ISSN 2782-3210 (Print)
ISSN 2500-316X (Online)

RUSSIAN

TECHNOLOGICAL JOURNAL

POCCUMUCKMNH
TEXHONOMMYECKUN
XXYPHARN

CERT

1SO 9001:2008
15100 96652

- VlHpopmaLmoHHbIe cUCTEMDI.
~ WHppopmaTuKa.
Y (9
- [lpobnembi nHgopmaLnoHHo be3onacHoCTH

12+

WWW.rtj -mireacru PoccuitcKuii

TEXHOJI0TVYeCcKun



TECHNOLOGICAL

POCCUUCKUH
TEXHOJIOFrMYECKUH
XKYPHAN

¢ MIHpOopMaLMOHHbIE CUCTEMBI.
NHudopmaTtuka. NMpobnemsi
MHPOOPMALMOHHON 6e30MacHOCTU

e P0OOTN3MPOBAHHbLIE KOMMJIEKCHI Y CUCTEMBI.
TexHonormm AMCTaHUMOHHOIO 30HAMPOBA-
HNS N Hepa3pPyLLAIOLLETO KOHTPOSIS

e COBpPEMEHHbIE PAANOTEXHNYECKME
N TENEKOMMYHUKALMOHHbIE CUCTEMBI

e MUVKpPO- 1 HAHO3NEKTPOHMKaA. Pnaunka
KOHOEHCUPOBAHHOIO COCTOSIHUSA

e AHannTM4eckoe NpndopocTpoeHmne
N TEXHONOM NN

e MaTemartnyeckoe MogenmpoBaHue

e SKOHOMMKA HaYKOEMKUX N BbICOKOTEXHO-
NOMNYHbIX NPEANPUATUIA U NPOU3BOACTB.
YnpaBneHue B OpraHnN3aLMOHHbIX CUCTEMAX

e YripaBneHme Ka4eCTBOM NPOayKLINN.
CraHpapTtmsaums

e MnpoBO33peHYECKME OCHOBBI
TexXHON0rnmm n obulecTea

Russian Technological Journal
2023, Tom 11, Ne 3

ISSN 2782-3210 (Print)
ISSN 2500-316X (Online)

¢ Information systems. Computer
sciences. Issues of information
security

e Multiple robots (robotic centers)
and systems. Remote sensing
and non-destructive testing
e Modern radio engineering
and telecommunication systems
¢ Micro- and nanoelectronics. Condensed
matter physics
¢ Analytical instrument engineering
and technology

e Mathematical modeling

e Economics of knowledge-intensive
and high-tech enterprises and industries.
Management in organizational systems

¢ Product quality management.
Standardization

¢ Philosophical foundations of technology
and society

Russian Technological Journal
2023, Vol. 11, No. 3

https://www.rtj-mirea.ru

@I/IPBA

Poccuickuit
TeXHONOrNYeCcKU
yHuBEpCMTET



https://doi.org/10.32362/2500-316X

Russian Technological Journal
2023, tom 11, Ne 3

Jara onyoukoBanus 31 mast 2023 r.

Hay4Ho-TexHHYeCKHU peLeH3npyeMblii JKypHAJI
ocBelaeT BONPOChl KOMIUIEKCHOIO Pa3sBUTHUSI PaJHo-
TeXHHYECKHX, TeJeKOMMYHHMKAIIMOHHBIX U HMH(opMma-
LIMOHHBIX CHCTEM, JJIEKTPOHUKH M HH(OPMATHKH, a
TaKxKe pe3yabTarbl (YyHIAMEHTAJBHBIX WM IPHKJA/-
HbIX MEXIMCUUILIMHAPHBIX HCC/IEA0BAHUH, TEXHO-
JOTMYeCKMX M  OPraHM3alMOHHO-3KOHOMMYECKHX
pa3pa0oToK, HampaBJeHHbIX Ha pa3BUTHE U COBep-
LIEHCTBOBAHHE COBPEMEHHON TeXHOJI0rM4ecKoi 0a3bl.

[lepuoauyHOCTB: OAKH pa3 B JBa MecsLa.

Kypnan ocHoBan B nekabpe 2013 roxa. [lo 2016 . n3nasaucs
rof Ha3BaHueM «BectHuk MI'TY MUPDA» (ISSN 2313-5026),
a c suBaps 2016 r. mo utonb 2021 1. nox Ha3zBaHueM «Poccuiickuit
TexHonoruueckuit xypHam» (ISSN 2500-316X).

Yupeaurenb u uzgarelib:
(enepalbHOE TOCYJAPCTBEHHOE OIO/KETHOE
00pazoBaTeNbHOE YUPEKICHHUE BBICILIETO 00pa30BaHUs
«MUPDA — Poccriickunii TEXHOOTYECKAHN YHUBEPCHUTET
119454, P®, r. Mocksa, ip-t Bepnaackoro, 1. 78.

Kypnana BxoauT B IlepeueHnb BeyIHX penieH3NpyeMbIX
Hay4YHBIX )kypHaJioB BAK P®, B KOTOpPBIX 10/I5KHBI
OBITH OIY0TMKOBAHbI OCHOBHBIC HayYHBIE Pe3yJIbTAThI
JANCCepTAIMIA Ha COMCKAHME YYEeHON CTeleHH KaHAHAATa HayK
U IOKTOpa Hayk, nHaekcupyetcs B PI'b, PUHII, eLibrary,
Couuoner, Directory of Open Access Journals (DOAJ),
Directory of Open Access Scholarly Resources (ROAD),
Google Scholar, Ulrich’s International Periodicals Directory.

TI'naBHbIii peqakrTop:

CuroB Anexkcanap CepreeBuy, akanemux PAH,
JOKTOp (hu3.-Mart. HayK, npodeccop, npesunent PI'BOY BO
MUPDA — Poccuiicknii TeXHOIOTHYECKUN YHUBEPCUTET
(PTY MUPDA), Mocksa, Poccust.

Scopus Author ID 35557510600, ResearcherID L-4103-2017,
sigov(@mirea.ru.

Penaxmus:

3aB. pemakuuei k.T.H. [ /. Cepenuna

Hayunsiit penakrop I.T.H., ipod. [.B. Kynukos
A.C. AnekceeHKo
J.B. Tpodpumona

119571, . Mockga, ip-t BepHasckoro, 86, od. JI-119.
Temn.: +7 (499) 600-80-80 (#31288).

E-mail: seredina@mirea.ru.

Brimyckaromuii pegakrop
Texuuueckuit peakTop

PerucrpanyionHblii HOMEP U J1aTa NPUHATUS PELIEHUs
o peructparun CMU [TU Ne ©C 77 - 81733 ot 19.08.2021 .
CMU 3apeructpupoBano PenepanbHoii cayx00ii Mo Hax30py
B chepe cBsI3H, MHPOPMAITMOHHBIX TEXHOIOTUI U MAaCCOBBIX
koMMyHHKanui (Pockomuanzop).

WNunexc mo oobennHeHHoMy Karanory «IIpecca Poccun» 79641.

ISSN 2782-3210 (Print)
ISSN 2500-316X (Online)

Russian Technological Journal
2023, Vol. 11, No. 3

Publication date May 31, 2023.

The peer-reviewed scientific and technical journal

highlights the issues of complex development
of radio engineering, telecommunication and
information systems, electronics and informatics,

as well as the results of fundamental and applied
interdisciplinary  researches, technological and
economical developments aimed at the development
and improvement of the modern technological base.

Periodicity: bimonthly.

The journal was founded in December 2013. The titles were
«Herald of MSTU MIREA» until 2016 (ISSN 2313-5026) and
«Rossiiskii tekhnologicheskii zhurnal» from January 2016
until July 2021 (ISSN 2500-316X).

Founder and Publisher:
Federal State Budget
Educational Institution of Higher Education
«MIREA - Russian Technological University»
78, Vernadskogo pr., Moscow, 119454 Russia.

The journal is included into the List of peer-reviewed
science press of the State Commission for Academic Degrees
and Titles of Russian Federation. The Journal is included
in Russian State Library (RSL), Russian Science Citation
Index, eLibrary, Socionet, Directory of Open Access
Journals (DOAJ), Directory of Open Access Scholarly
Resources (ROAD), Google Scholar, Ulrich’s International
Periodicals Directory.

Editor-in-Chief:

Alexander S. Sigov, Academician at the Russian Academy
of Sciences, Dr. Sci. (Phys.—Math.), Professor,
President of MIREA — Russian Technological University
(RTU MIREA), Moscow, Russia.

Scopus Author ID 35557510600, ResearcherID L-4103-2017,
sigov(@mirea.ru.

Editorial staff:
Managing Editor Cand. Sci. (Eng.) Galina D. Seredina
Scientific Editor Dr. Sci. (Eng.), Prof. Gennady V. Kulikov
Executive Editor Anna S. Alekseenko
Technical Editor Darya V. Trofimova

86, Vernadskogo pr., Moscow, 119571 Russia.
Phone: +7 (499) 600-80-80 (#31288).
E-mail: seredina@mirea.ru.

The registration number ITH Ne ®C 77 - 81733
was issued in August 19, 2021
by the Federal Service for Supervision
of Communications, Information Technology,
and Mass Media of Russia.

The subscription index of Pressa Rossii: 79641.

https://www.rtj-mirea.ru

© MUPDA — Poccuiickuil TexHonoruueckuil yuusepcuret, 2023


https://www.scopus.com/authid/detail.uri?authorId=35557510600
https://publons.com/researcher/2080776/alexander-s-sigov/
mailto:sigov@mirea.ru
mailto:seredina@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=35557510600
https://publons.com/researcher/2080776/alexander-s-sigov/
mailto:sigov@mirea.ru
mailto:seredina@mirea.ru
https://doi.org/10.32362/2500-316X

Kynx
CraHucnae AnekceeBu4

BaHuc
Opac NoHoBUY

BetenuH
Bnapnmup Bopucoeu4

BokoB
Anekcen AnekceeBud

Baxpywes
Cepreit BopucoBuu

lNynses
Opuit BacunbeBuy

Xykos
Amutpuin OneroBuy

Kumenb

Anekceiht Bonbpemaposuy

Kpamapoe
Cepreit Onerosuy

HoBukos

AmMutpuin AnekcaHgpoBu4

MepHo duannn

PomaHoB
Mwuxawvn MNMeTpoBuy

CaBUHbIX
BukTop MeTtpoBuy

CobGoneBckuin
Anppein Hukonaesuu

Cion
Jin Aa

XapuH
Opuin CemeHoBUY

YannbiruH
Opuit AnekcaHgpoBuy

Lnak
Bacunuin Buktopoeuy

PenakumonHasi KoJjjierus

0.T.H., npodeccop, pektop PTY MUPOA, MockBa, Poccus. Scopus Author ID 56521711400,
ResearcherlD AAG-1319-2019, https://orcid.org/0000-0003-1407-2788, rector@mirea.ru

XabUNUTUPOBAHHbLIN AOKTOP Hayk, Npodeccop, NPopekTop BMnbHIOCCKOro yHMBEpPCUTETA,
BunbHioc, JIntea. Scopus Author ID 7003687871, juras.banys@ff.vu.lt

akagemunk Poccuinckon akagemum Hayk (PAH), n.d.-m.H., npodeccop, Hay4HbI
pykoBoauTenb MenepanbHOro Hay4yHoro LeHTpa «Hay4yHo-nuccnenoBaTenbCkuii MHCTUTYT
CUCTEMHbIX unccneposaHuii» PAH, Mockea, Poccusi. Scopus Author ID 6504159562,
ResearcherID J-7375-2017, betelin@niisi.msk.ru

0.0.-M.H., CTapLUMiA HAay4HbI COTPYAHUK, XMMndeckunii dakynbteT n 4D LABS, YHuBepcutet
Caiimona dpeiizepa, BaHkysep, Bputarckas Konymbus, KaHapoa. Scopus Author ID 35564490800,
ResearcherID C-6924-2008, http://orcid.org/0000-0003-1126-3378, abokov@sfu.ca

n.d.-M.H., npodeccop, 3aBenyowmin nabopaTopueli HEMTPOHHLIX nccneaoBaHuii Puranko-
TexHuyeckoro uHctutyta umM. A.d. Modde PAH, npodeccop kadenpbl Pusmyeckon
anekTpoHukn CMN6IrMY, CaHkT-Metepbypr, Poccus. Scopus AuthorID 7004228594, ResearcherlD
A-9855-2011, http://orcid.org/0000-0003-4867-1404, s.vakhrushev@mail.ioffe.ru

akagemunk PAH, 0.¢®.-M.H., npodeccop, Hay4HbIn pykoBoauTesb UHCTUTYTa pagnoTEXHUKU U
anekTpoHukun nm. B.A. KotensHukosa PAH, Mocksa, Poccus. Scopus Author ID 35562581800,
gulyaev@cplire.ru

0.T.H., npodeccop, 3aBeaywmin kadbenpon NHTEeNNEeKTyasbHbIX TEXHONIOMMA U CUCTEM
PTY MUP3A, Mocksa, Poccus. Scopus Author ID 57189660218, zhukov_do@mirea.ru

K.®.-M.H., npodeccop, YHuBepcuteT Panbayn, r. HalhmereH, HupepnaHgpl. Scopus
Author ID 6602091848, ResearcherID D-5112-2012, a.kimel@science.ru.nl

0.0.-M.H., npodeccop, Cyprytckuii rocynapCTBeHHbIn yHuBepcuteT, CypryTt, Poccus.
Scopus Author ID 56638328000, ResearcherlD E-9333-2016, https://orcid.org/0000-
0003-3743-6513, mavoo@yandex.ru

akagemuk PAH, 0.7.H., anpektop MHcTuTyTa npobnem ynpasneHus M. B.A. TpanesHukosa
PAH, MockBa, Poccus. Scopus Author ID 7102213403, ResearcherlD Q-9677-2019,
https://orcid.org/0000-0002-9314-3304, novikov@ipu.ru

Dr. Sci. (Electronics), npodeccop, UeHTpanbHas Llkona r. Jlunne, ®@paHumnsa. Scopus
Author ID 7003429648, philippe.pernod@ec-lille.fr

0.T.H., npodeccop, aupektop WHCTUTyTa WCKYCCTBEHHOro wuHTennekra PTY MWP3A,
Mocksa, Poccus. Scopus Author ID 14046079000, https://orcid.org/0000-0003-3353-9945,
m_romanov@mirea.ru

akagemuk PAH, paxabl lepori Cosetckoro Coto3a, A.T.H., npodeccop, Npe3naeHT
MOCKOBCKOro rocymapCTBEHHOrO yHuBepcuTeTa reoge3vm u kaptorpadum, Mocksa,
Poccus. Scopus Author ID 56412838700, vp@miigaik.ru

0.$.-M.H., ampektop MHcTuTyTa npobnem nepepadn nHeopmaumm nm. A.A. Xapkesuya,
Mocksa, Poccus. Scopus Author ID 7004013625, ResearcherID D-9361-2012, http://orcid.
org/0000-0002-3082-5113, sobolevski@iitp.ru

akagemunk EBponenckon akagemMmm Hayk, POCCUIACKON WHXEHEepHOW akagemum u
MuxeHepHol akagemun Apmeruu, Dr. Sci. (Systems Science), npodeccop, YHusepcutet
Onp domMuHumoH, Hopdonk, CoeamHerHble LLTatel AMepukun. Scopus Author ID 13408889400,
https://orcid.org/0000-0002-5954-5115, Ixu@odu.edu

akagemMunk HaumoHanbHOM akagemuun Hayk Benapycu, O.d.-M.H., npodeccop, OUPEKTop
HUW npuknagHbIx npobnem MateMaTtukun n nHdopmaTtrkmi benopycckoro rocyaapCTBeHHOro
yHuBepcuteTa, MuHck, benapycb. Scopus Author ID 6603832008, http://orcid.org/0000-
0003-4226-2546, kharin@bsu.by

akagemuk PAH, 0.T.H., npodeccop, yneH OTaeneHns HAHOTEXHONOT NI N MHPOPMALMOHHbIX
TexHonorni PAH, npe3ugeHT WHcTUTyTa MUKPOMNPUOOPOB W CUCTEM  YNpaBfieHUs
um. JI.H. MNpecHyxnHa HNY «MWN3T», Mockea, Poccusa. Scopus Author ID 6603797878,
ResearcherID B-3188-2016, president@miet.ru

K.9.H., 3aM. MWHUCTPA MPOMBbILIEHHOCTM U Toproenn Poccuiickon d@epepaumm,
MUHMCTEPCTBO MPOMBILLNIEHHOCTU U Toproenn P®, Mockea, Poccus; goueHT, NHcTutyT
MUKPONPMOOPOB 1 cuctem ynpaeneHus um. J1.H. MpecHyxmHa HUY «MUST», Mocksa,
Poccus, mishinevaiv@minprom.gov.ru

Russian Technological Journal. 2023;11(3). ISSN 2782-3210 (Print), ISSN 2500-316X (Online)


https://www.scopus.com/authid/detail.uri?authorId=56521711400
https://publons.com/researcher/3255677/stanislav-kudzh/
https://orcid.org/0000-0003-1407-2788
mailto:rector@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=7003687871
mailto:juras.banys@ff.vu.lt
https://www.scopus.com/authid/detail.uri?authorId=6504159562
https://publons.com/researcher/2093859/vladimir-b-betelin/
mailto:betelin@niisi.msk.ru
https://www.scopus.com/authid/detail.uri?authorId=35564490800
https://publons.com/researcher/1732774/alexei-bokov/
http://orcid.org/0000-0003-1126-3378
mailto:abokov@sfu.ca
https://www.scopus.com/authid/detail.uri?authorId=7004228594
https://publons.com/researcher/2812954/sergey-vakhrushev/
http://orcid.org/0000-0003-4867-1404
mailto:s.vakhrushev@mail.ioffe.ru
https://www.scopus.com/authid/detail.uri?authorId=35562581800
mailto:gulyaev@cplire.ru
https://www.scopus.com/authid/detail.uri?authorId=57189660218
mailto:zhukov_do@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=6602091848
https://publons.com/researcher/2737780/alexey-kimel/
mailto:a.kimel@science.ru.nl
https://www.scopus.com/authid/detail.uri?authorId=56638328000
https://publons.com/researcher/2284478/sergey-ogelovich-kramarov/
https://orcid.org/0000-0003-3743-6513
https://orcid.org/0000-0003-3743-6513
mailto:mavoo@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=7102213403
https://publons.com/researcher/2971583/dmitry-novikov/
https://orcid.org/0000-0002-9314-3304
mailto:novikov@ipu.ru
https://www.scopus.com/authid/detail.uri?authorId=7003429648
mailto:philippe.pernod@ec-lille.fr
https://www.scopus.com/authid/detail.uri?authorId=14046079000
https://orcid.org/0000-0003-3353-9945
mailto:m_romanov@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=56412838700
mailto:vp@miigaik.ru
https://www.scopus.com/authid/detail.uri?authorId=7004013625
http://www.researcherid.com/rid/D-9361-2012
http://orcid.org/0000-0002-3082-5113
http://orcid.org/0000-0002-3082-5113
mailto:sobolevski@iitp.ru
https://www.scopus.com/authid/detail.uri?authorId=13408889400
https://orcid.org/0000-0002-5954-5115
mailto:lxu@odu.edu
https://www.scopus.com/authid/detail.uri?authorId=6603832008
http://orcid.org/0000-0003-4226-2546
http://orcid.org/0000-0003-4226-2546
mailto:kharin@bsu.by
https://www.scopus.com/authid/detail.uri?authorId=6603797878
https://publons.com/researcher/2313942/yuri-chaplygin/
mailto:president@miet.ru
mailto:mishinevaiv@minprom.gov.ru

Stanislav A. Kudzh

Juras Banys

Viadimir B. Betelin

Alexei A. Bokov

Sergey B. Vakhrushev

Yury V. Gulyaev

Dmitry O. Zhukov
Alexey V. Kimel

Sergey O. Kramarov

Dmitry A. Novikov

Philippe Pernod

Mikhail P. Romanov

Viktor P. Savinykh

Andrei N. Sobolevski

Li Da Xu

Yury S. Kharin

Yuri A. Chaplygin

Vasilii V. Shpak

Editorial Board

Dr. Sci. (Eng.), Professor, Rector of RTU MIREA, Moscow, Russia. Scopus Author ID
56521711400, ResearcherID AAG-1319-2019, https://orcid.org/0000-0003-1407-2788,
rector@mirea.ru

Habilitated Doctor of Sciences, Professor, Vice-Rector of Vilnius University, Vilnius, Lithuania.
Scopus Author ID 7003687871, juras.banys@ff.vu.lt

Academician at the Russian Academy of Sciences (RAS), Dr. Sci. (Phys.-Math.), Professor,
Supervisor of Scientific Research Institute for System Analysis, RAS, Moscow, Russia. Scopus
Author ID 6504159562, ResearcherlD J-7375-2017, betelin@niisi.msk.ru

Dr. Sci. (Phys.-Math.), Senior Research Fellow, Department of Chemistry and 4D LABS, Simon
Fraser University, Vancouver, British Columbia, Canada. Scopus Author ID 35564490800,
ResearcherID C-6924-2008, http://orcid.org/0000-0003-1126-3378, abokov@sfu.ca

Dr. Sci. (Phys.—Math.), Professor, Head of the Laboratory of Neutron Research, A.F. loffe
Physico-Technical Institute of the RAS, Department of Physical Electronics of St. Petersburg
Polytechnic University, St. Petersburg, Russia. Scopus Author ID 7004228594, ResearcherlD
A-9855-2011, http://orcid.org/0000-0003-4867-1404, s.vakhrushev@mail.ioffe.ru

Academician at the RAS, Dr. Sci. (Phys.-Math.), Professor, Supervisor of V.A. Kotelnikov
Institute of Radio Engineering and Electronics of the RAS, Moscow, Russia. Scopus Author ID
35562581800, gulyaev@cplire.ru

Dr. Sci. (Eng.), Professor, Head of the Department of Intelligent Technologies and Systems,
RTU MIREA, Moscow, Russia. Scopus Author ID 57189660218, zhukov_do®@mirea.ru

PhD (Phys.—Math.), Professor, Radboud University, Nijmegen, Netherlands, Scopus Author ID
6602091848, ResearcherID D-5112-2012, a.kimel@science.ru.nl

Dr. Sci. (Phys.—Math.), Professor, Surgut State University, Surgut, Russia. Scopus Author
ID 56638328000, ResearcherlD E-9333-2016, https://orcid.org/0000-0003-3743-6513,
mavoo@yandex.ru

Academician at the RAS, Dr. Sci. (Eng.), Director of V.A. Trapeznikov Institute of Control
Sciences, Moscow, Russia. Scopus Author ID 7102213403, ResearcherlD Q-9677-2019,
https://orcid.org/0000-0002-9314-3304, novikov@ipu.ru

Dr. Sci. (Electronics), Professor, Dean of Research of Centrale Lille, Villeneuve-d’Ascq, France.
Scopus Author ID 7003429648, philippe.pernod®@ec-lille.fr

Dr. Sci. (Eng.), Professor, Director of the Institute of Artificial Inteligence, RTU MIREA,
Moscow, Russia. Scopus Author ID 14046079000, https://orcid.org/0000-0003-3353-9945,
m_romanov@mirea.ru

Academician at the RAS, Dr. Sci. (Eng.), Professor, President of Moscow State University of
Geodesy and Cartography, Moscow, Russia. Scopus Author ID 56412838700, vp@miigaik.ru

Professor, Dr. Sci. (Phys.-Math.), Director of Institute for Information Transmission Problems
(Kharkevich Institute), Moscow, Russia. Scopus Author ID 7004013625, ResearcherlD
D-9361-2012, http://orcid.org/0000-0002-3082-5113, sobolevski@iitp.ru

Academician at the European Academy of Sciences, Russian Academy of Engineering
(formerly, USSR Academy of Engineering), and Armenian Academy of Engineering, Dr. Sci.
(Systems Science), Professor and Eminent Scholar in Information Technology and Decision
Sciences, Old Dominion University, Norfolk, VA, the United States of America. Scopus Author ID
13408889400, https://orcid.org/0000-0002-5954-5115, Ixu@odu.edu

Academician atthe National Academy of Sciences of Belarus, Dr. Sci. (Phys.—Math.), Professor,
Director of the Institute of Applied Problems of Mathematics and Informatics of the Belarusian
State University, Minsk, Belarus. Scopus Author ID 6603832008, http://orcid.org/0000-0003-
4226-2546, kharin@bsu.by

Academician at the RAS, Dr. Sci. (Eng.), Professor, Member of the Departments of
Nanotechnology and Information Technology of the RAS, President of the National Research
University of Electronic Technology (MIET), Moscow, Russia. Scopus Author ID 6603797878,
ResearcherlD B-3188-2016, president@miet.ru

Cand. Sci. (Econ.), Deputy Minister of Industry and Trade of the Russian Federation, Ministry of
Industry and Trade of the Russian Federation, Moscow, Russia; Associate Professor, National
Research University of Electronic Technology (MIET), Moscow, Russia, mishinevaiv@minprom.gov.ru

Russian Technological Journal. 2023;11(3). ISSN 2782-3210 (Print), ISSN 2500-316X (Online)


https://www.scopus.com/authid/detail.uri?authorId=56521711400
https://publons.com/researcher/3255677/stanislav-kudzh/
https://orcid.org/0000-0003-1407-2788
mailto:rector@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=7003687871
mailto:juras.banys@ff.vu.lt
https://www.scopus.com/authid/detail.uri?authorId=6504159562
https://publons.com/researcher/2093859/vladimir-b-betelin/
mailto:betelin@niisi.msk.ru
https://www.scopus.com/authid/detail.uri?authorId=35564490800
https://publons.com/researcher/1732774/alexei-bokov/
http://orcid.org/0000-0003-1126-3378
mailto:abokov@sfu.ca
https://www.scopus.com/authid/detail.uri?authorId=7004228594
https://publons.com/researcher/2812954/sergey-vakhrushev/
http://orcid.org/0000-0003-4867-1404
mailto:s.vakhrushev@mail.ioffe.ru
https://www.scopus.com/authid/detail.uri?authorId=35562581800
mailto:gulyaev@cplire.ru
https://www.scopus.com/authid/detail.uri?authorId=57189660218
mailto:zhukov_do@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=6602091848
https://publons.com/researcher/2737780/alexey-kimel/
mailto:a.kimel@science.ru.nl
https://www.scopus.com/authid/detail.uri?authorId=56638328000
https://publons.com/researcher/2284478/sergey-ogelovich-kramarov/
https://orcid.org/0000-0003-3743-6513
mailto:mavoo@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=7102213403
https://publons.com/researcher/2971583/dmitry-novikov/
https://orcid.org/0000-0002-9314-3304
mailto:novikov@ipu.ru
https://www.scopus.com/authid/detail.uri?authorId=7003429648
mailto:philippe.pernod@ec-lille.fr
https://www.scopus.com/authid/detail.uri?authorId=14046079000
https://orcid.org/0000-0003-3353-9945
mailto:m_romanov@mirea.ru
https://www.scopus.com/authid/detail.uri?authorId=56412838700
mailto:vp@miigaik.ru
https://www.scopus.com/authid/detail.uri?authorId=7004013625
http://www.researcherid.com/rid/D-9361-2012
http://orcid.org/0000-0002-3082-5113
mailto:sobolevski@iitp.ru
https://www.scopus.com/authid/detail.uri?authorId=13408889400
https://orcid.org/0000-0002-5954-5115
mailto:lxu@odu.edu
https://www.scopus.com/authid/detail.uri?authorId=6603832008
http://orcid.org/0000-0003-4226-2546
http://orcid.org/0000-0003-4226-2546
mailto:kharin@bsu.by
https://www.scopus.com/authid/detail.uri?authorId=6603797878
https://publons.com/researcher/2313942/yuri-chaplygin/
mailto:president@miet.ru
mailto:mishinevaiv@minprom.gov.ru

Conepxanue

NHudopmaumoHHbie cuctemol. UHpopmaTtuka. NMpoodnembl MHPOPMaLMOHHOMN
6e3onacHoOCTU

A.C. Anbwiues, C.A. Kyoorc
[ Cpena uccienoBaHuii onepanuoHHO-BEYUCITHTEIBHOM apXHTEKTY I
nH(POPMAIIMOHHOTO o0ecniedeH s TH(POBOI BAIOTHI IEHTPATHLHOTO OaHKa

C.0O. Kpamapos, O.P. Ilonos, U.3. J[oxcapues, E.A. [lempos
17 lunamuka GpopmupoBanus cBszeil B CeTsAX, CTPYKTYPHPOBAHHBIX HA OCHOBE
MPOTHOCTHUYECKUX TEPMUHOB

CoBpemMeHHble paanoTexHn4yeckue u TeNIeKOMMYHUKaLMOHHbIEe CUCTEMbI
I'B. Kynukos, C.X. Jlane, A.I'" Kynuxoe
30 Bimstnue norpenmHocTen CucTeMbl CHHXPOHM3ALUN HA IIOMEX0YCTOMYUBOCTD
MpyeMa CUTHAJIOB C aMILTUTYIHO-(a30BO MaHUITYIALUEN

MuKpo- 1 HaHO3NEeKTPOHUKaA. Pr3nkKa KOHAEHCUPOBAHHOIO COCTOSIHUS
B.P. bunwvix, K.A. bpexos, M.b. Aepanam, E.J[. Muwuna

38 Jlucnepcus onrnueckux xapakreprctrk kprctama Si:PbGeO B TepareprioBoM
JMana3oHe

C.U. Cosemos, C.D. Tiopun

46 Meron cunTe3a TOIHYECKOTO IEMEHTA, PEATH3YIOMEro HECKOIBKO (ByHKITHIT
OTHOBPEMEHHO

MaTtemaTtnyeckoe mogenvpoBsaHue
A.E. Anexcanopos, C.I1. Bopucos, JI.B. bynuna, C.C. Bvikosckuil,
56 U.B. Cmenanosa, A.Il. Tumos
Craructuueckas MOJIENb OLIEHKH HAJICKHOCTU CUCTEM HEepa3pylIaroiiero
KOHTPOJISI HA OCHOBE PEIICHUsI 00paTHBIX 3a71a4

I.M. Kapmawos
70 Pa3Butre 0000111€HHBIX MOJIETBHBIX MPEJCTABICHUN TEIIOBOTO yAapa
JUTSL TIOKAJIbHO-HEPABHOBECHBIX MPOLECCOB NEPEHOCA TEIIIOTHI

U.r. Jleoo

86 Ywucnennoe MOACIINPOBAHUEC DKCIICPUMCHTOB I10 BSaHMOJIGﬁCTBI/IIO MOIIIHBIX
y.HI)Tpa(l)I/IOJ'IeTOBBIX JIA3CPHBIX UMITYJIbCOB C KOHACHCUPOBAHHBIMHW MUIIICHAMUA

MupoBo33peHYeckmne OCHOBbI TEXHOIOMrMKN U 00LLLecTBa
Nadezhda I. Chernova, Ekaterina A. Ivanova, Nadezhda B. Bogush,

1 0 4 Nataliya V. Katakhova
Technology for determining non-humanities university students’ cognitive-and-
psychological characteristics

Russian Technological Journal. 2023;11(3). ISSN 2782-3210 (Print), ISSN 2500-316X (Online)



Contents

Information systems. Computer sciences. Issues of information security
Alexander S. Albychev, Stanislav A. Kudzh
[/  Development of a research environment for the operational and computational
architecture of central bank digital currency software

Sergey O. Kramarov, Oleg R. Popov, Ismail E. Dzhariev, Egor A. Petrov
17 ) . o : -
Dynamics of link formation in networks structured on the basis of predictive terms

Modern radio engineering and telecommunication systems
Gennady V. Kulikov, Xuan Khang Dang, Alexey G. Kulikov

30 Effect of synchronization system errors on the reception noise immunity
of amplitude-phase shift keyed signals

Micro- and nanoelectronics. Condensed matter physics

3 8 Viadislav R. Bilyk, Kirill A. Brekhov, Mikhail B. Agranat, Elena D. Mishina
Dispersion of optical constants of Si:PbGeO crystal in the terahertz range

Stanislav 1. Sovetov, Sergey F. Tyurin
46 Method for synthesizing a logic element that implements several functions
simultaneously

Mathematical modeling
Alexander E. Alexandrov, Sergey P. Borisov, Ludmila V. Bunina, Sergey S. Bikovsky,
56 Irina V. Stepanova, Andrey P. Titov
Statistical model for assessing the reliability of non-destructive testing systems
by solving inverse problems

Eduard M. Kartashov
70 Developing generalized model representations of thermal shock
for local non-equilibrium heat transfer processes

Ivan G. Lebo

86 Mathematical modeling of experiments on the interaction of a high-power
ultraviolet laser pulse with condensed targets

Philosophical foundations of technology and society

Nadezhda I. Chernova, Ekaterina A. Ivanova, Nadezhda B. Bogush,

1 0 4 Nataliya V. Katakhova
Technology for determining non-humanities university students’ cognitive-and-
psychological characteristics

Russian Technological Journal. 2023;11(3). ISSN 2782-3210 (Print), ISSN 2500-316X (Online)



Russian Technological Journal. ISSN 2782-3210 (Print)
2023;11(3):7-16 ISSN 2500-316X (Online)

HNudopmannonnsie cuctembl. MHpopmaTuka. [IpodaeMbl nHGOpMAIHOHHON 6€30IACHOCTH

Information systems. Computer sciences. Issues of information security

YK 004
https.//doi.org/10.32362/2500-316X-2023-11-3-7-16 (@)Y |

HAYHHAA CTATbA

Cpena ucciieoBaHu ONEPALNMOHHO-BbIYHCIUTEIbHOMN
APXUTEKTYPbI HH(POPMALMOHHOTO 00eCIIeYCHUs
M @poBoIl BAJITHI HEHTPAJIbHOIO 0aHKA

A.C. An6GbiyeB 1:2: @,
C.A. Kynx 2

1 PenepansHoe kasHaqericteo MunucTepcTea puHaHcos Poccuiickori denepaumm, Mocksa, 101000 Poccus
2 MUP3A — Poccuiickuii TexHonormyeckuii yHmsepceuteT, Mocksa, 119454 Poccusi
@ AsTOp AN nepenvicku, e-mail: albychev@mirea.ru

Pe3iome

Lenn. BHeapeHune n paspabotka MHGOPMALIMOHHO-BbIYUCTTUTENIBHOW apXUTEKTYPbLI U MHPOPMaLMOHHOro obecne-
YyeHus UMPOBOM BantoThl LeHTpanbHoro 6aHka (LIBLLE) cTpaHbl OCHOBLIBAOTCS Ha BbIOOpE NporpaMmMHo-anna-
paTHOM NNatdopMbl, BKIIKOYAsA TEXHOOMMN 1 CNOCOObI B3aUMOOENCTBUS 3/IEMEHTOB BbIYUCIUTESNILHOMO KOMMEK-
ca. BHegpeHune TexHonornm UBLB cyuiecTBeHHO 3aBUCUT Kak OT OnepauyiOHHO-BbIYNCIIUTENIbHOM apXUTEKTYPbI,
Tak N OT TEXHONIOIMMYECKMX XapPaKTEPUCTUK KOHKPETHOW peanusaummn nHdopmMmaumoHHoro obecneyeHns undpoBom
BaJIIOThI, YTO OnpenenseT HeobXxoAMMOCTb pa3paboTKy COOTBETCTBYIOLLEN cpeabl uccnenoBaHuii. Llenb ctatbn —
paspaboTka MHPPACTPYKTYPbl CPpenbl 3KCMEPUMEHTANIbHbLIX UCCNEA0BaHMI ONEPaLMOHHO-BbIYNCUTESNIbHON apXum-
TekTypbl MHPOpPMaLMOHHOro obecneverHus LIBLLE.

MeToabl. Pa3Butne LMdpoBbIX TEXHONOMMN HE CHOPMMPOBANO CTeK peanusaumm LIBLB, a koMnnekc TexHonornye-
CKMX peann3aLmin HaxoanTcs B pa3paboTke BO MHOMMX cTpaHax mmpa. OCHOBOM Ansg GopMMpoBaHms MPOrpamMmMHoO-
anmnapaTHoro komMmriekca MHGopPMaLNOHHOro obecrnevyeHns aBASIOTCA TEOPETUYECKME N SKCNEPUMEHTasbHbIE UC-
CnefoBaHns COBPEMEHHbLIX MHCTPYMEHTOB LMGPPOBOro yrpasieHns TPaH3aKUnUaMn.

Pe3ynbTaTtbl. PAaCCMOTPEHbI apXUTEKTYPHbIE U TEXHOJSIOMMYECKME KOMMOHEHTbI, COCTaBASOWME ONepaLmoHHO-
BbIYNCIIUTENBHYIO cpeny UMOPOBONM BantoThl LLEHTPANbLHOrO OaHKa: OMepauMOHHO-BbIHUCIUTENbHBIE APXUTEKTY-
pbl, 6/10KYENH-TEXHOIOMMK, anNrOpUTMbl KOHCEHCyca, pOopMbl NMpeacTaBneHns umdpoBbix BanoT. MNpeancraBneHo
5 BapraHTOB ONepauVOHHO-BbIYNCINTENbHBIX apxuTekTyp UBLUB. MNMposeneHo nccnenosaHve MHOOPMaLMOHHBIX
Moaenen B3ammogencTBus y4acTHMKOB TpaH3akumii LIBLLIB, HanpaBneHHbIX Ha yCTaHOBEHME CTEMNEHN BAUSHUSA
APXUTEKTYPHOrO PELUEHUSI Ha XapakTePUCTUKM BbIYUCAUTENBHOrO KOMIiekca MHPOPMALMOHHOro obecneyvyeHus.
MpoaHanu3npoBaHbl 0CO6EHHOCTU LIMDPOBbLIX BANIOT B GOPME aKKayHTOB 1 TOKEHOB.

BbiBoabl. PaspaboTtaHa MHOPACTPYKTypa cpenbl UCCNefoBaHU onepauyiOHHO-BbIYUCIUTENBHON apXUTEKTYpPbI
nHdopmaunoHHoro obecneveHnsa LUBLIB. CospaHbl Npeanocbiikv A KOMMIEeKCHOro aHanmaa TeXHOJIOrMYeCcKnx
XapakTePUCTUK OMepaunoHHO-BbiYMCanTeNnbHONM cpeabl LUBLB. lNMpoBeaeH aHann3 BapuvaHTOB OMEpPauyiOHHO-
BbIYMCIUTENbHBLIX apXUTeKTyp. B peadynbTaTe aHannsa copMmMpoBaH CBOLHbLIM NepevYeHb XapakTepucTuk npmusee-
LEHHbIX apxnTekTyp. B 3aBncnumocTtun ot TpeboBaHuin, npeabsasnsembix k LIBLIB, Ha ocHOBe 3TOro nepeyHs MoxeT
ObITb BbIOpaHa Hanbonee agekBaTHas ONepPaLMoOHHO-BbIYNCINTENIbHAA apPXUTEKTYPA.

KnioueBble cnoea: umdpoas BanioTa, LndpoBas BanoTa LeHTpasibHOro 6aHka, 6,10K4eliH, anropuTM KOHCEHCYCa,
apxuTekTypa umdpoBOn BanoThbl
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Abstract

Objectives. The development and implementation of information and computing architecture and information
support for a state central bank digital currency (CBDC) is based on the selection of a software and hardware platform,
including technologies and methods for supporting interaction between the elements of the computing complex. The
implementation of CBDC technologies significantly depends both on the operational and computing architecture,
as well as on the technological characteristics of the means for implementing digital currency information support,
which determines the need to develop an appropriate research environment. Thus, the present study sets out
to develop an infrastructure for the experimental research environment of the operational and computing architecture
used to provide information support for the CBDC.

Methods. Digital technologies required for forming an CBDC implementation stack are under development in many
countries of the world. The basis for the formation of a software and hardware complexfor providing CBDC information
support is comprised of theoretical and experimental studies into contemporary digital transaction management
tools.

Results. The main architectural and technological components that make up the CBDC operational and computing
environment comprise operational and computing architectures, blockchain technologies, consensus algorithms,
and various forms of digital currencies. Five CBDC operational and computing architecture options are presented.
Information models of interaction between the participants in transactions of the central bank digital currency were
studied with the aim of establishing the effects of an architectural solution to the characteristics of the computing
complex used to provide information support. Features of various digital currencies in the form of accounts and
tokens were analyzed.

Conclusions. A research environment infrastructure for the CBDC operational and computing information support
architecture has been developed. The prerequisites for a comprehensive analysis of the technological characteristics
of the CBDC operational and computing environment are set out along with a comparison of operational and
computing architecture variants. As a result of the analysis, a summary list of the characteristics of the studied
architectures is drawn up. This provides for selecting the optimal operational and computing architecture depending
on the requirements imposed on the CBDC.
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BBEAEHUE

PasButne TexHomornié B oOmacth (HUHAHCOB,
JIIEKTPOHHBIX IJIaTeKeH, UU(POBBIX BalOT U OJOK-
yerH-cucteM [1] mpuBeno K pacCMOTPEHUIO BO3MOXK-
HOCTH BBINIyCKa CYBEPEHHBIX T'OCYIapCTBEHHBIX HH(]-
pPOBEIX BamioT. LlwQpoBBle BaIIOTHI IEHTPATLHOTO
Oanka (LIBLIb) akTuBHO paccMaTpUBAaIOTCS Pa3IHYHbI-
MH TOCyZapcTBaMH Kak HoBas (opMma IpeacTaBICHUS
JICHE)KHBIX CPEACTB Hapsly C CyLIeCTBYOIUMU [2, 3].
[IBLb naxoguTcs ImOA yHpaBIECHHEM LEHTPAIBHOTO
Oanka (LIb) cTpanbl U umeeT cootHouenue 1:1 ¢ Ha-
AOHAJILHOU BaJIIOTOM.

IIpn nccnenoanun LIBIb akneHTHpyroT BHUMa-
HUC HAa Pa3MYHBIX XapaKTepHCTHKaxX IH(pOBOH Ba-
moThl [3, 4]. B HekoTophix paboTax Ha MEPBBIM IJIaH
BBIHOCSITCS BOTIPOCHI NPOU3BOJUTEIHHOCTH TEXHOIO-
rudeckoro obecrieueHus MUPPOBBIX BT [5—7], T.c.
BO3MOXKHOCTH OOpa0OTKH ONPECIIEHHOTO Yucia (u-
HAHCOBBIX ONEpalil 3a OTpe30K BpeMeHH. B apyrux
paboTax paccMmarpuBaeTcs oOecleYeHrue HaJACKHOCTH
XpaHeHus NaHHbIX [3, 7, 8], 3alIMIIEHHOCTH OT COBEp-
NICHHUS HECAHKIIMOHUPOBAHHBIX OTEpannii ¢ IUPPOBOM
Baioroit [4, 7, 9], Takke HCClIeOBaTeId paccMaTpH-
BafOT mpuBaTHOCTH [7, 9, 10] kak OAMH M3 ACIEKTOB
1IBLIb.

brokueiin-rexnonornn 5, 11] mnpumensrorcs
B LU(POBBIX BAIIOTaX JUId 00eCIeYeHUs] HEMOAIEIbHO-
CTH MCTOPHH TPaH3aKLUil. B CBOIO ouepens, alropuTMbI
obecnieueHust koHCceHcyca [7, 12, 13] Hy»KHBI U1 3a111-
TBI OT HEAOOPOCOBECTHOTO TTOBEICHNUS OJJHOTO U3 YIaCT-
HUKOB B OJIOK4YelH-ceTH. IHBIMU CJIOBaMU, B CUTYalllH
OTCYTCTBHSI €IMHOTO MCTOYHHUKA JOCTOBEPHOH HH(OP-
MaliK NOSABJISIeTCA NOTPEOHOCTh B aJTOPUTME KOHCEH-
cyca, KOTOPbIH OBl TTO3BOJIHII 3TOTO U30€XkKAaTh.

Kak mpaBuiio, B paboTax uccieaytoTes JiBa crnocoda
XpaHEHUS JaHHBIX [U(PPOBBIX BAIIOT: aKKAyHTH U TO-
keHbl [8, 9, 14-16]. IlepBas ¢opma XpaHEHHS TaHHBIX
MOIpa3yMeBacT, YTO y BIAAETbIA aKKayHTa €CTh He-
KOTOpPOE YHCIIO, OTpakarolllee TeKyILIUi OalaHC cueTa,
a (prHAHCOBEIC OMEpaIMy 3aKIIOYAlOTCsS B U3MCHEHHU
COOTBETCTBYIOIIIETO 4YHCIA Y YYaCTHUKOB TpPaH3aK-
. TOKCHBI OMMMCAaHBI MEHEE NETaJbHO, HO B IIEJIIOM

UX MOXXHO TPEICTaBUTh KaK CBS3KY W3 YHHKAJIHHOTO
uaeHTuuKaropa TokeHa U HomMuHana. Kaxmaomy Toke-
Hy yCTaHaBIHMBAeTCS TEKYIIWH BIAJENEl, HaIpUMeEp,
C TIOMOUIbIO YHUKAJIBHOTO UACHTU(HUKATOpA BIAAEIbIIA.
OHUHAHCOBBIC ONEPALMH B 3TOM CIydae 3aKII0UaroTCs
B M3MEHEHMH YHHUKAJIBLHOTO MJIECHTH(HKATOpa BiaJeib-
I1a JUIS OTHOTO HMJIM HECKOJBKHIX TOKECHOB.

B psane pador [7, 14, 17] orMedeHO, YTO OIHUM
W3 OCHOBHBIX BONPOCOB TpHu pazpadotke [IBIIb sBis-
eTcsl BHIOOp ONepalMOHHO-BBIYUCIUTEILHOW apXUTEK-
Typsl. OnepannoHHO-BBIYHUCIUTEIbHAS apXUTCKTypa
ONMCHIBAET YYAaCTHUKOB CHCTEMBI, O0eclednBarouiei
(YHKIIMOHUpOBaHNE () POBO BATIIOTEI, U CBSI3H MEKIY
HUMH. B HEKOTOPBIX paboTax UCIONIb3yeTCs IPYroii, 0o-
nee mupokuit TepmuH — qu3an LIBLB [5, 18], Bkmroua-
IOLIHH, B T.4. U IeTAIH peaTu3aiy HU(PPOBO BaTIOTHI.
[Tpu BBIOOpE OIEPAIMOHHO-BBIYHCIUTEIHHON apXUTEK-
TYpbl B)KHO YUUTHIBAaTh KaK OpraHU3allMOHHBIE TPedo-
BaHMS, TAKHE KaK COONIONCHNE TIPHHIIUIIA «3Hal CBOETO
knuerta» (KYC, Know Your Customer) [6, 14, 19], Tak
U TEXHUYECKUE ACTICKTHI.

Lenb cTarbu — pazpadoTka HHQPACTPYKTYPBI CPeIbl
WCCIEIOBAaHUI OTEepPaIMOHHO-BBIYUCIUTEILHON apXH-
TEKTYpbl MHPOPMALMOHHOTO obecneyeHus Lu(pPOBOi
BAJIOTHI IIEHTPATGHOTO OaHKa.

1. BAPUAHTbI PEAJTIUSALUN
ONEPALUNOHHO-BbIYUCJIUTEJIbHbIX
APXUTEKTYP LUBLbB

PaccMoTpuMm BapuaHThl ONEpPaLIMIOHHO-BBIYUCITH-
TEJBHBIX aPXUTEKTYP JJIsl oOecnieueHus (PyHKIIMOHUPO-
Banus [IBIb, ux 10CTOMHCTBA U HEIOCTATKH.

1.1. LleHTpanun3soBaHHasa AByXypOBHeBas
apxuTeKTypa

B kauecTBe Hambosee MPOCTOr0 BapUAHTA C TOYKU
3pEHUsI APXUTEKTYPhI MOKET PACCMaTPHBATHLCS IICHTpa-
JIN30BaHHasl JIBYXYpPOBHEBAs apXUTEKTypa, IJe €IHH-
CTBEHHOH OpraHusaiuei, oOecrieyrBaromeil QpyHKIH-
ounpoBanue LIBLIB, Oymer LIb (cxema mpezacraBieHa
Ha puc. ).
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Puc. 1. Cxema LeHTpanM30BaHHOM OBYXYPOBHEBOM
apxuTtekTypbl LIBLUB

B taxom Bapuante peanusanuu LIBLIb enuHcTBeH-
HBIM HUCTOYHHUKOM JOCTOBEPHON MH(OPMAIIUH O JABHKE-
HUU ¥ IPUHAJUIEKHOCTH CpeAcTB aBiseTcs L[b, koTopslii
MIPU 3TOM TaKXe OCYILIECTBISIET BCE TEXHOJIOTUYECKOE
obecnieuenue. 1B peanmsyer kak BBITYCK ITU(PPOBOH Ba-
JIIOTHI, Tak U 00paboTKy TpaH3akimii. K qjoctonHcTBaM
9TOr0 BapuaHTa MOXKHO OTHECTH:

1) mpocTOTY B peaju3aluu, T.K. OTCYTCTByeT HE0OXo-
IMMOCTh B KOOPAWHUPOBAHUH PAOOTHI HECKOJIBKUX
OpraHu3anuii;

2) MUHUMHU3ALKIO 33JePKEK MPHU BBIIOJIHEHUU TpaH-
3aKIUH BBULY OTCYTCTBHUSI TIOCPEIHUKOB;

3) LIb umeer noCcTyn KO BCEM JaHHBIM B peaJlbHOM
BpEMEHU.

OnHako Takasi ONepalOHHO-BBIYUCIIUTENIbHAS ap-
XUTEKTYpa UMEET 3HaYMMble HE0CTATKU:

1) Bce Texanyeckoe odecneuenue LIBIb nomkHO mpe-
JIOCTABIISITHCSI €IMHBIM MOCTaBIIMKOM — L[B;

2) opranuzannonHoe odecneuenue [[BIIb Takxe mon-
HOCTBIO Boznaraercst Ha b (Hampumep, cooTBet-
creue npunanuiry KYC).

IIpu Taxoil onepanMOHHO-BBIYUCIUTEIBLHON apXu-
TEKTYpe, B 3aBUCUMOCTH OT peaj3allid TEXHOJIOTHU-
yeckoro obecneuenus [IBLIb, HameXHOCTh XpaHEHHS
JaHHBIX W 3alIAIICHHOCTh MOXKET O00eCIICUHBATHCS
C pa3HBIM ypPOBHEM KauecTBa.

1.2. LleHTpanu3oBaHHas TPeXypoBHeBas
apxuTekTypa

JlomonHenne 1ByXypOBHEBOHM apXUTEKTYphI IpOMe-
JKYTOYHBIM 3B€HOM B BHJIE YACTHBIX OaHKOB (pOopMUpYyeET
TPEXyPOBHEBYIO apXUTEKTYpy. C TOMOIIBI0 OaHKOB BO3-
MO>KHO CHMKEHHE OpPTaHM3allMOHHON Harpy3ku Ha LB,
T.K. OHU MOTYT 0OecreynBarh COOTIONCHUE TPUHITUITA
KYC. Cxema TpexypOBHEBOH apXHTEKTyphl Mpe/CTaB-
JIeHa Ha puc. 2.

[IpeumyiiecTBa Takoi apXUTEKTYpbl 3aKIHOUAIOTCS
B CJIEYIOLIEM:

1) npoctora B peanu3aluy, T.K. XpaHEHHE TaHHBIX

Y UCIIOJIHEHHE TpaH3aKIwuii odecnieunBaercs LIb;

BaHk BaHk

®us./I0p. nnuo

®us./I0p. nnuo

®us./IOp. nnuo

Puc. 2. Cxema LeHTpann30BaHHOM TPEXYPOBHEBOW
apxuTtekTypbl LIBLIB

2) opraHuzallMoHHOe  obecrieueHue  (coOmoneHue
npuniuna KYC) pacnpenensiercst Mex/1y 4acTHBI-

MM OaHKaMHU;

3) lIb uMmeer mOoCTyn KO BCeM JIaHHBIM B PEaJIbHOM

BpPEMEHH;

4) lIb mpenocrasisier 0aHKaM €IWHBIH WHCTPYMEHT

JUIS OCYIIECTBIICHUS TPaH3aKIIHA.

ApPXHUTEKTypa UMEET HEJOCTAaTOK: BCE TEXHUIECKOE
obecneuenue LIBLIb n0mKHO MPeIOCTaBIATHCS €AUHBIM
noctaskom — Lb.

Hanme)xxHOCTh XpaHEHUs AaHHBIX M 3ALIUIICHHOCTH
B 9TOM CIIy4ae TaKk)ke CHIIbHO 3aBHCAT OT LB, kak u npu
JIBYXypOBHEBOH apXHUTEKType.

1.3. YeTbipexypoBHeBasi apxuTeKkTypa
C eavHbIM onepartopom LUBLB

B pabGore [7] mpemnaraercs HECKOJIBKO oOlepa-
LIMOHHO-BBIYUCIIUTENbHBIX apXUTEKTYyp, OJHA M3 KO-
TOPBIX COCTOHT B IIepesaue TEXHOJIOTHYECKOro o0e-
crieueHust (pyHkiuonupoBanus L[BIIb otnenpHOM
opranuzauuu — oneparopy LIBIIb. Ilpencrasnennas
Ha puc. 3 cXeMa IOKa3bIBaeT CBSI3b MEXJYy dJIeMeHTa-
MU apXUTEKTYPHI.

Bo MHOroM 3Ta onepanuoHHO-BbIYUCIUTENbHAS ap-
XUTEKTypa CX0Ka C TPEXypOBHEBOH IIEHTPATM30BAHHOM
apXUTEKTypoil. Pa3neneHune OTBETCTBEHHOCTH MEXIY
oneparopom LIBIIB, IIb 1 yacTHpIMU OaHkaMu oOmaa-
eT CIeyIOIUMH IPEUMYIIEeCTBAMU:

1) pecypcoeMKkasi 3ajaya HCIIOJHEHUS TpPaH3aKLUil
obecnieunBaercs oneparopom [[BIIb;

2) opraHu3aiioHHOe  o0ecrieueHue  (COOIIofCHUE
npunuuna KYC) pacnpenensiercs Mexay 4acTHbI-

MU OaHKaMu;

3) oneparop LIBIIb mpemocraBnsier GaHKaM eTUHBINA

WHCTPYMEHT JUIs OCYIIECTBIICHUS TPaH3aKIIUH.
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LB

Onepatop
LUBUB

BaHk

®us./I0p. nnuo

®us./tOp. nnuo  dus./IOp. nuuo

Puc. 3. Cxema 4eTblpexypOBHEBOW apXUTEKTYPbI
C eanHbiM onepatopom LIBLLB

OpHaKo HEOCTATKU apXUTEKTYPhl 3HAUUMBI:

1) LIb He umeeT H0CTyMa KO BCEM JIaHHBIM B PEaIbHOM
BpeMeHu, Tpedyercs otaenbHbiii APl mist moctyma
K UCTOPUHU TPaH3aKLUH;

2) Bce laHHbIE TPaH3aKLUIl HaXOAATCs [10]] KOHTPOJIEM
OJTHOM OpraHu3aluy;

3) Bce TexHUueckoe odecnieuenue LIBLIb momxHo mpe-
JIOCTABJISITHCSl €IUHBIM TMOCTABIIMKOM — OIeparo-
pom LIBIIb.

Ilepeuncnennple HemOCTAaTKU MO3BOJSIOT TPEJ-
MIOJIOKUTh, YTO MOHOIIOJIMSA Ha ONEPUPOBAHUE TpaH-
3aKIUAMHA MOXET INPUBECTH K HET0OpPOCOBECTHOMY
ucrionbzoBannio cucrembl [[BI[b. Kpome Toro, xak
U B clly4ae C ONMUCAHHBIMU I[€HTPAJIU30BaHHBIMU ap-
XUTEKTypaMH, BOIPOC MAacIITaOWpOBAHHS CUCTEMBI
MIPOIIECCHUHTA TPAH3AKIUN CTAHOBUTCA 3a/1adeil OgHON
OpraHu3aLuu.

1.4. YeTbipexypoBHeBas apxuTeKkTypa
C CerMeHTpPOBaHUEeM MeXAy HeCKOJIbKUMU
onepartopamu LUBLIB

YeTblpexypoBHEBasi apXUTEKTypa C HECKOIbKUMU
oneparopamu LIBLIb (puc. 4), Takxe mpeiioKeHHas
B pabote [7], pemaet paj npodiaeM, CBI3aHHBIX C MO-
HOITIONTMEH Ha JaHHBIC: YCTPAHACTCS €IMHAs TOUKa OT-
Ka3a CHCTEMBI, MOBBIIIACTCS €€ MACHITA0UPyEeMOCTb.
OTO MOCTHTAeTCs MyTeM CErMEHTHPOBAHUS JaHHBIX

LIBIIB.

®us./I0p. nnuo

®us./I0p. nnuo

®us./Op. nnuo

Puc. 4. Cxema 4eTblipexypoBHEBOM apXnTEKTYPbI
C CErMEHTMPOBAHMEM MEXY HECKOSTbKMMM
onepatopamm LIBLIB

[TepeuncayM AOCTOMHCTBA ATOH apXUTEKTYPBI:

1) opranuzanponHoe  obecrieueHne  (COOTIOAEHUE
npunnuna KYC) pacnpenensercs Mexay 4acTHBI-
MM OaHKaMU;

2) BBIYMCINTENBHAS HAarpy3Kka IO MPOIECCUHTY TpaH-
3aKLUil pacnpenenseTcs Mex/y HECKOIbKUMHU OIle-
patopamu L{BIIb.

K Henocrarkam ciemayer OTHECTH:

1) ycrnoxHeHHe I0CTyna K UCTOPUU TPAH3AKIUH JUIst
L1b BBHIy €€ CEerMEHTUPOBAHHOCTH;

2) yCIOKHEHHUE TTPOIIECCHHTA TPAH3aKINH, CBI3aHHBIX
C BOBJICUCHHEM JIBYX U 00JIee OIepaTopoB;

3) Gonee CIOKHYIO JIOTUCTHKY B3aWMOJICHCTBHS OaH-
KOB C OIEpaTopamMH H3-3a HCIIOIBH30BAHMS CBSI3U
«MHOTHE KO MHOTHM.

HecmoTpst Ha oTCyTCTBHE €IMHOH TOYKM OTKa3a,
KaX</Iblil CETMEHT IIPU TAKOM apXUTEKTYype SIBJISETCS 30-
HOU OTBETCTBEHHOCTHU TOJIKO OJHOIl OpraHu3aiyu, u B
ciryqae cO0eB JaHHBIE O TPAH3AKIMAX MOTYT OBITH yTe-
psHbI. Takke BO3MOXHO HETOOPOCOBECTHOE HCIIONb-
3oBanue cucreMsl LIBIIb co cropoHsl oneparopa, XoTs
PaMKH OrpaHUYEHBI OJHUM CEIMEHTOM.

1.5. YeTbipexypoBHEeBas apxuTeKkTypa
C CerMeHTUpOBaHNEM U penaukaumen mexay
HecKoJibkuMun onepatopamu LBLIB

C uenblo ycTpaHeHHs HEIOCTAaTKOB OIEparoHHO-
BBIUMCIIUTEIBHON apXUTEKTYpbl C CErMEHTHPOBAaHUEM
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MpeyiaraeTcsl yTOUHEHHe, BKIIIOYAIOIEe PEeIUIMKAINIO
nmaHHBIX Mexay omeparopamu [[BIIb. Kak moxazano
Ha PHC. 5, KAXKBIA CEIMEHT IODKECH OBITh PEILTUIIAPO-
BaH MEXIy HECKONBKUMH OleparopaMu. BrimomHeHme
TPaH3aKLKHU MOTPeOyeT JOCTHKEHHUSI KOHCEHCYCa MEXTY
oneparopamu L[BLIb, Bnageromumn cermeHToM. B Ta-
KOM ClTyyae MOXKHO THOKO MoAOUpaTh alropuTM KOHCEH-
cyca, COOTBETCTBYIOIHI MPEINOYTCHHUSIM IO 3aIINIICH-
HOCTHU ¥ IPOU3BOJUTEIBHOCTH.

Yem Oonpmie omeparopo [IBIIb BomieueHo
B (pyHKIIMOHUPOBAHUE OJIHOTO CETMEHTA, TEM BBIIIC
HA/Ie)KHOCTh CHCTEMBI, HO TE€M BBIIIE H30BITOYHOCTD
XpaHUMBIX JaHHbIX. YeM Oonbuie omnepatopoB LB
y4acTByeT B 00pabOTKe TpaH3aKIMHU il 00eCreueHHMsI
KOHCEHCyca, TeM OoJjiee yCTOWYMBAa CHUCTeMa K HEIo-
OpPOCOBECTHBIM JIEHCTBUSIM CO CTOPOHBI OIIEPATOPOB.
OjHaKO IIPU ATOM CHUXKAETCS MPOU3BOAUTEIBHOCTD.

LB

Onepartop LIBLUBE  Onepartop LIBLE  Onepatop LIBLB

CermeHT|CermeHt CermeHT|CermeHT CermeHT|CermeHT
1 2 2 3 3 1

BaHk BaHk BaHk

®us./tOp. nnuo

®us./tOp. nnuo  ®dus./IOp. nnuo

Puc. 5. Cxema 4eTblipexypoBHEBO apXUTEKTYPbI
C CerMeHTMpPOBaHMEM U penavKaumen mexany
Heckonbknmm onepatopamum LIBLIB

PaccmarpuBaeMasi omepanoHHO-BBIYHCIUTEIbHAS
APXHUTEKTypa UMEET CIICTYIOIIHE TOCTOMHCTBA!

1) opranuzanuoHHoe  obecrieueHue  (COOMIOACHUE
npunina KYC), pacripenensieTcsi MeXIy 4acTHEI-
MM OaHKaMU;

2) BBIYUCIIUTENbHAS HATpy3Ka IO MPOIECCHHTY TpaH-
3aKLuil pacnpenensercs MexXIy HECKOIbKUMHU OTe-
paropamu L[BIIb;

3) OTKJIIOYEHHE OlepaTopa He MPUBOIUT K MOTEPSIM
JAHHBIX U nocTtynHoctu cepBuca LIBLIb;

4) HaNM4YWe anropuTMa KOHCEHCYca MPH BBINOIHEHUH
TPaH3aKIMA MO3BOJISIET OIIEepaTopaM B3aHMHO IIPO-
BEpATh PEe3yJbTaThl JUIs W30ekKaHUs Hexo0poco-
BECTHBIX JIEUCTBHUI.
OrnepaliOHHO-BEIYHUCIIUTENBHASL APXUTEKTYpa HMe-

eT PsII HEIOCTATKOB!

1) yciokHeHHe J0CTyNa K WCTOPHU TPaH3aKIMH IS
L1b o npuunHe ee CEerMEHTUPOBAHHOCTH;

2) yCcIOKHEHHE TPOLIeCCHHTa TPaH3aKIHH, CBI3aHHbBIX
C BOBJICUCHHEM JIBYX U OOJIee OTIEpaTopoB;

3) Oojee CIOXKHYIO JOTUCTUKY B3aUMOJCHCTBUS OaH-
KOB C OIlEepaTopaMH H3-3a HCIIOIB30BAHHS CBS3U
«MHOTHE KO MHOTHMY;

4) TIOBBIIIIEHHYIO PECYPCOEMKOCTh MTPOIIECCHHTA TPaH-
3aKIMH U YBEJIIMUECHUS] CyMMapHOTO 00beMa XpaHH-
MBIX JTAHHBIX BBUAY M30BITOYHOCTH.

2. AHOPACTPYKTYPA
CPEAbl UCCJIEQOBAHUN

s perieHust MOCTaBICHHOHN 3a/adul pa3padoTaeM
UH(PACTPYKTYypy CpEabl UCCIETOBAHUN C IMPUMCHEHH-
eM TexHoJIoTul BupTyanu3auu [20].

B cocraB 6mokueiitH-ceTn pu 3TOM OyIyT BXOIHUTH
HECKOJIbKO OpraHu3aluil, a KaKaas opraHu3alus Mo-
JKET UMETh OJIH U OoJiee y3i1oB [21]. Torma cymmapHsIii
00beM HEOOXOAMMBIX PECYPCOB LIEHTPAJIBHOTO IpoIieC-
COopa, OTIEPATHUBHON MAMSTH U JUCKOBOTO ITPOCTPAHCTBA,
HEOOXOIMMBIX JUIS TIPOBEICHHS IKCIICPUMEHTA, MOKHO
paccuuTars 1o GpopmyIe:

M=

0
Rtotal = Z (Rij Rh + Rc )’
i=1

1

;
rne O — 4uciio opranu3anuii; N ; — YHCIIO Y3JIOB B -1
OpraHu3aIlvH; Rl.j — 00BeM pecypca, HEOOXOIUMBIH
Jj-My y31y B i-H opraHu3anuu ais (QyHKIHOHHPOBA-
HuS; R, — HakjIaJHbIE PacXoibl pecypca Ha pabory
TUIIEPBU30PA, MPOMOPLUOHAIBHBIE BBIICIAEMOMY pe-
cypey; R, — HakKyIaaHble pacxo/bl pecypca Ha pabory
TUIIEPBU30PA, HEOOXOIUMBIE [Tl OJep:KaHus pado-
THI Y3712 HE3aBUCHMO OT BBIICTICHHOTO ISl HETO 00Be-
Ma pecypca.

Tak, s nojyiepkanus padotsl Mmogenu [[BIIB, co-
nepxariieit 4 opranuzanuu (B OAHOM U3 KOTOPBIX 4 y31a,
a B TpeX APYTUX — 10 2 y37a), IPH YCIOBUH, YTO TpeOy-
eMBIi y311aM 00beM OTepPaTHBHOM NaMsTH HHBAPHAHTCH
u paseH 2, R, =0,a R = 0.2, morpebyercs 22 I'6 onepa-
TUBHOH MaMsITH.

B cnyuae peanuzanuu mudpoBoii BaIOTHL B hopme
AKKAayHTOB CaMH TpaH3aKIuM (0e3 y4yeTa BBIYHUCIUTEIIh-
HOU CIIO’KHOCTH aJITOPHTMa KOHCEHCYCa) IMCIOT BBIUHC-
JUTENbHYI0 CcIOKHOCTH O(1), T.K. U3MEHEHHs] OAHOTO
WM IBYX CKaJISIPHBIX 3HAUCHUH SBISIOTCS TPUBUAIBHEI-
Mu omeparmsaMu. OIHAKO MpU peaan3auuu Hu(POBBIX
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XocTt-cuctema VMWare ESXi

CepBucHas BM T

CMNCA + CnaHy

BM ynpaBnenus

MporpammHo-ynpasnsemsie BM

YL, cy cy cy
JKCnepmMmeHTab-
HbIM CTEHOOM
MHCTPYMEHTBI TTTTmTmTmmmmmmsmmmmsmsomsmsomsmsomsooossosooooneno ;
ynpasneHus R RRRRDEDECEE :
BUPTYasIbHLIMM 1 OpraHusauys 1 P
MaLlMHamu : ' E
Pl oy oy oy | i
BasoBas
BM I ————
XYl :
i OpraHusaums 7 b
Voo oy oy oy | i

Puc. 6. Cxema nHdpacTpykTypbl UCCNen0BaTENbCKON cpeapl
(CMNCA - cnyx6a npeobpasoBaHus ceTeBbix agpecos; CMAHY — cepeep npoTokona ANHAMNYECKO HACTPOMKM y3Na;
YL — yooctoBepstowmin LeHTp; CY — cnyx6a ynopsaaoyeHus; OY — 04HOPaHroBbii y3en)

BaJIIOT B (hopMe TOKEHOB TpPaH3aKIMA MOTYT HMETh
0O0JIBLIYIO BEIYUCIUTENBHYIO CIOAKHOCTb.

O6e ¢dopmbl TpeAcTaBICHUS IUPPOBOK BAIIOTHI
MOYKHO PACCMOTPETH C TOUKH 3PSHHS IPO3PAIHOCTH (HH-
HAHCOBBIX OIEpanuil 1 KOHTPOJUPYIOUIUX OpPraHOB.
Ecnu XpaHUTh MCTOPHUIO TpaH3aKLUMH, TO B ciydae ak-
KayHTOB C YMCIIOBBIM IpECTaBICHUEM OanlaHca KpaiiHe
3aTPYJHUTEIBHO OTCIEAUTh MyTH Nepeaayd HEKOTOPO
CYMMBI JieHeT. JIOCTOBEpHO pa3rpaHUuuTh (PAaKT pacxo-
JOBAHMS LIEJIEBBIX CPEICTB OT APYTHX IPOOIEMATHIHO,
€CJIM OHM IIPOXOJMIIN Yepe3 €uHbIN akkayHT. HanpoTus,
IIPU UCIIOJIb30BaHUM TOKEHOB, KOTZa KaXKaasi AeHEXKHas
eIMHUIIA MMEeT CBOW YHHUKaJbHBIH wuIaeHTH(]UKATOD,
UCTOpUS TpaH3aKLUIl OTpakaeT meperayy KOHKPETHOM
JIEHEKHOW €TMHUIIBI OT OJHOTO BIAJAENblia K JAPYTrOMY.
Takum 00pa3oM, BO3MOXKHA peai3amys MeXaHH3Ma
JUTSL BBISIBJIEHUSI HELIEJIEBOTO PACXO/I0BAHUS JIEHEKHBIX
CPEJCTB.

Jl1st mpoBeieHNsT UCCIIEIOBAHUN TEXHOJIOTHYECKUX
napaMeTpoB WH(popMmanuoHHoro obecredenus [[BLb
pa3paboraHa MH(PACTPYKTypa CpeIbl HCCIIEAOBAHHMA
¢ ucrions3osanueM VMWare ESXi'.

I https://www.vmware.com/products/esxi-and-esx.html.
Jara oopamienns 17.03.2023. / Accessed March 17, 2023.

B kauecTBe HHCTPYMEHTOB HCIIOIB30BAHBI:
e MonuduIMpoBaHHas Bepcus Repexlab? mns paboThl
¢ VMWare ESXi;
IUTaTUH vagrant-vmware-esxi
ytuura ovftool;
cucrema Ansible;
MonuTOp atop®.
O6mas cxema KOH(GUTYpalluy IpUBeieHa Ha puc. 6.
NHcTpyMeHTapuii  ynpaBlIeHHs AKCIEPUMEHTOM
ObUT pa3MelleH Ha BBIICJICHHOM BHPTyaJIbHOW Mallu-
He (BM). CepBucnas BM wucnonb3oBanack aisi Ha-
crpoiiku cetu NAT u cepsuca DHCP ¢ HazHaueHueMm
[P-anpecoB B coorBercTBUM ¢ MAC-aapecamu mpo-
rpaMMHoO-yIpasisiemblx BM. Hcnonb3oBanacsk 3apanee
ckoH(purypupoBanHas BM (na puc. 6 — «bazoBas BM»),

3.
]

2 https://github.com/rnd-student-lab/repexlab. lata o06pa-
menust 17.03.2023. / Accessed March 17, 2023.

3 https://github.com/josenk/vagrant-vmware-esxi. Jlara o6pa-
wenus 17.03.2023. / Accessed March 17, 2023.

4 https://developer.vmware.com/web/tool/4.4.0/ovf. Jlata 06-
pamenust 17.03.2023. / Accessed March 17, 2023.

5 https://www.ansible.com/. [ata o6pamenus 17.03.2023. /
Accessed March 17, 2023.

6 https://www.atoptool.nl/. Jlata obpamenus 17.03.2023. /
Accessed March 17, 2023.
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Puc. 7. Vicnonb3oBaHue pecypcos LN nocne nposnaum BM nop ynpaeneHnem runepsudopa VMWare ESXi

KOTOpasi BIIOCJIEICTBUM KIOHHPOBAIACh AJIS CO3JaHMS
W HAcCTpOMKM NporpaMMHO-ympasisembix BM. Ilpu
3aIycKke M MPOBU3HWM BceX 33 mporpamMMHO-yTpaBJsie-
MbIx BM Harpyska Ha neHTpaibHbli mporieccop (L[IT)
OT YCTAHOBJIGHHOW CHCTEMbl MOHUTOPHUHIA OKazajach
MIpUEMIIEMOM, KaK MOKa3aHo Ha pucC. 7.

3. AHAJIN3 XAPAKTEPUCTUK
OMNEPALUMOHHO-BbIYUCIIUTEJIbHbIX
APXUTEKTYP

Beiienen psiji cBOWMCTB, PUBEACHHBIX B TalnuIle,
KOTOPBIE XapaKTePU3YIOT PaCCMOTPEHHBIE ONEPaIMOH-
HO-BBIYMCIIUTENBHBIC apXUTEKTyphl. Ha X ocHOBE Mo-
JKET OBITh OCYIIECTBIICH BBIOOP apXUTEKTYPhI, HANOOJIEEe

[IpuMeHeHNe anropuTMOB KOHCEHCYCa CTaHOBUT-
sl 11enecOo00pa3HbIM IPHU pa3MEIIEHUH CETMEHTa y He-
ckosbkux oneparopos [IBIIb. He3aBucumo ot dhopmer
npencrasinenus L[BIb, npu npoekTupoBaHnu cienyeT
ONPENEINTh IPUEMIIEMOE YHCIIO ONEPaTOpPOB HA OAMH
CErMEHT, 4TO TpeOyeT MPOBEACHUS HIKCIIEPUMEHTATIbHBIX
uccienoBanuid. J{ist aToro Tpedyercs paspadborarh dKc-
MEPUMEHTAIILHO-UCCIIE0BATEIbCKYIO Cpelly, obecrneuu-
Baroniyto (pyHknuonuposanue monenu L[BLIb.

SAKJIIOMEHUE

B pabGore ObLIM paccCMOTPEHBI aAPXUTEKTYp-
HbIE W TCEXHOJOTMYECCKHMEC KOMIIOHCHTBI, COCTaBJId-
romue [IBIB. Ilpoananu3upoBaHbl BapHAHTHI OIle-

aJIeKBaTHOM TpeOOBaHUAM, NpeabsaBiIseMbiM K LIBLIB. PAlMOHHO-BBIYMCIIUTENbHBIX  apxuTektyp  [[BLB,
Tabnuua. Tabnvua xapakTepUCTMK ONepaLMOHHO-BbIYUCIUTENbHBIX aPXUTEKTYP
XapakTepucTuKa Al | A2 | A3 | A4 | AS
TexHuueckoe o0ecneyeHUe I XpaHCHUs BCero o0beMa JaHHBIX mpeaocTasisier 1B + + - - -
Texnuueckoe obecnedenue i 00paboTKu Bcero odbeMa TpaH3akuuil npenocrasiser Lb + + - - -
TexHuueckoe odecriedeHue I XpaHEHUI BCcero 00beMa JaHHBIX MTPEAOCTABISIET ONepaTop - - + + +
Texundeckoe obecneueHne 11t 00pabOTKH BCEro 00beMa TpaH3aKIUH IPEOCTaBIsET OIIepaTop - - + + +
Texnnueckoe obecrneueHue pacupeeseTcs U MacliTaOUPyeTCs FTOPU3OHTAILHO MEXKy HECKOTIBKHMU | _ _ N N
orepaTropamu
IIpunuun KYC ocymecrsisiercs LIb + - - - -
IMpuaun KYC ocymiecTsisieTcs 4acTHHIMU OaHKaMU - + + + +
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Cpepna nccnegoBaHuii onepaumoHHO-BbIYUCTIUTENbHON apPXUTEKTYPbI
MHPOPMAaLMOHHOr0 obecrneyenuns LUMdpPoBO BantoThl LIEHTPaNbHOro 6aHka

A.C. Anbblyes,
C.A. Kymx

OkoHYaHue TabvLbl

XapakTepucTuka Al | A2 | A3 | A4 | AS
Cucrema COXpaHHUT YaCTHYHYIO PaOOTOCIIOCOOHOCTD MPH OTKIIFOYEHHH CEPBUCOB OHOTO OIepaTopa - - - + +
Cucrema COXpaHHT MOTHYIO PabOTOCTIOCOOHOCTE MPH OTKIIIOYEHHN CEPBHCOB OAHOTO OIeparopa - - - - +
Cucrema COXpaHHUT YaCTHYHYIO PAaOOTOCIIOCOOHOCTH IIPH OTKIIIOUEeHHHN cepBrcoB L[b - + + +
Cucrema cOXpaHUT IOJHYIO0 PabOTOCIIOCOOHOCTB TIPH OTKIIFOYEeHHN cepBUCOB L1b - + - -
IIb nmeeT nocTyn KO BCEM JaHHBIM B pealIbHOM BPEMEHU + + - - -
Ornepatopbl BepUGUIHMPYIOT Pe3yIbTaTbl 00pabOTKK TpaH3aKInii - - - - +
PesepBupoBaHue TaHHBIX y HE3aBUCHMBIX OIIEPATOPOB - - - - +
OTCyTCTBHE KPOCC-CETMEHTAPHBIX TPaH3aKLIUI + + + - -
LIb mpenocrapmsiet miarhopMmy Juist GU3NUSCKHUX / FOPUINIESCKUX JIHIT + - - -
L1b npenocrasmsier miarhopMmy Ut OaHKOB + + - - -
1B mpenocrapisiet miardpopMmy Juist oneparopa(oB) - - + + +
Omneparop(bl) peaocTaBasaeT(r0T) mwiarhopMy i OaHKOB - -
YacTHble OaHKH MPEAOCTABISIOT MIATHOPMY T GU3NUECKHUX / FOPHIMYESCKUX JTHIL — + + + +

IIpumeuanue: Al — neHTpanu3oBaHHasl AByXyPOBHEBAs apXUTEKTYpa,

A2 — 1ieHTpaI30BaHHas TPEXypOBHEBAs apXUTEKTYPa,

A3 — yeThIpexypOBHEBasl apXUTEKTypa ¢ efuHbIM onepatopoM LIBIIB,
A4 — yeTpIpexypOBHEBast apXUTEKTypa ¢ CETMEHTHUPOBAHUEM MEXy HeckoiabkuMu oneparopamu LIBLIb,
AS — 4eThIpexypOBHEBasl apXUTEKTypa ¢ CETMEHTUPOBAHUEM U PEIUIMKalMel MexX 1y HeckoiabkuMu oneparopamu L[BIIb.

OTIMYAIONINXCS TI0 CBOWIM XapakTepucTtukam. B pe-
3yJapTaTe aHaiu3a CGOPMHUPOBAH CBOAHBIA MEPEYCHb
XapaKTEPHUCTHUK MPUBEIEHHBIX OTIEPAIIMOHHO-BBIUNCITH-
TEJBHBIX apXUTEKTYp. B 3aBHcHMMOCTH OT TpeOOBaHUH,
npeabsBiseMbix K [[BIIb, Ha ero ocHOBe MOXeT ObITH
BbIOpaHa HauOoJee aJleKBaTHAs OINEPalMOHHO-BbI-
YUCIUTENbHASI apXUTEKTypa. AKIEHTHPOBAHO BHUMa-
Hue Ha (opmax npexacrasienus [[BIB u ux BnusHun
Ha cBoiictBa I[[BIIb. XpaHeHue UQPPOBBIX BT
B ()OpME aKKayHTOB MOXKET OBITh MEHEE PECYPCOESMKHM,
4yeM B (popMe TOkeHOB. B ToO e Bpems HcTopus TpaH-
3aKIUi B TU(PPOBOI BamoTe B POpMeE TOKEHOB IMPEJO-
cTaBisieT 0osiee yA0OHBIH MHCTPYMEHT JIJIS ay/IuTa.
Pa3pabotana uHpacTpyKTypa cpelasl HCCIeao-
BaHWU OMEPAOHHO-BBIYUCIUTEIFHON apXUTEKTYPBI

nHpopmanmonHoro obecrnedenus [I[BIIb. Takum 00-
pazoM, CO3[aHbl TNPEANOCHUIKM JJII KOMIUIEKCHOTO
aHaJgn3a TEXHOJIIOTWYECKHX XapaKTEPHCTHUK OIllepariy-
oHHO-BhuncnutensHor cpenst [IBIb. JlanbHelue
WCCIICZIOBAHMSI MOTYT OBITh HAaIPaBICHBI Ha BBIOOD
TEXHOJIOTUYECKOro o0ecrevyeHus il pa3padoTKu dKC-
TIEPUMEHTAITBHO-MCCIIEA0BATEIBCKON CPEBI, IKCIIEPH-
MEHTAJbHYI0 U AQHAJIUTHUYECKYIO OIIEHKY 3aBUCHUMOCTH
xapakrepuctuk [IBIIb or ucnonb3yemMoro aaropurma
KOHCeHCyca, (OopMbl MpeacTaBleHus U(PPOBON Bato-
TBHI ¥ IPYTHX TAPAMETPOB.

Bknap, aBTOpoB. Bce aBTOpbl B paBHOW CTemneHu
BHEC/ CBOW BKNAA, B UCCNIEN0BATENLCKYIO PaboTy.
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Pe3iome

Lenu. ina moaenMpoBaHus 1 aHannaa MHGopMauyioOHHOM NPOBOANMOCTU C/IOXHbIX CETEN C HEpPEerynspHoOn CTPyK-
TYypOIi BO3MOXHO NPUMEHEHNE N3BECTHLIX B G13MKe TBEPAOro Tena METOA0B TEOPUN NEPKONALMM, MO3BONAOLLNX
KOJIN4ECTBEHHO OLIEHUTb, HACKOJIbKO AaHHas ceTb 6113Ka K NepKONSLMOHHOMY NEPEXoy, U TEM CamMbiM CHOPMUPO-
BaTb MOJESb NPOrHO3npoBaHusl. O6BEKTOM MCCNEA0BAHMS BLICTYNAT MEXAYHapOoaHblE MHPOPMALIMOHHBLIE CETU,
CTPYKTYPUPOBAHHbIE HA OCHOBE CNIOBAapen MOAESbHbIX MPOrHOCTUYECKUX TEPMUHOB, TEMATUYECKM OTHOCSLLUMUXCH
K NepcneKkTMBHbIM MHPOPMALIMOHHBIM TEXHOIOTUSIM.

MeTopabl. MNpyMeHeH anropuTMMUYECKNin NOAX0M4, COrlacHO KOTOPOMY 3a4aeTcs Noc/ieaoBaTelbHOCTb KOMOMHM-
pPOBaHUSA HEOOXOOUMBIX Omnepauuii N0 aBTOMAaTU3NPOBAHHOM 06paboTke TEKCTOBOM MHMOPMALMN BHYTPEHHUMMN
anropvTMamm crneumanmanpoBaHHbix 6a3 gaHHbIxX (B1), nporpamMMHbIX cpen, 1 060104ek, NpeaycMaTprBatoLLIMX UX
VHTEerpauuio Nnpu nepegaye aaHHbIX. JJaHHbI NOAX04, B HaCTHOCTU, BKAKOYAET 9Tanbl MOCTPOEHUSI TEPMUHONOMMYe-
CcKoW Mozenv npegMeTHon obnactu B Gubnunorpadudeckon B, Scopus, 3aTeM 06paboTKy TEKCTOB HA ECTECTBEH-
HOM $13blKe C BbIBOLLOM BU3YyaslbHOWM KapTbl HAYYHOro NaHawadTa npeameTHo obnactu B nporpamme VOSviewer n
nanee — cO0Op pacLUMPEHHbIX AaHHbIX MapaMeTPOB, XapakTepu3yloLwmxX AMHaMUKy GOpMUPOBaHNS CBS3EN HaYyYHOM
TEPMUHONOIMMYECKOM CETU B MPOrpaMmMHoON cpeae Pajek.

PeaynbTaTbl. BuayanbHblii KnacTepHbii aHanm3, cocTaBnawowmin B anHamuke 2004-2021 rr. guana3oH
645-3364 TepMoB KaTteropmm «TeXHONOrMM NaMSATU U XPAHEHUS AAHHbIX», UHTETPUPOBAHHbBIX CYMMapHO B 23 kna-
CTepa, BbISIBUJT aKTUBHOE KlacTepoobpasoBaHme B 061acTn Tepma «quantum memory» (KBaHToBasi naMsiTb), NO3BO-
nsoLee aenaTb Ka4eCTBEHHbIE BbIBOAbI O JTOKANbHOM AMHAMMKe Hay4HOro naHawadra. MposeneHHbI B NporpaMm-
HoM nakeTe STATISTICA pa3BenoyHbll aHanM3 OaHHbIX CBUAETENbCTBYET O KOPPENALUMN NOBEAEHNS BBEAEHHOIO
VHTerpartopa kno4eBblx cioB MADSTA ¢ 6a30BbIMM TEpMaMU, BKITIOHAS MEPUOLbI SKCTPEMYMOB, YTO NOATBEPXAAET
npaBWUIbLHOCTb BbiGOpa METOAMKM AeTann3aumm UCCNefoBaHns No rogam.

BbiBOoAbI. 3a5n10eHa ocHOBaA 419 GOPMUPOBaAHUS KOMTIEKCa 6a30BbIX MapaMeTPOB, HEOOXOANMbIX MPU OBLLMPHOM
BbI4VCIUTENBHOM MOLENNPOBAHUN KNacTepoobpa3oBaHNs B CEMAHTMYECKOM MOJI€ Hay4HbIX TEKCTOB, OCOOEHHO
B OTHOLLEHUN CUMYAISILMIA HOPMUPOBAHMS HAMBOSbLLIErO0 KOMMOHEHTA CETU 1 NEPKONIALMOHHbBIX MEPEXOA0B.
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Abstract

Objectives. In order to model and analyze the information conductivity of complex networks having an irregular
structure, itis possible to use percolation theory methods known in solid-state physics to quantify how close the given
network is to a percolation transition, and thus to form a prediction model. Thus, the object of the study comprises
international information networks structured on the basis of dictionaries of model predictive terms thematically
related to cutting-edge information technologies.

Methods. An algorithmic approach is applied to establish the sequence of combining the necessary operations
for automated processing of textual information by the internal algorithms of specialized databases, software
environments and shells providing for their integration during data transmission. This approach comprises the stages
of constructing a terminological model of the subject area in the Scopus bibliographic database, then processing
texts in natural language with the output of a visual map of the scientific landscape of the subject areain the VOSviewer
program, and then collecting the extended data of parameters characterizing the dynamics of the formation of links
of the scientific terminological network in the Pajek software environment.

Results. Visual cluster analysis of the range of 645-3364 terms in the 2004-2021 dynamics of the memory and data
storage technologies category, which are integrated into a total of 23 clusters, revealed active cluster formation in
the field of the term quantum memory. On this basis, allowing qualitative conclusions are drawn concerning the local
dynamics of the scientific landscape. The exploratory data analysis carried out in the STATISTICA software package
indicates the correlation of the behavior of the introduced MADSTA keyword integrator with basic terms including
periods of extremes, confirming the correctness of the choice of the methodology for detailing the study by year.
Conclusions. A basis is established for the formation of a set of basic parameters required for an extensive
computational modeling of a cluster formation in the semantic field of the scientific texts, especially in relation to
simulations of the formation of the largest component of the network and percolation transitions.
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BBEOEHUE

Wzyyenue pacmpocTtpaHeHusi UH(POpMAIMH B CETAX
COLIMAJIbHBIX CBA3EH, MMEIOIUX CIIy4alHYIO TOINOJIOTHIO,
SIBJISIETCSL aKTyaJIbHOM 3ajjaueid 1Isl ONTUMM3AlliK COBpe-
MEHHBIX COLIMOTEXHUUECKUX CHCTEM, YTO MOATBEPIKIaeT-
Csl HE3aTyXaloIM MHTEPECOM K MPOOIeMaTHKe aHaIH3a
corranbHbIX cetei (SNA — social network analysis) [1-3].

OTaenbHYI0 KaTerOpUIO CIIOXKHBIX CeTell, Hapsay
C COITMATLHBIMA U OMOJIOTHYECKIUMU, TIPEICTABIISIFOT WH-
(hopMaIOHHbIE CETH, HA3bIBAEMBIC TAKIKE «CETAMH 3Ha-
Huit». [IpumepoM ABISIOTCS CETH CChUIOK LIUTUPOBAHMS
MEXIy HayYHBIMU ITyOIHKALUSIMU, CTPYKTYPa KOTOPBIX
JOCTaTOYHO TOYHO OTPAXKaeT CTPYKTYpy MHpopManuy,
XPpaHsIIIeNcs B e BEPIIMHAX — CTAThsIX, YTO U ONpe/es-
€T TePMHHOJIOTHIO «HH(POPMAIINOHHASI CETHY.

IIpyMeHUTENBHO K aHaJIU3y OTHOLIEHUH MEXIy
KJlaccaMH CJIOB B Te3aypyce WH(POPMAIMOHHYIO CETh
MOXXHO TaKXe PacCMaTpUBaTh KaK KOHIENTYaJbHYIO,
IIPEACTABISIONIYI0 CTPYKTYPY sI3bIKa WJIM, BO3MOXKHO,
Jake MEHTANbHBIC KOHCTPYKLUH, HCIOIb3YyEeMbIE IS
ero npesacTaieHus [4].

Jns MopenupoBaHus U aHaH3a HHGOOPMAITMOHHBIX
IIPOLIECCOB, IMPOTEKAIOIINX B CETSAX C HEperysspHOM
CTPYKTYpPOIi, BOSMOXXHO NPUMECHEHHE U3BECTHBIX B (hU-
3MKe TBEPIOro Tela METOAO0B TEOPUM MepKoisuuu [5],
KOTOpasi CTIOCOOHA OTBETHTH HA Ba’KHBIC BOIIPOCHL.

[epxomsius (mart. percolare) B iepeBoIe ¢ TaTHHCKO-
TO O3Ha4aeT MpOTeKaHue, mpocadnuBanue. Jloaroe Bpems
9Ta TpoCTasi BEPOATHOCTHAS MOJCTh SIBISIACH B (hU3H-
ke 0a30BOIl MAeanbHONH MOAENBIO Ul JEMOHCTpPAIUU
(ha30BBIX TEPEXOIOB M KPUTHICCKUX sBICHUHA. B BHme
MaTeMaTH4eCKoro 00bEKTa OHA BIEPBBIC ObLIa PACCMO-
TpeHa B Kilaccmieckoi padote bponoenTta u Xammepciu
B 1957 . [6], B KOTOPO# OBLIIM BBEACHBI HA3BAHKE, & TAK-
K€ TEOMETPUUYECKUE U BEPOSATHOCTHBIE TOHATHUSI.

Mertoap! pemeHUs] pPa3IMYHBIX TEOPETHUCCKUX
U NPUKJIAJHBIX 33]a4 B TEUEHHUE MOCIEIHUX JeCITHIe-
TUI TPUBHECIM HOBOE MOHHUMAHUE B MAaTEMaTHUYECKOE
uccienoBanue npocauuBaHusg [7]. IlpoHukHOBeHHE
JKUJIKOCTH BHYTPb MOPHCTOTO KaMHsI, PacHpOCTpaHe-
HUE SIHUICMAN I WHPOPMAINH B COIUAIBHON CeTH,
Ha TEPBBII B3I, HE UMEIOT HUUETO OOIIEero, HO OKa-
3BIBAETCS, YTO BCE TPH ACIEKTa MaTeMaTHIECKUM O0pa-
30M CXOJSITCS B aANTUBHYIO KOMIOHEHTY [7-9].

B camom o0rmem BHIE, HE3aBUCHMO OT (DH3UUECKOU
TPUPONIBI I MOJIEIH CHCTEMBI, TCOPHs MEPKOJISIIUH OT-
BEYACT Ha BOIPOC, KAKOBA BEPOSITHOCTH TOTO, YTO CYIIIe-
CTBYET OTKPBITHIN TyTh U3 0 710 OECKOHEYHOCTH (WITH CY-
IIECTBYET JM OCCKOHEYHBIH KIIACTEP CBSI3AHHBIX MEMKIY
co0oii mop M y31oB). Takum 0OpazoM, rpodiiema cBo-
JIATCSI K TIOMCKY OTBETA Ha BOIPOC, CYIIECTBYIOT JIU TAKUE
Ty TH JUIs1 TAHHOM BEepOSTHOCTH p. B ocHOBHOM Teopwst Ka-
CaeTCs CYIIECTBOBAHUS TAKOTO KJIACTEPa U €T0 CTPYKTYPBI
TI0 OTHOIIICHHUIO K BEPOSTHOCTH 3aMIOIHEHIS P.

Jlis MaTeMaTUYecKoro OMUCAHUS ITOH KPUTUYHO-
CTH CJIEAYET ONpPEACINTh MOJENb MepKoIsiH. B ka-
4ecTBE MpHMEpa BbIOEpeM HauOolee MPOCTYI0 MOJENb
Ha OECKOHEYHOW JBYMEpHOW (WM KBaapaTHOH) pe-
nretke. TOYKH TepecedeHus JIMHUN Ha3bIBAIOTCS y3Iia-
MU (BeplrHaMU Tpada), a caMu JJMHAN — CBSI3SIMHU (pe-
Opamu rpada). CymiecTBYIOT JIB€ PEIICTOUHBIE MOJICIIH:
MIPOHUIIAEMOCTH CBS3EH M MPOHUIIAEMOCTH Y3JI0B.

B nepBoii Mozienu MaTeMaTHYeCKU KaXKIast CBs3b 3a-
HSTa C BEPOSITHOCTHIO p MIIH CBOOOHA C BEPOSITHOCTHIO
1 — p. 3areM 3aHATHIC CBSA3U COSNUHSIOT Y3JIbI B KJIaCTe-
PBI. DTy MOJIENb MOKHO HCIIOIB30BaTh U MOJCIHPO-
BaHMS MPOIECCa IPOHUKHOBEHHUS )KUIKOCTH BHYTPb T10-
PHCTOTO KaMHsI U pacTIpOCTPAaHECHUS SIHICMHAH.

B wMomenu mepkomAUEM  Y37I0B MBI 3aHHMAaeM
HE CBSI3b, & K&KABIA Y3€JI C BEPOSTHOCTBIO p, OCTABIISIS
€ro CBOOOIHBIM C BEpOSTHOCTEIO 1 — p. B menom nepko-
JSIUSL CBsI3eH cuuTaeTcs MeHee OOIIel, 4eM MepKos-
ST Y3JI0B, M3-32 TOTO, YTO MEPKOIIIIIHIO CBA3EH MOXKHO
nepeopMyIHpOBATEH KaK MEPKOJISIIINIO Y3JIOB Ha APYTOH
peleTKke, HO He Ha000POT.

Teopus TepKOISIMK B OCHOBHOM (DOKYCHPYETCS
Ha TIOSBICHHU OSCKOHEYHOTO KJIacTepa C YBEINYCHUEM
BEPOATHOCTH p. s XapaKTEPHCTHKH 3TOTO SIBICHHUS
9acTO MPHHUMAIOT pa3Mep TMIAaHTCKOTO CKOILICHUS S,
KOTOPBIN OTpEIeNsieTcs KaK:

5
S = lim N’ (1)
N—ow

rne N — pa3mep cucreMbl (00IIee KOIMYECTBO Y3JIOB);
S| — KOIMYECTBO y3JI0B B CaMOM OOIIBILIOM KIlacTepe.

C yBeNMYEeHHUEM BEPOSITHOCTH p JIOJKHA CYIIECTBO-
BaThb KpI/ITI/ILICCKaHpS, Ha3bIBa€Mas IMOpOTroM IMEPKOJIAINN
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Puc. 1. Cxema anroputma peannsaumm Hay4Horo npoekTa science data [11]

WM KPUTUYECKOM TOUKOM, BbIIIE KOTOPOI MOXKHO HAalUTH
HEHyJeBO€e 3HauUeHHe S. DTO onpe/esnsieT NepKOISIHOH-
HBIM IE€pPexo]l CUCTEMBl 110 OTHOLIEHUIO K YIIPaBIAto-
mieMy mnapameTpy p, a S sIBISIETCS COOTBETCTBYHOLIUM
apaMeTpoM MopsIKa.

YrtoObl ommcarh OCOOCHHOCTH KOHEYHBIX KilacTe-
POB, TakkKe HCIOJb3YEeTCsl paclpeleleHue KIacTepOB
110 pa3Mepam:

o's @
Py =<
s Z’"S
S

TJIE 71 — KOJIMYECTBO KJIACTEPOB pazMepa S.

B nHacrosiee BpeMst MOCTPOCHBI MOJICITH ISl TPEX-
MEpHBIX 1 00J1e€ BEICOKHX U3MEPECHUI PEIICTKH HITH IS
JPYTUX YCIOBHIA TIEPKOJISIIHH.

[lpu OOMIMPHOM BBIYHCIUTEILHOM MOJCIUPOBAHUU
COIMABHBIX CETe! KaK Ha KJJaccniecknx 2D-perynspHbix
pelieTKax, Tak v IS ceTeld 6oJiee BBICOKOH pa3MepHOCTH,
TTOTYYEHBI PE3yIIBTAThI, MOATBEPIKIAIOIINE OTOOpaKEHUE
(da3pl MMEePexXOqHOr0 TOBEACHHS, XapaKTepPHU3YIoIIeHcs
HauOOJIBIIMM KOMITIOHEHTOM B TIpe/yiaraeMod MOJeiH
JIMHAMHUYECKOTO MHEHHsI (non-consensus opinion (NCO)
MOJIETIh), C U3BECTHOM (PU3MUECKOM MPOOIeMOi TIpocadu-
BaHUS B HEC)KUMAEMBIX XKHUJIKOCTSIX [9].

Hcnonp3oBaHne METOJOB BBIYHUCIMTEIBHOTO MOJIE-
JIUPOBAHUS CIYYalHBIX CETCH C OONBIIUM YHCIIOM CBS-
3¢l TIPUBENIO K aHATMTUYCCKUM PEIICHHUSIM, HAIIpHMeD,
K TMOCTPOCHHIO CTOXACTHUYCCKUX MOJENCH OmMuCcCaHus
JTMHAMHAKHA W3MEHCHHS COCTOSIHHS y3JIOB M MEPKOJISIH-
OHHBIX MEPEXOJ0B, IPOTHO3UPYIOUINX AUHAMUKY TTOBE-
JICHUSI COIMAITBHBIX ceTel [2].

[lo anamoruu ¢ COIMATBHBIMU CETSIMU IIOJIATACM,
YTO TMPABWIBHO IMOCTPOCHHAS METOJMKA WCCIICTOBAHMSI
MO3BOJIUT KOJIMYECTBEHHO OILCHUTH, HACKOIBKO HHPOP-
MaIlMOHHAs CeTh OJIM3Ka K MOPOTY NMEPKOJISAIUH, U TeM
cambIM C(OPMHUPOBATH MOJICIIh €€ MIPOTHO3UPOBAHHSI.

B cBsi3u ¢ 3TUM MMEET CMBICI NMPUMEHUTh METO-
JIbl KAPTUPOBAHUS U CETEBOTO aHAlW3a Ui M3yYCHHS
3aKOHOMEPHOCTEH, BIMSIOIIAX Ha TOPOT MEPKOJSIUH
IIPU PacpOCTPAHCHUH U KiacTepu3aluu HHGOPMAIIH
B CETSAX, CTPYKTYPUPOBAHHBIX Ha OCHOBE CJIOBapel Mo-
JETbHBIX TPOTHOCTHYCCKUX TEPMUHOB, HM3BJICUCHHBIX

U3 CETEBBIX PECYPCOB, TE€3ayPyCOB, HAYKOMETPHUCCKUX
u 6ubnuorpaduyeckux 6a3 TaHHBIX.

B pa6ote [10] B yciIOBUSIX KOHBEPTEHTHBIX TCHJICH-
LUH «CTBIKOBBIX» MEXAUCUUIUIMHAPHBIX CBSA3EH MpH
Pa3BUTHH CIIOXKHBIX TEONH(POPMAIIMOHHBIX CHCTEM, 000-
CHOBAaHO NPHOPUTETHOE 3Ha4YeHHe HH(YOPMAIMOHHO-
KOMMYyHHKamoHHbIX TexHomorui (MKT) u cdeps
MH(OPMAIIMOHHBIX HayK. JTO TOJIOKEHUE TIPeaoTpese-
JUIJIO OCHOBHOW BBIOOp TMpEJMETHOW O0JIACTH ISl J1aH-
HOTO MCCIIEIOBAHUSL.

MHCTPYMEHT U METOAbl

ba3oBblil HHCTPYMEHTAPHIA ITAIIOB BHITOIHEHHS Ha-
YYHOTO TPOEKTA, CBA3aHHOTO C 00pabOTKON OOJIbIINX
o0bemoB nHpOpMaIKH, JaHHBIX — science data, 0603Ha-
4yeH Ha puc. 1. OCHOBHOM MEXaHW3M T€HEpaIy 3HAHUH
JUIL UTOTOBOTO TPOEKTHUPOBAHHS KPOETCSI B OONBIIOM
LHEHTPaIFHOM OJIOKE, BKIIIOYAIOMIEM BHU3YaJIU3AIHIO
Y MOJICIIMPOBAHUE JAHHBIX. AHAIN3 MOJTY4YCHHBIX 3HA-
HUH Ha KaXJIOM Iare OyaeT TpeboBaTh MX mpeodpaso-
BaHME W ONTUMH3AIINIO, BKIFOYAst B ce0sl Cy)KCHUE Kpyra
HaOMIOEHAH, MTPEACTABIIOMNX HHTEPEC, BEIYHUCICHIE
HaOopa CBOAHBIX CTATHCTHYCCKUX JAaHHBIX, CPEIHUX
3HAYEHUH U T.II.

ANTOPUTMHUYECKHI TOJIXO]T TIPecieAyeT 1elib 00e-
CTIEYNTh MAaKCHMAJITbHYI0 00BbEKTHBHOCTD MTONCKA U CKO-
POCTb, C KOTOPOI OH MO3BOJISIET YIIIyOUTHCS B 33JAHHYIO
MIPEAMETHYIO 00IaCTh UCCIICJOBAaHHH.

bazoBble mIarn W WHCTPYMEHTApUil peann3aluu
SMITMPUYECKON YacTH aJrOpUTMa paccMOTpeHsbI B [12].
BapuanTt, MOTU(pHUIUPOBAHHBIN 11 PELICHUS TEKYIINUX
HCCIIEIOBATENbCKAX 3a/ad, COCTOMT U3 CIEAYIOMINX
HUTEparuil:

1) bopmMupoBaHHE TEPMHHOJIOTHMICSCKOW MOJIECIH TIpel-
METHOUM 00JacTH Ha OCHOBE MAaTPHIII, OIPEICIISIO-
el ypoBeHb 3pesiocT (system maturity level, SML)
CaMOOPraHHU3YIONINXCS UHTSIUICKTYAIbHBIX CUCTEM;

2) hopMUpOBaHHE aNTOPUTMHUYESCKUX 3alpoOCcoB Ou-
onmorpaduueckoii 6a3pl mammbIX (BJ[) Scopus!
[0 crenuaidbHOW (opMyne ¥ BBIBOA JIaHHBIX

! https://www.scopus.com/. Jlata obpamenus 01.03.2022. /
Accessed March 01, 2022.
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B (hopmare .csv i ganpHeiei o00paboTKU 1 aHa-

TM3a B IPOTPAaMMHBIX HHCTPYMEHTAX;

3) npenpoLeCCHHT, BEKTOPU3AIHsl, KJIaCTepH3aIHs 110-
TydeHHOW TepMmuHOnornueckoil bl BHyTpeHHHUME
aJITOpUTMaMK IPOTPaMMHOI cpenibl VOSviewer?;

4) IepBUYHBIM BU3YaJIbHBI aHAJIN3 BHYTPHU- M MEXK-
KJIACTEPHBIX B3aUMOACUCTBHM 0a30BbIMU HHTEP(]EH-
camu niporpammsl VOSviewer 110 TOaM U Te€pMam;

5) meranbpHOE HCCIEOBaHUE MMapaMeTpOB CBsA3eW Ha-
YYHOH TEPMUHOJOTHYECKOH CETH II0 KJacTepam
B JIMHAMHUKE DPAa3BUTHA C IOMOILBIO AJITOPUTMOB
TIPOrpaMMHOTO MpojyKTa Pajek’;

6) 00paboTKa TaHHBIX U BBIBOJ] HATVISIIHBIX TUHAMUYE-
CKHX 3aBHCHMOCTEH MapamMeTpoB CBSA3EH TEPMUHO-
norudeckoii cetu B cpenie STATISTICA®.
CymiecTByeT HECKOIBKO CIIOCOO0B TOCTHKEHHS 0~

cTaBJIeHHOU 1enu. HavanbHbpIM 3Tarnom 1aHHOW padoThI
ABISIETCST (POpPMHUPOBAHNE TEPMUHOIOTHUECKON MOIEIH
MpeIMETHOM 00JIacTH, Ha OCHOBE KOTOPOH chopmupo-
BaHa 06a3a JaHHBIX IS JaTbHEHIIEro NCCIIeI0BaHMS.

OcHOBO¥ J1s1 BBIOOpA 33JTAHHOTO 1a0JIOHA KITFOUEBBIX
CJIOB BBIOpaHa MeToiuKa pacdera SML-Marpuipl camo-
OpraHu3yrommxcsa uHTeekTyaabeix cucteM (MC) [13],
TIO3BOJISIFOIIAST KOJMYECTBEHHO OLICHUTH TIOKA3aTelb 3pe-
noctu UC. [okazarens SML npuMeHsieTcsi Ha CHCTEMHOM
YPOBHE H IPEJICTABISIET cO00H MHAeKC 3penoctr ot 0 1o 1.

B pamkax JaHHOTO HCCIEOBaHUS MHTEpEC IMpel-
craBisieT 4 YpOBEHb 3PEIIOCTH COIMOTEXHUYECKOU
cucteMbl (sociotechnical system), auana3oH uHAEKca
3penoctu 0.60—0.80, onmmcanue «IpoOrHO3MPYyEMBIEC TEX-
HOJIOTHH HE BBIXOJAT 332 paMKU HCCIEIOBAHUN M CO3-
JaHNS HEKOTOPHIX INPOTOTHIIOB, a TPEOOBAHWS COIH-
aJIbHO-9KOHOMHMYECKON aJanTaldid HOBBIX TEXHOJIOTHMA
MOTYT OBITh pa3pabOTaHbI 33 CYET JIOCTHIKSHHS KOMIIPO-
Mucca Mexay coodmectsamuy» [13].

B memsix onpenenenus 0a30BBIX CTPYKTYp MPEIMET-
HOW 00JIaCTH SKCIEPTHBIM METOJOM BBIJICJIEHBI YEThIPE
KaTeTOpHH MEePCIIEKTUBHBIX HartpasieHui pazsutust KT,
COOTBETCTBYIOLIUX YETBEPTOMY YPOBHIO SML-MaTpuis:

1) uenoBeKo-ManMHHBIe HHTEpdelich (human-computer
interfaces all, HCIA);

2) MH)KEHEepHUsT BBIYUCIICHUH (computing engineering
all, CEA);

3) TeXHOJOTUHU MaMATH U XPaHEHHs JAaHHBIX (memory
and data storage technologies all, MADSTA);

4) smexTpoHHKa W KoMMmyHHKarmu (electronics and
communications all, ECA).

B Hacrosiiem uccnenoBaHuy rpejiaracTcs moaxo/,
OCHOBAaHHBII Ha BBIICICHUHM YCTOWYHMBEHIX MIa0JIOHOB

2 https://www.vosviewer.com/. Jlara obpamenns 22.03.2022. /
Accessed March 22, 2022.

3 http://mrvar.fdv.uni-lj.si/pajek/. Jlara o6pamenns 03.04.2022. /
Accessed April 03, 2022.

4 https://www.statistica.com/en/. Jlara o6paruenus 15.06.2022. /
Accessed June 15, 2022.

KITIOUEBBIX CIIOB MyTEM aHajIM3a KOPIYCOB MPEIMETHO-
OpUEHTHPOBAaHHBIX TEKCTOB, BKIIIOYAss HE TOJBKO CTa-
nuoHapHele bJ] Haykomerpudueckoil u OUOIHOMETpH-
geckol WH(OpMANUU, HO M HUCIOIB3YyS JOCTaTOYHO
JUHAMHUYHBIE CETEBbIC TE3aypyChl, OHUM M3 KOTOPBIX
ABTIAETCA ceTeBast dHIMKIoneans Bukunens® [14].

[Ipu 3TOM K€TIaEMBIN YPOBEHB JOCTOBEPHOCTH OJTY-
gaeMoit HH(OPMAIIT MOYKET OBITH ITOBBIIIEH 3a cYeT (op-
MHUPOBaHUsI KOMOMHUPOBAHHOIO aJITOPUTMa WU3BJICUEHHS
TEPMUHOB. /IaHHBIN alNrOpUTM J10ITyCKAaeT MHOIOypOBHE-
BBl BEIOOP HA OCHOBE PACHIMPEHHON 3KCIIEPTHOM CPeJIb
C WCIONB30BAaHUEM BHYTPEHHUX CEPBHUCOB Bukwremin
Ha [EPBOM 3TaIe, ¥ Hay4yHO JTOCTOBEPHBIX aJlrOPUTMHYE-
CKHX CI0COOOB MpeocTaBleHHss HHPOPMAIMU U3 BBICO-
KOaBTOPUTETHBIX Ka4eCTBEHHBIX HCCIIETOBATEIBCKHUX b/l,
nanpumep, Scopus u Web of Science® [15] — Ha BropoM.

Pacmmpennas TepMHHONIOTHYECKas OCHOBa TIO-
nydeHa IMmyTeM OOpabOTKH TOIYYEHHBIX DKCIEPTHBIM
METOJIOM HCXOJIHBIX Ha0OpOB 0a30BBIX KJIFOYEBBIX
cioB B Oubmmorpadruaeckoit b/ Scopus mo crenuans-
Hoii (opmyne. M3pneueHHas mnosne3Has 0a3a JTaHHBIX
JUTSL UCCIICIOBAHMS COCTABJISIeT B JMHAMHKE JHANa30H
645-3364 TEpMHUHOB, B T.4. CBA3aHHBIX MyOIUKAIMSIMH,
B KOTOPBIX HMEETCSI HX COBMECTHOC BXOXKIICHHE.

B [16] moapoOHO KiIacCU(PHUUUPYIOTCS OCHOBHBIE
BBIYMCIIUTENBHBIE METOJbI, MPUBOJAININE K aBTOMa-
THYECKOMY DPEKUMY OOHApyKeHHs 3HaHUW B ITyOJH-
KaIlisx, BKIIOYas IUCTPUOYTHBHOE CEMaHTHYECKOE
MojenupoBaHue. [lomMuMoO aHanM3a MOIECTUPOBAHMSA
Ha YpPOBHE TEPMOB CYIICCTBYeT aHAJIM3 Ha YypPOBHE
TEMBI PacIpPOCTPaHEeHNsI — TaK Ha3bIBaeMOE TeMaTHue-
CKO€ MOIEUPOBAHNE, TO3BOJSIONICEe [IyO)ke TOHSITH
mpolecc pacrnpocTpaHeHue wuHpopmauuu. B acmek-
T€ TOHCKAa W (UIBTPALUH HH(POPMAIMH JOCTaTOYHO
MIAPOKOE TPHMEHEHHE ITONYYHIIN J[B€ TCHEPAaTHBHBIC
MOJEJH: BEPOSTHOCTHBIA CKPBITBI CEMaHTHUYCCKHN
aHanu3 (probabilistic latent semantic analysis, PLSA)
u, Oojee pacHpoCTpaHEHHAs, CKPBITOE PACIPEICICHHE
Jupuxne (latent Dirichlet allocation), sBisrommasics,
B CBOIO ouepeib, 0000menuem PLSA.

B nocnentHee Bpemsi rpeyiokeH MPUHIMITHATEHO MHON
u Ooree YHUBEPCAIbHBIN TOX0/] K TEMaTHYECKUM MOjIe-
JSIM, OCHOBAHHBIM Ha CETEBOM MOICTHPOBAHUH — CTOXa-
cTHYecKoi OrouHor Mozenu (stochastic block model) [17].

OpHaKO MCIONIb30BaHKE JIAHHBIX METOJIOB JJIsl aHa-
JIM3a HAyYHOU JIMTepaTypsl BcTpedaeTcs peako [16—18].

Ha ocHOBe u3y4yeHus nporpamm sl BU3yamu3aliu
U KapTUPOBAHUs HAyKHW M TEXHOJIOTHH B Ka4eCTBE Tep-
BUYHOTO MHCTPYMEHTA JIIsl TEeMATHYECKOTO KIIACTEPHOTO
aHaJM3a U BH3YaJH3alny [TOJTYICHHBIX TaHHBIX BEIOpaH
MporpaMMHbIN  KomIuieke VOSviewer. JlaHHBIA HH-
CTPYMEHT HaXOIHTCS B CBOOOIHOM JOCTYIIE U XOPOIIO

3 https://www.wikipedia.org/. Jlara o6pamenus 15.03.2022. /
Accessed March 15, 2022.

6 http://www.webofknowledge.com/.
04.03.2022. / Accessed March 04, 2022.

Jlara  oOpamienus
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UHTErpupoBaH ¢ Oubnmuorpaduueckumu BJI, Brimrovas
Scopus [19, 20].

Buytpennue anroputmbl VOSviewer obecrieunBa-
IOT BEKTOPHU3AIHIO, HOPMAIN3AIHIO, TOCTPOCHHUE TEPM-
JIOKYMEHTHOM MaTpHIlbl, OMOIMOMETPHUECKOE KapTHPO-
BaHME W NEPBOHAYAIBHYIO KIIACTEPU3AIMIO TEKCTOBBIX
JAHHBIX, TUHAMHYECKH M3MEHSIEMbIX B KOHTEKCTE I10-
CTaBJICHHBIX MCCIICIOBAHHUSAMH 3a/1ad.

Kaptsl, coznannsie VOSviewer, BKIIOYAIOT J1€MEH-
TBI, KOTOPBIMH MOTYT OBITH ITyOJIMKaINH, UCCIea0BaTe-
JI1 WA TePMUHBL. VOSviewer KapTUPYyeT CHUITY CCBUIKH,
OTPaXKAIOIIYIO KOJTHYESCTBO IMyOINKAINNA, B KOTOPBIX /1Ba
TEPMUHA BCTPEUAIOTCS BMeEcCTe (B Cly4ae COBMAICHHS
CCBUTKH BXOXK/ICHUS).

Juis kaxoil mapsl anemMeHToB i U j VOSviewer Tpe-
OyeT B KaueCTBE BXOIHBIX TAHHBIX CXOJCTBO 8, (sl.j > 0).
UroObl OMpeaennTh CXOACTBO MEXKAY MpeIMeTaMHu,
OOBIYHO OIPEJEIISAIOT YaCTOTy COBMAJICHUS, Npeodpa-
30BaHHYIO C HCIOJIb30BAaHUEM MEpPbI CXOACTBAa. Moryt
OBITH TIPHMEHCHBI Pa3HBIC THUIBI Mep IMOAOoOWs: cuiia
acconmanuu, unaekc XKakkapa, xoppensuus [Iupcona,
KOCHHYCHasI Mepa.

B VOSviewer cxonctBo §;; PAaCCUMTBIBACTCA C MC-
MOJIb30BAHUEM CHJIBI acconuanuu AS, onpeneneHHOU
B YPaBHEHHH:

a8, =—L, (3)

TJIE §; — CXOJICTBO DJIEMEHTA i-i KOMIOHEHTHI; §; — cxon-
CTBO DIIEMEHTA j-H KOMIOHEHTBI; §;; — CXOJICTBO TIapbl.
Bce mepeuncienHsle BETMYHMHBI UMEIOT Pa3MEPHOCTB,
PaBHYIO €MHULIE.

[Tocne pacuera cxoncTBa MEXAY AIEMEHTAMH TIPH-
MEHSETCs crelnajlbHas TEXHUKA UX KapTupoBanus [ 16].
VOSviewer oripenensieT MECTOHAXOKJCHUE 3JIEMEHTOB
Ha KapTe, MUHUMH3HUPYS (PYHKLHIO:

V(xl,...,xn)z Zsl-j

i<j

X, —xj“z, @)

TJIE X;, X; — MECTONOJIOKEHUE Y3II0B i ¥ j B JByMEPHOM

YT H -
€BKJIMJIOBBI PACCTOSIHUAS MEXKY Y3JIaMHU [ U j, IIPU yCII0-

BUU:

TPOCTPAHCTBE; 71 — KOJIMYICCTBO Y3JIOB B CCTU,

2
o) &

i<j

xi—xj“=l. 5)

CnenoBarensHo, ujues VOSviewer COCTOUT B TOM,
YTOOBI MUHHMH3HPOBATH B3BEIICHHYIO CYMMY KBajpa-
TOB PACCTOSHUM MEXIy BCEMH IapaMu JIIEMEHTOB.
KBanpar paccrosHust MEKIy IIapOH 3JIEMEHTOB B3BEILU-
BaeTCS KaK CXOACTBO MEXK/IY dJIEMEHTaMHU.

B pesynbrare gopmupyeTcs CloXKHas acCOLUUPO-
BaHHAS CTPYKTypa HCCICIyeMOH CETH C y3JIaMH, Tep-
MaMH, PAaCCUUTAHHBIMHU 110 BECY Pa3IHUYHBIX 3JIEMEHTOB
10 TpeM 0a30BBIM KPUTEPHSM: CTETICHH y3JIOB, PACCTOSI-
HUIO U MTPOYHOCTH CBA3EH MEXAY y3/1aMu, IPUYEM pas-
Mep Y3JI0B 3aBUCHT OT BEcCa ONPEIeIICHHOTO TepMa.

Oco6o caenyer oOpaTUTh BHUMaHUE HA JUHAMUKY
(hopMUpOBaHMS, TaK HA3bIBAEMOTO CAMOTO OOJIBIIIOTO
WM «TUTAHTCKOTO KOMIIOHEHTa» ceTH. Kiaccuueckum
MIPUMEPOM IUCKPETHOTO PACTIPEICIICHUST BEPOSITHOCTEH
SIBIISICTCSL MOJIENIb PAcHpeAeNieHus CIlydyalHbIX YHces
[Tyaccona. OcHoBbIBasich Ha 3ToM, Dpacmr u Pensn [21]
MPEUIOKIWIA MIPEJeIbHO MPOCTYI0 MOJIENb CeTH, Ha-
3BaHHYIO HMH «CIIy9aifHBIM Tpadom». beuio mokaszano,
YTO CydYaiiHbli Tpad oOnagaeT BaKHBIM CBOHCTBOM,
KOTOpOE MOJKHO Ha3BaTh (Pa30BBIM MEPEXOIOM K COCTO-
SIHUIO, KOT/Ia OOIIMpPHASA J0JIA BCEX BEPIIMH COEAMHEHa
BMECTE B OJMH THTAHTCKUI KOMITOHEHT.

OBpHUCTHYECKUH apryMeHT [4] mo3BOJSET, UCIIONb-
3ys MyaCCOHOBCKOE DPAacCIpelesieHHe, PacCuuTaTh OXKH-
JaeMbIil pa3Mep TMraHTCKOTO KOMIIOHEHTa CIy4YailHbIX
cereit. [lycTs u — yacTh BepIINH CETH, HE TPHHAIIICKA-
LIMX TUTAHTCKOMY KOMITIOHEHTY. BEpOsSTHOCTB TOTO, 4TO
BEpIIMHA HE TPUHAICKUAT TUTAaHTCKOMY KOMITOHEHTY,
TaK)Ke paBHa BEPOSTHOCTH TOTO, YTO HU OJMH M3 CeTe-
BBIX COCE/ICH BEPUIMHBI HE MPUHAIICKHUT TUTAHTCKOMY
KOMIOHEHTY, T.¢. uX, T k — cTenenb BepLIMHbL.

[oce mpumeneHns ponexypsl YCPEAHSHNS BBIpa-
JKEHHE 110 BEPOSTHOCTH ITyaCCOHOBCKOTO PacHpeeIeHHs
CTENeEHEH p;, B COOTHONIEHMH CaMOCOIIACOBAHMS JUIS U B
npezesnax 0oibLIoro pa3Mepa rpada BINISANT Tak:

o0 B 0 (zu)k .
u=2 put =e 3, mrm=ei ()
k=0 k=0 "

TIe € — 9ucio Diiiepa, k — CTeNeHb BEPIINHBL, Z — CPE-
HsIsl CTENEHb BCeX BEPIIMH N CEeTH.

Hoimst S cern, 3aHATass THTAHTCKOH KOMITOHCHTOM,
paBHa S = 1 — u. YcpenHsst BbIpaXeHHUE IUISI MOJETU
cirydaitHoro rpada Ipaémia u PeHpH Mo BEpOSTHOCTH
MTyaCCOHOBCKOTO pacHpeesieHns] CTENEHEH, MoydyaeM
CllelyIolee COOTHOLIEHHE CaMOCOIIIaCOBaHUs B IIpeie-
nax OoJIbIIOTO pazMmepa rpada:

S=1-e%5. @)

[NosiBNEeHME TUTaHTCKOTO KOMIIOHEHTA TOBOPHT O (ha-
30BOM (TIEPKOJISILIMOHHOM ) IIEPEX0/ie B TOUKE zZ = 1, B KOTO-
PO¥i TaKkXkKe MPOUCXONUT PACXOAUMOCTD CPETHETO pa3Mepa
<> HETMI'AHTCKUX KOMIIOHEHT IIPH UCCIIeI0OBAaHUH MOBE-
JeHUs ciry4daifHoro rpada. Ilpu z < 1 equHCTBEHHBIM He-
OTpULIATEJIbHBIM PEILIEHUEM JIaHHOTO YPaBHEHHUS SBIISET-
cs1 S=0,anpuz> 1 cymecTByeT U HEHyJIEBOE pEIlICHHE,
KOTOPOE ONpeeNsieT pa3Mep TMraHTCKOrO KOMIIOHEHTA.
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3amauu o0IIEero CETeBOr0 aHaJln3a BHIMIOIHSAET MPO-
rpaMMHBIA TIPOAYKT Pajek. DTo mporpamMmHas cpeja
C MHO)KECTBOM Pa3IMYHbIX 3PPEKTUBHBIX (CyOKBaapa-
THUYHBIX) AITOPUTMOB CETEBOTO aHAJM3a, OCHOBAHHAS
Ha rpadax Bu3yanuzauuu 00onpmux cerei [22].

C OuOIMOMETPUIECKOM TOUKH 3pSHHS METOIBI, ITPE/I-
naraemble Pajek, BKIIIOYAIOT KJIACTEPHU3AIMIO U aHAIIU3
OCHOBHBIX CBs3eil. [IporpaMMHBIN MPOAYKT MCTIOIB3Y-
€TCSI HE TOJBKO JJISl BRISIBIICHUS TIIOOATBHON CTPYKTYPBI
ceTel 3HaHWI, HO ¥ TIO3BOJISIET OTIEPAIlMOHATN3UPOBATh
U U3MEpATh CTaOMIIBHOCTH IMOJYYEHHBIX CETEBBIX MO-
neeit [23]. BaxkHbIM CBOMCTBOM Pajek CIyKUT TecHas
cBs3b ¢ VOSviewer, mo3BoNAIONIas HAIPSAMYIO JBYCTO-
POHHE B3aMMOJICHCTBOBATH JAaHHBIM CETEBBIM Cpenam,
a TaKXkKe SKCIOPT JaHHBIX B (pOpMaTax LIMPOKO Paclpo-
CTPaHEHHBIX IPYTUX BHEITHIX HHCTPYMEHTOB, BKITIOUAsI
A3bIK ITporpammupoBanus R, Statistical Package for the
Social Sciences (SPSS) n Excel [22].

Haubonee ¢ynaameHTanbHble MOAXOAbI K H3yue-
HUIO CETeH 3HaHWH CBA3aHBI ¢ 0Aa30BOH omMmcaTeIbHON
CTaTUCTHUKOM CETEBOH CTPYKTYPbI, TAKOH KaKk H3MEPEHHE
KOJIMYeCcTBa M pa3Mepa KOMIIOHEHTOB B CETH, a TaKkKe
BBIUMCIICHUE pPa3IMYHBIX [OKa3aTeiel IEeHTPaIbHO-
CTH (CTEeNeHb, OJIU30CTh, MIPOMEKYTOUHOCTh). C TOUKH
3peHHsl TIOCTABJICHHBIX B JaHHOK padoTe 3ajay yKa3aH-
HBIC TIOCIIEIHIE XapaKTCPUCTUKN CETEBBIX B3aMMOJICH-
cTBUi 3¢ (hekTUBHO BhIUUCIIsAOTCS B Pajek.

B xadecTBe mporpaMMHOTO MakeTa Ui CTaTHCTH-
YEeCKOTO aHallu3a MCIOJIb30BaHA YHHBEPCAIbHAS WHTe-
rpupoBanHas cucrema STATISTICA. TlpaBunsHoe mpu-
MEHEHHE CHCTEMbl MO3BOJIET M30aBUTH IOIB30BATEINS
OT PYTUHHBIX BBIYHCICHUH, HAIVISITHO OTOOpakaeT pe-
3yJBTaThl KJIACTEPHOrO aHanuza [24], ocTaBisisl crienu-
ANMCTY MHTEPIIPETANIO PE3YIABTATOB M (POPMYITHUPOBKY
BbIBOIOB. [Ipu 3TOM OHa cHaOkeHa MOoJCKa3KaMH, YTO

HEMAaJIOBaXKHO JJIsl peanu3aiuu GyHKUUN aHaInu3a JaH-
HBIX, X YIpaBjieHUd W BU3yanusauuu. B miane pea-
TU3aIK UTEpaliil aaropuT™Ma JaHHOTO MCCIIE0BaHUS
cucTeMa HHTETpupoBaHa ¢ Excel.

PE3YJIbTATbl U UX OBCYXAEHUE

JlanHbple, TONy4YeHHbIE W3 OuOMMorpaduyeckoi
B/l Scopus, B3STHI OT MEPBOTO rojia MyOIUKaIHii, B KO-
TOPOM BXOXKACHHE Ka)KIOTO M3 KIIOUCBBIX CIIOB B CTa-
ThsIX IPEBBIIIAET HUKHUN NOPOT, paBHbIU 10 cTarbsam,
u no 2021 r. BKIOYMTENBHO. bubnuorpagpuveckue
JAHHBIC ACTAJIU3UPOBAHBI 1O rogaM JIsl KapTUPOBAHUA
U TIEPBUYHOTO BH3YaJBHOTO aHaJM3a KiIacTepoB. B Ha-
meM ciydae oOLIMii BpeMEHHOH Juarna3oH UccleioBa-
HUs oxBaTbiBaeT nepuon ¢ 1978 mo 2021 rr.

B pamkax 3a/1au JaHHOTO 3Tarna UCCIIEIOBAHUS B Ka-
gecTBe 0asbl Ul BHIOOpA YCTAaHOBICHHBIX KITFOUEBBIX
cioB Obula BbIOpaHa Kareropust « TeXHOIOTMU MaMsTH
U XpaHCHUS TaHHBIXY.

C menbio aHaNU3a MOBEJACHUS TPEHAA U3 TCPMUHOIIO-
THYECKOM MOJIENTH BhIOpaHbI 4 KITIOUEBBIX CJIOBa: «phase-
change memory», «patterned media», «quantum memory»,
«DNA digital data storagey. 13 momydeHHON 0a3bl TaHHBIX
CIIETYIOT Pa3HbIE AAThl HAYAIBHOTO BXOXKCHHS TEPMHUHOB.

B ar1oii cBsi3u onTHMu3HMpoOBaHa (hopMyia 3ampoca
B Scopus. Hanpumep, 6a3a myOnukanuii st KIIFOYEBOTO
ciloBa «quantum memory», orpannueHHast 1978 r., 3a-
naBanack (opmynoit: TITLE (quantumANDmemory)
AND (LIMIT-TO (PUBYEAR, 1978)).

Jlnst u3BNEYEHHBIX MyOnuKanuii ObLIM aBTOMAaTHue-
CKH BBITPYXKEHBI HX TIOJIHBIC OHONTHOTrpaduyeckue onuca-
HUA B (popmare .csv JuIsl AaibHeleil 00paboTku u aHa-
732 B TPOTPAMMHBIX HHCTPYMEHTAX, BKIFOYAIOIINC
O KaXKJ0H 3aMicH B 1IeNoM 33 WHPOPMAIIMOHHBIX MOJISL.

Photonic fansar core bt
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o g m.;:m:u...u

™ arificialmeural necwork
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Puc. 2. Kapta Busyanusaummn VOSviewer, noka3biBaloLLaa AMHAMUKY KnacTepmU3aumm AaHHbIX A5F MHTerpaTopa
KmoveBbix cnoB MADSTA. O6o3HaueHue knactepoB B 06n1acty TepMoB: «quantum memory» (C1), «phase-change
memory» (C2), «patterned media» (C3), <DNA digital data storage» (C4), «post-quantum cryptography» (C5):
(a) Hawano nepuona 2004 r.; (6) 3aBepLueHne nepuoga 2021 r.

Russian Technological Journal. 2023;11(3):17-29

23



Dynamics of link formation in networks
structured on the basis of predictive terms

Sergey O. Kramarov,
etal.

Heo0xonuMo OTMETUTH, YTO B KOHTEKCTE paccMa-
TPHUBAaEMBIX BOMPOCOB padoTa MPOBOAMIACE C TEKCTO-
BBIMU JAaHHBIMH W3 IOJCH «HA3BAaHHE), «AHHOTALIUS
0a3bI BRITPYKEHHBIX TOKYMEHTOB. JlaHHBIC 00/1aCTH BEI-
oupatorcst B VOSviewer aBTOMaTH4eCKH IPU 3arpy3Ke
HCXOIHOTO JOKyMEHTA.

UroObl MOHATH OoJiee YETKYI CTPYKTYpy CETH,
B cpene VOSviewer MOTIOMHUTENHHO BBEJICH MapaMeTp,
KOTOPBIA pean3yeT CETEeBYI0 MHTErPallfio yKa3aHHBIX
KIIIO4YeBBIX cioB, ¢ Ha3BanneM MADSTA. Bpewms Bae-
JIeHUs TaHHOTO WHTErparopa CBs3aHO C MEePHOAOM akK-
TUBHOW (Da3bl MCCIICNOBAHMA C MOMEHTAa BXOXKIICHUS
4-ro xmoueBoro cnoBa «DNA digital data storage», T.e.
¢ 2004 mo 2021 rr.

B ykazaHHOM BpeMEHHOM HHTEpBaje CpaBHU-
TEJIBHBIA BU3YaJILHBIA aHAIN3 MOJYYSHHOTO THAIa30-
Ha 645-3364 TepMOB, MHTEIPUPOBAHHBIX CYyMMAapHO
B 23 kyactepa, MOKa3bIBA€T HA PUC. 2 XOPOIIO BHIpa-
KEHHYI0 IMHAMHKY KJIACTepHU3allMii BOKPYT TEPMOB
«quantum memory», «phase-change memory». Ilpu
9TOM 3aMeTHa aKTUBU3auusa uccienoBaHuil k 2021 r.
B oOmactu tepma «DNA digital data storage», koTo-
pas BeITecHWIA TepMm «patterned media» Ha mnepu-
¢depuro HayuHoro JaHmadra. B To ke BpeMms Bo3ie

obnacTu «quantum memory» SIBHO BU3yaJU3HPYyeTCA
o0pa3oBaHHEe HOBOTO KJIACTEPa, CBI3aHHOTO C TEPMOM
«post-quantum cryptography». 9To MOKHO OOBSICHHUTD
TEM, YTO MHOTHE KpHITOrpadsl ceifyac akTUBHO pas-
pabarbIBalOT HOBBIE AJITOPUTMBI MOUCKAa KBAHTOBBIX
KIto4el [25], 9ToOBI MOATOTOBUTHCS K TOMY BPEMEHH,
KOTZIa KBAaHTOBBIE BBIYHMCIEHUSI CTaHYT Yrpo3oi 0e3o-
MTaCHOCTH.

Jna nanpHeiiero aHanu3a KiacTepU3allud MPOU3-
BOJIMTCS] aBTOMATH3UPOBaHHAS TIepeaada TaHHbIX U3 O
HOU ceTeBoit cpensl VOSviewer B Ipyrylo — CETEBOM
KanbKynstop Pajek [21].

Hauano paboTsl B Pajek ocymiecTBiseTcs ¢ UCIOJb-
30BaHMEM TPEX pacHIMpeHuidl (ailyioB, XapaKTepusyro-
LIMX OIpeJieIeHHbIE TUIIBI JaHHBIX: networks, partition,
vectors. Ilpn 3arpyske maHHBIX B IPOTpaMMy IIPOBO-
JUTCsl MCCTIeJOBAaHNE NapaMeTPOB, XapaKTEPU3YIOLIUX
JMHAMHYECKOE COCTOsHUE CBsi3eil cetu. OTMETHM, 4TO
Pajek vnneansHo MOAXOAMUT AJS BHIIOJHEHUS TaKuX 3a-
J1ad, TIOCKOJIBKY SIBJISIETCSI CETEBBIM BBIUHCITUTEIIEM.

[annble, oOpaOGoranusie B Pajek, mnpuBencHBI
B CBOJHOM TaOuuIle. 3/1ech MPeICTaBICHbI TapaMeTpBhI,
XapaKkTepu3yIolue IMHAMUYECKOe COCTOSIHUE CBA3ei
CETH, TOJBKO VIS HHTETPaTopa TEPMUHOB.

Tabnuua. yHamMmuka napaMmeTpoB, XapakTepU3YOLLMX COCTOSAHME CBA3e TEPMUHONOMMYECKON ceTu,

Ons vHTerparopa knoveBbix cnos MADSTA

Tox Oobee HHCIIO cBszeil | CpenHsis CTeneHb HJ‘IOTH(:')CTI; ]_IeHTpaJ'ILHO.CTL. HpOMe)KyTO‘{HOC.TL -
(Total Link Strength) | (Average Degree) (Density) (Degree Centralization) | (Betweenness Centralization)
2004 6140 19.039 0.029 0.139 0.073
2005 15292 29.896 0.029 0.146 0.192
2006 15167 29.827 0.029 0.184 0.092
2007 34415 44.899 0.029 0.211 0.054
2008 22696 27.831 0.017 0.194 0.120
2009 41099 40.833 0.020 0.117 0.034
2010 27976 30.017 0.016 0.236 0.201
2011 30205 22.366 0.008 0.151 0.118
2012 27010 22.813 0.009 0.210 0.240
2013 35111 29.419 0.012 0.172 0.101
2014 32007 29.230 0.013 0.294 0.236
2015 32552 29.232 0.012 0.101 0.075
2016 31683 27.780 0.012 0.110 0.065
2017 35182 27.358 0.011 0.084 0.052
2018 34183 26.726 0.010 0.117 0.070
2019 38765 25.878 0.009 0.148 0.140
2020 43288 27.285 0.009 0.126 0.065
2021 44552 26.488 0.008 0.082 0.072
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Pe3synbrathl pa3BejOuHOrO aHATM3a JaHHBIX, Peasli-
30BaHHOTO B YHUBEPCAIFHOM HHTETPHPOBAHHOM TTaKETEe
STATISTICA, ¢ KpaTKUM ONHCAaHUEM I1apaMEeTPOB MpH-
BEJICHBI HIKE.

[Tapamerp Total Link Strength (oGmee uncio cBs-
3¢l B CE€TH) XapaKTepU3yeT KOJIWYECTBO JIMHUU B TPO-
cToii cetu. Taxke OHUM U3 BaXKHBIX JUISI UCCIIEIOBAHUS
apaMeTpoB SIBISICTCS CPEAHEe YUCIIO CBSA3CH Ha OIWH
y3en — Average Degree. CpefiHsist CTETIEHb BCEX BEPLIMH
OT/AENBHOW CeTH — MOKa3aTelb CTPYKTypHOH CIIOYEH-
HOCTHU ceTH. /laHHBII moKa3zaTenb He 3aBUCHUT OT pa3Me-
pa ceTd, MOdTOMY CPEIHIOI0 CTEICHb MOYKHO CpaBHH-
BaTh MEXKJy CETSIMH Pa3HOIo pasMepa.

Ha puc. 3a nuramuka nmosenenus Average Degree npu-
BOJIUT K cpeiHiM 3HaueHusM 2030 eTMHuIL CBA3eH Ha OTUH
y3ei1. IT0 OOBSCHSACTCS TEM, YTO HHTEPEC HAyYHOTO CO00-
IIeCTBA K JaHHOMY HAIPaBICHUIO CTAaOMIIBHO HE yracaer.
B namewm ciygae nanmmane makcumymoB B 2007 u 2009
MOXKET OKa3aThCsl MPOOJIEMHOM 00JI1aCThIO.

AVERAGE DEGREE
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(6)

Puc. 3. 3aB1UCMMOCTb CpeaHen cTeneHun n obLero
yucna cesa3en oT BpeMeHu: (a) 3aBUCUMOCTb CpeaHen
CTeneHn BCex BepLUVH C yHeTOM BBEAEHHOro napamMmeTpa
OT BpemeHu; (6) 3aBUCUMOCTb OOLLIEro Ynucna cBasen
B CETN OT BPEMEHU

BriaBuraemast runotesa mpearnonaraet BIMsHUe O
HOTO KJIFOUEBOTO CJI0Ba — «quantum memory» Ha 0CTallb-
Hbele cnoBa 1o 3¢dexty nocneneiictsus. Ha puc. 30
OTYETIMBO BHUJCH TPCHJ YBEIHMUCHHS OOINEro dYHcia
cBszed s «quantum memory». 9TO CBUIAETEIbCTBYET
0 TOM, YTO HaNpaBieHHWE B JAaHHOM IepHone ObUIO pe-
JIEBAaHTHBIM, CIIEI0OBATENIBbHO, 00IIee KOJIMYECTBO CBS3EH
JUIL OCTaJBbHBIX CIIOB OMpENeNseT TUHAMHUYECKOe II0-
BezieHue obOueil cetu. Beenenune napamerpa MADSTA
JIEMOHCTPHPYET ITUIABHOE YBEIHMUYCHHE OOIIETO YHcia
CBs3eH B CETH, YTO MPHUBOAMUT K aHAJM3Y CIEIYIOLIETO
JTIMHAMHIYECKOTo TTapaMmeTpa — Density.

Density (10THOCTB) OTBEYAET 32 KOJIMYECTBO JIMHUI
B IIPOCTOH CETH, BRIPAKCHHOE KakK JIOJIS OT MaKCHMallb-
HO BO3MOXKHOTO KonnvecTBa JuHHMA. [lapamerpsl s
oTpeNieIeHUsT KoppessiiMoHHON 3aBucumocty (Density)
OXBaThIBAIOT MAKCUMAallbHBI MEpUOJ BPEMEHH, T.K.
KJIFOYEBEIC CIIOBA BXOIMIN B HCCIEAYEMYIO CETh ITO0Ue-
pEenHo, B pa3Hble BPEMEHHBIE TPOMEKYTKH.

Ha puc. 4 BuIHO, 9TO MHTETPaTHBHOE yBEIHMUCHUE
KOJIMUECTBA CBSI3€H B CETH YCIOXHSET CTPYKTYpY B3au-
MOJIEHCTBHS BCIEICTBHE POCTA MAaKCHMAIBHO BO3MOXK-
HOTO KoJln4yecTBa TuHUH. ClenoBaTenbHo, 3aBUCUMOCTH
OyAyT CTpEeMHTBHCS K MUHHMAJIBHBIM 3HaueHHsM. [Ipn
sTOoM ToBezieHue napamerpa MADSTA B rpaduke mno-
3BOJISICT BBISIBUTH, YTO OOBEANHECHNE 4 KITIOUEBBIX CIIOB
HE BJICYET 3a COO0 U3MEHEHUH B TMHAMHKE MTOBEICHHS
nokazaresnst noTHoctu cetu. [Tapamerp MADSTA, xop-
penupyst ¢ KpUBBIMH, TMOATBEPIKAAET NPABUIBHOCTH BbI-
00pa METOAVKH eTATN3aNN HCCIICTOBAHUS IO TOaM.

[lepsoiit mapametrp Degree Centralization (DC)
MIPE/ICTABISICT BApHALMIO CTETEHEH IEeHTPaIbHOCTH
BEpILIUH CETH, ACJICHHOE Ha MaKCHMaJlbHOE 3HAuCHHE
CTETICHH, KOTOPOE BO3MOKHO B CETH TOTO K€ pa3Mepa.

DENSITY
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-=- patterned media
—~—quantum memory
—+DNA digital data storage
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Puc. 4. 3aB1CcMMOCTb NokasaTens nNioTHOCTU CeTu
OT BpeMeHu

Puc. 5a cooOmraer, 4To OCIHUIAIAM ITOKAa3aTelIst
DC 1o dveTslpeM KIIOYEBBIM CIIOBaM HPUBOAAT K 00-
pa30BaHUIO B3aMMHOMU CBsi3u Ha uHTepBaje oT 2004 no
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Puc. 5. 3aBucumocts DC 1 BC ceTn OT BpeMEHU:
(a) 3aBMCUMOCTb CTEMNEHEN LEeHTPasIbHOCTU BEPLUMH
CEeTu OT BpeMeHu; (6) 3aBUCUMOCTb NnokasaTerns
MPOMEXYTOYHOCTU MEXAY BEPLUMHAMN CETU OT BPEMEHU

Betweenness Centralization (BC) — 310 Bapuarus
nokazaresield MPOMEXKYTOUYHOCTH MEXAY BEpIIMHAMHU
CeTH, ICTICHHOE Ha MAaKCHMAJIbHOE 3HAYCHHE ITOKa3are-
JI51 IPOMEXKYTOYHOCTH, BOBMOKHOE B CETH OJIMHAKOBOTO
pasmepa. 1 OTAeNbHOTO y3i1a IPOMEKYTOYHOCT OTO-
OpakaeT ypOBEHb €ro BKJIIOUEHHOCTH B KOMOWHAIIMU
CBSI3CH MEXKIY IPYTUMH Y3JIaMHU.

Ha puc. 50 BUIHO, YTO OCHMJUISIUS TMOKA3aTest
BC xi1r04eBBIX CIIOB B JAaHHOW 3aBHCUMOCTH Ha HHTEP-
Bajie oT 2004 no 2021 r. CHHXpPOHHA, YTO O3HAYaeT O/M-
HaKoBYIO (ha3y MmoBeAeHUs KpuBBIX. [paduuecku Ha 3a-
JTAHHOM WHTepBajie HaOMIOIaeTCsl CHIIbHAS KOPPETAIHS
3KCTpeMyMOB phase-change memory u MADSTA. Dto
OOBSICHACTCSI TEM, YTO TOSBJICHUE TPEHIA, CBA3aHHOTO
C OCIUUBIIMSIMK TOKazarens phase-change memory,

SIBISICTCS] IMITYJIBCOM ISl IPYTHX TEPMUHOB, IIPH KOTO-
POM CEMaHTHYECKHE CBSA3M Ha KPATIAMIIHX ITyTIX MEK-
NIy y3JIaMU TPOSIBIISIIOTCS 00JIee BEIPAKEHHO.

Takum 00pa3oM, HCIIOIB30BAHUE HAMITHPUIECKO-
IO UCCJICIOBaHUS MPEAOCTABISIET BO3MOXKHOCTh HANUTH
Ha dTare pa3BeIOvyHOTO aHAJH3a CKPHITHIC 3aBUCUMOCTH
JUHAMHYCCKUX TapaMeTPOB CETEBBIX B3aUMOJCHCTBUI
OT BPEMCHH, CO3/aBasi OCHOBY IUISi KOJMYECTBCHHOU
OLICHKH KJTACTePHU3ALNHU U NEPKOJIIIHOHHBIX IEPEXOIOB.

AHanmu3 TpauKOB TIOKAa3bIBACT, YTO BBEICHHE
uHTerpupyromero mnapamerpa MADSTA oroOpaxa-
€T B3aMMOJCHCTBHE HCCIICTYEMBIX KITIOYEBBIX CIIOB.
[loaTBepxaEHHEM 3TOMY CIIY>KUT TECHAsh KOPPEISIHS
Ha TpaduKax 3aBHCHMOCTEH IMHAMHYCCKHUX ITapame-
TPOB CETH (CPEIHEH CTEIEHH, TOKA3aTels IPOMEKYTOU-
HOCTH M IIJIOTHOCTH) Ha 3aJlaHHOM uHTepBayie. Oliiee
KOJTMYECTBO CBA3EH BO3pacTaeT, uTo 00bsICHAET 00pa3o-
BaHWe HOBBIX KiactepoB (C4, C5).

SAKJTIOYEHUE

ANTOpUTMHYECKHUM MOJIXOJI, pealn30BaHHbIA B pa-
00Te, MO3BOJSET 00ECIEYNTh MAaKCHMAaIbHYI OOBEK-
TUBHOCTb TIOMCKAa U CKOPOCThb, C KOTOPOH OH TO3BO-
JSeT yDIyOWThCS B 3aJaHHYIO TPEIMETHYIO OOJIACTh
HCCIIEJ0OBaHUM. YPOBEHb JOCTOBEPHOCTH IIOJIy4aeMOU
rH(GOpPMAIIMK TIOBBIIICH 32 CYST (POPMHUPOBAHUS KOM-
OMHUPOBAHHOIO AJTOPUTMA W3BJICUCHHS TEPMUHOB
Ha OCHOBE PACIIMPEHHON SKCHEPTHOU CPeIbl U HAYIHO
JIOCTOBEPHBIX KAYeCTBEHHBIX HCCIen0BaTebekux b1,

Peanmzanms aaropuTMUYecKuX 3ampocoB OUOIHO-
rpaduueckoit BJ] Scopus mo3BomisieTr co3aark paciiu-
PCHHYIO TEPMUHOJIOTHYECKYI0 0a3y, COCTaBISIONIYIO
B quHamuke 20042021 rr. nuana3zon 645-3364 tepMoB
KaTeropuu « TeXHOIOTHY TaMATH ¥ XPaHCHHS JaHHBIX»,
1 00€CIeYnTh BHIBOJ JAHHBIX B (hopMare .CSV sl Jalib-
Helreld 00pabOTKY W aHAIIM3a B CIICIMATU3UPOBAHHBIX
MIPOTPAMMHBIX HHCTPYMEHTAX.

CpaBHUTEIBHBIA aHATN3 KAPTHl BU3YAIH3AIlUH JaH-
HBIX TEPMOB, BBIMOJHEHHBIX B MPOrPaMMHON cpere
VOSviewer, MHTETpUPOBAaHHBIX CyMMapHO B 23 Kia-
cTepa, BbIABWI B obOnactu kiactepa Cl («quantum
memory») akTUBHOE KJIaCTEpOOOpa3oOBaHKE, CBI3aHHOEC
¢ repmoM C5 «post-quantum cryptography», 0O3BOJISIO-
IIee Je1aTh KaueCTBEHHBIC BHIBOABI O JIOKATHHOW AHHA-
MHKE Hay4HOTro Janamadra.

PesynpraTomM SMIupHYIecKoro MCCICAOBAHUS IUHA-
MUKH (HOPMUPOBAHUS B3aUMOJICHCTBUI TEPMOB B CETe-
BOM KaJbKyssiTope Pajek u mocnenyromeii 00paboTku
nony4eHHbIX napameTpoB B makere STATISTICA sBns-
eTCs TOCTPOCHHE BPEMEHHBIX PSIOB MO H3MEHEHHIO
CpeIHel CTeNeH! W OOIIEro Yucia CBsA3ed, TIOTHOCTH
CEeTH, CTETeHEeH NEHTPAIFHOCTH M TMOKa3aTelsl IpoMe-
JKYTOYHOCTH OMOIHOrpaduueckoii CeTH.

J7st mponmomKeHust aHaInu3a CIeAyeT TOTOIHAT I10-
JYYCHHBIA SMIMPUYCCKUNA MaTepuasl JaHHBIMH OOIIHX
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AdunHamuka GopMMpOBaHUA CBA3EN B CETAX,
CTPYKTYPUPOBAHHbIX HA OCHOBE MPOrHOCTUYECKMX TEPMUHOB

C.0O. Kpamapos
v op.

CCTCBBIX MNAPAMETPOB, XaPAKTCPU3YIOLIUX KOJINYCCTBO
1 pasMEpbl KOMIIOHEHTOB B CETHU, PACTIPEACIICHNE PaCCTO-
SIHUH B CE€TU U CTEIEHb pacnpeacicHust CCTEBBIX (bpar-
MCHTOB, BKJIFO4Yas HAJIMYUC THTAHTCKOI'O KOMIIOHCHTA.
q)OpMI/IPOBaHI/Ie ITOJTHOTO KOMILIEKCa 0a30BBIX napa-
MCETPOB HCO6XOZ[I/IMO IpU IOCICAYIOIIEM MaTEMAaTUICCKOM
W BBIYUCIHUTCIIBHOM MOACINPOBAHHUA I/IH(i)OpMa]_II/IOHHLIX
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BiusiHue MOrPelIHOCTel CUCTEMbI CHHXPOHU3 ALK
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Pesiome

Llenun. AKTyanbHOM 3aaa4er COBPEMEHHbIX CUCTEM PAAMOCBA3M U TENEBUAEHNSA ABNSETCS NOBbILLEHWE Ka4eCTBa 1 KO-
nunyectBa nepenasaemomn nHpopmaumu. NprumMmeHeHrne MHOronoO3MLIMOHHbLIX CUrHANOB C aMMINTYAHO-(a30BON MaHU-
nynaupein (AOM) 16-ADM 1 32-ADM B cuctemax UMGPOBOro CryTHMKOBOIO TeneBnaeHus ctangapta DVB-S2 obe-
Cneyunno BO3MOXHOCTb nepenayun Ha 30% 60sbLUe AaHHbIX B TEX XE M0JI0CaX YacTOT NO CPABHEHMIO C NpeablayLLInM
ctaHgapTom DVB-S. Takoe yBenmyeHne cKopocTu nepeaayn nHdopmaumv onpenenmno 6onee xecrtkme TpedoBaHms
K annapaTtHoMy o6ecrnedyeHunio aTux cuctem. Jns npuema curHanos AOM, kak 1 A5t MHOMMX APYrMX CUCTEM, UCMOJIb-
3YIOLLNX KOFEPEHTHYIO 00pabOoTKy CUrHANOB, BaXKHYIO POJib UrPaeT CTabuIbHOCTb PabOoTbl CUCTEM CUHXPOHU3ALNN.
Hanunyme norpelHocTelr B x paboTe MOXET 3Ha4YUTENIbHO CHU3UTb Ka4eCTBO npuemMa nHdopmaumn. Liens paboTsl —
aHanm3 BAUSHUA NOrpeLlHOCTeN (pa3oBOM N TaKTOBOM CUHXPOHU3ALMN Ha NMOMEXOYCTOMYMBOCTL NPpUEMA CUrHaIOB
C aMnAnTyaHO-da30BOM MaHUNYNISALMEN C KONbLLEBOW CTPYKTYPOM CUrHA/IbHOrO CO3BE3MS.

MeToabl. /Icnonb30BaHbl METOAbI CTATUCTUYECKOM PAANOTEXHUKN 1 TEOPUM ONTUMASIbHOMO Npuema CUrHasoB.
PesynbTaTtbl. [1poBeAeH aHaNn3 BAUSHUA NOrpeLlHocTen Ga3oBOM 1 TaKTOBOW CUHXPOHM3ALMM HA MOMEXOYCTON-
YMBOCTb NPMEMA CUrHANOB C aMNANUTYAHO-(Ga30BOM MaHUMYNALUMEN C KOSbLLEBOW CTPYKTYPOI CUrHANIbHOIO CO3BE3-
ovs. NMonyyeHbl 3aBUCUMOCTN BEPOATHOCTM OUTOBOI OLLMOKN OT BENMYMHBI HA30BOr0 CABUIra M CMELLLEHWSI TAKTOBbIX
MOMeHTOB. MpoBefeHO CpaBHEHNE BAUSHUA NOrPELLUHOCTEN CUHXPOHU3ALMN HA Ka4eCTBO Npuema C M3BECTHbIMU
pesynbTatamMmn 4jig CUrHanoB C KBaapaTypHoOn amnnnTtyaHom moaynsaumen (KAM).

BbiBOAbI. YCTAHOBMIEHO, YTO NPW OOMYCTUMbIX SHEPreTUYEeCKMX NoTepsx He 6onee 1 ob kpuTnyeckom GasoBoi No-
rPELLUHOCTLIO MOXHO CHMTATb BENMYMHY 2—3 rpaayca, a KpUTnieckas TakToBas MNorpeLlHocTb coctaBngeT 3—4%. Ko-
repeHTHbI NpueMHKK curHanos AOM Gonee YyBCTBUTENEH K HDAa30BOM NMOrPEeLLIHOCTY OMOPHbIX KonieGaHuin, 4em aHa-
JIOMMYHBIN NPUEMHUK curHanos KAM, a TakTOBble NOrpeLHOCTN OAMHAKOBO CKa3bliBalOTCA HA Ka4eCTBE Npuema aTmx
CUrHasos.

Kniouesble cnosa: amnantygHo-@gasoBas MaHUNyNAuus, CUHXPOHMU3aumd, ¢dasosas NorpeLwHoCcTb, TakToBas rno-
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Mpo3payHocTb GpUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-
HbIX MaTepuanax uin meToaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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Abstract

Objectives. An urgenttaskin the context of modern radio and television systems is to improve the quality and quantity
of transmitted information. For example, the use of multiple amplitude-phase shift keyed (APSK) signals—16-APSK
and 32-APSK—in digital satellite television systems of the Digital Video Broadcasting—Satellite2 (DVB-S2) standard
made it possible to transmit 30% more data in the same frequency bands in comparison with the previous DVB-S
standard. Such increases in information transmission rates impose more stringent requirements on hardware.
An important role in the reception of APSK signals, as well as the signals of other coherent signal processing
systems, is played by the stability of synchronization systems. The presence of operational errors can significantly
reduce the quality of information reception. The aim of the present work was to analyze the effect of phase and clock
synchronization errors on the reception noise immunity of APSK signals with a ring signal constellation structure.
Methods. The study used statistical radio engineering methods informed by optimal signal reception theory.
Results. The effect of phase and clock synchronization errors on the reception noise immunity of APSK signals having
a signal constellation ring structure is analyzed. The dependencies of the bit error probability on the magnitude of the
phase shift and the clock offset were characterized. The effect of synchronization errors on reception quality were
compared with the known results for quadrature amplitude modulation (QAM) signals.

Conclusions. At an acceptable energy loss of no more than 1 dB, the critical phase error can be considered
as 2°-3°, while the critical clock error is 3—-4%. A coherent receiver of APSK signals is more sensitive to the phase
error of reference oscillations than a similar receiver of QAM signals, whereas clock errors have the same effect
on the reception quality of these signals.

Keywords: amplitude-phase shift keying, synchronization, phase error, clock error, noise immunity

Russian Technological Journal. 2023;11(3):30-37
31


mailto:kulikov@mirea.ru
https://doi.org/10.32362/2500-316X-2023-11-3-30-37

Effect of synchronization system errors on the reception noise

immunity of amplitude-phase shift keyed signals

Gennady V. Kulikov,
Xuan Khang Dang, Alexey G. Kulikov

e Submitted: 23.11.2022 ¢ Revised: 14.12.2022 ¢ Accepted: 03.03.2023

For citation: Kulikov G.V., Dang X.Kh., Kulikov A.G. Effect of synchronization system errors on the reception noise
immunity of amplitude-phase shift keyed signals. Russ. Technol. J. 2023;11(3):30-37. https://doi.org/10.32362/2500-

316X-2023-11-3-30-37

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

BBEOAEHUE

[loBbllIeHNe KauecTBa W KOJIMYECTBAa IepeaaBae-
MOM mH(MOpMAIUN SBISICTCS AKTYaIbHOW 3aladei Juist
COBPEMEHHBIX CHCTEM paJUOCBA3M M TEJIEBHICHHUA.
Tak, TpUMEHEHNUE MHOTOTIO3UITUOHHBIX CUTHAJIOB C aM-
WIUTYAHO-(pa3oBoi Manumysinueir (AOM) 16-AOM
u 32-A®M B cuctemax HOBOTO IMOKOJCHHS CTaHAAapTa
CIyTHMKOBOTO TesieBuaeHus: DVB-S2 no3Bonuio nepe-
nasath Ha 30% OobIIe JAHHBIX B TEX JKE MIOJI0CAX YaCTOT
110 CPaBHEHMIO ¢ TIpebIAy UM cTanaaptrom DVB-S! [1].
Takoe yBemuueHHE CKOPOCTH Mepeaadr HH(opMarm
orpenenuio 0ojee )KecTkue TpeOOBaHMS K arnapaTHO-
My 00eCIIeUueHHIO 3TUX CUcTeM. [ mpreMa CHrHaioB
A®M, Kak U A MHOTUX JPYTHUX CHCTEM, UCIOJb3YIO-
IIUX KOTEPEHTHYI0 00pab0TKy CHTHAIIOB, BaXKHYIO POIIb
Urpaer cTadMJIBHOCTh pabOThl CUCTEM CHUHXPOHMU3ALIUU.
Hanwnuue nmorpermmocteii B X padoTe MOXKET 3HAIUTEIhb-
HO CHHU3UTH Ka4eCTBO Mpuema nHpopmanuun. B [2-12]
MIPOAHATM3UPOBAHO BIMSIHAE TIOTPEITHOCTEH CHHXPOHU-
3alMU Ha NTOMEXOYCTOHYMBOCTh IpHUeMa MHOTOIO3HLH-
OHHBIX CHTHAJIOB C KBAaJPAaTHOH (OPMOM CHUTHAIBHOTO
co3Be3nus (curaansl KAM). B nanHoii ctarbe ipoBe/ieH
aHAJIM3 BIMSHUS TOTPEINHOCTEH (ha30BOW M TaKTOBOW
CHUHXPOHM3ALUU Ha TIOMEXOYCTOMYMBOCTh IPUEMA CHUT-
HAJIOB C aMIUTATYTHO-(a30BO MaHUIYIISAIIUEH C KOJIbLIe-
BOH CTPYKTYpOIi CUTHAJILHOTO CO3BE3AMS.

METOAOUKA PACHETA

Mounens curnaina AOM Ha JIUTEILHOCTH TaKTOBO-
ro uatepsana T, ( 3a/1a]IUM CIIE/TYFOLIUM obpazom:

S;(1)= Acprl. cos(wyt +¢;), 1€ (0, T.],i=0, M -1, (1)

e A4 op ~ CPEIHSS AMILTUTY/IA CHTHATIA; (0 — HECYIIIAst 4acTo-
Ta; 7; M (, — BENIMMMHBI, ONPE/IENISIONIME aMILTUTYIy U (hasy
CUTHAJIBbHOM MOCBUTKH; M — MO3UIIMOHHOCTh CUTHAA.
PaboTty MHOTOKAaHAIEHOTO KOTEPEHTHOTO MIPUEMHHKA
A®DM-curnanos (puc. 1) [13, 14] paccmoTpum npu Ha-
JIMYUH OEJI0TO TayCCOBCKOTO mIyMa 71(f) ¢ mapaMeTpaMu:

NO
<n(t)>=0;<n(t)n(ty)>= 7602 -1),

I DVB. https://www.dvb.org/standards/dvb-s2x. Jlata o6pa-
menns 20.12.2022. / Accessed December 20, 2022.

r11e N, — OTHOCTOPOHHSIs CIEKTPaIbHas IJIOTHOCTH MOIIHO-
CTH 1IyMa; O — NENBTa-PyHKIKS, £, £, — MOMEHTBI BDEMEHH.

Koppensitopsl MpueMHHKa BBIYUCIISIFOT MHTErPAJIbl
CBEPTKH

2 T . N2 1
J, = o jos xX(1)sy,, (D)dt, i =0,M —1 2)

IPUHUMAEMOTO nponecca x() = s,(f) + n(f) ¢ onopHbIMH
curHanamu s (¢). CpaBHEHHE TONYYECHHBIX 3HAYCHUM
J; ¥ X KOMOMHALMH € TOPOTaMH, 3aJI0KEHHBIMH B Pella-
fo1eM ycTpoiicTe (O0ke BEIOOpA MakCHMyMa), TI03BO-
JISIET ONIPEJENIUTh NIEpelaBacMblil KaHaIbHbIH CUMBOIL.
BeposTHOCTh 011IMOOYHOTO IIpHemMa J1to00ro m-ro
KaHaJbHOTO CHMBOJIa HAXOJUTCS MpPH YCIOBHU

Jp > +9,, 1 izm; i,m=0,M -1, aumenno:

M-1
Pesmzl_Hp(Jm_Ji>8mi)|m’ (3)

i=0

mi

e p(J,, —J;>6,,)|,, — BEPOATHOCTH TOTO, YTO BBIXOIHOE
3HAYEHHE M-TO KOPPEISITOpa OOJIbIIe BRIXOAHOTO 3HAYe-
HUs JTI000T0 JPYroro i-ro KOppessitopa Mpu yCIOBUH,

E -E
o _ Sm Si _
4TO0 IepedaBaics m-ii cumBonm; O, = —"———=
NO
E E, log, M

sc g

=—L(2-r)= —b =2 (r2 —r?) — nopor mpuHs-
NO NO

TUst pemenus. 30ech E, — CpelHss dHEprus CUrHaa,
npuxojsmiascs Ha 1 OuT HMHpOpMaIMH; Esm , Esi -
SHEPIUM m-U U i-i CUTHAJIBHBIX IIOCBUIOK; EScp — cpexn-
Hee 3HAUCHUE SHEPIUU CUTHAJIBHBIX TOCBLIOK.
Beposthoctu p(J,, —J; > §,, )|, MOXKHO paccuuTars,
OIIPEENUB CTATUCTUYECKUE XAPAKTEPUCTUKH pacpesie-
JIEHMH CITy4alHbIX IPOLECCOB J; U MX JIMHEHHBIX KOMOH-

HaLII/Iﬁ — MAaT€MaTH4YCCKHEC OXXKHAAaHHA mml. 1 JUCIICPpCUr
D, [15]:

m_ .

I —1.>8) =1-0| =i |

Uy, =1;>8))|,, 2o
0= [ 0

s
X

e O(x) — 310 O-QyHKITHS.
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TS
j X(8)S g4 (D)t
0

t=T,
SonM—1(t) :
TS
. [ x5 (D)t il KaHanbHbiii
° il Bnok Beibopa cvmeon
(t ’
X(t) Soru( ) T—« MakcnmMmyma
—
TS
e | x5y (t)cit >
0 t= Ts
[ SE—
TS
f X(8)S,mo(t)dlt > o
0 t=T,
Soni( f) Sonm-1 (1) L"

Bnok dopmmpoBaHns
OMOpPHbIX kKonebaHwui

A

Bnok TakToBOW
CUHXPOHM3aLMK

?

Puc. 1. CTpyKTypHas cxemMa MHOroKaHaslbHOro KorepeHTHoro npuemHuka AQOM-curHanos

[ HaXOKICHUS BEPOATHOCTH OWUTOBOW OIIMOKU
MIPU UCTIOJI30BAaHUM KOAMPOBaHUS [pest MOKHO BOC-
TIOJIb30BaThCs COOTHOIIeHHEM [ 13]:

P

s

P, =—=—
b log, M

¢ (%)
Hammuwe morpemHocteld B pOpMUPOBAHUH OIOP-
HBIX CUTHAJIOB S _(f) BBI3BIBAET IIOTPEIIHOCTH B BHIYHMC-
JICHHH KOPPEISIIUOHHBIX WHTETPaNioB (2) M, KaK ciel-
CTBUE, YBEeIIMUeHHE BeposiTHOCTEH ommnOok (3) u (5).

BJINSIHUE ®A30OBOMN NOrPELLHOCTU
BJIOKA ®OPMUPOBAHU4A
OMNOPHbIX KOJIEBAHUW

dazoBass MOTPEIIHOCTh OJ0Ka  (OPMUPOBAHUS
ONOPHBIX KOJIEOaHuii s (f) BbI3BaHA JIOTIONHUTEIBLHBIM
(ha30BBIM CABHTOM ¢, HapHMeEp, 32 CUET HEHUICATIHHO-
CTH XapaKTEePUCTUK CUCTEMbI aBTONOACTPOHKU:

Soni (D)= Acp’”i cos(wyt +@; + ), i=0,M 1.

[Ipumep BAMSHHUA Takoro ciaBura Ha (opmy cur-
HaJBLHOTO CO3Be3aus [JIsg curHaja 16-ADPM mokaszaH
Ha puc. 2.

B sToM cnydae maremarMuecKHe OXHMIAHMA M,
v jucnepcuu D, ., BXo#sAmue B (4), UIMEIOT BUIL

__E%cp

mml

2 2 2
(2r; cos o —2r, 1, cos(@,, —¢; =) —r; +717),
0

2F
=—L (2 412 =21 r.cos(, — ;).
No

D

1010 1000

0010 0000

1110 1100

0110 g~/ 0100

0101

0111

1111 1101

0011 0001

1011 1001

M= 16(4.12)

Puc. 2. VIameHeHune curHanbHoro cossesansa 16-AOM
npw Hann4um $as3oBoro casura ¢

Pacder BeposTHOCTH OHUTOBOW OIIMOKH 1O (HOpMY-
nam (3)—(5) nynst curHanoB 16-A®M u 32-ADOM naer
CIeyIONINe pe3yabTarkl (puc. 3, 4).
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e,
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Peb

1074}

10°5¢

—¢=0
-——¢=n/180

106

1077 : : : : :
4 6 8 10 12 14 16 18
E,/N,

(6)

Puc. 3. 3aBMCMMOCTb BEPOATHOCTM OUTOBOM OLLMOKMK
OT OTHOLUEHUS CUrHan/wym npu ¢asosom casure ¢
OrnopHbIX konebaHwuii: (a) 16-ADM; (6) 32-ADM

,8 L A A L L A A L L i
0 /180 n/90 w60 /45 /36 /30 Tw/1802u45 ©20 /18

Puc. 4. 3aBMCUMOCTb BEPOSITHOCTM BUTOBOI OLLIMOKM
OT $a30BOro caBura onopHbIx konebaHui
¢ (E,/Ny=13 0b)

Bugno, yro mpm Hammumm HeOoIBIIOTO (a3oBo-
ro casura ¢ < /90 (2 rpagyca) BEpOSTHOCTh OHTOBOM
OIMMOKH CHIDKACTCS HE3HAYWTENFHO, HO MO0 MEpe €ro
YBEIMUYECHUSI IOMEXOYCTOMYUMBOCTh 3aMETHO  yXYI-
WaeTcs, U npu ¢ > /45 = 4° penmuuuna P, MOXET

YBEJIIMYUTHCSA Ha MOPSIOK. PacdyeThl Moka3bIBaloT, 4TO
s Py = 10% mpu ¢ = /36 = 5° 9TO IKBHBAIEHTHO
JHEPTEeTUYECKUM TOTepsiM oKojo 2.5 nb, ecnu M = 16,
u 3.0 nb, ecu M = 32.

CpaBHeHHE TOJYYECHHBIX PE3YJbTaTOB C PE3yib-
TataMu, TOJy4YeHHBIMH B [5, 9] ana curnanoB KAM,
MOKa3bIBa€T, 4YTO MPH OAMHAKOBOH TO3ULMOHHOCTH
KOTEPEHTHBIN TIPHUEM CUTHAJIOB C KBaJpaTHOW (hopmoii
CUTHAJIBHOTO CO3BE3/IMsI HECKOJBbKO OoJiee yCTOHYMB
K (ha30BBIM MOTPEITHOCTSAM OTIOPHBIX KOJICOAHUH, YeM
JUIS CUTHAJIOB C KoublieBoil (hopmoii. Tak, Hampumep,
npu ¢ = /60 =3°u Py = 104 sHepreTHYECKHE TTOTEPH
cocrapisiioT 1.0 1b m 1.2 1B, cooTBETCTBEHHO.

BJINAHUE CMELLEHUA TAKTOBbIX MOMEHTOB
B BJIOKE TAKTOBO CUHXPOHU3ALUMN

[TorpemHOCTH B paboTe 6JI0Ka TAKTOBOKH CHHXPOHH-
3alUH MOTYT IPHBOIUTH K CIBUTY HA HEKOTOPOE 3HAUE-
HUE & BO BPEMEHH TAKTOBBIX MMITYJIbCOB, OMPEIEIISIO-
WX TIPEIeIbl MHTErpUpOBaHus B (2).

B sTOM ciiyuyae BBIYMCIICHHE HHTETPATIOB CBEPTKU

I+8
J; = i j x(1)r; cos(wyt + ¢, )dt
N, :

OCYIIECTBIISIETCA CO CIENYIOIUMU ITapaMeTpaMu IMpH-
HUMAaeMbIX U OMOPHBIX CUTHAJIOB:

Acpri cos(wyt +¢;), 1€ (E,T),
s(t) =

Acprj cos(wy? + 9, ), te[T,, T, + &),

Somi (D) = Acpri cos(oy +¢;),1 € (&, T, +¢),

IJIe UHACKC j OTHOCUTCS K COCEIHEMY KaHAJIbHOMY CHUM-
BOJLY.
B orom cnyuae maremaruveckue OKUIAHUS M,

W JUCTIEPCUA Dml., BXOJAIIHE B (4), MPUMYT BHI:

E
_Tsop g
M = NO T 1= (l’m—l"iCOS((pm—(pl.))+
s
2F
sep &
+——r,—=(r, cos(¢;, —¢,)—
Ny T, O O
E
_”}'COS((P]'_(Pi))_%(VIi—Ifiz),
0
2F
0

3aBUCHMOCTH BEPOSITHOCTH OMTOBOW OIIMOKH MPH
Pa3IUYHBIX 3HAUYCHHUSX TAKTOBOTO CMEIICHUSI IOKA3aHbI
Ha puc. 5 u 6.
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(6)

Puc. 5. 3aBUcMMOCTb BEPOSITHOCTM GUTOBO OLLNOKM
OT OTHOLUEHMWS CUTHAI/LLIYM NPU CMELLLEHMM TaKTOBbIX
MOMeHTOB &/T: (a) 16-ADM; (6) 32-APM

Bunno, yto Gosibliasi MOrpemIHOCTb CUCTEMBI TaK-
TOBOM CHHXPOHHU3ALIMM 3aMETHO CHM)KAeT ITOMEXO-
YCTOWYUBOCTh mnpuema curHajgoB ADM. Tak, mis
Py = 104 ysxe npu &/T . = 0.05 (umm 5%) oxBUBaNEHT-
HBIE SHEPreTUYECKUE MOTEPU COCTABIISIIOT OKoJIo 1.5 b,
ectu M =16, u 2.0 nb, ecnu M = 32.

AHaJOrMYHbIN aHaJIU3 JUIsl CUTHAJIOB C KBajaparyp-
HOM aMILTUTYTHOM MOy ISIIIUEH, BHIIIOJTHEHHBIHN B [5, 9],
MoKa3aJl, 4YTO TAKTOBbIE MOTPELIHOCTH OJAMHAKOBO CKa-
3BIBAIOTCS HAa KauecTBe Ipuema cursanoB KAM u AOM.
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Puc. 6. 3aBNCMMOCTY BEPOSTHOCTY OUTOBO OLLIMOKMN
OT CMELLEeHNs TaKTOBbIX MOMEHTOB §/T (E, /N, =13 Ab)

SAKJTIOMEHUE

Ha ocHoBe mosyueHHBIX pe3yJabTaToOB MOMKHO Clie-
JIaTh CIACAYIOMINE BHIBOBL.

1. Hanuuue (a3oBoro ciasura OMOPHBIX KOJCOAHHMA
IpU KOTEPEHTHOM mpueme curragos AOM mo-
JKET MPUBECTU K 3aMETHOMY YXYIIIEHUIO TOMEXO-
yCTOWYMBOCTH. [Ipy TOMYCTUMBIX SHEPTETUYECKUX
norepsx He 6onee 1 1b kpuTHUecKoit (pa3zoBoi Mo-
TPEHIHOCTHI0 MOXKHO CUHTATh BEIMUYUHY 2-3 Trpa-
nyca.

2. Hanmuue morpemrHocTd B pabore O10ka TaKTOBOI
CHUHXPOHHU3ALUK IPU KOTEPEHTHOM IpHUEME CUTHa-
0B ADM Takke MOXKET 3aMETHO CHU3UTh ITOMEXO-
ycTOMUuBOCTh. [IpyU TOMyCTUMBIX 3HEPreTUYECKUX
notepsix He Ooznee 1 1b KpUTHUECKOIT TAKTOBOM IMO-
TPELIHOCTHI0 MOKHO CUMTATh BeIUUuHy 3—4%.

3. KorepentHslit mpuemHuk curtaioB ADM Oomnee
YyBCTBHUTENICH K ()a30BOM MOTPEITHOCTH OMOPHBIX
KONeOaHui, ueM aHaTOTUYHBIN MPUEMHUK CUTHAJIOB
KAM, a TakTOBBIE MOTPENTHOCTH OJJUHAKOBO CKa3bI-
BAIOTCS HAa KQUECTBE MPHEMA STUX CUTHAJIOB.

Bxnap aBTOopoB. BCce aBTOpbl B pPaBHOM CTeneHu
BHEC/IN CBOI BKNa, B UCCnenoBaTenbekyo paboTy.
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Pesiome

Uenu. Ycnexu nasepHon Guankm nocnegHero ecatunetmns npuBean K Co3gaHnio NCTOYHUKOB OOHOMNEPUOOHbIX
3/IEKTPOMArHUTHBLIX MMMNY/IbCOB OJIUTENbHOCTBIO Nopsaaka 1 nNc, 4TO COOTBETCTBYET Teparepuosomy (TMy) anana-
30HY 4aCTOT, C aMMAUTYA0N NONSA B HECKOLKO AecAaTkoB MB/cM. 3T0 N0O3BOAMNO NPUNOXNTL SIEKTPUYECKOE Nose
K CEMHETO3NEKTPUKY 6E3 3NEKTPOLAOB U HAbNAATb HE TONBKO BO30OYXAEHME KOrePEHTHbIX (POHOHOB, HO U CBEPX-
ObICTpOE, B CyONMKOCEKYHAHOM MacLuTabe BpeEMEHU, ANHAMNYECKOE NepPEKoYeHne nonspusaumm. Ans obHapy-
XXEHNA NepeksIioYeHna Nonapmsanmm UCrnosib3yeTca MeTo Hakayku-30HOMPOBaHWSA, rAe B KA4eCTBE Hakayku ucC-
nosbdyetcd TIu-MMNynbC, a 30HA ABNSETCA ONTUY4eCKUM. Mepon nepekoyeHns nonapusaumn nog 4encresmem
Tlry-nmnynbca CNyXmuT CUrHan BTOPOM ONTUYECKOW rapMOHUKN, NMOCKOJIbKY €€ MHTEHCUMBHOCTb MNPOrnopLmMoHaibHa
kBagpaTy nonspusaumn. ns oueHkn 9ddOEKTUBHOCTM NEPEKITIOYEHNS TPEDYIOTCS Kak NMHEeNHble (nokasaTtesb npe-
JIOMAEHUS N KO3PDULIMEHT MOrNOLEHNS), Tak N HEIMHENHbIE ONTUYECKNE XapakTepucTukm (KBagpaTuiHas u kyouy-
Hasi BOCNPUUMYNBOCTHN). SHAHME JINHEHbIX ONTUYECKNX XapaKTeEPUCTUK HEOOXOAMMO TakXe A5 II0ObIX NPYMeEHe-
HUI paccMaTpmBaemMblx kpuctannos B Tl u-ananasoHe.

MeTopabl. Vicnonb3oBaHa metoauka Tl L-CneKkTpocKonuy BO BPEMEHHOM o6nacTu, B KOTOPOI Ha BELLeCTBO Ha-
npasnseTcsa NMKOCeKYyHOHbIM T u-nmnynbc, a pernctpupyetcsa Tl u-nmMmnynsc, npoweallmnin Yyepes BeLecTBo, NyTem
CTpobupoBaHus geTekTopa GeMToCeKyHAHbIM ONTUYECKUM UMMNYNbCOM. NccnenoBaHue TIu-nHAYLUMPOBAHHOM An-
HaMWKM napamMeTpa nopsaaka B CErHETO3IEKTPMKE NPOBOANIOCH NYTEM AETEKTUPOBAHNA UHTEHCUBHOCTU HEJNIMHEN -
HO-OMTMYECKOr0 CUrHana Ha 4acTtoTe BTOPOWM ONTUYECKOMN rapMOHUKU.

PesynbTaTbl. Ha KpncTanne repmaHara CBMHUA, JIEMMPOBAHHOIO KPEMHMEM, N3MeEPEHbI NpornyckaHue T u-BOSHbI U
WHTEHCMBHOCTb reHepaL/v BTOPOI rapMOHKKM BO BDEMEHHOW 1 CNEKTPanbHOM 061acTsX, Ha OCHOBaHWM YEro Ppaccym-
TaHbl Ancnepcus KoappuumeHTa NornoLeHns 1 KyOUYHON HEeNMMHEMHOM BOCMPUMMYMBOCTM B Avana3oHe 0.5-2.0 Tu.
OO6HapyxeHo Hanmyme 06n1acT hyHAAMEHTaSIbHOIO NOrNIoLWEHNS B6M3K GOHOHHBIX MOZ,, a Takke Pe30HaHCHOE yCu-
neHne KyOMHHON HENMHENHOM BOCMPUUMHNBOCTU AN ABYX POHOHHbIX MOA Q, = 1.3 TMumn Q,=2.0Tlu,.

BbiBoabl. [pennoxeHHaa metoamnka addekTnBHa 419 aHanmM3a AUCNePCUn ONTUYECKUX XapakTEPUCTUK CEMHETO-
anekTpuyeckmx kpmuctannos. CyLLEeCTBEHHO YNy4LLEHO CMEKTPanbHOE pa3peLleHne, COCTaBnsioLee B AaHHOM pa-
60te 0.1 T, a TakXKe TOYHOCTb ONPEAENEHNS HENMHENHO BOCNPUUMYMBOCTM 32 CHET AETaNIbHOI0 aHan13a JnHein-
HOro M HEJIMHENHOI O BK1a40B B MHTEHCUBHOCTbL BTOPOW FAPMOHUKN.

KnioueBble cnoBa: TeparepLoBO€e N3y4eHne, CErHETOINEKTPUKN, CMEKTPOCKONUS, reHepaLms BTOPOor onTuye-

CKOW rapMOHUKMN
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Mpo3payHocTb GpUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-
HbIX MaTepuanax uin meToaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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Abstract

Objectives. Advances in laser physics over the last decade have led to the creation of sources of single-period
electromagnetic pulses having a duration of about 1 ps, corresponding to the terahertz (THz) frequency range
and a field amplitude of several tens of MV/cm. This allows the electrode-free application of an electric field to a
ferroelectric for observing not only the excitation of coherent phonons, but also ultrafast (at the sub-picosecond
timescale) dynamic polarization switching. To detect polarization switching, a pump-probe technique is used
in which a THz pulse is used with an optical probe. Since its intensity is proportional to the square of the polarization,
the signal of the optical second harmonic is used to measure polarization switching under the action of a THz pulse.
To evaluate switching efficiency, both linear (refractive index and absorption coefficient) and non-linear optical
characteristics (quadratic and cubic susceptibilities) are required. For any application of ferroelectric crystals in the
THz range, knowledge of the relevant linear optical characteristics is also necessary.

Methods. The technique of THz spectroscopy in the time domain was used; here, a picosecond THz pulse transmitted
through the crystal is recorded by strobing the detector with a femtosecond optical pulse. The THz-induced dynamics
of the order parameter in a ferroelectric was studied by detecting the intensity of a nonlinear optical signal at the
frequency of the second optical harmonic.

Results. The transmission of a THz wave and the intensity of second harmonic generation on a lead germanate
crystal doped with silicon in the time and spectral domains were measured. On this basis, the absorption coefficient
dispersion and cubic nonlinear susceptibility were calculated in the range of 0.5-2.0 THz. The presence of a region
of fundamental absorption near the phonon modes was confirmed along with a resonant enhancement of the cubic
nonlinear susceptibility for two phonon modes Q, = 1.3 THzand Q, = 2.0 THz.

Conclusions. The proposed technique is effective for analyzing the dispersion of the optical characteristics of ferroelectric
crystals. The significantly improved spectral resolution (0.1 THz) increases the accuracy of determining nonlinear
susceptibility due to the detailed analysis of the linear and nonlinear contributions to the second harmonic intensity.

Keywords: terahertz radiation, ferroelectrics, spectroscopy, optical second harmonic generation

Russian Technological Journal. 2023;11(3):38-45
39


mailto:brekhov_ka@mail.ru
https://doi.org/10.32362/2500-316X-2023-11-3-38-45
https://doi.org/10.32362/2500-316X-2023-11-3-38-45

Dispersion of optical constants of Si:PbGeO crystal
in the terahertz range

Vladislav R. Bilyk,
etal.

e Submitted: 12.12.2022 ¢ Revised: 14.01.2023 ¢ Accepted: 24.02.2023

For citation: Bilyk V.R., Brekhov K.A., Agranat M.B., Mishina E.D. Dispersion of optical constants of Si:PbGeO crystal
in the terahertz range. Russ. Technol. J. 2023;11(3):38-45. https://doi.org/10.32362/2500-316X-2023-11-3-38-45

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

BBEAEHUE

Kpucranner repmanara ceunna (PbsGe;0,;, PGO)
SIBIISIFOTCST OTHOOCHBIMH CETHETOAICKTPUKAMHU C TeMIIe-
parypoii Kiopu 7 =450 K [1]. D1u kpucramisl 1 Kpem-
HUlcoeprKalire TBepible pacTBOPhI HA UX OCHOBE 00-
JANAl0T OCOOCHHOCTSMHU CIIOHTAHHOTO IEPEKITFOYCHIS
HONSAPU3ALUH, TTHPOITICKTPHUCCKOTO U (POTOPEPPAKTHB-
HOTO 3((EKTOB, KOTOPbIE MOTYT OBITH HCIOJB30BAHBI
Ul pa3iIM4YHBIX IpUMEHEHUH. I3MeHeHneM KoHLeHTpa-
WA KPEMHHS B TBEPIOM PAacTBOPE MOXKHO YIIPABIATH
Toukoit Kropu, mepeBosisi 0CHOBHBIE 0COOCHHOCTH B 00-
JacTh TEMIEPATyphl B Ipeaenax OT KOMHATHOU 10 T,
YTO CYIIECTBEHHO YBEIMYUBACT OOJIACTH MPUMEHCHHS
9TUX KPUCTAILIOB, B T.Y. B KaU€CTBE AJIEMEHTOB MHUPO-
MIPUEMHHUKOB, CETHETORICKTPUYCCKUX 3aTIOMUHAFOIIUX
ycrpoiictB. K HacTosilieMy BpeMeHU UMeeTcs: 00JbIloe
KOJIMYECTBO paboT, MOCBSIIEHHBIX CTPOCHHUIO ITHX MaTe-
pHAJIOB, UX JAUAIIEKTPUYECKUM, TbE30- U MUPOIIIEKTPH-
YECKUM, MEXaHHMYECKHM M JPYTHM CBOWMCTBAM, UCCIIe-
JIOBAaHHBIM, B OCHOBHOM, B 00JIACTH HU3KHX 4acTOT [2].

O6nactp yactor 1-10 TT' mpepcraisier OOMBIION
HWHTEepeC AJI UCCIENOBAHUN CErHETOIEKTPHKOB, I0-
CKOJIBKY MMEHHO Ha 3Ty 00J1acTh MPUXOASTCS (OHOH-
HBIE MOJIBI, B T.4. MsiTKast Moza. /1o mocieaHero BpeMeHu
JUISL UCCIIEIOBAaHMS HEKOTEPEHTHBIX IIPOIIECCOB B ATOH
00JIaCTH MPUMEHAJIACh METOAMKA CHIEKTPOCKOIUU KOM-
OMHAIIMOHHOTO paccesHus [3, 4].

VYenexu nazepHoW (DU3UKU TIOCIEAHETO JeCsTHIIe-
THSI IPUBENN K CO3JAHHIO MCTOYHHKOB OHOTIEPHUOIHBIX
ANIEKTPOMArHUTHBIX UMITYJIbCOB JUTUTEILHOCTBIO MOPSII-
ka 1 1c, uto cooTBeTcTBYeT TeparepuoBomy (TIm) aua-
Ma30Hy YacTOT, C aMIUIMTYAOH MOJIA B HECKOJIBKO AECAT-
k0B MB/cM. DTO TI03BOJTUIIO MPHIIOKUTH AJICKTPHUYESCKOE
TI0JIe K CETHETOIEKTPUKY O3 2IIEKTPOJOB U HAOIIOAATh
HE TOJBHKO BO30YXJICHHE KOTEPEHTHBIX (JOHOHOB, HO H
CBepXObICTpOE, B CyONMMKOCEKYHTHOM MaciuTade Bpeme-
HH, TUHAMHYECKOEC MEPEKIIIoYeHHEe TMospu3anmu. s
0OHapy>KeHHS MEePEKITIOUSHHUS MOISIPU3AINN UCTIONB3YeT-
CsI METO/I HAKAUKH-30H/INPOBAHNS, T7IC B Ka4eCTBE HaKad-
ku ucnonesyercss TI'-ummynsc, a 30HA sSBIsETCS THOO
OIITHYECKUM, JINOO PEHTTCHOBCKUM. TeopHs TeHepain
KorepeHTHbIX KoneOanuii B TI'-cekTpockonuy Hakau-
KH-30H/IMPOBAHUS M3II0KeHa B [5].

Onrtuveckoe JETEKTUPOBAHHWE TMO3BOJISIET pa3Jiu-
Yyarh JIMHEHHBIA M HEIMHEHWHBIH PEXUMBI KOJICOAHUI
Mozl [6, 7] u mepekitoueHue Mosipu3aluy, JuHaAMHYe-
CKO€ M TIEpMaHEHTHOE, €CIIN MTOCIICAHEE UMEET MecTo [8].

Mepoil nepexItoueHns MONSAPU3ALUNA IO JAEHCTBUEM
TI'n-ummynbca CIy>KUT CHUTHAl BTOPOH ONTHYECKOM
rapmonukn (BI'), TOCKONBKY e€e MHTEHCHBHOCTH IPO-
MOpIMOHAJIbHA KBajpary mnojspusanuu. s oueHku
3¢ PEKTUBHOCTH TEPEKITFOUCHUST TPEOYIOTCS KaK JIMHEH-
Hble (MOKa3aTeb MpeaoMiIeHus U K03()(UIMEHT MorIo-
IICHWS), TaK M HEIWHCHHBIC ONTHYCCKHE XapaKTepH-
CTUKH (KBaJpaTuyHasi U KyOW4Has BOCIPHUUMYHUBOCTH).
3HaHMe TUHEHHBIX ONTHIECKUX XapaKTePUCTHUK HEOOXO0-
MO TaIKoKe JJIs1 JIF0OBIX MPUMEHEHUH paccMaTprBaeMbIX
KPHUCTAIJIOB B TEPArepIioBOM JIMara3oHe.

Jns  omnpeneneHuss JUHEHHBIX W HEJIUHEH-
HBIX ONTHYECKUX KOHCTAHT TPUMEHHMAa METOJIMKA
TT u-CrieKTpOCKONUK BO BPEMEHHO#H obmactu (time
domain spectroscopy — TDS) — cnekrpockonuye-
CKHUH METoJ, B KOTOPOM Ha BEIIECTBO HalpaBiseTcs
nukocekyHaHbld  TI'u-ummynsc, a perucrpupyercs
TI'u-umnynec, OpOLIEAIINN 4Yepe3 BEUIECTBO, MyTEM
CTpOOUpOBaHUS AeTeKTOpa (PEMTOCEKYHTHBIM ONTHYE-
CKUM UMITyJIbcoM. CxeMa reHepauuu 1 1eTeKTUPOBaHUs
YYBCTBUTENIbHA K BO3/ICHCTBUIO 00pasiia Kak Ha aMILIH-
TyIy, Tak 1 Ha a3y peructpupyemoro TI'n-m3mydenns,
U MOA3TOMY MO3BOJISIET TMOJYy4YaTh M ACHCTBUTEIBHYIO,
Y MHUMYIO 4aCTH ONTHYECKUX KOHCTAHT.

K nacrosiemy Bpemenu meroauka TT'u-TDS npu-
MEHSETCSl JJIsl ONpEeNeNIeHUs] AUCIEPCHU ONTHUYECKUX
KOHCTA@HT W JIOCTaTOYHO IIUPOKO HCIHOJB3YETCS [UIs
HCCIIEI0BAaHUs, IPEX/IE BCEr0, OpraHMYECKUX Marepua-
710B (cM. 0030p [9]). OnpenesnieHHbIe YCIIEXH 1OCTUTHY ThI
1 TIPY ACCIICIOBAaHNH (POHOHHBIX MOJ CETHETOAICKTPH-
yeckux kpucramios [10, 11]. I[Ipobrema 3akiroyaercs
B TOM, 4TO B OOJIBITMHCTBE pa0OT Pe3yNbTaThl MOTyYe-
HbI Ha MaJoMOIIHbIX TI I-UCTOUHUKAX CO CTaHIapTHBI-
MH TapaMeTpamy, OOCCIEUNMBAIOIIMMH TaK Ha3bIBac-
MYIO IIUPOKOIMOJIOCHYIO CIIEKTPOCKOINIO: IPU HAKa4dKe
MUKOCEKYHIHBIM HMMITYJIbCOM O0JIaCTh TE€HEPHUPYEMOTO
cnektpa coctasnseT 0.5-2 TT'1 ¢ uentpom B obnactu
1 TT'u. IIpu 5TOM y MHOTHX CETHETOINIEKTPUKOB (POHOH-
HBI cieKkTp (1 0coOeHHO Hanbosee HHTEpEeCHAas MATKas
Moj1a) Jiexxat B o0acTH Boie 1.5 TI.

B stom ornomennun PGO sBnsiercss HOMCTUHE YHU-
KJIbHBIM MaTepualioM, T.K. MPU SPKO BBIPAKEHHBIX CET-
HETOJIEKTPUUECKUX CBOICTBAX M OTHOCUTEIBHO BHICOKOM
TeMmeparype (asoBoro nepexona (oxono 450 K) gacrora
ero Markoi Mozl onmska k 1 TI', m mMeeTcst J0CTaTOuHO
HIMPOKHIA Tana3oH (POHOHHBIX MO, KOTOPbIE MOMaIaroT
B pabounii qHarna3oH HACTONBHBIX YCTaHOBOK. MeTomom
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HIMPOKOIONIOCHON crieKTpockonuu Kpuctaiul PGO Obun
WCCIIeZIOBaH HaMU paHee B padote [12] co crieKTpaibHbIM
pazpemerrem 0.25 TI'a. Tam ke ObUTH TIONYyYCHBI CIICK-
TpaJIbHBIC 3aBUCMOCTH AIIEKTPOUHIYIUPOBaHHOU BT

B namHOil paboTe MBI BHEPBBIC HCIIONB3YEM Y3KO-
nosiocHyto TII-CIIEKTPOCKONHIO ISl OMPEACTICHUs KO-
a¢hduLreHTa TONIOMIEHNUs U HEeIMHeHHON (KyOu4HOM)
BocrpuuMUMBOCTH Kpuctamia PGO, nerupoBaHHOTO
kpemHueM. CyIIeCTBEHHO YIYYIICHO CIIEKTPaIbHOE
paspelenue, coctaBisitoliee B ganHor padore 0.1 Tl
a TaK)Ke TOYHOCTb OIpeieNIeHHs] HEJIMHEHHOM BOCIIPUUM-
YUBOCTH 3a CYET JICTAILHOTO aHaJlu3a JIMHEHHOTO U He-
JIMHEWHOTO BKJIA/I0B B MHTEHCUBHOCTH BI.

9KCMNEPUMEHT

i1 mpoBelneHHs SKCIEPUMEHTAIBHBIX HCCIIENOo-
BaHMH ucnosb3oBaics kpuctaiwn PGO, nerupoBaHHbIN
KpEMHHUEM PbS(GeO’74SiO,26)3O11 (xpuctamn Obul H3-
rotoBineH u mpenoctaBieH A.A. bymem, MUPDA —
Poccuiickuil TexHomornyeckuii yHusepcuret, Poccus).
IIpu 1aHHOM CTEXMOMETPUUECKOM COCTaBe TeMIIeparypa
Kropu, o cpaBHEHHUIO ¢ HEJIETMPOBAaHHBIM KPUCTAIIIIOM,
noHwkaercs a0 346 K [2]. HUccnenyemslit kpucrasml
umeeT tommuHy ~1.1 mm. Kpucramnorpaduueckas opu-
entanus mopepxHoctu (100), BEKTOp MOISApHU3AINN [TPH
TaKou OpUCHTAX BBIPOBHCH B MJIOCKOCTH IMOBCPXHO-
cti. DOHOHHBIM CHEKTP MCCIEIyeMOro KpUCTaula Io-
3BoisieT 3 (HEeKTHBHO BO30YKIaTh cpa3y HECKOJBKO Ya-
CTOT KOJIeOaHUI KPHCTAJUINYECKOH PEIIeTKH, JISKAIIUX
B Juana3zoHe Bo3Oyxnatomiero TIH-u3iaydeHus, B TOM
YHCIIe YaCTOTy MATKOW (poHOHHOU MOk [13].

& 3] | | (@ |

g 2 A m ]
1] i

g 0 'MJ\A. A}\”,.}'\m}"\r

s ] v\] UU ' VVV“’“_

Z 2] ]

I—_S_ I | I_

50.17 o

: My

q._—{ooM ﬁ[\hf\nﬂ. fo

50 ] V AR

=

'_

5N )

g

o g

o

< o4 . ‘ :
0 5 10 15

Bpems 3agepxku, nc

J1s reHepanuu  y3KomosocHeIX TI'II-MMITyJIbCOB
ucnonp3oBaigack Cr:opcTepuToBas JiazepHasi CHCTEMA,
onucanHas B pabote [12], ¢ amuHON BosHbl 1240 HM,
4acTOTOW MOBTOpeHus: uMiynbcoB 10 I'nq u pqnmurensHo-
cteio 100 ¢c. T'eneparopom TI-UMIYIBCOB CITyKHIT
opranndeckuil kpucrtain OHI [14].

st reHepanum y3KonoinocHbIX TI I-UMITyJIBCOB yCH-
JICHHBIH JIa3epHbIA UMITYJIbC PA3EISUICS Ha J1Ba, KAKIbIHA
13 KOTOPBIX MPOXOANIT Yepe3 OIHO U3 IJIed HHTepdepoMe-
Tpa Tuna Maxa — Llennepa. Bapbupys 3anepixky Mexny
9TUMM UMITYJIbCAMHU TIE€pel UX MOCIEIYIOIIUM CXKaTHeM
B KOMIIPECCOPE, MOXKHO OBLITO JTOOWUTHCS OMEHHS OITHYIC-
CKUX MMITYJILCOB Ha 3a7aHHOM yacTore. [lomyueHHbIi ya-
CTOTHO MOJYJIUPOBaHHBIA ONTHUYECKUN YHUPIT B KOHEUHOM
utore obryyan kpuctawt OH1 uis resepariium y3Kormonoc-
Horo TIu-m3myuenust [15]. DHeprus MIMPOKOMIOIOCHOTO
umiynbca B 90 MK TO3BOJISET BBIIENATH Y3KOMOJIOC-
Hoe u3iyueHue ¢ mupunoi cnexrpa ~200 I'Tn. ComiacHo
M3MEPEHISIM MTPOMIIST HANPSDKEHHOCTH 3JIEKTPUYECKOTO
nosst merotoM TI'-TDS, mmTenbHOCTh TaKUX WMITYITh-
COB COCTABJISIET MOPSAKA S TIC U CONEPKUT ~5 MEepUOOB.
Oneprust TT'u-BosiHbl M3MepsuIach Adelikoi Tones u co-
crapmsuia B cpenHeM 4 M K.

UccnenoBanne TI-MHAYLIMPOBAHHOW TWHAMHUKA
napaMeTpa Mopsjika B CErHETONIEKTPUKE MPOBOAUIIOCH
MyTeM JICTEKTUPOBAHUS WHTCHCUBHOCTH HEIUHEHHO-
ONTHYECKOTO CUTHaia Ha yactote BI' [12].

Ha puc. 1 mnpencraBieHbl TUIUYHBIE BpEMEH-
HAs W crekTpaibHast ¢opmbel nagaromieii TT-BOMHEI,
Tl'u-BoiHBI, Tpomeame depe3d obpasern, u BOJ-
vel BI, wHIynmupoBaHHOW AIEKTPUYECKUM IIOJIEM
Tl'u-umnyneca.
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YactoTa, Ty,

Puc. 1. Ina yactotbl 0.9 TI'y, BpemMeHHEIe (CneBa) 1 cnekTpasbHble (CnpaBa) 3aBUcCMMOCTH (a), (6) napatoLuei
Tlu-BonHbl; (B), (r) TMu-BOSHBI, NpoLlleaLlen Yepes obpasel; (4), (e) BosHbl BIY, MHOYLMPOBaHHOM 9N1EKTPUYECKMM
nonem Tlru-vmnynsca
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B mapatomield BosHE NpU HM3MEHEHHH €€ YacTOThI
HU3MEHSETCs €€ dHePrusl (MAaKCUMYM IIPUXOIUTCS Ha ya-
crory 1.2 TT'11). Bo Bpemennoii opme (puc. la) mens-
€TCsl TOJIBKO IEPUOJ], XapaKTep 3aBUCUMOCTH OCTAeTCs
MPUMEPHO OJIMHAKOBBIM JJIsl BCEX YacTOT B JHUara3oHe
0.5-2.2 TT'u. s 0.9 TT'1 mauTensHOCTH UMITYIIBCA CO-
ctaBisieT ~8 mc. [Ipu nomneiTke nanbHENIIEro yBenuye-
HUS 4acTOThbl CUTHAJI CTAHOBUTCSA HEOTIIMUUM OT LIyMa.
B uvactotHOM mpocTtpancTtBe (puc. 10) ciBuraercs ya-
CTOTa UMITYJIbCA, IIPU 3TOM €TI0 MOJIYLIMPUHA U3MEHSIET-
cst cnabo B npenenax 0.25-0.3 TI'y (4To COOTBETCTBYET
HaOTIOIaeMOH JITUTEITFHOCTH HMITYJIhCA).

Kpucrann cymecrBenHo mpeoOpasyeT Maaarouiuii
AMITYJIEC. AMIUTATY/AA MPOIIEAIIEH BOJTHBI PE3KO IMaja-
eT (Ha wacrore magaromeil BonHel 0.9 Ty ymeHblie-
HUE aMILTUTY/BI TTods coctanisiet 30 pas). Kpome Toro,
BO BPEMCHHOW 3aBUCHUMOCTH Nepuoandeckas GpyHKuus,
HallOMUHAIOIAs MaJalollUi  MMIIYJIbC, CABHUIaeTCs
Ha TOJIOBUHY HMMITYJbCa, @ B €r0 Hayaje JOMHUHHUPYET
anepuonnyHbiii curHai. COOTBETCTBEHHO B CIIEKTpE
npoureqmero Tl o-uMmynabca MPOSIBISETCS 4acToTa
0.7 TT', T.e. yMEHBIIEHHAS IO CPABHEHUIO C YaCTOTOU
nagaromiero moss. Kpome Toro, mosBisieTcss HU3KOUa-
crotHass xkommnonenta 0.25 TI'm. Cremyer OTMETHTH,
yt0 0.9 TT'11 siBAsIeTCA 4acTOTON pe3KOro M3MEHEHHs Xa-
pakrepa nponyckanus TI'n-usnyyenus. [Ipu MeHbIIMX
4acTOTax JOMUHHUPYET 0oJiee BBICOKOYaCTOTHBIN MaKCH-
MYM, €TO 4acTOTa MPHOIIIKACTCs K YaCTOTe TaJaronei
BoJIHBL. [Ipu GOJBIIMX YAcTOTaX aMIIUTYAa UMITYJIbCa
pe3Kko MmajaeT, ¥ B IMPOLIEJIIEM H3JIYyYEHUH OCTaeTCs
TOJIbKO HU3KOYACTOTHBIN MHUK. DTO COOTBETCTBYET Ipa-
HUIIE MTOTIIONIEHMsI, 00HApyKeHHOH B padote [12] B mu-
poxononocHoM TT'u-uznyyenun.

Wutencusnocts BI' B0 BpeMEHHOM MPOCTPAHCTBE
MOBTOPSIET MOBEJEHUE MaJaloNIero UMIYJIbca, OIHAKO
B YaCTOTHOM IPOCTPAHCTBE MPOSBIISIIOTCS IBE 4acTo-
ThI: 4acTOTa MaJaolleil BOJIHBI U yABOCHHAsS 4acTOTa
MMajlafolIe BOJNHBI. DTO COOTBETCTBYET KBaJpaTHd-
HOM 3aBHCUMOCTH HMHTEHCUBHOCTH BI' oT BHemiHero
1oJis (2 B CETHETORJIEKTPUKAX — OT MOJIAPU3AIINHN) TIPH
HaJU4MH 3HAYUTEIBHOTO HEAKTUBHOIO IO MOJII0 BKJIa-
Ja (B CETHETORIETPUKAX — HEMEPEKITI0UaeMOH TTONISIPH-
3aI1un).

HeiuictButenbHo, nHTeHcMBHOCTH, BI' B TI'1-mone
MOXKET OBITh MpEJCTaBlieHa B BUJE PA3JIOKEHHs JTHO0
no Tl'u-mosmo £, B Cliydae HECETHETOIICKTPUYECKOTO
KpHUcTaa:

129(Eg) o (0@ + 4 E)2(19)2, (1)

760 1o nonsipusanuu P(E(,) B Clly4ae CETHETOIEKTPH-
YeCKOro Kpucrasuia:

120(P(Egy)) o« (B + 1S P(EQ)*(I2)2,  (2)

rie ¥? (20, ®, ®) — kpucTamiorpadguueckas KBapaTHi-

Hasi BOCIPHUMYUBOCTD, xg)(2a), Q,0,0) — kyOuuHas
BOCTIPHUMYHBOCTb.

OueBHUIHO, YTO B Ciy4ae JIMHEHHON 3aBHCHMOCTH
P(E), Hanpumep, B CIalObIX Nojisx, cootHomenus (1)
u (2) upentuuHsl. B obmem citydae, [ TOro 4toOsbl
paznuuuth (1) 1 (2), He0OXOMMO UCCIIEIOBATh 3aBUCH-
moctu uHTeHcuBHOCTH BI' o1 TI'i-rosist.

[Ipn pazmoxeHnn KBagpaTa CyMMBI BO3HHKAIOT JBa
4JICHa, 3aBUCAIIMX OT TOJIS: JIMHEHHbIH [, 1 KBapaTny-
HBIH /5

Iy ey @y Eg, (3a)

I e () Y (Eg)?. (36)

NmenHo onu B paznoxenun dypbe Aar0T, COOTBET-
CTBEHHO, CUTHAJIBI Ha OCHOBHOM ) M yIBOEHHOM 2Q) ya-
CTOTax IaJaroliey BOJIHEL.

Ha puc. 2 npeacTraBneHs! TUCIEPCHOHHBIE 3aBUCHMO-
CTH KOA(pPHUIMIEHTA MOMIOMICHUSI U HEJTMHEWHON BOCTIPH-
umumBoctd kpuctaiia PGO. Koadduuuent monmore-
HUSI (pUC. 2a) pacTeT 3HAYUTENBHO 10 9acToTsl 0.7 T,
IJe€ TOYHOCTh €r0 OIpEHCTCHUS He mHpeBbImacT 5%.

V77—
(a)

80
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K, cm~!

40 4
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BOCMPUUMYMBOCTb, OTH. €.

0.4

Q, |

0.2

T T T T T T
0.8 10121416 1.8 2.0
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Puc. 2. lncnepcus koappuumeHTa nornoweHns
1 HEJIMHENHO BOCNpunMynBocTy kpuctanna PGO
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B TeparepL/0BOM AvanasoHe

B.P. Bunblik,
n ap.

OT0 ONM3KO K 3HAUCHUIO, MOIyYEHHOMY HAMM pa-
HEe TIPU WCIOJB30BAaHUM METOIMKH IIHPOKOIOIOCHOM
TTu-cnexrpockormu. [Ipu GONBIIMX YacTOTax MOrper-
HOCTb CYILLECTBEHHO YBEJIMYMBAETCS. DTO CBA3AHO C TEM,
YTO MPH Y3KOIMOJIOCHOM 30HAMPOBAHHUH CIIEKTPAIbHBIE JIU-
HUW M3JTy4CeHUS] 3HAYUTEIIHLHO JEe(POPMHUPYIOTCSI TIPH TIPO-
XOXKZIeHnH depe3 kKpuctaimn (puc. 1r). [lpu Haxoxmennn
OTHOLIEHHUS CIIEKTPaJIbHBIX aMILTUTY/ IPOLLIE/IILIETO U Majia-
roriero u3nydenus 3a npeneiaamu FWHM (full width at half
maximum — JJTMTEIbHOCTh UMITYIThCa Ha YPOBHE ITOJIOBUHBI
AMILTUTY/IBI ) TIaJIat0IIEeH BOTHBI BO3HUKACT «JieieHHe Ha 0y,
a TOYHee, Ha IIYMOBOW curHai. To4YHO Tak e 3a mpene-
namu FWHM npoweniieii BoiHbl B 001acTH MakcUMyMa
CHEKTPAILHOM aMIUIMTY/Ibl TMaJaioliell BOJHBI BO3HUKAET
JieJIeHHe 1IIyMOBOIO CUTI'HaJla Ha HEHYJIEBYIO CIIEKTPAJIbHYTO
aMIUTATYTy. MO)KHO HaiTH Taroke OONACTH CIIEKTpa, TIe
00a curHajia SIBJISIOTCS IIyMOBBIMH. [Ipu yactorax BbIie
1.4 TI'u curHai He BbIIENsACTCS HA (JOHE IIyMa.

HenuneitHas BOCIPHUMMYMBOCTH PACCUMTHIBAIACH
Ha OCHOBE CIIEKTPaJbHBIX 3aBUCUMOCTEH HMHTEHCHBHO-
ctu BI' (puc. 1r) 11t MaKciMyMOB Ha OCHOBHOM 4acToTe
no ¢opmyne (3a) U Ha YIBOCHHOH YacToTe 1Mo (opmy-
ne (36). Pesynbrar npuBeneH Ha puc. 20. 3aBUCUMOCTH
HOPMHUPOBAHbl HA MAKCUMYM HEJIMHEHHON BOCIPUUMYH-
BOoCTU. OTMETUM, YTO 3aBUCHUMOCTH U x(z)xg), u XS)
MPAaKTHYECKH COBMAJAIOT. DTO O3HAYaeT OTCYTCTBHE
CHeKTpalibHBIX ocobeHHOCcTel B TI'1-amamna3oHe B Kpu-
cramtorpaduyeckoif Bocnpunmuusoctu ¥?) (4to coor-
BETCTBYET IPUPOAE 3TON BOCIIPUUMYNBOCTH, SIBJISIOIICH-
Csl BOCHPUMMYHMBOCTBIO DJICKTPOHHOTO THIA). 3HAYHT
B Hameif 3a1aue (2 AByseTCA MPOCTO KOHCTAHTOM.

KyOunuHast BOCOpHMMYHUBOCTE )3~ OTYETIMBO IPO-
SIBJISIET 1B MAKCUMYyMa TIPH Ql =13TTun 92 =2 TIw.
K coxkaneHuto, BTOpOil MakCMMyM IOKa HE YAajioch
MPOMEpPUTh OoJiee JEeTalbHO, OJHAKO oOpamaeM BHH-
MaHHE Ha MOTPELIHOCTh MU3MEpPEHHUs] B JaHHOW TOUKe.
Habmonaemble MaKCUMYMBI COOTBETCTBYIOT (JOHOHHBIM
Mogam kpuctaiia PGO.

Hamn uccnenoBaHus MOKa3blBalOT, YTO B ciydae
TIn-cnekrpockonuu B 001acTH (POHOHHBIX PE30HAHCOB
MeTojuka reHepaunu BI, mHAynupoBaHHOHN Yy3KoIO-
nocueM TI-mosnem, siBnsiercst 6osee MHGOPMATHBHOM
M0 CPaBHEHHIO C OOBIYHO MPHMEHSEMOW METOIMKOM
TDS, moCKOJIbKY MMEET CYHIECTBEHHO 0O0Jiee BBICOKOE
CHEKTpaJbHOE pa3pelieHre. DTO CBA3aHO C HAIUYHEM
B BBIPKCHUH TSI KyOUIHOM HETMHEHHOH BOCIIPUUMYH-
BOCTH pe30H2(l§I)CHOI‘0 3HAMEHATEII Ha YacToTax (oHoH-
HBIX MO X (-, —iyQ)~! [16]. Kpome Toro,
HCKa)KEHHUE CIIEKTpa Npu pacnpocTpaHeHnu T1 11-BosHBI
HE WIPaeT CYIIECTBEHHOW POJH, MOCKOJIBKY PE30HAHC
caM «BBIOMPAET» YaCTOTHI, HA KOTOPBIX MIPOUCXOANT pe-
30HAHCHOE YCHJICHHE.

SAKJTIOMEHME

[IpoBeneHHOE B JaHHOI paboTe HcciieI0BaHNE CIIEK-
TPaJBbHBIX XapaKTEPUCTUK KOd(D(HUIMEHTA TOTIOIICHIS

1 HEJIMHEHHON BOCIPUMMYMBOCTH HAa OCHOBE METOJOB
TDS wu reneparun wHayupoBanHon Tl anexTpude-
ckuM noneM Bl nmoka3zano Hanuuue odnactu ¢pyHaaMeH-
TAJBEHOTO TIOTIIONICHNUS BOJIM3H (DOHOHHBIX MO, 8 TAKXKE
PE30HAHCHOE YCUIICHHE KyOMUYHOIl HenuHeHHoW Boc-
MIPUAMYHABOCTH JUTS IBYX (POHOHHBIX MOJI Q1 =13TIx
u Q, =2 TT'u. Pe3ysnbrarel COracyorcs Kak ¢ mojry4eH-
HBIMU HaMHU paHee pe3ysbTaTaMM IO LIMPOKOIIOIOCHOM
TDS cnekrpockonuu (k03(h(UIMEHT MOMIOUICHNUS),
TaKk M C Pe3ylbTaTaMH CHEKTPOCKOIMH KOMOWHAIIMOH-
HOTO pAacCesiHUs CBETa IO ONpENeNeHUI0 4acToT (o-
HOHHBIX MoA. BriepBble nonydeHa crieKTpajibHasi 3aBU-
CUMOCTh KYOWYHOH HENWHEHHOW BOCIPUUMYHMBOCTH
B Tl'u-nnamasone. llomydeHHbIE pPE3ynbTAaThl BAYKHBI
JUIA TIOHUMaHUsl (PU3UKU TPOLECCOB B3aUMOACHCTBHSA
TI'o-u3ny4eHus: ¢ CErHETOAIEKTPUYECKUMU KPUCTAILIa-
Mu. [TonryueHHbIe 3Ha4eHUs KO PUIMEHTA TOTIIOIECHHS
MOTYT OBITH MCHOJIB30BAaHBI TPH CO3MAHUU YCTPOHCTB
Tl 'u-guanaszona va kpuctaiax PGO .
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Pe3iome

Llenb. Ba3oBbili 9nemMeHT NporpaMmMmnpyemor nornieckor nHterpansHom cxemsl (MJINC) peanndyeTt nornyeckune
dyHKUMM € nomMoLLblo Tabnuu, McTUHHOCTU (LUT). CTpoeHure 06bidHbix LUT No3BONSIET peann3oBbiBaTh TONbKO OOHY
NIOrNYECKY0 PYHKLMIO HECKONBKMX NEPEMEHHBIX B COBEPLUEHHOW AN3bIOHKTUBHON HopManbHo ¢popme (COHD).
Mpn 3TOM BCerga oCcTaeTcs 4aCcTb HEAKTMBHbIX NepeaaloLmx TpaH3ncTopoB. icnonb3osanme ogHon LUT ans oa-
HOW DYHKLUMN YCNOXHAET MaclLuTabnpoBaHne apxmTekTypbl Ha kpuctanne (SoC). Lenbio aaHHo paboThl sBnseTcs
paspaboTka cTpykTypbl LUT ans peanmsauym HECKOSIbKMX IOrMYeCcKUX GyHKLWIA 0AHOBPEMEHHO Ha HeakTUBHbIX Ne-
peaalroLmx TPaH3MCTOPax.

MeTopabl. NpuBeneHa aponoumsa CTpykTypbl LUT ong Tpex nepemMeHHbiX, B KOTOPOW YBENNYMBAETCS KOMMYECTBO
OAHOBPEMEHHO peannadyemMblx GyHKUMA. na peann3aumm AONONHUTENbHBIX OYHKLMIA BbIMOMHEHA AEKOMMIO3ULMS
JIOFMYECKOro yCTPOMCTBA C PA3/IMYHBIM KOJIMYECTBOM NepeMeHHbIX. [TpoBeaeHo MoaenMpoBaHmMe CTPYKTYp B CU-
CTeMeE S1EKTPOTEXHNYECKOro MoaenmposaHus Multisim.

PesynbTatbl. [1pOAEMOHCTPUPOBAHO MOLENVPOBaHME BoNee ABYX IOMMHYECKUX PYHKLMIA HA HEAKTUBHbIX 4aCTaX
LUT, npu koTopoM oToBpaxeHa ogHOBPEMEHHas paboTa ABYX U YETbIPEX Norndyecknx GyHkumii. MpreBeneHo cpas-
HEHne CNOXHOCTU AN Pa3HOr0 KOAMYECTBA NEPEMEHHbIX N KOIMYECTBA peann3oBaHHbIX OYHKLNIA.

BeiBoAbl. Pe3ynbTaTel MOAENMPOBAHUS AEMOHCTPUPYIOT paboTocnocobHOCTb CTPYKTYyp LUT, B KOTOPbLIX BbINOJI-
HSIETCSl HECKOJIbKO JIOrmyeckmx GyHkumiA. Takum obpas3om, npu peanusaumm A0MNOAHUTENbHbLIX GYHKLMIA B HOBOW
CTPYKTYpe TpebyeTcs MeHbLLEE KONMYECTBO NEPEAAIOLLNX TPAH3UCTOPOB MO CPaBHEHMIO C 06bIYHbIM LUT, 4TO yBeE-
nnymBaeT GYHKLMOHANbHOCTb YCTPOMCTBA. HOBOE peLueHme No3BONSET YBENNYUTb YACI0 OAHOBPEMEHHO peanmay-
eMbIX QYHKLMIA OOHUX U TEX XXEe NEePEMEHHbIX, YTO BaXHO NpY peanusaumm, HanpumMep, KoAoBbIX Npeobpa3oBaHuii.

KnioueBsbie cnosa: MJ/IVC, LUT, nepepatoLime TpaH3UCTOPbI, Tabnmua UCTUHHOCTU, lornyeckast GyHKLUMS

e Moctynuna: 06.12.2022 ¢ flopa6oTtaHa: 13.01.2023 ¢ MpuHaTa kK ony6nmkoBaHuio: 22.02.2023

Ansa uutnpoBaHua: CosetoB C.U., TiopuH C.®. MeTon cuHTE3a JIOrMYeckoro ajieMeHTa, peanm3ayiowero HeckoJsibko
bYHKUMI 0 gHOBPEMEHHO. Russ. Technol. J. 2023;11(3):46-55. https://doi.org/10.32362/2500-316X-2023-11-3-46-55

Mpo3payHocTb GUHAHCOBOW AEATEJNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax uiam MeTogax.

ABTOpPbI 325BNSAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.
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Abstract

Objectives. The basic element of a field-programmable gate array is a lookup table (LUT). While in canonical normal
form LUTs generally implement only one logical function for a given configuration, in this case, there is always
an inactive pass transistor element. Moreover, using a single LUT for a single function reduces system-on-a-
chip (SoC) scalability. Therefore, the purpose of the present work is to develop a LUT structure for implementing
several logic functions simultaneously on inactive transmitting transistors.

Methods. The evolution of LUT structure is presented for three variables, in which the number of simultaneously
implemented functions increases. To implement additional functions, the logical device was decomposed with
a different number of variables. The structures were modeled in the Multisim electrical simulation system.

Results. The presented simulation of more than two logic functions on inactive parts of the LUT shows the
simultaneous operation of two and four logic functions. The complexity for a different number of variables and
number of implemented functions is compared.

Conclusions. The simulation results demonstrate the operability of LUT structures in which several logical functions
are performed. Thus, when implementing additional functions in the new structure, a smaller number of transmitting
transistors is required as compared to a conventional LUT, thus increasing device functionality. The presented
solution can be used to increase the number of simultaneously implemented functions of the same variables, which

can be important e.g., when implementing code transformations.

Keywords: field-programmable gate array, LUT, transmitting transistors, truth table, logic function
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BBEAEHUE

B macTositiiee Bpemsi B AIIEKTPOHHBIX YCTPONCTBAX
pacmpocTpaHeHbl IPOrpaMMHUPYEMBbIC JIOTHUSCKUE WH-
terpanbHbie cxembl (ITJIMC), rne B kadecTBe 6a30BOTO
JJIEMEHTA HUCHONIB3YETCS KOH(PHUTYPUPYEMBIH JIOTHYE-
cknil 010K. OCHOBHBIM 2JIEMEHTOM JAHHOI'O OJIOKA SIB-
nsetcs Tabnuna uctuHHoctu (aHmt. lookup table, LUT),
KOTOpasi peatn3yeT HEKOTOPYIO JIOTHYECKYIO (DYHKITHIO.
CoBpemennsie LUT mpenctaBisitoT coOoi KOHGUTY-
pHpyeMbIe MYJIBTHIDICKCOPHI IS PEeaH3alliy JIOTHYC-
CKUX (YHKIMA ¢ 2" BXOZaMHU WM OIHUM BBIXOIOM LIS
n nepemeHsbIX [1, 2]. Mcnonp30BaHue CymecTBYIONNX

LUT nmns n mepeMeHHBIX TpeOyeT 2" sueek mamsTu
u 2"+ 1 — 2 nepenatonux TpanzucTopos. IIpu 3ToM pe-
aJM3yeTcsl TONBKO OfHa Jormueckas GpyHkus. s pe-
aJM3alMy OIHOBPEMEHHO 71 JIOTMYECKUX (YHKUUH He-
00XOZMMO UCIIOJIb30BaHKEe Takoro ke komuvectsa LUT.
OpHako Mpu UCMONb30BaHUU oxHOW ¢yHkimu B LUT
BTOpasi MOJIOBHHA JIepeBa TEPEAaroIIuX TPAH3UCTOPOB
B KonmuuecTse 2"~ ! ocraercs HeakTHBHOI [3, 4]. B mpe-
JBITYIUX paboTax Mpeiaraiach peainsalus oOIHOBpe-
MEHHO JBYX JIOTHYECKHX (YHKUHUH Ha OJHOM JIepeBe
TepenaonX TPaH3uCTopoB [5—7].

Hepeo 3-LUT (puc. 1) coctouT u3 Tpex Kacka-
moB  NMOS (N-type metal-oxide—semiconductor)
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npoxoaHkIX TpausucTopos! [8, 9]. Jlns moGoro u3 Bock-
MM 3HAYCHWH Ha BXO/JaX CTAaTWYECKOW MaMATH C MPO-
M3BOJIBHBIM J0CTynoM (static random access memory,
SRAM) BKIJItOYaeTCs TOJIBKO OJlHA IIETIOYKa Tepenaro-
IMX TPAaH3MCTOPOB, a HA OCTABILUXCS MEPEAAIOLIUX
TPaH3UCTOpaX, Kak MHHUMYM, OfHA IETI0YKa ITOJHO-
CThIO HEAKTHBHA.

%(1 : Xa X3

o H
o

1
1

.||—ur|
{
|

ST T"FEI_J =
o

2 %SL %
n

=

I

L .

=

Kackap 1 * Kackap2 * Kackan 3

Puc. 1. lepeso LUT Tabnuubl Tpex NnepeMeHHbIX

JluHeitHOE TpenCTaBICHUE JIOTHYECKOH (YHKIHH
3-LUT BBIVISLANAT KaK:

2(x3%,xd) = dy - X33 X) V d) - X3X, ) v
Vdy X3XyX) Vv dy XXy Xy v dy s X3 Xn Xy v (1)

Vds  X3Xy X Vo dg - X3X, X v dy - X3, X,

e dy, d,, d,, dy, d, ds, dg, d; — nannbIe KOHQUTYpaK
(GyHKIME TpeX TEPEMEHHBIX z(X3X,X,). KomOunupys d),
d,,d,,ds, d,, ds, dg, d;, MBI MOXKEM TIOTYUnTE 28 pynKmmii.

IIpu sTom Bce LUT n mepeMeHHBIX BBINOIHSIOT
TOJNBKO OIHY JIOTHUECKYI0 (PyHKIIMIO M3 /7 apryMEHTOB
B JAM3BIOHKTUBHOW HOpManbHOH (opme (AHD) wnnm
COBEPIIICHHOW JIN3BIOHKTUBHOW HOPMaJbHOH  (op-
me (CAH®) [10, 11]. B To e Bpems Ha Ka)xJI0i Heak-
THUBHOM IETIOUKE MOKET OBITh aKTHBHPOBAHHAS JpyTas
norudeckas (yHKLHUS TeX Ke apryMEeHTOB, Hampumep,
(YHKIMKA CyMMHUpPOBaHUs WK TiepeHoca. KomMOuHupys
3Tu nenouku no MJIM, Ml MOXeM MOTYyYUTh JIOTHYE-
CKUH 2JIEMEHT C HECKOJIbKUMHU BBIXOAAMU.

I Intel® FPGAs and SoC FPGAs. https://www.intel.in/
content/www/in/en/products/details/fpga/cyclone.html. {ata 06-
pauienus 17.11.2022. / Accessed November 17, 2022.

B craree mpenmaraercs yCOBEpIICHCTBOBaHHAas
CXeMa, WCITONIb3YIONIasi HeaKTUBHBIE BETBU JIepeBa Iie-
penaromux TpaH3uctopoB. C MOMOIIBI0 BBEJEHUS JI0-
nomanTenbHBIX LUT nByX mepeMeHHBIX B Kackaae 2
BO3MOXHO HCIIONIB30BATh JOMOJHUTENbHbIE (DYyHKIMH
Ha HEAKTHUBHBIX IIETISIX JIepeBa.

HogBoe penieHne no3BossieT yBEIMYUTh YUCIIO OTHO-
BPEMEHHO pealn3yeMbIX (DyHKIMIA OHUX U TEX JKe Ie-
PEMEHHBIX, UTO BKHO MPU peasn3alliu, Harpumep, Ko-
JIOBBIX TTPe0Opa3oBaHui.

CUHTE3 MHOITO®YHKLIMOHAJIbHOIO
JIOTMHECKOIO 3JIEMEHTA

s peanmu3zanuy 1ByX QyHKIHI B cxeMy ObLT 100aB-
neHa LUT ongHo¥M nepeMeHHOM, KOTopasi COCTOUT U3 BbI-
XOJIHOTO MHBEPTOPA U JIBYX NEpelaoLINX TPAH3UCTOPOB,
BBIXOJIbI KOTOPBIX OOBEAMHEHBI W TOIKIIOYCHBI K WH-
BepTopy. Bxoasr LUT ofHOM NepeMeHHOM Nepeaaromumx
TPaH3UCTOPOB IMOAKITIOUCHBI K BBIXOIaM BTOPOTO KacKaa
MepeaaomXx TpaH3ucTopoB. Ko BXOJHBIM MHBEPTOpaM
HACTPOWKH JI00aBJICHBI IO 2 TIepeIaloNINX TPAH3UCTOPa,
yIpaBiisieMble cTapliell IepeMEeHHON, BBIXOAbI KOTOPBIX
00beIMHEHBI U MOJIKITFOYCHBI K HHBEpTOpY. Takum oOpa-
30M nonydaercs cxema LUT Tpex nepeMeHHBIX ¢ OJHO-
BPEMCHHBIM BBITTOJTHEHHEM JIBYX (yHKUHUi (puc. 2).

X2 X3

d2.0 O

dq O
dy 10

d, ;O
d2.2©

d; 0O
dp 30O

'Fl
..|__.j| ]

di 5O
dr 4O

21

dy.4O—H—71
d2A5 =
-
-

T
Do——T—q L >

Kackap 1 Kackap 2 Kackap 3

d, sO
d, s O— 1"

dmoJ:%J
o—I1t

d2.7

dy 70 I,

Puc. 2. lepeBo LUT Tpex nepeMeHHbIX, BbIMOJIHSAOLLEe
nBe QYHKUMM OAHOBPEMEHHO

Jlnst peanuzaiuu 1ByX (yHKIUHA BBIIOJIHUM JIEKOM-
MTO3HIIUIO JIOTHYECKOTO yCTPOICTBA 10 CTapiiel mepe-
MEHHOH (x5):
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[TepBas dyHkums:

21 (3%, xd) =

=X3 [dm XXy vy XX VXXV

vd 3 ’xle] VX3 [d1.4 XX Vdy s Xx v @
Vdy XXV dy g 'xle}-
Bropas ¢pyskius:
2, (X3, ,d) =
=X [d2.4(0) "X X, Vd2.5(1) "X X, Vd2.6(2) Xy Xp Vv 5
3

v d2.7(3) : xle] VX3 [d2.0(4) XXy vV d2.1(5) XXy v
Vd2.2(6) Xy Xy vV d2.3(7) -xle],

med, ;i=1,22"%/=1234, .., 23(27); v — Ko-
JTMYECTBO peanu3yembix ¢GyHkiumid. Koncranta Ha-
CTpOiKH 3ajaercs B popmare d; Sy THC k ompenensier
HOMEp Habopa (QYHKIUH, & j — HOMEp BXOJa, KOTOPBIH
WCIIONIb3YETCs AJIsl €€ MOJKIoUeHus. B Hamem citydae
k Tommy4aeTcs U3 j myTeM WHBEPTUPOBAHUS CTapIIei Te-
peMeHHOi. TakuM o0pa3zoM, BepxHss nonosuHa SRAM
MEHSIETCS MECTaMHU C HIKHEH IOJOBHUHOM, YTOOBI HMC-
MOJIb30BATh HCAKTUBHYIO YaCTh MPOXOAHBIX TPAH3UCTO-
poB. B pesynbrare B nanHoi koHdurypamun LUT Tpex

MEPEMEHHBIX IOJYYarOTCsl AKTUBHBIMU JIBE LETMOYKH
oT SRAM /10 BBIXOJHBIX HHBEPTOPOB, T.€. PEATU3YIOTCS
JiBe (PYHKLIUU OJTHOBPEMEHHO.

g nanpHeWero yBeauueHUsl KOJIMYEeCTBa OJHO-
BpeMeHHO BhinonHseMbIX Gynkimii Ha LUT Tpex mepe-
MEHHBIX JOMOIHUTENBHO BBoaMTCS nepeBo LUT aByx
MEpPEeMEeHHBIX AN Kaxa0i (YHKLUMH, BXOIBI KOTOPBIX
MOJKJIIOYEHB! K BBIXOaM IEpPEeAalolUX TPAH3UCTOPOB
MEepBOro Kackaia. Takke JOMOJHUTENFHO BBOJUTCA
Kackaj NepeAaroliuX TPaH3UCTOPOB HACTPOUKH, KOTO-
pBIE YIPABISIOTCS BTOPOU TEPEMEHHOM (X,). BbIXomb
TPaH3UCTOPOB OOBEAWHEHBI M TTOIKIIOUYEHBI K BXOIaM
MEPBOTO KacKaja MepeJarolinX TPaH3UCTOPOB HACTPOii-
ku. O0mas cxema yetbipexpynkunonanbHod LUT Tpex
NepeMeHHbIX U300pakeHa Ha puc. 3.

st peannzanum 9eTsIpeX (yHKIUI BBITTONHIM Jie-
KOMITO3HUIIMIO JIOTHIECKOTO yCTPOMCTBA MO CTapIei (x5)
¥ BTOPOH MEPEMEHHOH (X,):

IlepBast pyHkims:

21 (x3x,xd) =
=%3%, [ d) o Xy vy x|V
VX [ T vd g |V 4)
VX3, [d1.4 "X Vs 'xl]v

VX3X) [dl.G X vd g 'x1:|-

4
dy o O— 1T

pi

hll_
dyoO—1"

L | E -
T T 2 S PI—T— o,
1
T — 1
o
s
il
Tt 2,
L
1
_'II\'_

Puc. 3. lepeBo LUT Tpex nepeMeHHbIX, KOTOpas BbIMONHAET YeTbipe GYHKLUMN OAHOBPEMEHHO
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Ta6nuua. Hactpoiika nornyeckmx ypoeHei sueek SRAM ansa LUT Tpex nepeMeHHbIX, BbIMNOJHAIOLLEN YETbIPE

bYHKLUMN
Howmep Bxona Konguryparus ms z, Kondurypanus mist z, Konuryparus mist z4 Konguryparms s z,
1 0 0 1 0
2 1 1 1 1
3 1 0 1 0
4 0 0 1 0
5 1 1 0 0
6 0 1 1 0
7 0 0 1 0
8 1 1 1 0
Bropas ¢pyHkuus: MOJAEJINPOBAHME LUT
2, (x3,x,d) = MonemupoBanue mHOrodynkumonameHoi LUT

= X3, [d2.2(0) XV d2.3(1) : xl] v
VX3 [d2.4(2) X Vdy 53 xl:| v (5)
vV X3Xy |:d2.6(4) XV d2.7(5) 'xl} v
VX3X, |:d2.0(6) "X Vdy e ‘xl]-
Tpetbs GpyHKIHSA:
23(x3x,x;d) =
= X3X) [d3.4(0) XV d3.5(1) 'xl:| v
Vv X3X, |:d3.6(2) X Vdy i3y % ] v (6)
Vv X3X, [d3.0(4) XV d3.1(5) 'xl} v
Vv X3x, |:d3.2(6) XV d3.3(7) 'xl]'
UerBepras GyHKUUA:
24 (%3, d) =
=X3% |:d4.6(0) X Vg 'xl] v
Vv X3X, [d4_0(2) X V) XJ v (7)
v X3X, [d4.2(4) X Vdy s 'xl] v

Vv X3X, [d4.4(6) XV sy n ]

[oxydeHHbIC B pe3yabrare ACKOMIIO3UIIMN KOH(H-
CYPalOHHBIC YPOBHU YEThIPeX (YHKIMH: MUCKIIOYA0-
mero WU (z,), MaKOpUTapHOii (z,), IM3BIOHKINHM (Z5)
Y KOHBIOHKIIUH (Z,) — YKa3aHbl B TabmuIe.

TPEX TNEPEMCHHBLIX MNPOBOAWIOCH B CHUCTEME IWHA-
MHYECKOr0  MoJeupoBanust  Multisim>  KoMIaHuu
National Instruments. [{ns NMOS nepenatormux TpaH-
3UCTOPOB OBbUIA HCIONB30BaHA MOJETb TPaH3MCTOPA
BSIM 4.8.0% 4. MuBepTop 6B peain3oBaH Ha JByX IO-
JIEBBIX TPAH3UCTOPAX, €0 CXEMa IPUBEACHA Ha pUC. 4.

VDD

Q41

.
—

In Out
= Q4.2J . D
\_l'*

i

Puc. 4. Cxema nHBepTopa Ha NONEBbLIX TPAH3MCTOPaX.
34echb 1 fanee Ha PUCYHKax UCMOJb3yoTCs
0603HauyeHnst, npuHaTole B FOCT 2.710-81°

2 https://www.multisim.com/. JIata o6pammenus 17.11.2022. /
Accessed November 17, 2022.

3 Microwind & Dsch Version 3.5. https://www.yumpu.com/en/
document/view/40386405/microwind-manual-lite-v35pdf-moodle.
Jara obpamienus 17.11.2022. / Accessed November 17, 2022.

4 Mead C.A., Conway L. Introduction to VLSI Systems.
Reading, MA, Addison-Wesley Publishing Co.; 1980. 426 p. https:/
www.researchgate.net/publication/234388249 Introduction_
to VLSI systems. [ara oOpamenus 17.11.2022. / Accessed
November 17, 2022.

3> TOCT2.710-81. Mexczocydapcmesennwiti cmandapm. Eounas
cucmema KOHCMpYKmopckou ookymenmayuu. Obosnavenus OyK-
6eHHO-YUpposbie 6 anekmpuueckux cxemax. M.: CtanaaptuHOOPM;
2008. [GOST 2.710-81. Unified system for design documentation.
Alpha-numerical designations in electrical diagrams. Moscow:
Standartinform; 2008 (in Russ.).]
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Puc. 5. Cxema LUT Tpex nepeMeHHbIX, BbINMOHALWANA ABe PYHKLNM OAHOBPEMEHHO

B mepByro ouepens paccMOTpUM OOIIYIO CXEMy pe-
ammzatmu LUT mnst aByX (yHKImi (MCKITIOYAIOILIETo
NJIN, maxxopuTapHO# ), H300paKeHHYIO Ha pHC. 5.

MoaudunupoBannas cxema LUT Tpex mnepemeH-
HBIX JUTS BEITTOJTHEHUS YeThIpeX (pyHKIMI OMHOBpEMEH-
Ho (uckrouatomiee MJIN, maxxopurapHasi, TU3bIOHKIIHS,
KOHBIOHKITHS ) TIPEJICTaBlIeHa Ha puc. 6 (cM. ¢. 52).

Bxonnoii curnan Hactpoiiku siueek SRAM 3amaBaincs
C MOMOLIBbIO JUHAMHUYECKUX IepeKiroyaresied coniacHo
Tabn. 1. Beicokmii yposenp Hamnpsbkenus (VDD 5V) co-
OTBETCTBYET JIOTHYECKOH €IMHUIIE, & HU3KUHA YPOBEHH Ha-
npsbkeHus (GND 0V) cooTBETCTBYET JTOTHUECKOMY HYJTIO.

Curnanbl INEpPEeMEHHBIX 337aBAJUCh C IIOMOIIBIO
Word Generator, B KOTOPOM YCTaHOBJIEH TPEXOUTHBIH
kox I'pest (puc. 7). YUactora padotel Word Generator co-
craBisietT 1 k'L, Takum oOpaszom, Tpedyercs 8 Mc s
IIOJIHOTO MPOXOXKAEHNUS 3aaHHOro Koaa I'pest.

Boixop! GyHKINH MOAKITIOYEHBI K OCIHILIOTpady.

Pe3ymeraTel MomeIMpOBaHUS IBYX U YeTHIpeX (pyHK-
LU MpeCTaBlIeHbl Ha PUC. 8 U 9 COOTBETCTBEHHO.

Bepxussa ociuiorpaMmMa COOTBETCTBYET (PyHKIINU
«uckmovatomee WIN» (z)). Hwknss ocuuiorpamma
COOTBETCTBYET MAKOPHTApHOK QyHKIMH (z,). Kaxnoe
BpPEMEHHOE JICJICHUE ocUmLIorpada cooTBeTCTBYET O/
HO KOMOHMHAITUY Koja ['pest.

B otnuume ot 6a3oBoit cxembl LUT Tpex nepemen-
HBIX, IJIe UCIOJB3YEeTCsl TONBKO OJHA IIOJIOBHHA Ilepe-
JIAIOMIMX TPAH3UCTOPOB, B MpeAaracMoi HOBOW cXxeme
JIOTIOJIHUTENILHO MCIIOJIb3yeTCs HEaKTHBHAs YacTb IIPU
3HaueHuu 2"~ | mepeMeHHBIX BHICOKOIO MOPSIKA.

CrnoxxHOCTh TO KOJMIM4YecTBY Tpan3uctopoB LUT
B 3aBHCHMOCTH OT KOJHMYECTBA MEPEeMEHHBIX 71, n € N
paccuuThIBaeTCA CIEAYIOUIMM 00pa3oM:

Li(n)=(2+2)-2"+(2" 1 -2)+2n+2+2=

—on+2 pon+l Loy 0 3.0+l Loy 40

Russian Technological Journal. 2023;11(3):46-55

51



Method for synthesizing a logic element Stanislav |. Sovetov,

that implements several functions simultaneously Sergey F. Tyurin
fris]s
31
£
517
52
" 83
1 34
i ]
56
BT
IFEEEE s
T Ng9
810
" 811
TN E T =
E5o0ane q78 [E= 1 I’
513 17 i3 = = =
+ 7 ] I’ %
" 814 I' 79 8 I i
— dso L E I'— 48
— 515 ‘-JED il N CI =
| EEEEREEEEE 1% I 1_:1,“ - T JTS
T oz
 Ei8 dﬁz L T L
819 I a3 e aifeo
54
— =20 dﬂ“ il 1 L
] 521 I i) — Qo3 Qo
gss 1l " M
S e Ik
523 I 87 il - aloe
d_ qss I'_ G
— B8 1
524 T Ir m— il g
T w825 at — =
geo Qi s
— 50 T
i T J | b reEs o
Y a1 - -
s27 = R apio
- g,
528 dﬁz il
| T —
s28 L = E 4_ apis ol
T £3 AN
DAL R e =
831 1 I 95 T ' Qpie
qss _1‘— Qpiz
B3z dTN il
= u&is =
Qpis
Puc. 6. Cxema LUT Tpex nepemMeHHbIX, BbIMOMHAIOLWAA YeTbIPe PYHKLUMM OAHOBPEMEHHO
Oscilloscope-XSC1 X
Word generator-XWG1 X
Controls Display J)00000000000000000000000000000000
Cycle (O Hex “
Burst ‘:Y‘Dec
Step © sinary
Reset —
Oascn
Set...
Trigger
Internal 5 T 00000000000000000000000000000000
External 00000000000000000000000000000000
Frequency
T Time Channel_A Channel_B (
1 : kHz 00000000000000000000000000000000 1 [« () Reverse
00000000000000000000000000000000 13 Gles Save
Ready Trigger 2L Ext. trigger
31 0 Timebase Channel A Channel B Trigger
Scale: 1 ms/Div Scale: 5 V/Div Scale: 5 V/Div Edge: £ % A
X pos.(Div): 0 Y pos.(Div): 0 Y pos.(Div): -2 Level: ¢ v
. I
Puc. 7. Koz, |-pe9| 8 Word Generator Y/T Add B/A A/B AC 0 DC AC 0 DC Single Normal Auto None

Puc. 8. Ocuunnorpamma asyx GyHkumin LUT
Tpex NepeMeHHbIX
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Time Channel_A Channel_B Channel_C Channel_D Reverse
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V Save
0.000 s 0.000 V 0.000 V 0.000 V 0.000 V GND

L+
T2 9
T2-T1

Timebase Channel_A Trigger
. A
Scale: 1 ms/Div Scale: 5 V/Div Gk Edge: £ [R Ext
X pos.(Div): O Y pos.(Div):  -2.4 E a e Level: 0 v
(o

Y/T AB> A+8> AC 0 DC - Single  Normal Auto None A> Ext

Puc. 9. Ocumnnorpamma vyetbipex dyHkumi LUT Tpex
NepeMEHHbIX

Hua pacuera 2V (yHKUMN B NMPEIJIOKEHHON cXxeme
IIOJIy4aeM CJI0KHOCTD:

L,(v,n)=
=2V —242)-27 4+ 27y op ¢
+ (U —2)2 - +2(2 1) =
=2vtl.on 4 omtl 4 o 4 2vHLL 2V - 1),

Tak, HarTpuMep, TS peaTi3alliK YEThIPEX JIOTHYESCKUX
(byHKIHH (v = 2) OMHHX U TEX ke epeMeHHbIX (11 =4) Tpe-
oyercst 1e LUT mpu obOmiem ucrnonb3oBanuu 212 TpaH-
3HCTOPOB, a B MpeajaraeMod HOBOM KoHCTpykuuu LUT,
peam3yroliel Bce YeThipe PyHKITHH, KOTMUECTBO HE00X0-
JUMBIX TPAH3UCTOPOB cocTaBiseT 192.

JnarpaMMbl CIIO)KHOCTH, TPENCTABIISIONINE 00bIU-
nyro LUT L ;(v) n maoropynkumonansuyo LUT L (v)
PEaTH3YIOIYI0 V JOTHIECKUX (QYHKINIH C KOTHYECTBOM
nepeMeHHbIX 7 = §, nmoka3aHsl Ha puc. 10.

Kak BuaHO M3 JuarpaMMbl, WMEETCS BBIUTPBIII
B CJIO)KHOCTHU MO KOJMYECTBY TPAH3UCTOPOB AJISi MHOT'O-
¢dyskmmonansHol LUT 1o OTHOIIEHUIO K COOTBETCTBY-
IoLIeMy KoJindecTBy it 00bruHbIx LUT.
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2.75-10%
2.475-10%
2.2-104
1.925.10%
L 1.65-10%
e 1,375-10%
ﬂ) 1.1-10%
8.25.103
5.5-103
2.75-108

v

Puc. 10. CpaBHeHune cnoxHocTn obbidHOM LUT
1 MHOrodyHKunoHanbHom LUT

SAKJTIOYEHUE

Takum o0pa3oM, B cTaThe IOKa3aHa BO3MOXK-
HOCTbh OJTHOBPEMEHHOU peanuzanuu 2" ~ I normueckux
(GYHKUIMI HAa HEAKTUBHBIX YacTAX LIETNel mepeaaroimx
tpansuctopoB B IIJIMC, uyto yBenmnumBaer (pyHKIHO-
HAJIBHOCTh yCTPOWCTBA. s peanuzaluu TOro ke Ko-
ndecTBa joruuecknx (ynkmmii Tpebyercs 27~ 2 LUT.
HecMmoTpsi Ha JOMOTHUTENbHBIE 3aTparhl, CYLUIECTBYET
BBIMTPHIMI B CIIO)KHOCTH IO CPAaBHEHHIO C KOJTMYECTBOM
HEOOXOAUMBIX TPAH3UCTOPOB.
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Pe3siome

Llenu. KOHTPONb M3HOCA KOHCTPYKTMBHbLIX 3/IEMEHTOB 9HEPrOyCTaHOBOK, B YaCTHOCTU TPyOOMNPOBOAOB aTOMHbIX
3/1EKTPOCTAHLMI, ABNSETCS HEOTLEMIIEMbIM KOMMOHEHTOM obecnedeHns 6e30MacHOCTM NPy KX aKcryaTaummn.
KoHTponb nyTeM HenocpeacTBEHHOr0 06cnefoBaHNs COCTOsIHUS TpybonpoBoaa TpebyeT, BO-NEPBbIX, JOCTATOYHO
OonbLUNX TPYAO03aTpaT, BO-BTOPLIX, B HEKOTOPLIX CIly4asix, BDEMEHHOI OCTaHOBKM paboThbl. [ToaToMy Npu npoBene-
HUU KOHTPOJIbHbLIX MEPOMNPUSTUI NPeanaraeTca NCNonab30BaTb MaTeMaTMyeckoe mogenuposaHue. Lenb ctatbn —
pa3paboTka MaTeMaTn4eckon MOAENN CUCTEMbI ANArHOCTUKWN AN OLEHKN BEPOSTHOCTN 0OHapyXeHns AedeKToB
Ha OCHOBE peLleHns 06paTHbIX 3a4ay.

MeToabl. AHanuanpytoTcs GUHOMMANbHAs MOLENb OLLEHKW HAOEXHOCTU KOHTPOJIS, napameTpuyeckas Moaesb
BepeHca 1 XoBu BEPOSITHOCTM 0OHapyXeHus nedekToB, napameTpuyeckas MoAeflb Ha OCHOBE WCCNeaoBaHus
TecT-06pa3uoB. B kayecTBe anbTepHaTUBbI AaHHBIM MOAENSAM NpeaiaraeTcs pacyeTHbI METOL, OLEHKN HAAEXHO-
CTW CYCTEM HepaspyLlaloLLEero KOHTPOS Ha OCHOBE peLleHus obpaTHoM 3apadn. [lna onpeneneHms napameTpoB
KPVBOW BEPOSITHOCTU 0OHaApyXeHus AedekToB MoAeflb UCMNONb3YET AaHHbIE, MOMYYEHHbIE Pa3/INYHBIMU KOHTPO-
nvpylowmMmmn 6puragamMu 3a ANUTENbHBIN Neproa, aKCrnylyatauum SHEProycTaHOBKM. B ka4ecTBe NCXOAHbIX AaHHbIX
MO>XHO MCMOJIb30BaTh MIOTHOCTW pacnpeaeneHns AedekToB N0 OA4HOM NN HECKONBbKMM U3 CReayloLLmX Xxapakre-
puUCTUK: ryGuHe, AnvHe, nnowaan cedeHns gedekta. C NoMOLLbIO NpeniaraeMon MaTeMaTnyeckor Moaesnm Bbl-
NnoJsIHeH Habop TECTOBLIX PACYETOB HA OCHOBE AEBATV KOMOMHALMIA MCXOAHbBIX AaHHbIX. KoMOuHauum otanyatoTcs
Mexay coboli KoapPrUMEHTOM JOCTOBEPHOCTU UCXOAHOM CUCTEMbI KOHTPOJIS, NapamMeTpoM pacrnpeneneHns ae-
beKToB, HyBCTBUTEIbHOCTLIO CUCTEMbI KOHTPOS.

PesynbTatbl. [10 MTOram npoBeAEHHbIX PACHETOB MOCTPOEHbI KPUBbIE MIOTHOCTU BEPOSTHOCTM OOHAPYXEHHbIX Ae-
deKToB B 3aBMCMMOCTM OT pa3mMepa gedekra, onpenesnieHbl BOCCTAaHOBMIEHHbIE 3HAYEHWSI MapaMeTpPoB pacnpene-
neHvs 0edekToB NpY PasnyHbIX YCI0BUSX UCMbITAHUIM, CAENaHa OLEHKA MOrpeLIHOCTN BOCCTAHOBEHWS Napame-
TPOB. [1ns OLeHKN CTENEHN HECOBEPLLEHCTBA CUCTEMbI MCMOJIb3YETCS KPMBasi BEPOSITHOCTM 0OHapyXeHns nedekra
KOHKPETHOM CUCTEMOM KOHTPONIS.

BoeiBoabl. C y4eTOM OrpaHvyeHunin, CBA3aHHbIX C pa3MepPOM BbIOOpKM, NpeafiaraeMmasi MeTOAMKa, BO-NepPBbIX, MOo-
3BONSIET NPUMEHNATL PE3YNbTaTbl, NOJYYEHHbIE MO KOHTPOJIO MeTanna, ¢ 60nbLIe yBEPEHHOCTbIO, YEM METOOMNKM,
MCNOMb3yeMble B HACTOSILLEE BPEMS, BO-BTOPbIX, OLEHNBaTh 3ODEKTUBHOCTb KOHTPOS, MPOBOAMMOrO OTAENbHbI-
Mu Gpuragamu ucnelitatenen nnbo nabopatopusmMu. B nepcrnekTrBe 3To NO3BOIUT PEKOMEHAOBATL UM HE PEKO-
MEHL0BaTb NPUBNEYEHNE TON UM MHOW BpUrabl K BbIMOAHEHMIO AMArHOCTUYECKMX PaboT.

Kniouesble cnoBa: Hepaspyl_ualou_u/lﬁ KOHTPOJIb, HAAEXHOCTb 3HEPreTn4eCKnXx yCTaHOBOK, MaTtemMaTtn4eckoe Mo-

OenMpoBaHve, CTaTUCTUYECKM aHanus, obpaTHbIe 3a4a4n
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Mpo3payHocTb GpUHAHCOBON AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPEACTaBNEH-
HbIX MaTepuanax uin metoaax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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Abstract

Objectives. The wear monitoring of metal structural elements of power plants—in particular, pipelines of nuclear
power plants—is an essential means of ensuring safety during their operation. Monitoring the state of the pipeline
by direct inspection requires a considerable amount of labor, as well as, in some cases, the suspension of power
plant operation. In order to reduce costs during monitoring measures, it is proposed to use mathematical modeling.
This work aimes to develop a mathematical model of a diagnostic system for assessing the probability of detection
of defects by solving inverse problems.

Methods. A binomial model for assessing the reliability of monitoring, comprising the Berens—Hovey parametric
model of the probability of detection of defects and a parametric model based on studying test samples, was
analyzed. As an alternative to this binomial model, a computational method for assessing the reliability of non-
destructive testing systems by solving an inverse problem was proposed. To determine the parameters of the defect
detection probability curve, the model uses data obtained by various monitoring teams over a long period of power
plant operation. To serve asinitial data, the defect distribution density over one or more of the following characteristics
can be used: depth, length, and/or cross-sectional area of the defect. Using the proposed mathematical model,
a series of test calculations was performed based on nine combinations of initial data. The combinations differed
in the confidence coefficient of the initial monitoring system, the parameters of the distribution of defects, and the
sensitivity of the monitoring system.

Results. The calculation data were used to construct curves of the probability density of detected defects
as a function of the defect size, recover the values of the defect distribution parameters under various test conditions,
and estimate the error of recovering the parameters. The degree of imperfection of the system was estimated using
the curve of the detection probability of a defect by a certain monitoring system.

Conclusions. Under constraints on the data sample size, the proposed methodology allows the metal monitoring
results to be applied with greater confidence than currently used methods at the same time as evaluating the
efficiency of monitoring carried out by individual test teams or laboratories. In future, this can be used to form the
basis of a recommendation of the involvement of a particular team to perform diagnostic work.

Keywords: non-destructive testing, reliability of power plants, mathematical modeling, statistical analysis, inverse
problems
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BBEOAEHUE

OnHolt M3 BaKHEMIIMX 3a4au MPU 3KCILUTyaTalluu
KPYIHBIX YHEPTETHIECKUX YCTAaHOBOK SIBISETCSI 0OecIe-
4yeHue 0e30ITacCHOCTH MX HCIONIb30BaHus. Pemenne 3toit
3aJlauy IpeIoaraet, YTo KOHCTPYKLUY aTOMHBIX CTaH-
Ui, BKIOYas TpyOOIpOBOJbI U 000PYIOBaHUE, JOJIXK-
Hbl COXPaHUTb LEJIOCTHOCTH B TEUEHHME BCEr0 CpOKa
sKcuTyatanuu'. OJHAKO MMEIONIHIICS Ha CEroHs OTbIT
[IOKa3bIBAET, YTO HE3aBUCUMO OT TUIIOB ADC U yCII0BUH
SKCILTyaTaluy MPAKTUYECKU €KETOJHO OOHAPYKHUBAKOT-
Csl IOBPEXKJIEHUSI KOHCTPYKLMOHHBIX JIEMEHTOB aTOM-
HBIX CTAHIMMH, B T.4. U TpeumuHsbl. [Ipobnema B 1aHHOM
Cllydae CBsi3aHa ¢ HEJOCTATOYHOM U3y4E€HHOCTBIO MOJIe-
Je U MEXaHU3MOB MOBPEXICHUI, U, COOTBETCTBEHHO,
C HEBO3MO)KHOCTBIO PEILEHMs ITOH 3aJaud Ha CTaauu
IPOEKTUPOBAHUSL.

OanuM U3 HampapiIeHUM pelleHus: TaHHOM 3ajaun
SBJIAETCA CO3JaHHE CHCTEMBI, 00ECIIeUMBAIOIICH IMOA-
JepaKaHUEe 3aJaHHOIO YPOBHSI HaJEKHOCTU 3a CUET Ile-
PHOINYECKON TUATHOCTUKH TEXHUYECKOIO COCTOSHUS
HanOoJee OTBETCTBEHHBIX OOBEKTOB 3KCILTyaTHPYEMOH
SHEPreTU4YeCcKON YCTAHOBKH, T.€. OPraHu3alys U IpoBe-
JieHne paboT Mo Hepas3pyIIAIoNIeMy KOHTPOJIIO MeTaIa
obopynoBanus u TpybonpoBonos. Ha ocHoBaHuM Teky-
IIETO COCTOSHUSI UCCIIETYEMBIX OOBEKTOB MIPOTHOZUPY-
eTcs cuTyauust B OyaylleM U IPUHUMAETCS pPelIeHHE
0 IPEKpallleHuN WIH IPOJOKEHUM JajbHEUIIEeH dKc-
ITyaTaluu 00bEKTOB.

1. CTATUCTUHECKUE MOAEJIN OLLEHKU
HAAEXXHOCTU CUCTEM HEPA3PYLUAIOLLEFO
KOHTPOJ1H

Jist OLIGHKHM TEKYIIETO COCTOSHUS HCCIICAYSMbIX
00BEKTOB HEOOXOMUMO HMETh MEpPYy HAJCKHOCTH He-
pa3pyluaromero KOHTpois. B kauecTBe Takoit MeTpu-
KA HCIIONB3yeTCSI KpPUBas BEPOSTHOCTH OOHApyxe-
HUsE 1e(DEKTOB, M3BECTHAsI M3 JINTEPATYPhl KaK KPUBas
PoD (Probability of Detection) [1, 2]. Ona onuceIBaeT

U Tpebosanus « ynpasnenuio pecypcom 060pyooea-

Hus u mpyoonpoeooos amomuwix cmanyui. OcHoeHvle no-
noocenuss  (HIT-096-15). [Requirements for equipment and
piping time management in nuclear power plants. Basic
provisions  (NP-096-15).].  http://www.cntr-nrs.gosnadzor.ru/
about/AKTS/HIT-096-15.pdf. [lara obpamenus 15.12.2022. /
Accessed December 15, 2022 (in Russ.).

pacripefieficHHe BEpOSATHOCTH OOHapykeHHs aedex-
TOB II0 UX pa3MepaM. JTa KpUBasl B J€HCTBUTEIBHOCTH
MOXET 3aBHCETh OT MHOXECTBa (PAKTOPOB: BO3MOXKHO-
CTel MCIOJIb3yeMONW METOJUKU U armaparypbl KOHTPO-
751 Ha BBIOPAHHOW UYBCTBHTEIBFHOCTH, MECTOHAXOXKIC-
HUSI U TEOMETpUH e(eKTa, CBOUCTB MaTepuaia. Takxe
YUUTBIBAIOTCS W UYeJIOBEUECKHe (PaKTOPBI — yCTAIOCTb
[IEPCOHAJIA, HAJIMUUE CTPECCOBBIX CUTyalUH, CIIOKHBIE
YCIIOBHSI UHCIIEKIUH.

B xauecTBe 3KCIepHMEHTANBHBIX JaHHBIX IS T0-
CTpOE€HUs KpUBOU PoD HUCHONB3YIOTCS JaHHBIE, MOIIY-
YEHHBIE B PE3YNbTaTe NIPOBEACHHOIO KOHTpossl. Mx mo-
Jy4eHUEC MOYKET OBITH BBHIITOJHEHO C HCIONB30BaHUEM
CUCTEM, TIOJIOOHBIX ONMUCaHHBIM B [3—5] U Marepuanax
AMEpPHUKAaHCKOIO COOOILIeCTBa 0 Hepa3pyLIaroleMy
KoHTpoio?. TTpuMenseMas P 3TOM CHCTEMa KOHTPO-
Js1 MOXKET OBITh HCHOJIb30BaHA JUIsl OOHAPY>KEHHs Kak
peanbHBIX JeQeKTOB, 00pa3yroIIUXCs MPH dKCIUTyaTa-
U 000pyIOBaHHS U TPYOOIIPOBOAOB YHEPTETHUECKOM
YCTQHOBKH, TaK M UCKYCCTBEHHO CO3JaHHBIX JC(PEKTOB
C 33JlaHHBIMU pa3MepaMu. VICKyCCTBEHHO CO31aHHBIE
neeKThI> TOMKHBI COIEPKATh Te JKe 0COBEHHOCTH, UTO
U peanbHble nedekThl. Hambonee momxoasmmMu siBisi-
I0TCSI 00pas3Ibl peaIbHBIX 00BEKTOB C PEeaNbHBIMH MOIY-
YEHHBIMU IIPU IKCIUTyaTalluy TpeuuHaMu. Eme onHoi
IPaHbI0 IIOCTABICHHOM 3aJaydl SABJAETCS y4YeT THUIIOB
pa3pyiieHus — BsI3Koe U Xpymkoe [6].

Metononoruss arTeCTallMOHHBIX IIPOBEPOK, Kak
MpaBWJIO, [JAaeT JHIlb KaueCTBEHHBIE 3aKJIIOUEHUS
0 CIOCOOHOCTH CHCTEMBI HEpa3pylIAIOIIEro KOHTPO-
751 BBIABIATH Jedektsl. Bombinas yacth paboT aaer
pe3yabTaThl JIMIIb JUIS YCPENHEHHBIX KPUBBIX PoD,
[OJIy4YE€HHBIX B pe3yJbTaTe MPOBEPOK pa3HbIMH Jabo-
paTopusMHU OJTHOTO U TOTO ke 00BbeKTa. B kauecTBe npu-
Mepa MOXKHO TIPUBECTH PEe3yIbTaThl MEKIa00PaTOPHBIX

2 Bouis J. NDT to evaluate crevice corrosion initiation
sites in alloy pipe and tubing. The NDT Technician. 2022;21(1).
https://blog.asnt.org/ndt-to-evaluate-crevice-corrosion-initiation-
sites-in-alloy-pipe-and-tubing/. [lata oOpamenuns 15.12.2022. /
Accessed December 15, 2022.

3 Kanzler D., Miiller C., Pitkiinen J., Ewert U. Bayesian
approach for the evaluation of the reliability of non-destructive
testing methods: combination of data from artificial and real
defects. Proceedings: 18th World Conference on Nondestructive
Testing WCNDT. Special Issue. e-Journal of Nondestructive
Testing (eJNDT). 2012;17(7). http://www.ndt.net/?1d=12748.
Jlara obpamenust 15.12.2022. / Accessed December 15, 2022.
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Ha OCHOBE peLLEeHNs obpaTHbIX 3aaa4

A.E. AnekcaHapoB
n ap.

CIIMYUTEINIbHBIX HUCTIBITAHUH, KOTOPBIE ObLIN MPOBEIEHBI
B 2018-2019 rr. B opranuzauusx aTroMHOM oOTpaciu
10 HepaspymaMM BuaaM Koutpossa®. ITomydenHbie
IEBITHIO JTAOOPATOPUSMH JaHHBIC HE TPEICTABIACTCS
BO3MOYKHBIM HCIIOJIB30BaTh MPU MOCTPOCHUHM KPUBBIX
PoD 51t oTeNbHBIX J1a0opaTopuid 0 MPUYHHE MaJo-
TO YHcia U3MEPEHHH ISl OTHOTO pasMepa Ie(eKTOB.
B sToM cityuae ObLTa TIOCTpOCHA YCpEeIHEHHAs! KPUBas
PoD, nomyudenHas 1o pe3ylibTaraM BcexX JeBATH J1abo-
paropuii. Takas cuTyauus siBiIg€TCsA TUIIMYHOM MIPH 110-
CTPOEHHH KpUBBIX PoD.

BrIxonHOM XapaKTepUCTUKON MPUMEHSIEMOH cucTe-
MBI KOHTPOJIS SIBJISIETCSI CUTHAM (TIMKOBOE HATIPSDKEHHE
WIA aMIUIUTYAa), KOTOPBIH CPaBHUBAETCS C IOPOTOBBIM
3HAUCHHEM M MOXKET OBITh HHTEPIPETHPOBAH B 3aBHCH-
MOCTH OT pa3mepa Aedekra. CpaBHUTEIbHBIA aHAIN3
MEXK]ly BBIXOJHBIM CUTHAJIOM CHUCTEMbI KOHTPOJIA U Jie-
(hekTaMu HM3BECTHOTO pa3Mepa a IMO3BOJSET MOTYYHUTh
OIICHKY KPHBOW BeposSTHOCTH oOHapyxkeHus PoD(a).
Ouenka PoD(a) MoxeT ObITh HaifjleHa MO YUCIy pea-
TU3aANA KOHTPOJIIS, TPOBEJEHHOTO MCXOTHOW CHCTEMOM
IUIs 33JIaHHOTO pasMepa a;, Kax:

PoD(a)="", 1)
n

rne PoD(a;) — BEPOATHOCTb OOHApykeHHs aeeKTa
pasMepoM a,; n; — 4uCIo 1e(YEKTOB pasMeEPOM a;, OOHa-
PYKEHHBIX MPH KOHTPOJIE; 1 — 00Iee Yucio 1e(eKToB
PasMepOM @; B HCCIIEyeMOM 00paslIe.

MHorokparHoe ucnoiib3oBanue Gopmynbl (1) mist
PasJIM4HBIX Pa3MEPOB JIC(EKTOB @, MO3BOJIACT MOTY4HUTh
Y4acTOThI OOHAPYKEHHUS! I(DEKTOB MO pa3Mepam.

1.1. BuHOMManbHaa Moaesb OLLeHKMN
HaAEeXHOCTU CUCTEMbl KOHTPONS

IIpeanonoxum, 4TO0 B 33aJaHHOW Te€HEpPaIbHON CO-
BOKYIHOCTH TPUCYTCTBYeT IO IE(HEKTOB 3aJaHHO-
ro pasmepa. Torna, usBieKas U3 3TOH COBOKYMHOCTH
N 00BEeKTOB W TMOABEPrasi WX HCCICIOBAHHUIO C TIOMO-
IIbI0 UCXOIHOM CHCTEMBI KOHTPOJISI, MOKHO HaJesThCs,
9TO C yBeIM4YeHHEM uncna N OymyT oOHapyKEeHBI BCE
nedexThl 3aJJaHHOTO pa3Mmepa. B 3ToM citydae Kaxblid
MPOBEICHHBIN SKCHEPHUMEHT MOXET pPaccMaTpHBaTHCS
KaK HE3aBHCHMOE MHCIIBITAaHHE, a 4YacTOTa MOSABICHUS
coObITHst ® = n,/N MOKET OBITh paccuuTana no Gpopmyine
Bepnymnu [7, 8]:

4 Ananmiaeckuii otuer Ne 532/789-2019. O nposederuu mesic-
1a60pamopHbIX  CIUMUMETLHBIX UCHLIMANULL N0  HEPASPYUAIOWUM
8UOAM KOHMPOJIA 8 OP2AHUSAYUAX AMOMHOU OMPACIU NO NPOSPAMME
IILMCHU.HKCC-533/009-2018. Y. 2. M.: Pocatom, AO «BHUMHMy;
2019. [Analytical report No. 532/789-2019 “On conducting
interlaboratory comparative non-destructive tests in organizations
of the nuclear industry under the program P.MSI.NKSS-533/009-
2018,” Part 2. Moscow: ROSATOM, VNIINM; 2019. (in Russ.).]

n; N! n N—n;
- phi(- i, 2
N ni!(N_ni)!p (-p) )

IJe p — BEPOSITHOCTh OOHAPYKCHHS CIMHUIHOTO [Ie-
¢exkra.

Hwokusist moBepuTeNnbHAs TPaHUIA BEPOITHOCTH 00-
HApY)KCHUs TIPH 3aJJaHHOM 3HAYCHUH JIOBEPUTENHHOI
BEPOATHOCTH ¥ 33JlaHHOM pa3Mepe BBIOOPKH MOXKET
OBITh IOJNyYeHA B PE3y/bTaTe PEUICHHs CJCAYHOLIEro
YpaBHCHUS:

Psc =

Nl N! N-—n; (3)
=supip: Y ——pi(l-p) i 2l-ay,
Zom (N =n)!

rne (1 — o) — HIKHSS TOBEpUTENbHAs TPaHUIA 33J1aH-
HoM BeposaTHOCTH; SC — MpUBsSI3Ka K UCIOJIb3YEMOH CH-
CTeMe KOHTPOJISL.

Nmes pemenue ypaBHEHHS (3), MOXKHO TapaHTH-
poBath [7], 4TO BepOATHOCTH OOHapykeHHs aeheKrTa
3aaHHoro pasmMepa Boitie 0.9 ¢ 3a7aHHBIM JJOBEPUTETb-
HBIM HMHTEpBaJiOM, paBHBIM 95%, Oynmer obecredeHa
B TOM ClIydae, ecnu u3 29 3aganHbiX gedextos 3a 29 nc-
mbeITaHU# OyyT HakneHsl Bee 29 nedektos. Takke, 3a1a-
Basi YHCIJIO TPOBEPOK U MpEATIoaras, 4To Bce Ae(eKTh!
TP 3TOM OYIyT HalJeHBI HCCIIeyeMOW CHCTEMOI KOH-
TPOJIS,, MOKHO OIIPEACTHUTEH BEPOSITHOCTE OOHAPYKEHHS
IIpU 33JJaHHOM JIOBEpUTEILHOM HHTEpBajie. B pe3ynbra-
T€ TAKUX MPOBEPOK MPOBOIUTCS OICHKA HCCICTYeMOM
cucTeMbl KOHTpoJs. [Ipu 3TOM, eciu HIKHUM ToBEepH-
TEJIBHBIN MHTEPBAN Ul JOJIN OOHAPYKCHHBIX TPCIIUH
MIPEBBIIIAET 3aJaHHOE 3HAYEHHE BEPOATHOCTU OOHapy-
KEHUSI, TO CUCTEMa KOHTPOJISI CUMTACTCS JOCTATOYHON
JUIS TIPOBEZICHHS padOT MO KOHTPOJIO W 00ecredynBaeT
HEOOXOIMMBIN YPOBEHDb HAJICKHOCTH.

OpHako, Kak yka3aHo B pabotax [9, 10], ucnons3o-
BaHME OMHOMHUAIEHON MOAEIH JUTS OIICHKH HAAECKHOCTH
CUCTEMBbI KOHTPOJIS IPUBOAUT K CEPHE3HBIM MPOOIEMaM.
OHU BO3HUKAIOT IIpU NOJIYy4YeHUU KpUBOH PoD mpu us-
MEHEeHHMH pa3MepoB nedekroB. B aTom ciyuae nosepu-
TeJbHbIE IPaHULBI KpUBON PoD UMEIOT O4EHb HEYCTOM-
YUBOE IOBEJIEHHE M 3aBUCAT OT BBIOPAHHOTO MeETO/a
ananusa. Kpome toro, ais nonydenust kpusoit PoD s
BCETO JIMana3oHa M3MEHEHHsI pa3MepoB Je(eKToB Tpe-
Oyercst MX OONBIIOE KOJHMYECTBO, T.K. 00BEM BBIOOPKU
JUISL OJTHOTO pa3Mepa JOJKEH ObITh YMHOXKEH Ha UUCIIO
TOYEK, HEOOXOAMMBIX JIJISl TIOCTPOCHHsSI caMoid PoD.

1.2. NapameTtpuyeckaa mogenb bepeHca n XoBu
AN KPUBOW BepOoSATHOCTU OOHapyXxeHus PoD

B kawecTBe anbTepHaTUBBI OWHOMHAJIBHOW MO-
jgenu OblTa MpeAsoKeHa IapaMeTpuyeckas MOAETb
JUIsl TIocTpoeHust kpuoir PoD. B pabortax bepenca
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u Xosu [11, 12] ucnions3oBaHa Ipyras craTHCTUYECKast
OCHOBA ISl IPEZICTaBIIeHUs KpruBOH PoD B BHie MaTeMa-
THdeckoi ¢pyHkuuu. CraTucTudyeckas MoJelb, peio-
»keHHast bepencom n XoBu [12], ocHOBaHa Ha mpeACTaB-
JIEHUH BBIXOJTHOTO CUTHAJIA, TOCTYIAIOIIETr0 OT CUCTEMBI
KOHTPOJISL, B BUJIE OCHOBHOM COCTABIISIOIICH, CBSI3aHHOM
C M3MEHEHUSIMH CPEJHEro CHrHajia OT OfHOro jaedexra
K JpyroMy, W CIy4ailHOW COCTAaBISIIONIEH, CBSI3aHHOU
C U3MEHEHUSIMH CUTHaJIa [IPH MPOBEPKE TOTO KE CaMOoro
nedexra. OTMETHM, YTO CBOHCTBA MaTepraa, pacloo-
KEeHHE AePeKTa U ero OPUEHTAIMsI OTHOCATCS K epBOH
OCHOBHOW COCTAaBJISIIOIIEH M HE MEHSIOTCS OT OIHOIO
ocMmoTpa K apyroMmy. Ko Bropo#l cocrasistonieil cie-
IyeT OTHECTH YEJOBCUCCKHH (DAKTOp M HMCIIOIb3YyeMbIe
CpelcTBa KOHTpOJL. B cBOIO ouepenb, CpeacTBa KOH-
TPOJIsL BKJIFOYAIOT METOJ KOHTPOJISI, METOJUKY M arlra-
parypy KOHTPOJs Ha BBIOPAHHOW YyBCTBUTEIHHOCTH.
Bo3MOXHBIH CTOCOO TOBBIIIEHHUS JOCTOBEPHOCTH, Ha-
MpUMep, YABTPa3BYKOBOTO KOHTPOJIS M3JOkKeH B [12].
BaxHO OTMETHTB, YTO UEIOBEUYECKHH (aKTOp HMeEeT
CYOBEKTUBHBIN XapaKTep U MOXKET MEHATHCS OT MHOTHX
MIPUYUH, a CPEJCTBA KOHTPOJIS 00Ja1at0T OObEKTHBHBI-
MU XapaKTEePUCTUKAMH, KOTOPbIE MOTYT OBITh OILICHEHBI
B BU/JIE NTOTPELIHOCTHU MCII0JIb3yEMOI'0 METOAA.

B cooTBeTcTBHM € IPUBEASHHBIMH NPEICTABICHUS-
mu beperc n XoBu [13] npeanokuian cTaTUCTHYECKYIO
MO/JI€JIb, COTJIACHO KOTOPOM OTBETHBIN CUTHAJ CUCTEMBI
KOHTPOJIS pa30HT HA OTAETHHBIE KOMIOHEHTBI. JTH KOM-
MMOHEHThl MOTYT OBITh 3allCaHbl B BHJIE CIEIYIOLICH
(hYHKIIMOHAJILHOW CBSI3H:

a=h(a)+5+s, )
[J€ @ — BBIXOJHOW CUTHAII, IIOCTYMAOMINN OT CHCTEMBI
KOHTPOJISI; /(@) — OCHOBHAS COCTABJISIONIAS, XapaKTepH-
3yromIasi CpelHee M3MEHCHUE CHrHajia OT pa3Mepa Jie-
(bekra; O — JONONTHUTENBHAS COCTABIISIFOIIAs, 00YCIIOB-
JICHHAS ~ UCIONB3YEMBIMH  CPEICTBAMHU  KOHTPOJLSI
U ompejensemMasi B BH/E MOTPEIIHOCTH HCIIOIb3YeMOro
METO/Ia; € — JIOTIOJIHHUTENIbHAS COCTABILIONIAS, O0YCIIOB-
JICHHAs YeJI0BEYECKUM (DAKTOPOM.

Cremyer 3aMeTuTh, 4TO cornacHo bepency u XoBu
BEIIMUYWHA A(q) SBIISETCS CIy4aitHON BETMUMHON CO CBO-
UM CPEIHUM 3HAYCHHEM, a BETUMUUHEI O U € — CITyYailHbIe
BEJIMYMHBI C HYJICBBIM CPEHUM 3HAYCHHUEM.

1.3. MapameTpuyeckas Mmogesb AN KPUBOM
BEpPOATHOCTU OGHapyxeHus PoD, onpepensemas
no pe3ynbTatamM CTaTUCTUYECKOM 00paboTKun
TecT 0O0pa3uoB

[Ipennaraemass Monens B ypaBHeHuu (4) misg mo-
cTpoeHHs KpuBOH PoD(a) MOXeT ObITh HCIIOIb30BaHA
TOJIBKO B TOM CiIy4ae, €Clid pa3Mepbl 1e(eKTOB U UX
pacrpeiesicHAe 3apaHee M3BECTHBI, T.€. caMH JIe(DeKThI

SIBISIFOTCSL MCKYCCTBEHHO CO3IAaHHBIMH B BHJC TECT-
00pa3IoB. DTH aHHBIE MOTYT OBITh IOJyYEHBI IO pe-
3yJbTaraM MPOBOIUMBIX HCIBITAHUI B OpPraHU3alUsiX
aTOMHOH OTpPAacIy MO Hepa3pyIIAOIINM BHIAM KOHTPO-
ns [14].

Taxo#t meron moctpoeHust KpuBor PoD MOXHO Ha-
3BaTh MIPSMBIM MeTOJOM. [IpoBeneHre U opraHu3amus
TaKOTO POJa WCTBITAHUH TPeOyIOT CyIIECTBEHHBIX 3a-
Tpart. [laHHbIe, MOTy4YEeHHBIC [0 PEe3yabTaraM IMPOBEICH-
HBIX TIPOBEPOK, SIBISIOTCS OTPaHUUYCHHBIMHU, H TIOTOMY
Yaiie BCEro MPHUBOIATCS JaHHBIC TOIBKO O CpPEIHEH
PoD. B atom cnydae ycpeJHEHUE NaHHBIX 3aTpyqHSET
UX JajbHeilee WCIOIb30BAaHUE VIS PCIICHHS IMpaK-
THYECKUX 3a/ad W JeJlacT HEBO3MOXXHBIM ITPOBE/ICHHE
WH/IUBUIYaJbHOM OICHKH IOCTOBEPHOCTH, OTYUCHHOM
Pa3HBIMH JTA0OPATOPHUSIMH.

Kak ormeueno B pabote [9], 3T0 saBnsieTcst O0IbIINIM
HEIOCTaTKOM, T.K. HHANBUAYaIbHBIC OICHKH, MOTydeH-
HBbIC Pa3HBIMHU J1a0OPATOPUSMHE, MO3BOJISIOT BBIICITUTD
OoJee Ha/IeKHBIE JTAOOPATOPHH U UCTIOIH30BATh MX OITBIT
B jajnbHeimei padore. C IOMOTHUTEIBHBIME CIIOKHO-
CTSMH, BOSHUKAIOIINMH TIPH MTOCTPOSHUN PoD-KPUBBIX,
MOXKHO O3HakOMHUThCsS B [15]. OTMeueHHbIe HenocTar-
KM TpeOyIOT TIOMCKA allbTePHATUBHBIX METOIOB OICHKH
kpuBoit PoD.

2. CTATUCTUYHECKAYA MOJAEJIb OLLEHKHA
HALEXHOCTU CUCTEM HEPA3PYLUAIOLLLEFO
KOHTPOJ19 HA OCHOBE PELUEHUSA
OBPATHbIX 3AOAY

B xauecTBe anpTepHATHBEI MIPSIMBIM METOAAM MOTYT
6I>IT]> HCIIOJIb30BaHbl paCyY€THbIC METO/bl, OCHOBAHHBIC
Ha pelreHur oOpaTHBIX 3aja4 [16], a Takxke cpeiacTBa
KOMIIBIOTEPHOTO MOJIETUPOBAHHS.

Hnsa moctpoenust kpuor PoD UCHONB3YIOTCS AaH-
HbIE, TOJYYEHHBIE B PE3YJILTaTE KOHTPOJIS pealIbHBIX
Ie(eKTOB TPH MPOBEICHUH HWHCIIEKIUI MO KOHTPOIIO
METaUIOKOHCTPYKIuil. CyIecTBEHHO BaXKHOH COCTaB-
JSIONICH SBJIsSIeTCsS TOA0Op BBIOOPKH HMCXOJHBIX JIaH-
HbIX [18, 19].

Ilycte s paccmarpuBaeMOM KOHCTPYKLMH, HAaxo-
JIIIEHCs B AKCIUTyaTallik B TEYEHHE BPEMEHH f, ObLIM
OOHapyKeHbI IE€(EKThI PasHbIX pasmepoB a; Popmupys
JUISL TIOJTy4EHHON BBIOOPKH YaCTOTHYIO XapaKTEePHCTHUKY
nedekToB 1o pasmepam (puc. 1), MOXXHO COTIOCTaBUTH
el MJIOTHOCTh pachpeaeneHus OOHAPYKEHHBIX Je(eK-
TOB — p/(a). B kauectse pasmepa nedekra a; 10mkeH ObITh
BBIOPAH pa3MepHslii MaciITal — TyOHHa, ATHMHA, TIOLIAb
ceueHus nedekra. 3-3a HeCOBEpIIEHCTBA UCTIONB3YEMOM

> Genc K. Simulating reality: Going beyond counting

pores and cracks in additive-manufactured parts. FOCUS The
NDT Technician. 2020;19(2). 3 p. https://www.asnt.org/-/media/
Files/Publications/TNT/TNT _19-2.pdf?la=en. [lata oOpateHust
15.12.2022. / Accessed December 15, 2022.
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CHCTEMBI KOHTPOJISI 4acTh NE(PEKTOB OKa3bIBACTCS HEOO-
HapyKeHHOW. CTeneHb HEeCOBEPIICHCTBA CHCTEMBI U3Me-
peHus, Kak ObUTO MOKAa3aHO BBIIIE, XapaKTePU3YETCs KpH-
BOH oOHapyxkerust PoDg-(a), tie HwkHui nHIeKe «SC»
OTHOCHUTCSI K KOHKPETHOM CUCTEME KOHTPOJISL.

COBOKYITHOCTh OOHApy)KEHHBIX M HEOOHapyKEH-
HBIX Jie(heKTOB 00pa3yeT HCXOAHOE Cly4ailHoe pac-
npezeneHue neeKToB Mo uxX pasmepaM. HasoBem 3to
pacrpeielieHue  JCWCTBUTEILHBIM  paclpeeICHUeM
IJIOTHOCTH A€(EKTOB 1 0003Ha9MM p ().

B cooTBeTCTBHY ¢ BBEICHHBIMU OIPEACICHUSIMU 3a-
MHUIIEM CIIEAYIOIee COOTHOIICHNE ISl TIOTHOCTH 00-
HAPYKEHHBIX 1e()EKTOB:

pf(a): . p,(a)PoDg(a) , 5)
I p,(a)PoDg(a)da

)

e p/(a) — pacrpe/ielieHHe IIOTHOCTH OOHApyKEHHBIX
JIe(heKTOB C MOMOIIBIO HCXOMHOW CHCTEMBI KOHTPOILS,
p,(@) — NEACTBUTENBHOE PACIPENENEHUE TUIOTHOCTH Jie-
(exroB B uccnenyemom obbekre; PoDg-(a) — Kpusas
BEPOSATHOCTH OOHApYXEHHS JEe(PEKTOB ISl UCXOIHOM
cucreMbl koHTpOssE SC; S — MakCUMAaITbHBIN pa3Mep Jie-
(hexTa, KOTOPBI MOKET HAXOIUTHCS B UCCIICTYEMOM 00b-
€KTE; @, — 1yBCTBUTEJILHOCTh MCXOIHOM CHCTEMBI KOHTPO-
151 (MHHUMAJIBHBIA pa3mep Jedekra, oOHapyKHUBaSMBbIi
WCXOJJHOM CHCTEMON); @ — pa3MepHBIN MacIuTad aedekra.

PaccmarpuBas cootHomenue (5), MOXXHO ITOCTaBUTh
3a1a4y N0 HaxoxaeHuo Qyukuui p (a) u PoDg.(a)
M0 W3BECTHOW (PYHKIIUHM paCIpeeIICHUS pf(a). Taxas
3aja4a OTHOCUTCA K oOpatHbM [19-21]. s ee pee-
HUs HEOOXOIMMA KOHKpeTH3amus Buaa QpyHkuui p (a)
u PoDg(a).

DyHKIUS pacrpeneneHus IeUCTBUTEIbHBIX pa3Me-
pOB 1e(EeKTOB TEOPETHUCSCKH TOJDKHA UMETh YKCIIOHEH-
IIUAJIBHBIA XapaKTep, TOCKOIBKY ¢ YMEHBIICHUEM pa3-
MEpPHOro MacmTaba 4ucio IeeKTOB pacTeT. Y YUThIBas
JAHHOE TIPE/IIONIOKEHHE, 3alUIIEM TUIOTHOCTh pacipe-
JICNICHUS ICHCTBUTEIBHBIX IE(DEKTOB B BUJIC CIICAYIOIIIC-
IO COOTHOIICHHS:

=y
pa(a):M, ©
j exp(—Aa)da

9

r7e A — mapaMeTp AeHCTBUTEIBHOTO paclpeesIeHus Jie-
(hekToB.

[Tpu BBIGOPE PynKkumu PoDy-(a) Obuna BeiOpana Ta-
Kast popma, KoTopasi UMeeT HeOOJIbIIIOe YUCIIO Tapame-
TPOB, HO YUUThIBaJa Obl OCOOCHHOCTH CTaTHCTHUYECKOM
moznenn (4), npemnoxkeHHsie bepeacom n Xosu. C yde-
TOM ITHUX TpeboBaHMI ObUTa UCTIONB30BaHa opMma:

PoDgy(a) = 1—exp(—r(a — ay)), (7

rae 7 — k03 (QUIMEHT JOCTOBEPHOCTH HCXOIHOU CHCTE-
MBI KOHTPOJISL.

Crenyer 3aMeTUTbh, 9TO KOP(HUITUESHT T0CTOBEPHO-
CTH 7, UCTIOJIH30BaHHBIN B (7), BKIIFOYAET KaK OCHOBHYIO
COCTaBJIAIONIYI0 H3MeHenus pynkimu PoDg(a) ot pas-
Mepa nepeKTa, Tak M JIOMOTHUTEIBHYIO COCTaBIISIO-
1yt0, 00yCJIOBICHHYIO YeloBedeckuM (akropom [22],
KOTOpasi OMpeensieTcs MO pe3yibTaTaM CTaTHCTHUC-
CKoW 00pabOTKM UCXOMHOM BBIOOPKH. To ke camoe ciie-
JYET CKa3aTh U OTHOCUTENBHO apaMeTpa a,.

[Toncrapnsis npuBeneHHbIe hopmyisl (6) u (7) B co-
oTHoIIeHHeE (5), MoITydnM:

pf(a):

exp(—a/ k)[l - exp(—r(a - ao))]
== . ®)
[ exp(-a/ K)[l - exp(—r(a - ao))J da

9o

U3 (8) cienyet, 4To MpH M3BECTHOM pacrpeere-
HUH p(a) HEOOXOIMMO HAWTH TpHU Iapamerpa: mapa-
METp pacmpelencHust A, KOdPQPUIUEHT TOCTOBEPHO-
CTH 7' M @ — YyBCTBUTEIBHOCTh HUCXOJXHOH CHCTEMBI
koHTpois. C nocrpoenueM PoD-KpUBOH IO HECKOb-
KHM HE3aBHCHMBIM ITIEPEMEHHBIM MOKHO 03HAKOMHUTH-
ca B [23].

2.1. Anroputm pacueTa

OTMETHM BaXHYIO OCOOCHHOCTH (DYHKIIUU pf(a).
[Tockonbky nanHas GYHKLHUS ONpeaesseTcs Kak Mpous3-
Besienue pynkumii p (a) u PoDg(a), npudem p (a) ABisi-
€Tcsl MOHOTOHHO yObiBaromei gpynkuueit, a PoDg(a) —
MOHOTOHHO BO3PACTAOIIEH, TO JIOTUYHO TTOJIOKHUTh, YTO
byHKLIMA p/(a) JIOJDKHA UMeTh MakcuMyM. Koopannara
MaKCHMaJIbHOTO 3HAaueHUs JOJKHA OBITh CBA3aHa C Ia-
pamerpamu Qyukunii p (a) u PoDg(a). llposens He-
CJIOKHBIC BBIUMCIICHUS, MOYKEM 3aIiCcaTh 3HaYeHUE a0C-
LUCCHI TOYKW MaKCUMyMa B BUJIE:

ln(l+;j
a. ZQO—T. (9)

Ecnu moncraBuTh B (8), 3HaUCHHE a
OpAMHATY TOYKHU MaKCUMyMa:

max> TO TTOTYIHM

pf(amax) - ymax' (10)

OTH KOOPIMHATHI (&, » Vax) MOTYT OBITH ONIpETIE-
JICHBI U3 SKCIIEPIMEHTAJIBHO MOJTYICHHOTO pacipeerie-
HUSI INIOTHOCTH 0OHApyXeHHBIX AeeKToB (puc. 1).
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Takke OTMETHM ellle OJJHY OCOOCHHOCTH BBIOpaH-
HeIX (yHKuMA. Eciu moacrauth B (6) 3Havenue a .,
TO MOJYYUM IOYTH Ty XKE CaMYI0 OPIUHATY TOUKU MaK-
CUMyMa, 4TO MOJTydniack mist popmyisr (10), T.e.:

pa(amax) = ymax‘ (1 1)

TouyHoe coBmajeHue 3HaYeHUW opauHar st op-
My (10) u (11) Oyaer UMeTh MECTO B TOM clly4ae, eCIu
MpeieJibl UHTETPUPOBAHUS B UCIIOIb3YEMBIX BBIPAKEHH-
ax uMeroT 3HaueHus ot 0 mo % . Cienyer 3aMeTUTh, U4TO
pasHUla 3HAYEHUH Y . . PACCUMTAHHBIX MO (opmy-
aam (10) u (11), 3aBUCHT OT BENMYMHBI ¢\, ¥ BBIOPAHHOH
BEJIMYHMHBI S — MaKCUMAJIBHOTO pa3mepa aeeKTa B Uc-
cienyemont oonactu. s S > 20 MM OTHOCHTENBbHAS T10-
IPELIHOCTh PA3HOCTU JTUX 3HAUYEHUI HE NpEeBBILIAET
BenmuuEbl 1074,

[To cytu, »T0 03Hayaer, yTo (YyHKUUS pacrpere-
JIEHUs TIOTHOCTH BEPOATHOCTHU p (@) TPOXOMUT YeEPE3
TOYKY MaKCUMyMa (DYHKIIMH pacHpeieNeHuss OoOHapy-
KCHHBIX Ie(EeKTOB pf(a). Hcnonb3yst 310 CBOMCTBO,
MOYKHO 3alycarh Cliefylollee HeITMHEeHHOe ypaBHEHHE
OTHOCHTENILHO HEM3BECTHBIX NAPAMETPOB d) M A:

exp(—Aia
F(ao,k)zymax——s ( max) =0.
j‘exp(—ka)da

9

(12)

HewusecTHblii nmapameTp @, MOXET ObITh HaileH
U3 HKCIEPUMEHTAIBHO MOIYyYEHHOIO pacIpeeNieHus
IUIOTHOCTH OOHAPYKCHHBIX AE(EKTOB Kak pe3yiabrar
HepeceueHusl KpUBOI pacrpeiesieHus OOHapyKEHHBIX
JneeKTOB ¢ 0ChIO a0cmucc. 3Has MOyYeHHOE 3HAaUCHHUE
a, 1 UCTonb3yst ypapHenue (12), MOXHO HaliTu U BTO-
poif HEM3BECTHBIM MapaMeTp A, paccMarpuBas HENH-
HeltHoe ypaBHeHHE (12) OTHOCUTENBHO TOJBKO OAHOTO
mapamerpa A.

J1sl HaXOXKJGHUS apaMeTpa 7 UCIOJIb30BaCs Me-
TOJI TIOCJICTOBATENILHBIX NIPUOMKEHUH. 3a/1aBasi CEpHI0
3HAYEeHUH MapaMmeTrpa 7, BBIYUCIUM I KaKI0TO BeH-
YUHYy TMapameTrpa A cilemyiomuMm obpasom. Pazobnem
UCXOZIHYI0 00J1aCTh pasMepoM (q, S) Ha 1 HHTEPBAIIOB.
Bri0op umcna MHTEpBAJIOB M X Pa3MEpPOB OMNpEICs-
€TCs Ha OCHOBE IIPEABAPUTENILHOTO aHAIN3a MUCXOAHOU
BbIOOpKH. CoracHo (6), 3amuIIeM BEpOsITHOCTh HAXO0XK-
JIeHUs JeHCTBUTENBHBIX Ie(DEeKTOB pa3sMepoM OT @ M0
b Ha wunHTEpBane (a, b):

b

J.exp(—a / N)da
pala,b) ==

Iexp(—a/k)da

9

(13)

Eciu u3BecTHO 0011€e YUCI0 NEHCTBUTEIBHBIX Ac-
(hexToB s Beelt obact N 5> TO YHCIIO JIEHCTBUTENb-

HBIX edeKToB N 1 i-ro MHTEpBalla COCTaBUT:

Nézpa(aw“m)Naz- (14)

Ecnu u3BecTHO 4uCio OOHapyKEHHBIX Ne(EeKTOB
I Kakaoro uHrepsaga N, To oOluee 4yucio Iei-

CTBUTCJIBHBIX ,Z[e(beKTOB MOXET OBITh HaAWJICHO M3 COOT-
HOIIICHMUSA

n
: 1
— 1
N _ZNf . (15)
j a; + 4y
l—exp| —r| " —a
2
Takum oOpa3om, 3a/1aBasi BEIUYHUHY #* U UCTIONB3Ys
cootHourenue (15), naiinem snauenne N 5. 3arem, uc-
none3yd (opmyny (14), ompenenum 4uciao AEHCTBU-
TEJIBHBIX 1e()EKTOB [T KaXKJOT0 i-ro nHTepBana — V.
[Hanee, ucnomnb3yst METOJ] IMHEHHOW perpeccuu, 1o us-

BECTHBIM 3HaueHusAM N é, HaiiieM napametp A(r).

MaxkcumanbHO TpUOMIKEHHOE 3HA4YeHHWe Tapa-
MeTpa A(r) K mapamerpy A, HaliJCHHOMY W3 ypaBHe-
Hus (12), ¥ 1acT HCXOHOE 3HAUEHHE MTapaMeTpa 7.

2.2. TecTOBbIE pacyeTbl

C 1enpio MPOBEpKU NMPABUIBHOCTH MPEIIOKCHHON
BBIIIIE PACYCTHOU METOIMKH OBLIH IPOBEICHEI TECTOBEIC
pacdeTsl Ha MoAessIX. MonmenupoBaHue JaHHBIX B pac-
CMaTPUBACMOM CITydae UMEET BaKHOE IPEHMYIIECTBO,
MOCKOJIbKY PE3yNbTaThl PACUETOB MOTYT OBITH COIIOCTAB-
JICHBI C U3BECTHBIM ITOBEICHUEM TeHEPAITLHON COBOKYII-
HOCTH, YTO HEBO3MOXHO CHEJIaTh, COMOCTABIAS TONBKO
JaHHbIE JIaOOpaTOpHBIX HccaenoBaHui. OTaesbHbIe BO-
IPOCHI KaueCcTBa MPOIECAYPbl BOCCTAHOBICHHS OCBEIIIC-
HEI B [24, 25].

B kauecTBe NCXOAHBIX JaHHBIX PACCMOTPHUM 3aJaH-
HYIO KOHCTPYKIIHIO, B KOTOPOH HAaXOISTCS ICHCTBU-
TEeJbHBIC E(EKTHI, IMEIOIINE CIACAYIONINE XapaKTepH-
CTHKH: OOII€e YHCIIO NEHCTBUTENBHBIX JEPEKTOB N 5
pacnpesienieHue IeHCTBUTENbHBIX e(hEKTOB M0 pazMme-
pam (IIpemrmonaraeM, 9To OHO UMEET MTOKa3aTebHBIH 3a-
KOH PacHpe/ieIeHUs C U3BECTHRIM IapameTpoM A). s
OILICHKHU TEKYIIETO COCTOSHHS KOHCTPYKLIUHU UCIIONB3Y-
€TCsI CHCTEMa Hepa3pyLIaloNnIero KOHTPOIIS ¢ U3BECTHOM
PoD(a), nmeromias 3amanuyro ¢hopmy (7), ¢ HU3BECTHBI-
MU XapaKTePUCTUKAMHU: 7 — KOADOUIIMEHTOM I0CTOBEP-
HOCTH M @, — YyBCTBUTEILHOCTBIO HCXOMHON CHCTEMBI
koHTpois. Ilpu mpoBeaeHMH KOHTpO OBUIM OOHApY-
KCHBI NEe(PEKTHl N, pa3HBIX pa3MepoB, KOTOPHIE MO-
ryT OBITh OTCOPTHPOBAHBI MO pasMepam. [lomydeHHast
TakuM 00pa30oM COBOKYITHOCTh OOHApy>KCHHBIX [Ie-
(hekroB sz SIBIISIETCS. MCXOJHON BBIOOPKOW, KOTOpast
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oOpabaTbiBajach COIVIACHO NPEIJIOKEHHONW METOAMKE.
[Toxy4eHnHbIe 3HAYCHHUS COMOCTABIUTUCH C NCXOAHBIMU
JaHHbIMU. C LEeJIbI0 UCCIIeIOBAHUS BIMSIHUS COYETaHUS
3HAUCHUH MCXOIHBIX MapaMEeTPOB Ha BOCCTAHABINBAC-
MBbIE€ XapaKTEPUCTUKN HCXOAHbIC JaHHbBIE OBLIU CIPYI-
MUPOBAHBI ISl ICBATH CEPHUI pacyeToB, PUBEICHHBIX
B Ta0in. 1. JInst Bcex BEIOpAaHHBIX pacUeTHBIX CEpHid 00-
IIee YHMCIO NeHCTBUTENBHBIX 1e()EeKTOB OBIIO TPHHSTO
pasubiM N o = 1000. Tomuuua crenku Tpybonposoa
ObL1a BeIOpaHa S = 20 MMm.

Ta6nuua 1. VicxogHble AaHHbIE MOAENMPOBaHUS

Cepust [Tapamerp [Tapamerp [Tapamerp
pacuetos, Ne g, MM A, MM ! 7, MM 1
1 0.5 0.2 0.1
2 0.5 0.2 0.5
3 0.5 0.2 1.0
4 0.5 0.5 0.1
5 0.5 0.5 0.5
6 0.5 0.5 1.0
7 0.5 1.0 0.1
8 0.5 1.0 0.5
9 0.5 1.0 1.0

2.2.1. Onpenenenvie napametpa a

[TapameTp a, onpenensncs B pe3ynbTaTe HaxoK/Ie-
HUSI TOYKH TIEPECEUCHUs] KPUBOU IUIOTHOCTH OOHApY-
JKeHHBIX Je(hekToB ¢ ockto abcuucc. [1pu a3ToM KpuBas
TUTOTHOCTH OOHAPY)KEHHBIX NE(PEKTOB ObLIA aNPOKCH-
MHpOBaHa MapaboIoi, TOCTPOCHHON O ABYM TOUKaM,
BKJIIOYasi MAaKCUMAIIbHOE 3HAYEHHE ISl HICXOIHOMU TUIOT-
HOCTH OOHapy>KeHHBIX AedekToB. B kauecTBe mpumMepa
pacdera OBUTH BBIOpAHBI CICTYIOIINE MCXOAHBIC Mapa-
MeTphl ueTBepToit cepum: A = 0.5 MM 7 = 0.1 mm 1
a,=0.5 mm.

Hcxonuble mapaMeTphl ObUTH UCTIOIB30BAHbI IS IT0-
CTPOCHUS KPHBOH INIOTHOCTH JACHCTBUTEIBHBIX NE(eK-
TOB B COOTBETCTBHH C (6). 3a/1aBasi YMCIIO WHTEPBAJIOB
pa3bueHus ucxonHou obnactu (npu n = 27), onpene-
JSIeM YHCTIO JCHCTBUTENBHBIX 1E(EKTOB, HAXOISIIIUXCS
B IPaHMLAX TOJIYYEHHBIX HHTEPBAIOB, UCHONb3Ys (14).
3Hast 4NCIIO0 JCHCTBUTENBHBIX C(EKTOB IS MOTydeH-
HBIX WHTEPBAJOB, BBIYUCIHM YHCIO OOHApYKEHHBIX
JIe(eKTOB U KaXKA0TO HHTEPBAJIa, UCIONb3Ys 3aBHCH-
MOCTB:

9it1
; =N}, I (1 —exp(-r(a— aO)))da. (16)

1

Oxpyrisist ancio N } JIO TIEJIOTO 3HA4YCHUS, TOIy-
YUM HCXOJHYIO BBIOOPKY OOHApyKEHHBIX IC(EKTOB,
CTPYIIMPOBAHHBIX 110 UX pa3Mepam. Clieayer 3aMeTUTh,
YTO OKPYIJICHHWE TONyYCHHBIX 3HAYCHHUH Ui OOHApYy-
JKCHHBIX JIe(DEKTOB MOXKET OBITh CIEIAHO M0 HEAOCTAaT-
Ky (oTOpachIiBaHHE JIPOOHON YaCTH IEJIOTO YMCIIa) U 10
U30BITKY (YBETHUUCHHE IEJIOr0 YUCIIa Ha CAUHHUILY, SCIIU
IpoOHas yacth Ooubiie 0.5), 4TO MPUBOAMT K ABYM pas-
JMYHBIM YaCTOTHBIM PacIpeieeHUusIM (KpacHbIC U CH-
HUE CTOJOIBI Ha puC. 1).

J171s1 IOy YeHHOTO PACTIPE/ICIICHUs BBIOSPEM JIBE TOU-
KU (TIEPBYIO ¥ TPETHIO), BKITFOYAsI TOUKY C MAKCHMATBHBIM
3HAYCHHEM IUIOTHOCTH, U IPOBENIEM Yepe3 HUX mapadooy.
Touka rmepecedeHust TapadoIIbl ¢ OChIO a0CIMCC AACT 3HA-
YeHHUE TIapaMeTpa a (puc. 2). 3aMETUM, YTO BBIYMCIIUTH
3HAYEHWE TApamMeTpa @, MOXHO IS JIByX BAapHUAHTOB:
no mexpocrarky dy =0.365 u mo u3dbrky aj = 0.309.
Cpennee 3HaueHue JUis  MapameTpa d, COCTAaBUT
ay =0.337. Hcxomnoe 3mauenue mii a, = 0.5 mm.

TTorpentHOCTh  BBIYMCIICHHUS TIApaMETpa @ COCTABUT
day = 0.326 umm 32.6%.

MNOTHOCTb BEPOATHOCTN

[l 1 L
0 5 10 15

Pa3smep gedekrta, Mm

Puc. 1. PacnpepneneHne o6HapyXeHHbIX 4edeKTOB
rno pasmepam (Bce cepumn)

AHaJOrMYHO MOTYT OBITh BBIYHCIICHBI 3HAUCHUS
napameTpa @, U JUisk APYTUX UCXOJHBIX 3HAYEHUH mapa-
METpPOB: A | 7. Pe3ylbTaThl TAKMX PACYETOB MPUBEICHBI
B TaoOM. 2.

0.1r + A

7

0 i 2

Pasmep pedexrta, Mm

MnoTHoCTb BEPOATHOCTUN

Puc. 2. Onpepaenexne napamertpa a, Ans ABYX
BapUaHTOB C OKPYIIEHMEM YaCTOTHbIX XapakTepUcTnK
Nno HeLoCTaTKy U Mo U3bbITKy

Russian Technological Journal. 2023;11(3):56-69

63



Statistical model for assessing the reliability of non-destructive testing systems

by solving inverse problems

Alexander E. Alexandrov,
etal.

Ta6nuua 2. Pe3ynbTaTsl BOCCTAHOB/EHWS NapameTpa &3

Ucxonusie | Koadduuuent | Boccranosnennoe | [lorpemsocts,
3HAYCHHSL A | JOCTOBEPHOCTH |  3HAuCHUE ) dag, %o
r=0.1 0.189 62.2
r=0.2 r=20.5 0.303 39.4
r=1.0 0.321 35.8
r=0.1 0.337 32.6
A=0.5 r=0.5 0.402 19.6
r=1.0 0.424 15.2
r=0.1 0.468 6.4
r=1.0 r=0.5 0.460 8.0
r=1.0 0.446 10.0

2.2.2. OnpeneneHne A -
BbIYUIC/IEHHOIO (BOCCTaHOB/IEHHOIO)
3Ha4YeHus napameTpa A

Jus ompeneneHus mapamerpa A GBLIO HCTIOB30Ba-
HO ypaBHeHue (12). Mcrnionb3ys HCXOIHYI0 BEIOOPKY Jie-
(ekroB (puc. 1), HaXOAUM JUTSI Hee KOOPIAMHATHI MaKCH-
MaJIbHOH TOYKH. 3HAs ATH KOOPAMHATHI M HCIONB3Ys
3HAYCHHE MapaMeTpa ¢ u3 Tabil. 2, pelaeM HelHHeH-
Hoe ypaBHeHue (12) oTHOCuTeNnsHO A. B pesynbrare mo-
Jy4aeM HCKOMEIH ITapameTp M. Pesynbrarsl aTHX pacue-
TOB IIPUBEJICHHI B Ta0I. 3.

Tabnuua 3. Pe3ynbTaThl BOCCTAHOBIEHUS NapamMeTpa A

HUcxomasie | Koaddumuent | Boccranosnennoe | [Torpenmocts
3HAYEHMS A | JOCTOBEPHOCTH |  suavyenme A S, %
r=20.1 0.199 0.5
r=0.2 r=0.5 0.232 16.0
r=1.0 0.235 12.5
r=0.1 0.529 5.8
r=0.5 r=0.5 0.594 18.8
r=1.0 0.574 14.8
r=0.1 0.969 6.4
A=1.0 r=0.5 1.084 8.4
r=1.0 1.075 7.5

[pumeuanue: OA — OTHOCHTENBHAS IOTPELIHOCTH BHIYMCICHHOTO

3HAYCHMS [ApaMeTpa A

2.2.3. OnpeaeneHvie napameTpa r
Paccmotpum nprMep pacdera UICKOMOTO TlapaMeTpa 7
JUISl YKA3aHHBIX BBIIIE UCXOJHBIX 3HAUCHUH MATON CEepUH:
A=05Mm r=05mm )] a,=0.5 MM L. 3aaHHOE YHCII0
WHTEPBAIOB pa3OMeHHs HCXOonHOW obmacth n = 36.
[TocTpoeHHast yacTOTHAsI XapaKTEPUCTHKA OOHAPYKEHHBIX

nedeKToB A JNaHHOW Cepuu MpHUBeIeHa Ha puc. 3.
3amaBas pa3IHMYHbIC 3HAUCHUS TTapaMeTpa 7, I UCXO-
HOTO YacTOTHOTO pacupenesieHus OOHapy>KEHHBIX Je-
(heKTOB OBLIH MOTyYEHBI COOTBETCTBYOIIME UM PacIipeie-
JeHUA I CTBUTENBHBIX AePeKTOB. OTHO U3 TOTyYEHHBIX
pacnpeieneHui JeHCTBUTEIBHBIX Je(PEKTOB PUBEICHO
Ha puc. 4. Pe3ynbrarsl IeHCTBUTENBHOTO pacipesesne-
HUs1 00pabaThIBAIMCh METOJOM JIMHEHHOW perpeccuw,
Y BBIYUCIISUIACH 3HAYCHUS Mapamerpa A Ui 3aJaHHOTO
3HaueHHs 7. Pe3ynbraThl TakuX pacueToB IS TATOU ce-
pun mpuBeneHbl B Tabn. 4. ComocTapisis MONTyYCHHbIC
pe3yIbTaThl ¢ BOCCTAHOBICHHBIM paHee M 3aJaHHOI
cepun mapamerpoM A, paBubiM 0.594, Haxomum OJn3-
KO€ COOTBETCTBYIOIlee eMy 3HadeHme, paBHoe 0.579,
IIpUHUMAaeM 3HaueHue napamerpa 7, pasHoe 0.27.
3aMeTHM, YTO UCXOTHOE 3HAUCHHE IapaMeTpa » coCTa-
Bujo 0.5, T.e. MOrPEUIHOCTh BOCCTAHOBJIEHUSI JAHHOTO
napamerpa — 46%.

My
A1

0.2f 7

MNOTHOCTb BEPOATHOCTN

|
0 5 10

Pa3mep pedekTa, Mm
Puc. 3. PacnpegeneHune 4actoThbl U NAIOTHOCTU

0ob6Hapy>XeHHbIX AedeKToB No paaMmepam
ONs NATON cepumn

[MNOTHOCTbL BEPOSTHOCTW

| L
5 10
Paamep pedekrta, Mm

Puc. 4. PacnpegeneHue 4acToThbl 1 NJIOTHOCTU
LENCTBUTENbHbIX AedEKTOB N0 pasMmepam
ON19 N9TON cepumn

Uepnas snuHus Ha puc. 4 moctpoeHa 1o op-
myne (6) s BBEIYMCICHHBIX TMApaMeTpoB ISATON ce-
puu (a, = 0.402 u3 Tabn. 2, A = 0.594 u3 Tabn. 3).
KpacHas muHAS TOCTpOCHA B pe3yabTare IPHOIMKESHIS
o ¢opmyrie (17), moay4eHHOH U3 IMHEHHON perpeccun
JEWCTBUTENBHOTO pactpeneieHus mpu » = 0.27:

PP (a) = exp(-0.226 - 0.593a). (17)
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Tab6nuua 4. Pe3ynbTaThl BOCCTAHOBIEHNS NapamMeTpa A
NPV pasnnyHbIX 3Ha4EeHUAX KO3 ULIMEHTA LOCTOBEPHOCTU

CreneHb IpUOIIKe-
HUSI BOCCTAQHOBJICH-
3anasaembiit BOCCTaH?B- HOTO Mapamerpa A
Ceﬁfﬂ’ napaMfiTlp 7 nagZ;::[I)HX K 00pa3ioBoMy
Rt S A, =0.594,
o Ay — A
}LO
1 0.25 0.601 0.012
2 0.26 0.595 1.7-1073
3 0.27 0.593 1.684 - 1073
4 0.28 0.588 0.010
5 0.29 0.585 0.015
6 0.30 0.579 0.025
7 0.33 0.568 0.044
8 0.35 0.560 0.057
9 0.4 0.541 0.089
10 0.5 0.502 0.155

AHaNorn4Ho ObLIM BOCCTAHOBJICHBI 3HAYCHUS Mapa-
METpa 7 ¥ BEIYMCIIEHBI IOTPEIIHOCTH JUIs OCTAJIbHBIX pac-
YeTHBIX cepuil. IToru BeIYMCIICHNH IPUBEICHBI B Ta0. 5.

Ta6nuua 5. Pe3ynbTaThl BOCCTAHOBEHUS KOaddDULMEHTa
JOCTOBEpPHOCTU T

Ij;;:g:;f Kooqmmment | 3uavenme | Torpemmocts,
Hapamerpa A AOCTOBEPHOCTH | rapamerpa, oF, %
r=0.1 0.095 5.0
A=02 r=05 0.4 20.0
r=1.0 0.9 10.0
r=0.1 0.05 50.0
1=0.5 r=0.5 0.3 400
F=1.0 0.7 30.0
r=0.1 0.08 20.0
A=10 r=05 0.55 10.0
r=1.0 0.80 20.0

bonee mompoOHO ¢ OCOOEHHOCTAMH peamn3anuu
OMKCAaHHOTO AJIFOPUTMa MOXKHO MTO3HAKOMUTHCS B [26].

3. AHAJIN3 NOJTYYEHHbIX PE3YJIbTATOB

CormocrasicHue NOJIYYCHHBIX PE3YJIbTAaTOB MOACIIN-
poBaHuA U 3aJaHHBIX UCXOIHBIX 3HAYECHHUI rnmapameTpoB
IMO3BOJISICT CACIaTh CIICAYIONIMEC BbIBOJbI.

[Ipu BOCCTaHOBIEHMU NapameTpa @, HauOoJblICe
3HA4YEHUE MOTPEIIHOCTH OBLIO MOTYYESHO JIJIsl PACUETHBIX
cepuii ¢ UCXOMHBIM 3HaueHueM A = 0.2 (MakcuMasbHas
IOrPENIHOCTD da, cocTaBuia 62.2% Mpy 3HAYEHUH T1a-
pametpa » = 0.1). C yBenndyeHnEeM 3HAYCHHUS ITapamMeTpa
r ipu 3HaueHusx » = 0.5 u » = 1.0 morpentHocTh yMEHb-
maetcs 10 3HadeHui 39.4% u 35.8%, COOTBETCTBEHHO.
C yBenuueHHeM mapamerpa A npu 3HadeHusx A = 0.5 u
A = 1.0 mOrpemHnoCTh 0d, yMEHBINAECTCS — MAHUMATb-
Hoe 3HadeHue st A = 0.5 coctaBwio 15.2% npu = 1.0;
1 MUHHMMaJbHOE 3HaueHue st A = 1.0 coctaBmiio 6.4%
mpu » = 0.1. JIuanazoHn u3MeHeHUs] 3HAYCHHUI MOTPEIII-
HocTel coctaBui 6.4—62.2%.

[Ipu BoCCTaHOBJIIEHUH MapameTpa A MOTPEIIHOCTb
JUISL BCEX PACUYETHBIX CEpUH HE TpPEBbICHIA 3HAYCHHS
18.8%. [lnana3oH M3MEHEHUS 3HAUYE€HUH IOIPEIIHOCTH
coctasui 0.5-18.8%.

[Tpu BOCCTaHOBICHNY TTapaMeTpa 7 MaKCHMaIbHAs
MOrpelHocTh cocTaBmiia 50% npu 3HaY€HUU UCXOIHBIX
napameTpoB A = 0.5; » = 0.1. MuUHUMaJIbHAS TIOTpPEII-
HOCTb cocTaBuiia 5% Npu 3HaYCHUH UCXOAHBIX Iapame-
TpoB A = 0.2; = 0.1. /lnana3oH U3MCHEHUS 3HAYCHHM
norpewHocteit coctasuin 5—50%.

ITomyueHHble pe3yabTaTbl YHUCICHHOTO MOJIEIH-
pOBaHUS TIOKa3aly NPUHIMIIMAIBHYIO BO3MOXKHOCTD
WCIIOJB30BaHUsl pa3pabOTaHHOW METOJUKHU IS OTpe-
JICTICHUS KaK KPpUBOH OOHapyskeHUs 1e(EKTOB, TaK U Be-
POSTHOCTHOTO paclpe/ieleHUs ISHCTBUTENBHBIX e eK-
TOB I10 PE3yJIBTaTaM MPOBOAMMOTO KOHTPOJISL.

4. SAKJTIOMEHUE

[TpoBenenHast paboTa MO3BOJIMIA OOHAPYKUTH CIIe-
JYIOIIHE 0COOCHHOCTH MpeAIaraeMoi METOUKH:

1. BoccraHoBiieHHE BEPOSTHOCTHOIO pacHpeneieHHs
JICHCTBUTENBHBIX 1e()EKTOB OCHOBAHO HA CTAaTHCTH-
4ecKkoi 00paboTKe JHINb TOH HONM SKCIIEPUMEH-
TaJbHBIX 3HAYCHUH WCXOIHOW BBIOOPKH, KOTOpas
oInpenessieT ee IKCTpeMalbHOe 3HaYeHHE.

2. Tlony4yeHHO€ SKCTpeMallbHOE 3HAYEHHME HCXOJIHOM
BBIOOPKHM J1aeT BO3MOXHOCTb HENOCPEICTBEHHO
OTIPEICTIUTH MapaMeTp JICHCTBUTEIBHOTO pactpese-
JeHUs Ne(EKTOB A, pelliasi HeTHHEHHOE ypaBHEHHE.

3. [Ipu  BOCCTaHOBJIEHUH KPUBOM  JIOCTOBEPHO-
cTH (ompeeneHne napameTpa ) UCIoIb3yeTcs BCs
COBOKYITHOCTh 3HAUCHH MCXOAHOW BhIOOpKH. Ilpn
3TOM pernaeTcst ooparHas 3aada. CoriacHo [16—18],
JlaHHas 3ajjada OTHOCHUTCS K KjacCy 3ajad UHTep-
MpeTaNU JAHHBIX HAOIIOACHUIA WITH TUAaTrHO CTHKH.
PazpaboranHas MeTOAMKa TaeT BO3MOXKHOCTH HC-

MIOJIb30BATh PE3YJbTaThl, MOJyYE€HHbIE IO KOHTPOJIO
MeTajula, Kak Uil aHaJlIn3a TEKYIIEro COCTOSHHS 000-
pylOBaHUS U TPYOONPOBOAOB, TaK MU IPOrHO3UPOBA-
HUSI MX JaJbHEHIIero moBeAeHus, ¢ OobIeii yBepeH-
HOCTBIO, Y€M IMpPHUMEHSEMble B HACTOALIMA MOMEHT
METOJUKH. DTO BBI3BAHO B MEPBYIO OUepelb TEM, UTO
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JaHHAsi METOJMKA MO3BOJISICT OIMPEACIHUTh OICHKY Ha-
JSKHOCTH (KPHBYIO BEpPOSTHOCTH OOHapyxeHus PoD)
JUIS MHAUBUIYaJIbHBIX UCIIOJHHUTENCH HEMOCPEICTBEH-
HO IO Pe3yJbTaTaM IPOBEACHHBIX IKCIICPUMEHTAIBHBIX
npoBepok. MHauBHIyanbHas oueHKa 3(P(EeKTHBHOCTH
KOHTPOJIS, TPOBOIMMOIO JabopaTopreil, MO3BOJSIET
BBISIBUTh KaK IUIOXMX, TAK M XOPOIIUX HCIIONHHUTEIICH.
YcepenHeHue ke pe3ysbTaTtoB Mpu NOoCTpoeHuu PoD Ta-
KYIO BO3MO)KHOCTB HCKJIFOYAET.

Cremyer 3aMeTHTh, UTO pa3pabOTaHHAs METOIUKA
HE 3aMCHSCT CYNICCTBYIOIIME HA HACTOSIIUA MOMEHT
METOJBI aTTECTAIMOHHBIX IIPOBEPOK, & PACCMATPHBALCT-
Csl JIMIIb KaK JOTIOIHCHUE K HUM.

BaxupiM HampaBieHHEeM pa3paboTaHHON MeTomu-
KH SIBISICTCSL CIIOJIb30BAHUE €€ TIPU aHATU3¢ OOJNBIINX
MacCHBOB JIaHHBIX, MONYYCHHBIX B PE3yNbTaTe MPOBO-
JMMBIX paboT MO KOHTPOJIIO METaJlIa Ha SHEProOIoKax.
B aTom cirydae MoryT OBITE CHOPMUPOBAHBI TPYIIIIHI JIe-
(EKTOB B 3aBUCHMOCTH OT Pa3IMYHbIX (PAKTOPOB, Cpean
KOTOPBIX THITBI KOHCTPYKTHBHBIX SJIEMEHTOB, PEKUMBI
SKCIUTyaTallly, WCIOJIb3yeMble Marepuasl (HepiKa-
BEIOIIasi CTallb, YepHasl CTajb, KOMIIO3UTHEIC CBAapHEIC
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Pesiome

Llenu. Mpouecchl nepeHoca aHeprumn B TBEPAbIX TeNax 1 Bbl3biBAeMble UMW TEMJI0BbIE HArpy3ku MMEIOT LLUMPOKoe
pacnpocTpaHeHne B NPUPOAE U TEXHUKE. DTUM OOBbSACHAETCS UCKIIOYUTENIbHO BaXXHOE Hay4yHOe M MpakTuyeckoe
3HaYeHne NOCTPOEHNS TEOPUM YKa3aHHbIX MPOLLECCOB, co3aaHne 3addeKkTUBHbIX METOA0B UCCNIeA0BaHMS pa3BmBa-
€MbIX NPV 3TOM MOAENbHbIX NpeacTaBneHunii. Lienb aTnx nccnenoBaHnii — ycTaHOBEHNE OCHOBHbIX 3aKOHOMEPHO-
CTel NpoTekaHns 4OCTAaTOYHO C/IOXHbIX MPOLLECCOB, 0COOEHHO B YCIIOBUSIX MOLLHbIX 3HEPreTUYeCcknx BO3AENCTBUM
B Pa3/IM4HOr0 poaa TeEXHOSIorn4yeckmx onepaumsax. K HUM MOXHO OTHECTM Ma3MoXMMUYeckyto 06paboTky MaTepu-
anoB, 06paboTky B MHMPaKPACHbLIX Nevyax 1 refIMoyCTaHOBKax, MHTEHCUBHbIN HAarpeB MaTepuasnoB Jla3epHbIMU U
3NEKTPOHHbLIMM JlydaMm, NPUMEHEHWE MOLLHbIX pagyauMOHHbIX U3ydaTenen ons TePMUYEcKor 3aKankm 1 yrnpoyHe-
HWSI NOBEPXHOCTU N3Aenuii. B aTnx cnyyasx BO3HMKAET Tak Ha3blBaeMbli TEPMUYECKUI yaap — 0fHa U3 LLeHTPasbHbIX
TEM B TepMoMexaHunke 1 Gusnke NPoYHOCTM TBEPAbIX TS, MMEIOLLAs BaXXHOE Hay4YHOE M NPakTUYeckoe 3Ha4YeHme.
Llenb paboTbl — pacCMOTPETbL OTKPLITYIO Npo6aeMy TeopuM TEMIOBOrO yaapa B TepMmUHax 06006LeHHON Moaenn
OVHaMN4YecKkol TePMOYNPYrocTy B YC/IOBUSX NOKaNbHO-HEPABHOBECHOrO npouecca nepeHoca Tennotel. Mogenb
(B 3aBMCMMOCTN OT BUAA U KPUBU3HbBI FPaHNYHOWM NMOBEPXHOCTM paccMaTpUBaEMOro MacCUBHOIO Tesna) No3BonseT
ncecnenoBatb NpobaemMy B TPEX CUCTEMAx KOOPAMHAT: AeKaPTOBbl KOOPAMHATLI — MACCUBHOE TeN0, OrpaHUYeHHoe
MJOCKOM NMOBEPXHOCTbLIO; chepudeckme KoopanHaTbl — MaCcCMBHOE TeNI0 C BHYTPEHHel chepryeckon NonocTbio;
UMIMHOPUYECKME KOOPAMHATBLI — MACCUBHOE Teslo C BHYTPEHHEeN LMINHAPUYECKOM NoNoCTbio. PaccmarpuBatoTcs
TpW BUAa MHTEHCUBHOMO HArpeBa: TeMnepaTypHbI, TeNI0BOKM, Harpes cpenoii. CTaBuTcs 3agaya: noJlydnTb aHanu-
TU4ecKoe peLleHne, NPOBECTU YACTIEHHbIE 3KCMEPUMEHTbI U AaTh UX PUINYECKMIA aHaNNS.

MeTopabl. Icnonb30BaHbl METOObI U TEOPEMbI ONEPALMOHHOIO MCYUCIEHUS, TEOPUS CreLManbHbIX QYHKLMIA.
PesynbTaTtbl. Pa3BuTbl 0600LLEHHbIE MOAENbHbIE NPEeACTaBeHUs TEMJIOBOro yaapa B TepMUHAX ANHAMUYECKOW
TEPMOYNPYrocTn s NIokanbHO-HEPABHOBECHbLIX MPOLLECCOB NepeHoca TenoTbl 0AHOBPEMEHHO B TPEX CUCTEMAX
KOOPAMHAT: AeKapTOBON, CHepMHEecKon 1 LMNNHAPUYeckon. Hannuime KpmBM3Hbl FPaHNYHOM NOBEPXHOCTU 061acTn
TEennoBoro yaapa 060CHOBLIBAET MCXOOHYIO MOCTAHOBKY ANMHAMMYECKOW 334241 B NEpeMELLEHNsIX C MCNOob30Ba-
HMEeM NMpPeasIokKeHHOro COOTBETCTRYIOLLEr0 YPaBHEHUSI «COBMECTHOCTU».

BbiBoAbl. [peanoxeHa 0606LWeHHas aguHaMmuyeckas Mogesb TeEPMUYECKON peakLMm MaCCUBHbIX TEJ C BHYTPEHHU-
MW NOJIOCTSAIMN OQHOBPEMEHHO B [,eKapTOBON, chepmnyieckoin 1 LMANHAPNYECKOM CUCTEMAaX KOOPAMHAT B YC/IOBUSAX
MHTEHCUBHOIO TEMMNEPATYPHOro Harpeea, TEMJIOBOro HarpeBsa, Harpeesa cpenoii. Mogenb paccMoTpeHa B nepemMe-
LLEHNSIX Ha OCHOBE J10KaJIbHO-HEPABHOBECHOMO TensionepeHoca. MosydyeHo aHannTu4eckoe peLleHme gas Hanps-
XXEHW, NPOBEAEH YMCNEHHbI 3KCMEPMMEHT; ONMCaH BOSIHOBOW XapakTep pacnpoCTpaHeHNs TEPMOYNPYrol BOSHBbI.
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Abstract

Objectives. Processes of energy transfer in solids and resultant thermal loads are widespread in nature and
technology. This explains the scientific and practical significance of constructing a theory of these processes, as well
as developing effective methods for studying the modeled concepts developed on this basis. The purpose of such
studies is to determine basic flux patterns of complex processes occurring especially under conditions of powerful
energy impacts in various technological operations. These include plasma-chemical processing of materials, their
processing in infrared furnaces and solar plants, intense heating of materials carried out by laser or electron beams,
and the use of powerful radiation emitters for thermal hardening and hardening of the surface of products. In these
cases, the phenomenon of thermal shock arises, forming one of the central topics in thermomechanics and strength
physics of solids. The present work considers an open theoretical problem of thermal shock in terms of a generalized
model of dynamic thermoelasticity under conditions of a locally nonequilibrium heat transfer process. Depending
on the type and curvature of the boundary surface of the considered massive body, the model can be used to study
the problem in three coordinate systems: cartesian coordinates—a massive body bounded by a flat surface;
spherical coordinates—a massive body with an internal spherical cavity; cylindrical coordinates—a massive body
with an internal cylindrical cavity. Three types of intensive heating are considered: temperature heating, thermal
heating, and heating by medium. Following the development of an analytical solution, the results of conducted
numerical experiments are presented along with their physical analysis.

Methods. The study applies methods and theorems of operational calculus according to the theory of special
functions.
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Developing generalized model representations of thermal shock

Eduard M. Kartashov

for local non-equilibrium heat transfer processes

Results. Generalized model representations of thermal shock are developed in terms of dynamic thermoelasticity
for locally nonequilibrium heat transfer processes simultaneously in three coordinate systems: Cartesian, spherical,
and cylindrical. The presence of curvature of the boundary surface of the thermal shock area substantiates the initial
statement of the dynamic problem in displacements using the proposed corresponding “compatibility” equation.

Conclusions. A generalized dynamic model of the thermal reaction of massive bodies with internal cavities
simultaneously in Cartesian, spherical, and cylindrical coordinate systems under conditions of intense temperature
heating, thermal heating, and heating by medium is proposed. The model is considered in terms of displacements
based on local nonequilibrium heat transfer. A numerical experiment carried out according to the obtained analytical
solution for stresses forms a basis for a description of the wave nature of the propagation of a thermoelastic wave.
A comparison with the classical solution is made without taking into account local nonequilibrium. The calculation
of engineering relations carried out on the basis of the operational solution of the problem is important in practical

terms for the upper estimate of the maximum thermal stresses.
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BBEOAEHUE

Crarbs NMpOAOIIKAET HCCIENOBAaHUS aBTOpa, OIU-
cannble B [1, 2]. B pamkax 0000IIEeHHOW MO/IeNH TUHA-
MUYECKOIl TepMOYNPYrOCTH U3y4yaeTcs OTKpbITas Mpo-
OnemMa TepMHUYECKOH peaKIMd Ha HarpeB MacCHBHOTO
TeJa, OrPaHUYEHHOTO U3HYTPH JIMOO TIOCKOH MOBEpX-
HOCTBIO (YNpyroe NONyNPOCTPAHCTBO B JEKApPTOBOH
CUCTEeME KOOpJAMHAT), TU00 LMIMHIPUYECKON MOBepX-
HOCTBIO (YIpyroe MpOCTPAaHCTBO B IWJIMHAPUYICCKOH
CUCTeME KOOPAHMHAT C BHYTPEHHEH IHIMHAPHYECKOU
MOJIOCTBI0), MO0 ChEepUIeCKON MOBEPXHOCTHIO (YIIPY-
roe MPOCTPAHCTBO B CPEPUUCCKOI CHCTEME KOOPIHHAT
C BHYTPEHHCH c(hepruIecKoil MOJIOCTHIO).

PaccmarpuBarotrcs Tpu ciiyyass MHTEHCHUBHOTO Ha-
rpeBa TpaHUIbl Tena (00NacTH): TeMIepaTypHBIMA, Te-
IJI0BOM M HarpeB cpemoil. CienyeT moauepKHyTh, 4TO
pasBUTHE OOOOLICHHBIX MOJCTCH, 3aTpParduBaIONINX
MHOTOYHCJICHHbIE MPAKTUYECKUE MPUIOKEHHUS — OIHO
13 HalpaBJICHUH B TEOPHH TEIJIOBOTO yAapa, HE MOIy-
YHUBILETO CBOETO PAa3BUTHUA JO HACTOAIIETO BPEMEHH.
Crieruduka Takoro pojia MCCICAOBAHUMA 3aKITF0YACTCS,
C OJHOH CTOPOHBI, B OTHOCHUTEIBHOM MPOCTOTE HUCXOA-
HBIX MaTeMaTHYeCKUX MOJENEH, ¢ APyro — B BBIYHC-
JUTENBHBIX TPYAHOCTSAX MpPHU MOJyYEHUH HCKOMOTO
pe3yibTara ¥ Ipyd 3TOM — B OYEBHIHOW 3HAYMMOCTH
MPUMEHEHUs TIOTYYEeHHBIX COOTHOILEHUH B MHOIOYHMC-
JICHHBIX MTPAKTUYCCKUX CUTYAIIHSX.

UccnenoBanne nmpoBOAUTCS B YCIOBUAX JOKaJIbHO-
HEpPaBHOBECHOTO TIpoliecca MepeHoca TeruoTsl [3—8].
[IpuHKuMaroTcsi BO BHUMaHUE JiBa oOcTosTenbCcTBa. [IpH
BBICOKOMHTEHCHBHOM HAarpeBe TBEPIBIX TEN, CO3/aro-
IIAX TETUTOBO yaap, TeruoBsie otoku g (M, 1), tae t —
Bpems B obnactu Q = {M(x, y,z) € D, t> 0}, onucsiBa-
IOLIEH peabHOE TBEPAOE TEJIO0, OTCTAIOT OT IPaJIUeHTa

temneparypbl 7(M, {) Ha BEeIHUYWHY, TPOTOPIUOHAIE-
HYI0 BPEMEHH PENIAKCAIUH T,, CBA3aHHYIO CO CKOPOCTBIO
pacmpoCTpaHeHHsl  TEMIOThl V.  COOTHOLICHHEM

vr =,/a/t,., a— temmeparyponpoBogHOCTh [9—15]:

oq(M,t)
or

e A — TEIIONPOBOJAHOCTh. YPABHEHHE SHEPTHH JUIs
HU30TPOIHBIX TBEPIBIX TE cp 0T (M, 1)/ ot = divg (M, 1),
TJIE ¢ — yeNbHAas TeTI0eMKOCTb, P — IIIOTHOCTh M COOT-
HomieHue (1) mpUBOIST K YPaBHEHHUIO MIEPEHOCA THUIIEP-
Oomuyeckoro tuna [16, 17]:

q(M,t) =—hygradT(M,t) -, (1)

O2T(M., 1)
or?

coziepyKameMy He TOJIBKO IMEPBYIO, HO M BTOPYIO IPO-
M3BOJIHYIO OT TeMIIepaTyphl 10 BpeMeHHu. Bernenctsue
3TOTO ypaBHEHHE (2) OMHMCHIBAET BOJHOBBIC MPOIIECCHI,
B JIAaHHOM cJIy4yae — BOJIHOBOH TeruionepeHoc. Bropoe
00CTOSATENIECTBO COCTOHUT B TOM, YTO BOTIPOCHI KOPPEKT-
HOM TMOCTaHOBKM KpaeBbIX 3adad i ypaBHEHUs (2)
paccMOTpEHbI CpaBHUTENIBHO HenaBHO [16], u psa Bo-
IIPOCOB, CBSI3aHHBIX C TEIIOBBIMU 3aJ[a4aMHU, JUIs ypaB-
HeHus (2) TpeOyeT CBOETro JalbHEHIIETo N3ydeHHsI.

oT(M,1)
ot @

= aAT(M, 1)~ x,

OMNPEAENSAIOLWMNE COOTHOLUEHUSA
AWHAMUWYECKON TEPMOYMNPYIOCTU

ITycts D — KOHeUHasl WM YaCTUYHO OTpaHWYEHHASA
BBIITyKJIast 00IacTh npocTpaHcTBa M(x, y, z), ONUCHIBa-
I0IIas pealbHoe TBEPAOE TENIO M HAaXOAAIMasicsa B yCIo-
BUSIX TEPMOHAMPSHKEHHOTO COCTOSIHUS; S — KyCOYHO-
IMajaKas MOBEPXHOCTh, OTpaHWYMBaromas obmacts D;
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n = (ny,ny,n3) — BHEIIHS HOPMaIIb K S (BEKTOp, HelIpe-
puiBHBIM Ha S); T(M, f) — pacupeneneHue TeMreparypsl
B obnmactu D npu ¢ > 0; T, — HadasbHas TeMIEpaTypa,
IpU KOTOPOH 0ONACTh HAXOAWUTCS B HEAC(POPMHUPOBAH-
HOM W HEHaNlpsoKeHHOM coctosuuu. Ilycts o, (M 1),
l.j(M, 1), U(M, t) — COOTBETCTBEHHO KOMHOHeHTbI TEH30-
POB HarpsDKEHUS, TepOpMaIH ¥ BEKTOPa MepEeMEIICHH,
VIOBJIETBOPSIOIINE OCHOBHBIM YpPaBHCHUSIM (HECBsI3aH-
HOH) TEepMOYyNpyrocT (B HWHICKCHBIX 00O3Haye-
Husx) [17]:

6 (M. 1) + F(M, 1) = p"U(M, 1, 3)

ey (M, )= (DU, (M, )+ U, (M, 0], (4

cl.j(M, = ZMSU-(M7 1)+ [he; (M, 1) —

= Br+2Wa(T(M, 1) — TO)]SU., Me D, t>0, (5)
e p* — IIIOTHOCTB; A, [l — H30TepMIYecKue Ko3(phuIm-
entsl Jlame; G — moaynb casura; A = 2Gv/(1 — 2v); v —
korpdunuent I[lyaccona, mpu 3tom 2G(1 + v) = E, tne
E — monynb Owra; o — K09)QUIMEHT THHEHHOTO Te-

IUIOBOTO  PacIIMPEHUs; 61.]. — cumBon  Kponexepa;

F(M,t) — xomnoHeHThl 00beMHOW cunbl, €(M,1)=
=U, ,(M,t)=¢;(M,t) — oObemnas nedopmanus, CBs-
3aHHasT € CYMMOM  HOPMAJbHBIX  HANpPsKEHHI

6(M,t)=c,,(M,t),n=Xx,y,z COOTHOILICHHEM

S(M, )=

Y S(M, 1)+ 3oy [T(M.0) - T, ].

TepMmoHamnpspkeHHOE COCTOsIHHE o0iacth D mpu
t > 0 MOXXET BO3HMKATh IIPU Pa3IM4YHBIX PEXKHUMAX Te-
IUIOBOTO BO3JEHCTBUS HA TPaHUIly S, CO3IAOILUX Tep-
muueckuit yaap. K Hum MoxxHO oTHecTH Hanbonee pac-
HNPOCTPAHEHHbIEC HAa IPAKTHKE CITyYaH:
e TEMIIEPaTypHBI HarpeB

T(M, )= T(t), M€ S,1>0 (T()>T,, 1>0); (7)

® TETUIOBOM HAarpeB

oT(M,7) (=t
- g—a | pres Xp[ T, Jdr - ®
_ _iq(t)& (), 120;

e Harpes cpenoi

J-aT(M ) =1,
T on Mes SXP| ~ T - 9)

ro
= {T(M, )| yre5 =Ty + S, (NT, ~ T ]}, 120,

a TaKKe OT JCHCTBUS BHYTPECHHUX UCTOYHUKOB TEILIO-
ThL. 31€Ch A — TEMIONPOBOIHOCTL MaTepHana; ¢(f) — Be-
JMYUHA TEIUIOBOTO MOTOKA; /I — OTHOCHUTEIBHBIN KOA()-
¢unment Tennoodmena; T, — Temneparypa OKpyKaromien

1,2>0,
cpenpr; S, (1) = 0.1<0

B paBHOi1 Mepe MOTYT OBITH paCCMOTPEHBI U CIydau
OXJIaX/IEHUS TBEPOTO Tea.

Bxonsmas B (5) TemneparypHas gynkms (M, ¢) na-
XOIUTCS U3 PELICHUs KpaeBOM 3a/ladd HeCTalMOHAPHOM
TETUIONPOBOHOCTH /IS ypaBHEHUS (2) C TpaHUYHBIMU yC-
noBusivH (7)—(9). CootHomenus (3 )—(6) — o0Ime COOTHO-
HICHUSI TUHAMHYECKOH TEPMOYIPYTOCTH, CBSI3bIBAIOIIUC
HaIpsDKeHUsI, AeopMaliy, IepeMEIICHNS U TEMITepary-
py. [Ipu nepexone Kk KOHKPETHBIM CITy4asiM HEOOXOIMMO
npeobpaszoBath (3)~(6) B Tak Ha3bIBacMbIC ypaBHEHHUS
COBMECTHOCTH JTHOO B HAMPSDKEHUSX, JINOO B TIepeMelnie-
HUSIX, U JJIsl 3TUX YpPaBHEHUH 3allUChIBaTh COOTBETCTBY-
IOUIyI0 3a7adyy JWHAMUYECKOM Tepmoynpyroctu. Jlis
paccMaTpuBaeMOro B CTaThe CIydas HEOOXOOUMO y4eCTh
BIIMSHUE KPUBU3HBI TPAHUYHOM MMOBEPXHOCTH TBEPIOTO
TeJla Ha TeMIIEpaTypy M COOTBETCTBYIOLHME TeMIIepaTyp-
HBIE HaNpsDKEHHS. 371ech Ooriee yI00HON MaTeMaTHIeCKOMI
MOJIENBIO SIBJISIETCS] ypaBHEHHE «COBMECTHOCTI B Iepe-
MEIIEHHUSX, OJJHOBPEMEHHO OXBAaThIBAIOIIICE ITUITHH [PUYC-
CKYI0, C(hepHUeCKyTO U IEKapTOBY CHCTEMBI KOOPIMHAT.

[Moncrapnsist mpaswie yacTh (5) B (3) (6e3 00beMHBIX
cui) 1 ucnonw3ys nainee (4) u (6), mocine psia JIATEb-
HBIX MPE0O0Pa30BaHMIA TPUXOIUM K TPEM YPABHECHUSIM:

e 2
AU;(M. 1) + Lo /G)M
(1-2v) 0Oi
20+ Vo G[T(M,t)—Tol R
(1-2v) di

KOTOpbIe (hOPMAaIBHO MOXKHO 3aIliCaTh B BHJIE BEKTOP-
HOT'O PABEHCTBA:

AU(M, 1)+ = )grad[dsz(M z)]

(/) ZUOLD U(M 0 _ (10)

2(+v)
T (-2v)

3ameTuMm, 4To IIpu 00paTHOM ITepexo/ie HEOOXOTUMO
MPUPABHATH COOTBETCTBYIOIIUE KOMIIOHCHTBI B BEKTOP-
HOW 3aITicy JIeBOM 1 mpaBoi yacteid B (10).

PaccmotpuM ganee mpakTHYSCKHE CITydan JTHHAMHE-
YeCKOW TepMOYIIPYTOCTH Ha OCHOBE cooTHOIIeHus (10).
B mepBoii cinydae B IeKapTOBBIX KOOpAUHATAX (X, V, Z)
paccMmarpuBaetcst oonacTs z > R, t > (0, orpaHHYeHHAs
IUTOCKOM TMOBEPXHOCTHIO, TEMIIEPATYPHOE COCTOSHHE
KOTOpO# onuckiBaeTes Gynkumeit 7(z, 1), i= 1,2, 3; npn

Tgrad[T(M,t)—TO],M eD,t>0.
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atom U, = Uy =0, U, = U/z, 1) u coornomenue (10)
OyZIeT BBIVISIETH CIICAYIOIIMM 00pa3oM:

02U, (z,1) 1 U (z,1) _
oz2 v2 or?
P (11)
OT.(z,t)—T;
:1+V- T [7:(z.0) 0],Z>R,t>0.
1-v Oz

/2G1—
31ech Vp = p*(l(—_z\\/)))zwl(k+2u)/p* —  CKO-

pOCTb pacrpoCTpaHEHHs BOJHBLI PAaCIIMPEHUS B yIIPY-
roii cpefie, OiM3Kast K CKOPOCTH 3BYKa.

Wurtepecyromas HAC KOMIIOHEHTA HAMPSDKCHUS
o,(z, f) cBA3aHa C MEPEMEIICHUEM COOTHOIIEHUEM

c_(z,0)=

—v 0U_(z,t
Y 1-v 0U.(z )—1+V'OLT
1-2v oz 1-2v

12
[Ti(z,t)—TOJ}.( )

Temneparyprast QyHKIUS yIOBICTBOPSET TPEM yC-
JIOBUSIM Harpesa

oT(z) _ OTy(z.1) ] 02T, (z,1)

,z>R,t>0, (13)

ot 0z a2
8T, (z,1)
LE0o0=To —5—| =0,
- (14)
ZZR,TZ.(Z,t)|<oo, z>2R, 120,

T(z.1)|,_g=T,. t >0, (15)

1 j 0T, (z,7)
T Oz

t—t 1
_pexp| —— |dt=——¢q,, >0, (16
z=R p( T ] 7"1‘ 90 ( )

T

1 t6T3(z,T) t—1
—I—| _peXp| ——— dt=
a Z—R
Tr o z T (17)

= Ty(z.0)| ,_p~T, ], > 0.

ro

Bo Bropom cmydyae B cepudyeckux KOOpIUHA-
Tax (p, ¢, 0) paccmarpuBaercs odnacTb p > R, 1> 0 ¢ BHY-
TpEeHHEH C(EepUIECKOi IMONOCTHIO TPH HArpeBE B YC-
JIOBHSAX LEHTpanbHOU cummerpun 1, = T(p, t), TaK 41O
U(p =U, =0, Up = Up(p, t) u (12) 3anuceIBaeTcs B BUJIE:

oU,(p,1) 2 0U,(p,1)
+_ . —
>  p O

2 1 P
-——U_(p,t)—— = 18
5 Up(P:D) 2 (18)
oT.(p,t)—T,
=1+V-0LT- [7:(p,?) 0],p>R,t>0.
I-v op

IIpu s3TOoM
1=y AU, (p.0)
c 1) =2G — 1,
pp(P-1) {1—2\/ op
(19)
2v 1 1

—-U_(p,t
v p o (P:1)

e [Tiw)—TOJ}

o, (p.1) :a[azT,-(p,z) L2 6T,-(p,z>]_
(20)

ot op> p Op
O°T;(p.1)
l
- r'T,p>R,t>0,
oT;(p,1)
E(p’t”[:O:T’ : =Y
o limo 21)

P=R, |Tl.(p,t)|<oo, pP=2R, 120,
Tl.(p,t)‘p:R:Tc,t>0, (22)

15Ty (p.7)
_.[ 5

exp[—t_—TJdr = —qu, >0, (23)
T Ap
p=R

T
=R exp[—t_—TJdr =
T (24)

=h[T3(p,z)\p:R—Tc], 0.

’L'ro

1 jaa (p.0)
T op

ro

B tperbem cmydae, B IMIHHIPUYICCKAX KOOP-
muHarax (r, ¢, z), paccMarpuBaetcs obmacte » > R,
t > 0 ¢ BHyTpEHHEH HWIMHAPHYCCKOH TOIOCTHIO B yC-
JIOBMSIX pajuanbHol Temneparypsl T, = T(r, f), Tak 41O
U(p =U,=0, U, = U(r, t) u cootnoenue (10) Oyner
UMETh BH/I:

02U, (r,1) s oU,.(r,1)
or? r or
1 1 8%U . (r,0)
p
_a[Ti(r,t)—To]
T or

(25)

1
= +V-a ,I’>R,t>0.
I-v

Hamee:

1_V'6Ur(r,t)+ Vo
1-2v or 1-2v

1+v ‘O‘T[Ti(m)_To]}’

G, (r,f) = 2G{
(26)

1
x=U (r,t)—
r r () 1-2v
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onn _ (000 1 L)
ot or? r or
(27)

Ilono6HbIe ciyyar HHTEHCUBHOTO HArpeBa MOBEPX-
HOCTH OOJNacTH (peallbHOrO Telia) MPEICTABISIOT 3Ha-
YUTENBHBIN TPAKTUUCCKUI UHTEpeC, HapUMep, B Clie-

82Ti(r, ) JYIOIIUX CIIy4asik: MTOBEPXHOCTHBIN JUAIEKTPUUECKHUI
LT r>R,t>0, HArpeB; pacueT TePMUUYCCKHUX Hanpsnxennﬁvs CTEHKaX
oT.(r.0) LUJIMHAPOB MAPOBBIX MAIIMH U JIBUrarejieidl BHYTPEH-

T.(r,t)|_o=Ty, r=R,— = HEro CropaHusi; B TCOPHU ABTOMATUYECKHUX CHCTEM
2 (28)  peryaupoBKH TeMIIEPaTyphl; MPU HCCIEAOBAHHU 00-

> R,|Tl.(r,t)| <0, r>R, >0, JIACTU 3BYKOBBIX YaCTOT METAJUIOB MPH BBICOKHX HJIH
OYeHb HHU3KHX TEMIIEparypax IOBEPXHOCTH; MHOTO-

Tl.(r,t)| veg=T.,,1>0, YHCIICHHBIC CIy4aW PEe3KOH CMEHBI TEMIIePaTyphl I10-

29) BEPXHOCTH KOCMHYECKHX W aBHUAIMOHHBIX OOBEKTOB;

1 taTz(I",T) r— 1

— | ——=| _,exp| ——— dt=——¢q,, >0,
T '[ or |"R P T, Ar 7o
ij-aT3(l”,T)
T or

o

ro
=W Ty(r,0)|,_ T, |t >0.

B MAIIMHOCTPOMUTEIBHON OTpaciu npu padoTe Ha pas-
JIUYHBIX YKCTICPUMEHTAIBHBIX YCTAaHOBKAX JIJIS OTpejie-
JIEHUS TEMIIEPAaTYPHOTO COCTOSAHUS 00pa3uoB u Ap. [6].
HecomHenHOW TpakTHYeCKOW 3HAYMMOCTBIO ISl TEO-
pHH TEIUIOBOTO yrnapa OyneT MpeicTaBIeHHe B paMKax
0000IICHHO! MOJIEeN OJTHOBPEMEHHO BCEX TpeX cllyda-
€B B TPEX CUCTEMax KOOPIUHAT.

Bo n3bexanne n3aunIHe rpoOMO3IKOCTH BBEAEM cleaylomue 0e3pa3MepHBIC TepEeMEHHBIC.

B obmactuz >R, t>0:

7 R Y g ke g 2Gar(+V)
a’ a’ a4’ VT’ vp’T 1-2v
T(z,0)-T T,(z,0)-T
wen =200 Gy ey - 2G0Ty
c 1o (qO/XT)(a/vp)
. (z,t) G_(z,1) .
G (E_w'c)zzz—,lzl, 370 (aar): = 3122: (31)
% Sp(T, —Ty) % Sr(ge/ Mp)alvy)
1-v)U _(z,t
U;(&1) = A=V ,i=1,3,
(I+v)ar (T, —TO)(a/vp)
1-W)U _(z,t
U, (&)= SmRC) 5. i=2.
(I+v)or(gy /A )a/ vp)
B obnactu p> R, > 0:
P L R g Y g ke 26ep(1+y)
a’ a’ 0 a’ vT’ vp’T 1-2v
T(p,t)~T T, (p.t)—T,
VVj(ga’c)=M>i=la 3a Wz(&,f)=M,l= 5
=Ty (d0 /My ) v,)
o (p,t o (p,t
Ggg(&,r)=£,i=l, 3 04 (67) = w®) (32)
St(T, -Ty) Sr(gg /hpXalvy)
1-v)U _(p,t
U[(gsr): ( ) p(p ) > 1=19,
(1+v)0LT(TC—T0)(a/vp)
1-v)U _(p,t
TR T
(I+v)or(gy /My )(a/vp)
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B o6mactu r >R, t>0:

2¢

v r % v_R v 2Go~(1+
§=i,r=i,§0=p—,ﬁ=—p,3i*=h—",sT= oap(+v)
a a a vr Vo 1-2v
T(rt)—T T (r0)—T,
Wi(é,t)z’(r—)o,izl, 3; Wz(i,r)zM,iz i

T, T, (qO/KT)(a/vp)
G,.(rt) G,,(r,1) .
G (é,T):W—,l:LB;G (E;T): I al:25 (33)
& Sp(T, —Ty) & Sr(ge /M)l v,)
1-v)U (r,t
Ve =— D
(1+v)ocT(TC—TO)(a/vp)
1-v)U (r,t
Uyen= Dy
(1 +V)ap(gy /Ay )al v,)

OBOBLUEHHAY MATEMATUYECKAA MOAEJIb
3AOAYN N EE AHAJIMTUYHECKOE PELLUEHUE

3anumieM 00600IIEHHYO MOAETH 3a1a41, IPEATOia-
rast TpaHuIbl 001aCTH CBOOOIHBIME OT HAIIPSKEHHUIA:

| F

v (&1 Ui

Ui (&) | 2m+1

082 o
22U 1) &6W(& r)é é G4
_ 6112’ - Iag, LE>Ep, T>0.
oU.(E,
UEDl= L0 —0gzg,
T o 35)
U (.1 <0, E2 €120
{OU,;@’ 0. (2r1n +hv 1 U T)} _
5 v & &8 (36)
:Wi(é,r)‘&:go,r>0.
oW, (E,1)  O2W,(E,7) Ve oW, (&,7)
= : _
ot e a;: B 57)
(E,T
—ﬁZaszo,bgo,wo.
oW, (&,7)
VV,‘(§7T)|1: :O,E_,Zg ’l— =0;
’ R P E
(&, 1) <o, £2E,, 120.
A r)‘ e, =1 T>0. (39)
1 amE) (—ﬂjd’=—l 0. (40
Bz'([ P £=¢, SXP 52 T ,T>0. (40)

-1,
— e"p[‘ﬁ—zjd’: =

— Bi* [W3 (i,‘c)‘é:% _ —1}, t>0.

0 j-@W3(§,'c')
By (41)

3nece i = 1 mpu m = —0.5; i = 2 npu m = 0.5;
i =3 npu m = (. 3ameTHM, 4TO UCKOMOE HaIpsHKEHHE
G&:(&, T) BO BCEX TPEX CIy4asiX CBS3aHO C MEepeMelIeHH-
em U/(&, 1) cooTHOmEHNEM:

oU. (&,
Géi(g’r) = la(s T) +
@m+1 1 2
m \4
+(1_—V)'E'Ui(<igt)_nfj((iat)‘

Pemenue 0606mennoi 3anaun (34)—(42) ¢ uenbio
W3yUYCHUs], HAlPpUMEp, BIMSHUS TEOMETPHUH OOJACTH
Ha KAUHETUKY COOTBETCTBYIOIIMX TEPMOYIPYTUX HAIpsi-
JKEHHI — OTKPBITas IpodIieMa TEOPUH TEIUIOBOTO yaapa.
Ee pelenue mpuBOAUTCS HUKE.

B mpocTpancTBe H300paxkenui mo Jlamiacy

Wi(&,p) = [ W (&) exp(-pr)dr,
0

Ui(& p) = [ U (& v)exp(-pr)dr,
0

(43)

62 (& p) = [ 04 (& exp(—pr)dt
0

peleHue terioBoi 3agaun (37)—(41) umeer Bua:

WiE, p)= ;& P)Ey /&K, [ER(P)],

(52 =\Bp2 < p ).
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rac
?,‘ (Z'_»()’P) =
—1 — s i=1,
pK,,[Eor(p)]
_ u(p) iZo
PK,, [EgH(p)] ’
Bi*p(p) i3
PAPK,, [EgR(P)]+ BIR(P)K,, [Eg1(P)]}

3neck K, (z) — momupuumposannas Gynkuus bec-
Cells.

CoorHomenus (34)—(36) nepeseseM B IPOCTpaH-
CTBO M300pakeHwuii (43):

d?Ui(s,p) , 2m+1 dUi(Ep)

2
2di1 i aw CZ ) ()
m—+ — ilG, p
_(p2+ &2 JUI'(E»p)=d—§’E_v>§O-
dUi(Ep) QCm+ly 1 —
—U. (&, —
{ dE v l(ép)L:ao (45)
=Wi(E, .
2
Ui, p)| <0, £28,. (46)

O0ee pemeHre ypaBHeHUs (44) COCTOUT U3 001IIe-
TO pelleHHs] OIHOPOIHOTO ¥ YACTHOTO PEIICHUS HEOM-
HOPOJIHOTO ypaBHEHUSI:

Ui )=

Uit.p)=—| CK,, &)+ Co1,, (&) |+

g B (47)
+Uiun (€, p).

Haxoxxnenne dactHOTO penieHusi ypaBHeHus (44)
TpeOyeT OTAeIBHOTO paccMoTpenus. imeem:

— Ui dU,
g dg g de
IIpu sTOM
_ 277, 77
AU,-:d U,+2m+l'dUl

B

dg? & dg (49)
AW = (B2 p? + p)Wi.
YacTHoe pemieHne B (47) UIEM B BHIIE (71.%(&, p)=
dW i
dg

=4

, [Ie IOCTOAHHYI0 A cienyeT HalTu.

[loncrapnsisi 3T0 BblpakeHue B (44) W HCHONB3YA
1

pPPE*-D+p
30M, O0lIIee perieHre ypaBHeHus (44) ¢ y4eToM rpaHnd-

HOTO ycioBus (46) Oynetr UMeTh BUJI:

(48)—(49), HaxomuM A = . Taxum 06pa_

Ui, p)= C[(:im K, . (am} -

(50)
—9,;(60.P)Ey /O K, [ER(P)].
e
6[’ (&-’0 ’ P) =
) i1
P2pB? -1 +1IK,,[E)R(p)]
_ i (p) ios
Pp@? -D+1K,,, [ER(P)]
Bi'E?(p) i3,
P2pB% =) +11[pK,,., (Eoi(p)) + BI(p)K,, (Eoi(p))]

31ech OBIIO MCIIOIB30BAHO COOTHOIIIEHHE

d _ _ _
d—a[a-me ER(P) | = -T(PIE K, [EH(P)]-

Hcnonesys cBoiictBa QyHKImid beccerns, Haxomum
mocJie mpeoOpa3oBaHui CileylolIee BAXKHOE COOTHOIIIE-
HUE, UMEIoIIee TPUHIUINAIBLHOE 3HaUeHUEe [T HaXO0XK-
JICHVSI aHATMTUYECKOTO pelIeHns: 00001eHHOH mpooie-
MbI (34)—(42):

dl 1 (2m +1)v
d_E[&_meﬂ(ép)]"—(l_v) x

| | (51)
XamT . Ker] (E.sp) == §m+1 ®(E.p)’
rae
O(Ep) =EpK,, (Ep) +
(1-2v) (52)
+(2m+1) v K, .1(Ep).

Cootromenust (59)—(60) u rpannanoe ycnosue (50)
MO3BOJISIOT OIPEICIIUTh IOCTOSHHYIO BEJIMYHHY B (55),
a BMECTE C 3TUM — UCKOMOE Tiepemenienue. Haxommm:

(o /&) O Egu(p) | K,y (EP)P; (€0 P)
O p) )
(& /9K, [&R(P) K, 1) /()
£5'0(E)p)
~ (&0 1 8)"; (&g, PIK 1 [ER(D)]-

51(&])) =
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Haxoaum nckomoe HaIpsHKEHUEC!

0 (60) _ (G0 DOEK,, [E(P ] /1(E-p) |
(& /&)™ 0()p)
, 910 PO[ER(P)] _ 0i(&, PO[&ir) [OEp)
g EO(Eop)
— [, PIK,,, [ER(p)]-

Tenepb MOXXHO 3amucarh JJIsl HalpsDKEHUH orepa-
IIMOHHBIC COOTHOIICHUS IS BCEX TPEX BHIOB Harpena:
e TeMIeparypHbIi Harpes (i = 1)
S (6P) (& /é)@)(ép)
& /™ pOEp)
L EWelEp] K, [Ep)]
e [p(B* 1) +11K,,[EgR(p)]  PK,,[EH(P)]
B W(p)O[ &,i(p) |O(Ep) ,
Ep2p(B? — ) +11K,, [EH(P)IOEp)

e TeIUIOBOIi HarpeB (i =2)

S¢: (& p) _ G/ E(P)OEPK,, [Sor(P)]
(&0 reym 2®(§0P)Km+1 E_»()H(P)]

N 12 (P)OER(p)) B
e (B2 1) +11K,, 1 [EoH(p)]
CRPIK[EH(R)]
Psz+1[§orl(P)]

12(p)O(Ep)OIE i p)]
g [p(B2 T+ 10E K, ()]

- (53)

(54)

e Harpes cpenoit (i =3)

o (GP) (& / &)9(@7)
& /8" pO(E,p)
y K, [Eoi(p)]Bi*H(p)
[PK,, 11 (E_,Oﬁ(p)) + Bi*ﬁ(p)Km (Eor(p)IR
()
apz[p(ﬁ2 —1)+1]
OE,i(p)] (55)
[me+1 (Eoi(p)) + Bi*i(p)K,, (éou(p))
_ B'E2(p)
e p(B? -1 +1]
B[, (p)IO(Ep)
[me+1 (Eol(p)) + Bi'H(p)K,, (éou(p))]®(§op)
B Bii(p)K,,, [EoR(p)]
PLPK .41 (EoR(P)) + BIE(p)K,, (ER(p)]

O6parHoe npeodpaszoBanue B (53)—(55) oka3biBaeT-
sl BeChMa TPYAOEMKUM U IPUBOANT K CIIOKHBIM U TPY-
HO 0003pHMBIM BbIpaxkeHUsIM. Ho ecrmu ydecTh. 4TO
B TMOCTaHOBKe 3a/1auu (34)—(42) UMEIOT MECTO MHEPITH-
oHHbIe 3((HeKThl MUKPOCEKYHAHOU JuiuTesbHOCTH [17],
BO BpEMEHa KOTOPBIX HANPSIKCHHS 0&((‘;, T) Kak pa3
U TOCTUTAIOT MAKCHUMAJIbHBIX 3HAYCHU, TO MOJKHO pac-
CMOTpETh Majible BpeMeHa T, COOTBETCTBYIOIIHE B U30-
OpaxeHusx OOJNBIIUM p, T.€. HEMOCPEICTBEHHO IMOCIe
TerioBoro yaapa. [lis atoro ucmonezyem B (53)—(55)
ACHMIITOTUYECKOE TMPEJCTABICHHE IIMJIMHAPHICCKUX
GbyHKIUN 1715 OOJNBIINX p:

Nr/2

Kv (p) = \/; exp(_p)’ v20,

rae K, — Monuduuuposannas Gynkuus beccens.
Beenem nanee cienyromye 0003HaYCHUS:

Cm+D1-2v) 1
(1-vg 0 1-p

Beenem Takke QyHKIHIO IUIsl JAHHOTO Kiacca 3a-
nad (pynxmuio Kapramiosa)

4, ()=

p+4,()
(P-Np+A4,EN]
KOTOPYIO MCIONb3yeM IpU HAXOXKACHHUHM OPUTHMHAJIOB

HalJIeHHBIX M300pakeHui. OpuUrHHaN 3ToH (QyHKIMH
UMEeT BH/I:

Am (& P) =

4,,(6)
Am (&0 = T4,
A !
y An(So) = 4, ©) exp(—4,,(E¢)1) +exp(y7) |.

v+ 4,(8)

[Tocne mpeoOpa3oBaHMii HAXOIMM:

agg(i p)
(é /;;)m+l/2

+ W2 (& p)exp[ ~(E-Eg)p ],

—W1(&, p)exp[—(E—E(p) |+

TJIe TIpy TemneparypHoM Harpese (i = 1):

_ A
Wi p) = {vu(p)[g(p)+ (6] 1 } (57)
(p-7v) p

Ya(&,p) = {—xm(& p)+
P

2

58
+va(p)[n<p)+A,,,(%)]zm(a,p)}_ %)
p 2
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IIpU TEIIOBOM Harpese (i = 2): u kpemuus B = 0.7, r.e. B < 1; nns cranm B = 3.4, nus
KpUCTAIIOB 1 antomuHus B = 1.8, T.e. B > 1. Bennunna
Y2 (p)[E(p) + 4, ()] . 2( p)} (59) napaMeTpa 3 urpaeT onpeAensoulyIo pojb B 3alTUCH HH-

Y15, p) ={

TEPBAJIOB U3MEHEHHUs HaNpsokeHus o..(&, T). Haxomum
P(p=1 p? JUTSL HATTPSKECHHUIA: =
e mpu < 1:
T, p) {u(p)(p - ;Z)Xm &Ep) . 0®9
60 (é /g)m+l/2 N
TP + 4, G, G P)| (©0 °
3 ’ 0, T<(E-Ey)B, (63)
=i-o &), (E-EB<T<(E-&)),

npu Harpese cpenoit (i = 3): 1 2
o (€0 +0R (1), T>(E-&);

S VBT (P)(P) + 4, (8)]
Y1(&, p) —{ 2 p 1 B + o e npuf>1:

. BI'Ep) } xCD

plp+Bi*R(p)]) (& /&yl
T p) - {Bi*ﬁ(p)(p ~ & p) 0, ) v<(6=5) (64)
plp+BiE(p)] @ "PEED (E-8p) <T<(E-Ey)p:

+sz~*a2<p)m<p>+Am@onzm@,p)} o €D+ o (1. T>PE-&).

p*Lp + Bi*fi(p)] 3nech Ggg (§,1) — opurmHan W300paKeHUsA

[Ipu HaxoxaeHUU OpUrKHANIOB B (56)—(62) cnenyer Y1(E, p)exp [_(&’5 —&p)BY pr+p/p? J’
= . 2
00paTUTh BHUMAHNE HA BETHIHHY Ha:paMeTpa B vp/vT c5(@ i) &) =Pl T—(E-Ey)].
Tak st opranuueckoro crekina B = 0.4, miasd kBapua

Hepexouﬂ K OpuruHajiam, 3alriemM aHaJIUTHICCKUEC COOTHOIICHUSA JIs1 Hal'[pﬂ)KeHI/Iﬁ BO BCEX TpeX Cliy4dadaX Ha-
rpesa:

e TeMmIepaTypHsblit Harpes (i = 1)

ol (&) = {exp T — (6~ 8Bl (6 -£) / 2B} +

I 1 ((1/2B2) ()2 — (- £9)? B2
22 [ el ) 0/200)7) | A iy e-zoms
P ez J@? - (E-5,)%B
4,©) ] (65)
| exp[1(r =)= (1/22) 7 1y (1/287) (€7 — € =80)2? | e’ px nix— (&~ &0 )Bl-
(8=
A T
%{ [ el 28e g (/262 ()7 - - P2 )dr'}x - €~ pl
(§-8o)B
o (€1 ="P,[E - (E-E)], (66)
e
¥ (6D =71, (G0 + 4, @O{ZB [ & r')dr'] ~BJexpl[~(1/2p2) (x~ ), (&, T (67)
0 0
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e TEIUIOBOIi HarpeB (i =2)

ot (&,7) = yBexp[-(1/2p?) 71, ((1/ 2p2) 22 — (£, )2B2 )n[t —(E—Eg)B]+

ﬁ h _ " _ pA 2 N2 _ (& _ 232 ' _ (5 _
+Ld [ explu(e= )= 1/287) 7o (1/287) (€7 — (68022 Jre' i~ (& =Bl +

B (E-Ep)B
+4,, &) {{expylt— (€~ E)Bl-1-[t - (£ & )Bl} exp(~1/2p?) T+ (68)
il [ lexpy(r—=)—1-(x=7)lexp[-(1/2B?)] x

2B (E-€p)B
1 (/26w — =50 ?P?
J@? - (E-59)?p2

dt)mlt— (& -&g)Bl-

v+ 2B3A (&p)] j

0

¥y (&1 =1, (50 + (&)dT + 74,8, )j‘(T T (& 1) (69)
0

e Harpes cpesoii (i = 3). Jyst 9T0ro Cciydas Mpu HaXOXkKJIEHUH OPUIHHANA UCTIONb3YEM PasJIOKEHHE N300paKEHHs
W(p)=Pp[l+1/(P2p)]V? B GuHOMUATLHBIIH pan. BeemeMm Taxoke psag 0603HAYEHUIA:

1 B*
1+ 2 2p(1+ Bi"B)
nly? +(y=1DBi*4,,(E)]
T+, ’

y=1+yB% v, =

A =y-

24 (y-1)Bi*4
7 [y* + (v~ 1Bi m(i)]_ylerzBAm(g);A =-2B4,,(8);
T+7s

Ay =y (A+75) =117, —vA+7)BA4,, (€]

Haxonum nckoMbie OpUTMHAJIBI:

4, =

W (60 = 4 {exply(t— (E—£0)B) — (&) / 2]} +

%) 1(0/282) (72 - 65 B2
+M I eXP[Y(‘C—T')—(l/ZBZ)T’J 1( \/ 0 )
P V@2 -5
5% I eXP[—Yz(T—r’)—(1/2[32)1']x
B (E-Ey)B
AU SNCIEEENT
’ ) snfx = (&~ &y Bl +
Jor - @-g)?p?

é_go :lr‘ exp[—(1/2[32)r']]1 ((1/2B2)\/(r')2_(g_iO)ZBZ)dT/ )
28 \/ N2 (g _& \2p2

(E-Ep)B (T)? —(E-€y)%B

xn[t—(E—&y)BL;

dv'xmt—(E-&y)B]+

+4, <exp[—y2 (t=(E—-&)B)—(E—E&,/2B]+

(70)

+ Ay % exp[—(1/2B)(& = §y)] +

W5 (8,7) = Y= 7))y (&7 + 2B, () 2, (&, )T + A, [exp[ =1, (1= 1) |1, (&, )T (71)
0 0
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Takum  00pa3oM, TMOJNYYCHHBIC  COOTHOILICHUS
(63)—(71) 3aBepiiaroT pelieHHE NMPAKTHYSCKH BaKHOM
3a/1a4kl O TEPMHUYECKOIN PEeaKI[Mi MACCUBHOTO TeJia C BHY-
TPEHHUMH TIOJIOCTSIMHU. B J0TNOJNHEHHE K pa3BUTOMY
MOAXOY MOKHO yKa3aTh BecbMa d((EeKTUBHBIN CI10CO0
OIICHKU BEJIMYMHBI TEPMUUECKUX HAINPSDKCHUH, MTPAKTH-
YeCKH HE TPUMEHSBIINICS paHee B TEOPUU TEILIOBOTO
yaapa.

Kak cienyer u3 onepanoOHHOTO PEIICHHS JHHAMH-
yeckod 3amaun, Hammywe B (56)  ciaraemMoro

Yo (€, p)exp [—(& -£&) p] MOKA3bIBA€T, YTO MOYKHO
MIPEUIOKUTh PACUETHYIO WHXKEHEPHYIO (OpMyny is
BEPXHEH OICHKH BEINYWHBI TEMIIEPATypHOTO HAIpsiKe-
HUS Yepe3 CKadoK HanpshkeHui B (70) Ha ppoHTE TepMO-
YIPYTroil BOAHBL. JlJIs 3TOTO UCIONB3yeEM TEOPEMY 3amas3-
JpIBaHus [6] B BUE:

(& plexp[—(E—Ey)p ]« 0, T<E-E,
¥,[et-(E-¢) ], T>E-,

OTKy/Ia BUIHO, YTO B TOUKE (§ — &;) MPOMCXOUT CKAI0K
Gynxuuu W, (&, 1), BENMIMHA KOTOPOTO PACCUMTHIBAETCS
o hopmyre

Al =1 e g)40 Fa 87 € =E0) =
=lim_, ¥, (&0 =limp, P& p).

Bravane HaxomuM BENWYMHY CKadKa JUIs Hamps-
JKEHUH Géi(é’ T) B KoopauHarax (&, T), 3aTeM Iepexo-
JIUM K UCXOJIHBIM HaNpsDKEHUSM B MCXOJHBIX 0071acTsIX

(11)—(30), ucnonmw3ys ¢opmynsl nepexona (31)—(33).
B pesynprare mis pexmMa TEMIEpaTypHOTO Harpe-
Ba (58) Haxonum:

|A|= o

zz;Gpp;Grr max
2Gy(1+ V) |T, — T|
(1-2v)

(R/p)2Gy(1+Vv)ar [T, T

= ,m=1/2;

(1-2v)
JR/r2Gy(+v)ar [T, - T -
(1-2v) ’

R m=-1/2;

(72)

Onenku (72) cnpaBenIvBbl KaKk MPH WHTCHCUBHOM
narpese (I, > T,), xorna B (UKCUPOBAHHOM CEYECHUM
& = const > &, BO3HMKAIOT HANPSHKEHMS CXKATHS, TaK
v mipu oxnaxaenuu (T, < T;,) xoraa BO3HUKAIOT Gosee
OTIaCHBIC HANPSDKCHUS PACTSHKEHMS.

®U3NYECKUA AHAJTN3 PELLEHUS

Ha puc. 1 mpencraBneHBl KpHBBIE 3aBUCHMOCTH
HanpsokeHus (63), (65)—(67) (TemmepaTypHbIii HarpeB)
OT BpeMEHH B (UKCHPOBAHHOM ceueHUHW & = 1 mpwm
& =0.1,v=0.3,B=0.4 o1 m=-0.5; 0; 0.5. Ha puc. 2
TIPE/ICTaBICHBI KPUBBIC TSI HANPSDKEHUN (TeMIieparyp-
HBII HarpeB) Npu TeX JKe JaHHbIX, HO a7 B = 0, T.e. 1d
cityvas Kiaccudeckoit henomeHonorun dypbe Ha OCHO-
B€ ypaBHEHUHU NapaboIMYEeCcKOTO TUIIA.

0
o (6,7)
(E.>0 /E))n1+l/2
-0.5 -
-1.0 |
i
2 B
—— 1 - nonynpoCcTpaHCTBO e i
—r—— 2 — chepuyeckas nonocTb \, :
------- + 3 — umMAvHApuYeckas nosiocTb \'\j
_1 5 | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8

Puc. 1. 3aBMCMMOCTb HanpsxeHus OT BpeMeHu B ceveHnn §=1npn g, =0.1,v=0.3, 3 =0.4.
PaccumtaHo no popmynam (63), (65)—(67) ana m =-0.5 (kpmeasa 1), m = 0.5 (kpuas 2), m = 0 (kpuBas 3)
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Puc. 2. 3aBMCUMOCTb HanpsXeHns OT BpeMeHn B ceveHnm §=1npn g, =0.1,v=0.3 (B =0).
PaccuuTtaHo no ¢popmynam (73)—-(75) ana m = —0.5 (kpueasa 1), m = 0.5 (kpuBas 2), m = 0 (kpuBas 3)

[IpencrapnsieT MHTEpPEC CpaBHEHHE IBYX YKa3aHHBIX
MTOAXOIOB, 3 IMEHHO, OMMCAHUE BIUSHHS TUIEepOOTHI-
HOCTH JIMHAMHYECKOU 3a/1auu (T.€. BIUSHUS JIOKAJIbHOM
HEpaBHOBECHOCTH B CHCTEME) Ha BEIWYHMHY TeMIlepa-
TYPHBIX HallpsbKeHUi. Boinuiem perienne «mapadoiu-
YEeCKOW» 3a/1aul TEIIOBOTO ylapa MpH TeMIEepPaTypHOM
HarpeBe AJIs BCEX TpeX OMNMCAHHBIX BbIIIE OOmacTei,
YUUTBIBAs, YTO 3TA YaCTh MCCICIOBAHHUN TaKXe Ipe.-
CTaBIIsIeT OOJBIION MPAKTUYECKUI UHTEPEC U 0 HACTO-
SIIEr0 BPEMEHU TAaK)Ke SBISICTCSI OTKPBITOM TIPOOIEMOIA.

Oyt (&,7) 0 0, 1<&-&,

—_— = ) 73
VDGR FOTCR I

TIe

olen=-¥] € oD (E1)=ViEt-(E-E)l:

S =%{exp[r—(&—§o)]®*(§2f° —ﬁ}

&6
+exp[‘c+(§—§0)]¢> [ 2\/;0 +\/;j}+

4 (é)<%{exr>(r—(é—§0))®*(&Z_\/%O —J?]— (74)

—exp(t+(§—E())D* (&;—% + \/;ﬂ +
T

\/,
_2\/; . * E-’_FT’O .
o] ()

_ (% - go)z
Jr 4t

2(E&D =, ED+
+—2A\m/(§0) { Ji—t' -y, (7). 7

3necn
D*(2) =1-D(2),

®(2) = (2/m) [ exp(-y?)dy
0

— ¢ynknus Jlamaca.

Kak cnenyer u3 rpadukoB, y4eT KOHEYHOH CKO-
POCTH pacHpOCTpaHEHHs TEIUIOTH MIPUBOANT K CYIIe-
CTBCHHOMY M3MEHCHHIO KAPTHHBI JUHAMUYECKHUX TEM-
MepaTypHBIX HANpPsDKEHUH 10 CPAaBHEHHIO C JaHHBIMU
Ha puc. 2. CoorHomenue (63) B ommuue ot (73) mo-
Ka3bIBaeT HAIMYHE ABYX CKAUKOB HAIPSUKEHUI: OHH —
Ha (pOHTE TEIJIOBOW BOJHBI, APYroil — Ha (poHTe
YOPYTOH BOJIHBI, HAYIIUX, COOTBETCTBEHHO, CO CKOPO-
CTAMH Vy H V.

PaccmorpuMm (ukcupoBaHHOE CeueHHE BHYTpPH 00-
nactu &> & [lpu B < | HanpsokeHUst B CEYEHUU B Hava-
Jie paBHBI Hymt0. B MomenT Bpemenn T = (€ — &;) k 9T0-
MY CEYEHHIO TPUXOIUT TEIUIOBAs BOJIHA HAMPSKCHUI,
(GpOHT KOTOPO¥ JIBUIKETCS CO CKOPOCTBIO V:p; BOSHUKAET
CKaYKOM COKUMAIOIIee HAMpsKEHHE, KOTOPOE NalbIIe
BO3pacTaeT. B MoMeHT Bpemenn T = § — & K CEUEHHUIO
MOAXOMUT TIPOAOJIbHAS YIpyras BOJHA, YTO BBI3BIBACT
CKagKooOpa3HOe M3MCHEHHUE HAIPSHKCHUS W €ro Iajlb-
Helilee YMCHBIICHUE.
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Kpussle Ha puc. 1 nmokas3plBalOT U APYyrol MHTE-
PECHBIN pe3ynbTaT: Haubolee «ysI3BUMOW» (B CMBICIIE
TEPMUYECKOHN peaKklnn) sBsieTcst 00J1acTh C BHYTPEH-
Hel cepuueckoi monocThio. Bo Becex Tpex ciyda-
ax (m =—0.5; 0; 0.5) Bo3HUKaOIIKE HAPSKCHUS SB-
nsrores  oxuMaromuMu. OueHku (72) OTUETIIMBO
MOKAa3bIBAIOT, YTO MPUIIOBEPXHOCTHBIE CJIOU (BOIU3H
rpaHunel Tesna (o0ilacTv)) B HAUOOJNBIICH CTEICHH
MOJIBep)KEHbI TepMHUUEeCKOMY yaapy. Uto kacaercs Te-
MJIOBOTO yJapa B KJIAcCHYeCcKoM ciiydae (puc. 2),
TO 3/€Ch HAaWOONbIIME HAMPSIKEHUs CHKATHUS Xapak-
TEpHBI JUIsI MAaCCHBHOTO TeJa, OTPAHMYEHHOTO ILIO-
ckoil moBepxHocThi0 (m = —0.5). Ilpu 3TOM mocie
MPOXOXKACHHSI BOJHBI pacIInpeHus (3a c4eT PyHKINN

G(@?(ia 7) B (72)) HaNpsHKEHHE TEPEXOANUT B 0OIACTD

MOJIOKUTEIBHBIX (PACTATUBAIONINX) 3HAYCHUNW W 3a-
TeM OBICTPO YOBIBAET, JOCTUTAs KBAa3UCTATUYCCKUX
3HAuYEHUH.
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SAKJTIOYEHUE

B pabote pa3BuThl 00001IIEHHBIE MOJICIIEHBIC TIPE]I-
CTaBJICHUSI TEIUIOBOTO yJapa B TEPMUHAX JUHAMHUC-
CKOH TEepMOYHNPYrOCTH Ui JIOKaJIbHO-HEPaBHOBECHBIX
IIPOLIECCOB IIepeHoca TemnoThl. [lonydyeHo anamuTuye-
CKoe perieHHe (OTKpPBITON) 0OOOILICHHON 3amadn Tep-
MUYECKOM peakuy MaCcCUBHBIX T€Jl C BHYTPEHHUMH
MOJOCTAMHU OIHOBPEMEHHO B JICKAPTOBOM, IMIIMHIPH-
4yecKkoll u cepuueckoil cucteMax KOOpIWHAT MPH TEM-
IepaTypHOM Harpese, TEIUIOBOM HarpeBe, HarpeBe cpe-
JI0 rpaHuibl TBepAoro tena. [IpoBeneHbl YUCIEHHbIE
JKCTIIEPUMEHTBI, TOKa3bIBAIOIINE BIUSHHE JIOKAJIbHOM
HEPaBHOBECHOCTH HA KMHETUKY TEMIIEpPaTyPHbIX HAIpsi-
JKeHH (10 CPaBHEHHIO C KJIACCHYECKOH (heHOMEHOIOo-
rueii dypoe). [IpemnokeHsl BaKHBIE B MPAKTUYECKOM
OTHOIIICHUH PACYETHBIE WH)KCHEPHBIC COOTHOIICHHS
JUISL BEpXHEH TpaHUIbl TEeMIEepaTypHBIX HallpsHKEHUH
IIPU HUHTEHCUBHOM TEMIIepaTypHOM Harpese.
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JIA3ePHBIX MMITYJIbCOB C KOHJAEHCHPOBAHHBIMU MUILIEHSIMHU

WU.r. Nle6o @

MUP3SA — Poccuvicknii TEXHOI0rn4eckmni yHusepeuntet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: lebo@mirea.ru

Pe3iome

Lenu. Uenb nccnenosaHmsa — 0630p 1 aHanvs3 pesynbTatoB paboT, NOCBSLLEHHbBIX YACIEHHOMY MOAENMPOBAHNIO
9KCMEPVIMEHTOB MO B3aMMOAENCTBUIO MOLLHBIX YbTpadunonetosbix (YP) nasepHbix UMMybCOB C KOHAEHCUPOBAH-
HbIMU MULLIEHAMW. HaTypHblE 3KCMEPUMEHTbI ObiNn BbINOSIHEHbI B Punanyeckom nHctutyTe um. MN.H. Jlebenesa PAH
Ha MoLLHOM KpunToH-dTOop (KrF) nasepe «FAPMYH». AKTyanbHOCTb UCCNEA0BaHUI CBA3aHa C TEM, YTO SKCUMEPHbIE
Y®-nasephbl ABASOTCH OHMM U3 OCHOBHbIX NMPETEHAEHTOB Ha ApalBep B TepMosiaepHOM peakTope. Pusuvka B3aun-
MOZENCTBUS TaKOro N3sy4yeHnst ¢ naa3Moin nmeet ceoto cneumndurky. O6cyxaaeTcs BO3MOXHOCTb MCMOJIb30BaHUS
MULLIEHEN B BUAE BCTPEYHbIX KOHYCOB B TAKOM 4E€PHO-TEPMOSIAEPHOM PEAKTOPE.

MeTopabl. [1ns MoaenpoBaHms nasep-nia3MeHHbIX MPOLECCOB UCMOMb3YI0TCH GU3NKO-MaTeEMATUHECKNE MOOENN,
narpaH>XeBbl 1 31NepPOBbl METOOVKW, ABYMEPHbIE MPOrPaMMbl B LLUANHOPUYECKNX 1 CHEPUYECKNX KOOPAMHATAX.
PesynbTaTthl. [1peacraBneHbl pesynbTaTtbl YACIEHHOrO MOAENMPOBAHUS TPEX TUMOB SKCMEPUMEHTOB: a) NPOXMraHme
Y®-nasepom antoMnHMEBbIX HOSbI Pa3NINYHOM TONLLMHBI; 6) N3y4eHne pa3BUTUS TNMOPOANHAMUYECKON HEYCTOMYMBOCTM
NpPW YCKOPEHUN TOHKMX NOAMMEPHbIX MAEHOK MOLLHBLIM Y®P-1Mnynbcom 1 ocobeHHoCTeN GOpMUPOBaHUS TYPOYNEHTHOMO
CNosi; B) B3aMMOAENCTBME MOLLHbIX YP-1MMYbCOB C ABYXCNOMHBIMU MULLEHAMU (2/IIOMUHWI + OPrcTeKs1o) U ccneno-
BaHVE «TOHKWX» CTPYKTYP, (POPMUPYIOLLMXCS B BELLECTBE. Ha OCHOBaHMM YMCTIEHHbBIX PACYETOB NOKa3aHo, YTo B rmbpua-
HOM peakTope ¢ YP-nasepHbIM ApariBEPOM MOTYT NMPUMEHSTLCS MULLIEHN B BUAE ABYXCTOPOHHUX BCTPEYHbIX KOHYCOB.
BeiBoAbl. Pa3BuTthl GU3MKO-mMaTemMaTmyeckme Moaenu n anpobupoBaHbl ABYMEPHbIE NMPOrpaMmbl B 3AN1E€POBbIX
1 narpaHXeBblX KOOPAMHATAX Ha HAaTYPHbIX 3KCMEPMMEHTAX, MO3BONSIOLLME ONUCLIBaTb GU3NKY B3aMMOOENCTBUS
MOLLHbIX Y®P-nasepHbIX UMMy/IbCOB C MULLEHAMU Pa3IM4HON KOHCTPYKUUN. OTO AAaeT BOSMOXHOCTb NPOrHO3Mpo-
BaTb 3KCMNEPUMEHTLI PEAKTOPHOro MacLuTaba.

KnioueBble cnoBa: 4ncieHHoe MoaenMpoBaHue, B3auMO4ENCTBME MOLLHbIX YCD-nasepOB C Nnasmom, FI/I6pI/I)J,HbIe
peakTopbl C Na3epHbIM UHNLUMNPOBAHMEM

* Moctynuna: 22.06.2022 e flopa6oTtaHa: 07.12.2022 ¢ MpuHaTa k ony6aukoBaHuio: 12.03.2023

Anguntupoanus: Jiebo .. YucneHHoe MoaennpoBaHne 3KCNepmMMeHTOB Mo B3aUMOAENCTBUIO MOLLHbIX yNbTpaduro-
JIETOBbIX JTA3EPHbIX MMIMYJIbCOB C KOHAEHCMPOBAHHLIMU MULLEeHAMU. Russ. Technol. J. 2023;11(3):86—103. https://doi.
org/10.32362/2500-316X-2023-11-3-86-103

MpospayHocTb pUHAHCOBON AeATesIbHOCTU: ABTOP HE MMEeET GMHAHCOBOWM 3aMHTEPECOBAHHOCTM B NPEACTaB/EH-
HbIX MaTepuanax uam MeToaax.

ABTOp 3as8BNSeT 00 OTCYTCTBUU KOHPIMKTA UHTEPECOB.
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Mathematical modeling of experiments
on the interaction of a high-power ultraviolet laser pulse
with condensed targets
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Abstract

Objectives. The paper aimed to review and analyze the results of works devoted to numerical modeling
of experiments on the interaction of high-power ultraviolet (UV) laser pulses with condensed targets. The experiments
were carried out at GARPUN, the powerful KrF-laser facility at the P.N. Lebedev Physical Institute of the Russian
Academy of Sciences (Moscow). The relevance of the research is related to the use of excimer UV lasers as a driver
for a thermonuclear reactor. Physical aspects of laser—plasma interaction, including those related to the possibility
of using two-sided cone target in a fission—fusion reactor, are discussed.

Methods. The research is based on physico-mathematical models, including Euler and Lagrange.

Results. The mathematical modeling of three types of natural experiments is presented: (1) burning through
different thicknesses of Al foils by high-power UV laser; (2) studying hydrodynamic instability development at the
UV laser acceleration of thin polymer films and features of turbulent zone formation; (3) interaction of high-power
UV laser pulses with two-layer targets (Al + Plexiglas) and study of fine structures. Numerical modeling showed that
a hybrid reactor with UV laser driver can use targets in the form of two-sided counter cones.

Conclusions. Physico-mathematical models are developed along with 2D codes in Lagrangian and Eulerian
coordinates as confirmed in the results of natural experiments. The models can be used to describe the physics
of high-power UV laser pulses interacting with various targets and forecast the results of reactor-scale experiments.

Keywords: numerical modeling, high-power UV laser pulse interaction with plasma, hybrid reactor with laser initiation
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BBEOEHUE B BUJMMOM WJIH YIbTpa(uOIETOBOM AMANA30HE JJINH
BOJIH, JUTUTENHHOCTH JlazepHoro ummynasca 10—100 He,

HccnenoBanust  1a3epHOTO  TEPMOSIACPHOTO CHH-  mipypyeM C 3aJ[aHHBIM BPEMEHHBIM «IPO(GHIHPOBAHH-

te3a (JITC) BemyTcst B Hamieil cTpaHe u 3a pyoOexoMm
¢ 60-x rontoB nporwutoro Beka [ 1]. C moMoIibpo MOLTHBIX
Ja3epHBIX MUMITYJICOB HATPEBAIOTCS M COKUMAIOTCSI MU-
IIeHH, cofiepkaniue neirepuit-tputueByto (I T) cmecs.
B pesynberate B C:KaTOM TOPIOYEM IIPOUCXOISAT TEPMO-
SJIepHbIe peakiuu (moxpoOHee o (U3MKE Ja3epHOTO
TEPMOSIJIEPHOTO CHUHTE3a MOXKHO TpOoYMTarh B [2, 3]).
Ha nmazep («apaiiBep») HakIaabIBaeTCs Psijl BaKHBIX
TpeOOBaHMI: SHEPIUsS B UMITYJIbCE JOJDKHA PABHATH-
Csl HECKOIIbKUM METa/KOYJISIM, WHTCHCUBHOCTh H3Jy-
4eHHs Ha moBepxHocTH Mumenn — 1015-1016 Br/cm?

€M» WHTCHCHBHOCTH, XOpOIIasi OJHOPOIHOCTH OOIy-
YCHHUS MUIICHU, YTOOBI YMEHBIIUTDL BIIUSAHUEC PA3BUTUSA
HEYCTOWYHMBOCTH B IMpoLECcce cxkaTus roprodero. Jlis
CO3JIaHMsI TEPMOSIZICPHOTO PEaKTopa, HapsiAy C BBI-
COKOH  3(PPEKTUBHOCTHIO TEPMOSIICPHOU  BCIIBIII-
ki (kodppuumnent ycunenus G = EJE, >> 1, e
E— BeIienMBIIASsICS TEPMOsI/ICpHAsI SHEepTHs, £ — 110~
IJIOMICHHAS TJIa3MOW PHEPTHUs JIa3epHOr0 HMITYJIbCa),
TpeOyeTcs, ITOOkI ApaiiBep MOT paboTaTh B 4aCTOTHOM
pexxume (1-10 I'y) ¢ GompmuM pecypcoM U BBICOKUM
KIIA (n = 1-10%).
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B nameii ctpane [4] u 3a py6esxom! [5-11] cTpost-
Cs1 MOILIHBIE JIa3€PHbIE YCTAHOBKH U1 MHULUMPOBAHUS
TEPMOSIIEPHBIX MHUKPOB3PBIBOB W MPOBEICHHS HCCIIe-
noBaHui B 3Toi obnactu 3HaHmid. C 2012 . QpyHKIH-
oHupyeT naszepHast ycraHoBka NIF (National Ignition
Facility, JluBepmopckasi HallMOHAJIbHAs JIAOOPATOPUH
uM. 2. Jloypenca, CIIIA), noctpoennas B nensx JITC.
Ha »t0ii ycranoBke B aBrycre 2021 r. mocTurHyT pe-
KODIHBI BBIXOJ TEPMOSIEPHBIX HEHTPOHOB Y, =
=(4-5) - 10'7, aro coorBercTBYeT~0.7 G [6]?. YKa3aHHEIE
BhllIe cTposimuecs: yctaHoBkU (YOJI-2M — Poccuiickuii
(henepanbHBIN sIEPHBIN TIEHTP — Beepoccuiickuii HaydHO-
HCCIIeIOBATENIbCKUI MHCTUTYT 3KCIEPUMEHTANbHON (u-
sukn (POSAL-BHUUD®), Poccus; Laser Mégajoule’ —
®panmus; ShenGuang-1I* — KHP) u NIF sBnsiorcs
TBepaoTeabHbIMU Nd-nazepamu®. OHHM HA CETOIHSII-
HUH JIeHb MPECTABISAIOTCS Hanboiee NepCreKTHBHBIMU
yCTPOMCTBAaMM C TOYKHU 3PEHUS JEMOHCTPALUK €JUHUY-
HBIX TEPMOSAECPHBIX MHUKPOB3PHIBOB. OHAKO HpHMe-
HUTEJIBHO K CO3[aHHIO JpaiiBepa Ui sIEpPHO-TEPMO-
SIIEPHOTO PEaKTopa y STOro THUIA JIa3ePOB HMMEIOTCS
Cephe3HbIe HENOCTATKH. | a30BbIM SKCHMEpHBIN J1azep
UMeEeT P MPeuMyIlecTB — (YHKIHMOHUPOBAHHE He-
MTOCPECTBEHHO B yNETPA(PHOICTOBOM AHMAAa30HE JJIHH
BOJIH, BO3MOXKHOCTh PabOThl C YacCTOTOH MOBTOPEHHS
uMIyascoB Oomee 1 I, mmpoxas Toioca YacTOTHI
TreHepalud M, BO3MOXHO, PSJI OPYTHUX JOCTOMHCTB.
EctecTBeHHO, y TaKuX TUIIOB JIa3€pOB TAKKE €CTh U He-
JIOCTaTKH.

Jlyist Toro 94TOOBI cAenarh MPaBUIIBHBIN BHIOOD MPH
MIPUHATUY PELICHUS O CTPOUTEIBbCTBE ApaiiBepa ajs pe-
aKTopa, TPEeOYIOTCS CHUCTEMATHUSCKUE HCCIICIOBAHMS,
MMOCKOJIBKY CTOMMOCTD JipaiiBepa OyIeT cOCTaBIATh IMO-
psanka 10 mupa monn. CHIA. B @usnyeckoM WHCTHTY-
te uM. [L.H. Jlebenesa PAH (OPMAH) ¢ynkuuonupyer
ycranoBka «[APITYH» mis momydenus ropsiaeld mioT-
HOU 1u1a3mbl. D10 3kcuMepHbiii KrF-naszep ¢ aneprueii

I Kritcher A. and HIBRYD-E ICF team. Initial results from
HYBRID-E DT experiment N210808 with >1.3 MJ yield. /FSA4
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16. https://
www.aps.org/units/maspg/meetings/upload/obenschain-11172021.
pdf. lara o6parenns 07.02.2023. / Accessed February 07, 2023.

2 B pmexabpe 2022 . B MHTepHETe MOSABUINCH COOOIIEHNS,
yto Ha ycranoBke NIF B CIIA nonyuyen G = 1.5! [In December
2022, reports appeared on the Internet that G = 1.5 was obtained
at the NIF facility in the United States!]

3 https://www-Imj.cea.fr/. [{ata obpamenns 07.02.2023. /
Accessed February 07, 2023.

4 https:/Issf.cas.cn/en/facilities-view.jsp?id=ff80808 14ff565
99014ff5a31abb004a. Jlata obparenust 07.02.2023. / Accessed
February 07, 2023.

5 Nd-nasep reHepupyer H3iyueHHE B MH(PAKPACHOM M-
armazoHe A = 1.06 MKM, U TpeOyIOTCs CIOKHBIE JOPOrOCTOSIINE
ycTpoiicTBa Asist mpeoOpa3oBanust BO 2-10 U 3-10 rapMoHuKH. [The
Nd-laser generates radiation in the infrared range A = 1.06 pm,
and expensive complex devices are required to convert to 2nd and
3rd harmonics.]

B umnynbee £ = 100 JIK, JUTMTENIBHOCTBIO UMITYIIbCA
t = 100 HC, mmHOK BoaHbl A = 0.248 mxm. Jlus uH-
TepHpeTaluy JaHHBIX 3KCHEPHUMEHTOB OBLIM Pa3BUTHI
(I3UKO-MaTeMaTH4ecKHe MOJEIH M IPOTPaMMEI, II0-
3BOJISIIOIUE PEIIUTh 33Ja4d B3aUMOJEHCTBHS MOLIHBIX
Ja3epHBIX MMIIYJIBCOB C KOHJIEHCUPOBAHHBIMHU M Ia30-
BBIMH MUILIEHSIMY U IIPOrHO3UPOBATH HOBbIE KOHCTPYK-
nuu mumenen pst JITC.

Hmxe npusener 0630p paboT Mo MaTeMaTUIECKo-
My MOJIEJIMPOBAHUIO TPEX CEPHUH IKCIIEPUMEHTOB, BbI-
nonHeHHbIX Ha ycraHoBke «[APITYH», u uccnenosa-
HUIO mepcreKTUBHEIX 1 1iesiert JITC mumieneit B Buze
BCTPEYHBIX KOHYCOB.

KPATKOE ONMUCAHUE
®U3NKO-MATEMATUYECKUX MOAEJEN
N ABYMEPHbIX MPOrPAMM ATLANT U NUTCY

[Iporpammubiit  komruieke Atlant [12] cocTouT
U3 MPOrpaMM, MOJCITHPYIOIIUX THHAMHUKY M IEPEHOC
SHEPrvH B Ja3epHOU TuIa3Me B cepudeckoil (Bepcus
Atlant Sp: KOOpIUHATHI 7 — MOILYJ b paJNyC-BeKTOpa; O,
¢t — BpeMmsi) U IIMHApUIeckoid (Bepeus Atlant C: koop-
JHATEI 7, Z, { — BPEMsl) TCOMETPHSIX.

YpaBHEHUs, ONMHCHIBAIONINE HBOJIONUIO JIA3ePHOMN
MHUILCHH B JBYXTEMIICPATYPHOM MPUOIIKCHUH, HMEIOT
BUL:

dp -
— =—pdivu, 1
» pdiv (1)
du
— =—pgradP, 2
p—r="Pg @)
s - -
—,V |9=K9, 3)
(ISI j
de, R - Q
p » =-F diva+diviV, -Q-R, +div8, (4)
de; R
p;:—Pileu-l-leVVi +Q, (5)
W,=e& grad T, (6)
W, =@, grad T, (7
T.-T
Q:Q() ;3/21‘)2’ (8)
(S
P_=P(p,T.), P,=P(p, T), )
dt =Z;(¢; =P, — 05 ), (10)

g, = &P, T, & = &(p, T)),

RI/IBJI :Rmn(p’ Te)’ P = Pi + Pe’ (11)
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YucneHHoe MoaenMpoBaHME 9KCNEPUMEHTOB NO B3aMMOLENCTBUIO MOLLHbIX

.. Nebo

yNbTPpadmoNeToBbIX 1a3ePHbIX UMMYSIbCOB C KOHAEHCUPOBAHHBIMU MULLIEHAMM

&, =& (p, T,), & =&(p, T), K=K(p, T,),
0y =9y(p, T),

e P, , P, , T,, T, — 5I€KTPOHHOE U MOHHOE JIaBJICHUS
Y TEMIIEPATYPHI; p — TUIOTHOCTD BEIIECTBA; U — BEKTOP
TUAPOAMHAMHUYECKOM CKOPOCTH; P — MOJHOE JaBlIeHHE;
P, P, — 5NEKTPOHHOE W HOHHOE [IABIICHHUS; €, €; — JJICK-
TpOHHaH 1 MOHHaA yueﬂbeIe BHyTpCHHI/Ie 3Hepr1/11/1; zee,
a&; — KO3((PUIHEHTBI SJIEKTPOHHON ¥ HOHHOM TEIONpo-

BOJHOCTH; 3 — MOTOK JIa3epHOTO U3aydeHus:; K — koad-
(Guuuent nornomenus; O — oOMEHHBIA wineH; R . —
CTOK SHEPTHH 3 CIET COOCTBEHHOTO M3y ICHUS ITa3MBI;
Z, — CpeiHee 3HAYEHHWE 3apsa MOHOB B JIaTPaHKEBOM
AYCHKE; @), ¢, P — CKOPOCTH TPOMHOW HOHU3AINUH,
TPOWHOW U (POTOPEKOMOUHAIIHH.

Ha BHemnel rpanuiie 3agaercst AaBl€HUE U HYyJe-
BOI1 OTOK Ternta. Ha ocu Bpamienus (6 = 0 B cdepuue-
CKOHM cucTeme KoopauHaT, » = (0 — B HWIMHIPUYIECCKOH )
U IJIOCKOCTAX CUMMETPHUH 3aJal0TCsl HYJIEBble MOTOKH
TEeTJIa M HYJEBBIE COCTABISIOIINEC CKOPOCTH B HAIpaB-
JICHUH, HOpPMaJbHOM K rpanuue. HayanbHble ycnoBus
MOTYT OBITh IPOU3BOJILHBIMHU.

Pemenue ypasuenuii (1)—(11) mpousBogurcst uuc-
JICHHO C TIOMOIIBIO CXEM aJIUTHBHOTO yd4eTa (pu3nue-
CKHX IPOLIECCOB.

Kommniexe mporpamm Atlant pa3pabatbiBajics B Te-
YEHHE MOCJIECAHUX YEThIpeX HECATHJIETHH U COCTOUT
U3 HECKONBKHX MPOrpaMM, HMEIOMNX CIEeTYyIOHe
ocoOeHHOCTH: 1) B OCHOBE (PM3MUYECKOW MOMENH Jie-
JKHUT TUTOTHAsI BBICOKOTEMIIEpaTypHas Ja3epHas IiasMma,
2) ucronbp3yercs ByMEpHas JlarpaH)keBa CHUCTeMa KO-
OpAMHAT, 3) MOAYIbHBIN MPUHIIAIT HATMCAHUS TTPOTPaM-
MBI, 4) Bce mporpaMmMbl Hanucanbl Ha si3pike DOPTPAH.
Bonee moapoOHyr0 MHPOPMAIUIO O KOMILIEKCE MPO-
rpamm Atlant MoxxHO HaiiTh B [12, 13].

IIporpamma NUTCY [12] no3BosisieT YUCIEHHO pe-
L1aTh YpPaBHEHUS ra30BON JIWHAMHUKHU B JBYMEPHOW IH-
JUHAPUYECKOI (7, z,  — BpeMsl) TCOMETPHUH B SUIEPOBBIX
koopauHarax [12]:

6_p+l.arﬂ+ap_w:0
o r or Oz

>

2
8pu+l'8rpu +8pu03+@205

12
o r or oz or (12)
Spw_’_l'é’ruw_’_@puw_’_@zoa
o r or oz oz
%+l'8ru(e+p)+8(e+p)c0=_divqT_diqu'

ot r or Oz

31ech p — MWIOTHOCTE; p — AaBienue; V.=u, V.= o —
V2
KOMIIOHEHThI BEKTOpa ckopoctu V; e=p| e+ |-

TIOJIHAs OHEPTUSL; ¢ = — &, grad 7'— MOTOK 2JIEKTPOHHOM
TEIJIONPOBOJHOCTH; ¢ — MOTOK JIA3EPHOTO U3/TyIEHHS.

Hcnonp3yeTcst onHOTEMIIepaTypHOe MpHOJINKEHHE,
T.€. TIOJIATAeTCs, YTO BPEMs pENIaKCALUM MEXKAY dJIeK-
TPOHHON M MOHHOW KOMIIOHEHTaMH Majl 10 CpaBHe-
HUIO C THITMYHBIM BPEMEHEM N3MEHEHUS OCHOBHBIX TEp-
MoAMHaMHUYecKuX BenuuuH. Cucrema ypaBHeHui (12)
JIOTIOJTHEHA YpaBHEHUEM cocTostHus p = (y — 1)pe, Tae
€ — yAenbHAs BHYTPCHHSS SHEPIus, Y — IOKa3aTelb
anuabaThl, 1 ypaBHEHUEM HETPEPBIBHOCTH JUTS KX 10U
KOMITOHCHTHI ra3a (BCETo /7 KOMITOHEHT):

op; . B L
E—dlvin—O, rme i=Ln—1 (13)

Ecnu ra3 comepXuT aBe KOMIIOHEHTHI, TO YIO0OHO
pelath ypaBHCHHE HENPEPHIBHOCTH ISt CMECH (BEpX-
Hee ypaBHeHue cuctemsl (12)) U ypaBHEeHUE ISl OJTHOU
n3 komnoneHT (13). Jlanee ompenensieTcss KOHIICHTpa-
sl IepBOrO KOMMOHeHTa C, a KOHI[EHTPALUsI BTOPOTO
komrioHeHTa paBusiercs (1 — C).

B aT10i1 mporpaMmMe Takke HCTONB3YIOTCS MOIYIb-
HBII (OJOKOBBIM) MPUHIMII HAMUCAHUS MPOTPAMMBI
u 136K nporpammupoBanns @OPTPAH.

Jus pemenus ypaBHenud (12), (13) mnpume-
usorcs  TVD-pasHocTHBIE®  CXeMBI  MOBBIIIEHHO-
ro mopsijka anmpokcuManuu (OJoK ra3oBod aMHAa-
MHUKH) M HESBHBIE CXEMbl JUIsl y4eTa 3JIeKTPOHHOU
TeronpoBoaHOCTH [13]. MeToasl pemieHus: Takux 3a-
Jlad pa3BUBAJIUCH B MHCTUTYyTE MareMaTHYeCKOro Mo-
nenupoBanus U VMHCTUTYTE NpUKIIaJHONM MaTeMaTHKU
um. M.B. Kenapprima PAH [12, 14, 15] npu Henocpen-
CTBEHHOM Y4aCTHH aBTOpA.

MOAEJINPOBAHUE 3KCNEPUMEHTOB
Mo NPOXUrAHUIO POJIbI

Ha ycranoBke «[APIIYH» Obuim BbITIONHE-
HBl HSKCIIEPUMEHTBHI IO TPOKUTAHUIO ATFOMHHUCBBIX
¢donbr [16]. NHTEHCHBHOCTh M3IYyUYCHHS, MaJIAIOIICTO
Ha MUIIIEHb, paBHsnach [ = 6 - 10'2 Br/cm?, a napamerp
> heKTHBHOCTH B3auMozeiicTBus ¢ miasMoit (1 - A%) =
~3.4 - 10" (Br/cm?) - Mrm2.

[Ipu ¢uKCUpOBaHHBIX MapaMeTpax MaJaroIIero
Ha aJIIOMUHHUEBYIO (OJbry (MUILEHB) JIA3E€PHOrO MOTOKA
BapbUPOBAIMCH TOIIIUHBI 3TOW (ONBrH. 3a (OIBroH Mmo-
Memancst 3KpaH. M3Mepsanocs BpeMs 3aAep>KKH MEXITY
MOSIBJICHUEM CBEUEHUS Ha DKpaHE M BPEMEHEM IOsIBIIe-
HUSI CBEUCHUS TTa3MbI HA NEpeIHEH TTOBEPXHOCTH MH-
menu (puc. 1).

B skcnepuMeHTax HaOIIOIAIOCH IPOTOPAHUE AJTFO-
MHUHHEBBIX (oibr BIUIOTh 10 300 MKM 3a Bpems jaei-
CTBHS JIA3€PHOTO MITYIIbCA.

6 TVD - total variation diminishing (ymenbInenue oGueit
BapHalLuy).
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JNazepHsbili iy
CBeyeHune

nnasmbl
— Mwuwenn

CseyeHune
naasmbl
C aKpaH

Al donbra

Havano nmnynbca

50 60 70 80 HC

Lenb

OkpaH

MomeHT nporopaHus Gonbru

Puc. 1. CBeyeHue nnasmbl, NOJYH4EHHOE YEPES LLESb C MOMOLLBIO GOTOINEKTPOHHOIO permcTparTopa
B 3aBMCUMOCTM OT BPEMEHM (CieBa); Cxema akcnepmmMeHTa (cnpasa) [12]

t=40HC t=40Hc
Naszep
Mnasma

t HCc JlasepHblit el 4 4
110 MMMyNbC Donbra gy : ‘1

90 < ~1D-pacyeTbl I 3

70 I 2D-pacyeTsl \SKCI'IepI/IMeHT T

50 J,_—/”’/ 2 2
30 ./I’ \ ,/_'7

101 > 1 1

0 40 80 120 160 200 240 280 320 d, Mkm
-0.2 0. 0.2 0. 0.2 MM

(a)

(6)

Puc. 2. BpemeHHas dopma nasepHoro nmMmnynbsca v pedynbtatbl 0O4HOMEpPHbIX (1D)
1 ABYMEpPHbIX (2D) pacyeToB 1 AaHHbIX 9KCNEPUMEHTOB (a); U30AMHUU NAOTHOCTHU
Ha MOMEHTbI BpeMeHu t = 40 HC (4,0 MOMeHTa nporopanus ponbrn) n t =45 He (MomMeHT nporopanus) (6) [12]

Ha puc. 2a nokazana BpeMeHHAast (popMa JIa3epHOrO
HMITyJIbCa ¥ CPaBHEHNE PE3YIIBTATOB YHCICHHBIX pacye-
TOB, BBIIOJHCHHBIX C  IIOMOINBI  MPOrPAMMBI
NUTCY (CIUIONIHBIC KPUBBIE) C TAHHBIMHU DKCIIEPUMEH-
TOB (BepTHKAaJbHBIC KpacHbIe 3aceuku). JKenras kpu-
Bas — KBAa3WOJHOMEPHBIE pacdeTsl (Korma pacrmpene-
JICHHE WHTCHCHBHOCTH W3JIYYCHHS B IIONEPEUHOM
HAaIpaBJICHIN 33aBaJIOCh B BHUJE MOCTOSHHOW BEIHYH-
Hbl). CHHSISL TUHUSI — PE3Y/BTAThI IOTHOCTBIO ABYMEPHBIX
pacueToB, rJe MHTCHCHBHOCTBH 3a]aBajlach CIETYIOIINM
obpasom: I(r, ) =1,(¢) - I (r), npuyem NonepevHoe pacpe-
JieJIEHHe MHTEHCHMBHOCTU UMENo BHA [, = Co/exp(r/Rf)z.
3neck C;, — HOPMUPOBOYHAS KOHCTAHTA, TaKas, YTOObI

Zn.[(fo Irdr =1, R — 1monepeuHsli pajnyc pacyeTHOH
obnactu, R; = 49 MkM. B 060onx BapuaHTax ycpeaHeH-
Hasl 10 IATHY (POKYCHPOBKU HHTCHCUBHOCTD Ja3ePHOTO
U3JTyueHus OblIa OMHAKOBOM. /; — BPEMEHHAS 3aBHCH-
MOCTh Jla3epHoro mMmmynsca. OHa umena (opmy Tpa-
HENUH ¢ MOMEHTaMM BpeMeHH y BepumH f; = 0 HC,

t, =20 nc, t; =80 He, 1, = 100 He. I;o |(Odt = E,, —1i0-
IIIOLIEHHAs JIa3epHas YHEPTHA.

Ha puc. 26 moka3aHbl H30JIMHUH TNIOTHOCTH (OB~
ru. HauanmpHas ToMIIMHA aTIOMHHUEBOH (DOJIBIY B 3TOM

pacuete paBHsutack 200 MKM (HayaJibHas TUIOTHOCTH
p =2.7r/cM3).

BuaHo xopolee coriacue IBYMEPHBIX PacdyeToB
C DKCIICPUMCHTAIFHBIME JTAaHHBIMU IO BPEMEHHU «IIPO-
HUKHOBEHHSD) U 3HAUYUTEIBHOE PACXOKICHUE C PE3Yiib-
TaTaMH OJHOMEpPHBIX pacdeToB (puc. 2a). I[lpuumna
B TOM, YTO HApsIy C UCIApEHHEM BHEIIHUX CJIOCB Ha-
BCTpEUy NagaroleMy H3IyYCHHIO (HEMOCPEICTBEHHO,
IIPOIIeCC MPOXKKUTAHMUS) BXKHYIO POJIb B TAKOM «CBEpJie-
HUWY (onbru urpaet 3GdeKT pacXoaAImuxcs KOHYCO-
00pa3HbIX ynapHbIX BoJH (YB), koTopbie hopmMupyrores
BOJH3H BepIIMHBI Kpatepa. OHU «pa3ABUTAIOT) XOJIOJ-
HBIC TUIOTHBIC CJIOW M YBEIUYUBAIOT TIyOHHY MPOHUK-
HOBEHUS JTa3€PHOTO M3IydeHus [16].

B paccmarpuBaeMoMm citydae pacCTOSHHUE Lgyy, KOTOPOE
MpoXonuT ynapHasi BoiHa (shock wave , SW) 3a Bpewmst nieii-
CTBHSI JIA3EPHOIO MMITYJIbCa (CKOpOCTh YB Vg, ~ 5 km/c,
¢~ 100 nc, Torma Lgy, ~ 500 MKM), 3HAIUTENLHO OOIBIIE,
ueM pasmep nstHa GokycupoBku (2R~ 100 mMxm).

MOAEJINPOBAHUE 3KCMNEPUMEHTOB
MO PASBUTUIO TYPBYJIEHTHOIO CJ104
NnPU TIASEPHOM YCKOPEHUUN TOHKUX NJIEHOK

IIpy npoxoxAE€HUU yHapHBIX BOJIH 4€pPEe3 KOHTAKT-
HbIE€ IOBEPXHOCTH JIByX a30B UJIM IUIa3Mbl pa3BUBAETCA
HeycToHunBOCTh THNa PuxTmaiiepa — Memikosa [17, 18].
Takast HEyCTOWYMBOCTB MTPUBOJIUT K OBICTPOH IBOIFOIIHH
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Puc. 3. Cxema 3KCnepuMeHTOB (CneBa) N U306paxeHUs1 yCKOPEHHOMO CI0S, MOMyYEHHbIX MPU LLENEBON pa3BepTKe B ClyyHae
OJHOPOAHOIO (a) M HeOAHOPOAHOrO (6) 06Ny4YeHUs, & — CTOPOHA KBaAPaTHOrO CEYEHUS Na3epHOro ny4yka; pesynbTathbl
YNCNIEHHbIX PACYETOB pacnpeneneHuns NIoTHOCTN BAONb ocn OZ Ha MOMeHTbl BpemeHu t =50 He u t= 1150 He (B) [20]

MePBOHAYAIEHO MaJIbIX BO3MYILEHUH MOBEPXHOCTH Pa3-
JieNia JIByX cpei K (POPMHUPOBAHUIO U PA3BUTHIO TYypOY-
JeHTHOro cios. MccnenoBanue 3aKOHOMEPHOCTEN pas-
BUTHS TYpOYJICHTHOCTH SBIISICTCS YPE3BBIYAHO BAIKHOM
3a/1aueil B MHEpLUHUAIbHOM TEPMOSICPHOM CHHTE3e (Ha-
npumep, B [2]), B (HU3UKE IKCTPEMATLHOTO COCTOSHHUS
BEILIECTBA, B KOCMOJIOTHHU H aCTPO(QU3UKE.

C OMOIIIBI0 MOIITHBIX JIA3€PHBIX UMITYJIBCOB yIaeT-
Csl YCKOPUTH IUIOTHBIE HEHMCIIAPEHHBIE CJIOU JI0 CKOPO-
creit ~10-100 km/c. BbITO IPEIOKEHO YCKOPSITH TAKHE
CJIOM B CIIELUAJIBHBIX MIPO3PAYHbIX sUEHKaX, 3ar0IHEeH-
HBIX Ta30M WM JBYMS ra3aMu, pa3ieiICHHBIMH TOHKOM
IUIEHKOW. B Takux «iazepHbIX ynapHbeIX TpyOax» [19]
MOXXHO H3y4aTh OCOOCHHOCTH DPa3BUTHS THIPOJIUHA-
MHYECKHX HEyCTOMYMBOCTENW BO3MYILEHUI KOHTaKTHOW
TPaHUIBI ¥ IIEPEX0Jia B TypOYJICHTHOE COCTOSIHHE.

Bo BrOpoOii cepuu SKCIEPUMEHTOB Ha YCTaHOB-
ke «[APIIYH» wu3y4anoch pa3BUTHE TYypOYJEHTHOTO
CJIOSl NP JIa3€PHOM YCKOPEHUM TOHKHX JIaBCAaHOBBIX
IUIEHOK ToamuHOM 1-50 mMxM. MuUieHd nmoMerainch
BHYTPM BaKyyMHOM KaMepbl, 3allOJHEHHOH BO3IYXOM
WJIM aproHOM C HadaJbHbIM naBienuem 0.0002—1.0 6ap.
JlazepHoe m3iydeHne (POKyCHPOBAIOCH B KBaIpaTHOE
MATHO pasMepoM 7 X 7 MM? ¢ MOMOIIBIO TIPH3MEHHO-
ro pactpa, 4To MO3BOJIMIO 00ECHEeUUuTh OJHOPOIHOCTD
oOmyuyenust He xyxe 1-2%. VIHTEHCHBHOCTH Ja3epHO-
O M3JIyuyeHHUs] Ha TOBEPXHOCTU MHIIEHH BapbUPOBAIACH
1=0.1-1.0 TBr/cMm? MTOCPEICTBOM OCITA0JICHUS MOIITHOCTH
MaJaroIIero cBeToBoro myuka. Llens anexkrpornoro ¢o-
TOXpoHOTpada OblIa mapajieTbHON MOBEPXHOCTH TUICH-
KH U pacrosiarajiach Ha pa3iM4HbIX PACCTOSHUSAX 3a HEH.
Ha puc. 3a, 6 moka3aHbl «perucTporpaMMb» TIpu 00ITy-
YEHHUHU TUICHKU C Ha4aJIbHOM TONIIMHOMN d = 5 MKM Ja3e-
POM ¢ UHTeHCHBHOCTBIO I = 0.55-0.65 T'B1/cM? B BO3TY-
xe npu armocepHoM aasienun. Lllens pacmnonaranack

Ha PACCTOSHUM 3.5 MM 3a HayajbHBIM IOJOKEHHEM
mieHkd. Ha puc. 3a Ha MOBEepXHOCTh MUIICHH Ma/1ajio
OJHOPOAHOE M3JIy4YeHue, Ha puc. 30 H3IydYeHue Mpo-
XOIMJIO Yepe3 MPOBOJIOYHYIO CETKY C Pa3MEpOM sUeeK
0.7 x 0.7 MM?, OMeleHHYIO Hepe/ MIEHKOH Ha pac-
CcTOSIHAM ~1 cM. DTo 00ecneunBalio 3aaHHbIi MaciTad
HEOJHOPOIHOCTH MHTEHCHBHOCTH. BOo BTOpOoM ciydae
TOJIIIMHA TUIOTHOTO CJIOSI, TIPOJICTABIIETO MUMO IIEIIH,
Obuta B 3—4 pasa Oonblue, yeM B nepBoM. Puc. 3B ui-
JOCTPUPYET MPOQIIIU TUIOTHOCTH, TIOJIy9eHHBIC B YHC-
JICHHBIX pacyeTax Ha MOMEHThI BpeMeHHu ¢ = 50 HC u
¢t = 1150 Hc. MakCUMyMBbI TIOTHOCTH OB COBMEIIICHBI
B OZIHOH TOYKe AJis1 y10OCTBa cpaBHEHUs. BepTukanbHas
HITPUXOBAs JIMHUS — PPOHT yAapHOH BOJTHBI HA MOMEHT
Bpemenu ¢ = 1150 He.

ITpomecc ma3epHOrO YCKOPEHUS TUICHKH MOJCIUPO-
BaJICA C MOMOILBIO UJIMHIPUYECKON BEpCUU MPOrpaMM-
Horo komiuiekca Atlant. B0 MOKa3aHO, YTO YHCIICHHBIC
pacyeTbl XOPOLIO BOCIPOMU3BOIAT AMHAMHUKY IOJIETa
rwieHkn. CKopocTh cocTaBisina ~3—4 KM/C K MOMEHTY
TpoJeTa IIOTHOTO CJI0s MUMO Ienu’ . HadaspHas miot-
HOCTb TUIEHKH paBHsnach | r/cm’. CleayeT OTMETHT,
YTO B MPOLECCE IMOJIETa IUIOTHOCTD CJIOSl YMEHbIIAIach
CO BpPEMEHEM H3-3a TEIUIOBOTO PACHIMPEHHs, a TaK-
)K€ W3-3a YHCTO TEOMETPUYECKOTO (PaKTOpa yBeIUYe-
HUS IOBEPXHOCTH TPaHUIIBI cliog. K MOMEHTY BpeMeHH
t= 1150 He (korna ciaoi Jocturai pacCcTosHUA 3.5 MM OT
HAYaJILHOTO TIOJIOKEHHUS1) MAKCUMYM TUIOTHOCTH PaBHsLI-
ca 0.1 r/em’. K 9TOMy MOMEHTY yBeTHuMIach IIHPMHA

7K momenTy ¢ = 50 He TpaHmIa cnos «Bo3xyX-CHy» yckopsach
110 4-5 m/c. 3aTeM IUIOTHBIHN CIION ABUTAJICS MO MHEPLMH, TIOCTEeH-
HO YIINPSSICh U TIepeiaBasi yacTh SHEPIHU OKpy Karole cpezne. [By
the time t = 50 ns, the boundary of the air—CH layer accelerated
to 4-5 m/s. Then the dense layer moved by inertia, gradually
expanding and transferring part of the energy to the environment.]
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IJIOTHOTO CJIOSl 10 CPaBHEHUIO C Ha4yallbHOU (pHc. 3B).
K momonHuTENPHOMY YBETMYEHHIO TOMIIMHBI TUICHKH
NPUBOIMUT PAa3BUTHE TYPOYICHTHOTO MEepPEeMEIINBAHUS
TP JTa3epPHOM YCKOPEHHH M TOPMOXKEHHH CIIOSI OKpYKa-
FOIIUM BO3IYXOM. Tak mpH CKOPOCTH MOJIETa CII0s ~3 KM/C
1 BpPEMEHH IpojieTa MUMO Inenw ~0.5 MKC IIHpHHA CII0s
cocraBmsuia 1.5 MM, B TO BpeMsl Kak B pacdyere Oe3 yuera
TypOYJICHTHOTO TIepeMEelINBaHUs OHA ObUIA Ha TMOPSIOK
Menblie (puc. 3B). Cineqyer OTMETHTh, YTO B DKCIIEPH-
MEHTaX C BO3MYIICHHBIM JIa3epHBIM MOTOKOM (pHc. 30)
TOJIIIIMHA CJI0st ObLIA B 3—5 pa3 OoJibllIe.

Jiss MoxenvpoBaHus TypOyJIEHTHOCTH Oblia HC-
MOJIb30BaHa MOJEb TYPOYJICHTHOTO MepeMEIIUBAHUS,
onmcanHas B [21, 22]. B aToit mogenu npesmnonaraercs,
4TO TYpOYJICHTHBIH CIIOH Pa3BUBACTCS TI0 3aKOHAM JTU(]-
(by3uH, HO ¢ SMITUPUICCKUME KOAPPHUIIMESHTAMH, TTOJTY-
YCHHBIMH M3 HATYPHBIX JKCIepUMEHTOB. Takum oOpa-
30M, ypaBHeHHE TypOyneHTHOU quddy3un nmeeT BHI:

.2 (p, )
ot oz\' Moz

€ p — IWIOTHOCTh, D — K09 PuureHT TypOyIeHTHOrO
TepeMeIIBaHus,

(14

0.5
Olnp 1 oOP
szlzcot,cotz onp 2.2

p 0z p Oz
31ech ®, — MHKPEMEHT PAa3BUTUsI THAPOAMHAMUYE-
CKOM  HEyCTOWYMBOCTH,  BBIBEJEHHBIM B  [22],

15)

ol
Lp = 1/ anp — MacmTal rpajJiueHTa IOTHOCTH, lp(xl) -
z

pasmep TypOyIeHTHOH MyIbCAIlH U 3aBUCUT OT IINUPHU-
HBI 30HBI TYypOYJICHTHOCTH X/.
ABTOpSBI [21] npennonoxunu, 4To

lp =0l . (16)
e L . — TeKyumi pasmep TypOyJIeHTHOM 30HbI (L . = X/
B DKCIIEPUMEHTE Ha puC. 3a), a BETUYNHY 0. HEOOXOIUMO
OBLIIO 33]1aBaTh a Priori.

brina manmcana mporpaMma, ¢ IOMOIIBIO KOTOPOH

pewanock ypaBuenue (14), (15) c yuerom (16).

1 oP
YepenHeHHbIe 3HAYCHUS YCKOPEHUS CIIos & = —Eg
ul 0 OBUTH B3STHI U3 PE3YJIBTATOB YHCICHHBIX PAcyeTOB
¢ MOMOIIBFO nporpammsl Atlant C.

3aMmeTuM, 4TO Ui Cllydasi KOHTAaKTa JByX HEC)KH-
MaeMBIX cpefl (p; M p,) B MOJIE MOCTOSHHOTO YCKOPEHUS
g (yCKOpeHHE HalpaBJICHO CO CTOPOHBI MEHEE TUIOTHOM
cpe/ibl B CTOPOHY Oosiee TIoTHOH) B [21] Obuia cienana
ouenka L . =~ o*In(p 1/pz)gtz.

CymiecTByeT JBe CTaIuN YCKOPEHUS TUIeHKH: 1) pn
BO3JECUCTBUHU JIa3€pPHOIO MMITYIbCA CJIOM YCKOpSETCs
3a CUeT PEaKTHBHOTO ¥ TEILIOBOTO JABJICHUS CO CTOPOHBI
HCIapeH oM mnasmel, g = +(3—4) - 1012 cm/c? — na -
LEBOH CTOpOHE; 2) TOPMOXKEHHE CIIosi B aTtMmocdepe,
g=—(1-2) - 10" cm/c? — Ha TBITBHOI CTOpOHE c1osL. JlaHHBIE
B3SITHI M3 YHCIICHHBIX PacueToB B mporpamme Atlant C.

B uncneHHBIX pacuerax BapbHpPOBAJOCh 3HAUCHUE
o (alfa) Tak, 9TOOBI K MOMEHTY MPOJIETA IFIOTHOTO CIIOS
y menu ero mmpuHa AL (delta L) paBHsIaCh 3HaUEHUIO,
n3MepeHHoMy B skcriepumente [20].

Puc. 4 unmoctpupyeT «yLIUpEeHHe» 3a c4eT Typ-
OyJIEHTHOTO TEPEMENINBAHNS YCKOPEHHBIX JIa3ePHBIM
HMITYIbCOM CJIOEB B Cllyyae IMEpPBOrO M BTOPOTO TH-
moB oOmyueHHs TUleHKH. [IpuBeneH MOMEHT BpeMeHH
t = 1150 Hc, KOT/Ia €O «OBUT BUJICH» Yepe3 IIeb.

Time =1150 ns
1004 1.alfa=0.27,delta L=1.15mm
: 2.xI=0.7 mm, delta_L =6.25 mm

p, mg/cm?

03

Puc. 4. [110THOCTb YCKOPEHHbIX CJI0EB,
MOMy4EHHbIX B pacyeTax:
1 — B cnyyae, korga nneHka obsyyanach na3epHbIM
noTokom 6e3 BHECEHWSI BOSMYLLIEHMS MOTOKA,
2 — B Cny4yae BHECEHMS BO3MYLLEHMS MOTOKA C MOMOLLbIO
CEeTKN, xI — pa3Mep s4enKkn CeTKN, lp = xI [20]

MOJOEJINPOBAHUE 39KCNEPUMEHTOB
MO OBJIYYEHUIO ABYXCNOMHbIX MULLEHEN
N GOPMUPOBAHUIO «TOHKUX CTPYKTYP»

B Tperbeit cepum SKCIEPUMEHTOB OOTydaIHUCh
JIBYXCJIOHHBIE MUIIEHH B BHUJE ATIOMHUHHMEBOIO CJIOA
tonmuHoW 100 MKM 3a KOTOpBIM pacrojiarajics Cioi
OprcTeKia TOMIIMHON ~5 MM. JlasepHsblid Jyd majgan
CO CTOpOHBI amoMuHMA. Paamyc msaTHa (OKycHpoB-
KM Ha TIOBEPXHOCTH MUIIECHH ObUT paBeH 50-70 MKM.
B oprcrekne HaOmomanuch NPOTSHKEHHBIC KpaTepsl
JUTHHOI 0K0JI0 1 MM, a y €ro BepIIHHBI (HOPMUPOBAIICEH

OJIMH WJIM JIBa y3KMX KaHalla MPOTSKEHHOCThIO OoJjee
100-600 mxMm (puc. 5) [16, 23].

Yaknin
KaHan

YpapHasa
BOJIHA

Puc. 5. VI306paxeHre ABYXCNONHON MULLIEHN
nocne obny4yeHus nasepom. Cnesa nagaet
nasepHbIv nyyok [23]
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.. Nebo

o, g/cm®, Al —sl¢ Plexiglaz
- 3.0 ' d, =100 um
_ ! Al
g A=0.25um 20 dpy = 4.9 um
p = : .. p=2.7g/cm3
/| . -
J : 1.0
¢ } " N L p=10"5 p=1.19g/cm3
0 30 70 100  tns 0.0 NN m S
0.92 1.00 1.08 Z,cm
(a)

(6)

Puc. 6. lNMocTtaHoBka 3aga4u: BpemeHHas popmMa nasepHoro umnysnbca (a); napameTpbl MuieHmn (6) [23]

t=30ns
110 Dens 110
Temp

108841 ]
12m150 0.902073
e 0339510
0EsERT 027318
0 Eann 072305

LE) 100 0.230577 g 100 sl

™ 0167084 « BN

|O 0.102056 |o gﬁé‘;g;
DOBTE1ER

- 0.0443567 — 003194

- 0.0281106 . gggg
00191005

N 90+ o= N 90 0.0443406
000822308 (oS
0.00530542 003
0.0ANE
DMz
D.O01EZADE

80} 0.001 80
NI T I
0 10 20 10 20
R-1072cm R-1072¢cm

(a)

(6)

Puc. 7. Mons nnotHoctu p(R, Z) B r/cmS (a) u Temnepatypsl T(R, Z) B 102 3B (6),
noJly4eHHble B pacyeTe Ha MOMeHT BpeMeHu t = 30 He [23]

p, 1,106V R=0 t:37”§ . Zy=1cm

g/;:.rgo L g/c;n3§ i T
_,.-....--"I 1.00 .

0.10 T/ ’

- P 4. o0 /

0.01 /'// o

;‘ Z,001cm 444 [
080 090  1.00 1.0 0.00 0.01 002 003 004 A, cm
(a) (0)

Puc. 8. Pacnpenenexuve nioTHOCTM p 1 Temnepatypsl T B niasme BAosib ocn 00, (R = 0) B MOMEHT BpemeHu
t =37 Hc (a); 3aBMCUMOCTb MJIOTHOCTU P OT paaunyca R Ha 8TOT MOMEHT npu Z, = 1 cMm (6) [23]

Buimu ipoBe/ieHB! pacueThl B3aUMOJICHCTBUS Jla3ep-
HBIX UMITYJIECOB C MUIIICHSIMH C TTOMOIIBIO TIPOTPaMMBI
NUTCY. B pacueTHOl 00J1aCcTH JIa3epHBIC JTyYU PacIpo-
CTPaHSJIMCh CTPOTO BIOJb ocu OZ, pedpaKius U caMo-
(bokycHUpOBKa CBETOBBIX TIYYKOB HE YYHTHIBAIHCH.
Ha puc. 6 mokazana moctaHoBKa 3a7a49u I MOJEIHPO-
BaHUs SKCIIEPUMEHTOB.

Hcnonb30BaHbl  CIEAYIOMIAE MapaMeTphl: palu-
yc msatHa GoKycupoBku Ry = 50 MKM mpu rayccoBOM
pacrpenesieHid MHTEHCHBHOCTH B TISITHE; TIOTJIOINICH-
Hasi dHeprus JiazepHoro umiryiabca 40 Jx; anroMUHM-
eBasi (osbra TonmmuHONH 100 MKM W HadajbHOM IUIOT-
HOCTBIO 2.7 T/CM>, a 3a Hell — OPICTEKIIO ¢ HAaYaIbHOM

IUIOTHOCTHIO 1.19 r/CM3; pacudetHas 007acTh — IUIHH]IP
C paxnycom RO = 0.5 mm u gmuao OZ = 1.5 cm.

Ha puc. 7 mokazaHbl JAByMEpHbIE pacIpeesieHuUs
IUIOTHOCTH WM TEMIIEPaTyphl BEIIECTBA, IONyYCHHBIC
B pacuetax B mnporpamme NUTCY. Macmirabd amu-
HbI (R ¥ Z) IpUBEJICH B SIIMHUATIAX 1072 cm. Macmiral Tem-
nepatypsl B34T B enuHunax 100 3B. CoorBercTBytomiye
MHTEPBaJBI INIOTHOCTH U TEMIIEPATyphI MTOKa3aHbI B Ta-
OnuIax crpaBa U OTPAXKEHbI B BU/I€ TOHAJILHOCTH Ha PH-
cyHKe (Oelblif — cepblii — YepHBIil).

Ha puc. 8 mokaszanbl pacnpeneneHust IIOTHOCTH
Y TEMIIEPATyPHI ITa3MbI BAOJIb ocu OZ U pactipe/iejiCHIe
IJIOTHOCTHU BJIOJIb pajuyca mpu Z, = 1 cM (HauanbHOe
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MOJIOKEHUE TPAHUIIbl «KOHJCHCUPOBAHHOE BEIECTBO —
J1a3zmay ).

Pacuerts! B nporpamme NUTCY 1103BOIIAIOT MOZEIUPO-
BaTh MPOIECCHl (HOPMHUPOBAHUSI PA3IICTAIOMICHCS TIA3MBI
1 IPOTSHKEHHOIO Kparepa B KOHAEHCUPOBAHHOW MUILEHU.
OnHako 77151 00BSICHEHUS MOSBIICHNS Y3KHUX KaHAJIOB B OPI-
CTeKIIe TpeOyeTcs MPUBJIeUb JOMOJHUTENbHBIE COOOpaXke-
HUSI ¥ pa3paboTrarsb (GU3NKO-MaTeMaTHICeCKYIO MOJICITb.

[lepBonpuunnoi (hopMHUPOBAHUS Y3KHX KaHAIOB
B OpPICTEKJIE SIBUJIOCH pa3BUTHE CaMO(OKYCHPOBKH Jia-
3epHOI0 IyyKa B IUIa3Me 3a CYeT TEIUIOBOIO MEeXaHW3-
Mma. [Tpy Hamu4YuKM NpPOTSKEHHOW IMJIa3Mbl U3-32 MaJbIX
BO3MYIIEHUN MHTEHCHUBHOCTH JIA3€PHOTO Iy4Ka y OCH
BO3HHMKAeT OOJACTh IMOBBIIICHHOW TEMIIEPaTyphl, YTO
MIPUBOJIUT K «BBIJIABIIMBAHUIO» TIA3MBI B TIONIEPEYHOM
HampaBieHUU. M3-3a pedpakiuu aydn coOuparoTcs
K OCH, YTO, B CBOIO OuU€pelb, IPUBOAUT K AajibHEiIIe-
My (hOpMHPOBaHMIO MAJOIUIOTHOTO KaHaja B ILIa3Me.
B cnydae manbix Bo3MmylleHU# B [24] naHa olleHKa I0-
porogoro (threshold) 3nauenns uuTeHCHBHOCTH /) JUIs
TeNI0BOro MexaHu3Ma (B exuaumnax 1014 Br/em?):

5 3 T57\,2
Iy 22-10° (p,./p) i (17)
i pl
3necb Temmeparypa 1 B3siTa B €IUMHUIAX

B (~11.6 mMiaH rpamycoB), MacmTad MNpPOJOIBHOTO
KaHATa MIa3Mbl L M JTHHA BOIHBI H3JTyYCHHS A B3s-
Tl B MKM, Z; — Cpe/HUii 3aps MoHOB. [lis ycioBuit
00CYX/1aeMbIX IKCIIEPUMEHTOB THUIIMYHbIE MapameTphbl
miasmel: Z; = 4-6, Lpl = 1000 mxm, T = 0.1 3B
u A =0.25 Mxm, otkyma I, >2 - 1010 Br/em2,

BosMoxeH Takxke CTPUKLHMOHHBIA (IOHAEPOMOTOP-
HBII) MEXaHH3M CaMO(OKYCHPOBKH, KOTIa HM3-3a JICH-
CTBUS MIOH/IEPOMOTOPHOM CHIIBI B T1a3Me hopMupyercs
KaHaJl MOHW)KCHHO! IIOTHOCTH, B KOTOPBIH (POKyCHpY-
foTcst yur. OHAKO TOPOT BO3MYIIEHHS WHTEHCHBHO-
CTH B DTOM Clly4yae Ha JiBa MOps/IKa BEJIMYMHBI OOIbIIIE,
YeM B Cilydae TeIIoBOi caMOo(pOKyCHUPOBKH.

s Goee akKypaTHOTO ydeTa yIOMSHYTHIX BBIIIE
3¢ dEeKTOB B HEOJHOPOTHOHN TIa3Me TpeOyeTcs UCTIONb-
30BaHME METOJOB MaTreMaTH4eCKOro MOJEIUPOBaHUs
1 pa3paboTKa HOBBIX IPOTPaMM, MO3BOJISIONIIX PACcCUH-
THIBaTh YPaBHEHUS TUIa3MOJMHAMUKH COBMECTHO C He-

JIMHEUHBIMHA YpaBHCHUSIMU MaKCBeJ’IJ’IaS.

8 B [25] npuBemeHbl pesyabTaThl YHCIEHHOTO MOIETHPO-
BaHMSI TEIIOBOM CaMO(OKYCHPOBKH JIA3epPHOTO IyYKa B IUIa3Me
Ha 3-it rapmonuke Nd-mazepa (A = 0.35 MKM), e [/ OMTUCAHHS
PacrpoOCTpaHEeHH s JIa3epHbIX JTy4eil B cabo HEOIXHOPOIHOM cpe-
e (A <<L p) ObLTa KCIOIB30BaHA MOJICTh TEOMETPUICCKOM OMTH-
KH, HO 0¢3 TTapaKCHAILHOTO MPUOIMKSHHUSI M THITOTE3bI O KBAa3UCTa-
roHapHocTy myuka. [The numerical modeling results of thermal
self-focusing of the laser beam in plasma at the 3rd harmonic
of Nd-laser (A = 0.35 um) are given in [25] where the geometric
optics model is used for describing the propagation of laser beams
in a weakly heterogeneous medium (A << L ), but without paraxial
approximation and hypothesis of the beam quasi-stationarity.]

B [26] npuBeaeHsl pe3yabTaThl YHCISCHHOTO MOJIe-
JTUPOBAaHMUSA  CaMO(MOKYCHPOBKH  JIa3€pHOTO  IydKa
[0 YMNPOLIEHHON MOJIeNIM SBOJIOLUH Ja3epHOr0O MydKa
B mipoBozsieit cpeae. CyTh 3TOW MOJENH B TOM, YTO TIO-
JIaraeTcsl «rayccoBO» paclpelelieHue WHTEHCUBHOCTH

W3ITyYCHUSI B LITHHAPHIECKOM My4Ke
2 2 r?
E“(r,z)=Ej -exp —— . |} E — onexrpuyeckas Ha-
a=(z)

MPSDKEHHOCTH B JIA3epHOM ITyuKe; a(z) — 3peKkTuBHbIM
paauyc, KOTOPBIIl MEHSETCS [0 MEpe PacIpOCTPAHCHHS
M3IIy4eHust B10Nb ocu OZ.

B npenmnonoxeHuu, 4To MUINIEKTPUYCCKas MPOHH-
[IaeMOCTb 3aBUCHT TI0 3aKOHY (TIapaKCHaIbHOE TIPHOITH-
JKEHUE):

oe
o),

MOKHO TIOJTyYHUTh YPaBHEHHE [T OMTHCAHUS Oe3pa3mep-

a(z)
HOTO pajauyca nydka f =—— (mogpobuee B [27, 28]):
a,

0

e(z,r)=gy(2) +B(2)-r*, PB=

, (18)

df 1dgydf c?
02" = i3
dz 2 dz dz  oayf

B2 f (19

[lepBerif unen cipasa B ypaBHeHnH (19) onuceiBaet
IU(PaKIHIO TyYKa, BTOPOH — caMO(OKYCHPOBKY.
B ciryuae CTpUKIIMOHHOTO MEXaHU3Ma!

2
o
B(z)=| 2 | 20y
® fzag
(20)
2 €y (0
=" I =E] 0
8my, - T, gy(2)
B citydae TeroBoro MexaHu3ma:
o\ 2
B(z)=| 2 .ﬂ. 80(0).L:
o 8X0Te3.5 SO(Z) f2 (21)
2
0 Ve
16 o272 "

TJIE G — BBICOKOYACTOTHAS SIIEKTPONPOBOHOCTD, V,,; — (-
(beKTHUBHAS 4ACTOTA CKTPOH-UOHHBIX CTOJIKHOBEHHH.

VpaBuenus (18)—(21) pemanuch 4HCICHHO Ha 3a-
JAHHBIX TPOMUIAX TIOTHOCTH P(z) U (PUKCHPOBAHHOTO
3HAYEHUS DIIEKTPOHHOMN TemmepaTypsl 7(z).

[TapameTps! 1a3epHOTO U3TYYEHUS U IUIa3Mbl B3s-
o1 13 [23]: 1 =5 - 10'2 Br/em?, p,, = 0.1354 r/em?,
T(z) = 0.1 x3B, 3apsan MOHOB Z; = 6, NPOTSHKEHHOCTH
mia3mbel 0 < z < 0.1 cMm. Bl 3a7aH SKCIIOHEHITUAIIB-
HBIH mpoduikb miotHocTH: p = p . * exp(—B(0.1 — z)),
B=40cm .
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(6)

Puc. 9. MameHeHne 6e3pa3mMepHOro paauyca nyyka Ha SKCNoHeHUManbHOM npodune NIoTHOCTU MNasmbl:
TENI0BOM MEXaHN3M — CUHWE IMHWUW; CTPUKLMOHHbIV MEXaHU3M — KpacHas IMHUS;
Npodub MAOTHOCTU — YepHas NuHKs. (a) /=5 - 1012 Bt/cm2, (6) /=5 106 BT/cm? [26]

Ha puc. 9a moka3zana »Bomorust 6e3pa3MepHOro pa-
auyca mydka fy BAojib ocu OZ [l HAYaIbHBIX Pajuy-
cos myuka a;, = 35 (1) u 100 mxm (2). B o6ounx cmyqa-
X HaOmomaeTcst caMo(OKyCHpPOBKa CBETOBBIX Iy4YKOB
3a CYeT TEIUIOBOTO MexaHu3Ma. CTPUKIIMOHHEIA MeXa-
HU3M He nposiBiseTes (f . > 1).

ITydyok ¢ HawanpHBIM pagumycoMm 100 MKM ymeHB-
mmsicst 10 pasmepoB < 1073, Pacuer GbUT npekpalieH.
[Ty4ok ¢ HauaabHBIM PagUycoM 35 MKM CTall YBEITHUYH-
BaTbCs B CCUCHHH ITOCJIC TOI'O KaK JOCTHI' MUHUMAJIbHO-
ro 3HaueHns f=2 - 1073, TlepBrlii hoKyC BO3HHKAET TIPH
nnoTHOCTH masmel p = 0.00243 r/em?, Te. p/p, = 0.2,

PasButne TerioBoit caMO(OKYCHPOBKHU JIA3€PHOTO
Myd4Ka B IJIa3Me Kparepa, 00pa30BaBLIErOCs Mpu 00Iy-
YeHUHU MOIIHBIM JIa3epOM KOHJICHCHPOBAHHON MHUIIICHH,
MIPUBOJUT K IMOBBIIIEHNWI0O WHTEHCUBHOCTH Ha 2—3 TO-
psnka BenwuyuHBEL Jlamee yke MoxkeT mpeoOanaTh
CTPUKIIMOHHBIM MEXaHU3M BOMM3M KPUTHYECKOH IIO-
BEPXHOCTH.

Ha puc. 96 mokazana sBontonus Mydka B CiIydae
pa3BUTHS TIOHJIEPOMOTOPHOHN (CTPUKIIMOHHOM) camo-
(okycuposku. Hauanbnbiil paguyc myuka a, = 10 Mxm,
I=5-10"Br/cM?. B 9T0H cepuM pacueroB: p, =
=0.0677 r/em’, T(z) = 1 k3B, 3apsn HOHOB Z, = 12.
BumHo, 9T0 caMOOKyCHpOBKa 3a CUET CTPUKIIMOHHOTO
MeXaHH3Ma (KpacHasl JMHHS) B 3TOM CIydae HapacTaeT
ropaszo ObICTpee, YeM 3a CUCT TCIIOBOW (CHHSIS JIMHHS).

Tpu BbImonHeHun ycnosus [ - A2 > 1014 (Br/em?)-Mxm?
BOJIM3HM KPUTHYECKOH ITOBEPXHOCTH BO3ZHHKHYT «TOpS-
que MATHa», I1e (GOPMUPYIOTCS NMOTOKU HAATEIUIOBBIX
ANIEKTPOHOB [2, 3]. DTH 3JIEKTPOHBI IPOHUKHYT BIITyOb
XOJIOHOTO KOHJICHCHPOBAHHOTO BEILIECTBA, 4el cnex
HaOroaeTcs B 00CY)KIAeMbBIX DKCIIEPUMEHTaX y Bep-
LIMHBI KpaTepa (puc. 5).

OmnwucaHHbIC BBIOIE (DU3UKO-MATEMAaTHUCCKUE MO-
JeTd W UHCJICHHbIE MPOTrpaMMBbl MPOILIH ampoda-
IIUI0 B DKCIIEPUMEHTAX, BBIIONHEHHBIX Ha MOIIHOU

KrF-nazepnoit ycranoske «'APITYH», u natot Bo3mMox-
HOCTb C XOPOULIEH CTENEHbI0 TOUHOCTH BOCIIPOU3BECTH
OIBITHBIE JIAHHBIE C PA3AMYHBIMU THIIAMHM MUILEHEH
U B Pa3IUYHBIX YCJOBUSAX HATYPHBIX DKCIIEPUMEHTOB.
OTH 00CTOATENBCTBA MTO3BOJISIIOT OTHOCUTECS € JI0BEPH-
€M K IIPEe/ICKa3aHUsIM PEe3ybTaTOB YUCIIEHHOIO MOAEIIH-
POBaHUS IUNIAHUPYEMBIX KPYITHO MacIITAOHBIX AKCHEPH-
MEHTOB (Ha YpOBHE MOIVIOIICHHOW JIa3epHON 3HEpruu
~1 M]JIx).

0 BO3MOXXHOW KOHCTPYKLUUU MULLEHU
B BUAE ABYXCTOPOHHEINO KOHYCA
ANs 3KCUMEPHOI0 APAUBEPA

YCII0BHO MOYKHO BBLIETIUTH YETHIPE OCHOBHBIX Ha-
IIPABJIEHUs MEPCIEKTUBHOIO MPUMEHEHUS TepMOsiIep-
HBIX MHKPOB3PBIBOB, HHUIIMUPYEMBIX JA3€PHBIMU UM-
mylnbcaMu. DTo: 1) MomenupoBaHUE B JIAOOPATOPHBIX
YCIIOBUSIX TIOBEJCHHUS BEIIECTBA NMPHU OUYEHb BBICOKOM
KOHLIEHTPALMM SHEPTUU U NIOCIIEICTBUH SIEPHBIX B3pbI-
BOB, TECTHPOBAHUE COOTBETCTBYIOIIUX YUCIEHHBIX MPO-
rpamMM, a Takke JpyTue MpUKIagHble 3a1aun; 2) saep-
Hasi SHEPreTHKa U pa3padoTKa HOBBIX THIIOB PEAKTOPOB;
3) MonenupoBaHue acTpohU3NICCKUX SIBICHHMIA; 4) pa3-
paboTKa paKeTHBIX JIBUTATENIEH JIJIsl MEKIUIAHETHBIX T10-
netoB [2]. BooOmie roBopsi, TpeOoBaHHs K JipaliBepam
JUTSL KQJKJIOTO U3 9THX HAIpaBJIEHUI MOTYT CYIIIECTBEHHO
omHyarkes. B HacTosmiel craThbe 00CYKIASTCs TOJIBKO
BTOPOE HarpaBleHHE.

Bo BBeneHnu OBLTO CKa3aHO, YTO K HACTOSIIIEMY MO-
MEHTY He C/IeJlaH OKOHYATENbHBIN BHIOOP B MOJNBb3Y THUIIA
JipaiiBepa AJIs JIa3epHOTO TEPMOSACPHOro peakrtopa. 11o-
BUMMOMY, Ha IEPBOH CTAUU PEaKTOPhI OyIyT QYHKIHO-
HHPOBATH 110 THOPUAHOHN cXeMe, KOTia OCHOBHASI YHEPTHS
OyZIeT MoJy4eHa 3a CUeT JIeJICHHS SIepP TSKEIIbIX dJIeMEH-
TOB (ypaHa), a yIpaBJICHHE dTHM IPOIeCCOM OyIeT ocy-
LIECTBIATHCS TOTOKAMU HEHTPOHOB OT TEPMOSIEPHBIX

Russian Technological Journal. 2023;11(3):86-103

95



Mathematical modeling of experiments on the interaction

Ivan G. Lebo

of a high-power ultraviolet laser pulse with condensed targets

MUKPOB3PBIBOB, HMHHUIUHPYEMBIX BCIBIIIKAMU Jia3e-
poB [29, 30]. Takoii T peakTopoB Oosiee Oe3oraceH,
4YeM pEeaKToOp, OCHOBAHHBIN TOJNIBKO HA PEaKIMIX JIelie-
HUSL 7ep, T.K. ero «COOpKm» OymyT MOOKPUTHIECKIMH,
a 1o Mepe HAKOIUICHUS EILIIIUXCS DICMEHTOB B OJIaHKe-
Tax, 9aCTOTA JIA3ePHBIX BBICTPEIIOB MOKET YMEHBIITATHCS.
Toprouee Takux peakTopoB HE TpeOyeT MpeaBapUTENbHO-
ro 00oTameHs ypaHa, ¥ €r0 SHEPTeTHUSCKHUI UK MO-
eT CTapToBaTh ¢ TpupoaHoro ypana U8, IMockombky
caM JpaiiBep MOXET pa3MeIIaThCsl B COCENHEM 3IaHUH
Ha paccTosHuU Topsiika 10 M OT peakTopa, TO IEMHbIC
PEaKINH JICIICHNST MOYKHO OBICTPO 3aryIyIIUTh OTKIIOYC-
HHUEM Jiazepa. MOXKHO OpraHM30BaTh PEKUM HAPAOOTKH
JSTISIIUXCST IIEMEHTOB TaKUM 00pa3oM, 4TOOBl UX W3-
BJI€UCHHE OBbLIO YPE3BBIYAWHO PEIAKOH MPOLEaypoi
U OCYIIECTBIBUIOCH OBl HETIOCPEIACTBEHHO HA TEPPUTO-
pHH CTAHIUH JIMOO B APYTOM CIEIHAIbHO 000PYIOBaH-
HOM MecTe. Takum 00pa3oM, BEpOSITHOCTh 3aXBaTa ATHUX
3amacoB TeppopHcTaMu Oblia ObI CBEJeHA K MUHUMYMY,
a TIOMETICHUSL, T/Ie XPAHSITCS PaJHOAKTHBHBIC SIIEMEHTEI,
HaJISKHO 3alIUIIEHBI OT OOMOOBBIX YIApOB.

B mpormecce smepHBIX peaknuii OymyT BO3HHKATh
YHUKAJIBHBIC JJIEMCHTAPHBIC YaCTHIIBI, BKJIOYAs HE-
TPUHO W MTO3UTPOHEI. BHEIIHIE MarHUTHBIE ITOJIS TTO3BO-
JISIT TIPOBECTH CENIEKIIHIO 3apsKEHHBIX YaCTHUI U UX Bpe-
MEHHOE XpaHeHHe [2].

Panee yxe yNmOMHHAIOCH, YTO Ui JOCTIIKCHUS
OOJNBITNX KOAPPHUIIMESHTOB YCUIICHUS B SIMHIYHOM TEp-
MOSIIEPHOM MHKPOB3pbIBE (G >> 1 — «ignition») mia-
HUpPYETCST HCIIONB30BaTh TBEpAOTeNbHBIH Nd-masep.
Hus noctmkenus Oonplux 3HadeHWd G TpeOyercs
CKMMaTh Toprodee J1o iotHocTel B 1000 pa3 Gomnbiire,
4yeM TUIOTHOCTH xuakod JIT cmecu, 4ToObI MHUITUUPO-
BaThb BOJIHY TEPMOSIEpPHOTO TopeHws. M3-3a pa3zBuths
THIPOMHAMHYCCKON HEyCTOWYHMBOCTH M TIepEMEIINBa-
HUs [2] oOecreunTh TaKUe YCIOBHUS B MHIICHIX WHEP-
LUAIBHOTO TEPMOSAIEPHOTO CUHTE3a JI0 CHX TOp He yJa-
ercsi. C apyroit ctoponsl, noctmwkenue G ~ 1 sBusercs
CaMOCTOSITEIIbHOU 11€JIbI0, MMEIOIICH Ba)KHOE IMPAKTH-
yeckoe 3HavyeHwe. JleWicrBurenbHO, Ha puc. 10 moxa-
3aHa CXeMa SJIEPHO-TEPMOSIEPHON HSHEPreTH4ecKou
CTaHIIMH C JIa3epHBIM BO30YXKICHHEM TEPMOSICPHBIX
MukpoB3pbiBoB [30]. 3neck: n — KIIJ1 nazepa; § — KIT
peoOpazoBaHusl TEIUIOBOI SHEPTHH B AIEKTPHUICCKYIO;
¢ — J10J151 DHEPTUH, KOTOpas UAET Ha obecrieueHue pado-
ThI PEAKTOpa; f — YacToTa JIA3E€PHBIX BBICTPENOB; £ —
SHEPrus B NlasepHOM umnyinbee; W, = fKE| — TemnoBas
MOIIHOCTB, BbIpabaThiBaeMasi B peakrope; W, — mor-
HOCTb, KOTOpasi UJIET NOTPEeOUTENIO (HETTO-MOIIHOCTH);
K =(0.2 + 0.8M)G — k03 puUIineHT yCueHus SHSPruu
B peaktope; M — KOI(PPUIUCHT YMHOXKCHUS dHEPrHH
B ypaHOBOM Onankete peakropa; (1/m — 1)fE; — norepu
SHEPruu IpHU HaKavKe Ja3epa. UToObl «3aMKHYThY» SHEp-
TeTHYCCKUH IIUKI TPpeOyeTCsI BHITIOIHCHNE HEPAaBCHCTBA:

(1 - $)B(0.2 + 0.8M)G > 1/ (22)

(I/m-1)-f-E d-B-W,

_[ . ]Wn=(1—q))-B-Wt—f-E|_>0

[eHepatop

Jlazep  PeakTtop

f-E/n

W,=(0.2+0.8M)-G-f-E,

Puc. 10. CtpykTypHasa cxema rubpuaHon aaepHo-
TepMosiAepHOM cTaHumm [32, 33]

U3 (22) cnenyert, uyto npu ¢ = 0.2, = 0.4, n =0.05,
M = 60 ko3pdunmeHT ycueHus 1okeH Obith G > 1.
B [31] mpeyioskeHO UCIOIb30BaTh KOHUYECKHE MUIICHH
u KrF-nasep B kauecTBe JpaiiBepa THOPUIHOTO PEaKTo-
pa. JlazepHblif UMITYJIBC COCTOST OBl U3 JIBYX 4acTei —
JUIMHHBIA (ycKopstommii) uMmynse ¢ T, = 100 He m
Cepusi KOPOTKUX UMITYJIBCOB ¢ T, = 0.01-0.1 ne. U3-3a
neopMani CTEHOK KOHYCa CHJIBHBIMU YOapHBIMH
BOJTHAMH, (POPMHUPYIOLUIMMHUCS Y €r0 BEPIIUHBI, B TAKOH
KOHCTPYKLIMH MHUULIEHHU MPAKTUUYECKH HEBO3MOYKHO J0-
CTUTHYTh CXKaTUW TOPIOYEro J0 IJIOTHOCTEH, KOTOpBIe
3HAYUTEJIBHO IIPEBBIIAIOT HOPMAJIbHYIO IUIOTHOCTb
crenku (T.e. 10-20 r/cm?), Ho 1S BBIX0/1a HA KOA(hUIH-
eHThl ycmienus G ~ 1 atoro u He TpeOyetcs. Koporkue
Ja3epHbIE UMITYIIBChI, KOTOPbIE BBOAATCS Yepe3 CIeLH-
aIbHBIC OTBEPCTHUS BOIM3HM BEPIIHHEI KOHYCA, OCYIIECT-
BJIsTM OBl JIOKaJbHOE YIep)KaHUE W JIOTIOJTHUTENbHBIN
HarpeB CKaToro roprovero.

Ha puc. 11 nokazana cxema AByXCTOpPOHHEW KOHH-
YEeCKOW MUIICHH U €¢ OOJydICHHE JIa3epHBIMH JTydaMH,
B3sTas u3 [32, 33]. B Bepxueii uactu puc. 11a nokazan
OCEBOM paspe3 MHUIIEHHW. YIapHUK (BHEUTHHHA paju-
yC R;)) COCTOUT U3 MOJUMEPHOTO Marepuaia 2 u Majo-
IJIOTHOTO BeIeCTBa (TIEHBI, a3porelis) 3, KOTopoe Tpeoy-
eTCsl U151 «BBIVIAKUBAHU BO3MYILEHH a0NIAIMOHHOTO
JIaBJICHUS] HA HaYaJIbHOM CTauM YyCKOPEHUs yapHUKa.
MaJIOIUIOTHBIH CIIOH CHIIKAET BIMSAHUE MEIKOMAacIITa0-
HBIX BO3MYILEHHUH J1a3€pHOr0 IOTOKA, KOTOPbIE MOTYT
Pa3BUTHCS B MPOTHKEHHOH IM1a3Me n3-3a caMo(OKyCH-
POBKHM M BBIHYKAEHHOIO paccesHus Mannenbmrama —
bproannena (BPMB) u moBnusTh Ha YCTOHYHMBOCTD
nonera. Crenyronii — TOHKHW CIIOW W3 3070Ta 4,
jajgee 5 — BaKyyM M 6 — CIIOM KOHJIEHCUPOBAaHHOTO
JT-roprouero. ToHKHI 30JI0TOM CIION B yAapHUKE yBe-
JUYMBAET CTENEeHb CXKAaTUS TOPIOYero (B OJHOMEPHBIX
pacuerax). Mcnonp3oBanne kpuoreanoro J{T-roprouero
TaK)Ke MO3BONISET MIOBBICHTh CTENeHb CKATHS' .

Ha puc. 116 nokaszana o0miasi cxema MHUIIICHH B BUJIC
BCTPEUYHBIX KOHYCOB, OTJENIbHO Ha puc. 11B — ee ueH-
TpaJibHasi 4acTb. Y BEPLIMHBI KOHYCa MEXIY TOHKHM

° Hemocpe/ncTBEHHO B pacueTax BIHSHHE DA3BUTHSA Ca-
MO(OKYCHPOBOYHOI M  T'HAPOIMHAMUYECKOM HEyCTOHYHMBO-
creil He yuuthiBaauch. [The impact of the development of self-
focusing and hydrodynamic instabilities is not considered directly
in calculations.]
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;2 345 6 | 54 3 2
— [ 1 I
RO H1 R2 Hmin H2 H1 RO

Au-foil
Foam

Puc. 11. Cxema ABYXCTOPOHHE KOHMYECKOW
MULLIEHN (a) U ee 00NTyHeHUS ASIMHHBIMU + KOPOTKUMM
nasepHbiMy mnynbcamu, 040, — ocb cummeTpum (6);
(B) LEeHTpanbHasi HaCTb MULLIEHN.
1 — yckopsiioLe yoapHuK na3epHble nyyn (ANVHHbIE
VIMMNYNbCbI), 2 — NIOTHbIN CNOMV yoapHuKa,

3 — neHoobpasHbIi CNoi, 4 — TOHKNIA 30110TOM CNOMN,

5 — BakyyMHBbI NPOMEXYTOK, 6 — CNOA KPUOreHHOro

[OT-roptoyero, 7 — KOPOTKME NiasepHble UMMNYJSIbCh,

8 — obonoyka-yoapHuk, 9 — oTBepCcTUs Ans BBoAA
KOPOTKUX MMMYNbCOB, 10 — TEPMOSAEPHbIN MUKPOB3PbIB,
11 — 30n0Tas kamepa MULLEHN C KOHYCOOOpPa3HbIMU
KaHanamu Boonb ocn 0,0,; 050, - ocb, NpoxoasLlas
yepes LEeHTP MULLEHU B MIOCKOCTU, NEPNeHONKYSPHON
ocu cummeTpun 0,0, [32, 33]

BHYTPEHHHM 30JIOTBIM CJIOEM U BHEIIHEW Kamepou
MHUIICHA PACIONIaTaeTCs CIOM MAaJIOIIOTHOTO BeTIle-
ctBa (foam — Ha puc. 11B), KOTOPBIH «BBINIAKUBACT
BO3MYIICHHS A0JSIIMOHHOTO TaBJICHUS KOPOTKHX HM-
MYJIECOB.

st Bexosia Ha ypoBeHb G ~ 1 TOCTaTO4HO CXKU-
MaThb KOHIeHCUpoBaHHOe roproyee B 30—50 pa3 mo cpas-
HEeHHIO ¢ IoTHOCThIO kuakon T cmecu. Becws mpo-
[[ECC CKATHS MPOMCXOAUT, B OCHOBHOM, Ha IMajaromien
U OTPaXEHHOH yIapHOU BOJTHE, U B OTUX YCIOBUSIX MOXK-
HO PacCUMTHIBATH, YTO MEPEMENIMBAHHE HE IPUBEICT
K KaracTpouyeckoil cutyarmu (T.e. K YMEHBIICHHUIO
HEWTPOHHOTO BBIXOJa HA MOPSIIKU BEIMYHHBI IO CPaB-
HEHHIO C Pe3yIbTaTaMH OJHOMEPHBIX PacueToB).

B [32] mpuBeneHsl pe3yabraThl pacyeToB, BbI-
MOJTHEHHbIE B  C(EPUYECKOM BEPCHUH MPOTPAMMBI
Atlant Sp, B [33] — B iporpamme «CH/]», pa3paboTaH-
Hoii B POSALI-BHUMD® [34, 35]. Cnenyer OTMETHUTD,
YTO CPAaBHUTEIIbHBIE PAaCUeThl, KOTOPbIE OBLIM MPOBEE-
HBI paHee ¢ MOMOIIbI0 nporpamm Atlant Sp w « CH]»,
MIPY OIMHAKOBBIX MOCTAaHOBKAaX (PM3MUYECKHUX 3a/1ad I10-
Kazaiu OJIM3KKe pe3ysbTarhl [36].

YucreHHble pacyeThl TOKa3ald, YTO B TaKOW KOH-
CTPYKIIUM MUIIICHU C HCIIOJIb30BAaHHEM HMITYJIbCOB B pe-
KHUME «UIMHHBIN + KOPOTKHE» HA yPOBHE IOIVIOLIEHHOM
nazepHoit 3HEeprun ~1 MJI>)K MOXHO JTOCTHYbL TEPMOSI-
nepHoro Bbixoga G ~ 1.

B pacuerax npearnosnaraaock, YTo CTCHKH KOHYycCa sIB-
JSTFOTCST a0COMIOTHO YIPYTHUMH U TETUIOHETIPOHHIIAEMBI-
M. DOpMHIPOBaHHE TOTPAHIYHOTO CIIOST «000T0YKA-CTCH-
Ka» HE Yy4YWThIBaeTcs B pacyerax. B 3amaue umeercs
ujieabHAass CAMMETPUSI OTHOCUTEIIHHO BEPILIMHBI YCEUCH-
HOTO KoHyca (Ha puc. 118 nokasana ock 0,0, uepes ko-
TOPYIO TPOXOAUT IIOCKOCTh CUMMETPHH, MEPIEHIUKY-
msiprast ocu O,0,). [pouece cxarust 1 MHUIMUPOBAHUS
TEPMOSIIEPHBIX PEAKIMA B TAKOW MHIIIEHH MOYKHO YCIIOB-
HO pa30uTh Ha JiBe cTaanu. Ha mepBoit crajauy JTMHHBIA
JIa3epHBIA UMITYJILC YCKOPSET YIapHUK, KOTOPBIN IBHKET-
csl K BepuIMHe koHyca u cxkumaer J{T-roprouee. Korma
yAapHasi BOJIHA JOCTUIVIA BEPIIMHBI YCEUYESHHOTO KOHyCa
U OTpa3miiach, CEpUsl KOPOTKUX UMITYJIbCOB (CyMMapHast
JUIMTEIbHOCTh Topaaka ~0.1 Hc, cymMmapHas SHeprus
~10% OT OCHOBHOIO TpEIOIIECr0 HMITYJIbCA) BBOIUTCS
4yepe3 OTBEPCTHS B MUIIEHb B IJIOCKOCTH, MEPIICH/IUKY-
ssipHoit ocu O,0,. Lenb 3THX UMITYJIBLCOB — 00ECTIEINTh
JMHAMHYECKOe yIep)KaHHEe CKAaToro TOprodero u ero J1o-
TIOJTHUTENBHBIN HArpeB (BTOpast CTazus).

BbuIM BBITTOTHEHBI JIBE CEPUU PACUCTOB CIKATHS
MHIIECHH JUIMHHBIM umnyiascom KrF-nmazepa pasnnu-
HO# BpeMeHHOH GopMmbr: 1) B BHIE TPEYyroJibHUKA C MO-
MEHTaMH BpeMeHU npu BepimHax ¢, = 0, ¢, = 100 e u
t3 = 101 HC; 2) B BUJIE KPUBOJIMHEWHON TpANENUH ¢ 3a-
TSHYTBIM TIEPETHUM IUTABHO HApaCTAIONIMM (POHTOM
(t, — t; = 12 HC) K ¢ MOCTENYIOMUM TIPAMOYTOJIBHBIM
UMIyIbCoM (f; — ¢, = 10 HC). Muenn umenu Buj
YCEUEHHBIX KOHYCOB C AaCMEKTHBIMH OTHOIICHUSIMH
RyR i = 10-20 (puc. 11a). Koobdwment ycunenns G > 1.

Takum oOpa3oMm, ¢ nomouplo Y®-na3epHbIX HUM-
myascoB ¢ sHepruen <2 MJ[x m mumieHeir B BHJE
BCTPEYHBIX YCEUYEHHBIX KOHYCOB MOXKHO OOECIEeYHUTb
«TepMosiaepHyIo Berbmky» 0.

OBCY>XAEHUE PE3YJIbTATOB
1N SAKNTIOYEHUE

Ilo oTnenbHOCTH OCHOBHBIE JIEMEHTHI 00CyXkae-
MO B HACTOSIIIIEH CTaThe CXEMBbI OMPOOOBAaHBI B MAJIO-
MacIUTAaOHbIX HATYPHBIX U YUCICHHBIX KCIIEPUMEHTAX.

19 TTon «Bempimkoii» Gynem monumars G = 2-3. [We shall
mean G = 2-3 by “flash.”]
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DKCIEepUMEHTBI C KOHMUECKUMU JIa3epHBIMU MHUILIE-
HSMHU MPOBONWIMCH B MHCTUTYTE 0OIICH (DU3NKH WM.
A.M. IIpoxopoBa PAH Ha TBepmorenbHOM HH(ppakpac-
HOM J1a3epe M OMHCaHbl B 0030pe padot [37].

Yeunenue MUKOCEKYHIHBIX HMMITYJIbCOB, KOTOpbIE
reHepupoBauch Ti:carupoBBIM JIa3epOM COBMECTHO
C JUIMHHBIM Y®-UMIyIbCcOoM, ONIPOOOBAHO HA YCTAaHOBKE
«TAPITYH-MTB» (P AH, Poccus) [38, 39].

Ocraercsi HEIOCTATOYHO W3YYEHHBIM BOIMPOC O BIIH-
SHUM TUIPOAMHAMUYECKOW HEYCTOMYMBOCTU M B3aUMO-
JEUCTBUSI CO CTEHKOM TPH JIa3epHOM YCKOPEHHHU YAapHUKA
B KOHUUECKOM KaHaJIe, a TAKKE Pa3BUTHE CaMO(OKYCHPOB-
k1 1 BPMb B npotrskenHoit minasme. Ha ocHoBe uncien-
HBIX pacyeTOB ¥ HATYPHBIX IKCIIEPUMEHTOB Ha Pa3IMUHbIX
Na0OpaTOpHBIX CTEeHAAX pPa3pabaThIBAOTCS IOTYIMIIU-
prdeckre (HU3MKO-MaTeMaTHICCKHEe MOJCIH M KOMITICK-
CBbI ITPOTpPaMM JIJIsl ONHUCAHUsSI ATUX TporeccoB [40-44].
[Ipsmoe mMaremaTn4ecKkoe MOIEIUPOBAHUE ITUX SBJICHUM
TpeOyeT HCIONIB30BAHUS BBICOKOMPOU3BOIUTEIBHBIX CY-
NIEPKOMITBIOTEPOB U IApaJUIENIbHBIX JITOPUTMOB BbIYMC-
nenuit. Takue paboThI BedyTcs, B yacTHOCTH, B MUPDA —
Poccuiickom TexHoornyeckom yausepcurere [45].

B CIIA 3asBnena nporpamma «K ELECTRA» mo co3-
JTAHUIO MOIIHOM YCTaHOBKH A1 nccienoBanuii mo JITC
Ha ocHoBe KrF-mazepa, paboraromieii B 4acTOTHOM pe-
xume [46-51].

DuU3MKO-MaTeMaTHueCKUe MOJIETH U ITPOrPaMMBbI, OTH-
CaHHBIC BBIIIIE, /ICKBATHBIM 00pa30M MOJIETIMPYIOT JaHHEIE
9KCTIEPUMEHTOB, BBIIIOIHEHHBIX HA JIa3€PHON yCTaHOBKE
«[TAPITYH». D10 0OCTOSITEIILCTBO MO3BOJISIET MPOSKTHPO-
Barb KOHCTPYKLMM MHIIEHEH s OyayIIuX KpyImHOMac-
mMTabHBIX SKCTIEPUMEHTOB PEaKTOPHOTO MacIiTada.

Ha puc. 12 moxazaH mpeanonaraeMblii CleHapHUi
pa3BUTHUSL HUCCIENOBaHUN JIA3€PHOTO TEPMOSIEPHOIO
CHUHTE3a MPUMEHHUTENILHO K CO3/IaHUI0 YHEPTreTHYECKOU
CTaHLMU: IepBas CTYNEHb — HAay4HO-HUCCIIENO0BATENb-
ckue pabotsl (HUP), Bropas crymeHb — ONBITHO-KOH-
cTpykTopckue paszpaborku (OKP), TpeThsi crymneHb —
paspabotka ombiTHOro peaktopa (POP), uerBepras
CTyIIeHb — pa3padoTKa kKoMMepdeckoro peakropa (PKP).
[To ocu abcuucc OTIOKEHBI MpPEAoIaraeMble 3aTparhl
Ha NPEOJ0JIEHUE ITUX CTYHEHEH.

HAP | OKP | POP | PKP
| ]
4|_ n> 104 (1-d)-B-K-1n2=>0
n>108
n - pecypc
f>1Tu |f-yacTtora
MUKPOB3PbLIBOB
1 5 10 50 100 [*N$]
E E,
0=—t:G6=—t;K=(0.2+0.8M)G
Epr Dr

Puc. 12. lNpegnonaraemsblin CueHapuin pa3BnuTng
1ccnenoBaHny MHepLUmManbHOro TEPMOSLAEPHOrO CUHTE3a.
*N$ — kanuTansHele 3aTpaThl. SHeprus apaieepa £y, = E;

(aHeprmna nazepHoOro nMnynbca) (PUCYHOK aBTopa)

Cy1ecTByeT HECKOJIbKO KPUTEPHUEB I XapaKTepH-
CTUKH 3(D(HEKTUBHOCTH TEPMOSACPHOTO CHHTE3a!

1) O = E/E; = 1 — «pusnueckuii mopor repmosiiep-
HBIX PEaKIHi», KOTa BBIICIHBIIASCS TEPMOSIEp-
Hasi SHEPrust £ CPABHSIETCS C SHEPTHUEH, BIOKEHHOM
B JIT-mma3my OT CTOpOHHETO UCTOYHUKA £

2) G = EJEp, «gain» — BBIMIPBI WM «KPUTEPUN
BCIIBIIKKY. Kak TpaBuio, 3TOT KOAPQPHUIMEHT
HA TOPSIO0K BEIUYMHBI MEHbIIE, yeM () TIPU OIUHA-
KOBBIX E[, T.K. 3HAYUTENIbHAS YaCTh SHEPTUH «Teps-
€TCs» C UCIIApEHHBIM MHEPTHBIM BEIIECTBOM MHUILIE-
HU 1 HE TIOMAIaeT B CKATOE TOpIovee.

3) K=(0.2 + 0.8M)G — ko3 HumeHT ycuieHus B pe-
aKToOpe, KOTOPBIN YUUTHIBAET TAK)KE YCHICHUE DHEP-
ruu M 3a cHeT peakiui JeIeHus;

4) Cp = (1 = ¢)BK — 1/n — mapamMeTp «3HEPreTHIECKON
3(hheKTUBHOCTH CTAHIIUNY.

Ha cragmm HaydYHO-TEXHHYECKHX HCCIEIOBA-
Huit (HUP) ocHoBHas 3agaya — 3T0 (U3MYECKHUH TO-
pOT TePMOSIICPHBIX PEaKIi. AMEPHKAHCKUM YICHBIM
Ha ycranoske NIF ynanocs goctuus 3toro!! [7] u mpu-
Omm3uThes K 3HadeHuto G ~ 1. MoKHO cKasarb, 4TO
OHU TOTOBBI MEPEUTH Ha BTOPYIO CTYNEHb — CTYIEHb
OTIBITHO-KOHCTPYKTOPCKUX Pa3padOToK.

s npeoponenus 3Toil ctynenu norpedyercs obe-
CIICUNTh YaCTOTy IIOBTOPCHUS JIa3epHBIX HMITYIIECOB
Ha ypoBHe f~ | I'll U, COOTBETCTBEHHO, C TAKOH ke ya-
CTOTON — TMoja4y MUIICHEH B (POKYC JIa3epHBIX JIyUCH,
a Takke 00eCHeyuTh «pecypc n», T.e. OecnepeboitHoe
(YHKITHOHHPOBaHHE BCEH CHCTEMBI XOTS OBl B TEUCHHE
yaca.

Ha stoii craguu motpedyercs odecrieunts K(G) > 1,
T.€. TPOBEPUTH BO3MOXKHOCTb (PYHKIIMOHUPOBAHUS
OJaHKeTa B YaCTOTHOM PEKMME HArpy30K, a TAKXKe «He-
Kuii pecype» n ~ 103, T.e. QyHKIMOHMPOBAaHHE BCETO
peaxTopa B TEUCHHH OTPEICIICHHOTO BpEMEHH 0e3 ocTa-
HOBKH U MPEPHIBAHUS OMEPAIIU.

Ha cnenyromied cryneHn — pa3paboTKa OIBITHOTO
peaxTopa — norpeOyeTcsl yKe BBIUTH Ha YPOBEHb «3a-
MBIKaHHSD SHEPTETUYECKOTo HuKna peakropa (Cp > 0)
u obecredenus pecypea n > 104, T.e. BO3MOKHOCTH pa-
OOTBI TAKOTO OTBITHOTO peakTopa 0e3 OCTAaHOBKH B Te-
YEHHME HECKOJIBKUX 4acoB (BO3MOXKHO U CYTOK).

Bepxusist crymenp — pa3paboTka KOMMEPYECKOTO
peaxTopa. Takoil peaktop Mor Obl padorarh 0e3 ocra-
HOBKH Ha IPOTSDKCHNH HECKOIBKUX JIECSTKOB JIET U OBLI
OBl SKOHOMHYECKH BBITOIHBIM 10 CPAaBHEHHIO C APYTH-
MU HCTOYHHKAMH SHEPTHH.

1 Kritcher A. and HIBRYD-E ICF team. Initial results from
HYBRID-E DT experiment N210808 with >1.3 MJ yield. /F'SA4
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16.
https://www.aps.org/units/maspg/meetings/upload/obenschain-
11172021.pdf. Hdara obpamenus 07.02.2023. / Accessed
February 07, 2023.
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BJIATOOAPHOCTHU

Pabota BhImonmHEeHa B paMkax mporpammsl Hammo-

HaJIbHOTO IIEHTPa (PU3UKHM M MaTeMaTHKH «| a3oquHaMuKa
u (usnka B3peIBaY, TeMa «lccnenoBanue (HU3MUCCKUX
MPOIECCOB MPU YIPABIAEMOM TEPMOSICPHOM CHHTE3E
U B 3BE3[HBIX CHCTEMAaX.
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Abstract

Objectives. The purpose of this work was to create a special entrance test for first-year students starting to learn
a new foreign language. To achieve the research objective, the study analyzed data on testing language/linguistic
proficiency and motivation for learning a foreign language. A range of test parameters identifying both abilities and
motivation to learn a foreign language in general, but not related to learning a specific language, were highlighted.
The identified parameters were used to inform a questionnaire tested on a group of students, whose level of abilities
and motivation had already been ascertained. The findings about students were compared with the already known
empirical data to support the improvement of test items.

Methods. To describe a special entrance test for first-year students starting to learn a new foreign language in anon-
humanities higher education institution, a test technology for identifying certain cognitive, psychological, intellectual,
motivational characteristics of a student’s language personality was created. The developed test parameters served
as the basis for constructing several heterogeneous test blocks.

Results. The initial version of the test obtained was verified by pilot testing first-semester-first-year students. Expert
assessments of the foreign language potential learning on the part of students were used to evaluate the reliability
and validity of the test. A subsequent correction of tasks and responses was carried out in light of the verification
results.

Conclusions. Arecommendation to conduct this kind of testing prior to the first semester with the aim of forecasting
the success of foreign-language educational activities of students enrolled in the foreign language study group from
the “starter” level is formulated. The results of such diagnostics can be used to draw up personified adaptive training
programs within the educational process.
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HAYHYHAA CTATbA

TexHoJiorust onpeaeaeHus
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CTYIE€HTOB HET'YMAHUTAPHOI0 By3a
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MUWP3A — Poccuvickuii TEXHOI0rm4ecknii yHmsepceutet, Mocksa, 119454 Poccus
@ AsTOp A1 nepenvicku, e-mail: chernova@mirea.ru

Pe3iome

Uensb. Llenb nccnenosaHmsa — paspaboTtka cneumanbHOro BXoAHOro Tecta s CTydeHTOB-NePBOKYPCHUKOB, Ha-
YMHAKOLLNX N3yYaTb HOBbI 1S HUX MHOCTPaHHbIM A3bIK. [N AOCTUXEHUS 3TON LLenn Obil NPpOBEOEH aHanmM3 Hay4y-
HbIX PaboT No NpobnemMam, KacaloLMMCH TECTUPOBAHNSA A3bIKOBbIX/NIMHIBUCTUYECKMX CNOCOOHOCTEN, MOTMBaLINMA
K 00Y4YEHMI0 MHOCTPaHHOMY SA3bIKY; O4EePYEH KPYr napamMeTpoB TECTUPOBAHUS, HE CBSA3AHHbIX C U3YYEeHUEM KOHKPEeT-
HOro A3blka, 0aHaKo AP dEePEeHUMPYIOLLMX CMTOCOOHOCTM N MOTUBALMIO K €r0 N3YHEHMIO; COCTaB/IEH BOMPOCHUK Ha
OCHOBE BbISIB/IEHHbIX NapamMeTpoB. MNony4eHHbI TeCT anpoOupoBaH B rpynne CTyAeHTOB, YPOBEHb CNOCOOHOCTEN U
MOTMBMPOBAHHOCTM KOTOPbIX onpeaesneH. No ntoram pesynbtaTtoB TECTUPOBAHNSA U YXKE U3BECTHbLIX OMMNUPUYECKNX
3HaHWI O CTyAeHTax CKOPPEKTUPOBaHbI TECTOBbLIE 3a0aHMSA, BEPUPULIMPOBAHHBIE MO YPOBHIO U HAanpaB/eHNio noa-
roTOBKM OOy4atoLLMXCs.

MeTogabl. [1ns onmcaHns cneumanbHOro BXoAHOro TecTa A1 CTyAeHTOB-NEePBOKYPCHNKOB, MPUCTYNAOLLMX K U3yde-
HMIO HOBOIO MHOCTPAHHOIO A3blka B HEN'YyMaHUTAapHOM BY3€e, CO3[aHa TeCTOBas TEXHOJIOTMS BbIIBNIEHUS KOTHUTUB-
HbIX, MCUXONIOMMYECKNX, MHTENNEKTYasIbHbIX, MOTUBALMOHHbIX XapakTePUCTUK A3bIKOBOM JIMYHOCTM 00Oy4atoLLMXCS,
Ha OCHOBaHMN KOTOPOI pa3paboTaHbl NapaMeTpbl TECTUPOBaAHUS, CO3aHbl BapnaTuUBHbIE PAa3HOYPOBHEBLIE O/TIOKN
BBOJHOIO TECTA.

Pe3ynbTaTbl. B norvke 3asBfeHHOro akcnepumMeHTa npoBeaeHa Bepudurkaums NCXoQHOro BapuaHTa TecTa, ero
anpobauus B rpyrnnax CTyaeHTOB-NMepPBOKYPCHUKOB N0 OKOHYaHMM 00y4eHuns B nepBoM cemecTpe. OugHmBaHne nx
noTeHUMana B U3y4eHUmM MHOCTPaAHHbIX A3bIKOB pacCMaTpMBanioCb B KA4ECTBE SKCMEPTHOM OLEHKN ANs onpeaene-
HUS HAOEXHOCTU 1 BannagHocTu TecTta. C yyueTomM Bepudmrkaumm nposeaeHa nocneayroLlas Koppekums Kak caMmmnx
TECTOBbIX 3aJaHWI, TaK M1 OTBETOB Ha HUX.

BbiBogbl. Npy NMPOrHO3MPOBaHMN YCMNELIHOCTU MHOA3bIYHOM y4eOHOM OeATeNbHOCTU CTYAEeHTOB, 3a4MCNEHHbIX
B rpynnbl N0 U3Y4EHMIO MHOCTPAHHOIO A3blka C HYJIEBOIO YPOBHS, cyYMuTaeM LefiecoobpasHbiM U NPOAYKTUBHbLIM
npoeeaeHne NoaobHOro poaa TeCTUPOBaHUA Nepen HavanoM NepBoro cemecTpa. o ntoram NpeasioxXeHHonm ana-
FHOCTUKN BECbMa akTyasnbHOM nNpeacTaBnseTca pa3padoTka NnepcoHNGULMPOBaAHHbBIX aaanTUBHbIX NPOrpamMm MHO-
A3bIYHOM MOArOTOBKM TakMX CTYAEHTOB B HEA3bIKOBOM BY3€.

KnioueBble cnoBa: TecTmMpoBaHue, BXOOHOW TECT, n3y4yeHne MHOCTPaHHOI O A3blka C HYJIA, A3blKOBbIE cnocobHoCTn

e Moctynuna: 21.11.2022 e flopa6oTraHa: 09.12.2022 ¢ MpuHaTa k ony6nukosaHuio: 09.03.2023

Ansa umtnpoBanua: Chernova N.I., lvanova E.A., Bogush N.B., Katakhova N.V. Technology for determining non-humanities
university students’ cognitive-and-psychological characteristics. Russ. Technol. J. 2023;11(3):104-116. https://doi.
org/10.32362/2500-316X-2023-11-3-104-116

Mpo3payHocTb GUHAHCOBOM OEATESNIbHOCTU: ABTOPbI HE NMEIOT (PUHAHCOBOW 3aMHTEPECOBAaHHOCTY B NPEeACTaBeH-
HbIX MaTepuanax uivM MeToaax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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1. INTRODUCTION

Traditional methods for foreign language teaching
at non-humanities universities do not always produce
the necessary results to support the future professional
activity of students. One common problem faced
by teachers is the need to establish a basic level of
knowledge, skills and abilities of a number of students
in order to bring them to the level required for their
subsequent advancement through the curriculum, which
greatly complicates the educational process of teaching
a foreign language.

Currently, numerous studies aimed at developing
innovative technologies in the field of foreign language
training of students are being carried out. Adaptive,
personalized technologies for teaching foreign languages
are being introduced [1-3]. Since each applicant has
a different initial knowledge base and background,
opportunities for mastering educational material vary
considerably. Therefore, there is a need to focus on a
student’s personal characteristics, helping him or her to
build an individual trajectory for successful language
acquisition [4, 5]. At the same time, this approach need
not violate the boundaries of an integral system of
educational standards, curricula, and learning objectives.

In order to determine the initial level of foreign
language proficiency of those entering a university,
some kind of entrance lingua-didactic testing is
typically carried out to form language groups having the
corresponding level of language preparation. Along with
the various test forms (input, current, intermediate, final)
to determine the level of students’ knowledge, there is a
considerable amount of published scientific literature on
the issue [6-9].

For this reason, entrance testing becomes an
important initial stage in the formation of a student’s
portfolio, forming the basis on which their further
educational activities can be planned. In the pedagogical
literature, however, the question of how entrance tests
are used to determine the initial level of language
training obtained in a secondary school is still under
discussion [10-14].

The practice of teaching a foreign language at a
technical university demonstrates that students entering
a university with existing knowledge of one foreign
language sometimes have to learn another foreign
language from scratch. In this context, existing entry
tests are not applicable. In order to implement an
adaptive approach, it is necessary to divide the groups
of students into subgroups in accordance with their
potential for learning a foreign language. Thus, there is
a need to develop a special test within the framework
of adaptive technologies that cover the most important
personal characteristics: psychological, cognitive and
linguistic along with the level of motivation in language
learning.

To date, a relatively small number of researchers
are developing the issue from the above-described
perspective. The following studies are closest to the
matter under consideration [15-17]. Some researchers
recommend that the testing of language abilities should
be carried out in the process of foreign language activity,
that is, if a student does not know the basics of foreign
language acquisition, then the identification of his or her
innate language abilities becomes problematic [18-20].
However, other researchers consider that linguistic
understanding is formed prior to targeted language
acquisition [21, 22], on which the existing psychological
tests for identifying language abilities are based! [23-30].
In this work, we use such described tests as a section of
the questionnaire.

The purpose of the present study was to create a
special entrance test for first-year students who are
beginning to learn a new foreign language. To achieve
the goal of the study, the following theoretical research
methods were applied and the subsequent problems
were solved:

1) analyze the scientific literature on the issues related
to testing linguistic abilities and motivation to learn
a foreign language;

2) outline a range of testing parameters, which are not
related to the study of a particular language, but
instead reveal the ability and motivation to study it;

3) design a questionnaire based on the identified
parameters;

4) try out the obtained test on a group of students, whose
level of abilities and motivation is already known,
in order to compare test results with already known
empirical (expert) knowledge about the students;

5) adjust test items if necessary.

In investigating the psychological, personal,
psychophysiological characteristics of applicants, the
present work considered the entrance testing of students
prior to enrolling them in a group for studying a foreign
language from scratch. The theoretical significance of
this work is due to the lack of a single test relating to the
lingua-didactic type for applicants’ preliminary testing.
The practical relevance of the work is determined by
the need to obtain certain preliminary personalized data
about students who begin to learn a foreign language
from scratch.

2. MATERIAL AND METHODS

The study was carried out within the scope of an adaptive
approach, requiring the development of technologies
for individualization of learning. The material for this
comprised a special entrance test designed for diagnosing

! As well as: Tarasova E. Test na lingvisticheskuyu intuitsiyu
(Linguistic intuition test). https://subscribe.ru/group/obo-vsyom-
ponemnogu/15246393/. Accessed January 31, 2022 (in Russ.).
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the particular cognitive, psychological, linguistic and
motivational characteristics of students setting out to learn
a new foreign language at a non-linguistic university. As
part of the experimental methodology, the test was tried
out on the first-year students whose language abilities
had already been assessed by teachers. The methodology
included a comparison of the results of the entrance test
with the expert assessments of students’ knowledge and
capabilities to serve as a basis for adjusting test tasks and
interpreting answers to them.

3. THEORETICAL BACKGROUND

3.1. Individual psychological characteristics
and their diagnosis

In addition to tests examining the level of students’
knowledge in terms of their foreign language competence,
tests are used to determine the general level of language
proficiency and speech activity, as well as to identify
linguistic abilities [6, 8, 10, 21, 31, 32]. Within the
framework of adaptive technologies, the development
of tests aimed at identifying applicants’ individual
psychological characteristics, [33, 34] namely memory,
attention, motivation, thought processes, and emotional
states, are of great importance.

Many tests have been developed and designed to
investigate human cognitive abilities related to language
learning. However, a number of researchers point to
various inadequacies in the available tests, which cannot
be used to evaluate intellectual abilities in general, but
only some intellectual skills and thinking features (in the
epistemological sense [35]) formed at the time of testing.

Tests for “the success of the verbal functioning
of an individual in the society” include the following
questions:

o firstly, on general intelligence (“the ability to logical
reasoning, planning, problem solving, abstract
thinking, the ability to understand complex ideas,
the speed of learning and the ability to benefit from
the experience gained,” linguistic, spatial abilities);

e secondly, on verbal abilities (definition of
concepts, mental analysis and synthesis in verbal
form, the establishment of verbal similarities and
differences) [36, p. 127].

Also of interest in this connection are the Wexler scales
to detect mental abilities, including verbal and nonverbal,
which are used to define various features of memory,
thinking, attention, and visual perception [33, 37].

The tests developed by John B. Carroll and Stanley
Sapon aimed at identifying special cognitive abilities—
mechanical associative memory (rote associational
memory), the ability to recognize and derive rules
(inductive ability), phonetic coding ability, and the
perception of grammatical relations (grammatical
sensitivity)—are also relevant [23, 24].

Tests for studying the motivational sphere of
personality [38—40] have also been created. However, such
tests, which are mainly designed for schoolchildren and
job seekers, are underapplied to university students [41].

3.2. Language abilities and their diagnostics

The issue of determining linguistic abilities
and giftedness has been repeatedly raised in the
psycholinguistic literature [18, 23, 36, 42—46]. However,
while various indicators of the general giftedness of
learners [20, 33, 47, etc.] and conditions for assessing
linguistic abilities [19, 31, 48, 49] have been described
in detail, a universal common approach is yet to be
developed.

Linguistic ability/giftedness is also diagnosed by
the following verbal-semantic methods: free associative
experiment [50], associative-translation method? [20],
the word semantics method [15, 16, 51], and the remote
associates test® [52, 53].

Linguistic tasks for new interpreters [17] combine
linguistic, mathematical and logical methods of
language research in one task that allows a subject’s
understanding of the language structure and the laws of
its functioning to be evaluated. This collection of tests
determines linguistic abilities along with the ability to
apply logical reasoning and linguistic thinking.

Paul Pimsleur’s language aptitude battery [28]
is aimed at identifying potentially underperforming
students before they start learning foreign languages.
Pimsleur highlights three factors that determine the
success of mastering foreign languages: (1) the level
of speech development, determined by using the
“Vocabulary” test (individual lexicon in one’s native
language); (2) motivation and interest in learning a
foreign language; (3) sound difference and quasi-signal-
based communication.

L.A. Khokhlova’s complex psychological and
diagnostic approach to the study of students’ language
abilities is based on the hypothesis of M.M. Gohlerner
and G.V. Eiger [21], showing that speech transformations,
interverbal connections, and generalizations are
formed faster and easier in the presence of linguistic
talent [21, 54].

There is also a psychophysiological instrumental
method for determining linguistic talent (using functional
magnetic resonance imaging along with neurolinguistic
programming), which has its own specifics [31, 54].

2 As well as: Romanovskaya N.V. Yazykovaya sposobnost’
kak determinanta ponimaniya inoyazychnogo teksta (Language
ability as a determinant of understanding a foreign language
text). Abstract of thesis. Tver; 2004 (in Russ.).

3 Remote Associates Test (RAT) test as adapted by
T.V. Galkina, L.G. Alekseeva, L.G. Khusnutdinova; for adults, by
A.N. Voronin.
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Thus, the tests available today are typically used to
diagnose a person’s characteristics from only one point
of view, which means that they are homogeneous. As
such, there is still no unified multi-component test for
preliminary testing of applicants enrolling in a group
for beginner learners of a foreign language. In their
work when developing the test, the present authors
have analyzed and taken into account achievements
of domestic and foreign researchers who have studied
various aspects of the linguistic personality.

4. STUDY AND RESULTS

The development stages of the test considered
in this paper correlate with the standard stages of any
professional test compilation [55-57]:

1. Determination of the testing goals, i.e., diagnosing
the linguistic potential of an applicant who enrolled
in a group for learning a foreign language from
scratch.

2. Selection of the educational material content.
For this purpose, an analysis of the cognitive,
psychological, motivational, some intellectual and
individual characteristics of a student’s personality,
needed for the successful mastering a foreign
language was carried out.

3. Compilation and assignment of test items.
Test examination—the compiled test is
heterogeneous; the developed tasks are assembled
into several blocks referring to various aspects of
the applicant’s linguistic and intellectual abilities;
an independent expertise is carried out by the
teachers of the Foreign Languages Department
of the RTU MIREA to evaluate the qualitative
characteristics of the test items in accordance with
certain parameters.

4. Approbation of test tasks, i.e., after the design of
the developed test tasks, a single multi-component
test was offered to first-year students.

5. Determination and calculation of quality
indicators for the test items, which implies
testological investigation of both individual test
items and the test as a whole, statistical processing
of approbation results, establishing quantitative
values of the characteristics of the tasks proposed
and the definition of a normal distribution.

6. Task rejection and preparation of the test— tasks
that caused severe difficulties for the majority of
subjects or, on the contrary, were successfully and
quickly passed by all the test takers, were replaced
by other ones or excluded from the test.

7. Second approbation and preparation of the final
version of the test.

The content of the developed test corresponds to the
scheme of any closed-type test and includes:

1) instruction for test takers, which includes information
about the number of questions and time to complete
the test, score per each answer, etc.;

2) test questions;

3) correct answers (at the teacher’s disposal);

4) evaluation parameters.

When developing the test, the authors sought to
comply with the necessary requirements for the test,
such as:

1) validity;

2) sufficient reliability;

3) compactness.

When writing the test, attention was paid to the
possibility of conducting it under certain conditions.
An important component in the content of the test
was a system for objective evaluation in scoring,
as well as considering the test’s rationality and
complexity.

The developed test is aimed at identifying the
psychological and cognitive characteristics of a student,
on which basis a model is then created in the individual
trajectory of each student learning the foreign language
from scratch [58].

The questionnaire consists of several blocks
affecting various aspects of the linguistic personality and
general learning competence of students. The included
questions are aimed at defining:

1) level of development of language abilities;

2) responsiveness to a given practical task;

3) ability to analyze, synthesize, generalize and
compare, establish logical relationships, select
elements from a whole;

4) individual memory features required for language
learning;

5) level of student’s motivation in language learning.
The amount of time to complete the test has also to

be taken into account.

The first block contains tasks aimed at identifying
the ability to work with linguistic signs and concepts,
for example, decipher anagrams, find synonyms and
antonyms for the given words, and fill in gaps in words,
in texts, and proverbs. Despite the fact that the test
questions relate to the Russian language, the correctness
of the answers to them demonstrates general linguistic
abilities.

Here are some examples.

Fill in the missing words in the text:

For centuries, people have been sure that a magnet
must be a metal. Even a quarter ... ago, hardly ... could
assume that such ... can ... others ... They ... did not think
about it—they do not exist in nature. Moreover, the idea
to synthesize magnets ... be ... fantastic.

Ferromagnetic substances can ... into magnetically
soft and magnetically hard ones, depending on how
they ... or retain their magnetic properties.
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A soft magnetic substance is the substance made
of ferromagnetic material, which ... in that it loses its
magnetic properties after magnetization and ... from
the external magnetic field. Magnetically soft material
requires pure iron and low carbon steel.

A hard magnetic substance is the substance ... of
ferromagnetic material, which differs in that after ...
it retains its magnetic properties for a long time after
removal from the external magnetic field of the magnet.
Hard magnetic materials are, for example, permanent
magnets (Sm—samarium, Nd—mneodymium).

Solve the anagrams and eliminate the extra word:
ALETB ECGINLI RHCIA DRAWOBRE

The second block contains tasks that test the lexical
potential of a particular student, including his ability
to put the right word in a certain context. These tasks
include identifying an extra concept, selecting suitable
words, hyponyms, and hypernyms, defining concepts,
and describing polysemantic words. For example, a task
like this:

Replace the dots with a word that would mean the
same as the words outside the brackets:

Kind of sport (...) a container

Find the word that is different in meaning from the
rest.

Laurel

Triumph

Vertex

Fiasco

Choose synonyms or antonyms for the words:

amorphous—reduced / defined / limited / hostile

Which series has a negative value?

1) hell, angry, illegal, ex-president

2) importance, antimony, invisible, reduction
3) encourage, uncertain, inversion, indifferent
4) countertops, irrigation, unpaid, demilitarize

Generalize and restrict concepts, i.e., find a more
general concept (hypernym) and a more specific one
(hyponym) for each given concept:

Adverb (part of speech; syntax; adverb measures;
speech; verb)

In the following tasks, analyze the concepts, i.e.,
identify essential and random features:

Human anatomy (academic subject, science, boring
lesson, complex science, studies a person, part of natural
science)

Theword ‘garden’ is given and the words in parentheses
(plants, gardener, dog, fence, land). From the words in
brackets, you need to choose words that denote the main
features (without which a given concept cannot exist).

Find pairs of concepts that are in causal relationships
with each other:

Ice formation, north, frost, weather, snow

For each concept, select such concepts that are in a
functional relationship with it:

Drawing — ...; lake — ...; bee — ...; number — ...;
task — ... .

The third block presents in our opinion the most
characteristic tasks to a certain extent reflecting some
intellectual abilities of a subject. This included tasks for
establishing logical connections, determining common
semantic and lexical and grammatical characteristics
between words, identifying errors, establishing language
patterns, etc.

After analyzing the chain of letters, you need to find
the missing letter:

W.T,PM,1, ...

After analyzing the chain of letters, you need to
insert the missing letter:

A D G
D H L
H M ?

Insert the missing word:

BOOKS (KIDS) DIG

SIEGE ( ... ) MAY

Which series consists of internationalism words?

1) revolution, sport, science, nation

2) electric, ferment, molecule, experiment
3) exhibition, atom, today, actor

4) insert, automobile, computer, word

Which of the following statements represents a point
of view?

Life has a beginning and an end.

Cucumber is 90% water.

Artificial fibres worsen our lives.

The oceans cover two-thirds of the Earth’s surface.

Which word does not refer to the other two?

think, see, hear

When developing questions regarding the definition
of memory features, we relied on the methods available
in psychological science.

In particular, simple introspective questions were
asked, such as Do you have a good memory? Do you
memorize poems easily? After reading a one-page story,
can you retell it in detail?

We used the method of preliminary diagnosing
short-term memory by the known method of ten words,
as well as memorizing sentences related and unrelated to
each other for 15-30 s.

Long-term memory was diagnosed using the same
10 words and sentences, but written by the subjects
after 40-60 min of testing on other tasks and without
repeating them.

The fifth block of questions concerned the
applicants’ motivation in foreign language learning.
This block included introspective questions such as:
what is more important for you grades or knowledge?,
Specific questions about the personal goal of language
learning—I will need French: 1) for traveling and /
or communicating with French-speaking friends;
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2) in the future profession; 3) to be an educated person;
4) speak another language is just great; 5) I do not
think I will need it, I have no choice, I have to study a
foreign language at the university, otherwise [ won 't get
a diploma; 6) Maybe I do not need French, but I just
got tired of learning a foreign language that I had at
school; 7) ... I may not need it, but I really like French;
8) I need a foreign language because I prefer to watch
foreign films and read books in the original).

General questions were asked in a veiled form
to affect the latent character traits, but relate to the
motivational aspects of the subject’s behaviour.

(In my behaviour at my future job, I need to follow
the principles:

1) I need to move up the career ladder; 2) Work is a
forced necessity in order to live; 3) The most important
thing is gaining credibility and recognition; 4) It is
necessary to strive to comfortable environment; 5) It
is important to find something exciting at work; 6) One
should constantly improve in his work).

The amount of time spent by a subject to complete
the test is not a separate block, but is included in the
study and evaluated using a scoring system. Here, it
is hypothesized that the faster and more successfully a
test is passed by the subject, the higher that subject’s
linguistic potential; the more time spent on passing
the test when it was not very successful, the less the
linguistic potential. There are cases of successful test
completion by subjects who spent more time than was
allocated. The explanations for such results can include
natural slowness, search for information from extraneous
sources due to an inability to do the test from memory,
increased distraction and attention deficit.

While the listed factors do not contribute to the
successful acquisition of a foreign language within the
narrow framework of the curriculum at a technological
university, they affect the number of points received.

There are examples of quick but unsuccessful
completions of a test, which can be explained by a student’s
frivolous attitude to the matter at hand, which also does not
contribute to the success of learning of a foreign language.

All five blocks of the test are combined into a single
test presented to students. The amount of time spent on
its execution is measured. Points are summed up. For a
single entrance test, one can get up to 100 points: those
who score 70-100 points go to the advanced subgroup
of the experimental group, those who score 55-69 points
go to the middle subgroup, and those who score less than
55 points join the third subgroup for weak students.

5. DISCUSSION

The predictive test under consideration was
constructed by teachers of English and French for
the preliminary diagnosis of the psychological and

cognitive potential of students who had just entered
RTU MIREA (Institute of Information Technologies,
Institute of Artificial Intelligence, Institute for Advanced
Technologies and Industrial Programming, Institute
of Management Technologies, Institute of Radio
Electronics and Informatics). This contingent of students
was enrolled to study a foreign language from the
starting level. At the time of admission to the university
and the beginning of classes, teachers know neither the
students’ cognitive and psychological characteristics
nor their linguistic abilities. For the successful language
mastering, it is advisable to conduct preliminary
diagnostic of a linguistic personality.

Prior to testing applicants, the final version of the
developed test was tested on first-year students at the
end of the first semester, when the level of their language
potential becomes obvious.

The test was offered to 71 first-year students of
RTU MIREA. 22 students received high scores, 32—
average scores, while 17 were awarded low scores.

In order to process the results and determine the
validity of the test for its further use among applicants,
the differentiating power of test items was analyzed
based on the correlation coefficient of each item with the
final score obtained for the entire test. This coefficient, if
it is more than 0.5, distinguishes between advanced and
lagging students.

Having compared and analyzed the results of testing
and the abilities of students demonstrated in foreign
language classes, we can conclude that, in general, the
diagnostic results were to be expected. However, there
were some discrepancies—the number of students who
studied well turned out to be slightly larger than the
number of students who received higher test scores.
This can be explained by the fact that applicants who
studied the foreign language at the institute for two or
three years had enrolled to study it from scratch. This
contingent of students mastered the program faster and
more successfully. This can be explained by the fact
that students of non-linguistic universities are subject to
different language proficiency requirements than those
for students of language universities.

We would like to pay special attention to the block
of the test concerning motivation. The test results
showed that the motivation to learn a foreign language
is often determined by pragmatic social factors: getting
a higher education, obtaining good employment, etc. In
such cases, a student’s progress in learning activities at
various stages of language learning will obviously be
less successful.

Diagnostics of some intellectual abilities of
RTU MIREA first-year students under testing shows
that, in general, students have a normal and sometimes
areduced level of development of linguistic and general
intelligence.
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6. CONCLUSIONS

The created diagnostic technology for studying
the general intellectual, linguistic, and motivational
components of a first-year student’s linguistic personality
is aimed at predicting the success of foreign language
learning activities, developing and implementing
personalized adaptive training programs and using them
in the educational process based on diagnostic results.

Statistical calculations were carried out with respect
to the normal distribution, standard deviation, variance,
degree of difficulty and correctness of tasks and answers
to them, as well as correlations and homogeneity within
individual test blocks, considering the reliability and
validity of each block. The initial version of the test was
adjusted in accordance with the results of calculations.
Thus, the results of the conducted research support the
belief that the final version of the test, aimed at preliminary
diagnosis of linguistic abilities and motivation ofapplicants,
was sufficiently accurate to reflect the characteristics of the
linguistic personality in order to adequately distribute the
students by rank. This means that the obtained test results
can be used to personify foreign language teaching from
starter level at a non-linguistic university.

Alongside the actual practice of conducting classes in
such groups, the test results demonstrate that the language
learning process is greatly facilitated by the presence of
at least minimal existing knowledge, skills and abilities
on the part of a student studying a foreign language from
scratch. On this basis, we believe that when forming
student groups, it is advisable to determine both the
subject’s score for predictive testing and the presence of at
least minimal knowledge, abilities and skills in a chosen
foreign language. If an applicant has certain knowledge,
abilities and skills, but received an average score on the
main test, he or she should, nevertheless, be taken in the
strong student group. If a student receives a low score
for testing, it is necessary to conduct diagnostics in the
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