMEHT BapHal HHTEPBAIOB IOCTYIUICHUH B
M2y
[M(=p)+2,p]
3aKOHa BPEMEHH OOCIY)KHMBaHUS, IapaMeTp CIBUTA
yMeHbIIaeT Ko3(pPUIIMeHT BapHaIliii BpEMEHN OOCITYKH-
BaHus B (1+pty) pa3. YuureiBas KBaJpaTUUHYIO 3aBUCH-

pa3. AHaJIOTHYHO ISl 9PJIaHTOBCKOTO

MOCTBH CPEJHETO BPEMCHH OXKUAAaHUS OT KOA(PPHUIIMESHTOB
BapHalii HHTEPBAIOB TOCTYIUICHUA W BpeMeHH 00cCITy-
JKUBaHHSA, YOEKTaeMCs B TOM, YTO BBEACHHE MapameTpa
C/IBUTA B 3aKOHBI Paclpe/IeCHUs, YMCHBIIAET CpeIHEe
Bpems oxxupanus B ouepenu B CMO.
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Ta6muua 1 — Pesynerats! sxcniepumentos aist CMO H,/Eo/1 B
cpaBHeHuu ¢ Hy/M/1

4 S9KCIIEPUMEHTbBI

Hwxe B Tabn. 1 mpuBeJeHbI JaHHBIE PACYETOB LIS CHC-

tembl Hy/E,/1 nnsa ciydaeB manol, cpenHeil U BBICOKOW Ha-
rpysku p =0,1;0,5;0,9.

BxozHnsle mapameTpbl Cpenmee BpeMst O>KHIAHUS
p Ck JUJIS1 CUCTEMBbI JJIs1 CUCTEMBI
H,/Ey/1 Hy/M/1
1 0,083 0,111
o1 2 0,141 0,187
4 0,171 0,230
8 0,182 0,245
1 0,751 1,000
05 2 1,764 2,162
4 4,082 4,831
8 8,911 10,402
1 6,752 9,000
0.9 2 20,016 22,409
’ 4 73,321 75,786
8 286,642 289,134

Jnst cpaBHEHHMsI cripaBa B KOJIOHKE MPUBEACHBI JaH-
Hele 1o cucreme Ho/M/1. Tak kak ko3¢ ¢unueHT Bapua-
ouu s pacrpeneneHus E, meHbIne kol ¢uimenTa Ba-
pHaIMK AKCIOHEHIMAIBHOTO pacmpeneneHus M, To u
cpenHee Bpems oxupanus B cucteme Hy/E,/1 Oyner
Menblie, ueM B cucteme H,/M/1. Jlannsie Tabm. 1 moiwHo-
CTBIO MTOJTBEP)KAAIOT 3TOT (DaKT.

B Tabn. 2 npuBeneHsl JaHHbBIE PACYCTOB JJIsi CHCTEMBI

H; /E; /1 Takke I CIy4aeB MalOH, CpEITHEN U BBICO-
ko#t Harpysku p=0,1;0,50,9 npu ¢, =2. 3amerum, uto
cucrema Hy/Ey/1 npumennma mpu ¢, >1 u ¢, =1/ V2 ,a

cucreMa H, /E; /1 —mpu €, >0 n Cu<1/\/§. Takum

obpaszom, cuctema H, /E; /1 IpUMEHHMa ISl IMHPOKOTO

Jana3oHa M3MEHEHUs IapaMeTpoB, YeM OOBIYHAs CHUC-
tema Hy/E»/1 1 pacmmpsier ee BO3MOXKHOCTH.
B mpaBoii konmoHke Tabn. 2 s cpaBHEHUS TPHUBEIC-
HBI PEe3YJIbTATHI sl 00BIYHOM cucteMbl Hy/Ey/1.
Koa¢pduuuenr zarpyskn p B o0enx Tabiamuax orpe-

JIeIISIeTCst OTHOIICHHEM CpeHUX HWHTEPBAJIOB
P=Tu /Ty - Pacuersl, mpuBeIcHHBIC B TA0UIAX, TIPOBE-

JEHbl 11 HOPMHPOBAaHHOTO BPEMEHM OOCIYKHBaHMS

7, =1. JlanHbre Tabmuiy 1 1 2 XOpoIIo corniacyroTcs ¢

pe3yabTaTaMH JBYX MOMEHTHOH ammpokcumanuu [18] B
TOW 00J7aCTH M3MEHEHHs I[apaMeTpoB, B KOTOPOM pac-
CMOTpPEHHBIE CHCTEMBI IPUMEHHUMBI.

Cucrema H,/E;/1 npuMeHuMa U B ciay4ae C) <1, B
YacTHOCTHU IIpu p=0,9, ¢ =0,2, t;=0,9, Cu =0,071,
cpennee BpeMs oxuganus Oyaer pasao W = 0,072 emu-

HUI[ BPEMEHH, CHU3UBIIKCH B HECKOJIBKO JECATKOB pa3 Mo
CPaBHCHHIO ¢ OOBIYHOMN CHCTEMO.
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Ta6mnua 2 — Pesynbrars! sxcepumentos st CMO H, /ES /1

BXoHbIE MapaMeTPhI CpefHee BpeMsl 0KHIaHHUs
c t A1 CHCTEMBI IUISL CUCTEMBI
p W 0 H;/E5/1 H,/E,/1
0,071 0,9 0,001
0,354 0,5 0,035
0.1 0,636 0,1 0,114 0,141
0,700 0,01 0,138
0,071 0,9 0,015
0,354 0,5 0,472
0,5 0,636 0,1 1,480 1,764
0,700 0,01 1,735
0,071 0,9 0,748
0,354 0,5 14,769
0.9 0,636 0,1 19,157 20,016
0,700 0,01 19,931
5 PE3YJIBTATHI

B pabote momydeHB! CIEKTpaNIbHBIE PA3TOKEHHS pele-
HUSL MHTErpajbHOro ypasHeHus Jlungmu s cucteM Hy/Ey/1

u H,/E;/1 ¢ moMompio KOTOPBHIX BBIBEICHBI pPacUCTHBHIC

BBIPOKCHHUS ISl CPEIHEr0 BPEMCHH OXKHIAHHS B OYCpPEIH
JUISL 9TUX CHCTEM B 3aMKHYTOH hopme.

Onepanys caBUra BO BPEMEHH YMEHbIIAeT K03(huim-
€HTHI BapHaluil MHTEpBada MEXIy IOCTYIUICHHIMU U Bpe-
MeHH 00ciyXuBaHus TpeOoBaHUM. B cBsi3u ¢ TeM, 4To cpej-
Hee Bpems oxupanus B cucteMe G/G/1 cBs3ano ¢ k03 du-
[MEHTaMH BapHaluii HHTEPBAJIOB MTOCTYIUICHUS H 00CITyXKu-
BaHUs KBAaJPATHYHON 3aBHCHMOCTBIO, CPEIHEEC BPEMs OXKHU-
JaHUs B CHCTEME C 3ama3jblBaHHEM OyIeT MCHbBIIC, YeM B
OOBIYHOH CHCTEME NPU OJMHAKOBOM KO3((HUIMCHTE 3arpys3-

ku. Hanpumep, mist cuctemsr H; /E5 /1 nipu 3arpyske p =0,9
u napamerpe casura t,=0,9 ko3¢duimeHT Bapuanun UHTEp-
BAJOB IIOCTYIUIGHUS C) YMEHbIIaeTcs ¢ 2 Juist OOBIYHON
cucrembl 10 1,105, kospduuueHT Bapranuu BpeMEHH 00-
CIy’KMBaHHsA Cy YMEHBIIACTCH C 1/2 1o 0,071, a Bpems

oxuganus ymenbmaercs ¢ 20,016 emuHui BpeMeHH A
00bryHO# cuctems! 10 0,748 enuHUIl BpeMEHHU ISl CUCTEMBI
C 3ama3/IbIBAHHEM.
6 OBCYXKIEHUE
C yMeHblIeHHEM 3Ha4eHHUs mapamerpa t; cpennee Bpe-

Ms oxuganus B cucreMe H,/E, /1 cTpemutcs K cpeaHemy

BpEeMEHH OXHJaHusl B 00bI4HOM cucteme Hy/E,/1. 310 mon-
HOCTBIO TIOATBEPIKIAET aJeKBATHOCTH IIOCTPOEHHOM MaTeMa-
THUYECKOH MOJICTTH MaccoBOro oOcy)kuBaHus. JlaHHbIC TaO-
JIUIBI 2 TTOATBEPKIAIOT TOT (DAKT, YTO 33 CUET YMEHBIIEHHS
k03 GUINECHTOB Bapualuu C, U Cy BCIEJCTBMC BBOJA

napameTpa caBura iy, yMeHbIIaeTcs cperHee BPEMs OXKH-
nanust B cucteme H, /E; /1 ¢ 3ama3biBaHUEM.

JuamnasoH usMeHeHus napamerpos y cuctemsl Hy /E5 /1

mmpe, 4eM y cucremsl H,/E,/1, mostoMy ykazaHHBIE cucTe-
MBI C YCIIEXOM MOTYT OBITh IPHIMEHECHBI B COBPEMEHHOI Teo-
pun tenerpaduka. [ToayueHHOE pacyeTHOE BBHIPAKCHHE VIS
BPEMEHH OXHUJIAHUS PACIIMPSACT H JOMOTHSAECT H3BECTHYIO
He3aBEepIICHHYI0 (OpMYJy TEOpPUH MacCOBOTO OOCIYKHBa-
HUS JUIS CPeTHETo BpeMeHN oxumanust mia cucreM G/G/1 ¢
MPOU3BOJIBHBIMU 3aKOHAMH pPacIpe/IeieHnii BXOAHOTO MOTO-
Ka U BPEMEHH 00CITyKHBaHUA.
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TapacoB B. H. — 1-p TexH. Hayk, npodecop, 3aBigyBad Kadeapu MporpaMHOro 3a0e3NeueHHs] Ta yNPaBIiHHSI B TEXHIYHUX CHCTEMax
[ToBou3bKOTO AEPKABHOIO YHIBEPCUTETY TeNIeKOMYHiKalii Ta indopmaruku, Pocis.

AHAJII3 CUCTEMM Hy/E,/1 TA ii AHAJIOT'A 31 3CYHYTUMH BXITHUMHU PO3IOALIAMMU

AKTyalbHicTh. B Teopii MacoBoro obciyroByBanHs aociimkeHns cucteM G/G/1 akTyanbHi B 3B'SI3Ky 3 THM, 10 HE MOYKHA OTPHUMATH
PpillieHHS /7T 4acy O4iKyBaHHS B KIHI[EBOMY BHIVIS/II B 3arajlbHOMY BHIAJKy IPH JOBUIBHHX 3aKOHAX PO3MOALIIB BXiTHOTO MOTOKY 1 4acy
obciyroByBaHHs. ToMy BaXJIMBI JOCIIDKEHHS TaKHX CHUCTEM JUI OKPEeMHUX BHIIAIKIB BXiHHX po3noauris. Byia posrisHyTa 3ajada BHBe-
JICHHS PILICHHS [UIs CEPEIHBOTO Yacy O4iKyBaHHS B Uep3i B 3aMKHYTI# (opMmi UTs mapu CUCTEeM 31 3BUYaHHUMH 1 31 3CYHYTHMH TiEPEKCIo-
HEHTHUMH Ta €PJIAaHTIBCBKMMH BXiTHIMH PO3IIO/IIAMH.

Merta po6oru. OTpuMaHHs pillleHHs UL OCHOBHOI XapaKTEPHCTUKH CHCTEMH — CEPEIHBOr0 Yacy OYiKyBaHHS BHMOT B 4ep3i Ui ABOX
CHCTeM MacoBoro obciyroByBanHs THIy G/G/1 31 3BHYaliHUMU Ta 31 3CYHYTHMH TilCPEKCIIOHCHTHIMH Ta €PIaHTiBCHKUME BXiJHUMH PO3-
MOa1JIaMH.

Metopa. [{yist BUpIlIEHHS TOCTABJICHOTO 3aBJaHHs OyB BUKOPUCTAHUH KJIACHYHUH METOJ| CHEKTPAILHOIO PO3KIIAIaHHS pillIeHHs iHTerpa-
npHOTO piBHsHHA Jlinuii. Lle# MeTox K03BOMIsE OTPUMATH PIIICHHS UL CEPEIHBOTO Yacy OYiKyBaHHS I PO3MIITHYTHX CHCTEM B 3aMKHYTIi
¢dopmi. MeTo CHEKTPaIBHOTO PO3KIAJaHHs PIlICHHS iHTErpaJbHOro piBHAHHA JIIHIII rpae BaxJmBY ponb B Teopii cucrem G/G/1. Jns
MPAaKTUYHOTO 3aCTOCYBAHHS OTPUMAaHHX PE3YJIbTATIB 0yJI0 BUKOPUCTAHO BiOMHUII METOJ] MOMEHTIB TeOpil HMOBIPHOCTEHA.

PesyabTaTn. Briepiiie oTpuMaHO CHEKTpasibHI PO3KIAIaHHS PILICHHS IHTErpalbHOTO piBHSAHHS JIIHUTI AJIs1 TBOX CHCTEM, 3a JOTIOMOTO0
SIKUX BUBEJICH1 PO3paxyHKOBI (POPMYJIH ISl CEPEAHBOTO Yacy O4iKyBaHHS B uep3i B 3aMKHYTiH (opmi.

BucHoBku. OTpUMaHO CIIEKTPaIbHI PO3KIAAHHS PILlIEHHs IHTErpaJIbHOTO PiBHAHHA JIIHIUTI 71 PO3IIISIHYTUX CHCTEM, Ta 3 iX I0HOMO-
TOI0 BUBE/ICHI PO3PaXxyHKOBI (POPMYJIH AJIsl CEPEIHBOTO Yacy OUYIKYBaHHS B 4ep3i ISl X CUCTEM B 3aMKHYTil ¢opmi. [TokaszaHo, 110 B cuc-
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TeMax 3 3aIli3HCHHAM Y 4Yaci cepe/iHiil yac O4iKyBaHHS MEHIIE, HiK B 3BHYaiHKX cucTeMax. Lli hopMynu po3MIUpIOIOTE 1 JOMOBHIOIOTH BiJo-
Mi (OpMyITH Teopii MacoOBOTO OOCIYrOBYBaHHS ISl CEPEAHBOTO Yacy odikyBaHHs i cucteM G/G/1 3 HOBiUTBHUMH 3aKOHAMH PO3IOILITIB
BXIJTHOTO TOTOKY 1 yacy oOciyroByBaHHs. Takuil Mi/iXiJ 103BOJISIE pO3paxyBaTh CEpe/iHii Yac O4iKyBaHHS JJisl 3a3HAUYCHUX CHCTEM B MaTe-
MaTUYHUX MaKeTax JUIs HIUPOKOro Jiana3oHy 3MiHU napameTpiB Tpadiky. Bei iHIIi XapakTepuCTHKM CUCTEM € MOXIHUMHM Yacy O4iKyBaHHSI.

Kpim cepenHboro uacy ouikyBaHHS, TAKUH IiAXiX Ja€ MOXIIMBICTh TAKOXX BU3HAUHTH MOMCHTH BHINUX HOPSJKIB Yacy OUiKyBaHHS. 3
OTISy Ha TOW (DakT, 110 Bapiailis 3aTPUMKH MaKeTiB (JUKATTEP) B TEJICKOMYHIKAIlil BU3HAYAETHCS SIK AUCIIEPCis Yacy O4YiKyBaHHS Bil HOTO
CepeIHBOT0 3HAYCHHS, TO [UKUTTEP MOXKHA Oy/ie BU3HAUUTH Yepe3 AUCIIEPCII0 Yacy O4iKyBaHHS.

OtpumaHi pe3ysbTaTH myOliKyl0ThCs BIEpLIE.

KJIFOYOBI CJIOBA: rinepeKkCIIOHEHTHUH Ta epIIaHTiBChKUI 3aKOHH PO3IIOJLNY, IHTeTpanbHe piBHAHHS JIIHII, METOJ| CIIEKTPaIbHOTO
pO3KIagaHHs, nepeTBopenHs Jlamaca.

UDC 621.391.1:621.395
ANALYSIS OF Hy/E,/1 SYSTEM AND HER OF THE ANALOG WITH SHIFTED INPUT DISTRIBUTIONS

Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State University

of Telecommunications and Informatics, Samara, Russian Federation.
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 aver-
age 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 finding a solution for the average waiting time in queue
in a closed form for two systems with ordinary and shifted hyperexponential and erlangian input distributions is considered.

Objective. Obtaining a solution for the main system characteristic — the average waiting time in queue for two queuing systems of type
G/G/1 with ordinary and shifted hyperexponential and erlangian input distributions.

Method. 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 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 practi-
cal application of the results obtained, the well-known method of moments of probability theory is used.

Results. The spectral decompositions of the solution of the Lindley integral equation for a pair of dual systems are for the first time re-
ceived, with the help of which the formulas for the average waiting time in a closed form are derived.

Conclusions. The spectral expansions of the solution of the Lindley integral equation for the systems under consideration are obtained
and with their help the formulas for the average waiting time in the queue for these systems in a closed form are derived. It is shown that in
systems with a time lag, the average waiting time is less than in conventional 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 with arbitrary
laws of the input flow distribution and service time. This approach allows us to calculate the average latency for these systems in mathemati-
cal packages for a wide range of traffic parameters. All other characteristics of the systems are derived from the waiting time. 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. The results are published for the first time.

KEYWORDS: hyperexponential and erlangian distribution laws, Lindley integral equation, spectral decomposition method, Laplace
transform.
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