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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).

Kypuan Brmouenuit 10 monschkoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHHX ~MaTepiaiB  MDKHApOAHHX KOH(EPEHIil 3 MPHUCBOECHOIO
KiIBbKICTIO GaniB (H0oAaToK 40 oronomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecny6umixu ITombmia Big 31 st 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBI CTATTi aHIIIHACHKOIO,
pociiichkoI0 Ta yKpaTHCHKOI MOBaMHU.

IIpaBuia odopmieHHs crarei
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3k0IITOBHUII BiAKPHTHII OH-1aiiH KocTyn 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHnan no3Boiisie aBTOpaM MaTH aBTOPCHKI IpaBa i 30epiraT rmpasa Ha
BUJaHHA ©Oe3 oOMexeHb. JKypHanm J03BOJsIE KOPHUCTYBayaM YHTATH,
3aBaHTA)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHJIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan 103BOJISE MOBTOpHE
BUKOPHCTaHHA iforo Bmicty y Biamosiguocti Creative Commons JireH3iero
CCBY-SA..

OmnyOmiKOBaHUM CTAaTTSM IIPUCBOIOETHCS YHIKalbHHIl iIeHTH]iKaTOp
mudposoro 06’exra DOL

7KypHaj BxoauTh 10 HayKkoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epPaTUBHHUX JKypHAIaX i HAyKOMETPUYHHUX 0a3ax JIaHHX, a
TaKOX PO3MIILYeThCsl Y IndpoBuX apxiBax Ta 6i6iioTekax 3 6E3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI mHepelik SKMX MOJAHO Ha CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

JKypnana po3noscrokyeTbesi 3a KaranoroMm nepiofnyHuX BUJIaHb
VYkpaiuu (nepearuiatHui inaekc — 22914).

TemaTuka KypHAJXy: TeleKOMyHIKalii Ta  pajioelieKTpoHiKa,
nporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOpUTMIB i MPOrpaMyBaHHs),
KOMIT'IOTEpHI Haykd (MaTeMaTH4YHE 1 KOMIT'IOTepHE MOJICTIOBAHHS,
ONTHUMI3alis 1 JOCTi/KEHHs Omepaliif, ynpaBlliHHs B TEXHIYHHX CHCTEMax,
MDKMallMHHA 1 JIIOAWHO-MalIMHHA — B3a€MOJIS, I[ITyYHUH  1HTEJEKT,
BKJIIOYAIOYM CHCTEMH, 3aCHOBaHI Ha 3HAHHAX, 1 CKCIEPTHI CHCTEMH,
iHTENeKTyalbHUI aHAIi3 JaHHUX, PO3Mi3HABaHHS O00pa3iB, IITYy4YHi HEHPOHHI
i Hefipo-HeuiTKi ~ Mepexi, HeUiTKy JIOTiKy, KOJICKTHBHHI  IHTEIEKT
i MyJIBTHAr€HTHI CHCTEMHM, TiOpHIHI CHCTEMH), KOMII'IOTEpHA IiHXKEHEepis
(amaparHe 3a0e3neyeHHsT 00YNCIIOBANTBHOT TEXHIKH, KOMII FOTEPHI MEpexi),
iHdopMalliiiHi CHCTEMHU Ta TEXHOJOTIT (CTPYKTYpH Ta 0a3 JaHUX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta CKCIEPTHI CHCTEMH, 00poOKa JaHHX | CUTHAIB).

Vei crarri, nmpornoHoBaHi 0 myOuikarii, OZEpKYIOTh 006’€KTHBHMIl
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BIPOCIIOBIIaHHS, €THIYHOTO IIOXOJDKEHHS, IPOMajssHCTBAa ab0 IMOTITHYHOT
¢inocodii aBropa(is).
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Bennexenc FOcr — okTop ¢inocodii, TONEHT, TOUEHT (aKyIbTeTy iHKEeHEPHHX
TexHonoriit (kammyc e Haip), Katomupkuii yHiBepeuter JIboBena, bebrist;

Boasp Kapcrem — noxrop ¢inocodii, mpodecop, mpodecop kadempu
TexHiyHOi iH(popMaTHku, J[OPTMYHACHKHIl YHIBEPCHTET NPUKIATHUX HayK Ta
muctenTs, HiMeuunna;

Byrrke Tanc-Jlitpix — gokrop ¢inocodii, JOIEHT, MPOBITHUNA HAyKOBHI
CMiBPOGITHUK IHCTUTYTY TeXHi4HOI iH(popMaTnku, TexHiuHMII yHiBepcHTET
Inemenay, Himeuunna;

Top6anb Ouexcanap MukonaiioBuy — 10KTOp (i3HKO-MaTeMaTHIHHX
Hayk, Tpodecop, mpodecop QaxympTeTy MaTeMaTHKH, YHiBepcuter Jlectepa,
Besuka Bpuranist;

Topoaunuuii Imutpo OjeroBu4 — 1oktop (inocodii, KaHANIAT TEXHITHUX
HayK, JIOLEHT, POBIAHKUI HAYKOBHIi CriiBpoOiTHUK JIUpeKLii HayKu Ta iHkeHepii,
Kanajcbka areHIist mpuKopaoHHoi ciyx6u, Kanana;

JpoGaxin Ouer OueroBu4 — J0KTOp (i3UKO-MAaTeMaTHYHHX HAYK,
npodecop, nepumii npopekTop, J[HINPOBCHKHIl HAIOHAIBHHIT YHIBEPCHTET iMEHI
Onecs ['onuapa, YkpaiHa;

3aiineBa Osiena MukojaiBHa — KaHIuaaT (i3MKO-MaTeMaTHYHHX HayK,
npodecop, mpodecop kadempu indopmaruku, KumiHcekull yHiBepcHUTET B
Kumini, CioBauunna;

Kamesima Miuitaka — pmoktop Hayk, mpodecop, mpodecop dakynsrery
HayKH Ta imkenepii, YHiBepcureT lnHomaki Cenuy, SInomis;

Kapramos Bojsogumup MuxaiiioBuu — JOKTOp TEXHIYHMX HayK,
npodecop,  3aBimyBau  kadenpu  Memiaimkenepii Ta  iHpopMaiiiHUX
paioCNeKTPOHHUX ~ CHCTeM,  XapKiBCbKHMil  HAliOHAIBHWII  yHiBepcHTET
PpazioeneKTpoHiky, YKpaina;

Jlepamenko Birtauiii I'puropoBny — kaHmumar (i3MKO-MaTeMaTHYHHMX HayK,
npodecop, 3asixyBau Kadempu indbopmaruku, KutiHcbkuii yHiBepcuter B JKuimi,
CroBay4nHa;

Jlyenro JlaBun — noktop ¢inocodii, mpodecop, 3aBinysay xadenpu reopii
CHTHAJIIB Ta KOMyHiKalliii, MaapuIchKHii moiTexHiuHmi yHiBepcuter, IcnaHis;

MapkoBcka-Kaumap VYpeyia — JOKTOp TeXHIYHHX Hayk, mpodecop,
npodecop Kadenpu OGYHCIIOBAILHOrO iHTENEKTY, BpolutaBchka molniTexHika,
TTonbua;

Ouiiinnk AHapiii OjeKcaHIPOBHY — JIOKTOP TEXHIYHMX HAayK, JOLEHT,

npodecop kapempum mporpamHHX 3aco0iB, HamioHambHHi  yHiBepcHTET
«3arnopi3bKa moJitexHikay, YKpaina;
IaBiaikos Bosogumup BoJoaAMMHPOBMY — JOKTOp TEXHIUYHHX Hayk,

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

Hammmnekuii Mapuin  — gokrop Hayk, mpodecop, mpodecop Bimaimy
iHTEJIEKTYa bHUX chcTeM, JlociqHuil iHCTUTYT cucTeM Tlonbebkoi akaseMii Hayk,
M. Bapmaga, [lonbmia;

Cxpyncbkuii Crenan IOpiiioBnu — KaHIMIAT TEXHIYHUX HAyK, JOLCHT,
JIOLEHT Kadeapyu KOMIT'IOTepHHX CHCTeM i Mepex, HamioHanbHuil yHiBepcHTET
«3armopi3bKa MoJliTeXHiKa», YKpaiHa;

Tadynmuk Taauna BoJsioguMupiBHA — KaHIMAAT TEXHIYHHX HAyK,
npodecop, npodecop kadeapu nporpaMHux 3acobiB, HarionanbHuii yHiBepcHTET
«3armopi3bKa MoJiTeXHiKa», YKpaiHa;

Tpurano Tomac — pgokrop dinocodii, crapumii Bukiagad Kadeapu
eneKpuyHoi Ta eneKTpoHHOI imkeHepii, Imkenepruii konemx im. C. Illamon, M.
Ampnon, I3pains;

Xenke Kapcren — JOKTOp TeXHIYHMX Hayk,
crniBpoGiTHUK ~ akynbTery  iHoOpMmaTHKM  Ta
yHniBepcuter libmeHay, HiMeuunHa;

Hlapnancekux Outekciii AabbdeproBuu — 10KTOp (inocodii, moueHT,
JoneHT  (akymbTeTy —aepokocMiuHoi  imkeHepii, JlendTchkmit  TexHiuHMI
yHiBepcuteT, Hizepnaum.

HayKOBHH
Texuiunuii

npodecop,
aBTOMAaTHU3AaIlii,

PEJAKIITHO-KOHCYJIbTATABHA PAJIA

Appac ITirep — noktop dinocodii, ToreHT, TONEHT PaKyIbTETy iHKEHEPHUX
Texnouoriii (kammyc Jle Haip), Katonuupkuii yuisepcuret JIboBeHa, benbris;

JlicusiHebKmii  AHaTouiii — KkaHgumar  (i3MKO-MaTeMAaTHYHUX HayK,
TOJIOBHHI HAayKOBHIl eKcHepT, I3painbcka enekTpuuHa Kopriopaiis, Xaiida,
H3spaine;

Mappuriy Xpucrian — 1oktop dinocodii, mpodecop daxynbrery imxeHepil
Ta iHoOpMauifiHuX TexHONOTii, YHiBepcHTET NpUKIagHMX Hayk Kapuuoii,
ABcTpis;

Mapkocsin Mrep BapakecoBHd — JOKTOp TeXHIYHHX HayK, mpodecop,
JIUPEKTOp €PEeBaHCHKOr0 HAYKOBO-IOCIIAHOTO IHCTUTYTY 3ac00iB 3B’513Ky, Ipodecop
kadenpu TenekoMyHikamili, Pocilicbko-BipMEHCBKUI yHiBEpCHTET, M. €peBaH,
Bipmenist;

PyGeas Ouier BosionMMHpPOBMY — KaHIUAAT TEXHIYHUX HAyK, JOLEHT
(akynbTery imxKenepii, YuiBepcuter MaxkMactepa, I'aminsTon, Kanana;

TaBxesiaze ABTaHIT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX HayK, mpodecop,
npodecop 1Ko Hi3Hecy, TeXHOIOTIT Ta ocBiTH, [lepxkaBHHil yHiBepcuTeT iM. I
Yapuasay3e, Toinici, ['py3is;

Ypeyreio Jlopy — 10kTop (i3nKko-MaTeMaTHIHHX HayK, mpodecop, mpodecop
kadeapu eNeKTPOHIKM Ta OOYHMCIIOBaNbHOI TexHikM, TpaHCHIbBAHCHKHI
yHiBepcuTtet B Bpaosi, PymyHisi;

Hlyasy Iitep — qokTOp TeXHIUHMX HayK, mpodecop, mpodecop GakyabTeTy
imKeHepii Ta KOMIT'IOTePHUX HayK, I'aMOyprebkuil yHiBepCHTET IIPHKIIAIHIX HAyK
(HAW Hamburg), I'am6ypr, Himeuunna.

PexomenioBato 10 BuganHs Buenoro paynoro HY «3amnopisbka monitexHikay, mporokoa Ne 3 Bix 28.11.2022.
XKypnan 3BepcTaHuii pepaxuiiiHo-BuiaBHIIUM Bigainom HY «3amopi3bka MomiTeXHIKa».

Beo-caiir :kypHauy: http:/ric.zntu.edu.ua.

Anpeca penakuii: Penaxiiis xxyprany «PIY», HaionansHauii yHiBepcuTeT «3amopispka monitexHika», Byl JKykoscekoro, 64, M. 3amopixoks, 69063, Ykpaina.

Teun: (061) 769-82-96 — penakiiiHO-BUIABHHYNIA BiIisI
E-mail: rvv@zntu.edu.ua

Paxc: +38-061-764-46-62
© HarionasnpHuii yHiBepcuteT «3anopi3bka HositexHika, 2022



The scientific journal «Radio Electronics, Computer Science,
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 is included to tne Polish List of scientific journals and peer-
reviewed materials from international conferences with assigned number of
points (Annex to the announcement of the Minister of Science and Higher
Education of Poland from July 31, 2019: Lp. 16981).

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 Creative Commons license CC BY-SA.

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 at the site: http://ric.zntu.edu.ua/about/editorialPolicies#custom-
0.

presented on the site:

The journal is distributed:by the Catalogue of Ukrainian periodicals
(the catalog number is 22914).

The journal scope: telecommunications and radio electronics, software
engineering (including algorithm and programming theory), computer
science (mathematical modeling and computer simulation, optimization and
operations research, control in technical systems, machine-machine and man-
machine interfacing, artificial intelligence, including data mining, pattern
recognition, artificial neural and neuro-fuzzy networks, fuzzy logic, swarm
intelligence and multiagent systems, hybrid systems), computer engineering
(computer hardware, computer networks), information systems and
technologies (data structures and bases, knowledge-based and expert systems,
data and signal processing methods).

All articles proposed for publication receive an objective review that
evaluates substantially without regard to race, sex, religion, ethnic origin,
nationality, or political philosophy of the author(s).

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.

EDITORIAL BOARD
Editor-in-Chief — Sergey Subbotin — Dr. Sc., Professor, Head of
Software Tools Department, National University ‘“Zaporizhzhia

Polytechnic”, Ukraine.

Deputy Editor-in-Chief — Dmytro Piza — Dr. Sc., Professor,
Director of the Institute of Informatics and Radio Electronics, Professor
of the Department of Radio Engineering and Telecommunications,
National University “Zaporizhzhia Polytechnic”, Ukraine.

Members of the Editorial Board:

Tosif Androulidakis — PhD, Head of Telephony Department, Network
Operation Center, University of Ioannina, Greece;

Evgeniy Bodyanskiy — Dr. Sc., Professor, Professor of the Department
of Artificial Intelligence, Kharkiv National University of Radio Electronics,
Ukraine;

Oleg Drobakhin — Dr. Sc., Professor, First Vice-Rector, Oles Honchar
Dnipro National University, Ukraine;

Alexander Gorban — PhD, Professor, Professor of the Faculty of
Mathematics, University of Leicester, United Kingdom;

Dmitry Gorodnichy — PhD, Associate Professor, Leading Research
Fellow at the Directorate of Science and Engineering, Canada Border
Services Agency, Ottawa, Canada;

Karsten Henke — Dr. Sc., Professor, Research Fellow, Faculty of
Informatics and Automation, Technical University of Ilmenay, Germany;

Michitaka Kameyama — Dr. Sc., Professor, Professor of the Faculty of
Science and Engineering, Ishinomaki Senshu University, Japan;

Volodymyr Kartashov — Dr. Sc., Professor, Head of the Department of
Media Engineering and Information Radio Electronic Systems, Kharkiv
National University of Radio Electronics, Ukraine;

Vitaly Levashenko — PhD, Professor, Head of Department of
Informatics, University of Zilina, Slovakia;

David Luengo — PhD, Professor, Head of the Department of Signal
Theory and Communication, Madrid Polytechnic University, Spain;

Ursula Markowska-Kaczmar — Dr. Sc., Professor, Professor of the
Department of Computational Intelligence, Wroctaw University of
Technology, Poland;

Andrii Oliinyk — Dr. Sc., Associate Professor, Professor, Department of
Software Tools, National University “Zaporizhzhia Polytechnic”, Ukraine;

Marcin Paprzycki — Dr. Sc., Professor, Professor of the Department of
Intelligent Systems, Systems Research Institute, Polish Academy of Sciences,
Warsaw, Poland;

Volodymyr Pavlikov — Dr. Sc., Senior Researcher, Vice-Rector for
Research, N. E. Zhukovsky National Aerospace University “KhAI”, Ukraine;

Alexei Sharpanskykh — PhD, Associate Professor, Associate Professor
of Aerospace Engineering Faculty, Delft University of Technology,
Netherlands;

Stepan Skrupsky — PhD, Associate Professor, Associate Professor of
the Department of Computer Systems and Networks, National University
“Zaporizhzhia Polytechnic”, Ukraine;

Galyna Tabunshchyk — PhD, Professor, Professor of the Department of
Software Tools, National University “Zaporizhzhia Polytechnic”, Ukraine;

Thomas (Tom) Trigano — PhD, Senior Lecturer of the Department of
Electrical and Electronic Engineering, Sami Shamoon College of
Engineering, Ashdod, Israel;

Joost Vennekens — PhD, Associate Professor, Associate Professor,
Faculty of Engineering (Campus de Nair), Katholieke Universiteit Leuven,
Belgium;

Carsten Wolff — PhD, Professor, Professor of the Department of
Technical Informatics, Dortmund University of Applied Sciences and Arts,
Germany;

Heinz-Dietrich Wuttke — PhD, Associate Professor, Leading
Researcher at the Institute of Technical Informatics, Technical University of
Ilmenay, Germany;

Elena Zaitseva — PhD, Professor, Professor, Department of Informatics,
University of Zilina, Slovakia.

EDITORIAL-ADVISORY COUNCIL

Peter Arras — PhD, Associate Professor, Associate Professor, Faculty of
Engineering (Campus De Nair), Katholiecke Universiteit Leuven, Belgium;

Anatoly Lisnianski — PhD, Chief Scientific Expert, Israel Electric
Corporation Ltd., Haifa, Israel;

Christian Madritsch — PhD, Professor of the Faculty of Engineering
and Information Technology, Carinthia University of Applied Sciences,
Austria;

Mher Markosyan — Dr. Sc., Professor, Director of the Yerevan
Research Institute of Communications, Professor of the Department of
Telecommunications, Russian-Armenian University, Yerevan, Armenia;

Oleg Rubel — PhD, Associate Professor, Faculty of Engineering,
McMaster University, Hamilton, Canada;

Peter Schulz — Dr. Sc., Professor, Professor, Faculty of Engineering and
Computer Science, Hamburg University of Applied Sciences (HAW
Hamburg), Hamburg, Germany;

Avtandil Tavkhelidze — PhD, Professor, Professor of the School of
Business, Technology and Education, Ilia State University, Tbilisi, Georgia;

Doru Ursutiu — Dr. Sc., Professor, Professor, Department of Electronics
and Computer Engineering, University of Transylvania at Brasov, Romania.

Recommended for publication by the Academic Council of NU «Zaporizhzhia Polytechnic», protocol Ne 3 dated 28.11.2022.
The journal is imposed by the editorial-publishing department of NU «Zaporizhzhia Polytechnicy.

The journal web-site is http://ric.zntu.edu.ua.

The address of the editorial office: Editorial office of the journal «Radio Electronics, Computer Science, Control», National University «Zaporizhzhia Polytechnic»,

Zhukovskiy street, 64, Zaporizhzhia, 69063, Ukraine.
Tel.: +38-061-769-82-96 — the editorial-publishing department.
E-mail: rvv@zntu.edu.ua

Fax: +38-061-764-46-62
© National University «Zaporizhzhia Polytechnic», 2022



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
17.03.2020 1. «O06 yTBEpKACHHM pEIICHHI ATTECTAlMOHHON KOJUIETHH
MI/IHI/ICTepCTEa OTHOCHUTEJIBHO ACATECIIBHOCTA CHEUHATTM3UPOBAHHBIX Y4YCHBIX
coseroB oT 06 mapra 2020 rojpa» KypHaJ BKJIIYeH B NepeyeHb HAYUHbIX
npogeccHOHAIBHBIX M3AaHMIH YKpaumHbl B KaTeropum «A» (HamBbICHIMIA
YPOBeHB), B KOTODPBIX MOTYT IyOJIMKOBAThCS PE3yJIbTAaThl JHCCEPTAIIMOHHBIX
paboT Ha COMCKAaHME YYEHBIX CTEMeHell JTOKTOpa HayK M JOKTopa ¢umocoduun
(kaHauAaTa HayK).

)KypHan BKJIFOUEH B  IOJILCKUH l'[epeqem, HAy4YHBIX JKYpHAJIOB W
PELEH3UPYEeMbIX MaTepHAIOB MEKIYHAPOIHBIX KOH(EPEHLIHH € TPUCBOCHHBIM
yucnoM 0amioB (MPHUIIOKEHHE K OOBABICHHIO MHHHCTpa HayKH M BBICHIETO
o6pasosanus Pecriy6muku [Tosbimra ot 31 uronst 2019 r.: Ne 16981).

B JKypHale OecruiaTHo HyﬁHI/IKy'lOTCH Hay4YHBIC CTAaTbH Ha aHI‘J’II/II‘/IICKOMj
PYCCKOM M YKPAMHCKOM SA3bIKAX.

IIpasuaa odopmiieHHs crareit
http://ric.zntu.edu.ua/information/authors.

XKypnan obecriednBaeT GecIUVIATHBI OTKPBITHI OH-JAWH JOCTYm K
TOJIHOTEKCTOBBIM MyOnmukanusaM. JKypHan pasperraet aBTOpaM MMETh aBTOPCKHE
npaBa M COXPaHATH NpaBa Ha W3JaHHWe Oe3 orpaHmdeHuil. XKypHan paspemraer
TIOIB30BATCIIIM YHTaTh, 3arpyxarb, KOIMPOBATh, paCIpOCTPaHATh, IEYaTaTh,
MCKAaTh WJIM CCBUIATHCS HA IOJIHBbIE TEKCThl CBOMX crared. JKypHan pasperuaer
MOBTOPHOE HCTIONB30BaHHE €ro coziepkanus B cootsercTBuH Creative Commons
muensueii CC BY-SA..

OHyGﬂI/IKOBaHHBIM CTaTbsIM IIPUCBAUBACTCS yHPlKaJ'lBHBIﬁ HI[SHTHd)HKaTOp
mudposoro oosexra DOI.

JKypHau BXoauT B HaykomeTpHueckyto 6azy Web of Science.

Kypnau pedepupyercsi 1 HHIEKCHPYeTCsl B BEAYIIHX MEXIYHAPOIHBIX H
HAIMOHAJBHBIX pe(epaTHBHBIX JKypHAIaX H HAYKOMETPHYECKUX 6a3ax NaHHBIX, a
TaKkKe pasMmemaercss B U(POBBIX apxuBax M OubnuoTexax ¢ OecrulaTHBIM
JocTynoM on-line, TONHBIA TIepedeHb KOTOPBIX IIPEICTaBICH Ha  caiiTe:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

Kypnan pacnpocrpansiercs 1o Karamory mnepHOAMYecKHX —H3JaHUI
YxpauHbl (MOJMUCHOI HHIEKC — 22914).

TemaTHka  :KypHaja:  TEJCKOMMYyHMKallMd M PaJHODJIEKTPOHHKA,
TIporpaMMHasi HHXXCHEPHU (BKJ’[}O'{aﬂ TEOPHIO aJITOPUTMOB U HpOl"paMMI/IpOBaHl/lﬂ),
KOMIIBIOTEPHBIE HAayKH (MaTeMaTHYeCKOe U KOMIIBIOTEPHOE MOJEIUPOBAaHHE,
OINITUMH3AIUA U UCCIICTOBAHHUEC onepaum?l, YHpaBJICHHE B TEXHUYCCKUX CHCTEMax,
MEXMAIIMHHOE u YE€JI0OBCKO-MaIlIMHHOE BSaMMO}leﬁCTBMe, MCKyCCTBeHHblﬁ
HUHTECJIJICKT, BKJIHOYas HHTCHHEKTyaHBHBIﬁ AHaJIN3 JaHHBIX, pacIlO3HaBaHHE
00pa3oB, HCKYCCTBEHHBIC HEHPOHHbIE U HEHPO-HEUETKUE CETH, HEUETKYIO JIOTUKY,
KOJUIGKTHBHBIA MHTEIUIEKT M MYJIbTHATCHTHBIC CHCTEMBI, THOPHIHBIC CHCTEMBI),
KOMITBIOTEPHAsI HH)KEHEPHS (anmapaTHoe 00eCIedeHNe BHIYHCINTEILHON TEXHUKH,
KOMIIBIOTEpHBIC CETH), HHPOPMAIMOHHBIC CHCTEMBl W TEXHOJIOTHH (CTPYKTYpBI K
6assl JIAHHBIX, CUCTEMbI, OCHOBAHHBLIC HA 3HAHUAX, U DKCIEPTHBIC CUCTEMBI,
00paboTKa TaHHBIX M CHTHAJIOB).

Bce CTaTbH, TIpEUIaracéMeIC K ny6nm<au1m, TIoTy4aroT 00bEeKTHBHOE
paccMOTpeHHe, KOTOPOE OLEHHBACTCS IO CYIIECTBY Oe3 ydera pachl, IMOJa,
BCPOHUCIOBEAAHHUS, 3THUYECKOTI0 TIPOUCXOXKACHHUS, TpaXXJaaHCTBa i
MONMTHYECKOH (rstocodun aBropa(os).

Bce crateun TIPOXOJAT ABYXCTYNEHYATOC 3aKPBITOC (aHOHI/IMHOC JTA aBTopa)
peleH3HpOBaHNe IITATHHIMU PEJAKTOPAMH U HE3aBUCHUMBIMH PELCH3CHTAMU —
BETYIIMMH YYEHBIMH MO TIPO(IITIO JKypHAIa.

TIPEACTABJICHBI Ha caiire:

PEJAKIHHUOHHASA KOJJIETUSA
I'naguviit pedoakmop — Cy66otnn Cepreii AjexcaHAPOBHY — JIOKTOP
TEXHHYECKUX HayK, mpodeccop, 3aBeAyrolmii kaeapoil HporpaMMHbIX
cpenact, HaruoHanbHbI  yHHBEpCHTET —«3alOpOXKCKasi IOIUTEXHUKAY,
Ykpauna.
3amecmumens 2nasnozo pedakmopa — INuza Imutpuii MakapoBuy —
JIOKTOP TEXHHYECKUX HayK, podeccop, AMPEKTOp MHCTHTYyTa MHPOpPMATHKH

W PaIMOICKTPOHUKH, mpodeccop  Kadeapsl  PagUOTEXHUKH  H
TEJICKOMMYHUKAIIH, HanmonaneHelii  yHHBepcHTET «3anopoxckas
MOJIMTEXHUKA», YKpauHa.

Ynenwt pedkonnezuu:

Amnppoyaunakuc Hocud — nmoxrop ¢unocopun, riaBa jgemaprameHTa
Teneponnn Llentpa obcmyxuBanus cereil, YHuBepcuteT SHunsl, ['perms;

Bonsinckuii Eprenunii BnaagmmupoBu4 — JOKTOp TEXHUYECKHX Hayk,

npodeccop, npodeccop Kadeapsl MCKYCCTBEHHOTO HMHTEIIEKTa, XapbKOBCKHMit
HAIMOHANIbHBIH YHUBEPCHTET PAJUOIIEKTPOHUKH, YKPauHa;
Bennexenc FOct — nokrop ¢unocoduu, 10neHT (paKyabTeTa HHKEHEPHBIX
TexHonoruii (kammyc ne Haup), Katomueckuii yausepcuret Jlepena, bembrus;
Boabs Kapceren — nokrop ¢uiocoduu, npodeccop, mpodeccop kadenpst
TeXHU4YeCKOH MHMOpMATHKH, JJOPTMYHACKHMII YHHBEPCHTET NMPHKIAIHBIX HAYK H
HCKycCTB, ['epmanus;

Byrrke Tanc-IMTPHX — D0KTOp (MIOCODHH, TOLEHT, BEAYIIHI HAYYHBIH
COTPYIHMK HHCTUTYTa TeXHHU4YeCKOM nH(opMaThku, TeXHHUECKHH YHHBEPCUTET
Wnemenay, ['epmanus;

I'opb6ans Anexcanap HuxonaeBmy — J0KTOp (DH3HKO-MaTeMaTHYECKHX
Hayk, npodeccop, npodeccop daxynabTeTa MaTeMaTHkd, Yuusepcuter Jlecrepa,
Bemikobputanus;

Topoannumii [Amutpuii OueroBuy — joxrop ¢unocodun, KaHauaaT
TEXHWYECKUX HayK, JIOIEHT, BEAYIUH HaydHbIH COTpyIHUK JIMpEeKIMM HayKun U
nmkeHepun, Kanaackoe areHTCTBO norpaHnyHoi ciayx6s1, Kanana;

Jpodaxun Oaer OjeroBu — JOKTOp HH3MKO-MaTEeMaTHIECKUX, TIpodeccop,
MepBbId MPOpEeKTop, JIHenpoBCKuil HaNMOHANBHBIN yHHMBepcuTeT uMeHH Oiecs
I'onuapa, YkpauHa;

3aiineBa Eiena HukonaeBHa — xaHmuaaT (U3NKO-MaTEeMaTHYECKUX HAYK,
npodeccop, mpodeccop kabenpsl HHGOpMaTHUKH, JKHUIMHCKHII yHUBEPCHTET B
Kunune, CroBakusi;

Kamesima MuunTaka — JJOKTOp Hayk, npodeccop, npodeccop dakynbrera
HayKH M HEKeHepuH, YHuBepcuTeT MimmHomakyn Cennry, SinoHns;

Kapramos Buaagumup MuxaiiioBuu — JOKTOp TEXHHYECKHX HAyK,
npodeccop, 3aBemyrOIMH Kadenpoid MeIMaMHKEHEPHMH M HH()OPMAIMOHHBIX
PaJMONIEKTPOHHBIX ~ CHCTEM, XapbKOBCKMH  HAI[MOHAJbHBIA  YHUBEPCHUTET
PannodNIEKTPOHUKH, YKpauHa;

JleBamenko Burtaiuii I'puropbeBuy — xananaat GU3NKO-MaTeMaTHUSCKUX
HayK, mpodeccop, 3aBexyrommii kadempoit uHpopmarukm, JKuiHHCKHI
yuusepcuret B XKunune, CroBakusi;

Jlysuro JaBup — JokTop ¢uitocoduu, mpodeccop, 3aBemyonmii  kadeapoit
TEOPUH CHIHAIOB M KOMMYHMKAIMH, Manapuackuii HOMUTEXHUYECKUH YHHUBEPCUTET,
HWcnanust;

MapkoBcka-Kaumap VYpeyaa — JOKTOp TeXHHYECKMX Hayk, mpodeccop,
npodeccop Kadeapbl BBIMUCIUTENBHOIO HHTCIUICKTA, BpoOIUTaBcKas MOMMTEXHHKA,
Tlonbrma;

OJieliHuKk AHapell AJIeKCAHJAPOBHY — JIOKTOp TEXHHYECKMX HAyK, JOLEHT,

npodeccop  Kaeapsl  MPOTPAMMHBIX — CPeACTB, HalMOHANBHBI  YHHUBEPCHTET
«3aropoyKcKasi IIONMUTEXHHUKA», YKpanHa;
IIaBaukoB Bna}mmup Bna}mmuponull — JOKTOp TEXHHYCCKHX HaYK,

CTapLINii HAyYHBIH COTPYJHHUK, MPOPEKTOP MO HaydHO# pabore, HammonambHbIi
aspokocmuyeckuit ynusepcuter uM. H.9. XKykosckoro «XAHW», Ykpauna;

Manumueknii Mapuun — gokTop Hayk, npodeccop, mpodeccop oraena
MHTEIUIEKTYallbHBIX cucTeM, MccnenoBarenbckuii MHCTUTYT cucTeM Ilonbekoit
akaJeMHH Hayk, T. Bapmasa, [Tonbia;

Ckpyncbkmii Crenan FOpbeBn4 — KaHIMIAT TEXHUYECKUX HAyK, JIOIEHT,
JIOLIEHT Ka()eaApbl KOMIBIOTEPHBIX CHCTEM M ceTeil, HalnoHaIbHBIi YHUBEPCUTET
«3aropoxcKas MOJUTEXHUKA», YKpanHa;

Ta0ynmuk Tlanuna BaaauMupoBHa — KaHIWJIAT TEXHUUYECKUX HAyK,
npodeccop, mpodeccop Kabenpbl NPOrpaMMHBIX CpeAcTB, HarmoHambHbII
YHHBEPCHTET «3aropokcKast MONUTEXHUKaY, YKpauHa;

Tpurano Tomac — jokrop ¢unocoduu, crapumii npenoaaBatesb Kadeapsl
JNEKTPUUECKOH U SNEKTPOHHOW MHXKEHepuH, VIHKEHEpHBI KOWIemK MM.
C. lamow, r. Amnox, U3panns;

Xenke Kapcren — JOKTOp TeXHHYECKUX HayK, Hpodeccop, HaydHbIH COTPYIHHIK
(hakynbrera uH(OpMaTHKN M aBToMaTH3aimu TexHuueckuii yHuBepcuter nbmenay,
I'epmanus;

Hlapnancekux AJjiekceii AibOeproBud — J0KTOp (GuiIocoduu, OLEHT
(axynpTeTa adpOKOCMHUYECKOI HIDKeHepHH, JIendTCKuil TeXHHYEeCKHi YHUBEPCHTET,
Hunepnanmsr.

PEJAKIIUOHHO-KOHCYJIbTATUBHBIU COBET

Appac Ilurep — poktop ¢unocopun, AOUEHT (HaKyIbTeTa HHKEHEPHBIX
TexHonorui (kammyc e Haunp), Katonnuecknii ynusepcuret JIeena, benbrus;

JIMcHSAIHCKMIT AHATOMMH — KaHaugaT (U3MKO-MAaTeMAaTHYECKHX Hayk,
TIIaBHBIN Hay4dHBIH dKcrepT, M3pamibekasi ayieKTpuueckas koproparus, Xaiida,
W3zpauns;

Maapurmy XpuctHan — Joktop dunocodun, mnpodeccop ¢akymbrera
HHXXCHCPUH H I/IHdJOpMaHI/IOHHLIX TCXHOHOFHﬁ, yHHBepCHTCT TIPUKJIATHBIX HayK
Kapunguu, Asctpus;

Mapxocsin Mrep BapakecoBHY — JOKTOp TeXHHYECKHX HayK, mpodeccop,
nupextop EpeBaHCKOro HaydHO-MCCIIE0BATEIbCKOIO MHCTUTYTA CPEICTB CBS3H,
npodeccop Kadeapbl TeNEKOMMYHHKAIHUH, PoCCHiCKO-apMSHCKHIT YHUBEPCUTET,
EpeBan, Apmenus;

Pybear Ouser BiaaauMupoBHY — KaHIWJIAT TEXHHYECKHX HAyK, JOLEHT
(axynbreTa nrmxeHepun, Yausepcutet MakMacrep, 'amunsron, Kanana;

Tapxeauase ABTaHAWI — KaHAUAAT (U3MKO-MATEMAaTHYECKMX HAyK,
npogeccop, mnpodeccop ImKONBI OHM3HEca, TEXHOIOTMM W  oOpa3oBaHMs,
TocynapcTBenHblid yHuBepcuter uM. Mibn Yasuaanze, Toumicu, ['py3us;

Ypeyrsio Jlopy — 10KTOp (H3HMKO-MaTeMaTHYeCKHX Hayk, mpodeccop,
npopeccop  Kadenapsl  SIEKTPOHMKM M BBIYHCIUTENBHONH  TEXHHKH,
TpancunpBanckuii yuusepcurer B bpamose, Pymbians;

IMynbn IluTep — MOKTOp TEXHHYECKHMX HaAyK, Ipodeccop, mpodeccop
q)aKyJ'IBTCTa WHXXCHEPUH M KOMIIBIOTEPHBIX HayK, FaM6ypr0KH171 YHUBEPCUTET
npuknaausix Hayk (HAW Hamburg), FamGypr, I'epmanust.

Pexomen1oBaHo K u3nanuio YueHoiM coBeroM HY «3anoposkckas nosmrexHukay, nporokon Ne 3 ot 28.11.2022.
XKypHal cBepcTaH peaKIMOHHO-U31aTenbecKnM otTaenoM HY «3anopoxckas HOIUTEXHHKA.

Be6-caiit :xypnaua: http:/ric.zntu.edu.ua.

Anpec penaknuu: Penakius sxypHana «PUY», HarnoHanbHbIH YHUBEPCUTET «3arioposkeKast MOJMTEXHUKay, yi. JKykoBckoro, 64, T. 3anopoxse, 69063, Ykpauna.

Ten.: +38-061-769-82-96 — penakMOHHO-U3AATENBCKUIT 0TI
E-mail: rvv@zntu.edu.ua

Dakc: +38-061-764-46-62
© HanuoHaIbHbIH YHUBEPCHUTET «3aropoxcKas MOJMTeXHUKay, 2022



3MICT

PAJIIOEJIEKTPOHIKA TA TEJJEKOMYHIKAIIII 7
Abpamosuy A. O.

YIAOCKOHAJIEHHS BUXPOCTPYMOBOI'O ITIEHTU®IKATOPA METAJIIB

HA OCHOBI KOPEJIALIIAHOTO TTIIIXOIY ...t 7
MATEMATHUYHE TA KOMITI'IOTEPHE MOJIEJKOBAHHSL..........ccccooneneee 18

Krasnobayev V. A., Yanko A. S., Kovalchuk D. M.
METHODS FOR TABULAR IMPLEMENTATION OF ARITHMETIC OPERATIONS OF THE RESIDUES
OF TWO NUMBERS REPRESENTED IN THE SYSTEM OF RESIDUAL CLASSES......oiiiiiiiiiiiieiens 18

Pershyna I. 1.
RESTORATION OF DISCONTINUOUS FUNCTIONS BY DISCONTINUOUS INTERLINATION SPLINES....... 29

Xaxanosa I'. B., Yymauenxo C. B., Paxnic /]. IO., Xaxanos I. B., Xaxanos B. 1.
KBAHTOBI HU®PO-AHAJIOTOBI OBUUCIIEHHS. . ... e 40

HEMPOIH®OPMATHUKA TA IHTEJIEKTYAJIbHI CACTEMHA .61

boosincvkuii €. B., Inice 1. I1., UHlagponenro A. FO. ) ) .
KIIACTEPU3ALILSI MACUBIB JAHUX HA OCHOBI KOMBIHOBAHOI OIITUMIBALI ®YHKIIA
MIUJIBHOCTI PO3IIOAITY TA EBOJIIOIIMHOT'O METOAY KOTAUMX 3TPAU......cooviiiiiiiiiiiiiiiiiee 61

Subbotin S. A.
DATA CLUSTERING BASED ON INDUCTIVE LEARNING OF NEURO-FUZZY NETWORK
WITH DISTANCE HASHING . ... e e e e e 71

IPOTPECHUBHI IHOOPMAIIVHI TEXHOJIOI'TI 86

Danshyna S. Yu., Nechausov A. S., Andrieiev S. M.
INFORMATION TECHNOLOGY OF TRANSPORT INFRASTRUCTURE MONITORING BASED
ON REMOTE SENSING D AT A ...ttt e e e, 86

Kungurtsev O. B., Vytmova A. L.
DETERMINATION OF INHERITANCE RELATIONS AND RESTRUCTURING OF SOFTWARE
CLASS MODELS IN THE PROCESS OF DEVELOPING INFORMATION SYSTEMS.......ccooiiiiiiiiiiii, 98

Sulema Ye. S., Drozdenko L. V., Dychka A. 1.
SYNTHESIS OF THE SYMBOLOGIES OF MULTICOLOR INTERFERENCE-RESISTANT BAR CODES
ON THE BASE OF MULTI-VALUED BCH CODES....... ..ottt 107

Turbal Y. V., Babych S. V., Kunanets N. E.
PERMANENT DECOMPOSITION ALGORITHM FOR THE COMBINATORIAL
OBJECTS GENERATION . ...ttt e e e e e e e, 119

Xonoona H. M., Bucoyvra B. A. .
TEXHOJIOI'IS IIEHTUDIKALIL PEPAUTY B TEKCTOBOMY KOHTEHTI HA OCHOBI METO/IIB
MAIIMHHOI'O HABUAHHSL. ... e e 126

YIIPABJIIHHA Y TEXHIYHUX CUCTEMAX 149

Kozhukhivskyi A. D., Kozhukhivska O. A.
RISK ASSESSMENT MODELING OF ERP-SY ST EM S ...ttt e e 149




CONTENTS

RADIO ELECTRONICS AND TELECOMMUNICATIONS 7

Abramovych A. O.
IMPROVING THE EDDY CURRENT IDENTIFIER OF METALS BASED
ON THE CORRELATION APPROACH.. .. ...ttt e e 7

MATHEMATICAL AND COMPUTER MODELING . 18

Krasnobayev V. A., Yanko A. S., Kovalchuk D. M.
METHODS FOR TABULAR IMPLEMENTATION OF ARITHMETIC OPERATIONS OF THE RESIDUES
OF TWO NUMBERS REPRESENTED IN THE SYSTEM OF RESIDUAL CLASSES......oiiiiiiiiiiiiiiiens 18

Pershyna l. 1.
RESTORATION OF DISCONTINUOUS FUNCTIONS BY DISCONTINUOUS INTERLINATION SPLINES....... 29

Khakhanova A., Chumachenko S., Rakhlis D., Hahanov I., Hahanov V.
QUANTUM DIGITAL-ANALOGUE COMPUTING. ...ttt e e e e e, 40

NEUROINFORMATICS AND INTELLIGENT SYSTEMS 61

Bodyanskiy Ye. V., Pliss 1. P., Shafronenko A. Yu.
CLUSTERIZATION OF DATA ARRAYS BASED ON COMBINED OPTIMIZATION OF DISTRIBUTION
DENSITY FUNCTIONS AND THE EVOLUTIONARY METHOD OF CAT SWARM........cocoiiiiiiiiiiiinene, 61

Subbotin S. A.
DATA CLUSTERING BASED ON INDUCTIVE LEARNING OF NEURO-FUZZY NETWORK
WITH DISTANCE HASHING . ... e e e, 71

PROGRESSIVE INFORMATION TECHNOLOGIES......cctittitiiiiiiiiiiiiiirieiiiieiiceiecaenecsrenmones 86

Danshyna S. Yu., Nechausov A. S., Andrieiev S. M.
INFORMATION TECHNOLOGY OF TRANSPORT INFRASTRUCTURE MONITORING BASED
ON REMOTE SENSING D AT A .. ittt e e, 86

Kungurtsev O. B., Vytnova A. L.
DETERMINATION OF INHERITANCE RELATIONS AND RESTRUCTURING OF SOFTWARE
CLASS MODELS IN THE PROCESS OF DEVELOPING INFORMATION SYSTEMS.......c.ccooiiiiiiiiiiienn 98

Sulema Ye. S., Drozdenko L. V., Dychka A. 1.
SYNTHESIS OF THE SYMBOLOGIES OF MULTICOLOR INTERFERENCE-RESISTANT BAR CODES
ON THE BASE OF MULTI-VALUED BCH CODES...... ..ottt 107

Turbal Y. V., Babych S. V., Kunanets N. E.
PERMANENT DECOMPOSITION ALGORITHM FOR THE COMBINATORIAL
OBJECTS GENER ATION . ...ttt e e e e e e e e 119

Kholodna N., Vysotska V.
REWRITING IDENTIFICATION TECHNOLOGY FOR TEXT CONTENT BASED
ON MACHINE LEARNING METHODS. ...ttt 126

CONTROL IN TECHNICAL SYSTEMS 149

Kozhukhivskyi A. D., Kozhukhivska O. A.
RISK ASSESSMENT MODELING OF ERP-SY STEM S ...ttt 149



p-ISSN 1607-3274 PagioenexkrpoHika, iHpopmaTuka, ynpaeiinss. 2022. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 4

PAJIOEJIEKTPOHIKA
TA TEJEKOMYHIKALII

RADIO ELECTRONICS
AND TELECOMMUNICATIONS

PAJUOIJEKTPOHUKA
N TEJJEKOMMYHUKANUHU

VK 621.39

YAOCKOHAJIEHHSA BUXPOCTPYMOBOI'O ITEHTUDPIKATOPA
METAJIIB HA OCHOBI KOPEJISILIAHOI'O NIAXO1Y

AopamoBny A. O. — KaH/I. TeXH. HayK, 3aBnad Kadenpu palioTeXHIYHUX cucTeM HarioHaJbHOro TEXHIYHOIO YHi-
BepcuteTy Ykpainu «KuiBcbknit nositrexniunuii iHctutyt Iropst Cikopebskoroy, Kuis, Ykpaina.

AHOTANIA

AKTyanbHicTh. B cTaTTi po3risiHyTO 33/1a4y YAOCKOHAICHHS BUXPOCTPYMOBOTO MPHUCTPOIO iAeHTH(iKaLii MeTaliB Ha OCHOBI
KoperuiiHoro migxony. Takuil miaxin € 3pyYHUM TS HAKOMMYEHHsI 0a3u JaHUX BiIOMHUX MPOBIAHUX MaTepialiB, a TAKOX IUIA I10-
PIBHSHHS CUTHAITy BiJl HEBiZIOMOTO METaJeBOTO IpeaIMeTa 3 HasBHIMH B 0a3i eTajJoHaMu. 3alpOIIOHOBAHUI MigXi]] T03BOJISIE BU3HA-
YHUTH THI METAITy, 3 IKOT0 BUKOHAHHUI 3pa30K, 0€3 IMOMIKOKEHHS HOT0o ITOBEPXH.

MeTo1o po6oTH € ineHTHdiKaLis METaTiB 3a THIIOM II0 CHTHAJIaM-BiryKaM BiJl BUXPOCTPYMOBOTI'O II€PETBOPIOBAYa, 3aBISIKH BH-
SIBJICHHIO HOBHX 1H()OPMATHBHHX O3HAaK Ta CTBOPEHHIO 0a3u 00pa3iB MeTaliB.

Metoa. B po6oti HaBeseHO pe3yIbTaTH eKCIEPUMEHTAIBHOTO JOCHIIIKSHHs 3alIPOIIOHOBAHOTO MiIXOLy MMiJABUILCHHS IOCTOBIp-
HOCTI i1eHTH(DIKaIli] MeTaIeBUX HPEAMETIB, SIKi BUSBIIAIOTHCS 32 TOMIOMOTOI0 BUXPOCTPYMOBOTO MPHUCTPOr0. [laHi AOCTiIKeHHS Ipo-
BEJICHI HAa OCHOBI paliOTEXHIYHOI CUCTEMH, sIKa MPAILIOE HAa BUXPOCTPYMOBOMY IPHUHIHII Ta MAa€ HU3bKOYACTOTHI MarHiTHI paMOYHi
aHTeHU. BUxpocTpyMOBHIi METOA HO3BOJISIE IPOBOJUTH iMEHTU(IKALII0 METANIB 32 TUIIOM JUCTAHIIHHO Ta 0€3 IMOMIKOIKEHHS IXHBOT
MIOBEpPXHi, Ha BIIMIHY BiJl PEHTT€HO-(IyOPECIEHTHOTO, ONTHKO-eMICIHOro 4M XIMIYHOTO METOMIB. 3alIPOIOHOBAHO KOpEIIIiHHAI
MAXi7 1011 00pOOKH CIIEKTPY CUTHATY-BIATYKY BiJl IPUXOBAHOTO MeTalleBOro npeaMety. KopemsmiiHui miaxiz 103BoJIs€ MiABUIUTH
JOCTOBIPHICTh ieHTU(]IKALIl METaJiB 3a TUIIOM IIpU OOpOOLI CHIHANy B CIEKTpalbHIH obnacti Ha OCHOBI mepeTBopeHHs Dyp’e.
IIpoBeneHi nocmifkeHHs Ha MPUKIAAI METaliB, SIKi MalOTh OJIM3bKI CHEKTpalIbHI XapaKTepUCTUKH (cpibiio, 30710TO, CBUHELB). 3a-
MPOHOBAHMH MiJX1] JO3BOIMB 30UIBIIMTH BiZICOTKOBY Pi3HHIIIO MiX iHGOpMaLifHUMK TapaMeTpaMy CUrHaJiB — Biarykis 3 1,87% o
5,02% nns cpibna i 3070Ta, 3 2,24% 1o 4,34% nns cpibna i ceuHmo Ta 3 0,36% mo 0,7% amns 30510Ta 1 CBUHIIIO.

PesyabTaTn. Po3pobneHa pagioTexHiuyHa cucteMa € 1a00paTOpHUM MaKETOM, SIKAH CKIAAA€ThCs 3 aHAIOTOBOI YaCTHHH Ta -
poBoi. AHajyioroBa JacTiHa — Ii¢ OJIOK aHTEH, IiJCHIIIOBAY CUTHANy Ta CMyroBHil (inbTp, mudpoBa YacTHHA — MIKPOKOHTpOJIEp i3
AT mns onudpoByBaHHS Ta Iepeiadi JaHUX Ha HOYTOYK, IO NIPOrpaMHO peajli3ye 3amponoHOBaHI MiaXoau 3 00poOku curnairy. B
POOOTI eKCIIepUMEHTANIBHO MiATBEpIXKEHA MOXIIUBICTh BUKOPHCTAHHS PaliOTEXHIYHOT CHCTEMH JUIsl BUPIIICHHS 3a/1a4i ineHTndika-
Lii MeTary B paMKax IiIMHO)KMHU HEMarHITHUX 1 MarHiTHUX MaTepiais.

BucHoBkH. PO3BUTOK Cy4acHHX BUXPOCTPYMOBHX IPUCTPOIB BiOYBAETHCS Y HANPSIMKY MiIBHIICHHS JOCTOBIPHOCTI imeHTH]i-
Kallil MPUXOBaHUX METAJICBUX 00’ €KTIB, 1[0 € aKTyaJbHUM HPH [IPOBEACHHI re0()i3uuHOT PO3BIAKY, B apXEOJIOTii, 8 TAKOXK B CHIIOBUX
CTPYKTYpax IiJ Yac MOUTyKiB NPUXOBAHNX METAIIB.

Po3pobiaeHHs Ta BIOCKOHAJICHHS TAKUX CHCTEM BKIIIOYAE B ceOe K pO3pOOKY amapaTHOI YaCTHHH TaK 1 BUABICHHS HOBHX 1H(]O-
pMaIifHIX ITapaMeTpiB B CHTHANAX-BiATyKax BiJg MetaniB. OJHNM 3 TaKUX HANPSMKIB MOXKe OyTH KOPEISIiIHHIN miaxix 10 00poOku
CHUTHAJIIB B CIIEKTpaJIbHii 00JacTi.

KJIIOYOBI CJIOBA: BuxpocTpyMOBi IPUCTPOT, iIeHTH}IKALIST METaiB, KOPEJIALis, METOJ{ €IeKTPOMArHITHOT IHYKIIi.

ABPEBIATYPH HOMEHKJIATYPA
PC — paniorexHiuHa cucrema; G — MPOBIAHICTB, CM/M;
BCII — BUXpOCTpYyMOBHI PHUCTPIii; LL-— BiTHOCHA MarHiTHa MPOHUKHICTB;
OK — 00’€KT KOHTPOJIIO; L, — aOCONFOTHA MarHITHA TPOHUKHICTE;
@®/1 — dazouii nerexrop. A — mapameTp IHTerpajJbHOrO IepETBOPCHHS;

¢ — pyHKLis BIIKMBY;
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¥; — MHOXWHa iHQOpMaliiHUX MapaMmeTpiB, IO Xa-
PaKTepU3YIOTh CUTHANI-BIATYK IIEBHOTO THILY METAITY;

h; — BiICOTOK IOMIOHOCTI KOXHOro 3 iH(opMaTuB-
HUX [apaMeTpPiB CUTHAIY-BiJTyKY;

[ — y3araJibHEHUii TapaMeTp BUXPOCTPYMOBOTO KOHT-
pouto;

® — KyTOBa 4acToTa;

R3 — paniyc nepenaBagbHOI aHTEHH,

a; — xoe(ilieHTH JiHiHOrO IepenOadeHHS;

P — TOpANOK nepeadaueHHs, KUIbKICTh KOe]ili€HTIB

MOJIEII JTIHIHHOTO nepeadaYeHHs;

Sy — k-1 BIIJTIK cUTHATY;

q — IUcHepcis BXITHOTO IIyMy 30y IKSHHS;

Vi — HEKOpEIbOBaHA ITOCIIIOBHICTh I'ayCIBCHKUX Be-
JIMYMH 3 HYJIbOBUM MaTeMaTHYHUM OYiKyBaHHSM;

1} — KOpeJsLiiiHa MaTpuIls;

A

7 — KOpeJSIMiHHUN BEKTOp;

K!'— «xinbkicts 3pa3kiB B MeXax OJHOTO Kiacy
METallB;

Z — KUTBKICTh PI3HUX THITIB METAJIiB;

0 — moporoBe 3HaYCHHS ;

# — KUTBKICTh TUCKPETiB onn(pOBaHOTO CHTHATY;

d,.— BubipKa HyJIbOBHX 3HAUCHb;

Ay - aMIUTITyJla CIIEKTPY Ha LEHTPAIbHIN 4acToTi y

nb;
A 11— aMIUITyla CIEKTPY UEeHTpalbHill YacToTi

+1I'ny nb;
Ay, — aMILIITy/a CIEKTPY Ha BEpXHiii Mexi y 1b;

Ay, — aMIIITy1a CIEKTPY Ha HIKHIN MeXi y 1b;

K, — xopemnsiuiiiHe YMcIo MiXK LEHTPaIbHOI rapMOHi-
KOO Ta KOXKHOIO 13 OIYHUX rapMOHIK;

W — KiNBKICTh TapaMeTpiB, IO XapaKTepU3yIOTh CUT-
HAI-BIITYK;

m,l — cepenHi 3HAYCHHS OIIHOK IapaMeTpiB aBTOpET-
PECUBHUX MOJEINEH;
D,-l — aucTiepcii OILIHOK MapaMeTpiB aBTOPErPEeCUBHUX

MOJETICH;
¥;— IIOPOTOBE 3HAYECHHS 1O Kputepiro Dimepa.

BCTYII

st 3HaxoKeHHs Ta ineHTHdIKalii MIPUXOBaHUX Me-
TaJIeBUX MPEIMETIB B PI3HUX CEPEIOBUINAX, III0 32 CBOTMHU
(I3UYHIMH XapaKTePUCTHKAMH BiJPi3HSIIOTBCS MIX CO-
0010, BUKOPHCTOBYIOTh €IEKTPOHHI NMPHUIaIH — PaaioTex-
HivyHi cuctemu (PC), sKi BUSBISTIOTH Ta iIeHTHDIKYIOTH I
MeTaJeBl peAMEeTH. BOHHM BHKOPUCTOBYIOTH BiIMiHHOCTI
B €JICKTPUYHMX Ta MArHITHUX BJIIACTHBOCTSIX CAMHX METa-
JB Ta CEPE/IOBUIIIA, B IKOMY BOHU 3HAXO/ISATHCA.

HatinommpenimmMu 3a KOHCTPYKIT€EIO € pagioTeXHid-
Hi CHCTEMH 3 MAarHiTHOIO PaMOYHOI0 aHTEHO0, IO IO
CYTi € BUXPOCTPYMOBHM IpHCTpoeM. Po3pi3HEHHS MeTa-
JiB B HHUX 3/iHCHIOETHCS 32 MOPOTOBUM PIBHEM NPHHHS-
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toro curnainy. OmHak, TaKUd MiIXix HE TO3BOJISE BU3HA-
YyaTh THN MeTany. sl mojosiaHHs BUILE ONMUCAHUX 00-
MEXEHb MPOIIOHYETHCS CIIOCIO PO3PI3HEHHsI, SKUH MO0Y-
JIOBAaHWH Ha aHaJli3i CHUTHAIY-BIATYKY B CIEKTpaJbHIN
o0uacTi, sSIKMif BUHUKAE B MPUHMaJIbHIH aHTEHI BUXPOCT-
PYMOBOTO TIPUCTPOIO i Ji€ro ctpymiB Dyko.

InenTH}IKAIS TPUXOBAaHUX METATIB 32 THIIOM CKJa-
JIA€ThCS 3 IBOX €TaIliB: BUSBIICHHS METAJIEBOTO IpeaMeTa
Ta igeHTU]IKaIis MeTanry, 3 SKOTO BHTOTOBIICHHWH et
TpeaMeT.

BusiBiieHHS 3IHCHIOETBCS PaTiOTEXHIYHUMHU CHCTE-
MamH [ 1, 2], o npalroroTh Ha OCHOBI OTIPOMIHCHHSI TIPH-
XOBaHOT'O METAJIEBOTO 00’ €KTY €JIEKTPOMArHITHUM IT0JIEM
Ta MMOJANBIIOMY aHaJi3y CHTHATy, OTPUMAHOTO B pe3ylib-
TaTi B3aeEMOJil moJist 3 00’ekToM. HemomikoM Takux mpu-
Ja/liB € HEMOXIINBICTh BU3HAUCHHS THUITy METAIy, 3 IKOTO
BUTOTOBJICHO 00’ €KT.

TexHiuHI XapaKTEPUCTHKH BHUXPOCTPYMOBUX IPH-
CTPOiB BU3HAYAIOTHCSI CTPYKTYPOIO NPy Ta METOJaMU
00poOKM OTPUMAHOrO CHUTHANY BijJi METaJEBOrO HpeaMe-
ta. [Hdopmarist mpo MeTan JeKNUTh B aMIUTITYAl, Qa3i un
YacTOTI CHTHATy, IPUUOMY, SK HPABHJIO, TUIBKH OJIUH 3
UX [apaMeTpiB € iHGOPMATHBHHUM, a IHIII MapamMeTpu
BBAXKAIOTHCS 3aBAKAIOYMMHU. B iCHYyFOUMX MPUCTPOSAX iH-
(opMariifHIM mapaMeTpoM, SIK TPaBHIO, € aMILTITYIa
curHay [1,3].

®da3oBuil Ta YACTOTHUHA METOAHM POOOTH TpHUiIaLy, 3a-
3BHYAll, BUKOPHUCTOBYIOTECS B HEPYHHIBHOMY KOHTPOIIIO
METaJIEBUX 00 €KTIB U BUABJIECHHA X MEXaHIYHUX [I€e-
tekriB. Xoua, B paai poOit [4, 5] Oyna 3pobiena cipodba
BHUKOpHCTATH (Ha30BUIA METOJ JIJIs BHUSIBICHHS Ta iICHTH-
(ikarii MeTaiy, ojlHaK, aBTOpPaM BJAJIIOCS OTPUMATH i/1eH-
TU(IKALIIO JIUIIE 32 TUXOTOMIYHUMH O3HAKaMH (YOpHUH /
KOJIbOPOBHIA).

Tun mMeranry MOXXHa BU3HAYMTH JIMIIE Bi3yasjbHO, alle
JUTSL IIbOTO 00’ €KT HEOOXIMHO 3HANTHU Ta MPOBECTH HOTO
aHaji3 B JIaADOpaTOpHUX yMOBax Ha CHELiAIbHUX METaJlo
aHaJi3aropax.

IcHye nmekinpka MeTomiB Takoro aHamizy [6]. Haii6i-
JIBIIIE PO3MOBCIO/KCHUN XIMIYHUA METOJ, SKUH TO0YI0-
BaHUI Ha PO3KJIAi JOCTIHKYBAaHOTO MaTepiary Ha aTOMH
Ta MOJIGKYJIM Ta TIOHANBIIIOMY IOCTI/KCHHIO OCamy YU
KOJIbOPY PpEareHTiB, IO YTBOPHINCH SIK HOBI CITONYKH
BHACTIIOK XiMiuHOT peakiii. Ile HaltboibI TOUHUI METOT
aHaJizy, aje BiH JJabopaTopHHiA Ta moTpedye O6araTo Jacy.

3apa3 XiMIYHMHA METOA  3aMIHIOETHCS  ONTHKO-
eMiCIHHNM, peHTreHo-(IyopecueHTHHM, aTOMHO-
abcopOmiiHIM, aTOMHO-eMiCiHHMM Ta iHmmMH. Haii-
OLIBII PO3MOBCIOKCHUMH 3 HHUX € ONTHKO-EMICIHHHUN Ta
pentreHo-diayopecuenTHui ananizu. L{i Metonn aHamisy
NOTpeOyIOTh HAsBHOCTI 3pa3ka MeTany [7] i Takox He
JIO3BOJISIIOTH BU3HAYMTH HOTO CKJaJ AWCTaHLiHHO, 0e3
71a00paTOPHUX JOCTIKEHb.

Tomy, 3amaya BUSIBIEGHHS Ta EKCIIPEC-TECTY CKIIAIy
MeTaJeBUX MPeAMETIB 0e3 IX YIIKO/KEHHS, B TOMY 4HCIIi
1 IPUXOBaHMX B IHIIOMY Ji€JIEKTPHYHOMY CEpPEIOBHII, €
aKTyaJbHOIO.
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00’exTOM OCTITKEHHS € ITpolec ineHTHdikarii ma-
Tepially MeTajeBuX BUpOOiB 32 CUTHAIaMHU-BIATYKaMH BiJl
BUXPOCTPYMOBOI CUCTEMHU.

IIpenmeTom ocizkeHHsI € HEPIBHOMIPHICTh CHTHA-
JIy BUXPOCTPYMOBHX IPHCTPOiB Ha BUXOAl (hazoBoro Je-
tekTopa PC, orpuMaHoro Bix 00’€KTiB KOHTPOIIO 3 Pi3-
HUX MarHiTHUX Ta HEMarHiTHUX METaiB.

Merto10 po6oTH € po3poOKa METOY aHAIi3y CHTHAIIB
BHUXPOCTPYMOBHUX NPHUCTPOIB, KU 3py4HHIA JUIsT HAKOIIHU-
YyeHHs 0a3M TaHWX BiZIOMUX MaTepiajiiB, a TaKOX JUIA I10-
PIBHSHHS CHTHANy-BIATYKY BiJ HEBIJOMOTO METaJE€BOTO
npenMera 3 HasBHUMU B 0a3i €TAJOHHUMH CUTHAJIaMH,
[0 JIO3BOJISIE PO3MIMPUTH (YHKIIOHATBHI MOXJIHBOCTI
BUXPOCTPYMOBUX HpUCTPOiB. Takuil MeTon n03BOJISIE
BU3HAYUTH THUIl METANly, 3 SIKOTO BUKOHAHUH METaleBHI
IpeMeT.

1 IIOCTAHOBKA 3AJJAUI

IIpomucnosi BCII BupimyioTs 3amady BUSBICHHS Ta
JUXOTOMIYHOT IZCHTU(IKAIT METaJIeBUX MPEIMETIB, KOT-
Pl 3HAXOIATHCS B JICICKTPUIHOMY CEPEIOBHII Ta AOCITi-
JUKYIOThCsS. BOHU TO3BOJISIIOTH 1X 3HAWTU Ta PO30UTH BH-
SIBJICHY MHOKHHY 00’ €KTIB Ha JIBI MiMHOXHHH (MarHiT-
Hi abo 4opHi) Ta (HemarHiTHI abo koibpopoB.i). Ll 3amaua
BUPILIYETHCS IUISIXOM aHajii3y curaanry Ha Buxoni BCII.
Icuyroui (ammniTytHuH, (a3oBHi Ta YaCTOTHHUN) METOAN
IIeHTU}IKAI] METaTiB HE JTO3BOJIIOTH JTOCTOBIPHO i/ICH-
TU(IKYBaTH iX B CepeHI MiAMHOXKKH. ToMy 1151 3a71a4a €
aKTyajgpHOIO. BupimryBatu ii MOXINBO Ta HEOOXiTHO
[UITXOM TOITYKY HOBUX O3HaK B HEPIBHOMIPHOCTI BUXiJ-
Horo curHaiy BCII, ski 103BOJSIOTh BH3HAYHUTH 3 SIKOTO
MeTaly BUTOTOBJICHO NpPEAMET, HANpHUKIAL, 3 Midl YH
30J10Ta, cTam 4u Hikens. Cepel MHOKXUHH TapaMeTpiB y;,
IO XapaKTepU3ylTh CHrHad (amIniiTyna, 3MiHa asu
CUTHAJY IpU CKaHyBaHHI, IIepexiJl CUrHaly 4epe3 HyJb,
3MiHa TOJSPHOCTI TOIIO) HEOOXiMHO 3HAUTH Ti, IO MaK-
CHUMAJIHO XapaKTEepH3YIOThb JOCHTIPKyBaHMH MeTaj, BH-
MIpsATH IX 3HA4YCHHA Ta CTBOpUTH 0a3y rpadidHo-
1 poBUX 00pa3iB METAJB ILOTO CUTHANY, SIKUI € MacH-
BOM mapametpiB imeHTudikamii y = {y;}, i =1, 2, ..., W,
ne W — KinbKiCTh mapaMeTpiB, IO XapaKTepU3yIOTh CUT-
HaJI-BIATYK, Ta TIOPIBHATH HOTO 3 THMHU, SIKi 3HAXOIATHCS
B 0a3i 1aHMX.

BinmoBinHICTh XapaKTEpPUCTHK 300pa)KEHHS BHUMIpIO-
BAHOTO CUTHAITy TaKUM, 110 € B 0a3l IaHUX — 1€ KpUTEepii
inentudikamii P. Kpurepiit inentndikauii BigoOpaxae
BiZICOTKOBY TO/IOHICTh CHUTHAIIy BiJj HOBOTO METaly 0
CUTHAY-BIITYKY KOHKPETHOTO MeTaly 3 0asu JaHuX.
Kpurepiii P 00YMCIIOETHCST yCEPEIHEHHSIM MaKCHMallb-
HUX 3HaueHb MacuBa /iy, . [laHU MacuB MICTHTh MaKCH-

MaJibHI 3HAYEHHS BIJCOTKOBOI IOAIOHOCTI KOXXHOIO 3
iHpOpPMaTUBHUX MapamMeTpiB ;. s NpuUUHATTS pilleHHs
NpO BUSIBJICHUH THIT MeTally i3 0a3u JaHUX BUOUPAETHCS
JIMIIIE TOW CUIHAJI, B MEKaX SIKOro HaiOuIbINa KiJILKICTh
MaKCHMYMIB KOXHOTO i3 iHpopMaTHBHHX ITapaMeTpiB J; :
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CriBnagiHHs XapakTepHCTHK 00pa3y BHMipIOBaHOTO
CUTHAIY 3 THM, III0 3HaXOAWUTKCS B 0a3i JaHWX, 1 € KpHTe-
piem imeHTHdikamnii. 3agada mMOOYyIOBH Ta PO3Ii3HABAHHS
rpadigHO-1IpoBHUX 00pa3iB BuximHoro curnary PC pos-
IIIA0A€THCA B JaHINA CTATTI.

2 OIJiAd JITEPATYPU

B oCHOBiI cy4acHHX BUXPOCTPYMOBHX HPHCTPOIB Je-
JKUTh aHANi3 B3a€EMOJIi €JIEKTPOMArHiTHOTO TOJS aHTEHU
3 METaJIeBUM NPEJIMETOM Ha OCHOBI HaBEJICHHX EJIEKTPO-
MarHiTHUM NOJIEM BUXpPOBUX cTpyMiB Dyko. 3apas icHye
BEJIMKA KUTBKICTh MpUiIagiB [2], B OCHOBY SIKMX IMOKJIaJe-
HO BUXPOCTPYMOBHI MeTOx [8, 9].

3MiHA CIEKTPOMArHITHUX BJIACTUBOCTEH CepeioBHUINA
a0o0 npuxoBaHOTro 00’€KTa, B IKOMY Bi/I0OYBa€ThCS PO3IIO-
BCIO/DKCHHS  30yJUKYIOUOTO  €JIEKTPOMArHiTHOTO  TOJIS,
NPU3BOJUTE JI0 3MiHHM NapaMeTpiB BUXPOBUX CTPYMIB i
CTBOPEHOT0 HMMH BTOPHMHHOTO MAarHiTHOTO IOTOKY. Sk
HACJIJIOK, 3MIHIOETBCSI CyMapHHH MarHiTHHH IOTIK CHC-
TEMU «BUXPOCTPYMOBHMH IEPETBOPIOBAY — MPUXOBAHUU
00’€KT», 110, B CBOIO YepTy, MPU3BOIUTH 10 3MIHH €IEKT-
PUYHUX BeMHYHH (OIip, CTPYM, €.p.C.) B MpHUAMAIbHIH
anTeHi. Lli 3MiHU BiICTEXKYIOTBCS B MpHIIALaX, MO BKITIO-
YeHi y BUMIipIOBaJbHE Koio. IlepenaBasbHa aHTEHa BU-
XPOCTPYMOBOT'O IIEPETBOPIOBAaYa € KOTYIIKOIO, L0 CTBO-
pIO€ o/IHOpiTHE 3MiHHE MarHiTHe noJje. B mporeci norry-
Ky TPHUXOBAHOTO 00’€KTY BUXPOCTPYMOBHH IEPETBOPIO-
Bay MEpeMIiIaeThCs Haj MOBepxHEt 00’ekta. [lpu mepe-
THHI TOJISI Ta METaJeBOrO MNpeAMEeTa MarHiTHHH MOTIK
CIIOTBOPIOETHCS 1 B UYTJIIMBOMY €JI€MEHTI npuiany (mpu-
HManbHIH aHTeHI) BHHHUKAa€ ENeKTPHUYHHH CHUTHAI, IO
Hece iH(QOopMaIlifo PO HASBHICT METay B JAHOMY MICIIi.
ToMy aHTeHHa CHCTEMa CKJIaJaeThCs 3 MepeqaBaIbHOT Ta
NpUiManbHOI aHTEH.

Ha nanwit gac, aBrop possusae [10, 11] Hampsm ineH-
Tu(iKaIii MeTaJiB 3a TUIIOM, IIUISIXOM aHANi3y CHUTHAIIB B
4acoBill Ta 4acTOTHINH 00JIaCTSIX HOBHMH JUIS JAHUX 3a-
BAaHb miaxomamu [12, 13]. JIng npoBeneHHS IMX TOCTi-
JOKEHb OyJI0 po3pOO0JIEHO Ta BHUTOTOBIICHO PaIiOTEXHIYHY
CHUCTEMY, 1110 O3BOJISIE OIIHIOBATH BIUIUB CJICKTPOMArHi-
THOTO IIOJIsI Ha METaJIeBl IPEAMETH Ta aHAJIi3yBaTH Xapa-
KTep 3MIHHU BIIOUTOTO CUTHAY-BiATYKY [14—16].

B po0oTi MporoHyeThCs aHaNi3yBaTH CHTHAI-BIATYK B
YacTOTHIN 00JIacTi Ta BUKOPUCTOBYBATH SIK iHpOpMaTHBHY
03HaKy HEpIBHOMIPHICTh (KpHBU3HY) OOBIIHOT CIIEKTpa.

3 MATEPIAJIM I METO/I1
JIyist BUpIIIICHHS TIOCTABJICHOT 3a1a4i pO3pPOOJICHO CHC-
TeMy, CTpyKTypHa cXeMa sIKoi HaBesieHa Ha puc. 1. Sk cur-
HaJl 30y/KEHHS 3alPONIOHOBAHO BHKOPHCTOBYBATH IMITY-
JBCHUI CHUTHANI TPAMOKYTHOI (opmu wactoToro 66000
[MpuitmanpHUA TpakT (IpUiiMaIbHA aHTeHA Ta OJIOK CMYTO-
BUX (iTBTPIB) HATAIITOBAHO TaK, MO0 MOXHA OYyJIO JIETKO
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3apeecTpyBaTH NEPEXiAHUI IIPOIIEC B CUCTEMI, 1110 BUHUKAE
icIis 3aKiHYEHHS 30Y/1KYF0UYOT0 IMITYJIbCY.

1 2 3

5 L { 7

Pucynok 1 — CtpykTypHa cxema po3po0JIeHOT cuCTeMu

Cucrema CKJIaJIa€ThCsl 3 IiepeaBaibHOI MarHiTHOT aH-
TeHu 1, Gytoky QinbTpiB Ta pazoBoro gerexropa S, reHe-
paTopa TaKTOBHX IMITyIECIB 7, OJIOKY 0OpOOKH Ha MIKpO-
KOHTpoJiepi 3 Ta IHAMKATOPHOTO TPUCTPor0 6. Biok 2
(opMye IMITyTIbCHI CHTHAJIH, IO TOCTYMAIOTh Ha Iepesa-
BaJbHYy MarHiTHy aHTeHy l. biox 5 HamamToBaHuii Ha
MIPUHOM CHUTHAJIB BiJ MPUIMaIbHOI MarHiTHOT aHTEHH 4 3
YaCTOTOI0 CHTHANly INepeaaBasbHOro Onoky. Take moen-
HaHHS OJIOKIB € KJIACHYHOIO PaliOTEXHIYHOI CHCTEMOIO
i3 po3HeceHMMHU aHTeHaMu. [[iis 3a0e3medeHHs! CHHXPOHi-
3amii MK By3j1aMu 1pu 00poOIli JaHHMX BUKOPHCTOBYETh-
Csl TeHepaTop TaKTOBHX imiyibciB. [licis oOpoOku cur-
HamiB  OJOKOM 5, JaHi TOCTymarTh JO  3a-
rmam’sITOBYBaJIFHOTO TPUCTPOIO MIKPOKOHTpoOJiepa, Je
OTpHMaHI CUTHAJIH BiJl JOCIIAHUX 3pa3KiB NOPIBHIOIOTHCS
3 eTaJIOHHMMH, iHpOpMAIis Mpo sKi 30epiraerbcs B 3a-
IaM’ITOBYBIbHOMY TpPHCTPOi. Pe3ynpTaT MOpiBHSIHHA
HAJXOIUTH J0 IHAUKATOPHOTO IPHUCTPOIO 6.

CHTHAN-BIITYK 3aJICKUTh Bill €IEKTPHYHIX Ta MarHi-
THUX BJIACTUBOCTEH MeTaliB. B Teopii HepylHIBHOTO KO-
HTpoo [17] BHKOPHCTOBYETHhCA (PYHKIISI BIUIMBY, SKa
KOMIIJIEKCHO TOKa3y€ B3a€EMOBIUIMB IUX XapaKTEPUCTHUK

Ha CUT'HaAJI:
[ 2, a2
oy (x B):M
b 2 R 2 2
ety x”+ /B
X=AR3, B =R3,0u,0C.

[Ipn nmociiKEHHSX BUKOPHCTOBYBAINCS METAJIEBI
MIPEAMETH Pi3HUX F€OMETPUYHUX PO3MIpIB Ta Pi3HOI TOB-
mHA. BimoMo, mo BUXPOCTPYMOBHH BIATYK WyTIUBHI
0 GopMH AOCHIIKYBAaHHX MPEIMETIB, HASBHOCTI B HHUX
3aMKHYTHX KOHTYPIB, IIIJTHOBUX EPEKTIB Ta MIPOCTO SKO-
CTi 00poOKM TOBEpxHi. Y MOCIIMKCHHIX BHKOPHCTAHO
MeTayeBi npeAMeTH pi3Hol (opMu, siKi CHiBpO3MIipHI i3
aHTeHOI0 cucTeMH (MiHiManbHUKA 3pa3ok 10x10x1 MM Ta
MakcuManibHui 80x80X5 MM) i1 JMIe Juis Takoro jiara-
30HY pO3MIpIiB CHTHAI-BIATYK 30epirae cBor ¢opMmy B
MeXaxX OJHOTO 1 TOTO X TUHIB MeTamiB. MiHiManbHUHA
Po3Mip 3pa3KiB 0OMEKEHNH UyTJIMBICTIO aHTEHHOTO OI10-
Ky cucteMu. [Ipu 3011bIIeHH] pO3MIpiB 3pa3KiB 3a po3Mip

© A6pamosuu A. O., 2022
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AQHTEHH CHUTHAN-BIATYK PO3TATYETHCS, TOMY BHHHKAE I10-
Tpeba y 3MiHI po3Mipy aHTEHHOTrO OJOKY, IO MOTpedye i
(hopMyBaHHs HOBOI 0a3W JaHWUX IiJ IHIIWA TUIOPO3MIp
AHTCHHU.

OmmdpoBaHi CUTHAIN — BIATYKU BiJ Pi3HUX THITIB Me-
TaiB 0OpOOISIINCE BiJOMAM METOJOM JIHIIHOTO Tepen-
GaueHHs, MO0 PO3AUINTH 1X HA TPYNH Ta i1eHTH(DIKYBaTH.
Mertopn miniifHOTO mependadeHHs B OCHOBHOMY BHKOpHC-
TOBYIOTh JUisi ifieHTH(IKAIlisT 3BYKOBHX IIOBIIOMIICHb,
KOJIM BU3HAYAIOTHCS CKa3aHi qukTopoMm Jitepu [18]. s
BUPILICHHS 3aBJaHHs 1IeHTU]IKallii MEeTalliB 3a JOMOMO-
rol0 MeTo/a JIHIMHOTO IepeadaueHHs] 3aCTOCOBYETHCS
MiAXiJ HA OCHOBI TOJAHHS CHTHAIY BiJl BUSABJICHOTO
00’€KTY Y BUTJISII BEKTOpA O3HAK.

B sikocTi 03HaK BUKOPHCTOBYIOTHCS ITapaMeTpH aBTO-
perpecuBHOi Mozeni mpuitHsTOro curHamy. Ilapamerpu
MOJIeNTi BU3HAYAIOTHCS HA OCHOBI OINIHKHM KOPEJSAiHHOL
(GYHKIIi MPHIAHATOTO CHUTHANY MUIIXOM BHPIIICHHS piB-
HsaHp lOna-Yokepa. Merton iHiliHOTO mependadeHHs
3HANIIOB IIMPOKE 3aCTOCYBaHHS IPU BHPIIICHHI 3a/1ay
poarmizHaBaHHS MoBH [19].

B sxocTi 03HaK BHKOPUCTOBYIOTHCSI IapameTpu

a;, i=1,p aBTOperpecuBHOi MoJeNl MPUHHATOrO CUTHa-
Iy, sIKa Ma€ BUIIISL

p
Sk :Zaisk,,- +vi o, [18]

i=1

®opmyBaHHS eTaJOHIB 00pa3iB, IO PO3PI3HSAIOTHCA,
BUKOHY€ThCS Ha eTali HaBYaHHS 32 33aHUMHU 3pasKaMy
CUTHAIB-BiIT'YKiB BiJl METAIB.

JI1s KO’)KHOTO 3pa3ka OTPUMYETBCS peani3amis Ipuii-
HATOTO CHUTHAJY, KA OLM(PPOBYETHCS i NPENCTABISETHCS

y Burmani Sy, k=1,N. Ha 1 ocHOBI po3paxoBYIOThCA
MaKCHMAaIIbHO MpaBIONOIOHI OLIHKK  3HAuYeHb

KOpEJISIIHHOT (YHKIIT OTPUMAHOTO CUTHAITY 110 (hopMyIi
[18]:

A 1 N
Ri: ZSkSk—i’iZO’p (1)
Nk:1

3 BHUKOPHCTaHHSIM OLIHOK 3HAuYeHb KOPEJSLiHHOT
N

¢dyHKuit R, i= 0, p dbopmyroTbest KOpelsiLiiiHa MaTpUIsL

N A
R 1BEKTOp ;, SIKI MAtOTh BUIJIS!

A A

LR Rea| T T

R= /\ . A s r= RS Rp
Rp—l RO
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4

z 7

BekTop ouiHOK napameTpiB aBToperpeciiiHoi Monaeni
/\T AN
a

4p

A
a

3HaXoauThes 1o Gopmyi [18, 19]:

NOA

A a0

a=Rp
[Micns  po3paxyHKy BEKTOpIB OI[IHOK MapameTpiB
ABTOPErpeciiHMX MOIeNIe 3a 3aJaHUMH 3pa3KaMu

CHUTHAJIiB BiJl METAJIiB 3HAXOAATHCS CepeHI 3HAUCHHS 7] ,

i=1,p 1 mucmepcii Dil OIIIHOK TapaMeTpiB aBTOperpe-

A JR—
CUBHHX Mojenel a; Juis kiaciB meranis / =1,z , mo pos-

DIAIAI0THCS, TI0 (GOpMYyJIaM:
Kl
11 I T 7.,
m; _anijnl_lop > l—l,Z >
Jj=l

1%
Dl=—1—Y (@l ~mly
K -1q
Eranonu o0pa3iB OynyloThCsi HA OCHOBI CEpEeHIX 3Ha-
YeHb mll Koe(ilieHTIB JIHIHHOTO nepeadayeHHs 3 BUKO-
pucranHsaM kpurepito Dimepa, kUil 103BoIIsiE BigiOpaTu

Haioubl  iH(opmaruBHi mapamerpu [18]. JocrarHicTh
i-1 03HaKHM Ha OCHOBI KpuTepito dinrepa BU3HAYAETHCS TI0

dopmyi:

1 22
:(mi—mi)

i

D! - D?
JOUiNbHICTE  BHKOPHCTaHHA  i-I  O3HAaKW  JUIA
pO3pi3HEHHsT  KJaciB  BH3HAYA€ThCS  HA  OCHOBI

BHUPINIAIBHOTO IPaBIIa: y; > d.
TakuM 4UHOM, B pe3y/bTaTi BUKOHAHHS MPOLEAYPH
HaBUYaHHS OTPUMYIOThCS ¢ < p O3HAK KIIAciB Pi3HHUX TH-

B METaliB m,l ,i=1,q. Ha erami po3pi3HEHHs IPOBO-
JIUTHCS TOPIBHSJIBHUII aHal3 BIAMOBITHUX O3HAK OTPH-
MaHOTO CHT'HAILy 3 O3HaKaMHM KJIaciB 3 0a3u JaHHWX. YXBa-
JICHHS DIIIHHS PO HAJEXHICTh MeTally IO #-TO KJacy
BUKOHYETHCS TI0 MiHIMyMY Bi/ICTaHi M)k BEKTOPOM O3HaK
OTPUMAHOTO CUTHAy i BEKTOpaMH €TaJOHHUX KJIAciB 3a
BUpilIaJbHUM npaBuiiomM [ 18, 19]:

q9 A 5 9 A 12 N
Z(ai—ml-r) SZ(ai—mi) , =12, r#l
J=1 J=1

PesymbraT rpadiunoi imeHTH]IKAIil MeTaIiB HA OC-
HOBI MeTOJIa JNiHIHOTO TepeadadeHHs MOKa3aHO Ha PHC.

2 — puc. 4, ie HABEACHO CIICKTPU CUTHAIB BiJ CTaIbHOTO
(a) Ta migHOro (0) 3pa3KiB, a TAKOXK CIIEKTPU MOJIEII PO3-
mi3HABaHHS HA OCHOBI METOHA JIIHIMHOIrO mepemdaucHHs

JUTs pizHEX mopsakiB Mozeni (10, 20, 80) BignoBigHO.
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Spektr: modeli line, praktich dotted. Steel (a) Copper (b). Por 10
7 []
dB “f

dB o f ;
%
\ 4 '. -20

] 30

“. -40
b fHz —
: 50

Pucynok 2 — CriekTp mpakTHYHOTO CUTHATY (IITPHXOBOIO) Ta
Mozieli (CynibHO0) Bii MiTHOTO (@) Ta cTambHOTO (0) 3pasKiB,

nopsIok mozeni 10

3 pI/IcyHKiB BUIHO, IO TCOpeTI/I‘IHI/Iﬁ CIICKTP Ha OCHO-

Bi MojeNi NiHIHHOTO mepeadadyeHHs HE JTO3BOJSIE BIpHO
MOBTOPUTH (OPMY CIIEKTpa pPEaNTbHOTO CHTHATY, HaBITh

i
6
c

pu 30UTBIIEHH] TTOPSAAKY iHGOPMATHBHUX KOEQIIiEHTIB
impme 20, KOIM MOJAETh TPH 3BYKOTEXHIYHIA 0OpoOIT
UTHAJIIB BU3HAETHCSI HECTIHKOIO.

Spektr: modeli line, praktich donedbS!ael {a) Copper (b). Por 20
dB i “\

iy

@
=1

Pucynoxk 3 — CrekTp npakTHYHOTO CHTHAITY (IITPHXOBOIO)
Ta Mojeni (CYIUIbHOI) BiZl MiZIHOTO (a) Ta cTabHOTO (0) 3pa3-
KiB, MOPsIIOK Mozeri 20

Merton niHIHHOTO TIepen0adeHHs Ma€ HENOIIKH, aKe
TIpHU KOKHOMY TIEpETBOPEHHI omudppoBaHOi BHUOIPKH CHT-
Hary (BIITBOPEHHS CHUTHAIY IO 3BOPOTHIX KoeillieHTax
(1), po3paxyHOK HIBHIKOTO nepeTBopeHHs Pyp’e BUOIpKU
curHainy, rpadiuyHe MOpIBHSHHS CHTHAIiB) BHOCHTHCS
MOMMJIKA 1 PIICHHS ITPO CMIBMAIiHHS CUTHATY-BIATYKY 110
SKOTOCh 3pa3ka 13 0a3u JaHUX MOKJIAJAEThCS Ha Bizyallb-
HE MOPIBHSHHS, 8 HE Ha Pe3yJIbTaT KOMIT FOTEPHOTO 00YH-

CJICHHSI Ha OCHOBI BU3HAUYEHHUX KPHUTEPIiB.
Spektr: modeli line, praktich dotted. Sloﬁl (a) Copper (b). Por 80

“lam il
\
| ;/ X

\ -20
k /

dB

=

-30

—

40

Pucynox 4 — CriekTp npakTHYHOTO CUTHAITY (IITPHUXOBOIO)
Ta Mozeni (CyLUTbHOIO) BiZl MiHOTO (@) Ta cTanbHOro (0)
3pas3KiB, MOPsAAOK Mojem 80

11
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4 EKCIEPUMEHTHU

YucespHE KOMIT'IOTEpHE MOPIBHAHHS ()OPMU CIIEKTPIB
CUTHAJIB-BIATYKIB BiJl PI3HUX METAJIB € KpalluM pillleH-
HAM Ui ineHTHdikamii MetaniB. [nenTudikamis MeramiB
3a TUTIIOM B OKPEMHX BHI3JKaX BIPHO NMPOBOJMIIACE LILIS-
XOM TOPIBHSHHS JIMIIC TUTOMI ITifi OOBITHUMH CIEKTPiB
[11,12] — iHTerpaspHa OIliHKA CIIEKTPY CHUTHAITY-BITYKY.
Criextpu curHamiB Bix cpibma 868mup, 3omora 900mp Ta
CBUHIIIO Ha OCHOBI IIBHAKOTO 1epeTBopeHHs Dyp’e moka-
3aHO Ha puc. 6 — puc. 8. JlaHi MeTanu MarTh NOAIOHI 3a
HEepIBHOMIPHICTIO OOBIJIHI CIIEKTpIB, a TAKOXK, OJM3bKI 3a
BEJIMUMHOIO IUIOIII. B TakoMy BHUIaJKy pe3ynbTar iHTer-
PaJIbHOTO MOPIBHSHHS CHTHATIB-BIATYKIB MOXe OyTH XH-
OHuM, Tabm. 1.

Tomy, mis xpamoi izeHTHdikamii MeTaniB 3a TUIOM
3aMpOIIOHOBAHO KOPEISAIIMHAN MiaXil, KU TOTIOBHIOE
pe3yNbTaTh IHTETPATBbHOI iIeHTH]IKAII] MeTaliB B CIICK-
TpambHii 001acTi.

Hoswif migxizn mosisrae B B3aEMHOMY aHaITi31 aMILTITY T
CHEKTPY Ha BCii cMy3i 94acToTH, puc. 5. 3HaAUCHHS aMILTi-
TYJl OTPUMYETHCS 32 OJMH eTan — neperBopeHHs Pyp’e i
IpY [OJATIBIIOMY aHali31 BiICYTHI NepeTBOPEHHs BUOIp-
KW CUTHAJTY, YAM CyTTEBO MiHIMi30BaHi IOMUJIKA B TIOPi-
BHSIHHI 3 TIONEPEAHIM METOJOM — METOJOM JIiHIHHOTO
nepetoaYeHHsL.

Tabmums 1 CriekTpasibHi XapaKTepUCTHKH CUTHATIIB-
BIJITYKIB Jiesikux Metaiis [11, 12]

Ne Mertan IIupuHa cnekTpy ILioma mix
no pisHio —40a6 (I'n) 00BiHOIO
CIEKTPY
(b T'w)
1 Cpibo 868np 6,24+0,16...26,70+0,22 535,5 44,6
2 3onoro 900np 6,47+0,15...27,97+0,12 545,0+ 3,3
3 CauHelb 6,64+0,29...28,14+0,26 547,6+4,9
4 Metan BincorkoBa % pizHuust
MiK IUIOLAMH
5 Cpibo i 1,87%
3os10TO
6 Cpibuo i 2,24%
CBHHEIb
7 3010710 1 0,36%
CBuHeIb

Ines 3ampormoHOBaHOTO MiAXOAY 3BOIAMTHCSA IO TOTO,
10 PO3PaXOBYIOThCSI CEPEIHBOKBAAPATUYHI CHEKTPaJbHI
PI3HMII MK aMIUTITYZ0I0 Ha IIEHTPaJIbHIA YacTOTI 1 aMI-
JTyaMu Ha BCi cMy3i aHami3y curHainy. OTpuMaHHid
pe3ysbTat sk MallMHHOTO MOPIBHSHHS (OpPMHU TMpescTa-
BISIETHCS Y BUIIISAI MaTpHILli CepeIHbOKBAPATHYHOT Pi3-
HUII aMILTITY]I, @ TAKOXK K CyMa WX Pi3HUIIb.

Takuii miaxXiJ € 3HAYHO TOYHIIINM, YHM Bi3yaJbHE
MOPiBHAHHS (OPMH, BiH MOTpedye Masoi KUTbKOCTI Mare-
MaTHYHUX ONepaliif, mo aykxe TOopedyHo MHpu MoOymoBi
imeHTUdiKaTOpa METaJIiB Ha MIKPOKOHTPOJIEpax.

[Tpu npoBe/ieHH] EKCIIEPUMEHTIB 10 KOXKHOMY 13 3pa3-
KiB MeTaiiB otpuMano 100 curHaiB-BiAryKiB, 1110 BUKOPH-
CTOBYBAJIOCH TIPH PO3PaxyHKy MaTeMaTHYHOTO OYiKyBaHHS
Ta CepeHBO KBaJPaTUYHOTO BIIXWIICHHS KOXKHOTO i3 iH-
(opManiitHux napaMeTpiB npH ineHTHdIKanii MeTaiB.
© Abpamosuu A. O., 2022
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5 PE3YJIbTATHU

Jlns migBUIEHHS JOCTOBIPHOCTI imeHTH(Dikaiii MeTa-
JIB 32 TUIIOM B POOOTI MPOIIOHYETHCS BUKOPHCTATH KOpe-
nsiani miaxin [20], skuit moasarae B OTpUMaHHI A0AaT-
KOBOTo iH(popManiiHOTrO MapaMerpy K, Ta J03BOJISIE MPO-
BECTHU aHai3 (OpPMHU 00BITHOT CIIEKTPY.

Jlns boro po3risiHeMO onudpoBaHUil (PparMeHT CHT-
HaTy-Binryky. Takwid QparMeHT, IO CKIAJaeThCs 3 U
guckpeti (100-150 todox) x,,n=1,2,..u 1pu nepe-

TBOpeHHI Dyp’e HEMae IIaBHOI OOBIAHOT CIIEKTPY:

Tomy, BuOipKa X IJOMOBHIOETHCS HYJSIMH, IO TO3BO-
JIsle OTPUMATH IUIaBHY OOBiZHY CIIEKTpY:

X, +d,., n=12,..u; r=1,2..m; mu.

Pesynprar KOpemsuidHOTO aHanizy (OpPMH CHEKTPY
[21-23] — ne B3aeMHe CHIBBIIHOIICHHS aMIUTITYA i3 I10-
KPOKOBHM 3MIIICHHSM Bill IEHTPAIBGHOT YaCTOTH 10 HUX-
HbBOI Ta BEpXHBOT MEXK:

A & Ay A &Ag
V=1.f, N=1.f,

OcobnuBicTh NpH 37iiCHEHHI TepeTBopeHHs Dyp’e
[20] mpu3BOANTE 1O TOTO, IO UL OJHOTO 1 TOTO X MeTa-
Jy TpW Di3HIA BENUYMHI BXiIHOI BUOIpKM Oyne pizHHI
KpOK JHcKpeTa cnekTpanbHoi ¢yHkii. [I{o0 HiBemOBaTH
BIUIMB BEJIMYMHM KPOKY JIMCKpETH3allii, pe3ysbTaT Kope-
JSIIT JUIMTBCST HA BEJIMYUHY BXIAHOI BHUOIpKH m+u .
B mpoMy BHIManxy, KOpersmiiHy 3ajeKHICTh MOJKHA 3a-
HHCATH SIK:

(Afo _Af0+1)2 +(Afo _Afo—l)2 +

1 2 2
r =iy 1l A T AT Ay — A 2)

ot (A —Ap ) +(Ay - Ap )

SPM STEEL

+1Hz o vs Foms

+3Hz

fHz
IS T I o N S ST N Y N . A N O Y N S (Y N N T RS S O N Y O 0
012 3 4 5 6 7 8 9 1W0M12134151617 18192021 222324 252627282030

Pucynok 5 — CriekTp cUrHaity-BiATYKY BijJl CTaJBHOTO 3pa3kKa 3
MO3HAYCHNMH aMILTITY AHUMH 3HAUCHHAMHU OOBIJHOI CLIEKTPY
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Jnst TpbOX BHINIE BUOpAaHHMX MeTaliB, puc. 6 — puc. 8,
10 MarTh MOJIOHI IHTETpalbHI XapaKTEPUCTUKU OOBij-
HOI cmektpa [24, 25] Oymo po3paxoBaHO KOPEIAIiiHI
gucna K,, Tab. 2.

0 T T
dB Spektr silver
10t ]
20+ ]
30+ 4
401 .
f, Hz
-50 L L 'l 'l
5 10 15 20 25 30

Pucynok 6 — TUmoBwuii CieKTp CUrHANY-BiATyKy (MaTepiai 3pas-
Ka — cpibiso 868 mpobdn)

Ta6muns 2 — [TopiBHSAHHS METaJIiB 10 CHTHAJIAM B CIIEKTPAJIbHIN

obuiacTi KopersiniiiHuM aHanizoM [26, 27]

Spektr gold

50 ' : : :
5

10 15 20 25 30

Pucynox 7 — TunoBwuii ciekTp CUrHaIY-BiATYKY (MaTepiai 3pas-
ka — 301010 900 poom)

T T T

dB
Spektr lead

f, Hz

'50 1 1 1
5 10 15 20 25 30 35

Pucynok 8 — TumnoBuii crieKTp CUTHATY-BIATYKY (MaTepiain
3pa3Ka — CBHHEIlb)
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Ne Meran Kopeasiniiine
yucgo Kr

1 Cpi6io 868mp 4.7169+0.1117

2 3osoro 900mp 4.9663+0.1736

3 CBHHEIb 4.9314+0.2631

4 Meran BincorkoBa % piznuus,
uncjao Kr

5 Cpi6uo i 3o10TO 5,02%

6 Cpi6uio i CBuHenb 4,34%

7 3051010 i CBHHEIH 0,7%

3 tabm. 2 BUIHO, IO KOPEJSILIHHUKI MiAXi T03BOJINB
30UIBIINTH BiJICOTKOBY PI3HHII0 MiX iH(pOpMaIiHHUMA
rapamMeTpamMH CUTHaJIiB — Biarykis 3 1,87% no 5,02% s
cpibima i 3omota, 3 2,24% mo 4,34% mis cpibiia i CBUHIIO
Ta 3 0,36% 1o 0,7% nis 30710Ta i CBUHIIIO.

6 OBTTOBOPEHHSI

AHaii3 OTpUMaHHMX pPe3yJbTaTiB TOKa3aB, IO 3a
3HAYEHHSIM KOPEIAIIMHOro 4nciia MOXKHa 1JeHTU(IKY-
BaTH METAIHM y BHIAAKY, KOJIW 3HAYEHHS IUIOM] ITiJ{
0OBIJTHOO CIEKTPIB OJMU3BKI Mik coboto. Lle mo3Boise
MIJIBUIITUTH TOCTOBIPHICTH ieHTH]IKAIlIT METaTIB.

[TinBuIeHHsT OCTOBIPHOCTI PO3PI3HEHHS METAJB
JTIO3BOJIUTHh 3MEHIIMTH KUTbKICTh XHOHHX CIPAaIlOBaHb
Ta Opaky Ha BUPOOHHIITBI Ta OTJIAOBOMY KOHTPOJIL, /e
B)KJIMBO 3HATH TOYHUI CKJaa METajeBOro 3paska [28—
30].

3anponoHoBaHUN KOPEISIHHINA TiAXIiA € 3pydHuM 1
NPOCTUM B TIPUKJIQJHOMY IUIAHI peaiizauii, ajpke Taki
obuncnenns [31, 32] Mo)kHa JIETKO IPOBOAMUTH Ha Cydac-
HUX 32 OITHMX MIKPOKOHTpOJepax, MPH BHUIOTOBJICHHI
MEPEHOCHUX Ta aBTOMATHU30BAHUX 1ICHTH(IKATOPIB, IO
BUSIBISIFOTH METANCBi MPEMETH Y MICNCKTPUYHHX cepe-
noBuiax [33, 34].

Bume Bkaszano, mio npu 3011bIIEHH] PO3MIpIB 3pa3KiB
3a po3Mip aHTEHH NOTPiOHO GOopMyBaHHS HOBOi 0asm Ja-
HUX IiJ] {HIOWA TATOpo3Mip aHTeHH. ToOTo, A HUHIII-
HBOI aHTEHH MOTPiOHA 0a3a JAHUX «TOYKOBHX)» 3pPa3KiB, a
JUIs BEJIMKOT aHTeHH 0a3a NaHWX «IIPOTSHKHUX» 3pa3KiB.
Bcranosneno, mo oTpumani iHpOpMAaTHBHI 03HAKH B Me-
’Kax OJHUX 1 THX )K€ THUIB MeTajiB 30epiratoTbes [24,
25]. CurHan-BiAryk Bij 3pa3KiB, IO ITPUXOBaHI y Aienek-
TPUYHOMY CEpeoBHILi (epeBo, OIIAT, MICOK) 30epiraeTh-
csi 3a (Qopmor, ane 3MEHIIYEThCSA aMIUTITyna Ta
3’SIBISIIOThCS IyMH. Kinbka pa3oBe BUMIpIOBaHHS CHUTHA-
TMy-BIATYKY Ta BUKOPUCTAHHSI CMYTOBOTO (imbTpa i3 Imif-
cwreHHsM B 3016 [35, 36] mo3Bonmito BipHO iIeHTH)IKY-
BaTH 3aXOBaHi y MICKy MeTaJieBi IpeAMeTH Ha TIIMOMHAX
mo 10 cm.

B minomy, moenHaHHs HasBHUX IH(QOPMATUBHHX
03HaK PO CUTHAII-BIATYK (ILIOLIA CHIEKTpa il 00BIAHOO,
HIDKHS Ta BEPXHI MEXI CICKTpa, KOPENALIAHE YHCIIO)
JIO3BOJIIOTH TPEICTABUTH KOHKPETHHH THI METaly SK
00pa3. ImenTudikaiis HOBOro 3paska MoOxe OyTH 3Iikc-

13
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HEeHa LIUISIXOM TOPIBHIHHS 3 o0pa3zamu i3 0a3u JAaHuX 3a-
BISKH QITOPUTMAM MAIIHHHOTO HABYAHHS, TAKHMH SK:
Meron onopHux BekTopiB (SVM), baecoBa mepexa, Me-
tox k-ommkuid cycigis (KNNC) Ta in. [5, 37, 38], Bka-
3YIOYH BiJJICOTKOBY MOIIOHICTh 1O icHyI0UHX y 0asi 3pas-
KiB.

BUCHOBKHU

Y po6oTi po3rIIAHYTO 33a4y yAOCKOHAIECHHS BHXPO-
CTPYMOBOTO iZieHTH(]IKaTOpa MeTaliB Ha OCHOBI KOpeJs-
HifHOTO Tinxomy. AHamizy MiJJAEThCS HEPIBHOMIPHICTH
OOBI/IHOI CIIEKTPY CHUTHANY-BIATYKY, 1I€ AO3BOJISE MOKpa-
[IUTA MOXJIMBOCTI IHTETPATBHOTO MiIXOAY MO iAeHTUI-
KaIlii MeTajiB 32 THIIOM B CHEKTPaJbHil 001acTi.

HaykxoBa HOBHM3HA OTPHUMaHHMX PE3yJIbTATIB MOJIATAE
Yy TOMY, IO BIIEpIIE 3alpOlIOHOBAHO aHAJI3yBaTH HEpiB-
HOMIpHICTb  OOBiTHOi  CHEKTpiB HE Ha  OCHOBI
anpoKCcUMAIlii QyHKIIIi TOTIHOMOM, a SIK CyMy CepeIHbO-
KBaJPAaTHYHUX PI3HHIIb AMILIITY Ha PI3HUX 4aCTOTaX.

IMpakTHyHa WiHHICTH KOPEJSALIHHOTO MiIXOAy B TO-
My, 110 o0uuciieHHs! iIHQOpMAaTUBHUX KOE(DillieHTIB B CH-
THaJI-BIATYKY MO>KHA 3JIiICHIOBaTH MIBUAKO Ha Cy4acHUX
32 OitHux MikpokoHTposnepax. Lle nmosBomsie OymyBatn
KOMITaKTHI TIEpEHOCH] iZIeHTH(]IKaTOpH MeTajiB, 10 MO-
XKYTh BUKOPHCTOBYBATHCH JUISI €KCIIPEC-TECTY METANIB 32
THUIIOM.

IlepcneKTHBH MOAATBIINX JOCTiZKeHb IOJSTAI0Th
Yy TOMY, IO 3aIPOIIOHOBAHIM MiAX11 JO3BOJISIE 30UTBIIATH
TOYHICTH imeHTH(iKamii MeTamiB, sIKi MalOTh ONW3BKI iH-
TerpajibHi XapaKTEPUCTUKU CUTHATIB-BIATYKIB B CIIEKTpa-
TbHIH 00nacTi.

[Momryk HOBUX iHQOpMaliiHUX MapaMeTpiB B CHTHa-
Jax-BiAryKax Ta 301NbIICHHS YYTJIUBOCTI MPUHMAaIbHOTO
TPaKTy JI03BOJIUTH B MOAAJBLIOMY 3JiHCHIOBATH 1E€HTH-
¢ikamico HE TUTBKM METaliB 3a TUIIOM, a 1 BH3HAYATH
CILIaBH, NPALIOBATH i3 CKIaACHUMH BUpoOaMu. JJOLiIBHO
BUKOPUCTOBYBaTH MallWMHHE HaBYaHHS, M100 3IiHCHIOBa-
TH iIeHTA(DIKALII0 HOBUX THIIIB 3Pa3KiB, SKi MOXYTH Bill-
PI3HATHCS BiJ HAIBHUX y 0a3i TaHUX.
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YK 621.39
YCOBEPIIEHCTBOBAHHUE BUXPETOKOBOI'O HAEHTU®HUKATOPA METAJIJIOB HA OCHOBE
KOPPEJIAAHUOHHOI'O TIOAXOJA
A6paMoBHY A. A. — KaHJI. TeXH. HayK, 3aBiab kKadeapsl paIloTeXHHIECKUX CHUCTeM HalMoHaIbHOTO TEXHNYECKOTO YHUBEPCH-
Teta Ykpaunsl «Kuesckuil nonutexuudeckuii uHctutyT Mropsa Cukopckoro» Kues, YkpauHa.

AHHOTAIUA

AKTyaJIbHOCTB. B cTaThe paccMOTpeHa 3a7auya yCOBEpIICHCTBOBAHUS BUXPETOKOBOI'O YCTPOMCTBA MACHTH(GHKALUK METAILUIOB
Ha OCHOBE KOPPETALHOHHOTO Moaxoa. Takoil moaxon y1o0eH Ans HaKOMIeHHUs 6a3bl JaHHBIX W3BECTHBIX IMPOBOJHBIX MaTEPUATIOB,
a TaxKe JJIsI CPABHEHHUS CHTHANA OT HEM3BECTHOTO METAINIMYECKOTo MpeaMeTa ¢ MMEIONMMICS B 0a3e stanonamu. IIpemmaraemsrii
MIOIXOJ TO3BOJISIET ONPEEIUTh THIT METaJIIa, U3 KOTOPOTO BHINOIHEH 00pas3el, 6e3 IOBPEkKICHNUS €r0 HOBEPXHOCTH.

Leabio paGoTH! SBIsIETCS MASHTU(UKAIMSA METAIUIOB IO THITy 110 CHTHAJIAM-OTKIIMKaM OT BHXPETOKOBOTO IIpeoOpa3oBatels,
Orarozapst BEISBIEHHIO HOBBIX HH(OPMATHBHBIX NIPU3HAKOB U CO3JJAHUIO Oa3bl 00Pa30B METAILIOB.

Metoa. B pabote nmpuBeneHs! pe3ysbTaThl SKCIIEPUMEHTAIBHOTO HCCIISIOBAHUS MPETIOKSHHOTO MOAX0/a ITOBBIIIEHHS JT0CTO-
BEPHOCTH MACHTU(DHKALIMN METAUIMYECKUX NPEAMETOB, BBISIBIISIEMBIX C IIOMOLIBIO BUXPETOKOBOIO yCTpOWCTBA. [laHHbIE MCClie1oBa-
HUS IIPOBEJICHBI HA OCHOBE PAJUOTEXHUYECKON CUCTEMBI, KOTOpasi paboTaeT Ha BUXPETOKOBOM IPUHIIUIE M UMEET HU3KOYaCTOTHBIE
paMOYHbIe MAarHUTHBIE AaHTCHHBI. BUXPETOKOBBIN METO]] O3BOMNAET NMPOBOAUTH UACHTU(PUKAINIO METAJUIOB [0 TUITy AUCTAHI[MOHHO
n 0e3 MOBPEXICHHUS UX MOBEPXHOCTH, B OTIIMYHE OT PEHTIEHO-(IIyOPECLEHTHOT0, ONTHKO-IMUCCHOHHOTO WM XHMHUYECKOTO METO-
J0B. IIpennoxxeH KOPPEIAHOHHBIN MOIX0 ATl 00pabOTKM CHEKTpa CHIHANA OTKIMKA OT CKPBHITOTO METAIIMYECKOTO MpeaMeTa.
KoppensunoHHbIH MOAX0/ MO3BOISIET MOBBICHTH JOCTOBEPHOCTh MACHTHU(HKAINK METAJUIOB IO THILy IPpH 00pabOTKe CHUTHalIa B
CHEKTpaJIbHON obacTé Ha ocHOBe TpeobpasoBanus Oypre. [IpoBesieHs! necaenoBaHus HA IPHMEpPEe METaIOB, 00TaJalomuX OJIH3-
KHMH CHEKTPaNbHBIMU XapaKTepucTukamu (cepedpo, 30510To, cBuHen). [IpeioskeHHbIH Mo1X0 1 O3B0 YBEIHYUTE IIPOLEHTHYIO
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pa3HuIy Mexay MH(OPMAIMOHHBIMHU IapaMeTpaMH CHI'HAJIOB — OT3BIBOB ¢ 1,87% mo 5,02% mns cepebpa u 3omota, ¢ 2,24% o
4,34% nyst cepedpa u cBuHia u ¢ 0,36% 10 0,7% Iuis 30J0Ta U CBUHIIA.

Pe3yabTartsl. PaspaboranHas paqyoTexHHYECKas CHCTEMA SIBIISIETCS J1a00OpAaTOPHBIM MaKETOM, COCTOSIIMM M3 aHAJIOTOBOM YacTH
u 1nudpoBoil. AHaNOroBas 4acTh — OJOK aHTEHH, YCHJINTENb CUTHAJIA U TI0JIOCOBOH (GMIIbTp, LM(POBas 4aCTh — MUKPOKOHTPOJLIED C
ALII nyis ouudpoBKY U IIepeJadyl JaHHBIX HA HOYTOYK, IPOrPaMMHO peasiu3yIOLIHH IpeaIoKeHHbIe TOIX0/bI 0 00paboTke CHrHa-
na. B pabore 3KCIIEpUMEHTAIBHO MOATBEPKICHA BO3MOXKHOCTb HCIIOJIb30BAHHUS PaJHOTEXHHYECKOH CHCTEMBI JUIsl PEIICHHS 3a1auu
UeHTU(GHKALUK METa/lla B paMKaX IMOJAMHOKECTBA HEMAarHUTHBIX U MATHUTHBIX MaTepUaIoB.

BriBoasbl. Pa3Butie COBpEMEHHBIX BHXPETOKOBBIX YCTPOHCTB IPOMCXOMUT B HANPaBICHUH HOBBIILICHUS JOCTOBEPHOCTH HJCH-
TH(UKAIUH CKPBITHIX METAUIMIECKUX 00BEKTOB, UTO aKTyaIbHO IIPH IPOBEJCHUH Te0(H3UIECKOI Pa3BeiKH, B apXCOJIIOTHH, a TaKKe
B CHWJIOBBIX CTPYKTypax IpH MOMCKE CKPBITBIX MeTauIoB. Pa3paboTka M yCOBEpIICHCTBOBAHME TAKMX CHCTEM BKIIOYAeT B cels Kak
pa3paboTKy annapaTHOH YacTH TaK M BBIIBICHHE HOBBIX MH(OPMALMOHHBIX NTapaMETPOB B CHI'HAJIAX-0T3bIBaX OT MeTaJuloB. OJTHUM
13 TaKUX HaNpaBJICHUN MOXKET OBITh KOPPEIALMOHHBIN OAX0 K 00padOTKE CUTHAIOB B CHEKTPAJIbHOM 00JIACTH.

KJ/IFOYEBBIE CJIOBA: BUXpETOKOBbBIE yCTPOMCTBA, HICHTU(DHKALNS METAJUIOB, KOPPEJIALHS, METO]] IEKTPOMAarHUTHON UH-
Ty KLHH.

UDC 621.39
IMPROVING THE EDDY CURRENT IDENTIFIER OF METALS BASED ON THE CORRELATION APPROACH

Abramovych A. O. — PhD, Head of the Laboratory of the Department of Radio Systems, National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” Kyiv, Ukraine.

ABSTRACT

Context. The article considers the problem of improving the eddy current device for metal identification on the basis of the
correlation approach. This approach is convenient for the accumulation of a database of known leading materials, as well as for the
comparison of the signal from an unknown metal object with the available standards in the database. The proposed approach allows
to determine the type of metal from which the sample is made, without damaging its surface.

Objective. The aim of the work is the identification of metals by type on the feedback signals from the eddy current converter,
due to the identification of new informative features and the creation of a database of images of metals.

Method. The paper presents the results of an experimental study of the proposed approach to increase the reliability of
identification of metal objects that are detected using an eddy current device. These studies are conducted on the basis of a radio
system that operates on the eddy current principle and has low-frequency magnetic loop antennas. The eddy current method allows
the identification of metals by type remotely and without damaging their surface, in contrast to X-ray fluorescence, optical emission
or chemical methods. A correlation approach for processing the response signal spectrum from a hidden metal object is proposed.
The correlation approach allows to increase the reliability of the identification of metals by type when processing the signal in the
spectral region based on the Fourier transform. Studies have been conducted on the example of metals that have similar spectral
characteristics (silver, gold, lead). The updated approach allowed to increase the percentage difference between the information
parameters of signals — responses from 1.87% to 5.02% for silver and gold, from 2.24% to 4.34% for silver and lead and from 0.36%
to 0.7% for gold and lead.

Results. The developed radio system is a laboratory model, which consists of an analog part and a digital one. The analog part is
an antenna unit, a signal amplifier and a bandpass filter, a digital part — a microcontroller with an ADC for digitizing and transmitting
data to a laptop, which software implements the proposed approaches to signal processing. The paper experimentally confirmed the
possibility of using a radio engineering system to solve the problem of metal identification within a subset of nonmagnetic and mag-
netic materials.

Conclusions. The development of modern eddy current devices is aimed at increasing the reliability of the identification the
hidden metal objects, which is relevant in geophysical exploration, archeology, and law enforcement agencies in the search for
hidden non-ferrous metals. The development and improvement of such systems includes both the development the hardware and the
discovery new information parameters in the feedback signals from metals. One such direction may be the correlation approach to
signal processing in the spectral region.

KEYWORDS: eddy current devices, metal identification, correlation, electromagnetic induction method.
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ABSTRACT

Context. Implementation of modular arithmetic operations of addition, subtraction and multiplication by a tabular method based
on the use of the tabular multiplication code. The object of the study is the process of tabular implementation of basic arithmetic
operations on the residues of numbers represented in the system of residual classes.

Objective. The goal of the work is to develop methods for the tabular implementation of the arithmetic operations of multiplica-
tion, addition and subtraction of the residues of two numbers based on the use of the tabular multiplication code.

Method. Tabular methods for implementing integer arithmetic modular operations of addition, subtraction and multiplication are
proposed for consideration. In order to reduce the amount of equipment for a tabular operating unit of computer systems that imple-
ments modular operations of addition, subtraction and multiplication by reducing the coincidence circuits AND in the nodes of the
tables for implementing arithmetic operations based on the code of table multiplication, two methods for performing arithmetic mod-
ular operations of addition and subtraction have been developed. These methods are based on the code of tabular multiplication, the
use of which will reduce the amount of equipment of the tabular operating unit. Thus, despite the difference in the digital structure of
the tables of modular operations of addition, subtraction and multiplication based on the use of the tabular multiplication code, two
new tabular methods for implementing arithmetic modular operations of addition and subtraction have been created. Based on them,
algorithms for tabular execution of modular arithmetic operations of addition and subtraction have been developed. Using these algo-
rithms, it is possible to synthesize a structurally simple, highly reliable and fast table operating unit that operates in a system of resid-
ual classes, which is based on three separate permanent storage devices (read-only memory), each of which implements only one
fourth of the corresponding complete table of values of the modular operation, what is earlier in the theory tabular arithmetic was
supposed to be impossible.

Results. The developed methods are justified theoretically and studied when performing arithmetic modular operations of addi-
tion, subtraction and multiplication using tabular procedures.

Conclusions. The conducted examples of the implementation of integer arithmetic modular operations of addition and subtrac-
tion can be considered as presented experiments. The results obtained make it possible to recommend them for use in practice in the
design of computer systems operating in a non-positional number system in residual classes. Prospects for further research may be to
create a tabular method for implementing integer arithmetic modular division operations based on the use of the tabular multiplica-
tion code.

KEYWORDS: modular arithmetic operation, system of residual classes, tabular arithmetic, tabular multiplication code.

ABBREVIATIONS TOU is a tabular operating unit.
CS is a computer system;
MCA is machine-computer arithmetic; NOMENCLATURE
BPNS is a binary positional number system; a, is a residue an arbitrary modulo m, of the number
SRC is a system in residual classes; A represented in the SRC;

TMC is a tabular multiplication code;
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b, is a residue an arbitrary modulo m, of the number

B represented in the SRC;
m, is a SRC module;

M is a value of the informational numerical range;
Y, (v,) is a sign of the TMC values of residues g,

and b accordingly;

vy, 1s a generalized sign of the TMC;

vy, is a sign of the TMC of the result of an arithmetic
modular operation (addition or subtraction);

’

a] is aresidue an arbitrary modulo m; of the number

A presented in the TMC;
b' is a residue an arbitrary modulo m, of the number

B presented in the TMC;
® (a/, b)) is a selection function by the values of the

residues a; and b; the result of the operation of addition

or subtraction in the corresponding nodes of the tables;
®, () is a dependence function of the implementation

of the operation of modular addition, depending on the
result of the operation of the operation of modular sub-
traction of two numbers in the SRC;

®, () is a dependence function of the implementation

of the operation of modular subtraction, depending on the
result of the operation of the operation of modular addi-
tion of two numbers in the SRC.

INTRODUCTION

It is known that one of the effective ways to increase
the speed of a CS operating in the BPNS has led to the
need to develop new MCA. MCA is based on the theory
of residues of natural numbers and on the results of the
proof of the Chinese remainder theorem. In the literature,
such an MCA is called a non-positional number system in
SRC [1-4]. Based on the properties of the SRC, its use
allows to significantly increasing the speed of performing
integer modular arithmetic operations of addition, sub-
traction and multiplication of the residues of numbers
modulo SRC. In addition, such a property of the SRC as
the low-bit capacity of the residues, the totality of which
determines the non-positional code structure, makes it
possible to effectively apply the tabular implementation
of arithmetic operations [1, 2]. In the general case, the
TOU of the CS for the implementation of arithmetic op-
erations that are performed in a unitary code is a two-
input ROM. For each of the ROM inputs, the number of
input buses for the I-byte (8/ bits) CS is 2. In this case,
the total number of logic circuits AND in the ROM nodes
(which basically determines the amount of equipment of
the TOU of CS in the BPNY) is equal to the value N, gpys
= 2% x 2%=2'% Tt is obvious that the table implementa-
tion of integer arithmetic operations in the usual BPNS is
appropriate only for the value /=1 [5].

The search for ways to increase the efficiency of using
tabular arithmetic necessitated the development and im-
provement of methods for tabular implementation of the
main integer modular arithmetic operations: addition,
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subtraction and multiplication of the residues of numbers,
aimed at reducing the number of ROM elements.

The object of study is the process of implementing
arithmetic modular operations of addition, subtraction and
multiplication in SRC.

The process of implementing arithmetic operations
based on the BPNS involves the sequential processing of
digits of numbers according to the rules determined by the
content of this operation, and cannot be completed until
the values of all intermediate results are sequentially de-
termined, taking into account all connections between the
digits. This drawback significantly affects the methods for
implementing arithmetic operations and limits the speed
of data processing. The number system in SRC has the
valuable property of independence of the residues of the
processed numbers in the accepted base system, which
opens up wide opportunities in building not only new
machine arithmetic, but also a fundamentally new circuit
implementation of the data processing CS with the effec-
tive use of tabular methods.

The subject of study is the tabular methods for im-
plementing arithmetic modular operations of addition,
subtraction and multiplication.

The known tabular methods are distinguished by the
complexity of implementation, low speed of implementa-
tion of basic arithmetic operations, as well as an increase
in the amount of TOU equipment with an increase in the
length of the bit grid, which is typical for the modern
trend in the development of powerful computing systems.

The purpose of the work is to increase the efficiency
of using tabular methods for performing basic arithmetic
operations (addition, subtraction and multiplication) based
on the representation of numbers in SRC and the use of a
tabular multiplication code.

1 PROBLEM STATEMENT
In a formalized form, the statement of the problem of
the article can be represented as a realization of two ana-
lytical relations. For the first method of performing a
modular addition operation through the result of a modu-
lar subtraction operation, the first analytical relation is
represented as:  (A+B)modM =, (y, || D (a/, b)) =

=@, (m, ~{lm ~ (v, |a)]=(x, [B)}). For the second

method of performing a modular subtraction operation
through the result of a modular addition operation, the
second analytical relation is represented as:

(A4-B)ymodM = @, (y, || ®(a}, 5)) =D, { (v, ||a)) +

+[m,. = (v, |l bl.')]}. These methods implement the opera-

tions of modular addition and subtraction for the original
two numbers 4 and B represented in the SRC as a set of
residues (a,,a,,....a, ,,a,,a,,,...,4,) and

(b,,b,,....,b, ,,b,,b,,,....,b,) an arbitrary modulo m, SRC,

i.e. residues a, = A—[%_]m,, i =1, n) the residues

i
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are obtained from the successive division of the initial
number by a set of mutually pairwise prime numbers m,

called bases or SRC modules. Such a representation of
numbers (coding) makes it possible to construct data
processing CSs in which the processing of all digits (resi-
dues) is performed in parallel in time.

Denote the generalized arithmetic operation as ®,
which will be used as a sign (feature) of the arithmetic
operation of modular multiplication, addition or subtrac-
tion. For numbers 4 and B represented by the SRC code
The result of the operation can be represented as follows:

(A® Bymod M =((a, ® b, )modm,,...,(a, ®b, )modm,

In this case, it is necessary that the following inequalities
hold: 0<A<M,0<B<M, 0<(A®B)<M, where

M = Hml.. These requirements are due to the need to

i=1
stay of the informational numerical range [0, /) like
numbers 4 =(q,,4,,....,a,) and B =(b,,b,,....,b,), as well
as the result of the operation (4® B)mod M.

2 REVIEW OF THE LITERATURE

The results of the search for ways to improve the per-
formance of CS, effective methods for implementing the
basic operations of the computational process and as a
result of building high-speed and high-reliable systems,
carried out over the past decades by various groups of
researchers have confirmed in the opinion that within the
BPNS one cannot expect significant satisfactory progress
in these areas without a significant increasing the operat-
ing frequencies of the processor elements and the compli-
cation of the hardware part of the CS [1-12].

The results of research in the field of the creation of
high-speed CS of well-known authors (Aksushskyi I.Ya.
and Yuditskyi D.I. [1], Gregory R.T. and Krishna-
murthy E.V. [6], Mohan P.V.A. [9] and others) showed
that the use of SRC as a system of calculations of CS,
intended for the implementation of integer arithmetic op-
erations of addition, subtraction and multiplication num-
bers in the positive numerical range, significantly in-
creases the speed of the solution of problems of a certain
class [13].

In order to be able to build CS in SRC, it was neces-
sary to develop fundamental methods for constructing
MCA [1, 7, 14]. The implementation of the obtained theo-
retical and practical results will contribute to the creation,
development and operation of real CS operating in a non-
positional number system in the residual classes [15-20].
Prospects for further research may be to create a tabular
method for implementing integer arithmetic modular divi-
sion operations based on the use of the tabular multiplica-
tion code [16].

3 MATERIALS AND METHODS
Let’s first consider the procedure for implementing the

arithmetic  operation of modular multiplication

© Krasnobayev V. A., Yanko A. S., Kovalchuk D. M., 2022
DOI 10.15588/1607-3274-2022-4-2

20

~—

(a,-b)modm, two residues g, and b by an arbitrary
modulo m, respectively of the numbers 4 and B repre-
sented in the SRC. It is known that the table of values
(a, -b,)mod m, the result of the operation of modular mul-
tiplication is symmetrical with respect to the diagonals,
verticals and horizontals passing (for m, — an odd num-

(m, =1) (m, +1)
and .
2
Symmetry with respect to the left diagonal of the two-
input table of the result of the operation is determined by

ber) between the numbers

. the commutativity of the multiplication operation

a,-b, =b,-a,. Symmetry with respect to the right diago-
nal of the table is determined by the fact that the condition
a;,-b, =[(m;=b,)-(m,—a,)Jmodm,. Symmetry with re-
spect to the vertical and horizontal of the table is deter-
mined from the condition of multiplicity modulo m, of

the sum of symmetric
a,-b, =[m; —a,(m,—b,)]mod m, as

numbers
well as
a,-b, =[m, —b,(m, —a,)Jmod m,.

Using the symmetry properties of the modular multi-
plication table of the residues of numbers, you can com-
pletely restore the complete table of values
a;-b,(modm,) of the multiplication operation of residues
using only 0.25 of its part. Hence, it becomes possible to
simplify the table (reduce the number of two-input ele-
ments AND of the TOU corresponding to the nodes of the
complete modular multiplication table. To solve the prob-
lem, it is necessary to introduce a sign (feature) that de-
termines the location of the input residues of numbers in
each of the four quadrants of the complete modular multi-
plication table. In [1] this sign is called tabular multiplica-
tion code.

Consider one of the possible options for encoding the
input residues @, and b, tables of operation of modular

multiplication modulo m, by means of a specially intro-

duced data compression code of the TMC. Values of the
residues @, (b)) which is in the numerical range

=1 .
{0, m’Tj can be encoded arbitrarily. Then the values

m. +1
:m,'
2

encoded as the inverse of a number modulo m, —a, or

of a; (b)) which is in the numerical range [

m, —b,. To distinguish the ranges of finding the values of
the residues @, and b, the sign v, (y,) of the TMC is

introduced defined as follows:

1
0,if 0<a ()< m'2 ,

Yo (V)= (1)

41
1,if m12+ <a,(b)<m 1.
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The procedure for determining the result of a modular
multiplication operation by means of TMC is as follows.
If two residues are given modulo m; of the form

a,=(v, lla), b =(y, |Ib), where || — the mathematical

sign of the concatenation operation (the operation of glu-
ing, the operation of joining) and

OSaI.'(bI.')S(m,.—l)/ 2. To get the product of these
numbers modulo m,, it is enough to get the product
a;-b/(modm,) and invert its generalized sign vy,, in the
event that vy, is different from vy, , i.e. the result of mul-

tiplying two residues modulo can be represented as
a, -b,(mod m,) = (y, || (a; - b))mod m,) on condition:

0,if v, =7,
Vi =

2
Lify, #v,. @)

Until now, there are no methods for performing by
means of TMC, arithmetic modular operations of adding
and subtracting the residues of two numbers, which make
it possible to reduce the number of two-input elements
AND in the TOU CS. This hinders the further develop-
ment of SRC in terms of the practical use of tabular
arithmetic. The main difficulty lies in the fact that it is
quite difficult to synthesize algorithms for performing
modular operations due to the fact that tables
(a, ® b;)mod m, performing modular operations of mul-
tiplication, addition and subtraction are different in their
digital structure. When studying the digital properties of
tables of modular addition and subtraction operations, the
validity of expression (3) is shown:

[(7, 1))+ (v, 18]+

+{[ml. ~(v, 1) ]=(v, \|b;)} = 0(modm,), 3)

where a, = (ya’ Ha{), b, = (yb’ Il b,.’) — are given residues
modulo m, presented in the TMC of the form
a=(,lla), b=(,lb) with the

0<a'(b)<(m—-1)/2

condition

for m odd number or

i

0<a'(b')y<m, /2 for m evennumber.

Expression (3) can be interpreted as an analytical de-
pendence of the modular operations of addition and sub-
traction of the residues modulo numbers presented in the
TMC.

It follows from expression (3) that in order to obtain
the result of the modular addition operation by means of
the TMC, it is sufficient to know the result of the modular
subtraction and to obtain the result of the modular sub-
traction operation by means of the TMC, it is sufficient to
know the result of the modular addition. That is, it be-
comes possible to effectively (from the point of view of
reducing the ROM hardware) use the TMC not only to
perform the modular multiplication operation, but also to
implement the modular addition and subtraction opera-
tions.

Let’s write expression (3) in the form (4). Expression
(4) is the mathematical basis of the tabular method for
performing the operation of modular addition using tables
that implement the operation of modular subtraction:

(v 105)+ (v 1) =m, = { =, 1) | =(, 181))-

The method of performing the operation of modular
addition using tables that implement the operation of
modular subtraction can be represented as follows

(Fig. 1).

Inversion reduced aj =((y,, +Dmod2 || a)

Minuend ¢, = (Ya Haf) is inverted modulo m, , where

ai, lf Yu :()3
a = i
m; —a, if Y, =1

. Subtrahend b, = (Vb, Il b/ ) leave unchanged.

A 4

Determining the result of an operation
(v, lI(a — By modm,)

Via ROM for modular subtraction by input operands a; and b, the result
of the operation is determined (a, — b)) modm, . The index of the result of

the operation is formed in accordance with the values of the indices of the
corresponding operands, i.e. according to the values (y, +1)mod2 and

v.if (y, +Dmod2#y, ,

Yo 8LY, =y
K {y, if (y, +Dmod2=vy,.

\ 4

Inversion of the result {mi - [(ml -a)- bl.]}

The result obtained is inverted modulo m, , i.e.
((v, +ymod2|| (a - b)ymod m, ).

| The searched result of the modular addition operation |

Figure 1 — The method of performing the operation of modular addition using tables that implement the operation of modular
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The resulting method can be schematically repre-
sented in the form of 4 stages:

(a, —b,.)—>[(m[ —a,)—bi] —>{m[ —[(m,. —ai)—b,.]} -

— (a,+b,).

Let’s write expression (3) in the form (5). Expression
(5) is the mathematical basis of the tabular method for
performing the operation of modular subtraction using
tables that implement the operation of modular addition:

(v, @)= (v 1) ={ (v, 1)+ [ =(v, 18) ]} )

i.e. it is possible to determine the result of the modular
subtraction operation by means of a ROM that imple-
ments the modular addition operation.

Consider the result of a modular arithmetic operation
in the TMC, which is represented as:

(v, 10 (g, b)) (6)
where 7y, — sign of the TMC of the result of a modular

arithmetic operation.
Expression @ (a/, b') — a numeric value assigned to

the table node of the corresponding arithmetic modular
operation with coordinates @, and b/ . If the residues are

given g, =2 and b, =4 numbers modulo m; =5, the ex-
pression @ (a/, b)) is a numeric value assigned to the

table node of the corresponding arithmetic modular opera-
tion with coordinates @/ =2 and b/ =4.

The method of performing the operation of modular
subtraction using tables that implement the operation of
modular addition can be represented as follows (Fig. 2).

Simplified schematically, the second method can be
represented in the form of 3 stages:

(a,. +b,.) — [a,. +(ml. —b,.):| — (a,. —b,.).

When jointly implementing the arithmetic operations
of addition and subtraction, the second method allows, in
comparison with the first method, to implement the
arithmetic modular subtraction operation in less time and
with less hardware costs. Despite the difference in the
digital structure of the tables of modular operations
(a, ® b,)mod m, of addition, subtraction and multiplica-

tion (for example, for m; =5, these are Tables 2-9), the

developed first and second methods of addition-
subtraction, which implement arithmetic modular opera-
tions, can reduce the number of elements of the TOU CS.
This is achieved by simultaneously using only fourth part
of each of the three complete addition, subtraction and
multiplication tables by using TMC, which was previ-
ously thought to be impossible.

4 EXPERIMENTS
The experimental base of research is based on the the-
ory of residues of natural numbers and on the results of
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the proof of the Chinese remainder theorem. The initial
data in the form of bases (modules) m, SRC are repre-

sented by a set of mutually pairwise prime numbers.

In the developing of the methods, the influence of the
main properties of the SRC on the structure and principles
of the functioning of the CS was used. Due to the low-bit
capacity of the computational paths of the data processing
CS presented in the SRC, there are possibilities for using
(unlike the BPNS) tabular arithmetic, where the arithme-
tic operations of addition, subtraction and multiplication
are performed almost in one clock cycle. The low-bit ca-
pacity of residuals in the representation of numbers in the
SRC makes it possible to choose a wide range of options
for system engineering solutions in the implementation of
modular arithmetic operations tabular principle basis
(based on the use of small ROM).

Tabular methods for the implementation of arithmetic
modular operations of addition, subtraction and multipli-
cation based on the use of the TMC are proposed for con-
sideration. In the performing, using the tabular methods of
modular arithmetic operations developed in the article, it
was possible to reduce the amount of equipment of the
TOU through which these operations are implemented.
Note that with an increase in the length of the bit grid,
which is typical for the modern trend in the development
of powerful computing systems, the efficiency of using
the proposed tabular methods for performing modular
arithmetic operations increases significantly.

As experiments carried out in this article, we can con-
sider a brief description of the structures and content of
two methods (Fig. 1, 2) and two algorithms for the tabular
implementation of modular arithmetic operations of addi-
tion-subtraction (Tables 10, 11).

The proposed methods are brought to algorithms, on
the basis of which classes of patentable devices that im-
plement these algorithms have been developed and for
which Ukrainian patent have been received (state patent
of Ukraine for the invention Ne 106343 from 11.08.2014.
“A device for tabular implementation of arithmetic opera-
tions of multiplication and addition of numbers modulo
m, of the residual class.”).

Some of the results obtained in the article are a defi-
nite contribution to the theory and practice of tabular
arithmetic, which can be used to create CS in the SRC.

5 RESULTS
As a demonstration of the effectiveness of the devel-
oped methods, consider examples of a specific implemen-
tation of arithmetic modular operations of multiplication,
addition and subtraction for a module equal to the value
m, =5. In this case, for the tabular method of the table

for the implementation of modular operations of using
TMC the initial data are presented in Tables 1-9. The first
and second algorithms for performing modular addition
and subtraction operations, respectively, by the first and
second methods, are presented in Table 10 and Table 11,
respectively.
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Inversion of the second term
b, =((y, +1mod2 | b))

4

leave unchanged.

Second term b, = (yh | b,.') is inverted modulo m;, . First term q, = (ya lla; )

—b))modm,)

Determining the result of an operation
(v, (]

Via ROM for modular addition by input operands a; and 5/ the result of
the operation is determined (a; + b)) mod m; . The final result of the opera-

tion will be presented in the form ((y, + 1)mod2|| (a] + 5))mod m, ).

The searched result of the modular subtraction operation

Figure 2 — The method of performing the operation of modular subtraction using tables that implement the operation of modular

Table 1 — Table multiplication code

T™C T™C
a; ai;
Yo | @ Yo | o
1 0 1 3 1 2
2 0 2 4 1 1

Table 2 — Full table of

modular multiplication

A &0 1 2 3 4
0 0 0 0 0 0
1 0 1 2 3 4
2 0 2 4 1 3
3 0 3 1 4 2
4 0 4 3 2 1

Table 3 — Full table

of modular addition

A S0 1 2 3 4
0 0 1 2 3 4
1 1 2 3 4 0
2 2 3 4 0 1
3 3 4 0 1 2
4 4 0 1 2 3

© Krasnobayev V. A., Yanko A. S., Kovalchuk D. M., 2022
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addition

Table 4 — Full table of modular subtraction

a;
b, 0 1 2 3 4
0 0 1 2 3 4
1 4 0 1 2 3
2 3 4 0 1 2
3 2 3 4 0 1
4 1 2 3 4 0
Table 5 — First table of modular multiplication
a; 1 2
b; 4 3
1 4 1 2
2 3 2 1
Table 6 — First table of modular subtraction
a; 1 2
b; 4 3
1 4 0 1
2 3 1 0

Table 7 — Second table

of modular subtraction

a; 2 1
b; 3 4
1 4 2 2
2 3 1 2

ition

Table 8 — First table of modular add
a; 1 2
b; 4 3
1 4 2 2
2 3 2 1
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Table 9 — Second table of modular addition

a; 2 1
b 3 4
1 4 1 0
2 3 0 1

In the implementing modular operations using the first
algorithm, the TOU CS is based on three ROMs. The first
ROM implements the II-quadrant of the complete multi-
plication table (Table 5); the second and third ROMs im-
plement, respectively, I (Table 7) and II (Table 6) quad-
rants of the complete subtraction table).

In the implementing modular operations using the
second algorithm, the TOU CS is also based on three

ROMs, each of which implements 0.25 parts of the corre-
sponding complete table of modular multiplication opera-
tions (Table 2) and addition (Table 3). The first ROM
implements the I[-quadrant of the complete multiplication
table (Table 5); the second and third ROMs implement,
respectively, I (Table 9) and II (Table 8) quadrants of the
complete addition table. In this regard, the TMC acquired
a new quality and became a universal tabular code for
performing three arithmetic modular operations: addition,
subtraction and multiplication.

In the implementing the arithmetic operations of addi-
tion and subtraction, the second proposed universal me-
thod makes it possible to implement a modular operation
in less time and with less hardware costs (compared to the
first method).

Table 10 — Algorithm for executing the first method

1 2 3 4 5
y. =y, =0 The result is determined directly by the values of the
v, =y Quadrant IT is used (Ta- ¢ K nodes in Table 6 (y,=1v,)
“ "% | ble6) of the complete table - - - -
(1i=0) | of modular subtraction v, =7, =1 The result is determined by inverting modulo m, the
(a,- b )modm, ' node values of Table 6 (y,= (y; +1)mod2)
) v, =1, 7, =0 The result is determined directly by the values of the
- Quadrant I is used (Table 7) L nodes in Table 7 (y, = 7))
Ya =Yy of the complete table of
y:i=1) modular subtraction v, =0, y, =1 The result is determined directly by the values of the
“ > Th nodes in Table 7 (y, = v;)
- The result is determined directly by the values of the
— Quadrant I is used (Table 7) a - th nodes in Table 7 (y, =1v,)
“ ' 1 of the complete table of - - - -
yi=0) | modular subtraction v, =7, =1 The result is determined by inverting modulo m, the
(a+5 )mod o node values of Table 7 (y,= (y; +1)mod2)
a,+ b Ymodm;
y =1,y, =0 The result is determined directly by the values of the
v %y Quadrant IT is used (Ta- “ > 'h nodes in Table 6 (y,=1v;)
“" "™ | ble 6) of the complete table - - - -
(yi=1) | of modular subtraction v, =0, 7, =1 The result is determined by inverting modulo m, the
' ' node values of Table 6 (y,= (y; +1)mod2)
Table 11 — Algorithm for executing the second method
1 2 3 4 5
" The result is determined by inverting modulo m, the
. W=V =
Vo =Ty S#aifnz(l)ﬁp‘fzf: g;ﬁe 2} node values of Table 9 (y,= (y; +1)mod2)
(i=0) | modular addition v =y, =1 The result is determined directly by the values of the
(4 )mod a1k nodes in Table 9 (y, =7y,
a,— b, )modm;
v =1,7, =0 The result is determined by inverting modulo m, the
drant II i d (Ta- a0 T
Yo Vs, Slléag)re;r} the cl(meIS:te t;b?e node values of Table 8 (y,= (y; +1)mod2)
(i=1) | of modular addition v =0, 7y, =1 The result is determined directly by the values of the
“ > Th nodes in Table 8 (y, =)
v =y, =0 The result is determined directly by the values of the
v, =y Quadrant II is used (Ta- “ b nodes in Table 8 (y,=7;)
“ "% | ble8) of the complete table - - - -
¥:=0) | of modular addition v, =v, =1 The result is determined by inverting modulo m, the
(a+5 )mod o node values of Table 8 (y,= (y; +1)mod2)
a;+ b )modm;
y =1,y, =0 The result is determined directly by the values of the
y %y, | Quadrantlis used (Table9) “ 72 Th nodes in Table 9 (y,=7,)
“” "B | of the complete table of - - - -
yi=1 modular addition v, =0, 7y, =1 The result is determined by inverting modulo m, the
' ' node values of Table 9 (y,= (y; +1)mod2)
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To confirm the efficiency of the developed methods
and algorithms, consider some examples for the residues
are given a, =2 and b, =4 numbers modulo m;=5, which

in the TMC are presented in the form
a,=(v, lla)=(0[12) and b, = (v, [[5)=([1), look at
expression (1) and Table 1. In accordance with expression
(2), get that vy, =(y, +v, )mod2.

Consider performing the operations of multiplying the
residues @, =2 and b, =4 numbers modulo m; =5 using
TMC. Using expression (6), the result of the operation
will be represented as (a, -b,)modm, =(y, | ®(a/, b))). In
accordance with expression (2) get, v, =1, y, =y, =1,
and ®(a;, b))=2 (Table 5). Thus, the result of modular
arithmetic multiplication (g, -b,)modm, =(2-4)mod5 =
=(y, || ®(a), b)))=(1]]2)=3. Check: (2-4)=3(mod5),
see Table 1, 2 and 5.

Consider the execution of the modular addition opera-
tion (a; +b,)modm, for the first and second algorithms

(the first and second methods):
The first algorithm (Table 10). The result of the modu-

lar addition is presented in the form (y, || ®(q;, b)),
where v, =(y, +D)mod2 = (1+1) = 0(mod 2) and
® (a/, b))=1 (Table 6). Check: (2+4)=1(mod5), see
Table 1, 3, 6 and 10.

The second algorithm (Table 11). The result of the
modular addition operation is represented in the form
(v, | @@, b)), where  y,=(y,+)mod2=
=(1+1)mod2=0. By values of a/=2 and b =1, in
Table 9, the value is 1. The result of the operation will be
as follows (v, | ®(a/, b)))=(0] D). Check:
(2+4)=1(mod5), see Table 1, 3,9 and 11.

Consider the operation of modular subtraction for the
first and second algorithms (the first and second meth-
ods):

2l"he first algorithm (Table 10). The result of the modu-
lar  subtraction  operation is  represented  as
(v, 1@ (a/, b)), where @ (a/, b)) — the value assigned to
the node in the second modular subtraction table (Table 7)
with coordinates @ =2 and b/=1. In accordance with
the first algorithm (Table 10), given that y, =1, sign val-
ue of y, the result of the modular subtraction operation is
v, =7, =1. The value of ® (a/, b/) assigned to the node
of Table 7 with coordinates @ =2 and b/ =1, equals
®(a/=2, b/=1)=2. The result of the operation of
modular subtraction (a, —b,) in the TMC, in accordance
with the first algorithm, will be
(v, | @@, ) =(1]12).  Check:
=3(mod>5), see Table 1, 4, 7 and 10.

The second algorithm (Table 11). Consider the im-
plementation of the modular subtraction operation

© Krasnobayev V. A., Yanko A. S., Kovalchuk D. M., 2022
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equal to
(2-4)mod5 =

(a,—b,) in the TMC, the result of the operation will be
presented in the form (y, || ®(a/, b)), where y, =y, =1
®(a/ =2, b =1)=2 (Table 8). The result of the opera-
tion of modular subtraction in the TMC, in accordance
with the second algorithm, will be equal to
¥, 1@ (a;, b)) =(1]2). Check: (2-4)mod>5 =
=3(mod5), see Table 1,4, 8 and 11.

The results of the experimental or theoretical data ob-
tained in the article consist in the development of two
methods and two algorithms for the implementation of
modular arithmetic operations of addition-subtraction in
the SRC, by means of the TMC. The obtained scientific
and theoretical results of the article represent a significant
step forward compared to previous studies in the field of
the theory of the implementation of modular operations
using the tabular principle. So, Fig. 1 shows a method for
performing a modular addition operation using table data
that implements a modular subtraction operation, and
Fig. 2 shows a method for performing a modular subtrac-
tion operation using table data that implements a modular
addition operation. For this, digital data of tables for the
implementation of integer modular addition-subtraction
operations were developed (Tables 1-9). When develop-
ing the theoretical part, the methods for performing
arithmetic modular operations presented in the article,
various methods of cognition were used. For example,
when synthesizing a non-positional code structure in the
SRC, the induction method was used, and when imple-
menting modular operations in the SRC, the deduction
method and others were used. Based on the developed
methods, algorithms for performing modular arithmetic
operations of addition-subtraction in the SRC are pre-
sented (Tables 10, 11).

6 DISCUSSION

The analysis and assessment of the reliability of the
results is based, firstly, on the correct use of the rules of
tabular arithmetic. Secondly, on a clear and complete use
of the properties of the SRC. And, finally, thirdly, the
reliability of the results is confirmed by examples of tabu-
lar implementation of arithmetic modular addition-
subtraction operations in the SRC, by means of the TMC,
for specific values of the residues of numbers in the SRC.
The scientific results obtained in this article refute similar
results of prominent scientists in the field of implementa-
tion of tabular modular operations. So, for example, in
chapter 6 “Computer components in the system of resid-
ual classes”, 6.3 “Fundamentals of tabular arithmetic”, on
page 337 in the monograph of Aksushskyi [.Ya. and
Yuditskyi D.I. “Machine arithmetic in residual classes”,
who are the founders of scientific and technical develop-
ments in the field of the SRC in the USSR, the following
is noted “... the tabular multiplication code is fundamen-
tally unsuitable for use in the addition operation ...”[1].
This conclusion contradicts the conclusion of this article
about the effective use of the TMC not only for the opera-
tion of modular multiplication, but also for the implemen-
tation of modular addition-subtraction operations. The
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practical application of the results of the article is possible
when creating a tabular operating device of a computer
system operating in the SRC. The expediency of further
research in the field of application of tabular arithmetic is
due to the fact that this approach makes it possible to cre-
ate high-speed and reliable computer systems.

CONCLUSIONS

A scientific and technical problem has been solved,
which consists in developing methods and algorithms for
the tabular implementation of the arithmetic operations of
multiplication, addition and subtraction of the residues of
two numbers based on the use of the tabular multiplica-
tion code.

The scientific novelty of obtained results is that two
new tabular methods for the implementation of arithmetic
modular operations of addition and subtraction have been
created based on the use of the TMC, despite the differ-
ence in the digital structure of the tables of these modular
operations. The use of the developed methods makes it
possible to reduce the number of TOU CS equipment that
implements the modular operations of addition, subtrac-
tion and multiplication by reducing the matching circuits
AND in the nodes of the tables for implementing arithme-
tic operations based on the TMC. Based on these meth-
ods, algorithms for the tabular implementation of modular
arithmetic operations of addition and subtraction have
been developed. With the help of these algorithms, it is
possible to synthesize a structurally simple, high-reliable
and high-speed TOU CS operating in the SRC, which is
based on three separate ROMs, each of which implements
only 0.25 of the corresponding complete table of values of
the modular operation, which was previously assumed
impossible in the theory of tabular arithmetic.

The practical significance of obtained results is that
in the performing, using the tabular methods developed in
the article, modular arithmetic operations, it was possible
to reduce 75% of the equipment of the TOU CS, through
which these operations are implemented. This, in turn, as
shown by the calculations, depending on the length of the
bit grid of the CS, made it possible to reduce to =~ (50—
60)% of the equipment of the TOU CS in the SRC. Note
that with an increase in the bit grid length CS, which is
typical for the modern trend in the development of power-
ful computing systems, the efficiency of using the pro-
posed tabular methods for performing modular arithmetic
operations increases significantly. Some of the results
obtained in the article are a definite contribution to the
theory and practice of tabular arithmetic and it can be
used when creating a CS in the SRC.

Prospects for further research are to create a tabular
method for implementing integer arithmetic modular divi-
sion operations based on the use of the TMC.
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METOJIA TABJIMYHOI PEAJIIBAIII APUPMETHYHAX OMEPAIIIA 3AJTAIIKIB TBOX YHCEJ,
NMPEACTABJIEHUX ¥ CUCTEMI 3AJIMIIIKOBUX KJIACIB
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SIuko A. C. — KaHA. TeXH. HayK, TOLEHT, JOIEHT Kadeapr KOMI IOTEpHUX Ta iH(GopMamiiHIX TeXHOIOTIiH 1 cucteM Hamionans-
Horo yHiBepcurety «[lonraBcrka momitexnika imeHi FOpis Konapariokay, [lonraBa, Ykpaina.

KoBanpuyk JI. M. — acmipant kadeapu eIeKTPOHIKH Ta YIPABISIIOYMX CHCTEM XapKiBCBKOTO HAliOHATBHOTO YHIBEPCHUTETY
imeni B. H. Kapasina, XapkiB, Ykpaina.

AHOTAIIA

AKTyaabHicTb. PO3MIsiHYTO 3aavy peaiizaiii MOAYJIbHHX apH()METHYHUX OIlepaiiil J0JaBaHHs, BiAHIMAHHS Ta MHOKCHHS
TaOJIMYHIM METOJIOM Ha OCHOBI BUKOPHCTAHHS KOAy TabIMYHOr0 MHOXEHHs. OO’ €KTOM IOCTIDKEHHS € Ipoliec peaiizaunii apudme-
THYHUX MOAYJIBHUX OIepaliil JoaaBaHHs:, BiAHIMAaHHS Ta MHOKeHHs. MeTa poOOTH — po3po0HTH METOM TabIMYHOI peaisawii apu-
(MeTHYHUX Omepaliil oAaBaHHS, BiAHIMAaHHS Ta MHOXKCHHS 3aJIMIIKIB JIBOX YHCEN Ha OCHOBI BHKOPHCTAaHHS KOAY TaOIMYHOTO
MHOKEHHSL.

MeTtona. 3anponoHOBaHO O PO3MIISAY TaOIMYHI METOOM peaizallii HiIOYHCeTbHUX apu(pMETHIHNX MOAYJIFHUX OIEeparii pona-
BaHHS, BiHIMAaHHS Ta MHOXKCHHS. 3 METOI0 CKOPOYEHHS KIJIBKOCTI 00JIaHAHHS TaOIMIHOTO ONEpalifHOro NMPUCTPOI0 KOMIT I0Tep-
HHX CHCTEM, 1[I0 peali3ye MOAYJIbHI Olepallii 1oJaBaHHs, BiJHIMAaHHS Ta MHOXKCHHS, 3a PaXyHOK CKOpOYCeHHs cxeM 30iry Iy By3max
Tabnuup peanizarii apudMETHIHNX ONepalliif, Ha OCHOBI KOAy TaOJIMYHOTO MHOKEHHSI, PO3pOOJICHO 1Ba METOAN BUKOHAHHS apHud-
METHYHHX MOJIYJIbHHX OMEpalliii J0JaBaHHs Ta BiJHIMaHHS. B OCHOBY JaHHMX METOMIB MOKIJIAJCHO KOJ TaOJINYHOIO MHOXKEHHSI, BU-
KOPUCTAHHS SIKOTO JI03BOJIUTH 3MEHIIUTH KUIBKICTh 001aAHAHHSA TaOJIMYHOTO ONEPAIIHHOrO MPUCTPOIO. TaKUM YMHOM, HE3BAXKA0UN
Ha BiJIMiHHICTb HU(POBOT CTPYKTYpH TaONUIb MOAYJIBHUX Ollepaliil 1oAaBaHHs, BiJHIMAHHS Ta MHOXCHHSI, Hd OCHOBI BUKOPHCTaH-
HS KOAy TaOJIMYHOTO MHOKEHHS, CTBOPEHO /1B HOBI TaOMMYHI METOAM peanizauii apuMEeTHIHUX MOAYJIFHHUX OMEpaliil Jo1aBaHHA
Ta BigHiMaHHI. Ha iX OCHOBI po3po0sieHO aaropuTMH TaOIMYHOTO BUKOHAHHS MOAYJBFHHX apH()METHYHUX OMEpalliil JoIaBaHHS Ta
BiZIHIMaHHs. 3a JIOIIOMOIO0 IMX AITOPUTMIB MOXKHA CHHTE3YBAaTH KOHCTPYKTHBHO IPOCTHH, BUCOKOHAQIIMHMI Ta IIBHUAKOIIIOYHIA
TaOMMYHHN OTICpaIlifHUI MTPHUCTPIH, M0 QYHKIIOHYE B CHCTEMI 3aIMIIKOBUX KJIAaCiB, OCHOBY SIKOTO CKJIa[JAIOTh TPU OKPEMHUX MOCTIH-
HHX 3aIaM’ITOBYIOUYHX MPHCTPOI, KOKEH 3 SKUX peaiizye JIMIIC OJHY YETBEPTY YaCTHHY Bi/INOBIIHOI NOBHOI TaOMHI 3HAYCHH MO-
JyJBHOI oreparii, o paHime B Teopii TabIn4HOT apupMETHKH repe16adarocs: HEMOKIIUBHM.

Pe3yabraTi. Po3pobieHi Mmetoan oO0rpyHTOBaHI TEOPETUYHO Ta JOCIHIKEHI IPH BUKOHAHHI apr()METHUYHUX MOAYJIBHUX OIepa-
it JomaBaHHs, BiJHIMAHHS Ta MHOXEHHS 32 JOTIOMOTOI0 TaOIUYHHUX NPOLETYD.

BucnoBku. [IpoBeneHi mpuknaau peatizamii HiMOYHCETbHUX apU(PMETHUHUX MOIYJIBHHX OIepalliii J10oJaBaHHS Ta BiAHIMaHHS
MOXXHa PO3IJIAAATH SIK IpeJCTaBleH] ekcriepuMeHTH. OTprMaHi pe3ysIbTaTH J03BOJISIOTH PEKOMEH/YBAaTH iX BUKOPUCTaHHS Ha IpaK-
THUII IPOEKTYBAaHHS KOMIT IOTEPHUX CHUCTEM, IO (PYHKIIOHYIOTh Y HETIO3HLIHHIA CHCTEM] YHCIIEHHS B 3aJIMIIKOBHX Kiacax. [lepcme-
KTHBH MOAAIBLINX JOCIIKEHb MOXYTh HOJISITATH Y CTBOPEHHI TAOJIMYHOTO METOIY pealtisarii LiounceapHol apuMeTHIHOT MOTy-
JIBHOT OTepariiil JiIeHHs: HA OCHOBI BUKOPUCTAHHS KOy TaOJIMYHOTO MHOXKCHHSI.

KJIFOYOBI CJIOBA: monynbHa apupMEeTUYHA OMEpallis, CHCTEMa 3aIMIIKOBUX KJIACiB, TaOJIMYHA apr(METHKa, KOJ TaOImd-
HOTO MHO)XCHHSI.

YK 681.142.01
METO/IbI TABJIMYHOM PEAJTM3ALINN APUOPMETUYECKHX OMEPAIIMIT OCTATKOB IBYX UHCE,
HNPEJCTABJIEHHBIX B CHCTEME OCTATOYHBIX KJIACCOB

Kpacno6aes B. A. — 1-p TexH. Hayk, npodeccop, mpodeccop Kadeapsl 3IEKTPOHUKH U YIPABISIONINX CHCTEM XapbKOBCKOTO
HalMOHaNIbHOro yHuBepcurera umeHu B. H. Kapasuna, XapskoB, YkpauHa.

Snko A. C. — KaHA. TeXH. HayK, JOLEHT, JOLECHT Kadeapsl KOMIBIOTEPHBIX U HH(POPMAIMOHHBIX TeXHONOrHH 1 cucteM Hammo-
HasbHOTO YHHBepcuTeTa «[lonraBckas monntexnuka uMmenn FOpus Konnpariokay, [TonraBa, YkpanHa.

KoBaabuyk [I. H. — acimpasT kadenpsl dJIEKTPOHUKH U YIPABISIIOMNX CUCTEM XapbKOBCKOI'O HAIIMOHAJIBHOTO YHHBEPCHTETA
umenu B. H. Kapasuna, XappkoB, Ykpansa.

AHHOTADIUA

AKTyansHOCTb. PaccMoTpena 3ajada peann3anys MOIYJIBHEIX apU(PMETHIECKHUX ONEPAUi CIIOKCHUsI, BBIYUTAHUS U yMHOXe-
HUSI TaOJIMYHBIM METOOM Ha OCHOBE MCIOJIB30BAHMS KOJa TaOIMYHOTO yMHOXeHHs. OOBEKTOM HCCIEeIOBaHUS SBISUIACH MPOLIECC
peanu3anuy apuGMETHIECKUX MOIYJIBHBIX ONEpalHi CIOKSHHUS, BBIYUTAHHUSA M yMHOXeHHUs. Llenb paboTsl — pa3paboTaTh METObI
TaOJIMYHON peanu3anuy apu(pMETHUECKUX CIIOKEHUS, BBIYMTAHUSA U YMHOXKCHHS OCTaTKOB JIBYX YHCEN Ha OCHOBE HMCIIOJIb30BaHUS
KOJa TaOJINYHOTO YMHOXEHHUSL.

Mertoa. [IpeanoxeHbl K pPaCCMOTPEHHIO TAOINYHbIE METOBI PEATN3aL{U LEJIOYHCICHHBIX apU()METHYEeCKNX MOy IbHBIX Onepa-
LUH CIIOKEHUS, BBIYUTAHUSA U YMHOXKEHUsI. C LETbI0 COKpAIIEHHsI KOJIMIEeCTBa 000pyJOBaHUS TaOIMYHOTO OMEPAIIMOHHOTO YCTPOH-
CTBa KOMIIBIOTEPHBIX CHUCTEM, PEAU3YIOIIETO MOMYJIbHBIE ONEPALH CIOXKECHUS, BBIYUTAHHUSA U YMHOXKEHUS, 32 CUET COKpAIICHUS
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cxeM coBmaaeHus 1 B y3max tabuum peanmusanui apupMeTHIeCKUX OIeparyii, Ha OCHOBE KoJa TaOJIMIHOTO yMHOXKEHHS, pa3pabo-
TaHbI JBa METOJa BHIOJHEHUS apU(pMETHUECKNX MOJIYJIBHBIX ONEpalMii CIIOXKEHUs ¥ BBIYNTAHWS. B OCHOBY NaHHBIX METOJIOB ITO-
JIOKEH KOJ TaOJIMYHOTO YMHO)KEHHS, HCIIOJIb30BaHUS KOTOPOTO ITO3BOJINT YMEHBIINTH KOJHYECTBO 000PYZOBaHMS TaOJIHMYHOTO Olle-
paloHHOro ycrpoiictBa. TakuM 00pa3oM, HECMOTpS Ha pa3iauuue NUPPOBOI CTPYKTYPhI TAOIMUI MOAYJIbHBIX ONEPALUii CIOXKEHHU,
BBIYMTAHHS 1 YMHOXEHHUS, HA OCHOBE HCIOJIb30BAHUS KOJa TaOINYHOIO YMHOXKEHHS, CO31aHbI JIBa HOBBIX TaOJIMYHBIX METOJIOB pea-
JU3aUN apU(PMETHIECKUX MOJYJIBHBIX ONEpaIuii CIOXKEHHs U BhIUUTaHMA. Ha mx ocHOBe pa3paboTaHbI aarOPUTMBI TaOIHMIHOTO
BBITIOTHEHUS] MOAYJIBHBIX apU(METHIESCKUX ONEepaliil CIOKEHUS U BBIYUTaHMSA. C OMOIIBIO 3THX aJTOPUTMOB MOXKHO CHHTE3HPO-
BaTh KOHCTPYKTHBHO IIPOCTOE, BBICOKOHAEKHOE U OBICTPOJICHCTBYIOMIEe TAOIMIHOE ONEPAIMOHHOE YCTPOHCTBO, (PyHKIIMOHUPYIO-
masi B CHCTEMe OCTaTOYHBIX KJIIACCOB, OCHOBY KOTOPOTO COCTAaBISIIOT TPU OTAENBHBIX MOCTOSHHBIX 3alIOMHHAIONIMX YCTPOICTBA,
KBl M3 KOTOPBIX pean3yeT TOJIBKO OJHY YETBEPTYIO YaCTh COOTBETCTBYIONIEH MOIHOI TaOIMIBI 3HAUSHUIH MOJYJILHOH omepa-
MM, YTO paHee B TEOPHHU TAaOINIHOM apUpMETHKH MPEII0NIaraioch HEBO3MOXKHEIM.

PesyabTarel. PazpaGoTaHHble MeTOIBI 00OCHOBAHBI TEOPETHYECKH M UCCIIEIOBAHBI MPH BBHINOJIHCHUH apU(PMETHYECKHX MO-
IyJIbHBIX OTIEPALUil CII0KEHUS, BHIYUTAHUS M YMHOKEHHUS C IOMOILBIO TAOINYHBIX TPOLIELYD.

BoiBoapbl. [IpoBeieHHbIE TPUMEPHI peaN3aIMH HETOYHCICHHBIX apU(QMETHIECKNX MOIYJIBHBIX ONEPAUi CI0XKEHHUS ¥ BEIYUTAHUS
MOXKHO paccCMaTpuBaTh B KAaueCTBE MPEACTaBICHHBIX dKcHepuMeHTOB. [loimydeHHbIe pe3ynbTaThl MO3BOMSIOT PEKOMEHAOBATh UX UL
HCTIONB30BAHMS Ha MPAKTHKE IPOEKTUPOBAHUS KOMIIBIOTEPHBIX CHCTEM, (DYHKIMOHUPYIONIUX B HEMO3UIIMOHHON CHCTEME CUHCIICHHS B
OCTAaTOYHBIX KiaccaX. [lepcrieKTHBBI NanbHEHIINX MCCIEOBAaHNI MOTYT 3aKJIIOYaThesl B CO3MAHUM TAOIMYHOTO METOZA Pealn3allin
LEJIOYHCIICHHOHN apu(pMETHIECKON MOy IbHOM OTepalnii ejeH:s Ha OCHOBE UCTIONIB30BAHMS KO/Ia TAOJIUYHOTO YMHOKEHHS.

KJIIOUEBBIE CJIOBA: monynbHas apudMeTHdeckas OIeparys, CHCTeMa OCTaTOYHBIX KIIacCOB, TaOnn4yHas apu(MeTHKa,
TaOIMYHBINA KOJI yMHOKEHHS.
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RESTORATION OF DISCONTINUOUS FUNCTIONS
BY DISCONTINUOUS INTERLINATION SPLINES

Pershyna L. I. — Dr. Sc., Associate Professor, Head of the Department of Higher Mathematics, National Technical
University «Kharkiv Polytechnic Institute», Kharkiv, Ukraine.

ABSTRACT

Context. The problem of development and research of methods for approximation of discontinuous functions by discontinuous
interlination splines and its further application to problems of computed tomography. The object of the study was the modeling of
objects with a discontinuous internal structure.

Objective. The aim of this study is to develop a general method for constructing discontinuous interlining polynomial splines,
which, as a special case, include discontinuous and continuously differentiated splines.

Method. Modern methods of restoring functions are characterized by new approaches to obtaining, processing and analyzing in-
formation. There is a need to build mathematical models in which information can be represented not only by function values at
points, but also in the form of a set of function traces on planes or straight lines.

At the same time, practice shows that among the multidimensional objects that need to be investigated, more problems are de-
scribed by a discontinuous functions.

The paper develops a general method for constructing discontinuous interlining polynomial splines, which, as a special case, in-
clude discontinuous and continuously differentiable splines. It is considered that the domain of the definition of the required two-
dimensional function is divided into rectangular elements. Theorems on interlination and approximation properties of such discon-
tinuous constructions are formulated and proved. The method is developed for approximating discontinuous functions of two vari-
ables based on the constructed discontinuous splines. The input data are the traces of an unknown function along a given system of
mutually perpendicular straight lines. The proposed method has not only theoretical significance but also practical application in the

IT domain, especially in computing tomography, allowing more accurately restore the internal structure of the body.
Results. The discontinuous interlination operator from known traces of the function of two variables on a system of mutually

perpendicular straight lines is researched.

Conclusions. The functions of two variables that are discontinuous at some points or on some lines are better approximated by
discontinuous spline interlinants. At the same time, equally high approximation estimates can be obtained. The results obtained have
significant advantages over existing methods of interpolation and approximation of discontinuous functions. In further research, the
authors plan to develop a theory of discontinuous splines on areas of complex shape bounded by arcs of known curves.

KEYWORDS: image processing, polynomial splines, interlination, discontinuous functions, approximation.

NOMENCLATURE
ol (y) is atrace of function along the straight X = x;
on the right;
¢li (y) is a trace of function along the straight X =X;

on the left;

f(x¢,Y) is atrace of function on the line X =X, ;

f(x,y,) is a trace of function on the line y =y, ;

Hij is a rectangular element size 51 X) X (Y1, Y )

h1lis(X), h2;5(X) are basic Hermitian polynomials of
degree 2p —1with properties;

Sij(x,y) is a discontinuous interlination polynomial
spline, which corresponds to a given partition into rectan-
gular elements 11; ;

Lij(x,y) is a discontinuous interpolation spline, which
corresponds to a given partition into rectangular elements
Hi' 5

J >

C:t:t

i,j 1s an one-sided function values at a point

(Xi > y] );
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CH*Y(D) is a class of two variables functions, which

are defined and continuous in the domain and have con-
tinuous derivatives.

INTRODUCTION

The main attention in the theory of approximation of
several variables functions by splines is given to the ap-
proximation of continuous and differentiable functions by
continuous and differentiable splines ([1-3]), when using
the least squares method [4, 5]. At the same time, the
practice shows that among the multidimensional objects
that need to be investigated, a larger number of problems
are described by discontinuous functions. For example, in
the methods of computed tomography, nowhere is infor-
mation about the internal structure of the human body
used (the stomach has one shape and the corresponding
density of its tissues, the liver has a different shape and a
different density of its tissues, the pancreas has its shape
and density of tissues, the spine has its density, etc.)

In [6], it was proposed to use a priori information
about parts for a more accurate description of the internal
structure of a 3D body using the corresponding functions
of three variables included in the equations where is the
number of objects of the internal structure of the body to
better restore it by computed tomography methods. In this
method, it is proposed to use information about the inter-
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nal structure of the body in the form of a discontinuous
function of three variables, which has discontinuities at
the points of surfaces separating adjacent subregions.

The development of computational and applied ma-
thematics suggests that the use of additional information
about the object under study can lead to a more accurate
restoration of this object. For example, in [7] it is pro-
posed to use the equation of the surface of the human
skull to more accurately restore the internal structure of
the body.

In addition, we will give the following example. In
solid mechanics, one of the most difficult problems is the
problem of investigating cracks at the internal points of
the body. It can be said that such a body has a discontinu-
ous density: beyond the boundaries of the crack — one
density, in the area bounded by the walls of the crack —
another density.

The object of study is mathematical modeling of a
discontinuous two-dimensional function by function inter-
lination.

The function interlination operator allows you to re-
store a function of two variables with high accuracy.
Traces functions on lines are used by the function interlin-
ing operator.

The subject of study is the theory of discontinuous
intlinational splines.

The purpose of the work is to construct a discon-
tinuous interlination spline to restore a two-dimensional
function that has discontinuities of the first kind, when the
sets of traces of the function on the lines are be used as
function information.

1 PROBLEM STATEMENT
Let a discontinuous function of two variables f(X,y) is
given in the domain D. Suppose that the domain D is

divided by straight lines X,=0<X;<X,<...<Xp=1,
Y=Yo<Y1<Y><...<y,=1 into  rectangular  elements
Ijj = (X1 X)X (Yj_1.yj)-i = L.m, j=1n. The function

f(x,y) and its derivatives up to p—1order have disconti-

nuities of the first kind at the boundaries between these
rectangular elements (not necessarily between all ele-
ments). It is required to construct a discontinuous spline
such that the interlining and approximation properties are
fulfilled.

2 REVIEW OF THE LITERATURE

Over the years, methods have been developed that ap-
proximate various important functions. These methods
include Fourier series, Chebyshev series, Fourier-Jacobi
and Pade-Jacobi polynomials, rational functions of Pade-
Jacobi, Pade-Chebyshev and Pade-Legendre, as well as
fractional and quasi-fractional approximations [§—11]. But
these methods have a bad effect on the convergence of
series when approximating functions with singularities.
Loss of convergence occurs in the region with disconti-
nuities and is called the Gibbs phenomenon. This phe-
nomenon manifests itself in the vicinity of the discontinu-
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ity jumps and is an obstacle to the restoration of a discon-
tinuous function. There are methods to reduce the Gibbs
phenomenon [12, 13]. However, they do not completely
remove it at all. A.L. Ageeva and T.V. Antonov proposed
a method for determining the number of breakpoints and
their positions based on the use of the Gibbs phenomenon
[14, 15]. But the method requires more information: the
smallest and largest values of the jumps of the approxi-
mate function. It is also assumed that the intervals in
which the Gibbs phenomena arise do not intersect, i.e. it
is impossible to separate the breakpoints that are close to
each other.

That is, the development of the theory of approxima-
tion of discontinuous functions using discontinuous
splines is a relevant task. This work belongs to a series of
works by the authors aimed at the study and improvement
of mathematical models in computed tomography [16—
18]. To date, tomography has developed many computa-
tional methods, algorithms and software tools aimed at
restoring the internal properties of an object. They per-
form well when restoring objects with smooth properties,
but give unsatisfactory results for objects with discon-
tinuous characteristics. Therefore, there is a need to create
mathematical methods for approximating discontinuous
functions for a more accurate idea of the structure of the
studied object.

A series of works by authors [19, 20] devoted to solv-
ing the flat problem of Radon computed tomography us-
ing the heterogeneity of the internal structure of a two-
dimensional body. For this purpose, it is advisable to use
function interlination operators, since these operators re-
store (possibly approximated) functions on their known
traces on a given system of lines. They provide an oppor-
tunity to construct operators whose integrals from these
lines (linear integrals) will be equal to integrals from the
most renewable function. That is, interlination is a ma-
thematical apparatus, naturally related to the task of re-
storing the characteristics of objects according to their
known projections. This article is a continuation of this
article series.

In this article, we construct the discontinuous inter-
lineation operator from known traces of the function of
two variables on a system of mutually perpendicular
straight lines.

3 MATERIALS AND METHODS
Let us introduce the

eli ()= lim f(xy), oli(y)= lim f(xy) -
X—X;+0 X—X;—0

notation:

function traces on the straight X=x,i=Lm. If

(pli+(y) =olj (y), then the function f(x,y) is continuous
on the line X=X;, otherwise it has a break on the given line.
Consider the element Hij :(Xi—laxi)x(yj—layj ),
i=Lm, j=Ln.

Definition.We will call a discontinuous interlination
polynomial spline in a domain D, which corresponds to a
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given partition into subdomains II;;, the following func-

tion
S(Xa y) = SlJ (X9 y)s (X9 y) € 1_[Ij

Sij (%, ¥) = S1ij(X, ¥) + S2j;(X, ¥) — S1245(X, Y),

x,y) € Hij cD (1)

where

Stij(x,y)=
= Slij Y5 {eli s (MY {elis(V)),s=0,p—1) =
-1
= Z“Pl Crs(Y)-hliy () + Z“Pll s(¥)-hlj 5(x);
s=0
S2ii(x.y)=
=S82;(X, Y3192 1, p (0} 492 ()}, p=0,p—1) =
p—1 p—1
= > 0271021 (N + D 921 (-2 (Y);

p=0 p=0
S1245(x,y) =

= S12; (X, Vs {pli s (V)}: 4l s (W)}, 5 =0,p—1,
(021 p(0}:492) p (0}, p=0,p—1) =

p—1 p—1

= > > Gt ors phlics 02y (M) +
$=0 p=0
p—1 p—1

+ Cit1js.phli1s(0N2 (V) +

5=0 p=0
p—1 p—1

+D 0> Ciirs phlis ON2j 4 p () +
s=0 p=0

p—1 p—1

+ 373 Cirjs phlis 025 5 (y),

s=0 p=0

h1ys(X), h2;,(X) — basic Hermitian polynomials of degree
2p —1 with properties:

M)y () = 8 rbs > KK € fi—Li},8,8" € 0,01},

h2(P)) o (y) =8y 8 1 € (i =1 j}. p. P’ €40.p 1.

Theorem 1.If

P () =92} 5 0) = C i,

P =025 00 =C g
PP (v =02, 00) =C ijep-
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Py =020 =C" g

then on the border of the rectangle II;; the function

Sij (X, y) satisfies the following relations

9° Sjj (x,y)

axs/ | 1 S' (y)

X=X
5% S (x.y) 2)

v =l (y).
X

X=Xj
i1 <Y<Yy, s'=0,p-1
9P Sij(x,y)

oy J 1p

B 3)
= @2], p/(x)’

Y=Yj

X <x<x, p'=0,p—1

Proof. Substitute in formula (1) X=X;_;. As a result,
we get Sj(Xi_1,Y) =

= STij (%1, Y) + 524§ (X 1, ) — S1245 (X1, ¥) =

p-1 p-1
= 2Ol s( -y s (i) + 20l s () Wl s (%) +

s=0 s=0
p-l N
+ Z (sz—l,p(xi—l)'hzj—l,p(y)"'
p=0
p-1
+Z (lep(xi—l)'hzj,p()/)_
p=0
p—1p-1
_Z ZCI -1, j-1s, phli—l,s(xi—l)hzj—l,p(Y)+
s=0 p=0
p—1 p-1
+Z ZC -1j.s, phll 1,s (X 1)h2 p(Y)"'
$=0 p=0
p—1 p-1
+Z Z Cij ,i-Ls phli,s(xi—l)hzj—l,p(y)+
s=0 p=0
p—1p-1
+Z Z CI_J_S phll S(XI l)hzj p(y)—
s=0 p=0
p-1 p-1
= 20115 (V) Bi1imiBs 0+ 2 0l s(¥) 818 +
s=0 s=0

p-1
+ 2, 021 p (%) -h2 g p(V)+
p=0
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p-1
+ 2,925 p (i) h2j p(Y) -
p=0
p—-1p-1

_Z Z Co ,i-15,p0i-1i-19s,0N2 1 p(Y) +
s=0 p=0

p—1 p-1

+Z ch ljsp5| Li- 1830h2 p(y)+
s=0 p=0

p—1p-1

+Z ZCIJ “1,5,p01,i-19s,0M2 1 p (V) +
s=0 p=0

p—1 p-1

+ZZCI_J_Sp i,i—19s 0h2] p(Y)=

s=0 p=0

p-1
=0l 0 (M) + D 921 p (%) -2y p(V)+
p=0

p—1
+2, 025 p(Xi)-h2j p(y) -
p=0

_Z |1]10ph2]1p(y) z |1]0ph2j,p(y):

CiLj-10.p

CiZljop
p-1
=l o)+ D 021 p(Xi)-h2j_y p(¥)+
p=0
p-1
+ 02 p (%) h2j (V) -
p=0

=(P2j—1,p(xi—1) ~
=02 p(Xi_1)

p-1
= > 02, p(Xih2jy p(¥) -
p=0

p—1
=2 925 p(XiDh2 p () =011 o(¥)
p=0

Thus, we have proved that S;;(Xj_i,y) = @1;11,0(Y)a
Vi1 =YY
The equalities are proved similarly when we substitute

into formula (1) X=Xi, y=Yj_1, Y=Y;.
Let us assume that1<s'<p—1. As a result, we get

osony| oSl
s’ o s
8X ‘X:Xi ax ‘X:Xi
P2 TS ) I TERY)
ox® ox® -
X=X X=X
_Z“Pll ls(Y) hll 1,s(0) +
s=0 X=Xj_|
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+Zap1.s<y> his(0]
=0 X=X
ol 5’ N
T2 o0 h2j ()
p:oax X:Xi71
p—l1 asl
+Z_§@21p(x) hzj,p(y)*
p=0 X X=Xj_1
p—1 p—1 (9
_ZZCI—IJ 1s,p— NMi—1,s(X) 25 p(Y) -
5=0 p=0 ox® =Xy
p—1 p—1
_ZZCI —1,j.s, p hl| 1,5(X) h2; h(y)—
s=0 p=0 X=Xi_{
p—l p—l1 o5
_ZZCI,J 1s,p —hljs(X) 'hzjfl,p(Y)‘F
s=0 p=0 8 X=Xi_|
—1 p—1 8 s’
+ZZC.,sp htj 4 (%) h2j p(y)=
s=0 p=0 X=Xj_1
p—1 p—1
= Z@li—tl,s(y)@ifl,iflzss’,s + Z@lfs(y)'ﬁi,ifltss’,s +
s=0 s=0

P

+Z “szr(? )p(Xi—l)' h2j 1 p(V)+
p—l ’

+30 9255 ()2 ()~
p=0

p—1 p—l1

—> > G s pdicnioids sh2j 1 p (V) —
s=0 p=0
p—1

p—1 p—
- Cilljs,pdiotizids sh2j p(V) —
s=0 p=

0
p—1 p—1
_Z Z Cijjtl,s, pdii—10ssh2j 1 p(¥) +
$=0 p=0
p—1 p—1

+> > Cijs.pdiiids sh2j p(¥) =
=0 p=0
+ +
- ‘CI Lj-1s,p — kPZJ (i )p(xi—l)‘: LFDli,I,S/()/)‘f'
.

+ZC| -1,j-1s’,p h2;j_ lp(y)+ZC| —1,j,8',p" h2jp(¥)—

_ch 1,j-1s ph2] Lp(Y)— ch ~1,j,8',p h2jp(¥)=

= Lpll -1, S/(y)'

Properties (2) with x=x; and properties (3) are proved
similarly.
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Theorem 1 is proved.

Theorem 1. If li (¥) =15 (Y) = ¢li s(Y),
s=0,11,0 <p <p—1, P2} p(¥) =92 () =42 x(X),
p= 0,_1/,0 <v <p-—1, then the function
S(X,¥)=Sj;(x,y), (x,y) €Il will have properties like

this
S(x,y)eC*" (D),

8%'s(x,
TICN (.
S V- “)
i=1Lm, s =0,u, Yi-1 <Y<Y,
9”'s(xy)
. =62, (),
vy, 5)

i=Ln, p'=0,v, xi_; <X<X.

The proof follows from the fact that if functions
—1 —1

elis(NECT %1% ], 92 p(X) €CPT [y, Y]], then

in each element ITj; the function S;;(X,y) will belong to

the class CP~P 71(Hij).Thus, the function S(X,y) in

cach of the elements TII; belongs to the class

Cp_l’p_l(Hij) and on the boundary between the
neighboring ITj; elements, it preserves the continuity of

the derivatives up to orders p, v, respectively, since the

proof of properties (4), (5) is carried out by analogy with
the proof of properties in Theorem 1.

Theorem 2 is proved.

Remark 1. If the conditions of Theorem 2 are satis-
fied, then the function S(x,y) has discontinuous partial

derivatives of orders greater than p in X and larger than
v in Y, respectively.

Remark 2. In principle, it is assumed that discontinui-
ties of a function S(X,y)and its partial derivatives up to
the corresponding orders can exist only at the boundaries
of one or several elements.

Theorem 3. If the functions uplfs(y), ¢lis(y) are po-
lynomials (generally speaking, different) of degree
Q>2p—1 and the functions Lpztp(X), 2 p(X) are
polynomials (generally speaking, different) of degree
Q >2p—1, then the function S(X,y) will be a piecewise
polynomial discontinuous spline, which is a polynomial
in two variables on each rectangle II;; C D . In particular,

if Q=2p—1, then S(x,y) will be a discontinuous

© Pershyna I. 1., 2022
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piecewise polynomial spline of (x,y) degree 2p—1 in
each variable.

The proof follows from the fact that the functions
Sij(x,y) use the Hermitian polynomial basis functions

and will be polynomials in the assumptions of Theorem 3.
If Q=2p—1, then S;(x,y) will be a polynomial of de-

gree 2p—1 in each variable. If the conditions of Theo-
rem 2 are not satisfied, then such a function S;(x, y) will

have gaps between different elements.

Remark 3.We emphasize again that these gaps may
not necessarily be at the border between all elements.
Moreover, it is not required that on all four sides of each
element the spline has discontinuous derivatives of orders
p+l, p+2,..,p—1 and v+1,v+2,..,p—1concerning X

and y , respectively.

Theorem 4. Let us assume that the function to be ap-
proximated

f(,y)eCP{(D\IT),
el 1 s (y) = lis(y),
0211 p(0 =92} p(X), s,p=0,p— 1.

Then, if in S(x, y) substitute

el s =0l (1 =1000,y),
i"c{o,l,..m},i'=i—1i"=i, 0<y<];
02y p (0 =2), (0= FOPeyp),
ji'edo L.y, j'=j-1Lj=j0<x<I;
el s =l (=T _1.y),
0<y<yjjoryj<y<l;
P2j 1 p (0 =21 0= F*P(xy ),
0<x<X_; or X <x<I,
el s (N = £S04 +0,y), ¢l (y) = £V (% —0,y),
el s (V) = F006, —0,y), el (y) = £V +0,y),
©2j 4 () = ©P(x, Yj1+0),
02} ,(0=f*P(x,y; —0),
P2jp () =T OP(xy ji-1—0),
02,00 =fOP(xy; +0),

then the resulting function S(x,y) will belong to the class

c»~1(D) and will be discontinuous along with its
derivatives up to the order p—1 in each variable only on
the element boundary IT;; .

33
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The proof follows from the fact that on the boundary
between all elements (except for the elementHij) the

function S(x,y) will have continuous derivatives up to
the order p—1 inclusive and only on the boundary of the
element IIj; can it be discontinuous together with its par-
tial derivatives. That is, such a function will belong to the
class S(x,y)€C’ (D\IIy).

Theorem 5. If the conditions of Theorem 4 are satis-

fied, then for the error of approximation of such a discon-
tinuous function f(X,y), the corresponding discontinu-

ous interlinational polynomial spline S(x,y) will satisfy
the following relation:
2 2
| £ 06 Y)—=S(X,y)|=O(AI? A2), (x,y) € TTy =TI ;.
Al= mI?X(Xk —Xg_1), A2= mIaX(y| —Yi-1)s

(%, y)—S(x,Y)| =O(AI®A*), (x,y) €11, j,
Ai= Xi — Xi_15 AJ = yJ - yjflz (I: J) = (k’l)

provided that f(Xx,y)€ Cp_l’p_l(Hi’ i)

Proof. The operator Sjj(X,y) =S;; f (x,y) according to
definition 1 can be written as §;; f (x,y) = SL;; f(x,y) +
+52; f (%, y)—S12;5 f (X, y) .

According to Theorem 3.2.1 in [3], the remainder of
the approximation by the interlination formulas is ex-
pressed as the operator product of the remainders of the
approximation of a function f(X,y) by the operators

Sl'J f(X, y) and S2,J f(X, y)

RS;i f(x,y)=(f(x,y)=S; f(x,y))=
=(F (%, y)—STjj F(x, y) =825 f(x,y)+ 8125 f(x,y)) =
=(F (% y) = ST FOGyNE(X,Y) = S25 F(x, ) =
=RS1;; (X, Y)RS2;; f(x,y).

Theorem 5 is proved.

4 EXPERIMENTS
Let be p=1, m=2,n=2. Let’s set the nodes:

XO :0, Xl :0.5,X2 :1, yo IO, yl :O,S’yz =1.
That is, the domain of definition of the function being

approximated (Figure 1) consists of four rectangular ele-
ments, which are set as follows:

I ={(X,Y) 1 X9 <X<X, Yo <Y<V},
M ={(%Y): Xg <X <X, Y <Y< Y2},
I ={(X,y) X <X<X,Yo <Y<V},
I ={(%Y) 1% <X<Xp,Y; <Y<Y}
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y 4

0.5

X

0 0.5 1

Figure 1 — Domain of the function to be approximated f (X, Y)

Let’s define a function at the corner points of the ele-
ments:

f57(0,0)= f(0+0;0+0) =1,

. f57(0;0.5)= f(0+0;0.5-0)=2,
f77(0.5,0.5) = £(0.5-0;0.5-0) =1,
f~7(0.50)= f(0.5-0,0+0)=2,
f+7(0;0.5)= f(0+0;0.5+0) =1,

. f70;1) = F(0+0;1-0)=2,
f7(0.51) = f(0.5-0;1-0) =1,
f7(0.5;0.5)= f(0.5-0;0.5+0) =2,
f7(0.5;0.5)= f(0.5+0;0.5+0) =3,

m,,. f57(0.51)= f(0.5+0;1-0)=4,
()= f1-0;1-0)=3,

f 7% (1,0.5) = f(1-0;0.5+0)=4,
f77(0.5,0) = £(0.5+0,0+0)=3,

- f7(0.5;0.5)= f(0.5+0;0.5-0)=4,
f 7 (1;0.5) = f(1-0;0.5-0) =3,
£ (1,0)= f(1-0;0+0)=4.

The discontinuous spline will be constructed in the
form (1)

2X+2y—8xy+1, x,y)elljy,
S(x.y) = —10x -6y +8+8xy, (X, y)ell,,
—4Xy+2X+2y+2 , (X, y) ey,
—8Xy +6X+6Yy—1, (x,y) elly,.

As you can see, the function S(x,y) at the border be-
tween the elements IT;; and Il,; at X <X will have the
following traces:

S —0,y)=S;,(x,y) = f 7 (0.5:00L L +
Yo— Y1

+E77(0.5;0.5 L0y <y <y,
Y1—Yo



p-ISSN 1607-3274 PagioenexkrpoHika, iHpopMaTuka, ynpasiinus. 2022.
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022.

z 7

4
4

Similarly, S(x +0,y) = S5,(x, y) = f 77 (0.5,002L L 4
Yo— W1

+£7(0.5:0.5 =Y Yo <Y<Y,
Y1—Yo
That is, if f~%(0.5,0)= f™(0.5,0), then at a point
(0.5;0) such a spline will be discontinuous. In addition, if
at a point f*7(0.5;0.5) = f ©7(0.5;0.5), then the spline

will  be discontinuous
X=0.35, yo<y<y.

Let us define the function to be approximated in the
form

along the entire line

f (X’ y) = SIj (X’ y) +

+(X_Xi—1)(xi =X =YD —Y)
4

7(Xa y) El_li,ja i’ J :1’2-

Thus, in each of the four elements of the assignment,
the function to be approximated has a partial derivative

f 2’2(x, y)=1, V(xy)ellj. Therefore, according to the

theory, the error in the approximation of such a discon-
tinuous function written above by a discontinuous spline
will satisfy the inequality:

AIPAJ?

|6y =8; 00y < F 3P Em)- BT

Bitl
1A2)82) 1 16

212! 64

max
(X, y)elljj

Suppose that in the domain defined in the previous
example, a function with discontinuities of the first kind
in the nodes of a given rectangular grid is given (Fig. 2):

X2+y2’ (Xay)enll;
X2 _y2’ (Xa y)enlz;

fooy)=9 "
—X"ty 7(Xay)€H21;

_X2 - yza (Xa y) € HZZ'

Figure 2 — Image of the discontinuous function f(X,Y)
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This function has discontinuities of the first kind at the
boundaries of a given rectangular grid, and hence at the
corner points of the grid.

First, we construct a discontinuous bilinear approxi-
mation spline on a given rectangular grid, for which we
use the formula of the approximation spline [18] in each
element of the partition

X=X Y-Vj
Xi-1 =X Yj-17Yj
Ci:,j X=% Y=Y +ij+—1x_xi_1 Y—VYj
Xi1 =X Yj=Yja X = Xic1 Yj-17Yj
ACi X=Xy Y~Yj
X = X1 ¥Yj = Yja

Lij (% ¥) = Ci ji +

+

, (X y) elly,

where C — matrix of unknown coefficients.
In this case, the experimental data are the values of the
function at the corner points of the rectangular grid, i.e.

f77(0.5,0)=0.25, f7(0.5,0)=-0.25,
f77(0;0.5)=0.25, f7(0;0.5)=-0.25,
f77(0.5;0.5)=0.5, f77(0.5;0.5) =0,
f%7(0.5,0.5)=—-0.5, f77(0.5;0.5)=0,
f7(1;0.5)=-0.75, f~"(1;0.5)=—1.25,
f77(0.51)=-0.75, f*7(0.5;1) =—-1.25.

Next, using the method of least squares, we solve the
minimization problem:

F(C)= ﬂ( £(X,y) = L(X, y,C))? dxdy —> min.
D

This problem was solved in the computer mathematics
system MathCad and the following matrix of coefficients
was obtained:

—0.083 0.167 0.167 0.417
co -0.25 0 -1 -0.75
-0.25 -1 0 —0.75
-0.417 -1.167 -1.167 -1.917

That is, the bilinear approximating spline takes the
form (Fig. 3).

0.5x+0.5y-0.083, (X, y)ell,;
L(x.y) = 0.5x-1.5y+0.5, x,y)ell,,;
’ ~-1.5x+0.5y+0.5, (x,y)ell,;

—1.5x-1.5y+1.083, (Xx,y)ell,,.
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Now on a given grid of nodes for a given discontinu- I, : oli(y)= lim f(x,y)=y>-0.25,
ous function f(X,y) we construct a discontinuous interli- beyeos
nation spline in the form of formula (1), which for our ol (y)= lim f(x,y)=y>-1;
case takes the form Saycos
2:(xX)= lim f(x,y)=-x?
S(x.Y) =5, (x.Y). (x.y) e TT;, 92000 =1 T00Y)
S; (%, y) = S1, (X, y) + 52, (X,y) - 02, ()= Tim f(xy)=025-x";
0.5<x<1
_Slzi'(xa y),(X, y)EHi- = D, + .
: ' IL,: (Plo(y)zx_l)l(g{ro f(x,y)=-y*-0.25,
0.5<y<1
X—X _ X—Xij_
SLij (%, Y) = ol iy (y)- ol (y) — ol (y)= lim f(x,y)=—y’—1;
Xi—l - Xi - Xi—l X—>1-0
0.5<y<1
52,0, Y) = 92", ,(X)- Y-y +¢2—j(x).m; 92;(0= lim f(xy)=-x"-025,
i1 Y —Yiu 0.5<x<1
. - X —X_ 2,(x)= lim f(x,y)=-x"-1.
S12,(x,Y) = 01, (¥) 2 ol () 22t 07 (0= 1m, FOoY)
XI71 | | xi71 5<x<1
312". (X, y)= CI*Y] lﬂ& And a given matrix of interpolation data in the nodes of a
Xii =% Yia =Y, given grid
o X=X Y=V, o X=X, YTV,
+Ch AL S I o At S A4 I
M- x Y~ Y Y Y-y, 0 025 025 05
Xex . Y=y o 0.25 1 0 0.75
c[}ﬁﬁ; 1025 0 -1 -075]
Lo o 0.5 -125 -125 -2
where
Construct an interlination spline for a rectangular ele-
C|+Jlr] 1= 111’1’1+ f(X, y)a C:;j = lj_n}m f(X, y)’ ment H” .
y»yj 140 y%ylj_fo
C..= lim f(xy) C.” = lim f(x,y). X — X _ X—
=1 e e " X—>Xj — ’ =ol" . 1 . 0 —
I o, Sy () =01, ()L =0l (1) =2
-0
To do this, the experimental data will be traces of the = y2 05 + (y* +0.25)- —O =
passed function along a given system of  lines

X=X, =0,Xx=%=0.5,x=X,=1,
y= yo :Oa y= y1 :0~5, y= y2 =l,nam€1y,
IT,, :cplg(y) = ng)l f(x,y)= y2’
0<y<0.5
ol (y)= lim f(x,y)=y*+0.25;
oortos
92,(x) = lim f(x,y)=x’,
$oxkos
02, (x)= lim f(x,y)=x+0.25;
y—0.5-0
0<x<0.5
Loly(y)= lim f(xy)=y,
0.5<y<1
ol (y)= lim f(x,y)=y*-0.25;
ooy
92/ (x)= lim f(x,y)=0.25-x",
y—0.5+0
0<x<0.5
02,(x) = lim f(xy)=1-x
y—l-
0<x<0.5
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=-2y*(x—0.5)+2x(y* +0.25);

$2,,(6,y) = 92", (0)- LY 1 927, (x)- LYo =
yl _yo

0 1

2y05

=X =

+(O 25+ %) —5
=-2x’ (y—0.5)+2(0.25+x )Y

SIZH(X y) = C++ X=X Y- C(;rl— X=X y_yo+

X Yo Y X=X Y=Y
+Cl—0+ X— X y y] C77 X— X y y() —
0 yO yl 0 yl yO
x—0.5 y 25 X y—0.5+ .5ii:
-0.5 0.5 0.5 -0.5 0.50.5
—y(x—=0.5)—x(y —0.5)+2xy;

Sll(xay):Sl1l(X9Y)+5211(X9Y)_81211(X9y)=

“2y*(x=0.5)+2x(y* +0.25) = 2x*(y - 0.5) +

+2(0.25+x7)y = (X—0.5) + X(y —0.5) = 2xy = y* + X°.

=0.25
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Interlination splines are similarly constructed on other
rectangular elements. As a result, we obtain a discontinu-
ous interlination spline

X2+y2» xy)ell,,
(x,y)elIl,,,
_Xz + yZ’ (X’ y) € HZI’

_X2 - yZ’ (Xs y) € H22'

X -y,
S(x,y)=

5 RESULTS

This section provides a testing discontinuous ap-
proximation and interlination splines to recover a discon-
tinuous function of two variables. Information about the
function f (x, y) is given by the corresponding one-sided
traces of a discontinuous function along a given system of
lines for an interlining spline and one-sided values of the
function at the nodes of a given perpendicular grid for a
discontinuous approximation spline. We determine the
maximum deviation of the approximate function f(X,Yy)

from the constructed bilinear spline L(X,Y)
max| f (X, y) - L(x, y)| = 0.064.

Based on the obtained form of discontinuous interlina-
tion spline L(X,y), it completely coincides with the ap-

proximating function, i.e. max| f(x,y)—S(x, y)| =0.

Figure 3 — Graphical view of the given function f(X,Y) (gray
color) and the received spline L(X,Y) (black color)

6 DISCUSSION

We can conclude that the interlination discontinuous
spline accurately restores a given discontinuous function
on a given rectangular grid of nodes in contrast to the
discontinuous approximation spline. This indicates that
the numerical experiment confirms the theoretical results
presented in this paper.

However, it should be noted that the discontinuous
structures constructed in the article are used for experi-
mental data of a different nature (values of the desired
function at points and on lines).
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CONCLUSIONS

The problem of development and research of methods
for approximation of discontinuous functions by
discontinuous interlination splines and its further
application to problems of computed tomography are
considered in this paper.

The scientific novelty is that for the first time a
discontinuous interlining operator has been constructed to
restore functions of two variables that have discontinuities
of the first kind. The main difference from classical
approximation methods is that discontinuous interlining
uses one-sided traces as information functions along
given lines. Constructed discontinuous structure high
approximation accuracy.

The practical significance of this work is that new
methods using information about a function in the form of
one-sided traces of a function along a given system of
lines opens up new ways in the construction of mathe-
matical models, particularly in computed tomography.

Prospects for further research are to construct and
study of a method for finding lines of discontinuity of a
function of two variables in the case when information
about the function is given in the form of traces of a func-
tion on a given system of lines and to develop a theory of
discontinuous splines on areas of complex shape bounded
by arcs of known curves.
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YK 519.6

BITHOBJIEHHSI PO3PUBHOI ®YHKIIIi PO3PUBHAMU IHTEPJIIHALIMHAMU CILIAMHAMHU

Hepmmna YO. I. — 1-p ¢di3.-mar. HayK, JOLEHT, 3aBigyBay Kadeapy BUIIOi MaTeMaTuKH HalioHaapHOTO TEXHIYHOTO yHIBEpCHUTe-
Ty «XapKiBCbKUI HOJIITEXHIYHUN IHCTUTYT», XapKiB, YKpaiHa.

AHOTAIIA

AkrtyanabHicTb. [IpoGiemMa po3poOKM Ta [JOCTIKEHHS METOAIB ampoOKCcHMamii pO3pUBHUX (QYHKIIH PO3PHBHUMH
IHTepIiHALIHHAMY CIUTaifHAMHM Ta ii OJajbIe 3aCTOCYBAaHHS A0 33/1a4 KOMII I0TepHOi ToMorpadii. O6’€KTOM AOCTiIKEHHS € MOJe-
JIIOBaHHS 00’ €KTIB 3 PO3PHBHOIO BHYTPILIHEOIO CTPYKTYypot0. MeTa poOOTH — HOCITIIKEHHS Ta PO3po0Ka 3aralbHOr0 METOy Mo0y-
JIOBH PO3PHBHHX IHTEpITiHANIHUX MONIHOMIaJbHUX CIUIANHIB, AKi, SIK OKpPEeMHil BHIIAJOK, BKIIOYAIOTh PO3PHBHI Ta HEHNEpPEpPBHO-
nudepeHIiiioBaHi CraiHu.

Metoa. CyuacHi MeTOaM BiJJHOBJICHHS (DYHKIIH XapaKTepU3YIOTHCS HOBHMH IIJXOAaMH JI0 OTPUMaHHs, oOpoOKH Ta aHamizy
indopwmarii. Bunukae norpeda B moOyq0Bi MaTeMaTHYHUX MOENEH, B SKUX iHGOpMAaLlist MOke OyTH NpelncTaBieHa HE TIJIbKU 3Ha-
4yeHHsAMH (YHKIIT B TOUKax, a i y BUNIAI Habopy ciixiB GyHKLi# Ha rurompHax abo mpsamux. BopHowac mpakTka mokasye, 1o
cepen 0araTOBIMipHUX 00’ €KTIB, SIKi MOTPEOYIOTh AOCIiKCHHS, O1TbIIe TPOOIEM OMUCYIOThCSA PO3PUBHIMHU (PYHKITISIMU.

VY crarTi po3pobieHo 3aransHUK METOA MOOYIOBH PO3PHBHUX IHTEPIIHAIIHUX MOMTHOMIaTbHUX CIUIAWHIB, 10 CKIAAY SKUX, K
OKpEeMUi BUIIA/IOK, BXOAATh PO3PUBHI Ta HENEepepBHO AudepeHniioBani ciutaifnn. BaxkaeTbes, mo o6yacTh BU3HAYEHHS IIyKaHOT
JBOBHMIpHOI (yHKHii po3bura Ha npsAMOKyTHI eneMeHTH. CQOpMyIbOBaHO Ta JOBEAEHO TEOPEMH IIpO IHTEpIiHAWiHHI Ta
aIpoKCHMAalliifHi BIIaCTUBOCTI TaKUX PO3PHBHHUX KOHCTPYKLii. Po3pobiieHo MeTo anpokcumanii po3puBHUX (QYHKIIH ABOX 3MiHHHX
Ha OCHOBI NMOOYJOBaHMX PO3PHBHUX CIUIAiHIB. BXimHMMH naHuMu € ciign HeBimomoi QyHKIIT B3OBXK 3a7aHOI CHCTEMH B3a€EMHO
MEPIICHANKYJIIPHUX HPSIMHX. 3aIPOIIOHOBAHUI METOJl Ma€ He TUIbKHM TEOPETHYHE 3HAUCHHS, a i IPaKTHYHE 3aCTOCYBaHHA B cdepi
IT, ocobnuBO B KOMIT 10TepHii ToMOrpadii, 0 J03BOJISAE GBI TOYHO BiIHOBUTH BHYTPIIIHIO CTPYKTYPY OpraHi3my.

PesyabTaTn. J{ociimkeHo onepatop po3pUBHOI iHTEpIIiHAMLIT 32 BIIOMHUMHU CIlizaMi (YHKIII ABOX 3MIHHHX Ha CHCTEMi B3a€EMHO
MEPIICH/TUKYJISIPHUX PSIMHX.

BucnoBkn. OyHKIil [BOX 3MIHHHX, SIKI € PO3PUBHUMH B JESKUX TOUYKax a00 Ha JSSIKHX JIHISAX, Kpalle alpoKCHMYIOTBCS PO3-
PHMBHHMH iHTEpIIiHALIHHUMY cIUTaiiHaMu. IIpu bOMy MOYKHA OTPHMATH OJIHAKOBO BHCOKI OLIHKK HabmmwkeHHs . OTpHUMaHi pe3yJibTa-
TH MaloTh 3HA4HI NepeBaru IepeJ iCHyIOUMMH METOJAMM IHTEpIOJALil Ta ampoKcHUManii po3pMBHHMX (yHKUiH. Y momanbmmx
JOCIIIJUKEHHSAX aBTOPH IUIAHYIOTH PO3BHHYTH TEOPIiI0 PO3PHMBHHX CIUIAHHIB Ha IUSIHKAX CKJIAMHOI (GopMH, OOMEXKEHHUX ayramu
BiZIOMUX KPUBHX.

KJIFOYOBI CJIOBA: 06po6ka curHaiis, ojiHOMIaIbHU# CIUIaliH, IHTepIiHALS, pO3pUBHI (YHKLIT, aTPOKCHMALIis.
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KBAHTOBI HIU®PO-AHAJIOI'OBI OBUNCJIEHHSA

XaxanoBa I'. B. — kaHn. TexH. HayK, JOUEHT Kadenpu aBTOMaTu3alii MPOEKTYBaHHS OOYMCIIIOBAIBLHOT TEXHIKH,
XapKiBChbKUI HalliOHAILHUN YHIBEPCUTET Pa/liOeIeKTPOHIKH, YKpaiHa.

Yymauenko C. B. — 1-p TexH. Hayk, npodecop kadeapn aBromaTHsanii MpoOeKTyBaHHSI 00UNCIIOBAILHOT TEXHIKH,
XapKiBChKUI HalliOHAILHUN YHIBEPCHUTET PajlioeIeKTPOHIKH, YKpaiHa.

Paxaic JI. FO. — xaHx. TexH. HayK, TOLEHT Kadepy aBTOMaTH3allii MPOeKTyBaHHS OOYMCIIOBAIBHOI TEXHIKH, Xap-
KIBCHKHI HaIllOHAIEHUH YHIBEPCUTET paJioeIeKTPOHIKH, YKpaiHa.

Xaxanos 1. B. — acmipanT kadenpn aBTomMaTu3arii MpoeKTyBaHHS OOYUCITIOBATBHOT TEXHIKH, XapKiBCHKUI HAaIlio-
HAIBHUH YHIBEPCUTET PaIiOeIeKTPOHIKH, YKpaiHa.

XaxaHnoB B. 1. — n-p TexH. Hayk, mpodecop Kadenpu apToMaTn3allii MpoeKTyBaHHSI 00YHCIIOBAIIFHOI TEXHIKH, Xa-
PKiBCHKHI HalliOHAJIFHUN YHIBEPCHUTET PaliOCTIEKTPOHIKH, YKpaiHa.

AHOTANIA

AxTyansHicTs. [Ipupona € BinHOmEHHS MiXk Ipoliecamu Ta siBumamu. Himo se icHye y Beecsiti 6e3 Bignoniens. Komm’totep —
TpaH3aKUii BiJHOLIEHb MK JAHMMH 32 JJOIIOMOI'OI0 MEXaHi3MIB yNpaBIIiHHS Ta BUKOHaHHsA. KBaHTOBI BiJHOLICHHS € CyNEpPIO3HLisL
YaCTHHOK Ta iX craHiB. Cynepno3uiis Ta CIUIyTaHicTh — eKBiBaJleHTHI MOHSTTs. CIUTyTaHICTh — HEJIOKAJIbHA CYIEPIIO3HULis JeTepMi-
HOBaHUX cTaHiB. KBaHTOBHMII KoMIT'foTep — Oe3yMOBHI TpaH3akuii BiAHOIIEHb MK KyOiTHUMH naHuMu. KBaHTOBHI KOMII'IOTEp —
QHAJIOTOBHI MPUCTPIN ISl MapajebHOrO BHUPIIICHHS KOMOIHATOPHUX 3a/1a4. [IpaKTHYHO OPiEHTOBaHI BU3HAYCHHS MOHSATH KBAHTO-
BOrO KOMIT'IOTEpa € MUIIX /0 PO3pOOKH MacIiTabOBaHMX KBAaHTOBUX IMapaliefbHUX AITOPHUTMIB JUIS PO3B’s3aHHs KOMOIHATOPHHX
3ama4. Byap-skuit anroputM MOXKHa 3BECTH A0 MOCIIIOBHOCTI omeparii 6e3 ymoB, 60 Oyab-sika TaOMHI iICTHHHOCTI € CYKYIHICTh
MMOBHOI CHCTEMH YMOB-CTaHiB. ByIb-SKy MOCTIJOBHICTD JIiii 3aBXIM MOKHA 3BECTH JI0 OAHI€l MapalleNbHOI onepamnii. YMOBHU Ta Mo-
CITIIOBHOCTI BHWHHUKAIOTh JIAIIE Yy BHUMAAKy, KOJIH pPO3POOHUK Oaka€ CKOPUCTATHCSA paHille CTBOPEHHMH MNPUMITHBAMHU-
KOHCTPYKI[SIMH U1 OOY/IOBH 3aBX/HM HEONTUMAIBHOro obumcitoBada. JleTepMiHOBaHA MapajnurmMa CTBOPEHHsS KBAaHTOBOTO KOM-
’roTepa IUISIXOM BUKOPUCTaHHS ()OTOHHHX TPaH3aKILiil Ha eNEKTPOHAX aToMa MOYKE BHUKIIFOYATH BUKOPHUCTAHHS KBAHTOBOI JIOTIKH.
EBouIomiiHMI OUISIX KBAHTOBOTO KOMII'IOTHHTY 3 KJIACHYHOTO: «I1aM’sTh-aJipeca-TpaH3akuis» (memory-address-transaction, MAT)
— «eJIEKTPOH- ajapeca-TpaH3akiliny (electron-address-transaction) — «ejekTpoH-aapeca-kBaHTaiis» (electron-address-quantaction,
EAQ) — cran-cyneprno3uiis-yiorika (state-superposition-logic). Touka 3ycTpiui KJIaCHYHOrO Ta KBAHTOBOTO KOMII IOTHHTY — (hOTO-
HHI TpaH3aKLii Ha CTPYKTYpI eNeKTPoHiB. Bce, 1110 00YHCITIOETHCSI Ha KBAHTOBOMY KOMII FOTEpi, MOXKHA MapasebHO [IPOPaxoByBaTH
Ha KITACHYHOMY 32 PaxyHOK HaJMipHOCTI maM’sti. HaBoanuThCS MpUKIIag — arOPUTM Ha OCHOBI mam’sTi (memory-driven) i Moze-
JIIOBaHHS OU(PPOBHUX BUPOOIB HA OCHOBI KyOITHO-BEKTOPHHUX (OPM OMHUCY (PYyHKIIOHATBHOCTEH IS CyTTEBOTO MiIBUILECHHS MTPOIYK-
THUBHOCTI OOYHCITIOBANEHIUX MPOIECIB MIISIXOM ITapajeIbHOTO BUKOHAHHS JIOTIYHUX OTIepaIii.

Merta. MojenoBaHHs icripaBHOi ToBeAiHKH SOC KOMIOHEHTIB Ha OCHOBI BEKTOPHOT'O MOJAHHS JIOTiKH, GOPMYBaHHS TPUIEPHO-
r'0 PO3BUTKY KOMIT'IOTHHTY Ha OCHOBI CYIEpPIHO3HIIii KIACHYHOT0, KBAHTOBOI'O Ta aHAJIIOrOBOr0 OOYHCIIOBAIBLHOIO MPOLECY, KUl Y
CBOEMY PO3BUTKY Ma€ CITUPATHUCS HA TEXHOJIOTIUHI KyOiTHi, TaOJIMYHI Ta BEKTOPHI CTPYKTYPH JAaHHUX JUIS MapajieIbHOTO BUPIMICHHS
KOMOIHATOPHHUX 3a1ay.

Meton. MAT-kOMIT'IOTHHT peaiidye OyIb-siKi arOPUTMH 32 PaXyHOK TpaH3akuiid (duTaHHsA-3amuc) Ha mam’siti. KybitHo-
BEKTOPHI MOJEJi onucy (yHKI[IOHATEHOCTEH, SIKi BiAPI3HAIOTHCS BiJl BIIOMHUX TaOIHI(b ICTHHHOCTI KOMIIAKTHICTIO OMUCY Ta TEXHO-
JIOT1YHICTIO IS peati3alii mapajeIbHAX AITOPUTMIB CHHTE3Y Ta aHaJli3y HU(PPOBUX NPUCTPOiB Ta SOC-KOMITOHEHTIB.

PesyabTaTn. 1) Boepie 3anponoHOBaHO METPUKY TEXHOJOTIYHHUX CTPYKTYp JaHHX, OPIEHTOBaHA Ha MapajeibHUI MOUTyK He-
CIIPaBHOCTEH y HU(POBUX CHCTEMaX HA OCHOBI BUKOPHUCTAaHHS JIBOX JIOTIYHHMX BEKTOPHHUX omepamiid. 2) Jlicrana mogajibIioro pos-
BUTKY METpHKa BiHOIIEHb MiX okpemMux kommnoHeHTiB QC (relations), mo 03BOJIsIE OpraHi3yBaTH KBAaHTOBHH JIeTEpMiIHOBAHMI
KOMIT'IOTHHT. 3) Brepiue 3ampornoHOBaHO KBAaHTOBI apXiTEKTypHi PIlCHHS, L0 JO03BOJSIIOTH PO3B’SI3yBaTH 3a/adi MOKPUTTS y
KBasinapajuieabHoOMy pexumi. 4) OTpuMany NOJanbIINi PO3BUTOK apXITEKTYpHI pIMICHHS Ha OCHOBI aHAJIOro-IU(pPOBOrO
KOMIT FOTHHTY, 1110 MOXYTh OyTH BUKOPHCTaHI JUIs apasieSIbHOTO PO3B’sI3aHHsI 33124 aHali3y UU(PPOBUX CUCTEM. 5) 3anpornoHOBaHO
BEKTOPHO-KYOITHI CTPYKTYpH JaHUX JIOTIKH, IO T03BOJISIIOTH KBa3inapasielbHO MOICIIOBATH LIU(POBI CXEMHU.

BucHoBku. PeanizoBaHo KyOiTHI MO/, KBAHTOBI METOAX Ta KOMOIHATOPHI aTOPUTMHU TEXHIYHOTO TiarHOCTYBaHHS U(PPOBUX
MIPUCTPOIB, SIKi TAIOTh MOXIJIUBICTH CyTTEBO (10 25 %) 3MEHIINTH Yac CHHTE3y TECTiB, JeTyKTHBHOTO MOJEIIOBAHHS HECIIPABHOCTEH
Ta CIPaBHOI TOBEIIHKH, NOUIYKY Je(QEeKTHHX CTaHIB 3a paxyHOK BIPOBA/DKEHHS IHHOBALiiHOI inei BHKOpHCTaHHSA KyOiTHO-
BEKTOPHHUX CTPYKTYP JaHHX JJIsl OMUCY JIOTIYHUX KOMITOHEHTIB. [IOpIBHSIIBHI OI[IHKM BHKOPUCTAHHS KyOITHHX MOJENEH Ta METO/IB
MOKa3y[Th MiJIBULICHHS ¢()EKTHBHOCTI aJrOPUTMIB MOJCIIOBAHHS LH(POBUX MPHCTPOIB MOPIBHAHO 3 TAOAMYHHMH. [HTErpaibHO
MIPE/ICTaBIeHa CYNEPIIO3HILisl KIIACHYHOT0, KBAHTOBOTO Ta aHAJIOrOBOTO KOMII IOTHHIA, IO Ja€ MOXJIMBICTh 3HAXOIUTH Haiikpamii
PO3B’sI3KH /IS pO3Mi3HABAHHS Ta MPUITHATTS PillICHb.

KJIFOYOBI CJIOBA: kBaHTOBHII 111(pO-aHATOrOBHUIl KOMII IOTHHT, KBAHTOBHH JIETEPMiHi3M, CyIepHO3HLIis, CIUTyTaHIiCTh, Ma-
M’ STb-aJlpeca-TpaH3aKIlis, eNeKTPOH-agpeca-KBaHTallisl, KBaHTOBI TpaH3aKLil HAa CTPYKTYpi €NEKTPOHIB, KyOiTHI BEKTOPH, MaTPUYHI
CTPYKTYPH IaHUX, HHU(POBI CHCTEMH Ha KPHCTAax.

ABPEBIATYPU FPGA — mnporpamoBaHa KOpPHCTYBaueéM BEHTUJIbHA
Al — artificial intelegence (IITy4HMIA IHTEJIEKT); MaTpHuILs;
ASIC — iHTerpanbHa cxeMa CIEIiaJbHOIO MNpU3Ha- FSM — finite state machine (kiHueBuii aBTomar);
YEHHS; HW/SW peanizaniss — amapaTHO-TIporpaMHa peaiza-
DT — Data-Transaction (maHi-TpaH3aKIIis); LSt

© Xaxanosa O. B., Uymauenko C. B., Paxuic [I. 1O., Xaxanos 1. B., Xaxanos B. 1., 2022
DOI 10.15588/1607-3274-2022-4-4

40



p-ISSN 1607-3274 PagioenexkrpoHika, iHpopmaTuka, ynpaeiinss. 2022. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 4

MAC — KOHTPOJIb IOCTYIIY IO MeJia;

MAT - Memory-Address-Transaction (ITam’siTb-
Anpeca-Tpan3zaxkitis);

ML — machine learning (MamuHHe HaBYaHHS);

SOC — system on chip (cucrema Ha KpucTai);

QC — quantum computing (KBaHTOBHH KOMI IOTHHT);

QPU — quantum processing unit (6JIOK KBaHTOBOiI 00-
poOkn);

VLCI — cxemu HaIBeTTMKOTO PiBHA iHTETpalii;

UWB technology — 6e3apoToBa TEXHONOTIS 3B’SA3KY
Ha 0a3i HaAMMIPOKOCMYTOBUX CUTHAIIB;

AT — ananoroBo-uu¢poBuil MepeTBOPIOBaY;

PY curnanm — paio4acToTHI CUTHAIH;

ITAIT — nundpoBO-aHATIOTOBHIA IEPETBOPIOBAY.

HOMEHKJIATYPA
a — acepiis;
C — MIBHJKICTE;
D — pizauLs;
€ — eHepris;
L — norika;
m — maca;

M — nam’satb;

N — PO3PSIHICTH;

N — 4ucno craHis,;

R — BekTOp TeCcTyBaHHS;
S — mpocrip;

T —roauHa.

BCTYII

BueHi, 1110 CTBOPIOIOTH KBAHTOBUI KOMII IOTEpP, HIyTh
nusixoM, 3aknmaaeHuM Eminem Jleonom IMoctom (1897-
1954) piao 100 pokiB TomMy. OCHOBHHIA NPaKTHYHHUHA
noctynat Ilocty monsirae B TOMy, 110 HEMOXIIMBO CTBO-
puta obumciroBad 6e3 (hyHKIIOHATFHO MOBHOTO 0a3wcy
MPUMITHBHUX JIOTIYHUX (YHKIIH, Hampukiam, Oe3 and-
not, or-not, and-or-not, 1-xor-and [1-3]. Ile milicHO Tak,
SIKIIO BHUXOAWTH 3 TaOJHIb ICTUHHOCTI TPHUMITHBHHUX
€JIEMEHTIB, K 0a30BHX HETTMHOK MPH CHHTE31 CKIIaJHUX
cxeM. [IpoTe 11 akcioma € KOPEKTHOIO NTOTH, NOKH HE
3HalileHi NpocTil onepauii-TpaH3akiii, 3aBASKA SIKHUM
MOXHa ONucaTH ab0 CHUHTE3yBaTH €JIEMEHTapHY JIOTIKY
Iocra, o cTBOPIOE QYyHKITIOHAIBEHO MTOBHI Ta MiHIMAaJIbHI
0a3ucH JIOTIYHUX (QYHKIIN, a TaKoXK OyIb-iKi 1HII KOM-
OlHAIIAHI CTPYKTYpH IOBUIBHOI CKIQAHOCTI. Takummu
NPUMITUBaMU € JIMIIE ABi (YHKII-TpaH3aKmii: 3anucy Ta
3UNTYBaHHS, Yepe3 sKi MOXKHA 3aICyBaTH/CHHTE3YBaTH
a0CONIIOTHO Oy[Ib-SIKHiA, CKITBbKU 3aBrOIHO CKJIATHHIA,
O0YHCITIOBAIFHUM TIporec. Bimbll TOro, HacmpaBdi CIix
TOBOPUTH JIHIIIE TIPO OIHY OIEpPaIlif0-TPaH3aKI[IO0 «3aIHnc-
3UNTyBaHHS». [Hakmre, mo0 3ammcaTH KyAuCh, Tpeda
34NTaTu 3BiAKKUCE. Lle 03Hawae — icHye OLTBII TEXHOJOTI-
YHa Ta NPHUMITHBHIMA anpTepHaTHBa Jorimi [locty Ta
KJIACHYHOMY KBAaHTOBOMY KOMIT IOTHHTY, 1€ OCTaHHIH
NOKH 1110 Hie NUIsIXoM quantum-mechanic-driven cunTe3y
KEpPOBaHUX TaOJHIb ICTUHHOCTI, SIK 0a30BHX CJICMCHTIB
[3, 4]. Ilpu upoMy BYEHI BBaXKalOTh, LIO HEMOXKIJIUBO
CTBOPUTH KBaHTOBHH 0OUYMCIIOBaY 0€3 TaKMX MaTeMaTH-
YHHUX TaOIUIb-MaTPUIlh, IS SIKHX MOTPIOCH TEXHOJIOTiY-

HO CKJIAJHWN KpPIOTEHHHH MEXaHi3M OXOJOKCHHS CHIIi-
KOHOBOTO KpHCTaja [0 PiBHA, OJIM3BKOTO abCOTOTHOMY
Hymo. CroroaHi Hal3aTpeOyBaHIIIIMU TeMaMH Ha pUHKY
TEXHOJIOTIH JUIsl IPaKTHUKH, HAYKHU Ta OCBITH € [5]:

1) xBanToBHit koM toTUHT (QC);

2) kibepcomiaigbHi  OOYHMCICHHS
computing);

3) obOumcneHHs mTy4Horo iHrenekry (Al computing).

[Mepmmit Mae BUpIIMTH BCl HaWCKIaaHiON KOMOiHa-
TOpPHI NpobieMu JitoacTBa. Jpyruil — ycyHyTH HeOe3IeKy
JIKBiJaIii JrOACTBA JIeAali aMOPAIBHINION ITONiTHYHOIO
emiroro. Tperid — CTBOPUTH ‘“‘BUIBHI BiJ JIFOIUHH
(human-free) migxomaw cTamoro caMopo3BHUTKY Kibepdi3u-
YHUX MEXaHi3MiB Ta iHppacTpykTyp. Ilpm mpomy Kom-
I’IOTHHT O3HAa4ya€ OHJaWH MPUIHATTS UU(PPOBUX pillIeHb
y BIANOBigs HA TOYHWH BHYCPITHUA METPHYHHUHA MOHITO-
PHHT mporecy abo sIBHIIA.

3ragaHi TPeHAW KOPETIOIOTHCA 3 HANPSIMKAMH PO3BH-
TKy TeXHoJoriii kommanii Gartner, a came mpo KoMOiHa-
TOPHI 1HHOBAIlii, SIKi CTBOPIOIOTh HOBI BIIACTUBOCTI Ki0e-
pOI3MYHUX cUCTEM, CHPSIMOBaHI Ha IMiJABHIIEHHS SKOCTI
JKUTTSI TPOMaJsiH Ta 30epekeHHs1 ekosorii manetu. [le-
PIIUM TPEH/JOM € TIMOOKa OpIEHTOBAHICTh Ha MOTPeOU
mozieit (people centricity), 110 BKJIFOUa€ PO3BUTOK iHTEp-
HeTy eTHuHOi noBeainku (internet of behaviors), y3arain-
HEHHS JIOCBioy Yy Dpi3HuMX cdepax (total experience
strategy) Ta BIPOBA/DKCHHS B YIIPABIIHHS JIOIWHOIO,
MiABUINEHHS KOHQIICHIIHHOCTI HaHWX 1pu 00pooi
(privacy-enhancing computing). [pyruii TpeHn — Hesa-
JeXHICTh Bia Mici po3tarryBanHs (location indendence)
— MPEACTABJICHUH PO3IMOIIICHUMHE XMapHUMH CepBicaMu
(distributed cloud), oneparniiiHumMu AisiMu, iHBapiaHTHUMU
JI0 TeoJokarlii cy0’ekrTiB (anywhere operation), maciira-
OoBaHMMM MepexaMu KibepOesneKkH NpolEeciB Ta SBUII
(cybersecurity mesh). Tperiit — criiiki moctaBkH (resilient
delivery) B yMoBax CBiTOBOi HecTaOIEHOCTI — (POPMY€ETh-
sl IHTEJIEKTYaJIbHUM KOMIIO3UTHUM Ta THYYKUM Oi3HECOM
(intelligent composable business), HapiiHUMHU 3acobamu
Al rinepaBTOMaTH3aIli€l0 BCHOTO, IO MOXXHA aBTOMATH-
3yBaTH B Oprasizamii. YTpaBiiHHS, oreparii, MOHITO-
PHHT, IO HEJOKAIEHO BUKOHYIOTHCS B OHJIAHH pexuMi,
CHOTOJIHI € XHTTEBO BAKIMBUMH IPUHIUIIAMH BHKHBaH-
Hsl JTIOJICTBA.

O0’eKkT 0CJiIIKEeHHs — KJIAaCHYHHWM, KBAaHTOBHMH Ta
AQHAJIOTOBUH KOMIT IOTHHT.

Ipeamer mocaixkeHHs1 — KyOITHI CTPYKTYpH HaHHX
JUIl onucy HU(POBUX MIPHUCTPOIB Ta KOMIIOHEHTIB, IO
BiJIPI3HAIOTHCS KOMIIAKTHICTIO Ta BUCOKHUM IapajeizMoM
ix 00poOKH.

MeTa gocaigikeHHsI — MOJENIOBAaHHS ICIPAaBHOI I10-
BefiHkH SoC KOMITOHEHTIB Ha OCHOBI BEKTOPHOTO IIO-
JAHHS JIOTIKM, (OPMYBaHHS TPHUIEPHOTO PO3BUTKY
KOMII'FOTHHTY Ha OCHOBI CYIIEPITO3UIIii KJIACHIHOTO, KBa-
HTOBOIO Ta AaHAJIOrOBOTO OOYMCIFOBAIBHOTO IPOLECIB,
SKi Yy CBOEMY PO3BHUTKY MArOTh CIIMPATUCS Ha TEXHOJIOTi-
4yHi KyOiTHI, TaOIMYHI Ta BEKTOPHI CTPYKTYPH JAaHUX IS
mapajeIbHOTo O3B’ sI3aHHA KOMOIHATOPHUX 3a1ad.

(cyber  social
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1 IIOCTAHOBKA 3AJIAUI
Hexaii 3agaHo yHiBepcajibHE XapaKTepHCTHYHE piB-
HsaHHA MozemoBanH M =Q;[M (X;)], B sskomy OepyTh

y9acTh TOPH3OHTAIBHIN BEKTOp MozemtoBaHHS M, KyOu-
THI Q-BEKTOpH JIOTIKH, a TaKOXX 3MiHHI 3B’S3KH X, IO
CTBOPIOIOTH &/IPECH OCEPEIKiB KyOITHHX BEKTOPIB.

Toxi 3amadi MOIATAIOTS Y:

1) ¢opMyBaHHI METPHKHM TEXHOJOTIYHHX CTPYKTYp
JAHUX JJIsl KOXKHOTO HECIHpaBHOro cTaHy L Ha oOCHOBI
BEKTOP-CTOBILIB Jyisi po3mi3HaBaHHA N neeKTHuX
00’€KTIB;

2) po3po0Ili METPUKH BiJHOIIECHb MK OKPEMUX KOM-
nonenTiB QC (relations);

3) momIyKy KBaHTOBUX AapXiTEKTypHHUX pillleHb IS
KBa3iNapaJuIeIbHOTO PO3B’A3aHHS 331441 TOKPUTTS;

4) momyk apXiTeKTypHHX pillleHb Ha OCHOBI aHaJIOro-
¢ POBOTO KOMIT IOTHHTY;

5) BEKTOpHO-KyOITHI CTPYKTYpPH MaHUX Ta MOIEIIO-
BaHHS NA(POBUX CXEM.

2 OIJIsIA JJITEPATYPU
VYHiTapHe KOAyBaHHS 3a0e3rneuye mapajeibHe BUKO-
HaHHS PETICTPOBUX JIOTIYHUX OMepalid Ha KIaCHIHOMY
koM 'torepi [6]. KBanToBuii koMm’'toTHHT [7] B maHui
yac € He II0 iHIIe, SK aHAJIOTOBI CTPYKTYpH JaHHUX Ta
anroputMu (puc. 1).

MpuknaaHuii piseHb

L ANropuT™M J ( PesynbTaty J
| |
L J

KnacuyHi 064mcneHHs

KanibpysanHn & HanawrysaxHs|

BumiptoBaHHa

MikpoiHCTpyKUil J

L 2
Uudposi o6uncneHHs

{Ll,mbpoai Kepytoui curHaﬂMJ [ Lndposi curdany suuTysaHHA J

[AHanurosi Kepytoui cnruanu] [Auanoroni cUrHanu 3uvm/sauun}

BnoK KeaHMosux 064uUCneHb

KBaHTOBMA Komn'woTep

PucyHok 1 — AHanmoroBuii KBAaHTOBHI KOMIT’ FOTHHT
Yy

CriekTp 4acToT, SIKi MOXYTh OJHOYACHO MOJaBATHUCS
Ha TpynH KyOiTiB, Jal0Th MOKIJIMBICTh MapajieinbHo 00po-
ONsITH JaHi, N0 HE aJIPecylOThCs, 32 JOMOMOIOIO MPOoIe-
nyp cyneprosuiii (or) i 38’s3aHocTi (not). CTBOPIOETHCS
HalTexHONOTiyHIma 1 Hafbaxanima address-free kowm-
m’roTepHa mapa DT, mapanenizm Kol BU3HAYAETHCS JTHIIE
CMYTOIO TPOIYCKaHHS aKTI0ATOPHUX YacTOT Ta PO3MipHi-
cTio KyOiTHOI mam’sti. Takuit DT-koMIT IOTHHT Opi€HTO-
BaHMI Ha OOpOOKY BENMKHX MaHWX 33 MiCIeM IXHbOI
JIOKaIil B TMapaielbHOMY PEXHMMi YaCTOTHO-aHAIOTOBOT
aKTioAIil OOYHCITIOBANFHUX MPOIEAyp Ta AITOPHUTMIB.
s mopiBHAHHS KOMOiHAIIifHA JIOTi9HA CXeMa € MIPHKJIa-

JIOM TapaJielIbHOr0 BUKOHAHHS KJIACHYHOTO O0YMCIIIOBA-
JBHOTO TPOLIECY Ha OJHOMY BXIJHOMY BIUIMBI LUISIXOM
OJTHOYACHOTO TIOIIMPEHHSI CUTHAIIB IO TaJlbBaHIYHUM
NPOBITHUM 3’€THAHHIM 1 (DYHKIIOHAIBHUM €JIEeMEHTaM.
KBaHTOBHMII KOMIT'FOTUHI CTBOPIOE THUCSYY TaKHX CXEM
JUIsL TUCSY1 BXITHUX BIUIMBIB, JI€ OJJHOYACHO BUKOHYIOTh-
cs1 OOYMCITIOBAJIBHI TIPOLIECH, B SKUX CTPYKTYPH IaHUX
MapaJieNIbHO aKTYIOTBCSI CIIEKTPOM Pi3HMX 9acToT ((horo-
HiB). CKUIbKM JNaHHX — CTUIBKM ¥ cxeM. lle mosxmmBo,
KOJIA TEXHOJIOTIYHO MPOCTO CTBOPHUTH KUTBKICTH CXEM, IO
JIOPIBHIOE KITBKOCTI BXiMHUX NMaHWX. lIpu mpoMy icHye
TITBKH «XMapa» KyOiTiB B 00MEKEHOMY MPOCTOPi, Kepo-
BaHe ()OTOHHUM CBITJIOM O€3 MPOBIAHMX 3’€JHaHb. BUHU-
Kae “computing everywhere”, KoJIM BeNWKi JlaHi 3a Mic-
1eM iX JIoKarii BUCBITIIOIOTHCA (POTOHAMHU JJISI MUTTEBO-
rO OTPUMaHHs Pe3yNbTaTy KBaHTOBUX oOumcieHb. CTBO-
PIOETBHCS KUIBKICTh HEMMOBIPHO ITPOCTUX CXEM, IO JIOPi-
BHIOE KIIBKOCTI JAaHKUX IS iX MapajaebHOi 00pOOKH.

AmHaniTnyHa myOrikaiis [8] mikaBa CBOIM CHCTEMHO-
METPUYHUM MiAXO0JO0M JO JIOCTYIHOTO PO3YyMiHHS KBaH-
TOBOT'O KOMIT FOTHHIA, [0 BTUCHYTE y KiJbKa CTOPiHOK
TEKCTy. BUKOHaHO MOPIBHAHHS KJIACHYHOTO Ta KBAHTOBO-
ro MEXaHi3MiB YIpaBJiHHA Ta BUKOHAHHS, CTPYKTYp Ja-
HUX Ta airoputMiB. [loka3aHO 3HAYCHHS aHAJIOTOBUX
CUTHAJIIB JIJIS TTApajebHOTO YIPABIiHHSA Ta MOHITOPHHTY
MacHBIB KyOITHHX TaHWX, IO HEe MaroTh aapecy. [lpen-
CTaBJICHI IIUIAIXU PO3BUTKY KBAaHTOBOT'O KOMIT IOTHHTY Ha
OCHOBI 00’€JTHAHHSI CMUJIbHUX 3yCHJIb CHELIaNICTIB Pi3HO-
ro mpodiaro, TEXHOJOTIYHUX KOMIIAHIA Ta PO3BUHEHUX
KpaiH.

Jlesiki OCHITHMKU BHUCIIOBIIOKOTH IYMKY, IO JUIS
KBaHTOBHMX KOMII FOTEpIB CIUTyTaHICTh €, HaBIaKH, HeOa-
JKaHUM TIOOIYHUM (akTopoM [9].

VY poborax [10-28] inTerpanpHo peanizoBaHi KyOiTHI
MOJIeJIi, KBAaHTOBI METOJM Ta KOMOIHATOpPHI alrOpUTMHU
TEXHIYHOTO JiarHOCTYBaHHS IH(PPOBHUX MPUCTPoiB. Pobo-
ta [10] mpucesueHa mpoOieMaM OIEPaTUBHOTO TECTY-
BaHHS OOYMCIIOBAJBHUX CXEM, IO ONEPYTh HaOIMKe-
HUMH JaHuMH. Po3poOka OIepaTHBHOrO TECTyBaHHS
MPOXOAWyIa MiA Ai€f0 MOAEN TOYHUX JaHHUX, 0 BU3HA-
YMJIO TPU3HAYEHHs Ta HaIIMHICTB 11 MeToay JuIe Iyis
BUNAJKy TOYHHX naHuX. OcoOnuBoCTI HAOIMKEHUX 00-
YHCIIEHb POOJISITh MOXHOKY 3/1e01IbIIOr0 HeCyTTeBOW. B
[12] npornonyeTbest hyHIaMEHTAIBHUN TU3aiiH 1 peastiza-
uist nepenadi nanux VLC nHa piBHi MAC Ha OCHOBI
FPGA, mo Bkirodae 6a30BUi JOCTITHUIIBKANA KOHTEKCT,
Jm3aiiH 1 peanizaniro piBHI MAC UWB, a Takox pe3yiib-
TaTH MOJIENIOBAaHHS Ta MepeBipku wiel cucremu. Y [17]
JIEMOHCTPY€ETHCS BHCOKOTOYHA HAHO(POTOHHA KBaHTOBA
maMm’ATh Ha OCHOBI ME30CKOIIIYHOTO aHCaMOII0 HEOANMY,
criony4eHoro 3 ()OTOHHUM KpucrajioMm. HaHopesoHaTtop
3abe3nedye CIiHOBY moisipu3zamio > 95% mis edexrus-
HOi iHimiami3amii mam’ati rpeGiHKM aTOMHHX YacTOT Ta
BHOIPKOBOTO 3YUTYBAaHHS YaCOBUX IHTEPBAJIB 32 PaXyHOK
HOKPAILEHOI0 ONTHYHOI'O IITAPKOBCHKOTO 3CYBY YacTOT
rpebiHku. 3amporoHOBaHA TBEPAOTUIbLHA IaM’ATh IHTET-
PYEThCS 3 IHIIUMH JDKEpEJIaMH Ta JeTeKTopamu (HOTOHIB
PO3MIpOM 13 4il JUIsi MyJIBTHILIEKCHOI KBAaHTOBOI Ta Kiia-
cruHOi 00poOku iHdopmanii B MepexxeBux By3max. do-
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TOHHO-KEPOBaHI TPAaH3UCTOPU BIIKPHUBAIOTH HOBI MOMKIIU-
BOCTI Juis1 6arato()yHKIIOHAJILHUX IMPUCTPOIB, TaKUX SIK
NpOrpaMOBaHi JIOTIUHI €JIeMEeHTH Ta HaJ4yTIHuBi (OTOje-
TexTopu. Y [18] aBTOpHM MOKa3ylOTh KepoBaHi (OTOHAMHU
TpaH3ucTopu 3 HaHoapotoM (NW), kepoBani (oToHaMH
noriuni BeHTwli NW 1 0lMHOYHY cHCTEMY (OTOAETEKTY-
BaHHI NW. Hurkononiounit Hanoxpucran (HHK) cunre-
3YIOTBCS 13 TOBTMMH CETMEHTaMH KPHCTaJIIYHOTO KpeM-
Hito (CSi), 3’eHaHUMH KOPOTKUMH CEIMEHTaMH IIOpHUC-
toro kpemuito (PSi). BuxopucroByroum IokaiizoBaHi
Ja3epu HaKadyBaHHS, aBTOPH IE€MOHCTPYIOTH JIOTiUHi
BEHTWIII, IO YHPaBISAIOThCA (POTOHAMH, BKIIOYAIOUN
Beutwii I, ABO ta I-HE. ¥ [19] migkpecimooThes nepe-
Barv JIMCUMIUIIHM KBaHTOBOI aKyCTHKH, II0 3apOJKY€Th-
Csl, SIKa MOYKE CTPYCHUTH PO3BUTOK KBAaHTOBHX KOMII IOTE-
piB. SIk oOrpyHTOBaHO B [26], criiibHOTA (axiBLiB 3 KBaH-
TOBUX OOYHCIIEHb CIPSIMOBYE OUIBIIY YacCTHHY CBOIX
3yCHJIb Ha CTBOPEHHs JOCKOHAJIOi MallMHH: IU(POBOTO
KBAaHTOBOT'O KOMII'IOTepa, IKWH HE OOIThCs IIyMy Ta II0-
MUJIOK 1 SIKWH, B PUHIMII, MOKe OyTH 3aCTOCOBaHH 110
Oynp-sikoi mpoOiemu. TeopeTHYHO Taka MalllWHA, IUIS
sikoi OyayTh TOTPiOHI BENHKI TMPOIECOPH, IO MICTATH
MHOXKMHY KBAaHTOBHX OiTiB abo KyOiTiB, MOBHHHA OYyTH
3/1aTHa BUKOHYBAaTH OOYMCIEHHS LIBHMJIIC, HDK 3BHYAil-
HUI KOMIT'FOTEp.

Po3pobka xBaHTOBOrO KOMI 'toTepa. DyHKIiI-Momyi
(IBM, Google, Intel), HeoOXimHi A7 KBaHTOBOTO KOM-
’10Tepa, MOXHA PO3JIUIATH Ha I’ SITh KOMIOHEHTIB, Mpe/-
CTaBJIEHUX KOHIENTYAIbHO I’ThMa PIBHSAMH YIPaBIiH-
Hs1. [Ipukinagauii piBeHb HE € YaCTHHOIO CaMOTO KBaHTO-
BOI'0 KOMIT'IOTEpa, ajie BiH € KIIIOYOBOIO YAaCTHHOIO BCi€i
CHCTEMH IIPU CTBOPEHHI BiANOBIIHHUX aJrOPUTMIB: cepe-
JIOBUIIIE TIPOTpaMyBaHHS, ollepalniiiHa cucTeMa JJIsi KBaH-
TOBOT'O KOMIT'I0Tepa, iHTepdeiic KopuctyBada. ANropuT-
MH MOXYTb OyTH HOBHICTIO KBaHTOBHMH a0O BKJIIOYAaTH
KIIAaCHYHY YacTUHY. PiBeHb KiTacH4HOi 0OpOOKH BHKOHYE
TpH OCHOBHI (PyHKIIIT:

1) onrTuMi3y€e KBaHTOBHI aJITOPUTM Ta KOMIILTIOE HOTO
B MiKPOKOMaH/IH;

2) o0poOisie BUMIpIOBaHHS KBAaHTOBOTO CTaHy, IO
NOBEPTAIOThCSl OOJIaJIHAHHSAM HAa HWXKHIX PpIBHAX, IO
HepeNaroThCsl Ha3aj y KIACHYHHH alropuTM Uil OTpH-
MaHHS OCTaTOYHHUX PE3YJIbTaTiB;

3) xamiOpye i HaJTamMTOBYE OJOKH HABCICHUX HUXKYC
mapiB. PiBHI nugpoBoi, ananorosoi Ta KBaHTOBOI 00p0O0-
KH, SIKi CKJTaJJAf0Th OJIOK KBaHTOBOi 00pooku (QPU).

Mix tppoma piBHAME QPU icHye OaratodyHKIioHa-
THHAN 3B’A30K. TOMY KOHCTPYKIIiSl KOXKHOTO 3 HHUX 3alle-
JKUTPH Bi MBOX iHIHMX. PiBeHs mudpoBoi 00podKu mepe-
TBOPIOE MIKPOKOMAaH/Y Y BIAIMOBIIHI aHAJIOTOBI IMITyJIbC-
Hi CHTHaJIM ISl YIpaBIiHHA KyOiTamu, SK KBaHTOBUMH
JOTiYHUMH BeHTWIAMU. Cami IMITyJIBCH TEHEpPYIOTHCS
nme Ha piBHI aHajoroBoi o0pobku QPU. Ludposwuii
pIBEHb TaKOX Mepelac pe3ysibTaTh BUMIPIOBaHb KBaHTO-
BOro OOYHMCIICHHSI Ha PiBEHb KJIACHYHOI OOpPOOKH NaHUX,
Jie KBAaHTOBE PIIlICHHSI MOKe OyTH MO€AHAHE 3 KJIaCUYHH-
MU oOuucieHHAMH. JlomaBaHHS (YHKIII BUIpPaBICHHS
MMOMMJIOK 3HAYHO YCKJIAHIOE piBeHb NUGPOBOI 0OPOOKH.
PiBenp ananmoroBoi 0OpoOKH CTBOPIOE pi3HI BHIM CHUTHa-

JIB JUTA aKTIOALil KyOWTiB Ha HacTynmHOMY Inapi. Curaanu
NIPE/CTaBlIeHI PIBHSAMHU HaNpyTd, YacOBHMH IIE€piofamH,
MagyKaMH MiKpPOXBHJILOBUX IMITYJIBCIB, SIKI MOIYIIOIOTHCS
mo (asi Ta aMIUTITY/Ii A7 iHIIFOBaHHS Omepariii 3 Kyo0i-
TaMH, 3 €IHAHUMH JI0 TPy, U1 (GOpMyBaHHS KBAaHTOBHX
JIOTIYHHUX BEHTWIIIB, IO GOPMYIOTh CXEMY sl BHKOHAHHS
KOHKPETHOTO KBaHTOBOTO alIrOpUTMY. ['eHepyBaHHS cy-
KYIHOCTI CHTHANIB I OJHOYACHOI (TIOCHIiJOBHOT) aKTIO-
arii pi3HKUX KyOiTiB Mae OyTH CHHXPOHI30BaHO B ITiKOCE-
KyHIHHX MacmTa0ax yacy. s HEBEJNMKUX CHCTEM i3
KUTBKOX JECATKIB KyOiTiB KOXKCH 13 HUX HaJalllTOBAHUIA,
SK pajionpHiiMayu, Ha BJAacHy YacToOTy, NPHB’SI3aHy 10
oHOTO KaHamy. ToMy cHrHam MocTyImy A0 KyOiTy mepe-
JIA€ThCS 3arajbHOI0 CUTHAIBHOIO JIIHIEI0 HA CHELiabHIN
yacTtoTi. Taka crpareris ynpaBiiHHs KyOiTamMu He Macil-
TaOyeThcs, OCKIJIBKM CHTHAIM, IO HAaJCHJIAIOThCS Ha
KyOiT, MOBUHHI MaTW CYTTEBY CMYTy HpOITyCKaHHS, Ha-
npuknazg, 10 merarepu. Tomy amst koM’ roTepa 3 MiJIbiHO-
Ha KyOiTiB Oyne moTpiOHO cmyra mporryckanHs 10 Tepa-
Tepll, Mo MPAaKTUYHO HEMOXKIHBO. HemoxmmBo molOymy-
BaTH MIIBHOH OKPEMHUX JIHIH I CUTHATIB YIIPaBIIiHHS,
NPUETHAHUX IO KOXHOrO KyOity. PamioHansHuM
PO3B’SI3KOM 3 YIpaBIliHHS KyOiTaMu € KOMOIHAIlis Mpoc-
TOPOBOI'O Ta YacCTOTHOTO MYyJbTHUIUIEKCYBaHHs. KyOiTn
00’€THYIOTHCS y TPYITH, JIe KOXKHA 3 HUX MPHUKPIIJICHA 10
3arajibHOI curHaNBHOT JiHii. KojkeH kyOiT y rpymi Hajam-
TOBaHWW Ha CUTHANI JIMIIEe OJHiei wactoTH. Komm’'rotep
Kepye MiIMHOXKMHOIO KyOITiB IUIIXOM T€HEpyBaHHS iM-
MyJIbCIB ONHIET YacTOTH, IO IMEpelaloThesl Yepe3 aHayo-
TOBY MEpeKy KOMYTAIii I IMojadi iMITyIbCiB TEBHil
rpymi KyOitiB. [HIme pimeHHs Ha OCHOBI KOMOiHamii 9ac-
TOTHOTO Ta  IPOCTOPOBOTO  MYJIBTHIUICKCYBaHHS
OB ’s13aHE 3 THM, IO KOXKEH KyOIT y TpyIi HaJamTOBY-
€THCS HA BIACHY YacTOTy. Y I[bOMY BHIAAKY aKTIOATOP-
HUH aHAJIOTOBHH CHI'HAI MOXXE MaHIITYJIIOBATH LITHOBHM
KyOiTOM B OZHIHM MiZAMHOXHHI a00 HAOOPOM OJIHOYACTOT-
HUX KyOITIB y pi3HHUX Tpynax. 3a Take MyJbTUILUIEKCYBaH-
HSl JIOBOJHUTHCS TUIATUTH HETOYHICTIO Y KepyBaHHI KyOi-
TaMu. Y Cy4YacHHX CHUCTeMax Iiapu mudpoBoi Ta aHaio-
roBoi 00poOKHM MpAaIIOIOTh 32 KIMHATHOIO TEMIIEPATypOIO.
[Map, mo MicTUTh KyOiTH, TIOBHHEH MaTd OJHM3BbKY TEM-
neparypy 10 aOCOJIIOTHOTO HyJIsl. 3arajlbHUH po3B’sI30K Y
MaOyTHbOMY — IHTETpyBaHHsI BCIX TPHOX HIapiB y Kpio-
reranit 4in. Icayroui QC Ha HaOMPOBITHUX MaTepianax
MICTSTh KUIbKa TECATKIB KyOiTiB 1 34aTHI BUKOHYBATH Bij
JIECATKIB 1O COTEHb KOTEPEHTHHX KBAaHTOBHX OIlepalin
(Google, IBM, Intel). Po3mmnpenns apXiTeKTypH A0 KiJb-
KOX COTeHb KyOiTiB moTpeOye 301TBIIEHHS KiTBKOCTI
niHii ynpasnigas. Cinig TakoX MaTH Ha yBasi, IO JOCTY-
MHUKA OOYMCIIOBAIBHUN Yac, MPOTATOM SIKOTO KyOiTh
3aJIMIIAI0ThCS KorepeHTHHMH, — 50 Mmikpocekyna. llei
(akT OOMEXye KUIbKICTh KBAaHTOBHMX IHCTPYKILIH JUIst
BUKOHAHHS anroput™my. IloTiM oOumcneHHS OyayTh Io-
rvHeHi momunkamu. Takum umHOM, QC 3 KilbKOMa
COTHSIMU KyOiTiB Oylle BUKOPHCTOBYBATHCS SIK IPHUCKO-
proBay JuIsl KIIaCHYHHX CyIiepkoMIl otepiB. Kombinarop-
Hi 3ajadi, A SKAX KBaHTOBHIH KOMII'IOTEp OpI€HTOBA-
HUH, BUPYIIAIOTh i3 CYNEPKOMIT I0Tepa Ha KBaHTOBHH, a
pe3ynbTaTh MOTIM MOBEPTAIOTHCA HA MEPINUI U Moja-
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JbII0i 00poOKH. KBaHTOBUIT KOMIT'IOTEp IisITUME SIK Ipa-
(iuHUI Tpolecop, BUPILIYIOYHM MapaieinbHO KOHKPETHI
3aja4l MaTpUYHHMX TpaH3aKLii Ta HUppoBoi 0OpPOOKH
curHaiiB. CywacHi TexHosorii BurotoBieHHs QC He
CIIPOMOXHI BHPOOJISITH TIOBHICTIO OJHODIAHI KyOITH.
OTmxe, pi3HI KyOiTH MarOTh TPOXM pi3HI BIACTHBOCTI.
HeomHopinHicTh BIacTUBOCTEH KyOHWTIiB BUMArae ajarra-
mii aramorooro piBHsI QPU 1m0 KOHKpETHHX peaizallii,
0 YCKJIQJHIOE MacmTabyBaHHs mpouecy modynosu QC.
MynbTHIDIEKCYBAaHHS UIA  BENHUKOI KINBKOCTI KyOiTiB
Oyzne 3ampoBamkeHo depe3 5—10 pokiB, MO TO3BOJHUTH
BBECTH MEXaHi3MH BUIIPABJICHHS IOMUJIOK IIUIIXOM J0Ja-
BaHHs KyOiTHOT HaaMipHOCcTi. KBaHTOBa KOpeKIisi OMH-
JIOK JIOTIOMOXKE BHPILIIMTH (QyHIAMEHTaJIbHY IMpoOJIeMy
JICKOTEPEHIIiT IITXOM BBeIACHHS HaamipHocti Bix 100 mo
10 000 ¢iznunux KyOiTiB Ha ouH JoriuHMH. s peari-
3amii KOpeKIii MoOMWIOK Oyzae MOTpiOHUH TakoX KOHTYP
3BOPOTHOTO 3B’SI3Ky, IO OXOIUTIOE BCi Tpu piBHI QPU 3
MAJIOO 3aTPHMKOIO Ta BHCOKOIO MPOITYCKHOIO 3/IaTHICTIO.
di3nyHa OCHOBAa EKCIICPUMEHTAJIBHUX KyOITiB CHOTOMHI
NPEe/CTABIICHA HAAIPOBIIHUMH JIaHLIIOIaMH, CIIHOBUMH
KyOiTaMu, ()OTOHHUMH CHCTEMaMH{, IOHHUMH ITaCTKaMH,
[IEHTpaM¥ BaKaHCIH a30Ty. YCIIIIHAM CTaHe TOH MaTepi-
aln, KUK 3a0e3NeYuTh CTPYKTYpPH JaHUX Ta YIPaBIiHHS
MIiJTBHOHIB KyOiTiB aHAJOTOBHUMH CHTHAJaMH Y CXeMi
MynsTHILIEKCYBaHHSA. Taki QPU BUMaratuMyTh HE MiJb-
HoHU 1TUGPOBHUX 3’€HAHB, a KiJIbKa COTCHb Yd THCSY, SKI
MOKHa CTBOPIOBATH HIISIXOM BHKOPHUCTaHHS TEXHOJOTiH
npoekTyBaHHs Ta BUrorosieHHs IB. [IpoGiemoro € cro-
CTEpEXEHHs CTaHIB MUIBHOHIB KyOITIB i3 4acTOTO0, IO
JIOPIiBHIOE THCSYaM BUMIpIB 32 CeKyHIy Oe3 MopylIeHHs
KBaHTOBOI iH(opMallil, sika 3aJUIIAETHCS HEBIJOMOIO JI0
KiHI o0unciienb. OHOYACHO CIIiji BUSABISITH Ta BUIIPaB-
JSATH TOMWJIKH, II0 BHHHUKAIOTH y TPOILECi BHKOHAHHA
anropuTMy. BuMmiproBaHHs Ky0OiTiB BUMarae Takox JeMo-
IyJsii Ta onugpyBaHHS aHAIOTOBOTO CHTHAIY 3 YacTo-
TOIO KiNbKa Kimorepm. J{is MinmbiioHIB KyOiTiB 3arajipHa
nr¢poBa IPOITyCKHA 3AATHICTh CTA€ PIBHOIO KibKa IIeTa-
0aliTiB Ha CeKyHIy, IO NMPAKTHYHO IOKH L0 HEIOCSHKHO
IUIsL CY4aCHUX TEXHOJIOTIH, IO iHTerpyIoTh YillM KIMHAT-
HOI TeMIiepaTypH 31 CTpyKTypaMH KyOiTiB Ipu Temmepa-
Typi abcomoTHOro Hyi1a. Tomy aHaoroBuii Ta unppoBul
piBai QPU noBuHHI OyTH IHTErpoBaHi 3 MapoM KBaHTOBOT
00poOKM Ha OfHOMY uimi, A€ Mae OyTH cxema Iomepe-
JHBOT 00pOOKM Ta MYJIBTUILIEKCYBaHHS BHMIpIOBaHb Ta
BUIIPABJICHHS TIOMUWJIOK. [Ipy 11bOMY CITii 3a3HAYUTH, IO
HE BCi BUMIipH Ky0iTiB HEOOXiTHO TepeaaBaTi Ha MUPpo-
Buil piBeHb. Lle HEOOXiMHO, KOMU JIOKAIEHUH KaHal (ik-
Cy€ MMOMUJIKY, IO Pi3KO 3HIKYE MOTPIOHY IHPPOBY CMy-
ry mpomyckaHHA. HecTabOinpHICTP CydacHHX KyOITIB y
KBaHTOBOMY IIIapi BUMAararoTh HAIMIPHOCTI [T BHUIIPaB-
JIeHHS TOMIIOK. [loiMnIeHHs SKOCTi KyOiTiB MOXe TpH-
3BOJIUTH JI0 BUTpAT 1pu po3podui QC, siKi MIBUAKO OKYI-
nsTbesi. Ha motoyHoMy etari CTBOpEHHS KBaHTOBHX 00-
YHCITIOBAYiB YIPABIiHHSI OKPEMHMH KyOiTaMH, sIK i paHi-
ie, aKTyajlbHe, OCKIJIbKH MOTPIOHO OTpUMAaTH MaKcHMa-
JBHY BiJyIady BiJ KUTbKOX KyOiTiB. KoM KiJBKICTB J0O-
CTYMHUX KyOITiB 301JbLIMTHCS, BUHUKHE MPOOiIeMa po3-
POOKM cHCTEM MYJIbTHIUIEKCYBAHHS KEPYIOUMX CHTHAMIB 1

BUMIpIOBaHHS KyOiTiB. HacTymHUM BaXIMBUM KPOKOM
cTaHe po3poOKa Ta BUKOPHUCTAHHS KBAHTOBHX OOUYMCIIIO-
BayiB 31 cCXeMaMH{ BUIIPaBJICHHS OMIJIOK. TyT HEOOXiTHO
0o0’emHAaHHA 3YyCHJIb  PO3POOHHKIB Ta  iHXKCHEpIB-
TEXHOJIOTIB 3 BUPOOHHIITBA MiKpOocXeM, (paxiBIliB 3 Kpio-
TEHHOTO KOHTPOJIIO, EKCTIEPTIiB 3 0OPOOKH BEIHKNX JAHUX
Ta CTBOPEHHS KBAHTOBUX AITOPUTMIB y MeXax HOBOI
raimy3i — kBaHTOBOi imkeHepii. [loTpibHi 00’emHaHi 3y-
CHIIJISL aKaIEMIYHUX Ta JOCIIMHUIBKUX 1IHCTUTYTIB, KOMe-
PIIHUX MIANPUEMCTB Ta JACPKABHUX OpraHi3arii, s
CTBOPEHHSI PUHKOBHX KBAaHTOBUX KOMII IOTEpIB, 110 HaJa-
BaTUMYTh BEJMKI OOYHMCIIOBAIbHI MOTYKHOCTI JJIs1 Maki-
OyTHBOTO.

OTxe, O NMepBUHHE 13 ABOX KoMl 10THHTIB? L{udpo-
BUH KOMIT'FOTUHT 3’siBUBCSI 40 THCSY POKIB TOMY 3 Iep-
MM MJIFOHKOM MaMOHTa Ha CTiHi B neuepi. KBanToBHi
KOMIT FOTHHT ICHY€ 3 MOMEHTY HapoJUKeHHs BeecBity abo
3aBXKIIH.

3 MATEPIAJIX I METOJHA

1. PosrnsiHemMo yHiBepcalbHy METPUKY IpOIECIB Ta
SBUII. MeTpUKa — CyKYIHICTh crienn(ikoBaHUX Mapame-
TpiB JJI1 BUMIPIOBaHHS BiJICTaHI MiX MpOIIECaMU Ta SIBH-
mamu. Pesynbrar BuMipy Qopmye IBi B3aEeMHO-
JIOTIOBHIOIOYI OLIHKW: NOAiOHicTh S (similarity) Ta Bin-
minnicTh D (difference), siki B3aeMoaitoTh Mixk o000 Ta
3 (X,Y)-00’ekTamMn 3a MpPaBUJIOM BHUKOHAHHS BEKTOPHHUX
noriyaux omepanii: S@®@D=XvY =X AY [29]. [ane
PIBHSHHS BH3HAYae CIoCi0 BHUMIPIOBAaHHS BiAHOIIECHB
(omiOHICTh-BIAMIHHICTE) MK IIPOIIECAMH Ta SIBUIAMH B
MaTeMaTuyHOMY, (Qi3HYHOMY, COLIAIbHOMY YU BipTyallb-
HOMY TipocTopi. Jlaji po3riisaaoThesi BEKTOPH ABIHKOBUX
mapaMeTpiB, 110 KOAYIOTh mpoiiec abo siBuire. TyT momaio-
HICTH JBOX 00’€KTIB BH3HAYa€THCS 3a JOMOMOror and-
JIOTIKH, 3aCTOCOBAHOI JIO MapH BEKTOPIB PO3MIPHICTIO N:

S=3" (XiAY).

BigmiHHICTE (QOpMyeThCs 3aBISKH XOr-OyHKII, 110
CTBOPIOE BiJICTaHb 10 XEMIHT'Y:

D=Y1,(X;®Y).

HopmoBaHi BiTHOIICHHS MiX JBIMKOBUMH YU YHCIIO-
BuMu S(Xj,Yj) BEKTOpaMu BU3HAYAIOTHCS TAKMMH BUpa-

3aMU:
on :R:Zin:l(xi@Yi)_
NS (XvY)
sn :izmzs(xhyi):
> (XivY))

S Iming_y (X3, Y]
> [maxiog (X, Y]
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TyT 3HAMEHHUK BU3HAYEHHSI HOPMH OOYUCITIOETHCS SIK
CyMa BCiX 3HAa4yyIIMX HEHYJIbOBUX PO3PSIIB y JBOX BEK-
TOpax:

N=3" (XivY) abo > [maxi_j,(X;,Y))].

OriHka MOJIOHOCTI, 10 IOPIBHIOE OJMHUII, (popmye
CYKYITHICTh €KBIBAICHTHUX M CO00I0 00 €KTIB y 3ampo-
MOHOBaHIW MeTpuili. [l TEXHIYHOrO MiarHOCTYBAaHHS
€KBIBAJICHTHICTh O3HA4Ya€ HAasBHICTh HEBHPA3HMUX Ha TECTI
HECIPABHOCTEH, 10 MPU3BOIUTH IO HEOOXiTHOCTI 301Tb-
LIyBaTH MOTY>KHICTh TECTy YM KUIBKICTh JIHIN criocTepe-
JKEHHSI.

BcecBiT. MeTprka Oyap-sIKOTO TPOLECY Y SBHULIA Y
BcecBiTi BH3HauYaeThes JBOMa MapaMH BiJHOIICHb B3ae-
MOJIIIOUYMX KOMIIOHEHTIB: IPOCTip-4ac, MaTepis-eHepris.

ITo marepii-eHeprii Binmoma B3aemoniss E = mxc?. Aua-
JIOTiYHE BiTHOIICHHS Ma€ BUKOHYBATHCA 1 IS IPOCTOPY-

yacy S =txc?. [pocriwe piBusiHast S+T =1 dopmye
YHIBEpCAJIbHY OAMHHIIO MPOCTOPY-4acy B aJUTUBHOMY
Buriisiai. L{e o3Havae, o 4ac He € KOHCTAHTOO, BiH 3Mi-
HIOETBCS ¥ (pa30BOMY LUK pO3BUTKY BcecBiTy i €, K i
mpocTip, ¢yHKIi€o Bix ¢a3m rapMoHiifHOI 3MiHU (po3-
mmpeHHs-cTiucHeHH) Beecpity. omo cramocti marepii
Ta eHeprii BcecBiTy Takok Mae miaTH 3akoH M+e =1y
BCiX TOUKax Qasu [6].

JiarHoctyBanHs. MeTpuka JIiarHOCTyBaHHS — CyKYyI-
HICTB crenn(pikoBaHUX BIACTHBOCTEH JUIA IIOMAPHOTO
PO3pi3HEHHS BCiX TEXHIYHMX CTaHiB 00’ekTa. [liarHOCTY-
BaHHS — METPUYHE BU3HAUYCHHS TEXHIYHOTO CTaHy 00’ €K-
Ta. KOHTpOIP — MeTpudHE pO3pi3HEHHsS CHpPaBHOTO Ta
MHOKMHH HecTIpaBHHX cTaHiB. [lomyk medexty — Bu3Ha-
YeHHs HOro Micls, IPUYKMHK Ta BUAY. [aii po3risgaeTh-
csl IBOBUMIpHA MPOCTOPOBO-4acOBAa METPUKA J1arHOCTY-
BaHHs 1M(POBOI CTpyKTypu. MOKHA cKaszaTH, L0 jiar-
HOCTYBaHHSl € IPOLEC BM3HAYCHHS MICI, TIPUYUHU Ta
BHIY NedekTy. SIKIo KopoTiie, 1e nporec ixeHTudikarii
HECIIPABHOTO CTaHy, JJIs SKOrO y HU(GPOBOMY CBITI €
JIBIAKOBO-/IECATKOBI KOJH, JI¢ JIi€ TPABUIIO: IS PO3ITi3HA-
BaHHs-ineHTH(DIKaNii N cTaHiB HE0OXimHO MaTH PO3pPAI-
HicTb Komy N =log, N. BigHomeHHs MiK 4uciIOM He-

crpaBHuX cradiB N Ta po3MipHICTIO KOAy N MOXXHa BHpa-

3UTH TaKOX 3a JIOMOMOror BigomMoi gopmymu: N = 2",
[Ipu upomy 4mciIO N MOXKHA OTPUMATH, BUXOASYH 3 allv-
TUBHOCTI IaHOT OIIIHKH, SIKa 3aJIC)KHUTH Bl JOBKUHH TECTY
t i ymcia JiHIA CIOCTEpEXKEHHS a8, SKI € CBOEPUIHUMHU
TOYKaMH KOHTPOJIIO, IO Y CYKYIHOCTI CTBOPIOE ITOTYX-
HICTh JBIKOBOTO BEKTOpa IS ifcHTU(IKAI] Hecpas-
HUX cTaHiB N =t+m . Hampukiaa, TecT QOBKUHOKW t=2,
JIc¢ KOKEH Halip CIOCTEpIraeThCs 3a TPhOMa TOYKAMH
KOHTpOJIt0O M=3, mo (opMyIOTh KOOpAMHATY CTOBIILS
MaTpHli AiarHOCTYBaHHS PO3MipHIcTIO t+M Moxe po3pi-
3HATH 32 nedextu. 3 iHmoro 60Ky, pO3MIpHICTD TOOYTKY
n=txa, npu N=8, igentudikaiii HECIPaBHOTO CTaHY
MOXHa C(OpPMYBaTH dYOTHPMA BapiaHTAMH TaOJUYHUX
KOOPJMHAT, SIK TIOKa3aHO Ha puc. 2.

10 1010 10101010
10 1010

10

10

O = O B O = O k=

8x1 4x2 2x4 1x8

Pucynok 2 — IIpukian ABOBUMIpHOT METPUKH TeCT-acepuii

Takum 9uHOM, CTPYKTYPH JaHHX JUIS OpraHizamii mia-
THOCTHYHOTO €KCIIEPUMEHTY B 1/IealibHOMY BHIIQJKy BH-
3HAYAIOTHCS IBOBUMIPHOIO TaOIHUIICI0 a00 MaTpHIIEIO, 10
3aIa€ThCs. B METPUIN TecT-acepirii (test-assertion abo
TOYKH KOHTpOJt0). Taka mMeTpuka (HopMmye i KOKHOTO
HECIPABHOTO CTaHy BEKTOP-CTOBICIb, CyMapHa IOTYX-
HICTH PO3PSIIB SKOTO HE MOBHHHA OyTH MEHIIIOKO 32 N ISt
pozmizHaBanHs N medexTHnx 06’exriB. Ilpn npomy ciin
MaTH Ha yBa3i, MO 3a HASBHOCTI ofHiei aceprii (JiHii
CIOCTEPEKEHHsI) TAOIHIIST HECIPABHOCTEH OMepye OIHI€0
JIBIFIKOBOIO KOOP/IMHATOIO, II0 CTBOPIOE TMPOCTI BEKTOP-
CTOBIIIIi 3 N KOOPAWHAT (32 KUIBKICTIO TECTOBUX HAOOPIB)
s posmizHaBaHHS N nedextHux craniB. Ilpupoano, mo
PO3MIpHICTE TeCTy MOXe OyTH 3MEHIIEHa B MeXax [0
onHoro Habopy (He mo 0 Habopis). Toxi Tabmums ineans-
HO NIEPETBOPIOETHCS Ha psiaok. [Tnaroro 3a 1ie, BiAMOBIAHO
IIo piBHOCTI N=txa, ne t=1, € 301IbMIEHAS TOTY>KHOCTI

- n
acepuii 3a TPaBHIOM: a:T, y ULbOMY BHIAJAKY

a= 1 =n. OckinbkK acepuii abo 30BHIlIHI JiHIi (KOHTa-

KTH) CIIOCTEPEIKEHHS — JIOCTAaTHBO JOPOTe 3aJ0BOJICHHS,
ocobmuBo y cyuacaux SoC, VLCI or ASIC, to koMmrpo-
MICHUM pIOIEHHSIM MOXE€ OyTH MiHIMalbHa JIOBXKHHA
TECTy 1 pO3yMHa KiJBKICTh JIIHIM CIIOCTEpEKEHHS, IO
MOXJIMBE JIMIIIE B TOMY BHIIQJIKy, KOJIH OOYHCITIOBAIEHUN
MPUCTPi MOXe OYTH TpeACTaBICHUH CYKYITHICTIO (hyHK-
LIOHATBEHUX MOJYJIB, OTOYCHUX NOCTYIMHHMH JJIS TECTY-
BaHHS, CIOCTEPEIKCHHS Ta JIarHOCTYBaHHS BXiTHHMH Ta
BUXIIHUMH JNiHIIMH. Y IBOMY MOJISTa€ CyTh CTAHAAPTIB
IEEE 1500, 1532, 1149, 1687, opieHTOBaHHX Ha KPHCTa-
i, dposi wiaté Ta cucremu. Oxna 3 nineii IEEE cra-
H/apTiB — (OPMYBaHHS TECTONPHIATHOI IHPPACTPYKTYpH
UQppoBOro BUPOOy s MiABUIICHHS SIKOCTI, HaAIHHOCTI,
PEMOHTOIPUIATHOCTI, KEPOBAHOCTI, CITIOCTEPEIKYBAHOCTI,
BIAMOBOCTIHKOCTI.

MeTom0JI0Ti4HO, HAW3PYYHIMIUMHU YISl JTIOJJMHU Ta Ma-
IIMHA CTPYKTYpPaMH JaHHX € TaOnuii (MaTpuili) Hecrpas-
HOCTEH. 3 HUX MOXKHa OTPUMATH JiepeBa MOUIyKY Jie(eKTiB.
Aune nepeBa, sIK CTpYKTYpH JTaHUX, CIIPSIMOBAHI Ha CYyTTEBI
9acoBi BUTPATH, ITOB’s13aHI 3 BEJHMKOIO KUTBKICTIO €IEeMEH-
TapHUX IIEPEBIPOK B AITOPUTMAX YMOBHOTO JIiarHOCTYBaH-
Hs. Y TOM 4Yac, sIK BECH CBIT I/ IIUIIXOM 3BEIECHHS JiarHo-
CTUYHOTO EKCIIEPHUMEHTY 10 OJHOTO aBTOMATHOIO TaKTy
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BUKOHaHHSI 0€3yMOBHOTO J1iarHOCTYBaHHsI, HeXail HaBiTb 3a
PaxyHOK JOJaTKOBHX JIiHIH crocTtepexeHHs. KBaHTOBI
ITOPUTMU HAIIIJICHI Ha OE3yMOBHE PO3Pi3HECHHS HECIpPaB-
HUX CTaHiB B OZTHOMY aBTOMAaTHOMY TaKTi, HaBiTh 3a HasiB-
HOCTI KUIBKOX TECTOBHUX BIUIMBIB (ayroput™ Joiiua). Jlms
aHaizy TaOJIMIb HECHPABHOCTEH iCHYIOTH aJITOPUTM aHa-
T3y CTOBMOINB (METON HAOMIKEHHS), a TaKOX alTOPUTM
aHaJi3y psAAKiB (MeTo] BUKIIOUeHH: ). OCTaHHIN 3BOAUTHCS
J0 BUKOHAHHS OJHOTO PsiKa KOXy, SIKMl BH3HAYae He-
CIIPaBHUH CTaH IUIAXOM BHKOHAHHS [BOX IapajlelIbHUX
JIOTIYHMX omeparliii and-or Hal OJUHUYHIMHU Ta HYJIbOBH-
MU psigkamu Tadmuti (puc. 3).

M | Mo |
Mij Mim
Mz Mazm
Mzj Mam
Mij  Mim
Mnj  Mnam

© B O »r o

Pucynox 3 — ITonryk nedekTHUX cTaHIB CTOBIIIB 3a
R-BekTOopoM TecTyBaHHS

dopmysu BU3HAYEHHS NeQEKTHUX CTaHIB MO TaOIMIl
HECIIPaBHOCTEH MarOTh TAKUI BUTIISAA:

Ls= A Min v Mj;
Ri=1 Ri=0 Ri=1

Jaii npencraBieHa TaOiuIls, 3a IKOXO 3HAWICHI KpaTHI
nedeKTH, 3a3HaueHi B OCTAaHHBOMY pSIIKy, Ha OCHOBI
HaBeAeHUX BuIe hopmyn (puc. 4).

T\F 1 2 3 4 5 6 7 8 | 9 R

il 0 i 0 0 1 0 0 0 ig 1
2 1 0 1 0 0 il 0 0 0 0
3 1 1 1 0 ! 0 il 1 14 il
4 1 1 0 1 1 il 0 0 0 0
5 0 0 0 1 0 0 0 1 0 1
6 0 1 il 1 0 1 0 0 0 0
7 0 L 0 1 0 1 0 0 1 1
8 0 0 il 0 1 0 0 0 i 0

R=0 1 1 1 i 1 1 0 0 1
Lo 0 0 0 0 0 0 1 il 0

Pucynok 4 — Tabnurd mouryky KpaTHuX Ae(eKTiB

[Tpouenypa mapaneabHOro MOIIYKY MHOXKHHH KPaTHUX
nedekriB  nmae pesynprar L={7,8}, ineHTndikoBaHu
JIBOMa OJMHULSIMH B OCTaHHbOMY psaaky. Ciij 3a3Hauu-
TH, 110 3 TaOJIMIII HECIIPAaBHOCTEH MOJKHA JIETKO IepeiTn
710 ML-tabnui icTHHHOCTI, a Jaii BUPIITyBaTH MUTAHHS
iIeHTU}IKAI] HECTIPaBHUX CTaHIB METOJaMH MAaIIHHHOTO
HAaBYaHHA, IO AyXKe LiKaBo, OCOOIMBO JUIS CKIIAIHUX
muppoBuxX cTpyKTyp. KpiMm Toro, Tabnmis HecmpaBHOC-

Teil sk MarpuuyHa (opMa € TEXHOJIOTIUYHO 3PYYHUMHU
CTPYKTYypaMHu JaHHX AJsl eKBIBaJCHTYBaHHs Je(eKTiB 3
METOI0 CHHTE3Y JlepeBa MOIIyKy nedekTiB. BpaxoByroun,
10 KJIacH E€KBIBaJICHTHOCTEH, SIK IpaBuio, OyayTh 3 He-
OJTHAKOBOIO TIOTY)KHICTIO, TO PO3yMHE NOAAaBaHHS J0/aT-
KOBHX TECTIB a00 aceplLilfHUX TOYOK y BY3bKi Micus 1ud-
POBOI CTPYKTYpH MOKE TIPHUBECTH JIEPEBO 10 BUBAKEHOTO
BULIIATY.

TakuM 4nHOM, 030pOIBIIMCH AKCIOMOIO 30EpeKEHHS
JOOYTKy N =txa il JUCKPETHOI CTPYKTYpPH, 11O ITiIs-
rae JiarHOCTYBaHHIO, B METPHIII TeCT-aceplii, MOXKHa
OyamyBaTu MaTpHIli, OPIEHTOBaHI Ha acepuil Ta MiHIMaJIb-
HUH TecT (aX [0 OOUHUYHOTO), a00 anbTepHATHBHE Jiar-
HOCTYBaHHS, ¢ YHCIIO acepLii 1opiBHIOE 1.

[TponoBKeHHSIM MYJIbTUILTIKATHBHOT METPHKHU JiarHO-
CTyBaHHS MOXe OYyTH pPO3MIpHICTE OOYHCITIOBAIEHOL
CTPYKTYpH, IO TIOB’s3aHa 3 Tabimiero icTmHHOCTI. Tyt
BCTYIAIOTh y BIJHOLIEHHS KOMIIOHEHTHU: JIOTiKa-IlaM’sITh
(L, M), mo onepyroTh mapamerpamH iX HOTYXHOCTEH Y
Mexax omiHku: N=LxM , ne n copuiimaeTscs K iHTET-
paybHUIT 00MEKyBayd MPOCTOPOBO-YACOBHUX PECYPCIB IS
BapiaHTIB peanizarii anropurmy. IIpoctip acomiroeTses i3
PO3MIpHICTIO PSIIKiB TAOIHIII iICTHHHOCTI.

[TpoekTyBaHHs: CTPYKTYpHU JaHUX Ta alrOPUTMH, MPO-
cTip Ta yac. Tabmui icTUHHOCTI — imeanbHa ¢opma
CTPYKTYp JaHHMX Oprasizamii creriaai3oBaHuX OOYHUCIIIO-
BauiB (ASIC). Tabmuus ictuHHOCTI € 1UQpOBUIl aBTOMAT
(FSM) (ymOBHO) 3 oHMM cTaHOM. Tpurep — eneMeHTap-
HUH aBTOMAT (1am’siTh) i3 ABOMa cTaHamu. TaOiuis me-
pexoniB — GpopMOrO HE BiIpi3HAETHCS BiJ TAONUIl iCTHH-
HocTi. OOMIBI peanizyloTh cykynHicTe ymMoB (if — then)
JUISl TIOIIYKY YW BU3HA4YECHHS po3B’si3Ky. PakTnyHo, Tad-
JUIS TIEPEXO/IiB € CKOpOUEHa Y HETOBHICTIO TIeBHA Tal-
murs ictuHHOCTI. [loemnanns ymoB if — then cTBoOproe
METPUKY CYTTEBHX IapaMmeTpiB it (opMaTyBaHHS BCIiX
PSIKIB-yMOB y MeXax TabJuili icTHHHOCTI. MokHa mpoc-
TO aBTOMAaTH3yBaTH MPOLIEC CHHTE3Y TaOIHUIl iICTUHHOCTI:
SKIIO MapaMeTp BXiJHOI YMOBH BiJICYyTHS B METPHI, TO
BiH JIOJIa€ThCsl Y BEKTOp 3MiHHHX. IIpu mpomy Bci iHII
PAAKH TaOJIUIl ICTHHHOCTI, JIe IOTO MapaMeTpa He 0yIIo,
MICTUTHMYTh Ha HOT'O KOOPJIMHATI CUMBOJI HEBU3HAYECHO-
cti abo imBapianTHOcTi. Taka mpoueaypa e(peKTHBHO
IparoBaTUMe MijJ yac cTBOpeHHs ML-cTpykTyp maHuX
Ha OCHOBI €IMHOI TaONUII ICTHHHOCTI. YMOBa IS Tepe-
BipKH KOPEKTHOCTI TaOJNWIli — MEPEeTHH BCIX Map PAIKIB
MiX COOOI JOpiBHIOE TOPOXHIM MHOXxwmHI. [Ipukmag
cunte3y ymog: if @, then 1; if b then 0; if ab then 2; if ¢
then 3; if bcd then 4; if ae then 1. TaGuuus icTUHHOCTI
JUIS 3raJlaHuX yYMOB IIPECTAaBIIEHAa HA puC. 5.

12 |3 |4 |5 |y
a 1
b 0

a |b 2
c 3

b |c |d 4

a e |1

Pucynok 5 — Tabnuis icTHHHOCTI
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PimienHs 3a TaOiMIEer0 ICTUHHOCTI BU3HAYAECTLCA K
NOETHAHHS BUXO/IB ISl TUX PAIKIB, SIKI MalOTh HEMYCTHH
pe3yJbTaT MepeTuHy BXiZHOI YMOBH, 3amucaHoro y ¢op-
MaTi METPUKH napameTpiB. Byab-sKkuii, CKUIbKH 3aBroIHO
CKJIQJIHUM KOMIT'IOTEp MO’KHA YSIBUTH TaOJMIEI0 iCTHH-
HOCTI 3 TPUMITHBHUM aBTOMAaTOM YIPaBIiHHA B OJHH
CTaH, [I0 peajli3ye CHHXPOHI3awUito. 3 ABIAETbCI METPHKA
KOMIT'IOTEepa, [0 3aJa€Tbesl JOOYTKOM —IPOCTip-4yac
N=SxT, mo Mae B3a€MHO OJHO3HAYHY BIIMOBIIHICTh
JI0 IMIUIEeMeHTalii JaHUX MapaMeTpiB B aHAIOTI4YHY Hapy
morika-maM’siTh N=LxM . Bingxing Big mapanemizmy
KBAHTOBOT'O aHAJIOTOBOI'0 KOMII FOTHMHTa — KOMOIHAIIHHOT
CXeMH — TIOPOPKYE YACOBHTPATHUM IOCIITOBHICHHUN
MEXaHi3M OTPHMaHHSI Pe3yJbTaTy 3a PaxyHOK IepeTBO-
peHHst (hparMeHTIB NMPOCTOPY Y MOCIIIOBHOCHI YacoBi
(bpeliMu eeMeHTapHUX 00YHCIICHB. 3aMiCTh OJTHI€T BEITH-
Kol TaOnuIi ICTHHHOCTI CTBOPIOETHCS KIHIIEBE YHCIIO
IpiOHMX TabIUIb, 00pOOKa SIKIX CHHXPOHI30BaHA y daci.
Lle crae MOXKJIMBUM 3a paxyHOK BBEICHHS BXKE HETpHUBia-
JBHOTO aBTOMaTa YIpABIiHHS (ITOPHTMY), IO KOOPIH-
Hy€ poOOTy HEBENHKHX TAOMUIh ICTHHHOCTI YH MIKpO-
ormepamid. ANTOPUTM  3aBXOU €  I[EPETBOPIOBAY-
TpaHc(hOopMaTOp MPOCTOPY TAONHUII ICTHHHOCTI y YacOBHUI
IHTepBaJ OOYHCICHHS, HCOOXITHHU I OTPUMAHHS pe-
3ynmpraty: S —> A—T . UnMm ckiIagHimmid aaropurM,
TUM Olmpmmid gac #ioro oOopoOku. IIpocrtip Ta wac ctBo-
PIOIOTH METOAOJIOTIUHMK NOOYyTOK N=SxT , skuil Mae
OyTH BpaxOBaHWH eKCIepTaMH IPH Po3podli oduHcIIo-
BAIBHUX IPHUCTPOIB. 3MEHLICHHS INPOCTOpY TATHE 3a
c000¥0 3HIKEHHS MBHUIKOIT 1 HaBmaku. Hanpuknan, Tpu
TOYKM Ha KpHBiH (puc. 6) GOPMYIOTh OJHAKOBHHA HOOY-
TOK, IO JOpiBHIOE N =SxT =8x2=4x4=2x8=16.

5
| SxT=n

\ | const
N T

Pucynok 6 — IIpocTopoBo-dacoBa 3aleKHICTh KOMI FOTHHTA

Tyt 3’siBIsIETHCS 1AM’ SITh, 1110 HEOOXiJHA 11t 30epiraH-
Hsl IPOMDKHUX PE3yJIbTaTiB PO3paxyHKy i CTaHIB aJropuT-
My. Anroput™ (CTpyKTypa), mam’siTb i 4ac € METPUKOIO
CKJIQJTHOCTI OOYMCIIOBAIEHOTO MPHCTPOIO, 200 IUIATOo 32
3MEHIIEHHSI TMPOCTOpY TaONMI ICTUHHOCTI. 3a (akToM
MOXKHa CKa3aTH, IO YCKIIaJHEHHS CTPYKTyp AaHHX HIYOTO
XOPOIIOro He MPU3BOAUTE. UMM BOHHM MPOCTIIIl, THM IIBH-
Qe Jiorika iX OOpOOKH, THM BHINA MPOXYKTHBHICTH
KoM 1oTepa. Kpare Ta mpocrimie TabuuIl iCTHHHOCTI, SIK
(dhopmu ormcy KOMOIHATOPHUX CTPYKTYP NaHUX LIS JTFOTH-
HM Ta MalllvHH, TPOCTO He icHye. [lo TakoMy Tabnu4HOMY
IUISIXY YCIHIIIHO PO3BUBAIMCS TEXHOJOI MAIIHHHOTO
HaBYaHHs Ta Heiipomepex. [ToTiM BOHM cTanu yCKIaIHIO-
BaTH CTPYKTYPH LUIIXOM HiJKJIIOYEHHS NaM’sTi Ta 4acy,
SIKUMH TIPOHMIIOB JieTepMiHOBaHMIi KoM totep. HoBwuii
BUTOK Y TOHIII PO3BHUTKY, SK YacTKOBE IOBEPHEHHS [0
3a0yTOro  CTaporo, CTBOPIOE CHOTOJHI  KBaHTOBHH
komm’torep. KombinaniitHa mm¢poBa cxema, SIK CyKyH-

HICTh 0€3aJPECHUX JIOTIYHUX CJICMEHTIB, € aHAJIOIOM KBaH-
TOBOTO KOMIT'OTepa. VIoro CyTHIiCTh € TpHBiaIbHOI — SIK
napajielisHO 00pOOUTH TAONHUIFO ICTUHHOCTI JJIS1 OTPHUMaH-
HS pe3ysibTaTy INIPH BHUpIIIEHHI KOMOIHATOpHHMX 3ajad.
3BHYAIHO K BOHA BHpILlIEHa B paMKax JBOPIBHEBOI KOMOi-
HAIlIHHOT CXeMH KJIACHYHOI'0 KOMIT FOTHHTA IUISIXOM Tapa-
JIETTBHOTO  PO3MOBCIO/KEHHSI AHAJIOTOBHX CHUTHANIIB BiX
BXOMIB 10 BHXOZIB. Aje aMOITHICTb KBaHTOBOI'O
KOMIT'IOTHHTY TIOJISITa€ y HaOJMKEHHI HOTO MPOJYKTHBHO-
CTi JI0 CBITJIOBOT IIBHIKOCTI TPAH3aKIIif MiXkK JaHUMH.

TakuM YMHOM, YCKIIaJHEHHS CTPYKTYp IaHHX Bil Ta0-
T icTHHHOCTI y OiK 11 po30WUTTS mapagoKCanbHO TPHU-
3BOJUTH [0 TIOSIBU CKJIAJHUX aJTOPUTMIB, IO BUKOPUCTO-
BYIOTh I1aM’SITh, 1 CIIPHYMHSE ICTOTHE 30UTBIICHHS Yacy
OOYHCITIOBAILHOTO TIPOLIECY VIS OTPHMAaHHS Pe3yjbTary.
Marour Ha yBa3i, 1[0 TaM’sATi Ha CbOTOJIHI JOCTATHBO IS
peanizauii TaOJWIP ICTHHHOCTI BEJIHMKOI PO3MIPHOCTI,
HEeoOXi/IHe TMOBEPHEHHS apXiTeKTypH OO4YHMCIIOBaYa 10
HaAWIPOCTIMINX CTPYKTYP NAHUX — TaOJUIb Ta MPUMITHB-
HHUX QJITOPUTMIB yIpaBIiHHSA Ha OCHOBI JOTiKU. [0 Toro
K CIIiI MaTH Ha yBas3i, [0 JOCTAaTHHO 30epiratu He BCIO
TaONUINI0, a JIUIIE BEKTOp ii BUXITHHUX CTaHIB, MO IIE
OinbIle CITOHYKA€ CIICIiaji30BaHUH KOMIT'IOTep y Oik
BEKTOPHUX CTPYKTYp IAHUX Ta HPUMITHBHOI JIOTiKH ai-
TOPUTMIB IJIS1 IX OOPOOKH.

3amina ctpykrypu (flow chart) mEHOXUHOIO (set chart)
O3Haya€ YCYHEHHs HeCyTTEBHX JAeTaleil MOpelni Mporuecy
9M SBUIIA 3aUis AocsIrHeHHS MeTH (puc. 7). Ilpu Bupi-
IICHHI BENUKOI KUTBKOCTI 3aBJaHb KOMIT IOTHHTY CTpPYK-
TYpHI OCOOJIHMBOCTI CTBOPIOIOTH OOYHCIIIOBAIBHY CKJIa[-
HICTh ajroputMy 0Oe3 SBHUX Ta BUAMMHUX IiepeBar y ¢op-
MyBaHHI KIHI[CBOT'O Pe3yJIbTaTy.

I

TpaHcdopmyBaHHA

Flow chart Set chart—Class 1
Pucynok 7 — TpancdopMyBaHHS CTPYKTypH HAa MHOXKHHY

[HIIMME cltoBaMu, SKIIO € MOJJIMBICTh BUPIIIUTH 3a-
Jlady TPUMITUBHOIO 0Oe3anpecHor (0e3cTpyKTypHOIO)
JIOTIKOI0 KBAaHTOBOTO oO4MCIiIIOBava (Teopii MHOXHH), TO
ITOPUTMHU TIEPETBOPIOIOTBCST Ha KiJIbKa PSJAKIB KOIY,
CYTh SIKUX — IMOE€JHAHHS HEMYCTUX PE3yNbTaTiB IEPETHHY
BXiHOTO HabOpy 3 psAOKAMH PEryJsApHOi (yHITapHOT)
TaOMUII iICTUHHOCTI, IO B aireOpi JIOTIKA 3BYYUTH SIK
N3’ IOHKINiS HeCyTepewInBUX KOH 10HKIIH. 1le € mumix mo
CIPOIIEHHS CTPYKTYPHO CKJIAIHHX aJTOPUTMIB, IO Ma-
I0Th 0arato yMOB Ta MapajelbHUX LNUISXIB JUIs OTPHUMaH-
HSl pe3yJIbTary.

2. AnanoroBuil nUIAX y KBaHTOBUI KoM toTuHT. KBa-
HTOBa KOMIT OTEpHA iH)KEHEpist € HOBa rajy3b 3HaHb, 110
3aliMa€eThCsl TEOPI€I0 Ta NMPAKTHKOI MPOEKTYBaHHS, TEC-
TyBaHHsI BUPOOHMIITBA Ta €KCIUTyaTalii 3aXUIIEHHUX IPo-
TpaMHO-alapaTHUX MAacIITa0OBaHMWX OOYMCIIOBAYIB JUIs
napaJieJIbHOro BUPIIIEHHsT KOMOIHAaTOPHUX 3ajad Ha OC-

HOBI cyneprosurii 2" KOrepeHTHMX CTaHiB, IO TOpPO-
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JUKYIOTBCSI N KyOiTamu. [H)XKeHepisi CTBOPIOETHCS SIK iH-
Tepdeiic MiX KBAaHTOBOIO TEOPIEI0 Ta IPOrpamiCcToM,
SKAH IIOBMHEH pOo3po0iitoBaTH e(eKTHBHI TMapajesbHi
QITOPUTMHU Ta MPOTrpaMH Ha OCHOBI 3HAHHS INPAKTHYHO
KOPUCHHUX BJIACTUBOCTEH KBAaHTOBHMX CTPYKTYP JaHUX JUIS
BUpIlIEHHs] KOMOIHATOPHUX 33/1a4.

KBaHTOBMIA KOMIT'IOTEp — IPUCTPIH VIS MapajieIbHOTO
pO3B’s13aHHS KOMOIHAaTOPHUX 3a7ad Ha OCHOBI CyIEpIIO-

sumii (meperutyryBanHs) 2" KOrepeHTHHX CTaHiB, IO
MOPOIDKYIOTBCS N KyOiTaMu. MeTpuka KBaHTOBOTO KOM-
I'IOTHHTA JIOCUTH 3aIUTyTaHa, NPOTe MOXKHa 3pOOUTH
HACTYIIHI BUCHOBKH.

1) Bignomennst monan yce (“Beziehungen uber alles”).
BinHomIEHHS MK KBAHTOBHMH SIBUIIAMHU € NEPBHHHHUMH,
caMi SBUIa — BTOPHHHHUMH.

2) Ky6it — cynepnosuiiist HyJs Ta OJWHHII Y KBaHTO-
BUX YaCTHHKaX Pi3HOT MpHpoau abo cucTeMa 3 ABOBHMIp-
HHUM TIPOCTOPOM CTaHIB (CITiH €JIeKTpOoHa a00 MOJIIpHU3aLlis
(oToHa — KBaHTa ejeKTpomMarHitHoro nosns). Lle — Hi mpo
mo. Hynb 1 oquHUIE, yTBOPIOIOYM BiAHOLIEHHS, IO He-
CIIPOMOXHI ICHYBaTH OKpeMO OJWH Bix onHoro. lle —
TOJIOBHA BJIACTHBICTH Ta BIAMIHHICTH BIJ KIACHYHOT'O
Oita, e 0 Ta 1 iCHYFOTh HEe3aJIe)KHO OJIMH BiJI OJTHOTO.

3) Omeparii: cynepno3uii Ta CIUTyTaHICTh (OPMYIOTH
B3a€MOIIOB’s13aHi BigHOMmMeHHs Mik 2" cTaHamm Ha Cyky-
IMHOCTI 3 N 3HeocoOeHux KyOiTiB. Cymepro3urist — Kore-

penTHa B3aemomis 2" cTaHiB y JIOKaJIbHOMY IIPOCTOPI,
yTBOpeHOMY N KyOiramu. CIUTyTyBaHHS — KOTE€pPEHTHA

B3aeMOJIis HelToKanbHuX 2" CTaHiB Ha N KyGiTax.

4) BinHomIeHHsT — NepeTBOPEHHS MK cTaHaMH (CHUCTe-
MH 9aCTHHOK) y TPOCTOPi Ta Haci, aje He caMi CTaHH, €
OCHOBOIO OOYHCIICHb.

5) IcHye merepMmiHi3M 3aMKHYTOCTiI KBAHTOBOI CHCTEMHU
o0urciIeHb (He3MIHHOCTI XBHIIBOBOI (YHKIIi1, IO OMHCY-
eTbes piBHAHHEAM [lIpeninrepa), KO0 HEMae BUMIpIB.

6) IMOBipHICHI BiIHOIIEHHS CHCTEMH 3 BHMIipIOBAJIb-
HHUM TPUCTPOEM CTBOPIOIOTH MMOBIPHOCTI y CTaHaX CHUC-
TEMH Ta BHMIPIOBaHHs. BUMiprOBaHHS HE3BOPOTHO 3Mi-
HIo€ (yHKLiO XBWII (aMIutiTYQy iiMOBipHOCTi) abo cTaH
CHCTEMU B KOMIUIEKCHOMY BEKTOpHOMY mpocTopi. KBan-
TOBHUH 0iT, KpiM OaszucHux cranis |0) i |1) Moxe npuiima-
TH Oe3miu JniHiMHUX KoMmOiHamiid o|0)+fB|1). Byab-saxy
KIJIBKICTh KJIIACHYHUX OITIB MOJKHA BHUTIITH 3 OJIHOTO
KBaHTOBOTO OiTy 3a HAsABHOCTI KIOHYIOYOTO MPHCTPOIO.
Hacnpaszi 3 ogHOrOo Ky0iTy MOXKHA BHTSTTH JIUIIE OIUH
OiT.

7) KBanToBuUii KOMIT'10TE€p — MPUCTPIH, SIKUH T03BOJISIE
JUISL CTPYKTYpU 3 N KBaHTOBUX OITiB 3I1HCHIOBATH, SIK
3aBrofiHO OJM3bKEe MO 0a)XaHOTrO YHITApHOTO, IMEpEeTBO-

penns npocropy H,, =

8) Jlis kanTOBHX GitiB 2" cTaHiB € GasucoM miHiitHO-
ro MpOCTOPY, A€ AOMYCTHMI Oyab-siKi TX CyNmepro3uIiil.

Habip i3 N xiacumuuux 6iTiB Moxe mOpomKyBaTH 2
HE3AJICKHHUX CTaHIB.

9) KpanToBuii mapaieiisM — OJHOYACHE BHUKOHAHHS
000poTHUX (YHITApPHUX) OOYKCICHb HAJ[ PI3HUMH CTaHa-

MM KBaHTOBOI cyrepro3uuii. TakuM 4YMHOM, MOKHa OJ-
HouyacHO 06po6msatn 2" cxeM Ha omHOMY BXimHOMY

BILJINB1 (2n BXIIHAX HAaHWX Ha OJHIA cxeMmi), aje mIpu
IpoMy (hOpMyeThCsS BChOTO N OiTiB TaHUX B KiHII 00YHC-
JICHb, IO € CYTTEBUM OOMEKEHHSIM mapaiemnizMy. Jloriuui
KJIacH4yHi BeHTWI € HeoboporHumH. s 00opoTHHX
KJACUYHAX OOYMCIIEHb BXIJ 1 BHUXIJ €JIE€MEHTa 3aBXKIA
MICTSTh OJIHAKOBY KIUIBKICTH OiTiB N e Oynb-sike o0umc-
JICHHSI € B3a€MHO-OJHO3Ha4HAa BIJIOBIAHICTH MHOXXUHU
BXO/iB 1 BUX0JiB. TaKy BiZMOBIIHICTh MOXKHA NPECTABH-

TH yHiTapHOW 060poTHOIO0 Matpuiero 2" x2" | ne B Koxk-
HOMY PSIJIKY 1 CTOBIII € PIBHO OJ[HA ONUHHIIL. Matpuis
MOJKE PO3TIBIIATHCS K OIEPaTOP CBOJIONIL AESIKOi KBaH-

n
TOBOI CHCTEMHU 3 IIPOCTOPOM cTaHiB Hp = c?. Bynb-sixe

KJIacUuHe OO0YMCIIeHHs (JIOTIYHHWIl eleMeHT) MoXke OyTH
oboporanm. Hanpukian, tabnuist icTHHHOCTI 000pOTHO-
ro kepoBaHoro eixementa HI (controlled not) mae Taxwuii
BurIIAz (puc. 8).

e =1{=-11s]
or—-‘--'o >¢||

Pucynok 8 — Tabnun ictuHHOCTI 060poTHOTO controlled not

Y  rtakux  OOOpPOTHHMX  €JIEMEHTaX  B3a€EMHO-
OJIHO3HAYHOI BIIMOBIAHOCTI HISIK HE BUABIAIOTHCI BIIAC-
THBOCTI KBaHTOBOI CyIepHo3uuii Ta cruryranocti. Hemo-
KaJIbHA CYIIEPITO3UIIis JBOX KOTEPSHTHUX (POTOHIB (EJeK-
TPOHIB) Ha3WBAETHCSA KBAHTOBOIO CIUIYTaHICTIO, IO TIPO-
ABJIAETHCS NIPU BHMIpi omHOro 3 HUX. KBaHTOBa crumyTa-
HICTh € BIIACTHBICTIO KBAaHTOBOI CyIepHo3uIlii (OTOHIB
(enmextponiB). Taki siBuIlla SIK: KBAaHTOBA CYIICPITO3HIIIS
(OTOHIB; KBAaHTOBa CIUTYTaHICTb EJIEKTPOHIB; METpHUKa
MOIIOHOCTI-BIIMIHHOCTI IS CYNEPIIO3HUIli Ta CIIyTaHOC-
Ti, HC BH3HAYCHI CcTpOro B Jukepenax. CIUIyTaHIiCTh Jae
MOJKJIMBICTh BU3HAUATH CTaH yCi€i CUCTEMU MPH il BUMIPI.
BukopucranHsi KBaHTOBOi CyHeprno3uiii CTaHiB Juist
PO3B’si3aHHS NMPAKTUYHUX KOMOIHATOPHMX 3a7ad OCHUTH
TIOBHO TIpe/CTaBJIeH] y myOumikamisix. bararo anropntwmis,
sk Deutsch-anroputm mi1st posmizHaBaHHS CTaHIB, MOXKHA
mapajenbHO peali3yBaTH Ha KIACHYHUX OOYHCIIOBadYaX.
KBaHTOBa CIITyTaHICTh — II€ B3aEMOJISI IBOX aJbTEPHATH-
BHHX KOTEPEHTHHUX HENOKAJIHGHHX CTaHIB, sKi HE MEpeTH-
HAIOTHCS, 10 MAIOTh MK COOOI0 MakCHMallbHY MOXIJIHY,
sIKa JOPIBHIOE iX cymeprno3urii abo o6’equanHio. Cymep-
MO3ULIs O3HAayae, [0 KBAaHTOBA CHCTEMa OJHOYACHO Ie-
pedyBae y nBox crtanax. CIUTyTaHICTh € KOPEIAIis JBOX
a00 OiibIlle HENIOKAIBHUX YACTHHOK, KOJIA BHMIp OJHIET
NPU3BOJUTE J0 BU3HAUEHHS CcTaHy iHmoi. Cynepro3umis
Ta CIUTYTaHIiCTh — HE OJIHE U Te came. [IpoTte, cymepmno3u-
1isl (BU3HAYAETHCS Yepe3 KOTePEeHTHICTh) HeoOXiHa Ui
cTBOoperHs crurytaHocti [30, 31]. KBanToBa cruryTaHicTh
BKJIIOYAE CYIEPHO3ULII0 CTaHIB IBOX CILTyTaHUX KOpele-
HOBaHMX HENOKAIFHHX YaCTHHOK, KOJIM BUMIp OJHi€l
MHUTTEBO 1 3aBXKIM y mpoTudas3i BIUIMBAaE Ha CTAH iHIIOI.
KorepeHTHICTh Ta CIDTyTaHICTh KUTBKICHO Ta (hyHKITIOHA-
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JIHO €KBIBAJICHTHI, 1110 BiJIrpa€e BayKJIUBY POJIb Y KBaHTO-
BUX TEXHOJIOTISAX TeNenopTanii, kpunrorpadii Ta Komy-
BaHHs. AJsie sik Oytu 3 xoroM llpeninrepa, skuii oauH y
JBOX cTaHaxX. KBaHTOBa CIUTyTaHICTh — CYNEPIO3MILis
JIBOX HEJIOKAIBHUX NMPOTH()A30BUX CTAHIB OJHIET YACTKH.
Ky0iT mnpexncraBneHuii OJHMM €JIEKTPOHOM (HE CHCTe-
Mo10) (poTOHOM, aTOMOM), JIc IBa CTAaHU YACTKU OJHOYA-
CHO TIepeOyBalOTh y CyIepIo3uLil. Aje cynepro3uuii He
MOJKHA BUMIPATH, TiNbkH 0a30Bi CTaHH, TOMY HOTPiOHI
AITOPUTMH JJISl IPUBEIEHHS pe3ynpTary 10 N 6itiB. IcHye
HEMOXUINBICTh BUMipy KBaHTOBOTO CTaHy 0€3 MOpyIICHHS
cynepnosutiii. KinbkicTe kiacuuHoi iHdopmaii, 1o

OJIHOYACHO MiCTHThCA B N KyGitax, mopisuioe 2". Cyre-
prio3uiisi cTaHiB y KyOiTi € (i3u4HO Ta MaTeMaTu4HO
OB’ A3aHI MWHAMIYHI TpOIECH B KBAaHTOBIH YacTHHII
(oToH, eneKTpOH, aToM), sSKi BHSBISIOTHCS B CTaTHIII
miciis iX BUMIPIOBaHHS, MOMIOHO J0 MiAKHMHYTOI MOHETH,
sika, 00ePTAI0YKCh, MA€ CYMEPIIO3HUIIII0 OpJia 1 PEIIKH, ajie
Ma/Ialouy Ha MOBEPXHIO, 3aBXIM HaOyBa€ OJHOTO i3 3a-
3HA4YEHHUX CTaTHYHMX craHiB. Cyneprnosuiis N KyOiTiB €
Gi3MYHUM Ta MaTeMaTHYHHM MEXaHi3MOM 3B’S3yBaHHSI

2" nuHamiunuMx CTaHiB, IO MOJIOHO 10 0O0epPTaHHS TiI-
KMHYTOI TpabHOI KICTKH, sIKa IPH MaJiHHI Ha MOBEPXHIO
3aBXIM NPOSBISIETHCS CTATHYHUM CTAHOM, IO BH3Haya-
€ThCA N IBIMKOBUMH po3psaaamu. Came MOKH ITyXke KOpo-
TKHAN TIepioj] KOTePeHTHOI AWHAMIKK CTaHIB KyOiTiB, IO
B3a€EMOJIIOTb, I[IKABUH 1 BUKOPUCTOBYETHCS VISl TIPAKTH-
KA OOYHCIIOBAJHHOTO TIPOLIECY OOpPOOKM MJaHUX IIPH
pO3B’s3aHHI KOMOiIHaTOpHUX 3axad. [Ipu oMy MOHATTS
CIUTYyTYBaHHsI KyOITiB HE NPUHOCHTH HOBOI iH(opmarii
JUIA OpraHizaiii 00YHCIIOBAILHOIO MPOIECY BiIHOCHO
CYIIEPIIO3UIIil, KpIM HEIOKAaJbHOCTI, KOJU J[Ba CTaHU
OJTHOTO KYyOITy, III0 OTOTOXXHIOIOTBCS 3 JBOMa KBaHTOBH-
MH YaCTHHKaMH, ()OPMYIOTh HEJIOKaJIbHY CYNEPIO3HUILIO.
KBaHTOBa CIUTyTaHICTb € HeJOKaJlbHA CYIEPIIO3ULIis
JIBOX pO3IiIEHHX (POTOHIB, IO KOTEPEHTHO 30epiraroTh
MIPOTWIICXKHI CITMHU Ha BifcraHi. [Ipu BUMIpi cTae oueBu-
JHAM (aKT TPOTHIICKHOCTI CIMHIB JUIS KUTBKOX B32€EMO-
nitounx ¢ortoniB. CruryTaHi GOTOHH — Mapa HEJIOKATbHUX
YaCTUHOK 3 KOPENbOBAHMMH KBAHTOBHMH CTaHaMH, IO
YMOXITUBITIOE KBaHTOBHH 3B’S30K, TEJIETIOPTAIlI0, KOM-
II'IOTHHT Ta KBaHTOBUH 1HTEPHET, KBAHTOBY METPOJIOTIIO,
MOHITOPHHT Ta yIpaBiiHHA. ['€HepyloThcs mapu CIuTyTa-
HUX (OTOHIB 32 JOMOMOTOI0 KBaHTOBOI TOYKH B apCeHimi
rajito, po3mipom Omu3bko 10 mikpomerpiB. KBanroa
TOYKA i3 30JI0THUM J3EPKaJIOM 1 JIIH30!0, [0 30HMpae, OCBi-
TJICHA JIa3epOM, BHITyCKa€ Mapy CIUIyTaHUX (OTOHIB 3a
paxyHOK posmany 30ymkeHoro craHy. [lapa ¢oToHiB,
CIUTyTaHa, HE B OAHOMY (CIMH), a B N BUMipax (IOJIApH-
3amis, eHepris, MO3/I0BXHE 0OepTaHH:), CIPOMOJXKHA IIe-

peHocuTH 3a onroBonokHoM y 2" pasiB Gimbmie iHbop-
MaIlii, Hik IpocTa CIUTyTaHa Iapa, 0 € aHAJIOTOM TEXHO-
JI0Tii 4YaCTOTHOTO MYJIBTHIUICKCYBaHHS, ajle BXe Ha KBaH-
TOBOMY piBHI. BHHUKae 3HOBY X Taku CYNEpPIIO3HIS
CTaHiB, aje BXXE KilbKa CIUTyTaHWX (OTOHIB Yy KiIBKOX
KBaHTOBHMX BHMIpax, sIKi 3HAYHO MiJABUIIYIOTh MPOAYKTH-
BHICTh mepenaui manux. CrutyTaHi (GOTOHHM OIISATh MK
co00I0 OAMH 3arajJbHUH KBaHTOBUH craH. Tomy 3MiHa

KBaHTOBOTO CTaHy OJHOTO 3 HHUX CIIPUYMHSIE CUHXPOHHY
3MiHy CTaHy iHINOro (iHIIKX), HE3aJe)KHO BiJ BiACTaHi,
o po3aiiie iX y ¢isuuHoMmy mpocropi. Po3pobiieHo
TEXHOJIOTII0 OTPHMAaHHS JECATKIB, COTEHb Ta THUCAY 3a-
IUTyTaHUX (OTOHIB, AKI IUIATH MK COOOIO 10 MijbiiOHA
KBaHTOBHX CTaHiB, 110 TIOKH 10 BA)KKO BUKOPUCTOBYBATH
JUIsl TIPAaKTUKK Tepenadi iHpopmanii. [HmmiA noisix mos’s-
3aHHH 13 CIUTyTyBaHHSIM ABOX (OTOHIB, ane Bxe B 1—-100
KBaHTOBHMX BHUMipax, III0 O3HAYAE TAKOXK KOPHCHY Oararo-
3HAYHICTh Tepenavi qannx [32].

BucnoBok. CruryTanicTs (cTaHiB) (OTOHIB Ta Cymep-
mo3umis (KyOITHHX CTaHIB) €JIEKTPOHIB (aToMiB) — OBa
130MOp(GHI aHAJIOTH KBAHTOBOT'O KOMIT FOTHHTY IS TIepe-
Jladi JaHuX Ta OopraHisailii oOYHciIeHb BianoBigHo. KBaH-
TOBA CIUIYTAaHICTh € KJIIOYEM IO IOSCHEHHS MUTTEBHX
MEHTAJILHUX 3B’SI3KIB MK OKPEMHMH JIIOJIbMH, PO3IiJie-
HUMH BEJIMKAMH BIJCTaHAMH. SIKIO PO3AUICHI CIUTyTaHi
(hOTOHM ONPOMIHIOIOTH NAapy HAWOIVIKYMX POAMYIB, SIKi
MaroTh IJICHTHYHI T€HOMH, 3MiHH B OJJHOMY 3 HUX BHKJIH-
KaloTh KOT€PEHTHUH BiATryK y iHIIOI oanHH. IcHye Timo-
Te3a, IO JBa CIUTyTaHi (JOTOHH HEIOKaNIbHO pPearyroTh
ONIMH Ha OJHOTO 31 mBHAKoMi€ro B 100 THCSY pasi, mo
NepeBUIIy€e IIBHIKICTh CBITJIA. [HINE TpHBiambHE MOsC-
HEHHS KBaHTOBOI CIUTyTaHOCTI MOB’si3aHE 3 THM (pakToM,
o oauH (HOTOH y MOMEHT HOTrO CIUTYyTYBaHHS LUIIXOM
PO3MOAiTY Ha ABa MOPOPKYE MIMCHO BUIAIKOBUM YHHOM
OJIMHUYHY Ta HYJIbOBY BU3HAuUE€HICTh. TOMY, KOJIM OJUH i3
HHUX BHMIPIOETBCS IECh y MPOCTOPI K OJUHULIA, TO JIPY-
T'MH, TPUPOIHO, «MHTTEBO-KOTEPEHTHO» CTAa€ HYJIEM.
MoskHa TYT €MOLIfHO BUT'YKHYTH — Ta BiH i OyB OaHKpY-
TOM 13 CaMOro MOYaTKy CIUTyTAaHOCTi, KOJM OAWH ()OTOH
OyB pO3IUJICHUIN Ha JBa. 3a TAKOi TiMOTE3W 30epiraeThbes
HEJIOTOPKAHOI0 €IMHA KOHCTaHTa BeecBiTy — mBHIKICTBH
cBiTna. 3HOBY X Taku AnpOepr EiltHmreitn mpasuit —
IIBUJIKICTh CBITJIA € BEPXHBOIO MEKEIO!

Bimomi COTHI «3aIuTyTaHWX» BU3HAYEHB UL PO3YMiH-
Hi 0a30BUX Ta CTPYKTYPHHX KOMIIOHEHTIB KBAaHTOBOTO
KOMIT'FOTepa Ta TEIEKOMYHIKaIlill, IKi ONepyIOTh HaBiTh
NPOTHIICKHUMH MOHATTSMHU. HacTtaB yac cTBOpHUTH CTaH-
JIapT KBaHTOBOI iH)KEHEii, SKUI MOBHHEH MaTH MPaKTHY-
HY CIIPSMOBAHICTh Ha IIMPOKE KOJO YHMTauiB (CTYIEHTIB
Ta CIIEIaJICTIB), 3al[iKaBIICHUX Y HOBUX TEXHOJIOTISX, SKi
NPaBUJIBHO BHUKOPUCTOBYIOTH CrelM(iKOBaHI TEPMiHH.
CraHgapT He JMIIE MOSICHIOE TEOPII0 Ta MPaKTHKY (iznd-
HHUX Ta MaTeMaTHYHHX SBUII, a U TOETHYE 3yCHIIIS BUe-
HUX JUIS KPEaTHMBHOTO BUPIIIECHHS CKJIQJHUX MPOOJIEM.
MeTpuKa HigIOPsIKOBAHOCTI OKpeMHUX KOMHOHEHTiB QC
yepe3 ixHI BigHomeHHs (relations) mpeacraBineHa Ha
puc. 9. Cymepnosumiss  (superposition) —  iHilHE
00’eTHAHHA CTaHiB, MPOIECIB UM SBUIL. TYyT BiIHOIICHHS
KBaHTOBHX YaCTHHOK € CyIeprio3ulieto. KBaHTOBI yacTKu
HE 3aBa)karoTh OJHA ONHINW. BigHomIeHHS KiHIIEBOI MHO-
KUHM KBAaHTOBHX YacTMHOK B OJHIM TOULl IPOCTOPY
(local) € cyneprnosuiis. BigHomIeHHs KiHIIEBOT MHOKHHH
YAaCTHHOK Y PI3HUX TOYKax mpocropy (nonlocal) € crury-
TaHicTh (entanglement). Cyneprnosuiist Ta CIUTyTaHiCTh €
€KBIBAJICHTHUMH MOHSTTSIMH.
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Cynepno3auuis
{BAHTOBI BIOHOLIEHHA

CnnyTaHicTb Kybit
KomyHikauisn OBumMcneHHs

Pucynok 9 — Bignoutenus mixk QC-KkOMIOHEHTaMU

BinHomeHHS — CTPYKTypa B3a€MHEX 3B’S3KiB HAa MHO-
KMHI KOMIIOHEHTIB, III0 BH3HA4Ya€ BIACTHBOCTI HPOLECY
4K sBUIIa. KBaHTOBE BiJHOIICHHS € KOT€PEHTHOIO CTPYK-
TypOIO KOpEIIiiHuX cTaHiB. Hemae cymepewnmBuX 4m
B3a€EMOBHUKJIIOYHHX BiJJHOLIEHb MDK CTaHaMH B KBaHTO-
BOMy CBiTi. KBaHTOBHMi1 CTaH — CyKYITHICTh NapaMeTpiB,
IO XapaKTepH3YIOTh KOTEPEHTHY CTPYKTYpy Kopeleno-
BaHMX CTaHIB y 3aiaHuii yac. Cyneprosuilis — KOrepeHT-
HE BIJHOIIEHHS MDK JBOMa Ta OLIbLI KOPEIbOBaHHUMH
CTaHaM{ KBaHTOBOI 4acTKH ((OTOHA, €JIEKTPOHA, aTOMa).
CrutytanicTs (entanglement) — HeJlIOKaJIbHA CYIIEPIIO3HILILS
KOTEPEHTHUX CTaHIB PO3AIJICHUX KopeseioBaHuX (oTo-
HiB. Ky0iT (qubit) — moKanizoBaHa CynepIo3nIlisi Korepe-
HTHHX KopemoBaHux craHiB 0 Ta | cybaToMHOI YacTHHKH
(emexTpona, aroma). KBaHTOBa CTPYKTypa — JIOKAJIN30Ba-
Ha CYNepIo3HIig N KyOiTiB I mapaieI-HOro BUKOHAHHS

JIOTIYHUX OTepaIiii Haj 2" cramamu. Bararo crauis KBa-
HTOBOI CTPYKTYPH, KOT€PEHTHO (irypye B JOKaJbHOMY
mpocTopi KyOiTiB, € TOH dYapiBHMH MeXaHi3M, SKUI 3a
BU3HAYCHHSAM OpIEHTOBAaHMH Ha MUTTEBE IIapalielibHE
BUpIIICHHS KOMOIHATOPHUX 3aJlau eKCIIOHEHIIIHHOT CKia-
JIHOCTI.

Cynepriosuiliss — BiHOIICHHsS Mik cTaHamu. KopoTki
BU3HAUYCHHS BiINOBIAHUX HOHSTS!

1) xy0iT — soKaymi3oBaHa CYIEPHO3UIIsI KBaHTOBUX
CTaHiB;

2) CIUTyTaHICTh — HEJOKaJhbHA CYIICPIIO3UIIisI KBAHTO-
BUX CTaHiB;

3) ky0it, K KOTepeHTHe JIoKalli3oBaHe BimHomeHH: 0 i
I, € TnpumiTHBOM oOprasizamii CTPYKTyp MJaHUX
KOMIT FOTHHT A,

4) CIUTyTaHICTh € KBAHTOBOIO OCHOBOKO Iepemadi Ja-
HUX, KOJYBaHHs], TeJernopTalii, iHTepHETY, METPOJIOTii,
MOHITOPHHTY Ta YIIPaBIIHHS;

5) cynepno3uiliss (METOJOJOTIYHO) — BJIACTHBICTh HE-
CYIIEPEWINBOTO CIIJIBHOTO ICHYBAaHHS HECKIHYCHHOI KO-
TePeHTHOT MHOKMHH YaCTHMHOK KBaHTOBOTO CBITY Ta IX
KOPEJIIOBAaHUX CTaHIB y JIOKQIbHOMY (HEIOKAJIHLHOMY)
mpocTopi. Cynepro3uilis TaKoX IMPAIoe i B MAKPOCBITI,
3p03yMLIO0, 3 OOMEKCHHSIMH Ha KiHIICBE YHCIO (hi3WIHUX
KOMIIOHEHTIB Ta WOTO CTaHIiB y JOKaJIbHOMY IIPOCTOPI.
SKmo cynepmo3wiito MIKpPOCBITY IMIUIEMEHTYBAaTH B
HOro MakpoaHaJIor, TO JIOJH 3MOXYTh MPOXOIHUTH OIHMH
yepe3 OJHOTO 1 uYepe3 CTiHM, aBTOMOOiNI TMEepecTaHyTh
CTHKATHCS Ha IOporax, HOBI OyIMHKH MOXHa OyIyBaTH,
He pYHHYIOUM CTapuX, JIITAKH OE3MEepernIKoJHO 3JiTaTH-
MYTh 1 CiZJalOTh Ha OJHY CMYTY, a TaKOX JITAaTUMYTh Ha
3YCTPIYHUX Kypcax, CeJITHH 30UpaTUMYTh 3 OJHOTO OIS
MUIBHOHM TOHH OBOYIB i1 (pykTiB. Bee 1e BopHOuac, ne
HIXTO HIKOMY He 3aBakae. Taka KapTHHa MakpoCBiTy B

METpHUIll MIKPOBHKOHAHHS MOXE OYyTH MPOIOBXKEHA [0
PO3YMiHHS HECKIHUEHHOI MHOXKHHHM KOTEPEHTHHX Mapa-
JeNbHUX, OJHOYACHO iICHYIOUHX, (hi3NYHMX CBiTiB. Bimoma
1 He 30BCIM Bpaaia rimore3a mpo kota Illpexinrepa maio
0 Ja€ JUIsl pO3yMiHHSA MiKpocBiTy. OcTaHHIN cTae 3po-
3YMUTIIINM, SKIIO YSIBUTH 3aKOHH MIKPOCBITY B iX Makpo-
iHTeprperaii, 3anpornoHoBaHoi Bumie. Himo He icHye y
BcecaiTi (Mikpo- Ta MakpOCBiTi) 0€3 HAJIEKHOCTI 10 Bij-
HomeHHsa. Cymnepriosuilis € BimHomeHHsAM. Haamposiz-
HICTh 1 HaJIIMHHICTH 30€pirafoTh KBaHTOBY BIIACTUBICTH
0e3MepeIKoHOTO TPOXO/UKEHHS EJIEKTPOHIB 1 piauH
OJIMH 4epe3 OJHOTO B MPOTHIICKHHUX HANpsSMKax 3a MeB-
HUX TEeMIIEpaTypHUX yMoOB. Tomy (i3WYHHH MaKpOCBIT
TaKOX 3aTHUH CIPHAMATH JEsKi BIACTUBOCTI-CTOCYHKH
KBaHTOBOTO MIiKpPOCBiTy B YaCTHHI CYIEpPITO3UIHHOI He-
CyTIepPEeYHOCTI.

3. KBanroBi apxitektypHi pimeHas. MaTemaTuku i ¢i-
3UKH MaroTh MOBHOTY 3HaHHA MikpocBity. KoM roTepHi
IH)KEHEPH BOJIOJIIOTh TEXHOJIOTISIMH CHHTE3y OOYHCIIO-
BaJIBHHUX MPUCTPOIB B MakpocBiTi. [1oTpiOHI TpeTi ocodw,
3[aTHI MO€HATH CHPOLICHY TEOpilo MapajiesbHUX KBaH-
TOBHMX MEXaHI3MIB i3 TMPAKTUKOIO KJIACHYHHUX KOMII IOTe-
piB, KX MOXHa Ha3BaTH (paxiBLSIMH 3 KBaHTOBOI iHXe-
Hepii. [Tonspusanis cBiTiia un (HOTOHIB peanizye omneparii
and, or. Hemae npocroi oneparii not B KBAHTOBOMY CBITi.
[ITo Mo>kHA 3pOOHTH 3a IOTTOMOTOI0 ABOX IHCTPYKIIH JuIst
CTBOpPECHHS KBaHTOBHUX ainroputmiB? Timpku crnenn¢ivni
HEYHIBEepCaJbHI anropuTMu. L[pOoro mocTaTtHRO UIA Mif-
paxyHKy, Hampukian, momiOHocTi-BigMmiHHOCTI. I[Ipode-
cop IOpiit IlerpoBuu 1llabaHoB-KyiHapeHko cTBepKy-
BaB, mo Joriku I-ABO (and-or) mocTatHRO IS
pO3B’si3aHHA KOMOIHATOPHHMX 3aJa4 pO3IMi3HABAaHHS Ta
NpUHHATTS pimieHb. [lapanenisM KBaHTOBHX OOYHUCIIEHB
HA OCHOBI 3aCTOCYBaHHs IOCJIJIOBHOCTI KBAHTOBHX BCH-
TUIIIB JI0O CTPYKTYpH IOB’S3aHHMX KyOITiB BU3HAYA€THCS
OJTHOYAaCHUM OOYMCIICHHSIM CTaHIB BUXOJIIB SIK peaKiii Ha
00poOKy Bcix craniB BXxomiB [33]. KBanToBHii anroputm
BUKOHY€THCS MapajIebHO 32 TOW caMHi MPHUOJIU3HO KOH-
CTaHTHHH Yac HaJ yciMa BXIITHMMH BIUIMBAMH, HE3aJICK-

HO Bix 3Hauenns n={2,10} y ¢ynxuii Y =2", mo dop-

Mmye 4 abo 1024 craniB, 3 Bugauero GpyHkuii iMoBipHiCHO-
ro po3mnoziny Biamosixel. KBanToBHi KOMII't0TEp aHANO-

rOBUMH CHTHAJIAMH 3amyckae 2" TapajelbHHX TpoueciB
pillICHHS, KOKEH 3 SKUX 00poOJsie OAMH i3 MOMKIMBUX
BapiaHTiB, micis 4oro (opMyeThcs HMOBIpHICHA cyrep-
MO3WIIS BIAMOBiNEH, 3 SKUX BHOMpaeTbcs oxHa. Jlis
OTPUMAaHHS CTIMKOrO pe3ysibTary poOOTH KBaHTOBOTO
KOMIT'FoTepa HEoOXigHO OaraTopa3oBO 3aIlyCTUTH KBaH-
TOBHH aJTOPUTM Ha TOMY CaMOMY BXiZHOMY Habopi ma-
HUX, a TIOTIM YCEpeOHHUTH pe3yibTaT. IMOBipHICTH HE €
CHIIPHOIO BJIACTUBICTIO KBaHTOBOTO KOMII'IOTEpa, SIKe
Maslo OyTH CTPOro JAETEPMIHOBAHUM, SIK y KIACHYHOMY,
KOJIM Ha Ty caMy MOCIIIJIOBHICTh a00 MmapaiesibHICTh BXif-
HUX [l aJIrOpuUTM [Aa€ CTIHKO CTAOUIBHUE pe3yJybTart.
BrnactuBicThs nmapanenizmy, ajie JeTepMiHOBAHOTO, IILTKOM
MOXHa peayli3yBaTH 3a PaxyHOK HaJJIHIIKOBOTO KOJY-
BaHHS 1 JIOMAaTKOBOI MaM’ATi B KIIACHYHOMY KOMIT FOTEpi.
Haii0inpm BimoMmi cremianbHI alTOPUTMH: (aKTOPH3AMii
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Hlopa anst po3kiiaiaHHs YHCeNl Ha NPOCTI MHOXKHHKH,
HIBUAKHMH MOIIYK y 0a3i JaHWX Ha OCHOBI IOBHOTO TIepe-
6opy I'poBepa, MiHiMi3allii TECTOBUX MEPEBIPOK LIS PO3-
mizHaBaHHS Tpyn Jodwa. Ha BiaMmiHy Bin KiacHyHHX,
KBAaHTOBI KOMIT'IOTEPH, K 1 aITOPUTMH, € YHIBEpCaIbHH-
Mu. Y 1pomy cydacHi QC CTBOPIOIOTH Taki MpoOJieMH,
SIKAM I1I¢ HeMa€e e()eKTHBHHX PIIICHB:

1) ugyrmuBicte 1m0 QC-OTOYCHHIO — JIEKOTEPEHINis
(150 MKC), s KOpeKii MOMIIOK TTOTPiOHO CTBOPIOBATH
JIOTi4HI KyOiTH;

2) HarpoMaKCHHS TIOMIJIOK TPH OOYUCIICHHAX, OiTb-
11e omnepartiii — OiTbIIe MOMHIIOK — MEHIINI Yac KOTepeH-
THOCTI KyOITiB, HOTPIOHO MParHyTH JI0 KIIBKOX OIepariii
HaJl CTPYKTYpaMH JaHHX;

3) iHinjanizanis cTaHiB KyOiTiB;

4) crBOpeHHs 0araToKyOITHUX CTPYKTYp JaHHX BEIH-
KOT PO3MIpHOCTI, Ba)K/IUBE 3HAYECHHSI Ma€ CYCIJICTBO IIec-
TH YaCTHHOK Ha 1 KyOiT; yiM Oijiblie CyciiiB, TUM OiTb-
e npooiem;

5) imimiamizamis, OOYMCIIEHHS Ha TelTax, KOPEKIIis,
3YNTYBaHHS — BCE CJIiJ] YKJIACTH ITiJ{ 9acC IEKOTSPEHIIil.

3amada MONIYKY ONTHUMAIBHOTO IOKPHUTTS € KOMOiHa-
TOPHOIO 1 TOMy MOKe OyTH Opi€HTOBaHa Ha KBAaHTOBE
pimenns. [lani po3rasaaeTscst KOMOiHAIIHA cXeMa, sKa €
amapaTHOIO peaTizallielo KBa3iMapajedbHOro IOIIYKY
MTOKPUTTS HA KITACHIHOMY KoMt fotepi (puc. 10).
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Pucynok 10 — Jlorika uis KBa3inapajieabHOTO PO3B’I3aHHS
3a/1a4i IIOKPHUTTSI

Jnst mpOro BHKOPHCTOBYEThCS CTPYKTypa Xace, sKa
JMBHHM YMHOM ONTHMI3y€ CTPYKTYPH NAHUX JUI1 BHpi-
IIeHHsT KOMOiHaTOpHUX 3amad. TyT BoHA (hopMye KiHIIEBY
MHOXXMHY BEpTHKAIbHUX pIBHIB, IO HAyTH JiBOPYHY,
33Jal0Th MOEJHAHHSA BXiJHUX BEKTOPIB Ui OTPUMAHHS
MOXIIMBOTO  PO3B’SI3KY, B  JaHOMY  BHIAJKY:
ch = (C};,Cf,Ci,Cf) . Po3B’s130K 3HalifeHO, AKIIO X0ua
0 oziHe 13 3a3HaYCHUX I’ ATHA/ISATH Or-€JIEMEHTIB (OopMye
OJMHUYHE MOKPHUTTS 13 TOEJHAHHS BXIJHHUX BEKTOPIB.
Topni and-gate npu or-eneMeHTi, O peaizye MOEaHAHHS,
CTBOPIOE 3HAYCHHS | y BEKTOPHOMY PeTiCTpi, MOKa3aHo-
My B HIDKHIH YaCTHHI CTPYKTYpH, [0 00epTaE B OTHHHIIIO
ctan Buxoxmy Y. YacoBa BapTiCTh KBa3imapalelbHOTO

. . 1 .
pimenns gopisaioe —2" apromarni Takti. Ha kBaHTO-
n

BOMY KOMII'FOTEpI BCi PiBHI NMOEAHYIOTHCSI B OJIMH BEPTH-

KaJIbHUM, 1110 03HAYa€ CTBOPEHHS MOBHICTIO MApajieIbHOTO

anroput™y mnomyKy pimenss Ha 2" —1 KorepeHTHHX
CXeMax, aje BXKe B OJHOMY aBTOMaTHOMY TakTi. Haimoc-
JITOBHIIINA PO3B’SI30K — 3’€HAHHS BCIX CXEM B JIAHIIIO-
JKOK, KOJIU PO3B’S30K BHXOJWTh HAa YaCOBOMY IHTEpBai

pisromy 2" —1 aBTomarHuX TakTiB. THM He MeHm, Xace
CTpYKTypa CTBOPIOE ONTHUMAJIBHHUH IO amaparypi Ta 4acy
ITOPHUTM TIOILYKY TOKPUTTSI Ha KJIIACHYHOMY KOMIT FOTEi.

TakuM 4MHOM, KBAHTOBUI IapaiieltizM € GpyHKIIE0 BiJ

KBaHTOBOI cynepnosuiii 2" CcTaHiB, O MOPOIKYIOTHCS
N-KOrepeHTHUMH KyOitamu. [IpupojHo, 1110 Ha HPOIYK-
TtuBHICTh QC TakoXX BIUIMBA€ IIBHIKICTH CBITJIA, SKY
MOXHa BB&XaTH TPAHUYHOIO IPOJYKTUBHICTIO OOMIHY
JITAHUMH MK KOMIIOHEHTaMHU KBAHTOBUX CTPYKTYP JaHHX.

Jari momani ocHOBHI mosyioxeHHs myOmikartii [8] Ta iHri
migxoan 1o moOymoBU (KBAaHTOBOTO) KOMIT'IOTHHTA, SIKi B
JISSIKIX MOMEHTAX CYTTE€BO BIIPI3HSIOTHCS 32 1IEOJOTiEr0
BiJl KJIACHYHOTO IMiAXOIY A0 CTBOPSHHS OOYMCIIOBAYIB, a B
JIESIKX — MAalOTh Pa3iody CXOXKICTh. YTIPaBIIiHHA KBAHTO-
BUM KOMIT FOTEPOM TIOAIOHO 10 OE3YMOBHOI yCTaHOBKH
KyOika Py0Gika HaoCiIl Mo OTHOMY i3 3aJJaHNX MOYaTKOBHUX
craHiB (43, 252, 003, 274, 489, 856, 000) nuiixom 3acTo-
CyBaHHsI KiHLeBoro uucia mnpasui (< 20). [nakmie posris-
JIA€THCS TPAH3aKIlisi BEKTOpa KBaHTOBOI'O CTaHy Ha CYKYTI-
HOCTi 0a30BUX €JIEMEHTIB-KyOiTiB. 3BHYAiHO, crocrepe-
JKEHHS 32 MPOLIECOM HEMOXKIIMBO, 1110 MPU3BOAUTH 10 HOro
pyiiHyBaHHS. MOXKHa cHOCTepiraty JMIIe KiHIEBUHA CTaH
KyOiTiB. AHasoroM Moke OyTH O€3yMOBHHH aJIrOpUTM
ycraHoBkn FSM-aBromara (mouaTkoBuil) Hamepex 3ana-
HAA craH. BigMiHHICTE MDK KIACHYHUM Ta KBAaHTOBUM
KOMIT IOTepPOM TIOJISITAE Y BHUKOPUCTAHHI HE3BHYAMHUX Ta
BaXKHX s po3yMinHsA (defies intuition) KBaHTOBO-
MexaHIuHUX eekTiB s oOpoOKu aaHuX. Y TOHM vac sk
3BHYAWHI KIACHYHI KOMITFOTEPH MAaHIIyTIOIOTh OiTamu,
o npuiiMaioTs 3Ha4YeHHs 0 abo 1, kBaHTOBI 0OUHCITIOBaYi
MPaIIOOTh 3 KBAaHTOBUMH Oitamu abo kyOitamu. KyOitn
BUKOPHCTOBYIOTh KBaHTOBO-MEXaHIUHUM edekT — cymep-
MO3HILIFO, 10 Ja€ MOXKJIMBICTh KOKHOMY KyOITy mepeOyBa-
TH B CTaHi, 110 BU3HAYAETHCS METPHKOIO-CTYIIEHEM «OJIH-
3BbKOCTI» JI0 HyJIsI Ta oquHuLi. KoedimieHTH, 0 ONHuCyIOTh
OJMHHMYHICTh Ta HYJbOBICTH KyOITy, € KOMIUIEKCHUMH
uucnamu (Sphere Bloch V=a+ib), mo marore nilicHy Ta
ysiBHy (real and imaginary) gactunu. Y QC 3 KiHIEBUM
YHCIIOM KYOUTIB MOKHA CTBOPIOBATH CTPYKTYPH JAaHUX, 1€
CTaH OJIHOTO KyOITy IOB’S3aHMH 31 CTaHOM iHIIOro abo
iHmmx. Lle Ha3uBaeThCs «CILTYTyBaHHSAMY. [|Ba KIIaCHYHUX
0iTi MOXyTh OyTH BcTanoBieHi Titbku B 00, 01, 10, 11.
JlBa crurytaHi KyOiTM MOXYTh OJHOYAacHO CTBOPIOBaTH
CYNEpIIO3UIII0 IMX YOTUPHOX CTaHIB, [0 MArOTh MEBHHUN
CTYIiHb WMOBIpHOCTI st KoxHOTO ctany: 00, 01, 10, 11
(TyT HiBeTbOBaHA PI3HUII MK CIDIYTaHICTIO 1 CyIIepIIO3H-
II€F0):

0,2

03
0,3
0,2
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o Oinplie B3aeMoOit0UMX KyOITIB Yy CTPYKTypax Aa-
HUX, TO OlIblIe CTaHIB (BEKTOPIB) i MEHIlEe HMOBIPHICTH
KokHOro ix. Cymeprosuiiss ab0 TEOPETUKO-MHOKUHHE
300paKeHHs a0COJIIOTHO JICTEPMIHOBAHOTO CTaHy BijoMa
B IUCKpeTHiN Mmarematwimi moHan 100 poki. AnreOpa
Kantopa (puc. 11) omepye uoTMpMa CHMBOJIAMH:
A=1{0,1,X,J}, ne X ={0,1} — crilikuii cran, WO MOKe
OyTH YHITapHO 3aK0/0BaHO sK 11, 3a yMOBH, IO iHIII
komu piBHi: C(A)={0=10,1=01,X =11, =00} . Yo-
tupu ctann Y = {Q,E,H,J}, mo nepebyBarots y cymnep-
MTO3UIIii, MOKHA 3aKOIyBAaTH JIiTEpaMH, NBIHKOBUMH KO-
gamu Y ={00,01,10,11} abo yHITAapHUMH KOJaMH
Q=1000, E=0100, H =0010, J=0001. Y upomy
yHITapHE KOJyBaHHs 3a0e3rneuye napayieibHe BUKOHAHHS

PETICTPOBUX  JIOTIYHMX OIepalii Ha KIACHYHOMY
KoMIT rorepi [6].

™\

\=)

Pucynok 11 — CumBonu anre6pu Kantopa

Tpu cruryranux KyGiTa MOXYTh OyTH y CyNepHno3HIii
BOCbMH (pyHIaMeHTaNbHUX (TYT 1 Jaji eleMEeHTapHHX)
CTaHiB, 1110 CTBOPIOIOTH ITOBHY MHOXHHY moii. [Ipupon-

HO, N KyGiTiB MOXKYTh CTBOPIOBATH Cymeprosuiimo 3 2"
craHiB. ToMy BUKOHaHHs orllepauii 3 N 3aIuIyTaHUMHU Ky-

GitamMu 03Hauae oaHOuacHy 06podky 2" Giris iHdopma-
wii. Y pasi KJIaCHYHOrO KOMIT F0Tepa METPUKA YHITAPHOTO

KOJIyBaHHs CTaHIB /1 KoxkHOro 2" ajpecHnx (jiBilKkoBo-
JIECSTKOBHX) KOJIIB, 10 MAIOTh N PO3PSIIIB, PO3LIHPIOETH-

cs no 2" koopamHar. IHaxire mapanenbHIiCTh Ta CTiil-
KICTh BUKOHaHHS JIOTIYHUX OIlepaliii morpedye cyTTeBoi

anapatioi (R=2"—-n) wagmipHocti — 36imbuIeHHS
KIJIBKOCTI PO3PSAIB Uil KOAIB CTaHIB. [HIIMX HEmOJiKIB
Hemae. [Ipoekiliss OMHIED 3 OCeH € 3HATTSA JaHUX MICIs
obuuncnenns. [Hma iHTeprperauis: € B KOLWIMKY N KyJb,
OJIMH 3 SKHX MOXXHA BHUTSITHYTH, MO0 BHU3HAYHATH CTaH
CHCTEMH B JaHHI MOMEHT, a TAKOX IHTEIPATbHHN CTaH
Kyllb, [0 3aJWIIMIKNCS, 32 IPHHIUIOM JOINOBHECHHS.
SIKmIo TakWx cTaHiB 1Ba (OJMH KyOiT), TO X HEJIOKaJIbHa
3B’3aHICTh (KBaHTOBA HEJIOKANBHICTH), 3aBXKIH dYepe3
IHBEpCit0, BUKOPHCTOBYETHCS IS Tepenadi KoH(pimeH-
MIAHUX JaHUX KBAaHTOBHUMHM KaHajdaMH. BTiM, Aeski mo-
CJ'[illHI/IKI/I BUCJIOBJIIOIOTH AYMKY, IO IJI1 KBAHTOBUX KOM-
I’ FOTEPIB CIUTyTAHICTh €, HABMAKK, HEOAKAHUM MOOIYHUM
(dakropom [9]. 3 mo3umii Teopemu IlocTy 1€ HE 30BCIM
TaK, OCKUIBKM OOMJIBI omepamii: cymepro3uuis (or) i
CIUTYyTYBaHHS (nOt) CTBOPIOIOTH (PYHKLIOHAIBHO TOBHHH
6a3uc Ui JIOTIYHOTO KOMIT FOTUHTY, KOJH YCYHEHHS
OITHI€T 3 HUX YHEMOJIIUBIIIOE CTBOPEHHS YHIBEpCAILHOTO
obunciroBada. Oreparii KBAHTOBUX 00epTaHb, IO BUKO-
HYIOTBCA 3 KyOiTOM, He OyBaroTh imeanbHuMEI. OOMeKeH-

HS Ha SIKICTh KEPYIOUNX CUTHAJIB Ta YyTIHMBICTH KyOiTiB
BIUIMBAIOTH Ha OIEpallifo MOBOpoTy KyOiry. Hanpukiman,
obepranHs Ha 90 rpamyciB MoXe 3aKiHUUTHCS pe3ybTa-
oM, piBHEM 90,1 ab6o 89,9 rpamgycis. Taki momuiIku Ha-
KOIMUYYIOTBCS, IO IPH3BOJHMTH 10 HENPaBHIBHOTO pe-
3ynbTaTy. [HIIe IHKEepero MOMIIIOK — JEeKOTepeHIIis: KyOi-
TH TOCTYIOBO BTPayaloTh iH(POPMAIliI0, Ky BOHH Mic-
TATh, & TAKOXK 34eruieHicTh. KyOUTH MeBHOIO0 Mipolo B3a-
€MOJIIIOTh 13 CepPeIOBUILEM TONpPH Te, 0 (PI3UYHUI cyO-
CTpar, BUKOPUCTOBYBaHHUI AJsl IXHBOTO 30epiraHus, OyB
CIPOEKTOBAaHMH TaK, 00 TpUMaTH iX 130JIbOBAHUMH.
MoskHa KOMIIEHCYBaTH e(heKTH HETOYHOCTI KepyBaHHS Ta
JIEKOTEPEHIIii MUITXOM KBAaHTOBOTO BUIIPABJICHHS MOMH-
nok. Takuit migxin moTpedye BeMUKOI KiTbKOCTI HaIITHIII-
KOBUX ()I3MIHHX KyOiTiB Ta JOJATKOBOTO Yacy ix oOpoO-
Kd. JlexorepeHIis npuraMaHHa SK KBaHTOBHM OiTam, a i
OyAb-sIKMM JaHuM, iH(GOpMAIl, 3HAHHAM, ICTOPII, KyJb-
Typi, Haymi, ocBiTi. KorepeHTHiCTh 3aBXKIOH € eKCcTpa-
BUTPATHOIO BIIACTUBICTIO ISl OyIb-sikoi KiOepdiznuHOT
abo kibepcouianbHOi cucteMu. Tak camo sIK 1 JeKorepeH-
11is1 HE 3aBX/IM € TIOTaHO JUIsl QYHKIIOHYBaHHS CHCTEMH.
4. AnanoroBo-uu¢poBuii KOMIT IOTHHT. MeTpHKa Kia-
CHYHOTO «JaTa-aJipeca-Jorikay KOMIT'IOTepa OIepye
aapecHO-IN(POBUMH CTPYKTypaMH JaHUX Ta TMOCIIIOB-
HOIO JIOTIKOO iX 00poOKu. Anpeca cTBOproe 01aro — Iu-
(hpoBizamito CBITOOYZOBH i BOJHOYAC HAKIIAAAE 3a00pOHY
Horo mapaienizmy. 3a00poHa yCYBa€eThCsl aHAIOTOBI3alli-
€10 CUTHAIIB Yy HU(POBHUX MPUCTPOSX, IO Pealli3yeThCs
Ha OCHOBI HPOBIJHUX (TaJIbBAaHIYHUX) 3’€JIHAHB Y PETICT-
pax, KOMOIHAIIHHUX cXeMaX, OaHTOBUX CTPYKTypax Ia-
M’aTi. Ane auBHO, B mpupoai i BcecBity Hemae azpec.
Bce: wmarepisi-eHepris, npocTip-4ac, PpO3BHUBAETHCS 32
BITKPUTHUMH 1 ¢ HEBITOMHUM 3aKOHAMH (KOCMOJIOTIYHH-
MU, (i3UYHIMH, MaTeMaTHIHUMH, XiMiganmu). [Iprpona
CyBOpO Ta TIMOOKO aHAJIOTOBA Ta MapayelbHa. Axpeca
abo nudpa — WTYYHUI BUHAXIA JTIOIUHH, ske Gopmarye
BECh CBIT JETEPMIHOBAaHMMHU ITOCIIZOBHUMH MOAEIISIMH
MPOIIECIiB Ta SBUMI UL X 3PYYHOTO MOHITOPHHTY Ta aK-
THOAIT JIFOJUHOI. SIK HACHIIOK, BYCHI CTBOPIOIOTH CYBO-
PO TOCTIIOBHI 3a MpolLecaMu KOMIT'IOTep Ta LITyYHHN
inTenekt (Al), moniOHMK 10 BIacHOTO aHajora Hemapa-
JIETILHOTO CIIPUHUHATTSI MUPY Ta MUCIIEHHS (puc. 12).
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Pucynok 12 — Metpuka BiJHOLIIEHb KOMII IOTHHTY
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Ha TexHomoriuHoMy piBHI KOMIT'IOTEpa NpalO0Th
AHAJIOTOB1 CHTHANH, SIKi JJOCHTh CKJIaIHO 1HTEPIPETYIOTh-
cs sk nugpoBi. AJapecHa iACHTU(IKAIS 03HAYAE MOCITi-
JIOBHICTh O0pOOKHM KOMIIOHEHTIB. SIKIO Hemae ajapec, a
JIMIIE BiJHOUIGHHS, L€ HPU3BOJUTH O IMApaJIeIbHOCTI
00poOKM naHux. Y Hpuponi, SK BiIIOMO, HEMAae ajpec.
Hudposizaris — mporpec JOACTBA, SKAH, MOXKIUBO, BeJe
HOro XMOHMM IIISTXOM PO3BUTKY. TYT OCHOBOIO BHCTYIIAE
mmapa «ImaM’ sITh-JIOTiKay, SIK JIOTiKa MOCTiTOBHOI 00pOOKH
JAHHUX, [0 aPECYIOThCA B HaM’sATi. [HIIMH HUIIX KOM-
II’FOTUHTY — Oe3JIMKa MHO)KHMHA, CTBOPIOBAHA BIJIHOIIICH-
HSIM MHOXHMHA-JIOTIKa, 1110 € HAHKPAIUM TOIaHHAM Heajl-
pEecoBaHUX JaHUX JUIS JIOTIKM IXHBOI MapanenbHol 00poo-
ku. Ha xaib, cydyacHUH KOMIT FOTEp HE BHUPINIYE 3aBlaHb
e(EKTUBHOTO aHai3y MHOXXMHH HEaJpPECOBaHUX CIEMEH-
TiB. Ha 1ie 1 Tinpky Ha 1e (PO3B’s3aHHSA KOMOIHATOPHHUX
3a/a4) OpI€HTOBAHWH KBAaHTOBHH KOMII'IOTEp, IO Ma€
MPUMITHBAMH CTPYKTYp MaHUX KyOIiTH, SK CyKYITHICTB
CYNepro3il[ioHOBaHUX ~ 0e3aJpeCHUX  CUTHAIIIB-HOCIIB.
JlokasipHa Ta ajoKanbHa CYMEepHO3UIlis € CYyTHICTIO KBaH-
TOBOT'O CBITY, SIKa TIEpEBEpPHE YSBICHHS JIOJCTBA PO
BcecBiT. Y MIKpOCBITI HIXTO 1 HIIIO HE 3aBaXKa€ OJUH
OJTHOMY, BCE ICHYE OJJHOYACHO y OyIb-siKill TOULli Mpoc-
Topy. IlpupoaHor0 maroro 3a BCi ImepeBard KBaHTOBOTO
KOMIT'IOT€pa € IMOBIPHICHMH XapakTep pe3yibTaTiB, IO
(dopmyroTecs, skui, y wmipy nopocuimanas QC, Oyne
MParHyTH O KIACHYHOTO NCTePMiHI3MY. AJie TpyTHOIII
TEXHOJIOTIYHO1 peai3amii KBaHTOBUX CTPYKTYp HaHHX, a
0COOJIMBO JIOTIYHUX OMepaliii, IOKK MmO CTaBUTH Oap’ep
Ha NUISIXY HOTO PUHKOBOTO NMPAaKTUYHOTO BHKOPUCTAHHS.
JIronctBo BuTparmio 6su3pko 100 pokiB Ha TEXHOJIOTIUHY
CHHTYIJSIPHICTD <«JTUCKPETHOTO» J10/1a 1 TPaH3UCTOpa, LI0
JIS)KUTH B OCHOBI BCiX, IO CyTi, aHAJIOTOBHX, aji¢ POPMOIO
IU(QPOBUX, €IEMEHTAPHUX IPOLECIB y CydyacHOMY KOM-
m’rorepi. PUHOK oTprMaB CyBOpO IOCIIIOBHUI MEXaHi3M
OOYHMCIICHHS, 1110 CTA€ MapaJEIbHUM 3 JOMOMOTOI0 TEXHi-
YHUX BHUHAXOJIB: PO3MIUPEHHS MPOCTOPY JOTIYHUX 3MiH-
HHUX YH CIEai30BaHUX €JIEMEHTIB Itam’aTi. Baxko
BIJJIMOBHUTHUCS BiJl aJpECOBAHOCTI JaHWUX Ta MEpelTH 10
00poOKM MHOXHH Ha MPUHIIMIIOBO HOBHX Marepianax Ta
migxomax 30epiraHHs Ta oOumcieHHA. «JlaHi-nmorikay
KBaHTOBOT'O KOMIT IOTepa 3HAYHO KpaIHid BapiaHT 00po0-
Ku iHpopMalii, ge BiACyTHI aiapecu. Tam, Ae naHi, Mae
OyTH i norika ixHp0i 00poOKH (puc. 13).
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Pucynox 13 — MakpoapxiTekTypa KBaHTOBOT'O KOMII I0Tepa

[naknre naHi TOBMHHI MICTHUTH CIIOCIO iX alropuUTMiv-
HOi 00poOku. Ile — akcioMa, SKIO B3ATH 1O YBard, IO
HaWmpocTimmii 1 yHiBepcaJbHUH METOJ KOMII IOTHHTY

JIAaHUX € 3BUYAifHA TpaH3aKLis (3amuc-34uTyBaHHs). Bin-
HOUIEHHSI MK CTPYKTYPaMH JaHUX Ta alTOPUTMOM € CyTh
KOMIT FOTUHTa, SKWH TparHe y CBOi JOCKOHAJOCTi 10
npocroty Tabmump Ta and-or-nmoriku. Ymm mpocrimme ms
napa, THM edekTuBHIma i TexHonoriynima HW/SW pea-
Ji3amis B METPHII «IIPOJYKTUBHICTEY, «IIPUOYTKOBICTH 1
gac Buxony puHky» (Yield & Time-to-Market). ITpakTu-
YHO TAaKOXX BAXKO IIEPEKOHATH JIOACTBO B MaJEHBKUX
HEIOJIIKax MiKpOHaHO-EJIEKTPOHHOI peaiizallii CyJacHuX
KOMOIHAI[ITHUX CXeM, IO IOCTaBJISAIOTh Macy IpoOseM
NIPY BUTOTOBJICHHI, TECTYBaHHI Ta ekciutyaranii. CTBopu-
THU KOMIT 10TEp, IKUW Ma€ JUIIe MaM’ ATh Ta €UHY ollepa-
i10 TpaH3aKWii (3anKc-3UNTyBaHH:) Ha Hil, B)K€ CHOTO/IHI
cTae MOXJIMBUM. ToJIi CIIii TOBOPUTH NMPO HANMPOCTIIMN
epexTuBHUN 1 mapanensHuit DT-komm’rorep. B 1pomy
BUTA/IKY JIFOJMHA TPUXOAUTH IO KOMIT foTepa Bcecsiry,
CyBOpPO aHaJOroBOTO. BcecBiT, Ha BiIMIHY JIOJICTBA,
HEMae ajpec i He TOpPYIIye 3aKOHiB. 3rpas pud, Hampu-
KJIaJ], TapajeibHO YNPABISETHCS 30BHILIHIM CHUTHAJIOM i
HE CTHKA€ThCS MDK COOOI0 — aHAJIOTOBUI KOMII HOTED.
CpOrofiHi BXXE€ MOJKIJIUBO 1 Jy’Ke HEOOXIIHO 3aCTOCYBaTH
DT-komn’rotep Ui aHATITHKU Benukux nanux (big data
analytics). Ajie BUPILICHHS IHUTaHHS CTPUMYETHCS IOTY-
JKHAM 1HAYCTpialbHUM J1001 «amaropiB jorikn» (logic-
like), a TakoX HEBIIKPHUTTS BUCOKO CTPYKTYPOBAHOTO
Marepiany ()KOpCTKa CTPYKTypa €JIEeKTpOHiB), 110 3a0e3-
medye 30epiraHHs 1 TpaH3aKI[I0 JaHUX 32 JOTIOMOTOIO
¢oroni. TpaHzakimii Mk ZaHUMH MOXKHA TOPIBHATH 3
XaOTHYHUM PyXOM aTOMiB a00 MOJIEKYJI, SIKi IiJ] Yac 3iTK-
HEHHS MOKYTh OTPUMAaTH 3apsia ado Bimaatu ioro. bigs-
IIe HIYOro He MOTPIOHO IS CTBOPEHHS KOMI IOTHHIY
data-transaction. Jltoquna Buragana nudpoBuil curHan (a
TAaKoX HakjgagHy HaaMmipHicts y Burisiai ALTI-LIATID),
SKHH € CTpOro mry4yHnM. MoximBo, 1udpa — e nuisx He
PO3BUTKY, a JAerpajauii JIOJCHKOTO 3HAHHS YW TYIHKO-
BHH IUIAX KOMIT IOTHHTY. Perra nmpupoau (kuBa i HEXH-
Ba) CIJIKYEThCI MiXK COOOI0 aHAIIOTOBHMH CHTHAJIAMH.
Touka 3ycTpidi KIAaCHYHOTO Ta KBAHTOBOTO KOMII IOTHHTY
— (oToHHI TpaH3aKiii Ha CTPYKTYpi eJekTpoHiB. [lerep-
MiHI3M KJIaCHYHOTO YM MMOBIpHiCTh KBaHTOBOTO? JleTep-
MIHI3M Ta HMOBIPHICTb.

Komm’roTuHr — nporec oOMiHy gaHuMH. [HaKIIe KoM-
I’ OTUHT — TpaH3akuis (onepaiis YnTaHHS-3amucy, read-
write) JaHuX Mik 00’€KTaMu, cy0’eKTaMu abo SBUIIAMHU.
JlerepMmiHOBaHEe yNpaBiliHHS BHHHUKA€, KOJIM B COILaJbHI
IIPOLIECH BTPYYAETHCS JIIOAWHA, SKAa CTBOpHIA mUppPy —
MIEPIINA MaJTIOHOK Ha KaM’siHIA CTiHI meYepu THCAYl po-
KiB ToMy. be3 moauHM poyib yNpaBiiHHSA BHUKOHYIOTh
3aKOHHM Ta T€HOMH PO3BUTKY NPUPOIHUX SBHIL, SIK TPH-
MITHBHI Ta HaHCKJTaIHIII aJrOpuTMH BiamoBigHo. [TosiBa
mudpu (aapecu) sK HaUIPOCTINIOT MOZETI NMPHUPOAU B
MO3KY JIIOJIMHH CTBOpPHWJIa OCHOBY JUIsi TOCJiIOBHOTO
nerepMiHi3My human-kommn’rorepa (JIIOACHEKUI AeTepMi-
Hi3M) (puc. 14).
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ObyucneHHs: KoHmpons-BukoHasHs
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Pucynok 14 — KoM’ toTHHT — niporiec 00MiHy JaHHMH

be3 monuHM icHye nWIne NPUPOJHMN UM KBAaHTOBHH
Oe3ampecHuil aHAIOTOBUI KoMI FOTUHT BeecBiTy, HeOec-
HUX TiJI, )KMBOI Ta HEXKWUBOI HMPUPOAM MiJl KEPiBHUIITBOM
3aKOHIB, FT€HOMIB, BiJHOCHH. BiAMIHHICTEL KJIACHYHOTO BiJ
KBaHTOBOI'O KOMIT FOTEpa IMOJISIra€ B METPHII ajpecaril
JIAHUX, sIKa 3aMIHIOEThCS TIPOCTOPOM Ta aHAJOTOBOIO
MIPHUPOJIOI0 EJIEKTPOMArHiTHOI YM TpaBiTalliifHOi B3a€MO-
nii. Bynp-sike BITHONIEHHS € KOMII IOTHHIOM, a Came:
1) norika Ha aJpecoBaHUX MaHWX (JaTa-aapeca-Jorika);
2) 3aKOHM Ha aJIpeCOBAHUX NaHUX (JaTa-afpeca-3aKoH);
3) TpaH3akmii Ha agpPecOBaHWX MaHUX (JaTa-ajpeca-
TpaH3aKiii); 4) Jorika y mpocTopi MaHuX (IaTa-mpocTip-
Jorika); 5) 3aKOHU y TPOCTOpI JaHuX (JaTa-mpocTip-
3aKOHM); 6) TpaH3aKIii y IPOCTOpi JaHKUX (JlaTa-mpocTip-
TpaH3aKIIiI).

Ane 4u Jvme JaHi CTBOPIOIOTH KoM toTHHT? JlaHi
MOXKHa 3aMiHMTH Ha cy0’ekTH 4M 00’ekTH (computting
data-free) (puc. 15).

OovucneHHs bes daHux: KoHmpons-BukoHaHHA
I Cy6'exm - Anpeca - Norika |-— =
582 T
| Cy6'exm - Anpeca - 3akoH i;:( B
2w
— =
|Cyo ek - Anpeca - TpaHaakuis I——
l O6'exT - Mpocrip - Norika I-— =]
o
= 8
| O6'ext - NpocTip - 3akoH |_ £l
&0
g%
| OB'exT - Mpocrip - Tpaxaakuia l— é

Pucynok 15 — KoM YoTHHT — BiJHOIICHHS MiX SIBUIIIAMHA

Micsip Ta 3emitst — SICKpaBUi TPUKIIAA KOMIT IOTHHTY
YIpPaBJiHHS ABOX T HAa OCHOBI TPaBiTAllifHOTO 3aKOHY.
You10BIK 1 )KiHKa CTBOPIOIOTH KOMIT' FOTHHT CiM’1 Ha OCHO-
Bi TPAIUIIIHHUX BiTHOIICHB. 3rpasi BOBKIB CTBOPIOE KOM-
II'FOTUHT BIDKMBAHHSA IIUIIXOM PO3MOALLY pojel BaTaXka
Ta BUKOHABI[IB MOT0 BOJII I BAAIOTO TosaroBanHs. [Tosi-
TAYHI €JTH KpaiH CTBOPIOIOTh KOMIT IOTHHT MiKHApPOJI-
HUX BIZHOCHWH. 3arajbHa BIACTUBICTh TYT — PO3IOMLT
(byHKIIOHATBHUX 00O0B’SI3KiB, MOB’SI3aHUX 3 MEXaHI3MaMHu
yIOpaBiHHS Ta BUKOHaHHs (control-execution). Oauu
00’ekT (Cy0’€KT) peaii3ye KOMITIOTHHT i3 CO0O0, e
MO30K € TPOBiTHUM. [/[Ba 00’€KTH MUIATH TOBHOBAXKCHHS
32 TPUHLUIIOM «IPOBiIHUHA — BepeHui». Tpu 00’exTH
MIPU3HAYAIOTh KEPiBHUKA Ta BUKOHABLIB. [IpuKkian: coHue

Ta TUIAHETH CTBOPIOIOTH TapMOHII0 KOMIT'IOTHHTY. JIBa
LEHTPYU YIPaBIIiHHS HEMOXIIUBI y IPUPOJII.

[MpakTiyHO Oyjb-sIKE €NEKTPOMAarHiTHE BHUIIPOMIHIO-
BaHHS BIUIMBAaE HA Marepiro, M0 3aBXAW mepedyBae y
(hismgHOMY TIpOCTOpi. SIKIIO MO OCTaHHBOTO IMMOMICTHUTH
cy0aTOMHI YaCTWHKH, BOHH 3MOXXYTh 3MIiHIOBATH CBIii
cran. Ha miif B3aemMojii 4acTHHOK 1 €NEKTPOMArHiTHUX
XBHJIb CTBOPIOIOTHCSI KBAHTOBI KOMIT't0TepH. ToJ1I MOXHa
CTBEp/DKYBaTH, 10 TYT (pHc. 16) 3aiekIapoBaHO CIIEIH-
(hiuHmit Bun Oe3aJpecHOr0 KOMIT FOTHHTY, KOJNU Cy0’eKT
41 00’€KT BHIIPOMIHIOE XBHWIII-JIaHi y MPOCTIp, SKi MO-
JKYTh OYTH «BBa)KaH1» 1HIIMM Cy0’€KTOM YU 00’ €KTOM.

MpupogHi (keaHTOBI) NouyTTA

I Norika-3akoH I I laea-reHom I

| PY-pmepeno | I EHepria |
~ ~

IKDEMHna Hacrmmal I Hocmoc-matepin ]

IMOHimpHHr I I Yac-npouec |

Pucynox 16 — IlpupoaHi (KBaHTOBi) 00YHCIICHHS

BinOyBaetbest 3ammc-3unTyBaHHSA iHQOpMarii Oe3mo-
cepenHbO abo 13 3aTPUMKOIO, SIKIO ICHYE IEeBHHH MpOC-
TOPOBHI MOCEPEAHUK, 3AaTHHI 30epiratu iHdopmarlio, B
MeXax HeoOXiJTHOTro yacy JeKorepeHiii, mo (yHKIioHa-
JILHO 3aJIEXKHTH BiJl BUJY MaTepii a00 YaCTHHOK.

TakuM 4YMHOM, NMPUPOJHHUH aHAJIIOTOBUI ab0 KBaHTO-
BUIl KOMIT'IOTHHT BiJIKPHBA€E 1 TOSICHIOE MOXIIUBOCTI III0-
JIO 3aIliCy Ta 3YNTYBAHHS JAaHHX 3a JOTIOMOTOIO 3allOBHE-
HOTO MaTepi€ro MpocTopy, 1o MpuiimMae, 30epirae Ta me-
penae indopmariro. Tomi BUXOIUTH, MO paaio B IIHPO-
KOMY CEHCIi € He IO iHIIe, SIK Ipoo0pa3 KBAHTOBOT'O KOM-
II'IOTHHTY, B SIKOMY CBOTOJHI aOCOJOTHO IapajellbHO
B33a€EMOJIIIOTh TepenaBay (reHepaTop 4YacToT) i KiHIeBa
(HeckiHUeHHA) MHOXHHA 0e3aJipecHUX NpuiiMauiB (KyOi-
TiB), 3JaTHUX NpuiAMaru Ta 30epiratu iHdopmauito. [H-
aKIIe KBAHTOBHI KOMIT IOTHHT € JIOKAJIBHOIO PajioCHCTe-
MOIO, /¢ TCHEepaTtop paJiOXBHWIIb «3aMUIIOE» KBAHTOBI
YaCTUHKH-KYOITH, IEPEBOMIAYH iX y albTepPHATHBHI CTaHH.
Toxi mocrae MUTaHHS, HABIIIO MOTPiOHI KpiOTreHHI ycTa-
HOBKH JIJIS MITPUMKH MaTepially B TeMIepaTypi abCcoIro-
THOTO HyINsA? KoMIr'toTep MOXxHA 3poOUTH Y OyIb-SIKOMY
MpoCTOpl 3 BIAMOBIAHUM MaTepiajoM JUis NpUAMaHHS,
30epiraHHs Ta mepenavi JaHuX. Ajie ChbOTOMIHI JIHIIE XMa-
pH €JIEKTPOHIB, IO 3HAXOAATHCS B HAIIBIPOBIAHUKY, 3
TEMIIEPaTypOro, OJIM3BKOIO JI0 a0COJIIOTHOTO HYJIS, 3aTHI
3MIiHIOBATH CBIll CTaH, 30epiraty iHpopmallito Ta BijmaBa-
TH 11 B MeXax Mi3zepHoro yacy (0mu3pko S50 MijicekyHT)
nekorepentii. Chepa misITBHOCTI 3alIPONOHOBAHOI KapTH-
HM KOMIT'IOTHHTY TOIIMPIOETECS HAa KBAHTOBY (i3HKy-
MEXaHiKy, paliOTeXHIKy Ta KOMII'IOTEpHY iHXKEHEpIlo.
Mopens yHiBEpCaTbHOTO KOMII IOTHHTY IMOJAETHCS BiCh-
MOMa KOMIIOHEHTaMH, SIKi € IIa0JIOHOM ISl CTBOPEHHS
OyIb-AKOi 3aMKHYTOi CHCTEMH MOHITOPHHTY-YIIPaBIiHHS
(puc. 17).
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Pucynok 17 — KnacuuHa cTpyKTypa KOMII ' FOTUHTY

BUKOPUCTOBYIOUH TIPEACTABICHY CTPYKTYPY, HECKIIa-
HO CTBOPHUTH MOJIE]b KBAaHTOBOTO KOMIT'IOTEpa, sIKa Mae
pi3HUILIIO B KUIbKOX KommoHeHTtax (puc. 18). Tyt 3’sBns-
10Thes1 aHanoroBi RF-curnasnu akrioanii Qubits and Q-logic
JUISL MEXaHI3My BHKOHAHHS, JI¢ Pe3yJIbTaT BHU3HAYAETHCS
KIHIICBHM CTaHOM KyOiTiB Q-states, a 1aHi (pOPMYFOTECS 3a
JIOTIOMOTOI0 PaJio4acTOTHOTO KOJyBaHHS KyOiTiB.
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Pucynok 18 — CtpykTypa KBaHTOBOI'O KOMII IOTHHTY

Jaimi HeBa)XKO YSBHUTH Palio-KOMII FOTHHT, SKHH Ta-
KOX HE JyXe CYTTEBO BiIPI3HAETHCSA Bil KBAHTOBOTO,
SKIIO TPHITYCTHTH, IO KyOITH € MaJeHbKi BEJCHI paio-
npuiimadi (puc. 19).
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Pucynok 19 — Ctpykrypa paaio-KoMn I0THHTY

BekTopHo-KyOiTHI MOJIelNi CIPaBHOTO MOJICTIOBAHHS
cxeM. Bekrop-kyOiT € KOMIakTHOW (OPMOIO 3amucy
TaONMIi ICTUHHHOCTI y BUIIISAJI KOPTEXKY BHXIIHHX CTaHIB
KOMOIHAIIHOTO aBTOMATa, Jic KOXKCEH OIT Mae ajapecy, 1o
BH3HAYAETHCS NIBINKOBUM KOJOM a0 BXIJIHOK YMOBOIO.
OcHoBHi JoriuHi enemeHTn (and, or, not, Xor) nmpejacTas-
neHi KyOoiTHUME BekTopamu craHiB: 0001, 0111, 10, 0110.
Jis mapanensHOr0 BHKOHAHHS JIOTIYHHMX OTIepamiid Haj
BEKTOp-KyOiTaMH iHTEpecC MpEACTaBIsie€ KOTYyBAaHHS TpH-
MITHBHUX cHMBOJIB andasity Kanropa {0, 1} yHiTapHUM
neifikosuM koxoMm 10 i 01. CumBonr X ={0,1}, o 3amu-

IIMBCS, BHUXOIUTHh CYMEPIO3UINEI0 KOIIB MPUMITHBIB
10001 =11. Cumynarop cpaBHOI IMOBEIIHKA Ma€ MPOC-
Thi Ta eexTuBHUI iHTEpdeiic rpadidHOrO 300paskeHHS
JIOTIYHHX EJIEMEHTIB, MOPTIB BBEJICHHS TECTOBUX HA0OPIiB
Ta BUBEICHHS PE3yJbTaTiB MOJEIIOBAHHA, a TAKOX II0-
CIYTH U BUIIPABJICHHS IIOMHJIOK Ta 30epiraHHs CTPyK-
Typ nanux. LlikaBo, o eneMeHTH TyT He TPHB’s3aHi JI0
KJIACUYHOI JIOTiKH, a OHEpYIOTh KyOiT-BEKTOpaMH, SKi
MaloTh JICCSTKOBHI €KBIBAJICHT.

4 EKCHEPUMEHTHA
Sx mpukmaxm po3rIsSHEMO Taki maHi ansa  KyOit-
BEKTOpIiB Ta IXHI BIAMOBINHI JECATKOBI EKBIBaJICHTH:

0001=1, 0111=7, 0110=6, 1110=14. CtpykTypa JOTi4HOT
cxemHu nojgana Ha puc. 20.

e—

—

| —

Pucynok 20 — KBanrosuii cumymsrop mist ISCAS-cxemu

Bcepenuni 300pakeHHs1 eneMeHTa € iHpopMallis 1mpo
MOPSAKOBUI HOMEp NPHUMITUBY Ta THI (YHKIIOHAIBHOC-
Ti, MPEACTABICHOI JECATKOBUM YHCIIOM, SIKE € 3TOPTKOI0
KyOITHOTO BEKTOP-TIOKPHUTTS JIOTTYHOTO eneMenTa. Cumy-
JSTOP TPALIOE B IMTOKPOKOBOMY PEKHMIi, KOJIH MOJEIO-
€TBCSI OJJTH BEKTOP, IO MOJAETHCS BPYYHY Ha 30BHIIIHI
BXOJM CXEMH. ICHy€e TakoX aBTOMAaTHYHHUN PEKUM Toadl
BUYEPITHOTO TECTY Uil OTPUMAaHHs TaONHUI ICTUWHHOCTI
BCHOTO IM(POBOT0 MPUCTPOIO 31 3HAYCHHSIMH Ha BCIX
(BXigHMX, BHYTPIIIHIX Ta BUXIAHUX) JiHIsX cxemu. CTpy-
KTypHa OpraHi3aiis KyOiTHUX JaHUX JJIs MOJICTIOBAHHS
CMPaBHOI TOBEIHKH LIU(PPOBOI JOTIYHOT CXeMH Ha TECTO-
BoMy Habopi 11010 300paxeno Ha puc. 21. Tyt Ha Bek-
TOp CIPaBHOTO MOJICTIOBAHHS LU(PPOBOrO MPUCTPOIO
11010010111 HaHM3YIOTHCA KyOiTHI BEKTOPH, IO IPE.-
CTaBILIIOTH €JIeMEHTapHI (QyHKIIT KOMOIHALIHOI CXEMH.
BuxonuTp, 1110 BepTHUKAIbHE 3pYIICHHSI BEKTOPIB-KYOITIB
100 TOPU30HTAIBHOIO BEKTOpa MOJENIOBaHHA (opmye
CTaHu BUXOIIB nudpoBoi cxemu. Ilporenypa Ttakoro
3CYBY MiIMOPSAIKOBYETHCS €IUHOMY Ta YHIBEpPCATIBHOMY
XapaKTePUCTHIHOMY PIBHSIHHIO MOJICITIOBAHHSI
M; =Q;[M(Xj)], B sikoMy OepyTh y4acTb TOPH30HTAIIb-

HUIA BekTOop MozemtoBaHHs M, kyOuTHI Q-BeKTOpH JIOTi-
KM, a TaKOX 3MiHHI 3B’S3KH X, IO CTBOPIOIOTH aipecH
ocepenkiB KyOiTHUX BEKTOPIB.

12 7
1:.3#17.5
1[1]1]1

123!51111
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Pucynok 21 — CtpykTypu KyOIiTHHX JaHUX AJIS JOT194HOT CXeMHU

Jlyist oTpuMaHHs cTaTHCTHYHOT iHpopMarii Ta Bepudi-
Kanii nmporpamHoro noxarky Quantum Modeling Huxue
HaBeJeHO pe3ynbTatd 10 BapiaHTIB MOJETIOBaHHS Ha
JOTiyHUX cxemax 3 0i0motekn ISCAS, a Takoxk Ha 1HIIUX
CTpyKTypax, HaBemeHux Hmwkde: Adder SP, Circuit
Schneider, Circuit C5, Circuit C17, RFO Circuit, MUX16
Circuit, DFA Circuit, Hasse processor, DC4-16 Circuit,
Circuit C432. ITopiBHSIHHIO TUIATaB Yac CHHTE3Y CXEM-
HOi cTpykTypu (modeling time), i HaBiTH 4ac MOEFO-
BaHHs (simulation time) (puc. 22).
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Pucynok 22 — Yac cuHTe3y MOJEII Ta MOJICIIIOBAHHS CXEM

Ba3oBuM BapiaHTOM TOPIBHSHHS IMTOCITYXXHB MPOIYKT
Active HDL (Aldec Inc.), ne indopmauis npo moxeni
CXeMM BBOAMIAcS MOBOM omnucy anaparypu VHDL. Ile-
pumii rpadik Mmokasye iHTErpajbHUN 4Yac MOJETIOBaHHS
Ta CHUHTE3Y MOJIENEH JIOTIYHUX CXEM HEBEJIMKOi pO3Mip-
HOCTI Ha OCHOBI BEKTOPHHX (pOpM ONHCY eJIEMEHTIB,
Jpyruii rpadik — aHaJOTIYHUHN Yac, e MOJIEINI eJIeMEHTIB
npeacrasiaedi HDL-kogamu. OcoOmuBoO 11e MpUHHATHO Ta
€proHOMIYHO y TIPOIeCci HaBYAHHS CTYICHTIB TEXHOJIOTi-
sIM TIPOEKTYBaHHS Ta Bepudikarii mudpoBux cructem Ta
KOMIOHeHTiB. [IpoTe 3a/11s1 BENMMKNUX MPOMHCIIOBHX TPOE-
KTIB IOLIJIBHO BUKOPHCTOBYBAaTH MOBH OIIMCY anapaTypu.

5 PE3YJIbTATH

VY Mekax TecTyBaHHS HU(PPOBUX MPHUCTPOIB 3aIpOIIO-
HOBAHO:

1) rpadiununit iHTEepdelic NpPOeKTyBaHHS KyOMTHHX
MoJierniell HUPPOBUX MPUCTPOIB Ta KOMIIOHEHTIB, 1110 Ja€
MOXJIMBICT y pexuMi online 31iHCHIOBaTH KOPEKIIiIO
TTIOMHJIOK;

2) KyOiTHI CTPYKTYpH NaHHX JJsI OMHCY IH(POBUX
MIPUCTPOIB Ta KOMIIOHEHTIB, IO BiIPi3HIIOTHCS KOMITAKT-
HICTIO Ta BUCOKHAM TapaIeTi3MOM 1X 00poOKH;

3) mporpamMHi MOIyJi Ui MOJCITIOBaHHS Ha OCHOBI
kyOiTiB (qubit-driven modeling), cuHTe3y TecTiB Ta aiar-
HOCTYBaHHSl IM(POBUX NPUCTPOIB Ta KOMIIOHEHTIB Yy
PEeXUMaxX PyYHOTO Ta aBTOMAaTHYHOTO BBEJICHHS BXIJTHUX
TECTOBHX MOCJIITOBHOCTEH ITPY HaBYAaHHI CTYAEHTIB.

6 OBI'OBOPEHHS

IaTerpanpHo, peanizoBaHi KyOiTHI Mozeli, KBaHTOBI
METOAM Ta KOMOIHATOPHI aJITOPUTMHU TEXHIYHOTO IiarHO-
cTyBaHHs H(poBHUX TPUCTPOiB [15-34], sAKi JaTOTH MOXK-
JUBICTh CYTTEBO (70 25 %) 3MEHIINTH Yac CHHTE3Y Tec-
TiB, JEIYKTHBHOTO MOJEIIOBAaHHS HECHPaBHOCTEH Ta
CIpaBHOI MOBE/IHKHM, NOUIYKY Ne(pEeKTHUX CTaHiB 3a pa-
XYHOK BITPOBa/DKEHHSI 1HHOBAIIWHOI iZiei BUKOpUCTaHHS
KyOITHO-BEKTOPHUX CTPYKTYp AaHUX JUIS OTUCY JIOTIYHUX
KOMIOHEHTIB (puc. 23).

CTpykTypa Tpan3akujia Cnin
€/IeKTpOHa doToHa efeKTpoHa
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Pucynok 23 — CepBicu TecTyBaHHS Ha OCHOBI KBaHTIB

BUCHOBKH

Po3rsiHyTO 3a7a4y BeKTOpHOro MojemoBaHHA SoC-
noriku. HaykoBa HOBM3HA OTPHMMaHHX PE3YJITATIB MOJIS-
rae y Tomy, I1o:

1) Bmepie 3amponoHOBaHO METPUKY TEXHOJIOTIYHUX
CTPYKTYp AaHHX, OpPi€HTOBaHa Ha MapajielbHUI MOMIyK
HECTIpaBHOCTEH y IMHU(PPOBHX CHUCTEMaxX Ha OCHOBI BHKO-
pUCTaHHS IBOX JIOTIYHAX BEKTOPHUX OIEparliii;

2) mictana TOAAJBIIOTO PO3BUTKY METPUKA BiIHO-
IIeHb MK Okpemux KommoneHTiB QC (relations), mro
JTO3BOJISIE  OpPraHi3yBaTH KBAHTOBHU JIETESPMIHOBAHUI
KOMIIT’FOTHHT;

3) Bmepumie 3alpOIIOHOBAHO KBAHTOBI apXiTEKTYpHi
pilICHHS, 0 JJO3BOJISIIOTH PO3B’SI3yBaTH 3aadi IIOKPUTTS
Y KBa3iMmapamieIbHOMY PEXKUAMI;

4) oTpUMaly TTONANBIINHA PO3BUTOK APXIiTEKTYPHI pi-
IIICHHS HAa OCHOBI aHAJIOTO-II(PPOBOTO KOMI FOTHHTY, IO
MOXYTh OyTHM  BHKODHUCTaHi  JJIsl  IapaJieNIbHOTO
PO3B’si3aHHs 3314 aHANI3y HUPPOBUX CHCTEM;

5) 3amponOHOBAaHO BEKTOPHO-KYOITHI CTPYKTypHW Ja-
HUX JIOTIKH, 110 JI03BOJISIIOTH KBa3ilapajeabHO MOJENIo-
BaTH IIU(POBI CXeMH.

[IpakTHyHa WiHHICTE MOJISIrae y po3poodui rpadidHoro
iHTepdeiicy npoekTyBaHHS KyOITHHX Mozeneil udpoBux
MIPUCTPOIB Ta KOMIIOHEHTIB, 10 J]a€ MOXJIMBICT Y PEXKH-
Mi online 3miHCHIOBAaTH KOPEKIII0 TOMIUIOK;, OTpUMAaHHi
KyOITHUX CTPYKTYp HAaHUX UL OMUCY IU(PPOBHX IIPH-
CTPOIB Ta KOMITOHEHTIB, IO BiAPI3HAIOTHCS KOMITAKTHIC-
TIO Ta BHCOKHMM TapajesizMoM ix o0poOku. [Tporpamui
MOIyJi i MOJCIIOBAaHHS Ha OCHOBI KyOiTiB (qubit-
driven modeling), cuHTe3y TecTiB Ta JiarHOCTYBaHHs
U(POBUX NPUCTPOIB Ta KOMIOHEHTIB Y PeKUMax pydHO-
T'O Ta aBTOMAaTUYHOTO BBEICHHS BXiJHUX TECTOBHX ITOCIIi-
JIOBHOCTEW BUKOPUCTOBYIOTHCSl Y OCBITHBOMY TIPOIIECI.

[lepciekTiBY MOAANBIINX JOCHIIPKEHb HOJIATAIOTH Y
CTBOPCHHI ~ TEXHOJOTII KOMITIOTHHTY Ha  OCHOBI
readwright TpaH3aKIIiif Ha TaM’sITi, 1€ TIOBHICTIO BiJICYTHS
JIOTiKa MpolLecopa.

1. Bymp-sKuif KOMIT'IOTHHT, SIK TPaBHJIO, MICTHTh 1B
KOMITOHEHTH: T1aM’SITh 1 JIOTIKY, SIKi MarOTh pi3Hi Mmapamer-
pu mBHAKOAil Ta BUTpar. OIHAK y MIEBHUX MEXaxX MOXKHA
cTBOpUTH 00umCiIIOBaY 6e3 mam’ati abo 6e3 moriku. Kpan-
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TOBUI KOMIT'IOTep 0€3 TEeXHOJIOTTYHO CKIJIaJHOI JIOTIKH €
NEPCIEKTUBHUM /IS PUHKY 32 METPHKOIO alapaTHOl peajti-
3amii. 3amporoHOBaHO NIETEPMIHOBaHY MapajirMy CTBO-
PCHHSI KBaHTOBOTO KOMIT FOTHHTY LIISXOM BHKOPHCTAHHS
(OTOHHMX TpaH3aKliil HA ENEKTPOHAX aToMa, IO BHKIIO-
Yae BHKOPHCTaHHsS KBAaHTOBOI Joriku. [Toka3aHo MOXITH-
BHI EBOIIOIIMHUI NUISX KBAaHTOBOTO KOMIT IOTHHTY: «lla-
M saTe-Anpeca-Tpamsakmisy  —  «EmexTpoH-Anpeca-
Tpamzakuis» — «Enextpon-Anpeca-KBaHTarmisy.

2. Cneuudivni nepeBard MPAKTUYHO CIPSIMOBAHOTO
KBAHTOBOTO KOMII'IOTHHTY 3aCTOCOBYIOThCS B 00JACTsX,
[OB’SI3aHUX 3 MapaleIbHUMH OOYHCIICHHSIMH Ha OCHOBI
nam’siti (memory-driven) Ipu po3B’si3aHHI KOMOIHATOPHUX
3a7a4 TECTYBaHHS Ta JiarHOCTYBaHHS. 3alpONOHOBAHO
KyOITHO-BEKTOpHI Mojieni onucy (yHKIIOHATBHOCTEH, sIKi
BiJIPI3HSIOTECS Bifl BIIOMUX TaONHIb ICTHHHOCTI KOMITaKT-
HICTIO ONIMCY Ta TEXHOJIOTTYHICTIO IS peati3amii ajlroOpuT-
MIB CHHTE3y Ta aHali3y HU(POBHX MpPHUCTpoiB Ta SoC-
KOMITOHEHTIB.

3. CydvacHuil KOMII'FOTHHT Ma€ SK IIaM’ATh CTiHKWd
NOTEHIIAN-3apsi]] Y TOYKaX MPOCTOPY 3 KPEMHII0, Jie TpaH-
3aKI[IMHUN HOCIH — EJNIEKTPOHU Y CYOATOMHOMY MPOCTOPI.
Y KBaHTOBOMY BHKOHAHHI €JIEKTPOHH € IIaM’ATb MO CIIUHY
abo opOiTi, a (oTOHU € TpaH3aKTOpamMu-HOCIIMU. CTBOpH-
TH CTPYKTYpPy 3 €NCKTPOHIB, SKi MaTHMyTh aIpecH-
iIeHTU]IKATOpH — KPOK Y HANpsSMKY JEeTepMiHOBAHOTO
KBaHTOBOT'O O0YHCITIOBAYA.

4. CtpaTerisi CIITBHOTO MPOSKTYBaHHS amapaTrypu Ta
IIPOrPaMHOTO 3a0e3neyeHHs JUISt KBaHTOBOT'O
KOMIT'FOTHHTY € TOCWJIBHHM 3aBIAaHHSAM CBOTOIHI s
TEXHOJIOTIYHO CIIAOKHUX KpaiH, BYCHI SIKHX MOXYTh 3pOOHTH
ICTOTHHI BHECOK y pO3pOOKY MapajielbHUX aJrOPUTMIB Ta
NpOrpaMHUX JIOJATKIB HA OCHOBI KyOiTiB (qubit-driven).

5. Cynepro3ullis Ta HeperulyTyBaHHsS € CHHOHIMaMU.
KganroBuii komm’totep e(eKTHBHO 1 mapaieiabHO
PO3B’s13ye KOMOIHATOPHI 3a/adi, a B IHIIAX OOYHCICHHIX
BiH HE Jla€ iCTOTHOTO BUTpamly. Bce, 110 poOUTh KBaHTO-
BUH 00YHCITIOBaY, MOXKE OYTH pealli3oBaHO B MapaJiCiIbHO-
My peXHMi Ha KIaCHYHOMY KOMII'IOTEpi 3a BiICYTHOCTI
0o0MexeHb Ha araparypy.

6. Uepes 3—5 pokiB KIaCHYHUIA ETEPMIHOBAHUN KOM-
ITIOTEp TOJONAE TEXHOJOTiYHMI Oap’ep neramizamii 3,5
Ha"oMmetpa. Lle o3Hauae, M0 i KBAHTOBHH KOMIT FOTEp TIO-
BUHEH IMOI0JIaTH Oap’ep HEBU3HAYCHOCTI 1 CTATH JCTEpMi-
HOBaHUM. Touka 3ycTpiui KIACHYHOTO Ta KBaHTOBOI'O
KOMI'IOTUHTY — ()OTOHHI TpaH3aKiii Ha CTPYKTYpi €NeKT-
poHiB. JIeTepMiHI3M KJIACHYHOTO UM WMOBIPHICTH KBAHTO-
Boro? JlerepMiHi3M Ta HMOBIPHICTB.

MNOoJAKHU

VY naHiif poOOTI BUKOPHCTaHO pe3yNbTaTH, OTPHMaHi
aBropamu y 2017-2021 pokax Ha xadenpi ABromarusanii
MIPOCKTYBaHHS OOYHCITIOBATGHOI TEXHIKH XapKiBCHKOTO
HAIIOHAJTBHOTO YHIBEPCHUTETY PaJiOCTICKTPOHIKA. ABTOPH
BISYHI KOJieraM 3a iX aKTHBHY y4acTh B OOTOBOPEHHI Ta
HiATpUMIN HayKoBOi 1Koy «IIpoeKkTyBaHHSI Ta TEXHIYHA
JIarHOCTHKA U(POBUX CHCTEM Ha KpUCTalax, KOMII FOTe-
pax Ta Mepexax», pO3yMiHHS Ba)KJIMBOTO 3HAUYEHHS PO3BH-
TKY (DyHIaMEHTAIBHUX Ta MPUKIAJIHUX JOCHiHKEHb Teopii

KBaHTOBHUX OOUMCITIOBAILHHX TIPOIIECIB [T aHai3y Kibep-
MPOCTOPY.
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Electronics, Ukraine.

ABSTRACT
Context. Nature is the relation among processes and phenomena. Nothing exists in the universe without relations. Computer is
transactions of relations between data with the help of control and execution mechanisms. Quantum relations are a superposition of
particles and their states. Superposition and entanglement are equivalent concepts. Entanglement is a non-local superposition of
deterministic states. A quantum computer is unconditional transactions of relations between qubit data. Quantum computer is an
analog device for parallel solution of combinatorial problems. Practically oriented definitions of the quantum computer concepts are
the path to development of scalable quantum parallel algorithms for combinatorial problems solving. Any algorithm can be reduced
to a sequence of operations without conditions, because any truth table is a collection of a complete system of conditions-states. Any
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sequence of actions can always be reduced to one parallel operation. Conditions and sequences arise only when the developer wants
to use previously created primitive constructs to build an always non-optimal computing unit. The paradigm of quantum computer
creation is determined through the use of photonic transactions on the electrons of an atom may exclude the use of quantum logic.
The evolutionary path of a quantum computer from the classical one: “memory-address-transaction” (MAT) — “electron-address-
transaction” — “electron-address-quantaction” (EAQ) — state-superposition-logic. The meeting point of classical and quantum
computers is photon transactions on the structure of electrons. Everything that is calculated on a quantum computer can be calculated
in parallel on a classical one on account of memory redundancy. The given example is a memory-driven algorithm for modeling
digital products based on qubit-vector forms of functionality description for significant performance boost of computing processes by
parallel execution of logical operations.

Objective. Simulation of the correct SoC-component behavior based on vector representation of the logic. Formation of the
triggering development of a computing based on the superposition of the classical, quantum and analog computing process, which in
its development should be based on technological qubit, tabular and vector data structures for the parallel solution of combinatorial
problems.

Method. MAT-computing implements any algorithms on account of transactions (read-write) in memory. Qubit-vector models
for describing functionalities, which differ from known truth tables in compactness of description and manufacturability for the
implementation of parallel algorithms of the synthesis and analysis of digital devices and SoC-components.

Results. 1) The metric of the technological data structures, focused on parallel troubleshooting in digital systems based on the
usage of two logical vector operations, was proposed for the first time. 2) The metric of relations between the individual components
of QC, allowing organizing a quantum deterministic computer, has been further developed. 3) Quantum architectural solutions, that
allow solving coverage problems in a quasi-parallel mode, were proposed for the first time. 4) Architectural solutions based on an
analog-to-digital computing, which can be used to solve the problems of the digital systems parallel analysis, have been further de-
veloped. 5) Vector-qubit structures of the logic data, that allow a quasi-parallel simulation of digital circuits, were proposed.

Conclusions. Qubit models, quantum methods and combinatorial algorithms for technical diagnostics of digital devices have
been implemented, which can significantly (up to 25%) reduce the time of test synthesis, deductive modeling of faulty and correct
behavior, search for defective states by introducing an innovative idea of using qubit-vector data structures for describing logical
components. Comparative assessments of qubit models and methods usage show an increase in the efficiency of algorithms for
modeling digital devices compared to tabular ones. The superposition of a classical, quantum and analog computer is integrally
represented, which allows to find the best solutions for recognition and decision making.

KEYWORDS: quantum digital-analog computing, quantum determinism, superposition, entanglement, memory-address-
transaction, electron-address-quantaction, quantum transactions on structure of electrons, qubit vectors, matrix data structures,
systems on chip.
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HEWUPOIH®OPMATHUKA
TA IHTEJEKTYAJIBHI CUCTEMHM

NEUROINFORMATICS
AND INTELLIGENT SYSTEMS

HEUPOUH®OPMATHUKA
U UHTEJLJIEKTYAJIBHBIE CUCTEMBI

YK 004.8:004.032.26

KJIACTEPHU3ALISA MACHUBIB JAHUX HA OCHOBI KOMBIHOBAHOI
ONTUMIBALII ©@YHKIIN IJIBHOCTI PO3NOALTY
TA EBOJIIONIMHOI'O METOAY KOTAYUX 3I'PAU

Boasincskmii €. B. — n-p TexH. Hayk, mpodecop, npodecop kadeapH IMTYIHOTO iHTENEKTY, XapKiBChKHUA HaIliOHA-
JIEHUH YHIBEPCHUTET PaliOeNeKTPOHIKH, XapKiB, YKpaiHa.

Inice I. II. — xana. TexH. HayK, npoBigaui HaykoBui criBpobiTHHK [TH/JI ACY, XapkiBChKHI HamioHaJIbHHUA
YHIBEpCHUTET padioeeKTpOHiIKH, XapKiB, YKpaiHa.

Ila¢ponenko A. FO. — kaHA. TeXH. HayK, AOLEHT, NOLCHT Kadenpu iHpopmaTuky, XapKiBCbKHI HalllOHATBHUHA
YHIBEPCUTET paJlioeNeKTPOHIKH, XapKiB, YKpaiHa.

AHOTAULIA

AKTyanbHicTh. 3a71a4a KiacTepu3allii MacHBIB CIIOCTEpEKEHb JTOBUIBHOI MPUPOH € HEeBiN eMHOI0 yacTuHOO Data Mining, a 'y
OinbIn 3arampHOMY BHMaAKy Data Science, as ii BUpIlICHHS 3alpOIOHOBAHA IYXKE BEJMKA KUTBKICTh MiIXO/IB, MO BiAPI3HAIOTHCS
MK cO0O0I0 SIK anpiopHUMH HPHITYIIEHHSIMH 1[0 10 (i3nvHOT MPUPOJM NaHUX Ta 3a1adi, TaK i MAaTEMAaTHYHUM arapaTtoM. 3 o04mc-
JIOBAJIbHOT TOYKH 30pYy 3a/1a4a KJIacTepu3allii IepeTBOPIOETHCS y NPOOIIeMy MOLIYKY JOKAIbHUX €KCTPEMYMIB OaraToeKkCTpeMalibHOT
(yHKLIT BEKTOPHOTO apryMEHTY LIUIBHOCTI 3a JOMOMOTOI0 I'pajlieHTHUX MPOLEAYP, sIKi 6araTOKpaTHO 3aIlyCKalOThCA 3 PI3HUX TOYOK
BHXIJTHOTO MacUBY JaHHX. [[pHIIBHIMINTH NPOLIEC MOMIYKY HUX EKCTPEMYMiB MOYKHA, CKOPHCTABILIICH 11€IMH €BOJIOIIHOT OITHUMi-
3arii, 0 BKJIIOYA€ B cede allTOPUTMH, IHCIIPOBaHi MPUPOAOI0, POHOBI alrOPUTMH, TOMYJISAMIHHI aITOPUTMH, TOIIO.

Meta. Meta po6oTu mojsrae y 3anpoBapKeHHI MPOLeaypH KiacTepu3anii JaHUX Ha OCHOBI MiKiB LIITBHOCTI PO3MOIUTY JAaHUX
Ta eBOJIIOLIMHOTO METOLY KOTSYMX 3rpai, 1o 06’eaHye B co0i OCHOBHI IepeBarn MeTOAiB POOOTH 3 JaHUMH 32 YMOB, SIKIIO KJIACH
HEPETUHAIOTHCS, XapAKTEPU3YEThCS AKICHOIO KJIAaCTepU3aLli€l0, BUCOKOIO IIBUAKOIEI0 Ta TOYHICTIO OTPUMAHHX PE3yJIbTATIB.

Mertoa. Beeneno MeTon kinactepusallii MacHBIiB JaHUX HA OCHOBI KOMOIHOBaHOI onTuMi3amii GyHKIIH IITBHOCTI PO3MOALTY Ta
CBOJIIOIIIHHOTO METOAy KOTsS4mX 3rpail. IlepeBaroio 3amporOHOBAHOIO MIAXOAY € CKOPOUYCHHS 4acy BHpIIIEHHS ONTHMIi3amifHHUX
3a7a4 B yMOBAX KOJH KJIACTEPH NEPETHHAIOTHCS.

Pe3yabraTn. Pe3ynbraTi eKCIEpUMEHTIB MiATBEPDKYIOTh €()EKTHBHICTH NMPOIIOHOBAHOIO MiIXOy B 3afadax KiacTepusauii 3a
YMOB IEPETHHHHX KJIACTEPiB Ta JO3BOJAIOTH PEKOMEHIyBAaTH 3alpPONOHOBAHMI METOA JJIs BHUKOPHCTAHHS Ha INPAKTHLI IS
BUPILIEHHS MPOOIeM aBTOMAaTHYHOT KJlacTepu3allii BeMKHX JaHUX.

BucHoBku. BeeeHo MeTos kiactepu3aliii MacuBiB JJaHUX HA OCHOBI KOMOIHOBaHOI onTuMi3amii GyHKIIN MITBHOCTI PO3MOILTY
Ta EBOJIIOIIIMHOTO MeTOMy KOTSUHuX 3rpail. [lepeBaroro 3armporoHOBaHOTO MiAXOAy € CKOPOUYECHHS Yacy BUPIMICHHS ONTHMI3aliifHIX
3a7a4 B yMOBaX KOJIM KJIACTEpH MEPETHHAIOTHCS. MeTo/] € JOCUTh IIPOCTUM 3 TOUKH 30pYy YHMCENIBHOT peaiisalii i He € KpUTHIHUM 10
BUOOpPY ONTHUMI3aLiiHOI npole ypu. Pe3ynbraTn eKcriepiMeHTIB iITBEPKYIOTh e()eKTUBHICTD 3alPONOHOBAHOTO MiXOy B 3aja-
Yax KJIaCTepH3allii 32 YMOB KJIACTEpiB, 110 NEePETHHAIOTHCS.

KJIFOYOBI CJIOBA: HewiTka KiIacTepu3allisi, KK MITGHOCTI PO3MOALTY JaHUX, CBOMIOLIHHUN METOI.

ABPEBIATYPHU HOMEHKJIATYPA
SM — pexum momryky (Seeking Mode); X — MaTpuns Habopy IaHUX;
TM — pexxum tpacyBanas (Tracing Mode); K — HOMep BEKTOpPY-CIIOCTEPEIKEHHS;
SMP — nouryx mysty mam’sti (seeking memory pool); i — HOMep aTpubyTy BEKTOPA-CIIOCTEPEIKECHHS;
SRD — kpok 3MiHH 32 KO’KHOIO KOOPAMHATOIO MPOCTO- j — HOMep Kiacy;

py (seeking range of the selected dimension);
CDC — kinmpKicTh BifcTaHeH, siKi MOTPIOHO 3MIHUTH
(counts of dimension to change). M — KUIbKICTh HENIEPETUHHUX KJIACIB;

X () — Gy ab-sIKHii BEKTOP-CIIOCTEPEKCHHS;
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d — BIICTaHb MIX CIIOCTEPEKEHHIMU;

G — napameTp MIMPHUHY — BiICTaHb 3pi3y B NPUHHATIH
MeTpHLli QYHKIIi BIUTUBY;

£ (x) —raycisepka dyHKuis;

f*(x) — byHKIIS MUIBHOCTI PO3MOALTY JaHUX B Ma-
CHBI,

¢ — LEHTPOIA KIIacTepa;

€, — PEXKHM p-TO KOTa;

T — iTeparlis MOUIyKY;

B — dasszidikarop;

0 — TapaMmeTp, KW BH3HAYa€ BIACTUBOCTI iHEpIIii
PEeKUMY TPaCyBaHHS;

1 — mapamerp KpoKy MOIIYKY;

Z(T) — BUMaIKOBa CKJIAJ0Ba, SKa BHOCUTH JIOJaTKOBI

CTOXaCTHYHI PyXH Yy IPOIIEC TPacyBaHHS;
N, — Hapamerp, KU BU3HAYA€E aMILIITYly PyXiB

BCTYII

3ajaya Kilactepu3allii MacHBiB CIIOCTEPEIKEHD JJOBLIb-
HOI MPUPOAH € HeBi eMHOIO yacTuHOIO Data Mining, a y
OinbIn 3aranpHOMY BHmaaky Data Science, mst i Bupi-
IICHHS 3aIPOIIOHOBaHA JyXKE BEJIUKA KUTBKICTh MiIXO/IIB,
0 BIiAPI3HAIOTBCS MK COOOI0 SK ampiOpHUMH TIPHUITY-
LICHHSAMH 10 710 (i3MYHOI IPUPOAN JAHUX Ta 337adi, TaK
1 MAaTEMaTUYHUM aIrapaToM, IO BUKOPUCTOBYEThCS [1—4].
3 00YHMCITIOBATIBHOI TOYKH 30pYy HAHOLIBII MPOCTUMH €,
TaK 3BaHi, i€epapXidyHi METOIM Ta ANTOPUTMH, 3aCHOBaHI
Ha po30UTTAX [3], cepen SIKUX CIiA BiA3HAYUTH MPOLIEAY-
py k -cepemHix, mo Halyia IyXe IMIMPOKOTO PO3MOBCIO-
JOKEHHS JJIs1 BUPIICHHS Halpi3sHOMaHITHIMX 3ama4d. TyT
MO’KHA BII3HAYWTH, IO HAMOLIBII ageKBATHUM MaTeMa-
TUYHHUM anaparoM JUis BUPILICHHs 3a/1a4 Kiactepusarii €
METOAM OOYHMCIIOBAJIBHOIO IHTENCKTY [5—7] 1, mepm 3a
BCe, IITY4HI HEHPOHHI Mepexi, HEUiTKI CUCTEMH, €BOJIIO-
[iffHa ONTHUMI3AIlis Ta, TaKk 3BaHi, TiIOPUIHI CHCTEMH 00-
YHCITIOBAJIBHOTO 1HTEJIEKTY, IO 00 €IHYIOTHh i TPH Ha-
TIPSIMH.

O0’€eKT AOCTIIZKEHHA KITacTepu3allis JaHUX Ha OCHO-
Bi IMKIB MIITBHOCTI PO3MOIINYy NAaHUX Ta CBOJIOIIIHHOTO
METOLy.

IIpeaMer gocaigaeHHs IPOIIEypa ONTUMI3AIII] TIKiB
OITEHOCT] PO3MOMITY JaHUX.

MeTa po00TH 1OJISraEe y 3alpoBaKEHHI MPOIEIyPH
KJIacTepu3allii JaHuX Ha OCHOBI IHIKIiB HIUIBHOCTI PO3IO-
JITy JAaHUX Ta €BOJIIOLIIHOTO METOy KOTSYHX 3Trpaid, 10
00’esiHye B c00l OCHOBHI Te€peBarn METOJIB poOoTH 3
JAHUMH 32 YMOB, SKIIO KJIacH MEePETUHAIOTHCS, XapaKTe-
PHU3Y€ETHCS SKICHOK KJIACTECPU3ALI€l0, BUCOKO IIBUIKO-
JI€10 Ta TOYHICTIO OTPUMAHUX PE3yJIbTaTIB.

1 MIOCTAHOBKA 3ABJIAHHS
BuxigHoto iHdopMaliero it BUpilIEHHS 3a1a4i Kiiac-
Tepu3amii TpPaAMIIHO € MaTpulsd CIIOCTEPEKEHb
X = {x(l),x(E),...,x(k),...,x(N)}, x(k)= {xl. (k)} eER",
IIPH IbOMY AaHi MOTIepPEeIHO BIAIIEHTPOBAHO Ha TiMEpKyO
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TaK, II0 x(k)z{)c,.qi2 (k)} € R"™ . Taka cuTyailiss MOXe

BUHHKATH y BUMIAJKy OOpOOKH MacuBiB 300paKeHb.

2 OI'JIsA A JITEPATYPU

TyT cnig BiI3HAYMTH, IO B 3arajlbHOMY BHUIAAKY BH-
pillieHHs1 3a7a4i KiacTepu3alii CYyTTEBO YCKIIAIHSAETHCS,
SKIIO BHUXIJHI BEKTOPHU (TYT y 3arajlbHOMY BHIIAJKy MaT-
PHII) CHOCTEPEKCHHS MArOTh BEIHKY PI3HOMAaHITHICTS,
BUKpHBJIEHI 30ypeHHSIMH Ta 3aBajiaMH, MICTITh IPOILyC-
KM, caMi BUXigHI MacuBH abo 3aHanto Benwki (Big Data)
abo 3aHAATO KOPOTKi, KJIACTEpH MOXKYTh MaTd IOCHUTH
ckianHy GhopMy, a iX KiITbKiCTh anpiopi HeBigoMa.

Y upoMy BUNaAKy HaiiOunbin epekTuBHUME (aje i
HAHOIIBII CKIAJHUMHU) € aJTOPUTMH, 110 0a3yrOThCsS Ha
aHaJIi31 WITBHOCTEW PO3MOLTY JaHUX, Cepell IKUX B KO-
cTi oHoro Hanbubm «nonysspaux» € DENCLUE [9] ta
fioro moyudikanii [10-12], mo Oy 3ampornoHoBaHi st
BUPINIEHHS 3a]a4 KJIacTepH3allil BEIMKIX MACHUBIB BEKTO-
PHHX JaHUX BHCOKOi PO3MIPHOCTI, IPH IbOMY KJIacH, IO
(OpMYIOTECSL Y TIpOIIeCi KJIacTepu3allii, MOXyTb MaTd
Oynp Ky ckiIamHy Gopmy. B oCHOBI mux anroputmiB 1mo-
JISITA€ MOUTYK €KCTPEMYMiB MaKCUMYMIB (YHKIIIT IIITBHO-
CTi pO3MOJTYy TaHUX y MacCHBI, III0 aHANI3yeThcs (OaraTo-
ecTpeMalibHa ONTHMI3allis), TP 1bOMY IS GYHKIIsS Bop-
MYETBCS, SIK CYNEPIIO3ULIis SICPHUX (I3BOHYBATHX) (QyH-
KIIi{, OB’ SI3aHUX 3 KOKHUM CIIOCTEPEKCHHAM. DAaKTUIHO
1 QyHkuis Oynyerscst Ha ocHoBI BikoH [lap3ena [13] Ta
ominok Hanmapas-Barcona [14, 15].

3 004HCITIOBAIFHOT TOYKH 30py 3ajada KiacTepHu3aiii
MIEPETBOPIOETECS Yy TPOOIEMY HOIIYKY JIOKAIBHUX EKCT-
peMyMiB OaratoekCTpeManbHOI (YHKIIi BEKTOPHOTO ap-
TYMEHTY LIUTFHOCTI 32 JOMOMOTOI0 TPAJi€HTHHX IIPOIle-
Jyp, sIKi 0araTOKpaTHO 3aIlyCKaloThCsA 3 PI3HUX TOYOK
BUXIJJTHOTO MacHUBY JIaHHX. 3pO3yMiJIo, 1110 1Ie 3aiiMae a0-
CUTh 0arato yacy, OCKUIBKH ampiopi HaBiTh HEBiJOMO
CKIIBKU K €KCTPeMyMiB Mae chopmMoBaHa (DYHKIIS IiTb-
HOCTI.

[MpumBUANIMTH TpOLEC MOMIYKY LHUX EKCTPEeMyMIB
MOXHa, CKOPHCTABLINCH 1€IMH EBOJIIOLIIHOI oNTHMIi3a-
Iii, 0 BKIFOYa€ B ceOe aNrOpUTMH, 1HCITIPOBaHI IPUPO-
JIO10, POHOBI aJITOPUTMH, TOIYJISLIHHI aIrOPUTMH, TOIIO
[16-18]. [Ipu mpoMy MOMmIyK BEAETHCS ONHOYACHO TPY-
OO areHTiB, IO AiI0Th 200 He3aJIexKHO, a00 y B3aEMOII,
IO J03BOJIE CYTTEBO IPUIIBHALIMTH IPOLEC MOUIYKY
EKCTPEMYyMiB, KOXKEH 3 SKHUX «BIAMOBiIae» ToMy abo iH-
IOMY KJIacTepy, 110 (OPMYETHCS.

3 MATEPIAJIM 1 METOAU
OCHOBHUMH  TOHATTSAMH, Ha SKUX 0a3zyerbcs
DENCLUE € ¢ynkuis BrumBy, (QyHKIIS LIIUTBHOCTI Ta
aTPaKTOPH LIUIHHOCTI, IO 32 CYTTIO € JOKAILHUMH EKCT-
pemMymamu (GYHKIIT IIUTBHOCTI.
VY 3aranpHOMY BHIAJAKY (QYHKLIS BIUIUBY AJSL OYIb-
SIKOTO BEKTOPHOTO CIIOCTEPEXKEHHs x(®) 3 BHXIZHOIO

MacuBy X € sIepHOIO A3BOHYBaToro (pyHkuiero £ (x),

MIPY [IEOMY HaOIIBII MOYISIPHOIO € TPaIWIliiHa TayCiB-
cpKa QyHKIisn
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eexel')

d’(x,x(e))
x(e) —¢ _ > e
Jo " (x) = exp 26° X 26°

(tyT d*(x,x(8)) — eBKJIiOBa BiCTaHb, G° — MapaMeTp
MIMPUHU QYHKLIT BIUIMBY), 3aBJISKH IPOCTOTI 0OYHCIIEH-
H 11 MOXITHHX.

Y MaTpuYHOMY BHIAJKY 3aMiCTh €BKJIIJOBOI MOXHa
BHUKOpHUCTATH MeTpHKy DrobeHiyca, mpu oMy (QyHKITis
BIUTUBY HaOyBa€e BHTILLY

£2) = exp| - XEN )
206
. 2
B Tr(x—x(e))(x—x(e)) @)
=exp| — > ,
20

e Tr(e) — CUMBOI CIlizly MATPHII.

Hecknamao 6auntu, mo (2) € y3aransHeHEIM (1).

Ha ocHoBi ¢yHKIiH BIUIMBY (QOpMYyeThCS (QYHKIIISA
IIUTEHOCTI PO3MOIITY TaHUX Y MacuBi X y BUIIISII

fX(X)=Zf(x,x(k)), (€)

o no cyrtti € ouinkor Hanmapas-Batcona. HeckiamHo
Oaunth, 1m0 GyHKHis [ (X) MOXE NPUIMATH 3HAYCHHS B
iHTEepBaNTi

1< f5(x) <N,

Ipy [bOMY KpaWHI 3Ha4€HHS 3 IIOTO IHTEpBATY IpH-
HWMaroThCsl, KOJIM BHOIpKa MICTHTH JIMILIE OJHE CIIOCTepe-
JKeHHs a00 yci N CIIOCTEPEXEHb CIIBIAgal0Th, TOOTO
ICHY€ JIMIIIE OJIMH KJIacTep — BUPOXKEHA CUTYaIlisl.

Juis 3HaXomKeHHT m > 1 KilacTepiB HEOOXiTHO BBEC-
TH y po3nisia Aeskui nopir & >1, mo no3soisie hopmy-
BaTH AIMCHO 3HAYYII KIACTEPH, BIACTEIKYIOUN aHOMAJIbHI
CIIOCTEPEKEHHS Ta KJIAaCH, IO MICTATh 3aHAJITO Majo Ja-
HUX.

Brnacue nporiec opMyBaHHSI KITacTepiB OB’ I3aHUH 3
BIJIIIYKaHHAM YCiX ekcTtpeMyMiB (yHKuii miinsHOCTI (3)
3a JOTIOMOTOIO TPaIiEHTHOI MPOLEAYpH

! fo (x/’xH)

“Vf" (x, 2" )” ’ &)
%, =x(k),=0,1,2,..;Vk =1,2,.., N,

x=x" +n

TOOTO KUTBKICTH 3aIycCKiB anropuTMmy (4) BH3HAYAETHCS
00csiroM HaBYaJIbHOI BHOIpkM N . 3po3ymijio, L0 IMpU
BeNMMKuX N Ipolec KiIacTepu3alil — MouIyKy JIOKaIbHUX
eKCTpEeMyMiB MOKe moTpebyBatu ayxe Oarato gacy. To-
My 3anpornonoBani Moaudikanii DENCLUE nos’sizani 3
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NPUIIBUINICHHSIM TPOLECY MOIIYKY JIOKaJbHUX EKCTpe-
MyMiB (3) nnisxoM Moxudikanii TpagieHTHOI Mpouenypu
(4)[10-12].

Y Bunmaaky koiu croctepexeHHs x(k) y BuOipui
X e(n xn,)-MaTpuui, HECKIAZHO BBECTH Y PO3LISL

MaTPUYHUH BapiaHT mponexypH (4):

1

X =x"" T (x,xl’l)(TrFx (x,xl’l)l“xr (x,xl’l)) 2,

of” (x, X )
ox

hi

me I'" (x, X ) = e R ™,

[porec rpaieHTHOI ONTUMI3AIiil 3aKiHUYETHCS Bij-
HIYKaHHSAM m JIOKAIBHHX eKCcTpeMyMiB QyHkii (3), mpu
IIbOMY YMM MEHIIE 3HA4YeHHA &, THM Oijiblle KJIacTepiB

MoKe OyTH CPOPMOBAHO.

[pUOIBHANIMTHA TPOLEC BiNIIYKAHHS JIOKATbHUX €KC-
TPEMyMiB MOKHA, BUKOPHUCTOBYIOUH 3aMiCTh TPaIi€HTHO-
ro TONIYKYy METOIM EBOJIOLINHOI OnTHMIi3amii, cepen
SIKMX B SIKOCTi JOCTaTHBO €(PEKTHBHOTO, YHCEITHHO IIPOC-
TOTO 1 NIBUJIKOTO MOYKHA BII3HAYUTH, TaK 3BAHUIL, MOLIYK
Ha OCHOBI KOTSYMX 3Tpai, 110 MOBHHEH OyTH MOIu(iKo-
BaHUil I BUPILICHHS 3a/a4l KJIacTepu3altii.

Jisi momyky T00aibHOrO EKCTPEMyMY CKalspHOL
¢byHKIIi f(x) BEKTOPHOTO apryMeHTy
x=(x,%,,..,x,)" € R" aBropamu [18, 19] Gyno 3ampo-
MOHOBaHO BHKOPUCTOBYBATH MOJIENb NMOBEAIHKN KOTSIYUX
3rpaii (cat swarm — CS) npu oMy InepeadoadaeThes, Mo
KOXEH KIT caf, 3rpai, ska ckuagaetbes 3 ()  0co-

oun(p=1,2,...,0), Moxe OyTH B OJJHOMY 3 JIBOX CTaHIB:

pexxumy nomyky (Seeking Mode — SM) u pexxumi morosi
(Tracing Mode — TM). Ilpu UpOMy peXHM TOIIYKY
OB SI3aHUI 3 MOBUIBHUMH PYXaMH 3 HE3HAYHOIO aMILTi-
TyJ010 Oist BUXiAHOI Mo3WLii (CKaHyBaHHS NPOCTOPY B
MMOTOYHIH TO3MIIIT), @ pEeKUM MMOTOHI BH3HAYAETHCS IBH/I-
KAMH CTpPHOKaMH 3 BEIMKOI0 aMIUIITYAOI0 1 J03BOJISIE
BUBECTU KOTA cal, 3 JIOKAIBHOTO EKCTPEMYMY, SKIIO BiH

Tyau notpanuB. [loeqHAaHHS JIOKAaNbHOTO CKaHYBaHHA Ta
PI3KUX 3MiH MOTOYHOTO CTaHy J03BOJISAE 3 OLIBIIOI HIMO-
BIPHICTIO BIiJIIYKaTH TJIO0AJIbHUH EKCTPEMyM Yy MOpiB-
HSHHI 3 TpaJWIiHHUMH METOJaMHU 0araToeKCTPEMaTIbHOI
ONTHMI3all].

[Mpouec BiAUIykaHHS EKCTpPEMyMy 3a JOHNOMOTOIO
KOTA40i 3rpai Moxe OyTH peasi3oBaHUA Yy BHIIII
HACTYITHOI ITOCTiIOBHOCTI KPOKIB:

Kpoxk CS 1: ctBopuTH 3rpato 3  KOTIiB y BUIJISIII Ha-

(0)
P b

JOIMYCTUMHUX

0Opy n-BUMIpHUX BEKTOpIB X BUITAIKOBUM YUHOM

pO3MOAUICHUX  Ha  Oe3miu 3HAYCHb

aprymentis R;, 10610 x\” € R < R"; OLIHHTH 3HadeH-
Hsl OnTHMi3oBanoi PyHKuii (irHec-ynkuii) f(x,(0)) y
BCiX Q) TOYKaX, IPH LBOMY IependadaeThes, IO METO

ONTUMI3aIlil € BIAIIyKaHHS TTI00aFHOTO MiHIMyMY f(X) .
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Kpok CS 2: BBectu napamerp crany SPC (self posi-
tion consideration), skuii npuiiMae aBa 3HaueHHs 1 a6o 0;
BUIT4JIKOBO PO3JUIMTH 3rpat0 Ha J[BI IPYNHU: KOTH B IIOIIY-
Ky (SPC=1) i kotu B noroni (SPC=0).

Kpok CS 3: sxmo SPC=Il, 3amycTuTd BiANOBiIHY
IpyIly KOTIB Yy IMOUIYKY, sIKi 3aaummincst kotu ¢ SPC=0
3aIlyCTUTH B PSKHM IOTOHI.

Kpok CS 4: ominutn 3HadeHHs ¢iTHec-QYyHKIII Ta
30epertu HOBi cTanu x, (1), BIANOBIAHI HANMEHLIMM 3Ha-

ueHHsaM f(x, (1)) .

Kpox CS 5: nosepnytucs 1o kpoky CS 1 3 oHOBIe-
Hoto 3rpaeto x, (1), p=1,2,...,0.

Pexxumu nonryky Ta moroHi MOXXyTh OyTH pealtizoBaHi
napajieabHO 1 TAKOXK CKJIAJaTHCS 3 IMOCIITOBHOCTI KPOKIB.
[Ipu 1pOMy peXUM MOUIYKY KOTs4Ol 3rpai BiAIoBijgae
MIPOLIECY JIOKAJbHOTO TONIYKY 3aBJaHHS ONTHMi3arlii.
PexxiM monryky BH3HAYAEThCS TPhOMAa OCHOBHUMH (hak-
Topamu: 00csaroM mam’sti momyky (seeking memory pool
— SMP), sknii BU3HaYa€e KiTBKICTh CTBOPIOBAHHWX KOMIH
KOKHOTO KOTa caf,, KPOKOM 3MiHH 32 KOXHOK KOOp/IH-

Hatolo mpoctopy R (seeking range of the selected

dimension — SRD) Ta 3MiHIOBaHUX KoOpauHAT (counts of
dimension to change — CDC). Bnache, pexuM MHOIIyKy
MOXe OyTH peaji3oBaHMH Yy BUIJSIAI  HACTYHHOI
TTOCITIJOBHOCTI KPOKIB!

Kpok SM 1: sxmo SPC = 1, crBoputn C (C=SMP)

Komii cat, .

Kpok SM 2: iamoBigao mpo mnpwuitastroro CDC
3MIHUTH CTaH cat, .

Kpok SM 3: omiHATH 3Ha4YCHHS ONTHMI30BaHOI

ditHec-GyHKILIT 17151 KOKHOrO 3MIHEHOTO CTaHy cat , .

Kpox SM 4: BBecTH HMOBIpHICTH BHOOPY KOXKHOTO
3MIHEHOTO CTaHy

p o JEO S5, @)
3 -fmax (xp (T)) - fmin (xp (T)) '

,2,..,T %)

Ta KOTa 3 MakCUMaJIbHUM 3HAYCHHAM P, BHKIIOYHUTH 3
nojanpmoro posrisay. Kir 3 P, =0 € «Hafikpamoro»
KOII€IO cat, , OCKUIbKY il BiANOBifa€ HAMEHIIE 3HAYEH-
Hi onTUMizoBaHoi GyHkuii £, (x, (7)) .

PexxuM MOTOHI BiNOBiga€ MpoIeCcy IiI00abHOTO TMo-
LYKy, IO JI03BOJISIE «IIPOCKAKYBAaTW» JIOKAJIbHI E€KCTpe-
MyMH  onTumizoBaHoi  ¢yHKOii, 1 Moxe Oyrn
peali3oBaHMiA y BUTIISAL MTOCTITOBHOCTI KPOKIB:

Kpox TM 1: sixmro SPC = 0, muist rpynu KOTiB B ITOTOHI
pO3paxyBaTH Uil KOXKHOIO caf, IIBUAKOCTI PyXy 3a

KO)KHOI0O KOOPJHMHATOIO 33 MJOIOMOTOI0 PEKYPEHTHOIO
BHpa3y

Dpi (T + 1) = Dpf (t) + r(t)nTM (‘xbest,i (T) - 'xpi (T)), (6)
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Ae v,(T) — MWBHAKICTB PyXy pP-ro Kora 1o I-i
KOOpJMHATI Ha T-# itepauii nmoroni, 0<r(t)<l — BU-
HDaJKOBUM MapaMeTp IOTOHI, 1, — MOCTIHHMI KpoK
xbe.s‘t,i (T) -
onTUMi3allii, OTpUMaHe Ha T -# iTeparril.

Kpox TM 2: BBecTM TIpaHMYHO MO>KIJIMBI 3HAYCHHS
HIBUIKOCTEH v _. 1V JUISl KOKHOTO KOTa MepeBipUTH

MOTOH, HaliKkpaie BHpILICHHS 3agadi

min max

YMOBY
Vpip <V, (t+)<v,,,

1 AIKIO BOHO MOPYIIYETHCS, MOKIACTH v, (T+1) piBHEM

BIANIOBIAHOMY 3HAUEHHIO v, 1V, .

Kpok TM 3: 3MiHUTH IOJIOKEHHS KOXHOTO KOTa B
TIOTOHI BiZITOBITHO /10 CIiBBiTHOIICHHS

x,(t+D)=x,(1)+v, (7). (7)

Kpox TM 4: nepesiputy, un Hanexuts x,(t+1) R, .

Mo>KHa IOMITHTH, IO PO3MIITHYTHH alrOPUTM IIOIIY-
Ky peaji3ye Io CyTi MOKOOpAWHATHHUH cryck (meron ['a-
ycca-3elens), o BUMarae 0araropa3oBoro OIiHIOBaHHS
ONTHMI30BaHMUX 3HAYEHb 1 XapaKTEPU3YETHCS HHU3BKOIO
MIBUJIKICTIO 30DKHOCTI. Y PEXUMI MOTOHI peati3yeThes
TPa/lieHTHUH TOIIYK 3 BEJIMKUM KPOKOM, IO B 3arajbHO-
MY BHIIQJIKy HE TrapaHTy€e MOIIYKYy TI00AIbHOTO eKCTpe-
MyMy. Y 3B’S3Ky 3 IIUM JOIUIBEHO MOJEPHI3yBaTH MpoLie-
Iypy ONTHMI3aIlii HA OCHOBI KOTSYMX 3rpad MHUIIXOM 11
paHzoMmi3alii Ha OCHOBI BHIAJKOBOro MOMIYyKYy [21-22],
0  BOJIOAIE  IIJIOK0  HU3KOK  IepeBar  mepes
JIETEpMIHOBAaHUMH MPOLIEAYPAMH TOIIYKY €KCTPEMYMY.

OCKUTbKM pexuM TomykKy SM € mo cyTi mpouecom
JIOKaJIbHOI ONTHMIi3allii, pyX KOXHOTO 3 KOTiB caf, ¢

SPC=1 pominsHO OpraHi3yBaTH B aHTUTPAIli€HTHOMY Ha-

NpSMKY BIiONOBIZHO 1O CTaHOAPTHOI PEKyPEHTHOL
TpagieHTHOI IPOLEaypH

x,(t+1) = x, (1) =g, Vf (x,(1)), ®
nie @f (x,(1)) — OUIHKM TrpajieHTa ONTHMi30BaHOI

¢ysxuii y Touui x,(t), Mg, — KPOK MOLIYKY y MPOCTOPI
R!.

X

CkJazioBi  TrpajieHTa YaCTKOBUMH

o (x,(v)

Xp

BUMIPIOBaHHS ONTHUMIi30BaHOT (YHKIIT B MPOOHUX CTaHAX
B OKomuui ToukH  x, (7). Haiibuem mnpoctum 3
OOYHCITIOBATBHOI TOYKH 30pY € TOIIYK 3 LEHTPaTbHOTO
npoboto  [19], mpu 1nBOMYy TPOBOIUTECS  OLIHKA
ONTHUMI30BaHOT ¢byHKLiT (n+1)-i TOYII

(CDC =n):x,(1), x, (1) + Ngpey,

Vi(x, (D), e

TIOX1THUMH , MOXYTb OyTH OIIHEHI IIIIXOM
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X, (T) + Nerp€»-+» X, () + Ngpe, » A€ € — KOOPAMHATHI
OPTH, g — PO3MIP IPOOHOTO KPOKY, SIKMif BU3HAYAETHCS

MPUAHATHM 3Ha4eHHsAM SRD.
BeranouBum  n+1  3HavenHs  yHkuii f(x, (1)),

S (x, (D) +Ngpp€y)sees [ (X, (T) + Ngppe, ), 3aMiCThb TpajieH-

o (x,(v) of(x,(v)  If(x, (1) '
ox ’ U ox

pn

] B

Ta  Vf(x,(1)= r”

MOJKHA BBECTH HOTO OIIHKY @f (x,(1)) 3 KOMIIOHEHTAaMH

P, 1
ox pi Nsrp

. . Coon .
PeanizyBaBimu pami Kpok y mpocTtopi R’ BiANOBITHO

(f(x])(T))+nSRDei)_f(xp(T)),i =1,2,...,n.

710 (8), IPUXOAMMO 110 HOBOTO CTaHy caf, B PEXKUMI 110~

LIYKY 3 KOOpAWHATaMH

X, (T+1) = X, (D) =2 (£ (x) (1) +Ngepe) — / (%, (1)),

SRD
MNsu
SRD

X, (T+1) = X, (1) =2 (£ (x, (1) + Mg, ) — £ (%, (D).

Nszp

xpz (T + 1) = xpz (T) -

(S (x, (D) +ngpey) = f(x, (D), (9)

Sk Henomik 1i€l TpoUeNypH ONTUMI3alii MOXHA
BijsHaunTH (hikcoBane 3HaueHus CDC =n, 10 BuMarae

TOCITIOBHOT 3MiHM BCIX KOOPJMHAT caf, B pOCTOpi R; .

Po3mmpuTi MOXKIMBOCTI TPOIIECY MOLIYKY MOXKHA, 3BEp-
HYBIIUCh JIO paHAoOMi30oBaHWX mpouexyp [20-21],
HAUTPOCTIIIOIO 3 SIKUX € CyTO BUIAIKOBA OLIHKA CITyCKO-
BOTO HANpPSIMKY, CEHC SKOTO IOJIArae B TOMY, 1O 31 CTaHy
x,(1) poburbes BumagkoBa mpoda x,(T)+Ng,=E, Ae

E=(,,&,,.,E,)" — onuHWuYHMIl BUNAIKOBHH BEKTOD,
PIBHOMIpHO po3mofiieHuid y mpoctopi R!. YV pasi sik-
o X, (1) + Nggp = < f(x,(1)), poOHTbCS pOOOUMA  KPOK

HOUIYKY

x,(t+) =x,(1)—ng,E (10)
(mpu 1bOMY MOXKHA NPUHHATH Mg, =T, ), B IHIIOMY

BUNAJKy Npo0a BHU3HAETHCS HEBAAJOI Ta pealli3yeThes
crpo0a 3 HOBHM BEKTOPOM = .

Y3arankHeHHSM Ili€i MpoIeaypH € OIlHKAa HampsMmy
MIOITYKY 32 HAWKpaIIol 3 KiIbKOX BUMAJKOBHX CIIPOO.
[lpu 1pOMy 3 BHXiZHOTO CTaHy X,(T) POOMTHCA KilbKa

BUIIA/IKOBUX NMPOO ONTUMI30BaHOT PYHKIIT X, (T) +Ngpp =,
y BunaakoBux Hanpsamkax Z,(/=1,2,..,n,.,L), npu

upomy ¢axrop CDC Moxe nepeBuIllyBaTH 3Ha4eHHS 1. 3a
HAIPsMOK CITyCKY BHOHMPA€THCS TOW HANpsIMOK, IO 3a-
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Oesnmeunnio HaiMeHwe 3Ha4eHHs QyHKuii f(x,), T0OTO

cat, TIEPEBOIUTHLCS B HOBUH CTaH 3ri/IHO 3 BUPA30M

x,(T+1) =x, (1) +NgpE . (11)

3ayBaxxuMo Takox, mo npu L =1, npouenypu (10) i
(11) cniBnagaroTh.

006’emnyroun npoueaypu nouryky (8), (9), (11), mox-
Ha BBECTH JI0 PO3MIAY MOMIIYK Ha OCHOBI CTaTHYHOTO
rpagieHTta. Y IbOMY BHIIQJKy 3a OIIIHKY TpaJi€HTa
NpUIMAETBCS  CepeAHbO3BAXEHE L  BHINAAKOBHX
HaTIpSMKiB, KOXEH 3 SAKHX OepeTsCs 3 Baroko, IIo
BiZNOBi/a€ Bapiauii f(x,) B3IOBXK LbOTO HAIPSMY:

L

) Y= (/(x, 0+ 8, ) - V/(x, (1)
Vf (x, (0) =~
DE(S

1=1

[1]

[

(3, (D g Z ) = V7 (x, ()

[Mincrapnsroun naini (12) (11), orpumyemo npouenypy
TpalieHTHOTO CITYCKY B HANpsIMKY MiHIMyMY (yHKIiT, IO
ontuMizyerbcsi. Takum yuHOM, BCi koth 3 SPC=1
3MIMIYIOTHCS B HANIPSIMKY JIOKAJIbHUX MiHIMyMiB QyHKIIT,
110 ONTUMI3YETHCSL.

Pexwm moroni TM Ha BinMiHY BiJl TOKaTbHOTO PEXKH-
My momryky SM 3abesnedye 3araibHy TpOLELYpY
ornrruMizamii Ha ocHoBl CS 100anbHI BIACTUBOCTI SKOT
JIO3BOJISIIOTh HE 3aCTpAraTH il y JIOKAIbHHUX EKCTpEMY-
Max. 3po3yMijio, mo Kpim mpouexypu (5), (6) iCHYIOTH
IHIII aJITOPUTMH, 10 BOJIOAIIOTH HEOOX1THUMH BIIACTHBO-
CTSIMH.

OaHuM 13 TakuxX HAWOLTBII e()EKTUBHHX YHUCEIHHO
NPOCTUX aJTOPUTMIB € METOJ] BaXKOI KYJbKH, IIO
CIHMpAaEThCsT Ha aHANOTII0 pyXy BaXKOro Tila IO
BUKPHUBJICHIM MOBEPXHI 3 ypaxyBaHHSIM CHJI TSDKIHHS Ta
tepra. [lpm 1mpoMy depe3  iHEpIif0  KyIbKa-KiT
«IIPOCKAKye» JIOKATBHI eKCTPEMyMH, a Yepe3 TepTs pyx
Mae 3yIUHHUTHCS B TII00aJIBHOMY EKCTPEMYMI.

Januit anroput™ A7t KOTiB y pexumi noroui (SPC=0)
MOXe OyTH 3alMCaHuil y BUTIISIII

x,(t+) =x,(v)—a(x, (1) -

- 13
=x, (t=1))=ng, V/ (x, (1)), =
e o — TMapaMmeTrp, IO BH3HAYAE IHEPIIiiHI BIACTHBOCTI
npouecy rouutu. [Ipu a =0 (13) moBHicTiO 30iraeTses 3
(8), Bipi3HAIOYNCH JHUIIIE KPOKOM T, . IIpr o =1 mpomuec
IOTOHI CTa€ He3aracalo4uM, TOMYy L€ mapamerp
BuOMpaeThest B iHTepBami 0 <o <1, mpu npomMy yuM G-
KY€ o JO OJAWHHWII, TUM CHJIBHIIIE BHUSBISIFOTHCS
IHEpINIHI BJIACTUBOCTI, MPOTE MpoleC caabo 3racae B
OKOJIHII eKCTpeMyMy. Y 3B’S3KY 3 UM JOIITEHO KOYKHOMY
koty 3 SPC=0 npu3HaunTH pi3Hi 3HAYCHHS MapameTpa o .
3ayBakUMO TaKoX, 10 B mporenypy (13) moxxe Oytu
BBEJICHA BHIIAKOBa KOMIIOHEHTA, III0 BBOAUTH JOJATKOBE
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«PUCKAHHS» B MPOIEC TOHUTBH, 110 TIOKPAIy€e MI00aIbHi
BJiacTUBOCTI anroputmy. [pu ripomy (13) MmoaudikyeTbes
JIO BUTJISLY

x,(t+D)=x,(1)—alx,(0)—x,(t-1))-

Moy @f(xp (1) + Ngzp =,

TOOTO cat, OAHOYACHO 3HAXOAMTHCS i B PEXKHMMI MOTOHI, i

B PEXKUMI NIONIYKY-CKaHYBaHHS IPOCTOpY R .

4 EKCIEPUMEHTHU
JocnimkeHHsT MeToay KilacTepu3allii MacHBiB JaHUX
Ha OCHOBI KOMOIHOBaHOI onTUMi3amii QyHKIIH MITFHOCTI
PO3TOiTy Ta €BOMIOLIHOTO METOAY KOTSIUMX 3Tpaif mpo-
BOAWINCH HAa TPHOX HABYANBHUX BHOiIpKax: Spambase,
Page Blocks, Iris ta Ecoli.

Tabmuus 1 — XapakrepucTuky HabOpiB JaHHX

Bubipka Kikicrs criocrepe- KinbkicTh aTpubyTiB
JKEeHb
Spambase 4601 57
Page Blocks 5472 10
Iris 150 4
Wine 178 13
Ecoli 336 8

SxicTh poboTH MeToa KilacTepu3allii JaHuX Ha OCHO-
Bi MIKIB IIUIBHOCTI PO3MOIUTY JaHWUX Ta €BOJIOLIHHOTO
MeTony Kotsuux 3rpait (Proposed method — PM) nepei-
psuUtach 3a JIOTOMOTOI0 OCHOBHUX OILIHOK SIKOCTI KilacTe-
pusanii. IcHye KijlbKa METPHUK Ul OLIIHKU SKOCTI KJlacTe-
pusanii. Bci MeTpukH, 10 BUKOPHUCTOBYIOTBCS TSI OLiH-
KM 3aIPOIIOHOBAHOT'0 METOy 0a3yloThCsl Ha TaK 3BAHOMY
METOJi OIiHIOBaHHS 3a JOTIOMOTOIO 30JI0OTOTO CTaHZIAp-
Ty(golden set).

1. MeTpuka uucrotu kiactepusauii (purity — Pur).
Jnst o6unCIeHHs DaHOTO MOKa3HWKA KOXKHOMY KiIacTepy
MIPUCBOIOETHCS KJIAc, 3 SIKUM Y KJlacTtepa MaKcHMajbHe
MIEPEKPUTTS IO MpHUBJIacHeHUM 00’ ektaMm. [licis mpucBo-
€HHSl MITOK KJIaciB OOYMCITIOETHCS NPAaBUIIBHICTH JIaHOT
KJ1acTepu3anii K 9uciao 00’ €KTIiB KiIacy, 3 SKUM acoIliio-
BaHUH KJIacTep, MOJiIeHe Ha 3arajlbHe YHCIIO 00’ €KTIB B
KJacTepi. Y HbOMY CEHCi JaHa METPHKa CXOXka Ha IT0Ka3-
HUK TOYHOCTI Ki1acu(ikarii.

2. Metpuka HOpMOBaHOi B3aeMHOI  iH(OpMaIii
(normalized mutual information — NMI). Jlana merpuka
3acHOBaHa Ha TOHSTTI EHTPOMII.

3. Koedimient Penna (rand index — RI). Jlanwit migxin
JIO OLIIHKHM SIKOCTI KJlacTepu3allii MeperyKyeTbecsi 3 MeTo-
JTAMH OIIIHKH SKOCTi aJITOPUTMIB KiIacuikarrii.
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versicolor

setosa

Pucynok 2 — HaBuansHa Bubipka Iris
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Pucynok 3 — HaBuanpHa Bubipka Spambase

[NopiBHSIBHUIA aHAII3 IPOBOJMBCS 3 BIIOMUMH METO-
Iamu Kractepusanii gqannx, takumu sk FCM, DBSCAN
ta CLARA.

5 PE3YJIbTATHU

PesynbraT KIacTepHOTO aHANi3y HaHUX Ha BHOipKax
Page block, Wine, Iris, Ecoli Ta Spambase, 3a moka3zHu-
KaMH OI[IHKH SKOCTi KJlacTepu3aillii HaBelleHO Ha PUCYH-
Kax HIDKYE.

Ha ricrorpamax npoJeMOHCTPOBaHi pe3yJIbTaTH Kiiac-
TEPHOTO aHaJli3y 32 IKUMH MOXKHA 3pOOHMTH BUCHOBOK, 1[0
3alpOIIOHOBAHUM METOJ KJlacTepu3allii JaHWX Ha OCHOBI
MIKIB IUIBHOCTI PO3NOALUTY J@aHUX Ta €BOJIIOLIHHOIO Me-
TOJy KOTSYMX 3rpail Ja€ OLiHKY KJlacTepH3allii BUIIe, HIXK
OLTBII BiOMI METOIM KJacTEpH3allii 3aBASKH OITHUMi3a-
LiiHI} MpOoIeaypi EBOMIOLINHOTO AITOPUTMY.
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Pucynox 4 — [Toka3Huku sIKOCTi Kinactepusanii Bubipku Page
Blocks
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Pucynok 5 — IToka3HUKH SKOCTI KJ1acTepu3arii BUOipku Spam-
base
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Pucynox 6 — INoka3suuku sikocTi Kiactepu3anii BuOipku Iris
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Pucynok 7 — IToka3Huku sKOCTi Knactepusanii Budipku Wine
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Pucynok 8 — I[Tokasuuku sikocTi knacrepuzanii Budipku Ecoli

Kpim anami3y skocTi KiacTepusamii JaHHUX, TOTPiOHO
OIIIHUATH MIBHIKICTH POOOTH METOIy. SIKIiCTh METOAY Kiia-
cTepu3allil MOBUHHA Bi/IMIOBIIATH MIBUAKOCTI 1 MPOCTOTH 3
TOYKH 30py MaTeMaTHIHHX PO3PaxyHKIB.

[IpoBeneHo aHanmi3 METOAy KiacTepu3ailii JaHWX Ha
OCHOBI MIKIB IUILHOCTI PO3MOJITY JaHUX Ta €BOJIOLIH-
HOTO MeToAy KOTsumx 3rpail Ha 100 crocrepexeHHsIX
Ppi3HHUX BUOIPOK aHHX.

Ha pucyHkax, 1o mpeacTaBieHi HIKYe HaBEICHHH
MOPIBHSUIBHUM pe3yJIbTaT IIBUIKOCTI pPOOOTH METO.IB
KJIaCTEPH3allii.
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6 OBI'OBOPEHHS

AHani3yloun pe3yiabTaTH OTPUMaHUX EKCIIEPUMEHTa-
JIBHUX JIOCIIJKEHb, LI0 NPOBOJMIMCH Ha II'SITH Di3HOL
npuposan panux i3 Bubipok UCI pemnosuropito Ta mopis-
HSUTBHOTO aHajli3y poOOTH METONy KiacTepu3allii JaHux
Ha OCHOBI MIKiB IIUTLHOCTI PO3MOJTY JTaHUX Ta €BOJIIO-
LIfHOTO METOAY KOTAYMX 3rpail i3 MeTomaMu KiIacTepH-
3arii, mo 6a3yI0ThCs K Ha KIIACHYHOMY IiIXOMi IO Kiac-
Tepu3amii JaHuX, Tak i ouremr ex3otmuHNX: DBSCAN Ta
CLARA, mo BHKOPHCTOBYIOTH aHANi3 IIUIBHOCTI JaHUX
SIKI TATSATAlOTh KIACTEPH3allii, 3alpoITOHOBAaHUA METOT
JEMOHCTPYE JOCTaTHHO BUCOKI Pe3yJIbTaTH.

OCHOBHMMH TIiepeBaraMu 3alpolIOHOBAHOTO METOJY
HOJISITAE B MPOCTOTI MaTeMaTHYHHUX PO3PaXyHKIB, IIBUJIKO-
CTi po0OOTH 3 JaHWUMH, HE3aJEKHO Bl BHIY, PO3MIpy Ta
SIKOCTi BHOIPKH, 110 aHATI3yeThes. [IOpIBHUITBHUA pe3yiib-
TaT IMBHUJIKOCTI pOOOTH METOIIB KiacTepH3alii eKCIepH-
MEHTaJIbHUX JOCII/UKeHbh HaBeleHWH Ha rpadikax, sKi
HAOYHO JEMOHCTPYIOTh IIBHJKICTH POOOTH METONIB Ha
pizHux BHOipkax. Ciix BiA3HAYNTH TOYHICTH pOOOTH Me-
TOOa KIIACTEpH3allii JaHMX Ha OCHOBI INKIB MIUTBHOCTI
pO3MOAINTy MaHUX Ta EBOIOMIHHOTO METONy KOTSIIMX
3rpaii Ta OTpHMaHHX Pe3yJIbTaTiB KJIacTepH3allil, 1o J0Cs-
TaeThCs 3a JOMOMOTOI0 ONTHMI3AIlHOI MPOIEAypH EBO-
JIOIIHHOTO aTOpUTMYy. SIK BHIHO i3 PHCYHKIB 4—8, MOKa3-
HUKH SIKOCTi KJIacTepu3amii Ha pi3HUX BHOIpKax 3amporno-
HOBAHOTO METOJy JIOCTaTHBO BHCOKHH, HE3aJIEKHO BIX
METPHKH, [0 BUKOPHCTOBYIOTHCS JUISi OI[IHKH METOJIB
KJIaCTepH3allii.
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BUCHOBKH

BBeneno meron kimactepu3anii MacHBIB JaHUX Ha OC-
HOBiI KOMOIHOBaHOI onTHMi3amii (YHKIIA MUTEHOCTI Po3-
O[Ty Ta €BOJIIOIIHHOIO METOMy KOTsuux 3rpail. [lepesa-
TOI0 3aIlPOINIOHOBAHOTO MiIXO/y € CKOPOUEHHS 4Yacy BUpI-
IICHHs ONTUMI3ALIAHUX 3aa4 B YMOBaX KOJH KJIaCTCPH
MEPETHHAIOThCS. METoJ] € TOCUTh MPOCTHM 3 TOYKU 30pY
YHCEJBbHOT peanizallii i He € KpUTHYHUM J0 BUOOPY ONTH-
MI3aIliiHOI Tporenypu. Pe3yipTaTH eKCIeprMEHTIB i
TBEP/UKYIOTh €(DEKTHBHICTD 3alPOIIOHOBAHOTO MIAXOLY B
3aj1a9ax KJjacTepu3anii 3a YMOB IIEPETHHHHX KIIACTEPiB.

HaykoBa HOBHM3HA: BIIepIIe 3alpONOHOBAaHMHN Kilac-
Tepu3alii MacHBiB JaHWX HAa OCHOBI KOMOIHOBaHOi OITH-
Mi3alii GYHKIOIA MIITFHOCTI PO3IOALTY Ta €BONIOLIHHOTO
METOly KOTSYHX 3rpai

IIpakTu4yHe 3Ha4YeHHs: PE3yJIbTAaTH EKCIICPUMEHTY
JIO3BOJISIIOTH PEKOMEH/TyBATH 3aIPOIIOHOBAHUM METOJT JUIs
BUKOPHCTaHHSA Ha TMPAKTHIl U1 BUPIOICHHS NpobieM
aBTOMATUYHOI KJlacTepu3alii 0aratoekCcTpeManbHUX Ja-
HHUX 3 PI3HOIO HIUIBHICTIO B YMOBaXx KJaciB, II0 TEPETH-
HArOTHCSL.

IlepcnekTUBM MOAAJBIIUX JOCTAIAXKEHb METOAU
HEUiTKOI Kiactepusalii JaHuX AJsl LIMPOKOrO KJIacy
MPaKTHYHHUX MIPoOIIeM.

MNOJsIKN
Pobora BUKOHaHA B paMKax HAYKOBO-JOCIIiTHOTO
NPOEKTY JIePHKAaBHOTO OropKeTy XapKiBChbKOTO HallioHa-
JBHOTO YHIBEPCHUTETY pamioeneKTpoHikn «I'mmnboki rib-
PHUIHI CHCTEMH OOYHCITIOBATIBHOTO 1HTENEKTY IS aHAII3Y

HOTOKIB IaHUX Ta iX IIBHIKE HaBYaHHs» (HOMEp ACpiKaB-
Hoi peectpauii 0119U001403).
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KJIACTEPHU3AIIAS MACCHBOB JJAHHBIX HA OCHOBE KOMBUHUPOBAHHOM ONITUMM3AIINHI ®YHKIINIA
IJIOTHOCTHU PACIIPEIEJEHHS U 3BOJIOIIMOHHOTI'O METOJA KOIMAYBHX CTAM

Bonsinckwmii E. B. — 1-p TexH. Hayk, npodeccop, npodeccop kadeapbl HCKyCCTBEHHOTO HHTEIIEKTa XapbKOBCKOTO HAILIMOHAIb-
HOT'O YHUBEPCUTETA PAIUONIEKTPOHUKH, XapbKOB, YKpauHa.

Inuce W. Il. — xaHO. TexH. HayK, Bemymwid Hay4dHelid coTpynHuk [TH/JI ACY XapbpKoBCKOTO HAaIlMOHANBHOTO YHHUBEPCHUTETA
PaauolIIEKTPOHUKH, XapbKOB, YKpauHa.

ladpponenko A. FO. — kaHx. TeXH. HayK, JOLEHT, JOUEHT Kadeapsl HHGOPMATHKN XapbKOBCKOTO HAMOHAJIBHOTO YHUBEPCH-
TeTa PaUOdICKTPOHUKH, XapbKOB, YKpauHa.

AHHOTADNUA

AKTyaJIbHOCTB 3a/1aua KJIacTepH3alli MacCHBOB HaOIIOCHNI TPON3BOIBHOM MPUPOIHI SABISETCA HEOTheMIIeMOi yacTbio Data
Mining, a B 6onee obmem ciryyae Data Science, At ee pelieHus IPeayioxkeHO OrPOMHOE KOJIMYECTBO ITOJXO0JI0B, OTINYAIONIUXCS
MEXTy coO0M Kak alpHOPHBIMH MPEIIIOJIONKEHUSIMI OTHOCUTENEHO (PU3MIecKkol IPUPOJIBI TaHHBIX U 3a/1adl, TaK 1 MaTEMaTHIECKUM
armapatoM. C BEIYHUCIUTEILHOW TOUKH 3pSHUS 3a]a4a KIIacTepU3alliy IpeBpaliaeTcs B mpobiieMy MOUCKa JIOKaJIbHBIX YKCTPEMYMOB
MHOTOIKCTPEMAaIbHOH (DYHKIINY BEKTOPHOTO apryMEHTa IUIOTHOCTH C IIOMOLIBIO IPAJANCHTHBIX MPOLEIyp, MHOTOKpPAaTHO 3aIycKae-
MBIX C Pa3HBIX TOYEK HCXOJHOTO MAacCHBa JaHHBIX. YCKOPHTH IIPOLECC MOUCKA 3THUX IKCTPEMYMOB MOXKHO, BOCIIOJIb30BABIINCH
UJIESIMU 3BOJTIOIMOHHON ONTHMHU3ALUH, BKIIIOYAIONIel B ceOst aropuT™Mbl, HTHCIIUPHPOBAHHBIE IPUPOIOH, POEBBIE aNTOPUTMBI, MOIY-
JISIMUOHHBIE ATOPUTMBI U T.1.

Hesab. Llens paboThl 3aKiII04aeTCs] BO BHEAPEHUHU MIPOLEAYPHI KIACTEPHU3ANH JaHHBIX HA OCHOBE ITHKOB IUIOTHOCTH paclpene-
JICHUSI TAaHHBIX M 9BOJIOIMOHHOTO METOJa KOIIaybHX CTal, 00bennHsIomell B cebe OCHOBHBIE NIPEHMYIIECTBA METOMOB PAOOTHI €
JAHHBIMU B YCJIOBHSIX NEPECEKAIONINXCS KIIACCOB, XapaKTePHU3yeTCs KadeCTBEHHON KilacTepu3anueli, BRICOKHMM ObICTPOJEHCTBHEM U
TOYHOCTBIO [OJYYEHHBIX PE3yJIbTATOB.

MeTtoa. Beenen meTos KiacTepu3allid MAacCHBOB JaHHBIX Ha OCHOBE KOMOWHHMPOBAHHOW ONTHMH3AaLMK (QYHKIHH IUIOTHOCTH
pacrpeieNieHus 1 3BOTIOHOHHOTO METOAa Kollaybux cTail. IIpenMyIecTBoM MpezaraeMoro noaxofa sBiseTcsl COKpaIleHnue Bpe-
MEHH PEIlIeHUs ONTUMHU3ALHOHHBIX 3a/1a4 B YCIOBHUSX, KOT/1a KJIACTEPhI EPECEKAIOTCS.

Pe3yabTaThl. Pe3ynbpraTel SKCIIEpUMEHTOB MOATBEPKIAIOT 3P (HEKTHBHOCT MpeIaraéMoro MoAXo4a B 3a/jadax KIacTepH3aliy
IIPU yCIIOBHH KJIACCOB, KOTOPHIE MEPECEKAIOTCS U TO3BOJISIOT PEKOMEHA0BATh MPENI0KEHHBIN METO U MCIIOIB30BAaHUS Ha TPAK-
THKE JUIS PeIeHUsI IPOOJIeM aBTOMAaTHYECKON KIIaCTepPHU3aIMU OOJIBIINX JaHHBIX.

BriBoasl. BBeneH Meron KilacTepH3alii MacCHBOB JAHHBIX Ha OCHOBE KOMOMHHPOBAHHOM ONTHUMHU3aIUH (DYHKIHH INIOTHOCTH
pacnpejielieHHs U SBOJIIOLMOHHOTO METO/a KOmaybuX cTai. [IpenMyiecTBoM mpeanaraeMoro noaxoa sBISETCS COKpaleHHe Bpe-
MEHM PELICHUs ONTUMM3ALUOHHBIX 33/1a4 B YCIOBHSX, KOTJa KJIacTepsl IepeceKaroTcs. MeToa A0CTaTO4YHO IMPOCT C TOUYKH 3pEHUS
YHCJICHHOHN peanu3aluy U He ABIAeTCS KPUTHUECKUM JUIsl BBIOOpa ONTHMHU3ALHOHHON MpoLeaAypsl. Pe3ynbTaTsl SKCIEpUMEHTOB MO~
TBEPXKIA0T 3 PEKTUBHOCTD MPEIUIAraeMoro MoAX0/1a B 3a/[a4ax KJIACTEPH3aluK B yCIOBHAX IIEPECCKAIONINXCS KIIACTEPOB.

KJIFOUEBBIE CJIOBA: HeueTkas KiacTepU3alisl, THKH INIOTHOCTH PACHPEACICHIS JaHHBIX, SBOJIFOIOHHBIA METOI.

UDC 004.8:004.032.26
CLUSTERIZATION OF DATA ARRAYS BASED ON COMBINED OPTIMIZATION OF DISTRIBUTION
DENSITY FUNCTIONS AND THE EVOLUTIONARY METHOD OF CAT SWARM

Bodyanskiy Ye. V. — Dr. Sc., Professor at the Department of Artificial Intelligence, Kharkiv National University of Radio Elec-
tronics, Kharkiv, Ukraine.

Pliss I. P. — PhD, Leading Researcher at Control Systems Research Laboratory, Kharkiv National University of Radio Electron-
ics, Kharkiv, Ukraine.
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Shafronenko A. Yu. — PhD, Associate Professor at the Department of Informatics, Kharkiv National University of Radio Elec-
tronics, Kharkiv, Ukraine.

ABSTRACT

Context. The task of clustering arrays of observations of an arbitrary nature is an integral part of Data Mining, and in the more
general case of Data Science, a huge number of approaches have been proposed for its solution, which differ from each other both in
a priori assumptions regarding the physical nature of the data and the problem, and in the mathematical apparatus. From a computa-
tional point of view, the clustering problem turns into a problem of finding local extrema of a multiextremal function of the vector
density argument using gradient procedures that are repeatedly launched from different points of the initial data array. It is possible to
speed up the process of searching for these extremes by using the ideas of evolutionary optimization, which includes algorithms in-
spired by nature, swarm algorithms, population algorithms, etc.

Objective. The purpose of the work is to introduce a data clustering procedure based on the peaks of the data distribution density
and the evolutionary method of cat swarms, that combines the main advantages of methods for working with data in conditions of
overlapping classes, is characterized by high-quality clustering, high speed and accuracy of the obtained results.

Method The method for clustering data arrays based on the combined optimization of distribution density functions and the evo-
lutionary method of cat swarms was proposed. The advantage of the proposed approach is to reduce the time for solving optimization
problems in conditions where clusters are overlap.

Results. The results of the experiments confirm the effectiveness of the proposed approach in clustering problems under the con-
dition of classes that overlap and allow us to recommend the proposed method for use in practice to solve problems of automatic
clustering big data.

Conclusions. The method for clustering data arrays based on the combined optimization of distribution density functions and the
evolutionary method of cat swarm was proposed. The advantage of the proposed approach is to reduce the time for solving optimiza-
tion problems in conditions where clusters are overlap. The method is quite simple from the numerical implementation and is not
critical for choosing an optimization procedure. The experimental results confirm the effectiveness of the proposed approach in clus-
tering problems under conditions of overlapping clusters.

KEYWORDS: fuzzy clustering, density peak of dataset, evolutionary method.
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